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Ââåäåíèå

Áîëüøèíñòâî ìåòîäîâ êîíòðîëÿ ñîñòîÿíèÿ
òåõíè÷åñêèõ îáúåêòîâ â òîì èëè èíîì âèäå èñ-
ïîëüçóþò òàê íàçûâàåìûé êîíòðîëü ïî íîðìàòèâó
— îöåíêó òåêóùèõ çíà÷åíèé èçìåðÿåìûõ ïàðà-
ìåòðîâ ñ òî÷êè çðåíèÿ èõ íàõîæäåíèÿ âíóòðè
çàðàíåå îïðåäåëåííûõ äèàïàçîíîâ. Îáîñíîâàííîå
ïðåäâàðèòåëüíîå îïðåäåëåíèå äèàïàçîíîâ èçìå-
íåíèÿ èçìåðÿåìûõ ïàðàìåòðîâ, ñîîòâåòñòâóþùèõ
íîðìàëüíîé ðàáîòå îáúåêòà êîíòðîëÿ, íå òðèâè-
àëüíî, òðåáóåò ýêñïåðòíîãî àíàëèçà áîëüøîãî
îáúåìà ýêñïåðèìåíòàëüíûõ äàííûõ, ïðîãíîçíîãî
ìîäåëèðîâàíèÿ, à ëþáàÿ ìîäåðíèçàöèÿ îáúåêòà
âûíóæäàåò íà÷èíàòü ýòó ðàáîòó ñíà÷àëà.

Õàðàêòåðíûì ïðèìåðîì òàêèõ ìåòîäîâ ÿâëÿ-
þòñÿ àëãîðèòìû, èñïîëüçóåìûå â ñèñòåìàõ àâà-
ðèéíîé çàùèòû (ÑÀÇ) [1, 2]. Äåéñòâèòåëüíî,
ïðåäâàðèòåëüíûé àíàëèç âîçìîæíûõ àâàðèéíûõ
ñîñòîÿíèé, â òîì ÷èñëå ìîäåëèðóåìûõ, ïîçâîëÿåò
çàðàíåå îïðåäåëèòü ñîîòâåòñòâóþùèå ãðàíè÷íûå
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Ïðåäëàãàåòñÿ ìåòîä êîíòðîëÿ òåêóùåãî ñîñòîÿíèÿ æèäêîñòíîãî ðàêåòíîãî äâèãàòåëÿ (ÆÐÄ) íà ñòàöèîíàð-
íûõ è ïåðåõîäíûõ ðåæèìàõ ñòåíäîâîãî îãíåâîãî èñïûòàíèÿ. Ïðåäïîëàãàåòñÿ, ÷òî íåèñïðàâíîñòü ÆÐÄ ÿâëÿåò-
ñÿ îäíîé èç âîçìîæíûõ ïðè÷èí èçìåíåíèÿ ñòàòèñòè÷åñêèõ õàðàêòåðèñòèê òåëåìåòðèè, ïîëó÷åííûõ äî ìîìåíòà
âîçíèêíîâåíèÿ íåèñïðàâíîñòè. Â ìåòîäå èñïîëüçîâàí àëãîðèòì ñòàòèñòè÷åñêîãî àíàëèçà ñ èñïîëüçîâàíèåì
êðèòåðèÿ Ñòüþäåíòà. Êîíòðîëü òåêóùåãî ñîñòîÿíèÿ äâèãàòåëÿ íà îñíîâå äàííîãî ìåòîäà îñóùåñòâëÿåòñÿ â ðåæèìå
íåïðåðûâíîãî ñêàíèðîâàíèÿ òåëåìåòðèè ìåäëåííî ìåíÿþùèõñÿ ïàðàìåòðîâ è îáåñïå÷èâàåò îïåðàòèâíîå ïðè-
íÿòèå ðåøåíèÿ î ïðåêðàùåíèè èñïûòàíèÿ íåèñïðàâíîãî äâèãàòåëÿ. Ìåòîä íå òðåáóåò ïðåäâàðèòåëüíûõ îöå-
íîê ãðàíèö êðèòåðèåâ íîðìàëüíîé ðàáîòû êîíòðîëèðóåìîãî ÆÐÄ è àäàïòèâåí ê ðåæèìàì åãî ðàáîòû â øèðî-
êèõ äèàïàçîíàõ èçìåíåíèÿ òÿãè è ñîîòíîøåíèÿ êîìïîíåíòîâ òîïëèâà.

Êëþ÷åâûå ñëîâà: ÆÐÄ, êîíòðîëü ñîñòîÿíèÿ äâèãàòåëÿ, ñòàòèñòè÷åñêèå ìåòîäû, àíîìàëüíûå ïîãðåøíîñòè
èçìåðåíèé, êðèòåðèé Ñòüþäåíòà.

çíà÷åíèÿ ïàðàìåòðîâ îáúåêòà êîíòðîëÿ è â ñëó-
÷àå ïðèáëèæåíèÿ ê íàçíà÷åííûì ãðàíèöàì ñôîð-
ìèðîâàòü êîìàíäó ÑÀÇ íà ïðåêðàùåíèå èñïûòà-
íèÿ. Â ñèñòåìàõ ôóíêöèîíàëüíîé äèàãíîñòèêè
êàê ÆÐÄ, òàê è äðóãèõ ñëîæíûõ òåõíè÷åñêèõ
îáúåêòîâ [3—11] âîçíèêíîâåíèå íåèñïðàâíîñòè
îïðåäåëÿåòñÿ ïî óðîâíÿì íåâÿçîê çíà÷åíèé èç-
ìåðÿåìûõ è ìîäåëèðóåìûõ ïàðàìåòðîâ äâèãàòå-
ëÿ è äîïóñòèìûå äèàïàçîíû íåâÿçîê òàêæå íàçíà-
÷àþòñÿ â ðåçóëüòàòå àíàëèçà ïðåäûäóùèõ èñïû-
òàíèé.

Â òî æå âðåìÿ ñîâðåìåííîé òåíäåíöèåé ðàç-
âèòèÿ ìåòîäîâ êîíòðîëÿ êàê â Ðîññèè [12, 13], òàê
è çà ðóáåæîì [14, 15] ÿâëÿåòñÿ ïåðåõîä îò êîíò-
ðîëÿ ñîñòîÿíèÿ îáúåêòà êîíòðîëÿ ïî íîðìàòèâó
ê êîíòðîëþ ïî òåêóùåìó ñîñòîÿíèþ, êîòîðûé íå
òðåáóåò ïðåäâàðèòåëüíîãî àíàëèçà ãðàíèö êðèòå-
ðèåâ, ñîîòâåòñòâóþùèõ èñïðàâíîé ðàáîòå êîíò-
ðîëèðóåìîãî îáúåêòà, ò.ê. àíàëèçèðóþò åãî ñîñòî-
ÿíèå â äàííûé ìîìåíò âðåìåíè è ïî ðåçóëüòàòàì
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òàêîãî àíàëèçà ïðèíèìàþò ðåøåíèå î åãî äàëü-
íåéøåé ýêñïëóàòàöèè.

Ïðåäëîæåííûé â íàñòîÿùåé ðàáîòå ìåòîä
ÿâëÿåòñÿ ìåòîäîì êîíòðîëÿ ïî òåêóùåìó ñîñòî-
ÿíèþ ñîâðåìåííîãî ìîùíîãî ÆÐÄ è ïðåäíàçíà-
÷åí äëÿ ïðèìåíåíèÿ â òåìïå ïîñòóïëåíèÿ ñèãíà-
ëîâ òåëåìåòðèè ïðè îãíåâîì èñïûòàíèè íà ñòåí-
äå. Ìåòîä ïîçâîëÿåò îöåíèòü òåêóùåå ñîñòîÿíèå
äâèãàòåëÿ êàê íà ñòàöèîíàðíûõ, òàê è íà ïåðå-
õîäíûõ ðåæèìàõ áåç èñïîëüçîâàíèÿ ñòàòèñòèêè
ïðåäøåñòâóþùèõ èñïûòàíèé.

Â ýòîì ñëó÷àå êàæäàÿ êîíêðåòíàÿ ñèòóàöèÿ
ðàññìàòðèâàåòñÿ êàê ïðîäîëæåíèå ïðåäûäóùåé
ðàáîòû äâèãàòåëÿ íà ðàññìàòðèâàåìîì ðåæèìå,
äëÿ ÷åãî ñòàòèñòè÷åñêè ïîäòâåðæäàåòñÿ ñîîòâåò-
ñòâèå èëè íåñîîòâåòñòâèå òåêóùåãî ñîñòîÿíèÿ
äâèãàòåëÿ ïðåäûñòîðèè ýòîãî ñîñòîÿíèÿ, êîòîðàÿ,
ïî ðåçóëüòàòàì ïðåäûäóùåãî àíàëèçà, ïðèçíàíà
ñîîòâåòñòâóþùåé èñïðàâíîé ðàáîòå äâèãàòåëÿ.

Ôîðìàëüíî òàêàÿ ïðåäûñòîðèÿ, êàê è èíôîð-
ìàöèÿ î òåêóùåì ñîñòîÿíèè äâèãàòåëÿ, ÿâëÿåò-
ñÿ ñîâîêóïíîñòüþ èçìåðåíèé åãî ïàðàìåòðîâ, ïî-
ëó÷åííûõ, íà÷èíàÿ ñ íà÷àëüíîé òî÷êè êîíòðîëÿ,
äî ðàññìàòðèâàåìîé.

1. Ïîñòàíîâêà çàäà÷è

Çàäà÷à ñîñòîèò â ðàçðàáîòêå ìåòîäà êîíòðî-
ëÿ ñîñòîÿíèÿ ÆÐÄ â ðåæèìå ðåàëüíîãî âðåìåíè
èñïûòàíèÿ áåç ïðåäâàðèòåëüíîãî íàçíà÷åíèÿ äî-
ïóñêîâ íà çíà÷åíèÿ èçìåðÿåìûõ ïàðàìåòðîâ äâè-
ãàòåëÿ, ñîîòâåòñòâóþùèõ åãî íîðìàëüíîìó ôóí-
êöèîíèðîâàíèþ íà ñòàöèîíàðíûõ è ïåðåõîäíûõ
ðåæèìàõ èñïûòàíèÿ â øèðîêîì äèàïàçîíå ïî
óðîâíþ òÿãè è ñîîòíîøåíèþ êîìïîíåíòîâ òîï-
ëèâà. Â ðàìêàõ äàííîé ðàáîòû ïîä êâàçèñòàöè-
îíàðíûìè ïåðåõîäíûìè ðåæèìàìè ïîíèìàþòñÿ
ðåæèìû ïåðåõîäà ñ îäíîãî ñòàöèîíàðíîãî ðåæè-
ìà íà äðóãîé ïðè äðîññåëèðîâàíèè è ôîðñèðî-
âàíèè äâèãàòåëÿ.

Îáúåêòîì êîíòðîëÿ ÿâëÿåòñÿ ñîâðåìåííûé
ìîùíûé êèñëîðîäíî-êåðîñèíîâûé ÆÐÄ, âûïîë-
íåííûé ïî ñõåìå äîæèãàíèÿ ãåíåðàòîðíîãî ãàçà
â êàìåðå ñãîðàíèÿ.

Ñîñòîÿíèå äâèãàòåëÿ êîíòðîëèðóåòñÿ â òåì-
ïå ïîñòóïëåíèÿ ðåçóëüòàòîâ èçìåðåíèé ìåäëåí-
íî ìåíÿþùèõñÿ ïàðàìåòðîâ (ÌÌÏ) ñ äèñêðåò-
íîñòüþ ïî âðåìåíè 0,002—0,005 ñ, ÷òî îáåñïå÷è-
âàåò äîñòàòî÷íûé îáú¸ì âûáîðêè âðåìåííîãî
ðÿäà äëÿ êàæäîãî êîíòðîëèðóåìîãî ïàðàìåòðà íà
ìàëûõ èíòåðâàëàõ âðåìåíè 0,02—0,05 ñ. Ýòîò
èíòåðâàë êàäðà êîíòðîëÿ âïîëíå ïðèåìëåì ïðè
êîíòðîëå ìåäëåííî ðàçâèâàþùèõñÿ íåèñïðàâíî-
ñòåé. Ïðè ýòîì áûñòðîäåéñòâèå ñîâðåìåííûõ

àïïàðàòíûõ ñðåäñòâ îïðåäåëåíèÿ âðåìåíè âîç-
íèêíîâåíèÿ íåèñïðàâíîñòè è åå ëîêàëèçàöèè íå
ïðåâûøàåò 0,1 ñ [16—19].

Ìîæíî ïðåäïîëîæèòü, íå íàðóøàÿ ôèçè÷íî-
ñòè ïîñòàâëåííîé çàäà÷è, ÷òî ïðè÷èíîé àíîìàëü-
íûõ èçìåíåíèé â èçìåðåíèÿõ ñðàçó íåñêîëüêèõ
ÌÌÏ ÿâëÿåòñÿ íåèñïðàâíîñòü [20—22]. Ïðè÷åì
íåèñïðàâíîñòü ïðîÿâëÿåòñÿ â òàêîì òðåíäå ïàðà-
ìåòðîâ, êîòîðûé ìîæåò áûòü îïðåäåëåí íà îñíî-
âàíèè ïðåäûñòîðèè èçìåðåíèé, ò.å. èçìåðåíèé,
ïðåäøåñòâóþùèõ íà÷àëó òðåíäà. Òàêàÿ ïîñòàíîâ-
êà çàäà÷è äàåò âîçìîæíîñòü èñïîëüçîâàòü äëÿ å¸
ðåøåíèÿ ñòàòèñòè÷åñêèé àíàëèç íà îñíîâå àëãî-
ðèòìîâ, ðàçðàáîòàííûõ äëÿ âûÿâëåíèÿ ðåçóëüòà-
òîâ èçìåðåíèé ñ àíîìàëüíûìè ïîãðåøíîñòÿìè.
Ïðè ýòîì ïîëàãàåòñÿ, ÷òî íåèñïðàâíîñòü âûçû-
âàåò òàêîå èçìåíåíèå èçìåðÿåìûõ ïàðàìåòðîâ,
÷òî ñòàòèñòè÷åñêèå õàðàêòåðèñòèêè çàêîíîâ ðàñ-
ïðåäåëåíèÿ âðåìåííûõ ðÿäîâ, ôîðìèðóåìûõ â
ïðîöåññå èçìåðåíèÿ è íå çàâèñÿùèõ îò àáñîëþò-
íîãî çíà÷åíèÿ èçìåðåíèÿ, íà÷èíàþò ïðåâûøàòü
äîïóñòèìûå (ïîðîãîâûå) çíà÷åíèÿ.

Èìåííî òàêàÿ ïîñòàíîâêà çàäà÷è êîíòðîëÿ
ðåøàåò çàäà÷ó îïðåäåëåíèÿ íîðìàëüíîãî è àíî-
ìàëüíîãî ôóíêöèîíèðîâàíèÿ äâèãàòåëÿ áåç ïðåä-
âàðèòåëüíîãî îïðåäåëåíèÿ äîïóñêîâ íà èçìåðÿ-
åìûå ïàðàìåòðû.

2. Àëãîðèòìû âûÿâëåíèÿ ðåçóëüòàòîâ èçìåðåíèé
ñ àíîìàëüíûìè ïîãðåøíîñòÿìè

Â çàäà÷àõ ìåòðîëîãèè äëÿ êîððåêòíîé îöåí-
êè èñòèííîãî çíà÷åíèÿ èçìåðÿåìîãî ïàðàìåòðà
íåîáõîäèìî, â ÷àñòíîñòè, îòáðàêîâàòü ðåçóëüòà-
òû, êëàññèôèöèðóåìûå êàê ðåçóëüòàòû ñ ãðóáû-
ìè, àíîìàëüíûìè ïîãðåøíîñòÿìè (ïðîìàõè),
ñóùåñòâåííî ïðåâûøàþùèìè îæèäàåìûå ïðè
äàííûõ óñëîâèÿõ èçìåðåíèÿ [23—25]. Àíîìàëü-
íûìè ïðèçíàþòñÿ ðåçóëüòàòû èçìåðåíèé, îòêëî-
íåíèå êîòîðûõ îò ñðåäíåãî çíà÷åíèÿ âðåìåííî-
ãî ðÿäà ñóùåñòâåííî ïðåâûøàåò äîïóñòèìîå.

Òîãäà îñíîâàíèåì äëÿ ïðèíÿòèÿ ðåøåíèÿ î
òîì, ÷òî «ïîäîçðèòåëüíûé» ðåçóëüòàò íå ïðèíàä-
ëåæèò äàííîé ãðóïïå èçìåðåíèé èëè àíîìàëåí,
ñëóæèò ñîîòíîøåíèå

( ) ( )  ,nx x n nτσ- >                   (1)

ãäå xn — ðåçóëüòàò èçìåðåíèÿ n, ïðîâåðÿåìûé íà

íàëè÷èå ãðóáîé ïîãðåøíîñòè; ( )x n  – çíà÷åíèå

ïðèíÿòîãî öåíòðà ðàñïðåäåëåíèÿ âûáîðêè n èç-

ìåðåíèé; ( )nσ  – ñðåäíåå êâàäðàòè÷åñêîå îòêëî-

íåíèå, îïðåäåëåííîå ïî ïîëó÷åííûì n çíà÷åíèÿì
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âðåìåííîãî ðÿäà ðåçóëüòàòîâ èçìåðåíèÿ; τ  – êî-
ýôôèöèåíò, çàâèñÿùèé îò âèäà è çàêîíà ðàñïðå-
äåëåíèÿ, äîâåðèòåëüíîé âåðîÿòíîñòè è êîëè÷å-
ñòâà èçìåðåíèé, îïðåäåëÿþùèé ãðàíèöó «êðèòè-
÷åñêîé» îáëàñòè (ïîðîãîâîå çíà÷åíèå).

Èíûìè ñëîâàìè, íàõîæäåíèå çíà÷åíèé ñëó-
÷àéíîé ïîãðåøíîñòè èçìåðåíèé â ïðåäåëàõ çà-
äàííîãî äîâåðèòåëüíîãî èíòåðâàëà ïîäòâåðæäà-
åò ñîõðàíåíèå çàêîíà åå ðàñïðåäåëåíèÿ (ò.å. íîð-
ìàëüíîãî ïîâåäåíèÿ), à âûõîä çà ïðåäåëû äîâå-
ðèòåëüíîãî èíòåðâàëà ñâèäåòåëüñòâóåò î òîì, ÷òî
ïî îòíîøåíèþ ê öåíòðó ðàñïðåäåëåíèÿ âðåìåí-
íîãî ðÿäà ïîãðåøíîñòü èçìåðåíèÿ àíîìàëüíàÿ
(íåñëó÷àéíàÿ).

Êëàññè÷åñêèì ïðèìåðîì òàêîãî àëãîðèòìà
ÿâëÿåòñÿ øèðîêî èçâåñòíîå èíæåíåðíîå «ïðàâèëî
òðåõ ñèãì»: åñëè ñëó÷àéíàÿ âåëè÷èíà ðàñïðåäå-
ëåíà íîðìàëüíî, òî àáñîëþòíàÿ âåëè÷èíà åå îò-
êëîíåíèÿ îò ìàòåìàòè÷åñêîãî îæèäàíèÿ ñîâîêóï-
íîñòè èçìåðåíèé íå äîëæíà ïðåâîñõîäèòü óòðî-
åííîãî ñðåäíåêâàäðàòè÷åñêîãî îòêëîíåíèÿ. Ïðè
ýòîì âåðîÿòíîñòü âûõîäà èçìåðåíèÿ çà ïðåäåëû
ýòîãî äîïóñêà íå ïðåâûøàåò 0,003.

Ñóùåñòâóþò ðàçëè÷íûå ñïîñîáû ðåøåíèÿ
çàäà÷è âûÿâëåíèÿ ïðîìàõîâ, íàïðèìåð êðèòåðèè
Èðâèíà, Ðîìàíîâñêîãî, âàðèàöèîííîãî ðàçìàõà,
Äèêñîíà, Ðàéòà, Ñìèðíîâà, Øîâåíå [26—26].
Îáùåå äëÿ ýòèõ ñïîñîáîâ – èñïîëüçîâàíèå îöåí-
êè îòêëîíåíèÿ îò öåíòðà ðàñïðåäåëåíèÿ, îòëè-
÷èÿ – â âû÷èñëåíèè òåêóùèõ è ãðàíè÷íûõ (êðè-
òè÷åñêèõ) çíà÷åíèé êîýôôèöèåíòîâ τ .

3. Êîíòðîëü òåêóùåãî ñîñòîÿíèÿ ÆÐÄ
â ðåàëüíîì ìàñøòàáå âðåìåíè èñïûòàíèÿ
íà îñíîâå àëãîðèòìà âûÿâëåíèÿ èçìåðåíèé
ñ àíîìàëüíûìè ïîãðåøíîñòÿìè

3.1. Ñòàöèîíàðíûé ðåæèì

Èñïîëüçîâàíèå àëãîðèòìà âûÿâëåíèÿ ðåçóëü-
òàòîâ èçìåðåíèé ñ àíîìàëüíûìè ïîãðåøíîñòÿìè
ïîçâîëÿåò ïðåäëîæèòü ìåòîä êîíòðîëÿ òåêóùåãî
ñîñòîÿíèÿ, â êîòîðîì êàæäîå íîâîå èçìåðåíèå
îöåíèâàåòñÿ ñ òî÷êè çðåíèÿ îòêëîíåíèÿ åãî çíà-
÷åíèÿ îò òåêóùåãî öåíòðà ðàñïðåäåëåíèÿ âðåìåí-
íîãî ðÿäà, ÿâëÿþùåãîñÿ ïðåäûñòîðèåé ïîÿâëåíèÿ
àíàëèçèðóåìîãî èçìåðåíèÿ è ñîñòîÿùåãî èç èç-
ìåðåíèé ýòîãî ÌÌÏ îò íåêîòîðîé íà÷àëüíîé
òî÷êè äàííîãî ðåæèìà äî ðàññìàòðèâàåìîé.

Î÷åâèäíî, ÷òî èñïðàâíîé ðàáîòå äâèãàòåëÿ íà
ñòàöèîíàðíîì ðåæèìå, ïðè ïîñòîÿííûõ çíà÷åíè-
ÿõ óïðàâëåíèÿ è óñëîâèé íà âõîäå, äîëæíû ñîîò-
âåòñòâîâàòü ñòàáèëüíûå ïî âðåìåíè çíà÷åíèÿ
èçìåðÿåìûõ ÌÌÏ.

Àíàëèç ýêñïåðèìåíòàëüíûõ äàííûõ ïîêàçû-
âàåò, ÷òî ïðè âîçíèêíîâåíèè íåèñïðàâíîñòè
ïîÿâëÿþòñÿ ðåçóëüòàòû èçìåðåíèé, çíà÷åíèÿ
êîòîðûõ íå ñîîòâåòñòâóåò ïîääåðæèâàåìûì â ýòîò
ìîìåíò óñëîâèÿì èñïûòàíèÿ, ñõîäíûå ïî õàðàê-
òåðó ñ îïèñàííûìè âûøå «ïðîìàõàìè».

Ñëåäîâàòåëüíî, äëÿ ñòàöèîíàðíûõ ðåæèìîâ
ðàáîòû ÆÐÄ ìîìåíò âîçíèêíîâåíèÿ íåèñïðàâ-
íîñòè ìîæíî îïðåäåëèòü êàê ìîìåíò îò÷åòëèâîãî
èçìåíåíèÿ ñòàáèëüíîñòè çíà÷åíèé èçìåðÿåìûõ
ïàðàìåòðîâ.

Ïîäðàçóìåâàåòñÿ, ÷òî àíàëèçèðóåìûå ðåçóëü-
òàòû èçìåðåíèé ÌÌÏ ÆÐÄ ïîëó÷åíû ìåòðîëî-
ãè÷åñêè êîððåêòíî — ñèñòåìàòè÷åñêèå ïîãðåø-
íîñòè èçìåðåíèé èñêëþ÷åíû, à ñëó÷àéíûå ïî-
ãðåøíîñòè ðàñïðåäåëåíû ïî íîðìàëüíîìó ðàñ-
ïðåäåëåíèþ.

Äëÿ íîðìàëüíîãî ðàñïðåäåëåíèÿ âûáîðî÷íîå

ñðåäíåå àðèôìåòè÷åñêîå ( )x n  ñîîòâåòñòâóåò öåí-

òðó ðàñïðåäåëåíèÿ è âîçíèêíîâåíèå àíîìàëüíûõ
(íåñëó÷àéíûõ) ïîãðåøíîñòåé (âîçíèêíîâåíèå
íåèñïðàâíîñòè) ñîîòâåòñòâóåò óñëîâèþ îòêëîíå-

íèÿ òåêóùåãî èçìåðåíèÿ îò x  çà òåêóùóþ ãðà-
íèöó êðèòè÷åñêîé îáëàñòè (1) â âèäå:

( ) ( ) ( ),
 .n p n

x x n nτ σ- ≥                   (2)

Òàê êàê êîëè÷åñòâî ðàññìàòðèâàåìûõ èçìåðå-
íèé äîñòàòî÷íî âåëèêî, çàêîí ðàñïðåäåëåíèÿ è
âåëè÷èíà ñðåäíåãî îòêëîíåíèÿ èçâåñòíû, â íà-
ñòîÿùåé ðàáîòå èñïîëüçóåòñÿ àëãîðèòì, îñíîâàí-
íûé íà êðèòåðèè Ðîìàíîâñêîãî â ðåàëèçàöèè,
ïðåäëîæåííîé â [27], è òåêóùåå çíà÷åíèå ãðàíè-

öû êðèòè÷åñêîé îáëàñòè ( ),p n
τ  âûðàæàåòñÿ ÷åðåç

êðèòè÷åñêîå çíà÷åíèå ðàñïðåäåëåíèÿ Ñòüþäåí-

òà ( ),  2p n
t -  äëÿ îáúåìà âûáîðêè n è âûáðàííîé äî-

âåðèòåëüíîé âåðîÿòíîñòè p:

( )
( )

( ) ( )

,  2

, 2

,  2

1
.

2

p n

p n

p n

t n

n t

τ -

-

-
=

È ˘- + Í ˙Î ˚
              (3)

Ïðàêòèêà ïîêàçûâàåò, ÷òî óäîáíåå è íàãëÿä-
íåå ñðàâíèâàòü çíà÷åíèå îòíîñèòåëüíîãî îòêëî-
íåíèÿ òåêóùåãî èçìåðåíèÿ îò öåíòðà ðàñïðåäå-
ëåíèÿ åãî âðåìåííîãî ðÿäà

ò

 nx x
τ

σ

-
=
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è åãî «êðèòè÷åñêîãî» çíà÷åíèÿ èç (3). Îáà ýòèõ
çíà÷åíèÿ îïðåäåëÿþòñÿ ïðè èñïûòàíèè â ïðîöåñ-
ñå ïîñòóïëåíèÿ èçìåðåíèé ïàðàìåòðîâ äâèãàòå-
ëÿ. Ìîìåíò âîçíèêíîâåíèÿ íåèñïðàâíîñòè â ýòîì
ñëó÷àå ôèêñèðóåòñÿ âûõîäîì òåêóùåãî êðèòåðèÿ

òτ  çà ãðàíèöó êðèòè÷åñêîé îáëàñòè ( ),p n
τ :

( ),
  .ò p n

τ τ≥                        (4)

Â ýòîì ñëó÷àå äåëàåòñÿ ïðåäïîëîæåíèå î òîì,
÷òî â êîíòóðå àãðåãàòîâ ÆÐÄ, ñâÿçàííûõ ñ èçìå-
ðåíèÿìè, ïðèíàäëåæàùèìè êðèòè÷åñêîé îáëàñ-
òè, ïðîèçîøëî èçìåíåíèå íîðìàëüíîãî ôóíêöè-
îíèðîâàíèÿ è ôèêñèðóåòñÿ ëîêàëüíûé ìîìåíò
íàðóøåíèÿ èñïðàâíîñòè êîíòóðà.

Íà ðèñ. 1 ïðåäñòàâëåíà õàðàêòåðíàÿ êàðòèíà
èçìåíåíèÿ âî âðåìåíè òåêóùèõ çíà÷åíèé τ
(ñïëîøíàÿ ëèíèÿ) è òåêóùåé ãðàíèöû êðèòè÷åñ-

êîé îáëàñòè ( ),p n
τ   (ïóíêòèð) ïðè èçìåðåíèÿ äàâ-

ëåíèÿ ãîðþ÷åãî íà âûõîäå 1-é ñòóïåíè íàñîñà íà
îäíîì èç ñòàöèîíàðíûõ ðåæèìîâ ÎÈ äâèãàòåëÿ,
êîòîðîå çàêîí÷èëîñü âîçíèêíîâåíèåì íåèñïðàâ-
íîñòè – çàêðûòèåì äðîññåëÿ ãîðþ÷åãî èç-çà ïî-
òåðè óïðàâëÿåìîñòè ïðèâîäàìè àãðåãàòîâ óïðàâ-
ëåíèÿ. Êðèòè÷åñêîå îòêëîíåíèå èçìåðÿåìîãî
ïàðàìåòðà îò öåíòðà ðàñïðåäåëåíèÿ ïðåäûäóùèõ
èçìåðåíèé ïðîèçîøëî íà 279,82 ñ. Ñòåíäîâàÿ
ñèñòåìà óïðàâëåíèÿ âûêëþ÷èëà äâèãàòåëü íà 1,1 ñ
ïîçæå, ò.å. íà 280,98 ñ, ïî êîìàíäå, ñôîðìèðî-
âàííîé ÑÀÇ, àëãîðèòì ðàáîòû êîòîðîé îñíîâû-
âàåòñÿ íà ìåòîäàõ êîíòðîëÿ ïî íîðìàòèâó, êîã-
äà ïðåäåëüíûå çíà÷åíèÿ ïàðàìåòðîâ ðåãëàìåíòè-
ðîâàíû äî ïðîâåäåíèÿ èñïûòàíèÿ.

Äëÿ îáîñíîâàííîñòè îêîí÷àòåëüíûõ âûâîäîâ
î âîçíèêíîâåíèè íåèñïðàâíîñòè è âî èçáåæàíèå
ëîæíîãî âûêëþ÷åíèÿ äâèãàòåëÿ òðåáóåòñÿ íàëè-
÷èå íàðóøåíèÿ ñòàöèîíàðíîñòè, ò.å. âûïîëíåíèå
óñëîâèÿ (4) äëÿ íå ìåíåå òðåõ èçìåðÿåìûõ ïàðà-
ìåòðîâ, ïîñëåäîâàòåëüíî âûøåäøèõ çà ïîðîãîâîå
çíà÷åíèå. Â ýòîì ñëó÷àå äåëàåòñÿ ïðåäïîëîæåíèå
î òîì, ÷òî â êîíòóðàõ àãðåãàòîâ, ñâÿçàííûõ ñ
èçìåðåíèÿìè, ïðèíàäëåæàùèìè êðèòè÷åñêîé
îáëàñòè, ïðîèçîøëî èçìåíåíèå èñïðàâíîãî ôóí-
êöèîíèðîâàíèÿ êàêîãî-òî àãðåãàòà è ôèêñèðóåòñÿ
ëîêàëüíûé ìîìåíò íàðóøåíèÿ åãî èñïðàâíîé
ðàáîòû.

Î÷åðåäíîñòü ïàðàìåòðîâ, òåðÿþùèõ ñòàáèëü-
íûé õàðàêòåð, è èõ íîìåíêëàòóðà ìîãóò äàòü èí-
ôîðìàöèþ äëÿ ëîêàëèçàöèè íåèñïðàâíîñòè —
îïðåäåëåíèÿ êîíòóðà ñ íåèñïðàâíûì àãðåãàòîì,
ò.ê. î÷åâèäíî, ÷òî íåèñïðàâíîñòü àãðåãàòà èëè
êîíòóðà àãðåãàòîâ îòðàæàåòñÿ â ïåðâóþ î÷åðåäü
â òåõ èçìåðåíèÿõ, êîòîðûå òàê èëè èíà÷å ñâÿçà-
íû ñ ôóíêöèîíèðîâàíèåì èìåííî íåèñïðàâíî-
ãî àãðåãàòà.

Çàìåòíî îñíîâíîå ïðåèìóùåñòâî ïðåäëàãàå-
ìîãî ìåòîäà – äëÿ êàæäîãî ìîìåíòà âðåìåíè
îöåíêà ïðîèñõîäÿùåãî îïðåäåëÿåòñÿ òîëüêî ñòà-
òèñòè÷åñêèì àíàëèçîì òåêóùåãî ñîñòîÿíèÿ
îáúåêòà ïî îòíîøåíèþ ê ïðåäûñòîðèè åãî èçìå-
ðåíèé è ñðàâíåíèåì òåêóùèõ è êðèòè÷åñêèõ çíà-
÷åíèé ñîîòâåòñòâóþùèõ êðèòåðèåâ.

3.2. Ïåðåõîäíîé ðåæèì

Äëÿ âûÿâëåíèÿ íåèñïðàâíîñòåé ÆÐÄ íà ðå-
æèìàõ ïåðåõîäà ñ îäíîãî ñòàöèîíàðíîãî ðåæèìà
öèêëîãðàììû èñïûòàíèÿ íà äðóãîé ñòàòèñòè÷åñ-
êîé îöåíêå íà îñíîâå êðèòåðèÿ Ñòúþäåíòà ïîä-
âåðãàþòñÿ íå ðÿäû çíà÷åíèé ïðÿìûõ èçìåðå-
íèé ÌÌÏ äâèãàòåëÿ, à ðÿäû çíà÷åíèé ãðàäèåí-
òîâ èçìåíåíèÿ ýòèõ ïàðàìåòðîâ. Ïðè ýòîì ó÷è-
òûâàåòñÿ, ÷òî íà ðåæèìàõ äðîññåëèðîâàíèÿ èëè
ôîðñèðîâàíèÿ ÆÐÄ ãðàäèåíòû èçìåíåíèÿ èçìå-
ðÿåìûõ ïàðàìåòðîâ ñ äîñòàòî÷íîé òî÷íîñòüþ
îáëàäàþò ñâîéñòâîì ñòàöèîíàðíîñòè â îêðåñòíî-
ñòè òî÷êè àíàëèçà, òàê êàê íà òàêèõ ðåæèìàõ
óïðàâëåíèå äâèãàòåëåì îñóùåñòâëÿåòñÿ èçìåíå-

íèåì óãëà ïðèâîäà àãðåãàòà óïðàâëåíèÿ ( )tα  ïî

ëèíåéíîìó çàêîíó:

( ) 1 1 2,      , t k t t t tαα α= + £ £

ãäå kα  – ãðàäèåíò óãëà ïðèâîäà; t1, t2 – ìîìåí-

òû âðåìåíè íà÷àëà è îêîí÷àíèÿ ðåæèìà ñîîòâåò-
ñòâåííî.

Ðèñ. 1. Ñòàöèîíàðíûé ðåæèì — èçìåíåíèå ïî âðåìå-
íè èñïûòàíèÿ òåêóùèõ çíà÷åíèé îòíîñèòåëüíîãî îò-
êëîíåíèÿ òåêóùåãî èçìåðåíèÿ îò öåíòðà ðàñïðåäåëå-

íèÿ åãî âðåìåííîãî ðÿäà òτ (–) è ãðàíèöû êðèòè÷åñ-

êîé îáëàñòè ( ),p n
τ  (- -) , íåèñïðàâíîñòü íà 279,82 ñ
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Ïðè ýòîì èçìåíåíèå ïàðàìåòðà äâèãàòåëÿ x(t)
ñ ó÷åòîì óñëîâèÿ ëèíåéíîñòè ïðîöåññîâ ïðè
ìàëûõ âîçìóùåíèÿõ áóäåò ëèíåéíûì íà îòðåçêàõ

âðåìåíè tΔ , ìåíüøèõ ïîñòîÿííîé âðåìåíè äâè-
ãàòåëÿ, è ïðåäñòàâëÿåòñÿ òàêæå â âèäå ëèíåéíîé
ôóíêöèè

( ) ( ) ,xx t t x t K tΔ Δ+ = +

ãäå Kx — ãðàäèåíò èçìåíåíèÿ ïàðàìåòðà ïåðåõîä-

íîì ðåæèìå íà èíòåðâàëå âðåìåíè tΔ  äîëæåí
îáëàäàòü ñâîéñòâîì ñòàöèîíàðíîñòè è ðàññìàò-
ðèâàòüñÿ êàê êîñâåííîå èçìåðåíèå, ñëó÷àéíàÿ
ïîãðåøíîñòü êîòîðîãî, â ñëó÷àå èñïðàâíîé ðàáî-
òû äâèãàòåëÿ, ðàñïðåäåëåíà òàêæå ïî íîðìàëüíî-
ìó çàêîíó.

Àíàëîãè÷íî èçëîæåííîìó â ðàçäåëå 3.1 ìî-
ìåíò âðåìåíè ðåçêîãî è çíà÷èòåëüíîãî èçìåíå-
íèÿ ñòàöèîíàðíîãî õàðàêòåðà ãðàäèåíòà Kx, âû-
ðàæåííîãî â íàðóøåíèè ðàñïðåäåëåíèÿ ñëó÷àé-
íîé ïîãðåøíîñòè èçìåðåíèÿ, ðàññìàòðèâàåòñÿ
êàê âîçíèêíîâåíèå íåèñïðàâíîñòè, è ýòîò ìî-
ìåíò âðåìåíè ìîæíî îïðåäåëèòü ïî òîìó æå àë-
ãîðèòìó, êîòîðûé áûë ïðåäëîæåí äëÿ êîíòðîëÿ
ñîñòîÿíèÿ ÆÐÄ íà ñòàöèîíàðíîì ðåæèìå.

Ðåçóëüòàò ñòàòèñòè÷åñêîãî àíàëèçà ñ èñïîëü-
çîâàíèåì ïðåäëàãàåìîãî àëãîðèòìà èëëþñòðèðó-
åòñÿ íà ñëåäóþùåì ïðèìåðå. Íà îäíîì èç ðåæè-

ìîâ äðîññåëèðîâàíèÿ äâèãàòåëÿ íà 43,85 ñ èñïû-
òàíèÿ ïðîèçîøëà íåèñïðàâíîñòü, âûçâàâøàÿ íå-
ñàíêöèîíèðîâàííîå ñðàáàòûâàíèå êëàïàíà, óñòà-
íîâëåííîãî â ìàãèñòðàëè ïîäâîäà ãîðþ÷åãî â
ãàçîãåíåðàòîð. Íà ðèñ. 2 ïîêàçàíî èçìåíåíèå ïî
âðåìåíè èñïûòàíèÿ òåêóùèõ çíà÷åíèé τ  (ñïëîø-
íàÿ ëèíèÿ) è òåêóùåé ãðàíèöû êðèòè÷åñêîé îá-

ëàñòè ( ),p n
τ   (ïóíêòèð) äëÿ ãðàäèåíòîâ èçìåíåíèÿ

çíà÷åíèé îáîðîòîâ âàëà ÒÍÀ. Êàê âèäíî, àëãî-
ðèòì êîíòðîëÿ ôèêñèðóåò äåéñòâèòåëüíîå âðåìÿ
âîçíèêíîâåíèÿ íåèñïðàâíîñòè èìåííî íà 43,85 ñ
èñïûòàíèÿ êàê ìîìåíò íàðóøåíèÿ ñòàöèîíàðíî-
ñòè ãðàäèåíòà èçìåíåíèÿ ýòîãî ïàðàìåòðà.

Âûâîäû

Ðàçðàáîòàí ìåòîä êîíòðîëÿ òåêóùåãî ñîñòî-
ÿíèÿ ÆÐÄ íà ñòàöèîíàðíûõ è ïåðåõîäíûõ ðåæè-
ìàõ îãíåâîãî ñòåíäîâîãî èñïûòàíèÿ, àäàïòèâíûé
ê èçìåíåíèÿì ðåæèìîâ ðàáîòû è âíåøíèõ óñëî-
âèé è ïîçâîëÿþùèé ôèçè÷åñêè è ìåòîäè÷åñêè
îáîñíîâàííî ïîäòâåðäèòü èñïðàâíóþ ðàáîòó äâè-
ãàòåëÿ èëè îïðåäåëèòü ìîìåíò âðåìåíè âîçíèê-
íîâåíèÿ ìåäëåííî ðàçâèâàþùåéñÿ íåèñïðàâíî-
ñòè è ëîêàëèçîâàòü åå.

Ìåòîä îñóùåñòâëÿåò êîíòðîëü ñîñòîÿíèÿ äâè-
ãàòåëÿ â ðåæèìå íåïðåðûâíîãî ñêàíèðîâàíèÿ
òåëåìåòðèè ìåäëåííî ìåíÿþùèõñÿ ïàðàìåòðîâ è,
ïðè íåîáõîäèìîñòè, ìîæåò îáåñïå÷èòü îïåðàòèâ-
íîå ïðèíÿòèå ðåøåíèÿ î ïðåêðàùåíèè èñïûòà-
íèÿ íåèñïðàâíîãî äâèãàòåëÿ â ðåàëüíîì ìàñøòà-
áå âðåìåíè.

Ìåòîä íå òðåáóåò ïðåäâàðèòåëüíîãî îïðåäå-
ëåíèÿ äèàïàçîíîâ èçìåíåíèÿ ïàðàìåòðîâ äâèãà-
òåëÿ, ñîîòâåòñòâóþùèõ åãî èñïðàâíîé ðàáîòå, ò.ê.
ãðàíèöà áåçîïàñíîãî ôóíêöèîíèðîâàíèÿ äâèãà-
òåëÿ îïðåäåëÿåòñÿ èíäèâèäóàëüíî äëÿ êàæäîé
àíàëèçèðóåìîé ñèòóàöèè ñ ïîìîùüþ ñòàòèñòè-
÷åñêîãî àíàëèçà ñ èñïîëüçîâàíèåì êðèòåðèÿ
Ñòüþäåíòà.

Ðèñ. 2. Îïðåäåëåíèå ìîìåíòà âðåìåíè âîçíèêíîâåíèÿ
íåèñïðàâíîñòè íà 43,85 ñ íåñòàöèîíàðíîãî ðåæèìà –
ïðåâûøåíèå òåêóùèõ çíà÷åíèé îòíîñèòåëüíîãî îòêëî-
íåíèÿ òåêóùåãî èçìåðåíèÿ îò öåíòðà ðàñïðåäåëåíèÿ

åãî âðåìåííîãî ðÿäà òτ (–) ãðàíèöû êðèòè÷åñêîé îá-

ëàñòè ( ),p n
τ (- -)
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Abstract

The object of the study is an oxygen-kerosene
liquid rocket  engine (LRE), realized according to the
scheme of the generator gas afterburning in the
combustion chamber.

The method proposed in this article is a method
for current state monitoring of modern high-power
LRE in real-time scale of the test-bench fire tests.
It allows estimating its actual state in both stationary
and transient modes.

The method does not require pre-estimation of
the fail-safe operation criteria boundaries of the LRE
being monitored, and adapted to the operation modes
and external conditions changing.

The current state of the engine is being monitored
at the rate of measurement results receiving of the
slowly changing engine parameters, determined with
certain rather small time step.

Each specific situation is being considered as a
continuation of the previous engine operation in the
mode under consideration, for which purpose, both
conformity and inconsistency of the current engine
state to the “prehistory” of this state, which was
recognized corresponding to the successful operation
of the engine, are statistically confirmed.

Formally, this “prehistory”, as well as
information about the current state of the engine, is
a set of measurements of its parameters obtained from
the initial control point to the one under
consideration.

To make a decision on a malfunction occurrence,
a statistical analysis method is used, developed to
identify and exclude the results with abnormal
inaccuracies. In case of current statistical
characteristics threshold values are exceeded by their
current values, the fact of malfunction occurrence is
being registered, and the test is being terminated to
development of the revealed malfunction.

For stationary LRE operation modes, the instant
of a malfunction occurrence can be defined as the
moment of a distinct change in the stability of

A METHOD FOR CURRENT STATE MONITORING OF LIQUID ROCKET
ENGINE IN STATIONARY AND TRANSIENT MODES

Kamenskii S.S.1, Martirosov D.S.2*
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measured parameters. In this case, for making a
decision on the malfunction occurrence and test
termination, the time series of measured parameters
are subjected to statistical evaluation based on the
Student’s criterion.

In transient modes, the time series values of
changes gradients in the measured parameters,
possessing the property of stationarity, are subjected
to a similar analysis. This property is stipulated by the
fact that during bench tests conducted according to
a given cyclogram, the engine control in transient
modes is being ensured by changing the drive angle
of the control unit by the linear law.

The developed method for assessing the current
state of the LRE during bench tests allows preventing
the LRE malfunction development, and generate an
appropriate signal to the engine control system in real
time of the test-bench fire test.

Keywords: LRE, engine state monitoring,
statistical methods, abnormal errors of measurements,
Student’s criterion.
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