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Abstract: Multiple manipulators coordination control is a hot topic in the field of robotic research. Key research issues
are explored in this paper, including the base frame calibration, the dynamic modeling of coordinating system and the
coordination motion controller synthesis. The problems of coordinating system dynamic modeling and motion controller
synthesis are extensively analyzed. This paper presents a review of the research development and present status for the

problem of multiple manipulators coordination control, aiming to show readers the future research direction in this field.

Key words:

0 51

20 4L, B A B H AR I REAAUR JE, £ HLEs
NBRGEAE ki K53 J RS E R ML H R 5 L
P 7 5 BT % AN 5 T, A % BHIF DA 5 0k 2 0L 3%
N F G4 0 B TT T IR NI S0, b oA
LIS N RGAMILL, Z AL RS B A A RS
VS TR, R0 e BE F AR IAT %S, HAH
KT R B 0100 AR T, 2 HLES N R GG R
PSR T AT AR B, (35 5 A 2 2 o i)
L AT S AL N R G T 5T A 35 5 T I £ i)
140 2 L3S A R 40 1 B A R 1) R 1140 2 38 A
1) P S A i LS00, LR % L8 N 67 40 T 1)
HRR020%% il TR EHLES N R G S U R e fE b
Ji R BB ZE S, AT A 5 2 MU R 5

ks HEA: 2012-06-12; &E HEA: 2012-08-20.
BEE&WB: BXARR¥ELIH (61175113);

multiple manipulators; coordination control; dynamic modeling; motion controller synthesis

(R Bl 22 T 1 A, T SO 3R B R LS A TS R U B 2
Tt 3 TG T AU R 4.

DSIIS E 2 I NG R 1 7 ) X S )
PPN 2 SO <M BESUR H B2k T b &
N A PR RE Ty, 2 RSB RERE LA R
FEJE, POy i) — i B AR LR | A €2 S S AR 5%
IMRAE, SRR SE P AT 55 1025 0 e Hlds N iZ i
Sefb 2 ORI H L 7R L A AT
N RE D, AR TR R i 8t JE Bl 4 A ) R, SR
AR ANEA IR RGP, B AR 2 BRI
S L AT 10 22 DL N AR G800 P 42 1l 32 22
P (37 S A IS R VEIEY IR YNIlyN Y e an I Ep

2 WU b 1A AR e 1) TR B0aT BLJ 9 2 1)
B AL, Bl KB F R AR 2 s, it

K B AR 9K B E R I H (2006AA040402, 2007AA041703,

2009AA043903-1-1); TTI548 Wl A WFFTAERMIFRHT THRIH (CX10B_076Z); R B KA LT 1 42747 1

MHARTH .

EZE RN HIH1985—), 5, T/, W R AL NBOR . Z UL N UMEZSHI ST, 8ot (1954-), 5,

Pz, WA, A

ORI LR | Bl AP ST



2 i=

K

& * % 28 %

E55 T B LA N5 A xS e A O 30 o A
PAT 77 A KPR 2) FARE AT 55, Bl A 32
195 552329, HESRAT 55 B AL AT ST R R A 0 5
HAH REZE— I P BENLR. iRk Z RT3 T I 2 AL
RPN bR N B s R R N VA
TR 22 (R AE 25 AR S R AT s [ 35 A0 B ) 7= 2 —
SE TN I SRR ZZ B W2 7 AR BRI
T3, FFAT AT BRI BAE R R L8 AA B A A
FAESS T Z LA N R G PR 42 1 1) 2 A S8 iR

LLas ARG, ZHLE AR GAEIEE) K
I RAF S BN )1 AR R 0 A A B AT AR 22 e 131,
BT ZHLE ARG R A B HE S ILR PR
4, R4 H MR TK Tesh7E KRR LR ARE
Ph: RIE LA A IR R Rl AR B AT W] EAL T
[l 2SR LS. [N, 3B 3l 50 AR (K AN E P 2 i
R RGEAE ) 2R Ve B AN E M, B ORAUERRAE X B A
AR e I LN & B s B AR S AR I 0 JF
ANHE—. Z2 B A B 2R e 3K L8y s AR AR S 1 AL
s ARG 77 TCiE AR N T, Db ZBR A 73
Hr2 Plas N R Gfeiash s 2 AR vE B P, sdiar
REG AR B U R ST BN ) 2R PRI B AR, 4 e
IRt 5 PR 2 s .

AT LB Z B N AR GUIR B 2, 6200 S
SE B as A A S AT 45 (A7 LA ST I T S AR AR R
IR, PR O AR AT b E LA A SR AR R
AR [l SR AR BRI (A e R AR WA . O 1 R A
AP ARG ) ) 2 I, 200N 5 A S A
W RS R GEHEAT B D 28R VR A, 4K AR 4 i
SR PR R SRR 4 H AR R G P IR R T I 4 1
.

AL G2 Hlds N R G FEA AR R AR 52« P &R
GEEh) I3 2 SRR LA S AR R 255 34 1) R A5G SRkt
AT 53 AN B, FFAEBEFER 0 AR T LA 177 1)
BATA TR,

1 ZHBEHHERG R

EZIREININ S Wi ND e AR e s X (B
PR T R4 A B s N TR R A7 B AR, ] AT A% 51 2%
PRSI e (B DA I R 25 L N T S R A
[l X5, AT A EAEA R IR 5. R A 1 2
BLES NI R G ity ZEAN R R B AR, AN IR (1 2
HLES NP 2R G 75 ZEAN R (K42 a7 ik, AN SCAE PR
IR ML NI RGNS ik 2,
LSRN Js 0] 22 HLes N R GEA BT S K 20 2K, JFAE
LRl E 0T 2 LA N 28 G0 0 R 2 1 1 8 1) A 7 Tl
LS.

1.1 #HFAFESE

o HEL A NI S0 2 75 [ o SR 2328, 2 ML AP i
RGN 3 N LA

1) 5 [ e WL Bl R 4. AR A IPLEs N RS
— M ¥ B[] S R, 81 SCR [22-39] £ B R AL
N e L R I N7 (VA il =R WER B
AN IZ Bl i R AN S R AR AR Ak, DR A T
B AT JA AR e 5% [R] (10 A8 455G 28 88 A 3 3R S 2 )
WL AL A R

2) B HLWE Vh R R 4. B B sh Pl N AR
(1) 0 e, BB LA AR e I Hh BAR K He Tt T 4%
GERLAR T R G0 AR 0, TRl s R T 5k 52 0%
(Bl 42 ol ) RELES), 5 AL e RGEAHLE, 530
MM RG i & T BN N RERL SN R
03 R, FR H RGORE T H RS L &
RV 2 B [ A% Ge ML A AH LG 3% FL AT B R IXC 1, S
Wk [41-451 BP0FEAE T VR4 o0 A ALk
1.2 BENREFENE

P SR ERAERT R PE TR ) ) 22 R AE W] 40 R BL R
P

1) Wit R 4. R RS R A X %
— R RE AR B INAE L D, HABGE LT IR AE B A4
R A RAZTE. MR GAE A P i F v B
hES L, YRR SO AR B R AR — 3 L
A IR

2) VIR R GE. R RS IR E XS
MR L2 ) AN ) 25 77 AR AR N, 1) T A% 15 1 5 | o0 7
B, [ A A T T AR e TR 4 A 1 o DA % 52
JI RN R R BERERAE R G0 H R AR TG IREE T i
hHE WL, AR 34351 e 136381 el | A5EE | R4

farey
<)

13 BEHZEDE

2 OGS T Wb U AR 8 R 3 AT A AR5 V5 T s 2 L
WA RS AW T

1) REFULBE R, 1S 2 G0 SR AT 1L P 1A 1) 2%
PLEE NI AR i (7 AR A ) I R P R AR, hLf
PRAFAE > AU B R K AR T B R IO LS N AR —
NGRS s)EE, R Lagrange 77 #243 #r 484N 4]
U N T 22 Rk, A0 SR (31-33] 4@ 21 1) 45 i A
TP R XA A5 1.

2) BAVE R GUE AL MR IR RS M T i
ANEER LA N A S 7 22 [ 0 ANAZ, T2 R 12 T
Bl NI B Z A ER T m e R
g, AN O I S LA N TSR ST I T REN LAY, FOR
S L oL 2 A TR, S s R G B g A



3

HEHE S HARE R R AR G ik 3

PERTRLES N B ) 2455 v B a] 759 4 AN 0 R SE 11
AR SR [1,35-38] $ 21 145 il AR 2Rt 2 % F X
POV AE . T 1 R 3K P o B A R 1 R
PRI,

B ER#EERSEERGFERAREER

Zra LB UM RTE I 45 R T LU, 2013
N G I 428 o PR B A 0 e ey BRSO A e Je 2k B S
P S Ay 3 PRSP AR, B R R AR R A S R AL
P 2R GEAE T e BB B AR X %80 ) SR PRI 25
BB IR BRAER R IE AR A S T R G
P 7 5 21 5 A% 0 A e I A, T R TR ) R e I
T T Z A8 N RGN R AW L. e AExT
G ZACTFIE I RSB BL I 4 Ak RS A Ak, AR
Z P A R GRS 58 N 2 R IAAT 55, X %
ERARGE T 2 HLAE A R 45 0 SR AN RN, [
I, Bl 7% Sh L N BRI 5 R e, X 3L
BRCRES 28 40 (10) 0 U 42 ) o R s R A 9T 11 )2 %
2 PhEPLEE NI ARBR R bR E
2.1 jE) @R

TEZ LA ARG PR b, g iz shd
(VEREA LS N DL S B A T S 0 A7 S8 A0 48— (1)t S AR
FR R I AR BRF IR I 06 AN 0] 2 (1, 8w LR 2 AH BB
YA PRI ARE AL R A i AT 38 PR A 7 2306 2R T
AL N RGN 5, RGHA @ IpLas NEEAL AR
FR UL SOR B AR 2R, i HALZS NIZ 3l 2 E g 7 R
g8 I R eAL A N R i AR R 3R 31 55 AR AR R I AR
ek 2. AR, W R BRI AN R G A LA A
HIBEAR bR 2R 0] ) AR 0GR, 4 G bl N 138 3)) 2% IE A
T3 R, AT E S LA AR S PR AT 28 A7 22

T E A m AW AN Z P A R4 D
R i ML N TIIEAAAR RN Y, AR RN
W, RS IR B Hy, iR AR RY P YR
A ARG R, A
W v b = YRy Ty
0o 1
Horp: Ry € R3S NHEFFEIE, v Ty, € R3 AF# 10
. TS AR R IR OB A R, Ak e 5 i A
BLES N B HRE AR R A At FAA R 2R, AR 52 55 5 AL
2% N AR 2R [A] T AR bR 2R [A] [1 22 08 R ] 4k

bip (1)

AbRE S i AHLER N E 5 B NSEA bR AR ) ) 42
B R, DL, PriRHL & N JEAR bR 2R B i 1) BT S 5
B SRR TR B ¥ Hy, (5153
binj binj
0 1
L YRy, € RS ONIRFHLIE, YTy € R® PR 1l

biF _ biHbjbjF — b]F (2)

b

i

e CaRAFE i ML NS5 5 LSS AN FEAA R
RIS RN Y Hy;, B n AN B R i ML
a N B85 TN

Y: = fi(qi)- (3)
Hrp: g, € R APIESANKTT AR, Y; € RS APLIEAN
Ky AAFR 2 ™ F AEXS N AR AR R YR I AL BR R IR,
THH LA N AR iy 350 2B R B BT 2, 3 ] A1 5 6 A
PLES N S AT 3 EIARAR R Y R, M F 5 R[]
(1) A8 46 5C 28 0 BH R wiig AT 48 1R 22 47 2 15, d
H ™ Hyg, WIER & NI N R S AT 2 PR A7 28 A0 LA
PR YF NRRRN
Yi = fi(qi) - " Hy. “)
(] 2R ] SR B 5 AN HL g N AR B BRAT 2% 19 47 28 A8
SRR RV E T IERIR, 456 AL bR R AR T 45
b Hyy W ILAE YR R AR bR R
Y; = ""Hy;-f;(g;)-" Hej, 5)
Wt R S ARFR R W F T AR R, DL 3R 2T
AR R S B AR R WA 2 .

i ——=
H, . ~a
/

AN W
/u‘F S \1‘1\,,,_ >

El2 ZHB[BARFEXVIRARTRER

22 BREFRZE

TE B ) 7 bR T R B NS AR AR R
(] (1) AR 4 06 B2 AN TTAT IR, DR LA A FE AR R 2R 11 5
LT Bl 1 P RS, R B G BIIA. AR,
WLAR N K v BT 35 18 ) B LU R A 28, 455 L
ax N1z 2l 2% 5 2 5t B ) i 1 U7 3R] b e i
YeAR O F L H R, WFAT AL A AL AL AR R bR E )
FBP SCHRIS TGN 22 s J7 v Rt B I A 15
B, b D R LA BT . ST [1-9] 7R BN LA A
AR R 0] (1) 78 0 5G 28 N 35 0 TR FLAE b AN 44



4 i=

K

& * % 28 %

A, BT A R BE 5 AT AT 1 2 % HE AL

SCHR (6919 41 1 — FfJd iod By 38 Y A AL 2 A A
i — R A4 £L7 (peg-into-hole) A 1F:, i 1 4 it P
W AX = X B [Rks € J5 B R SK AR HLas N 5L AL bx 2 8]
ARG AR X, (R FLEN 1 1K) 58 B 5 2E N Tk
P, FFIRL B (KGR AHR AN SR (e 5 A,
X LCHAL LR RE T7 5 bR N BEAE T ORAIE, 10 LA
b LRI 5 A B RS AN AR 5 FLR SE K

SCHIR (717 38 32 6 Bl v 5 ARG AH EL 00 3 £ TS AL
s NALBCHA & 8, JFR el sh 21— AU R A7 2.
SRS FNEEVE W GIRAYNO RS =K Y SIR L
AABR AR ARG AR (SR AL A — AR R A ) 2,
DA TR 1 i il A2 A 0 B AR T VR A Ak JE bR g
BTN T2 5« SR IR, Sedib BRARRS BT 5, JF AN
S B A f e 4%

SCHR 7210 T — FL P AT BRI E S S
(. 8 =M HLE AT bR R bR E T ik 1% 5545 )
AL HLA N AT A AL A i, Tl
SALAS N A S PRAT 8 18] AN 2 345 B R A e 7
FE, JF AT S AL AR AR bR AR A (A HOG R AE 4k
ARBR AR AR R R T SR R T B T LA R AR S
T2 A BA5 1, WARX LS B TEHER S,
YU 5 45 SR IR P 22 52 2R

SCHR (73141 T FhdE T e ME AR (1 L AR
FRAFRE ITE. 25 i CCD & ML id Al
BRI I AP AR S (AR Rz 30, Tl —4l
R K ) AER 38 Bl T 3 s X Se A 0z Bl I 5
17 BORAR E P DL AL AR BR R 18] AR e 58 R, 5 3C
Wk [72] 9 23 ¥ 5 A B, RIS SR LK 4 Ak 2 3k
BB AR R 220, JF BT EEANE BRI %
P 2T Kt REVH 5t AR AR AR 18] (A H G &R, Xtk
BN TR IR AT AE.

AT R DL A FEAR R AR AR E A A
i ZEAORIL A Ve 76, EEA bR E D IR R AE T HR A, R
EI TS s i A2 PR B rRL SR, 8 H AT 2 L
NI A= R G D, FHELHEBIPLAN
(1 228 (07, DRI AR 9 — b S B ] B A6 3 B A I
A PORS R MBS N BE AR bR R AR € 7 vk 2+ )
WE).

SCHR (751904 T P42 T3 AR 1 B R AL
ar NIEAARR 285 € V. %7 il bk A BAT B
KA MIHLEE N T T 10 A A Jit a3 3l 21 Bip A1 2 1] v
(R [R]— a, FIE TR W4 T S A AL 2, JF LR IR [
BLES N R A 1 A BBl as N IEIe sh 22 7 i, T 501%
RAEF LA NIEAERR AR (M ARAR. [ DA 1% i AE T S A
PRAR T IR ARARAELREE — 1, T LLZ AP HLE AN

ARFRFR T B AR bR AT LA AN SR AR AR R 1A G AR
FHE 4 A B — R AKX R AR ¢ AL G AR 8 T HE,
R K filt P AL N AR b AR R] TR AR 0 0C 3R, AT 56 1
PMELES N IIEEARBR Fbr € 0] . 55 Ho A SR A 41 1
JIEAR G, TR R B D R, I HAS R N
LA 5 2% A o B B A, b o G R A A —
S L W L R 0
3 HARSGMHCAER

AL Z WL N R B s g — 4
e 0 Y 1 0 0 955 5 4 X B AR R Bl ) AR R R
RGRCF R, XABRER T e ) L2 A 130 )
SERE IR AR, I 0 LS R AE X B ) B ) SRR
3PN, AN m AL NP R 4, B
ER MW ANBAHE AN, i = 1,2,--- ,m. %8
FI) H H SR H A B AL 2 6 Bl 2 G A AL
N, AT AR, Bny =6,i=1,2,--- ,m. $i
BN HA 6m A H B T 5E 5 AL R FE R 3))
JIFRFETR B 2 x 6m MRS &, Hf: em AN
FRH IR R G 0 RS, 6m A28 & A ki A R 4
(R HPIR A AR A 2, R HLAS N 3R 48 K U At 7 2L oG
A7 R R T, R — AN ARAE T R R A ) )
IEENFFIETT 26 x 24N i, Horp 6 MR R H Rk
FoAT 23, 6 A48 5 H kR Hoas gl B, DAtk ik
—NEAE m A6 B HEEHLAE NS A Pl R gt
72 x 6(m + 1) MRS &, g7 R MECEH B
FEME RGORAS T FEF it 7 R, oo RESTT R R
T RGNBN )R, B b T R B TR AR AR B B4
il H BRI SR OC 2R

3 ZHWBIMERS

31 HMEAEHEXREHHFERE
RS ST RN PR RGN B)) A, S
TH RN N RGN B IR k. T AL
NRGEW B )25 R, B QT 7 2 RN
G, AT T B G —FNR, STk [22-67] BIRHT T
W LA N Bh )2 TR
M;(q:)G; + Ci(qi, 4i)di + Gi(q:) = 7i — I} (qi) Fei-
(6)



3

HEHE S HARE R R AR G ik 5

b gy di G 3N R R AL NI AL L O
THRE OGN I B M (q;) € R™™ i XK IE a2 15
PEHLBE; Cigi,gi) € R™™ A =F I J1 5 W0 7 B,
Gi(gi) € R* WEIIMEMFEFE; 7, € R WHLAF AN &K
IKBN A Ji(q) € R O R N O I
J5 3 K v AT 25 12 Bl 4R AR e ¢ FR I A v LU RE B
F.; € R™ AHLas N A i 64 78 H . 6T — i) I
ML NI S, n = 6.

ZRE—NETHmA6 HH NI M2 P8 A
il &4, R 6) TR~ —oE

M(q)i+C(q,@)i+Glq) =7—J (¢)F.. (T
Hrp

q= COI(QIaQQa' o aQTI’L) € R6m7
q: COI(QIaan' o an) € R6m7
d = COI(dlaan' o an) € R6m7

M (q) = blockdiag(M;(q1), M2(g2),- - - ,
Mm(Qm)) c RGm><6m7

C(q,q) = col(C1(q1,41), C2(q2,42),- - - »
Crn(@ms dm)) € RO,

G(q) = col(G1(q1), G2(q2), -+, Gmlqm)) € R,

T =col(r1, 7o, -+ ,Tm) € R®™,

JT(Q) = blOdeiag(J{f(%)vJg(%),'" )

T (q) € RO,

F,=col(F.,F.o,-- ,F.p) € R®™.
) & 77 % (7) [F R T m LA N 3h ) 22 R,
T LI 22 LAt N B R A ) b R T I e .
IR, IR I B A R AR R AT S, AR
W 5L LA N R BA A X .

Blgs N8 125K (7) TRV 2 S 8 eI s
SEARMERG AR € (¥, Le AU R4 aF G Bl
NS s B 55, A, RGUIRS I & 45 rp
AN G VRN S o e 75 AT I 5 A R i
RTINS N RS SRt s R T VF 2 50
DGV, SCHR [76-86] BF 78 Il 2 2k TR RE A L 2% A
i RS, HXOMt, A E
TS N8 12 5 B

M;i(qi)gi + Ci(qi, 4i)Gi + Gi(qi) + di(qi, Gis t) =
i — J Fo, (8)

e Z WL N RGEMIZ 3, Br T H 2018
N8 )y 2% 7 40, 3k 75 2 BINLAE Nz 3% 07
2. Ml N1z sh 22 7 Rt 5 i B RS T HLES A
IR 23 i) 55 A g PAAT A7 3 1) (1) Bl 55 5% &R, K
H Denavit-Hartenberg J7 %73 1 3 £ L HL 4% N 12 3%
Ji M. HATANE S5/ L8 N iz 8l 27 07 R 22 0K,
JRUE I, X AR SRR ] o =l 3) I A 4 — T
2N T TP R ) SE B, 7 ARG I AR
bR 2R FR LS A A A7 2, X 3) I Y; A2
55 1 LA N R S AT 35 A7 2 A8 FLIE AR AR R T 1 4
W, G5 G HLAE N AR 5 R A5 T 45 AR A i PR AT 2%
()2 e 2y 430 50 (5) TE AN HIHL A8 Nz 3l 2 1Al 7
Fe. KX (5) fjd Ay R

Y; = 0i(q;) €RS, i=1,2,--- ,m, (10)
o Y; RORE i MHLAE N R i $RAT 45 (10 A7 L A0 1 5t
ARFRZR T IIARKR. XT3 (10) ZE 4P IL ) Ak 3T 15

- 00(q) . )

v, = 2949 4 _ 7 0)d e RS, (11
dq;

Yi = Ji(¢:)di + Ji(q:)di € RS, (12)
i=1,2.- .m.

i (10)~(12), XM RS
Y = 6(q) € R, Y. = J(q)¢ € R®™,
Y. = J(@)q+ J(q)i € R*™, (13)

HHAY, = col(Yy, Y, -+ ,Y,,) € RO™.

Zra 3 (7) 1 (13) v 15 2GR A VR R S8 Pt
IR YN EIpIEZ  RiY S DA
32 BIEMZRhHFER

B T WAL A IR 3h T3 22 Ab, e LS A
RGP IE T ZEAE HAE X S AN E R R 0ig
SRR, RIUEE ST R AE ST S 13 1 2B B, K25
SCHRXT 2 LA N R GE AR X B 1R B ) 2 BT A
TR, Lean il 2 Pl N1z 3 i 3=/ A4
75 20521 YR B 7 23581 — i g
FAL T WU 2R G550 g AR 1 8 s R A B
(K13l 7 2 A, B
My(Yo)Yo + Co(Yo, Yo)Yo + Go(Yo) = F — F.. (14)
Horb: Yo € RO W #R A X 5 10 O 8 At AR Bk 2R
wF IR IR, Mo (o), Co(Yo, Yo), Go(Yo) 52K (6)
(1%t I ST AR R 00 3% S5 Fo B X G R 0 SR 8%
I SRR a3 F ORI AEARAE R 5 s HLas A

E¢@@gﬂﬂdﬁ%*4@%%$%%ﬁjﬁﬁ€j*ﬁﬁyﬁmﬁmgﬁjﬂ

RGNS N B0 7 S A JIE V2R A A
S DL S 28 GEIR A 1 000 45 B B ) 1R) AR 4k BT 52
2+

ldi(gi, Gi, t)|| < 0. &)

F=Y"JJ fei, (15)
i=1

EHL fo; RREAEX G2 BN AR « MHLE IR AR
}Eﬁjj’ fei = _Fei-


dell
高亮

dell
附注
 此处表述不明确，是谁对谁的影响。


6 = | 5 * E 3 %08 %
T3 (14) I BRAE R 5 3 ) 24 BRIV 2 S0k BIg 1 P pL 8 A K S Ph AT 2 i o st vk

(801 Hh 4 ) vz A F. 4 #R AR X % A 2 B S ) 1 AE
TR REARAN SR AERAR, X040 AEXN Sz
SEEE I R e oL, HIX — X T AR
VR 22 W) 1 JF A BRI 2, o F 6381 e 91| 5
FE L IRACEE, dE T H A R YR WA R B ) A A
Y5 EAK Y Lagrange J7 F2 U404 TEBTHE S, %18

Lagrange J7 F£ (1) — I 2
dor or oD oIl

aog, ~og oy oy o009
L T ARG WM BEE; 114 %08 Dy FEHRE &
Qi RGN XI5 gy gi W T HEIE RGUIRA
AR ORI,

SCHR (1] VRIS T — M T3 R GE B0 )
VERGERERT G A 15, Z I BUE WL AL AR
NI, XS G2 WA, TbLEs NS B e ik 2
(i) R [ 1 A ) s v R ke AT, Rl k)
WRAEAN T34 R BT AR 3 BEAS S B e 3 B T
AR X FELE R WA B ) 2R PRI, BE R 1E 3
TR TE AT BP0 A4k, SCRESS G 3t
ARG AR BR TH A RGN B e HBeRE LU KAERR
REREAE. SCER (11220 7 R IR UM E X %380 ) 2%
Y

We(Yo)Y, +we(Y,Y) = F.,
Wo(Yo) Yo + wo(Y,Y) = 0. (17)
Hor
Y, = col(Y1,Ya,---,Y,,) € R, Yy € RS,
= col(Yy,Y,) € RO+
F.=col(F\,F,,---,F,,) € R®™,
We(Ye) = diag(W1 (Y1), Wa(Ya), - - -,

Wm()/nz)) 6 RGWLXGWL7

Wo(Yo) € RO,
we(Y,Y) = col(w, (Y,Y),wy(Y,Y), - -,
w,(Y,Y)) € R°™,
wo(Y,Y) € RC.
2 (17) H J 1 M 3R 0 B N I R AE X % 8 )
R, o R T R AE X RIS SR S P A

HH R P R WYL, Wo(Yo), we(Y,Y) Al
wo (Y, Y) M EAR T R SCEE STk [1] AT VEG 4.
SEEHNFARGER
TEAF LA N B ) F AL | 18 5)) 2 00 3R S Bk
e PIE Rt Pl =i sy IR INEST: L (oo Y]]
FHEAE I T4 23N U R R BCARE Y, (R i3
N RGP JT, R R G R R

33

SO SERER GOk, HALES NS ks R: 2 h) | o
PEBEEE S AR R 2 RIAAFAEAR 1 Bh I 4.

BRig 2 Prablas Nassh ke &8l ) e
TR O, HEAMHIE NFEEsh Ik fE s A%
FETT AR IR ) S, B P A B L N TR v LU R R 32 2 1
TR,

BRi& 3 #HAEXN R BB E R R T A, 7E
FEA PR P R P B E RS K AR TR Ak, SI2BRIF)
WA TEAR i 2 5 R T AR F 3R AT

DL b 3AMBOR A5 T T — e 2 HLas A i &R
SR HR AW AR IR, X T LA N AR X S B i i A7 AR
ATV Bl )17 450 ] 222 SCHR [87-89]. T ik 3 ME
e, H a2 (13) {R LA NIz 324 7 FEar A X (17) #
R HERAE XS G50 ) 2R T 4

We(0(9)(J(9)q + J(q)d)+

we(0(q), J(9)4, Yo, Yo) = Fe,

Wo(Y0)Yo + wo(6(q), J(9)d, Yo, Yo) = 0. (18)
P T B A 0 S P 52 1R 4 i g S AL N A s i ) 7 1)
RAEM D1, Bl F. = —F,, ¥ HLa8 N3l 7 2288 (7) 4R
A (18) AT 3

(H(q) + T (@)We(6(2))J (q))d+

C(g,9)i+ Glq) + T (9)We(O0(9)J (q) 4+

I (@we(8(q), J(9)d, Yo, Yo) =

Wo(Yo)Yo + wo(O(q), J(q)d, YO,YO) =0.
2 (19) W LA A At B B

N(q)§ +n(q,4,Yo,Yo) =T,
Wo(Yo)Yo + w(q, ¢, Yo, Yo) = 0.

19)

(20)
Hrp

N(q) = ( )+ I (@We(8(a))J(q) € RO,
) =

n(q,q, Yo, Yo
C(g,9)i+ Glq) + T (@We(O0(9)J (q)d+
I (@we(0(q), J(9)4, Yo, Yo) € RO™,
w(g, ¢, Yo, Yo) = wo(6(q), J(q)d, Yo, Yo) € R°.
KQO)ZAHETHMERGEH L E LI ZHLE A
Pl RGBSR, 2 255 3l ) S th R s i
FO3671 o Ji SR (1) 0 38 98 50 2 A R 1) — e B 2K
TEAn =X (20) ECE AR R H T A 2 L8 A &
G2 BN AR I B HE AR R 5K
4 PhiREshE SR O
Z WLAs N ZR G810 W v s i) ) R 42 B s ol H s o]
Sk N NEE



3

HEHE S HARE R R AR G ik 7

1) BUE T 7T 45 B B B i LA
HLAS N ] 45 15 0] 5 LT 52 (K 8 A5 38 31 4% i v
M B, B R AL LA R A T IR
%%, 4 SCHR [26-28] B T4
2) PR BT e AT 45 HERAR H R 1L
ANHLES N SE R B0 5 UGS 2 IR | s s
o RIS B, W SCRR [29-33] AR B 10 15 AT 45
R SV, T TR O 2 o S A AT 4, TR
K Yoa(t) = Yoa, Yoa(t) = 05 FRIE 00 ER B 42 ] 1.
2 HLAS N 28 G 10 DI U 42 42 B 32 o 8 1) 45
R B AN (), 1T 4 A A% S 1 7 3 /A E
77 20 TR B B 07 SRR By 2 Ty
42K o L7 8 R % 2 A PLES AR
PrEL RN R, BoA TR I 2 WL A R S5 )
SR RIS N R G B IX ) 2 e i A TR
ey AR HLAS N R G (56007 2K, A% Rl T 10635
ZE W AEAE T 72 2B I E LS AR 15 45 45 X 418 (4
SR KPR TT 1E 2 WL T (KR 9 T A4,
SE R E 58 KI5 20 4T B, ASSCR IR 7 T4
AL, T I 3 R VE A A0 R .
4.1  E/BEEE
L LA RS LN B 7 3R B
LA i 7 00521 R TR T LS A
AR 1 455y TRT AT 2 I R SR %007 ¥ e e
P RGP R —HLEAAE N BRSO, AL A
R KL AT A €0, 4504 A L 8% A2t S,
M ) H ARG S EHLBS A B, MBLES A
N L LS N TR R , A IE 7E B A i
R P LN LS A A S AT 5% ) R
YRS, TN 77 AR RS N8 Bl B R4
X G AN Ty e AR T IR R L B 5 M 25 4 £ 42 1 2R
®
ZHL3E N R G5 1 S N 7 SR % g A
VM R GE 30 g 2 B, 9 FLABE LA A 15 B AR )
G349 AR WA, (645N IRAE B i FE P LS A
R AT 2% 5 A 0 G B DR B AR AR, T bk
T, WM ZHBARG R E G 1Eh FhLae
N, B AR TR RR 2N HiAR A 0 5 T 0
HE Yo (t), B 560 HIUCIURE 2 10 2 R A 52 LB AR
SHARAT SR IRAZ BB Yo (). B AILES AR ST 2%
5 AR X G PR (07 S B A By 435 Bl TR o
AR, BT LAES & A L3S N IR AC I PUAT #8007 8 5 48 4 %)
G JTUMSE 1) (175 G 2R [ 5 1, T AR A0 ST A,
YIRS E, 1E K T Ho, W)
Vi (t) = "HoYoa(t). @21

16 FREGE 4 F R, B L8 NI AR i $h AT
AV Y2 (t) 12 3k fe ORUE 3 AE X S 00 A B 0T
I You(t) 1E8). i€ FHLEE N Rz sh ik 2 )5,
T IR 2 HLAS AT R 2R G0 8747 23 i J 20210444 =
BLES N A i P AT 25 1R 38 B 0238 A e AL AR
AT R BN IE Y (1), § = 1,2, ,m, j # 0. {8
AN IE R, 2B AR S PAT 2% A AL 28
W ORFEAAZ I, 0 FE LA N I A S AT 2847 28 1)
A ML N AR S 7 28 1) (1) A8 45 G 3R 00 9 H, WA

Yi(t) =7 H;Yiq(t). (22)
TERfE T I AT HLs AR S BT s A0 AR AR R TR 1
BN G, PSP N AR bR Fbr o 1) 45 R Hy,,
AR R R I L AR i AT #4532 B e e A,
HBAPUA NFEAL R R N IB BN YY . AN A
BRI, A
Gia=O0""'(Yia) €R", i=1,2,--- ,m, (23)
EEREANES Y1E YN S Rl 151l N P E 7/ 7 0 i R & W E|
fEn > 6 I BT BINLAS N, ML Nis g i fil—
Feos IR 22 41, AH BT 2R G 45 ) 1 PRI RN 3 2058 1
BB, A7 LEfif 2 AN RESEHLIN. ENLES Nz )il
RAFAE Z RIS DL T, T A S 56 24 (1) 7 ) 128 S e
R 2. XA TS Z AL N R SR
T BAERTRAE TR R ) B0 R i) {8 e AL
T m AL A AE IG5 8] PR U8 R B ) R

25 € R A )R AN LES NI B U giq(2),
g HLEs N3 1R (6) 255 RS AN EIHLAS AR
T T AVE 2 A 0T, SR IR T VA B
IIPEHIB | R AT P AR ORI M A o 78148 vk
PLLGAGN Tl 53 42 0k A A, L N R e

7 = —Kp,(¢; — qia) — Kp,(§i — Gia)- (24)
FEHIRAE (24) J2 H S BLAE N )02 R 25 LE A 20 4
il 2% 1) — B 28, K H Lyapunov 55 % v LAIE B i%
25 1l 2% RS € P, A3 K i Lyapunov & £0E B HLA%
N A Reoe PR 20 BRAE IS PR AU, FEidl#stee
PERUE I RE R A T iy 4 PE s Al A

TR 1 HEEE M, (q;) 2XTFRS IEE R, R A7
SEI EFATTR S, J

Amind < M;(q;) < Amax!.
I Anin € Ry Amax € R BIFRARE M; (q;) $54E
(EC =N ER I PNEN

MR 2 MM (q) — 2Ci(gi, d5) A RRTFRIN,

RIS FAE R I & r € RO #A N Uor:
rT(M;(q;) — 2Ci(qi, G;))r = 0.
BT E 2, Z P88 N R G000 /M Kb 42 ) LA



8 i=

S %28 %

B (6) MALAE N3 1 RN %, 2 T
AR LR A G P R 0 R A 45 R0 I A ) S ) AR
P RAESS

42 RENE/HIES

il Z W28 Nz 30 ) 3/ 55 R 25 8L
i N R 3 AT 2 [ AR 0T S 0] R FH g g 4 1) i 28,
YERAEN B R E AK SZ AR H A BR sl L A 112 3)
TP L v IS R R 25 R AR AN EAR., g b IR TR R
G AL B ¥ I 18, %071 R SR WL s N R i A
5 AR A E F ) IR PR R S3-58 LA A
AR PAT % 5 B A X SR AR H 0 8 TR PR
G N g, RN oK ui R ALE AR, NMe W I
% KA IR HAERT S AL E, 2 Bl AR
s B R ) 5 R S AR R ) R i A BT R. 6F
BERT Ly v v LA NS B A7 B A FAE )
PEANER, DRAE & HLAE A B AR i A 0 7eim 2 20 4%
7T 15 A BRAE X G183l B — AL R BT 45 2 L
iz 7).

ZHLEs NV RGeS B ¥ ) 7 1w
BANHLEE N RGN 3N 7 280, IR 2 (7) BB C
IR A RGN BN IR, [RIISHBOE R E X S 0 TE
RANS BRIAM AR R R /INTTT A A 25,

Yo =p(Y1,Ys, -+, Yin). (25)
3\ (25) 2 A 5T B 1 O, ZAN B R T - L 28 A
IR %, WARA LS N RamEH 12 K, X
BLEHLAs N IR i AL BAAS, FAEN R Z iAo
RAATA,, 3K AU B HL A N R S 7 22 1) 4 1) 5 A v
B 7 B4 S A BT .

ST bkgig, R ERH RGNS )
SRR oy A PR R GG A B AR
HIER. 430 2 HLds N 2R 48 107 B A B 42 ol sl e R
ERAE T AH DG ER S ARSI B ALER N R G R A, 1IX
AN EE. AL IS Z PN RGP A b 73] 0
B, Ry T3 A P U O R R LA N BCE R &,
BRALAS N A Gig AT 28 00 % 3 2 an k44

F,<F,i=12-,m.
T ARAE B IRAE ] 0 29 A4 A3 A2 1 (] ) o i L A
NHREN G 5 e A AR 30, B
Fu=F 68 i=12-,m.

IXHEZ LA NP R vh (4 F ) 20 e i e Ak ol
1 7 BRI . AL N3 7 2= R v 45

F.=J%(q)(t — M(q)i — C(q:4) — G(q)), (26)
Horp g+ (q) Xom Z WL N R GEHE v LEFE I 1) Moore-

Penrose i¥ff, ]!
J(q) = J(@)(J " (9) I (g)) "

WK (26) T ZEA Z ML N R G AR ) BRER
IR S A B PR AR AL, 1 R g R A
] 3 F Ll A Bl 2 7 RIS L R RIS O B 4
HIJS9-601 e 2 T FOT IR Ao &8 IO 8% 4 1) (621 46 22 i T 5K,
TEATHES. B2 P8 N RGNS SIS ER- )
A 43 25, PSR B S R VR 4
4, TE SR AT G U0 BRER 14 7] B CRIE B AR A i
Byt 7 TR /NG AR A RS AE, X I 2 2 LA AT &R
Gl LB D) A A S R 54,

43  histhiBE

R IR NN O R VA VAR X E
e N ML N I AR Ui N AR, A S A 2
AN, IR T K 2 B HAT — e W A
e L. AR, A S A LT A I AR A
B T 540 01 BE S SRIE 5 AR AN R, T
YA 4253000 AR | 5] 7 BI04 X 2
IEEEMINE AT MR VAT A8 KSR (DA OE Ak Py wovin
B 1R, DA 200K B AE R S 10 Bl ) AR S LS A B
DI EER AT 4 A, A I AN VR R SR By ) 2 B
A BRI T 1 58 S AL A A TR B 1R 4 i, SCRR [34-39],
[63-67] /24 T WIS AR Ge 1t i 42 1 ) L.

ZHLEE N RGBS SIE IR 2580 )
SRR, 1207155 E0 R AR O = K X e
TR G ECF R 7800 % 18 T B AERT R K30 )
AR, SCAT7) A T REHIR RN S
B ) SRR R, X TRV GO e )P —
LBy i

Yo =p(Y1, Yo, Yo, Py, Foy-oo ). (27)
530(25) ML, 3K (27) R AR X S AR i A 2By T
55 WA N IR S N 2 AH DCAb, I BT BT 52 2 1AL
wANAuVER . Bk, X (27) T R e A
ISR B R, R Sl A I e 2% 5 R AR T AR I 45 A o)
G, WL ZEB6381 RN AR | HRACAE.

Z AL N RGN A 503430 5l oy 7
RS ESNEIPIELES RIS R REY I NP 2 ik
SEEMERIR AN REMECH AL &5 MERS%
PR3 1Y) 2 WA AP 2R 5 1R 3 A 5y g 24 B
X (20) o, AR, BB (20) I R4
AT, TR LR AR s A FH g 04 o 5 B 0 4 1)
P e B R G AE— 1IN, STk 251 Al T —Fh
BT {2 M AN 85 1 O ) ]R3 7 vk,
FEAN Y RGN B ) 22 R 2 2 f AR A2 T8 1 &
GRPUE T RGE, 18 T RGN T AEAZ [EHAE XS



3

HEHE S HARE R R AR G ik 9

GIEAE L B FLIE s, 5 RE il T XS
GAEAN IR BB 2R Ak, SR P R G 1 )
TR FR IS 30T 2 40 1) s 1 LR 0 RGHE T 2R 4 1 4
FE ST A5 Ak, B
T =75(q,q) + 75(q, 4, Fe). (28)

L3 OIS T R 2 S A 1) S 1) 2 ¥ R AL 1 3
IR T 508, 23 R I 7 3 T MM TV E X B2 1)
REPE AR MY, SCRR [25] 45 H T AN HL g A 30E 2
SORDAERIS 1) o il 465 3L, A b AEA Bor 2 T 1%
T RS POE T RS R .

55 URARARL, STk [36-37] tH K5 B 1A 2R 4 1) 3 1k
L RbIR DT UNE VA S SRR IR dRENIOPIRIS € 1|
PRy, R PR G B4R SR £ 00 161 22 1 4 e 1
T 5 14 [ AR 8 1 6 i s ) R R B

HARZ L8 N RGBSV AT k7w 0%
& T BRI B AE N 1 R GRS 1 251, (H R
oy RN RSP A i ki 5 QM =B O ol 2 A T
H AT, A 52 L N R G sh & Ul sl oIS i vk
FHEAR (R E ) L7 T TS IR AR 22, it LA
R 2R A Tk, Rk, TIPS AN RAN &
PR T M R D R .
5 vitERE

AT, 2 HL8s N R G0 0l 42561 7 T e 5T 7 %
L FERAE T P A UL SE BRI AT AR
HVFZ ) SR A . S DAL X 2 LA N RS
P A 2Ead T LLE Y, I I 2 0L N RSP
Tl J7 2 EL AR BB A A v — L8 5 M AL IR BE R [ 75T A
PRI ) B, H 3 T8 N Bl il 2 B 51 v VR AT 45 1 A
sk, T Z HLAE N RG] S A R S Bl T
P, ASSCIN LA ) B AR A S

1) HLas NFEAA bR R I € 738 hil Z HLds A
(132 B AN TFGE— A bs R R, Hlas A IEAL bR R 5
TH G AR AR 2R 8] (A 8 5C 2R 028 DA 20U SE 1. 4R, T
H AT HOML 28 N FEARRR Zobiot R e D R s T 2
WA LA L 2%, AR AN FAE AR P= 3R BT R IR, A7
VEA BRI oL b o8 45 SR UERA 1 2 BL B8 N R eI FE Ak
ik R0 58 7 22 WL B R 4 S E TS I P
PRI ) . 3 I AE B AP OC R AL N R) R e e
KR I A, I IILEE N A 05670 f L ke, 45
GHLEE NIB 3 07 B nl Lhobr s th R WL as N AR A &R
] AR e 2R AR BIRIFFE T AR R AR AE DM ERL
2 N IRV 3 JE R A 28 50 R T AT b 4 L, DA
K WS 675 15 m] BAYsk /D b s 45 SR IR 22,

2) Ph M RGBS i L Z L8 N R4
[RAZ B Db 20T — A Be HEG S b 1 2R 4880 ) 27 R 1k

(R EE AR FR GE A o AR R S ST A28 ) 1) B it 7
TG B EC AR RS T BAT I | fe S BT (5
CEG RGN PR, X SEIL P IS 3h 7 ) 42 0
2

H i, Z P8 Al R gl B A2 1 Bk
(1) 1) R R TR AR R IR B)) ) 2R e D 58— | RS
AT A Ty . R, FE T R ML ) o K
EZE L (OUE SRV N WPy SR I EEecy " BIVRE R
TERIA B0 [ BIK 22 R AE X B @ P, ot 3 1k
R FEHCR B, RS HA AR A A IR T 3
SEARFNI). PR, 7R AR 0 S 0 AR 7 v 47 R ) X
SO BARAETE L A T v, B E AR AT AN 1 S 4L
AR T A R RN &, T K2 LA N R G Y
FH AT L B AR R A

3) P SR (3G N M. YT B IR 2 HLAs N B8
(1) & AT AR T-HLAS NS 328 | 5)) )
SRR A S BRAE X B B)) ) AR, HR AT BRI
HOBPE. SR B TR 4 L B SR R i S
BRG] KR, SR N F AR AR S5 A AT R 1 2 LS
NRG LSRN B 042855 S, Btk
2 SR S A4 ) SRS BE 8 58 4 o 1WA T 55 49
6T AT R R G B L P R G A A
AL E R R R IR S R AR EE S
P RS — MOV RS 3R A IX L6 2 4. DAtk BF9T
IR AR AR AR 5 W {H 2 00 n] A8 1Y) 1) 36 R 4% ) S s,
B A ERAE R B S A A T S 1R 45 ) g VA
HAEZEILSE RS T IRIEZ P AR R 4R
I B BT — R RSN, AR ABIFSE AR N Hfe
P8 7V R B s M A

B T ik 54 7V EAAH DG i) A, AR
Z AL N B ) a8 B A4S BL R LA

4) IR GG E MR o3 M. ARZeME R GE AR E 1
Gy M — ELERA[E E B 7V, CHX T456 T AR %
B 1 A I 22 L N Bhas Up A i], J H AR e i
R S [P Lyapunov B8 2, 1XUE B T #8815 ¥ A8 €
PE. ST 2 0L N 2 G0 0 U4 1l IR AH S 58 B i K6t
LRSS T 1] IR 5317, R ) TP 2 SRR P A
SE PR W Tl i, 45T 800 25 R T 2 Bl A Wi
2 A M ) R I AN R AT 52 s 1R . FH A, [
0Tk e AR S 1 R G i AS e Pk 2 A BR H Ay L
(AR U X

5) BT ERE VY. H T, A2 AL A
YRR 5T 35 DL SE IRV E T SR (R B B O H R,
X T4 SRS IR B A5 L A2 AR e e A B () PR
HEN. AN 72 BRI 7T 22 S B B FH 16 411 B2 R
WL 2 WA N R G458 6 )7 25 1 1k BEDEAT in] 7



HAEFEEME X [8] Curt Alexander Bererton. Multi-robot coordination and

6) I BRI R e RN AMHT. ZHLES N RS o
HLES A RGO LR K D S 7E T LU I, 4R H iy
BT T AR B A R AT RT SO AR 2. RS
P £ A T — P B L (205K R, AL e ) L
R 2 ) K 2, SR H AT I 2 LB A B R
TR PR SR TFIR AT, st B o o i
LR RAE T L M. A B3 T2 P N A G Uil
PEBIIBTST, A T T2 5 R I HLas A FE I 1]
FEAEERERIRE K Ry 2800 EARTE BRI AR &,
UG LEFE A3 AR B A T 1 BE ik A R 4 £ 52
B U H bR

6 4 ik

KTZHSARGE RG4S H B R
(N E AN BRI IR X, ARk —HWE] TARZ
IWFFUE TR AR, ASCAE IS T 2 HLgs N
RGO ] Uk e AR AL b, AN AR SR
T A JEIE ST A FAR I 1) I AR SO 2 LA
NZR G U 1 10 JBLFR) A 20, Ay B BE R AH O A O
FON GV T REBAR N G357 2 (1034 By, AR Bt 2
PBLER N RGN T2, A7 9% 2 s N b o 2 61 (R AR
IRATU th 2 U B 2 IR TR o

2% ik (References)
(1]

Zivanovic M D, Vukobratovic M K. Multi-arm cooperating
robots[M]. Netherlands: Springer-Netherlands, 2006: 69-

83.

[2] Al-gallaf E, Allen A, Warwick K. A survey of multi-
fingered robot hands: Issues and grasping achievements[J].

Mechatronics, 1993, 3(4): 465-491.

JUHT D6, PNHEAD, A, 2 WA N\ B AR ST 5T 45
W ARG TR B THOR, 1994, 12(1): 9-20.

(Gu X X, Sun Y P, Feng C B. Review of
study on coordinated multiple robots system[J]. Systems

Engineering and Electronics, 1994, 12(1): 9-20.)

(3]

[4] Pfeffer Lawrence E. The design and control of a two-
armed, cooperating, flexible-drivetrain robot system[D].

Stanford: Stanford University, 1994.

[5S] Dickson William Charles. Experiments in cooperative
manipulation of objects by free-flying robot teams[D].

Stanford: Stanford University, 1994.

[6] Gueaieb W. Soft computing based approaches for the
robust control of cooperative manipulator systems[D].

Waterloo: University of Waterloo, 2001.

(7]

Yung-Tsan Jou. Human-robot interactive control[D]. Ohio:

Ohio University, 2003.

(9]

(10]

[11]

[12]

[13]

(14]

[15]

[16]

(7]

(18]

competition using mixed integer and linear programs[D].
Carnegie Mellon University, 2004.

F AN 2L N RGNS 2k S PRI s
Wik, 1992, 7(3): 161-168.

(Gao W B. Dynamics and coordination control of multiple
robot systems[J]. Control and Decision, 1992, 7(3): 161-
168.)

i P 2 WL NERAE T i — % KR LA [T).
PEHIERE 5 T, 1988, 5(2): 15-21.

(Wu E. Study of coordinated multiple robot manipulators —
A collective view[J]. Control Theory & Applications, 1988,
5(2): 15-21.)

MR R, S0, ER LS AN R PR R A il S is
PRI A B, 2006, 28(5): 20-22.

(Chen G L, Huang X H, Wang M. Motion planning for
two cooperative robots tracking complex edge[J]. Electrical
Automation, 2006, 28(5): 20-22.)

FEIRA, B85, ZHLAE AR5 2R 40 S Rl L 3
PEXSEEI LRI ). AL HlE SR, 2009, (24): 88-91.
(Du Z C, Zou F. Trajectory planning of large part merging
with a multi-robot coordinated manipulation system[J].
Aeronautical Manufacturing Technology, 2009, (24): 88-
91.)

Basile F, Caccavale F, Chiacchio P, et al. Task-
oriented motion planning for multi-arm robotic systems[J].
Robotics and Computer-Integrated Manufacturing, 2012,
28(5): 569-582.

Gan Y H, Dai X Z. Kinematic cooperation analysis
and trajectory teaching in multiple robots system for
welding[C]. Proc of IEEE Int Conf on Emerging
Technologies and Factory Automation. Toulous: IEEE,
2011: 1-8.

Zhan Q, He Y H, Chen M. Collision avoidance of
cooperative dual redundant manipulators[J]. Chinese J of

Aeronautics, 2003, 16(2): 117-122.

Fei Y Q, Ding F Q , Zhao X F . Collision-free motion
planning of dual-arm reconfigurable robots[J]. Robotics
and Computer-Integrated Manufacturing, 2004, 20(4):
351-357.

A, i REE, B XKL & A B 2R G RO RS DU 1)
ST, WS 2R TRE K 22241, 2005(3): 320-323.

(Li P, Meng Q X, Wang L Q. Research on collision
detection for two-robot coordinated system[J]. J of Harbin
Engineering University, 2005, 26(3): 320-323.)

Spencer A, Pryor M, Kapoor C, et al. Collision avoidance
techniques for tele-operated and autonomous manipulators
in overlapping workspaces[C]. Proc of IEEE Int Conf on
Robotics and Automation. New York: IEEE, 2008: 2910-
2915.



3

LA S 3 AURA R B R ik .

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

(27]

(28]

[29]

[30]

(31]

(32]

(33]

Chiddarwar S S, Babu N R. Dynamic priority allocation
for conflict free coordinated manipulation of multiple
agents[C]. Proc of IEEE Int Conf on Aotomation Science
and Engineering. New York: IEEE, 2009: 549-554.

Zhao Y S, Ren J Y, Huang Z. Dynamic loads coordination
for multiple cooperating robot manipulators[J]. Mechanism
and Machine Theory, 2000, 35(7): 985-995.

RGN, BARE. 2L A A iz 2R G P ) A
Fr M IELT]. HLAS A, 2012, 34(1): 114-119.

(Zhao Z G, Lv T S. Coordinated dynamic load distribution
for multi-robot collaborative towing system[J]. Robot,
2012, 34(1): 114-119.)

Von A C, Tolle H. A self-adjusting active compliance
controller for multiple robots handling an object[J]. Control
Engineering Practice, 2002, 10(2): 165-173.

Owen W S, Croft E A, Benhabib B. A multi-arm robotic
system for optimal sculpting[J]. Robotics and Computer-
Integrated Manufacturing, 2008, 24(1): 92-104.

Torres F, Puente S, Daz C. Automatic cooperative
disassembly robotic system: Task planner to distribute
tasks among robots[J]. Control Engineering Practice, 2009,
17(1): 112-121.

Tavasoli A, Eghtesad M, Jafarian H. Two-time scale
control and observer design for trajectory tracking of two
cooperating robot manipulators moving a flexible beam[J].
Robotics and Autonomous Systems, 2009, 57(2): 212-221.
Benhabib B, Zak G, Tabarah E. Position control of two-arm
manipulators for coordinated point-to-point motion[J]. J of
Robotic Systems, 1988, 5(2): 103-124.

Damaren C J. An adaptive controller for two cooperating
flexible manipulators[J]. J of Robotic Systems, 2003,
20(1): 15-21.

Cetin A E, Adli M A. Cooperative control of a human and
a robot manipulator for positioning a cart on a frictionless
plane[J]. Mechatronics, 2006, 16(8): 461-469.

Tarn T J, Bejczy A K, Yun X. Dynamic coordination of
two robot arms[C]. Proc of IEEE Int Conf on Decision and
Control. New York: IEEE, 1986: 1267-1270.

Dauchez P, Fournier A, Jourdan R. Hybrid control of a two-
arm robot for complex tasks[J]. Robotics and Autonomous
Systems, 1989, 5(4): 323-332.

Luecke G R, Lai K W. A joint error-feedback approach
to internal force regulation in cooperating manipulator
systems[J]. J of Robotic Systems, 1997, 14(9): 631-648.
Kawabata K, Kobayashi H. System preservation of a
cooperative manipulator system[J]. Electrical Engineering
in Japan, 1997, 121(2): 47-53.

Pelagagge P M, Cardarelli G, Palumbo M. Design
criteria for cooperating robots assembly cells[J]. J of

Manufacturing Systems, 1995, 14(4): 219-229.

[34]

[35]

(36]

[37]

(38]

(39]

[40]

[41]

[42]

[43]

[44]

(45]

[46]

1 AL 2 L N R G 58 R R AR TR R R 2 R ).
LS S5V, 1994, 11(6): 653-663.

( Gao W B. Tracking flexible objects by multiple robot
systems[J]. Control Theory & Applications, 1994, 11(6):
653-663.)

Al-Jarrah O, Zheng Y F, Yi K Y. Trajectory planning
for two manipulators to deform flexible materials using
compliant motion[C]. Proc of IEEE Int Conf on Robotics
and Automation. New York: IEEE, 1995: 1517-1522.

Sun D, Liu Y H. Modeling and impedance control of a two-
manipulator system handling a flexible beam[C]. Proc of
IEEE Int Conf on Robotics and Automation. New York:
IEEE, 1997: 1787-1792.

Al-Yahmadi A S, Abdo J, Hsia T C. Modeling and control
of two manipulators handling a flexible object[J]. J of the
Franklin Institute: Engineering and Applied Mathmatics,
2007, 344(5): 349-361.

Tanner H G, Kyriakopoulos K J, Krikelis N J. Modeling
of multiple mobile manipulators handling a common
deformable object[J]. J of Robotic Systems, 1998, 15(11):
599-623.

Kudo M, Nasu Y, Mitobe K, et al. Multi-arm robot control
system for manipulation of flexible materials in sewing
operation[J]. Mechatronics, 2000, 10(3): 371-402.
Hoshino T, Furuta K. Hand-over of unstable object between
multiple manipulators[C]. Proc of 2001 IEEE Int Conf on
Robotics and Automation. New York: IEEE, 2001. 3510-
3515.

Liu C G, Wu K H, Xu Y. Coordinated control of multiple
free-floating space robotic system[C]. 2005 IEEE Int Conf

on Mechatronics and Automations. New York: IEEE,
2005: 357-361.
Li Z J, Ge S S, Wang Z P. Robust adaptive

control of coordinated multiple mobile manipulators[J].
Mechatronics, 2008, 18(5-6): 239-250.

Gardner J F, Velinsky S A. Kinematics of mobile
manipulators and implications for design[J]. J of Robotic
Systems, 2000, 17(6): 309-320.

Chung J H. Interactive force control of an operator-mobile
manipulator coordination system[J]. J of Robotic Systems,
2002, 19(4): 189-198.

Li Z, Chen W, Luo J. Adaptive compliant force-motion
control of coordinated non-holonomic mobile manipulators
interacting with unknown non-rigid environments[J].
Neurocomputing, 2008, 71(7-9): 1330-1344.

Tarn T, Bejezy A, Yun X. Coordinated control of two
robot arms[C]. Proc of IEEE Int Conf on Robotics and
Automation. New York: IEEE, 1986: 1193-1202.



12 # il 5 * 28

[47] Hayati S. Hybrid position/force control of multi-arm [60] Namvar M, Aghili F. Adaptive force-motion control of
cooperating robots[C]. Proc of IEEE Int Conf on Robotics coordinated robots interacting with geometrically unknown
and Automation. New York: IEEE, 1986: 82-89. environments[J]. IEEE Trans on Robotics, 2005, 21(4):

[48] Uchiyama M, Iwasawa N, Hakomori K. Hybrid position/ 678-694.
force control for coordination of a two-arm robot[C]. Proc [61] Liu J F, Abdel-Malek K. Robust control of planar dual-
of IEEE Int Conf on Robotics and Automation. New York: arm cooperative manipulators[J]. Robotics and Computer-
IEEE, 1987: 1242-1247. Integrated Manufacturing, 2000, 16(2-3): 109-119.

[49] Seraji H. Adaptive control strategies for cooperative dual- [62] Kumar N, Panwar V, Sukavanam N. Neural network control
arm manipulators[J]. J of Robotic Systems, 1987, 4(5): of coordinated multiple manipulator systems[C]. Int Conf
653-684. on Computing: Theory and Applications. New York: IEEE

50] K K, Ishik J, Furuta K, et al. Control of single-

[50] Kosuge K, Ishikawa J, Furuta K, et al. Control of single Computer Society, 2007: 250-256.
master multi-slave manipulator system using VIM[C]. Proc o )

[63] Zribi M, Karkoub M, Huang L L. Modelling and control of
of IEEE Int Conf on Robotics and Automation. New York: . . . . .
two robotic manipulators handling a constrained object[J].
IEEE, 1990: 1172-1177. ) . .
. . . Applied Mathematical Modelling, 2000, 24(12): 881-898.

[51] Ahmad S, Luo S. Coordinated motion control of multiple
robotic devices for welding and redundancy coordination [64] Wang J, Dodds S J. Bailey W N. Co-ordinated control of
through constrained optimization in Cartesian space[J]. multiple robotic manipulators handing a common object —
IEEE Trans on Robotics and Automation, 1989, 5(4): 409- Theory and experiments[C]. IEE Proc of Control Theory
417 and Applications, 1997, 144(1): 73-84.

[52] I 2%, v aliffy, E k. 3T Lyapunové)%}‘ﬁ%ﬁ%% [65] Hu Y R, Vukovich G. Dynamic control of free-floating
(ML AT U 00]. MLEE A, 1991, 13(1): 50-56. coordinated space robots[J]. J of Robotic Systems, 1998,
(Gu X X, Feng C B, Xia H S. Dual-arm 15(4): 217-230.
robotic coordination control based on Lyapunov grobally [66] Zribi M, Karkoub M, Loulin H. Modelling and control of
exponential stability[J]. Robot, 1991, 13(1): 50-56.) two robotic manipulators handling a constrained object[J].

[53] Uchiyama M, Dauchez P. A symmetric Applied Mathematical Modelling , 2000, 24(12): 881-898.
hybrid position/force control scheme for the coordination [67] Wang L T, Kuo M J. Time-optimal control of multiple
of two robots[C]. Proc of IEEE Int Conf on Robotics and cooperating manipulators with trajectory and motion
Automation. New York: IEEE, 1988: 350-356. program constraints[J]. J of Robotic Systems, 1999, 16(3):

[54] Yoshikawa T, Zheng X. Coordinated dynamic hybrid 185-194.
position/force control for multiple robot manipulators [68] Hangi Zhuang, 7Zvi S Roth, Sudhakar
handling one constrained object[C]. Proc of IEEE Int Conf R. Simultaneous robot/world and tool/flange calibration by
on Robotics and Automation. NewYork: IEEE, 1990: solving homogeneous transformation equations of the form
1178-1183. AX = Y B[J]. IEEE Trans on Robotics and Automation,

[55] Derventzis C A, Davison E J. Robust motion/force control 1994, 10(4): 549-554.
of cooperative multi-arm systems[C]. Proc of IEEE Int [69] Gu Xin-Xin, Feng Chun-Bo. A calibration procedure for
Conf on Robotics and Automation. New York: IEEE, 1992: . .

a system of two coordinated manipulators[J]. Int J of
2230-2237. Robotics and Automation, 1995, 10(4): 152-158.
[56] Wen J T, Delgado K K. Motion and force control of
. ) ) . [70] Van Albada G D, Lagerberg J M, Visser A, et al. A low-cost
multiple robotic manipulators[J]. Automatica, 1992, 28(4):
799743 pose-measuring system for robot calibration[J]. Robotics
' d Aut s Systems, 1995, 15(3): 207-227.

[57] Luo Z W, Ito M. Control design of robot for compliant and Autonomous Systems, 1995, 15(3): 20
manipulation on dynamic environments[J]. IEEE Trans on (71} Bonitz. R G, Hsia T C. Calibrating a multi-
Robotics and Automation, 1993, 9(3): 286-296. manipulator robotic system[J]. IEEE Robotics and

[58] Al-gallaf E A. Multi-fingered robot hand optimal task Automation Magazine, 1997, 4(1): 18-22.
force distribution: Neural inverse kinematics approach[J]. [72] Su Jian-Bo. Base calibration for dual robot system[J].
Robotics and Autonomous Systems, 2006, 54(1): 34-51. Control Theory & Applications, 1998, 15(4): 575-582.

[59] Ueki S, Kawasaki H, Ito S. Experiment of adaptive [73] Arai T, Maeda Y, Kikuchi H, et al. Automated calibration of

coordinate control with out force sensor for multiple robot
arms[C]. Proc of the 41st Sice Annual Conf. New York:
IEEE, 2002: 2234-2239.

robot coordinates for reconfigurable assembly systems[J].
CIRP Annals: Manufacturing Technology, 2002, 51(1): 5-
8.



553 4 HRAE F: ZAURE R AR i 13

[74] Jingyan Song, Danya Yao, Jianming Hu, et al. A novel [82] Al-Fahed Nuseirat A M, Al-Musili S M Ar. Optimum grasp
calibration system for a space manipulator[C]. Proc of and coordinated manipulation by articulated multifingered
the 2006 IEEE/RSJ Int Conf on Intelligent Robots and gripper[J]. ZAMM, 2001, 81(3): 185-196.

Systems. New York: IEEE, 2006: 4672-4677. [83] Ridao M A, Camacho E F, Riquelme J, et al. An

[75] Yahui Gan, Xianzhong Dai. Base frame calibration for evolutionary and local search algorithm for motion
coordinated industrial robots[J]. Robotics and Autonomous planning of two manipulators[J]. J of Robotic Systems,
Systems, 2011, 59(7-8): 563-570. 2001, 18(8): 463-476.

[76] Huang H P, Chen R S. Modeling and adaptive coordination [84] Jérome Szewczyk, Frédéric Plumet, Philippe Bidaud.
control of a two-Robot system[J]. J of Robotic Systems, Planning and controlling cooperating robots through
1992, 9(1): 65-92. ) distributed impedance[J]. J of Robotic Systems, 2002,

(771 JUH 2%, WA, S atify, 5. JE TR T i 2= 4 2 Jat BRI 19(6): 283-297

98 AU B 210, 2 B 16 15 5, 1993, 10(1): ' '

BLARASURS DR SR, 28651 5 I M [85] Rocha R, Dias J, Carvalho A. Cooperative multi-robot
21-28.

systems: A study of vision-based 3-D mapping using
( Gu X X, Ye H, Feng C B, et al. Robot dual- . . .

information theory[J]. Robotics and Autonomous Systems,
arm  coordination control based on modeled

2005, 53(3-4): 282-311.
deviation compensating principle[J]. Control Theory & .

[86] Panwar V, Kumar N, Sukavanam N, et al. Adaptive neural
Applications, 1993, 10(1): 21-28.) woller f ’ il bot oulat
t

[78] Su CY, Stepanenko Y. Adaptive sliding mode coordinated controtier .or C(.)opera .1ve m.u. P e. robo man.lpu ator

control of multiple robot arms attached to a constrained system manipulating a single rigid object(J]. Applied Soft
. . Computing, 2012, 12(1): 216-227.

object[J]. IEEE Trans on Systems, Man and Cybernetics,

1995, 25(5): 871-878 [87] Harald H. Dextrous manipulation with multifingered robot

[79] Sharkey N E. Artificial neural networks for hands including rolling and slipping of the fingertips[J].
coordination and control: The portability of experiential Robotics and Autonomous Systems, 1995, 14(1): 29-53.
representations[J]. Robotics and Autonomous Systems, (88] Deo A S, Walker I D. Dynamics and control of multiple
1997, 22(3-4): 345-359. cooperating manipulators with rolling contacts[J]. J of

[80] Woon L C, Ge S S, Chen X Q, et al. Adaptive neural Robotic Systems, 1996, 13(10): 619-643.
network control of coordinated manipulators[J]. J of [89] Maekawa H, Tanie K, Komoriya K. Kinematics, statics and

[81]

Robotic Systems, 1999, 16(4): 195-211.
Choi H S. Dynamics of cooperating manipulators for

fixtureless assembly and robust control based on fuzzy
logic[J]. J of Robotic Systems, 1999, 16(2): 93-103.

stiffness effect of 3D grasp by multifingered hand with
rolling contact at the fingertip[C]. Proc of IEEE Int Conf
on Robotics and Automation. New York: IEEE, 1997: 78-
85.



