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Table 2 Parameters of truss

Parameters of truss

Cross—sectional area 6.24x10™ m”
Young's modulus 5.0x10 Pa
Each span length of truss 0.75m
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Table 3 Modal frequencies of truss

Modal Frequency /Hz Modal Frequency /Hz
1 0.3304 7 1.814
2 0.3304 8 2.719
3 0.8935 9 2719
4 0.8935 10 3.622
5 1.704 11 3.801
6 1.704

K3 AR
Fig.3  Modal shape of truss structure
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Table 4 Acting forces

Acting torque Amplitude Direction
M, 50Nm %,
M, 600Nm "
M, 600Nm z,

B 12405 B N 100s, 15 B45 AN K] 4-6 JiF
AN R T SRR ) A AL bR AR B KA TE R
TR S AR AR X 2R A B[] T
22 BAEEBIXSEE S

ME 4Rl LBt T E AT R R,
WO RARAEZ BN I, 237 A 5K P A A3
Pz, WIS () ] LA HY A7 28K i 1) d5e K AR TE
WEERE AT 35 1.2m. 3% AR 8 % T R 2809 1E 7 s 173k
VR T ASHIY SO AT 2 S HLBh , R B —
SR, 7 RIATALARIE , Wl N B

A I AAR — 7 48— A A5 75 R I A — 5 55 —
PR BRI B a] OB NI4T 22 - N4 5y
1P RE AR g b 2 et 90 K 2% T AT A
FSPESR S SR A LS Z M AR & . Rl 5 7T 1L
B, TR ) W G 7 KR 1 R AR
AR TE 2R 25 M AR TE AN 29N ) A 46 A2 T
T B IR — 5 — AR g i) 7 5 ARSI
TCEAREE AR PR 2 SR S B AR Z M S . H
L T BH T I 44 28 %) i R e, SCRiR [ 9 ] v i) 4k -
SR WA BT TC VR HERR 3R RGN B 1244 TR

IATEL 4 H i <RI 7 42— WA 452 780 0 I —
MT 2R - s "B () %) b bRl DU, 22008 K it )
RIS S, RGN Bl 127 R 0 25 77 A —E 1)
250 N 4(a) AT LA Y, AR A 3 BLARVR % A
RS, BT R 3R RS K
A RRE) VR R 3 P, VR B I Py e Bl 15 o £
INTFHAB A 3T B S RV S il 1) 1)
S I AR L) S R T AR AN T ) L
AN S 2200 T R S ) AR ) 2 sl 5% o, 2 3 AR 1Y)
P22 IR 25 AR B AR KV NI A iz 3 I,

= Rigid+Truss+Rigid
====Rigid+Truss+Point Mass
= = Rigid+Spring+rigid

ol H
R e
"

R
-
-~
-

Roll Angle of Main body (degree)
W
=1

0 10 20 30 40 50 60 70 80 90 100
Time(s)

(a) EERARTREL S L (2, J7 1))

(a)C()mparison of roll angle (xl direction)

5

= Rigid+Truss+Rigid
====Rigid+Truss+Point Mass
= = Rigid+Spring+rigid

Yaw Angle of Main body (degree)

=T S N T =)
——

0 10 20 30 40 50 60 70 80 90 100
Time(s)

(b) F= AR AT A XT L (y, 71

(b)Comparison of yaw angle (y, direction)

—— Rigid+Truss+Rigid
5F ====Rigid+Truss+Point Mass
- - Rigid+Spring+rigid

Pitch Angle of Main body (degree)

2 . . . . . . . . .
0 10 20 30 40 50 60 70 80 90 100
Time(s)

() B ARAFAD A XT (2, 5 )

(¢)Comparison of pitch angle (z, direction)

P4 EERALAS AN L

Fig.4  Comparison of attitude angles of main body

SR IAE L IR 5 b NIEL 6 (a) AR XS S 25 1Y
XF LI T AR Y, 280 T AR s AR i e sh Bt S
WK — AT 28— Jo ™ SR ) 1 2 A8 I 23 /N T W)
PR-HT AW BE N 4(b) (&1 4(c) (K 6(D)
K6 (c)nl LR, B 9K WSS R A A £ 0 ORFAFD £



30 g 1 % 5 o OH 2 il 2021 455 19 %

610 0.07
= Rigid+Truss+Rigid
— 3+ ====Rigid+Truss+Point Mass
ék D - = Rigid+Spring+rigid B 003 -
< = - - -~ ~B - T T i TR ™
2 W i ) i ! | g
3 1] h HIRIH ; [ HH )
e - EH B 3 y
s fi i HH1HLE : 5 -0.01
= i H 1 H Es
) 1 g
g i 1 =
£ ! H 3
) i ! & 0.05
o i ! 1 2
a o s F i i 2 0.01
= ‘B i N i H i = Rigid+Truss+Rigid
El ) Il H H1l w N 5} 0.005 = Rigid+Truss+Rigi
1 | ! i ! :
g ¥ 'i [ i lﬂ e ’ %' ?' : ] = 0.09 | 0 ====Rigid+Truss+Point Mass
2’*’ H [ : 0.005 = = Rigid+Spring+rigid
-0.01
24 26 28 30 32
18 . . . . . . . . . 013 . . . . . . . . .
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
Time(s) Time(s)
=y L < TS L Vit e s
(a) MR B KA A X L (o, o)) (a) R AR 23S (TR £
(a)Comparison of truss maximum deformation (xl direction) (a)Relative attitude angle (roll angle)
12 4
1k = Rigid+Truss+Rigid = Rigid+Truss+Rigid
_ ====Rigid+Truss+Point Mass 3k ====Rigid+Truss+Point Mass
é-,» 08 = = Rigid+Spring+rigid = = Rigid+Spring+rigid
~ . P
3 o6l ~ o Aoa oA g2
] A £ n @ h
Eo04f A HAEIH 2 gt |
G H HE > H
4 ! A R HEHE m = 1
£ 02f il R AR HEIN 2 i
2 RN RN HEHE <0 -i
5] H IR
E Op- - - - =i neidigi kg z i
S IR R i >~
B b gial o
2 02 [ o -1F
a L B B H B g
E L HE W A A H A 2
™ I 1 I 2 2p
£ -06r o oy ow o
= v v Ry
-0.8
1 . . . . . . . . . 4 . . . . . . . . .
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
Time(s) Time(s)
D = ™ X 5 "
(b) M4 RAZTE X L (y, 7)) (b) A S AAH XS 23S (IR AL A )
(b)Comparison of truss maximum deformation (y, direction) (b)Relative attitude angle (yaw angle)
1.2 4
i —— Rigid+Truss+Rigid — Rigid#Truss+Rigid
=-=-Rigid+Truss+Point Mass 3t =-=Rigid+Truss+Point Mass
08k - = Rigid+Spring-+rigid = = Rigid+Spring+rigid
oy

&
i
i
i
i
i
1
1
i
i
i
i

Relative Pitch Angle (degree)
J S
CrT

Maximum Deformation of Truss A_(m)

3t
-0.8 [

1 . . . . . . . . . 4 . . ‘ . . . ‘ . .

0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
Time(s) Time(s)
() HTAR R I AE AR LE (2, J7 18] ) (e ) AT AR XS 2 (IR )
(¢)Comparison of truss maximum deformation (z, direction) (c¢)Relative attitude angle (pitch angle)
5 HTARE KA A0 L Ko ARumP A LA
Fig.5 Comparison of truss maximum deformation Fig.6  Relative attitude angles of power unit

RSN TR ARAF Y KA e BRSSO AR LA ) 157 I (L 30 A B i 7 A
PRz [ R =5 1 e Sl 2R S 10 BEE IS AR AR AR 4(b)— & 4() M 5(b)—T& 5(c) H, 7
S, PURRITE AT A FRHAED Ffy b f) 22 5 S RO ARSI I 7 P2 2 S5 A R, I 7 A 2R 7 431 4 A 6 ]
e A0 2 Sy S A A2 5 DE R BT IR R B AR A D — A

R AR A SRR R -AT 2T " MR G B T2 T AR SR 0 5 s A



5 6 1]

TR AT MR R R S W - & 8l ) R S B 31

RGN RN, SECT B ARIR T,
FOFAARX IR A BISHOR S 2% Zifi .

RS FEBMEI L

Table 5 Frequency comparison of two models

Modal Rigid—-truss-rigid Rigid—truss—point mass
1 0.1022 0.1041
2 0.1022 0.1041
3 0.1699(Twisting) 0.3637
4 0.3414 0.3640
5 0.3417 0.9428
6 0.8656 0.9438
7 0.8667 1.053(Twisting)
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RIGID-FLEXIBLE DYNAMIC MODELING AND SIMULATION OF
DUMBBELL SPACECRAFT *

Wang Boyang' Liu Zhuyong'" Zheng Pengfei’
(1.School of Naval Architecture , Ocean & Civil Engineering , Shanghai Jiao Tong University , Shanghai , 200240, China )
(2.Aerospace System Engineering , Shanghai 201109, China)

Abstract A new configuration of spacecraft was designed for deep space exploration. Due to difference of configuration
and mass distribution, the traditional dynamic modeling method is no longer suitable for this configuration. In order to
satisfy the requirement of overall design of dumbbell spacecraft, an efficient and accurate dynamic model must be estab-
lished for this configuration. In this paper, based on a small deformation assumption, a rigid-flexible coupling dynamic
model of dumbbell spacecraft was established using a forward recursive method in the floating frame of reference formulation.
The orbit-attitude-deformation coupling effects were taken into account, and all the high-order coupling terms of defor-
mation were kept. The numerical simulations of the "rigid body-truss-rigid body" model proposed in this paper and two
existing models were carried out, indicating that the inertia moment of the end object cannot be ignored, but the proposed
model can capture the rigid-flexible coupling dynamics characteristics of dumbbell spacecraft well. This paper will pro-

vide an important technical support for the overall design, especially for the controller design of dumbbell spacecraft.

Key words dumbbell shaped spacecraft, rigid-flexible coupling dynamics, multi-body system, forward recur-

sive formulation, numerical simulation
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