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Cooperative control method of multi-arm spacecraft based on consistency
theory
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Abstract: Aiming at the problem of cooperation between multi manipulators of a free-floating spacecraft in space, a
collaborative control method based on consistency theory is proposed. This method combines the directed graph
communication topology with the generalized Jacobian matrix to realize the cooperation between multiple manipulators
of the free-floating spacecraft. Firstly, the directed graph of communication relationship between multiple manipulators
is established to determine the master arm and slave arm under the “leader-follower” system. Secondly, based on the
directed communication topology, the planning of master and slave manipulators’ motion is carried out to realize the
transmission of master arm’s motion to the slave arms. Thirdly, the generalized Jacobian matrix is used to map the end
motion to joint motion under the condition of momentum conservation, and the multi-arms’ collaborative motion
controller in the joint space is designed based on consistency theory. Finally, the stability of the controller is proved
based on the Lyapunov stability theory, and the position control error is analyzed. The simulation results show that the
proposed control method can realize the aggregation, tracking and position coordination of each manipulator in the
space control task of the multi-arm spacecraft system.

Keywords: multi-arm spacecraft; on orbit manipulation; directed graph; consistency theory; collaborative control

0 5 = 5% ZG AR,
B R AR R R, L e i | R4 Ny ST H S UM R A 2k b [, 5 ST A ) 4 A

A AE SR EIURS RGEE Tk BE S, 0 2 HUE AT A 5 . AR 1S 7
ZIEN LR R, ZEMRBARGHAKE M AT RS N R E S A [ EEL TR EE gy
o RO TE R R R, BRSSO AP S S AR A T, Rent 3R Y T BE U WRCR-B0 A% B H R SE I — ik

Yk HER: 2022-07-24; FFAHEHEI: 2022-11-10.
EERE: M.
VA IAA/EH . E-mail: cxqhit@]163.com.



%557 EALE

AT HBEAYEZHERREWR IS T & 1431

PEHIAEZE, IR IE T 2 B Re R AR IZAEZE T O B —
BUE; Nufio F0-0 37 H 7y A 7 5 HE S, i PD 47 il
figf R I 5 2 JRE LR A 8 A SE SR R A B )
7, Nutio ZU7) i Je SR H — P o 20 A1 203z 11 25,
SO BAE BRI T 2R RGN E —
SO, A 1738 AF U7 T, Wang!®) SR AR bR e 05 vk, 18
W GINGE AL AR RBEAT R, UE I T [ ELEE R
4 i) A 7€ V5 Abdessameud 5510V H TR T2 4E /)
S HEZR I — SRRy vk, o 1 IBAESEIR B AR
0 ELIS AR 1 0T, A 10388 A5 42 1) 2R Gt I — B0Pk 1
Feng S ity — M Al T 5 1 I HE S, 78 FA A2 it
A 1) B S T A BRI TR] ) A 1 [R] BR R A2 f
Liang SV 52 7 B FHON 8] (1) B 2 3 REAR R 40—
B ] AL, LT RE M8 T O AT R AT I B, 1R v A
gitkre. LRGN A A/ ) JEAE Ll T E A
JBE 22 WU < 1) 3L [F) i is F )L IRl s 4 e AE. (2
FER AR TR & 2R G0 h U 132 BlHs 0 ik e
R I8 B, F X Al UM i BRI 3D, Bt [
S 3 A 28 8 10 W [R] 4 1) g 92 0 LA 43 B P 487
R 5.

BEXITR #5192 55 B3 [7) 1] 2, Yoshida 5531 72 Hy
T SCHESE LEAE R A 2, O 3 — 2% 1 1) 32 3 1
7 BB, AEXVENUR S S FE T fRFF 1%
JAE RIS E 5 Yan S5 14150 3 4% B] p ) sl B P AEHE S 1
SRPE SCHESE PR RS, 2R F 2% 25 8] J5 VA 1 52 AN )
U s R S ¢, S8l 1 SHURCE P [R] T
1E; Chen ZU D B tH IRALAL 1 3208 (9 mnt s A2 AR,
I 22 T 3k T 2 AR BETE T W IZ 3l Zhou S5 LA
X3k FE PN e /ME D H RS BT XUE iR A5 K38 3
8, IR PR 7 SR BEAT DAL, W DR AU Sz 3 4
N 3 JE A AR, DL B 7 VR BB TR A
2 WUBHUEE 18] (140 B ), (R4S A7 40 2 22 1) e Oy 38 R )
TRZE UK 11 e AW ) 5 B BEAT R 55 ) L. 1
G, FeAT G ST AR SR U 24 7 249 B B AR A 5
BT RS TARR.

) 727 wbeiy T NS g B it G B2 70 1]
“ONT-ERBE” U R R A A BRI ST X
e TE LLAE R 45 4, Se Bl B i UK 4% 2 HUWCE B
7). 1% T3 IR HURE 12 3t AT G — LRI, T B % 22 1)
R Oy 308 el SR P B R 2, R v P RS R a2 AL
AR B 0 SO AN T — B B 1 W ) o, S
L5 B W [R1IZ 3, I B RO 5 JRE 1R 52, ) B 2
LB I 2.

1 ZEMRBEESERELES
11 SEMERBEDSE SRR

SRR SRR I TR S A bR () %
TR kA NUE 10 H % 280 0 R Mk A A 2 U5

FILR A5 R GET s RY TR 5 b AU A7 4 £E 15
P2 AR IR K SR NUE SEAT ¢ B SO AE
A5 2R o (R AR R df 271 4 %75 B AT F0 1 1) B
FEME BT B AR bs; fF 7R i ERF B0 B + 1OG1T
) B AE A5 2R B AR AR RE ZRIR UM oK i 72 48 1
AP AAAE.

BB 4
BB 3
KAT2
L
L LB 1
d; . C 1
B Xy r, ZR‘z " R(',
X 7,
Bt g 07
B 2

E1 SEMXERS

J9 T TRTAG Ao R, IR I I R 1 1, A
SCHEAT I R A5 1B

1) 2B R 2 R G AT S R,
TR I 2, 22 ) T ) B 4R

2) AW Sy . MBS RS8N 1), 32
W 55 5 T2 1) A L A

3) FEHIUAI 21, 2 B 1T 5 2R G5 A 34 1y i
FE | F 3 FEI N 0,

4) 22T T 5 PR E A 2 1A PR O B
51T DAFEEAT 496 SR FEE SR ()

T 1T 1 22 B T 8 R 4, WL R o
AR E

RE=ro+ f§+ > (df + fF). (1)

i=1
X (1) ZEAT 3R, I R S W] AR 7R

vk =

ng
vo +wo X (RE —1() “‘Z(kaf) X (Rf =),

i=1

ng

k_ kK

wy =wo + E q; ki
i=1

2
Forp Wk ol 73 MR IR ER K 2R MU AR i ) 3 P2 AT £



1432 # % 5

xR ¥38%

S, wo vo 4 I P I PR A g FeoR
5 ke SRAUARE 745§ 1) A BE B, kF FOR k%
WUBRE 565 i Wt 77 16 o AR 1) e
Ak = [0k wk]" A HURS A S 0 B ik
T RS R T,
if = Jido + T, 3)
Hdp gk 5 Jk (52 20 CHR[18).
14 FH Rk B H 7 08 37 22 B R 38 R G 03D
SRR T 7S R PR R, B B B R T
RGFAE, B I R LA R A

H, H,, T F JT
HY  Hp,||§ Crm Tin JY
4)

Horft: Hys Hyp~ Hy NARGIB R G MR R ITE
MUBERS 515 1 0 B 1 1 o, 5 L m LA 1)
ZEMRBREAG = [§'7,..., "L [F, 7 %
AAER TR IR 056 ¢ = [, of | T R ARt
SIRII15E; [Ty, Jon) " Fo 22 AE AT B WM K3 10 )
Ay AE B i o G S TR R (i, DA B3 S
B FE RV 2 T FE S Sk R 358 BRI HE
S AR S T R 0S19L,
X Tl aFE R4, B 5 R A2 A0,
Hi+c=Tn. (5)
o
H = H,, — H}, H; ' Hyp,
c=cy— Hy H ' cp.
Wit i
Tm = H(—Ké+ §q) + c. (6)
Horf: KONIER B, G ONEAR ST TR 16 3 50k
SESUEEIRE e = [T, ..., enT]", Horp
" =4 — qa, (7
o g 67 BRI 6 1 8
1.2 T XHERELIEREES
MU 5] R385 5 00K 8 BEPEAT 25 25 (A gk 4T,
4% ) 6 75 BN E 51T 23 A) o, DR b 7 @
SURE T LU AR B X 3 AT A B R e
LMK B RG LR S M e

k
Vo i i
P =[ME;s Alrﬁf}{ ]-+ > (i)
wo i=1

®)

k

(V .

L=[Mrx I] { °] + 3 I
=1

wo

K SHoE L2 HICHR[15].

NI 2 8 R Gtiashid R AR & T, FAT
KR FEA ST P [ 42 AE 2R o S sl Al
2 WU AR5 02, th ) SOHE 5e bUE P gt — 42 1 ¢
J. T HEE RS, T L s R E A, HAT
U Z R G0 N & 2EL A 35 0 0, KR AR STk [15] i1
R, WA AR IR B 5 SR R (R ) SRR
EELCE

Tg Jam | |4
| (] |2 o
il | Jem| |d
-.d d od
T Jaum] 14
/\EP
e = [g ]’
q — [q‘lT o an]T,
Jk c RGXQS.

sum

iF 5 G AR R AT LRI A

—(T()Xcls_lle + ]\14(]1@)] i (10)

7[571[@

#t = Jnd" + Iy

X SH S ISR [15].
AR A Ui TP 5 0 TR R A2 LR G R
Ga = (Joum) Fea, (11)
For o g A5 23 ) P ) B AR K i
1.3 " XHERLLIERHES

Z MRS R G, MU [ (i85 X /o] A
] /6 ] R R R LS e AT R 2 R R R Gl
EWINKRREXNG = (V,e, A). Hd: vV A RIE
7 A, B SRR T A — AN A e MR ORI, R
AN RUEPPEE R R, B LRGABIEFERE A € R,
A A5 BT LAY R i A 3 20795 A 5, IE A Hpkt Bz
MITCE a; > 0 RN ZALR AN NI BLE; &5 A RE,
WA a;; = 0. WFEN T, EEGHAFER G, ]
a;; = 0.

EX D = [di;] € R N2 ek RGN
FERBE, L = D — A = [I;;] € RV NEEH s
Bl 35 R 5T AT 22 SR [20].

2 WhEEEHITE RS R E IR

T B R Gz i AR R X R PR R S,
5 R G AR AT LRI 5 3 ). A SCEE T 1 RS
AN ST B AL 3 5 R, S ik SO v b A R
S8 R R 2 ) B G152 1) () B S, AT 58 1 22
[ LA P B [ 42 F A 2 a1 2 T



% 5 FEALE 5 AT —HMHELYSHMRRBWR =6 7k 1433
_>| NI 2 | | FEE I | SIS B ARTH PR R IR, 5T N 3 ik 2

T~ G = a— Kse. (18)

AR G ¢ BAR X 5 48 G 15 SRR AR 2

ﬁ%%ﬁ%ﬁ Hreny KW AIEE G 5LBRRTARE G2

R A [ R
— Sk

AR S5

2 thEHEHIHESR
21 EF—HMIELHEESIZRLT
2.1.1 fEEH#R
St AR AT U, TSI [ AT 45
AR L (R B 5 AT LU R

-2t =0,4,7€1,2,... k. (12)
PREFEFE W] DL IR
zi — 2t — 0,
{i?m¢0,
i,j€1,2,... k, (13)

o gpmain Sy 3 B (1 AR
A B I [ AR LA 4 1) oK st 1 2 36 A2
biw = bppal = ... =b_nal ! =
biian it = .. = b2l = C, (14)
oA by FOR PP RIS B A1 50 545 A5 5 2 IR
KA.
2.1.2 BEHR S E R
VT 3 B R U N
Fogt = — Ky (afg" — ). (15)
Horr: pmain Sy 3R () 3 08 R Ui 12 2h B IZE, amein Sy R
KU S bR B, K Al a0 B iR 2 AR R AL @
b Xf pmain AT R, AT LASEELAN [F] () D e,
R 5 PR IS B ) X AAE T 0 P S 5 A
AN B AR R v S BN
fog = —Kifag (2! — x2) + .. 4 ajn(z! — 2™)).
(16)
1E 22 T A7 B I ) o, DA 19 R AR i 8 R Bt 1
N

n n
ch j i\
Log = K1< > :aijbijxi/E i *%) =
j=1 i=1

Ki(zl, — 7). (17)

[ 22, Ko D JBE i3 22 I 5t R B
22 EBEaEREPHNREMERSNERES

AR SCR FH 28 G 5 O B8 X TR A HESE R I
Py AR T PEHEATUE B, J0 138 A5 TR R R
Bt UEBA IR 4 R4y, 1 S B E 3R R G
N, 7T S R R LR R 88 5 OGS 2 AR FBE 1) R B,
Pk R i B 5 RS () 1 15 22 ] LA 220 B
VI BF 38 A'F 2 ) w8 4 ) o e

TEFS I (0) 1 F T, DT I B oy

G=—Ké+ g (19)

PR 2= M 0 e R MBS, BT KON IE W 4L,
R 22 AR BT SO 0, Bl &0y = . SEIT IR
5 G 2R (9) T LA S IR A [ B AE P R

ANTEAT 55 AR PEUE R G R

1) BELRE T

SRAR IR 5 PRI AR v A (70 B AR 2 AR TR], AT
SR FH SCHR [9] AL b e 46 7 13k AT A% 8 PRI BH.

5 5 ke AR SR R ) PR A i 3 S
SXof L RE SR ity P 1) BRI AR 20 (16), B T K MR AE
AN 4 ot A M X R T, 7 IE B ok AR o L O
1. B 2R 455 0 FR A A LA R N

i. = (L® E,)z., (20)

o LER RGBS BT I, @ RoR 7w B W o
R, B, Roasn i AL,
E X
z2=(C® E,)xe, 21
%FB, ® E,, EFC ", H
(C'B,C'®E,)=—(C"B,LaC™' ® E,)z.
(22)
H: B, = diag(y1,72, -+, 7n), v NIE— A B
R T R R R KRR A B AR R R R 2 =
(C @ Ep)z.,C 1% SR VEA T 2 2 WL SOk
[20]. %3 5 A3
C~"B,C~! = diag(1, M),
Y iag(1, M) @3)
C_TBA/LAC_I = d1ag(0, EA)
Hrf M Ly + LY B0 FRIE € 5 RE.
B 23N (22) BIF 8 A



1434 = # 5 X R %38%
( 10 B ) al (17), 56 BexF BRAE R i PR IER J5 TS50 7 2
0 M e it = Ky (', — ab). 27)
00 Z SRR EN, SEBRA B S PRARAL B O R 2
([, [eB) | (24) y , iy
0 LA ZE 5616(15) :$;d+Ke L (28)

21(t) = 21 (0) FRWIAET 18] 038 1 388 15 R 45 4R
PRSI T, BirA =% m AL & BT O ANAE.
I AP 3 A A A 2 A K e R A

V= %zE(M ® I,)zg > 0, (25)
H 30w 2
V=
M@ Ey)zp + 25(M @ E,)ip =
—2p(Ly ® By)zp — 2p(La ® BEy)2p =
— 2p((Ly + La) ® Ey)zp < 0. (26)

245 SR 2 LD A 0 2 AT 24 (0) A,
b, A 5 BB O R P W 52 O

2) hFIE BT,

5325 2 e e, AN 0 6 P 2 5

o KON

b 7% (28) AT 1 3940 A7 B AN AS I, A S ot LA
SRR S AR 24 AR A B R AR L, B R
7 P I B K 15 B A A .
3 HEREK

ARt 4 47 B RE AL R ST A e, 9
LA R R 4 A1 45 1 2 B A0 8% 2R B AT 1) 1L 0y
iE. RS LI 3, U B SO 1.

3 ZEMRFEN

*x1 ZBMRHFBY
ZH base link 1 link 2 link 3 link 4 link 5 link 6 link 7
R kg 500 4 2 6 2 6 2 2
dy/m 0 0 0 0 0 0 0
dy/m 0 0 0 0 0 0 0 0
d./m 0 0.25 0 0.5 0 0.5 0 0.25
fz/m 0 0 0 0 0 0 0
fy/m 0.5 0 0 0 0 0 0
fz/m 0 0.25 0 0.5 0 0.5 0 0.25
Iw/(kg-mQ) 50 0.012 0.003 0.052 0.003 0.052 0.003 0.003
Iy/(kg~m2) 50 0.012 0.003 0.052 0.003 0.052 0.003 0.003
Iz/(kg~m2) 50 0.002 0.0008 0.006 0.0008 0.006 0.0008 0.0008
X H Spacedyn B8 #1121 5 Adams 3K 4 BE & 1 & ¢ = [0 B L O}T’
[T 2 AT 0, 8 PR T LB 4, 95 R £ o2 4
5 E ) RO 5 TR 2% i 1=1234 (30)
B2 S HT 5 P R R B 31 RERPEGR
5 A 1) A wi O YT AL bR R 1 B 455G R T A X AT BHRGHET GRS T LA E A E —
Y-Z SRR G R A A . DL SR ] e BUMERIRE D, Yot 0 SRS HEREAT YR IE. & WL
BRI O, SR AR A bR 2 I s A e LIRS OCARA [ BB BERE Ry
HX RN 010 1
—g 00 00 0 0 A= |t 010 31)
0100
T T T 7T T Tt
= L 29
@ 0733733 23 29) 1010
0 0 0 0 0O 0 O WEZH K, =8, K, = 80, i IS 55, b K

ZRENUR G R GV 2R A E N

~0.01s. 15 245 B 45 R an B 4 F11E S fr .



ERE ERE S AT AN EANSHMRRE

W) 45 %) 77 ik 1435

£ 04} — 15%
g 35
H o1t — 45H
~
2
= 02
-0.5 : :
~0.6 -0.2 0.2 0.6
A B x AR/ m
E4 BRESHFRHBUETHER
5
£ [
o o —— xR
< —o— yHfTE
2 3 Wive:?
& -5
%
b
-10¢t : . :
0 1 2 3 4 5
t/'s
(a) A%
1.5

0.5 /\_e\s\

‘ —— x LA
-0.5 —o— y B
= S

-1.5 - : -

0 1 2 3 4 5
t/'s

(b) FEHEENILEAR
B 5 BECHIEPEEMETL

WG 4 0] LR B, AT T @ A5 Bl 1] 42 1 75 142 1)
N2 R 3 2R 8N UCE H e A S T R i it
B R R WIS, B 258 RIS 0.

WG S ] LUK B, AL 1038 2l 2 56 356 Jaa o7 48
i R . {H 28 R i i & R AL B S IR %)
20 K i 4L RS R I BT (0o 22 R 2K 2, S T
BEAE RS, B TARER L ITH TP
HUBE, T ML E 2 5 T RES R, FIH R
=
3.2 REEREMRE

REUE T T BN BT IS I RE T, Wt g
6%t BR s shl FEREAT IR AR, 1 Je ik B LR 1 o8 3
BRI PR ES K, = 8, Ky = 80,1 i
6] 4 50 s, 15 E A KR 0.01 s, BT 328 A 138 5h L
R

BEMIC)

x = 0.25sin(0.2t),
y = 0.25cos(0.2t), (32)
z=1/2.

A LA X 2% AT AR PR AR
0 0

(33)

o
oS = O
_ O = O
o o O O

B R 6 FE 7 K BT,
0.4¢

e
=

A By A8/ m
o
[\

|
(=]

5 - -

0.6 -0.2 0.2 0.6
AL B x AL bR/ m

El6 REGHARRLELZWER

R Y r— T —
0.01} //i?Xi:\\
woﬁ\

-0.03
0

FLEELIFS / m

10 20 30 40 50
t/'s

(a) ZEPRAIFS

B r——wwanm

—o— y HHEALS

5(\\ZWM&@W.

BIAHIC)

0 10 20 30 40 50
t/'s
(b) FEHEENLLEAR

E7 IREREEhIIEPEEMETN

M6 BT LA B, A [a) 8 A AR 0 [ 428 o 7 v i
DSl 1 815 3 W IR 2 3, R R 4R
FrAaoe. B 745 AR A, R BE 08 Bl (1 i R R B 2 6 gk
VAT 25 7 A 5 T {E LR A R P AN

T 5 B AR B 2 A — 2 R 2, H
PREFRE BEAATEAR S RVFVGEIN. B2 R4 R
IS R A Ui 07 BB (1 BR R R 22 200N, R A 42 1) s i
3R, HAEHE CRAUENUIRE 12 5 BREZ L RE, S0 2 8 i
RAE Z G0 MR 1) 280R .

33 NEWMERHE

IS IE 3 A B W % — s P [ A B AT I8 )
(R RE 77, BT BRI H R AT B0 IE. 78 V) [F]328 3) 175
HidRE, RESHK, = 8, Ky, = 80, FE AT



1

1436 % #

xR ¥38%

R (32),2. 3. 4 SHUME R /e BHAsE HAE S F
T AR it B AL ZE 5 A 7/ 2+ T 3m/2, 8 TS
W2 Ry (33), 1 BT[] 5 50 s, £ FAP KM 0.01 s, 73
B 07 B A5 T 8~ E 10 Fiow.

g 04 — 15H
~ — 25
IS 35
o0} —ANH
~
n
ié -0.21
&
-0.5 : :
<0.6 -0.2 0.2 0.6
K IHAE x AAFR/ m
B8 WhEEHRHAETHIFER
1.2
—— HUBREEL. 273 AR B A i
—o— LML, 37 AR B AR
0.8 HUMRREELL 47 33 2 1] B g 4 0 A
g : —— MU, 35 2 [ P 25 440 X
o o WUBRRER. A ] B A
e HURRRES. 4o 2 1 B 9 4 % {0
=0.4
0 "
0 10 20 30 40 50
t/'s
&9 thEEshRmEETLIEFER
5
mE
o :
z —— x BB
= -5t —o yEIE
E z HRR
H oot
]
,15 " 1 " L
0 10 20 30 40 50
t/'s
(a) FEEENIFE
4
—— x Bk A
o yHIRKELA
Sy = KL F
&
a
-2

0 lIO 2I0 3I0 4IO 50
t/'s
(b) FERENLIZARY,
E10 thEREshHTEREEMLETE

P 8 45 SRR W, 5 T8 A5 F) Py 7 42 1) 7 9 Al
ISEEL T 2B RIS 3, I ORIER St A 5 F il kg
JE.

K99, ia shid i v 2 SR HUBRE 22 1) ) R S
e Ja I ORFFRCR R A7, R W] T AL # R A e 2 i
FErP AR E P

BRI 2 5 7 R AR, Sl 1 AU

SR, LM s 5 5 s 7 45 SR SR T, 428 DK i
3 L 7 5R. 10 JE o3 T R 3l v 6 s ) ), L
G U T SRR B AR h 2 B R BB, 7T B
SIS 42 ) SE R A S £ 345 £ 3 M 3 1) 7 T o2 9
P 221, RSt o e S P R
4 & ®

ASCEE R BHER 2 B R 5 RS L P A i
R, SR FE A ) A 40 4D 5 T SOME 58 BUAR R 45 & 1 7
R, AT T 2 BB, T S it 2
B ) B8, SEBL T 1 R LR B8 2 MU 1
(PR S 2 B B R e AR L, L pR 3
16 M 32 3 AN S 0 R (O R A, SR T
W 1 TR, 24 2 40 b U O B 2 I, %07 R
538 4 [T 5540 SR 2 W SRR 25 B . B 45 R
), A SCHR B A TS TR R 7 R s St
LR R, I ELTE 2 WU 2 1 SR 4 BRER 54
B 42 ] 1 P b B N R AR 2 R R AT A
V. AE T S L, T SO T LA B PRy
VETEARTE RSN B L F IR G MR A 2 AR i — 2
Bk i 2% ).

£E 3k (References)

(1] B, 1Rocha. AL A @B, Bk S5 [M]. db
B s HOR A AL, 2017: 28-40.

(Liang B, Xu W F. Space robotics: Modeling, planning
and control[M]. Beijing: Tsinghua University Press,
2017: 28-40.)

[2] b, #hEsR, KA, S RN ABT SRR SRR Bk
1k [T]. i ZS 223, 2021, 42(1): 523963.

(Meng G, Han L L, Zhang C F. Research progress and
technical challenges of space robot[J]. Acta Aeronautica
et Astronautica Sinica, 2021, 42(1): 523963.)

[3] Feng Z. An overview of collaborative robotic
manipulation in multi-robot systems[J]. Annual
Reviews in Control, 2020, 49: 113-127.

[4] Ren W. Distributed leaderless consensus algorithms
for networked Euler-Lagrange systems[J]. International
Journal of Control, 2009, 82(11), 2137-2149.

[5] Nuifio E, Ortega R, Basafiez L, et al. Synchronization
of networks of nonidentical Euler-Lagrange systems
with uncertain parameters and communication delays[J].
IEEE Transactions on Automatic Control, 2011, 56(4):
935-941.

[6] Nufio E, Sarras I, Basafiez L. Consensus in networks
of nonidentical Euler-Lagrange systems using PD
controllers[J]. IEEE Transactions on Robotics, 2013,

29(6): 1503-1508.



F5H

ERE F AT -HBALNSHMREWR 4 7 &

1437

(7]

(8]

(9]

(10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

Nufio E, Ortega R. Achieving consensus of
Euler-Lagrange agents with interconnecting delays
and without velocity measurements via passivity-based
control[J].
Technology, 2018, 26(1): 222-232.

Wang H L. Flocking of networked uncertain

IEEE Transactions on Control Systems

Euler-Lagrange
Automatica, 2013, 49(9): 2774-2779.
Abdessameud A, Polushin I G, Tayebi A.

Synchronization of Lagrangian systems with irregular

systems on directed graphs[J].

communication delays[J]. IEEE Transactions on
Automatic Control, 2014, 59(1): 187-193.
Abdessameud A. Synchronization of nonlinear systems
with communication delays and intermittent information
exchange[J]. Automatica, 2015, 59: 1-8.

Feng Z, Hu G Q, Sun Y J, et al. Finite-time task-space
synchronization of networked robotic manipulators[C].
The 16th International Conference on Control &
Automation. Singapore, 2020: 1044-1049.

Liang S, Wang F Y, Liu Z X, et al. Necessary and
sufficient conditions for leader-follower consensus of
discrete-time multiagent systems with smart leader[J].
IEEE Transactions on Systems, Man, and Cybernetics:
Systems, 2022, 52(5): 2779-2788.

Yoshida K, Kurazume R, Umetani Y. Dual arm
coordination in space free-flying robot[C]. Proceedings
of International Conference on Robotics and Automation.
Sacramento, 1991: 2516-2521.

Yan L, Mu Z G, Xu W F. Base centroid virtual
manipulator modeling and applications for multi-arm
space robots[C]. The 13th International Conference
on Control Automation Robotics & Vision ICARCYV).
Singapore, 2014: 1542-1547.

Yan L, Yuan H, Xu W F, et al. Generalized relative
Jacobian matrix of space robot for dual-arm coordinated
capture[J]. Journal of Guidance, Control, and Dynamics,
2018, 41(5): 1202-1208.

Chen X Z, Qin S Y. Motion planning for dual-arm space
robot towards capturing target satellite and keeping the
base inertially fixed[J]. IEEE Access, 6: 26292-26306.
Zhou Q, Liu X F, Cai G P. Base attitude disturbance

(18]

[19]

(20]

(21]

(22]

minimizing trajectory planning for a dual-arm space
robot[J]. Proceedings of the Institution of Mechanical
Engineers, PartG: Journal of Aerospace Engineering,
2022, 236(4): 704-721.

ERE L. ARG A M]. b5t b5 TR A,
2018: 12-36.

(Wang Y B. Space Robotics|[M]. Beijing:
University of Technology Press, 2018: 12-36.)

Antonello A, Valverde A, Tsiotras P. Dynamics and

Beijing

control of spacecraft manipulators with thrusters and
momentum exchange devices[J]. Journal of Guidance,
Control, and Dynamics, 2019, 42(1): 15-29.

XS LB AE 55 7% [ o B 22 AL W 7] 4% ] [D]. iR /R
VR W JRIE AR, 2021.

(Deng C L. The collaborative control of multi-
manipulator system in task space[D]. Harbin: Harbin
Institute of Technology, 2021.)
Yoshida K. The SpaceDyn:
space and mobile robots[J]. Journal of Robotics and
Mechatronics, 2000, 12(4): 411-416.

R R, X L A (UM SR BRI T 4334 1], Bl
RN, 2022, 44(1): 107-128.

(Xue Z H, Liu J G. Review of space manipulator control
technologies[J]. Robot, 2022, 44(1): 107-128.)

A matlab toolbox for

fEEEMT

TR (1989—), 3, B, 1 LA S, iR 4%

BARBE T FEEUIR 55 S50 78, E-mail: yuechengfei@hit.edu.

cn;

FINTEA (1998—), 5, M4, I\ 22 B firp R s 42 il A0

5%, E-mail: 15522994865@163.com;

748 (1998—), 53, 112k, M 28 2 [l HLas A il

(I 4T, E-mail: 1zr1102@gmail.com;

VLS (1988—), 53, BRI, 14 00, SR a4s4%

il W 2 T R 4 ) S5 9T, B-mail: qiangshen@sjtu.

edu.cn;

MR T (1982-), 2, BT 0, A I, M TR %

BEH ARG RS R0 A BH KRG HEL S R
il 2R IR RGEHSEHT AT, E-mail: cxqhit@163.com.

TR F FK)



