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НАГРУЗКИ

Ñòàòüÿ ïîñâÿùåíà îäíîé èç òðàäèöèîííî àêòóàëüíûõ ïðîáëåì ðàêåòîñòðîåíèÿ –
âûáîðó ìàðøåâîé äâèãàòåëüíîé óñòàíîâêè ðàêåòû-íîñèòåëÿ äëÿ ðåøåíèÿ åå çàäà÷. Ðàñ-
ñìàòðèâàåòñÿ ÷àñòíàÿ ïðîáëåìà – öåëåñîîáðàçíîñòü ïðèìåíåíèÿ ãëóáîêîãî ãèáêîãî ðåãó-
ëèðîâàíèÿ òÿãè äëÿ âûâåäåíèÿ ïîëåçíîé íàãðóçêè íà çàäàííóþ îðáèòó. Ýòà ïðîáëåìà ðåøà-
åòñÿ ïðèìåíèòåëüíî ê çàäà÷å ïðÿìîãî âûâåäåíèÿ è îáåñïå÷åíèÿ âñòðå÷è ïîëåçíîé íàãðóçêè
ñ îðáèòàëüíîé êîñìè÷åñêîé ñòàíöèåé. Äëÿ ýòîãî âàðèàíòà ïðèìåíåíèÿ ìàðøåâîé äâèãà-
òåëüíîé óñòàíîâêè ïðîâåäåíà îöåíêà ýôôåêòèâíîñòè íà ïðèìåðå äâóõñòóïåí÷àòîé ðàêå-
òå-íîñèòåëþ âîçäóøíîãî ñòàðòà äëÿ ñëó÷àÿ îñíàùåíèÿ åå âíîâü ðàçðàáàòûâàåìûì ðåàê-
òèâíûì äâèãàòåëåì íà ïàñòîîáðàçíîì òîïëèâå. Êðèòåðèåì öåëåñîîáðàçíîñòè ïðèíÿòû
îæèäàåìûå íà÷àëüíûå îòêëîíåíèÿ ïî äàëüíîñòè è âðåìåíè ñòàðòà, âëèÿíèå êîòîðûõ íà
êîíå÷íûå çíà÷åíèÿ ýòèõ ïàðàìåòðîâ ìîæåò áûòü èñêëþ÷åíî ðåãóëèðîâàíèåì óðîâíÿìè òÿã
ñòóïåíåé.

Äâèãàòåëü, ðåãóëèðîâàíèå, òÿãà, ðàêåòà-íîñèòåëü, ïîëåçíàÿ íàãðóçêà, ýôôåêòèâíîñòü,
âñòðå÷à íà îðáèòå, îøèáêè, äàëüíîñòü, âðåìÿ ñòàðòà

Ââåäåíèå

Òðàäèöèîííî àêòóàëüíîé ïðîáëåìîé ðàêåòîñ-
òðîåíèÿ ÿâëÿåòñÿ âûáîð ìàðøåâîé äâèãàòåëüíîé
óñòàíîâêè ðàêåòû-íîñèòåëÿ (ÐÍ) äëÿ îáåñïå÷å-
íèÿ ðåøåíèÿ îïðåäåëÿåìûõ äëÿ íåå çàäà÷.

Àíàëèç ïóáëèêàöèé ïîêàçûâàåò, ÷òî ïîñëå-
äíåå âðåìÿ íàìåòèëñÿ èíòåðåñ ê ãëóáîêîìó ãèá-
êîìó ðåãóëèðîâàíèþ òÿãè (ÃÃÐÒ) è ñîîòíîøå-
íèé êîìïîíåíòîâ òîïëèâà «â øèðîêîì äèàïàçî-
íå íà ïðîòÿæåíèè âñåãî ïîëåòà ñòóïåíè» â öåëÿõ
«îïòèìèçàöèè òðàåêòîðèè ðàêåòû-íîñèòåëÿ» [1].
Ðàññìîòðåíèå âîïðîñà î áàëëèñòè÷åñêîé öåëåñî-
îáðàçíîñòè òàêîãî ðåãóëèðîâàíèÿ òÿãè ìàðøå-
âûõ äâèãàòåëåé ÐÍ ïîêàçûâàåò, ÷òî îáëàñòü åãî
ïðèìåíåíèÿ âåñüìà óçêà è èìååò ñìûñë äëÿ çà-
äà÷ ïðÿìîãî âûâåäåíèÿ ñ ôèêñèðîâàííûì âðå-
ìåíåì ïîëåòà, òàêèõ êàê âñòðå÷à ñ îðáèòàëüíûì
îáúåêòîì [2].

Èçâåñòíî òàêæå, ÷òî ìîáèëüíûì ïóñêîâûì
óñòàíîâêàì, îñîáåííî âîçäóøíîãî ñòàðòà, õàðàê-
òåðíû ñóùåñòâåííûå íà÷àëüíûå îøèáêè ïî ïî-
ëîæåíèþ è âðåìåíè ïóñêà ðàêåòû-íîñèòåëÿ (ÐÍ).
À â ðàáîòå [3] ïðåäëîæåíà êîíöåïöèÿ óïðàâëå-
íèÿ òðàåêòîðèåé âûâåäåíèÿ ïóòåì âûáîðà âåëè-
÷èí òÿã (â äîâîëüíî íåáîëüøèõ äîïóñòèìûõ äèà-
ïàçîíàõ ðåãóëèðîâàíèÿ) äâèãàòåëåé âòîðîé ñòó-
ïåíè è/èëè êîñìè÷åñêîãî ðàçãîííîãî áëîêà ÐÍ
«Ïîëåò» äëÿ âñòðå÷è êîñìè÷åñêîãî àïïàðàòà (ÊÀ)
â êîíöå àêòèâíîãî ó÷àñòêà ñ Ìåæäóíàðîäíîé
êîñìè÷åñêîé ñòàíöèåé.

Â íàñòîÿùåå âðåìÿ ðàçðàáàòûâàåòñÿ ðàêåòíûé
äâèãàòåëü íà ïàñòîîáðàçíîì òîïëèâå (ÐÄÏÒ),
îáåñïå÷èâàþùèé ðåãóëèðîâàíèå óðîâíÿ òÿãè
ïðàêòè÷åñêè âî âñåì âîçìîæíîì äèàïàçîíå: îò
10 äî 100% îò ìàêñèìàëüíîãî çíà÷åíèÿ [4].

Îòñþäà, âîïðîñ î öåëåñîîáðàçíîñòè ÃÃÐÒ
òðàíñôîðìèðóåòñÿ â âîïðîñ î åãî ýôôåêòå, î
ïðåäåëüíûõ âîçìîæíîñòÿõ åãî ïðèìåíåíèÿ. Â ïëà-
íå æå ðåøåíèÿ ïîñòàâëåííîé îáùåé ïðîáëåìû –
ýòî âîïðîñ îá îáëàñòè è ýôôåêòèâíîñòè ïðèìå-
íåíèÿ ÐÄÏÒ.

1. Ôîðìóëèðîâêà çàäà÷è

Ðåøåíèå âñåõ ýòèõ äâóõ âîïðîñîâ, ïðåäñòàâ-
ëÿþùèõ ñîáîé ÷àñòíûå ïðîáëåìû, ñâîäèòñÿ ê
ïðîâåäåíèþ îöåíêè ýôôåêòèâíîñòè ÃÃÐÒ ìàð-
øåâûõ äâèãàòåëåé ÐÍ äëÿ ðåøåíèÿ çàäà÷è âñòðå-
÷è ñ íåìàíåâðèðóþùèì îðáèòàëüíûì îáúåêòîì
ïðè áîëüøîé íåîïðåäåëåííîñòè íà÷àëüíûõ óñëî-
âèé ñòàðòà. Â ñâîþ î÷åðåäü, êîãäà íåèçâåñòíà äî-
ïóñòèìàÿ îáëàñòü íåîïðåäåëåííîñòè è èçâåñòíû
äèàïàçîíû èçìåíåíèÿ íåêîòîðûõ ïàðàìåòðîâ,
ðåøåíèå ýòîé çàäà÷è âîçìîæíî ïóòåì îöåíêè
ãðàíèö ýòîé îáëàñòè â ïðåäåëàõ èçìåíåíèÿ óêà-
çàííûõ ïàðàìåòðîâ.

Ïîëó÷åíèå êîëè÷åñòâåííûõ îöåíîê âîçìîæíî
íà êîíêðåòíîì ïðèìåðå. Â äàííîì ñëó÷àå ðàññìàò-
ðèâàåòñÿ ÐÍ [3], çàïóñêàåìàÿ ñ ñàìîëåòà-íîñè-
òåëÿ, äâå ïîñëåäíèõ ñòóïåíè êîòîðîé ïðåäïîëî-
æèòåëüíî îñíàùåíû óïîìÿíóòûìè ÐÄÏÒ. Â ìî-
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– 80 –

ìåíò ñòàðòà ïðåäïîëàãàåòñÿ òàêæå ñóùåñòâåííàÿ
íåîïðåäåëåííîñòü ïî ïîëîæåíèþ è âðåìåíè ïóñ-
êà. Â êà÷åñòâå áàçîâûõ àëãîðèòìîâ óïðàâëåíèÿ
òÿãîé ïðåäïîëàãàþòñÿ ñîîòâåòñòâóþùèå àëãîðèò-
ìû [3].

Çàäà÷à ñîñòîèò â îïðåäåëåíèè ãðàíè÷íûõ çíà-

÷åíèé íà÷àëüíûõ îòêëîíåíèé ïî äàëüíîñòè 0L∆

è âðåìåíè ñòàðòà 0t∆ , âëèÿíèå êîòîðûõ íà ñîîò-
âåòñòâóþùèå êîíå÷íûå çíà÷åíèÿ ýòèõ ïàðàìåò-
ðîâ äâèæåíèÿ ìîãóò áûòü ïîëíîñòüþ êîìïåíñè-
ðîâàíû ÃÃÐÒ â äèàïàçîíå îò 10 äî 100% îò ìàê-

ñèìàëüíîãî óðîâíÿ òÿãè. 

2. Ðåøåíèå ïðîáëåìû

Äëÿ âñòðå÷è íà îðáèòå íåîáõîäèìî, ÷òîáû
ñóììà  è äëèòåëüíîñòè ðåàëèçóåìîé òðàåêòîðèè
âûâåäåíèÿ ðàâíÿëàñü íîìèíàëüíîé äëèòåëüíîñ-

òè àêòèâíîãî ó÷àñòêà, à ñóììà 0t∆  è äàëüíîñòè
ðåàëèçóåìîé òðàåêòîðèè âûâåäåíèÿ ðàâíÿëàñü íî-
ìèíàëüíîé äàëüíîñòè àêòèâíîãî ó÷àñòêà. Äëÿ ðå-
øåíèÿ òàêîé äâóõïàðàìåòðè÷åñêîé çàäà÷è íåîá-
õîäèìî èìåòü äâà ïàðàìåòðà óïðàâëåíèÿ. Â êà÷å-
ñòâå ýòèõ äâóõ ïàðàìåòðîâ óïðàâëåíèÿ òðàåêòî-
ðèåé àêòèâíîãî ó÷àñòêà ÐÍ èñïîëüçóþòñÿ îòíî-
ñèòåëüíûå îòêëîíåíèÿ âåëè÷èí òÿã äâèãàòåëåé
ïåðâîé è âòîðîé ñòóïåíåé:

nom2

2
2

nom1

1
1 P

PP,
P

PP ∆
=δ

∆
=δ , (1)

ãäå 1P∆ , 2P∆  –ôèêñèðîâàííûå îòêëîíåíèÿ
óðîâíåé òÿã ïåðâîé è âòîðîé ñòóïåíè îòíîñè-

òåëüíî íîìèíàëüíûõ çíà÷åíèé nom1P , nom2P  ñî-
îòâåòñòâåííî.

Âàðèàöèè òÿã âûáèðàþòñÿ òàê, ÷òîáû êîì-
ïåíñèðîâàòü îáå íà÷àëüíûå îøèáêè. Ïðèíèìà-

þòñÿ òðè àëãîðèòìà îïðåäåëåíèÿ 1P∆ , 2P∆ , îïè-
ñàííûå â [3].

Îöåíèì ýôôåêòèâíîñòü òàêîãî äâèãàòåëÿ â
ñëó÷àå åãî ïðèìåíåíèÿ êàê ìàðøåâîãî íà ïåðâîé
è âòîðîé ñòóïåíÿõ ÐÍ íà îñíîâå çàâèñèìîñòåé
èçìåíåíèÿ äàëüíîñòè è âðåìåíè ïîëåòà ÐÍ îò
âåëè÷èí òÿã èç [3] â ïðåäïîëîæåíèè ñîõðàíåíèÿ
èõ âèäà (ëèíåéíîñòè) äëÿ âàðèàöèé äîñòàòî÷íî
âûñîêîãî óðîâíÿ. Ïðè ýòîì íîìèíàëüíûé óðî-
âåíü òÿãè ñîîòâåòñòâóåò ñåðåäèíå äèàïàçîíà åå
ðåãóëèðîâàíèÿ.

Äëÿ ïåðâîãî àëãîðèòìà èç [3] ñëåäóåò, ÷òî

012 tdPcP ∆+δ=δ , d
PcPt 12

0
δ−δ

=∆ . (2)

Â íàøåì ñëó÷àå 45,0PP 21 =δ=δ , íà îñíîâà-

íèè [1] 0207,0d,573,0c =−≈ %/ñ. Òîãäà ∆t0 =

= [ ] [ ] [ ]2,34;2,343,9;2,342,34;0,3,9 −=−U .

Ñîîòâåòñòâåííî

a
PbPL 1nn

0
−δ−δ

=∆ . (3)

Íà îñíîâàíèè [3] 1,0a −≈ %/êì, 56,0b = %/ñ.

Îòñþäà 190L0 ±=∆  êì.
Îöåíèì ïîòåðè âåñà íà óïðàâëåíèå. Òàê,

( )
00

2
ПН twLqm ∆+∆=∆ . (4)

Àíàëîãè÷íî d,c,b,a  ïîëó÷åíû 2,1q −≈  êãñ/êì,
≈w 8 êãñ/ñ.
Îöåíêó ïîòåðü âåñà íà ñîçäàíèå äèàïàçîíà

ðåãóëèðîâàíèÿ òÿãè ( )1
ПНm∆  îöåíèì íà îñíîâå

ïðîïîðöèé ïî òåì æå äàííûì.
Òàê, ïîëó÷èì îöåíêè äîïîëíèòåëüíûõ çàòðàò

âåñà íà ñîçäàíèå äèàïàçîíà ðåãóëèðîâàíèÿ òÿã
( ) ≈∆ 2
ПНm 500 êãñ, ( ) ≈∆ 1

ПНm 456 êãñ, ò. å. óâåëè÷å-

íèå âåñîâ òîïëèâà ñîñòàâèò ïî÷òè 7,5 è 9 ðàç
ñîîòâåòñòâåííî.

Äîïóñòèìûé ïðîìàõ ïî äàëüíîñòè óâåëè÷èâà-
åòñÿ ïî ñðàâíåíèþ ñ [3] â 10 13 ðàç, à ïî âðåìå-
íè ïî÷òè â 7 ðàç.

Âòîðîé àëãîðèòì àíàëîãè÷åí ïåðâîìó àëãî-

ðèòìó äëÿ ñëó÷àÿ êîððåëèðîâàííûõ 0L∆  è 0t∆ .
Òîãäà

,Lt 00 ∆µ=∆ (5)

ãäå 158,0≅µ  ñ/êì.
Ôîðìóëà (2) ïåðåïèñûâàåòñÿ òàê

039,0
PL n

0
δ

=∆ (6)

è òîãäà 1154L0 ≅∆  êì.

Ñîîòâåòñòâåííî ïîëó÷èì 182t0 ≅∆  ñ.

Ïîòåðè âåñà ñîñòàâÿò ( ) ≈∆ 2
ПНm 13 êãñ,

( ) ≈∆ 1
ПНm 8270 êãñ.

Èòàê, äîïóñòèìûé ïðîìàõ ïî äàëüíîñòè óâå-
ëè÷èâàåòñÿ ïî ñðàâíåíèþ ñ [3] ïî÷òè â 29 ðàç, à
ïî âðåìåíè ïðèáëèçèòåëüíî â 36 ðàç, ïðè ýòîì

ïîòåðè  ( )1
ПНm∆  âîçðàñòàþò â 123 ðàçà, çàòî ïîòå-

ðè ( )2
ПНm∆  ïàäàþò â 4 ðàçà.

Òðåòèé àëãîðèòì ÿâëÿåòñÿ ðàçâèòèåì âòîðîãî
àëãîðèòìà. Ýòî àëãîðèòì êîððåêöèè âðåìåíè çàïóñ-

êà ÐÍ, ò. ê. îáåñïå÷èâàåò êîìïåíñàöèþ 0L∆ çà ñ÷åò

êîððåêöèè âðåìåíè çàïóñêà *
0t∆  ïðè ( ) =∆ 2

ПНm  0.

Â ýòîì ñëó÷àå

CH

0*
0 V1

Lt
µ−
∆µ

=∆ , (7)
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Äèàïàçîí ôèêñèðîâàííûõ ñìåùåíèé ïî âðåìå-

íè çàïóñêà ïðè îöåíåííîì âûøå 1154L0 ≅∆  êì

ñîñòàâèò *
0t∆ =±197 ñ. À ïîòåðè ( )1

ПНm∆  ñîñòàâÿò

îêîëî 220 êãñ.
Ñëåäîâàòåëüíî, ðîñò äîïóñòèìûõ ïðîìàõà ïî

äàëüíîñòè è êîìïåíñèðóþùåãî ñìåùåíèÿ ïî âðå-
ìåíè ïóñêà â ñðàâíåíèè ñ [1] ñîñòàâèò 29 è 39 ðàç

ïðè ðîñòå âåñîâûõ ïîòåðü ( )1
ПНm∆  äî 32 ðàç.

Çàêëþ÷åíèå

Î÷åâèäíà öåëåñîîáðàçíîñòü ïðèìåíåíèÿ ÃÃÐÒ
è ÐÄÏÒ äëÿ ðåøåíèÿ çàäà÷è âñòðå÷è ÊÀ ñ îðáè-
òàëüíûì îáúåêòîì ïðè ïðÿìîì âûâåäåíèè íà îð-
áèòó ïðè çíà÷èòåëüíîé íåîïðåäåëåííîñòè íà÷àëü-
íûõ óñëîâèé ñòàðòà. Äèàïàçîí ðåãóëèðîâàíèÿ òÿãè
ÐÄÏÒ, ò. å. ïî÷òè 100%, îáåñïå÷èâàåò ïîëíóþ
êîìïåíñàöèþ ïðàêòè÷åñêè ëþáîé îáëàñòè íåî-
ïðåäåëåííîñòè ïî ïîëîæåíèþ è âðåìåíè ïóñêà.

Â äàëüíåéøåì ïðåäïîëàãàåòñÿ ïðîâåäåíèå ïî-
äîáíûõ îöåíîê ýôôåêòèâíîñòè ÃÃÐÒ äëÿ ðàñ-

ñìàòðèâàåìîé çàäà÷è è ïðèìåíåíèþ ÐÄÏÒ íà
îäíîé ïîñëåäíåé ñòóïåíè ÐÍ.
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P. Horolsky, S. Bondarenko

ESTIMATION TO EFFICIENCY OF ONE VARIANT OF THE USING THE
DEEP FLEXIBLE REGULATION OF THE THRUST FOR LAUNCHING THE

PAYLOAD
Ñòàòòþ ïðèñâÿ÷åíî îäí³º¿ ³ç òðàäèö³éíî àêòóàëüíèõ ïðîáëåì ðàêåòîáóäóâàííÿ – âè-

áîðó ìàðøîâî¿ äâèãóííî¿ óñòàíîâêè ðàêåòè-íîñ³ÿ äëÿ âèð³øåííÿ ¿¿ çàäà÷. Ðîçãëÿäàºòüñÿ
îêðåìà ïðîáëåìà – äîö³ëüí³ñòü çàñòîñóâàííÿ ãëèáîêîãî ãíó÷êîãî ðåãóëþâàííÿ òÿãè äëÿ
âèâåäåííÿ êîðèñíîãî âàíòàæó íà çàäàíó îðá³òó. Öÿ ïðîáëåìà âèð³øóºòüñÿ â³äïîâ³äíî äî
çàäà÷³ ïðÿìîãî âèâåäåííÿ òà çàáåçïå÷åííÿ çóñòð³÷³ êîðèñíîãî âàíòàæó ç îðá³òàëüíîþ
êîñì³÷íîþ ñòàíö³ºþ. Äëÿ öüîãî âàð³àíòó çàñòîñóâàííÿ ìàðøîâî¿ äâèãóííî¿ óñòàíîâêè
ïðîâåäåíà îö³íêà åôåêòèâíîñò³ â³äïîâ³äíî äî äâîõñõ³ä÷àñòî¿ ðàêåòè-íîñ³ÿ ïîâ³òðÿíîãî
ñòàðòó äëÿ âèïàäêó îñíàùåííÿ ¿õ ðåàêòèâíèì äâèãóíîì íà ïàñòîïîä³áíîìó ïàëèâ³, ùî
âïåðøå ðîçðîáëþºòüñÿ. Êðèòåð³åì äîö³ëüíîñò³ ïðèéíÿò³ î÷³êóâàí³ ïî÷àòêîâ³ â³äõèëåííÿ ïî
äàëüíîñò³ òà ÷àñó ñòàðòó, âïëèâ ÿêèõ íà ê³íöåâ³ çíà÷åííÿ öèõ ïàðàìåòð³â ìîæóòü áóòè
í³âåëüîâàíèé ðåãóëþâàííÿì ð³âíåì òÿãè ñõ³äö³â.

Äâèãóí, ðåãóëþâàííÿ, òÿãà, ðàêåòà-íîñ³é, êîðèñíèé âàíòàæ, åôåêòèâí³ñòü, çóñòð³÷
íà îðá³ò³, ïîìèëêè, äàëüí³ñòü, ÷àñ ñòàðòó

The article is devoted to one of traditionally the issue of the day of rocket production –
choice of the march rocket engine of launch vehicle for the decision of his tasks. A private
problem is expedience of application of the deep flexible adjusting of traction for putting of
payload into set orbit is examined. This problem decides as it applies to the task of the direct
destroying and providing of meeting of payload with the orbital space station. For this variant of
application of the march rocket engine estimation of efficiency as it applies to the two stage
launch vehicle of air start for the case of equipment by their again developed ramjet on a pastel-
like fuel is conducted. By the criterion of expedience the expected initial declinations on distance
and time of start are accepted, influence of which on the eventual values of these parameters can
be eliminated by adjusting of level of traction of stages.

Ångine, guidance, thrust, launch vehicle, propulsion with paste-like fuel, payload, efficiency,
fuel expenseses




