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Abstract In order to analyze the dynamic simulation and movement control of space robot under the influence of full
flexible of base, links and joints, as well as the active vibration suppression of base, links and joints, an input limited

repetitive learning controller with integration of motion and vibration is proposed. The design of the algorithm is not
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based on the system model information. The flexible base and the flexible joints are regarded as linear spring and torsion
springs. The flexible links are analyzed by the Eulerian Bernoulli model, and the dynamic equation is established by the
Lagrange equation and the assumed mode method. Based on the singular perturbation theory, the model is decomposed
into a slow subsystem including the system rigid variables and the link flexible vibration, and a fast subsystem including
the base and joint flexible vibration. The corresponding sub controllers are designed for the slow and fast subsystems to
form the general controller with joint flexible compensation. For the slow subsystem, an input limited repetitive learning
controller is proposed, which is composed of hyperbolic tangent function, saturation function and repetitive learning term.
The hyperbolic tangent function and saturation function realize the requirement of limited input torque. The repetitive
learning term compensates the periodic system error to complete the gradual stable tracking of the expected trajectory of
base attitude and joint. However, in order to suppress the flexible vibration of the links of the slow subsystem, a hybrid
trajectory reflecting the flexible vibration of the links and the rigid motion of the system is constructed by using virtual
force conception, and an input limited repetitive learning controller on virtual force conception is proposed to ensure the
accurate tracking of the trajectory of the base and joint, while actively suppressing the flexible vibration of the links. For
the fast subsystem, the linear quadratic optimal control algorithm is used to suppress the flexible vibration of the base
and joints. The simulation results show that the controller is suitable for general flexible nonlinear system, meets the
requirements of limited input torque, realizes high-precision tracking of periodic signal, effectively suppresses the flexible

vibration of base, links and joints, and verifies the feasibility of the algorithm.

Key words flexible base, flexible links, flexible joints, space robot, limited input, repetitive learning control
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f= i [t'lk cos (kwt) + by sin (kwt)] (59) A (63) WHIAPE A, (64) R
k=N+1 N
oo T - _
@, R @) 8, |F] <d o HERERS g 27 [Td I sen (QOZO * kZ kak] Kotanhs
A R R Vi N s
N Kysgns + X + Y| - tanh”e K, tanhe (66)
Vi —;TM(d q)s+2k1,ln(coshe) %ZEZE’HF
i=1 =1 BT 14 € Lo, &5 & 0E AR
2

3 Zk W2 % + zozo (60) <d, 67

HIIERE ao, A2 LT RARR
sTKytanhs > A, (Ko) aos™s (61)

3 (60) W FHFREIEE R (57) ~ 30 (59) SRS, FEAR
NFEE 3 5350 45) 15
Vi =sTX +sTY — sTKytanhs — sTK,sgns + s f —

tanhTe K, tanhe (62)

¥R (52). R (53). K 61) AR (62), FEAEL:
BN IR = ([tanhe|® + |Is|*, 13

— [@odm (Ko) = (A1 + )] IsI* -

[Am (K2) = dy ] Isl] = [Am (K1) —
(41 + )] [|tanhe] (63)

H 0 (54) AIED vy < 0. 8 XL Q) AV < O HfE
RIS, R N @ WV = 0 BlE T T4,
MV, =0 I~ é =0, tanhe = 0, T L IR ZE A &
S My =& Ry WK AR, RIEHZE/RAE
PRI, X Q) WIFMEREVIE ¢(0),4(0), 4t — oo
#am T My A, B lim ¢ = 0, lim tanhe = 0, RS
it 1E U bR AR 1 R H hme = 0 limé = 0.

(2) i—i [QOZO + Z Qka) >y HﬂL
k=1 i
X @6) SN (50) 13 HIFF R G012 T RN

M((s,q)s'=—C(6,5,q,q)s+rd+X+f’—

N

I'-sgn [QOZO + Z Qkik) — Kptanhs —
k=1

K tanhe — K,sgns (64)

Hrp, I = diag (y1, 72, 73).
RG2S R v, N

1
Vo=-s"M @&, q)s + Zku In(coshe)  (65)
2 i=1

N
79 —T -sgn [QOZO + Z Qka]

k=1

B 52 R 53). L 6. K (67) A

7\, (66) 15

— [0 Am (Ko) = (A1 + )] 181> = [Am (K2) —

] lIsll = [Am (K1) = (4 + A2)] [|tanhe|>  (68)

H X (54) 18 V) < 0, IR¥EH ZE R AR PE R 2, X6
TAEEWIE q(0), ¢(0), RGREWSL, B lime =0,
limé = 0. JEEE.

t—o0

32 BETRGIEHISR

H T A BT (e N\ 52 BR R A 5] P A AE
PRS2 G0 NIk 12 Bl 1 SR B R 2t BRER, T
ANBEXS PSR IEIR B B, DL, A5 {5 ] RE 400
P R, R R PR AT IR, A2 plIA]
IS J52 R SR AP R 50 R ) 1P 1) B U R PR TR 45 BT g,
SR JE BT I T R UL 0 i N\ B2 PR R R 2 >
&, SCIZ BN ERER 5 PUAT PR3 LB W E DI RE. 51
NS F e R, WIRIIL 5 EHLIREN
en = qa — qn, T ZPrE R A A A K

éy +aeéy, + be, = F (69)

HH, a,b e RYS JyIE 8 H AT A 56 .

ESURBRE e = qn — ¢, WEFRAEN
sy = é, + tanhe,, ¥ {E 25 (46), I 47) F g4, e 7
BN gn 5 e, IRET RSN ZIREE
REchEYy)

(‘I'oj)r = Kptanhs, + K;tanhe; + K>sgns; +
N
sat (Qozro + Z kark] (70)
k=1

Z+ K2z = Qisry k=1,2,--

’ ’N} (71)
Zr0 = Qos:
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Bz (70), R 7D ARNNIME RS (26) 15
é +aé. +be, =G (72)

HH, G = g, + M8, 9)[C6,6,9,4)4 + (6,8, q,¢) —
(Toj)s] + aé; + be,.

A (69) 530 (72) Mt
é+aé+be=F+G (73)
M (73) B § = Ga + aé + be — (F + G), B HAN

(25) 13

o= _RgleZqu - R;lezlaé - R521R21be +
R;\Ry (F +G)—R;1S24 -
R}, 826 — R, K56 (74)

4 g, =[6%e".6%, ¢, sk (73). KX (74) 1

gs = Asqs + BF + L (75)
N q:l’
044 0453 Ly 0453
A = 0354 033 034 L33
) —Rgleg —Rglezlb _REZISZZ —R£21R21a
03><4 -b 03><4 —a
[ 04><3 04><l
0 0
Bs _ 3x3 ’ L. = 1 3.>.<1 1 .
Ry Ry R, Ry (G - §a) — R, 8214
L 13><3 G

T 2 WTIREHH ¢ = Ayqs + B,F + L,
MLy = O BUH R LA &M (76), B F =
—R;'BIPq,, W RGiTa5E.

”Ls ([)”E < 1 — /lmin (Ns)
lgslle 2N 1Pl 24max (P9
Vg, € R®! (76)

Hof, Ny = Q, + PyBR;'BIP,, ||R||, FRmE R 1
R L EAFUHL, (\M|, F3ERE M a2

MERR: 24 Ly = 014 B, X5 T R4 ¢ = Asqs + BF
APER R I =R ANV O

1 00
Jo= f (47Qsq. + F'R.F)dt (77)
2 Jo ;

Horb, SARABLEE Qo > 0, R > 0, TAEEAEFE Ry, H
RRT = Q,, HUNERIETTRE (78) I Py XHFR
1B, MIFEXS (A, R} 584 m] .

PA,+ AP, -~ PBR'BTP,+Q, =0  (78)

SN (Aq, B 524 T4, FF DA R G017 268
et

F = -R;'BT P (79)

H g aetabr A 72 = ¢F (0) Pygy (0) /2.
M Ly # 0145 B, B3 (79) A (75) 14

g = (A - B,R]'BIP,) g, + L, (80)

Pt 2 e KPR V (q5) = g Pogs, V (gs) XTIRFIE]
KRS, HARANA (80) & N, 15

V(qs) = 4; Piqs + 4. P, = —q Nogs + 2L Pyq, (81)
HRAE KK (76) 15
LIPyqq < |LI||IPsgqsll < LI IP4l llgsll <

/lmin (Ns)
2Amax (Ps)

ik 82) A 81 5

1
PG < 5 Amin (N llgl” (82)

V(gs) < — (g3 Negs = Amin (N llgP) <O (83)
FT AR GE AL R 5 10, JIEEE.
33 RETFRGITHIERT

5] ESCo T, IR+ RS, g FEPRBI R ¢ T
PR IT R A0 (29). 438 M REFE A R 2L
Jqf = % fo‘oo (qrfFquf + T:fRanf)dtf (84)

o, SPRRAUE Qr > 0, Ry > 0.
MIHRAR T R G 3z 1A

Tor = —R;'Bf Prq; (85)
Hodr pe NI R R AR TR R

PiA; + Af P — PiBiR;'BiP; +Qr =0 (86)
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RNTHAER 13). X a9, X 70, X 7D,
10 (85) MR IE SR BN — Rt N 2 PR = 5 5
{2 #£% (an input limited repetitive learning controller
with integration of motion and vibration, ILRCI) =]
Rk, X1 BRI R G AT 0T B . R
EIHLEE NS HOREUN: mg = 40 kg, Iy = I, = I, =
1.5m, Jo = 30 kgem?, p; = 3.5 kg'm, p, = 1.1 kg-m,
Joi = Jm = 0.1 kgm?, EI, = EL = 100 N/m?,
kmi = kmy = 50 Nem/rad, ky = 500 N/m. HUfzdil 2
H: K, = dig(200,40,20), K; = dig(10,5,1), K, =
dig (10, 10,2), K¢ = dig(104,88), Qo = dig (15,40, 25),
0, = dig(20,20,20), k = 1,2,--- , NN =3,a=b =
dig (5.5, 5).

I~ X AEFRHIEN ghojs(0) = [0 m, 1.9 rad, 0.7 rad,
0.5rad, 0 m, 0 m, 0 m, 0 m]”, g,,(0) = [0.7 rad, 0.5 rad]”,
Gr0j5(0) = 081, gm(0) = 02x1, 2k (0) = O3x1, Zk(0) = 031.

JEWIPE RSN gq = [1 rad, 0.8 rad, 1.2 rad]",
iEABKE 001 s. B 2 AT xR
NFE RS . SRTTAE ILRCT #5128 i h 2%

2.0 -
—— actual trajectory
/ ---- desired trajectory
< 1.5} ——-hybrid trajectory
<
R )| A
0'50 50 100 150 200
t/s
1.0
=]
g i
S — actual trajectory
----- desired trajectory
——- hybrid trajectory
150 200
g 10 [ s
£ 1.20 o ———————— =
K 05k 1.15 —— actual trajectory
’ 1.10 ---- desired trajectory
00 I 5 3 4 ——-hybrid trajectory
"0 50 100 150 200

t/s

2 ILRCI 42l ™ F JE 2835 5 5075 A I e i s h 2
Fig. 2 Trajectory tracking curve of base attitude and
joint angle under ILRCI

P 3 T )E B A ILRCI #%i] o RC B, FE R 24
KT IR AR ZE S 2. 1] 4 T IR B 4] ILRCI
PR 7 B2 B8 5GBSR MEIIR I 28, R T 0 B
BEAIE R 0L AT AT B AR 2R, SR 2R (13). 20 (14).
i @6). R 47). 2\ (85) M B 5 1 48U 77 1) ILRCI
PRI E R . B 5 N ILRCI #5441 b R 3 Ay 6 22k
FF B BRI

—_ turn off RC, ILRCI

B o -~ turn on RC, ILRCL, N =3
&B turn off RC
= 27 A T
> —4} turnon RC,N=3 <— Sl
0
—6 L L L L L
0 50 100 150 200 250 300

t/s

3 ILRCI #4155 1] RC J& ILRCI F il 35 22 i S h 28
(BAA7: rad LA 10 AJEBCH %)
Fig. 3 Error convergence curve of ILRCI and ILRCI without RC

K 3 &5, RC W] AR i R G LI BRER A L. 6]
4RI, AT RGHEHE% Tor RESEHINS RGTHEE L 5%
TRVEIRB A RAm . B 20 1B 5 388, P i IL-
RCI BT R P RS HAIB BRI [N, SHU SRk FT RN
PRI 2] AL AR5 SRR, BT LRI %75
FAMEAMEE RIS RN BE . 5% RIS AR A, 8T
X RGUGHAT I HIZ L, B 6 JvRl 1 s KT REIR, &
R, WA S B AIEOGE T 39 R AR &
G A SBT3, TSI — R
PEARZRE R GE I AT 7 5Bl 0 - 5 A 2l

| — turn off 7, ILRCI
—6 L 1 1

0 2 4 6 8 10
t/s
0.04 :
— ILRCI
0.02
£ 0
2
—0.02}
—0.045 2 4 6 8 10

t/s
(a) FE PN EHR B H 2k
(a) Flexible vibration curve of the base
4 ILRCI #2455 M 7o 5 ILRCI 28 P 417 FL 45 2R
Fig. 4 Simulation results of ILRCI and ILRCI without 7,¢



o1 {TE AR S A2t 28 (ML 88 N2 SR 3 — e fb di N\ 52 R 2 57 2% ST 4% ) 181
40 T ; T -3
— turn off 7,5, ILRCI 1.0 %10 : . : :
— turn off F, ILRCI
3 0.5 1
5 £ 0
w
—0.5
—40 L L . L
0 2 4 6 8 10 ~1.0
t/s
1.0 T : .
— ILRCI
0.5 -
K]
20 Ll
© 0.0§ £
1o 9.00 9.05 9.10_ 9.15
0 2 6 8 10
t/s
(b) KT LIRS Hh 2k
(b) Flexible vibration curve of joint 1 (b) B, FF2B L ZS Al b A i 5l i 26
(b) 2nd order mode coordinates curves of B,
40 T - : .
— turn off 7, ILRCI 0.01 ' ' ' '
20+ -
=] 0.00
£ oy E
¢ 5
_20 L 4 70.01 I T
—— turn off F, ILRCI
—40 . . L | o , . .
0 2 4 6 8 10 0-02 2 4 6 8 10
t/s t/s
0.5 : : . !
0.01 ' v | !
— ILRCI — ILRCI
-‘3 Al i o L I 0.00 —4
\bN 0 FTe e I I L g_ oL /
' ! °-°§ e = _0.01 -
—0.0 _
o5 S 90 91 92 93 002 %9 90 o1 ‘
0 2 6 8 10 0 2 4 6 8 10
t/s t/s
(c) KAT2F MRS th 28 () By FF LT BLZS Al bR AR B iR 20 1 2

(c) Flexible vibration curve of joint 2

B 4 TLRCI ##] 5K M 1op J5 ILRCI 581 (117 45 5 (8)

Fig. 4 Simulation results of ILRCI and ILRCI without 7, (continued)

0.02

(=}
L

on/m

—0.02 1

—— turn off F, ILRCI
—0.04 . . .
0 2 4 6 8 10

t/s
0.02 T v :

0.01 [ 1

On/m
[}

—0.01 1

—0.02 . . . .
000 2 6 8 10

t/s
(a) B, FF 1 BLAS AL AR AR B4R 2 il 28

(a) 1st order mode coordinates curves of B,

(c) 1st order mode coordinates curves of B,

— turn off 7, ILRCI

-2 2 4 6 8 10

t/s

9.0 9.1 9.2

L L L

0 2 4 6 8 10
1/s
(d) B, FF 2B A A5 Al b A e 4R 20 il 28

(d) 2nd order mode coordinates curves of B,

5 ILRCI #5555 ML /) FJ& ILRCI 45 i) {1 FL45 3R
Fig. 5 Simulation results of ILRCI and ILRCI without

virtual force F
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30 ; ' - . 40
—— actual trajectory
0L T desired trajectory i z 20 ]
3 —— hybrid trajectory , i z 0
> / =
S L _ 0
10 //// & ! |
(——————r === i ~lhal == ":""’T """""""" —40 1 L L L
0.0 0.2 0.4 0.6 0.8 1.0 0 2 4 6 8 10
t/s t/s
5 : , ' 7 ILRCI %) 9530 J140
- of Fig. 7 Torques of ILRCI
[+
=< —— actual trajectory .
S =51 . desired trajectory 5 Z"é.: l’e
—— hybrid trajectory
—~10 : ' ' ' VL gt ey N NN o
0.0 0.2 0.4 0.6 0.8 1.0 PR BR BEAEAS VL SRS B H 58 2R 07 8, &7
s FLJE B SR [RI AR AE A ) A TR AL & AN 3h )5
15 - N . ~ e
R B AR 5 B, A R AR O T
107 -~ desired tectry BT RGP T R G AT R G B 8
——- hybrid trajectory
2 5 I S EE T RS AR TR g8, RA W
S0y M BB PSR AN TG Bt B d i T
=5 ' ' ‘ ' B RIS BL; 55 =, REAMEE A I R LA R
0.0 0.2 0.4 0.6 0.8 1.0

t/s

Bl 6 PSS SRIEAME IS ILRCI #2490 F 45 R
Fig. 6 Simulation results of ILRCI after closing joint

flexible compensation controller

28, N T Bk Fr e S S BR B L,
3 M ILRCL % il B 75 (3R 30 J7 6, 47 45 3
7 R, ATBUE H, SRR R 5 (1) =
[150,40,231", #R4E ko + ki + koj + i < Tojimax 1
(Tojomar), > 220, (Toj1mar), > 55, (Tojoma). > 23, Vi K
R (Toj,i)r < (Toj,i,max)r’ X, (Toj,i)r FERE (Toj)r X
MNHITCER, i =1,2,3, FTLL 152 R,

100
E 0
£
'z 100

—200

40
~ 20 -
g
o (Il
e :

49 2 4 6 8 10

t/s

%, FERAIBER A W5 5 550U, W] LAAT R A 0
FAEIRB. F T2 MR B ML ) BT (R PRAR T P 45,
T [ B A i 5 O T O SRR . IR PR SRR
RS — AR AL 1R 8 T SNSRI SRR, RS
2 ARG IERE T R AR R R 4. D
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