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Controls-Structures)*™. DOCS £ % s fhk |- 7] 4 Fy gt
B, RTARER. A Hr At ARy, AR EE R ST
RO, WIS B ST IR
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BIE; ot FEFHEBRSEAES S Pishttae
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AT P50 AT S5 AT BRI S5 KA e 3 W) B I 4
B I AR AR B 2 R A

NEEE G )R B B 1) 2 (AR AT 5%, NASA
M201H 2890 F AR I LAA i A0 7 A B imss. FfH =
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M2.4 miEFEEI8 m, 173 R 0.1 H0.004". X}
I, NASATFK T HEMEBEIAEIHRAFIME  (Integrated
Modeling Environment) H TR 3 £ O AN 255 P
i, FEAFEPIAE: BR o M RN 45 1 - B 2
S HTREER IMES () B 20 W R ) BE A R A
Sei iR 45 M CADB YRI5 Mg iR R, FIR A IR TR
FNASTRANAEBEAT Z5 1A PR TT AR 704, i
R M 45 RIS RGURES TR AL, R
AR T RGHA, @ A R B A I
ok, R R AT ARSNGB G
AT A3 30 e 2 U B AR PR A S Bk 5. S R SO
TR RGO, S FBUR R T 6 R 5
OB EIUE. BEEH RGH HMATLAB® T, FIH

SIMULINKAf &, DA 1% 57 22 G 20 42 oA BT 2
Mridde, 8RO HR I E 5 AT R G EIR O, 15
FIFIAS AR MR Z AR FRZE . S5-I 1
BRI RE AR, 8IS RS AT A 2
R BERT AR 2R, SR 5 U5 37 W i 1) 4 R AT
HRAE 546 A PR TR AT B 8 20, 15 20625
PR TEAG L. AR 6 2 A (14038 3 5 150 R FH O 25 4y
TR AT V62 R BUE TERE 73 . S DOCSHR L,
IMERE T o] @7 RS U B S5 S BN R REVEAS, 1©
SR, SN E IR, R EE
R IMESE AT X TR, B A ST, DOCSHE
VARUREE BT AN 58 1 20 AT R0 25 BE 43 BT 25 T R
SAEYE, DOCSH [ [m R 2= H 7T, THIMESE [fi 7] T
SEH.

R P 3% 1R 4 2% D012 2 IME BRI 43 #r 2 455 R i,
R RSN 1 I A, [ BIADAMSH A4
TESTARYR- 25 AL - T A JRREAT T M T RSG50
iF; B RS AP Sy T TR S M- — Ak
B, SEREAT T IR RIS T, A A AR
TR BN ASAS e R o M v, IR BT SR,
X R ) 2 TR N R RS S Nk Re i 3R AT 2
R 2 () B L TR, TR I 2R B8 RAMAIR B 40 #r AT 220008
LAY R G NIE F (R B0 H NI ERS).

4 MRB[BHEFEREFA
4.1 FPRIREFRA

N TSR S B 0 SR, R 8% — AT b
ST MR 1A B S, W 1E 52 5 BEN LR
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B T RIS AF AR RO P b i B 4, B0 T
RAEHIEAFBLAS. AR TR 2545 356 o <3t 38
6 i) R, SR PR 0 - g 00 B 42 1) 5% s HE AT 4R 3R
By R — b R AR T B LR AN 5 T T o e
Wl H R S T IR [F N R T . A R
B, JIBRARIGH A B 0% 5 A B A 2 R 6 25 1F,
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B EERNARE, BRI E e ®
IRAENASA LA KX ESAIF R & 142 4R sk 56 o 4 F O F
A3 T RIFIBCRDY. B T A St ok, H Al
AR VF 2R s, XR ML EREG DL
WEIERERK, SR Ry U R B R ke
o A AR B A 9 e iR i, AR LR
J7 AR AR AR A L 0 & R T8 G i 7E iR A
Ak 1) B P A7 SR SR R B MR AL ) S g, AT SR A
BRAEFT S BIR T, PRI SR A% K DL 2 2 B 2
B 5EGHIN ML, XSGRV, B R
A LRI S AR, AEZ I ) X A R I
AR Ty, VAR b € 1L A Gt bR .
20124F, Konrad Wit T #1IABGI 1% &, FFitE4T
TSRS, 45 SRR W ke B & 1) g T SEHR AR
E~ R E S SRS G ISR, 120 E
USRS fE Pathfinder LCMLE.

] Py 0 B3I 0 75 iR K0 S 4R 20 20904
R, BEE R E RURFALE DA E, ZE A EIEROAR
SO, I PR IR BN B AR B T 5 A 5% e B R
FURRL, FFZEIAR T REMBIBR. 20054144,
Hh ] 23 1) 5 AR Bt 2 5 3 58 AR A R 3 o
TIMEFARBAT 7B OE AR, et — T <t
b e 1 151E )l g 2 S 3 I [ 1 B R O P VA I
By, mseBlRSD G A R IERE S H A
JIHE ) B

(2) F1H 7 eI

HI T LR S 7 SR I S5 AL 22 ) e BARAE — €
PR, BRI RS 1 B3R 73 J7EAh, B RTIE A — 240
1775, RS el & 5 FHi OS2, AR A
AT VRN BRI I A, H A, E A SRR %
TR AN T3 CGRE ) 73 B AR T TR 2D

20084, fEI/RIFILKH A5 5 oK 2 B g
(Gamma-ray Large Area Space Telescope, GLAST)HY,
BT B UTNRE, TR S RN
JEE AL e A R A B e A
i LRI T 64 NIAR Fr SREILEY. 2N AR 3 ) 3 B AR
s RIS BEAT T ER SRR 2. R I
fEE SRR N7 RIS 2238 1 I a7 AR I aR R SRR
8 AR AN %5 B R FEE . 20144F, Paul NP4 %
TSI J5E 0 56 245 SR 5 ST 0 53, #R R AN
T EARIREER TTHEATAG T, AU IR 1) SR,

8 T FR 0 a5 R 3R AT — K FE 1 0 B9,
PEAMZTT 8 T TRESCEL. Paul%s NEFx BARRE AL it
AT TOTESIE, 455 RE200 HzLAPY, 5& T 5
iff R [ 10 ) 5 e S I A i

TE [ P, il d o IB g A5 I s, Tk 5 AT
T R R PR B AR AR S Ty
BB, SR T ZOTERA R, IREE S
AR TREGH T TR [F 45 H 0 U517 2 1 5200 4
T, A7 LG5 SBT3 AS B R AE PR IR R 2
TE20% AT, 20164F, RAEWCHEH T It T R
EEFEIR N AR AR 7 ) S B R v, IRl I A R
JCT FAN TR0 0 AT RS, WP 1% 07iE
WA AN TRRIE M, AT RLh TR 77 BR % il HiR 3k
WIS R E SRt — B 2. 1ZITER R AR 2
S A AR R, R BT TR R B X
FhEE T, X TRARNIRES, Rl 2 i %258
PLIC TR 5 3&E IR A 30 UE. 10 HoN 1 SIS AR 3 8
F, HETHT R R AR A 2, HERSIRE
FHOC I AR, 30T R 28 K 0 W] R A2 UK 1) 7
0, e DA R MR 2% ) o K

(3) Frifn JIBR A BT

FE AN 0 BRIE i 1 8 58 35 10 I BRI B HOR,
NASA T 19965 &4 T (Force Limited Vibration Test-
ing) (NASA-HDBK-7004), 19974E% 4 | (Force
Limited Vibration Testing Monograph) (NASA-RP-
1403), F£1E20024EF120034EXF Force Limited Vibra-
tion Testing) HEAT T KIEIE. TEHARAFHEHE T
AT IRER S S E 8, g T kAT EAE 5l
HAR AR LA A, UER T I BR BRI & B 5 R
AR, B 7 RERUENRRSN, A AR L
9, Wi finEE k28 (A Jsi(Canada Space Agency, CSA). KX
M= 8] /. HARZS 8] (Japan Aerospace Exploration
Agency, JAXA)MEEEFURBEFT RS, WAREH =L
JIBREEARBIHE FE . B R .

TR B AT R 24 2 50 L DA AL 5 1) I FE 5 1 A
¥, ENRZEERE0ML )\ L HER B E
PRBh i mge ] A RAR SRR, Eet—T”
et Z W], JTR 7RIS, WS T —ER
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BEAE LR SR R, S0 RO lok oK, Bl ik
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25 X LL 3R 0% 5 1A A LU T William A 7 VA AR
BREE N FE. 20174F, ZhengZ N VSf A5 BR 76-14 o6
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75 -BENLIR B RS 1 56 2 10 78 R Mk 75 5 56 A T 78 7 Il
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BRI B 0 6 R R 2 R 2R L [P 2, S
PRI 1 S s AR TR AR, HLR S RIS AR
BIATFAE — 78 SR T BE W LR SO TE S A7 A Ul R 2, 75
PRZH ARG T, H TR G i I 2 o) 455 A v AR ) i)
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4.3 RSN EA

JE R R G, R A S A IR Bl ) A
IBVEH, SREUBUBCSH A fEHEIEAE R iR s B, 2
EIE B AL L SO0 A RNy 78 PR o 1 A
Jifi. SDO (Solar Dynamics Observatory )il s T 21k 45 1)
TERARBBUR) T B JEREE, 8 I B0 g o B R
A T HIBN 1R, F DATRUR e SR s i)
ESAXT OGS th 4k T2 (ARTEMIS)iEAT 1 M T 3R
G, PRI e B ST AN 7, R Uy e
ST TR B, 3 R A 25 A T iR 2 e 97 b 4, 3 ST
PREER AR B SR Privat ™ % SPOT4#E4T T
R B b TR SR S AN BURR K, 5l 2
PEEAT 7L, MR B ik, A 2 32 2
WA — IR A DRSS EZ RN
PR AIFNI AR, A R S MR B A e 0
. JonoZE N0 TR (OICETS) i T 7 2
TR BN HO TR, I 32 BRI A ROt EE A%, s
WA 32 22 H A2 BEE PR @ (E R p sz, Ik
PR R CA S BARGE R R S AR b R . 7ERR
FHA PR A EEEE MR DA, ¥ IIEEEST
o IR E RS, WEIS R 7400 R
FENT mgy BhASTEE NS0 dBIIEEE T, BN KRG %
BAEIE AT, WS R 2= R o b, DU AT eIk
HEL, WA SR EZIEEPUIRE.

20044, YoshidaZs NI & 7 KBH FlE $is T K
ZSolar-BRURAN AL, N ARIIE R 7 5 K PHL 22 i
BEPUER T/E. BiresArmEGiaet:, mi
N RAEHOTHIEAT T & IR sh 18 56, 50t #2
TR B AR YA RO S8 b, DARGR S R T A 3%
T BT b m R T, e
WRASCRN Bl B e AL AT B BRAS, N = AN W) 19 1E 543
iy, W& REENER AR, & RRALPE) X
BRI A 2 A R T R ZE R AR, 3 1T DA AN [F] - HE s T
F6 AR ZE B R

KEZWEEIE T RARMIRN AL, FHEN]
2t \ U E TR BT T B R WOR ST R, W& T
B FORBEA B AR IS BN RS ke, {58
FEER A A SRR I B T, ARSRECE T
120 PR B R P R A . TR N R R R
TEFSEENE IR T AR DHFCRES T

PEMRE et eslis, W& 7 s R aEAF TR
e ANz ) ) FERAE A [FIRE SRS T B SR Bl
RIAEAY Je fe s M. ettt o AT L. o &
i RGEARUOTRE 7RSI, Horb L
Fouli6 1 2 /N 7 B DN R R Sh IR B B AR,
3 Z2 48 iR 6 X B T e e R v 0 R R R
BN AR A I A 1R A, T AR Gl e 1
JSAR I B R B IR B X Dl 2 AR GRS MR R A ik

5 MRB|IRSFEFIFRA

PR 5 RS B ) R A8 (B2 ) IR B 2 ) 7 VA A ST
(841 CAT RS 4, HRBAR QBN M, 1105k
A% 2 be) 2 RH SR 2. 5L, XK Z LR
ARSI ] BT TN AR K Ak, BUAs TR Kt e, 9Rah
PR EA PR R STT 0 — R AR AR A AN,
AW € ool I bl i S kit IE R okl
— A RARIE R R B, o sahiE], E SR
AN L BRI ASCRAE —Fh o RIEAT4RR.

5.1 #EIEIREAR

W B PR AR IR BN AL S A B o, W
B RIRAS . BRIREE. B S B . s,
AR SE, DAYk /IME o B IRAR IR B i B FL A
i, FREtEm. MBIRERIRES L& — e stk e
FIFESE, X TR IR RO By, RIS 32 B HOK
P AR, HERk R 2R, (HEGRE S N
KA, HHRES ARG, &R MR IRA T N
w2 N ERRR T, HAR RN 2 R SRS
WETREE, A AREI BT RO, VR AR, (HEH et
e R ZE. SRME—H) 2N H TS MRS
&, R sEpp R R, o DL R AT SRR 1
THRERIEE, (E TR B oy B B e e I
PRES A — M B ahka R 772, Blan—Fh S H T
Wi S SR 2 B i BELJE B PR 2%, FEI B o S 8L,
T BELJE A& H1BE e FLAN B ik i sh 72 2E ", Kamesh%s
NI 7 TR A R 2 1) SR P S S 20 5
BT TR. P Ny TR ) A
R T AR R RA, MRS AR AT I S
IREFRIRRIRACR. #ahfRikR B AW R, e, A
5 LA MR HE RE YR AT =15 BRI A, (HREM SR
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PRAHARMIR B A B 71T R, HLR WRAEREAT 24
k3

5.2 FEFRBIRFAR

FEFIRIR, hARE GBI R, 2\ LSRR
AR AT KRR REAR. SeaitiEs)
B IRA AT ANIE]L, SRR IR T LAAE AT A1 B RE TR (1
BT, BSURRRIRGHNIEZAEES 8. SRNES
oy s RS2 A ek SE L. IRICIZ ek —
T EATRICAZ . B FE R E R BB AR, 2
BEMTRB SR 5, — BNIAE]— 5 fFERAZ i
I, TR R R EAR. ek e R B HIOT
PRI WA IR, £ I B A R SR L
e, DLHGE B AR i H 8. IX R4 23 B R
ERIARFIMRFAS, T AR R AR B T4
AN 37 B R Ik, AT 49 21 BHL 48 1 e g
PRI AN T EshiEH], I E R,
HABS MRENE, EAEMIS EUMREA BRI
JRBRAE, X ARATR B A B AR R R ANE.

53 E/ERB—FULRIREAK

EB IR RS IS ) — DN EE S, b
T20tH 8. BT AR ED IR TR RN T
W] AT SZ IR, DR I A o LT = Bl 42 ) 7 R AR R T Stew-
art™F & PR RS 58 [ 25 AL S0 = A0 T R 1 TR i
BB F AR T & UV T A B R Bk E REM
RSN, BT AR S S5 3, SRS A Rk b T
15 g . 20004, 3 [E Honeywell 2 m] #£ 36 [
S ZE LG % AFRLISCRR N IT A IMVIS /D RUAK [ 4R
ARG AR IRAR 2%, XA KRB ER
Thig, TG AR99% M PR Zhma R 25 ERIR
TFEh4(Cryogenic Society of America, CSA) W &
T2 EFREIRT A BRI Stewart & HET I
PRI FO ) T B W RVE Tk R bk K
NS 50 N e = i 7 S SR S Nt P
TESEIRBR S E INEAEAE— € Z 5.

Bt A 22 (AL R 220 T e ) IR B SRk iy, R4
fil =X B RRHR T VB W 2 BOE. ARl X T B REIR,
B3 AR AU Ak (14 7 32 77 A= R B I R B R
RIEBRGHR A H 1), TRk 2 i B A ) R4 ik =X
MRt &, AT Imme, TR R

G RUTRE, JvRBRR IR R 3R 4t 1 {RI%. STABLE
(Suppression of Transient Accelerations by Levitation) &
N T EIRAR DA LIRS BE T AT ) A — B AR 323
bBIR R4, STABLENTYE JJ# 5N 1 2 Fh R} 27 S
PROCLREE, 0 I B KPR B 1070 g 22 ).
STABLERG RV & #4 8“ AHE H 5 iR KHLEAKR
FRHTHARSN AL, WRIs REVI RG] LR B KR
0.01 Hz IR, I HAEMRAE AT LAAE IR 2 %€ sk
20-30 dB™. MEKFHURIFR T — R IR AR
ZZMIM (Microgravity Vibration Isolation Mount), 1X
BERRR AR G0 R s R R T ERTFBOR, P 8N H
H B2 &G 22 1V 3 2% B 5] 4 F S 3 32 30 b AR 4%
i, G AR B I R 30 AR 56 55 4001100 HZP,
IR FUR R S5 TF & T g-LIMIT  (Glovebox
Integrated Microgravity Isolation Technology)F@ k%t
B, R AR R ik 1 B AT 3 A% S T AR
HALHIIE R G, AR 7 RECREE, T H R T
mrTTEP

] 0] IR s R R 2 O 7T b TR A B B,
FLRXF0.01-5 Hz 4 i [l A B AR AU 4R 3 8 I 1 I
FREA . B R K e A A VT R R
P 1RGSR SRR G, 2 7RI R R
MIBLERRREPE, SR B3 3 3 5 4 2 1R SRR R 77 5K,
et VARG RENL, SRR AL BN BEAT B AR 2 e WL
Ren A\P7JE T W B3 BRI T — &7 H HUEZ IR
Fa, rnl WU st AR il . RGBT
SERARAE T TN 7S B R RR R G AT 10T
7, BT RA—5 Bis L.

6 %4ig

AR ISR AR 1A B0 kI8 AR 3 H i
TR AER (1 A AT FUdE AT 1 i b, Ak
K, WENRE B AR Eh 12 615
RHE SR, COESRRSHSHHET N, H
S EAMALE — . BEERER R R R 2
FURAS AR L, AUR TRAES N 1250 i 5
ISR T, B ER. AR AT R
BURAMACSK 0 TRERGE R, &5 & BRI oL, B
T REELT JLANTT T 1T

(1) FEHUR B AR5 BT B HrBo R T T, 233t
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Evolution of the spacecraft mechanical environment
predication & test technology

HAN ZengYao', ZOU YuanJie’, ZHU WeiHong” & PANG ShiWei’

' China Academy of Space Technology, Beijing 100094, China;
2 Beijing Institute of Spacecraft System Engineering, Beijing 100094, China

The spacecraft mechanical environment is the response description of spacecraft subjected to various loads during the
mission process. It is the key factor that directly affects the design of spacecraft and dominates the suceess /failure of the
flight mission. The spacecraft mechanical environments mainly include the mechanical environment of the launching
process and that on orbit acoording to phases of the mission. With the development of spacecraft engineering, the harsh
requirements of the spacecraft payloads to the mechanical environment are becoming more and more urgent, its analysis
and test technology has become the key factor restricting the development of spacecraft. In this paper, the research on the
mechanical environment analysis technology of the launching process, the micro vibration environment on orbit, the
mechanical environment test technology and the spacecraft vibration control technology are reviewed respectively in four
apects, and their evolution and achievement are summarized and discussed. In the end, based on the actual requirements
of space engineering and the development trend of the spacecraft, the future research directions of mechanical
environment prediction and test technology are pointed out.

spacecraft, mechanical environment, analysis method, test technology, vibration control
PACS: 62.30.+d, 43.40.+s, 81.70.Bt
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