2001 £ 11 A
EI3IBE LM

FEIERS

Engineering Science

Nov. 2001
Vol.3 No.11

KT MK A8 3 T A B B ]t

Slagt!, wmrF, A&, LEA?

(1. LT KB ZE, M

(=]

310014; 2. dE X E KATBEEKKITH, bE

100086)

SEXPRVEM R A8 3 SRR REB R, SR T 3 ¥ BERILRE ANEEE, M ETHTRSE

AERBESHAXREN ., BFHORENEIHIANFERLREATRRSRAERSHER, MAREENT
B F RN MRS R RS W R RS I, B A7 E 0T A b R e T 3 ) AR [ R
R, T A3 R SRR T — AT, AR AR R R3S 8 R Y 45 R

FTHCEE, HRBIar R A bR e T 0K 48 09 30 N AR

[XEIA] WK THEK: SHh¥; RN

1 3=

KT HATAR SRS s N E R, S
BN R R AR B N F R, XA AR R BRI K 5L
ROBRALK 8% & GE 80 3h 1 e, LB SO R %
1%, DMESBA BT B sk . FE, M3
EAEY, MR IEHERITRRR, HE
B B B A LK o R G T B0 ) 2 AR B T B )
B, BRERERTTAFT ISR —JHRRES M
MRRESE, ERRARERBRITRSHENES
£, ARAXHENESENBARITT RAABERS
WA, BHETEERE; A HERMAEER
N, DEEESEFERSENREES,

2 FRARAE

F ALK A5 AT SR M0 F R PR A TR
MR : H oA R, RSP E R4
A WOHEETHOK, YT PO ETERERE
g, ATHMRBHERKZS (Rkzsh) 5%F
BEX T, 6T Bh R B AE BT AL 3
B, RATEFNEALIRENLGETE, 5IA
B E T OB O R E AR R BARTRR

(EmAM]
(E&E ]

2001-04-16; fEREIA# 2001 -06 - 20

Mz 3 R T AR A8 W RIAIZ 3, AR 28 4 A
Xt HAAR R S B R T iE 3 . 7 AL K 4% B 44
5 e i 7% B R AL B ST [ 3 Tz AL M R R R B
HEER, ZLRRMEX TP OREELRRBE
B BT MR R Z B, T B 5 AE X I A AR
R RBREERZF,

REBERESENER, ¥TEEHAESRIFXR
TR o VO H LA N SR A B 2 TR AL B IR S R T R
53R R

u. = @.n, u; = O;in;

Kt @, 1 @; 573 K A5 R F 504K 28 T2 1428
ERESEE (KESE), n. M 9 AHENLHES
BlR, EESENERREELEEREN 0. M1 @,
UERBPHMEREE . §HANESER N/,
2.1 MHWHEENESE

ERASLEMEAEETERNENRERRE
IR, XAERENEFRALIRENET
NV B SR R IE B R AR B F A R E AR R
o EABHMS R, AIBAMRXBNI %N
o T O A B AR TR 3 2 A X T AH L B
RME K, BEmshh2EhES i AP O R
SHHEBBFEENRS, Wk REREES Ry EE

ZMPL (1940-), B, THEHBHA, LT KENRERER



£ 118

BRBE: KT RUM KR 5H 1 F B 7] 61

FEIENES. T HRIEE B3 8RR L
B BRI K 8% B3 1 2 AR, BT B B TE RS
RBEZ, WTFHPLAERHEEKR. MERKHMX
2, AUk A4S IENESES N AR ITFH
RAZI

2.2 Craig Bampton (C-B) &l

C— B B i ¥4 1 B £ 5 1 1E W B2 Xt
FTRELIRWARERAR . #5514 =) & 7T 43
ERTREENESE, ER&IHETMRER
IENBESH R

MNFRELIAHARESRBEARNWATEH
ERHA RS, e X YA mEHEK
KHBAMHE, MEABAEEHEMBRIINT
B, HEEERN—RIIBESABE,

K Craig — Bampton #2%E, HEHE KA
¥EELRUSFHMRBIN%EFTE, BR, i
PR S MM E NS LIRS, BEEFEARE
ShIr. HTESEWERESDSIANTFRELIRHNYA
RESUTEEH MRS EE, Bl RAR
PHEERS, ERSTEEKE, BdTESH
FHBRPERAARES LR, Hmsh H%ETBAOH
BB
2.3 MacNeal-Rubin (M-R) #4023

M-RESEHAHFHENESHMBRES
H. BEHATENESENSI HREHETA
EMBE AR .

FIRESRARKIEEZNEHESH, EX
MARKERBRALATRENATAEHE LBIK
AL T B S 5 M B MRS — RIIBALE

RABHAEESESE, TRHAMXBHI
HFEFBR. MNEEXN B TR RR M E R A
A, T AR A AR A0 58 T U A AR R AN A
SH, BT RSRREE AR R A B E R
AMAR. 5K Craig — Bampton B ASE ML, R
Al MacNeal - Rubin S £/, REHFBHPRTFH
BB OR B MM E MRS AR R S, B
BRI N ETERORBEM. R, KA Mac-
Neal — Rubin £ # 17 & R FF R A R IF BB
%, ERRERNS BRI BT AL REEN
R,

24 REGHMEUETERSE

FAMRFHEN FPORBELIRRNRAS

HEMETEES, BRI HEER, 5%A

HMUERERSERMALL, Sh¥TBEFRATHASR
SRR RSRRRAIEY, BESRITH RS
By, AMABRMOHEHBERME, EREERH
BEAEEEN T ABARESHE, BEdESEEH
FAGEUES, RABFRERSRARE WA
EHARSEENAAREERIBUERRE R, RE
AR B4 B 2R Gt 45 ) B S AR TR AR 25 0 o B AR R
RYMAFBNHNETE, AMBEETIH,.

3 REBLSHLER

HT #H—BREEH N ERB G, MAERR
FEE-BRE, MTHEERIREES. BF
—RIIERRERSHMER . BT HRAEN ., B
56 & YEHE N A4S 138 R B MEN 51, X R BUSR PR K 2%
HRALT R RN,

3.1 EEHESHY

BEMESH (MCA) BRITEESHE,
RE$T - FEFRERSHO T R, SHMTEM
o, MEMES T ERBRSEESEH BIRKR
X, AmEmaHE. BXAks h¥ETRA:

E +28QE+ Q*E = Du,
y = CE+ CE,
AP ENET LR, AHEM AR, @ IS
RN, u My D IMAMB L TR, EBE
FFREOL, XBT4EH B AR R %R
V = EjmyTdet,

0
AFENPEET, Q ARBRy BOBERHRN
— A

EBNAIES, A

C, = [011"‘01N]’

(1)

(2)

C, = [021'"02N]’

WEeERD, EHHBHAGT, &

V = ﬁ:Vi,
Kb V.RAE MESHESHE, BF
_ (cfiQey; + wl3.Qcs:)d?
Vi = 4Ciw% ’ L
KH o MG AHIHNE AESFRMESHEE K,
N BINMEBT XNHERE (YEEZEARS
Whe), |E | MES LNV RERN Y S E
(MEBMBEERIN), AKX (3) TH, AlE
HEARNESMERILHF K, BRMNZRE.




62 P EIER¥

LRE

AT AR S M EM KT ERH#HTHES, R E
LM ERMES, BEREMERPIES, —
Wik, EAMEIFASEFRK NS, HEESME
ST EREBHESH KL, WM& SEH ER,
RESHAESE., B, REESHEERDS
REMTRE,

3.2 HEEEpT

W EFRE A REEE NES S | AR,
T f& 7E 20k R P AR 3 J5 B N 4 25 18] 9 AT RE B,
MR YRS EENFAEMEREE, Hi#HfTH
TR, RAXNMALISEFR (1), HERE
p S, BABRERREFBELN:

¥ = Ay + Bu,
y=Cyx,
R
x:[éTgT]T
0 I 0
A = _q? —2§Q],B:[D},C:[Cl Cz]

rTEFBRPERETRHMAEES, BMER A
WA A AR AL,

Frig - AR f5 B2 M BE W Gramian
B w V%S, HEexmk:

W=V=2%=daglo;, i =1,,2pl,
X B FABEM Gramian B E LA -

Lo T L T
W = j e"BBTe? ‘dz, V = f et 'CTCe?dt
0 0

BTN B AT # Lyapunov FRRH !

AW + WAT + BBT = 0,

VA + ATV + C"C = o0,

NASENL: I <> X Y N OF- i - Yk

RIE AT R TR EERX, &R R
R ERAARTEEERX, RN PEREHTR
Wro BT IK B 8 X A AL Gramian B IR & o,
MR/, MM F/D o BFEEREX FHRA u BA
A, MFRE y BATMR, HmXERETL
BE. i o, EREZEHRTAZE, H%¥T Gramian
R 3 AR R A 1EL Y 7 AR

o; = AWV,
Hif, SREERTS, FA—EZAREL
HEEER, REW Gramian BRI AR
FHEREBRER S — N EEEREFEUT Ko
EHBRREN ST

2p
| G (jw) — G*(jw) |w <2 D0,k < 2p

i=k+1

KB G? (s) =C [sI-A] 'B HEMER WL
BHERE, G (s) WEBWEMN r HEEI ML BE
M, {255 & MR ARSZ M.
- (c1; + ¢355)d;
G**(s) = ;G,-ZP(S),GiZ”(S) = 7t 2tes
X &, w FRNRMNAES, QWE MTE, d;
BRD MBI T, cu, cxHRC,, C,H%E 5,
Gregory WE BT, B4 4 B 95 % i /)N BHL B 45 1
R SEBGE VN PR, 1o, iEB2 TiHHE
Wi o, KIERIRERRN
AV bbT(cler; + wieies)
- 4¢w? (4)
Opei 05 1 = 1,0, p
VRN EE, RE/D o WEIEAZE
RAAWEmR, FxmbeaRmE DN, BT o B5
HEMEmERE, HmalRAESEmERE.
B AT 1 43 B AR BE M7 4% DA TS o ) 34 bl

max (§;,§) max (w;,w;)

| w; — w; |
HWRRX (5), MEPR o, o RBDIT,
BXE 5= E 02 MFREERLARRE, Bk
WNHABEHER . XN —BHEKREAE RN
T, P5#% Gregory REHIEMR XX T ELEES
B o, R K/DHTESER; HF T LLER
RENTBROPLUEEELERA, NMEIMEERS
HAEFT AW UREREFTRERE/PMIESEWHARLK
RBAD, EXMHELT, #REFELE KDY
o, MEEM - BEF /P o, WS, AR E
BIRZ R BRI EN R E B DS

4 HEB-R%Fo b

RSB43 B o U 2 B %o A K 4% R GBS I e
B, pOFA S R AR P 2 B YRR, B X
TRASEARK/NEAREGH, ERRHNREHR
SHFER o ALK 2% 3h 71 2 B AR ) [ B R X T
WO REESREN, IERAREBEESER,
R 5t X AR TR R RS REL . B
TR 4 G0 5 259 1 23 Y U 0 A9 - 8 o UL AR
Bl 2 B B BRI RLR o Oy MG 4Rt LA SR

1) RARE N, B2 KBRS,
BUMABRRENHNETE. BB NZET

L1,i#j (5)



=118

BIRBE . RT R KA 3 1 BB R 63

BHATIFMEE ST, BIMRERFEESKIEE,
LYEBEMBEESREARITANER (BHER
1) —Bn, XRABIND N EHEUEEE
B

2) IEHMNS ¥ TR ERSHESHE
MATFHRESEWAY, RENRENMRBRLR
A (RERBEE),

3) MAARBLEHHHEES, BYREND
NEFR, M NFFBRFEERE, BIRS
BE. BRAARRSHHEERSEENBRNR
GESRHEMBEMER TS RFETHE, £A
MFRERBESEHABIABERERNELS
OE: L Y g

% 18 B &P o0 AR A0 P R AR 4 B SR AL R
BELG, MA 1R, POERERTH2m X 3m
X 3m, HEHRE 0.001 5 m, #ERHE, FHRR
WA RS, RTLE 2, EEX0.001 5 m,

KA EASE . Craig-Bampton A E Ml
BESZABRBIANARGEE BT ESERE,
Xt & B BT 3 83 1 B AT AEE A, 183
BB HRENFERBROIANFHRRN, EF
BEMEELE 1,

%F—&w—*Aé
/

BH1 E—HRAZHME
Fig.1 Configuration of the box-plane system

j—1.0—»

-»E;k—Ls—a

B2 MR~

Fig. 2 Drawing of the solar array

R1 BABFNEFER/INBEREEETRTSMNERNLR

Table 1 Eigenfrequencies from dynamics equations compared with the FEM values

FFIESR % /Hz
78 1 2 3 4 5 6
PP 0.76 0.81 1.52 1.89 2.16 2.35
HAEH R Craig-Bampton 7 0.59 0.64 1.80 2.36 2.36 2.43
' RERBEVEESR 0.54 0.58 1.83 2.37 2.38 2.45

FRTANER 0.55 0.55 2.32 2.37 2.65 2.65

MR 1R, RARGESRENNESER
TAMERMW, HREEK, REHHP.OER
TR2EES, MENNRRT 8 S, X£&H
Fen R A RERSC ARBE RSN KBS
WAL % . KA Craig-Bampton ALK H T
SIATHERRS, BFHEI RN ER
BT, Bimh AN REFERRCEERRT
SRR RAENTHLOABEERNRESH

BETRSER, L 20 BrRAR, dMEMK
S AEHTBRBINRGEEE RRREEAR RTOH
WER, RUXHFHESETRIABR ORI
B, BEXNABRNRENBERBSL,

DR B =AML, HNM%RENS
A, HERA20 B RESHRER RSB
A FRARN B EFRESHESHEN A FEHER
SREMAN, FIREGRLE 2.



64 P EITER %3
F2 ESMEMHNEERESEMAR
Table 2 Modal costs and modal influence coefficients
BEFS | 1 2 3 4 5
BAEME 0.124 x1077 0.476 x10°° 0.810 x10° % 0.486 x10° 1 0.377 x10™ "
BAERWRK 0.154 x 1073 0.935 x 102 0.391 x10°° 0.234 x10°° 0.205 x10°°
HE2AFY, STHRME S MEA, WK [3] Rubin S. Improved component-mode representation for
AMESTRAFEEENNAES, REMWETHEH structural dynamic analysis [J]. AIAA J,1975,13(8):
MARIEEA, BB R A RS B 9951006
%ﬁﬁ:’&?ﬂ‘]/]\?&% EMEXQ‘%MF)’T&**&# ﬁﬂﬂﬁ [4] Skelton R E, Hughes P C, Hablani H B. Order reduc-
AxtEs BRROTMMAAD, SNRFMEE, iR ton E‘J’r] m;’dss_;f = ace:g:t"'js r;:zg ;"(T;I;:t a;z_l;
ysis . uidance an ntrol, y 1351~
3 1 [m] .
REW. B, X'flttﬁfl:i%gf‘\ﬁ » MEERIAED, R [ 5] Skelton R E, Hughes P C. Modal cost analysis for linear
TRRELFH RERS, MaR 1 AR, BRA matrix-second order systems [J]. J Dynamics Systems,
REGWHEBRER LN N¥E T RERM L Messurement, snd Control,1980,102:151 ~163
FHRGESHFEMRBREBEEERTONMHE R, [6] Moore B C. Principal component analysis in linear sys-
H i, X‘J'ZFWJi#, %Fﬁ 20 m,\ﬁﬁ%mﬁﬁﬂ)&%ﬁ tems: Controllability, observability, and model reduc-
BB N ERC EBER, B {FIEHRESE tion[J]. IEEE Transaction on Automatic Control,
BMkRNRARELSHH. 1981,AC - 26:17~32
[71] Gregory C Z. Reduction of large flexible spacecraft
% ;g_ X models using internal balancing theory[]J]. Journal of
2 ,
[1] Craig R R Jr, Bampton M C G. Coupling of substruc- G;zldance, Control, and Dynamics, 1984,7(6):724 ~
tures for dynamic analysis [J]. AIAA J, 1968,6(7): &
[8] Spanos ] T, Truha W. Selection of component modes

1313~1319

MacNeal R H. A hybrid method of component mode
synthesis [J]. J Computers and Structures, 1971, 1
(4):581~601

for the simulation of flexible multibody spacecraft[]].
Journal of Guidance, Control, and Dynamics, 1991, 14
(2):278~286

On the Order Reduction of Dynamics Models of Flexible Spacecrafts

Miao Binggi', Qu Guangji®, Xia Suigin', Cheng Daosheng?
(1. College of Mechanical and Electrical Engineering , Zhejiang University of Technology,
Hangzhou 310014, China; 2. Beijing Institute of Spacecraft System Engineering ,

CAST, Beijing 100086, China)

[ Abstract ]

duction criterions for the selection of system retained modes are summarized. It is pointed out that the modal

The usual mode sets for the dynamics modeling of flexible spacecraft are reviewed. Some mode re-

cost analysis and the internal balance theory are for the system mode selection and there is the problem how to
use these criterions for the component elastic mode or the system elastic deformation mode selection. A tactic for
using the order reduction criterions for the dynamics modeling is introduced. An example is given to show the
comparison of modeling results with different mode sets and to illustrate how to use the mode reduction criterions
for the dynamics modeling of flexible spacecraft.

[Key words] spacecraft; flexible bodies; dynamics; reduction of models
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