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Annomayusa. B pabote paccmaTpuBaeTcs BIUSHUE TEeMIEPaTypHBIX dedopManuii maHem
COJIHEYHOW OaTapeW MPHU BBIXOJIE MAJIOT0 KOCMHYECKOTO aIrapara W3 TeHH 3eMJIM Ha
MapaMeTphbl €ro BpallaTesbHOTO ABMXKECHUSA. [loimydeHbl 3aBUCMMOCTH BO3MYIIIAIOIIETO
MOMEHTa OT TeMIlepaTypHoro yaapa. OLUEeHEeHO BO3HHUKAIOLIEE M3-3a 3TOr0 BO3MYILECHUS
YIJI0BOE YyCKOpeHHe. PesymbTaThl pabOTBI MOTYT OBITH HCIOJIB30BAaHBI TNPH aHAJN3E

BO3MOXXHOCTEH TPaHCIIOPTUPOBKH KOCMHUYCCKOI0O MyCOpa € IIOMOIIBIO TPOCOBBIX CUCTCM.
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Abstract. The main goal of the work is to evaluate the effect of the solar battery panel
temperature deformations when a small spacecraft leaves the Earth's shadow on the
parameters of its rotational motion.

The problem lies in the transformation of a small spacecraft after the end of its active
existence into space debris, which significantly complicates the successful implementation
of new space projects due to the threat of collision. Currently, many methods have been
developed for cleaning up space debris. One way involves towing space debris using tether
systems. At the same time, the connection between the tug and space debris is not
sufficiently reliable so the cable can separate from space debris under the influence of
various disturbances.

One of such disturbances may be a temperature shock of the solar panel when the
space debris is a small spacecraft with large elastic structural elements. The greater the mass
fraction of the elastic element in the total mass of a small spacecraft, the more significant
the effect of the temperature shock on the dynamics of its rotational motion.

An analysis of research by scientists from around the world shows that the
temperature shock can disrupt favorable conditions for the implementation of gravity-
sensitive technological processes, causing temperature fluctuations in large elastic elements,
which lead to unacceptably high microaccelerations. During experiments on the
International Space Station with promising solar panels of the ROSA type, temperature
fluctuations were so intense that they did not allow the panels to be rolled up at the end of
the experiment. In this case, the question of the controllability of a small spacecraft equipped

with such solar panels already arises.



The article deals with issues related to the influence of angular acceleration from the
temperature shock and a disturbing factor on the functioning of the spacecraft.

The influence of angular acceleration from the temperature shock is estimated on the
basis of numerical modeling and construction of the deflection field of the plate median
surface as a result of the temperature shock in the ANSYS software.

For the small «Starlink» spacecraft, the values of the angular acceleration from the
temperature shock and the deflection field of the plate middle surface as a result of the
temperature shock were obtained.

As a result of the research, the dependence of the angular acceleration on the
temperature shock of the small «Starlink» spacecraft was obtained and the maximum value
of the disturbing moment was estimated. When transporting such a small spacecraft using
tether systems after the end of its active life, this disturbance must be taken into account in
order to avoid the contact loss between the tether and space debris as a result of temperature
shock. The results obtained can be used to analyze the possibilities of transporting space
debris using tether systems.
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BBeaenne

MaccoBoe wHcnonb30BaHUE MaiblXx KocmMudeckux ammapatoB (MKA) orkpbiBaer
IIUPOKUE BO3MOXKHOCTH JIJISI HUCCIIEIOBAaHUS M OCBOCHHUS OKOJIO3EMHOI'0 KOCMHUYECKOTO
MPOCTPAHCTBA, PA3BUTUA KOCMHUYECKHUX TEXHOJIOTUM, TOBBIIMICHUS JOCTYIMHOCTH
JKCIEpUMEHTOB B Kocmoce [l1, 2]. C mnomoibio OAHOW PAKEThI-HOCUTENS MOKHO
OCYIIECTBUTH 3aMMyCK HECKOJIbKUX AecATKOB MKA. DTo CyliecTBEHHO CHUYKAET CTOMMOCTD
U CPOKH pean3alii KOCMUYECKUX UCCle0oBaHui ¢ momolbsio MKA.

OnHako TOCJIe OKOHYAHHSI CpOKa aKTUBHOTO cyiiecTBoBaHus MKA cTaHOBSTCS
KOCMUYECKUM MYCOpPOM, KOTOPBIM CYIIIECTBEHHO 3aTPYJHAET YCHEHIHYIO peaau3aluio
HOBBIX KOCMHUYECKHUX MPOCKTOB HM3-3a YIPO3bl CTOJIKHOBEeHUS [3, 4]. B HacTosiee Bpems
pa3paboTaHO MHOTO CIIOCOO0B YOOPKH KOCMUYECKOTO Mycopa, Harpumep, [5, 6]. Oqun u3
CIoco0OB TpenrnonaraerT OyKCHPOBKY KOCMHUYECKOTO Mycopa C MOMOIIBI0 TPOCOBBIX
cuctem [7, 8]. Ilpu 3ToM CBSI3p MeXAy OYKCHUPOM M KOCMHUYECKUM MYCOPOM SIBIISIETCS
HEJIOCTATOYHO HAJEKHOM HACTOJBKO, YTO MOJI ICHCTBUEM Pa3INYHBIX BO3MYIICHUN TPOC
MOXET OTAEIUTHCS OT KOCMUYECKOTro Mmycopa [9].

OgHuM ©3 TakuX BO3MYIICHHH MOXKET OBITh TEMIIEpaTypHBIM yaap MaHelH
costHeuHoM Oatapewn [10, 11] B ToM cimydae, eclii KOCMHYECKUI MyCOp TIPEACTaBIseT COOO0M
MKA c Gonpmumu ympyruMu 3JIEMEHTaMH KOHCTpyKIu#. Yem Ooubllie 0N MaccChl
ynpyroro snemenTta B oomeit MKA, TeM cyliiecTBeHHee BIUSAHUE TEMIIEPATypPHOro yaapa
Ha JMHAMHKY €ro BpalllaTeabHOro aBxeHus [12, 13].

B paGorax [14-17] moka3zaHo, 4YTO TEMIEpAaTypHBIM yAap MOXKET HapyllaTh

6HaFOHpI/IHTHBIC YCIIOBHA PRI | pcain3annu I'paBUTAMMOHHO-9YBCTBUTCIBbHBIX



TEXHOJIOTMYECKUX IPOIIECCOB, BbI3bIBAasl TeMIEpaTypHble KojeOaHusi OOJBIIUX YHPYTUX
AJIEMEHTOB, KOTOPbIE MPUBOMASIT K HEIOMYCTUMO BBICOKMUM MHUKpOycKopeHusiM. [lpu
AKCTIEPUMEHTAX Ha MEXKTYHAPOHOM KOCMUYECKON CTAaHIIUU C MEPCIEKTUBHBIMU MaHEISIMU
conneunbix Oartapeit (IICB) tuma ROSA TtemmnepaTypHble KojeOaHUs ObUIM HACTOJBKO
WHTEHCUBHBIMHU, YTO HE MO3BOJUJIM CBEPHYTH MAHEIU 110 OKOHUYAHUIO 3KCIepumeHTa [18,
19]. B aTtom ciiydae yxe BcTaéT Borpoc 06 ympasiasiemoctu MKA, ocHaméHHOro TakuMu
IICB.

Takum o0pa3zoM, TeMIepaTypHbIA yaap B HEKOTOPBIX CHUTYalUSX SIBISETCS
3HAYMMBIM BO3MYIIAIOIIUM (AKTOPOM. DTO U OMpPEACISIET aKTyallbHOCTh IPOBOJAUMBIX B
JTaHHOM paboTe UCCIIeI0BaHUM.

ITocranoBKka 3a1a4u

ITpencraBum IICh B BUi€ OHOPOIHOM IJIACTUHBI M PACCMOTPUM HadyaJIbHO-KPAECBYIO

3a/1a4y TEPMOYIIPYTOCTH, BKIIOYAIONIYIO B Ce€Osl TPEThIO HAadallbHO-KPAeBYIO 3ajady

TCIUIOIMIPOBOAHOCTHU B OﬂHOMepHOﬁ ITOCTAHOBKC:

2
al:aza—f, 0<z<h, t>0;
ot Oz 1
. , (1)
6—;;:,uAL7+(A+,u)graddivL?—}/gde, 0<x<,0<z<h, t>0.
rne T=T(z,t) - TemmeparypHoe ToONEe IUIACTHHBL, a - KO3 HUIMEHT

TEMIIEPaTyPONPOBOTHOCTH MaTepurasa IJIACTUHBI; /1 - TOJIIMHA IJIaCTUHBI (pUCYHOK 1); p -

IUIOTHOCTD [UIACTUHBL, & =iy, ,u,, u,) - BEKTOpP ICPEMCIICHUH TOYCK IUIACTUHBI IIPH

TemrepaTypHoM yaape; A u u — kosddurmentsr Jams; 7 =(34+2u)a; a — kod3bdurmenT

JUHEWHOI0 pacllupeHus; [ - NJIMHA TUIACTUHBI.



Pucynok 1. — Cxema TemnepatypHoro nporu0a rniacTUHbI

Byznem cuuraTh, 4to IpOrud u, =w>>maxi,; u, |, Toraa (1) npeodpasyercs k BuLy:

2
aa_f:azgf’ogzsh,t>0;
- ZaT : 2)
w
=—y—,0<x<0,0<z<h, t>0.
p8t2 7/82 g :

JIns. KOppPEKTHOM TMOCTAaHOBKM HadaJlbHO-KPAeBOW 3aJauM JOMOJIHUM cucTemy (2)
HayaJIbHbIMU U TPAHUYHBIMH YCIOBUSIMU. Y PaBHEHHUE TEMJIOMPOBOJIHOCTH:

oT

_ 4 4 _ .
lg—Q—ga(T ~T),z2=h/2, t>0;
2L = oo (T4 =T2), 2==h 12,5 0; (3)
oz

T(z,0)=200 K,0<z<h,t=0.
rae A - Kodh(UIMEHT TerIonpoBOIHOCTH; G - mocTosiHHas Credana-bonpimMana; € -
CTEINEHb YEPHOTHI MaTepuaa miactunel; 1, = 3 K - TeMneparypa okpy»xaroiieit cpensr; Q -
COJTHEYHBIN MOTOK, MAIAFOIINIA Ha IOBEPXHOCTH Z = h/2 MIacTHUHBI.

YpaBHEHHE TEPMOYIIPYTOCTH:
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Takum o6pa3om, cuctembl (2) - (4) OpencTaBisIlOT COOOM MaTEeMaTUYECKYHO
(dbopManu3anuio HayaabHO-KPAeBOM 3a/1a4u TEPMOYIPYTOCTH JIJISl OJTHOPOAHON TIIIACTHHBI C
MOCTOSIHHBIMHU TEIUIO(QU3UYCCKUMHU TTapaMeTpaMH KECTKO 3aJellaHHOW C OJIHOTO Kpas U
CBOOOTHOM JIJIS1 BCEX OCTANBHBIX Kpa¢B. DTa 3ajavya BKIHOYACT B ceOs TPEThIO HAYaJIbHO-
KpaeByIO 3ajladyy OJHOMEPHOH TEIIONPOBOAHOCTH, B KOTOPOW OOKOBas IMOBEPXHOCTH
IUTACTHHBI CYUTACTCS TEIJIOM30JIMPOBAHHON, a JIBE€ OCTAJbHBIC IOBEPXHOCTH HMECIOT
IPaHUYHBIE YCIIOBHUSI TPETHETO pOJA, M3Tydas TEIUIO B OKPYXKarollee MPOCTPAHCTBO IO
3akoHy Credana-bonbimana.

YucjieHHOEe MOeJTMPOBAHUE

JIist mpoBeneHHs] YUCICHHOTO0 MOJEIUPOBaHUSI OyJeM HCIOJIb30BaTh OCHOBHBIC
xapaktepuctukn MKA Starlink (tabmuma 1), koTopsiil mmpoko ucnonb3yercs kak MKA
cs3u [20]. Buemnnii Bun MKA Starlink mokazan Ha pucynke 2.

OcHOBHBIE TTapaMeTPhl MaJIOTO KocMHuYecKoro ammapara Starlink [20]

Tabmuna 1

[Tapametp Pa3mepHOCTh Starlink

Macca KT 260

KonnuecTBo 00NbIIMX YIPYTUX 3JIEMEHTOB - |




Pa3zmepsl Manoro kocMu4ueckoro ammapara M 3,2x1,6x0,2

Pasmeps! ynipyroro simemenTa M 9,6x3,2x0,006

Macca ynpyroro siemeHTa KT 75

Pucynok 2. — Buemnnit Bug MKA Starlink

N3-3a mporuba miacTHHBI, BBI3BAHHOTO TEMIIEPATypHBIM yrnapoMm (pUCYHOK 1),

BO3HHKACT CUJIa THCPIHUH, CYMMapHOC 3HAUYCHUC KOTOpOﬁ BBIpaXXacTCsAa 3aBUCUMOCTBIO:
m
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T€E M| - Macca yupyroro 3J€MeHTA.
JIns OOHOPONHOM IUIACTHHBI IEPEXOAMM OT MHTErPUPOBAHMUS II0 Macce K

WHTETPUPOBAHUIO TI0 JTMHE, TorAa (5) mpeobpas3yercs K CIeayoeMy BUY:
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YucneHHOe pelieHne HaualbHO-KpaeBor 3anadn (2) ¢ HadadbHBIMU M TPaHUYHBIMU
ycioBusami (3) u (4) B cpene ANSYS npezacraBieHo Ha pucyHKax 3 (Iojie TeMneparyp) u

4 (mosie mporuGoB).
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Pucynok 3. — Pactipenenenue temmneparyp 1o closiM IUTACTUHBL: | - BepXHUH

MMOBEPXHOCTHBIN CJIOM, HArPEBAEMbIil COJTHEYHBIM MOTOKOM; 4 - HUKHUM CJIOU
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Pucynok 4. — Iosie mporuGoB cpeAMHHON MOBEPXHOCTH IJIACTUHBI B PE3YJIbTATE
TEMIIEpaTypPHOTO y1apa
Cuuras xopnyc MKA Starlink u [ICb ogHOpoAHBIMH TUTACTUHAMH, MOKHO OIEHUTH

TCH30P MHCPUUHU B I'TIAaBHBIX OCAX, UCIIOJIB3Yd NJAHHBIC Ta6JII/IIII>I I:

2220 0
[=]0 1858 0 |. (7)
0 01931

JInsi OLIEHKH BO3HUKAIOUIETO M3-32 TEMIEPATYpHOTO yAapa YIJIOBOIO YCKOPEHHS

UCIIOJIb3YEM JUHAMHYECKUE YPAaBHEHUS Didjiepa B IJIaBHOW CBA3aHHOW CUCTEME KOOPIMHAT:

Le =M, ~(I.-1,)o,0,;
Le,=M,~(I,-I,)o.0,; , (8)
l.e,=M, —(Iy —Ix)a)xa)y.

rae 7,7,/ — IMaroHaabHbIE KOMIIOHEHTHI TEH30pa HHEPLUUH (7) OTHOCUTENLHO IIIABHBIX

CBS3aHHBIX Oceil; &(w,, ,, @, ) — BEKTOP YrI0Boii ckopocTr BpameHns MKA.



[Ipearnonoxus, 4T0 B MOMEHT TEMIIEPATYpPHOrO yaapa o, = w, =0, & CUJIa HHEPLUH

®_ (6) co37aET MOMEHT TOJIbKO OTHOCUTEIBHO OCH, TIOJIyYUM OLIEHKY YTJIOBOT'O YCKOPEHUS,

KOTOpasi IPeACTaBIEHA Ha PUCYHKE 5.

g,
rpaz/c®

1,5

m 2,5 5 7,5 t, C
Pucynok 5. — YrioBoe yckopenue BpaimeHus MKA Bokpyr 1ieHTpa Macc, OpokIaeMoe
TEMIIEPATYPHBIM yJ1apOM

IIpy >TOM MakcUMalbHOE 3HAYEHHE BO3MYIIAIOLIET0O MOMEHTA COCTaBIISAECT

npumepHo 50 H-m.
BriBoasbl

Takum oOpazomM, B pe3yabTaTe MPOBEAEHHBIX UCCIIEIOBAHMI MTOTyYeHa 3aBUCUMOCTD
YTIIOBOTO YCKOPEHUs OT TemmnepaTypHoro yaapa MKA Starlink u onieHeHO MakcUMallbHOE
3HAYEHHUE BO3MYLIAIOMIEr0 MOMEHTA. [Ipu TpaHCTIOPTUPOBKE C MOMOIIBIO TPOCOBBIX CUCTEM
takoro MKA mocne 3aBepiieHusi Cpoka €ro akTUBHOTO CYIIECTBOBAHHS HEOOXOIMMO

YUYUTBIBATh JAHHOC BO3MYILICHHC, yTOOBI M30€KaTh IIOTCPHU KOHTAKTA MCXKIAY TPOCOM H



KOCMHMYECKMM MYCOpPOM B PE€3yJIbTaTe€ TEMIIEpAaTypHOro yaapa. IlomydeHHbIe pe3ysbTaThl
MOTYT OBITh HCIIOJIb30BaHbl MPU MPOCKTUPOBAHUM TPOCOBBIX CUCTEM TPAHCHOPTUPOBKHU

KOCMHYECKOTO Mycopa.
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