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

Ââåäåíèå

Ñëîæèâøàÿñÿ â íàñòîÿùåå âðåìÿ òåíäåíöèÿ ê
êîììåðöèàëèçàöèè êîñìè÷åñêîé äåÿòåëüíîñòè
ñòðàí ìèðà ïðèâîäèò ê íåïðåðûâíî ðàñòóùåìó
ñïðîñó íà ìàëûå êîñìè÷åñêèå àïïàðàòû (ÌÊÀ),
îáëàäàþùèå øèðîêîé èíôðàñòðóêòóðîé ïðîèç-
âîäñòâà è ñïîñîáíûå îáåñïå÷èâàòü âûïîëíåíèå
êîììåð÷åñêèõ çàêàçîâ è ïðîâåäåíèå íàó÷íî-èñ-
ñëåäîâàòåëüñêèõ ýêñïåðèìåíòîâ.

Íàïðèìåð, âïîëíå î÷åâèäíî ñîïåðíè÷åñòâî
êîììåð÷åñêèõ êîìïàíèé, ñòðåìÿùèõñÿ ïîêðûòü
íèçêîîðáèòàëüíîå ïðîñòðàíñòâî Çåìëè êîìïëåê-
ñàìè øèðîêîïîëîñíîé ïåðåäà÷è èíôîðìàöèè,
ïðåäñòàâëÿþùèìè ñîáîé îðáèòàëüíûå ãðóïïû
ÌÊÀ, îáðàçóþùèå ôîðìàöèþ è ñîâìåñòíî âûïîë-
íÿþùèå ðÿä ïîëåòíûõ çàäà÷, – òàê íàçûâàåìûå
«ñîçâåçäèÿ» ñïóòíèêîâ [1]. Êðîìå òîãî, óñïåøíîå
âûïîëíåíèå ïîëåòíîé çàäà÷è äâóõ ÌÊÀ êîñìè÷åñ-
êîãî àãåíòñòâà NASA êëàññà CubeSat 6U ïîä íà-
çâàíèåì Mars Cube One (MARCO-A è MARCO-B),
êîòîðûå, ñîâìåñòíî ñ ìèññèåé NASA InSight, ñî-
âåðøèëè ìåæïëàíåòíûé êîñìè÷åñêèé ïåðåëåò ê
Ìàðñó è âûïîëíèëè åãî ôîòîãðàôèðîâàíèå ñ ðàñ-
ñòîÿíèÿ â íåñêîëüêî òûñÿ÷ êèëîìåòðîâ [2], îçíà-
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Ïðåäñòàâëåí îáçîð è òåêóùèé ñòàòóñ ðàáîò ïî ñîçäàíèþ â ÎÊÁ «Ôàêåë» ïåðñïåêòèâíûõ ïëàçìåííûõ äâèãà-
òåëåé ñâåðõìàëîé ìîùíîñòè ÏëàÑ-10 è ÏëàÑ-10Ñ äëÿ ïðèìåíåíèÿ â ñîñòàâå ìàëûõ êîñìè÷åñêèõ àïïàðàòîâ. Âû-
ïîëíåíî èññëåäîâàíèå ìèðîâîãî òåõíè÷åñêîãî óðîâíÿ ðàçðàáîòîê ïëàçìåííûõ äâèãàòåëåé. Ñôîðìóëèðîâàíû îñ-
íîâíûå òðåáîâàíèÿ, îïðåäåëÿþùèå êîíêóðåíòîñïîñîáíîñòü è âûñîêèé ïîòåíöèàë êîììåðöèàëèçàöèè ðàçðàáà-
òûâàåìûõ â ÎÊÁ «Ôàêåë» äâèãàòåëåé íà ìèðîâîì êîñìè÷åñêîì ðûíêå. Èçëîæåíà êðàòêàÿ õðîíîëîãèÿ ýòàïîâ
ðàçðàáîòêè, ïðîäåìîíñòðèðîâàíû ýêñïåðèìåíòàëüíûå ðåçóëüòàòû èñïûòàíèé ëàáîðàòîðíîé ìîäåëè äâèãàòåëÿ.
Ñôîðìóëèðîâàíû äàëüíåéøèå çàäà÷è ïî ïðîåêòó.

Êëþ÷åâûå ñëîâà: õîëëîâñêèé äâèãàòåëü, ïëàçìåííûé äâèãàòåëü, óñêîðèòåëü ïëàçìû, ñâåðõìàëàÿ ìîùíîñòü,
ñâåðõìàëûå ðàçìåðû, ìàëûé êîñìè÷åñêèé àïïàðàò, CubeSat.

ìåíîâàëî èñïîëüçîâàíèå ÌÊÀ êëàññà CubeSat è
â ìåæïëàíåòíûõ èññëåäîâàòåëüñêèõ ìèññèÿõ.

Èññëåäîâàíèå òåõíè÷åñêîãî óðîâíÿ ðàçðàáîòîê
ïëàçìåííûõ äâèãàòåëåé

Ïåðñïåêòèâíûå ïîëåòíûå çàäà÷è òðåáóþò îò
ÌÊÀ àâòîíîìíîãî âûïîëíåíèÿ îðáèòàëüíûõ ìà-
íåâðîâ êàê â îêîëîçåìíîì, òàê è â ìåæïëàíåòíîì
ïðîñòðàíñòâàõ, äëÿ ÷åãî íåîáõîäèìà äâèãàòåëüíàÿ
óñòàíîâêà (ÄÓ) ìàëîé ìîùíîñòè, ñïîñîáíàÿ ôóí-
êöèîíèðîâàòü â óñëîâèÿõ äåôèöèòà áîðòîâîãî ïè-
òàíèÿ ÌÊÀ. Ñîãëàñíî ñòàòèñòèêå, ê íàñòîÿùåìó
âðåìåíè â ìèðå èçãîòîâëåíî 1307 íàíîñïóòíèêîâ
(âêëþ÷àÿ ÌÊÀ êëàññà CubeSat), è òîëüêî 5,13 %
ÌÊÀ èç äàííîãî ÷èñëà èìåþò â ñâîåì ñîñòàâå ÄÓ
[3]. Ïîýòîìó ñåãîäíÿ çàäà÷à ðàçðàáîòêè ÄÓ (è,
ñîáñòâåííî, ñàìèõ äâèãàòåëåé) äëÿ ÌÊÀ ÿâëÿåò-
ñÿ ïðèîðèòåòíîé äëÿ àýðîêîñìè÷åñêèõ êîìïàíèé
âñåãî ìèðà, òàê êàê òåêóùèå óðîâíè ðàçðàáîòîê íå
ïîçâîëÿþò îáåñïå÷èòü øèðîêîå ïðèìåíåíèå ÄÓ â
ñîñòàâå ÌÊÀ.

Ñóùåñòâåííîå ïðåèìóùåñòâî ïåðåä ïðî÷èìè
âèäàìè ÄÓ èìåþò ýëåêòðîðàêåòíûå äâèãàòåëüíûå
óñòàíîâêè (ÝÐÄÓ) êàê ñèñòåìû, îáëàäàþùèå âû-
ñîêèì çàïàñîì ñóììàðíîãî èìïóëüñà òÿãè ïðè ìà-
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ëûõ ìàññîãàáàðèòíûõ õàðàêòåðèñòèêàõ. Ýëåêòðî-
ðàêåòíûé äâèãàòåëü (ÝÐÄ) ïðåäñòàâëÿåò ñîáîé óñ-
êîðèòåëü çàðÿæåííûõ ÷àñòèö, ïðèîáðåòàþùèõ
ýíåðãèþ ïðè ðàçãîíå â ýëåêòðîìàãíèòíîì èëè
ýëåêòðè÷åñêîì ïîëå. ÝÐÄ äîëæåí óäîâëåòâîðÿòü
ðÿäó ñïåöèôè÷åñêèõ òðåáîâàíèé: äâèãàòåëü äîë-
æåí îáëàäàòü äîñòàòî÷íî âûñîêîé òÿãîâîé ýôôåê-
òèâíîñòüþ ïðè çàäàííûõ çíà÷åíèÿõ òÿãè è óäåëü-
íîãî èìïóëüñà òÿãè [4]. Ñàìûì ðàñïðîñòðàíåííûì
òèïîì ÝÐÄ ÿâëÿåòñÿ ñòàöèîíàðíûé ïëàçìåííûé
äâèãàòåëü (ÑÏÄ), ïðèíöèïèàëüíàÿ ñõåìà êîòîðîãî
ïðåäñòàâëåíà íà ðèñ. 1 [5].

Ïîä âëèÿíèåì ñòðåìèòåëüíî ðàñòóùèõ ïîòðåá-
íîñòåé êîììåð÷åñêîãî ñåêòîðà êîñìè÷åñêèõ óñëóã
ñôîðìèðîâàëàñü íåîáõîäèìîñòü â ñîçäàíèè ïëàç-
ìåííûõ ÝÐÄ, òðåáóþùèõ äëÿ ñâîåé ðàáîòû ìèíè-
ìàëüíî âîçìîæíûõ çíà÷åíèé ïîòðåáëÿåìîé ýëåê-
òðè÷åñêîé ìîùíîñòè [6, 7]. Ïëàçìåííûå äâèãàòåëè
ñâåðõìàëîé ìîùíîñòè (ÏÄ ÑÌÌ) ñìîãóò çàïîë-
íèòü íûíå ïóñòóþùóþ íèøó [3] ñèñòåì óïðàâëå-
íèÿ äâèæåíèåì ÌÊÀ, îáëàäàþùèõ îòíîñèòåëüíî
ìàëûìè çíà÷åíèÿìè äîñòóïíîé áîðòîâîé ýëåêò-
ðè÷åñêîé ìîùíîñòè (äî 100 Âò), è ïðåäîñòàâèòü
ïîòåíöèàëüíûì çàêàç÷èêàì äîñòàòî÷íî âûñîêèå
çíà÷åíèÿ ñóììàðíîãî èìïóëüñà òÿãè äëÿ îñóùå-
ñòâëåíèÿ ÌÊÀ îðáèòàëüíûõ ìàíåâðîâ. Íà äàííûé
ìîìåíò èçâåñòíî î áîëüøîì êîëè÷åñòâå ìîäåëåé
ÏÄ ÑÌÌ, ðàçðàáàòûâàåìûõ îðãàíèçàöèÿìè ïî
âñåìó ìèðó è îáëàäàþùèõ ðàçíûìè çàÿâëåííûìè
õàðàêòåðèñòèêàìè è ñòàòóñàìè ðàçðàáîòêè (â ïî-
äàâëÿþùåì áîëüøèíñòâå èçâåñòíûå ðàçðàáîòêè
äâèãàòåëåé õàðàêòåðèçóþòñÿ ñòàòóñîì ëàáîðàòîð-

íûõ ìîäåëåé). Â òàáë. 1 ïðåäñòàâëåíà îáùàÿ èí-
ôîðìàöèÿ ïî ðàçðàáàòûâàåìûì â ìèðå ÏÄ ÑÌÌ,
à òàêæå ïðèâåäåíû èõ îñíîâíûå ïðîåêòíûå è ýê-
ñïåðèìåíòàëüíûå èíòåãðàëüíûå ïàðàìåòðû, ê êî-
òîðûì îòíîñÿò çíà÷åíèÿ ïîòðåáëÿåìîé ýëåêòðè-
÷åñêîé ìîùíîñòè Nð, ðàçâèâàåìîé äâèãàòåëåì
ñèëû òÿãè R, àíîäíîãî óäåëüíîãî èìïóëüñà Ióä. à è

àíîäíîãî ÊÏÄ àη .

Òàê êàê òÿãà ïëàçìåííîãî äâèãàòåëÿ ïðåèìó-
ùåñòâåííî çàâèñèò îò îáúåìà ðàçðÿäíîé êàìåðû
(ÐÊ) è, ñîîòâåòñòâåííî, îò óäåëüíîé ïëîòíîñòè
ðàáî÷åãî òåëà â ÐÊ, òî äîñòèæåíèå áîëüøèõ çíà-
÷åíèé ñèëû òÿãè â ÏÄ ÑÌÌ ïðåäñòàâëÿåòñÿ ïðèí-
öèïèàëüíî íåâîçìîæíûì, ïîýòîìó òÿãà äëÿ
ÏÄ ÑÌÌ ïðèíèìàåòñÿ çà âòîðè÷íóþ èíòåãðàëü-
íóþ õàðàêòåðèñòèêó. Â òàêèõ óñëîâèÿõ ñâåðõìàëóþ
ðàáî÷óþ ìîùíîñòü öåëåñîîáðàçíî ïðåîáðàçîâû-
âàòü â âûñîêèé ïîêàçàòåëü óäåëüíîãî èìïóëüñà.
Ñëåäîâàòåëüíî, äëÿ àíàëèçà òåõíè÷åñêîãî óðîâíÿ
ìèðîâûõ ðàçðàáîòîê ÏÄ ÑÌÌ ñëåäóåò ðàññìàòðè-
âàòü ïðåäñòàâëåííóþ íà ðèñ. 2 ñâîäíóþ îáëàñòü
ñîâîêóïíîñòåé ìîùíîñòè ðàçðÿäà è óäåëüíîãî
èìïóëüñà èçâåñòíûõ ðàçðàáîòîê ìîäåëåé ÏÄ ÑÌÌ.

Ðåçóëüòàòû èññëåäîâàíèÿ òåõíè÷åñêîãî óðîâ-
íÿ èçâåñòíûõ ðàçðàáîòîê ïîçâîëÿþò ñäåëàòü âû-
âîä î âûñîêîì óðîâíå çàèíòåðåñîâàííîñòè àýðî-
êîñìè÷åñêèõ êîìïàíèé âñåãî ìèðà â ñîçäàíèè
ÏÄ ÑÌÌ.

Äëÿ îáåñïå÷åíèÿ ëèäèðóþùåé ïîçèöèè ÎÊÁ 
«Ôàêåë» íà ìèðîâîì ðûíêå ÌÊÀ áûëè èíèöèè-
ðîâàíû íàó÷íî-èññëåäîâàòåëüñêèå ðàáîòû ïî ñî-
çäàíèþ êîíêóðåíòîñïîñîáíûõ ïëàçìåííûõ äâèãà-
òåëåé ñâåðõìàëîé ìîùíîñòè è ïîâûøåííîé òÿãî-
âîé ýôôåêòèâíîñòè ÏëàÑ-10 è ÏëàÑ-10Ñ, áàçèðó-
þùèõñÿ íà ïðèíöèïèàëüíî íîâûõ òåõíè÷åñêèõ ðå-
øåíèÿõ, ñîîòâåòñòâóþùèõ òðåáîâàíèÿì, ïðåäúÿâëÿ-
åìûì ê ÝÐÄ òàêîãî ðîäà. Ïåðâûì øàãîì ê ñîçäà-
íèþ íîâûõ äâèãàòåëåé ÿâëÿëñÿ âûáîð èõ ïðîåêò-
íûõ ïàðàìåòðîâ è ïðèíöèïèàëüíîé ñõåìû.

Âûáîð ïðîåêòíûõ ïàðàìåòðîâ è ïðèíöèïèàëüíîé
ñõåìû ðàçðàáàòûâàåìûõ ÏÄ ÑÌÌ ÏëàÑ-10
è ÏëàÑ-10Ñ

Äëÿ ñîçäàíèÿ íîâîãî ÏÄ ÑÌÌ, òåõíè÷åñêèé
óðîâåíü êîòîðîãî êà÷åñòâåííî ïðåâîñõîäèò óðî-
âåíü äâèãàòåëåé-àíàëîãîâ, íåîáõîäèìî âûáðàòü
ïðîåêòíûå ïàðàìåòðû äâèãàòåëÿ, ïðåâûøàþùèå
ïðåäåëû îáëàñòè èçâåñòíûõ ðàçðàáîòîê. Â ñîîòâåò-
ñòâèè ñ ýòèì óñëîâèåì âûáðàíû îñíîâíûå ïðîåê-
òíûå ïàðàìåòðû, îïðåäåëÿþùèå êîíêóðåíòíîå
ïðåèìóùåñòâî äâèãàòåëåé ÏëàÑ-10 è ÏëàÑ-10Ñ
ïåðåä ìèðîâûìè àíàëîãàìè:

Ðèñ. 1. Ïðèíöèïèàëüíàÿ ñõåìà ÑÏÄ, îòîáðàæàþùàÿ
ñêðåùåííûå ýëåêòðè÷åñêîå è ìàãíèòíîå ïîëÿ, à òàêæå
òðàåêòîðèè äâèæåíèÿ èîíîâ è ýëåêòðîíîâ [5]
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1) ñâåðõíèçêàÿ ïîòðåáëÿåìàÿ ìîùíîñòü äâèãà-
òåëåé (ïî ïðåäâàðèòåëüíûì îöåíêàì äî 40 Âò);

2) èñïîëüçîâàíèå â êà÷åñòâå ãåíåðàòîðà ìàã-
íèòíîãî ïîëÿ èíäóêòèâíûõ êàòóøåê íàìàãíè÷è-

âàíèÿ ñ âîçìîæíîñòüþ óïðàâëåíèÿ ïàðàìåòðàìè
ìàãíèòíîé ñèñòåìû;

3) òÿãà íå ìåíåå 1 ìÍ;
4) óäåëüíûé èìïóëüñ òÿãè íå ìåíåå 500 ñ;

Òàáëèöà 1

Îáùàÿ èíôîðìàöèÿ ïî èçâåñòíûì ðàçðàáîòêàì ÏÄ ÑÌÌ

Äâèãàòåëü 
Èíôîðìàöèÿ 

Nð, Âò R, ìÍ Ióä.à, ñ ηà Ðàçðàáîò÷èê Ñòàòóñ 

ÑÏÄ-20 [8] 98,3 4,69 810 0,22 ÍÈÈÏÌÝ ÌÀÈ; Ðîññèÿ LM 

LMSHT [9] 13 2,9 729 – 
Ïåêèíñêèé óíèâåðñèòåò àâèàöèè è êîñìîíàâòèêè; 
Êèòàé 

LM 

KAIST [10] 52 2,6 817 0,2 
Юæíîêîðåéñêèé Ïåðåäîâîé Èíñòèòóò Íàóêè è 
Òåõíîëîãèè; Ðåñïóáëèêà Êîðåÿ 

LM 

ExoMG [11] 53 2 800 0,15 
Exotrial, Ôðàíöóçñêèé öåíòð àýðîêîñìè÷åñêèõ 
èññëåäîâàíèé ONERA; Ôðàíöèÿ 

LM 

HT100 [8, 12] 100 4,3 680 – SITAEL; Èòàëèÿ DM 

HEET-05 [13] 110 5 950 0,28 The Laboratory of Advanced Jet Propulsion; Óêðàèíà FM 

CAM200 [14] 100 5 850 0,21 Rafael; Èçðàèëü EM 

R-200 [15] 100 6 800 – Rafael; Èçðàèëü QM 

Ä-18 82 3,4 705 0,15 ÎÊÁ «Ôàêåë»; Ðîññèÿ LM 

TAL-23 [16] 50 1,75 900 0,15 ХÀÈ; Óêðàèíà LM 

MHT-9 [17] 50 2 1050 0,18 Ìàññà÷óñåòñêèé òåõíîëîãè÷åñêèé èíñòèòóò; ÑШÀ LM 

ÊÌ-32 [8] 100 5,5 900 0,25 Цåíòð Êåëäûøà; Ðîññèÿ QM 

BHT-200 [8, 18] 100 3,8 1100 0,15 Busek; ÑШÀ FM 

BHT-100 [19, 20] 111 6,5 985 – Busek; ÑШÀ LM 

PPPL 3 cm [21-24] 90 3 1100 0,2 
NASA Marshall Space Flight Center, Princeton 
University Plasma Physics Laboratory; ÑШÀ 

LM 

CHTpm [25] 100 3 1000 0,15 
The Aerospace Corporation, Princeton University 
Plasma Physics Laboratory; ÑШÀ 

LM 

TCHT-4 [26] 66 1,5 1570 0,18 Èíñòèòóò Òåõíîëîãèè ãîðîäà Îñàêà; Яïîíèÿ LM 

SCHT-1 [27] 100 – 700 0,1 
Óíèâåðñèòåò Òîêàé, Èíñòèòóò Òåõíîëîãèè ãîðîäà 
Îñàêà; Яïîíèÿ 

LM 

CM – concept model – êîíöåïòóàëüíàÿ ìîäåëü 

LM – laboratory model – ëàáîðàòîðíàÿ ìîäåëü 

EM – engineering model – èíæåíåðíàÿ ìîäåëü 

DM – development model – îòðàáîòî÷íàÿ ìîäåëü 

QM – qualification model – êâàëèôèêàöèîííàÿ ìîäåëü 

FM – flight model – ëåòíàÿ ìîäåëü 
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5) òÿãîâàÿ ýôôåêòèâíîñòü â äèàïàçîíå îò 12 äî
14 % (÷òî ÿâëÿåòñÿ äîñòàòî÷íî âûñîêèì ïîêàçàòå-
ëåì äëÿ ÏÄ ÑÌÌ ñ ìàãíèòíîé ñèñòåìîé íà áàçå
èíäóêòèâíûõ êàòóøåê);

6) ìèíèìàëüíî âîçìîæíûå ìàññîãàáàðèòíûå
õàðàêòåðèñòèêè äâèãàòåëåé;

7) âûñîêèé ïîòåíöèàë êîììåðöèàëèçàöèè
ïðîåêòà, õàðàêòåðèçóåìûé íèçêîé ñòîèìîñòüþ êàê
âíåäðåíèÿ èçäåëèé â ïðîèçâîäñòâî, òàê è ñàìîãî
èçãîòîâëåíèÿ.

Íàðÿäó ñ ñîâåðøåíñòâîâàíèåì è ìîäåðíèçàöè-
åé ëåòíûõ ÑÏÄ, â ÎÊÁ «Ôàêåë» ðàçðàáàòûâàþò-
ñÿ ïåðñïåêòèâíûå ïëàçìåííûå äâèãàòåëè ïîä óñ-
ëîâíûì íàèìåíîâàíèåì «ÏëàÑ». Êîíñòðóêòèâíàÿ
ñõåìà äâèãàòåëåé ñåðèè ÏëàÑ áàçèðóåòñÿ íà êîì-
áèíèðîâàííîì óñêîðèòåëüíîì êàíàëå: âûõîäíàÿ
÷àñòü ÐÊ âûïîëíåíà èç äèýëåêòðè÷åñêîãî êåðàìè-
÷åñêîãî ìàòåðèàëà (àíàëîãè÷íî êîíñòðóêöèè ÐÊ
êëàññè÷åñêèõ ÑÏÄ), à åå äîííàÿ ÷àñòü âûïîëíå-
íà ìåòàëëè÷åñêîé (ïîäîáíî êîíñòðóêöèè ÐÊ â
äâèãàòåëÿõ ñ àíîäíûì ñëîåì – ÄÀÑ) è ìàãíèòî-
ïðîâîäÿùåé. Ïðèíöèïèàëüíûå ñõåìû ïëàçìåííûõ
äâèãàòåëåé ÄÀÑ, ÑÏÄ è ÏëàÑ ïðåäñòàâëåíû íà
ðèñ. 3. Õàðàêòåðíûìè îñîáåííîñòÿìè äâèãàòåëåé
ñåðèè ÏëàÑ, â ñðàâíåíèè ñ êëàññè÷åñêèìè ÑÏÄ
è ÄÀÑ íà ñîïîñòàâèìûõ óðîâíÿõ ïîòðåáëÿåìîé
ýëåêòðè÷åñêîé ìîùíîñòè, ÿâëÿþòñÿ áîëåå íèçêèå
çíà÷åíèÿ öåíû òÿãè è ïîíèæåííûé óðîâåíü êî-
ëåáàíèé òîêà ðàçðÿäà. Äâèãàòåëè ñåðèè ÏëàÑ
îáåñïå÷èâàþò âûñîêèå âûõîäíûå ïàðàìåòðû ïðè

ìèíèìàëüíûõ ìàññîãàáàðèòíûõ õàðàêòåðèñòèêàõ
[28].

Ïðèíöèïèàëüíàÿ ñõåìà ðàçðàáàòûâàåìûõ
ÏÄ ÑÌÌ ÏëàÑ-10 è ÏëàÑ-10Ñ ÿâëÿåòñÿ àäàïòà-
öèåé êîíöåïöèè äâèãàòåëåé ñõåìû ÏëàÑ äëÿ
ñâåðõìàëûõ ìîùíîñòåé. Ïëîùàäü ïîïåðå÷íîãî
ñå÷åíèÿ ÐÊ ðàçðàáàòûâàåìûõ äâèãàòåëåé ðàññ÷è-
òàíà ïî ñòàòèñòè÷åñêè èçâåñòíîìó ñîîòíîøåíèþ
äëÿ îáåñïå÷åíèÿ îïòèìàëüíîãî çíà÷åíèÿ óäåëü-
íîãî ðàñõîäà ðàáî÷åãî òåëà â ÐÊ, ïðèíÿòîãî ðàâ-
íûì 0,1 ìã/(ñ·ñì2) [29]. Â ðåçóëüòàòå ðàñ÷åòà ïëî-
ùàäè ïîïåðå÷íîãî ñå÷åíèÿ ÐÊ, à òàêæå â ñîîòâåò-
ñòâèè ñ íåîáõîäèìîñòüþ îáåñïå÷åíèÿ ñòàáèëüíîãî
ðàáî÷åãî ïðîöåññà ïðè ìèíèìàëüíî âîçìîæíîé
ãåîìåòðèè êîíñòðóêöèè, áûë âûáðàí õàðàêòåðíûé
òèïîðàçìåð ðàçðàáàòûâàåìûõ äâèãàòåëåé – äèà-
ìåòð ñðåäíåé ëèíèè ÐÊ, ñîñòàâëÿþùèé 10 ìì.

Ýòàï èññëåäîâàòåëüñêèõ ðàáîò ïî ñîçäàíèþ
ÏÄ ÑÌÌ ÏëàÑ-10 è ÏëàÑ-10Ñ

Â öåëÿõ ïîèñêà è îòðàáîòêè ïðèíöèïèàëüíî
íîâûõ îðèãèíàëüíûõ êîíñòðóêòèâíûõ ðåøåíèé
äëÿ äâèãàòåëåé ÏëàÑ-10 è ÏëàÑ-10Ñ, ïîçâîëÿþ-
ùèõ îáåñïå÷èòü ïðåäúÿâëÿåìûå òðåáîâàíèÿ ïî
âõîäíûì ýíåðãåòè÷åñêèì ïàðàìåòðàì è âûõîäíûì
òÿãîâûì õàðàêòåðèñòèêàì â ñî÷åòàíèè ñ ìèíè-
ìàëüíûìè ãåîìåòðè÷åñêèìè ðàçìåðàìè, â ÎÊÁ 
«Ôàêåë» áûëà èçãîòîâëåíà ýêñïåðèìåíòàëüíàÿ ëà-
áîðàòîðíàÿ ìîäåëü óñêîðèòåëÿ ïëàçìû ñâåðõìàëîé
ìîùíîñòè, ïðåäíàçíà÷åííàÿ äëÿ ïðîâåäåíèÿ èñ-

Ðèñ. 2. Îáëàñòü èçâåñòíîãî òåõíè÷åñêîãî óðîâíÿ ðàçðàáîòîê ÏÄ ÑÌÌ
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ñëåäîâàòåëüñêèõ èñïûòàíèé è ïîëó÷èâøàÿ óñëîâ-
íîå íàèìåíîâàíèå PshiK-D13 (äàëåå ïî òåêñòó –
óñêîðèòåëü PshiK-D13). Âíåøíèé âèä îäíîé èç ðàí-
íèõ êîíñòðóêòèâíûõ âåðñèé óñêîðèòåëÿ PshiK-D13
ïðåäñòàâëåí íà ðèñ. 4.

Óñêîðèòåëü PshiK-D13 âî âðåìÿ èñïûòàíèé
ïîêàçàë âîçìîæíîñòü ðàáîòû êàê ñ ïîëûì êàòî-
äîì-êîìïåíñàòîðîì, òàê è ñ òåðìîýìèññèîííûì
êàòîäîì-êîìïåíñàòîðîì ïðÿìîãî íàêàëà ýìèòòå-
ðà. Íàèáîëüøåå äîñòèãíóòîå çíà÷åíèå êëþ÷åâî-
ãî ýíåðãåòè÷åñêîãî ïàðàìåòðà óñêîðèòåëÿ
PshiK-D13 – åãî àíîäíîãî ÊÏÄ – ñîñòàâèëî
14,2 % ïðè ìîùíîñòè ðàçðÿäà 16,65 Âò, òÿãå 0,8 ìÍ
è àíîäíîì óäåëüíîì èìïóëüñå 615 ñ; ïðè ýòîì ðà-
áî÷èé ïðîöåññ â óñêîðèòåëå îòëè÷àëñÿ íåñòàáèëü-
íîñòüþ è ñêëîííîñòüþ ê ïîãàñàíèþ ðàçðÿäà. Êðî-

ìå òîãî, â õîäå èñïûòàíèé çàôèêñèðîâàí çíà÷è-
òåëüíûé ïåðåãðåâ ìèíèàòþðíîé êîíñòðóêöèè, ÷òî
ïðèâîäèëî ê ÷àñòûì îòêëþ÷åíèÿì óñêîðèòåëÿ.
Ñëåäóåò çàìåòèòü, ÷òî èìåþùàÿñÿ íà èñïûòàòåëü-
íîì ñòåíäå ñèñòåìà èçìåðåíèÿ óñèëèé â íàñòîÿ-
ùåå âðåìÿ íå ïîçâîëÿåò ñ âûñîêîé òî÷íîñòüþ çà-
ðåãèñòðèðîâàòü ñòîëü ìàëûå çíà÷åíèÿ ñèëû òÿãè-
 (ïîðÿäêà 0,1 ìÍ). Ñëåäîâàòåëüíî, äîñòîâåðíîñòü
çàðåãèñòðèðîâàííûõ çíà÷åíèé ñîçäàâàåìîé óñêî-
ðèòåëåì ñèëû òÿãè íå ÿâëÿåòñÿ àáñîëþòíîé.

Îäíîé èç îñíîâîïîëàãàþùèõ çàäà÷ ïðè èñïû-
òàíèÿõ óñêîðèòåëÿ PshiK-D13 ÿâëÿåòñÿ îáåñïå÷å-
íèå âîçìîæíîñòè ðàáîòû óñêîðèòåëÿ íà ñòàöèî-
íàðíîì òåïëîâîì ðåæèìå (ò.å. ïðè äîñòèæåíèè
ìàêñèìàëüíûõ çíà÷åíèé òåìïåðàòóð â ýëåìåíòàõ
êîíñòðóêöèè ïðè ðàáîòå óñêîðèòåëÿ), ÷òî ïðåä-

Ðèñ. 3. Ïðèíöèïèàëüíûå ñõåìû ïëàçìåííûõ äâèãàòåëåé: 1à – çàùèòíûå êîëüöà; 1á – êîàêñèàëüíàÿ ÐÊ; 1â –
âûõîäíûå êåðàìè÷åñêèå êîëüöà; 2à – ìåòàëëè÷åñêèé ïîëûé àíîä-ãàçîðàñïðåäåëèòåëü; 2á – ìåòàëëè÷åñêèé àíîä-
ãàçîðàñïðåäåëèòåëü; 2â – ïîëûé ìàãíèòíûé àíîä-ãàçîðàñïðåäåëèòåëü; 3 – ãåîìåòðè÷åñêàÿ îñü ñèììåòðèè äâèãà-
òåëÿ; 4 – êàòóøêè íàìàãíè÷èâàíèÿ/ïîñòîÿííûå ìàãíèòû

                        ÄÀÑ                                            ÑÏÄ                                                 ÏëàÑ

Ðèñ. 4. Óñêîðèòåëü PshiK-D13: à — îáùèé âèä ìîäåëè; á — ìîäåëü ïðè ðàáîòå âî âðåìÿ îãíåâûõ èñïûòàíèé

à) á)
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ñòàâëÿåò ñîáîé òðóäíîðàçðåøèìóþ çàäà÷ó âñëåä-
ñòâèå îñîáåííîñòåé êîìïîíîâêè ìàãíèòíîé è
ðàçðÿäíîé ñèñòåì ìàëûõ ðàçìåðîâ. Â ðåçóëüòàòå
íåñêîëüêèõ èòåðàöèé îïûòíî-èññëåäîâàòåëüñêèõ
ðàáîò ñîçäàí êîíñòðóêòèâíûé âàðèàíò óñêîðèòå-
ëÿ PshiK-D13, âî âðåìÿ èñïûòàíèé êîòîðîãî óäà-
ëîñòü ïîëó÷èòü ðàáîòó íà ñòàöèîíàðíîì òåïëîâîì
ðåæèìå ïðè ìîùíîñòè ðàçðÿäà 18 Âò. Ýêñïåðè-
ìåíòàëüíî çàðåãèñòðèðîâàííûå ðàáî÷èå ïàðàìåò-
ðû óñêîðèòåëÿ PshiK-D13 íà ñòàöèîíàðíîì òåï-
ëîâîì ðåæèìå ïðåäñòàâëåíû â òàáë. 2. Êðîìå òîãî,
âûïîëíåíà äîðàáîòêà êîíñòðóêöèè ìàãíèòíîé

ñèñòåìû óñêîðèòåëÿ ñ öåëüþ îïòèìèçàöèè ïàðà-
ìåòðîâ òîïîëîãèè ìàãíèòíîãî ïîëÿ äëÿ îáåñïå÷å-
íèÿ ñòàáèëüíîãî ðàáî÷åãî ïðîöåññà èîíèçàöèè è
óñêîðåíèÿ.

Äîñòèæåíèå óñêîðèòåëåì PshiK-D13 òðåáóå-
ìûõ ïàðàìåòðîâ è ñòàáèëüíîãî ðàáî÷åãî ïðîöåñ-
ñà ïîçâîëèëî èíèöèèðîâàòü äàëüíåéøèé ýòàï ïðî-
âåäåíèÿ íàó÷íî-èññëåäîâàòåëüñêèõ ðàáîò ïî íà-
ïðàâëåíèþ ðàçðàáîòêè ÏÄ ÑÌÌ ÏëàÑ-10 è
ÏëàÑ-10Ñ.

Ïëàçìåííûå äâèãàòåëè ñâåðõìàëîé ìîùíîñòè
ÏëàÑ-10 è ÏëàÑ-10Ñ

Äâèãàòåëè ÏëàÑ-10 è ÏëàÑ-10Ñ ÿâëÿþòñÿ ðå-
çóëüòàòîì îáúåäèíåíèÿ ïåðñïåêòèâíîé, ïî ìíå-
íèþ àâòîðîâ, êîíöåïöèè äâèãàòåëåé ñåðèè ÏëàÑ
ñ íîâîé ìèíèàòþðèçèðîâàííîé êîíñòðóêöèåé,
àïðîáèðîâàííîé â óñêîðèòåëå PshiK-D13. Êëþ÷å-
âûå îñîáåííîñòè ðàçðàáîòàííîãî ðàíåå â ÎÊÁ
«Ôàêåë» ïàðàìåòðè÷åñêîãî ðÿäà äâèãàòåëåé ñõå-
ìû ÏëàÑ (â äèàïàçîíå ìîùíîñòåé ðàçðÿäà îò
100 Âò äî 6 êÂò [28]) çàêëþ÷àþòñÿ íå òîëüêî â êîì-

áèíèðîâàííîì ñòðîåíèè ÐÊ, íî è â õàðàêòåðèñ-
òè÷åñêèõ ñîîòíîøåíèÿõ, îïðåäåëÿþùèõ îñíîâíûå
ãåîìåòðè÷åñêèå ðàçìåðû ÐÊ äâèãàòåëåé (Lê – äëè-
íà ÐÊ; bê – øèðèíà ÐÊ; bï0 – øèðèíà ïîòîêà çà-
ðÿæåííûõ ÷àñòèö â çîíå óñêîðåíèÿ ÐÊ) è îáîñîá-
ëÿþùèõ äâèãàòåëè ñõåìû ÏëàÑ îò êîíñòðóêòèâ-
íûõ ñõåì ÑÏÄ è ÄÀÑ [30]:

ê ê ê ï0 ï0(1 / 1,5, 0 – / 1.)L b b b b£ < < <

Â ñëó÷àå ÏÄ ÑÌÌ ÏëàÑ-10 è ÏëàÑ-10Ñ õà-
ðàêòåðèñòè÷åñêèå ñîîòíîøåíèÿ ìåæäó îñíîâíû-
ìè ðàçìåðàìè ÐÊ íåñêîëüêî îòëè÷àþòñÿ îò ðàç-

ðàáîòàííûõ ðàíåå â ÎÊÁ «Ôàêåë» äâèãàòåëåé ñõå-
ìû ÏëàÑ:

ê ê ê ï0 ï0/ 1 1( ), 0 – / .L b b b b> < <

Äâèãàòåëè ÏëàÑ-10 è ÏëàÑ-10Ñ õàðàêòåðèçó-
þòñÿ óäëèíåííîé ÐÊ (Lê / bê > 1) â ñðàâíåíèè ñ
ðàçðàáîòàííûìè ðàíåå äâèãàòåëÿìè ñõåìû ÏëàÑ,
÷òî îáóñëîâëåíî íåîáõîäèìîñòüþ âûäåðæàòü ìè-
íèìàëüíî íåîáõîäèìûé ðàáî÷èé îáúåì ìèíè-
àòþðíîé ÐÊ äëÿ îáåñïå÷åíèÿ ñòàáèëüíîãî ðàáî-
÷åãî ïðîöåññà èîíèçàöèè è óñêîðåíèÿ. Â ñâîþ
î÷åðåäü, îñîáåííîñòè êîíñòðóêöèè ÐÊ äâèãàòåëåé
ÏëàÑ-10 è ÏëàÑ-10Ñ, ïîçâîëÿþùèå óìåíüøèòü
÷àñòîòó ñòîëêíîâåíèé çàðÿæåííûõ ÷àñòèö ñî ñòåí-
êàìè ÐÊ è, òåì ñàìûì, ïîâûøàþùèå ðåñóðñ äâè-
ãàòåëÿ, âûäåðæèâàþòñÿ â ñîîòâåòñòâèè ñ ðàçðàáî-
òàííûì ïàðàìåòðè÷åñêèì ðÿäîì äâèãàòåëåé ñõå-
ìû ÏëàÑ (0 < (bê – bï0)/bï0 < 1).

Ïðè ðàçðàáîòêå äâèãàòåëåé ÏëàÑ-10 è
ÏëàÑ-10Ñ îñíîâíûå óñèëèÿ íàïðàâëåíû íà îáåñ-
ïå÷åíèå êëþ÷åâûõ ïàðàìåòðîâ äàííûõ èçäåëèé:

Òàáëèöà 2

Ðàáî÷èå ïàðàìåòðû óñêîðèòåëÿ PshiK-D13 íà ñòàöèîíàðíîì òåïëîâîì ðåæèìå

Ïàðàìåòð Çíà÷åíèå 

Íàïðÿæåíèå ðàçðÿäà, Â 150 

Òîê ðàçðÿäà, À 0,12 

Ìîùíîñòü ðàçðÿäà, Âò 18 

Òÿãà, ìÍ 0,6 

Àíîäíûé óäåëüíûé èìïóëüñ, ñ 517 

Ìàññîâûé ñåêóíäíûé ðàñõîä ðàáî÷åãî òåëà â àíîä, ìã/ñ 0,116 

Àíîäíûé ÊÏÄ 0,083 

Цåíà òÿãè, Âò/ìÍ 30 

Ìàññà, êã 0,4 
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ñâåðõìàëîé ìîùíîñòè ðàçðÿäà è âûñîêîé òÿãîâîé
ýôôåêòèâíîñòè. Äâèãàòåëü ÏëàÑ-10 ïîñòðîåí íà
áàçå âíóòðåííåãî öèëèíäðè÷åñêîãî àíîäà è ñîäåð-
æèò â ñâîåì ñîñòàâå ðàçðàáîòàííûé ðàíåå â ÎÊÁ
«Ôàêåë» ìàëîðàñõîäíûé ïîëûé êàòîä-êîìïåíñà-
òîð (ñ ðàñõîäîì ðàáî÷åãî òåëà íå áîëåå 0,1 ìã/ñ),
õàðàêòåðèçóþùèéñÿ îòíîñèòåëüíî áîëüøèìè
(ïðèìåíèòåëüíî ê ïðîåêòó ÝÐÄ äëÿ ÌÊÀ) ýíåð-
ãåòè÷åñêèìè è ìàññîãàáàðèòíûìè õàðàêòåðèñòè-
êàìè. Ñ öåëüþ äàëüíåéøåãî óëó÷øåíèÿ èíòåãðàëü-
íûõ è ìàññîãàáàðèòíûõ ïàðàìåòðîâ èçäåëèÿ ðàç-
ðàáîòàí âàðèàíò êîíñòðóêöèè ïëàçìåííîãî äâè-
ãàòåëÿ ÏëàÑ-10Ñ, èñïîëüçóþùèé â ñâîåì ñîñòà-
âå âíîâü ðàçðàáîòàííûé òåðìîýìèññèîííûé êà-
òîä-êîìïåíñàòîð ñ ïðîâîëî÷íûì ýìèòòåðîì ïðÿ-
ìîãî íàêàëà, òðåáóþùèé äëÿ ôóíêöèîíèðîâàíèÿ
áîëåå íèçêîé ýëåêòðè÷åñêîé ìîùíîñòè. Êðîìå
òîãî, â öåëÿõ ýêñïåðèìåíòàëüíîãî îïðåäåëåíèÿ
íàèëó÷øåé êîíôèãóðàöèè àíîäà â äâèãàòåëå
ÏëàÑ-10Ñ ïðèìåíåí íàðóæíûé öèëèíäðè÷åñêèé
àíîä. Âíåøíèé âèä ýëåêòðîííûõ ìîäåëåé ðàçðà-
áàòûâàåìûõ äâèãàòåëåé ïðåäñòàâëåí íà ðèñ. 5. Â
êîíñòðóêöèþ äâèãàòåëåé çàëîæåí âûñîêèé ïîòåí-
öèàë ìîäåðíèçàöèè, ïîçâîëÿþùèé ïîääåðæèâàòü
êîíêóðåíòî-ñïîñîáíîñòü äàííûõ ÏÄ ÑÌÌ â óñ-
ëîâèÿõ ñòðåìèòåëüíî ïîâûøàþùåãîñÿ ìèðîâîãî
òåõíè÷åñêîãî óðîâíÿ ðàçðàáîòîê ÝÐÄ.

Â ñîîòâåòñòâèè ñ âûïîëíåííûì ðàíåå èññëå-
äîâàíèåì èçâåñòíîãî òåõíè÷åñêîãî óðîâíÿ ðàçðà-
áîòîê ÏÄ ÑÌÌ îñóùåñòâëåí ïðîãíîç îáëàñòè
ïåðñïåêòèâíûõ ðàçðàáîòîê – äèàïàçîíîâ ñîâîêóï-
íîñòè çíà÷åíèé ìîùíîñòè ðàçðÿäà è óäåëüíîãî

èìïóëüñà íîâîãî äâèãàòåëÿ, õàðàêòåðèçóþùåãî åãî
êàê óíèêàëüíûé è êîíêóðåíòîñïîñîáíûé íà ðûí-
êå êîñìè÷åñêèõ óñëóã íàñòîÿùåãî è áóäóùåãî.
Ïðîåêòíûå ïàðàìåòðû ðàçðàáàòûâàåìûõ ÏÄ
ÑÌÌ ÏëàÑ-10 è ÏëàÑ-10Ñ, ïðåäñòàâëåííûå â
òàáë. 3, ðàñïîëàãàþòñÿ â ïðåäåëàõ îáëàñòè ïåðñ-
ïåêòèâíûõ ðàçðàáîòîê, ÷òî íàãëÿäíî ïðåäñòàâëåíî
íà ðèñ. 6.

Êëþ÷åâûìè ñòðóêòóðíî-ôóíêöèîíàëüíûìè
ýëåìåíòàìè, îïðåäåëÿþùèìè ïðèíöèïèàëüíóþ
êîíöåïöèþ è íîâèçíó òåõíè÷åñêèõ ðåøåíèé äâè-
ãàòåëåé ÏëàÑ-10 è ÏëàÑ-10Ñ, ÿâëÿþòñÿ îñíîâíûå
ýëåìåíòû ìàãíèòíîé è ðàçðÿäíîé ñèñòåì. Èííî-
âàöèîííûå òåõíè÷åñêèå ðåøåíèÿ, ïðèìåíåííûå â
êîíñòðóêöèè ìàãíèòíûõ ñèñòåì ðàçðàáàòûâàåìûõ
äâèãàòåëåé, çàùèùåíû ïàòåíòîì ÐÔ [31]. Ïðèí-
öèïû äåéñòâèÿ ÏëàÑ-10 è ÏëàÑ-10Ñ â îñíîâíîì
àíàëîãè÷íû ïðèíöèïó äåéñòâèÿ ÑÏÄ. Âíåøíèé
âèä ìàêåòà äâèãàòåëÿ ÏëàÑ-10Ñ ïðåäñòàâëåí íà
ðèñ. 7.

Äàëüíåéøèå ðàáîòû ïî ïðîåêòó

1. Ïðîäîëæàåòñÿ ïîèñê íîâûõ êîíñòðóêòèâíûõ
ðåøåíèé ñ èñïîëüçîâàíèåì óñêîðèòåëÿ PshiK-D13,
â ÷àñòíîñòè ðàçðàáàòûâàåòñÿ êîíñòðóêòèâíàÿ âåð-
ñèÿ óñêîðèòåëÿ ñ óëó÷øåííîé òåïëîâîé ñõåìîé.

2. Â íàïðàâëåíèè ðàçðàáîòêè ÏÄ ÑÌÌ çàïëà-
íèðîâàíî èçãîòîâëåíèå îòðàáîòî÷íûõ ìîäåëåé
äâèãàòåëåé ÏëàÑ-10 è ÏëàÑ-10Ñ ñ ïîñëåäóþùèì
ïðîâåäåíèåì èõ äåìîíñòðàöèîííûõ èñïûòàíèé è
êâàëèôèêàöèåé.

Ðèñ. 5. Âíåøíèé âèä ýëåêòðîííûõ ìîäåëåé ðàçðàáàòûâàåìûõ ÏÄ ÑÌÌ: à — ÏëàÑ-10; á — ÏëàÑ-10Ñ

à) á)
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3. Â ðàìêàõ ïðîãðàììû ïî öèôðîâèçàöèè
ñòðóêòóð ïðåäïðèÿòèÿ ÎÊÁ «Ôàêåë» âåñü æèçíåí-
íûé öèêë ðàçðàáàòûâàåìûõ äâèãàòåëåé áóäåò îñó-
ùåñòâëåí ïóòåì ýëåêòðîííîãî äîêóìåíòîîáîðîòà
â PDM/PLM-ñèñòåìå.

Âûâîäû

Â ðåçóëüòàòå âûïîëíåííûõ ðàáîò áûëè èçãî-
òîâëåíû è èñïûòàíû íåñêîëüêî êîíñòðóêòèâíûõ
âàðèàíòîâ ëàáîðàòîðíîé ìîäåëè óñêîðèòåëÿ
PshiK-D13. Ïðîâåäåíà ñåðèÿ îïûòíî-èññëåäîâà-
òåëüñêèõ ðàáîò, íåîáõîäèìàÿ äëÿ äàëüíåéøåãî
ïðîåêòèðîâàíèÿ ðàçëè÷íûõ ìîäèôèêàöèé êîíñò-
ðóêöèè óñêîðèòåëÿ PshiK-D13 è äâèãàòåëåé
ÏëàÑ-10 è ÏëàÑ-10Ñ.

ÌÊÀ áëèæàéøåãî áóäóùåãî, ïîñòðîåííûå íà
áàçå ÏÄ ÑÌÌ ÏëàÑ-10 è ÏëàÑ-10Ñ, áóäóò ñïî-
ñîáíû âûïîëíÿòü âñå âèäû ïîòåíöèàëüíûõ ïîëåò-
íûõ çàäà÷, òðåáóþùèå âûñîêèõ çíà÷åíèé äîñòóï-

Òàáëèöà 3

Ïðîåêòíûå ïàðàìåòðû ðàçðàáàòûâàåìûõ ÏÄ ÑÌÌ ÏëàÑ-10 è ÏëàÑ-10Ñ

Ðèñ. 6. Îáëàñòü ïåðñïåêòèâíûõ ðàçðàáîòîê ÏÄ ÑÌÌ

Ïðîåêòíûé ïàðàìåòð Çíà÷åíèå 

Ìîùíîñòü ðàçðÿäà, Âò 36 

Òÿãà, ìÍ, íå ìåíåå 1 

Óäåëüíûé èìïóëüñ, ñ, íå ìåíåå 500 

Ìàññîâûé ñåêóíäíûé ðàñõîä ðàáî÷åãî òåëà â àíîä, ìã/ñ 0,2 

Òÿãîâàÿ ýôôåêòèâíîñòü, % 12…14 

Ìàññà, êã 0,35 

Ðèñ. 7. Âíåøíèé âèä ìàêåòà ÏÄ ÑÌÌ ÏëàÑ-10Ñ
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íîãî íà áîðòó ÌÊÀ ñóììàðíîãî èìïóëüñà òÿãè: îò
ïîääåðæàíèÿ ïàðàìåòðîâ îòíîñèòåëüíîãî ïîëîæå-
íèÿ ÌÊÀ â ñîñòàâå ñòðîãîé ôîðìàöèè íèçêîîð-
áèòàëüíûõ ìíîãîñïóòíèêîâûõ ñèñòåì è äî îñóùå-
ñòâëåíèÿ ïîëåòîâ èññëåäîâàòåëüñêèõ ÌÊÀ â äàëü-
íåå êîñìè÷åñêîå ïðîñòðàíñòâî. Ïðè ýòîì âûñî-
êèé ïîòåíöèàë ìîäåðíèçàöèè, çàëîæåííûé â êîí-
ñòðóêöèþ äâèãàòåëåé íà ñòàäèè ðàçðàáîòêè, îïðå-
äåëÿåò âîçìîæíîñòü ïîâûøåíèÿ òÿãîâûõ è ýíåð-
ãåòè÷åñêèõ õàðàêòåðèñòèê äâèãàòåëåé ñ òå÷åíèåì
âðåìåíè — êëþ÷åâîé ôàêòîð, ñïîñîáíûé ïîääåð-
æèâàòü âûñîêèé óðîâåíü êîíêóðåíòîñïîñîáíîñòè
ÏëàÑ-10 è ÏëàÑ-10Ñ â äàëüíåéøåì. Ðåàëèçàöèþ
ïðîåêòà ïî ðàçðàáîòêå äâèãàòåëåé ÏëàÑ-10 è
ÏëàÑ-10Ñ ïëàíèðóåòñÿ îñóùåñòâèòü ïî ïèëîòíî-
ìó ïðîåêòèðîâàíèþ ñ èñïîëüçîâàíèåì ýëåêòðîí-
íîé äîêóìåíòàöèè, ÷òî â ïåðñïåêòèâå ñíèçèò âðå-
ìåííûå èçäåðæêè ïðîèçâîäñòâà äî ìèíèìàëüíûõ
çíà÷åíèé.

Ê îñíîâíûì ñëîæíîñòÿì ïðîåêòà îòíîñÿòñÿ
ïîèñê è îòðàáîòêà êîíñòðóêòèâíûõ ðåøåíèé,
íàïðàâëåííûõ íà íèâåëèðîâàíèå êàê íåñòàáèëü-
íîñòè ðàáî÷èõ ïðîöåññîâ èîíèçàöèè è óñêîðåíèÿ
â ÐÊ äâèãàòåëåé ñâåðõìàëîé ìîùíîñòè, òàê è
ïåðåãðåâà ìèíèàòþðíîé êîíñòðóêöèè â ïðîöåññå
åãî ðàáîòû. Êðîìå òîãî, ðÿä èññëåäîâàíèé íàïðàâ-
ëåí íà ïîâûøåíèå âðåìåíè áåçîòêàçíîé ðàáîòû
äâèãàòåëåé. Íà äàëüíåéøèõ ýòàïàõ ñîçäàíèÿ äâè-
ãàòåëåé ïðåäïîëàãàåòñÿ ðåøèòü óêàçàííûå ïðîáëå-
ìû.
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Abstract

The article presents an overview and current
development status at the EDB Fakel of prospective
PlaS-10 and PlaS-10S very low-power plasma
thrusters to be applied as a part of small spacecraft.
The study of the world technical level of plasma

DEVELOPMENT OF VERY LOW-POWER PLAS-TYPE PLASMA THRUSTERS

Kaplin M.A., Mitrofanova O.A., Bernikova M.Yu.*

Experimental Design Bureau “Fakel” (EDB Fakel),
181, Moskovsky av., Kaliningrad, 236001, Russia

* e-mail: info@fakel-russia.com

thruster development was performed. General
requirements defining competiveness and high
commercialization potential of the thrusters, being
developed at the EDB Fakel on the world space
market were set forth. The article recounts a brief
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chronology of the design stages, demonstrates
experimental results of the thruster laboratory
prototype testing, and recounts further tasks to be
fulfilled on this project.

Perspective spaceflight tasks require from small
spacecraft an autonomous execution of orbit
maneuvers both in the near-Earth and in
interplanetary space, for which a low power propulsion
system, capable of functioning under conditions of the
small spacecraft onboard power supply deficit (up to
100 W) is necessary. The super low power plasma
thrusters can fill the empty niche [1] of the small
spacecraft movement control systems, and provide the
small spacecraft of potential customer with high values
of the total thrust impulse for orbital maneuvers
performing.

To secure the EDB Fakel leading position at the
small spacecraft world market, scientific and research
works on developing PlaS-10 and PlaS-10S
competitive plasma thrusters of very low-power and
enhanced thrust efficiency, based on brand new technical
solutions, were initiated. PlaS-10 and PlaS-10S thrusters
are the result of the previously developed PlaS-type
thrusters concept adaptation at EDB Fakel for very
low-power applications [2]. While the PlaS-10 and
PlaS-10S thrusters developing the primary efforts are
aimed at ensuring the key parameters of these products
such as a very low discharge power and high thrust
efficiency. The standard size type of the products being
developed is the mean diameter of their discharge
chambers, which is equal to 10 mm. The PlaS-10
thruster is based on an inner cylindrical anode, and
contains a low flow rate hollow cathode-compensator
previously developed by EDB Fakel, characterized by
relatively high (as applied to a small spacecraft)
energetic and mass and size parameters. With the
purpose to further improving integral and mass and
size parameters of the product, an option of the
PlaS-10S structure, employing newly developed
thermo-emission cathode-compensator with directly
heated filament emitter, requiring less electric power
for its functioning, was developed. Besides, the
external cylindrical anode was implemented to
determine experimentally the best anode configuration
in the PlaS-10S thruster.

The small spacecraft of the nearest future based
on PlaS-10 and PlaS-10S super low power plasma
thrusters will be able to accomplish all types of
potential flight tasks, requiring high values of the total
thrust impulse available onboard a small spacecraft.
These tasks may range from maintaining relative
position of a small spacecraft as a part of strict
formation of low-orbit multi-satellite systems to

accomplishing the exploratory small spacecraft flights
into deep space. The high potential of modernization
herewith, encumbered into the thruster structure at the
stage of development, defines the possibility of
thrusters’ thrust and energy characteristics enhancing
with the course of time, which is the key factor capable
of ensuring the high level of the PlaS-10 and
PlaS-10S competiveness supporting in the future.

Keywords: Hall’s thruster, plasma thruster, plasma
accelerator, very low-power, super low size, small
spacecraft, CubeSat.
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