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Figure 1 (Color online) Illustration of flexible spacecraft combina-
tion.
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Figure 2 Non-linear spring model of flexible joint.
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Figure 3 Simplified model of flexible combined spacecraft.
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Table 1 D-H parameters of manipulator

B B, (°) 2 (°) a; (m) d; (m)
1 O 90 0 1.0
2 6,2 —-90 0 0.3
3 O3 0 2.7 0.3
4 6,4 0 2.7 0.3
5 0,5 90 0 0.3
6 O -90 0 0.3
7 6,7 0 0 12

x2 HEHRENNESH

Table 2 Dynamic parameters of combined spacecraft

- o BT, (kg m)
m; (kg) I, I, I
NIV 2400 5898 3492 5411
B 12 0.12 0.07 0.12
B2 12 0.12 0.07 0.12
B3 76.65 0.55 50.46 50.46
BEAT4 88.65 0.91 70.12 69.82
B 12 0.12 0.12 0.07
6 12 0.12 0.12 0.07
HbriR A% 3100 13755 5505 12762

N3P AU B AT AR 2% K BH 3 AR 2 80
KAFTR.

IRYEHUBE R, R R R 3R AT 41 5%
PE, B, 2, 5, 6NN, i3k R 2B AFO) R H
FRATR B CEAFDANNIA. FlA H bR iR 287575 1E
PN KPH R IR (n,=2, n=2). 4 Jm 220t 1 Rigss ) 98
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Table 3 Dynamic parameters of manipulator joints

2 Hft S8 HiE

L 1.76x107° kg m’ a 0.002 Nm
K, 7521 Nm/rad a 0.002 Nm

N 100:1 o, 0.001 Nm s/rad

Vg 0.01 rad/s - -

F 4 HUBE B FEATTR 35 K B R RL 24

Table 4 Material parameters of manipulator links and spacecraft solar
arrays

R
BUBRE £
SR BAIR

HEp, (kgm™) FEPEBERE (Nm™)
1.141x10°
1.512x10°

VAR B,
7.602x10" 0.3
7.832x10" 0.3

FILQRE % 1l 2% I AH S S HUUE N

[ A, = diag(10, 10, 10, 10, 10, 10, 10),
B, = diag(2,2,2,2,2,2,2),

® = diag(10, 10, 10, 10, 10, 10, 10),

T = diag(50, 50, 100, 200, 100, 50, 50),
Q = diag(10, 10, -+, 10)5y, 50,
R=diag(l, ,1,1,1,1,1), p=5, ¢=3.

KA AR H A IAT=0.01 s, KT HLITE IR ER
PR % Re,,<0.02°, ¢,,<0.02° 7, FeMEHIRE)
2 P SR > 50%.

(67)

42 REIEHESER

B A A R S AT S . EPA-
TRANH ST A SRS NA R T, FIH
NASTRAN TH Ak B A 0T R 5 oK FH 22 1 350 44
(LIROBLES, 18T AR S A AR SFT .

AT LA, AU AT R R 28 A BH 335
PRSI RSB IR, HANRSEshiI R A%
VRSN, WRAFIERT LA H, HUREAKBH 3 1)
SR T AUBE A (0 2000, DR b 7E B 7y 2 s
HH, K BH 38 A I IR B R A AN BT 2.

WML A LR AR BN 1 F AR AT BAOE. &
T A ST ITEEMATLAB 3 57 2 PR 2H & i R 73
(BN AR, o e N O A Ee,, THEOG
T LUK SN SIHET,, Bt 45 R 5 ADAMS H ) AR

5 HUE AT AR 33 BH R AR R3S

Table 5 Component modes of manipulator links and spacecraft solar
arrays

N HEHZS, (Hz)
FEA
1B 2B 3Fr
LIRS B 4T3 0.492 0.541 2.189
HUbRE & 4 0.760 0.790 1.717
FHSRATRARRPAE L, 2 0.295 0.670 2.374
HAsfiR2s KFHAL, 2 0.147 0.362 1.823

BLAE AT LR PR B A3 2 T a0 E 6 TR,

MEF AT LLE H, ADAMSHIMATLABH 1/ 2
SERILAR 3, HIXHIRZE<10%, £ACEA M
A NIR AR IR A 2, BEWE IE/f S i R 5%
BB AN ) A, EARORS i AL R

43 EEEFIHEER

X6 Ak 21 A R s L BR R S AR s P A
ARG ATV EKIE. fEADAMSH . R4 5 )1 FH
53, fEMATLAB\Simulink F1#J###] 248, #HiIMA-
TLAB5 ADAMSELA 1 AT B UE 5317

KR A 118 2 00405 B 25 B 5 0CR 07 R g
P45 2 107 BLA5 AT R EE, WU 5515 A AN £

5.0
25

0 5 10 15 20 0 5 10 15 20

T, (Nm)

0 5 10 15 20 0 5 10 15 20

T, (Nm)

0 5 10 15 20
t(s)

—— ADAMS
- — —MATLAB

T,, (Nm)

Bl 6 (M4hoR BONUIE <1 Lo

Figure 6 (Color online) Motor torques of manipulator joints.
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Figure 7 (Color online) Tracking errors of manipulator joint angles.

- - - HUDERIR
—— S5FH

B8 (4 RROR E)MUMU RS O 39 A ke FE BR B iR 22

Figure 8 (Color online) Tracking errors of manipulator joint angular
velocities.

THRE R R 22 43 Sl i B 7RI 8 .
MEIFRRT UG H, ANCR P BRER S B, 32 07T
FMEIRBN R, PRI R 22 B HR, A R 2 1R
FR. RAEAEGG, REHRSH RN, GEs
HITERAEERE N, 3 R 35 R s 2K,

SRR A4 AN DR Y e B 7 3045 21 B LA
AT ML R 45 A BH 3P — B RS AR AR R 0T L2 2R
BaE-11F7R. A HRT LA H, SCR UL R B
I, WU B85 P AR 2 K BH 3RS IR SR, R
ME GG, REIRSD IR, I 08B FE 5
>60%, RUIERGIEHIGHERT, B R 1
PEIR BN 214 4.

5 g

I AP 2 e 3 AT R S AR IR 55 4R (K Y
R EHRBRARRR AR R EE G, A

x10
3 5

- - - HIDERIR

—— sae

- (kg™ m)

0 10 20 30 40 50 60 70 80
t(s)

B9 (W2 ROR B HLIE 185 AT B2 A

Figure 9 (Color online) Modal coordinates of manipulator links.
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B 10 (R4 ORI AR TR &3 K BH BB S A bR

Figure 10 (Color online) Modal coordinates of capturing spacecraft
solar arrays.
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N T JE TV R KR 2 R Sk AL R 8 (0 Bl ) 2 5 4
03 | o BORE I L BT SR B L T AR A

K B 38 5 S P B AP FIR 50 R Wi 14 2L T R 5% 30 0 A A
B, IO BRI TR SRR A UL ER R S
RENINHI R SR, TRAREY], A Es)
JIE RS 2, R HET SR S TR AR 1
BAFREN SR, B A ke as SR AL ST
TR 2 S T BB s T 3 R B ) ) 1) e 254

03 A FEER RSN
) Hs LA T S S T R 2446t 120 b I A — R,
OO 2300w 700 S AR S S AL R
BRI R BRI R . B
B 11 (W& hiR D) B ARITR #  BH BB AR AR AR TR AP, T LTS 4 A R 5 L R g 7
g :rgal;l;e 11 (Color online) Modal coordinates of target spacecraft solar E "] Zij] j] M%%{, If%%ﬁ@ﬁ*ﬁﬁ%%ﬁ%lﬁﬂg*ﬁm%&
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Dynamic modeling and control of large flexible
spacecraft combination

ZHOU ZhiCheng, WANG XingLong & QU GuangJi

Institute of Telecommunication Satellite, China Academy of Space Technology, Beijing 100094, China

In the mission of spacecraft on-orbit assembly and service, a large flexible spacecraft combination will be formed by the
capturing spacecraft and the target spacecraft after the space manipulator completes the capturing misssion. First, taking
comprehensive consideration of vibration influence of all the flexible components as the joints, links and solar arrays, the
dynamic model of the spacecraft combination is established. The non-linear torsional spring models are adopted for
flexible joints description; the assumed mode method and the finite element method are adopted for the flexible links and
solar arrays; and the dynamic equation of the flexible spacecraft combination is established by use of the momentum
conservation and the Lagrange equation. In addition, a composite controller of the flexible spacecraft combination is
designed for trajectories tracking and vibration suppressing. The dynamic model of the flexible spacecraft combination is
decomposed by use of the singular perturbation method and the two sub-controllers are designed seperately in two
different time scales. Finally, the numerical simulations are carried out to verify the effectiveness of the modeling and
control methods. The results illustrate that the dynamic model is accurate and effective for representing the kinematic and
dynamic properties of the flexible spacecraft combination, and the composite control method is able to guarantee the
trajectory tracking pricision as well as effective vibration suppression of the flexible components. The dynamic modeling
and control method are applicable for engineering practice.

on orbit service, flexible spacecraft combination, space manipulator, dynamic modeling, trajectory tracking,
vibration suppression
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