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Abstract: For the dynamics problems of rigid-liquid coupling spacecraft systems with liquid propellant, a 3D
rigid pendulum model was used to simulate the nonlinear sloshing behavior of the propellant. On this basis, the
Hamiltonian structure of the rigid-liquid coupling spacecraft system was studied, the R *reduction ( correspond-
ing to the translation invariance or the bus momentum invariance of the system) and the S (3) reduction ( cor-
responding to the rotation invariance or the total angular momentum invariance of the system) of the system
were introduced, with the reduced Poisson brackets of the system in reduced space 3 (3) x 3" (3) xS,(3) de-
rived. Then, the spin stability characteristics of the rigid-liquid coupled spacecraft system were studied. Firstly,
the relative equilibrium of the rigid-liquid coupled spacecraft system was derived under the principle of symmet-
ric criticality. Based on the energy-momentum method and the block diagonalization technology, the spin stabil-
ity conditions and the Arnold form stability boundaries of the system were derived. Finally, the spin stability do-

mains illustrated in the form of graph were given according to the specific model parameters.

Key words: liquid nonlinear sloshing; equivalent mechanical model; Hamiltonian structure; stability analysis;
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Fig. 1 The equivalent mechanical model for the rigid-liquid coupled spacecraft system
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Hamilton PREC H(IT, IT, ,B) 415X (20) iR 5540, X R ZER A0 02 , A SCHHHE S B L2548 Poisson #5515
SCHR[ 14 14EES 2.6 TP LIS S0 i, R 5 3CiHk [ 25 ]t o= (3.15) WM i, 3 BA SCrb 4 5o 78
iEDONERUN
AR S, 3K (38) HHE AT Z94E Poisson $55 1T LAET™ 21|77 22 14 B2 B4 175 490 %o £ 4 5 D 2
ATE I LAk s (20) PR RS RIMIIEFRIE SR € =S,(3) x S,(3) x o™ Herf ou R NIXJH] [0,
L] B R A PREL, L FRR A BE AR SCHR[ 33 ] A SFad B, WI-VB-ZE R B i K 28 R G R Z94L Poisson 155 1]
5 X (5.50) B L ITER X B Ry — M AG AE Ze h bE AR (LFE AT RTARSE ) 19 Hamilton 2544 , B8 1 5
FT DA e i 2 Sk [ 35 ] 0T B AR B BT A e B DR i SRR R BRSO, SCHR[ 14,19,36 ] X BE 5 -Ca-
simir J7 ¥ PR 1 5 AR ARG ST A 25 AR e ME AT 1 24 T A PRAN A 45 RO

2 WI-BES RIS ENE T

AT KR 6 -3l 7 VTR NI - TR B DR 2% R GE AR AR AIE.
21 RGWAEXEEER
SCHK[ 20 ] 38 35 A 1 — A~ RE 12 -2 RN, S AR AR A R A T — R AR 4y B XS T A 2.4 /)N
T HER BRI 12 (2.22) T AR LA, AL B - o) R U 0] 45 248 I BB 1Y e S, T LB IE A BE Y
AL A A S AE RTS8 3K — S SRR Ay XS AR I D A /N R I %o R S D R e S - R 5
LR A R GE AR 5 T80T R 48 B M X R R tE X B R E NI & L %ds—
A SIHTE R e, JUIT I REERRCABE IR 122 R 50, B 2 09 4301 2725 SCHR[ 33 ] iR At (2.81) A1 (5.83).
R C13) F17) /T, REWIERIE AT E R R A Q=S,(3) xS,(3)={q¢=(B,,B,) } , IFHAW
T %€ XK Riemann & .
<<vq,vq>> ={(v,,%,), (39)
KXhv, = (B, u, ,Byu,), v, = (u5u,), 3=3,,9,;9,.3,] .
R 40 TR A e SR 3 KOG RREE 435 R
Y(q)= (B, y, .,B,y,),
G=5,3),

oF oH oH oH oF oF
B >+ < B > (38)

(40)
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KPRy, ,y, PFRBAH FHE
{Ehy. + 30y, =de¢ =K,
Ty + 3y, =
X J, e, 5 A”'Ji‘%ﬂ‘%?ﬂ’]%éﬂ”@ﬁ%&%d]ﬁl_r
MM Lie # G = S,(3) ZEAEHTZIERIE Q A7
V. G x (S,(3) xS,(3)) —(S,(3) xS(3)), (R,(B,,B,)) »(RB,,RB,) . (42)

95E Lie VELE e g, XBT Lalr i Ze B W, WA R SBT3/ VE BUOE

d
§()(BI’BZ> =£ p< g)(B ,B,) = (§317§BZ> . (43)
MRYGBE B -sh kB AL AR Y AR s e itk 1, (¢) ;g — " KfE g" PiESH
FIPEIR-Bh & 1,(q)
{<£,Im<q>ﬁ> A (E,(0) m(9))s

(I,(q)m) 2 CY(q),m,(q)).
FRARPE SCHR[ 33 ] WX (2.98) I E X, E AT G H FIRWI-BREE A K4 R G a0 F 18 1E L RE I
Vela) == &) () = V() M) == (£ Tu()E) — (€L (0)). (45)
KPBUEBMEIRR I, (¢) SFER-3hmItR I(q) "THE(39) . (43) . (44) TS
{ lock(q) = 1513T + 325235 + BlalzB; + BzalzBTa

I;’(‘Z) =B k.
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(46)
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AT Y S H AT A5 3 R G VB S AR Y (B, ., B, ) TR AT B P A2 25 A
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£B, 3, B & -B, 1€ B s =0.
RGEAEF AR S, AT RATERA .
1) E 1 R IEHEARENS KRR B, h, BHFRENZEER B, |, MIRGERAEE E =HZ
[ 336 2 AT A S Ak
Bl,ehe X Bz,ele §e =0. (50)
iZ 3 PEARUE B i A T 228 SOk [ 23 ] b 38 3.3 450 (1) MUTERA, I BT IR B I T SR AN 32 P 18 37 1)
S,

2) WERAFEIES R W RG2S WA €, pUEBUEBIEINR 1, BORRIES S, 6 2 251

(49)

E.xIy € =0, (51)
01, £ = A, AVRH B R, B5 2 LSy
E.xUy & +B k)=§ xa, =0, (52)

Xf e, SR RG24, 90 B 1 SR AU i R al 225 SCRR[ 23 ] e B 3.3 2R PRy
WE], AR BUERIEIR 1,y SRR E LTS5 3R 23 ] 90(3.33) , AN B SR PRRRH 54
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ZRR B VRS BT s 8 5 6] 45 S R M A B AT D 1o o 2 10, 3 498 4 () A 3 32 1) g e i 5 45 28 M k42
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§c:§Bl,ee3 :fBz,efs’ Bl,eeiz_Bz,efi’ i=1,2,
h,=he 1 =If,6d =de 6 kK, =«ke,,
X e e, es}, Uf, S, fo} Z3BIRERE T 1L p ERIMASE- & SR R AR AL bR 2Rl BT 12
HSEHGEEL T RTS8 RS 53 ShAT DL UE X SE 2 B0 L X (49 ) Hh AR XS - 7 R 119,
AR TS J e X mEE A (46) R (53) , AT
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(53)

3 (55)
g/"e = Span{Bl,eel 1B1,6e2 } .

HRAESCR[33]) PR (2.119) KF % 1) ker DI (q,,&,) T, (G, ~q,) TEASHMZSTA] VI 5 S, Lh RO R
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FRAE R AR, W& 1 F7R.
B rh 2 SR BRI B B AT il 2805 | B SCER[ 23 ], B2 ot ad SCHR [ 1] o (P48) 45
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Fig. 2 Stability regions of the rigid-liquid coupled spacecraft system
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