Tpyast MAU. Beimyck Ne 115 http://trudymai.ru/
YK 629.78.015:531.55.001.2 DOI: 10.34759/trd-2020-115-09

Meton JJUHCAPHU3AIIMM B 3a/1avax nepejiera KOCMHYCCKUX almnaparToB €
3ﬂeKTp0paK6THOﬁ ABHUIaTeJIbHOH yCTaHOBKOﬁ Ha IreoCTaliluoOHAPHYIO

opoury

Kasmepuyk I1.B.*, Bepuuropa JI.B.**
Hayuno-npouzeoocmeennoe oovedunenue um. C.A. Jlagouxuna, yn. Jlenunepaockas, 24,
Xumrxu, Mockosckasa ooracme, 141400, Poccus.

*e-mail: pavel.kazmerchuk@gmail.com

**e-malil: viv@laspace.ru

Cmamusa nocmynuna 20.11.2020

AHHOTALUA

B cratbe ¢ moMollbI0O METOJA JIMHEApU3allMd pellaeTcsl 3ajadya ONTUMHU3ALUU
HekoMIutaHapHoro nepenéra KA ¢ OP/1Y ¢ snnuntuyeckolt opOUTHI Ha Te€0CTAllMOHAPHYIO
3a (puxcupoBaHHOEe BpeMsl. J[aroTcsi peKOMEHAAIMH 10 BBIOOPY HAYAJIBHOTO TPUOIMKEHUS.

[Tony4yeHHble pe3ynbTaThl CPABHUBAIOTCS C pe3yIbTaTaMu APYTUX aBTOPOB.

KaroueBble cjoBa: METOJ JMHEapU3allUMW;, Mallas Tsra; HEJIWHEHMHAS ONTUMH3allus,

reocTalMoHapHasi opouTa, dJIEKTPOpAKETHAS ABUTATENbHAS YCTAaHOBKA.

Beenenne
B npenpiaymieit padore [1] ¢ momomisro MOIUGUITUPOBAHHOTO METO 1A JIMHEAPU3AIUH
(MMJI) pemena 3aja4a HEKOMIUTAHAPHOTO TIEPENIETa C BHICOKOW AIITUMITHYECKON OpOUTHI
Ha (I'CO) 3a MuHUManbpHOE BpeMs (3aa4a ONTUMAJILHOIO ObICTpoIeiicTBUA). B 3TOM 3a1aue

TATra JAEUCTBYET HENPEPBIBHO, C MOCTOSHHBIM YPOBHEM, a YIPAaBICHHE OCYIIECTBIISETCS
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MMOBOPOTOM BEKTOpa TATH. [[pyruM Ba)KHBIM KJIACCOM 3a7ad ONTHUMU3AIMH IepereTa Ha
I'CO KA c snextpopakeTHOM paBuratenbHod yctaHoBkoil (OP/Y) sBnstorcs 3amauu
MaKCUMH3allud KOHEYHOW MacChl TPHW OTPaHMUYCHUSAX HAa BpeMs mepeseTa (3agadya ¢
(UKCHPOBAaHHBIM BpPEMEHEM). YBEIMYCHHE BPEMCHH IIepeiieTa, OTHOCUTEIBHO 3aJ1auu
ONTUMAJIBHOTO OBICTPOJEHCTBUS TO3BOJISIET COKPATUTh 3aTpaThl TOILIMBA W YBEIUYUTH
KOHEYHYIO Maccy 3a cuerT oTkmoueHus J[Y Ha ydactkax ¢ MeHee 3(D(PEKTUBHBIM
ympasiieHneM. PaccmarpuBarotcst Heperynupyembie DPJIY, Tara B KOTOPBIX MOXET OBITH
100 HYJIEBOU, TUOO0 MaKCUMAaTIbHOM.

Jns pemienus 3agad ontuMmu3zanuu nepesietoB KA ¢ OPJ[Y mupoko ucnonas3yercs
npuniun Makcumyma [2-6]. TlpumeHenue mnpuHnmna MakcMMyMma TO3BOJISICT CBECTH
UCXOAHYI0 ONTHMHU3AIMOHHYIO 3a7a4y K PEIICHUIO KpacBou 3amaun. [Ipy pemeHnn Takux
KpaeBbIX 3aJa4 HCCJEN0BAaTEIN CTAJIKUBAIOTCS C MpoOJeMaMu CXOJUMOCTH, BbIOOpa
HAYaJIbHOTO MPUOIMKEHUsS, O00YCIOBICHHBIMH JIOKAIBHOCTBIO MpUHIMIA MakcumymMma,
BOMPOCAaMU CYIIECTBOBAHUS M €IMHCTBEHHOCTH PEIICHUN CUCTEM HEJIMHEHHBIX YPaBHEHUM.
Jlist ipeosioNieHnsl YKa3aHHBIX TPYIHOCTEH aBTOPHI MCIOJB3YIOT Pa3WYHbIC TMOJXOJbI:
MeTo mpomoipkeHust [7-11], mociaemoBaTeNbHOE YTOYHCHHE MOCHIeH ABMKeHus [2],
KOMOWHAIINY YHACICHHBIX MeTOI0B [12] m npyrue. Crienudukoii 3a1a4uu ¢ GUKCHPOBAHHBIM
BPEMCHEM SIBIIICTCSl HAJIMYKME OOJBIIOTO KOJMYECTBA JIOKAIBHBIX 3KCTpEeMyMOB [7], 4TO
erie OOJbINE YCIOXKHSICT PEIICHUE KPaeBOU 3a/1aui MpUHIMIIA MakcuMyMa, TOCKOJIbKY Ha
rpaHdIax o0JlacTeld MPUTSHKEHUS JIOKATBHBIX JKCTPEMYMOB BBIPOXKIACTCS MaTpHIla
YACTHBIX TIPOM3BOIHBIX OT HEBSI30K KPA€BOU 3a/1auMl TI0 €€ HEM3BECTHHIM MapamMeTpam, TaK
WJIM WHAYE UCIIOJIb3yeMasi BO BCEX HEMPSIMBIX MeTojiax [8].

MMUJI, sBAsisich IPSMBIM METOIOM, paOOTAIOIINM B IIPOCTPAHCTBE yIpaBieHuit [13],
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OTHOCHUTCSI K KJAacCy TpaJUCHTHBIX METOJOB (METOAOB TMEpPBOr0O MOpPSAKA), YTO
oOycnaBiavBaeT ero Oonbmiyro o0nacth cxomumocTu [14]. B 3amaue ObicTpoacicTBHS
0Ka3aJI0Ch BO3MOYKHBIM HCIIOJIb30BaTh TPUBUAIbHBIC HAaYalbHbIC MpUOIMmKeHus [1], uro
MO3BOJIIET HAJEATHCS HAa €ro YCIENIHOE NMPUMEHEHHWE M B 3ajJadax ¢ (DUKCUPOBAHHBIM
BpEMEHEM.

MMUJI Takxe OTHOCHUTCS K KJIACCy JIOKAIBHBIX METOJIOB, OJHAKO XOTEJIOCh Obl UMETh
QJTOPUTM, MO3BOJISIIONIUM TMOy4YaTh pelieHus: OJu3Kkue K rio0anbHbIM. 3aberas Brepen,
OTMETHUM, YTO 3aJlauy yJIaJOoCh MMapaMeTPU30BaTh BCEro JBYMS BEJIMUMHAMU: HaYaJIbHBIM
3HAYCHUEM HWCTUHHOW JIONATOTHI TIepesieTa W HayajdbHBIM 3HadueHWeM Tsaru OPJIY.
[TomyueHHOe AByXHapamMeTpUIECKOe CEMEUCTBO JOCTATOUHO MPOCTO UCCIE0BATH TPSIMbBIM
nepedopoM il TOHWCKa TiI00aJIbHOTO MHUHUMYMa 0€3 HeOOXOIUMOCTH TPUBJICUCHUS
METOJIOB TJI00AIbHON ONITUMH3AIIUH.

OcHOBHO# TIpo0JIeMOl TIPH MOMBITKaX KUcmoiib3oBaTh MMIJI s pemeHus 3agauu ¢
(UKCUPOBAaHHBIM BPEMEHEM SBJISIETCS ONpeeiIeHNEe KOJIWYECTBA TOUEK MEPEKITIOYEHUS
TATH U WX PACIOJIOKEHUE HAa TPACKTOPHUH, MOCKOJIbKY siBHasg MHGopManms o GyHKIUU
NEPEKIIOUECHUSI OTCYTCTBYET. AJITOPUTM pEUIEHUS 3aJayd JOJDKEH aBTOMAaTUYECKHU
ONpENENATh ONTUMAJIbHBbIE 3HAYEHUS HTUX [apaMEeTpOB HapsAAy C ONTUMHU3ALUEH
HAIPaBJICHHS BEKTOpA TATH HA aKTUBHBIX ydacTkax. B paboTte nmpeiiokeH Takoi aaropuTM,
MO3BOJIAIONIMN  peryisipHo pemars 3anaun  nepeinera KA ¢ DOPAY wa I'CO ¢
(UKCHPOBAHHBIM BPEMEHEM.

1. ITocranoBKa 3a1a4u
VYpaBuenust nprwkenns KA B MOAu(PUITMPOBAHHBIX PAaBHOJACHCTBEHHBIX JJIEMEHTAX

OpOMTHI MOXKHO TIpeCTaBUTh B BUje [1; 15-17]
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rae 0 — yroin MexJay BEKTOPOM YIPABISIONIETO YCKOPEHUSI U TPAHCBEPCAIbIO B
MJIOCKOCTHU OCKYJUPYIOLIEH OPOUTHI; i — YTOJI MEXY BEKTOPOM YIIPABIISIONIETO YCKOPEHUS
Y TJIOCKOCTBIO OCKYJIMPYIOIIei opouThl; M — Macca KA.

MOMEHTBI BKIIFOUYEHHUS W BBIKIIIOUEHUS TATH MOJEIUPYIOTCA KaK IEPEXO] MEXIAY
y4aCTKaMU COCTaBHOM JWHAMHUYECKOM CHUCTEMBbl. YPABHEHUS ABUKEHHUS HA MACCUBHOM
y4acTKe COOTBETCTBYIOT (1) ¢ TOXIECTBEHHO paBHBIMU HYJIIO KOMIIOHEHTAMHU
YIPaBIAIOLIETO YCKOPEHUS @i, 8r, an. KOIMYECTBO TOUEK MEpEexoja MEXIYy Y4aCTKaMH
COCTAaBHOW JTMHAMHUYECKOU CHUCTEMBI M MX PACHOJIOKEHHUE HA TPACKTOPUU HEU3BECTHO U
MIOJIJICIKUT OIPEICIIEHUIO B MPOLIECCE ONTUMHU3ALINY.

PaccmaTtpuBaetcs nepenét Mexay OKOJI03€MHBIMH OpOUTaMU, MMapaMeTpbl KOTOPBIX

puBeeHbI B TabuIe 1.

Tabmuna 1.
[TapaMeTpbl HaYaTBHOW ¥ KOHEYHON OpOUT
napameTp HavaJlbHasg opouTa KOHEYHasi opouta
p 11625,0 km 42165,0 xm
ex 0,75 0
ey 0 0
Ix 0,0612 0
Iy 0 0

I T _
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[Tapametpsr KA npuBeeHsl B Tabnuie 2.

Tabnuua 2.
[Tapametpsr KA
napamMmeTp 3HAYCHHE
Macca, m 1500,0 kr
Tsara, P 10 H
CKOPOCTb UCTEUYEHUS, W 19561,82 m/c

Heo0Oxonumo onpeaenuts OpUeHTALMI0 BEKTOPa YIPABJISIOLIEro yeckopeHus 0 v i Ha
AKTUBHBIX y4YacTKaX, KOJMYECTBO TOYEK TMEPEXoJia MEXAYy Yy4YaCTKaMH COCTaBHOMU
JTMHAMHYECKON CUCTEMBI M UX PACIIONIOKEHHE Ha TPAEKTOPUHU 00€CTICYMBAIOIITNX MAKCUMYM
KOHEYHOM MacCChI

m(ly)—max.
[Ipu BBINOJIHEHUU OTpaHUYEHUIN
P(l)—P=0, ex(l)=0, ey(l)=0, ix(l)=0, iy(l)=0, t(l)=T, ©)
rae, T — ¢pukcupoBaHHOe BpeMs nepeseTta. OrpaHUYeHUs] Ha yIpaBieHue 6 u y He

HakaabiBaroTcs, lx orpannueHo cuusy Iy € (lo , +0).

2. OnTUMHU3aIHA COCTABHOI JMHAMUYECKOH CHCTEMbI
TpaekTopusi ABUKEHUS COCTABHON TMHAMUYECKOU CUCTEMBI COCTOUT U3 N y4acTKOB,

KOJIMYECTBO KOTOPHIX HEU3BECTHO. KaXK/IbIi1 HEUETHBIN Y4aCTOK AaKTUBHBIN

dx’

W:f'(x',u',l'),i=1,3,5...N;

(4)

I'ne,
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j
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dl’
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dl’
L j
f‘(x‘,u’,l'): %:0;
dl’
dx k&)
dl’ Lf
y7]
by _y,
dl’
1

HauvanbHble yciioBUs IBUKEHUS cUCTEMBI (4) OyIyT UMETh BU]L
lo'= =, X(lo})=[11625-10%; 0,75; 0; 0,0612; 0; 0, 1500]". (6)
Tak Kak JeBbIM KOHEIl TPACKTOPUM HE BapbUPYETCS (HEMOABUXKHBIM IO YCIOBHUIO
3a]a4u), BEKTOp napamMeTpoB P° OTCyTCTBYET, a pyHKIHs @' KOHCTaHTHA.
BexTop ynpaBiienus OyieT UMETh BU]I
a=[u'(t), p'T", u=[&'(t), w'(O)], i=1,3,5...N;
a=[ul(t), p']", U=0, j=2,4,6...N-1;
BekTop BappUpyEMBIX IAapaMETPOB Ha KaxaoM ydactke P!, i=7,2,3...N comepxur
TOIBKO OJMH MapaMeTp — HEM3BECTHYIO MCTUHHYIO JHOITOTy OKoH4aHMs ydactka P'=[l].

MOMEHT OKOHYaHHS I-0r0 yJacTKa ONPeAeIIIeTCs U3 YCIOBHSI
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1()=l-1, u(1)=0, i=1,2,3...N.

Ha TpaekTopHH OIpee/ieHbI Cleyomue (yHKIMOHAIBL:
Kpurepuii
Jo[a()]=-m(L"), (7)
N OIrpaHUYCHUS:
Jifa(-)1=p(IM)/pi—1=0,
Jo[a()]=ex(IM)=0,
Js[a()]=ey(IM)=0,
8
Ja[a()]=ix(IM)=0,
Js[a()]=iy(I)=0,
Js[o()]=t(I) —T=0.
Takum 00pazoM, MOXKET ObITh c)OPMYJIMpPOBAaHA CJEAYIOIAs ONTHMH3ALMOHHAS

3a7a4ya: ONpEAEIUTh yHOpaBiIeHHE (') IMHAMHUYECKOW cucTeMou (4), Mmpu KOTOPOM

dbyakronan (7) nocTuraeT MUHUMyMa

m(j nJ, [u()]

IPY BBIMOJTHEHUH yCIIOBHii (8)

Ji[a()]=0, j=1...6.

3. Bb100p HAYAJBbHOT0 NPUOJIUKEHHUS

[Ipouenypy ompeneneHrs HAYaJIbHOTO TPUONMKEHHUS MOXXHO CHOPMYIHPOBATH B

BHUAC CIICAYIOIICTO aJIrOprUTMaA.

1. Pemraercs 3amada ObICTPOJCHCTBHS Tak, Kak omucano B [1]. U3 pemenwus 3anaun
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OBICTPOICHCTBHUS ONMPEACIIACTC MUHUMAIIBHOE BpeMs repesieta T min.
2. Pemraercs 3ajaya MUHUMHU3AlMKA MCTUHHOW JTOJITOTHI mepenera. Ee mocraHoBKa
HOJTHOCTBIO COOTBETCTBYET 3ajaue OBICTPOACHCTBHS C €IMHCTBEHHBIM OTIIMYHEM
— kputepuit 3amereH Ha Jo[0(), w(), k] = lk. U3 pemenus 3anaun onpeneaseTcs
MUHHMaJIbHAS UCTHHHAS JoJroTa nepeaeTa lmin.
3. @ukcupyercs Bpems niepeneta 1= Ctlmin, Ct > 1.
4. ®opMupyeTcs MPOMEKYyTOUYHAs 3ajava.
4.1. TpaexkTopusi COCTOMT U3 OJTHOTO y4acTKa.
4.2.HavayibpHbIe YCIOBUS COOTBETCTBYIOT (6).
4.3.Bextop ympasinenus wumeer Bug  o=[u(t),p]”, u=[o(),w(t),P(t)]",
O(t) € [-oo,+0], w(t) € [-0,+], P(t) € [0,Pmax], Vvte(to,T]. Bekrop
BapbUPYEMBIX [TAPaMETPOB Ha y4acTKe P COACPIKUT TOJIBKO OJIUH IapaMeTp —
HEH3BECTHYIO HCTHHHYIO JIOJITOTY OKOHYaHus mepesiera P=[li].
4.4.HavanpHble 3HaueHus s BekTopa ympasnenus 6O(t) =0, w(t) =0, P(t) = ¢,
Pmax, ¥ t € [to, T], Cp € [0,1].
4.5.HavanpHoe 3HAauYCHHE TSI MCTUHHOW JOJTOTHI OKOHYaHUsA ydacTka l = lo+
CtCI(lmin_ |0)-
4.6.MoMeHT OKOHYaHUs JBMKeHHsS omnpenensercs u3 ycimoBus u(l)=0, rme
u(D=1-l,.
4.7.Kputepuii u orpaHu4eHus1 COOTBETCTBYIOT (7) u (8).
5. U3 perieHust MpoMeXKyTOUHOM 3amaun onpeaensiorcs ¢pynkmuu O(t), w(t), P(t),
UCTHHHAS JI0JITOTa Tiepenera l.

6. Anamusupys Qyukiuio P(t), ompeaensrorcs MOMEHTBHI Havaja M OKOHUYAHHS
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AKTHBHBIX U MACCUBHEIX ydacTkoB P'=[I].

[lyaktel 1 - 2 BBINOJNHSIIOTCS OAWH pPa3 W OMNPEACNSIOT HUXHIOK TpaHUIly
CyllleCTBOBaHUsI pelieHuil. Bpems mepenera ompenensercs BbiOopoM koddduiireHTa Ci.
Pemienrie mpoOMEXYTOYHOM 3aJayd  TMO3BOJISAET NPHUOIMKEHHO OMNpeNeIuTh TOYKHU
nepekyoueHus: Taru. TpedyeT oOCcykaeHus MyHKT 6. 31ech QyHKIMS U3MEHEHUS TATH
JBUTATENSI, TOJyYEeHHass B  pe3yJibTaTe  pEIICHUS  NPOMEXYTOUHOW  3ajadud,
npeoOpa3oBbIBAETCS B pelieHYr (QYHKIWIO MEPeKIIOYeHUs TAru. MOMEHTHI
IEPEKIIIOUEHUS ¥ OYIyT ABIATHCS HaYalbHBIMU 3HaYeHHAMH apaMeTpos P'=[ly']. 3amernm,
4TO IapaMeTpsl P' ABISAIOTCA BapbUPYEMBIMH. BClleICTBHE ATOr0 MX HAYaJIbHBIEC 3HAYCHUS
MOKHO OTpPEENSITh JTOCTaTOYHO MpUOImKeHHo. B pabore ucrmonb3oBaics mpocTeHmii
QITOPUTM, B KOTOPOM TOYKON TEPEKIIOYCHHUS CUMTAJICS MOMEHT HM3MCHCHHUS 3HaKa
rpaauenTa ¢Gyakiuu  P(t). MOXHO TNpeayIoKUTh W JIpPyrHe BapUaHTBl ajropuTMa,
€AMHCTBEHHOE TpeOOBaHHE K HEMY — OH JIOJKEH OBITh <CKaTHBIM». B MaHHOM KOHTEKCTE
ATO 3HAYMUT, YTO Jiydlie J00aBUTh JOIMOJHUTEIbHBIE TOYKU TEPEKIIOUEHUs] B
HEOJIHO3HAYHBIX CHUTyanusX. [lOCKOIbKY MOMEHTHI OKOHYAHHUS YYaCTKOB SIBIISIOTCS
IOJBMKHBIMU (TIapaMeTpsl P' - BApBUPYIOTCSA) B MPOLECCE ONTHMM3ALMHU yIaCTKU MOTYT
«BBIPOXKIATHCS», a BO3MOXKHOCTH J00aBUTh HOBBIE TOYKH pa3pbiBa (BBECTH
JIOTIOTHUTENIbHBIE YYaCTKU) HET, MOCKOJIBKY OTCYTCTBYET siBHasI HHpopManus 0 QyHKIIUU
MEPEKITIOUCHUSI.

N3 pemieHns NpoOMEKYTOUHOW 3aJauyd OAHO3HAYHO OIpPEAEseTCs HaydalbHOE
npubamxkenue s 3amadn (4)+(8). T.x. mpomeKyTodHas 3a/7ada 3aBUCUT BCETO OT JIBYX
apameTpoB Cp U Ci, BapbUpysl UX MBI HOJIy4YaeM pasjinyHble pemieHus 3amaudu (4)+(8).

Takum 00pa3zoM cHOPMHUPOBAHO ABYXMApPAMETPUUECKOE CEMEWCTBO pEIICHUH 3ajadyu
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(4)+(8) — Jo(Cp, C1).

4. AHasm3 pe3yJIbTaTOB
3amaua (4)+(8) Obula pelieHa Uil pa3jMYHBIX 3HAYEHUM BpEMEHHU Mepenéra B
nuanazone Ci € (1,3] ¢ marom AC=0.1. C 1enpl0 NMOMCKAa HAWIYYIICTO PEIICHHS IS
(UKCUPOBAHHOTO BpeMEHHU Tmepenera Ci, KO3(D UIHEHTHI Cp U C| BapbUPOBAIUCH B
nauanazonax Cp € [0.05, 0.3] ¢ marom Acp=0.05 u ¢ € [0.91, 1.3] ¢ marom A ¢;=0.01.
VKa3aHHbIC 3HAYCHHS BBIOMPATHUCH DKCIEPUMEHTANbHO. MHTErpUpoBaHHE YpaBHEHHIA
JBIDKEHHsSI TIPOBOAMIOCH MeTonoM Jlopmana-TIpunca 8-oro mopsiaka [18] ¢ TOYHOCTBIO

107°. Pe3ynbTaThl pacyeToB IPEACTaBICHb HA PUCYHKE 1.
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Pucynok 1. 3aBucuMocTh KOHEUHOM Macchl KA oT BpeMeHu nepesera
Ha pucynkax 2 — 11 npeacTaBieHbl ONTUMaNIbHBIE TPAEKTOPUS (KUPHBIM MMOKA3aHbI

Y4acCTKA pabOThl JBUTATEIbHOW YCTAHOBKHM) M YIIPABIICHHE, MOJy4YeHHbIE sl Ct = 1.5 u
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Pucynoxk 3. [Ipoeknust TpackTopuu Ha miockoctb XZ (Ct = 1.5)
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JInst pa3auyHBIX 3HAYEHUH Ct XapaKTep TPACKTOPUM CYIIECTBEHHO HE MEHSETCS.
AKTUBHBIC YY4aCTKH B OCHOBHOM COCPEIOTOYEHBI BOJIM3M MEPHUIEHTPA C HECKOJbKUMU
MaHEeBpaMU Ha 3aKIIOYUTENIbHBIX BUTKAX B pailoHe amoueHTpa. [lonydeHHble pe3yabTaThl
KaueCTBCHHO COBIAIAOT C pe3ysibTaTaMu u3 padoThl [7]. JJocTUTHYThIC 3HAYCHUS KPUTEPHSI
4yTh XYK€, OJIHAKO 3aJlaua pellajiach Ha JIOCTATOYHO Ipy0oi ceTKe — IIar anmnpoKCUMaIuu
yOpaBJI€HUsI MO MCTUHHOW pgonrore paseH 30°. 3aMeTuM, YTO TMpU PEIICHUU
IPOMEXYTOYHOM 3a7au B KauyeCTBE HAYaJlbHOTO MPUOTUIKEHUSI HCIOIH30BaIOCh
tpuBuanbHoe ympasiaeHue O(f) =0, w(t)=0, vte[t,T]. Heobxomumo wucciaenoBaTh
BIUsSHUE Ha A()PEKTUBHOCTh TPEAJIONKEHHOTO alFOPUTMa HCIIOJIB30BaHUS B KadeCTBE
HAYaJIbHOTO MPUOJMIKEHUS ONTHUMAJIBHOTO YIIPaBJIEHUS, IOJYUYEHHOTO TPU pElICHUH

3a/1a4u OBICTPOJICUCTBUS UITW 3a/1a9l MUHUMU3AIMU UCTUHHOMN JTOJITOTHI (CM. pasien 3).

BoiBoabI

C nomompro MMIJI peniena 3agaya HEKOMILJIAHAPHOTO OKOJIO3EMHOIO MepesiéTa Ha
I'CO 3a ¢uxcupoBanHoe Bpems. IlomyueHo xopoiiee coBHajeHHE pE3yIbTaTOB C
pe3yabTaTOM APYTUX aBTOPOB, UTO HAPSAY C pe3yabTaTaMu npeasiaymux padot [1; 19; 20]
MO3BOJISIET ClIENIAaTh BHIBOJI O BOBMOXKHOCTU NpuMeHeHuss MMJI s paccMOTpeHHBIX 3a/1a4
onTtumuzaluu Tpackropuit KA ¢ manoii Tsroit.

OcuoBHEBIE nocTonHcTBa MMJI i1t naHHOM 3a1a4H.

— Oompmiasg 0051acCTh CXOAMMOCTH, YTO TIO3BOJISIET BBIOMPATh TPUBUATBHBIC
HavyaJabHbIE MPUOIMKEHUS U OTKA3aThCSl OT UCTOJIb30BaHUS PA3IUYHBIX PETYIISIPU3YIOMINX
MPUEMOB;

— paboTa B TEpMHUHAX IIEJEBOM 3aadyd 0e3 HEO0OXOIUMOCTH TOJIy4YCHUS
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JOTIOJTHUTENbHBIX KOHCTPYKIIMM THUIA YCIOBUW TPAHCBEPCAIBHOCTH U JIP.;
— peryJigpHasi CXOAUMOCTh ITPU HATMYMU MHOKECTBA JIOKAIBHBIX SKCTPEMYMOB
M3 HenocTaTKOB MOKHO OTMETHUTD.
— IOCTaTOYHO MEJICHHYIO CXOJUMOCTh, MPUCYIIIYI0 METOJIaM NIEPBOrO MOPSIKa;
— HEO0OXOAMMOCTh PEIICHUS JOMOJHUTEIbHON MPOMEXKYTOUHON 3amaud i

npUOIMKEHHOTO OINpeAesieHus PYHKIUU NEePEKIIOYSHUS TATH.
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Abstract

The work “Optimization of non-coplanar low-thrust flights by the linearization
method” by P.V. Kazmerchuk and L.V. Vernigora solved the problem of non-coplanar flight
from a high elliptical orbit to a geostationary orbit (GSO) within the minimum time (the task
of optimal response) employing modified linearization method. In this task, the thrust acts
continuously, with a constant level, and control is performed by the thrust vector turn.
Another important class of optimization problems of transferring the spacecraft (SC) with
electric propulsion power plant to the GSO are the problems of the final mass maximization
under the limitations on the transfer time (the problem with the fixed time). The flight time
increase relative to the optimal response problem allows reducing fuel consumption and
increase the final mass by disabling the propulsion system at the trajectory legs with less
efficient control. The article considers the non-adjustable EPPs, which thrust can be either
zero, or maximum.

Maximum principle is widely used to solve the tasks of the EPP SC flight
optimization. Application of the Maximum principle allows reducing the original

optimization task to solving a boundary value problem. When solving such boundary value
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problems, researchers face convergence problems, the initial approximation selection,
stipulated by the locality of the Maximum principle, and the existence and uniqueness of
solutions to the systems of nonlinear equations. To overcome the above said difficulties, the
authors use various approaches, such as the continuation method, sequential refinement of
motion models, combinations of numerical methods, and others. A specific feature of the
fixed time task consists in the presence of a large number of local extrema, which further
complicates the solution of the boundary value problem of the Maximum principle. This
happens due to the fact that partial derivatives matrix of the discrepancy of a boundary value
problem by its unknown parameters, one way or another used in all indirect methods,
degenerates at the boundaries of the domains of attraction of local extrema.

Being a direct method operating in the controls space, the MLM belongs to the class
of gradient methods (first order methods), which stipulates its large convergence domain. It
turned out to be possible to use trivial initial approximations in the task of optimal response
that allows expect its successful application for the tasks with a fixed time as well.

MLM also belongs to the class of local methods, but it is desirable to have an
algorithm that allows getting solutions close to global ones. Looking ahead, we note that it
was possible to parameterize the task with only two quantities: the initial value of the true
longitude of the flight and the initial value of the EPS thrust. The resulting two-parameter
family can be easily studied by direct enumeration to find the global minimum without the
need to invoke global optimization methods.

The main problem when trying to use MLM for solving a task with a fixed time
consists in determining the number of thrust switching points and their location on the

trajectory, since there is no explicit information about the switching function. The solution
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algorithm should automatically determine the optimal values of these parameters along with
the thrust vector direction optimizing at the active legs of trajectory. The article proposes an
algorithm that allows regularly solving the tasks of EPP SC flight to the GSO with a fixed

time.

Keywords: linearization method, low thrust, nonlinear optimization, geostationary

orbit, electrical propulsion power plant.
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