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AHHOTanMA KinroueBbie cmoBa

PaccMoTpeHO pelteHue 3amauy OLIEHKM IIPOYHOCTU KOH-  Me#OyHAPOOHAS KOCMUHECKAS CMaH-
CTpyKIMy MHOTOLe/IeBOr0 Tab0paTOPHOrO MORYIA. ANro-  yusi, MHozouenesoii na6opamopHuiii
PUTMBI pacyeTa Harpy3OK Ha IPMBOJbI CONTHEYHBIX OaTapeil  mo0ymv, POCCUiiCKUti  cezmenm, co0-
VHTETPUPOBaHbl B 3aMKHYTBII KOHTYD MOJENUPOBAHUS  CIIGEHHble HACMOMbL, HAZPY3KU HA
ABIDKEHNA B COCTaBe aBTOMATU3MPOBAHHOTO PAbOUETrO  KOHCMPYKUUIO, CUCMEMA YRPABHeHUs
MecTa paspabOT4MKa aITOPUTMOB CHCTEMBI YIIPABIEHUS  Q8uiceHUeM U HABULAUUY

IOBVDKEHMEM U HaBUTranyu. B mporecce MoenmpoBaHMs Ha

Ka)X[OM BBIYMC/IUTEIDHOM TAaKTe IIPY BK/IIOYEHMM VCIIOJN-

HITE/IbHBIX OPraHOB (PEeaKTVBHBIX [IBUTATEJIEN) PaccumTa-

HbI HAarpysK/ Ha IPYBOJBI COTHEYHBIX Oarapeil. B pamxax

CTeHfa co3fmaH (GOpMaT sl KOHTPOIA CWI UM MOMEHTOB,

IeICTBYIOIMX Ha IIPUBOJbI COMHEYHBIX barapeil B pe3yb-

TaTe pabOTBI CUCTEMBI YIIPAB/IEHNs ABYDKEHVEM U HaBUTa-

LV, Y peann30BaHa BO3SMOXHOCTb KOHTPOJIA ITPEBbIIIEHNIT Iocrymmna B pepaxumio 20.10.2016
KPUTUYECKIX YPOBHEIl Harpy30K © MI'TY um. H.9. baymana, 2017

HUccnedosanue svinonnerno npu dunancosoii nodoepyxe PODI 6 pamxax HayuHoeo
npoexma Ne 16-38-00458

BBegenne. B nacrosigee Bpems B PKK «9ueprus» um. C.II. Koponésa mper pabora
HaJl CO3/laHMeM CHCTeMBI YIpaB/IeHNs IepCcleKTBHOTO MHoroueneBoro naboparop-
Horo mopynsa (MJIM) MexnynapogHoit kocmmrdeckoit crannuu (MKC) [1]. Ongnoit s
3aJjay, pelraeMoll Ha sTalne IpOeKTUpoBaHusA u paspaborku MJIM, sAB/seTcs OlleHKa
IPOYHOCTY KOHCTPYKIIUIL.

JI/1s1 OLleHKM IPOYHOCTM KOHCTPYKLMM TpeOyeTcsi OLeHUTb paboTy MCIOTHU-
Te/IbHBIX OPTAHOB Ha Pa3HBIX 9TAIlax IOJIeTa U PeXXMMax pabOoThI CUCTEMBI yIIpaBiie-
Hus geokenveM u Hasuramyu (CYIH) MJIM [2].

CyuiecTBeHHOe HOBLIECTBO TaKOJl PabOTHI 3aK/II0YAETCA B TOM, YTO HArPy3K! Ha
Haybosiee KpUTUYHBIE 9TT€MEHTBI KOHCTPYKLMYM PAaCCYMTBIBAIOTCSA HENOCPEACTBEHHO
IIpY MOJENMVMPOBAHNN Pa3INYHBIX pe>xknMoB paborer CYIH MJIM Ha KaX[oM TakTe,
B 3aMKHYTOM KOHType, B paMKaX aBTOMAaTH3MPOBAaHHOTO pabodero Mecra pa3pabot-
yyka anroputmos CYITH MJIM.

ITpu BBHINONTHEHNM AMHAMUYECKUX PEXMMOB Ha ABIDKeHne MJIM BIuAwT crneny-
folye (aKTOpbL: IPaBUTALMOHHOE TT0JIe 3eM/Ii, aTMocepa 3eMmn U paboTa paKeTHbIX
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mBuraresneil. BospeiicTBre mepeurcieHHbIX (PaKTOPOB 3aBMCUT OT VIHEPIMOHHO-Mac-
COBBIX ¥ JXECTKOCTHDBIX XapaKTepUCTMK KOHCTpyKuuym MJIM, momnoxxeHus maHesei
conHeuHbIX barapeit MJIM, Habopa pakeTHBIX JBUTATeIEN, OT BBIOPAHHOTO AMHAMUIYE-
CKOTO pexxuma [3-4].

BBupy Toro, 4To MHepuManbHbIe JATYMKM YIpaBIeHUA (HaIpuMep Takue, Kak
JATYMKY YITIOBBIX CKOPOCTEJ) pearupyloT He TO/IbKO Ha JIMHEHbIe U YIJIOBbIe OTKIIO-
HEHV, HO ¥ Ha JIVHeHbIe U YITIoBbIe fedopManyyt 06beKTa YIpaB/IeHNs B MeCTaX X
YCTaQHOBKY, IIPY MOJEIMPOBAHUY Pa3/INYHbIX pexxuMos pabotsl CYITH crenyer yun-
TBIBATb YIPYTHe KOMeOaHNA KOHCTPYKIIVIN.

Iy TOoro 4To6OBl paccMaTpMBaTh B KadecTBe MOJENN OObeKTa yIpaBIeHNs MOJie/b
YIIPYTOTO TejIa, HeOOXOMMMO PAcCUUTATh JOOABKM K YITIOBON CKOPOCTM TBEPHOTO Tela
[5], BO3HUKaroIVIe OT KO/IeOaHMiT KOHCTPYKLMM B MECTaX YCTaHOBKM JAaTYMKOB YIJIOBBIX
ckopocreit. [lanee, 11 MOTy4eHNs TTOKa3aHWII JATYMKOB YIJIOBOJ CKOPOCTY HEOOXOmu-
MO KOPPeKTMPOBaTb CKOPOCTb TBEPAOTO Tejla Ha 3HAYEHVSI YIIPYTUX JOOABOK.

Yupyrue go6aBK1 K yIII0BOJ CKOPOCTI MOTYT OUeHb CYJIbHO B/IMATH Ha XapaKTep
yIpaB/IeHNsA KOCMUYECKUM alIlapaToM, B psjie CIy4aeB UX BIVMAHUE MOXeT HoTpebo-
BaTb BBefleHMsS B KOHTYP YIIpaBJIeHUs IIOTOCOBBIX (IIBTPOB YIPYIUX KoleGaHMil
yrnoBoit ckopoctu [5]. TakuM o6pas3oMm, McClefoBaHMe YITOBBIX KOIeOaHMIT KOH-
CTPYKLIUM ABJISAETCSA BaXHBIM 9TAllOM IIpU pa3paboTKe KOCMMUYECKON TeXHMKM [6)].
Yupyrue konebaHusA KOHCTPYKLUY B CBOIO O4epe/ib BIMAIOT Ha YPOBEHb HAIPY30K Ha
ee 97IeMEeHTHI, OOBIYHO, Hanbo/mee KPUTUYHBIM MECTOM KOHCTPYKLIMU KOCMUYECKOTO
anmapaTa SBIAITCA TOYKM KpeIUIEHNSA YIPYTUX 3/1eMEHTOB (IIaHeseil COMHeYHBIX
Oatapeeii, aHTeHH). TakuM 06pasoM, TpebyeTcsi pacCUMTaTh HATPY3KM Ha 9I€MEHTBI
KoHCTpyKUuy MJIM Ha pasHBIX peKMMaXx I10JIeTa ¥ OLIeHUTDb UX IPOYHOCTb.

Brusanue ynpyrux Kome6aHmii COMHeYHbIX 6aTapeil Ipy MOETMPOBAHNN YI-
noBoro asmkenna MJIM. Jns y4eTa ynpyrocTu KOHCTPYKLIMM, B YpaBHEHUA JIBVDKe-
HMSI KOCMIYECKOTO alllapaTa BK/I0YaeTcsl QYHKIMA, YYUTBIBAIOIIAA YIPyTe 1o6aB-
ku. [Tpu popmupoBanny 3101 GYHKIMN /I KaXKAOTO YIPYTOro TOHA ObIIM UCIIONb-
30BaHbI CIeAyIolye YpaBHeHus [7-8]:

®,5, 2

+@3q, = X[ (£, (xpi ) Bpi ) +(£i (xpi ) [x0iFpi ]) ] (1)

T i=1

4n+

Iie qn» — 6e3pasMepHas QyHKINS, XapaKTepy3yolljasi U3MeHeHUe BO BPeMeHM 1-TO
TOHA YIPYIUX KojebGaHWil; # — obliee 4MCI0 pacCMaTpPUBAaEMBIX YIIPYTMX TOHOB;
®, — KPyroBasi 4acToTa 1-TO YIPYroro ToHa; O, = 0,05 — morapmudmmdecknit fekpe-
MEHT 3aTyXaHUA #1-TO yIpyroro ToHa; Fp; — cuna, cosgaBaemas i-m gBuratenem MJIM
(i=1, .., 42) [3]; xpi — xoopauHaTHI i-ro ABUraTensd; f, (x), fi, (x) — BekTOPBI KO3D-
¢unyenToB ynpyrux ¢opm Komeb6aHmit #1-TO TOHA B TOYKE X.

Jlo6aBKU K YI/IOBOJI CKOPOCTM TBEPAOTO Tejla B MECTe YCTAaHOBKY ee M3MepUTes,
BBI3BaHHbIE YIPYTMMM KOTEeOAaHMAMY KOHCTPYKIMM, MOXKHO BBIYMCIIUTD, VICHO/Nb3Ys
clepytonee ypaBHeHme [7-8]:

Aw=f;(x;)-q, (2)
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rie q — N-MepHbIT BEKTOP, COCTOAINIL U3 g,, Mony4eHHbIX u3 (1); fi (x1) — maTpu-
1ja pasMepa (3 x N) koappuiyeHTOB yrpyrux GopM B MecTe YCTAHOBKM ATYMKA YT-
JIOBOJI CKOPOCTM; X1 — KOOPJMHATHI YCTAHOBKM JATYNKA YITIOBOI CKOPOCTHL.

Ilis peuenvst ypaBHeHuit (1) Ajist KaXXIOTO YIPyroro TOHa 1 Obla OIpeeseHa
nepexopHast Matpuna M, (1), M03BOJIsOLIasl Yepe3 pelileHle B MOMEHT BpeMeHM I

HaNTU pelienie B MOMEHT BpEMEHU Frs1:

42

[ (€0 (xpi ) Boi )+ (£in (%01 ) [ x0i XFni ] )]

w a —
‘?(k"'l) _Mn(T) q(k)_z—l . +
dn (tk+1 ) qn (tk ) Wy
o (3)
Z[(fn (XDi)FDi )+(fin (XDi )[XDiFDi ])]
+ i=1 >
0y},
0
3mech tii1 = tk+ T, Ile T — LIar BBIYMC/IEHNIA.
Marpuna M, (1) B (3) nMeeT cremyomuii BUA:
M, (T) =
5 5,0, . i
_8non || ——"5in (Q,T) +Q, cos(Q,T) sin(Q,71)
e 2n 271 , (4)
B Q [ Snmn ]2 2 . Snmn .
o= | —— | +(Q, Q1) —— Q,1)+Q, Q.1
- (Q,)" |sin(Q,7) - sin(Q,71) cos(Q,71)
5
rge £, =0, 1—47t2 .
[ns ynpouienus Bbramciennit Matpunsl M, (1), B (3)-(4) MOXHO y4ecTb, 4TO
2
487:2 < 1. B atom cnyqae Q, = w, 1 MaTpuna M, (t) mpuobperaeT clIefyroLuii BIj;
M, (1) =
oM 8n(’)n . .
ST 7sm((»nr) +, cos(®,1) sin(®,7) (5)
On —? sin(®,T) - ;(D” sin(®,T) +®, cos(®,T)
T

Mopenp Harpysok. [lyia pelieHus 3ajfiauy onpefe/ieHNsI Harpy30K Ha 37IeMEHThI
KoHcTpykuuyu MJIM B obijeM cmyyae HeOOXOLMMO OIIpefie/INTh MTHOBEHHbIE 3Haue-
HJIS1 HaTPY30K B HEKOTOPOM Habope y3/10B KOHEYHO-3/1eMeHTHO Mogenu [9] MJIM.
ITycTb BBIOpaHHBIE Y37IbI MMEIOT HOMepa M1, My, ..., Mj, IPUYEM KaXK/BIII U3 Y3/IOB
n (I =1, 2, ..., L) npuHaQIe>XUT HECKOJIbKMM KOHEYHBIM 971eMeHTaM Mopem. Ompe-
IenuM BeKTop 13 mecTty mapamerpoB ldK,, ocpelHeHHBIX 0 KOHEYHBIM 3/IeMEHTaM,
CofepKalllMM JaHHBIN y3erL:
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ldk,; = (F,,F,,E,M,,M,,M.) . (6)

B (6) mpuHaTHl cnepyromue cokpamenusa: Fx — oxmmaromas/pacrarusanonas
cuna; F, m F, — mnepepaspoiBaromye cunbl; My — CKpydmMBamoImuii MOMEHT, M,
u M, — usru6aroniyie MOMeHTHI il [lepedncieHHble CUIIBI M MOMEHTHI OIIpefie/IeHbl
B JIOKa/IbHOJ CUCTeMe KOOPAMHAT, CBSI3aHHON C OTHMUM U3 371eMeHToB Mogenu. Ilyctp
BekTOp LDK (f) — mO/MHBI BEKTOP TEKYIIMX HATPy30K, KOTOPBIN OIpefie/iAeTcs KakK
BEKTOP C pPa3MepHOCTbIO 6L, cocrasnenHslit u3 L Bektopos 1dk,; 13 (6):

LDK (t)=[1dk},, 1dk},,..., 1dk, | .

PaccMoTpeHHast MOfie/ib BBIYMC/IEHVSI HATPY30K OCHOBBIBAETCS Ha IIpeobpasylo-
et Matpuie Harpysok LTM, obecrieunBarolier IMHEHYIO CBA3b MEXy Harpyska-
mu LDK () u Texyuymu 060611eHHBIMY KOOpANHaTaMu q (1):

LDK(t)=LTM-q(t). (7)

Marpuna LTM B (7), cocTaBneHHast U3 MOCTOSTHHBIX KO3PDUIMEHTOB, COMEPIKUT
6L cTpok n N cron6uos. [laHHasa MaTpuija 6bUIa BHIYMCIEHA C IIOMOIIbIO KOMIIEKCA
NASTRAN coBMeCTHO ¢ MOZAIbHBIM IIpefiCTaB/IeHeM KOHEYHO-37IeMEHTHON Mofie-
m [9]: {[®], [f], [fi]} — Habopom cobcTBeHHBIX YacTOT [®], U dopm [f],, [fi]s, KOTO-
pble COCTABIAIT i-10 MOy YIIpyrux Konebanwit, i = 1, 2, ..., N.

ITockonbKy Hanbomee KpUTUIECKMMY 3/IeMeHTaMu KOHCTpyKiyyt MJIM ¢ Toukn
3peHN Harpys3oK ABJIAIOTCA [Ba y3/1a IPUBOJOB CoMHedHbIX OaTapeit (Cb), To HeoO-
XOMVIMO OIIpefie/IsITh Harpy3Ky Ha HMX B Te4eHNe pas3/IMyYHbIX 3TanoB mosera. [losto-
My pasMep MaTpuipl Harpysok LTM pasen 12 x N.

BBupy TOro, 4To MMEIOTCS HEKOTOpble 0COOEHHOCTM MHTepdeiica MeXXAy Ipo-
I[eccaMyl TIPeIBAPUTE/IbHOTO BBIUMCICHNA IIOCTOSHHBIX KO3(PQUINEHTOB MaTpPUIIbI
Harpy3ok LTM cpencrBamu NASTRAN, Tpebyercs JOIIOTHUTEIBHO MIPOBECTH elile
HEKOTOPpbIe OIlepaLUNL.

Bo-nepBbIx, HE0OX0AMMO 0becneunTh MpeobpasoBanue Bekropa LDK (f) x ocsim
JIOKQJIbHBIX CHCTeM KOOPJAVHAT, CBA3aHHBIX C IIPMBOJIaMM COTHEYHbIX 6aTapert MJIM,
C TIOMOIIbIO MaTPUIIbI IEPECTAHOBOK A;:

LDK, (¢) = A|LDK(¢);
000010
001000
AA 0 000100 (8)
A= , AA= .
0 AA 000001
010000
100000

Bo-BTOpBIX, Tpebyercsi coBepunTh mpeobpasoBanme (8) K pasMEPHOCTSIM CHIIbI
[H] u momenTa [H - M]:
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LDK; (¢) = 10°LDK, (). 9)

B-TpeTbux, HEOOXOAMMO HePenpoeKTUPOBaTh (9) B JIOKA/IbHBIE CUCTEMBI KOOP-
IVHAT, CBSI3aHHbIE C IJIOCKOCTSIMM CONTHEYHbIX OaTapeit MJIM:

A(12) 0 0 0
0 A(v) 0
LDK®E (t)=A,LDK, (t), A, = 10
o N S
0 0 0 A(Ys)
B (10) A(y,)n A(y4)— MaTpuipl pasmepa 3 X 3, onpeseneHHble GOpMyIIOi
0 —cos(yi) sin(Yi)
A(y:)=[0 —sin(y;) —cos(y:)]-
1 0 0
31ech Y, U Y4 — YIJIBL IIOBOPOTA IIPABOIl ¥ JIEBOJI IIAHEJIeNl COTHEYHBIX Oarapeit:

Cbi 1 CBrv cOOTBETCTBEHHO.

[/ Toro 4TOOBI IPUHATH BO BHUMaHNeE TOBOPOTHI COJTHEYHBIX 6aTapeii 1 orpe-
IeNMNUTDb YI/IbI IIOBOPOTA Y2 U Y4, BBEHEM JIOKAJIbHBIE cCTeMbl koopauHaT I11XYZ1 u
[12XYZ2 (puc. 1), cBsasannble ¢ wiockoctsimu nadeneit Cby n CBry.

OYvm

OXyimm

Puc. 1. Pacnionoxxenne CK I11XYZ1 npnu ¥, = 90° otHOCHTembHO BCK MJIM

Hanpasnenns oceit moKanbHbIX cucteM KoopauHar I11XYZ1 n I12XYZ2 3aBucar
OT YIJIOB Y2 U Y4 IOBOPOTOB cooTBeTCTBYIouX maHeneit Cby u Cbry. JaHHbIE 710-
Ka/ibHbIe cucteMbl KoopauHaT [11XYZ1 u [12XYZ2 Bei6paHbl TakuM 06pasoM, 4TOObI
IIpY YIIaX, PaBHBIX HYJIIO, IAHE/IM COTHEYHbIX OaTapeil ObUIM Mapa/lle/IbHbI IIIOCKO-
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ctu YZ 6a3oBoit cucrembl koopauaat MJIM. TTonoxxuTenbHOe HallpaB/IeHe TIOBOPO-
Ta J/Is KaXX/101 IIaHe/IN OIpefie/seTcs Mo CAeAyolleMy IIPaBIIy: IPOTUB XOfa 4aco-
BOJI CTPEJIKM, €C/IV CMOTPEThb BJOJIb OCK COJTHEYHOII OaTapey OT [jaTbHEro KOHIA K
Kopmycy MJIM.

Takum 06pasoM, KOMIIOHEHTbl BeKTOpa Habmomaembix napamerpom LDK®
B (10) ompepeneHbl B TOKA/IbHBIX cucTeMax koopanHar I11XYZ1 n I12XYZ2.

Kommnonents! Bektopa LDiim (BekTOpa Ipeie/IbHO HOIYCTUMbIX HarPY30K) OIIpe-
Ie/leHbl C YICIIO/Ib30BaHMEeM IIPOYHOCTHBIX XapaKTepPUCTUK MAaTepPUasIOB, U3 KOTOPBIX
usrorosyensl npuBofbl Cb MJIM. JlaHHbIe BEKTOPBI IIPefeTbHO JONMYCTUMBIX Harpy-
30K TaK)XXe OIlpefie/ieHbl B JIOKATbHBIX cucTeMax kooppamuat [11XYZ1 u [12XYZ2. B
obuiem ciy4ae, BeKTOp LDiim — 1MeeT 12 KOMIOHEHT ([ ABYX pas/INYHbBIX y3/I0B),
1py 5TOM LDiimj = LDlimjss, j =1, 2, ..., 6. OgHaxo A/ pelieHu 3afadu onpeneneHns

IIPOYHOCTHU paCcCMATpUBAEMbIX ITPUBOIOB COTHEIHDIX 6aTapeI71 Tpe6y€TC}'{ KOHTPO/IN-

SB11 SB1y
pOBaTh TOIBKO clepyomue napamerpor: Ty —, T,

n T),SB“, TySBIV. IIng sTroro B Ka-
YecTBe MICXOHBIX JaHHbIX 33/JAI0TCS MOIY/IM AMIUIUTYJ HarPy30K M JOITYCTUMOE UIC-
JIO UIKJIOB Harpy>keHmit Ncycr € 9TMMM aMIUIUTYAaMI.

Taxoke JOIONTHUTENbHO KOHTPOIUPYETCA CelyIolee yCI0BIE:

\/(T,?B“ )+ (1) <390, \/(T,EBIV J o+ (v ) <390,

B Tabn. 1 mpuBeneHbl 3HAYEHUS IPeNeNbHO JOMYCTMMBIX HAarpy3oK ¥ UMCIIO
LIVIK/IOB HarPy>KEeHMI I KaXKIOl 13 HUX.

Tabnuya 1

HPC,T_[CIII)HO AOMYCTUMbIE€ HAI'PY3KHN 1 YN CI0 HTVK/I0B Harpymeﬂm‘/'[

B mnockoctu Cb
Howmep umkia LDiimy > LDjimyg > (TXSB” , TSy ) LDiims > LDjiny » (Tys B, T8 )
Mowment, H-m Ncyer Mowment, H-Mm Neyer
1 2080 50 3730 50
2 1670 100 2940 100
3 1470 250 2550 250
4 980 2500 2210 500
5 490 25000 1470 1000
6 Her ganHbIX Hert ganHbIX 980 2500
7 Hert manHpIx Hert garHBIX 490 25000

Pe3ynbrarsl MopenpoBannd. 11 MOHUTOPYHTA YPOBHS Harpy3oK Ha IIpUBO-
npl CB Ha pasnnuHbIX pexxyMax nonera MJIM ux pacdeT ObUI MHTETpUPOBAaH B COCTAB
aBTOMATU3MPOBAHHOTO pabodero mecra paspaborumka anropurmos CYJIH u 6bu10
IPOBEZIEHO MOJENMPOBAHNE /I PasHBIX YIaCTKOB aBTOHOMHOTrO nonera MJIM: ra-
IIeHVe Ha4YaJbHBIX YIJIOBBIX CKOPOCTEN, MOCTPOeHME OPOUTATBHOI CUCTEMBI KOOP-
IVHAT, KOppeKuus opbutsl, commkenne, obner u npuyammsanne k MKC. B cocras
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aBTOMATU3MPOBAHHOTO pabodero Mmecra paspaborumka amropurmos CYIH MJIM
BXOAUT Bce 6OoproBoe mporpammHoe obectedenune CYIH (6esmmardopmenHas
MHepIMaNbHasA HaBUTALMOHHAA cucTeMa [10], mmcrmerdep pexXuMOB, IPOrpaMMBI
yupasienus 6oprosoit anmaparypoit CYJH u ncnomHuTebHBIMM OpraHaMi, a TaK-
Ke IIPOrpaMMBbl Pa3INYHBIX PeXUMOB [11]), Momenb [UHAMMKM M GOPTOBBIX CHCTEM;
MOJIe/IN aIlllapaTypbl CUCTEMbI yIIpaBleHUs [BVDKEHMEM U BHEIIHEN Cpelbl; MOZEIb
yupyrux konebannit KoHcTpykumu MJIM; cepBucHOe mporpaMMHOe obecriedeHue.

MopgempoBaHue MOKa3ajo, 4YTo Hambosee AYHAMIYECK) HACHIIEHHBIMI PeXXVIMa-
My noniera MJIM ¢ TOYKM 3peHNA HArpysoK ABJLAIOTCA CJeAyIoLlVie MaHEBPbL: MaHEBP
KOppeKLUY OpOUTBI C VCIIONb30BAaHMEM OZHOTO JBUTATe/sl KOPPeKLUMM ¥ COMVDKeHMA
(IKC); maHeBp KOppeKimy opOuThI C Mcronb3oBaHreM AByX JKC; maHeBp pasBopora
MJIM BOKpYT IPOJOIBHON OCH.

ManeBp Koppekiym opouThl ¢ mcnonb3oanneM ogaoro [JKC npumeHnsercs mpu
HeoOXOAMMOCTY IpUpAIeHNs XapaKTePUCTUYEeCKOI CKOPOCTU I MI3MeHeHMs Iapa-
MeTpoB opoutbl MJIM mipu compxernu ¢ MKC. ITpofo/DKUTeNIbHOCTD peXknMa 3aBIUCUT
OT TpebyeMOoro IpupalleHns XapaKTepUCTUYecKOoil CKOpoCTH. I/ mpyuMepa MOXHO VC-
II0/Ib30BaTh MaHEBP KOPPEKIMY OPOUTBI C IpYpallleHNeM XapaKTePUCTIYECKO CKOPO-
crtu 20 M/c, IPOJODKAUTENBHOCTD KOTOPOro cocrasisieT ~100 ¢. B Tabm. 2 mpuseneHs
9KCTpeMa/IbHble 3HaYeHMs KOHTPOJMPYEMbIX IIapaMeTpOB M BpeMs MX pPerucTpaluu
OT HavajIa pe>KuMa Koppekiym opoutbl. CrieflyeT OTMETUTD, YTO IPY MOZEMPOBAHUN
PEXMM KOPPEKIVM OpOUTHI ObIT ITOCTPOEH TaKuM obpa3oM, uto Bimodenue [JKC mpo-
VICXOJMT IPUONMM3UTENPHO Ha 28 MUHyTe OT Hadala pexuma. TakuMm ob6pasoM, 13
Ppe3y/IbTaTOB MOJIe/IIPOBaHMsI C/IefyeT, YTO BCe IIPEBblIIeHs YPOBHEll Harpy30K BO3HN-
KaioT Bo BpeMs pabotsl [JKC.

Tabnuya 2

IKcTpeManbHble 3HAYEHNS IAPAMETPOB U BpeM: MX PEeTMICTPAIUN B pe>KuMe BbIgaun
KOppeKTHpYyoliero umiynabca Ha JKC,

ITapametp IKcTpeManbHOe 3HaYeHNe, H-m Bpemsa perucrpanumy, ¢
TS -625,9627 1757,72
T, 344,8671 1760,57
|18 47 | 621,1445 1756,83
758 629,9657 1760,52
TP -365,5139 1757,7
| T8 | 656,5361 1758,63

CpaBHeHMe JJOIYCTMMBIX Harpy30K U3 TaO/l. 2 1 1 IOKa3bIBaeT, 4TO SKCTPeMalb-
Hble 3Ha4YeHM IIapaMeTpPOB IIPEBBHIIIAIOT MUHMMA/IbHbIE U3 IIPeJe/IbHO NOMYCTUMBIX
Harpy3oK. AHa/nu3 LMK/IOB HAarpy>KeHMII I JaHHOTO 3Talla II0JIeTa IPefCTaB/IeH B
Tab. 3. Ha puc. 2, 3 npuBefieHbl aHa/MM3MpyeMble IapaMeTphbl B IIpoLjecce MaHeBpa
Koppekuuu op6utsl Bo Bpems pabotsl JKC. lITpuxoBsiMu MMHUAMM Ha puc. 2, 3
BBbIZIE/IEHBl YYACTKV PabOTBI KOPPEKTUPYIOIIErO ABUTATe/NA. YBE/INYEHHBIN YPOBEHb
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Harpys3okK I10CjI€ OKOHYaHNA €ro pa6OTbI 06YC}IOBTICH Ppa3BOpOTOM M3 OpME€HTAlMN, B

KOTOPOJI BBIIIOHSIACh KOPPEKLMsI OPOUTHI, B OPOUTAIBHYIO CUCTEMY KOOPAMHAT.

Tabnuuya 3

AHanmus3 DMKI0B Harpy>KeHMi1 B pe;KiMe BbIfauy KOppeKTupylomero nmmynbca Ha JKC,

Yucno HarpyxeHuii
MowmenTt, H-Mm T sb TShv T ySBH T),SBIV
490 19 16 0 0
980 0 0 0 0
1470 0 0 0
1670 0 0 Hert manHpIx
2080 0 0 —
2210 Hert manHpIxX 0 0
2250 — 0 0
2940 — 0 0
3730 — 0 0
7581, Hom
| I
500 I I
300 | |
100 F LRI el
-100 | T
=300 | i
=500 | |
7700 l Il Il ' Il Il Il Il Il
1640 1690 1740 1790 1840 1890 1940 t,c
a
SB
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500 : .
| |
300 | |
100 ! |
-100 :
-300 ) |
-500 - | |
_700 l Il Il I Il Il Il Il Il
1640 1690 1740 1790 1840 1890 1940 t,c
o

Puc. 2. ismeHenue usrubaommx MoMeHTos T35 (a) n TiBH (6) B pexxnme BbIaun

KoppekTupyouero ummnynabca Ha JKCy
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Puc. 3. ViameHeHne MOAyIA CyMMbl I/ISI‘I/IﬁaIOH.U/IX MOMCHTOB

B pEXMME BbIJa4N

KOppeKTupyiollero umiynbca Ha JJKCy

B maHHOM pex1Me KOPpeKLuy OpOUTHI C MCIIONb30BaHMEM OZHOTO KOPPEeKTH-
pylollero ABUraresd MMEIOTCS He3HauuTebHble IIPEBBIIIEHNA, KOTOpble Majo IIO-
B/IMSIOT HA IPOYHOCTb KOHCTPYKLuM (cM. Tabn. 3 u puc. 2, 3).

IIpyrum Hamuboree AMHAMMYECKM HACBILIEHHBIM PEXMMOM SB/IAETCS MaHEBp
KOPPeKILMM OpOUTB C OHOBPEMEHHBIM ucrnonb3oBanueM AByx [JKC. [Insa npumepa
MOYXHO VCIIOIb30BaTh MaHEBP KOPPEKIM) OpOUTHI C NpHpalleHNeM XapaKTepuCTH-
4yecKoil ckopocTy 50 M/c, IPOROIKUTENbHOCTb KOTOPOTO COCTaBIsAeT OKomo 160 c.

B Tabn. 4 mpuBeneHb! SKCTpeMajIbHble 3HAYeHVsI HEOOXOJMMBIX IIApaMeTPOB U
BpeM: UX perucTpaluy oT Havyaja Ipolecca MofiennpoBanus. Kak u B mpenbigyiieM
CITydae, peXXVM KOPPeKLUY OPONTHI Ha IBYX KOPPEKTUPYIOMINX ABUTATE/IAX IOCTPOSH
TaKUM 00pa3oM, YTO BK/IIOUEHNE JaHHBIX JIBUTATe/Iel IPOVICXOAUT HOc/e ~28 MUH OT
HavaJla peXnMa.

Tabnuua 4

IKCcTpeManbHbIe 3HAYEHIA IAPAMETPOB ¥ BpeM:A MX PETMCTPALVIN B PeKMMe BbIAAYN KOP-
peKTHpYyIolIero MMIynbca Ha AByx [JKC

ITapamerp IKCcTpeManbHOE 3HaYeHNe MOMeHTa, H-M Bpemsa perucrpanun, ¢
T3Bu 472,3754 1815,34
T, 252,9176 1787,74
| 463,1931 1815,43
T.SBv 475,2799 1787,72
TP 267,8791 1815,31
|18+ P | 451,3722 1787,83

OKCcTpeMasnbHble 3HaUYeH!s MapaMeTpoB npu Koppekuun asyma JKC, B ormane
OT KOPpeKIiy OpOUTHI Ha OJHOM JIBUTaTesle, He IPEBBIIIAIOT MUHIMATIbHBIX 3Ha4Ye-
HMII IIpefie/IbHO HOIyCTUMMBIX Harpy3ok (cM. Tabm. 4 u 1). To BBI3BaHO B3aVMHOII
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KOMIIEHCaIMell Ta30THaMIYecKX MOMeHTOB oT pasHbix JIKC B aToM pexume [11],
B TO BpeMs Kak IIpy ucnonb3osanunu ogHoro JJKC rasogmHaMmudeckuit MOMEHT KOM-
IIEHCUPYETCs IIyTeM BK/IIOYEHMs JIBUTaTesIell Majaoil TsAru. Takum ob6pasom, BBUAY
TOTO YTO HArPY3KM B PAcCMaTpPMBAeMOM pPeXMMe HaXOHATCA B IOIYCTUMBIX IIpefie-
JIaX, aHaIM3 LVIKJIOB HArpyKeHui He Tpebyercsa. Ha puc. 4, 5 npuBeneHbl aHaIN3N-
pyeMble IapaMeTphbl B IIpoljecce MaHeBpa KOPPEKLNU OPOUTHL.

SBy;
Ty"1, Hem

400 |

' ¥
—400 I
|

—800 1 1 1 L I
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400 |

—800 I I I I L I
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|
—400 - |
|
|

SB
Puc. 4. Vismenenne nsrubarnomyx momentos T% (a) u Ty (6) B pesxmme BbIgaun

KOPPEKTHPYIOIero MMITy/Ibca Ha AByx JJKC

[ITpuxoBBIMM NPSAMBIMU Ha puc. 4, 5 BbifeneHsl yuacTku paborst JKC. Yeemn-
YeHHBI/I YPOBEHb HArpysok mocie okoH4yaHus paborel JKC (cm. puc. 4, 5) taxke
00yC/IOBJ/IeH Pa3BOPOTOM M3 OpPMEHTAllMM, B KOTOPOJ BBINONHANTACH KOPPEKIVS Op-
OUTBI B OpOUTANBHYIO CUCTEMY KOOPAVHAT.

MopenuposaHue pasnM4HbIX PeXXUMOB ABI>KeHnA MJIM nokasano, 4To ynpyrue
KOe0aHMA KOHCTPYKIMM B HamOOJIbLIEN CTENeHU BO30Y>KHAIOTCA IPY BKIOYEHNUMN
IBUTATesIel, CO3JAIMX MOMEHTHI 110 KpeHY BOKPYT IpofonbHoi ocu MJIM, xorga
wiockoctu naHeneit Cb mapamnensusl npogonbHoi mnockoctu MJIM (OXmmmZmm,
cM. puc. 1). 910 00yC10BNIEHO 0COOEHHOCTAMM CaMOit KOHCTpyKmy MJIM, nmMeroreit
B CBOEM COCTaBe JIMHHBIE YIIpyTUe 3/IeMeHThI B Bujie naHeneit Cb, a Taxxe TeM ¢ax-
TOM, YTO MOMEHT MHEpLMM OTHOCUTEIHO IPOMOJIbHONM OCU TOpasfo MeHbIle MO-
MEHTOB VMHEPUMM OTHOCUTETbHO IOIepeuHbIX oceil. [loaToMy mia aHanm3a BO3HU-
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Puc. 5. VsmeHeHNe MORY/Is CyMMBbI n3ru6amomyx MoMeHToB |T5 "1 + T3P0 | B pe>X1Me

BbIJIa4M KOPPEKTUPYIOIeTo MMIyIbca Ha aByx JKC

KaIoLIMX Harpy30K TakKe ObUIO IPOBEJEHO MOJe/IIPOBaHNe Pa3BOpOTa BOKPYT IIPO-
IOJIBHOI Ocy Ha yroi, 6mm3kuit K 180°, Ha ABYX pasIMYHbIX peXXrMax (CTaHHZAPTHBIA
ABYXMMHYTHBIII pa3BOPOT ¥ Pa3BOPOT ¢ MaKCUMAIbHOI CKOpPOCThIo 3 °/c). Ilpomon-
JKUTENIbHOCTY pa3sBOPOTOB IIpuMepHO paBHbI 120 ¢ u 80 ¢ 14 pasBopoTa 3a 2 MUH U
pa3BopoTa ¢ MAaKCUMAJIbHOI CKOPOCTbIO. MozenupoBaHye II0Ka3ajao, 4To Hambosee
OVHAMMYECK) HACBHIIEHHBIM C TOYKY 3PEHNA HaTPY30K ABJIAETCA Pa3BOPOT C MaKCHU-
MaJIbHOV CKOPOCTBIO.

B Tabn1. 5 npuBeneHbl 9KCTpeMabHble 3HAUEHMs aHATMU3UPYeMbIX [TapaMeTPOB U
BpeMsA UX peruCcTpalyy OT Hadajla Ipolecca MofiennpoBanys. Ilpu Mogenuposanumn
PasBOpOT BOKPYT IpORonbHOM ocut MJIM HaumHaica Ha 20 MUH OT Hadajia MOJ€/IN-
poBaHUA.

Tabnuua 5

IKcTpeManbHble 3HaYEHNA IapaMeTPOB U BpeMs UX PernucTpanyy Bo BpeMsi pa3BopoTa
BOKPYT IPOJOIbHOI OCH

I 9KCTpeMaHbHOC 3Ha4Y€HUE B
apameTp MonerTa, Ho peMs perucTpanny,
7B -1058,186 1266,41
T, -462,9004 1268,2
T+ T | 1109,369 1266,43
TSBv -995,4295 1266,41
T, -501,3547 1266,53
| T8 | 1108,359 1266,43

OKCTpeMasibHble 3HaUeHMs TAPaMeTPOB TaK JkKe, KaK U PV KOPPeKIUy OpOUTBI ¢
ucnonb3oBanueM opgHoro JKC, mpeBplaloT MIMHMMAaIbHbIE U3 IPeEebHO HOITyCTH-
MBIX Harpy3ok (cM. Tabi. 5 u 1). AHaju3 IUKIOB HAarpy>KeHui J/IA JaHHOTO 9Tama
T1I07IeTa TIpUBefieH B Ta0JI. 6.
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Tabnuua 6

AHanmms3 DMKIOB HAarpy>KeHMI BO BpeM: pa3BoOpPOTa BOKPYT IPOJKOIbHOM OCH

Yucio Harpy>xeHuit

Mowmenr, H-m S8 o T e T
490 39 38 0 .
980 1 1 0 0
1470 0 0 0 0
1670 0 0 Her manHbIx
2080 0 0 -
2210 Hert manHbIX 0 0
2550 — 0 0
2940 — 0 0
3730 — 0 0

Ha puc. 6, 7 mokasaHO M3MeHEHMe aHaIU3MpPyeMbIX IapameTpoB. HITpuxoBbiMu
IIPAMBIMU BbIfI€/IEH BPEMEHHOM MHTEpBaJl, Ha KOTOPOM HENOCPENCTBEHHO IIPOVCXONUT
pasBoport. [Toce okoH4aHNA pasBopora Ha rpadmkax (cM. puc. 6, 7) BUfieH Ipoliecc 3a-
TyXaHIA KO}Ie6aHI/II7[, BO3HMKIINX B pe3ynbTaTe pa6OTbI HBI/II‘aTeJ’Ieﬁ OpMEHTa V.

T35 Hom
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Puc. 6. Vismenenne nsrubaromyx momentos T3 (a) u T)™" (6) Bo BpeMs pasBOpoTa BOKPYT

IIPOJOTIbHON OCH
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Puc. 7. IameneHue MOy CYMMBbl I/I3I‘I/I6aIOI.I_U/IX MOMCHTOB

T + T3P0 | BO BpeMs

PpasBoOpoOTa BOKPYT IIPOAIOJIbHON OCK

/13 paHHBIX Tab1. 6 U puc. 6, 7 clegyer, 4To NpY PasBOpOTe BOKPYT MPOJOIbHON
ocu MJIM uMeroTcA He3HauNTe/IbHbIE IIPEBBIIEHN A MOMEHTOB, KOTOpbIE TaK e, KaK
¥ Ha pe>XKMMe KOPPeKIUY OpOMUTBI, Ma/IO BIUAIOT Ha IPOYHOCTb KOHCTPYKIIMIL.

3axmroueHme. [I1a oLleHKM IPOYHOCTM KOHCTpyKumu MJIM omnpepneneHbl BOs-
HelicTBMA pabOTHl MCIOTHUTEIbHBIX OPraHOB Ha IPUBOABI COJTHEYHBIX OaTapeil
MJIM MKC g1 pasnuyHbIX 3TalOB I0jIeTa. AJITOPUTMbI pacueTa Harpy3oK Ha IpU-
BOJbI MHTETPUPOBAHBI B COCTAB ABTOMATHU3/POBAHHOTO paboyero Mecra pa3paboryn-
Ka a/IFOPUTMOB CUCTEMBI yIIpaB/IeHNs ABVDKEHUEM M HaBUTALMU, B PAMKaX KOTOPOTO
cos3fiaH GopMaT I KOHTPOJIA CUJI M MOMEHTOB, IEJICTBYIOLINX Ha IIPUBOMbI COMTHEY-
HbIX Oarapeil B pe3y/nbTaTe pabOTBbl CHCTEMbI yIpaB/leHusA ABykeHMueM. IIposefeHo
MOJIEIMPOBaHNE PAa3/IMYHbIX 3TAIOB II0/IeTa. B pesynbTare aHa/MM3a MOJIEIMPOBAHMSA
BBIAIBJIEHO, YTO HEe3HAUUTE/IbHOEe IIPEeBBILICHNE NOMYCTMMBIX HAarpy30K IPOMCXO[UT
npu pabore JKC u npy npocTpaHCTBEHHBIX PasBOPOTaX BOKPYT IPOJO/IBHON OCK
MJIM. OpHako 4McIo UMK/IOB Harpy>KeHNs Ha JJaHHBIX PeXXMMaX HaXOANUTCS B HOIY-
CTVIMBIX IIpefienax.
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Abstract Keywords

This purpose of this work was to solve the task of estima-  International Space Station, multi-
ting multipurpose laboratory module construction purpose laboratory module, Russian
strength. Algorithms for calculating the loads on the solar  segment, eigenfrequencies, loads on
array drive assembly are integrated into a closed motion  construction, guidance, navigation
simulation loop as part of the workstation of guidance, and control system

navigation and control system algorithms developer. In

the modeling process on each computational cycle when

the actuators (whose function is performed by jet en-

gines) were working, we calculated the loads on solar

battery drives. As a part of the stand we built the format

for controlling the forces and moments acting on the

solar array drive assembly as a result of the work of gui-

dance, navigation and control system. Moreover, we

managed to implement the control of critical load level

excess
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