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Trajectory-tracking control for

free-floating flexible space robots with bounded inputs
ZHAI Yan-xia, HU Qing-lei, XU Liang, HUO Xing

(Department of Control Science and Engineering, Harbin Institute of Technology, Harbin Heilongjiang 150001, China)
Abstract: This paper is concerned with the trajectory-tracking of free-floating flexible space robots. By means of La-
grange’s equations and the mode-assumption method, the dynamical equations of the space robot are derived and analyzed.
These equations are transformed into a fully controllable form with the flexible vibration disturbance based on the char-
acteristics of the underactuated dynamical control and the flexible vibration. In considering the physical limitations of the
actuator, we develop a robust control approach with adaptive state feedback to reduce the uncertain dynamic disturbance.

A complete analysis on the stability and the performance are performed by using Lyapunov theory. Simulation results of

the application to a two-link free-floating flexible space robot show the feasibility of the proposed controller.
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Fig. 1 Free-floating flexible space robot
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75147 1630 ) SRR L0 Bl L, % 1 ThiSE V7
I N RGBT R SE LA R A N 2 PR 4%
T IR A B TR B

Big 1 R IT g 2

[daall < Aav, [[daall < Adas (16)
o Mgy, Aaa A CHIIE R 2L @ XERER iR e =
qa — (qad-

EX 1
e RDXI’I

Tanh(z) =

Cosh(z) = diag{cosh z{, - - -
= [ 2] e R HIE AT LR R

[13
> Tanh( )

i i Tanh(-) € R™ 5% i 4iFE Cosh(-)

[tanh z; --- tanhz,]",

,cosh z, },

A\Fﬂi

Lz
FA WA
(Z

2>

I\

In(cos z;) >

-

Il
-

K2

1
1ln(cos zi) = itamh2(z)7 (17)

z

M=

<.
Il

z+1

WV

tanh z’
zTTanh(z) > Tanh™ (2)Tanh(z) =
Tanh®(2) > tanh?(z).

EX2 MW RFEo(t) e R%:

o = é+ PBTanh(e), (18)
Hrr: B = diag{fy, B2}, B > 0(i = 1,2).

VIR ZE o] I ] SR O BEAR T ] 1
¢ =M, (1. — Hy — da) — Gaa +
BCosh~?(e)(a — BTanh(e)).  (19)

BEUTHE
Ta= M, Goa+ M3+ M,BCosh

a ?(e)BTanh(e)+
H,,—M,(K,Tanh(e) + K,Tanh(o)), (20)
Hrdr: K, =diag{kp1, kpa}, kpi >0(1=1,2); K, =
diag{k1, kva}, kvi > 0(i = 1,2); Hoq = Ha(qra,
Gra), Qra g R VLR BT IR 3h A4k T
WAL H I N
W= —To, Q1)
Hrf: I = diag{ry, 72}, m > 000 = 1,2) K/n HI&
N AT R QO RA K (19) AT 43 2 5¢ T4 1%
ZE [ IR BN 55 ke

—+X(e,o,t)— K,Tanh(e)— K, Tanh(o),
(22)
Hrh X e RTEHi) ), JLRIEAN

X = BCosh?(e)o + M,” " (H,q — H,).
E 1 b su A g a7 st
X1 < G ll] + Collll?,
Hodr: ¢, COMIEF L Wk T 3 s 2tk
%"E’J’%ﬁlﬁﬂﬂéﬁﬂ, x(t) € REHAL
2 = [TanhT(e) TanhT ()] . (23)
EE 1 FIERLHFITRA0), LR
T SR 42 A N (20) AT B I AR (21), Fa b 2
HPEK,, Kl
A > G+ GIX (24)
BN = Amin (KB, K ), Ain I FEFE I B /NP AL
. A, R TR 224 JRir it A e
lim e(t) = 0.
Uk @EXLyapunov 241

1
V= 50 o+ Z ki In(cosh(e;)) +
i=1

LRI

%JJTF—%
(25)
M AZE (1 7) T %
1
SAutanh? (|| )< In(cosh(jw )<V <] €]P,
. (26)
o - SUEH
>\17 )‘2: 1
)\1 = min{)\min(Kp)’ 5}7

~[e" o™ = [eT o7 7]



398 B oHE w5 N M 520 %
A2 =max{ Amax(Kp), 1, lAmaX(r—l)}, BAE RGBT BB BRI A N F %
et KA PEFHERT, AHT b A
> max /> B ~ . . - X ' '
SOV SRR ] ) 5225 5.1 FTEARIL 4 AT 5 E 4> Hr(Simulation

V =0T + Tanh™(e)K,é + "I, (27)
i) = —ob, R Q1) A T
V=0"X-0"K,Tanh(c)-Tanh"(e) K,B3Tanh(e).

(28)
W ATEXAT) ] LG 2
V < |lo|| | X ]| = Amin (K,8)tanh?(le]]) —
)\min(KV)tanhz(Ha'H). (29)
¥R @3)wA, 4y
V<—(—G-GIXIDIX|® < —al X, (30)
Hrpa 5 IEH. Bk nT 4, tlim e = 0. EHIFA4;
. FEEE
T2 HENSHK,, Ky,(, e
mQ()\da + Cw + Ce + )\max(Kp) + )\max(Kv)) +
)\h)\dv2 < Tmax (31)
P A (207 42 428 A N\ 32 PR (1) 44 9 HARIES) )
RG0S, I mg, Ay FIPEL, 245 5
Adas Aav FIERA6)% s Cy, A IEHEL, HI AL
¢y = sup ||,
¢. = sup ||BCosh~?(e)BTanh(e)||.
5 {iE 4 ¥ (Simulations)

2 11 245 (20) B T 512 B A% 7R o R AT (7 BLAG IE
A RPE. JEUCCHR [15]9 B2 2 T WLy N R S
VIR Z R, AR TR m = 600 kg, A4 0 F
KO MIEEby = 3.0m, ZKVEA FEI A5 K
my; = my = 1.5075kg, EMK L = 1, = 4.5m,
WA NS EL = EI, = 1676 (N - m?). %34k
2% [ HUBRES PR AN S 5% A1 TR I B 08 43 ) -

Tt 1 . 7
91d—§(ﬁ—%sm(gt»a
1
bos = T(1— -+ Lsin(Te)).

2 10 2T 5
X4 A 20)BEAT 17 2L, - S PIDE I EAT LA, %
i A URAE:

0:(0) = 0.4rad, 65(0) = 1.2rad, Tiax=10N - m,
P a S 4

B = diag{1,1}, K, = diag{1, 1},

K, = diag{1.5,3}, I' = diag{0.1,0.1}.
ASF(adaptive state feedback)< 7~ 4 Hill44(20), 17 H.5>

analysis without carrier’s disturbance)

FERRBARAZINEN GO, Ji 8 R aE2-5
JioR. AT ELE AT DU H 23R G AEPIDEE ) Je A 3L
BEV B AR QO I HIRZ BRAAT T, B REER I8
KA B R IRA SOV I 88 R SR =
SN RN P S e RIS, PR B g D
HIZ AR PR 8)). 1X L ASF(adaptive state feedback)#
AR QO I CH S .

10 — _ _
PIDa‘@‘l%%E
— ASFRTT 1§65

T/(N-m)
|

0 5 100 15 20 25 30
t/s
10 _ ,
"":"PID?%:%PZ??%E:
— ASFRT92%65E |
)
Z
;N
10, 5 10 15 20 25 30
t/s
2 AN
Fig. 2 Input control torque
2 ; ! ; ; !
Al A _ ................ ................ amemAiliil S il
] ; é ;
/J - T
1 L v PIDSERRSIE |
\/ | — ATFSERBUE

i i i i
0 5 10 15 20 25 30



3 W RHOE S MNA AN B BEF e 2 AL N e R s 399
i ! ; ! ! ! X103
Caa. : : ; 2
% i R - gmEE |
------ PID 3 friidk

9,

—— ASFSEFREhIE

t/s

SKIPSSEEFET

Fig. 3 Joint position tracking trajectory

04 ; ! ! ; !
G I PIDEMRE |
: — ASFHRRZE
0 ol
S
Siliilen
0.0 e e e
-0.1 i i i i i
5 10 15 20 25 30
t/s
0.1 T T T T T
0 /,\ LIRS
- -0.1 ERERERRE RN LR RN VRN N R i
S
BN : 1 PID¥% 5%
02 ................ ............ _ASF%%-L%% vvvvvv ]
S k] IREREE SESEREE SRR SRS TR J
-0.4 i i i i i
5 10 15 20 25 30
t/s
Bl 4 R ih ek
Fig. 4 Joint position tracking error
0.025 ; ! ; g g
0.020 ..... ._ ................ . .............. -
- PIDIEAT 1R BIAAS
0.015 -
0.010
0.005
0
-0.005
-0.010
0

0 5 10 15 20 25 30

Bl 5 SRR IRS) 2k

Fig. 5 Flexible mode coordinate

52 BHAHEFZRFMHETHRIEDH
(Simulation analysis without carrier’s attitude
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