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Ââåäåíèå

Àêòóàëüíîñòü äàííîé ñòàòüè îïðåäåëÿåòñÿ
íåîáõîäèìîñòüþ îáåñïå÷åíèÿ íàäåæíîñòè ôóí-
êöèîíèðîâàíèÿ ìîùíûõ æèäêîñòíûõ ðàêåòíûõ
äâèãàòåëåé íà âñåõ ñòàäèÿõ èõ æèçíåííîãî öèê-
ëà (ïðîåêòèðîâàíèå, äîâîäêà, èñïûòàíèÿ, ýêñï-
ëóàòàöèÿ). Íà ñòàäèè äîâîäêè äâèãàòåëÿ ìîãóò
âîçíèêàòü àâàðèéíûå ñèòóàöèè, ïðèâîäÿùèå ê
ïîòåðÿì ìàòåðèàëüíîé ÷àñòè ñàìîãî äâèãàòåëÿ è
îãíåâîãî ñòåíäà. Ìíîãèå ïðåäïðèÿòèÿ ðàçâèâà-
þò ñèñòåìû êîíòðîëÿ ñîñòîÿíèÿ äâèãàòåëÿ, â
êîòîðûõ èñïîëüçóþòñÿ ïðèíöèïû òåõíè÷åñêîé
äèàãíîñòèêè [1—5]. Â êîíòóðå àâòîìàòà ðàçãðóçêè
(ÀÐ) è ñòîÿíî÷íîãî óïëîòíåíèÿ (ÑÓ) òóðáîíàñîñ-
íîãî àãðåãàòà (ÒÍÀ) ÆÐÄ, êàê ïîêàçàëà ïðàêòèêà
îãíåâûõ èñïûòàíèé (ÎÈ), âîçíèêàëè è ðàçâèâà-
ëèñü âî âðåìåíè íåèñïðàâíîñòè, ïðèâîäÿùèå ê
ðàçðóøåíèþ ýëåìåíòîâ êîíñòðóêöèè äâèãàòåëÿ,
òàêèõ êàê ðàäèàëüíî-óïîðíûå ïîäøèïíèêè, ñòî-
ÿíî÷íûå óïëîòíåíèÿ, ñòóïèöû êðûëü÷àòêè öåí-
òðîáåæíîãî íàñîñà [6, 7]. Íåðåäêî ýòè íåèñïðàâ-
íîñòè ðàçâèâàþòñÿ â òå÷åíèå íåñêîëüêèõ è äàæå
äåñÿòêîâ ñåêóíä [8]. Òàêèå íåèñïðàâíîñòè ìîãóò
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Ðàññìàòðèâàåòñÿ çàäà÷à äèàãíîñòèðîâàíèÿ êîíòóðà àâòîìàòà ðàçãðóçêè è ñòîÿíî÷íîãî óïëîòíåíèÿ òóðáî-
íàñîñíîãî àãðåãàòà æèäêîñòíîãî ðàêåòíîãî äâèãàòåëÿ (ÆÐÄ). Ïðåäëàãàåòñÿ äëÿ êîððåêòíîãî çàìûêàíèÿ ñèñòå-
ìû óðàâíåíèé êîíòóðà èíòåãðèðîâàòü åãî ÷àñòíóþ ìàòåìàòè÷åñêóþ ìîäåëü â ïîëíóþ ìàòåìàòè÷åñêóþ ìîäåëü
ÆÐÄ. Ââåäåíî îïðåäåëåíèå äèàãíîñòè÷åñêîé ìîäåëè ÆÐÄ. Îïðåäåëåíû ïàðàìåòðû ñîïðÿæåíèÿ êîíòóðà ñ ïà-
ðàìåòðàìè ìàòåìàòè÷åñêîé ìîäåëè äâèãàòåëÿ. Ïðèâåä¸í ïðèìåð îáíàðóæåíèÿ è ëîêàëèçàöèè íåèñïðàâíîñòè,
âîçíèêøåé ïðè îãíåâîì èñïûòàíèè. Äîñòîâåðíîñòü ïðèíÿòèÿ ðåøåíèÿ î íîðìàëüíîì èëè íåíîðìàëüíîì ôóí-
êöèîíèðîâàíèè äâèãàòåëÿ è ëîêàëèçàöèè íåèñïðàâíîñòè îáåñïå÷èâàåòñÿ çà ñ÷åò ïðèìåíåíèÿ ìíîãîýòàïíîãî êîí-
òðîëÿ, âêëþ÷àþùåãî ìåòîä êîíòðîëÿ õàðàêòåðèñòèê êîíñòðóêöèè è ìåòîä ñòðóêòóðíîãî èñêëþ÷åíèÿ.

Êëþ÷åâûå ñëîâà: æèäêîñòíûé ðàêåòíûé äâèãàòåëü, äèàãíîñòè÷åñêàÿ ìîäåëü, àâòîìàò ðàçãðóçêè, ñòîÿíî÷íîå
óïëîòíåíèå, äèàãíîñòè÷åñêèå ïðèçíàêè.

áûòü âûÿâëåíû íà ðàííèõ ñòàäèÿõ èõ ðàçâèòèÿ
ìåòîäàìè ôóíêöèîíàëüíîé äèàãíîñòèêè [9, 10] ñ
èñïîëüçîâàíèåì èçìåðÿåìûõ ïðè ÎÈ ìåäëåííî
ìåíÿþùèõñÿ ïàðàìåòðîâ è ìàòåìàòè÷åñêîé ìî-
äåëè ðàáî÷èõ ïðîöåññîâ äâèãàòåëÿ.

Äî íåäàâíåãî âðåìåíè ðàñ÷åòíî-ýêñïåðèìåí-
òàëüíûé àíàëèç àâàðèéíûõ ñèòóàöèé, âîçíèêàþ-
ùèõ â êîíòóðå ÀÐ è ÑÓ, ïðîâîäèëñÿ ëîêàëüíî,
òîëüêî ñ èñïîëüçîâàíèåì ìàòåìàòè÷åñêîé ìîäåëè
äàííîãî êîíòóðà [11, 12]. Â ðàáîòå [13] îòìå÷à-
åòñÿ, ÷òî çàäà÷à ñîçäàíèÿ òàêîé îäíîìåðíîé
ìîäåëè ÿâëÿåòñÿ äîñòàòî÷íî ñëîæíîé ñ òî÷êè
çðåíèÿ êîððåêòíîñòè ïðèìåíåíèÿ óïðîùåííûõ
÷àñòíûõ ìàòåìàòè÷åñêèõ ìîäåëåé, êîãäà ãðàíè÷-
íûå óñëîâèÿ íàçíà÷àþòñÿ ñ ïîìîùüþ ýìïèðè÷åñ-
êèõ èëè àïïðîêñèìàöèîííûõ çàâèñèìîñòåé [14,
15]. Ïîíÿòíî, ÷òî èíòåãðàöèÿ ìàòåìàòè÷åñêîé
ìîäåëè êîíòóðà àâòîìàòà ðàçãðóçêè è ñòîÿíî÷íî-
ãî óïëîòíåíèÿ ÒÍÀ â ìàòåìàòè÷åñêóþ ìîäåëü
ðàáî÷èõ ïðîöåññîâ äâèãàòåëÿ äàåò âîçìîæíîñòü
ïîëó÷èòü áîëåå ïîëíóþ äèàãíîñòè÷åñêóþ èíôîð-
ìàöèþ î ðàññìàòðèâàåìîì êîíòóðå, òàê êàê â
ýòîì ñëó÷àå äëÿ çàìûêàíèÿ ñèñòåìû óðàâíåíèé
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íåò íåîáõîäèìîñòè ïðèâëåêàòü àïïðîêñèìàöèîí-
íûå çàâèñèìîñòè.

Ñëåäóåò òàêæå îòìåòèòü, ÷òî èñïîëüçîâàíèå
äëÿ ýòîãî íåéðîííîé ñåòè [16, 17] íå öåëåñîîá-
ðàçíî, òàê êàê äëÿ åå îáó÷åíèÿ òðåáóåòñÿ ïðîâå-
ñòè áîëüøîå êîëè÷åñòâî ÎÈ, íà êîòîðûõ âîçíèê-
ëè áû ñîîòâåòñòâóþùèå íåèñïðàâíîñòè.

Â ñòàòüå ïîýòàïíî ïðåäñòàâëåí ïðîöåññ äèàã-
íîñòèðîâàíèÿ ñîñòîÿíèÿ êîíòóðà ÀÐ è ÑÓ, îáåñ-
ïå÷èâàþùèé äîñòîâåðíîå ïðèíÿòèå ðåøåíèÿ,
íà÷èíàÿ ñ ìîìåíòà âûÿâëåíèÿ âðåìåíè âîçíèê-
íîâåíèÿ íåèñïðàâíîñòè äî åå ëîêàëèçàöèè.

1. Äèàãíîñòè÷åñêàÿ ìîäåëü ÆÐÄ

Äèàãíîñòè÷åñêàÿ ìîäåëü ÆÐÄ – ýòî ìîäåëü,
êîòîðàÿ âêëþ÷àåò â ñåáÿ:

• ìàòåìàòè÷åñêóþ ìîäåëü ÆÐÄ,
• äàííûå àâòîíîìíûõ èñïûòàíèé îòäåëüíûõ

àãðåãàòîâ,
• ïàðàìåòðû òåëåìåòðèè,
• àëãîðèòìû ïîèñêà íåèñïðàâíîñòè è ïðèíÿ-

òèÿ ðåøåíèÿ.
Ïîä ìàòåìàòè÷åñêîé ìîäåëüþ ïðîöåññîâ

ÆÐÄ â ñàìîì îáùåì ñëó÷àå ïîäðàçóìåâàåòñÿ
ñèñòåìà óðàâíåíèé, îïèñûâàþùàÿ âçàèìîñâÿçü
åãî ïàðàìåòðîâ: äàâëåíèé, ðàñõîäîâ, òåìïåðàòóð,
îáîðîòîâ òóðáîíàñîñíûõ àãðåãàòîâ, ïåðåìåùåíèé
ïîäâèæíûõ ÷àñòåé è ò.ï. â ñîîòâåòñòâèè ñ ôóí-
äàìåíòàëüíûìè ôèçè÷åñêèìè çàêîíàìè – çàêî-
íàìè ñîõðàíåíèÿ ýíåðãèè, ìàññû è èìïóëüñà.
Ìàòåìàòè÷åñêèå ìîäåëè ïðîöåññîâ ÆÐÄ ïðåä-
ñòàâëÿþò ñîáîé ôèçèêî-ìàòåìàòè÷åñêèå êîíñò-
ðóêöèè â âèäå ñèñòåì àëãåáðàè÷åñêèõ è äèôôå-
ðåíöèàëüíûõ óðàâíåíèé è, êàê ïîêàçûâàåò ïðàê-
òèêà, äîñòàòî÷íî àäåêâàòíî îïèñûâàþò ðàáî÷èå
ïðîöåññû ñ ñîñðåäîòî÷åííûìè ïàðàìåòðàìè.

Äàííûå àâòîíîìíûõ èñïûòàíèé àãðåãàòîâ
îáû÷íî âêëþ÷àþò â ñåáÿ íàïîðíûå, ìîùíîñòíûå
õàðàêòåðèñòèêè è ÊÏÄ íàñîñîâ è òóðáèí, ðàáî-
÷èå õàðàêòåðèñòèêè àãðåãàòîâ óïðàâëåíèÿ ïî òÿãå
è ñîîòíîøåíèþ êîìïîíåíòîâ òîïëèâà, ãèäðàâëè-
÷åñêèå õàðàêòåðèñòèêè òðàêòîâ îõëàæäåíèÿ êà-
ìåð è ãàçîãåíåðàòîðîâ è ò.ï.

Ïàðàìåòðû òåëåìåòðèè — ýòî ìåäëåííî ìå-
íÿþùèåñÿ ïàðàìåòðû, èçìåðÿåìûå â ïðîöåññå
ÎÈ, ñâÿçàííûå c ñîîòâåòñòâóþùèìè ïåðåìåííû-
ìè ñèñòåìû óðàâíåíèé ìàòåìàòè÷åñêîé ìîäåëè.

Àëãîðèòìû ïîèñêà íåèñïðàâíîñòè è ïðèíÿ-
òèÿ ðåøåíèÿ ðàçðàáàòûâàþòñÿ íà îñíîâå ìåòîäà
êîíòðîëÿ õàðàêòåðèñòèê è ìåòîäà ñòðóêòóðíîãî
èñêëþ÷åíèÿ [18, 19].

Ê îñíîâíûì õàðàêòåðèñòèêàì äèàãíîñòè÷åñ-
êîé ìîäåëè, êîòîðûå îïðåäåëÿþò ãëóáèíó è äî-
ñòîâåðíîñòü äèàãíîçà, îòíîñÿòñÿ:

• ðàçìåðíîñòü – êîëè÷åñòâî ïåðåìåííûõ ïà-
ðàìåòðîâ ìîäåëè, îïðåäåëÿþùèõ ïîäðîáíîñòü
îïèñàíèÿ ïðîöåññîâ;

• êîëè÷åñòâî ïàðàìåòðîâ ìîäåëè, äîñòóïíûõ
äëÿ èçìåðåíèÿ ïðè ðàáîòå äâèãàòåëÿ;

• ÷óâñòâèòåëüíîñòü èçìåðÿåìûõ ïàðàìåòðîâ ê
âîçíèêíîâåíèþ è ðàçâèòèþ íåèñïðàâíîñòåé;

• ïîãðåøíîñòè õàðàêòåðèñòèê àãðåãàòîâ, îï-
ðåäåëåííûå ïðè àâòîíîìíûõ èñïûòàíèÿõ;

• ïîãðåøíîñòè èçìåðåíèé.
Ïðè ðàçðàáîòêå äèàãíîñòè÷åñêèõ ìîäåëåé è

ìåòîäîâ äèàãíîñòèðîâàíèÿ ïðèíèìàþòñÿ ñëåäó-
þùèå äîïóùåíèÿ è îãðàíè÷åíèÿ [19]:

1) íåèñïðàâíîñòü çàðîæäàåòñÿ è ðàçâèâàåòñÿ
â îäíîì è òîëüêî â îäíîì ýëåìåíòå êîíñòðóêöèè;

2) íåèñïðàâíîñòü ïîðîæäàåò òàêèå èçìåíåíèÿ
ïàðàìåòðîâ õàðàêòåðèñòèê êîíñòðóêöèè è ðàáî-
÷åé ñðåäû, êîòîðûå ìîãóò áûòü èçìåðåíû;

3) ìàëûå îòêëîíåíèÿ â ïàðàìåòðàõ êîíñòðóê-
öèè âûçûâàþò ìàëûå îòêëîíåíèÿ â ïàðàìåòðàõ
ðàáî÷èõ ïðîöåññîâ;

4) íåèñïðàâíîñòè ðàçâèâàþòñÿ ñî ñêîðîñòüþ,
íå ïðåâûøàþùåé ñêîðîñòü çâóêà â ðàáî÷åé ñðå-
äå;

5) óïðàâëÿþùèå âîçäåéñòâèÿ íà äâèãàòåëü èëè
êàêèå-ëèáî âíåøíèå âîçìóùåíèÿ èëè èçâåñòíû,
èëè îòñóòñòâóþò;

6) íåèñïðàâíîñòü êîíñòðóêöèè ïðèâîäèò ê
íàðóøåíèþ ôóíêöèîíàëüíîé ñâÿçè ìåæäó ïàðà-
ìåòðàìè, îïèñûâàåìîé êàêèì-ëèáî óðàâíåíèåì
èëè óðàâíåíèÿìè ìàòåìàòè÷åñêîé ìîäåëè, è ïðî-
ÿâëÿåòñÿ â èçìåíåíèè èçìåðÿåìûõ ïàðàìåòðîâ.

Äèàãíîñòè÷åñêèå ìîäåëè èñïîëüçóþòñÿ äëÿ
ïðîâåäåíèÿ ðàçíîîáðàçíûõ äèàãíîñòè÷åñêèõ ïðî-
öåäóð, âûÿâëÿþùèõ òàêèå âèäû íåèñïðàâíîñòåé,
êîòîðûå âûçûâàþò íàðóøåíèå âçàèìîñâÿçåé
ìåæäó ïàðàìåòðàìè, îïðåäåëÿþùèìè íîðìàëü-
íîå ôóíêöèîíèðîâàíèå äâèãàòåëÿ

2. Ìàòåìàòè÷åñêàÿ ìîäåëü êîíòóðà àâòîìàòà
ðàçãðóçêè è ñòîÿíî÷íîãî óïëîòíåíèÿ

Êîíòóð ÀÐ è ÑÓ âêëþ÷àåò â ñåáÿ: óïëîòíåíèå
ìåæäó ïîëîñòÿìè ñ æèäêèì îêèñëèòåëåì è ïîëî-
ñòüþ îêèñëèòåëüíîãî ãàçà â çàçîðå ìåæäó ñòàòî-
ðîì è ðîòîðîì òóðáèíû, ëàáèðèíòíîå óïëîòíå-
íèå ÀÐ, ïîëîñòü ïåðåä ðàäèàëüíî-óïîðíûì ïîä-
øèïíèêîì (ÐÓÏ) è ÑÓ, ïîëîñòü çà ÑÓ, ëàáèðèí-
òíîå óïëîòíåíèå ïåðåäíåãî äèñêà öåíòðîáåæíîãî
êîëåñà íàñîñà îêèñëèòåëÿ, ëàáèðèíòíîå óïëîòíå-
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íèå ÑÓ, òðàêò îõëàæäåíèÿ ÐÓÏ, òðàêò ïåðåïóñ-
êà îêèñëèòåëÿ íà âõîä â íàñîñ [20].

Â ìàòåìàòè÷åñêóþ ìîäåëü êîíòóðà ÀÐ è ÑÓ
âõîäÿò óðàâíåíèÿ, îïèñûâàþùèå áàëàíñû ðàñõî-
äîâ è äàâëåíèé â æèäêîñòíûõ òðàêòàõ, ñèë, äåé-
ñòâóþùèõ íà ýëåìåíòû êîíñòðóêöèè íàñîñà
îêèñëèòåëÿ è òóðáèíû. Âàæíûìè ïàðàìåòðàìè
äàííîãî òðàêòà òàêæå ÿâëÿþòñÿ âåëè÷èíà çàçîðà
ÑÓ, âåëè÷èíà çàçîðà ÀÐ è áàëàíñ ñèë, äåéñòâó-
þùèõ íà ÐÓÏ. Ñèñòåìà óðàâíåíèé êîíòóðà ÀÐ è
ÑÓ çàìûêàåòñÿ ïàðàìåòðàìè, ïî êîòîðûì ýòîò
êîíòóð ñîïðÿãàåòñÿ ñ ïàðàìåòðàìè äâèãàòåëÿ. Ê
ýòèì ïàðàìåòðàì îòíîñÿòñÿ:

— äàâëåíèå îêèñëèòåëÿ íà âõîäå â íàñîñ;
— äàâëåíèå îêèñëèòåëÿ íà âûõîäå èç íàñîñà;
— äàâëåíèå ãàçà íà âõîäå â òóðáèíó;
— ñòàòè÷åñêîå äàâëåíèå ãàçà íà âûõîäå èç

òóðáèíû;
— äàâëåíèå ãàçà íà âõîäå â ðîòîð òóðáèíû

êîðíåâîå;
— îáîðîòû ÒÍÀ;
— ðàñõîä îêèñëèòåëÿ ÷åðåç íàñîñ;
— ðàñõîä îêèñëèòåëÿ íà âõîäå â ñìåñèòåëüíóþ

ãîëîâêó ãàçîãåíåðàòîðà;
— ðàñõîä ãàçà ÷åðåç òóðáèíó ÒÍÀ;
— îòíîøåíèå îêðóæíîé ñêîðîñòè òóðáèíû ê

àäèàáàòíîé.
Ìàòåìàòè÷åñêàÿ ìîäåëü êîíòóðà ÀÐ è ÑÓ

èíòåãðèðîâàíà â îñíîâíóþ ìàòåìàòè÷åñêóþ ìî-
äåëü ÆÐÄ. Ïî äàííîé ìîäåëè ïðîâåäåí àíàëèç
èñïûòàíèÿ äâèãàòåëÿ, êîòîðîå çàâåðøèëîñü àâà-
ðèéíûì îòêëþ÷åíèåì.

3. Äèàãíîñòèðîâàíèå êîíòóðà ÀÐ è ÑÓ
â ïðîöåññå ÎÈ

Ïðîöåäóðà äèàãíîñòèðîâàíèÿ ñîñòîèò èç ÷å-
òûðåõ ýòàïîâ. Íà ïåðâîì ýòàïå îïðåäåëÿåòñÿ ìî-
ìåíò âðåìåíè âîçíèêíîâåíèÿ íåèñïðàâíîñòè, âû-
ÿâëÿåìûé ñðåäñòâàìè äèàãíîñòèðîâàíèÿ.

Äëÿ ýòîãî â íà÷àëå êàæäîãî ñòàöèîíàðíîãî
ðåæèìà â ìîìåíò âðåìåíè t0 âûáèðàåòñÿ èíòåð-
âàë âðåìåíè (îêíî) τ , â êîòîðîì îïðåäåëÿþò
ñðåäíèå çíà÷åíèÿ èçìåðÿåìûõ ïàðàìåòðîâ *

0x .
Çàòåì â ñêîëüçÿùåì îêíå «øèðèíîé» τ , ñìåùà-
þùåìñÿ íà êàæäîì øàãå k ïî âðåìåíè íà âåëè-
÷èíó äèñêðåòíîñòè èçìåðåíèé tΔ , îïðåäåëÿþò
ñðåäíèå çíà÷åíèÿ èçìåðÿåìûõ ïàðàìåòðîâ ( )*

kx t
è âû÷èñëÿþò äèàãíîñòè÷åñêèå ïðèçíàêè:

( ) ( )( )
( )

* *

1 * *

0

0

, 1,2,...
max ,

k
k

k

x t x
t k

x x
δ

-
= =          (1)

Åñëè â ìîìåíò âðåìåíè tm òðè è áîëåå äèàã-
íîñòè÷åñêèõ ïðèçíàêà âèäà (1) îäíîâðåìåííî èëè
ïîî÷åðåäíî âûõîäÿò çà ãðàíèöû ñâîèõ äîïóñêîâ,
òî ýòîò ìîìåíò âðåìåíè ïðèíèìàåòñÿ çà ìîìåíò
âðåìåíè îáíàðóæåíèÿ íåèñïðàâíîñòè ñðåäñòâà-
ìè êîíòðîëÿ.

Ïîÿñíèì ýòî íà ñëåäóþùåì ïðèìåðå. Íà ðèñ. 1,a
è, äëÿ íàãëÿäíîñòè, âûäåëåíî íà ðèñ. 1,á âèäíî,
÷òî îòêëîíåíèÿ òðåõ ïàðàìåòðîâ: äàâëåíèå îêèñ-
ëèòåëÿ äî ðàäèàëüíî-óïîðíîãî ïîäøèïíèêà, ïå-
ðåìåùåíèå âàëà ÒÍÀ è äàâëåíèå îêèñëèòåëÿ â
êîëëåêòîðå ïåðåïóñêà ïîñëåäîâàòåëüíî âûøëè çà
ãðàíèöû äîïóñòèìîãî äèàïàçîíà, ïðèíÿòîãî äëÿ
îöåíêè íîðìàëüíîãî ôóíêöèîíèðîâàíèÿ äâèãà-
òåëÿ. Ñëåäîâàòåëüíî, ìîìåíò âðåìåíè âûõîäà
òðåòüåãî ïàðàìåòðà – ïåðåìåùåíèå âàëà ÒÍÀ –
çà ãðàíèöû äîïóñêà ìîæíî ðàññìàòðèâàòü êàê
ìîìåíò âðåìåíè îáíàðóæåíèÿ íåèñïðàâíîñòè,
ôèêñèðóåìûé ñðåäñòâàìè êîíòðîëÿ. Êàê âèäíî
èç äàííûõ, ïðèâåäåííûõ íà ðèñ. 1, ýòîò ìîìåíò
âðåìåíè îïðåäåëÿåòñÿ ñïóñòÿ 1,5 ñ ïîñëå ìîìåíòà
íà÷àëà òðåíäà èçìåðÿåìûõ ïàðàìåòðîâ. Ñëåäóåò
îñîáî îòìåòèòü, ÷òî èçìåðÿåìûå è ðàñ÷åòíûå
ïàðàìåòðû äâèãàòåëÿ, íå âõîäÿùèå â êîíòóð ÀÐ
è ÑÓ, ïðàêòè÷åñêè íå ñðåàãèðîâàëè íà âîçíèê-
íîâåíèå íåèñïðàâíîñòè.

Î÷åâèäíî, ÷òî ïîñëå îáíàðóæåíèÿ íåèñïðàâ-
íîñòè ìàòåìàòè÷åñêàÿ ìîäåëü íîðìàëüíîãî ôóí-
êöèîíèðóþùåãî äâèãàòåëÿ àäåêâàòíà ëèøü íà
îãðàíè÷åííîì îòðåçêå âðåìåíè.

Ñ ìîìåíòà âðåìåíè îáíàðóæåíèÿ íåèñïðàâ-
íîñòè íà÷èíàåòñÿ âòîðîé ýòàï ïðîöåäóðû äèàã-
íîñòèðîâàíèÿ, íåîáõîäèìûé äëÿ ïîäòâåðæäåíèÿ
äîñòîâåðíîñòè ïðèíÿòèÿ ðåøåíèÿ íà ïåðâîì ýòà-

ïå. Äëÿ ýòîãî êîíòðîëèðóþòñÿ îòêëîíåíèÿ ( )2 mtδ

èçìåðåííûõ ïàðàìåòðîâ ( )*
mx t  îò ïàðàìåòðîâ,

ðàññ÷èòûâàåìûõ ïî ìàòåìàòè÷åñêîé ìîäåëè

( )0 :mx t

( ) ( ) ( )( )
( )

*
0

2 *
0

.
max ,

m m
m

x t x t
t

x x
δ

-
=                (2)

Íà ðèñ. 2 âèäíî, ÷òî â ìîìåíò âðåìåíè tm òðè
íåâÿçêè âèäà (2) èçìåðåííûõ è ðàñ÷åòíûõ çíà÷å-
íèé òåõ æå ïàðàìåòðîâ, ÷òî è íà ïåðâîì ýòàïå,
âûøëè çà ïðåäåëû äîïóñêà. Ýòî ïîäòâåðæäàåò
äîñòîâåðíîñòü îïðåäåëåíèÿ ìîìåíòà âðåìåíè
îáíàðóæåíèÿ íåèñïðàâíîñòè.

Íà òðåòüåì ýòàïå ïðîèçâîäèòñÿ ëîêàëèçàöèÿ
íåèñïðàâíîñòè ïóòåì êîíòðîëÿ õàðàêòåðèñòèê
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Ðèñ. 1. Îòêëîíåíèÿ òåêóùèõ ñðåäíèõ çíà÷åíèé ïàðàìåòðîâ äâèãàòåëÿ îò ñðåäíåãî èçìåðåííîãî çíà÷åíèÿ â íà-
÷àëå ðåæèìà: a — ïðè âîçíèêíîâåíèè íåèñïðàâíîñòè; á — îòêëîíåíèÿ òðåõ ïàðàìåòðîâ, ïî êîòîðûì ïðèíèìà-
åòñÿ ðåøåíèå î âîçíèêíîâåíèè íåèñïðàâíîñòè; 1 — îòêëîíåíèå äàâëåíèÿ îêèñëèòåëÿ íà âõîäå â ðàäèàëüíî-
óïîðíûé ïîäøèïíèê; 2 — îòêëîíåíèå ïåðåìåùåíèÿ âàëà ÒÍÀ; 3 — îòêëîíåíèå äàâëåíèÿ îêèñëèòåëÿ â êîë-
ëåêòîðå ïåðåïóñêà

à)

á)
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êîíñòðóêöèè äâèãàòåëÿ ñ èñïîëüçîâàíèåì âñåõ
èçìåðÿåìûõ ïàðàìåòðîâ. Ìåòîä êîíòðîëÿ õàðàê-
òåðèñòèê êîíñòðóêöèè çàêëþ÷àåòñÿ â ñëåäóþùåì.
Â N õàðàêòåðèñòèê êîíñòðóêöèè äâèãàòåëÿ (îáû÷-
íî ýòî õàðàêòåðèñòèêè àâòîíîìíûõ èñïûòàíèé)
ìóëüòèïëèêàòèâíî ââîäÿòñÿ êîýôôèöèåíòû Kch
êàê íåèçâåñòíûå â ñèñòåìå óðàâíåíèé äèàãíîñ-
òè÷åñêîé ìîäåëè; çàòåì, ïîìèìî ïàðàìåòðîâ íà
âõîäå â äâèãàòåëü, â ñèñòåìó óðàâíåíèé ïîäñòàâ-

ëÿþò çíà÷åíèÿ N èçìåðÿåìûõ ïàðàìåòðîâ è, ðå-
øàÿ ïîëó÷åííóþ ñèñòåìó, îïðåäåëÿþò çíà÷åíèÿ
íåèçâåñòíûõ êîýôôèöèåíòîâ. Äèàãíîñòè÷åñêèå
ïðèçíàêè ñîñòîÿíèÿ äâèãàòåëÿ îïðåäåëÿþòñÿ ïî
ôîðìóëå:

( ) ( )
( )3

1
.

max 1,

ch
m

ch

K
t

K
δ

-
=               (3)

Ðèñ. 2. Îòêëîíåíèÿ èçìåðåííûõ çíà÷åíèé ïàðàìåòðîâ êîíòóðà îò ìîäåëèðóåìûõ: 1 — îòêëîíåíèå äàâëåíèÿ
îêèñëèòåëÿ íà âõîäå â ðàäèàëüíî-óïîðíûé ïîäøèïíèê; 2 — îòêëîíåíèå ïåðåìåùåíèÿ âàëà ÒÍÀ; 3 — îòêëî-
íåíèå äàâëåíèÿ îêèñëèòåëÿ â êîëëåêòîðå ïåðåïóñêà

Ðèñ. 3. Ëîêàëèçàöèÿ íåèñïðàâíîñòè. Îòêëîíåíèå ñèëû, äåéñòâóþùåé íà ïåðåäíèé äèñê öåíòðîáåæíîãî êîëåñà
íàñîñà îêèñëèòåëÿ
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Åñëè êàêîé-ëèáî èç äèàãíîñòè÷åñêèõ ïðèçíà-
êîâ (3) âûøåë çà ïðåäåëû äîïóñêà, òî ñîîòâåò-
ñòâóþùàÿ åìó õàðàêòåðèñòèêà äâèãàòåëÿ ïðèçíà-
åòñÿ íàðóøåííîé. Íà ðèñ. 3 ïîêàçàíî, ÷òî âûç-
âàííîå íåèñïðàâíîñòüþ îòêëîíåíèå ñèëû, äåé-
ñòâóþùåé íà ïåðåäíèé äèñê öåíòðîáåæíîãî êî-
ëåñà íàñîñà îêèñëèòåëÿ ïðè ÎÈ, îò å¸ çíà÷åíèÿ,
îïðåäåëåííîãî ïðè àâòîíîìíûõ èñïûòàíèÿõ,
ïðåâûñèëî óñòàíîâëåííîå ïîðîãîâîå çíà÷åíèå.
Îòêëîíåíèÿ îñòàëüíûõ õàðàêòåðèñòèê àâòîíîì-
íûõ èñïûòàíèé íàõîäÿòñÿ â ïðåäåëàõ äîïóñêîâ.

Äëÿ ïîâûøåíèÿ äîñòîâåðíîñòè ïðèíÿòèÿ ðå-
øåíèÿ î ëîêàëèçàöèè íåèñïðàâíîñòè ìîæíî ïå-
ðåéòè íà ÷åòâåðòûé ýòàï äèàãíîñòèðîâàíèÿ. Íà
ýòîì ýòàïå îïðåäåëÿþò ôóíêöèîíàëüíûå ñâÿçè,
íàðóøåííûå â ðåçóëüòàòå íåèñïðàâíîñòè. Ïðè
ýòîì èñïîëüçóåòñÿ ìåòîä ñòðóêòóðíîãî èñêëþ÷å-
íèÿ [19, 21], êîòîðûé çàêëþ÷àåòñÿ â ñëåäóþùåì:

N èçìåðÿåìûõ ïàðàìåòðîâ ïîäñòàâëÿþò â ñè-
ñòåìó óðàâíåíèé êàê èçâåñòíûå, èñêëþ÷àþò èç
íåå N óðàâíåíèé, ðåøàþò óêîðî÷åííóþ ñèñòåìó
óðàâíåíèé, çàòåì ïîäñòàâëÿþò â èñêëþ÷åííûå
óðàâíåíèÿ ðàñ÷åòíûå è èçìåðåííûå çíà÷åíèÿ ïà-
ðàìåòðîâ è, åñëè â îäíîì èëè íåñêîëüêèõ èç ýòèõ
óðàâíåíèé íàðóøàåòñÿ äîïóñòèìîå ðàâåíñòâî, òî
ïðèíèìàåòñÿ, ÷òî íåèñïðàâíîñòü ëîêàëèçîâàíà â

Ðèñ. 4. Íàðóøåíèå õàðàêòåðèñòèê àãðåãàòîâ: 1 — íàðóøåíèå óðàâíåíèÿ ïåðåïàäà äàâëåíèÿ â òðàêòå ïîäâîäà
îêèñëèòåëÿ â ñòîÿíî÷íîå óïëîòíåíèå; 2 — íàðóøåíèå óðàâíåíèÿ áàëàíñà ñèë íà íàñîñå îêèñëèòåëÿ è ðàáî÷åì
êîëåñå òóðáèíå

êîíòóðå äâèãàòåëÿ, îïèñûâàåìîì «íàðóøåííûìè»
óðàâíåíèÿìè.

Ðåçóëüòàòû äèàãíîñòèðîâàíèÿ íà ÷åòâåðòîì
ýòàïå ïðåäñòàâëåíû íà ðèñ. 4.

Âûâîäû

1. Ïðèìåíåíèå äèàãíîñòè÷åñêîé ìîäåëè
ÆÐÄ, âêëþ÷àþùåé êîíòóð ÀÐ è ÑÓ, îáåñïå÷è-
âàåò ïîëó÷åíèå ïîëíîé èíôîðìàöèè î ôóíêöè-
îíèðîâàíèè äâèãàòåëÿ.

2. Íà ïðèìåðå êîíòðîëÿ ñîñòîÿíèÿ ÆÐÄ ïðè
ñòåíäîâîì îãíåâîì èñïûòàíèè ïðåäñòàâëåíà ïîñ-
ëåäîâàòåëüíîñòü ïðîöåäóð äèàãíîñòèðîâàíèÿ, â
ðåçóëüòàòå êîòîðûõ îáíàðóæåíà è ëîêàëèçîâàíà
íåèñïðàâíîñòü, âûçâàâøàÿ äèñáàëàíñ ñèë íà ðà-
äèàëüíî-óïîðíîì ïîäøèïíèêå íàñîñà îêèñëèòå-
ëÿ è óâåëè÷åíèå äàâëåíèÿ â ïîëîñòè ÑÓ íàñîñà
îêèñëèòåëÿ.

3. Äîñòîâåðíîñòü ïðèíÿòèÿ ðåøåíèÿ íà êàæ-
äîì ïðåäûäóùåì ýòàïå äèàãíîñòèðîâàíèÿ ïîä-
òâåðæäàåòñÿ êîíòðîëåì íà ïîñëåäóþùåì ýòàïå ñ
èñïîëüçîâàíèåì ìåòîäà êîíòðîëÿ õàðàêòåðèñòèê
è ìåòîäà ñòðóêòóðíîãî èñêëþ÷åíèÿ.

4. Èçëîæåííûå ïðîöåäóðû äèàãíîñòèðîâàíèÿ
ìîãóò áûòü èñïîëüçîâàíû ïðè àíàëèçå ôóíêöè-
îíèðîâàíèÿ øèðîêîãî êëàññà ñëîæíûõ òåõíè÷åñ-
êèõ ñèñòåì.
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Abstract

As fire tests (FT) practice revealed, defects
leading to destruction of engine structure elements,
such as radial-thrust bearings, parking seal and blade
wheel hub of the centrifugal pump occurred and
developed with time in the automatic relief valve
(ARV) circuit and parking seal (PS). Very often, such
defects were developing in the course of several and
even tens of seconds. These defects may be detected
at the early stages of their development by the
functional diagnostics methods employing slowly
changing parameters being measured while the FT
and mathematical model of the engine workflow
processes.

Until recently, the computational-experimental
analysis of accidents occurring in the ARV circuit and
PS was performed locally, using only a mathematical
model of this circuit, where the boundary conditions
were assigned by empirical or approximation
dependences. It is clear that integration of the ARV
circuit and PS mathematical model into the math
model of the engine workflow processes gives an
opportunity of obtaining more complete diagnostic
information about the circuit being considered. It is
worth noting the inexpediency of neural network
involving for this purpose due to the necessity of its
training on a large number of FTs.

To increase the depth of engine diagnosing and
confident control of the ARV and SS circuit state,
the system of ARV and SS equations is closed by the
parameters, by which this circuit is being conjugated
with the engine parameters.  By the model obtained
in this way, a step-by-step process of the ARV and
SS circuit state diagnosing is presented, starting from
the moment of identifying the time of a fault
occurrence and up to its localization. At each stage,
special algorithms are being used to confirm the
decisions made at the previous stage. The control
begins with determining the moment of malfunction
occurrence by measured parameters of the
malfunction occurrence time instant. After this,
deviations of measured parameters from the ones
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computed with the model are being controlled. Then
it is necessary to proceed to the control of the engine
characteristics deviation from those obtained while
autonomous tests of units. Finally, if necessary, the
control of functional relations violation by the
structural exclusion method is being performed. On
the example of liquid rocket engine state control
during test bench fire test, the sequence of diagnostic
procedures resulted in the malfunction, which caused
forces unbalance on the radial-thrust bearing of the
oxidizer pump and pressure increase in the cavity of
the oxidizer pump control system, was detected and
localized, was presented.

The stated diagnostic procedures may be
employed in the analysis of a wide class of complex
technical systems functioning.

Keywords: liquid rocket engine, diagnostic model,
automatic relief valve, parking seal, diagnostic signs.
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