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OO0'eKT LBOTO TOCIIHKEHHS — KOCMIUHI 3B'SI3KH IBOX TiJI, 3'€JHAHUX MPYXHHM Oe3MacoBuM TpocoMm. Llinb
JIOCTIIPKEHHS — TIOLINPEHHSI HOBOTO METOAY IOOYI0BH MPOrPaMHOTO KEPyBaHHS PEXHMOM PO3TOPTaHHS KOCMid-
HHX 3B'S30K Y IUIOLIMHI TXHIX OpOIT 3 BUPIBHIOBAHHSIM HAMPHUKIHII PESKUMY Y3IOBX MICLEBOI BepTHKaJi HA IPO-
I[eC 3rOPTaHHS 3B'SI30K 31 CHeNU(IYHIMU TepMiHAIBHUMHU yMOBaMH. Lle no3Boisie moOymyBaTH IporpaMHe Kepy-
BaHHs JOBXHHOIO a00 HATArOM 3B'SI3KH, SKUil 3a0e3meuye HEOOXiqHy 3MiHY KIHETHYHOIO MOMEHTY 3B'S3KH Iif
IIIEF0 MOMEHTY TpaBiTallifHOro moist cuil. HoBu3Ha pe3ynbTaTiB AOCIIDKEHHS MOJISIra€ TaKOXK B HOBOMY ITiJIXOI1
110 ToOyIOBH KepyBaHHs ManonpuBoaHiMu (underactuated) MexaHIYHUMHU CHCTEMaMH, y SIKHX KiJIbKICTh KaHAIIB
KepyBaHHs MEHIIIEe YHCIIa CTyNeHiB cBoOoau. TyT mpomoHyeThesl HakIafaTH OOMEKEHHS Ha PyX CHCTEMH II0 TaH-
raxy, sIKe, 3MCHIIYIOUHM YMCJIO CTYICHIB CBOOOAM CHUCTEMH, JO3BOJISIE peasi3yBaTH 3aJaHHil PeXUM PyxXy HpH
KepyBaHHI TUIBKH 110 CTYIEHSX CBOOOIH, IO 3aJHIIIINCS. XapakTep 0OMEKeHHs, 0 HAKJIaA€ThCs Ha MIPUITyC-
THMHMIT 3aKOH 3MiHH KyTa TaHI'a)Xy 32 4aCOM, BU3HAYA€ThCsl BUMOTaMH, MIPOIIOHOBAHUMH 10 BUKOHYBAHOT'O PEKH-
My. TyT posrisimaeTbest pexkUM 3rOpTaHHS 3B'SI3KH, sSKa BHUPIBHSAHA Y3J0BXK MiCIEBOI BEpTHKAN, 1O 3a1aHOi JOB-
skuad. [Ipy oMy 3B's3Ka MOBHHHA OyTH 3HOBY BHPIBHSHA Y3IOBXK MiCIEBOI BEPTHKAI 1 ii MO3IOBXHI KOIHBaH-
HS NOBHHHI OyTH BiJCYyTHIMH. Y pe3yibTaTi ypaxyBaHHS BCIX BHMOT, IPOIIOHOBAaHUX [0 PEKUMY 3TOPTAaHHS,
BJA€THCS NOOYAyBaTH NMPUITYCTUMHUN 3aKOH 3MIHM KyTa TaHTaXx<y 3a 4aCOM, SKHH OIHCYETHCS CTCIICHEBUM PSI0M
BOCBMOTO MOPSAKY. J[yist 3B'I3KK 3 00paHUMHM 3HAYEHHSIMH [TapaMeTpiB IPOBEAEHO YHCIIOBE JOCIIIKEHHS BILTUBY
HapaMeTpiB PeKUMY, TAKHX SIK TPHBAJICTh 3ropTaHHs, (hopMa 3aKOHY 3MIHH KyTa TaHI'a)Xy 3a 4aCOM, Ha JOBXKUHY
3rOpHYTOI 3B'SI3KM i XapakTep 11 HMOBEIIHKH B Ipoleci 3ropTaHHs. J{Jisi IeMOHCTpalii MPOCTOTH 3aCTOCYBaHHS
HPONOHOBAHOr0 METOJY Ha NPAKTHI[ HABEIEHO YMCIOBUH mpukian. UMcIoBe MOACTIOBAHHS PEXUMY IHPOBO-
IUTBCS B paMKax iHTerpyBanHs 3agadi Kowri s piBasap Hill-Clohessy—Wiltshire. Anaini3 pesynbraris cympo-
BOJUKYeThes rpadikamu. Ha moyaTky cTaTTi HaBeI€HO OIVIA CTaHy IPOOJIEMH, 110 BUBYA€ETHCS.

Knwuosi cnosa: mpocosa cucmema, 320pmarHs, NPOSPAMHE KePYBAHHs, 3MIHA OO0BJICUHU, BEPMUKATIbHE
nonooicenns, oepopmayii, KOCMiuHa 36'13Ka.

OOGBEKT 3TOr0 MCCIIENOBAHUsI — KOCMHYECKasl CBSI3Ka [BYX T, COSAUHEHHBIX yIPYIrHM 0€3MacCOBBIM TPO-
com. Llenb Mccne0BaHust — pacpoCTpaHeHHe HOBOTO METO/Ia TOCTPOCHHS IPOrPAMMHOTO YIPABJICHHS PEKUMOM
Ppa3BepTHIBAHHS KOCMHYECKHX CBS30K B IUNIOCKOCTH HX OPOMT C BHIPABHUBAaHHEM B KOHIIE PEKHMMa BJIOJb MECTHON
BEPTUKAIIM Ha TPOLIECC CBEPTHIBAHHS CBSI30K CO CIELU(PUYECKUMU TEPMUHAIBHBIME YCIOBHSIMH. JTO IIO3BOJISIET
MOCTPOHTH TPOrPaMMHOE YIIPaBJICHHE [VIMHON WM HATSDKEHHEM CBSI3KH, KOTOpOe obecriednBaer TpedyeMoe n3-
MEeHEHHE KHHETHYECKOr0 MOMEHTa CBSI3KH IIOJ JACHCTBHEM MOMEHTAa IPaBHTAlIMOHHOrO mojsi cuil. HoBusHa pe-
3yJIBTATOB HCCJIEIOBAHMSI 3aKIII0YACTCS TAK)KE B HOBOM ITOZIXO/€ K MOCTPOCHHUIO YIIPABIICHHSI MaJIONPHBOAHBIMA
(underactuated) MexaHHYECKMMH CHCTEMaMH, y KOTOPBIX KOJIMYECTBO KaHAJIOB yIPABJICHHS MEHbIIE YHCIA CTe-
neHeit cBOOOBI. 3/1ech HpeiaraeTcsl Hakia(pIBaTh OPAaHHYECHNE HA JIBIKCHHE CHCTEMBI 110 TAHTaxy, KOTOPOE,
yMeHbIIast YUCIIO CTENeHeil CBOOO/IbI CHCTEMbI, MO3BOISIET PEa30BaTh 3aaHHBINA PEIKUM JIBHXKEHHS [IPH YIIPaB-
JICHUM TOJIBKO I10 OCTABIIEHCSI CTEIIeHH CBOOOMIBI. XapakTep OrpaHHUYCHHMS], HAKIAIBIBAGMOrO Ha JIOIyCTHMBIN
3aKOH W3MEHEHHs yIila TaHraxa 1o BPEMEHH, ONPEAEISeTCs TPEOOBAHUSIMH, IPEABIBIIEMBIMH K BBITONHAEMOMY
peXHMy. 31eCh paccMaTpUBAeTCs PEXHM CBEPTBHIBAHMS CBS3KM, KOTOpas BHAJalle BBIPOBHEHA BJOJIb MECTHOW
BEPTUKAIIH, 10 331aHHON JUIMHBL. [IpH 9TOM CBsI3Ka J0JDKHA ObITh CHOBA BBIPOBHEHA BJIOJIb MECTHOM BEPTHKAIN U
ee MpOoJOoJIbHbIe KOIeOaHus JOJDKHBI OTCYTCTBOBATh. B pesyibTaTe ydera Bcex TpeGOBaHMIA, MPEABSIBISEMBIX K
PEKUMY CBEPTBIBAHHS, YAAETCS OCTPOUTD JOIMYCTUMBIN 3aKOH H3MEHEHHs yIila TaHTaXa Mo BPEMEHH, KOTOPbII
OIMCHIBACTCSI CTENIEHHBIM PSIZIOM BOCBMOTO TIOpsiiKa. J{yist CBSI3KM C BHIOPAaHHBIMH 3HAUYCHHSIMH [1apaMETPOB TIPO-
BEJICHO YMCIICHHOE MCCIIEJOBAHHE BIMSIHUS [IAPAMETPOB PEKUMA, TAKHX KaK [UIMTENBHOCTh CBEPTHIBaHUSA, (popma
3aKOHA W3MEHEHHUS yIla TaHraxa Mo BPEMEHH, Ha JUIMHY CBEPHYTOM CBSA3KH M XapaKTep ee MOBEJCHHUS B IpoIiecce
cBepThIBaHMsL. J{Jisl IEMOHCTPALMH TPOCTOTHI IPHMEHEHHS [PEUIaraeMoro MeTojla Ha MPaKTHKe HPUBEIEH YnC-
JICHHBIH npuMep. YHCIICHHOEe MOJIENIMPOBaHIE PEXUMa IIPOBOJUTCS B paMKaX HHTErpupoBaHus 3a1auu Komm st
ypasuenunii Hill-Clohessy—Wiltshire. Ananus pe3yapTaTtoB WILTIOCTpHpYeETCs rpadukamu. B Hadane cTaThu mpu-
BeZIeH 0030p COCTOSIHUSI M3y4aeMOro BOIpoca.

Knrouesvie cnosa: mpocosas cucmema, ceepmvleanue, npocpamMmHoe ynpdaeileHue, UdMeHeHue ()Jlllel,
6EPMUKAIbHOE NOJIOJHCEHUE, 6eqbop,ﬂ/tauuu, Kocmuveckas ces3Ka.

This study is concerned with a space tethered system of two bodies connected with an elastic massless teth-
er. The objective of this study is to extend a new feed-forward control method of the deployment of space teth-
ered systems in the orbit plane with their alignment to the local vertical at the deployment end to the tether re-
trieval with specific terminal conditions. This allows one to construct the feed-forward control of the tether length
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or tension in order to provide the required change of the angular momentum of the tethered system under the
influence of the gravitational moment. The novelty also lies in a new approach to creation of the control of un-
deractuated mechanical systems, in which the number of control channels is less than the number of degrees of
freedom. Here, it is proposed to impose a pitch constraint on motion of the system, which will reduce the number
of degrees of freedom, thus allowing one to implement a specified motion regime by controlling the system only
in the remaining degrees of freedom. The character of the constraint imposed on the admissible time variation of
the pitch angle is governed by the requirements imposed on the motion regime to be executed. This paper consid-
ers the retrieval of a tethered system initially aligned to the local vertical to a specified length. The tethered system
must be aligned again to the local vertical, and its longitudinal oscillations must be absent. Taking into account all
the requirements for the retrieval regime, one can construct an admissible law of time variation of the pitch angle
described by an eighth-order power series. For a tethered system with specified parameter values, a numerical
investigation was conducted for studying the effect of the retrieval duration and the law of time variation of the
pitch angle on the length of the retrieved tethered system and its behavior during the retrieval mode. To demon-
strate the practical simplicity of the proposed approach, a numerical example is given where tether retrieval is
simulated numerically by integrating a Cauchy problem for Hill-Clohessy—Wiltshire equations. The analysis of
results is illustrated by graphs. At the beginning of the paper, the state of the art in the problem under considera-
tion is overviewed.

Keywords: tethered system, retrieval, feed-forward control, length variation, vertical position, defor-
mation, space tethered system.

Beenenne. O0beM myOnuMKanuii, MOCBSIEHHBIX HCCIEAOBAHHUIO Pa3IMYHBIX
PEKUMOB JBHXKEHUST KocMuueckux TpocoBbiX cucteM (KTC), oueHbp OONBLION.
Bcecroponnnii ananu3 noreHnuansHbeIX npuMmenenuit KTC nmpoBoautcs B MOHO-
rpadpusx [7, 15]. Cpeamn npobrnem, cBsizanubix ¢ quHamukoir KTC, ocoboe mecto
3aHUMaeT NpobieMa pa3BepTHIBAHUS W CBEPTHIBAHHS CBSA3KH JIBYX KOCMHYECKUX
00OBEKTOB B 33J]aHHOE COCTOSIHME. JTOU MpoOJIeMe MOCBSIIEHO OO0JIBIIOE KOJIHUe-
cTBO myOnukanuii. OHM OTJIMYAIOTCS IPHHUMAECMON (PU3NYECKON MOJEINBIO CBSI3-
KM ¥ XapaKTepoM YIpPaBJICHUS MPUBEICHUEM CBSI3KH B KOHEUHOE TTOJIOKEHHE.

Beprukanbnas konpurypanus KTC ycToiiunBa B opOUTaNbHONM cHCTEME OT-
cyeTa B Clydae MOCTOSHHOW JUIMHBI Tpoca. TeopeTuyeck 3TO CHpaBeIMBO I
abcomoTHO chepuueckoit 3emin. B mpenenax TEXHUYECKOW TOYHOCTH MOYKHO
MPEIOJIOKUTh, YTO 3Ta TUIOTe3a BhInoiHsAeTcs [27]. Kondurypanus Baoas jo-
KaJbHOM BEPTHUKAIN TEPSET CBOIO YCTOHYMBOCTH C M3MEHEHHEM JUIMHBI CBS3KH
COTJIaCHO TeopeMe 00 M3MEHEHUH KHHETHIeCKoro MoMeHTa [16]. BaxHoe 3xcmty-
aTallMOHHOE TpeOoBaHWe, YTOOBI CYOCHYTHHK OCTAJICS Ha JIOKAILHOW BEPTHUKAJH
BO BpeMsl Pa3BEepTHIBAHHS WIIM CBEPTHIBAHHS, MOXKET OBITH JOCTHTHYTO TOJBKO 32
CYET PAaCUIMPEHUS BO3MOXKHOCTEHN CHCTEMBI yIIPaBICHHUS.

B Mozensix peanbHBIX CBSI30K C HEBECOMOH CBSI3bIO, IBHIKEHHE KOTOPBIX TPO-
HUCXOJIUT B IUIOCKOCTH KpPYrOoBOH OpPOWTHI, HMCHOJNB3YETCS TOJBKO OJWH KaHaN
yTIpaBIlieHHS, CBSA3aHHBIN C M3MEHEHHEM JUIMHBI CBS3KH, a CTETICHEH CBOOOIbI OKa-
3bIBaeTCs /Be. Bropas crenenb cBOOOIBI CBA3aHA C JBM)KEHHEM CBS3KH IO YTy
TaHraxa. [Ipu Takoi mocTaHOBKE 3aJauM CBSI3KY MOXXHO paccMaTpuBaTh Kak Ma-
nonpuBoaHyto (underactuated) MexaHHYECKYI0 CHUCTEMY, B KOTOPOH KOJIHYECTBO
cTereHel cBoOO/bI Oolbllle YKca KaHaJoB ympaslieHHus. MrHopupoBaHue 3Toi
0COOCHHOCTH MEXaHHYECKOW MOJENH CBA3KH C HEBECOMOM CBS3bIO NMPHUBOIMIO K
TOMY, YTO, HalpyMep, 3aJla4a Pa3BepThIBAHUS CBS3KH B BEPTHKAILHOE TIOJI0KEHUE
JONITOE BpEeMA HE MMeJia IPUEMIIEMOTO JIJIsl IPAKTUKH PEIICHHSL.

PaccMoTpuM HM3BECTHBIE MOJAXOMbI K PAa3BEPTHIBAHHIO CBS3KH B TOJOXKEHHUE
BJIOJIb MECTHOM BepTHKaiu. Kak mpaBuio, Takoe pa3BepTHIBAaHHE IPEIIONAraroT
MIPOBOJIUTH B TCUEHHUE ABYX CTaauii. MHOTHE aBTOPHI pacCMaTPUBAIOT CBOOOIHOE
pa3BepThIBaHME Ha HadaJgbHOW cTymeHu [25]. B aTom cirydae, mocie HavalbHOTO
yaneHus: cyOCIyTHHKAa OT KOCMHUYECKOT0 KOpalisi, CBs3Ka pa3BepThiBaeTcs (ak-
TUYECKH 0e3 COMPOTHBIIEHUS MO EHCTBHEM HAa4aJIbHOT'O MUMITYJIbCa, COOOIIAaeMO-
ro cyOCIyTHHKY CHCTEMOW pa3BepThIBaHUS. B pesymbraTe mocie TOPMOXKEHUS
CBSI3KM B KOHIIE Pa3BEPTHIBAHHS CBS3KA BXOJHT B PEXKHUM JTHOPAIUOHHBIX (MasITHHU-
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KOBBIX) KOJICOaHHWH B TJIOCKOCTH OPOUTHI OTHOCHTEIIHEHO PagHaIbHOTO PaBHOBEC-
HOro nosyokeHusa. HakoHen, IpuBsi3b yCIIOKauBaeTCsl U3-3a BHYTPEHHEro JeMnu-
POBaHMS B BA3KOYIIPYTOM TPOCE B IOJIOKEHUHU BAOJIb MECTHOH BEpTHKaIU. DTOT
MPOIIECC JJTUTCS OYEHBb JOJTO, XOTS CYIIECTBYIOT METOABI ero yckopeHus. B [3]
MAasITHUKOBBIC KOJICOaHUsI, KOTOPbIE BO3HUKAIOT IIPU MEPBUYHBIM Pa3BEPTHIBAHUU
CBSI3KM C BA3KOYNPYIMM TPOCOM, AeMI(UPYIOTCA MapaMeTpUYeCKUM IOATSITHUBa-
HHEM Tpoca Y TOYKH BO3BpaTa MAasTHUKOBBIX KOJEOAaHUHM U pa3BEpTHIBAHHUEM €r0
CHOBA OKOJIO MECTHOM BEPTHUKAIM: 3TO IPOIECcC, OOpaTHBIN MapaMeTpUYECKOMY
BO30YX/ICHUIO MasITHHKA.

VYnpapneHue HaTsHKEHHEM TPOca Ha MEpBOM CTaluM Pa3BEPTHIBAHUS paccMaTpu-
BaeTca B [4]. Onmcanne n aHaNW3 pa3MUYHbIX ITyTeH pa3BePTHIBAHUS OPOUTAIBHBIX
CBSI30K C YIIPaBJIEHHUEM IO CKOPOCTH Pa3BEPTHIBAHUS MPUBEEHHI B [0, 14, 15, 18].

VY Bcex creHapueB pa3BepTHIBAHHS OPOMTAIBHBIX CBSA30K C YIPABICHUEM IIO
CKOpPOCTH pa3BepThIBaHUS €CTh OJMH 0Omui HegocTatok. C TakKuM yIpaBI€HUEM
HEBO3MOJKHO BBINOJHHUTH JeMN(UPOBaHUE NMPOAONbHBIX KOJIEOaHUH CBSA3KH, BO3-
HHUKAIOIIUX H3-32 €€ YIPYroCTH. 3HAYMTENbHBIE MPOAOJIBHBIE KOJIECOAHUSI MOTYT
IPUBECTH CBS3KY K IOTEpEe HATSDKEHHs TPOca, 3TO B CBOIO O4epenb NMPHUBEIET K
NOTEpe YIPABJICHUS €€ Pa3BEePThIBAHNEM/CBEPTHIBAHUEM.

W3BecTHBI MeTOIBI pa3BepThIBaHMS OPOUTAIBHBIX CBSA30K, KOTOpBIE obecre-
YHBAIOT Pa3BEPTHIBAHHE TPOCA C PETYIMPOBAHUEM €r0 CHIIbI HaTsDKeHHs. OCHOB-
HO€ NPEUMYILECTBO TAKHX CLIEHAPUEB Pa3BEPTHIBAHUS — BO3MOXKHOCTH IPSIMOTO
aeMnupoBaHus MPOAOJIBHBIX KOJeOAaHUH CBA3KH BO BPEMsl €€ pa3BepThIBAHUS.
MHOXeCTBO pa3MUHBbIX CTPATETUil YHpaBJICHUs Ul TaKUX CLIEHAPUEB Pa3BEPTHI-
BaHUS M yCTPOWCTB IJISl X peann3anuu omucaHo B [21, 22, 26]. [Ipobiaema onrtu-
MaJIBHOTO YIPABJIEHUS 110 OBICTPOACHCTBHUIO PEILIeHA ISl HPOCTOH CHCTEMBI C He-
BECOMBIM TpocoM B [24]. B pesynbprare HaiifleH 3aKOH PEIEHHOTO YIpaBIICHUS
HaTsDKeHHeM Tpoca. OH MO3BOJISIET MepeMeIaTh CyOCIyTHUK U3 TOJI0XKEHHUS OTHO-
CUTEJILHOTO PaBHOBECHS BJIOJIb MECTHON BEPTHKAJIHM K TOU ke caMoi KOoH(urypa-
MM Ha CYIIECTBEHHOM PacCTOSHUHM OT KOCMHYECKOTo Kopaldiis, 6e3 CyliecTBeHHO-
IO OTKJIOHEHHsI CyOCIyTHHKAa OT MECTHOH BEPTHKAIU M C ITOCTOSHHO HATSHYTHIM
Tpocom. IlorpemHocTs 3TOro MeToa cBA3aHa CO CIIOKHOCTBIO pealn3aluy pery-
JMPOBaHUs HATSHKEHUs TpOca, KOraa cuja HaTsbKkeHusa mana. Hemocratok merona
COCTOUT TaKXe B BO3SMOXKHOCTH BO30YXIEHUs ITPOAOJIBHBIX KOJIEOaHNH.

B [4] npoBexeHO BcecTOpOHHEE HCCIEIOBAHUE YIPABISIEMOr0 Pa3BepTHIBA-
HUS HA OCHOBE CPAaBHEHMsI IIECTH Pa3IU4HbIX clieHapueB. B [23, 24| pa3BuThl on-
TUMaJIbHbIE KOHTPOJUIEPH! AJsl co3faHusl ympasieHus: pasBeproiBanueM KTC. B
[28] npeanoxen xonTposuiep s apwkeHns KTC B miockocTd opOUTHI, KOTOPBIT
JIEMOHCTPHUPYET BHICOKYIO BBIUYUCIUTENBHYIO 3P dekTuBHOCTE. B [30] mpoBeneno
CpaBHEHME PA3INYHBIX (PYHKLIUH CTOMMOCTH AJisl onTuManbHoro ynpasinenus KTC
B IUIOCKOCTH OPOHUTBHI. DTO MCCIIENOBAaHHE OBUIO PACIIMPEHO IMO3KE Ha yrpasiie-
nue yudpanueid KTC Ha snnmuntruyeckux opoutax [29].

OnuH u3 Haubonee 00CYKIAeMbBIX CLIEHAPHEB pPa3BEPThIBAHUS — TaK Ha3bIBac-
MoO€ "IKCIOHEHIMaIbHOE" pa3BepThIBaHHE. Takoe pa3BepThIBAHUE paccMaTpHBa-
Jock MHOTUMH aBTopamu, HaunHas ¢ Eades [11, 12]. Kak mpaBuio, aBTopsl pac-
CMaTpPUBAaOT 3KCIOHEHIMAIBHOE pPa3BEPThIBAHNE KaK JONOJIHUTEIBHYIO CTaJHIO
JUIS. HA4aJIbHOTO pa3BepThIBaHUs. Takoe pa3BepThIBaHHE OOCYKAEHO MOIPOOHO B
[6, 20] u MHOrMMU ApyrUMH aBTOpaMu. B [6] Takoe pa3BepThIBaHHE OINPEEIEHO
KaK pa3BEPTHIBAHHE CO CKOPOCTHIO, IPONOPIIMOHAIBHOMN AJTMHE pa3BEPHYTOM CBS3-
kd. s KpyroBoil opOHMTHI aBTOPBHI MpEAJIaraloT 3aKOH M3MEHEHHS Pa3BEpPHYTOH
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jumnbl cBsisku L Bo Bpemenu B Gopme L =L exp(-3/40™t sin29), roe Ly —

HavanbHas JJIHHA CBs3KH, t — BpeMs, ®” — opOUTajIbHAS YITIOBAs CKOPOCTh, § —
yroJl TaHTaxka cBA3KHU. B [20] skcnoHeHIMaIbHOE pa3BepTHIBAHUE ONPENEIEHO KaK
pa3BepThIBaHUE, ISl KOTOPOTO pa3BepHyTas IMHA — GYHKLUS, pacTyIas Mo Kc-
MIOHEHTE CO BPEMEHEM U 3aBHCSAINAs OT BEIMYHMHBI L, KOTOpas HE MOXKET OBITh

HYJIEM.

ITnockoe OBM)XKEHHE TAHTEIH C HKCIOHEHLHUAIbHBIM YIPABICHUEM IO JUIMHE
TIPH CBEPTHIBAaHUU OBLTO McciaenoBano B [19]. Tam moka3aHo, 4TO CBS3Ka MOXKET
ObITh cBepHyTa Oe3 BpameHus. [Ipu ncronb30BaHUM HKCIIOHEHLIUAIBHOIO 3aKOHA
CKOPOCTb Pa3BEPTBHIBAHUS CBS3KH JOCTUTaeT MaKCHUMajbHOM BEIMYMHBI B KOHILE
pa3BepTHIBaHMs, YTO NPHUBOAUT K PHIBKY U YBEJIWYEHHUIO CHUJIBI HATSDKEHHUS. OJTO
MOJKET BbI3BaTh 3HAUNUTEIbHBIC IPOAOIbHBIE KOJICOAHUS CBA3KH.

AJbpTEepHaTHBON MeToldaM, OOCYKAaeMbIM 37€ECh, SIBISIOTCS METOJbI, pa3BU-
THIE B [1, 2, 9].

Crnenyer OTMETUTh, YTO C MPAKTHYECKONW TOYKH 3PEHHsI HET HEOOXOAMMOCTH
YAEPKUBATh CBA3KY B HEMOCPEICTBEHHOW OMM30CTH OT MECTHOW BEPTHUKAIU BO
BpeMs pa3BepThiBaHusA. Jl0CTaTOYHO, YTOOBI yIIpaBiICHUE MPHUBEJIO CBS3KY K MECT-
HOW BEepTHKAJIM B KOHIIE IIpo1iecca.

B mocnennee BpeMsi BO3pOC MHTEPEC K MCCIEJOBAHUIO MaJOIPUBOAHBIX Me-
XaHH4YeCKUX cucteM. B pabore [12] cBsi3ka paccMaTpuBaeTCsl Kak MajJOIPHBOIHAS
MeXaHHUYEeCKasl cucTemMa. TaMm NpeanoKeH HOBBIM KOHTPOJUIEp AJs PEXHMOB pas-
BEPTHIBAHUS U CBEPTHIBAHUS CBSA3KHM, OCHOBAHHBIM Ha MCIOJIB30BaHHU (OpMHpYeE-
MOTO BUPTYaJbHOTO CHUTHANA. ABTOpBI ITOKa3aJly, YTO YIJIOM TaHra)ka, HE MOJJa-
FOLIMMCS IPSIMOMY YIPABJICHUIO, MOKHO YIPABJIATh IPH UCHONB30BAaHUH JAHHBIX
0 anmuHe CcBs3kH. Taxke B paboTe MpoBeNleH KPaTKUi aHAIHU3 MCCIe0BaHUH AHHA-
MHKH CBSI30K B paMKaX TEOPUU MaJONPUBOIHBIX CUCTEM.

TpynHocTell peanu3ali OMHCAHHBIX BBIIIE CLIECHAPUEB U CIOXKHOCTEH 3aKo-
HOB YIIPaBJICHUS PEKUMaMU Pa3BEPThIBAHUS/CBEPTHIBAHMS CBSI3KU B YCTOHYUBYIO
BEPTUKAIBbHYI0O KOH(QUIYpaLWI0 Ha KPYroBoH OpOMTE MOXXHO H30€kKaTb, €CIH
HAJIOKUTHh HA CUCTEMY JONOJIHUTENIFHYIO CBSI3b, YMEHBILIAIOIIYIO YHCIIO €€ CTele-
Hell cBoOoapl. IIpu 3TOM cucTema nepectaHeT ObITh MaJIONIPUBOIHON U 3aAaya Io-
CTPOEHUS IPOTPaMMHOT0 YIPABJICHUS, IPUBOISIIEIO CBA3KY K MECTHOM BEpTHKA-
JIM B KOHIIE pa3BepThIBAHUS, CYyLIECTBEHHO ynpoaercs. CTpyKTypa CBSI3H JOJKHA
B MOJIHOH MEpe COOTBETCTBOBAThH IIapaMeTpaM HcciieayeMoro pexuma. Ee moctpo-
CHHE 3aKJII0YaeTcsl B ONpPEAETICHUH IMOIXOIIICH 3aBUCMMOCTH YIJla TaHTaxka OT
Bpemenn. Kak 3T0 cenath OCHOBBIBasiCh Ha pabotax [31, 32], Oyaer mokasaHo 1a-
nee.

MartemaTu4eckasi MO€Jb CUCTEMBI. MosxHOo pa3ian4aTtb ABa OCHOBHBIX TH-
I1a CBA30K. CBHSKI/I, COCTOAIIHNE N3 KOCMHUYCCKUX TCJI C CYIIECTBEHHO OTJINYAarOIIn-
MMHCH 110 BSJIIMUMHE MacCaMu, MOT'YT OBITh OTHECEHBI K I[IEPpBOMY THUITY. Haan/IMep,
HCCJIICA0OBAHUC MAJICHBKOTO 30HA4, pa3BEPThHIBAEMOTO C OOJIBIIIOr0 KOCMUYECKOTO
KOpa6J’I$I WA ¢ KOCMHYCCKOM CTaHIIMH. CBs3KHu ABYX O6’LGKTOB, HUMCIOIINX Oomu3-
KHC WJIM paBHBIC MAaCChbl, MOTYT OBITH OTHECEHBI KO BTOPOMY THUILY.

bes noTepu 06IJ_IHOCTI/I (l)OpMy.]'II/II)OBKI/I HpO6J’I€MBI B Ka4C€CTBEC MOJCIIN CBA3KH
MOXKHO BI)I6paTI) ABC pPaBHBIX TOYCYHBIX MACCHI, CBA3aHHBIC YIIPYTHUM HCBCCOMbBIM
TPOCOM. HpeHe6pe>I<eHHe pasMepaM KOHIECBLIX TCJI OCHOBAHO HAa TOM, YTO PCIKU-
MBI IBUKCHHA, B KOTOPBIX TPOC MOXKCT OBITH HAMOTAH Ha KOHIICBBIX TECJIaX, 31€Ch
HE pacCMaTpUBANOTCH. HpCHC6pC)KCHI/IC Maccou TpoCa IO CPABHCHHUIO C MaCCaMH
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KOHIIEBBIX TEJ BIIOJHE ONPABIAHO JUIS CBSI30K C HEIIEKTPOIPOBOJHBIM TPOCOM,
C/IeTIaHHBIM U3 COBPEMEHHBIX JIETKUX MaTtepuanoB. KpoMe TOro, OmbIT mpeabiay-
IIFX WCCIIeTOBAHMH, B YaCTHOCTH aHAJIN3 PE3yJIbTaTOB, MPUBEIECHHBIX B [22], mO-
Ka3bIBACT, YTO YIPABISIEMOEC JIBUKCHUEC KOHTUHYAIBLHBIX CHCTEM C MAaCCHBHBIM
TPOCOM, OIUCHIBAEMBIM YPABHEHHSMHU B YACTHBIX MPOHM3BOIHBIX, (DaKTHUECKU HE
OTJIIMYACTCS OT JABHXKCHHUS CBSA30K, MACCa KOTOPBIX CKOHIIEHTPHPOBAHA B KOHIIEBBIX
Tenax. PasnmuuneM B MECTOTIONIOKEHHUH [IEHTPa TPABUTAIMH U [IEHTPA MacC CBS3KH
MOKHO TaK)Ke MPEeHeOpeyb, MOCKOJIbKY PACCTOSHHE MEXITY STHMH TOYKAMHU €/1Ba
nu Gonbine 1 M, KOT/Ia JJTHHA CBSA3KH, PACTIONIOKEHHOHN BIOJTL MECTHON BEpTHKAIH,
paBHa 5 kM. B pe3ynbraTe MOXKHO MMOJIAraTh, YTO EHTP MACC CBSI3KU JBIKETCS I10
KpYyToBO# opOHTE BOKPYT 3eMITH.

Jnst ynoOcTBa nanbHEHINEro onucanus THHAMUKHU CBSI3KH BBEJIEM CIICIYIOIIHE
npaBble cUCTeMbl KoopauHatT: uHepruanbHas cucreMa Op X p\Y oZp [5]  (ocb

Og X 5 HampaBieHa B TOYKY BECEHHETO paBHOACHCTBUS, ocb Op Z o  IPOXOauT
uepe3 CeBepHblii momoc), u opouTanbhbii 6asuc CX*y* z% . B stom koopau-
HaTHOM Gasuce ock Cx® HampapieHa OT IHeHTpa 3eMIU BOJb PajMyc-BEKTOpa
LIEHTpa Macc CBA3KH TIPH ee JIBIKEHUH 110 opouTe, och Cz*  HopMaibHa K mioc-
KOCTH OpOuTHI 1 och Cy %" OMONHSAET OPTOTrOHATBHYIO TPHAAY. 3aMETHUM, UTO OCH

Cx% u Cy CcoOTBETCTBYIOT ABMXEHHIO B INIOCKOCTH OpOHTHI, a ock CZ%  co-

OTBETCTBYET ABUKCHHUIO BHEC 9TOM IIOCKOCTH.
B xadecTBe Momenau OIS CHJI TATOTSHHS BI:I66peM LOCHTPAJIIbHOC HBIOTOHOBO

nose cuil. BekTop nonoxeHus meHTpa Macc cB3ku R MoOXkKeT OBbITh JIErKo ompe-

JISIeH B WHEPUIUAIBHON CHCTEME OTCYETa, €CIIM apaMeTpbl OPOUTHI U MOJIOKEHUE
LEHTpa Macc CBSI3KU U3BeCTHbL. COOTBETCTBEHHO, pajuyc-BeKTOpsl T, T, Toueu-

HBIX MAacC OTHOCHUTENbHO TOYKM C MOTYT OBITh ONpENENCHBI HX MPOEKIUSIMH B
opburansHoii cucteme koopaunar: T ={x7 ,y7 ,z{' 1 H={3 ,y5 ,z5'}. Bu-

6epeM 9T NPOCKIOHUU BMECTC C HUX MPOU3BOAHBIMHU IO BPEMCHU B Op6HTaHLHOﬁ
CHUCTEMC OTCUYECTA KaK (1)330BI:I€ INIEPEMCHHBIC 3a1a1H.

CueHapuii u3MeHeHUsI NJMHBbI CBSI3KH. JlJI1 TEMOHCTpALMH BO3MOKHOCTEM
MpeJIaraeMoro MmoAX0/1a K TOCTPOSHUIO MTPOrPaMMHOTO YIIPABIECHUS Pa3InIHBIMU
peKHMaMHU JIBM)KEHHS CBSI3KHM PAaCcCMOTPUM Jlaliee 3aJaqy U3MEHEHUs JIUTHHBI yiKe
pa3BepHYTON BIIOJIb MECTHOW BEPTHKAIIA YIPYTrOW CBSI3KH JBYX TN C HEBECOMOM
cBs3bi0. [loTpebyem, uTOOBI TOCIIE YMEHBIICHUS UIMHBI 10 33JJaHHOW BEITUYHHBI
CBs3Ka ObllIa CHOBA PACIIOJIOKEHA BAOJIh MECTHOW BepTUKAIH. Tenepb HyX)HO IO-
CTPOUTHh BBIPXKEHUE JUIA CBSI3M, HallaraeéMoOW Ha HEYNpaBISIEMYIO MEPEeMEHHYIO,
KOTOPOW SIBIIIETCS yroJl TaHTaxa ¢ . B xauecTBe ynpaBieHUs CBA3KON Oyaem pac-
CMaTpUBaTh €€ JUIMHY, I10J KOTOPOW OyJeM MOHHUMATh PACCTOSHHE MEXIY IICH-
TpaMH KOHIIEBBIX TEJI C yUeTOM yIpyrux nedopmaruii. [Ipn yMeHbIICHUH JTMHBI B
COOTBETCTBHMHM C TEOPEMOM 00 U3MEHECHNUM KHHETHYECKOTO MOMEHTA CBs3Ka HAUHET
MMOBOPAYNBATLCS B CTOPOHY IMOJIOKUTEIBHBIX 3HAUEHUH  , IOCKOJIbKY €€ KHHETH-
YECKUH MOMEHT He OyIeT 3aMETHO MEHSThCS NpU MajblX yriiax TaHraxa. llo-
CKOJIbKY B Ha4aJIbHBIA MOMEHT IO YCJIOBHUSIM 3aJa4l CBSI3KA HETOJBUKHA OTHOCH-
TEIbHO MECTHOM BEPTUKAJIH, TOJKHBI BBITOJIHATHCA CIACAYIOLINE YCIOBUS:

9(0)=0,9(Tg)=0, (1)
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9(0)=0,9(T¢)=0. 2)

3necs Tp — BpeMs OKOHUaHMS MaHEBpaA.
B pesynbrare 3aBucuMocth S ) B mepBOM NpPUOIMKEHHH MOXHO TpECTa-

BUTH B BH/IE, I0OKA3aHHOM Ha puc. 1.

,pan OpnHako Takas CBs3b HE OTpa)kaeT BCEX Tpe-
0OBaHUH MPAKTUKH, IPSIBIBISICMBIX K CBI3KE B
pamMKax paccMmaTpuBaeMoro MaHeBpa. Cneamyro-
IIUE YCJOBHS JIOJDKHBI OBITh YJOBJICTBOPEHBI
MPY CBEPTHIBAHUU CBSI3KU OT MOJHON HadaJbHOU

0 't .
Ip e IiiHbL Lo 10 KoHeuHOoM anuHbl L :

Puc. 1
L(0)=Lo,L(Te)=L¢ . 3)

IlepBoe W3 3THWX ycnoOBWIA 3apaHee MOXXHO CYHTATh BBHITIOJTHEHHBIM, BTOPOE
YCIIOBHE MOKET OBITh MCIOJIB30BAHO Jaliee I OMpPEESIICHUs 3apaHee HEU3BECT-
HOTO BpPEMEHHU OKOHYaHMs MaHeBpa Ty . OTa BeIMYMHA IO3BOJUT BBIOpATh MOA-

XOod1ee peuIcHrue 3a1a4 U3 MHOXKECTBA pemeHHﬁ, IMMOJIYYCHHBIX IJIA pa3JIM4YHbIX
3Ha4YeHuil T .

I[Ba JOTIOJTHUTEIBHBIX YCJIOBUA CICAYIOT U3 Tpe60BaHI/I$I IOCTOAHCTBA OJIHHBI
CBSI3KH B HaYaJIbHBIA U KOHEYHBIM MOMEHTBI BPEMCHU:

L(0)=0,L(Tg)=0. 4)

[losiBieHMEe CKAYKOB HATSDKEHHUS B TPOCE HENONMYCTHMO KaK B HAYAIbHBIA U
KOHEYHBIII MOMEHTHI MaHEeBpPa, TaK W Ha MPOTSHKEHUH BCETO MaHEBPA, MOCKOIBKY
OHH MOTYT TIPUBECTH K MCYE3HOBEHHUIO HATSDKEHUS CBSI3U, YTO CIIENAET MPUHATYIO
MEXaHWYECKYI0 MOJIeNb HeajqeKkBaTHOW. (OTCYTCTBHE CKAadyKOB HATSOHKEHHS B
HaYallbHBI U KOHEYHBIH MOMEHTHI BPEMEHHU JOCTUTAETCS MPH BBITOJHEHUH Clie-
IYIOIIUX YCIIOBHI:

L(0)=0,L(Tg)=0.

OTH yclOBUS CIEAYIOT HENOCPEACTBEHHO W3 YPaBHEHUS JBIKEHHS CBSI3KH
BJIOJIb CBSI3M B cepuueckux kKoopauHatax [17] (cimydaii ABMKEHHUS B IIIOCKOCTH
OpOUTHI), KOTOPOE B MPUHSTHIX 34€Ch 0003HAYEHHUSIX MOXKET OBbITh 3aIICaHO B BUJIE

U = L[(0+ 6™ )2 +3(c” Y2 cos? 0— (o™ )]-2 (5)
m
31ecr M — Macca KOHIIEBOTO TeJa, | — CHJIa HATSHKEHHUS TPoca.
JleficTBUTEIBbHO, TIPH BBITIONIHEHNH ycinoBuid (1), (2)
=L 3(” )2 -21 -0, (6)
m

Tenepp HEOOXOAMMO MOCTPOUTH TAKOW 3aKOH YIIPABIICHUS JJIWHOW CBA3KH
L (t), koTopbIii MO3BOJIUT PEIINTh MOCTABICHHYIO 33Ja4y U CBEPHYTh CBS3KY "H3
TIOKOS B IMTOKOH" 710 3amaHHON JIMHBI. DU3ndecKasi HHTEPIPETAIns TAKOTO yIIPaB-
JIEHUSI COCTOUT B CJIEIYIOLIEM: MOMEHT KOJINUECTBA JIBUJKEHUS CBSI3KU B IIpoLiecce
CBEPTHIBAHUS HM3MEHAETCS IO JEHCTBHEM TPaBUTAIIMOHHOTO MOMEHTa IO TaKOM
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BEKTOPHOHM BEIMYUHEI, KOTOpPas COOTBETCTBYET MOMEHTY KOJWYECTBA IABHKCHUS
ceskunput =Tp .

Jis Toro 4roObl MONYyYUTh HEOOXOIUMBINH 3aKOH YIPAaBJICHUS, MOXHO HC-
MOJIL30BaTh TEOPEeMy 00 M3MEHEHUU MOMEHTA KOJIMUYECTBA JIBUKCHUSI CBS3KU. bo-
Jiee TPOCTOH MYyTh COCTOUT B TOM, YTOOBI MCIIOJIb30BaTh yPaBHEHUE JIBIDKCHUS
CBSI3KM TIEPEMEHHON MIMHBI To yriy TaHraxa. Cnemys [17], MOXHO Hamucathb
YpaBHEHHUE YTIIOBOTO JABHKCHUS CBSI3KH B TUNIOCKOCTH OPOUTHI B CIEAYIONICH (hopMe:

9+2(3+ ™ L /L +3(™ )?sin9cos$=0. (7)

[locne snemeHTapHBIX NpeoOpa3oBaHUil ypaBHEHHS (7) MOXHO TONYYHUTh
o0OpIkHOBeHHOE A depeHnansHoe ypaBHEHHE TIEPBOTO MOPSIKA C COOTBETCTBY-
IOLIMM HayallbHBIM YCIIOBHEM

N 3(0™ )?sin29+29

L= 4(a)°r +9)

, L(O)=Lo- (8)

[Tpu n3BecTHOM 3aKoHE M3MeHeHUs J(t ) ero pemenne nMeeT ey BIT

Te or \2 «; Q
3(@™ )°sin(29(7)) +29(7)
Lt)=Lyexp|-— . dr
0 E'; 4(0)0r +9(7))

(9)

Ucnons3ys ypasaenune (8) u ycnoBus (4), MOKHO IOYYUTH €IIIe JBa YCIOBUS
JUIS yTJIa TaHTaXa:

9(0)=0,9(T¢)=0. (10)

Bosppamasices k puc. 1, Buamm, 9To Ui obecriedeHust popMBbl 3aKOHA U3MEHE-
HUA (), COOTBETCTBYIOIIEH MMOKa3aHHON HAa PHCYHKE, HY)KHO OIPEACIHTH elle

XOTs1 OBl OJIHY TOYKY Ha TOH KPUBOW. 3aMETHM, UTO 3aja4a BBIOOPA TaKOM TOUYKH
He o/HO3Ha4Ha. Beibepem, Hanpumep, B KayecTBe TakoBoil Touky HT g /2) u 3a-

JTaJTIM CJIETYIONIEe YCIOBUE:
I(Te 12)=Fg . (11)

3necs_ Fsr — Hen3BecTHas 3apaHee BeJIMUMHA, KOTOPasi MOXKeET ObITh BEIOpaHa B
nporecce YMCISHHOTO UCCIIECJOBAHNS PEIICHUS 3aIa4H.

Haxkowner, nocie quddepeHnupoBanus 1Mo BpeMeHn ypaBHeHus (8) U HCIob-
3ysl y)Ke HaiJieHHble orpaHuueHus Ha (), MOKHO MOIYYUTH CIICTYIOUIHE Orpa-

HUYEHUsI u3 ycioBuii (5):

9(T,)=0, §(T¢)=0. (12)

Takum 00pa3oM, JUIS MOCTPOCHHS MPOrPAMMHOTO 3aKoHa H3MeHeHHus ()

MOKHO UcToib3oBath ycnosus (1), (2), (10), (11) u (12) — Bcero 9 ycnoswuii.
3ajaBas pazIMYHYIO MPOJIODKMTEIBHOCTh MaHEeBpa [ MOXHO HOJIYYUTb

pasnuuHble 3aKOHBI L (t) m3MeHeHMs AauHBI CBA3KH. TOraa MOXeT ObITh BEIOpaH

OJIMH 3aKOH M3 ATOr0 MHOYKECTBA PEIUEHUM, KOTOPBIA COOTBETCTBYET 33JlaHHOMN
OKOHYATEJIbHOM JUIMHE CBS3KH, HE IIPUBOJUT K ITOTEPE HATSHKEHMS TPOCA BO BpEMS
pa3BepTHIBAHUSI U OTBEYAET JPYTHUM OIMCAHHBIM TPEOOBAHUSIM.
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HeoOxomumetit 3akoH J( ) MoxeT ObITh TpezcTaBieH B popMe JTH0O0Tr0 KO-

HEYHOTO (PYHKITMOHATLHOTO PsNa, U €ro KO3 PHUITMEHTHI MOTYT OBITh HAlACHBI U3
BEIIIIE YCTaHOBJICHHBIX AEBATH ycioBuil. Harmpumep, mo ananoruu ¢ paboToii aBTo-
pa [31] mpencraBum 3akoH J(t ) B BUIE CTENIEHHOTO Psiia BOCBMOTO TIOPSIKA

. i
9 =Yei || - (13)
i=0 F

Ero ko3¢ ¢uuuents, Haiinennsie u3 naeparu yciosuid (1), (2), (10), (11) u
(12), uMeroT creayronMi BUI:

Co=0; ¢, =0, ¢,=0;, ¢c3 =0;
1024 Fsr IT#; c5=-256Fsr /T2,
Co= 1536Fsr /T®; ¢, =-1024Fsr /TY; cg= 256Fsr /TE.

O
IN
|

3akon L (t), nomyueHHblit B cOOTBETCTBUU ¢ BhipakenueM (13), 3aBucuT OT
3akoHa J(t ), KOTOPBIH B CBOIO OYEpEIb 3aBUCHT OT MPOODKUTEIBHOCTH PEKMUMA
CBEPTBHIBaHHS U PaJyca OPOHUTHI IICHTPA TSHKECTH.

UYmncnennslie HccjieqoBanus. PaccMOTpUM Jjasiee MPaKTHUECKYIO peaTn3aliiio
MPEJIOKEHHOTO METOJ1a IMOCTPOCHUS MPOTPAMMHOTO YIIPABJICHUS CBEPTHIBAHUEM
KOCMHUYECKOM CBSI3KM JIBYX TEJ, KOTOpasi B Ha4yaJie U B KOHIIC PEKMMa OPHEHTUPO-
BaHa BJIOJIb MECTHON BepTHKaIU. BriOepeM cleayroliyue 3HA4YCHHS IapaMeTpOB
CBSI3KH:

MacChl KOHEYHBIX TeJI UACHTUYHBI U paBHbI 10 Kr,

HavalbHas JJIKMHA CBI3KHU cocTaBisier 6000 M,

JUTMHA CBEPHYTOM CBSI3KH — 3 KM,

npooibHast xecTkocTh Tpoca — 5000 N.

pazauyc opOUTHI IIEHTpa TsKeCTH CBsI3KU — 7000 kM.

TMokakeM nasiee, Kak Haiity 3akoH L (1), KOTOpBIii pelaeT nocTapIeHHyo 3a1a4y.

3apmanuM 3HaueHnue FSr  paBHBIM
0,15 pax u moctpoum kpuBbie J({) s
pa3NUYHBIX 3HAYEHHUH JUIUTENLHOCTH pe-
KMMa CBEPTHIBaHUS | B COOTBETCTBUH C
dbopmymoit (13). PesynmpraT mOKa3zaH Ha
1000 puc. 2. Kaxxgast kpuBasi Ha 3TOM PHCYHKE

0= 8(;100 COOTBETCTBYET  OTHEJIBHOMY 3HAYCHHIO
:()(’500‘(’_‘(10200" . ¢ Tee JUIMTENBHOCTH pexkuMa. Ha pucyHke Bua-
HO, 4TO C U3MEHEHHeM T ¢opma KpuBoi

Puc. 2
9(t) wmensercs He3HAUMTETBHO. UTOOBI

OLEHUTh NPUEMIIEMOCTb TOTO HJIK UHOTO
3aKOHA MPOTPAMMHOTO ABM)KEHHUS, HEOOXOJUMO MOCTPOUTH MPOTPAMMHBIA 3aKOH
M3MEHEHHSI BO BPEeMEHH JUTHHBI CBs3KH L (). DTOT 3aKOH MOYKHO MOJYy4HTh, pe-

mas 3agayy Komwm (8) mist rpynisl 3Ha4eHuid T 1pH U3BECTHBIX 3aKoHaxX J(t ).
[Tony4yaem 3aBHCHMOCTH, TTOKa3aHHBIE Ha PHC. 3.
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L, M

6000

4000
2000

0 2000 4000 6000 8000
Puc. 3

OcHOBHas 3aBUCUMOCTb, KOTOPasi IPOCICKUBACTCSI HA ITOM PHUCYHKE, COCTOUT
B TOM, YTO 10 MEpE yBEJIMUYCHHS AJTUTEIBHOCTU PEXHMMa CBEPTHIBAHUS IJIMHA, IO
KOTOPOI MOKHO CBEpPHYTb CBsI3KY, yMeHbInaercss — pu 1 =1000 ¢ cBs3ky yaa-
eTcsl CBEpHYTh TOJbKO 70 5345 M, Torna kak npu T =10000 c cBsa3ka ykopauu-
BaeTcs 10 2256 M. O4eBUAHO, IPU JaJbHEHUIIEM YBEJIMUCHUN T ¢ CBEPHYTas CBS3-

Ka craHeT eme kKopode. Ha puc. 3 BugHO, uTo opma ympasistomen GyHKIIH
L ) cranoButcs Ooxnee rnankoii ¢ yBenudeHueM T g . [TyHKTUpHAs JIMHUS Ha pU-

CYHKE TPOXOJHUT Yepe3 TOUKM BBIXOAa Kaxaoi kpuBoil L (t) Ha cranmmonapHoe
3HaueHue. llITpux-myHKTHpHAas KpuBas mokasbiBaeT 3aBucuMocTh L (Tr ). Koneu-

HO, 3Ta KapTHHA CYIIECTBEHHO 3aBUCHUT U OT BEJIMYUHBI IapameTpa Fsr
Ha puc. 4 noka3aHa 3aBUCUMOCTb JUIMHBI CBSI3KU 110CTIE 3aBEPILEHMUS Ipoliecca
CBEPTHIBAHUS OT JJIMTEIILHOCTH CBEPTHIBAHUS | ¢ W napamerpa Fsr

Ha rpaduxe nanecensl m3ommuuu L (T ,Fsr)=1000, 2000, 3000, 4000,
5000 m. ITo ux dhopmam BHIHO, YTO IO OJHOW M TOW K€ JUIMHBI CBS3KY MOXHO
CBEpHYTH NpU pa3HbIX Habopax 3HaueHudd Tg u Fsr . T. e., eciim HyXHO CBep-
HYTbh CBSI3KY 3a Kparuaiilee BpeMs, pado4ylo TOUKY CJeIyeT BhIOUpaTh B IIPaBOi
BEPXHEH TOUKE COOTBETCTBYIOUIEH M30JUHUM, a €CIIU OTKJIOHEHHS] KOHIEBBIX TEJ
OT MECTHOW BEPTUKAIH JOJKHBI OBITh MUHUMAJIBHO BO3MOXKHBIMH, TO pa0Ouyro
TOYKY CIIeZyeT BEIOMpaTh B €€ JICBOW HWKHEW oOnactu. B mpaBoii BepxHel 4acTu
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pPUCYHKa amIUIMKaThl Tpauka HAYMHAIOT YBENUYMBaThes. [l ompenereHHBIX
3HadeHuil Tp, FSI' MOXeT oka3aTbCd, 4TO MOCIE OKOHYAHMA MaHEBpa IJIUHA

CBS3KH HE TOJBKO HE YMEHBIIACTCS, HO MOXET OKa3aThCs OOJbIIe HAYaILHOM.
Wuave roeopsi, mo Mepe pocta 3HaueHUs FSr  Maibie JUIMTENBHOCTH Ipolecca
CTaHOBATCS HEPEATN3yeMBbIMU. JDTO OOBACHSAETCS TeM (PaKTOM, YTO MPU TaKOM Xa-

pakTepe W3MeHeHMs BenuuuH [ u Fsr

CKOpPOCTh U3MCHCHHA YTJIa TaHTa)XXa

BO3PAcCTaeT, T. €. BO3pacTacT yIrJIoBas CKOPOCTh JBMKCHUS CBSI3KH 1O TAHTaXYy, B
pesyiabTate yero orpanndenue (11) moxer ObITh HapymieHo. UToObI He PEBBICUTD
JOMYCTUMYIO BeIH4YuHY (), NPUXOJUTCS YBEIHMYMBATh JUIMHY CBS3KH. DTO XO-

pomo BuaHO Ha puc. 3 Ha kpuBoM L (), coorBercTByrOmIell 3HAYEHMIO

Te =1000c. Ecnu gns Takod KpHUBOM IOTpeOOBaTh BBINOJIHEHUE YCIOBHSA

Tg <1000 ¢, moxxeT oka3zaTbcsl, YTO CBSI3Ka B Pe3yJIbTaTe MOIyYEHHOIO yIpaBiie-

Hus yumuHATCs. O0IacTy, MOA00HbBIE TOKA3aHHOW B MPAaBOM BEPXHEM YIITy puC. 4,
HETIPUTOHBI JIJIS1 TOCTPOCHUS MPOrPAMMHOI0 YIIPABICHUS PEKUMOM CBEPTHIBAHUSA

rz, M

T [ T | T T ! T

Fsr=0,15 =
2000 Fsr=0,30
Fsr=0.45 3
Fsr=0,60 |
Fsr=0.75
1000 Fsr=0.90
0 p—
B Fsr:wl..‘».§ 9 , Fsr=1.80
Fsr= I]:»O Fsr=1 Ps
-1000 . : ,
0 1000 2000 rx, M
Puc. 5

CBSI3KH.
[ToBenenue TpaekTOpuil KOHIIE-
Boro tesa cBs3ku npu Tp =10000 c

U TpH pa3InYHbIX 3HAYCHUIX TMapa-
Merpa FsI mokaszano Ha puc. 5. 31ech
M300paKeHbl TPACKTOPUU KOHIIEBOTO
TeJla CUMMETPUYHOHM CBSI3KH B OpOu-
tanbHOM Oasuce. Ha rpadukax xopo-
IO BUIHO, KaK T0 Mepe BO3pacTaHHs
3Ha4YeHHs mapamerpa FSr uamensercs
(hopmMa TpaeKTOPUH KOHIICBOTO Tea.
HenpeMeHHBIM YCIIOBHEM peau-
3yEeMOCTH PaCcCMaTPUBAEMOTO MAaHEB-
pa CBSA3KH SIBJISETCS OTCYTCTBHE IPO-

BHUCAHUA TPOCA B TCUCHHUEC BCCI'O BPEMCHU €€ CBCPThLIBAHUS. I[J'IH HU3BCCTHOT'O 3aKO-
Ha M3MCHCHUA OJIMHBI CBA3KHU L (t ) 3aBUCUMOCTB CHUJIbI HATAKCHUSA TPOCa OT BpPC-

MEHHM MOXKET ObITh HaiiieHa u3 ypaBHeHus (5). Ha puc. 6 mokazaHa 3aBHCUMOCTb
CHJIBI HaTsDKeHHs Tpoca oT BpemeHH rpu | =10000 ¢ u pa3nmuyuHbIX 3HAYECHHSAX

napamerpa Fsr . Ilpu t =0 cuma
HATSDKEHHS Tpoca OINpesessieTcss M3
ycioBusi (6). C HawajmoMm mporecca
CBEpPTHIBAHUS HATSDKEHHE Tpoca BHa-
Yaje yBEJIMYMBACTCS B pe3yibTare
MPEoJIONICHHsT  CHJI WHEPIMU KOHIIe-
BBIX Tel. EcTecTBeHHO, WHTEHCHB-
HOCTB 3TOTO YBEIHYECHHUS ONPE/IeIsieT-
csl 3HaYeHWeM mapamerpa FSI — gem
OosblIe 3TOT MapaMeTp, TeM ObICTpee
CBSI3KAa HAKJIOHAETCS, a CJeJOBaTellb-
HO, J10JDKHA OBICTpEE YMEHBIIATHCS ee
JUIMHA. AHAJIOTUYHBIE MPOLECCHI MPO-
UCXOIAT B TeX OONACTsIX 3HAYCHUH
Fsr , rme mosBISAIOTCS WHTEPBAJIBI
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BPEMEHH, Ha KOTOPBIX TpOC yJiuHsAeTcs. [Ipu 3TOM HaTsKeHHE CHaudalla Majaer,
KOTJIa TPOC BBIITYCKAETCS, a 3aTEM PE3KO BO3PACTAET, KOIJa TPOC HAYMHAET CHOBA
ykopauuBaercsi. [locnenusiss kpuBas T (FSr) cOOTBETCTBYeT Cuile HATSKCHHUS
Tpoca NOCJE 3aBEpIICHHs] NPOLECCa CBEPTHIBAHUS, ONPEHECISIEMOM W3 YCIOBUSA
T (Fsr), coorBercTBytomasi t =T , MOKa3pIBaeT YCWIUS HATSDKCHUS B CBSA3KE B
KOHIIE peXuMa CBepThiBaHUs, omnpenensembie u3 (6). [lockonbky ymeHbIeHUE
JUINHBI CBSI3KM B pacCMaTpUBaeMoi obiacTu 3HadeHus napaMeTpos T , Fsr mu-
HUMaNbHO TIpH Fsr =0,15, 34eCh HATSHKCHUC T makcuMmansHO. EcTecTBeHHO, UeM
OoJbIlie KOHEYHAs JIMHA CBS3KH, TEM BBIIIE CHJIAa HATSDKCHHUS Tpoca. VIMEHHO 3TO
¥ BUJTHO Ha KpBBIX T (f ) , COOTBETCTBYIOIMX MEHBITNM 3HAYCHUSIM FSr

PaccmoTpuMm narnee moBeIeHUE CBSI3KH NPHU €€ CBEPTHIBAHWUU 0 JUTMHBI 3 KM.
HAns  duciaeHHoro MojaenupoBaHHMs OyaeM wucmonb3oBaTh ypaBHeHus Hill—-
Clohessy-Wiltshire (HCW) [8] (14), koTopsle ONMUCHIBAIOT ABWKEHHE KOHIIEBBIX
TOYEYHBIX MacC OTHOCHTEIBHO LIEHTPA MacC CBSI3KU

F =20y " +3(0” )*x” -T e,; (1)/m;,
20" X -T &, (2)/m;, (14)

— (0™ Y’z T e;(3)/m;},(i =1,2),
rae €, (1), e, (2), e, (3) — HanpapisFONIME KOCHHYCHI PaINyC-BEKTOPOB TOYEU-
HBIX Macc B opOuTanbHOM Oasuce. [IJis 3aMbIKaHUsI CHCTEMBbI IBEHAIIIATH YpaBHe-
HHI TIEPBOTO TOPSIKA HYXKHO 3HATH BHIPAKEHHE BEJIMYNHBI CHIIbI HATSDKCHUS TPO-

ca T B KaXIblii MOMCHT BPEMCHH.

Ecnu B kadecTBe (ha30BBIX MIEPEMEHHBIX 33a4H BHIOPATh KOOPIMHATHI KOHIIE-
BBIX T€J M MX MEPBbIC MPOU3BOIHbIC IO BPEMEHH, B KAYECTBE YIPABICHUS MOKHO
BBECTH B MOJICJIb IPOTPAMMHYIO CHITY HATSHKEHUsI CB3KU T, KOTOpast MOKET ObITh

BBIYMCIICHA HAa Ka)KJIOM IIare WHTerpauuu, ucnonb3ys ypasHenue (11). Ilpo-
rpamMHble 3HadeHus L (t) MOXHO mMomy4nTh Ha KaKIOM IIare WHTErPHPOBAHUS

3agaun Komm (8). Ileprie mpowmsBomubie L () moryr ObiTh ompexnenenst u3 (5)
THIOCJIE TIOJICTAaHOBKU B ypaBHeHUe (7) BblpakeHus st J() u ero nmpomsBOAHBIX
1o BpeMeHH. B pesynbrate moimydaem BblpakeHHe Uit cwibl T () HaTsDKeHus,

KOTOPOE MOJKET MCIIOJIb30BaThCs IPU YMCICHHOM MHTErpUpoBaHuu 3a1aun Komm
quist ypaBHeHuit HCW ¢ momomero makera ®OPTPAH, nHanmcanHoro aBropom.

Ha puc. 7 MoxxHO BuETh MTOBEACHHE yIila TaHraxa ¢ — BHIHO, KaK B IpO-
1[ecCe CBEPTHIBAHUS OTKJIOHSETCS MPOJOJbHAas och CBA3KW. [locne 3aBepuieHUs
IPOrpaMMHOIo ynpasjieHus: B MOMEHT U =T =7078 C cBs3ka oKa3bIBaeTCsl CHOBa
OpPHEHTUPOBAHHOW BJOJIb MECTHOHM BepTHKaIU. PaccTosHue Mexy TelaMu OKa3bl-
BaeTcs paBHbIM 2999,72 M. AHanu3 YUCICHHBIX 3HAYEHU U3MEHEHHU YIJia TaHTa-
’Ka CBA3KH CBUAETENBCTBYET O HAIMYMKM HEKOTOPBIX JMOPAIMOHHBIX KOJIeOaHUi
Tpoca ¢ nepuoaom 3000 ¢, ¢ aMIUTMTY 10 MEHbIIIE 1,0-10%° pax. [lopenenue yria
tTaHraxxa () B TedeHHe pa3BEpTHIBAHUS NMPAKTUYECKH HE OTIMYACTCS OT HPO-

T'paMMHOTI'0O 3aKOHa, ITIOKa3aHHOT'O Ha pHC. 2.
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Xorb, M Ha pruc. 8 mokasaHo M3MeHEHHE JJIMHBI CBA3KH L ¥ CKO-
_af()((,:) pOCTH BTATHBaHHS Tpoca L BO BpeMeHH. 371ech BHIHO, 4TO
- \ MaKCHUMaJbHass CKOPOCTh CBEPTBHIBAHUS TPOCA HE IMPEBBIIIACT
f‘:’!]);“ e/f 0,9 m/c.
1000 [IporpaMMHO€E HaTSKEHUE TPOCA, KOTOPOE COOTBETCTBYET
iC JIBUKCHUIO KOHIIEBBIX TEJl CBS3KH 10 TPEIINHCAHHOM Mpo-
' rpaMMHOH TpaekTopuH, nzo0paxeno Ha puc. 9. [lokasannsie
-1000 3]1eCh OCOOCHHOCTH CWJIBI HATSDKCHUS TPOCA MOJIHOCTBIO COOT-
22000 - BETCTBYIOT OCOOCHHOCTSIM, ONMHCAHHBIM B KOMMEHTAapHUAX K
: puc. 6 .
Jlyis TOro 4TOOBI MPUHSTH BO BHUMAHUE YIPYTOCTh TPOCA,
-4000 - B BBIYHMCIUTEIHHYIO MPOTPAMMY TIO BBEIYHCICHHUIO CHUJIBI HATS-
-500 OYorb.M JKeHUs ObLTO BBENEHO yTOYHEHHUE. JleHCTBUTENBHO, JUIs THO-
Puc. 7 KOTO TpOca paccTosiHue oT Touku C /10 KOHIIEBOTO TEJia PAaBHO
r¢)=rpt)+Ar¢). 3mecs, ry) — nporpammubli 3aKou

0

-3000- e

usmenenus I (). B coro ouepens, Ar ) =T r,/EF — yuimnenne tpoca B co-

OTBETCTBUU ¢ 3aKOHOM I'yka. IlosTOMy, ydnThIBas KBa3MCTATHUUECKHM XapakTep

L, M — i.a/c T, H
N 0 )
5000 0,1
) 0.2
4000 0.4 0,08
-0.6
3000 0,06
-0.8
2000 1 0,04
0 2000 4000 6000 8000 t, ¢ 0 2000 4000 6000 8000 t,c
Puc. 8 Puc. 9

peXnuMa CBEPTHIBAHUS, IIPH BBIYUCIEHHH T 9TOT (hakT ObLI MPUHAT BO BHUMAHUE U
Oblla BBEJEHA KOPPEKTHPOBKA B  BBIYMCIIEHHE MPOIPAMMHOIO  3aKOHA
rpt)=rpt)—Ar () B xauectse Texymero snauenns Ar () ucnonssosanoch

€ro 3Ha4YeHHe, BHIYUCIIEHHOE Ha TPEIBIIYyIIEM Ilare MHTEIrPUPOBAHUS, KOTOPBII
coctapmaa 0,1 c.

3axmouenue. IlogBoast UTOTH, MOKHO CKa3aTh, YTO 3[€Ch Pa3BHUT, TEOPETH-
4ecKH 00OCHOBAaH M YHMCJICHHO NMPOBEPEH HOBBIH MOAXOJ K PELICHUIO IMPOOIeMBbI
CBEPTBHIBAaHMSI BEPTHUKAIBHO OPHEHTHPOBAHHOM YNPYroil KOCMHYECKOH CBSI3KH
IBYX TeJl Ha KPYroBoW OopOWMTE Ha 33JaHHYIO JUIMHY C €€ NPHUBEICHHEM B KOHIIE
CBEPTHIBaHMS K JIOKATBHOM BEPTHKAIN. DTOT MOJXOJ OCHOBAaH Ha NPOTPAMMHOM
yIpaBJIeHUN AJMHON CBSA3KH C MCIOJIb30BAaHUEM MOMEHTa IPABHTAIIMOHHBIX CHII
JUIsl YOpaBJICHUs! IBWKCHUEM CBSI3KU 10 yriy TaHraxa. C ¢pu3nuecKor TOUKHU 3pe-
HUS MIPENJIOKEHO LIETIEHANPABICHHOE N3MEHEHNE KHHETUUECKOTO MOMEHTA CBSA3KH
32 CYUET €€ B3aMMOJACWCTBUS C TPaBUTALlMOHHBIM IOJIEM, MO3BOJISIIOIIEE YJIOBIIE-
TBOPUTH MHOTHE JIOTIOJIHUTEIbHbIE TPeOOBaHHUSA K KaueCTBY AMHAMHUYECKUX IPO-
LIECCOB B YIPYrod kocMudeckoi cucreMe. C TOUKH 3pEHHUs TEOPHUU YIPABICHHS
pa3BUT MeTo[ (OPMHUPOBAHUS IPOTPAMMHOTO YIPABICHUS AJTHMHON CBA3KH, ITO3BO-
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JSIFOIIUE pa3BEepPHYTH CBS3KY JIBYX TEJ C €€ BRIPABHHUBAHUEM T10 JIOKAILHOW BEPTHU-
Kaju 0e3 Bo30YyXICHUS IPOJIOIBHBIX KOJeOaHHIA, TOTOMY YTO TOJYYSHHBIH 3aKOH
VIIpaBIICHUS SIBISICTCS OYCHB TJIAIKUM 0 BPEMEHHU U HE COICPIKUT OCOOCHHOCTEH,
KOTOpbIE MOTYT BbI3BaTh Takue kojcOaHus. OTIMYHE MPEUIOKEHHOTO CIEHAPHSI
pa3BepTHIBAHUSA OT "IKCIOHCHIMAIHLHOTO" pPa3BEPTHIBAHHUS COCTOMT B TOM, UTO
JUIMHA CBSI3KH PACTET 3/IeCh HE MO KCIOHEHTE, 4 COTJIIACHO 3aKOHY, OIUCHIBAEMO-
My MOJMHOMOM BOchMOro mopsiika. KoadduieHTsl 3TOoro monuHoMa ompesene-
HBI U3 YCIIOBHH, KOTOpPbIC 00ECIICUNBAIOT MPEIIMCAHHOE KAYeCTBO Pa3BEPTHIBAHUS
CBSI3KH, B YACTHOCTH OTCYTCTBHE €€ MPOJOJBHBIX KOJICOaHHH.

[IpuBeaeHHBIH IPUMEp MPUMEHEHUS M3JI0KEHHOTO MOAX0Ja K CIy4ar cBep-
THIBaHUSI KOHKPETHOW CBSI3KH JIEMOHCTPHPYET MPOCTOTY HCIOJIH30BAHUS METOJA
Ha MPaKTHKE.

1. Banerjee A. K., Kane T. R. Tether Deployment Dynamics. Journal of the Astronautical Sciences. 1982. V. 30.
Pp. 347-366.

2. Banerjee A. K., Kane T. R. Tethered Satellite Retrieval with Thruster Augmented Control. Journal of Guid-
ance, Control, and Dynamics. 1984. V. 7. Pp. 45-50. https://doi.org/10.2514/3.8543

3. Barkow B. Controlled Deployment of a Tethered Satellite System. Proceedings in Applied Mathematics and
Mechanics. 2003. V. 2. Pp. 224-225. https://doi.org/10.1002/pamm.200310097

4. Barkow B., Steindl A., Troger H., Wiedermann G. Various Methods of Controlling the Deployment of a
Tethered Satellite. Journal of Vibration and Control. 2003. V. 9. Pp. 187-208.
https://doi.org/10.1177/1077546303009001747

5. Beletsky V. V. Motion of an Artificial Satellite about its Center of Mass. Israel Program for Scientific Transla-
tions, Jerusalem. 1966. 261 p.

6. Beletsky V. V., Levin E. M. Dynamics of space tether systems. Univelt, San Diego. 1993. 509 p.

7. Cantafio L. J., Chobotov V. A., Wolfe M. G. Photovoltaic gravitationaly stabilized, solid-state satellite solar
power station. Journal of Energy. 1977. V. 1. Pp. 352-363. https://doi.org/ 10.2514/3.62346.

8. Clohessy W. H., Wiltshire R. S. Terminal Guidance System for Satellite Rendezvous. Journal of Guidance,
Control, and Dynamics. 1960. V. 27. Pp. 653-658. https://doi.org/10.2514/8.8704

9. Davis W. R., Banerjee A. K. Yo-Yo Rate Control of a Tethered Satellite Using Angle Measurement. Journal of
Guidance, Control, and Dynamics. 1990. V.13. Pp. 370-374. https://doi.org/10.2514/3.20559

10. Djebli A., Pascal M., Elbakkali L. On deployment dynamics of tethered satellite systems Revue de Mécanique
Appliquée et Théorique. 2000. V. 1. Pp. 13-39.

11. Eades J. B .J. Analytical Solution for Extensible Tethers. Journal of Spacecraft and Rockets. 1974. V. 11. Pp.
254-255, https://doi.org/10.2514/3.62053

12. Eades J. B., Jr, Wolf H. Tethered Body Problems and Relative Motion Orbit Detemiination. Analytical Me-
chanics Associates Contract NASA-CR-132780, Final Report. 1972. No.72-35. 317p.

13. Fan Zhanga, Panfeng Huang. A novel underactuated control scheme for deployment/retrieval of space teth-
ered system. Nonlinear Dynamics. 2019. V.95. Pp. 3465-3476. https://doi.org/10.1007/s11071-019-04767-3
14. Levin E. M. On deployment of lengthy tether in orbit. Kosmicheskie issledovanija. 1983. V. 21. Pp. 678-688.

15. Levin E. M. Dynamic Analysis of Space Tether Missions. Univelt, San Diego: 2007. 454 p.

16. Lur'e A. Analytical Mechanics. Springer: 2002. https://doi.org/doi: 10.1007/978-3-540-45677-3

17. Menon C., Kruijff M., Vavouliotis A. Design and testing of a space mechanism for tether deployment. Jour-
nal of Spacecraft and Rockets. 2007. V. 44. Pp. 927-939 https://doi: 10.2514/1.23454

18. Modi V. J., Misra A. K. Deployment dynamics of tethered satellite systems. AIAA Paper. 1978. No. 1398, Pp.
1-10. https://doi.org/10.2514/6.1978-1398

19. Padgett D. A., Mazzoleni A. P. Analysis and design for nospin tethered satellite retrieval. Journal of Guidance,
Control, and Dynamics. 2007. V.30. Pp. 1516-1519. https://doi: 10.2514/1.25390

20. Pelaez J. On The Dynamics Of The Deployment Of A Tether From An Orbiter .2. Exponential Deployment.
Acta astronautica 1995. V. 36. Pp. 313-335. https://doi.org/10.1016/0094-5765(95)00117-4

21. Rupp C. C,, Kissel R. R. Tetherline system for orbiting satellites. U. S. Patent No. 4083520, April Il, 1978,
Int. Cl. B. 64 G 1/100, US ClI. 244/167; 244/161.

22. Rupp C. C., Laue J. H. Shuttle/Tethered Satellite System. Journal of Astronautical Sciences.1978. V.26. Pp.
1-17.

23. Steindl A., Steiner W., Troger H. Optimal control of retrieval of a tethered subsatellite. Solid Mechanics and
its Applications. 2005. V. 122. Pp. 441-450. https://doi.org/10.1007/1-4020-3268-4_41

24. Steindl A., Troger H. Optimal Control of Deployment of a Tethered Subsatellite. Nonlinear Dynamic. 2003.
V. 31. Pp. 257-274. https://doi.org/10.1023/A:1022956002484

25 Steiner W., Steindl A., Troger H. Center manifold approach to the control of a tethered satellite system. Ap-
plied Mathematics and Computation. 1995. V. 70. Pp. 315-327. https://doi.org/10.1023/A:1022956002484

26. Swet C. J. Method for deployment and stabilizing orbiting structures. U.S. Patent Office No. 3532298, Oct. 6,
1970, Int. Cl. B 64 G 1/00, U.S. CI. 244-1.

71


https://doi.org/10.2514/3.8543
https://doi.org/10.1002/pamm.200310097
https://doi.org/10.1177/1077546303009001747
https://doi.org/10.2514/8.8704
https://doi.org/10.2514/3.20559
https://doi.org/10.2514/3.62053
https://doi.org/10.1007/s11071-019-04767-3
https://doi.org/10.2514/6.1978-1398
http://spogli.cib.unibo.it/cgi-ser/start/it/spogli/df-s.tcl?prog_art=1545353&language=ITALIANO&view=articoli
http://spogli.cib.unibo.it/cgi-ser/start/it/spogli/df-s.tcl?prog_art=1545353&language=ITALIANO&view=articoli
https://doi.org/10.1016/0094-5765(95)00117-4
https://doi.org/10.1007/1-4020-3268-4_41
https://doi.org/10.1023/A:1022956002484
https://doi.org/10.1023/A:1022956002484

27. Wiedermann G., Schagerl M., Steindl A., Troger H. Computation of Force Controlled Deployment and Re-
trieval of a Tethered Satellite System by the Finite Element Method. In: Proceedings of ECCM'99,
(W.Wunderlich Ed.). Pp. 410-429.

28. Williams P. Application of pseudospectral methods for receding horizon control. Journal of Guidance, Con-
trol, and Dynamics. 2004. V. 27. Pp. 310-314. https://doi.org/10.2514/1.5118

29. Williams P. Libration control of tethered satellites in elliptical orbits. Journal of Spacecraft and Rockets.
2006. V. 43. Pp. 476-479. https://doi.org/10.2514/1.17499

30. Williams P., Trivailo P. On the optimal deployment and retrieval of tethered satellites. Tucson: In: The 41st
AIAA/ASME/SAE/ASEE Joint Propulsion Conference and Exhibit. 2005. 10 — 13 July. AIAA Paper 2005-
4291 (2005). https://doi.org/10.2514/6.2005-4291

31. Zakrzhevskii A. E. Method Of Deployment of a Space Tethered System Aligned to the Local Vertical, J. of
Astronaut Sci. 2016. V. 63. Pp. 221-236. https://doi.org/10.1007/s40295-016-0087-z

32. Zakrzhevskii A. E., Tkachenko Ja. V., Alpatov A. P. Method of Deployment of a Space Bodies Tether with
Alignment to the Local Vertical. Patent of Ukraine UA 99303, u 201413972 from 25.05.15, Bul. “Promyslova
vlasnist” 2015. No.10. Pp. 1-4.

Tonyueno 30.10.2019,
B OKOHUaTeIbHOM Bapuante 22.11.2019

72



