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Ââåäåíèå

Â íàñòîÿùåå âðåìÿ ïðè âûâåäåíèè ñïóòíèêîâ
íà óäàëåííûå îðáèòû, âêëþ÷àÿ ãåîñòàöèîíàðíóþ
îðáèòó, âñ¸ ÷àùå èñïîëüçóþòñÿ êîìáèíèðîâàííûå
ñõåìû, ïðåäóñìàòðèâàþùèå èñïîëüçîâàíèå äâèãà-
òåëåé áîëüøîé è ìàëîé òÿãè. Ïðè ýòîì ïðåäïî÷-
òèòåëüíûì ÿâëÿåòñÿ ôîðìèðîâàíèå ïåðåõîäíîé
ýëëèïòè÷åñêîé îðáèòû ñ ïîìîùüþ âåðõíåé ñòó-
ïåíè ðàêåòû-íîñèòåëÿ, à äîâûâåäåíèå êîñìè÷åñ-
êîãî àïïàðàòà (ÊÀ) íà ðàáî÷óþ îðáèòó âûïîëíÿ-
åòñÿ ñîáñòâåííîé ýëåêòðîðàêåòíîé äâèãàòåëüíîé
óñòàíîâêîé (ÝÐÄÓ). Ðàäèóñ àïîãåÿ ïåðåõîäíîé
ýëëèïòè÷åñêîé îðáèòû ìîæåò áûòü ðàâíûì ðàäè-
óñó ðàáî÷åé îðáèòû, à òàêæå áîëüøå èëè ìåíüøå
åãî (ðèñ. 1).

ÓÄÊ 629.785 DOI: 10.34759/vst-2021-1-147-160

ÏÐÈÁËÈÆÅÍÍÛÉ ÐÀÑ×ÅÒ ÍÀ×ÀËÜÍÛÕ ÓÑËÎÂÈÉ ÑÒÀÐÒÀ
ÊÎÑÌÈ×ÅÑÊÎÃÎ ÀÏÏÀÐÀÒÀ Ñ ÑÎËÍÅ×ÍÎÉ ÝËÅÊÒÐÎÐÀÊÅÒÍÎÉ

ÄÂÈÃÀÒÅËÜÍÎÉ ÓÑÒÀÍÎÂÊÎÉ ÏÐÈ ÏÅÐÅËÅÒÀÕ
Ñ ÂÛÑÎÊÎÝËËÈÏÒÈ×ÅÑÊÎÉ ÍÀ ÃÅÎÑÒÀÖÈÎÍÀÐÍÓÞ ÎÐÁÈÒÓ

Ñàëìèí Â.Â.*, Ïåòðóõèíà Ê.Â.**, Êâåòêèí À.À.***

Ñàìàðñêèé íàöèîíàëüíûé èññëåäîâàòåëüñêèé óíèâåðñèòåò èìåíè àêàäåìèêà Ñ.Ï. Êîðîëåâà,
Ìîñêîâñêîå øîññå, 34, Ñàìàðà, 443086, Ðîññèÿ

* e-mail: sputnik@ssau.ru
** e-mail: kseniya_10.05@mail.ru

*** e-mail: emancipee163@yandex.ru

Ñòàòüÿ ïîñòóïèëà â ðåäàêöèþ 06.02.2021

Ðàññìàòðèâàåòñÿ çàäà÷à îòûñêàíèÿ íà÷àëüíûõ óñëîâèé ñòàðòà êîñìè÷åñêîãî àïïàðàòà, ïðè êîòîðûõ ñóììàð-
íîå âðåìÿ ïðåáûâàíèÿ åãî â òåíè íà ó÷àñòêå âûâåäåíèÿ áûëî áû ìèíèìàëüíûì. Ïðåäëàãàåòñÿ ìîäåëü ðàñ÷åòà ïðî-
äîëæèòåëüíîñòè òåíåâûõ ó÷àñòêîâ îðáèòû. Â êà÷åñòâå ìàòåìàòè÷åñêîé ìîäåëè óïðàâëÿåìîãî äâèæåíèÿ êîñìè÷åñêîãî
àïïàðàòà ïîä äåéñòâèåì ìàëîé ðåàêòèâíîé òÿãè ïðèíÿòû óðàâíåíèÿ äâèæåíèÿ êîñìè÷åñêîãî àïïàðàòà â îñêóëè-
ðóþùèõ ýëåìåíòàõ. Ðàçðàáîòàí àëãîðèòì ðåøåíèÿ çàäà÷è ïîèñêà îïòèìàëüíûõ íà÷àëüíûõ óñëîâèé ïåðåëåòà. Â
êà÷åñòâå êðèòåðèÿ îïòèìàëüíîñòè ïðèíÿòà ñóììàðíàÿ ïðîäîëæèòåëüíîñòü ïðåáûâàíèÿ êîñìè÷åñêîãî àïïàðàòà ñ
ñîëíå÷íîé ýëåêòðîðàêåòíîé äâèãàòåëüíîé óñòàíîâêîé â òåíè Çåìëè íà âñåé òðàåêòîðèè ìíîãîâèòêîâîãî ïåðåëå-
òà. Â êà÷åñòâå îïòèìèçèðóåìûõ ïàðàìåòðîâ ýëëèïòè÷åñêîé îðáèòû âûáðàíû ñëåäóþùèå: äàòà ñòàðòà – àðãóìåíò
ïåðèãåÿ – äîëãîòà âîñõîäÿùåãî óçëà. Ïðîâåäåíû ðàñ÷åòû òðàåêòîðèé ïåðåëåòà êîñìè÷åñêîãî àïïàðàòà ñ âûñîêî-
ýëëèïòè÷åñêîé íà ãåîñòàöèîíàðíóþ îðáèòó äëÿ òðåõ íàêëîíåíèé íà÷àëüíîé îðáèòû, âûïîëíåííûõ ñ âàðüèðîâà-
íèåì îïòèìèçèðóåìûõ ïàðàìåòðîâ. Íà îñíîâå ðåçóëüòàòîâ ìîäåëèðîâàíèÿ íàéäåíû ðàöèîíàëüíûå ñ òî÷êè çðå-
íèÿ ñîêðàùåíèÿ âðåìåíè ïåðåëåòà îêíà çàïóñêà êîñìè÷åñêîãî àïïàðàòà è ñîîòâåòñòâóþùèå íà÷àëüíûå óñëîâèÿ
îðáèòû.

Êëþ÷åâûå ñëîâà: òåíåâûå ó÷àñòêè îðáèòû, âûñîêîýëëèïòè÷åñêàÿ îðáèòà, ãåîñòàöèîíàðíàÿ îðáèòà, ìîäåëü òåíè,
ïðèáëèæåííî-îïòèìàëüíûé çàêîí óïðàâëåíèÿ, ýëåêòðîðàêåòíûé äâèãàòåëü, âûâåäåíèå êîñìè÷åñêîãî àïïàðàòà.

Êðîìå òîãî, ñóùåñòâóþò àëüòåðíàòèâíûå áàë-
ëèñòè÷åñêèå ñõåìû. Àâòîðàìè ñòàòüè [1] ïðåäëà-
ãàåòñÿ ôîðìèðîâàòü ïåðåõîäíóþ îðáèòó ñòóïåíüþ
ñ æèäêîñòíûìè ðàêåòíûìè äâèãàòåëÿìè. Êîíöåï-
öèÿ ïðèìåíåíèÿ òÿæåëîãî ìåæîðáèòàëüíîãî
òðàíñïîðòíîãî ýëåêòðîðàêåòíîãî áóêñèðà äëÿ äî-
ñòàâêè ïîëåçíûõ ãðóçîâ íà óäàëåííûå îðáèòû
ïîäðîáíî îïèñàíà â ðàáîòå [2].

Îñíîâíûì èñòî÷íèêîì ýíåðãèè äëÿ ïîäàâëÿ-
þùåãî áîëüøèíñòâà ÊÀ ñ ÝÐÄÓ ÿâëÿåòñÿ ñîëíå÷-
íîå èçëó÷åíèå, ïðåîáðàçóåìîå â ýëåêòðè÷åñòâî ñ
ïîìîùüþ ôîòîýëåêòðè÷åñêèõ ñîëíå÷íûõ áàòàðåé
(ÑÁ). Ïîëåò òàêèõ ÊÀ ñóùåñòâåííî çàâèñèò îò
îñâåùåííîñòè ïàíåëåé ÑÁ. Òàêèì îáðàçîì, îäíèì
èç îñíîâíûõ âîïðîñîâ, íåîáõîäèìûõ äëÿ ðåøåíèÿ
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çàäà÷è ïðîåêòèðîâàíèÿ ÊÀ ñ ñîëíå÷íîé ÝÐÄÓ ÿâ-
ëÿåòñÿ ðàñ÷åò îïòèìàëüíûõ íà÷àëüíûõ óñëîâèé
ñòàðòà ñ ó÷åòîì ïðîäîëæèòåëüíîñòè òåíåâûõ ó÷à-
ñòêîâ.

Â îòå÷åñòâåííîé êîñìîíàâòèêå ïðèìåðîì ïðè-
ìåíåíèÿ ÝÐÄÓ ñ ñîëíå÷íîé ýíåðãîóñòàíîâêîé ìî-
ãóò ñëóæèòü ÊÀ «Ýêñïðåññ-ÀÌ5» è «Ýêñïðåññ-
ÀÌ6» [3]. Îäíèìè èç ïåðâûõ çàðóáåæíûõ ÊÀ, èñ-
ïîëüçóþùèõ ÝÐÄÓ äëÿ äîâûâåäåíèÿ, ñòàëè àïïà-
ðàòû íà ïëàòôîðìå Boeing 702 [4, 5]. Çàäà÷àì, âîç-
íèêàþùèì ïðè ïðîåêòèðîâàíèè ãåîñòàöèîíàðíûõ
ñïóòíèêîâ ñâÿçè ñ ñîáñòâåííîé ÝÐÄÓ, ïîñâÿùå-
íà ðàáîòà [6].

Ïðîáëåìà óïðàâëåíèÿ ÊÀ ñ ñîëíå÷íîé ÝÐÄÓ
ðàññìàòðèâàëàñü â ðàáîòàõ [7—12]. Â ðàáîòå [13]
îïèñàíî ïðèìåíåíèå ìîäåëåé îñâåùåííîñòè ÊÀ
ïðè ïåðåëåòå ìåæäó êðóãîâûìè îðáèòàìè. Â ðà-
áîòå [14] àâòîðîì ðåøåíà çàäà÷à îïòèìèçàöèè

óïðàâëåíèÿ ÊÀ ñ ÝÐÄÓ; ïðîâîäèòñÿ àíàëèç ïîâå-
äåíèÿ óïðàâëÿþùèõ óãëîâ; ïðèâåäåíû îòäåëüíûå
ðåçóëüòàòû ðàñ÷åòà êâàçèîïòèìàëüíûõ ïåðåëåòîâ
ñ ó÷åòîì òåíåâûõ ó÷àñòêîâ òðàåêòîðèè è íåöåíò-
ðàëüíîñòè ïîëÿ òÿãîòåíèÿ Çåìëè. Çàäà÷à îòûñêà-
íèÿ îïòèìàëüíûõ óñëîâèé ñòàðòà ÊÀ ñ ÝÐÄÓ, ñ
òî÷êè çðåíèÿ ìèíèìèçàöèè âðåìåíè íàõîæäåíèÿ
ÊÀ â òåíè Çåìëè, èññëåäîâàíà ìåíüøå. Òàê, àâ-
òîðàìè ñòàòüè [15] ïðåäëîæåíà ìåòîäèêà îòûñêà-
íèÿ «îêîí ñòàðòà» ïðè ïåðåëåòàõ ìåæäó êðóãîâûìè
íåêîìïëàíàðíûìè îðáèòàìè ñ ïðèìåíåíèåì ðàç-
ëè÷íûõ ìîäåëåé îñâåùåííîñòè ÊÀ.

Â õîäå âûâåäåíèÿ ÊÀ ñ ÝÐÄÓ äîëæíî îáåñïå-
÷èâàòüñÿ îòêëîíåíèå âåêòîðà òÿãè â ñîîòâåòñòâèè
ñ çàëîæåííîé ïðîãðàììîé óïðàâëåíèÿ, à òàêæå
îðèåíòàöèÿ ïàíåëåé ñîëíå÷íûõ áàòàðåé íà Ñîë-
íöå. Â ðàáîòå [16] èññëåäîâàíû äàííûå ïðîáëåìû
íà ïðèìåðå ïåðåëåòîâ ñ âûñîêîýëëèïòè÷åñêîé íà

Ðèñ. 1. Ñõåìà ïåðåëåòà ÊÀ ñ ÝÐÄÓ ñ âûñîêîýëëèïòè÷åñêîé íà ãåîñòàöèîíàðíóþ îðáèòó
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ãåîñòàöèîíàðíóþ îðáèòó, ïîêàçàíà ïðèíöèïèàëü-
íàÿ âîçìîæíîñòü îáåñïå÷åíèÿ óïðàâëåíèÿ ñ îò-
êëîíÿþùèìèñÿ ýëåêòðîðàêåòíûìè äâèãàòåëÿìè.

Êðèòåðèåì îïòèìàëüíîñòè ïåðåëåòà ìåæäó
ïðîèçâîëüíûìè îêîëîçåìíûìè îðáèòàìè ñ ó÷åòîì
ñâåòîòåíåâîé îáñòàíîâêè ÿâëÿåòñÿ ìèíèìóì âðå-
ìåíè ïðåáûâàíèÿ êîñìè÷åñêîãî àïïàðàòà â òåíè
Çåìëè. Îáùàÿ ïðîäîëæèòåëüíîñòü òåíåâûõ ó÷àñ-
òêîâ ïðè ìåæîðáèòàëüíîì ïåðåëåòå áóäåò çàâèñåòü
îò âçàèìíîãî ïîëîæåíèÿ Ñîëíöà è ïëîñêîñòè
îðáèòû ÊÀ. Äëÿ ðåøåíèÿ çàäà÷è âûáîðà íà÷àëü-
íûõ óñëîâèé ñòàðòà ïðåäëàãàåòñÿ ðàññìîòðåòü çà-
âèñèìîñòü ïðîäîëæèòåëüíîñòè òåíåâîãî ó÷àñòêà îò
ñîâîêóïíîñòè ïðîåêòíî-áàëëèñòè÷åñêèõ ïàðàìåò-
ðîâ ïåðåëåòà: äîëãîòû âîñõîäÿùåãî óçëà, àðãóìåí-
òà ïåðèãåÿ, äàòû ñòàðòà ÊÀ.

Â ðåàëüíûõ ñõåìàõ íà ïåðâîì ýòàïå (äàëüíåãî
íàâåäåíèÿ) ÊÀ ïðèâîäèòñÿ â íåêîòîðóþ îáëàñòü
ïàðàìåòðîâ öåëåâîé îðáèòû Q ïî áîëüøîé ïîëó-
îñè, ýêñöåíòðèñèòåòó, íàêëîíåíèþ è äîëãîòå ñòî-
ÿíèÿ. Íà âòîðîì ýòàïå òî÷íîãî íàâåäåíèÿ óñòðà-
íÿþòñÿ îøèáêè ïåðâîãî ýòàïà. Ïîýòîìó ïåðåä èí-
òåãðèðîâàíèåì áóäåì çàäàâàòü ôèêñèðîâàííûå
êîíå÷íûå çíà÷åíèÿ ýêñöåíòðèñèòåòà è íàêëîíå-
íèÿ, ñîîòâåòñòâóþùèå òðåáóåìîé òî÷íîñòè ðåøå-
íèÿ çàäà÷è. Ïîäðîáíî ïðîáëåìà óïðàâëåíèÿ ïðè
ïåðåâîäå êîñìè÷åñêîãî àïïàðàòà â çàäàííóþ îð-
áèòàëüíóþ ïîçèöèþ è óäåðæàíèÿ â íåé ðàññìîò-
ðåíà â ðàáîòàõ [17—20].

1. Ìîäåëü ó÷åòà ñâåòîòåíåâûõ ó÷àñòêîâ
òðàåêòîðèè ïîëåòà êîñìè÷åñêîãî àïïàðàòà

Ðàññìîòðèì çàäà÷ó îñâåù¸ííîñòè ÊÀ Ñîëíöåì
êàê çàäà÷ó îñâåùåíèÿ ìàòåðèàëüíîé òî÷êè, äâè-

æóùåéñÿ â îêðåñòíîñòè ïëàíåòû (Çåìëè). Çäåñü
áóäåì èñïîëüçîâàòü ìîäåëü âû÷èñëåíèÿ ïðîäîë-
æèòåëüíîñòè òåíåâûõ ó÷àñòêîâ îðáèòû, ïðåäëî-
æåííóþ â ðàáîòå [15]. Â îáùåì ñëó÷àå ÊÀ â îð-
áèòàëüíîì äâèæåíèè áóäåò ïåðèîäè÷åñêè ïîïà-
äàòü â òåíü Çåìëè. Äëèòåëüíîñòè íàõîæäåíèÿ â
òåíè â îáùåì ñëó÷àå çàâèñÿò îò îðáèòàëüíûõ ïà-
ðàìåòðîâ (ïðåæäå âñåãî, îò íàêëîíåíèÿ îðáèòû è
âûñîòû ïîëåòà ÊÀ), à òàêæå âðåìåíè ãîäà. Ðåøå-
íèå çàäà÷è ïðåäïîëàãàåò èçâåñòíûìè íà ðàññìàò-
ðèâàåìîì èíòåðâàëå âðåìåíè êîîðäèíàòû Ñîëí-
öà è ýôåìåðèäû ÊÀ.

Â îáùåì ñëó÷àå òåíü ïëàíåòû ñîñòîèò èç äâóõ
îáëàñòåé: ïîëíîé òåíè è ïîëóòåíè. Ïîëíàÿ òåíü
îáðàçóåòñÿ â êîíóñå ñî ñòîðîíû, ïðîòèâîïîëîæ-
íîé Ñîëíöó. Ê ïîëóòåíè ìîæíî îòíåñòè îáëàñòü,
ëåæàùóþ â ïðîñòðàíñòâå ìåæäó ïîëíîé òåíüþ è
ïîëíîé îñâåùåííîñòüþ. Óìåíüøåíèå èíòåíñèâ-
íîñòè ñîëíå÷íîãî èçëó÷åíèÿ îáóñëîâëåíî òåì, ÷òî
äèñê Ñîëíöà ÷àñòè÷íî çàêðûâàåòñÿ ïëàíåòîé.

Òî÷íîñòü àíàëèçà óñëîâèé îñâåùåííîñòè è
îöåíêà âðåìåíè íàõîæäåíèÿ ÊÀ â òåíè îïðåäåëÿ-
åòñÿ õàðàêòåðîì ðåøàåìûõ çàäà÷. Â áîëüøèíñòâå
ñëó÷àåâ ïëàíåòó (Çåìëþ) ìîæíî ðàññìàòðèâàòü êàê
ñôåðó è íå ó÷èòûâàòü ðåôðàêöèþ ñîëíå÷íûõ ëó-
÷åé â àòìîñôåðå. Äëÿ ïðèáëèæ¸ííîãî àíàëèçà
ïðèìåì, ÷òî òåíü Çåìëè ÿâëÿåòñÿ öèëèíäðè÷åñêîé
[21] (ðèñ. 2).

Ðåøåíèå çàäà÷è îïðåäåëåíèÿ ñâåòîòåíåâûõ
ó÷àñòêîâ òðàåêòîðèè ñâîäèòñÿ ê ïîèñêó çíà÷åíèÿ
âûðàæåíèÿ (1) [15]

( ) ( )2 22 2 2
Ç 1 cos cos sin ,T a e p A B pΦ ϑ ϑ ϑ= + + + - (1)

Ðèñ. 2. Ê îïðåäåëåíèþ âçàèìíîãî ïîëîæåíèÿ Ñîëíöà, Çåìëè è êîñìè÷åñêîãî àïïàðàòà
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ãäå aÇ – ðàäèóñ Çåìëè; å, ð, θ  – òåêóùèå çíà÷åíèÿ
ýêñöåíòðèñèòåòà, áîëüøîé ïîëóîñè è èñòèííîé
àíîìàëèè îðáèòû ÊÀ;

( )

( )

C 1 C 2 C 3
1/22 2 2

C C C

C 1 C 2 C 3
1/22 2 2

C C C

;

,

X p Y p Z p
A

X Y Z

X q Y q Z q
B

X Y Z

◊ + ◊ + ◊
=

+ +

◊ + ◊ + ◊
=

+ +

            (2)

ãäå XÑ, YÑ, ZÑ – êîîðäèíàòû Ñîëíöà â ãåîöåíòðè-

÷åñêîé ñèñòåìå êîîðäèíàò; ,p q  — åäèíè÷íûå

âåêòîðû, îïèñûâàþùèå ïîëîæåíèå ÊÀ â ïëîñêî-

ñòè OX Yω ω  (îñü OX ω  íàïðàâëåíà íà ïåðèãåé îð-

áèòû, OYω  — â ñòîðîíó äâèæåíèÿ ÊÀ),

cos cos sin sin cos ;Xp iω Ω ω Ω= -

cos sin sin cos cos ;Yp iω Ω ω Ω= +

sin sin ;Zp iω=                       (3)

sin cos cos sin cos ;Xq iω Ω ω Ω= - -

sin sin cos cos cos ;Yq iω Ω ω Ω= - +

cos sin .Zq iω=

Óñëîâèåì âõîäà â îáëàñòü òåíè èëè âûõîäà èç

íåå ÿâëÿåòñÿ ðàâåíñòâî 0,TΦ =  à ôèçè÷åñêèé

ñìûñë (cos 0)φ £  èìåþò òå ðåøåíèÿ óðàâíåíèÿ (1),

äëÿ êîòîðûõ âûïîëíÿþòñÿ óñëîâèÿ

cos sin 0.A Bϑ ϑ◊ + ◊ <

Ïðè àíàëèçå óñëîâèé îñâåù¸ííîñòè íåîáõîäè-
ìî ó÷èòûâàòü ñëåäóþùåå ïðàâèëî: åñëè ÊÀ âõî-

äèò â òåíü, òî TΦ  ìåíÿåò çíàê ñ ìèíóñà íà ïëþñ,

åñëè ÊÀ âûõîäèò èç òåíè — TΦ  ìåíÿåò çíàê ñ

ïëþñà íà ìèíóñ [21].

2. Ìîäåëü óïðàâëÿåìîãî âîçìóùåííîãî
äâèæåíèÿ ÊÀ

Äëÿ êîñìè÷åñêèõ àïïàðàòîâ ñ äâèãàòåëÿìè
ìàëîé òÿãè õàðàêòåðíà áîëüøàÿ äëèòåëüíîñòü
ïåðåëåòà. Ó÷èòûâàÿ ýòó îñîáåííîñòü, íàèáîëåå

÷àñòî äëÿ îïèñàíèÿ äâèæåíèÿ òàêèõ ÊÀ èñïîëü-
çóþò ìîäåëè äâèæåíèÿ â îñêóëèðóþùèõ èëè ðàâ-
íîäåíñòâåííûõ ýëåìåíòàõ îðáèò. Â äàííîé
ðàáîòå äëÿ óäîáñòâà áóäåò èñïîëüçîâàòüñÿ ìîäåëü
â îñêóëèðóþùèõ ýëåìåíòàõ, ãäå óñêîðåíèå îò ðà-
áîòàþùåé ÝÐÄÓ ðàññìîòðåíî êàê âîçìóùàþùåå.

Çàïèøåì âûðàæåíèÿ äëÿ êîìïîíåíò ðåàêòèâ-
íîãî óñêîðåíèÿ â îðáèòàëüíîé ñèñòåìå êîîðäèíàò:

cos cos ;

sin cos ;

sin .

r

r

r

T a

S a

W a

δ λ ψ

δ λ ψ

δ ψ

=

=

=
                   (4)

Çäåñü a — ìîäóëü ïîëíîãî ðåàêòèâíîãî óñêîðåíèÿ;

δ  — ôóíêöèÿ âêëþ÷åíèÿ-âûêëþ÷åíèÿ äâèãàòå-

ëåé, { }0, 1 ;δ = λ  — óãîë ìåæäó ïðîåêöèåé âåêòî-

ðà òÿãè íà ìãíîâåííóþ ïëîñêîñòü îðáèòû è òðàíñ-

âåðñàëüþ ,Т


[0 ;180 ];λ Œ    ψ  — óãîë ìåæäó ïðî-

åêöèåé âåêòîðà òÿãè íà ìãíîâåííóþ ïëîñêîñòü ìå-
ñòíîãî ãîðèçîíòà è òðàíñâåðñàëüþ

,Т


[ 90 ; 90 ]ψ Œ -    (ðèñ. 3). Â äàëüíåéøåì áóäåì

ñ÷èòàòü, ÷òî íà òåíåâûõ ó÷àñòêàõ òðàåêòîðèè äâè-
ãàòåëè îòêëþ÷åíû.

Óïðàâëåíèÿìè ÿâëÿþòñÿ óãëû îðèåíòàöèè âåê-

òîðà òÿãè λ , ψ .

3. Ðåøåíèå çàäà÷è ïðèáëèæåííî-îïòèìàëüíîãî
óïðàâëåíèÿ âåêòîðîì òÿãè ÝÐÄÓ

Ðåøåíèå çàäà÷è îïòèìàëüíîãî óïðàâëåíèÿ
ýëåìåíòàìè îðáèòû â ñòðîãîé ïîñòàíîâêå, âûòå-
êàþùåé èç ôîðìàëèçìà Ëàãðàíæà—Ïîíòðÿãèíà,
ñâÿçàíî ñ áîëüøèìè âû÷èñëèòåëüíûìè òðóäíîñòÿ-
ìè; êðîìå òîãî, íà ïåðâûé ïëàí âûõîäèò ïðîáëåìà
ñõîäèìîñòè è åäèíñòâåííîñòè ðåøåíèÿ, óñòîé÷è-
âîñòè àëãîðèòìà ðåøåíèÿ êðàåâîé çàäà÷è. Ïðåä-
ëàãàåòñÿ ðåøàòü èñõîäíóþ çàäà÷ó íà îñíîâå òåî-
ðèè ëîêàëüíîé îïòèìèçàöèè, ïîäðîáíîå ðåøåíèå
êîòîðîé ïðèâåäåíî â ðàáîòå [7].

Â ñîîòâåòñòâèè ñ ïðèíöèïîì âçàèìíîñòè â
òåîðèè îïòèìàëüíîãî óïðàâëåíèÿ âàðèàöèîííàÿ
çàäà÷à î ìèíèìóìå ïðîäîëæèòåëüíîñòè äèíàìè-
÷åñêîãî ìàíåâðà ñ ôèêñèðîâàííûìè ãðàíè÷íûìè
óñëîâèÿìè ýêâèâàëåíòíà çàäà÷å ìèíèìèçàöèè
îáîáùåííîé íåâÿçêè ïî îòêëîíåíèÿì òåðìèíàëü-
íûõ çíà÷åíèé êîìïîíåíò âåêòîðà ñîñòîÿíèÿ ïðè
ôèêñèðîâàííîé ïðîäîëæèòåëüíîñòè ìàíåâðà [22].

Óïðîñòèì çàäà÷ó, ñ÷èòàÿ, ÷òî êîíå÷íûå óñëî-

âèÿ íà ïåðåìåííûå ω , Ω , u íå íàêëàäûâàþòñÿ.
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Ââåäåì òåðìèíàëüíûé êðèòåðèé â âèäå êâàä-
ðàòè÷íîãî ôóíêöèîíàëà, ïðåäñòàâëÿþùèé ñîáîé
ñóììó êâàäðàòîâ íåâÿçîê ïî áîëüøîé ïîëóîñè, ïî
ýêñöåíòðèñèòåòó è íàêëîíåíèþ îðáèòû, óìíîæåí-
íûå íà ñîîòâåòñòâóþùèå èì ïîñòîÿííûå âåñîâûå
(íåîïðåäåëåííûå) êîýôôèöèåíòû:

min.T
K KI x xΔ αΔ= Æ                 (5)

Çäåñü

[ ]T, , ;Kx A e iΔ Δ Δ Δ=

( ) ( ) ( ), , ;K K KA A t A e e t e i i t iΔ Δ= - = - = -

11

22

33

0 0

0 0 ; 1,

0 0

ij ij

α

α α α α

α

È ˘
Í ˙

È ˘ Í ˙= = =Î ˚ Í ˙
Í ˙Î ˚

Â

ãäå 11 22 33, ,A e iα α α α α α= = =  — âåñîâûå êîýô-

ôèöèåíòû (ýëåìåíòû äèàãîíàëüíîé ìàòðèöû) ïî
áîëüøîé ïîëóîñè, ýêñöåíòðèñèòåòó è íàêëîíåíèþ
ñîîòâåòñòâåííî.

Ëîêàëüíî-îïòèìàëüíûìè óïðàâëåíèÿìè â
äàëüíåéøåì áóäåì íàçûâàòü òàêèå óïðàâëåíèÿ

( ), ,u t x  êîòîðûå ìèíèìèçèðóþò íå ôóíêöèîíàë

äèíàìè÷åñêîé çàäà÷è I (èíòåãðàëüíûé), à ïîäûí-

òåãðàëüíîå âûðàæåíèå, ò. å. ïðîèçâîäíóþ 
dI
dt

 â

êàæäûé ìîìåíò âðåìåíè. Åñëè ïîäûíòåãðàëüíîå
âûðàæåíèå íå ìåíÿåò çíàêà è ïðåäñòàâëÿåò ñîáîé
ìîíîòîííóþ ôóíêöèþ, îïèñàííàÿ ïîñòàíîâêà ýê-
âèâàëåíòíà èñõîäíîé [22].

Ðåçóëüòàòîì ïîèñêà ìàêñèìóìà

( )( ), ( )
dI dI

t t
dt dt

λ ψ=

Ðèñ. 3. Óãëû îðèåíòàöèè âåêòîðà òÿãè, êîìïîíåíòû ðåàêòèâíîãî óñêîðåíèÿ â îðáèòàëüíîé ñèñòåìå êîîðäèíàò
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ïî äâóì ïåðåìåííûì ÿâëÿþòñÿ àíàëèòè÷åñêèå

âûðàæåíèÿ äëÿ óãëîâ îðèåíòàöèè âåêòîðà òÿãè λ
è ψ  [7].

Ïîëó÷åííûé çàêîí óïðàâëåíèÿ ( ) ( ),t tψ λ  èìå-

åò äîñòàòî÷íî ïðîñòóþ ñòðóêòóðó è ïîçâîëÿåò ïðî-
âåñòè ðàñ÷åò äèíàìè÷åñêîãî ìàí¸âðà áåç ïðîöå-
äóðû ðåøåíèÿ êðàåâîé çàäà÷è.

Êàê ñëåäóåò èç (5), îò çíà÷åíèé âåñîâûõ êîýô-

ôèöèåíòîâ , ,A e iα α α  çàâèñèò ñêîðîñòü èçìåíåíèÿ

áîëüøîé ïîëóîñè, ýêñöåíòðèñèòåòà è íàêëîíåíèÿ
îðáèòû. Çà ñ÷åò ïîäáîðà çíà÷åíèé âåñîâûõ êîýô-
ôèöèåíòîâ ìîæíî äîáèòüñÿ îäíîâðåìåííîñòè âû-
ïîëíåíèÿ êîíå÷íûõ óñëîâèé.

4. Ìåòîäèêà îòûñêàíèÿ îïòèìàëüíûõ
íà÷àëüíûõ óñëîâèé ïåðåëåòà

Â ñëó÷àå ïåðåëåòîâ ìåæäó êðóãîâûìè îðáèòà-
ìè áûëà ïðåäëîæåíà ìåòîäèêà ïîèñêà [15], ðåçóëü-

òàòîì êîòîðîé ÿâëÿåòñÿ çàâèñèìîñòü âðåìåíè
ïåðåëåòà îò äîëãîòû âîñõîäÿùåãî óçëà è äàòû ñòàð-
òà. Äëÿ ýëëèïòè÷åñêèõ îðáèò äîáàâëÿåòñÿ äîïîë-
íèòåëüíûé ïàðàìåòð – àðãóìåíò ïåðèãåÿ.

Ïðåäëàãàåìàÿ â äàííîé ðàáîòå ìåòîäèêà äëÿ
ýëëèïòè÷åñêèõ íà÷àëüíûõ îðáèò çàêëþ÷àåòñÿ â
ñëåäóþùåì. Íà ïåðâîì ýòàïå çàäàåòñÿ èíòåðâàë
ïîèñêà ïî äàòå ñòàðòà è ðàçáèâàåòñÿ íà ýëåìåí-
òû ñ øàãîì ïî äàòå. Â íàøåì ñëó÷àå çàäàäèìñÿ èí-
òåðâàëîì ñ 01.01.2020 ïî 31.12.2020 ã. Âûáðàííûé
øàã ìîæåò áûòü ðàçëè÷íûì ïî âåëè÷èíå. Íà íà-
÷àëüíûõ ýòàïàõ ïîèñêà ìîæíî çàäàòü åãî áîëüøèì
äëÿ îïðåäåëåíèÿ «îêîí ñòàðòà» êîñìè÷åñêîãî àï-
ïàðàòà, íà ïîñëåäóþùèõ ýòàïàõ øàã ìîæåò áûòü
óìåíüøåí äî òðåáóåìîé òî÷íîñòè ðåøåíèÿ çàäà-
÷è.

Äëÿ âûáðàííûõ äàò ñòàðòà ïðîâîäèòñÿ ìîäå-
ëèðîâàíèå ñåðèè ïåðåëåòîâ, ñ âàðüèðîâàíèåì õà-
ðàêòåðèñòèê íà÷àëüíîé îðáèòû íà ñåòêå:

[ ] [ ]ï 0 350 , 0 350 .ω ΩŒ º ∞ Œ º ∞

Â äîïîëíåíèå ê ýòîìó ïðîâåäåì òðè öèêëà
ðàñ÷åòîâ äëÿ ðàçëè÷íûõ íàêëîíåíèé íà÷àëüíîé
îðáèòû (òàáë. 1). Âûñîòû àïîãåÿ è ïåðèãåÿ íà÷àëü-
íîé îðáèòû ñîîòâåòñòâóþò èñïîëüçóåìûì â íàñòî-
ÿùåå âðåìÿ ïðè ïåðåëåòàõ íà ÃÑÎ, ïðè÷åì âûñîòà
àïîãåÿ ñîâïàäàåò ñ âûñîòîé ÃÑÎ.

Äëÿ ðàñ÷åòîâ çàäàäèìñÿ ñëåäóþùèìè ìîäåëü-
íûìè õàðàêòåðèñòèêàìè ÊÀ ñ ÝÐÄÓ [14]:

— óäåëüíûé èìïóëüñ äâèãàòåëÿ I = 1500 c;
— òÿãà äâèãàòåëÿ Ð = 0.332Í;
— ìàññà ÊÀ m = 1320 êã.
Ó÷èòûâàÿ áîëüøîé ìàññèâ äàííûõ, áàëëèñòè-

÷åñêîå ìîäåëèðîâàíèå áûëî âûïîëíåíî ñ ïîìî-
ùüþ ñïåöèàëüíîãî ïðîãðàììíîãî îáåñïå÷åíèÿ
(ÏÎ) «NEOS», ðåøàþùåãî çàäà÷ó ðàñ÷åòà ìåæîð-
áèòàëüíûõ ïåðåëåòîâ ÊÀ ñ îïòèìàëüíûì óïðàâëå-
íèåì [7]. Ôóíêöèîíàëüíûå âîçìîæíîñòè ÏÎ áûëè
ñóùåñòâåííî ðàñøèðåíû: äîáàâëåíà ìîäåëü òåíè,
âûïîëíåíà àâòîìàòèçàöèÿ ïðîöåññà ïåðåáîðà íà-
÷àëüíûõ ïàðàìåòðîâ îðáèòû â çàäàííûõ èíòåðâà-

ëàõ. Ðåçóëüòàòû ðàñ÷åòîâ ïåðåäàâàëèñü â ñðåäó
Excel, ãäå ïðîèçâîäèëàñü äàëüíåéøàÿ îáðàáîòêà
ðåçóëüòàòîâ è ïîèñê îïòèìàëüíûõ ðåçóëüòàòîâ
ìåòîäîì ñêàíèðîâàíèÿ ïî ñåòêå.

5. Ðåçóëüòàòû ðàñ÷åòîâ

Â ñîîòâåòñòâèè ñ ïðèâåäåííîé ìåòîäèêîé áûë
ïðîâåäåí êîìïëåêñ ðàñ÷åòîâ íà ðàçëè÷íûå äàòû
ñòàðòà, ñ ïåðåáîðîì ïàðàìåòðîâ íà÷àëüíîé îðáè-
òû, â òîì ÷èñëå äëÿ òðåõ ðàçíûõ íàêëîíåíèé. Äëÿ
ïðåäñòàâëåíèÿ ðåçóëüòàòîâ áûëè âûáðàíû íåêî-
òîðûå äàòû ñòàðòà, äëÿ êîòîðûõ ïðîâåäåíî îòûñ-
êàíèå íàèëó÷øèõ êîìáèíàöèé ïàðàìåòðîâ íà÷àëü-
íîé îðáèòû. Òàê, â òàáë. 2—4 ïðèâåäåíû îïòè-

ìàëüíûå ñî÷åòàíèÿ ï,ω Ω  è ñîîòâåòñòâóþùèå èì

âðåìÿ ïåðåëåòà è âðåìÿ òåíåâûõ ó÷àñòêîâ äëÿ íå-
êîòîðûõ äàò ñòàðòà, ñîîòâåòñòâóþùèõ ïåðâîìó
÷èñëó êàæäîãî êàëåíäàðíîãî ìåñÿöà. Íà ðèñ. 4—

6 ïðèâåäåíà çàâèñèìîñòü âðåìåíè ïåðåëåòà îò ïω

è Ω  ïðè i0 = 75, 51,6 è 28°.

Òàáëèöà 1

Õàðàêòåðèñòèêè îðáèò äëÿ ìîäåëèðîâàíèÿ ïåðåëåòîâ

Íà÷àëüíàÿ îðáèòà Êîíå÷íàÿ îðáèòà 

Âàðèàíò 1 Âàðèàíò 2 Âàðèàíò 3 
 

ik = 0,001° 

Ak = 42165 êì 

ek = 0,001 

i0 = 75° 

Hπ0 = 500 êì 

Ha0 = 35800 êì 

i0 = 51,6° 

Hπ0 = 500 êì 

Ha0 = 35800 êì 

i0 = 28° 

Hπ0 = 500 êì 

Ha0 = 35800 êì 
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Òàáëèöà 2

Îïòèìàëüíûå ñî÷åòàíèÿ ïàðàìåòðîâ íà÷àëüíîé îðáèòû Ω  è ïω  äëÿ íåêîòîðûõ äàò ñòàðòà ïðè i0 = 75°

Äàòà ñòàðòà Âðåìÿ ïåðåëåòà, ñóò. Îáùåå âðåìÿ â òåíè, ñóò. Ω, ° ωï, ° 

01.01.20 167,31 0,14 80 250 

01.02.20 167,28 0,04 60 10 

01.03.20 167,29 0,04 90 30 

01.04.20 167,64 0,65 150 100 

01.05.20 168,22 1,67 180 260 

01.06.20 167,76 1,39 210 70 

01.07.20 167,31 0,02 20 190 

01.08.20 167,29 0,05 100 320 

01.09.20 167,27 0,04 90 270 

01.10.20 167,80 0,90 140 120 

01.11.20 168,21 1,63 180 80 

01.12.20 167,71 1,23 50 220 

Ðèñ. 4. Çàâèñèìîñòü âðåìåíè ïåðåëåòà îò îðáèòàëüíûõ ïàðàìåòðîâ äëÿ äàòû ñòàðòà 01.08.2020, i0 = 75°



154 Âåñòíèê Ìîñêîâñêîãî àâèàöèîííîãî èíñòèòóòà. Ò.28. ¹1

Äèíàìèêà, áàëëèñòèêà, óïðàâëåíèå äâèæåíèåì ëåòàòåëüíûõ àïïàðàòîâ Dynamics, ballistics, movement control of flying vehicles

Òàáëèöà 3

Îïòèìàëüíûå ñî÷åòàíèÿ ïàðàìåòðîâ íà÷àëüíîé îðáèòû Ω  è ïω  äëÿ íåêîòîðûõ äàò ñòàðòà ïðè i0 = 51,6°

Äàòà ñòàðòà 
Âðåìÿ ïåðåëåòà, 

ñóò. 
Îáùåå âðåìÿ â òåíè, 

ñóò. 
Ω, ° ωï, ° 

01.01.20 139,73 0,00 50 280 

01.02.20 139,73 0,00 60 260 

01.03.20 139,73 0,00 90 250 

01.04.20 139,73 0,00 110 340 

01.05.20 140,04 0,60 200 240 

01.06.20 140,55 1,49 240 220 

01.07.20 139,83 0,15 50 110 

01.08.20 139,73 0,00 70 90 

01.09.20 139,73 0,00 90 90 

01.10.20 139,73 0,00 160 310 

01.11.20 140,22 0,83 200 60 

01.12.20 140,56 1,45 240 40 

Ðèñ. 5. Çàâèñèìîñòü âðåìåíè ïåðåëåòà îò îðáèòàëüíûõ ïàðàìåòðîâ äëÿ äàòû ñòàðòà 01.02.2020, i0 = 51,6°
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Òàáëèöà 4

Îïòèìàëüíûå ñî÷åòàíèÿ ïàðàìåòðîâ íà÷àëüíîé îðáèòû Ω  è ïω  äëÿ íåêîòîðûõ äàò ñòàðòà ïðè i0 = 28°

Äàòà ñòàðòà 
Âðåìÿ ïåðåëåòà, 

ñóò. 
Îáùåå âðåìÿ â òåíè, 

ñóò. 
Ω, ° ωï, ° 

01.01.20 113,22 1,58 240 20 

01.02.20 112,63 0,36 60 280 

01.03.20 112,34 0,00 80 270 

01.04.20 112,34 0,00 110 260 

01.05.20 112,34 0,00 150 250 

01.06.20 112,75 0,73 250 200 

01.07.20 113,30 1,60 240 210 

01.08.20 113,03 1,57 240 220 

01.09.20 112,34 0,00 80 90 

01.10.20 112,34 0,00 100 100 

01.11.20 112,34 0,00 140 90 

01.12.20 112,87 0,92 240 30 

Ðèñ. 6. Çàâèñèìîñòü âðåìåíè ïåðåëåòà îò îðáèòàëüíûõ ïàðàìåòðîâ äëÿ äàòû ñòàðòà 01.10.2020, i0 = 28°
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Îáîáùèì ðàíåå ïîëó÷åííûå ðåçóëüòàòû ïðè
ðàçëè÷íûõ íàêëîíåíèÿõ íà÷àëüíîé îðáèòû. Äëÿ
ïîëíîòû àíàëèçà äëÿ êàæäîé äàòû ñòàðòà ïðèâå-
äåì çíà÷åíèÿ âðåìåíè ïåðåëåòà äëÿ îïòèìàëüíûõ

ñî÷åòàíèé ïω  è Ω min
ïåð( ),T  à òàêæå äëÿ íàèõóäøèõ

èõ ñî÷åòàíèé min
ïåð( )T  (òàáë. 5).

6. Àíàëèç ïîëó÷åííûõ ðåçóëüòàòîâ

Ïîñëå ðàññìîòðåíèÿ ïîëó÷åííûõ ðåçóëüòàòîâ

âðåìåíè ïåðåëåòà min
ïåðT , ïðèâåäåííûõ â òàáë. 5,

ìîæíî ñäåëàòü âûâîä, ÷òî â ãîäó èìååòñÿ äâà
«îêíà» ñòàðòà, â êîòîðûõ äëÿ îïòèìàëüíûõ ïàðà-
ìåòðîâ íà÷àëüíîé îðáèòû íàáëþäàåòñÿ ìèíèìàëü-
íîå âðåìÿ ïåðåëåòà. Äëÿ íà÷àëüíîé îðáèòû ñ

i0 = 75° «îêíà» ñòàðòà ëåæàò â èíòåðâàëàõ ÿíâàðü-

ìàðò è èþëü-ñåíòÿáðü; äëÿ i0 = 51,6° — â èíòåð-

âàëàõ ÿíâàðü-àïðåëü è àâãóñò-îêòÿáðü; äëÿ i0 = 28°
— â èíòåðâàëàõ ìàðò-ìàé è ñåíòÿáðü-íîÿáðü. Äëè-

òåëüíîñòü «îêîí» ñòàðòà â ñðåäíåì ðàâíà òðåì ìå-
ñÿöàì, ïåðèîäè÷íîñòü ñîñòàâëÿåò øåñòü ìåñÿöåâ.
Ïî ìåðå óìåíüøåíèÿ íàêëîíåíèÿ «îêíà» ñòàðòà
ñäâèãàþòñÿ áëèæå ê êîíöó ãîäà.

Â öåëîì ðàçíèöà âî âðåìåíè ïåðåëåòà â çàâè-
ñèìîñòè îò äàòû ñòàðòà ïðè âûáîðå íàèáîëåå óäà÷-

íûõ ïω  è Ω  íå ñëèøêîì ñóùåñòâåííà è ëåæèò â

ïðåäåëàõ îäíèõ ñóòîê äëÿ íàèáîëåå óäà÷íûõ è íå-

óäà÷íûõ ìåñÿöåâ. Ýòî ñâÿçàíî ñ òåì, ÷òî äëÿ îï-
òèìàëüíûõ ïàðàìåòðîâ íà÷àëüíûõ îðáèò îñíîâíîé
èíòåðâàë ïðîõîæäåíèÿ òåíåâûõ ó÷àñòêîâ ëåæèò â
îáëàñòè ïåðèãåÿ îðáèòû, âðåìÿ íàõîæäåíèÿ â êî-
òîðîì äëÿ âûñîêîýëëèïòè÷åñêèõ îðáèò íåâåëèêî.

Ñ äðóãîé ñòîðîíû, ìîãóò áûòü òàêèå ñî÷åòàíèÿ

ïω  è Ω , ïðè êîòîðûõ îñíîâíîå âðåìÿ âèòêà áó-

äåò ïðèõîäèòüñÿ íà òåíåâîé ó÷àñòîê. Ýòèì îáúÿñ-
íÿåòñÿ äîñòàòî÷íî áîëüøàÿ ðàçíèöà ìåæäó îïòè-

ìàëüíûì âðåìåíåì ïåðåëåòà min
ïåðT  è âðåìåíåì

ïåðåëåòà max
ïåðT , ñîîòâåòñòâóþùèì íàèõóäøåìó ñî-

Òàáëèöà 5

Ðåçóëüòàòû ðàñ÷åòîâ äëÿ ðàçëè÷íûõ íàêëîíåíèé íà÷àëüíîé îðáèòû

Äàòà ñòàðòà 

Âðåìÿ ïåðåëåòà Òïåð, ñóò. 

i0 = 75° i0 = 51,6° i0 = 28° 

min
ïåðT  max

ïåðT  min
ïåðT  max

ïåðT  min
ïåðT  max

ïåðT  

01.01.2020 167,31 175,55 139,73 149,58 113,22 125,21 

01.02.2020 167,28 176,10 139,73 149,85 112,63 123,15 

01.03.2020 167,29 177,16 139,73 150,24 112,34 121,18 

01.04.2020 167,64 179,88 139,73 151,06 112,34 119,94 

01.05.2020 168,22 179,11 140,04 153,36 112,34 119,04 

01.06.2020 167,76 176,05 140,55 153,00 112,75 120,09 

01.07.2020 167,31 175,37 139,83 149,74 113,30 125,57 

01.08.2020 167,29 175,82 139,73 149,75 113,03 123,33 

01.09.2020 167,27 176,95 139,73 150,42 112,34 121,59 

01.10.2020 167,80 179,94 139,73 150,91 112,34 119,95 

01.11.2020 168,21 178,58 140,22 153,44 112,34 119,07 

01.12.2020 167,71 175,82 140,56 151,70 112,87 120,24 
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÷åòàíèþ íà÷àëüíûõ ïω  è Ω  äëÿ âûáðàííîé äàòû

ñòàðòà (òàáë. 5).
Ñòîèò îòìåòèòü òîò ôàêò, ÷òî ñ óìåíüøåíèåì

íàêëîíåíèÿ íà÷àëüíîé îðáèòû ïðîñëåæèâàåòñÿ

óâåëè÷åíèå îòíîñèòåëüíîé ðàçíèöû ìåæäó min
ïåðT

è 
max

ïåðT . Òàê, äëÿ i0 = 75° ýòà ðàçíèöà ñîñòàâëÿåò

6,5%, äëÿ i0 = 51,6° – 9,5%, à äëÿ i0 = 28° — óæå
11,8%. Ýòó çàêîíîìåðíîñòü ìîæíî îáúÿñíèòü
ìåíåå âûãîäíûì, ñ òî÷êè çðåíèÿ îñâåùåííîñòè,
ïîëîæåíèåì îðáèòû îòíîñèòåëüíî ïëîñêîñòè ýê-
ëèïòèêè íà íà÷àëüíîì ýòàïå ïåðåëåòà, ÷òî ïðè

íåêîòîðûõ êîìáèíàöèÿõ ïω  è Ω  ïðèâîäèò ê ìíî-

ãî÷èñëåííûì ïðîõîæäåíèÿì àïïàðàòà â òåíè Çåì-
ëè.

Äëÿ äàò, ñîîòâåòñòâóþùèõ «îêíàì» ñòàðòà,

ñî÷åòàíèÿ ïω  è Ω , äàþùèå íàèìåíüøåå âðåìÿ ïå-

ðåëåòà, ëåæàò â øèðîêèõ èíòåðâàëàõ, ñîñòàâëÿþ-
ùèõ äî íåñêîëüêèõ äåñÿòêîâ ãðàäóñîâ (ñì. ðèñ. 4—
6), ÷òî ðàñøèðÿåò ðàçíîîáðàçèå îïòèìàëüíûõ íà-
÷àëüíûõ îðáèò.

Âûâîäû

Ñôîðìèðîâàíà ìåòîäèêà ðàñ÷åòà íà÷àëüíûõ
óñëîâèé ñòàðòà ïðè ïåðåâîäå ÊÀ ñ ÝÐÄÓ ñ âûñî-
êîýëëèïòè÷åñêîé íà ãåîñòàöèîíàðíóþ îðáèòó. Äëÿ
çàäàííûõ õàðàêòåðèñòèê îðáèò áûë ïðîâåäåí êîì-
ïëåêñ ðàñ÷åòîâ äëÿ èíòåðâàëà äàò ñòàðòà è íà ñåòêå
ïàðàìåòðîâ íà÷àëüíîé âûñîêîýëëèïòè÷åñêîé îð-
áèòû (ïî àðãóìåíòó ïåðèãåÿ – äîëãîòå âîñõîäÿùå-
ãî óçëà). Â äîïîëíåíèå ê ýòîìó èññëåäîâàíû òðè

âàðèàíòà íàêëîíåíèé íà÷àëüíîé îðáèòû i0 = 75°,

51,6° è 28°. Îáùåå êîëè÷åñòâî ïðîñ÷èòàííûõ ïå-
ðåëåòîâ ñîñòàâèëî áîëåå 45 òûñ.

Ïðè îáðàáîòêå ïîëó÷åííîãî ìàññèâà ðåçóëü-
òàòîâ âûÿâëåíû îïòèìàëüíûå «îêíà» ñòàðòà â 2020
ãîäó äëÿ ÷àñòíûõ îðáèò, à òàêæå îïòèìàëüíûå
ïàðàìåòðû íà÷àëüíîé îðáèòû – àðãóìåíò ïåðèãåÿ,
äîëãîòà âîñõîäÿùåãî óçëà.

Â õîäå àíàëèçà ìàññèâà ðåçóëüòàòîâ ìîäåëèðî-
âàíèÿ âûÿâëåíî, ÷òî ïðè îïòèìàëüíûõ ñî÷åòàíèÿõ
àðãóìåíòà ïåðèãåÿ è äîëãîòû âîñõîäÿùåãî óçëà
âûáîð äàòû ñòàðòà ñóùåñòâåííî íå âëèÿåò íà âðå-
ìÿ ïåðåëåòà, ðàçíèöà ïî âðåìåíè äëÿ ïåðåëåòîâ â
2020 ãîäó ëåæèò â ïðåäåëàõ 1%.

Ñî÷åòàíèÿ íà÷àëüíûõ çíà÷åíèé äîëãîòû âîñ-
õîäÿùåãî óçëà è àðãóìåíòà ïåðèãåÿ îêàçûâàþò
çíà÷èòåëüíî áîëüøåå âëèÿíèå, ÷åì âûáîð äàòû
ñòàðòà. Íàèõóäøèå ñî÷åòàíèÿ ýòèõ ïàðàìåòðîâ

ìîãóò óâåëè÷èòü âðåìÿ ìàíåâðà íà 12% îò ìèíè-
ìàëüíîãî çíà÷åíèÿ, ÷òî äåëàåò èõ îïòèìèçàöèþ
íàèáîëåå ïðèîðèòåòíîé. Òàêèì îáðàçîì, âûáîð
íà÷àëüíûõ óñëîâèé ïåðåëåòà ÿâëÿåòñÿ âàæíîé çà-
äà÷åé îïòèìèçàöèè ìåæîðáèòàëüíûõ ïåðåëåòîâ ñ
ìàëîé òÿãîé.

Òàêæå ìîæíî îòìåòèòü, ÷òî ïðè ìîäåëèðîâà-
íèè ïåðåëåòîâ ñ òðåìÿ íà÷àëüíûìè çíà÷åíèÿìè
íàêëîíåíèÿìè îðáèòû îáíàðóæåíà òåíäåíöèÿ íà
óâåëè÷åíèå îòíîñèòåëüíîé ðàçíèöû ïî âðåìåíè
ïåðåëåòà ìåæäó îïòèìàëüíûìè è íåîïòèìàëüíûìè
íà÷àëüíûìè óñëîâèÿìè ïåðåëåòà ñ óìåíüøåíèåì
íàêëîíåíèÿ íà÷àëüíîé îðáèòû. Â ðåçóëüòàòå, îð-
áèòû ñ ìåíüøèìè íà÷àëüíûìè íàêëîíåíèÿìè
áîëåå òðåáîâàòåëüíû ê ïîäáîðó íà÷àëüíûõ ïàðà-
ìåòðîâ.

Ïîêàçàíà âîçìîæíîñòü èñïîëüçîâàíèÿ ïðè-
áëèæåííî-îïòèìàëüíîãî ìåòîäà óïðàâëåíèÿ [7] è
ïðîãðàììíîãî îáåñïå÷åíèÿ «NEOS» äëÿ çàäà÷
ïåðåëåòà ñ ó÷åòîì ñâåòîòåíåâîé îáñòàíîâêè, â òîì
÷èñëå ïðè ïðîâåäåíèè áîëüøîãî êîëè÷åñòâà ìî-
äåëèðîâàíèé.
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Abstract

The subject of this research is ballistic schemes
optimization for the spacecraft with solar electric
propulsion system. The article considers the problem
of the initial conditions search for a spacecraft launch,
at which the total time of its staying in the shadow at
the insertion phase would be minimal.

The total duration of shadow sections during
interorbital flight will depend on the relative position
of the Sun and the spacecraft’s orbital plane. To solve
the problem of the initial launch conditions selection,
the dependence of the shadow section duration on the
set of ballistic parameters, such as the ascending node
longitude, the perigee argument, and the launch date
of the flight, is being considered.

A ballistic scheme for leading out, at which
elliptica transfer orbit forming is being performed by
the upper stage of the rocket-carrier is selected, and
a spacecraft finishing up to the working orbit is being
performed by its own electric propulsion unit.

The article proposes a model for duration
computing of the orbit shadow sections. Equations of
motion in osculating elements are assumed as a
mathematical model of the spacecraft controlled
motion under the impact of the electric propulsion.
An algorithm for solving the problem of optimal initial
flight conditions search has been developed. The total
duration of a spacecraft with the solar propulsion unit
staying in the Earth shadow along the whole trajectory
of the multi-turn flight was accepted as an optimality
criterion. The following parameters, namely the launch
date - perigee argument - the ascending node
longitude, were selected as the optimized parameters
of the elliptical orbit.

Computations of the spacecraft flight trajectories
from high-elliptical orbit to the geostationary one for
three initial orbit inclinations, performed with
variation of the parameters being optimized, were
carried out. The spacecraft launch windows and
corresponding initial conditions of the orbit, rational

APPROXIMATE CALCULATION OF INITIAL CONDITIONS OF A SPACECRAFT
WITH SOLAR ELECTRIC-ROCKET PROPULSION PLANT STARTING WHILE

TRANSFERRING FROM HIGHLY ELLIPTIC ORBIT TO GEOSTATIONARY ONE
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in terms of the flight duration reduction, were found
based on the simulation results.

Analysis of the simulation results array revealed
that launching date selection did not affect
significantly the flight time at optimal combinations
of the perigee argument and the ascending node
longitude, and the time difference for the flights in
2020 lies within the limits of 1%.

The combination of the initial ascending node
longitude and the perigee argument has a much greater
impact than the launch date selection. The worst
combinations of these parameters may increase the
maneuver time by 12% of the minimum value, which
gives their optimization the highest priority. Thus, the
flight initial conditions selecting is an important
problem of the low-thrust interorbital flights
optimizing.

It may be noted as well that while flights with three
initial values of the orbital inclinations simulating, a
tendency for the increase in the relative difference in
flight time between the optimal and non-optimal initial
flight conditions with a decrease in the initial orbit
inclination was found. As the result, the orbits with
lower initial inclinations are more demanding in the
initial parameters selection.

The article demonstrates the possibility of the
approximate optimal control method and the “NEOS”
software application for the flight tasks with account
for shadow sections, including those with multiple
simulation.

The obtained results can be applied for evaluating
the design ballistic parameters of a spacecraft with
electric propulsion unit flight, as well as determining
the optimal initial launch conditions.

Keywords: orbital eclipse period, highly elliptical
orbit, geostationary orbit, shadow area model, close-
optimal control law, electric propulsion engine,
spacecraft launch.
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