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Òåïëîâûå, ýëåêòðîðàêåòíûå äâèãàòåëè è ýíåðãîóñòàíîâêè Thermal engines, electric propulsion and power
ëåòàòåëüíûõ àïïàðàòîâ plants for flying vehicles

Ââåäåíèå

Â íàñòîÿùåå âðåìÿ â êà÷åñòâå ìàðøåâûõ äâè-
ãàòåëåé ðàçãîííûõ áëîêîâ (ÐÁ) ïðèìåíÿþòñÿ æèä-
êîñòíûå ðàêåòíûå äâèãàòåëè (ÆÐÄ) [1, 2]. ÆÐÄ
ýâîëþöèîíèðîâàëè â òå÷åíèå äëèòåëüíîãî âðåìå-
íè è äîñòèãëè ïðåäåëà ýôôåêòèâíîñòè, îïðåäåëÿ-
åìîãî ýíåðãåòè÷åñêèìè âîçìîæíîñòÿìè èñïîëüçó-
åìûõ òîïëèâ [3—5]. Äàëüíåéøèå ïóòè óâåëè÷åíèÿ
ýôôåêòèâíîñòè ÆÐÄ ëåæàò â îáëàñòè ïðèìåíåíèÿ
âûñîêîýíåðãåòè÷åñêèõ òîïëèâ, íàïðèìåð ïàðû
H2+O2 èëè H2+F2 [6, 7]. Îäíàêî ýòè òîïëèâà ÿâ-
ëÿþòñÿ õèìè÷åñêè àãðåññèâíûìè, ÿäîâèòûìè èëè
òðåáóþò êðèîãåííûõ òåìïåðàòóð, ÷òî îãðàíè÷èâàåò
âîçìîæíîñòè èõ ïðèìåíåíèÿ è ñíèæàåò îòäà÷ó îò
èõ âûñîêîé ýíåðãåòèêè [8]. Äðóãèì íàïðàâëåíè-
åì ïîâûøåíèÿ ýôôåêòèâíîñòè ýíåðãîäâèãàòåëü-
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Ðàññìàòðèâàåòñÿ ìåòîä ôîðìèðîâàíèÿ öèêëîãðàììû ðàáîòû ýíåðãîäâèãàòåëüíîé ñèñòåìû ïåðñïåêòèâíîãî
ìåæîðáèòàëüíîãî òðàíñïîðòíîãî àïïàðàòà (ÌÒÀ) ïðè âûâåäåíèè ïîëåçíîé íàãðóçêè ñ íèçêîé îêîëîçåìíîé íà
ãåîñòàöèîíàðíóþ îðáèòó. Ýíåðãîäâèãàòåëüíàÿ ñèñòåìà èññëåäóåìîãî ÌÒÀ ñîñòîèò èç äâóõ ñòóïåíåé: îñíîâíîé
ýëåêòðîðàêåòíîé è îòäåëÿåìîé æèäêîñòíîé. Ñîëíå÷íûå áàòàðåè ýëåêòðîðàêåòíîé ñòóïåíè îáåñïå÷èâàþò ýíåð-
ãèåé ìàðøåâûé ýëåêòðîðàêåòíûé äâèãàòåëü. Ïåðâàÿ ÷àñòü ïåðåëåòà âûïîëíÿåòñÿ æèäêîñòíûì ðàêåòíûì äâèãà-
òåëåì; äàëåå æèäêîñòíàÿ ñòóïåíü îòäåëÿåòñÿ, ðàñêðûâàþòñÿ ïàíåëè ñîëíå÷íûõ áàòàðåé è îñóùåñòâëÿåòñÿ äîâû-
âåäåíèå íà öåëåâóþ îðáèòó ýëåêòðîðàêåòíûì äâèãàòåëåì. Âûáîð ïàðàìåòðîâ ýíåðãîäâèãàòåëüíîé ñèñòåìû çàâè-
ñèò îò âûïîëíÿåìîé òðàíñïîðòíîé îïåðàöèè. Äëÿ çàäàííîé òðàíñïîðòíîé îïåðàöèè íåîáõîäèì ìåòîä
ïàðàìåòðè÷åñêîãî ôîðìèðîâàíèÿ öèêëîãðàììû ðàáîòû æèäêîñòíîãî è ýëåêòðîðàêåòíîãî äâèãàòåëåé. Ôîðìèðó-
åìàÿ öèêëîãðàììà çàâèñèò îò äâóõ èçìåíÿåìûõ ïàðàìåòðîâ: òÿãè ýëåêòðîðàêåòíîãî äâèãàòåëÿ è ðàäèóñà ïðîìå-
æóòî÷íîé îðáèòû. Ðàññìàòðèâàåòñÿ âûñîêîýëëèïòè÷åñêèé ïåðåëåò c íèçêîé îêîëîçåìíîé îðáèòû íà ãåîñòàöèî-
íàðíóþ îðáèòó ñ èçìåíåíèåì íàêëîíåíèÿ. Ïðàâèëüíîñòü ñïëàíèðîâàííîé öèêëîãðàììû ïðîâåðÿåòñÿ ìåòîäîì ÷èñ-
ëåííîãî èíòåãðèðîâàíèÿ. Â ïðîñòðàíñòâå èçìåíÿåìûõ ïàðàìåòðîâ èññëåäóåòñÿ òî÷íîñòü ïëàíèðîâàíèÿ ïåðåëåòà
ñ èñïîëüçîâàíèåì äâèãàòåëÿ ìàëîé òÿãè, äëÿ êîòîðîãî èçâåñòíû òîëüêî ïðèáëèæåííûå çàâèñèìîñòè. Ïî ðåçóëü-
òàòàì ÷èñëåííîãî èíòåãðèðîâàíèÿ óñòàíîâëåíî, ÷òî â ïàðàìåòðè÷åñêîé îáëàñòè èíòåðåñîâ ïðåäëàãàåìûé àíàëè-
òè÷åñêèé ìåòîä ïëàíèðîâàíèÿ öèêëîãðàììû ðàáîòû îáåñïå÷èâàåò äîñòàòî÷íóþ äëÿ ïðîåêòíûõ çàäà÷ òî÷íîñòü.

Êëþ÷åâûå ñëîâà: ýíåðãîäâèãàòåëüíàÿ ñèñòåìà, ìåæîðáèòàëüíûé òðàíñïîðòíûé àïïàðàò, ðàçäåëÿåìûå ñòóïå-
íè, ñïóòíèêîâàÿ ïëàòôîðìà, öèêëîãðàììà ïåðåëåòà.

íîé ñèñòåìû ÿâëÿåòñÿ ðàçäåëåíèå ðàáî÷åãî òåëà è
èñòî÷íèêà ýíåðãèè (ÈÝ). Â ýòîì ñëó÷àå óñòðàíÿ-
åòñÿ îãðàíè÷åíèå íà ñêîðîñòü èñòå÷åíèÿ ðàáî÷å-
ãî òåëà, íî âîçíèêàåò ïîòðåáíîñòü âî âíåøíåì ÈÝ
[9]. Íà ýòîì ïðèíöèïå ïîñòðîåíû ýëåêòðîðàêåò-
íûå äâèãàòåëè (ÝÐÄ) [10]. Áëàãîäàðÿ âûñîêîé
ñêîðîñòè èñòå÷åíèÿ ðàáî÷åãî òåëà, çíà÷èòåëüíî
ïðåâûøàþùåé ñêîðîñòü èñòå÷åíèÿ ïðîäóêòîâ ãî-
ðåíèÿ â õèìè÷åñêîì äâèãàòåëå, ýôôåêòèâíîñòü
èñïîëüçîâàíèÿ ìàññû ðàáî÷åãî òåëà ýëåêòðîðàêåò-
íûì äâèãàòåëåì çíà÷èòåëüíî ïðåâûøàåò ýòîò ïî-
êàçàòåëü äëÿ õèìè÷åñêîãî äâèãàòåëÿ.

Ïðèìåíÿåìûå ÝÐÄ îáåñïå÷èâàþò óäåëüíûé
èìïóëüñ 3500 ñ, ÷òî íà ïîðÿäîê âûøå, ÷åì ó ÆÐÄ
[11, 12]. Ïîýòîìó ìàññà ðàáî÷åãî òåëà èñïîëüçó-
åòñÿ íà ïîðÿäîê ýôôåêòèâíåå. Ïåðñïåêòèâíûå
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ÝÐÄ (NEXIS, BL-500) [13], ðàçðàáàòûâàåìûå, â
÷àñòíîñòè, äëÿ ìàðñèàíñêîé ïðîãðàììû, èìåþò
óäåëüíûé èìïóëüñ äî 7000 ñ [14]. Îãðàíè÷åíèÿ â
äîñòóïíîé ìîùíîñòè ÈÝ è áîëüøîé óäåëüíûé èì-
ïóëüñ ïîçâîëÿþò ýëåêòðîðàêåòíîìó äâèãàòåëþ
îáåñïå÷èâàòü ëèøü íåçíà÷èòåëüíóþ òÿãó, ÷òî îã-
ðàíè÷èâàåò ñôåðó åãî ïðèìåíåíèÿ.

Îñîáîå ìåñòî ñðåäè òðàíñïîðòíûõ îïåðàöèé
ìåæîðáèòàëüíîé òðàíñïîðòèðîâêè çàíèìàåò âû-
âîä íà ãåîñòàöèîíàðíóþ îðáèòó (ÃÑÎ). ÃÑÎ èìååò
óíèêàëüíîå ñâîéñòâî — íàõîäÿùèéñÿ íà íåé ñïóò-
íèê ñîõðàíÿåò ñâîå ïîëîæåíèå îòíîñèòåëüíî çåì-
íîé ïîâåðõíîñòè, ïîýòîìó ñâÿçü ñî ñïóòíèêîì
ìîæíî îñóùåñòâëÿòü ñ ïîìîùüþ ïðîñòûõ íåïîä-
âèæíûõ àíòåíí áåç ñëåäÿùèõ ñèñòåì. Áàçîâàÿ
ñõåìà âûâåäåíèÿ êîñìè÷åñêèõ àïïàðàòîâ (ÊÀ) íà
ÃÑÎ ïðåäïîëàãàåò ïåðâîíà÷àëüíûé âûâîä íà ýë-
ëèïòè÷åñêóþ îðáèòó ñ âûñîòîé àïîãåÿ, ðàâíîé
âûñîòå ÃÑÎ [15]. Ýòà ïðîìåæóòî÷íàÿ îðáèòà ïî-
ëó÷èëà íàçâàíèå ãåîïåðåõîäíîé (ÃÏÎ).

Â ïîñëåäíåå âðåìÿ íà ó÷àñòêå äîâûâåäåíèÿ ñ
ÃÏÎ íà ÃÑÎ âñå ÷àùå ïðèìåíÿþòñÿ ÝÐÄ [16, 17].
Ýòî ñòàëî âîçìîæíûì áëàãîäàðÿ ñîçäàíèþ ìîù-
íûõ ÝÐÄ ñ âûñîêèì ÊÏÄ ïðåîáðàçîâàíèÿ ýëåê-
òðè÷åñêîé ýíåðãèè â êèíåòè÷åñêóþ ýíåðãèþ ðå-
àêòèâíîé ñòðóè (ÑÏÄ 140, XIPS 25) [18], ñîëíå÷-
íûõ áàòàðåé íà îñíîâå GaAs ñ ÊÏÄ ïðåîáðàçîâà-
íèÿ äî 28% è âûñîêîé óñòîé÷èâîñòüþ ê êîñìè÷åñ-
êîé ðàäèàöèè [19]. Îïåðàöèÿ âûâåäåíèÿ âûïîë-
íÿåòñÿ â äâà ýòàïà: ÐÁ ñ ÆÐÄ îáåñïå÷èâàåò ïåðå-
õîä íà âûñîêîýëëèïòè÷åñêóþ îðáèòó è ñìåíó íà-
êëîíåíèÿ â àïîãåå, à ñïóòíèêîâàÿ ïëàòôîðìà ñ ÈÝ
â âèäå ñîëíå÷íûõ áàòàðåé (ÑÁ) îáåñïå÷èâàåò äî-
âûâåäåíèå ÊÀ íà öåëåâóþ îðáèòó ýëåêòðîðàêåò-
íûì äâèãàòåëåì.

Èç-çà çíà÷èòåëüíîé âûñîòû îðáèòû ÃÑÎ òðå-
áóåò âûñîêîé ýíåðãåòèêè îò ñðåäñòâ êîñìè÷åñêîé
òðàíñïîðòèðîâêè. Åñëè êîñìîäðîì íàõîäèòñÿ íå
íà ýêâàòîðå, íåîáõîäèìîñòü èçìåíåíèÿ íàêëîíå-
íèÿ îðáèòû äîïîëíèòåëüíî óâåëè÷èâàåò òðåáîâà-
íèÿ ê ýíåðãåòèêå. Äëÿ ïåðåõîäà ñ íèçêîé îêîëî-
çåìíîé îðáèòû (ÍÎÎ) íà ÃÑÎ ïðè ñòàðòå ñ êîñ-
ìîäðîìà Áàéêîíóð èëè Âîñòî÷íûé òðåáóåòñÿ õà-
ðàêòåðèñòè÷åñêàÿ ñêîðîñòü 2430 ì/ñ, ÷òî ïðèìåð-
íî íà 600 ì/ñ áîëüøå, ÷åì ïðè ñòàðòå ñ êîñìîä-
ðîìà Êàíàâåðàë (1837 ì/ñ). Ðîññèéñêîé Ôåäåðà-
öèè íåîáõîäèìî èìåòü âîçìîæíîñòü ýôôåêòèâíîé
äîñòàâêè ÊÀ íà ÃÑÎ ñ âûñîêîøèðîòíûõ êîñìîä-
ðîìîâ, è ïîýòîìó çàäà÷à ñîçäàíèÿ ýôôåêòèâíûõ
ñðåäñòâ ìåæîðáèòàëüíîé òðàíñïîðòèðîâêè îñî-
áåííî àêòóàëüíà.

Ýíåðãîäâèãàòåëüíàÿ ñèñòåìà ïåðñïåêòèâíîãî
ÌÒÀ ìîæåò ñîñòîÿòü èç äâóõ ñòóïåíåé ñ äâèãàòåëü-

íûìè óñòàíîâêàìè ðàçëè÷íûõ òèïîâ (ÆÐÄÓ è
ÝÐÄÓ). ÆÐÄÓ ïåðåâîäèò ÊÀ íà îïîðíóþ îðáèòó,
ñîîáùàåò ïåðèãåéíûé èìïóëüñ è ìåíÿåò íàêëîíå-
íèå â àïîãåå âûñîêîýëëèïòè÷åñêîé ñóïåðñèíõðîí-
íîé îðáèòû. Âûïîëíèâ çàäàíèå, ñòóïåíü ñ ÆÐÄÓ
îòäåëÿåòñÿ. Íà ñòóïåíè ñ ýëåêòðîðàêåòíûì äâè-
ãàòåëåì ðàñêðûâàþòñÿ ïàíåëè ÑÁ, è ñ ïîìîùüþ
ÝÐÄ îñóùåñòâëÿåòñÿ ñêðóãëåíèå ÃÏÎ äî ÃÑÎ.

Èçâåñòíû ðàáîòû ïî îïòèìèçàöèè áàëëèñòè-
êè ïåðåë¸òîâ ìåæäó íåêîìïëàíàðíûìè êðóãîâû-
ìè îðáèòàìè ñ äâóõñòóïåí÷àòûì ðàçãîííûì áëî-
êîì ñ õèìè÷åñêèì è ýëåêòðîðåàêòèâíûì äâèãàòå-
ëÿìè [20, 21]. Ýëåêòðîðàêåòíóþ ñòóïåíü, îáëàäà-
þùóþ ìîùíûì èñòî÷íèêîì ýíåðãèè, ýôôåêòèâ-
íûìè äâèãàòåëÿìè è íåîáõîäèìûìè âñïîìîãà-
òåëüíûìè ñèñòåìàìè, ñëåäóåò ðàññìàòðèâàòü êàê
àãðåãàò äâîéíîãî íàçíà÷åíèÿ: ìàðøåâàÿ äâèãàòåëü-
íàÿ óñòàíîâêà ÌÒÀ íà ýòàïå âûâåäåíèÿ; êîñìè-
÷åñêàÿ ïëàòôîðìà, îáåñïå÷èâàþùàÿ öåëåâîé ÊÀ
ýíåðãèåé, ñîõðàíÿþùàÿ îðáèòó ñòîÿíèÿ è ïîëî-
æåíèå, à òàêæå âûïîëíÿþùàÿ ñîâðåìåííûå òðå-
áîâàíèÿ ïî ïåðåâîäó ÊÀ íà îðáèòó çàõîðîíåíèÿ
ïîñëå ñðîêà àêòèâíîãî ñóùåñòâîâàíèÿ (ÑÀÑ) [22].

Ýôôåêòèâíîñòü ìåæîðáèòàëüíîé òðàíñïîðòè-
ðîâêè îïðåäåëÿåòñÿ â ïåðâóþ î÷åðåäü îáîñíîâàí-
íûì âûáîðîì ïàðàìåòðîâ ýíåðãîäâèãàòåëüíîé
ñèñòåìû æèäêîñòíîé è ýëåêòðîðàêåòíîé ñòóïåíåé
ÌÒÀ ñ ó÷åòîì áàëëèñòèêè ïåðåëåòà è ôàêòîðîâ
êîñìè÷åñêîãî ïðîñòðàíñòâà. ×àñòü ýòèõ ïàðàìåò-
ðîâ ìîæåò áûòü ïîëó÷åíà àíàëèòè÷åñêè èëè íà îñ-
íîâå ñòàòèñòè÷åñêèõ äàííûõ åùå íà ýòàïå ïðîåê-
òèðîâàíèÿ, îäíàêî ñóùåñòâóþò ïàðàìåòðû, çíà÷å-
íèå êîòîðûõ ìîæåò áûòü íàéäåíî òîëüêî ïî ðå-
çóëüòàòàì âûïîëíåíèÿ êîìïüþòåðíîãî ìîäåëèðî-
âàíèÿ òðàíñïîðòíîé îïåðàöèè. Ê òàêèì ïàðàìåò-
ðàì îòíîñÿòñÿ: âîçäåéñòâèå èîíèçèðóþùåãî èçëó-
÷åíèÿ âäîëü òðàåêòîðèè ïåðåëåòà [23], âîçìîæ-
íîñòü ïîñòîÿííîãî êîíòàêòà ñ öåíòðîì óïðàâëå-
íèÿ ïîëåòîì [24].

Äëÿ ðåøåíèÿ ïîñòàâëåííîé ïðîáëåìû ïðåäëà-
ãàåòñÿ âûïîëíèòü ñëåäóþùèå øàãè:

• ñôîðìèðîâàòü öèêëîãðàììó ïåðåëåòà ñ èñ-
ïîëüçîâàíèåì àíàëèòè÷åñêèõ çàâèñèìîñòåé;

• ñôîðìèðîâàòü òðàåêòîðèþ ìåòîäîì èìèòàöè-
îííîãî ìîäåëèðîâàíèÿ;

• ïðîâåðèòü ïðàâèëüíîñòü âèçóàëüíûì ñðàâíå-
íèåì òðàåêòîðèè ñ îæèäàåìîé è îòêëîíåíèåì
ðàäèóñà êîíå÷íîé òî÷êè òðàåêòîðèè îò òðåáóåìî-
ãî.

Äëÿ ìàòåìàòè÷åñêîãî îïèñàíèÿ äèíàìèêè äâè-
æåíèÿ èñïîëüçóåòñÿ ñèñòåìà äèôôåðåíöèàëüíûõ
óðàâíåíèé â ôîðìå Êîøè. Äëÿ ïðîâåðêè òî÷íîñ-
òè ïðèáëèæåííûõ ôîðìóë áàëëèñòèêè ýëåêòðîðà-
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êåòíîé ñòóïåíè â èññëåäóåìîì ïðîñòðàíñòâå ïà-
ðàìåòðîâ ôîðìèðóåòñÿ ìíîæåñòâî òî÷åê, äëÿ êî-
òîðûõ âûïîëíÿåòñÿ ðàñ÷åò ìåòîäîì ÷èñëåííîãî
èíòåãðèðîâàíèÿ íà îñíîâå ñôîðìèðîâàííîé öèê-
ëîãðàììû.

Ìàòåìàòè÷åñêîå îïèñàíèå áàëëèñòèêè ïåðåëåòà

Áàëëèñòè÷åñêàÿ ñõåìà ïåðåëåòà ñîñòîèò èç
ñëåäóþùèõ øàãîâ:

1. ÌÒÀ ñ ÊÀ âûâîäèòñÿ íà îïîðíóþ îðáèòó
ðàêåòîé-íîñèòåëåì.

2. Æèäêîñòíàÿ ñòóïåíü ÌÒÀ ïåðåâîäèò ÊÀ íà
ïåðâóþ ãåîïåðåõîäíóþ îðáèòó.

3. Æèäêîñòíàÿ ñòóïåíü ÌÒÀ âûäàåò èìïóëüñ
äëÿ ïåðåõîäà íà ñóïåðñèíõðîííóþ ãåîïåðåõîäíóþ
îðáèòó.

4. Â àïîöåíòðå ñóïåðñèíõðîííîé ãåîïåðåõîä-
íîé îðáèòû æèäêîñòíàÿ ñòóïåíü ÌÒÀ âûäàåò
èìïóëüñ, èçìåíÿþùèé íàêëîíåíèå îðáèòû, îòäå-
ëÿåòñÿ îò ÊÀ è óõîäèò íà îðáèòó çàõîðîíåíèÿ.

5. ÌÒÀ îñóùåñòâëÿåò ñêðóãëåíèå îðáèòû äî
ÃÑÎ ñ ïîìîùüþ ýëåêòðîðàêåòíîé ñòóïåíè.

Íà ðèñ. 1 ïîêàçàíà òðàåêòîðèÿ ïåðåëåòà ïî
ïðåäëàãàåìîé ñõåìå â ïðîåêöèè íà ïëîñêîñòü çåì-
íîãî ýêâàòîðà.

Òàêàÿ ñõåìà ïåðåëåòà íàøëà ïðàêòè÷åñêîå
ïðèìåíåíèå áëàãîäàðÿ ñëåäóþùèì ïðåèìóùå-
ñòâàì:

1. Ýíåðãåòè÷åñêè âûãîäíî ìåíÿòü íàêëîíåíèå
â àïîöåíòðå âûñîêîýëëèïòè÷åñêîé îðáèòû;

2. Îáåñïå÷èâàåòñÿ âîçìîæíîñòü âûâîäà íà
ÃÑÎ ÊÀ ñ èìåþùèõñÿ â ðàñïîðÿæåíèè Ðîññèè
êîñìîäðîìîâ Áàéêîíóð è Âîñòî÷íûé;

3. Ñóïåðñèíõðîííàÿ îðáèòà îáåñïå÷èâàåò ïî-
ñòîÿííîå íàõîæäåíèå âûâîäèìîãî ÊÀ â çîíå âè-
äèìîñòè íàçåìíîãî ïóíêòà óïðàâëåíèÿ.

Â ïðåäëîæåííîé áàëëèñòè÷åñêîé ñõåìå ìîæ-
íî âàðüèðîâàòü âûñîòó ïåðèãåÿ ãåîïåðåõîäíîé

ñóïåðñèíõðîííîé îðáèòû rπ .

Ñëåäóþùèå ìàòåìàòè÷åñêèå çàâèñèìîñòè ïî-
çâîëÿþò ñôîðìèðîâàòü íåîáõîäèìûå äëÿ ïîñòðî-
åíèÿ öèêëîãðàììû äàííûå:

ïåðèîä îáðàùåíèÿ ïî ýëëèïòè÷åñêîé îðáèòå
— çàâèñèò îò áîëüøîé ïîëóîñè ýëëèïñà:

3

2 ,
a

T π
μ

=                          (1)

ãäå 14 3 23.98 10 ì ñμ -= ◊  — ãðàâèòàöèîííàÿ êîíñòàí-

òà Çåìëè; ÒÇ = 86164,09 ñ — ïåðèîä îáðàùåíèÿ ÊÀ
íà ñóïåðñèíõðîííîé îðáèòå, ñîâïàäàþùèé ñ ïå-
ðèîäîì âðàùåíèÿ Çåìëè; à — áîëüøàÿ ïîëóîñü
ãåîïåðåõîäíîé îðáèòû,

1
2 3

;
2
T

a μ
π

È ˘Ê ˆ= Í ˙Á ˜Ë ¯Í ˙Î ˚
                     (2)

âûñîòà àïîãåÿ:

2 ;r a rα π= -                        (3)

ýêñöåíòðèñèòåò:

0 .
r r

e
r r

α π

α π

-
=

+                      (4)

Ïîñëå âûâîäà ðàêåòîé-íîñèòåëåì íà íèçêóþ
îêîëîçåìíóþ îðáèòó æèäêîñòíàÿ ñòóïåíü îáåñïå-
÷èâàåò ïåðåõîä íà ïðîìåæóòî÷íóþ îðáèòó, äëÿ
÷åãî íåîáõîäèìî âûäàòü äâà èìïóëüñà. Îïðåäåëèì
èõ çíà÷åíèÿ.

Ñêîðîñòü ÊÀ íà îïîðíîé îðáèòå:

1
1

,V
r
μ

=                          (5)

ãäå r1 — âûñîòà íà÷àëüíîé êðóãîâîé îðáèòû.
Ïðèðàùåíèå ñêîðîñòè â ïåðâîì èìïóëüñå:

1
1 1

1

2
1 ,

1

r
V V

r
π

π
Δ

Ê ˆ
= -Á ˜+Ë ¯

                  (6)

ãäå 1
1

.
r

r
r
π

π =

Âðåìÿ ïåðåëåòà äî ïåðèöåíòðà ñóïåðñèíõðîí-
íîé îðáèòû:

Ðèñ. 1. Òðàåêòîðèÿ ïåðåëåòà ñî ñêðóãëåíèåì ãåîïåðåõîä-
íîé âûñîêîýëèïòè÷åñêîé îðáèòû
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3
1

1 ,
a

t π
μ

=                          (7)

ãäå à1 —áîëüøàÿ ïîëóîñü ïåðåõîäíîãî ýëëèïñà.
Ïðèðàùåíèå ñêîðîñòè âî âòîðîì èìïóëüñå:

2 1
11

1 2
1 .

1
V V

rr ππ

Δ
Ê ˆ

= -Á ˜+Ë ¯              (8)

Ïîñëå âûäà÷è âòîðîãî èìïóëüñà ÊÀ ïåðåõîäèò
íà êðóãîâóþ îðáèòó ñ ðàäèóñîì, ñîîòâåòñòâóþùèì
ïåðèöåíòðó ãåîïåðåõîäíîé îðáèòû. Âûäà÷à òðå-
òüåãî èìïóëüñà äëÿ ïåðåõîäà íà ñóïåðñèíõðîííóþ
îðáèòó îñóùåñòâëÿåòñÿ â ìîìåíò ïðîõîæäåíèÿ ÊÀ
ýêâàòîðèàëüíîé ïëîñêîñòè â çîíå âèäèìîñòè öåí-
òðà óïðàâëåíèÿ ïîëåòîì.

Ïðèðàùåíèå ñêîðîñòè â òðåòüåì èìïóëüñå:

3 2

2
1 ,

1

r
V V

r
απ

απ
Δ

Ê ˆ
= -Á ˜+Ë ¯

                (9)

ãäå ;
r

r
r
α

απ
π

= 2V
rπ

μ=  — ñêîðîñòü íà êðóãîâîé îð-

áèòå âûñîòîé rπ .

×åðåç âðåìÿ 
3

2

a
t π

μ
=  ÊÀ äîñòèãàåò àïîöåí-

òðà ñóïåðñèíõðîííîé îðáèòû, ãäå âûäàåòñÿ ÷åò-
âåðòûé èìïóëüñ, èçìåíÿþùèé íàêëîíåíèå îðáè-
òû:

4 22 sin ,
2
i

V VΔ Ê ˆ= Á ˜Ë ¯                  (10)

ãäå i — íàêëîíåíèå èñõîäíîé îðáèòû.
Äàëåå æèäêîñòíàÿ ñòóïåíü ñ ÆÐÄ îòäåëÿåòñÿ

è óõîäèò íà îðáèòó çàõîðîíåíèÿ. Íà ýëåêòðîðàêåò-
íîé ñòóïåíè ðàñêðûâàþòñÿ ñîëíå÷íûå ïàíåëè, è
âûïîëíÿåòñÿ äîâûâåäåíèå íà öåëåâóþ îðáèòó ñ ïî-
ìîùüþ äâèãàòåëÿ ìàëîé òÿãè (ÝÐÄ). Íàïðàâëåíèå
âåêòîðà òÿãè íà ýòîì ýòàïå ïîêàçàíî íà ðèñ. 1.
Òðåáóåìîå ïðèðàùåíèå ñêîðîñòè íà îñíîâå [25]:

( )4 0

2
arcsin .

3
V e

a
μΔ =              (11)

Ïðèçíàêîì âûõîäà íà êðóãîâóþ îðáèòó ÿâëÿ-
åòñÿ èçìåíåíèå íàïðàâëåíèÿ ïðîåêöèè âåêòîðà
Ëàïëàñà—Ðóíãå—Ëåíöà íà îñü ãåîïåðåõîäíîãî ýë-
ëèïñà:

,
r

f V c
r

μ= ¥ -                        (12)

ãäå c r V= ¥  — âåêòîðíûé èíòåãðàë ïëîùàäåé.

×èñëåííîå èíòåãðèðîâàíèå

Â ðåçóëüòàòå áàëëèñòè÷åñêîãî ïëàíèðîâàíèÿ
òðàíñïîðòíîé îïåðàöèè ôîðìèðóåòñÿ öèêëîãðàì-
ìà âêëþ÷åíèÿ äâèãàòåëåé. Ñôîðìèðîâàííàÿ öèê-
ëîãðàììà ÿâëÿåòñÿ çàäàþùåé äëÿ ìîäóëÿ ÷èñëåí-
íîãî èíòåãðèðîâàíèÿ. Â õîäå ÷èñëåííîãî èíòåã-
ðèðîâàíèÿ, ñ ó÷åòîì ôèçè÷åñêîé ìîäåëè èññëåäó-
åìîé ñèñòåìû, ðåøàþòñÿ ñëåäóþùèå çàäà÷è:

• âåðèôèöèðóåòñÿ ïðàâèëüíîñòü áàëëèñòè÷åñ-
êîãî ïëàíèðîâàíèÿ;

• ôîðìèðóåòñÿ òðàåêòîðèÿ ïåðåëåòà äëÿ äðó-
ãèõ ïðîãðàììíûõ ìîäóëåé, èñïîëüçóþùèõ òðàåê-
òîðèþ ïåðåëåòà â êà÷åñòâå âõîäíûõ äàííûõ.

Òðàåêòîðèÿ ïåðåëåòà ïðåäñòàâëÿåò ñîáîé íà-
áîð ñòðîê, ñîäåðæàùèõ èíôîðìàöèþ î âðåìåíè è
êîîðäèíàòàõ ïðîñòðàíñòâà, ñîîòâåòñòâóþùèõ ìå-
ñòîïîëîæåíèþ ÊÀ. Äèíàìèêà ïîëåòà ÊÀ ìîäåëè-
ðóåòñÿ â ãåîöåíòðè÷åñêîé èíåðöèàëüíîé ñèñòåìå
êîîðäèíàò (ðèñ. 2). Â öåëÿõ óïðîùåíèÿ ðàñ÷åòíîé
ìîäåëè áûëî ïðèíÿòî, ÷òî îñü X ïðîõîäèò ÷åðåç
òî÷êó ïðîñòðàíñòâà, â êîòîðîé íàõîäèòñÿ ÊÀ â íó-
ëåâîé ìîìåíò âðåìåíè.

Âåêòîð ñîñòîÿíèÿ ÊÀ:

[ ], , , , , , , , ,
T Ts r r m x y z x y z mÈ ˘= =Î ˚

            (13)

ãäå r  — ðàäèóñ-âåêòîð òåêóùåãî ïîëîæåíèÿ ÊÀ;
m — òåêóùàÿ ìàññà âñåé ñèñòåìû.

Äèíàìèêà ÊÀ çàäàíà ñèñòåìîé äèôôåðåíöè-
àëüíûõ óðàâíåíèé 1-ãî ïîðÿäêà â ÿâíîé ôîðìå
Êîøè:

( ), .
ds

f s t
dt

=                       (14)

Èñïîëüçóþòñÿ ñëåäóþùèå çàâèñèìîñòè, îñíî-
âàííûå íà îñíîâíûõ ôèçè÷åñêèõ çàêîíàõ:

.
dr

r
dt

=                           (15)

Ðèñ. 2. Èñïîëüçóåìàÿ ñèñòåìà êîîðäèíàò
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Íà îñíîâå 2-ãî çàêîíà Íüþòîíà:

,
dr F

a
dt m

= =


                     (16)

ãäå F  — ñóììàðíàÿ ñèëà, äåéñòâóþùàÿ íà ÊÀ, êî-
òîðàÿ ìîæåò áûòü ïðåäñòàâëåíà â âèäå ñóììû ñèë
ïðèòÿæåíèÿ Çåìëè è ñèëû òÿãè äâèãàòåëÿ, ñîâïà-
äàþùàÿ ïî íàïðàâëåíèþ ñ âåêòîðîì ñêîðîñòè,

.g dF F F= +                      (17)

Ñèëà ãðàâèòàöèîííîãî ïðèòÿæåíèÿ Çåìëè:

Ç
2

,g

r
F

r r

μ
= - ◊                    (18)

ãäå 2 2 2r x y z= + +  — ðàññòîÿíèå îò Çåìëè;

Çμ  — ãðàâèòàöèîííàÿ ïîñòîÿííàÿ Çåìëè.

Íàïðàâëåíèå âåêòîðà òÿãè äëÿ æèäêîñòíîé
ñòóïåíè ñîâïàäàåò ñ íàïðàâëåíèåì âåêòîðà òåêó-
ùåé ñêîðîñòè:

,d
v

F R
v

= ◊                        (19)

ãäå R — òÿãà äâèãàòåëÿ. Äëÿ ýëåêòðîðàêåòíîé ñòó-
ïåíè ñêðóãëåíèå îðáèòû îáåñïå÷èâàåòñÿ ïðè òÿãå,
íàïðàâëåííîé âäîëü îñè Y (ðèñ. 2).

Èçìåíåíèå ìàññû ÊÀ îïðåäåëÿåòñÿ ðàñõîäîì
ðàáî÷åãî òåëà:

,
S

dm R
m

dt I
= =                      (20)

ãäå IS — óäåëüíûé èìïóëüñ äâèãàòåëÿ.
Íà÷àëüíûé âåêòîð ñîñòîÿíèÿ:

( ) Ç
1 1

1

0 ,0,0,0, ,0, .

T

s R M
R

μÈ ˘
= Í ˙
Í ˙Î ˚

          (21)

×èñëåííîå èíòåãðèðîâàíèå ïðîâîäèëîñü ìåòî-
äîì Ðóíãå—Êóòòû 4-ãî è 5-ãî ïîðÿäêîâ ñ ïîìî-
ùüþ ðåøàþùåãî ìåòîäà ode45 ïðîãðàììíîãî ïà-
êåòà Matlab. Èíòåãðèðîâàíèå ïðîâîäèëîñü êóñî÷-
íî-íåïðåðûâíî, â ñîîòâåòñòâèè ñ öèêëîãðàììîé
ðàáîòû äâèãàòåëåé, ïîëó÷åííîé ðàíåå. Ïðè ýòîì
âûõîäíîé âåêòîð ñîñòîÿíèÿ ÷èñëåííîãî èíòåãðè-
ðîâàíèÿ ñòðîêè öèêëîãðàììû ÿâëÿëñÿ âõîäíûì
äëÿ èíòåãðèðîâàíèÿ ñëåäóþùåé ñòðîêè öèêëîã-
ðàììû.

Ðåçóëüòàòû ìîäåëèðîâàíèÿ

Äëÿ òåñòèðîâàíèÿ òðàíñïîðòíîé îïåðàöèè ñ
ïåðåëåòîì ïî âûñîêîýëëèïòè÷åñêîé ñóïåðñèíõ-
ðîííîé îðáèòå áûëè ïðèíÿòû ñëåäóþùèå íà÷àëü-
íûå óñëîâèÿ:

• âûïîëíÿåòñÿ òðàíñïîðòíàÿ îïåðàöèÿ ïåðåâî-
äà ãðóçà ñ êðóãîâîé îðáèòû âûñîòîé 200 êì, íà-
êëîíåíèåì 51,5° íà ÃÑÎ;

• íà÷àëüíàÿ ìàññà 23000 êã;
• ÊÏÄ ÝÐÄ 0,65;
• æèäêîñòíàÿ ñòóïåíü îáåñïå÷èâàåò:
— ïåðåõîä íà ïðîìåæóòî÷íóþ îðáèòó;
— ôîðìèðîâàíèå ñóïåðñèíõðîííîé ãåîïåðå-

õîäíîé îðáèòû;
— èçìåíåíèå íàêëîíåíèÿ â àïîãåå.
Äëÿ ïàðàìåòðîâ R = 1,0 Í, H = 20000 êì áûëà

ïîäãîòîâëåíà öèêëîãðàììà. Ïîäãîòîâëåííàÿ öèê-
ëîãðàììà ïåðåäàíà â ìîäóëü òðàåêòîðíîãî èíòåã-
ðèðîâàíèÿ. Òðàåêòîðèÿ ïåðåëåòà, ñôîðìèðîâàí-
íàÿ â ðåçóëüòàòå èíòåãðèðîâàíèÿ, ïðèâåäåíà íà
ðèñ. 3. Êîîðäèíàòû Çåìëè — (0, 0).

Â òî÷êå 1 âûäàåòñÿ ïåðâûé èìïóëüñ äëÿ ïåðå-
õîäà íà ïðîìåæóòî÷íóþ îðáèòó çàäàííîé âûñîòû.
Â òî÷êå 2 âûäàåòñÿ èìïóëüñ ïåðåõîäà íà êðóãîâóþ
ïðîìåæóòî÷íóþ îðáèòó. Â òîé æå òî÷êå âûäàåòñÿ
ïåðèãåéíûé èìïóëüñ, ïåðåâîäÿùèé ñèñòåìó íà
ñóïåðñèíõðîííóþ ãåîïåðåõîäíóþ îðáèòó. Â àïî-
ãåå ãåîïåðåõîäíîé îðáèòû (òî÷êà 3) æèäêîñòíàÿ
ñòóïåíü âûäàåò èìïóëüñ èçìåíåíèÿ íàêëîíåíèÿ è
îòäåëÿåòñÿ. Äàëåå âûïîëíÿåòñÿ ñêðóãëåíèå îðáèòû
äî ìîìåíòà, ïîêà ïðîåêöèÿ âåêòîðà Ëàïëàñà—
Ðóíãå—Ëåíöà íà áîëüøóþ îñü ïåðåõîäíîãî ýëëèï-
ñà íå èçìåíèò çíàê. Âèçóàëüíî îïðåäåëÿåòñÿ ñî-
îòâåòñòâèå ïðåäëîæåííîé òðàåêòîðèè îæèäàåìîé,
÷òî ïîäòâåðæäàåò ïðàâèëüíîñòü ñôîðìèðîâàííîé
öèêëîãðàììû.

Äëÿ ïîäòâåðæäåíèÿ ïðèìåíèìîñòè ïðåäëîæåí-
íîé òðàåêòîðèè ïåðåõîäà äëÿ ïîñòîÿííîãî íàáëþ-
äåíèÿ èç öåíòðà óïðàâëåíèÿ ïîëåòîì (ÖÓÏ) áûëà
ðàññ÷èòàíà ýâîëþöèÿ äîëãîòû ïðîåêöèè ìåñòîïî-
ëîæåíèÿ ÊÀ íà ïîâåðõíîñòü Çåìëè. Ðåçóëüòàòû
ðàñ÷åòîâ ïðåäñòàâëåíû íà ãðàôèêå (ðèñ. 4).

Ýâîëþöèÿ äîëãîòû ïðîåêöèè ÊÀ íà ïîâåðõ-
íîñòü Çåìëè ïîäòâåðæäàåò âîçìîæíîñòü ïîñòîÿí-
íîãî êîíòàêòà öåíòðà óïðàâëåíèÿ ïîëåòîì ñ ÊÀ
â òå÷åíèå âñåãî ïåðèîäà âûâåäåíèÿ. Îòêëîíåíèÿ
äîëãîòû íå ïðåâûøàþò ±50°.

Ïðîáëåìà, îïèñûâàåìàÿ â äàííîé ðàáîòå, ÿâ-
ëÿåòñÿ ÷àñòíîé äëÿ èññëåäîâàíèÿ, îõâàòûâàþùå-
ãî áîëåå øèðîêóþ îáëàñòü âîïðîñîâ, ñâÿçàííûõ ñ
âûáîðîì ïàðàìåòðîâ ýíåðãîäâèãàòåëüíîé ñèñòå-
ìû æèäêîñòíîé è ýëåêòðîðàêåòíîé ñòóïåíåé ïåð-
ñïåêòèâíîãî ìåæîðáèòàëüíîãî òðàíñïîðòíîãî
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àïïàðàòà. Èç ýòîãî èññëåäîâàíèÿ èçâåñòåí äèàïà-
çîí âõîäíûõ ïàðàìåòðîâ:

• òÿãà ýëåêòðîðàêåòíîãî äâèãàòåëÿ 0,2—1,6 Í;
• âûñîòà ïðîìåæóòî÷íîé îðáèòû 400—20000 êì.
Ñ öåëüþ îöåíêè òî÷íîñòè ïëàíèðîâàíèÿ áàë-

ëèñòèêè ýëåêòðîðàêåòíîé ñòóïåíè äëÿ ìíîæåñòâà

çíà÷åíèé â çàäàííîé îáëàñòè áûëî ïðîâåäåíî
ñðàâíåíèå ðàäèóñà ïîñëåäíåé òî÷êè òðàåêòîðèè ñ
çàäàííûì. Àëãîðèòì ñîîòâåòñòâóþùèõ ðàñ÷åòîâ
ïðåäñòàâëåí íà ðèñ. 5.

Â îáëàñòè ïàðàìåòðîâ áûëè ñëó÷àéíî âûáðà-
íû 1000 òî÷åê. Ïîëå ðàñïðåäåëåíèÿ ðàñ÷åòíûõ

Ðèñ. 3. Òðàåêòîðèÿ ïåðåëåòà äëÿ R=1,0 Í, H=20000 êì

Ðèñ. 4. Ýâîëþöèÿ äîëãîòû íàáëþäåíèÿ ÊÀ

Ðèñ. 5. Ñõåìà àëãîðèòìà îöåíêè òî÷íîñòè
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òî÷åê (ðèñ. 6) ðàâíîìåðíî ïîêðûâàåò îáëàñòü
èíòåðåñîâ. Äëÿ êàæäîé òî÷êè, â ñîîòâåòñòâèè ñ
àëãîðèòìîì, ïðîâîäèëîñü:

• áàëëèñòè÷åñêîå ïëàíèðîâàíèå;
• ÷èñëåííîå ìîäåëèðîâàíèå;
• îïðåäåëåíèå îòêëîíåíèÿ ðàäèóñà ïîñëåäíåé

òî÷êè òðàåêòîðèè îò çàäàííîãî.

Ðåçóëüòàòû îòêëîíåíèé ñòàòèñòè÷åñêè îáðàáî-
òàíû, ïî ðåçóëüòàòàì ïîñòðîåíà ãèñòîãðàììà ðàñ-
ïðåäåëåíèÿ çíà÷åíèé îòêëîíåíèé (ðèñ. 7).

Ïî ðåçóëüòàòàì ñòàòèñòè÷åñêîé îáðàáîòêè
äàííûõ áûëè îïðåäåëåíû ìàòåìàòè÷åñêîå îæèäà-
íèå μ = –8,5·10-5 è ñòàíäàðòíîå îòêëîíåíèå

σ = 8,4·104 (ðàñïðåäåëåíèå ñ÷èòàëîñü íîðìàëü-
íûì).

Ðèñ. 6. Ïîëå ðàñïðåäåëåíèÿ ðàññ÷åòíûõ òî÷åê

Ðèñ. 7. Ãèñòîãðàììà ðàñïðåäåëåíèÿ îòêëîíåíèé ðàäèóñà êîíå÷íîé îðáèòû îò çàäàííîãî
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Ðåçóëüòàòû ÷èñëåííîãî ìîäåëèðîâàíèÿ ñ âû-
ñîêîé òî÷íîñòüþ ñîâïàäàþò ñ àíàëèòè÷åñêèìè
ðàñ÷åòàìè. Ýòî ïîäòâåðæäàåò ïðàâèëüíîñòü ïðè-
íÿòûõ ìàòåìàòè÷åñêèõ çàâèñèìîñòåé è àëãîðèò-
ìîâ, à òàêæå ïðàâèëüíîñòü ðåàëèçîâàííîé ïðî-
ãðàììû.

Çàäà÷è ïîñòðîåíèÿ è ïðîâåðêè öèêëîãðàììû
äëÿ ðàçëè÷íûõ òî÷åê ïðîñòðàíñòâà ïàðàìåòðîâ
ÿâëÿþòñÿ íåçàâèñèìûìè, à ýòî — ïðåäïîñûëêà äëÿ
ïðèìåíåíèÿ ìåòîäà ïàðàëëåëüíûõ âû÷èñëåíèé. Â
ðàìêàõ äîñòóïíûõ ñåãîäíÿ âû÷èñëèòåëüíûõ
ñðåäñòâ çàäà÷è ìîãóò ïàðàëëåëüíî îáðàáàòûâàòü-
ñÿ ðàçëè÷íûìè ïðîöåññîðíûìè ÿäðàìè. Ïðè ïðî-
âåäåíèè äàííîé ðàáîòû ïðèìåíåí ìåõàíèçì ïà-
ðàëëåëüíûõ âû÷èñëåíèé ïóòåì ðàñïàðàëëåëèâà-
íèÿ çàäà÷ íà ÷åòûðå âû÷èñëèòåëüíûõ ÿäðà. Îáùåå
âðåìÿ âû÷èñëåíèé ñîêðàòèëîñü â 3.5 ðàçà ïî ñðàâ-
íåíèþ ñ òðàäèöèîííûì îäíîïîòîêîâûì ðàñ÷åòîì.

Âûâîäû

Ðàññìîòðåí ìåòîä ôîðìèðîâàíèÿ öèêëîãðàì-
ìû ðàáîòû ýíåðãîäâèãàòåëüíîé ñèñòåìû ïåðñïåê-
òèâíîãî ìåæîðáèòàëüíîãî òðàíñïîðòíîãî àïïàðàòà
ïðè âûâåäåíèè ïîëåçíîé íàãðóçêè ñ íèçêîé îêî-
ëîçåìíîé íà ãåîñòàöèîíàðíóþ îðáèòó. Â èññëåäó-
åìîé ìîäåëè æèäêîñòíàÿ ñòóïåíü ñ ÆÐÄ âûâîäèò
öåëåâîé ÊÀ íà ñóïåðñèíõðîííóþ ãåîïåðåõîäíóþ
îðáèòó ñ çàäàííîé âûñîòîé ïåðèãåÿ, ìåíÿåò íà-
êëîíåíèå è îòäåëÿåòñÿ. Ýëåêòðîðàêåòíàÿ ñòóïåíü
îáåñïå÷èâàåò äîâûâåäåíèå öåëåâîãî ÊÀ íà ãåîñòà-
öèîíàðíóþ îðáèòó, ïîñëå ÷åãî îáåñïå÷èâàåò ñåð-
âèñíûå ôóíêöèè è óâîä íà îðáèòó çàõîðîíåíèÿ
ïîñëå ÑÀÑ. Â êà÷åñòâå âõîäíûõ ïàðàìåòðîâ ôîð-
ìèðóåìîé öèêëîãðàììû çàäàþòñÿ òÿãà ýëåêòðîðà-
êåòíîãî äâèãàòåëÿ è ðàäèóñ ïðîìåæóòî÷íîé îðáè-
òû. Ïðåäëîæåíû ìàòåìàòè÷åñêèå çàâèñèìîñòè,
ïîçâîëÿþùèå ïîñòðîèòü öèêëîãðàììó ðàáîòû
äâèãàòåëåé äëÿ âûïîëíåíèÿ òðàíñïîðòíîé îïåðà-
öèè. Ïðåäëîæåí ìåòîä ÷èñëåííîãî ìîäåëèðîâàíèÿ
ïåðåëåòà ïî ðàññ÷èòàííîé öèêëîãðàììå. Â ðåçóëü-
òàòå ïðèìåíåíèÿ ìåòîäà ôîðìèðóåòñÿ òðàåêòîðèÿ
ïåðåëåòà, êîòîðàÿ ìîæåò áûòü ïåðåäàíà äðóãèì
âû÷èñëèòåëüíûì ìîäóëÿì. Ïðàâèëüíîñòü àíàëè-
òè÷åñêîãî ïëàíèðîâàíèÿ öèêëîãðàììû ìîæåò
áûòü âåðèôèöèðîâàíà ñðàâíåíèåì ðàäèóñà êîíå÷-
íîé òî÷êè òðàåêòîðèè ñ çàäàííûì.

Äëÿ ôîðìèðîâàíèÿ öèêëîãðàììû íà ýëåêòðî-
ðàêåòíîì ó÷àñòêå òðàåêòîðèè ïðèìåíÿþòñÿ ïðè-
áëèæåííûå ôîðìóëû. Ñ öåëüþ îöåíêè èõ òî÷íî-
ñòè ïðîâåäåíû ðàñ÷åòû äëÿ ðàçëè÷íûõ ñî÷åòàíèé
âõîäíûõ ïàðàìåòðîâ â îáëàñòè èíòåðåñîâ ïðîâî-
äèìîãî èññëåäîâàíèÿ. Ïî ðåçóëüòàòàì ïîñòðîåíà
ãèñòîãðàììà ðàñïðåäåëåíèÿ îòêëîíåíèé è äàíà

ñòàòèñòè÷åñêàÿ îöåíêà. Ñõîæåñòü ðåçóëüòàòîâ àíà-
ëèòè÷åñêèõ ðàñ÷åòîâ è ÷èñëåííîãî ìîäåëèðîâàíèÿ
ïîäòâåðæäàåò ïðàâèëüíîñòü ìàòåìàòè÷åñêîãî àï-
ïàðàòà è ïðîãðàììíîé ðåàëèçàöèè.
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Abstract

At present, liquid rocket-thrusters are employed
mainly as cruise engines for inter-orbital transportation
means. These engines efficiency is limited by the
energy capability of the fuels being used. Electric
propulsion application, in which reactive mass and
energy source are separated, is seemed promising. Due
to the high exhaust velocity of the reactive mass, the
electric propulsion employs reactive mass an order of
magnitude higher efficiently than the chemical one.

FORMING CYCLOGRAM OF ENERGY-PROPULSION SYSTEM
FOR PROSPECTIVE INTER-ORBITAL SPACE TRANSPORTATION VEHICLE

WITH ELECTRIC PROPULSION AND LIQUID STAGES
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The available limitations of the power source energy
and high specific impulse allows the electric propulsion
ensure only insignificant thrust, which limits the scope
of its application. That is why more often chemical
and electric rocket engines are used conjointly.
Transportation is performed firstly by the chemical
stage, then it is separated, and finishing is executed
by the electric propulsion stage.

It is necessary to validate scientifically parameters
selection for the energy-propulsion system and electric
propulsion stage of the prospective inter-orbital
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transportation vehicle. To do this, criteria,
characterizing the effectiveness of transportation
operation performing, obtaining at the specified input
parameters of the energy-propulsion system is
required. Some of these criteria can be obtained
analytically, while the other by the simulation results
only. Thus, a technique allowing planning cyclogram
of the transfer with specified input parameters, this
planning validation, and obtaining trajectory
information, based on the cyclogram, which allows
evaluate space factors impact, depending on location,
and the effect of radiation of the Van Allen belts.

The article proposes analytical dependencies, on
which basis cyclogram of the transfer from the low
near-Earth orbit to a geostationary orbit can be
formed. The flight is performed by the super-
synchronous highly elliptical orbit. The energy-
propulsion system of the vehicle consists of chemical
and electric propulsion stages. The liquid stage puts
the payload, consisting of electric propulsion stage and
target spacecraft, on the super-synchronous geo-
transition orbit, and separates. Further finishing is
performed by the electric propulsion. The power
source are solar batteries with the preset power.

To verify correctness of the cyclogram analytical
construction, a random set of points is formed in the
studied space of the input parameters. For each point,
a propulsion system cyclogram is generated, and
numerical simulation is performed. Deviation of the
last trajectory point from the radius, specified while
the cyclogram construction, is evaluated.
Dependencies of the volume of trajectory information
on the input parameters are formed. Based on the
results of the study, a conclusion was made that the
proposed technique for cyclogram generating of the
transfer can be employed when selecting design
parameters of the energy-propulsion system of a
perspective inter-orbital transportation vehicle.

Keywords: energy-propulsion system, inter-orbital
transportation vehicle, separable stages, satellite
platform, transfer cyclogram.
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