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Collision avoidance and compliant composite active disturbance rejection
control of space robot capture spacecraft

AI Hai-ping, CHEN Li'
(School of Mechanical Engineering and Automation, Fuzhou University, Fuzhou 350116, China)

Abstract: The collision avoidance and compliant control for free-floating space robots on-orbit capture non-cooperative
spacecraft is studied. For the reason, a spring class compliant mechanism, rotary series elastic actuator (RSEA), is
mounted between the joint motor and the manipulator, its functions are: 1) The deformation of its internal spring can
absorb the impact energy of the captured spacecraft on the joints of the space robot; 2) The joint impact torque can be
limited to a safe range by combining with the collision avoidance compliant control scheme. First of all, the dynamic
models of the space robot and the target spacecraft before capture are obtained by using the Lagrange approach and
Newton-Euler method. Then based on the law of conservation of momentum, the constraints of kinematics and the law
of force transfer, the integrated dynamic model of the combined system is derived; Finally, considering the post-capture
unstable combined system, a collision avoidance and compliant composite error active disturbance rejection control is
proposed for the stabilization control. Numerical simulation verifies the effectiveness of the proposed collision avoidance
and compliant control method.

Keywords: spring class compliant mechanism; space robot; capture spacecraft operation; collision avoidance and
compliant control; composite error active disturbance rejection control

0 53 B NFEBUR S B AR B2 Bt & O RSB E 32 %

B N AR R R R KA R R i TERTL T SEELS A USR5, A NS A
VRN, R 23 AL 28 AN B R R AT /e B SRERAE A0 R LR M G R R . TR, X 25 [ WL 2%
SR KA B R I S s e e NIIRITR AR AR I FTIR 51 [ AN TN
(R VAT 55 O BN B R e B30 AR, 2o mpLee PSRRI

Yris B HA: 2019-04-22; 1&[E HHR: 2019-08-15.

EEWE: EREARBEEESTE (11372073); mEE TIP3 A4 HERE R R FETHE
(2014H21010011).

HIERE: HFH4L

@IF/EZE. E-mail: chnle @fzu.edu.cn.



356 # % 5

xR %36 %

AL A NBEAT 1 SR ERAE I — R T 2 e S i
B 1) WM B 2) B B 3) kil Al
B 4) BUTIE BN BL. 5 R (L3 AN BAT 3 SR AR
RS H bR 2 ARG TENUR &, AR E R B BOAN AT
T S E BRI R A 7 A R Z 4 Ak g 2 T
FEAE BRI b g U2, 90 56T AT 28
TR, PRI, 72 B B 3) AT B 4) SR HX — 7€ fif It LAt 4
AT« R G TE BT SR OB R A &
HE MR R M E A L

H AT, P 40X 2 (BB N J8 3R A0 K 2% i o
FEERLEZ B e s E. Dong 513 A
TR B S RAE A B Ar B4R S 1 1)
T 1) 2% Ty AU X 2 TR UM A L AEAS 1 kG
R, A HAUE T IRAHL SO T2 IE S 2R
H W&, Lampariello 55 Bt | — ik T IR ML
(77 1%, LASE I BRIN TR) 9 1R 4 3K, Aghilil'® 42 1
— PR I AT 45 5 H BRI RE D I A A A
A P SO RS 7 T AL 3 N3 SR AR 28 (1 4808 42
HilL PR T — PO H o 3251077 28 LA R AS R G
IZBBUE. Shah FE18 I 2 S B2 A2, DA SE B
e % K 2% F A 3. Virgili-Llop 25U 2 T —Fp 'y
TR 4 1] 7 v, DA SI2 IR B B 2 1) B R O K 28 1)
KA R R, IR ERE R T K ATiE 5)
TR S A8 3R i B 1 ), AE R 25 RN TR B 28
AR OR 2 il 4 0 12 i 52 o oy B % S B e I 7R
Xf 32 s R RS T O FLL I R

91 S IR AR R A O R A TR AL A N QT H
WL PR P, A& SC 220K RSEA(rotary — series  elastic
actuator) %% B 5] N B [EIHL2S N RS, [F I 3Eih 45
G TT I« 9K P O H AL AR 428 o) S e A SJ BN 2k et
FEMzE ). 3X 2 KN RSEA 3¢ B AEHLAE N 54 85%
RARERE, A5 b DR HLAS A S5 E o 08 it
IR 7 TR A% T ARG B4 20221 PR ¥ RSEA %6 B
GINE) R L& N SRARAE b, AN Ry — R ) Sl 47
MIA 78 223K, SR1M, BT RSEA %% B 7776 I 2 ph o 3,
W RS K TR T, 5N B RN B 7 (6]
BLAS N AR GUAH L, T B SR B 1 2 (R AL 2 A AE S
REAE AR B) 7y 2 4R R SR dE 5
B 1H A KA B REN MR ShER &
Re AL 1Bk, LA RE B 5] AN Rk 10 i 2
AR DL i) R AR A A (R B g N AE B SR
R AR5 77542 1 BIE 502245 500 PR .

N T SEBLAC B RSEA ¢ B 7 (AL 28 A6 SR MR
A5 A P TR A S o), AN SO T e s AR, R

2 [A) L s N WA SR A5 I B A RS8R
B RGRNBL ARG FAE T R, Wit
ZEAE S A ) A DA S 2R 4 00 T s M AR 2 1) = 3 4
. 2% S SRR AT BUR GEAS A Bt S A7 AE P B T,
B8 7RGt —METH S RERNH P
il 8. 2 I7 VAR H 4G 2 AR 2 18T SRR A I 4%
X RGBT B A kv, IR PLsh AT S2inS
WM BRI T RGP R . LT SR A
PUILAEHIE24 Frig th 5 T 2 &R Z 1 B Pz
RGP EEE T R AN SRR ] B0 R AT SEI T
B m P BRERAS . B a0 RSEA (A HL a8 A &
G AR TR A AT HUE DT 1, 07 R AR IE 1 Bk
P88 42 1) S Y LIE A A
1 SR B 45 BB R

e 7 5 9 SR SR ke B 7 (R L% N R G %
I i AL L RSEA A% 5 3% & UK 5l fir i RSEA %%
B IRBhERanE 1prR. H i B (5 2
WURHE) Fesh s 2 SCHh A d th 4 B 4L AR, R
AR, r N

wAmgg SR

~

et 2 g
i

1 RSEAXE%EH

FEA R B H AR TR 4% 5 HUMUE A o A A4 12
floh R 43k, AUBRES 54 Ak 2> 2 BR Kb s 0, %
FSEE T RSEA ML B (150 th 38 1, 285
o R VR 0 B AT O N R S A L S 5
ZEL AR AP s 4 e Rl 7 2 0 o o R A A AR 50 B
B LS 519 f AR AP FEBUE 8 shim hlf B, 32
AR BRI o OS2, FE BT R I R
5 B bl 7398, 45 B 52 7058 F LT E K B2 IR R
A A5 AL, FE LR E 321 8. AR, PRk, 75 AR
A8 2R P e AR 2 1) T AR e B — S R L i A
LIS, A I 2 51T Py 52 o ol 70 4B I BT i
KM HE AR Ja LIRS, t T RSEA L B2 B [ 17
£, H AR SR 2 e 3R A5 g LB/IN RS B 32 il
. BE A, A8 LR b, 2 I BEE AL AR AR, T
SPECAHUETT ML, BE MR LR RE. 2 1k, A
SCT B AR SRS ) SRS Ve L T AN JIHE BRI, — 2
HUHLRHL A HE BRIAE, 73— AT AL AE IR, 24



% 2 H LB %

SR BT R L SR AL AR RN, LR A, 2%
TP AR T AL AR B, AL T AL

2 BRI R RN o A

DATE 25 () S A7 8 3047 V- ThI 12 30 A T 5 2 2 1
2 AL 2% N 3R H AR TR 4% B VR i F2 o ) (1 2
TR B ST LBl 7 SR N AR I E R AR R R
z;0y;(i = 0,1,2), b Og AFEFEFTL, O;(i = 1,2)
NIEFE & RSB 0. %o N Oy 2 01 K
FE LG = 1,2) ANIMPERE K, di(i = 1,2) BEEi
KATHEN L O BB ¢ 5T O 1 BE 55 150 B SR e
BN N RS H HIEFEE R, HafiEs

BRI Mo~ Tos WITEEEFF BT R 23018 23 5 my
Li(i = 1,2). i SRMUR S5 M Bl R m,.

I IR LR T e sh 8N 1, (i = 1,2). RSEA
L5y 25 B R BRI BN ki (i = 1, 2). EESL RGN
PARBR R XOY, 00+ 0;(i = 1,2)- 0, 53 B R FEHE LT
PRI . Bl A R R 28 % B A, sz(z = 1,2) NH
WU T 5 F. RGUET0 LR KR B WP AT O 7
BHEAAAR R T AL ERED AT T T T

&2 EERSEAMZTENZARG R BIFIRRRS
ISP VIRCEDA-ES -SSR
0 = (Ta,Ya) "
=10+ lpeg + dieq, (D

ro =19+ lpeg + l1e1 + daes.
Hor: z,  yo NEAKFROAL B AT, e,(i = 1,2) A%
NS BB
X (1) 34T 3R 2, 19 BT B 2R i B A AL A
}\féé}i“v"zﬂ eIk

2
1
T= Z( mii? + Il W)+ Sl @)

Jj=1

Horfw(i = 0,1,2) AEAA S PIHUE FFARX 15
PEAERR RIAIRSE, wjn (= 1, 2) NHENLEFHIX T
TREARAR R I M.

R KA (95 TR L, AT R B SR 4[]

72 1A AL IS AR IRAL K 35 4R AF 0938 38 2N B4 B ik d=#) 357
LA N RS fE HORVE T RSEA & 3 5% B, A Ih 4 35
([ SN
U= Z[ im AmzL—b—AcczR)} 3)
HA: Az, = z(og),Arig = —z(a),z(ey) =

Rsin(c;) A% i > RSEAfLBIHE B ) — Ntk 1505
MR, o BN IR A 5 38 2 RV F) 2.

T EiRBhRE. HRERIAR, IG5 2 KAk
B I A 7 32k, T 3R i 2 A S A T AR B AN

LA I RSEA AL 3l 28 B 25 M AL 88 A 3h 7]
Sy ffjj
M(q)g+H(q.q)g=T.+J'F,
1,6, + K(0,, —0) =T, “4)
K(0,,—0) =T,.

HA:q = [2a,Ya, 00,01, 0] A EHLE ARG X
HFR; 0, = [O1m, 020m]T. 0 = [00,01,0:)T; M(q) €
RSN R G HARHR IR B ERE; H(q,q)g €
RUVRZRGAERK T, B0 1. = (1), 70,
TV 10 = Oy, To NEMRESIEHI JIHE, 79 J9 KT
BINJIHE Ty = [Tim, Tom) T NEBHUEIAIHE; I, =
diag(I1pm, lom) NHENE FHEIB R, K = diag(k,
ko) R SR BE, e BT A ST B A4S H
J € R3S NUIRE R o Xt BL 1) 12 5)) Jacobian 4 f;
F € R NI K e 52/ 1 3.
WA AR R B BTN, & L g = [y,
Yr, O] T I SCAR R, DU AT 38 e 2 - R R SR AR A
TR R AN 1% TN
Mg, = J'F'. )

Hrp: M, € RS AR 88 2 &R
ﬁmt%ﬁ@xt%ﬁﬁﬁﬁM%%ﬁmuﬁiﬁ
Jy € R33NIl FE fik £ % B (1932 3)) Jacobian
K F' e R Nl SRATR & Pz 2EH 7).
FERIRBRAEN B, 2 AL N SRR 28 K
ARl A, JHCAH B i 2 A A = A, B
F = —F ETHIFEEG @M GS), T15
M( Vi+ H(q,q4)g=1.—J" (J}) " Mg,. (6)
T EALE N RGNS B bn it K 248 347 1l 27
T&’“H”Eii%'i’zﬂiﬁﬁ]\ﬁfﬁﬂi%’l\%éﬁi«%}?iﬂ%?‘fﬁ%
A WA, ORGP T LA Z ol BE 2R, 4 3R
BCRNLRE AL T RHVIRES, Bl 7 = 051, %30 (6) BA90
PR SERUES

M (q)(q(to + At) — G(to))+



358 # % 5

xR %36 %

JT(ID) UM, (G (to + At) — gu(to)) = 0. (7)
FRSE G, 25 HLE N R G K 5 HARR 58
Pl R SRR LT B E o + AL ZE
Jq = J;q;. (8)
g 2 7K (7) R (8), T 4548 R ) 4 PRI ML A58
FIRAS [ 5
q(to + At) =
L' Mq(to) + I (J) " "Migi(to)], (9
HAPL=M+ JT(JtT)‘lMt(Jt)‘lJ.
S 3 (4) 55 1 ITHEAT Ry, R R4
M (q)(q(to + At) — q(te)) = J"P,  (10)
R P = | S PRI B R . 45
#(9) 1 (10), AT 845 B R4t v Ay
P =(J")"" M(q)[L™"(M(q)q(to)+
JT(TD) T Mgy (to)) — d(to)), (11)
Forp (Y T RO E T R R I ) At AR
/I Bl T DASEAL
P
F = X (12)
2 (LSS A AR AR 58 58 B SRR S, Foi
23 (8) [ B 25, % 5 (8) EAT AR, AT
G = J7 TG+ (J — J, I (13)
AR (4) (5) 1 (13), T BB AR R G4 4 &
Gidh F15 RN
MX(q)q + HX(q7 q)q = T,
1,6, + K(0,, —0) =T, (14)
K(Bm — 9) = Ty.

to+

He
My =M +J"(JIN ' M,J T,
Hy =H+J"(JH 'MJ(J - J,J71T).
RIEK A LA N AEBUIRSS AR PR, 5 B8 A R A o
B AT AN 5245 HARAS DL D A R B A T
I, 2 (14) BRI RIS IE A, /PR 205

Mx11 Mxi2| |Ga n
Mxo1 Mxas| |do

H H .a a
x11 Hx12 q _|T ) (15)
Hxo1 Hxo2| |qo Ty
IS MEERIN Hx11~ Hxo WAELR, q, = [v4,

Yot qo = 00,601,051, = [10, 75 |". H(15) 55 1
TR G RIBE RN 217 B 2SR RS

e IR 3] )
M.gGo + Hogy = 70,
1,0, + K(0,, —0)=T,, (16)
K(0,, — 0) = 7o.

|

M, = Mxss — Mxo Myl My,
H, = Hxy — Mxs My}, Hx1o.

3 EHlasst

Z B RSEA 2 B 1 5] N, KGR RS KT A&
FE. W E AR R Gl H bR 1) A 4
RERTEREFHMIRS); 2) LIRS KRS
FIEE $2 . 7 Ik 2] BaR s H bR, 15 B R 5
AR 5 i s B, ¥ RS0 i IR T &
GANEL T RS, H T gt 187481 RGAE R A R
FE F A R K 22 7, 4 e vt P A8 A8 1 il 4%
X AT R [FI, Dy 7 S e R R A G
PAE 323k K J1 iR s, 25 61848 R iX
TE— MG BETF . SCHL RS, FH T SEIRT OG5 LT 52
ek 2 PR B ] 3 T 28 B OR A DG FLA L T )4
E B B ).
31 REFRGIEHIZEIT

FIERE R R AN AN T REEL T R
Gy AT RO, RGBSR S N

Tm = Ts + Tf. (17)

Hrb:ry € RV BT RG456] 1, 7 € RP!
RIRAR T RG] 5.

EN AR N = K(0,, —0). & LI

Te B AR Ky, 4 i R I R A&:
K = % (18)
gh4530(18), 3 (16) FI 5 2 A5 3 20 ] 55 A
5 R G HEIRBN IR T R I, Rl
e2x = I71 K (Ty, — 1,0 — X). (19)

N T ARG EAR S, BTN T8 R ZE A

Pl AR - R G AT
7 = —K;(0,, — 0), (20)

KKy = Ky/e Ky € R AIESE AR

¥ 17). 20 RN (19), 1T 15

2 I,% = Ki(1, — 1,0 — x) —cKyx.  (21)
Me — OBF, KATEMNIE K — oo, LI BE A 1A R 48
RN, A (16). (17) WS HEBE T RS
(13N 7% 7 2



%28 LT F RIS AR RALK SR AF 09838 2N 2 A B ikdsH 359
Moo + Haodo = Tao- @2y HEBis Bos Ban By ML HERT IEWHL 25 = f

ot My = M, + I, Hag )96 = 0, N0 REFR 804
FE, I, = diag(0, I1m, Iom), Tag = [70, 7] T.
32 BEFREEAFIBENEHEELT
X R BI A1 R G, 8 R EREN
€ = qy — qod; (23)
Hrbgoq € R¥ NEARLE T I K &
B R PR AR R T RSN I, 18 T R i B
N5 IR Q) E N

MaoGo + Hapqo = Tap + Ta, (24)
Hr, € R*UNE RPN 5INEESEES
1 = qoa — K3e, (25)

Hrh Ky € R EHURIESE 0] i R
ZaXQ) WA, BEZRENNe, = qo — -
E BB MITRERE S
éy = M (Tao — HuoGo) + f — 1, (26)
Hef =M ',
3.2.1 G EGIE
TEAL G E PRtz s b SR SRS LI & % 5
GRBNTBEAT Al T, BT a0 R OUL %
T1 = T2 + 121,
Ty = T3 + M(;gl (Tao — Haoqp) + 022, 27)
T3 = Q3s.
Forray s o @3 73R R o g fE’]TJﬁﬁ‘ﬁ'azl =
Qo — T1, T2 = qo — T2 AMMIRZIN; o~ g~ g FIE
I B IEH L
BT it GUIRAS UL 2%, 15 20 40 T 451 &=
Tag = Mooy + Hagqop — Mogxs — ayMype,, (28)
Horbr oy NIEF B, 455 30(26) F1(28), AT 15
é, = —ue, + &s. (29)
T 227) Fr s vk 4L G 0 2845 5 (O 4 13
JE AL B AG TR ZE S Bt B9 B TR 9 D
Wi h R 5, JE T I R4, Byt ah P e i =,
322 BaREHGNER
B0 S H B I RE R ZE RO RR i, S5 B T
XA THRZAF 50 FOR AW #2547 B0t %
TN E T ESRENWNERE S
T = T2 + 11,
Ty = T3+ Mojgl(ﬂw — Hoqg) + Boo, (30)

T3 = P32 + [aey.

— 3.
ez 3 (22) #1(30), 7T 1
& =&y — By,
&y = &g — Pois, (31)
t3 = f — Bs@y — fae,.
e T 2 AR Z R g, Bt S
Tag = MaoT)r + Hagqg — Moz — B Mype,), (32)
Hor g5 RIEH #4556 5K(26) F1(32), 113

é, = —Pse, + 3. (33)
SINREZRX = (2], 25,25, e,]", WK (31)

A S Syt R 2R A T R
X = AX + B. (34)

HIF B Bav Bav Bav B EHUN IEEL, RF Routh-
Hurwitz £z 5& P45, 7] OR1ERE B 1) Hurwitz £8 € 4.

FEIRT Priscrh B doR AU 25 (30) A4 i
a8 (32) W RAEIR & 1 R G0 s Al v v 22 MU a2 R
RERA B .

UEBH BT P A & Hurwitz £20€ 1, £77E 1E
TEFLRE P 2
AP+ PA=-Q, (35)
Hep Q%Eiéﬁﬁﬁ’mﬁ%ﬁﬁ%ﬁﬁi.
REIN A BE R R
V= %e e+ XTPX. (36)
X (36) K F, 456 30(23) (25) A1 (34), 1] 15
V =

el(e, — Kze) + XT(ATP + PA)X +2X"PB <

— KseTe+eTe, — \uin(Q)XTX +2X"PB.

(37)
FIH Young’s A&, &
1 1
etey < Sllell® + e, (38)
v T T )\max(P) 2
2X ' PB<yX PX + mf . (39
Horp Ay NIEE S, T oRsh I, (1) L 5
F 0 (38) F1 BHARN 3T, AT
: 1
V< - (K3 - 5)||e|\2 +AXTPX -
1 2 Ade(P) 2
/\maX(P) 2
gV g CmaxAZ ) 2 40
g + >\12nm( CL@) ( )

-



360 # % 5

xR %36 %

i {8 (@ - )i}
Ky > ; /\mm(Q)>

7 < (A ;)/Amx

*E%Ei’t(zm) & I SR A I 2

Amax(P)
— I
é- )\r2mn( a@) ’
ARAE VAR T 0. I, &1+ &o+ B3+ €, KIKETRR
GUITIRER Z e —BIRAA . O

4 iIEEBIH
4.1 FHIRAEIS FE RSEA $ud T 14 BEAR

DA 2 B 7 T AL s N 2R G kA7 200A 1) 31 5
5. BRI S HOEREUIN T mo = 50kg, I = 40kg-m?, I
=1m;m; = 4kg, I; = 2kg-m? ; = 2m,d; = 1m
(i=1,2);m; = 20kg, I, = 8kg - m2,1; = 0.5m; I,
=I5y, = 0.05kg - m?2. TSN RO {1508

K =2K,,(3R* +1%)(2cos® p — 1).

Hr: K, = diag(kim, kam), R = 0.1m,r = 0.01m,
© N WU RSN F = 20N -m, 20N - m, 0]™
(R AT IS 8 B3 A1, o = diag(3°, 2°) 17 LI B HL.

N T U8 AIE RSEA 1% 23 %5 B 75 4 SR AL 2 1 BT
ik e, K G B / ARG B RSEA 1% 3)) 4% B 2 Al 41
5 N AN [ 4] B2 f R 8 2R AT 4 2Rl e B0 7 2L,
F o SR e I AR v ST B 2 b ks 0. 1B A TR L
ar N R G AT AT a6 M T g = [0,0,90°,45°,
45°]T, sz bl AR SE R IR 1 .

®1 MRBBAFEYNEE T RSEA BIHURE M RERR T

V> @1)

(42)

PS4 XA 1 TR FKAT2TRZ Wi AERR
I T M BIRE 2 %
[0.25,0.55,0]T [607.4,248.2]T [181.4,153.6]T 59.4

[0,0.55,0.3]T [372.6,224.6]T [153.4,145.5]T 39.7
[0.25,0.55,0.3]" [664.0,240.0]T [181.9,145.6]T 63.9

F 1 51 HI D FE I, H R IERAL Y m Y s, B 3
A N rad /s, 55 2 51 ]2 56 3 B AT 5 B4 A N AR S
B 5C & RSEA 3% B G pir sz s J1 %8, pir sz s 7
AN - m. 254 5 A TC B RSEA 36 & J5, %A
AL Tk R N L AN = = B WS B OE B
AN [RIHT I FE AR 28 I /R I A2, iE B RSEA 2% B R
fic & RSEA % B # 52 A 280/ 2 ML 2% N O 2
PR 0, HET SR T T R
4.2 EE G FERHE S N T SRES 1 BEAR T

B 5 T AL 38 N 51T FUATL BT B 7K 32 i iy 7 A
BEL A 90 N - . Ay 56 11 B8 72 32 ) Jod e 4 532 I 42 1) 5

W& A R, 32 BT 4t R0 B 2 s SR GE it 4T 4
07 H LY. 558 R G R R T BN Pl 0N
T4 = [sint, cost,sint]T.

H 7 2 JOk B, i S HOE R R K, =
diag(6,6), K3 =diag(6,6,6),e =0.5,8; = 9,82 = 3,
Bs = 3,81 = 20, B5 = 10. [AHLE AN AL EE 4.1
TPTRIAL . BRI to = OIS X LR SR kAT 4 AR HR A,
LHR P 8 4 SR AT R & Y vy = [0.25m/s,0.55m /s,
0.3rad/s|". 3K J5 BR & 1K R G B AL B BUN gog
= [100°,30°,60°)™. 1 LI (B EHCAN E = 305,

3 45t 1 Bc B RSEA 2% B {H AR T (/LR
W PR 2 B AL 2% A A AR #5 85E IR B 2 b iy
. AT LB, I 5% ol ) R EROORBOR i B SR
2 A5 1) [ AR, (ELAR SR8 H 5% 1 i 8 7K 32 O A PR
{H. 9 7 58 O T LI PR3, R I& I I kL
R 1) 3 8 S A 1. e AR OGHLIRE M 60 N - m,

TFHLIRAE 9 6 N-m, {17 45 R A0 B 4 F1E 5 .
300

— —— Ki1JE
200 — X2 N

180!

100} |~ 60N/_
B T B R
O_ L EEEEEES—————."

~100——————————
0 5 10 15 20 25 30
t/'s

3 RRRFF KRB XTI =& I%E

K515/ (N-m)

120
E 80}

< !

Y |

gy

P ‘

Y a0l — X1
K40 — X2
_80 " " " " "

0 5 10 15 20 25 30

t/s

4 RRAFF KRB KT AZ MG HE

1
1: FLALFFAL
2: HLIRAL

59

F MU
MiiI=——————
Ox —

5 10 15 20 25 30
t/s

E5 XHBHF. LHES
Xt B P 3 RN ] 4 0T 0, 45 S 3@ I L AL SR S P 3B

B SN fl) R O P 52 v o 774 BR 1 1E 22 2V
SEBL TS ST AL PR



F2H

6~K 8 NKH % % B Pt 1% # (active
disturbance rejection control, ADRC) 5 & & iR % H
Pz (composite error active disturbance rejection
control, CEADRC) P i &y 3k 47 81 e 351l I 45 & b
RTF RS WS I B e, m] WL, P R AR
7 H B d BUE 48 B Prdi s i B A 5 m 0o iR
ERRG FE, A AR T T BRE R RGO RS B3

e/
105
A
~ 95r!
N [
~ [
S sl
! — W
vl ———- CEADRC #Li7F
ADRC #lLi75
75
0 5 10 15 20 25 30
t/s
Ee ZETAREIFFENR
60 ——
b — WEHE
,} ———- CEADRC #Lif
i ADRC L7
&~ S0p
g I
< % 30.4
4071 ¢ e
298k
P 15 17 19
30 e
0 5 10 15 20 25 30
t/s
B7 X1 1 3ERERIE R
60 ;\
If 604
_ 55[ 60.0 b
N ‘ 15 17 19
= S0pd
< | ——
———- CEADRC #1iF
45 ADRC ¥Li%5

0 5 10 15 20 25 30
t/s

8 XTI2HIEIRERIER

P19 ~ JE 11 SR FH I 2 3 532 % o SR s, LK
PR AR - 47 i) 28 B 11 48 2 12 B R BR R B L. EL R
Bl6~ K859~ [ 11 ] WL, 25 R TR A 1 R 4t,
AR 2R G A K B2 (R s 1t Bk 50, 26 1T S B R G

100
N i
" I
— Or N
° N
—~ N
= —100} .
S
-200 .
0 5 10 15 20 25 30

t/s
E9 XKARTITHISRESHBIUBIRERER

XiEF & TAEAKRAR B 00848 20 L4 A 6 361
300}
< 200 e IS
= e PUEEE Rl
100 e ———- EhEHL
. —
0 5 10 15 20 25 30
t/s
10 AR HIZE LT 1 HUTRERER
200
W
ol o Sk
/// \\\ //ﬁ
o:/ 100t // \\ /
- e \ !
S i -
50 \ S
\] 7
o.M
0 5 10 15 20 25 30
t/s

11 AR HIRE KT 2 HU R ER 1B

o F R I A5 B A2 B TE VR S, W Yt
I e o 3 T S IO B e 4 50 1
5 & ®»

2 IAD LS A TE B 3R AR A 1R B, B RS 5%
7 A A T G M 2 K ek A . 9 T S
SO B e 1o o e s AR S T A (L 8% A T
(AR, A SC T T —Fh & RSEA fE 5255 B ()28 [ bl
2N, IR T G A E I T 6 B G L
TR 42 ) SR . 3883477 3 206 T 6 TR H U R A
SRR L, AT RO L R AR R A
B B TE RSB B B, A B 2 AR B B R, AT T 3
BGAPEIR BN B, IS T 5 B s
SIS B A, T 8E G T 635 s LR L 3 B AR, ok
A, BT AR 2 E PR UL 5 A Bk b
& IFIBIRBNRE F7, (A T R G0 e (RS v
Fifa .

22 3 #k (References)

[1] Flores-Abad A, Ma O, Pham K, et al. A review of space
robotics technologies for on-orbit servicing[J]. Progress
in Aerospace Sciences, 2014, 68: 1-26.

(2] BEEME, B0y, T, & SECRANUR B LS
EEH 3], 5 R, 2017, 32(9): 1547-1555.
(Huang P F, Lu Y B, Wang M, et al. Attitude takeover
control for spacecraft with unknown parameter[J].
Control and Decision, 2017, 32(9): 1547-1555.)

[3] Rekleitis G, Papadopoulos E. On-orbit cooperating space
robotic servicers handling a passive object[J]. IEEE
Transactions on Aerospace and Electronic Systems, 2015,
51(2): 802-814.

[4] James F, Shah S V, Singh A K, et al. Reactionless



362

*

R %£36%

(5]

(6]

(7]

(8]

(91

[10]

(1]

[12]

[13]

[14]

maneuvering of a space robot in precapture phase[J].
Journal of Guidance, Control, and Dynamics, 2016,
39(10): 2417-2423.

Sy o, XOET A, A4 Legendre B4 335 2 (¥ 2% B 3 i
KBRS H BB IR TR (J]. FHUF R, 2018, 39(6):
648-655.

(Yi Z G, Ge X S. Attitude motion trajectory tracking
for underactuated spacecraft based on indirect legendre
pesudospectral method[J]. Journal of Astronautics, 2018,
39(6): 648-655.)

FHE, TG, KW, & — M2 DB AMT R
BT [J]. BT RE2#4R, 2015, 51(13): 167-175.
(Li J L, Ding X L, Zhang W M, et al. Design of a
multi-function minor planet soil sampler[J]. Journal of
Mechanical Engineering, 2015, 51(13): 167-175.)

Qin L, Liu F C, Liang L H, et al. Fuzzy adaptive robust
control for space robot considering the effect of the
gravity[J]. Chinese Journal of Aeronautics, 2014, 27(6):
1562-1570.

Bandyopadhyay S, Chung S J, Hadaegh F Y. Nonlinear
attitude control of spacecraft with a large captured
object[J]. Journal of Guidance, Control, and Dynamic,
2016, 39(4): 754-769.

Meng D S, Lu W N, Xu W F, et al. Vibration
suppression control of free-floating space robots with
flexible appendages for autonomous target capturing[J].
Acta Astronautica, 2018, 151: 904-918.

FEMIR, sk e, B s R XU 2 LA A &R
Gi i Sy 2 AR 3], ML AR 244, 2007, 43(10):
196-200.

(Wang C Q, Zhang C L. Dynamic control of a free-floating
flexible dual-arm space robotic system[J]. Journal of
Mechanical Engineering, 2007, 43(10): 196-200.)

Stolfi A, Gasbarri P, Sabatini M. A combined
impedance-PD approach for controlling a dual-arm space
manipulator in the capture of a non-cooperative target[J].
Acta Astronautica, 2017, 139: 243-253.

GEGE, Wiy, B R (LA N 3K R FE ) 7) 27
RRALL B AT 3R 5 VR 5 4% 12 51 1) RBF 1 28 I 2% $25 i1 7).
AL 54, 2013, 34(4): 970-978.

(Liang J, Chen L. Dynamics modeling for free-floating
space-based robot during satellite capture and RBF neural
network control for compound body stable movement[J].
Acta Aeronautica et Astronautica Sinica, 2013, 34(4):
970-978.)

Dong HY, Hu Q L, Akella M R. Dual-quaternion-based
spacecraft autonomous rendezvous and docking under
six-degree-of-freedom motion constraints[J]. Journal
of Guidance, Control, and Dynamics, 2018, 41(5):
1150-1162.

RIZR, X%, ZF . 2 HUE T R G PG i 4E
TEERARHIbRE g (], TAT°EIR, 2017, 38(6): 80-87.
(Liu D Y, Liu H, Li Q Z. Calibration strategy of space
manipulator system on-orbit servicing fine operation[J].
Journal of Astronautics, 2017, 38(6): 80-87.)

[15]

(16]

[17]

(18]

(19]

(20]

(21]

(22]

(23]

[24]

5&
SR (1991-), B, A, MG L N R G080

Lampariello R, Hirzinger G. Generating feasible
trajectories for autonomous on-orbit grasping of spinning
debris in a useful time[C]. IEEE/RSJ Int Conference
on Intelligent Robots and Systems (IROS). Piscataway:
IEEE, 2013: 5252-5259.

Aghili F. A prediction and motion-planning scheme
for visually guided robotic capturing of free-floating
tumbling objects with uncertain dynamics[J]. IEEE
Transactions on Robotics, 2012, 28(3): 634-649.

REVE, W5 7). 2 (A HLAs N SUE i 30 T2 ) 22 00 M B B
SEAEH [T]. 77554, 2016, 48(4): 832-842.

(Cheng J, Chen L. Mechanical analysis and calm control
of dual-arm space robot for capturing a satellite[J].
Chinese Journal of Theoretical and Applied Mechanics,
2016, 48(4): 832-842.)

Shah S V, Sharf I, Misra A. Reactionless path planning
strategies for capture of tumbling objects in space
using a dual-arm robotic system[C]. AIAA Guidance,
Navigation, and Control Conference. Virginia: AIAA,
2013: 4521.

Virgili-Llop J, C, Zappulla R, et al
A convex-programming-based guidance algorithm to

Zagaris

capture a tumbling object on orbit using a spacecraft
equipped with a robotic manipulator[J]. The International
Journal of Robotics Research, 2019, 38(1): 40-72.

Gu X, Wang K, Cheng T, et al. Mechanical design of a
3-DOF humanoid soft arm based on modularized series
elastic actuator[C]. IEEE International Conference on
Mechatronics and Automation. Piscataway: IEEE, 2015:
1127-1131.

Wang M, Sun L, Yin W, et al. Nonlinear disturbance
observer based torque control for
IEEE/RSJ International Conference on
Intelligent Robots and Systems (IROS). Piscataway:
IEEE, 2016: 286-291.

Calanca A, Fiorini P. Understanding environment

series elastic

actuator[C].

adaptive force control of series elastic actuators[J].
IEEE /ASME Transactions on Mechatronics, 2018, 23(1):
413-423.

Han J Q. From PID to active disturbance rejection
control[J]. IEEE Transactions on Industrial Electronics,
2009, 56(3): 900-906.

Zhang N, Gai W D, Zhang G L, et al. An active
disturbance rejection control guidance law based collision
avoidance for unmanned aerial vehicles[J]. Aerospace
Science and Technology, 2018, 77: 658-669.

oA

18] 71

22 5350 (5 9L, E-mail: ahpwuhan@163.com;

Wk (1961-), 55, #dx, A S0, g mplas A

KRG HN 11 55050, E-mail: chnle@fzu.edu.cn.

(Frtsmsh: #REF)



