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Ââåäåíèå

Ñòîëêíîâåíèå àñòåðîèäà ñ Çåìëåé — ñîáûòèå,
êîòîðîå ìàëîâåðîÿòíî, íî ìîæåò èìåòü êðóïíî-
ìàñøòàáíûå êàòàñòðîôè÷åñêèå ïîñëåäñòâèÿ.

Â ïîñëåäíåå âðåìÿ ïðîáëåìà àñòåðîèäíîé
îïàñíîñòè (áåçîïàñíîñòè) îáñóæäàëàñü íà ìíîãèõ
êîíôåðåíöèÿõ è îïèñûâàëàñü âî ìíîãèõ êíèãàõ
[2—5]. Â ÷àñòíîñòè, â ðàáîòàõ [2, 3] øèðîêî îá-
ñóæäàëàñü ïðîáëåìà ïðîëåòà àñòåðîèäà 99942
Apophis íà óãðîæàþùåì ðàññòîÿíèè îò Çåìëè â
2029 ã. Èçó÷åíèå àñòåðîèäíîé îïàñíîñòè îõâàòû-
âàåò íåñêîëüêî îáëàñòåé. Ïðåæäå âñåãî, ýòî îáíà-
ðóæåíèå îïàñíûõ îêîëîçåìíûõ àñòåðîèäîâ (ÑÂÀ)
è îïðåäåëåíèå èõ îðáèò. Â íàñòîÿùåå âðåìÿ ñóùå-
ñòâóåò íåñêîëüêî íàöèîíàëüíûõ ïðîãðàìì îïòè-
÷åñêîãî íàáëþäåíèÿ ýòèõ òåë (NASA, LINEAR,
ESA). Ñ÷èòàåòñÿ, ÷òî ñ ïîìîùüþ ýòèõ ïðîãðàìì
ìîæíî èäåíòèôèöèðîâàòü áîëüøèíñòâî òàêèõ òåë
ñ ðàçìåðàìè áîëåå êèëîìåòðà [1].

Ñòîëêíîâåíèÿ Çåìëè ñ ìàëûìè òåëàìè ïðîèñ-
õîäèëè âñåãäà. Íà ðàííèõ ñòàäèÿõ èíòåíñèâíûå
ñòîëêíîâåíèÿ ïðèâåëè ê ðîñòó ìàññû ïðîòîïëàíåò
– ñãóñòêîâ â ïðîòîñîëíå÷íîé ñèñòåìå – è ïîÿâ-
ëåíèþ â ðåçóëüòàòå ïëàíåòû. Èíòåíñèâíîñòü ñòîë-
êíîâåíèé â áîëåå áëèçêèå ê íàì ýïîõè ñóùåñòâåí-
íî ñíèçèëàñü, íî âñ¸-òàêè íå ñòàëà ïðåíåáðåæè-
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Íàñòîÿùàÿ ðàáîòà ïîñâÿùåíà ìåòîäó çàùèòû Çåìëè ñ èñïîëüçîâàíèåì êîñìè÷åñêîãî àïïàðàòà (ÊÀ) ñ äâèãà-
òåëÿìè ìàëîé òÿãè. Ðàçðàáîòàíà ìàòåìàòè÷åñêàÿ ìîäåëü óïðàâëåíèÿ äâèæåíèåì àñòåðîèäà è ÊÀ ñ ó÷åòîì ãðàâè-
òàöèîííîãî âîçäåéñòâèÿ Ñîëíöà, Çåìëè, àñòåðîèäà è êîñìè÷åñêîãî àïïàðàòà. Ðàçðàáîòàí ïðîãðàììíûé êîìïëåêñ,
ïðåäíàçíà÷åííûé äëÿ ìîäåëèðîâàíèÿ è âèçóàëèçàöèè òðàåêòîðèé äâèæåíèÿ. Ïîëó÷åííûå ðåçóëüòàòû ïîäòâåðæ-
äàþò âîçìîæíîñòü îòêëîíåíèÿ àñòåðîèäà îò îïàñíîé òðàåêòîðèè ñ èñïîëüçîâàíèåì ãðàâèòàöèîííîãî ïðèòÿæåíèÿ
êîñìè÷åñêîãî àïïàðàòà.

Êëþ÷åâûå ñëîâà: êîñìè÷åñêèé àïïàðàò, àñòåðîèäíàÿ îïàñíîñòü, ìàòåìàòè÷åñêàÿ ìîäåëü, òðàåêòîðèÿ äâèæåíèÿ,
ãðàâèòàöèîííûé òÿãà÷, ïðîãðàììíûé êîìïëåêñ.

ìî ìàëîé. Â ãåîëîãè÷åñêîé èñòîðèè ñîõðàíèëîñü
íåìàëî ñâèäåòåëüñòâ ïàäåíèÿ íà Çåìëþ êðóïíûõ
è î÷åíü êðóïíûõ (ðàçìåðîì áîëåå 1 êì) òåë. Òà-
êèå ñîáûòèÿ ïðèâîäÿò ê âûäåëåíèþ êîëîññàëüíîé
ýíåðãèè. Â ðåçóëüòàòå íà ïîâåðõíîñòè ïëàíåòû
îáðàçóþòñÿ êðàòåðû, äèàìåòð êîòîðûõ â 15–20 ðàç
ïðåâûøàåò ðàçìåðû óïàâøåãî òåëà. Íà Çåìëå – íà
ñóøå è äíå îêåàíà – îáíàðóæåíî îêîëî 200 êðà-
òåðîâ – ñëåäîâ ïîäîáíûõ êàòàñòðîô. Äèàìåòð íå-
êîòîðûõ êðàòåðîâ áîëåå 200 êì. Êðàòåð ×èêñóëóá
â Ìåêñèêå (äèàìåòð 180 êì) îáðàçîâàëñÿ 65 ìëí
ëåò íàçàä ïðè ïàäåíèè 10-êèëîìåòðîâîãî òåëà.
Ñ÷èòàåòñÿ, ÷òî ýòî ñîáûòèå ïîñëóæèëî ïðè÷èíîé
âûìèðàíèÿ áîëåå 80% âñåõ âèäîâ æèâûõ ñóùåñòâ,
â òîì ÷èñëå ïîëíîãî âûìèðàíèÿ äèíîçàâðîâ, è
îçíàìåíîâàëî ïåðåõîä îò ìåëîâîãî ïåðèîäà ìåçî-
çîéñêîé ýðû ê òðåòè÷íîìó ïåðèîäó êàéíîçîÿ [6].

Çà ïîñëåäíèå 250 ìëí ëåò íà÷àëî ïî÷òè âñåõ
ãåîëîãè÷åñêèõ ïåðèîäîâ è ýïîõ ñâÿçàíî ñ îäíîâ-
ðåìåííûì ïîÿâëåíèåì íà Çåìëå óäàðíûõ êðàòåðîâ
äèàìåòðîì áîëåå 20 êì. Òàêîé êðàòåð îáðàçóåòñÿ
ïðè ïàäåíèè àñòåðîèäà äèàìåòðîì 1,5 êì ñî ñêî-
ðîñòüþ îêîëî 20 êì/ñ. Ïîäîáíîå ñòîëêíîâåíèå
âåäåò ê ãèáåëè çíà÷èòåëüíîé ÷àñòè áèîòû. Ïàäå-
íèå äàæå â 10 ðàç ìåíüøåãî íåáåñíîãî òåëà ñïî-
ñîáíî âûçâàòü ñåðüåçíûå ëîêàëüíûå è äàæå ãëî-
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áàëüíûå (÷åðåç âîçäåéñòâèå íà êëèìàò) ïîñëåä-
ñòâèÿ, íàíåñòè çíà÷èòåëüíûé óùåðá ñåëüñêîìó
õîçÿéñòâó âî âñåì ìèðå. Ñëåäóåò òàêæå ó÷èòûâàòü,
÷òî ïîâåðõíîñòü îêåàíîâ, ñîñòàâëÿþùàÿ ïî÷òè
70% çåìíîé ïîâåðõíîñòè, íå ñîõðàíèëà ñëåäîâ
óäàðîâ, ïîýòîìó ÷èñëî óäàðíûõ âîçäåéñòâèé íà
ñàìîì äåëå ìîãëî áûòü ãîðàçäî áîëüøå [15].

Âñå íàáëþäàòåëüíûå ñèñòåìû ïîçâîëÿþò îáíà-
ðóæèâàòü àñòåðîèäû è êîìåòû âáëèçè Çåìëè, íî,
êàê ïðàâèëî, ïðè èõ ïðîëåòå ïî òðàåêòîðèè, èñ-
êëþ÷àþùåé ñòîëêíîâåíèå ñ íàøåé ïëàíåòîé. Â
ñëó÷àå æå ïðîëåòîâ àñòåðîèäîâ è êîìåò ïî îïàñ-
íûì òðàåêòîðèÿì âîçíèêàþò äîïîëíèòåëüíûå
òðóäíîñòè êàê ïðè íàáëþäåíèè ñàìèõ îáúåêòîâ,
òàê è, îñîáåííî, ïðè ìàòåìàòè÷åñêîì îïèñàíèè èõ
äâèæåíèÿ. Â 1995 ã. â Ðîññèè áûëî äîêàçàíî, ÷òî
ìîæíî îáíàðóæèâàòü ìåòåîðîèäû ìåòðîâîãî è äå-
êàìåòðîâîãî ðàçìåðà íå òîëüêî âî âðåìÿ èõ ïðî-
ëåòà ñêâîçü çåìíóþ àòìîñôåðó, íî è çàäîëãî äî
ïîäëåòà ê Çåìëå. Ñïåöèàëüíûå íàáëþäåíèÿ òàêèõ
îáúåêòîâ ïðîâîäÿòñÿ ñ 1995 ã. ñîòðóäíèêàìè Èí-
ñòèòóòà àñòðîíîìèè ÐÀÍ íà 1-ìåòðîâîì òåëåñêîïå
â Êðûìó (Ñèìåèç) è íà 60-ñàíòèìåòðîâîì òåëå-
ñêîïå â Çâåíèãîðîäå (Ìîñêîâñêàÿ îáëàñòü). Íà÷à-
òî òàêæå ñîçäàíèå ìåòîäèêè îïðåäåëåíèÿ îðáèò è
ïðîãíîçà äâèæåíèÿ ýòèõ îáúåêòîâ [14].

Ñîâðåìåííûìè ó÷¸íûìè âûïîëíåíà îãðîìíàÿ
íàó÷íî-èññëåäîâàòåëüñêàÿ ðàáîòà ïî èçó÷åíèþ àñ-
òåðîèäîâ è èõ òðàåêòîðèé. Òàê, íàïðèìåð, â 1975 ã.
Êëàðê Ð. ×åïìåí, Äýâèä Ìîððèñîí (David
Morrison) è Áåí Öåëëüíåð (Ben Zellner) ðàçðàáî-
òàëè ñèñòåìó êëàññèôèêàöèè àñòåðîèäîâ, îñíî-
âàííóþ íà öâåòîâûõ èíäåêñàõ, àëüáåäî è õàðàêòå-
ðèñòèêàõ ñïåêòðà îòðàæåííîãî ñîëíå÷íîãî ñâåòà
[7].

Êðîìå òîãî, èññëåäîâàòåëè ðàçäåëèëè âñå îêî-
ëîçåìíûå àñòåðîèäû íà ÷åòûðå îñíîâíûå êàòåãî-
ðèè, íàçâàííûå â ÷åñòü ñàìûõ èçâåñòíûõ ïðåäñòà-
âèòåëåé êàæäîé êàòåãîðèè: 1221 Àìóð, 1862 Àïîë-
ëîí è 2062 Àòîí, 163693 Àòèðà [8, 16].

Îäíîé èç âàæíåéøèõ íàó÷íî-èññëåäîâàòåëüñ-
êèõ ðàçðàáîòîê ñòàëà êà÷åñòâåííàÿ øêàëà îöåíêè
ðèñêà ñòîëêíîâåíèÿ àñòåðîèäîâ è êîìåò ñ Çåìëåé,
ñîçäàííàÿ àìåðèêàíñêèì àñòðîíîìîì Ð. Áèíöå-
ëåì. Øêàëà Òîðèíî ñîñòîèò èç äåñÿòè ïóíêòîâ. Â
ñîîòâåòñòâèè ñî øêàëîé, àñòåðîèäû è äðóãèå íå-
áåñíûå òåëà êëàññèôèöèðóþòñÿ (ñ ó÷åòîì èõ ðàç-
ìåðà è îòíîñèòåëüíîé ñêîðîñòè) ïî ñòåïåíè îïàñ-
íîñòè äëÿ Çåìëè [10].

Çà ïîñëåäíåå äåñÿòèëåòèå èíòåðåñ ê èññëåäî-
âàíèþ àñòåðîèäîâ è êîìåò â çíà÷èòåëüíîé ñòåïå-
íè âîçðîñ. Ýòî ñâÿçàíî ñî ñìåùåíèåì âåêòîðà
èññëåäîâàíèÿ â ñòîðîíó ðåøåíèÿ ÷èñòî ïðèêëàä-
íûõ çàäà÷: ïðîòèâîäåéñòâèå àñòåðîèäíîé è êîìåò-

íîé îïàñíîñòè [17], ðàçðàáîòêà àñòåðîèäîâ ñ öå-
ëüþ äîáû÷è ïîëåçíûõ èñêîïàåìûõ [18], èñïîëü-
çîâàíèå îêîëîçåìíûõ àñòåðîèäîâ â âèäå ïëàòôîðì
äëÿ áóäóùèõ êîñìè÷åñêèõ áàç [19].

Ïðè ðàññìîòðåíèè ìèññèé èññëåäîâàíèÿ àñòå-
ðîèäîâ êîñìè÷åñêèìè àïïàðàòàìè (Dawn, Galileo,
Rosetta è ïð.), íåëüçÿ íå îòìåòèòü ðÿä òðóäíîñòåé,
ñ êîòîðûìè ñòîëêíóëèñü ñïåöèàëèñòû ïðè ïðîåê-
òèðîâàíèè ýòèõ ìèññèé. Â ïåðâóþ î÷åðåäü ýòî
òðóäíîñòè, ñâÿçàííûå ñ îáåñïå÷åíèåì ñîîòâåò-
ñòâóþùèõ ðåæèìîâ ôóíêöèîíèðîâàíèÿ êîñìè÷åñ-
êèõ àïïàðàòîâ íà îðáèòàõ àñòåðîèäîâ. Áîëüøèí-
ñòâî àñòåðîèäîâ ïðåäñòàâëÿþò ñîáîé òåëà íåïðà-
âèëüíîé ôîðìû, ÷òî, â ñâîþ î÷åðåäü, íàêëàäûâà-
åò îãðàíè÷åíèÿ íà ïðîãðàììó óïðàâëåíèÿ êîñìè-
÷åñêèìè àïïàðàòàìè íà íèçêèõ îðáèòàõ â ñôåðå
äåéñòâèÿ Õèëëà, òàê êàê ïðèõîäèòñÿ ó÷èòûâàòü
ñëîæíóþ ôîðìó ãðàâèòàöèîííîãî ïîëÿ äèíàìè-
÷åñêè âðàùàþùåãîñÿ â ïðîñòðàíñòâå àñòåðîèäà.

Èññëåäîâàòåëè ïðåäëàãàëè ðàçëè÷íûå âàðèàí-
òû óñòðàíåíèÿ àñòåðîèäíûõ óãðîç, òàêèå, êàê îò-
êëîíåíèå àñòåðîèäîâ ñ îïàñíûõ îðáèò ñ èñïîëü-
çîâàíèåì êèíåòè÷åñêîãî ïåðåõâàò÷èêà, ñèñòåìû
çåðêàë, èçìåíåíèå àëüáåäî ïóòåì ïåðåêðàñêè,
èñïîëüçîâàíèå ÿäåðíîãî âçðûâà, ñîëíå÷íûõ ïàðó-
ñîâ, óãëåðîäíûõ ñåòåé è ãðàâèòàöèîííîãî áóêñè-
ðà [9, 11].

Äîñòèæåíèÿ ðàêåòíî-êîñìè÷åñêîé òåõíèêè
ïîçâîëÿþò àêòèâíî èñïîëüçîâàòü àâòîìàòè÷åñêèå
àïïàðàòû äëÿ êîñìè÷åñêèõ èññëåäîâàíèé. Â ïîñ-
ëåäíåå âðåìÿ ìíîãî âíèìàíèÿ óäåëÿåòñÿ èçó÷åíèþ
êîìåò è àñòåðîèäîâ ñ ïîìîùüþ òàêèõ àïïàðàòîâ
(Deep Impact, Don Quijote, Sancho, Hidalgo). Ïðè
ýòîì êàê ïðèìåíÿþòñÿ òðàäèöèîííûå ìåòîäû èñ-
ñëåäîâàíèé (îáë¸ò, ôîòîãðàôèðîâàíèå, çàáîð âå-
ùåñòâà), òàê è îñâàèâàþòñÿ íîâûå [13].

Öåëüþ íàøåé ðàáîòû ÿâëÿåòñÿ èçó÷åíèå ìåòî-
äà èçìåíåíèÿ òðàåêòîðèè ïîòåíöèàëüíî îïàñíî-
ãî àñòåðîèäà ñ èñïîëüçîâàíèåì ãðàâèòàöèîííîãî
âîçäåéñòâèÿ êîñìè÷åñêîãî àïïàðàòà ñ äâèãàòåëÿ-
ìè ìàëîé òÿãè [21, 22]. Ýòîò ìåòîä ïîçâîëÿåò îñó-
ùåñòâëÿòü êîíòðîëèðóåìîå îòêëîíåíèå àñòåðîè-
äà îò îïàñíîé òðàåêòîðèè áåç èñïîëüçîâàíèÿ
ñëîæíûõ è íåíàäåæíûõ ìåòîäîâ çàõâàòà âðàùàþ-
ùåãîñÿ àñòåðîèäà è íå âåäåò ê âîçìîæíîìó ðàçðó-
øåíèþ àñòåðîèäà íà íåñêîëüêî îïàñíûõ ÷àñòåé.

Ðàñïîëîæåíèå òåë è îáîçíà÷åíèé â ìåòîäå
ïðåäîòâðàùåíèÿ àñòåðîèäíûõ óãðîç ñ ïîìîùüþ
ãðàâèòàöèîííîãî áóêñèðà ïðåäñòàâëåíî íà ðèñ. 1.

Ìàòåìàòè÷åñêàÿ ìîäåëü ôóíêöèîíèðîâàíèÿ
ñèñòåìû

Ðàññìîòðèì ïðîöåññ îòêëîíåíèÿ àñòåðîèäà îò
îïàñíîé îðáèòû ñ èñïîëüçîâàíèåì ñèë ãðàâèòàöè-
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îííîãî ïðèòÿæåíèÿ îò òÿæåëîãî êîñìè÷åñêîãî
àïïàðàòà (ãðàâèòàöèîííîãî òÿãà÷à), îñíàùåííîãî
ýëåêòðîðàêåòíûìè äâèãàòåëÿìè (ÝÐÄÓ) [23, 24].
Òàêèå êîñìè÷åñêèå àïïàðàòû ðàçðàáîòàíû, íàïðè-
ìåð, ÎÀÎ «ÐÊÊ «Ýíåðãèÿ» äëÿ îñóùåñòâëåíèÿ
ïèëîòèðóåìûõ ïîëåòîâ íà Ëóíó è Ìàðñ.

Äëÿ ìîäåëèðîâàíèÿ ïðîöåññà èçìåíåíèÿ òðà-
åêòîðèè ïîòåíöèàëüíî îïàñíîãî àñòåðîèäà ðàçðà-
áîòàíà ìàòåìàòè÷åñêàÿ ìîäåëü äâèæåíèÿ òðåõ
ïðèòÿãèâàþùèõ òåë: àñòåðîèäà, Çåìëè è êîñìè÷åñ-
êîãî àïïàðàòà ñ ïåðåìåííîé ìàññîé è òÿãîé â ãðà-
âèòàöèîííîì ïîëå Ñîëíöà [20]. Ãðàâèòàöèîííûé
òÿãà÷ èìååò äâèãàòåëü, êîòîðûé èñïîëüçóåòñÿ äëÿ
ïîääåðæàíèÿ ôèêñèðîâàííîãî ïîëîæåíèÿ ÊÀ îò-
íîñèòåëüíî àñòåðîèäà. Òðàåêòîðèÿ àñòåðîèäà
âñëåäñòâèå ãðàâèòàöèîííîãî ïðèòÿæåíèÿ èçìåíÿ-
åòñÿ. Ìîäåëü äâèæåíèÿ ýòèõ òåë îòíîñèòåëüíî
Ñîëíöà èìååò ñëåäóþùèé âèä (ðèñ. 2):

àñòåðîèä

2
1 2 3

1 3 12 3 3
1 3 1

4
1 43

1 4

( )
( ) ( )

( ) ;
( )

d r G m G m
r r r

dt r r r

G m
r r à

r r

◊ ◊
= - ◊ - ◊ - -

-

◊
- ◊ - ±

-

      
(1)

êîñìè÷åñêèé àïïàðàò

2
3 2 3

3 3 12 3 3
3 3 1

4
3 43

3 4

( )
( ) ( )

( );
( )

d r G m G m
r r r

dt r r r

G m
r r

r r

◊ ◊
= - ◊ - ◊ - -

-

◊
- ◊ -

-

      
(2)

Çåìëÿ

2
4 2 1

4 1 42 3 3
4 1 4

( );
( ) ( )

d r G m G m
r r r

dt r r r

◊ ◊
= - ◊ - ◊ -

-       (3)

1 2 3 4
30, 0, , 0,

dm dm dm dm

dt dt dt dt
α= = = - =     (4)

ãäå m1 — ìàññà àñòåðîèäà;
m2 — ìàññà Ñîëíöà;
m3 — ìàññà êîñìè÷åñêîãî àïïàðàòà;
m4 — ìàññà Çåìëè;

1 1 1 1( , , )Тx y zr r r r=  — ðàäèóñ-âåêòîð àñòåðîèäà;

Ðèñ. 1. Ñõåìà ðàñïîëîæåíèÿ òåë è îáîçíà÷åíèé
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3 3 3 3( , , )Тx y zr r r r=  — ðàäèóñ-âåêòîð êîñìè÷åñ-

êîãî àïïàðàòà;

( , , )4 4 4 4
Т

x y zr r r r=  — ðàäèóñ-âåêòîð Çåìëè;

( , , )Тx y za a a a=  — óñêîðåíèå îò òÿãè êîñìè-

÷åñêîãî êîðàáëÿ.
Óïðàâëÿþùåå óñêîðåíèå îò ýëåêòðîðàêåòíîé

äâèãàòåëüíîé óñòàíîâêè (ÝÐÄÓ) äîëæíî êîìïåí-
ñèðîâàòü âîçìóùåíèÿ, äåéñòâóþùèå íà êîñìè÷åñ-
êèé àïïàðàò ñî ñòîðîíû àñòåðîèäà. Ïðåäïîëîæèì,
÷òî ÊÀ äâèæåòñÿ â îäíîé ïëîñêîñòè ñ àñòåðîèäîì
è óïðàâëÿþùåå óñêîðåíèå íàïðàâëåíî ïîä óã-

ëîì λ  ê ðàäèóñ-âåêòîðó ÊÀ. Òîãäà êîìïîíåíòû
ýòîãî óñêîðåíèÿ ìîæíî ðàññ÷èòàòü ïî ôîðìóëàì:

3 3

2 2 2 2
3 3 3 3 3

cos sin ;x

x yP
a

m x y x y
λ λ

Ê ˆ
Á ˜= ◊ ◊ - ◊
Á ˜+ +Ë ¯

  (5)

3 3

2 2 2 2
3 3 3 3 3

cos sin ,y

y xP
a

m x y x y
λ λ

Ê ˆ
Á ˜= ◊ ◊ + ◊
Á ˜+ +Ë ¯

   (6)

ãäå λ  — óãîë íàïðàâëåíèÿ óñêîðåíèÿ ÊÀ îòíîñè-
òåëüíî ðàäèóñ-âåêòîðà;

3 3,x y  — êîîðäèíàòû ÊÀ;

Ð — òÿãà äâèãàòåëÿ.

Ðåçóëüòàòû ìîäåëèðîâàíèÿ

Äëÿ ìîäåëèðîâàíèÿ ñèñòåìû áûëè èñïîëüçî-
âàíû õàðàêòåðèñòèêè ýëåêòðîðåàêòèâíîãî áóêñèðà
ñ ìîùíîñòüþ 300 êÂò, ðàçðàáîòàííîãî ÎÀÎ «ÐÊÊ
«Ýíåðãèÿ».

Ïðè ìîäåëèðîâàíèè èçìåíåíèÿ îðáèòû àñòå-
ðîèäà ñ ïîìîùüþ ÊÀ çàäàâàëè ñëåäóþùèå ïàðà-
ìåòðû:

4 3
3 32 10 êã; 0,2 10 , 10 Í.m Pα -= ◊ = ◊ =

Äëÿ ìîäåëèðîâàíèÿ è âèçóàëèçàöèè äâèæåíèÿ
ñèñòåìû òåë áûë ðàçðàáîòàí ïðîãðàììíûé êîìï-
ëåêñ (Delphi 7). Ïðîãðàììíûé êîìïëåêñ ïîçâîëÿåò
çàäàâàòü òðåáóåìûå õàðàêòåðèñòèêè êîñìè÷åñêî-
ãî áóêñèðà, äàòó íà÷àëà ìàí¸âðà îòâåäåíèÿ, íà-
÷àëüíîå îòíîñèòåëüíîå ïîëîæåíèå ÊÀ è âûáðàòü
èç ñïèñêà àñòåðîèä. Ñèñòåìà äèôôåðåíöèàëüíûõ
óðàâíåíèé äâèæåíèÿ ÷åòûð¸õ òåë èíòåãðèðîâàëàñü
ìåòîäîì Ðóíãå—Êóòòû ÷åòâåðòîãî ïîðÿäêà. Íà
ðèñ. 3 ïðåäñòàâëåíà ñòðóêòóðíàÿ ñõåìà ïðîãðàìì-
íîãî êîìïëåêñà.

Äëÿ ðàñ÷åòîâ áûë âûáðàí àñòåðîèä Àïîôèñ.
Ïðåäïîëàãàëîñü, ÷òî ãðàâèòàöèîííûé áóêñèð ïî-
äîéä¸ò 15.09.2020 ã. ê àñòåðîèäó è ìàí¸âð áóäåò
çàêîí÷åí 15.09.2025 ã. Îðáèòà àñòåðîèäà Àïîôèñ
ïîä äåéñòâèåì ãðàâèòàöèîííîãî òÿãà÷à ïðåäñòàâ-
ëåíà íà ðèñ. 4 è îáîçíà÷åíà ñïëîøíîé ëèíèåé.
Ïóíêòèðíàÿ ëèíèÿ îáîçíà÷àåò îðáèòó Çåìëè.

Äëÿ ïîääåðæàíèÿ ñòàáèëüíîãî ïîëîæåíèÿ ÊÀ
îòíîñèòåëüíî àñòåðîèäà, áóäåì èñïîëüçîâàòü äâè-
ãàòåëè ìàëîé òÿãè. Âåëè÷èíà è íàïðàâëåíèå òÿãè
âûáèðàåòñÿ òàêèì îáðàçîì, ÷òîáû êîìïåíñèðîâàòü
âîçìóùåíèÿ îò ãðàâèòàöèîííîãî âîçäåéñòâèÿ àñ-
òåðîèäà. Íà ðèñ. 5 ïîêàçàíà òðåáóåìàÿ âåëè÷èíà
êîìïîíåíòîâ óñêîðåíèÿ îò òÿãè äâèãàòåëåé êàê
ôóíêöèÿ îò âðåìåíè ïåðåë¸òà.

Çàâèñèìîñòü óãëà ìåæäó âåêòîðàìè r1-3 è P îò
âðåìåíè ïðåäñòàâëåíà íà ðèñ. 6.

Èññëåäîâàíà çàâèñèìîñòü êîìïîíåíò âåêòîðîâ
ïåðåìåùåíèé è âåêòîðîâ ñêîðîñòè êîñìè÷åñêîãî
àïïàðàòà îò âðåìåíè äëÿ àñòåðîèäà Àïîôèñ
(ðèñ. 7). Ïåðâûé ãðàôèê ïîêàçûâàåò èçìåíåíèå
êîîðäèíàò y1 (ïóíêòèðíàÿ ëèíèÿ) è x1 (ñïëîøíàÿ
ëèíèÿ). Âòîðîé ãðàôèê ïîêàçûâàåò èçìåíåíèå
ñêîðîñòè Vx1 (ñïëîøíàÿ ëèíèÿ) è Vy1 (ïóíêòèðíàÿ
ëèíèÿ).

Âûâîäû

Â ðàáîòå ðàññìàòðèâàåòñÿ îäèí èç ïåðñïåêòèâ-
íûõ ìåòîäîâ ïðåîäîëåíèÿ àñòåðîèäíîé îïàñíîñ-
òè – èçìåíåíèå îðáèòû àñòåðîèäà ñ ïîìîùüþ
òÿæåëîãî ÊÀ ñ ÝÐÄÓ. Ðåçóëüòàòû ìîäåëèðîâàíèÿ
äâèæåíèÿ ñèñòåìû ÷åòûðåõ òåë (Ñîëíöå, Çåìëÿ,
àñòåðîèä, ÊÀ) ïîêàçûâàåò, ÷òî òàêîå îòêëîíåíèå
âîçìîæíî ïðè èñïîëüçîâàíèè ïåðñïåêòèâíîãî ÊÀ,
ðàçðàáîòàííîãî äëÿ òðàíñïîðòíîãî îáåñïå÷åíèÿ
Ëóííîé ïðîãðàììû ÎÀÎ «ÐÊÊ «Ýíåðãèÿ».

Ðèñ. 2. Èñïîëüçóåìûå îáîçíà÷åíèÿ
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Ðèñ. 3. Ñòðóêòóðà ïðîãðàììíîãî êîìïëåêñà

Äëÿ ïðèìåíåíèÿ äàííîãî ìåòîäà àñòåðîèä äîë-
æåí áûòü îáíàðóæåí íå ìåíåå ÷åì çà øåñòü ëåò,
òàê êàê ÊÀ äîëæåí äîëåòåòü äî àñòåðîèäà è ñàì
ìàí¸âð îòêëîíåíèÿ äëèòñÿ ïÿòü ëåò. Çà ýòî âðåìÿ
àñòåðîèä Àïîôèñ ïîä äåéñòâèåì ãðàâèòàöèîííî-
ãî òÿãà÷à îòêëîíèëñÿ îò îïàñíîé îðáèòû, â ìîìåíò
íàèáîëüøåãî ñáëèæåíèÿ ñ Çåìëåé, íà 246540 êì.
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Àbstract

The problem of asteroid danger for the Earth has
long enough attracted the attention of scientists and
society. Studying the traces of the space originated
catastrophes on surface of the Earth and celestial
bodies, as well as observing asteroids in the near-Earth
space reveal the seriousness of asteroid hazard for the
Earth civilization and the necessity of developing
measures for its prevention.

The studies related to the issues of asteroid hazard
encompass several trends.

Above all, detecting dangerous asteroids
approaching the Earth (AAE) and their orbits
determining. Currently, there are several national
programs for optical observation of such bodies
(NASA, LINEAR, ESA). It is assumed that these
programs allowed detect great majority of such bodies
with the size order of a kilometer or more. A whole
number of such studies and projects envisage the
countermeasures against these outlanders by their
changing orbits or their destruction into small
splinters, burning down in the atmosphere.

The urgency of the asteroid danger overcoming is
beyond doubt at present, and the developing measures
for its prevention should be one of the most important
tasks to be solved by the humankind in the 21st
century.

The goal of the presented work consists in
developing a mathematical model, simulation and
effectiveness analysis of the Earth protection systems
to overcome the asteroid danger by the gravitational
tractor.

APPLICATION OF A HEAVY SPACECRAFT WITH LOW-THRUST ENGINES
FOR ASTEROID DEVIATION FROM A DANGEROUS TRAJECTORY

Nikolaeva E.A.*, Starinova O.L.**

Samara National Research University named after academician S.P. Korolev,
34, Moscovskoe shosse, Samara, 443086, Russia

* e-mail: nikolaevalizaveta@mail.ru
** e-mail:  solleo@mail.ru

To achieve the set goal, the following tasks were
solved:

1) Studying parameters asteroids approaching the
Earth;

2) Developing mathematical models of the joint
motion of asteroid and all the bodies involved in the
process of deviation  from the dangerous trajectory
(Sun, Earth, spacecraft, asteroid);

3) Developing a software package, ensuring
simulation and visualization of the proposed method
of the asteroid danger counteracting;

4) Analyzing the simulation results of the proposed
method of the asteroid danger counteracting.

The main results obtained in the work are as
follows:

- a mathematical model of the motion of bodies,
with perturbations from the gravitational tractor acting
on them: a variable mass asteroid, spacecraft, the
Earth and the Sun, with account for the gravity of all
bodies;

- based on a a mathematical model of the bodies
motion system, the software package “Simulation of
the Earth protection systems functioning to overcome
the asteroid hazard” for the asteroid trajectory
simulation by the selected method of the asteroid
danger overcoming in heliocentric coordinate system
was developed;

- simulation of the potentially hazardous bodies
deviation method (asteroid deviation by the
gravitational tractor) for the 99942 Apophis asteroid
was performed with the developed software complex
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“Simulation of the Earth protection systems
functioning to overcome the asteroid hazard”;

- the simulation resulted in obtaining the flight
trajectories of all the bodies of the system under
consideration (the Earth, the Sun, asteroid and a
spacecraft) and heliocentric movement parameters;

- the efficiency analysis of the selected method was
performed.

Keyword: spacecraft, asteroid hazard,
mathematical model, trajectory, gravity tractor,
software package.
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