
155Âåñòíèê Ìîñêîâñêîãî àâèàöèîííîãî èíñòèòóòà. Ò.27. ¹3

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

1. Ïðèíöèïû äèàãíîñòèêè

Îñíîâíîé çàäà÷åé äèàãíîñòèêè ÃÒÄ ÿâëÿåòñÿ
ðàñïîçíàâàíèå ñîñòîÿíèÿ äâèãàòåëÿ â óñëîâèÿõ îã-
ðàíè÷åííîé èíôîðìàöèè. Â ïðîñòåéøåì ñëó÷àå
ìîæíî âûäåëèòü äâà îñíîâíûõ ñîñòîÿíèÿ äâèãà-
òåëÿ:

— èñïðàâíûé (áåçäåôåêòíûé);
— íåèñïðàâíûé (äåôåêòíûé).
Â ñâîþ î÷åðåäü, íåèñïðàâíûé äâèãàòåëü ìîæåò

èìåòü êîíå÷íîå ÷èñëî êëàññîâ ñîñòîÿíèé, â çàâè-
ñèìîñòè îò ñîñòîÿíèÿ åãî óçëîâ. Ëþáîå ñîñòîÿíèå
äâèãàòåëÿ îïðåäåëÿåòñÿ íåêîòîðîé ñîâîêóïíîñòüþ
ïàðàìåòðîâ ñîñòîÿíèÿ, õàðàêòåðèçóþùèõ ðàáîòó
óçëîâ. Òàê, íåèñïðàâíîñòè êîìïðåññîðà èëè òóð-
áèíû ìîæíî ïðåäñòàâèòü êàê èçìåíåíèå ïðîïóñ-
êíîé ñïîñîáíîñòè è àäèàáàòè÷åñêîãî ÊÏÄ äàí-
íûõ óçëîâ [16—20], íåèñïðàâíîñòè âûõîäíîãî
óñòðîéñòâà — êàê èçìåíåíèå ïëîùàäè ãîðëà ñî-
ïëà è ò.ä. Íåêîòîðûå êëàññû ñîñòîÿíèÿ äëÿ ðàç-
ëè÷íûõ äåôåêòîâ, âîçíèêàþùèõ â ïðîòî÷íîé ÷à-
ñòè ÃÒÄ, ïðèâåäåíû â òàáëèöå.

Êàê ïðàâèëî, ïàðàìåòðû ñîñòîÿíèÿ, ïî îòêëî-
íåíèþ êîòîðûõ ìîæíî ðàñïîçíàòü íåèñïðàâíîñ-
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Ñóùåñòâåííîå ðàçâèòèå ïàðàìåòðè÷åñêèõ ìåòîäîâ äèàãíîñòèêè ñâÿçàíî ñ èñïîëüçîâàíèåì àäåêâàòíûõ ìàòå-
ìàòè÷åñêèõ ìîäåëåé ãàçîòóðáèííîãî äâèãàòåëÿ (ÃÒÄ). Àäåêâàòíûå ìàòåìàòè÷åñêèå ìîäåëè — ëèíåéíûå è íåëè-
íåéíûå — ïîëó÷àþò ïóòåì èäåíòèôèêàöèè àïðèîðíîé ìàòåìàòè÷åñêîé ìîäåëè ïî ðåçóëüòàòàì èñïûòàíèé áåçäå-
ôåêòíîãî äâèãàòåëÿ. Ñëîæíîñòü ïîëó÷åíèÿ òàêèõ ìîäåëåé çàêëþ÷àåòñÿ â òîì, ÷òî ïðèõîäèòñÿ ðåøàòü íåêîððåê-
òíî ïîñòàâëåííûå çàäà÷è, ò.å. êîëè÷åñòâî óðàâíåíèé (îòêëèêîâ) íå ðàâíî êîëè÷åñòâó íåèçâåñòíûõ (ôàêòîðîâ).
Äëÿ óñòîé÷èâîñòè ðåøåíèÿ òàêèõ çàäà÷ èñïîëüçóþòñÿ ðàçëè÷íûå ìåòîäû, òàêèå êàê óñîâåðøåíñòâîâàííûé ìåòîä
íàèìåíüøèõ êâàäðàòíûõ [1—3], ìåòîä óðàâíèâàíèÿ [4—6], äèñêðåòíûé ôèëüòð Êàëìàíà [7—10] è äðóãèå [11—
15]. Â ñòàòüå èñïîëüçîâàëñÿ ìåòîä ãðåáíåâûõ îöåíîê (ðèäæ-îöåíêè).

Êëþ÷åâûå ñëîâà: àâèàöèîííûé ãàçîòóðáèííûé äâèãàòåëü, òåõíè÷åñêàÿ äèàãíîñòèêà, òåðìîäèíàìè÷åñêèå ïà-
ðàìåòðû, ìàòåìàòè÷åñêàÿ ìîäåëü, àëãîðèòì äèàãíîñòèêè, ìåòîäû èäåíòèôèêàöèè.

òè â äâèãàòåëå, íå ìåíÿþòñÿ íåïîñðåäñòâåííî íè
â ýêñïëóàòàöèè, íè ïðè ñòåíäîâûõ èñïûòàíèÿõ.
Îáû÷íî èçìåðÿåòñÿ äðóãàÿ ñîâîêóïíîñòü ïàðàìåò-
ðîâ — ýòî òåìïåðàòóðà, äàâëåíèå, ðàñõîä òîïëè-
âà, âîçäóõà, ÷àñòîòà âðàùåíèÿ ðîòîðîâ è äð., êî-
òîðûå íàçûâàþòñÿ ïðèçíàêàìè ñîñòîÿíèÿ. Êàæ-
äîé ñîâîêóïíîñòè ïðèçíàêîâ ñîñòîÿíèÿ ñîîòâåò-
ñòâóåò âïîëíå îïðåäåëåííàÿ ñîâîêóïíîñòü ïàðà-
ìåòðîâ ñîñòîÿíèÿ. Òàê, ïîÿâëåíèå äåôåêòà â óçëå
ïðèâîäèò îáû÷íî ê èçìåíåíèþ ïîòåðü â íåì, ÷òî
îòðàæàåòñÿ íà ïàðàìåòðàõ ñîñòîÿíèÿ. Â ñâîþ î÷å-
ðåäü, èçìåíåíèå ïàðàìåòðîâ ñîñòîÿíèÿ â êàêîì-
ëèáî óçëå âûçûâàåò ñîîòâåòñòâóþùèå èçìåíåíèÿ
ïðèçíàêîâ ñîñòîÿíèÿ. Îäíîçíà÷íîå ñîîòâåòñòâèå
ìåæäó ïàðàìåòðàìè è ïðèçíàêàìè ñîñòîÿíèÿ ìîæ-
íî óñòàíîâèòü ñ ïîìîùüþ ìàòåìàòè÷åñêîé ìîäå-
ëè äâèãàòåëÿ.

Ñòðóêòóðíàÿ ñõåìà ðàçðàáîòàííîãî àëãîðèòìà
êîíòðîëÿ è äèàãíîñòèêè ñîñòîÿíèÿ ÃÒÄ ïî òåð-
ìîãàçîäèíàìè÷åñêèì ïàðàìåòðàì ïðèâåäåíà íà
ðèñ. 1.
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Ðàçëè÷íûå äåôåêòû â ïðîòî÷íîé ÷àñòè ÃÒÄ

¹  
ï/ï 

Íîìåð  
äåôåêòà 

Рàñïîëîæåíèå  
äåôåêòà 

Ïàðàìåòð  
ñîñòîÿíèÿ 

Âîçìîæíûå ñîñòîÿíèÿ äâèãàòåëÿ 

1 2 3 4 5 

1 1 Âî âõîäíîì äèôôóçîðå 
âõσ  1. Îáëåäåíåíèå êðîìîê 

2. Ïîïàäàíèå ïîñòîðîííèõ ïðåäìåòîâ 
3. Зàãðÿçíåíèå 

2  

2 

3 

4 

5 

Â ïðîòî÷íîé ÷àñòè: 

à) âåíòèëÿòîðà 

á) êîìïðåññîðà ÍÄ 

â) êîìïðåññîðà ÑÄ 

ã) êîìïðåññîðà ÂÄ 

 , k kG η  1. Рàçðóøåíèå ëîïàòîê 
2. Эðîçèîííî-êîððîçèîííûå ïîâðåæäåíèÿ 
ëîïàòîê 
3. Ïîìïàæ 
4. Íåèñïðàâíîñòü ìåõàíèçìà ïîâîðîòà ÂÍÀ 
èëè ÑÀ 
5. Зàäåâàíèå ëàáèðèíòîâ 
6. Иçíîñ ëàáèðèíòîâ 

3 5 Â êàìåðå ñãîðàíèÿ 

 
 ,kc kcη σ   1. Òðåùèíû, ïðîãàðû, êîðîáëåíèå, 

íàãàðîîáðàçîâàíèå æàðîâûõ òðóá 
2. Âèáðàöèîííîå ãîðåíèå 
3. Зàêîêñîâàíèå, çàñîðåíèå òîïëèâíûõ 
ôîðñóíîê 

4  

7 

16 

8 

Â ïðîòî÷íîé ÷àñòè: 

à) òóðáèíû ÂÄ 

á) òóðáèíû Ä 

â) òóðáèíû ÍÄ 

 , Ò ÒG η  1. Рàçðóøåíèå èëè îáðûâ ëîïàòîê 
2. Âûòÿæêà ëîïàòîê èëè äèñêà 
3. Эðîçèÿ ëîïàòîê è ñîïëîâîãî àïïàðàòà 

5  

10 

15 

24 

25 

Â ðåàêòèâíîì ñîïëå: 

à) íåðåãóëèðóåìîì 

á) ðåãóëèðóåìîì 

â) íàðóæíîãî êîíòóðà 

ã) âíóòðåííåãî êîíòóðà 

ã.ð.ñ

ð.ñ

F

ϕ
 

1. Ïðîãàð è äåôîðìàöèÿ ñòâîðîê 
2. Êîðîáëåíèå ñîïëà 

6 9 Â êàìåðå ñìåøåíèÿ 
2 1 ê.ñì/ ,F F σ  1. Êîðîáëåíèå äåôëåêòîðà 

7 2 Â ôîðñàæíîé êàìåðå 
ô ô ,η σ  1. Òðåùèíû, ïðîãàðû, êîðîáëåíèå, 

äåôîðìàöèè äåòàëåé ôîðñàæíîé êàìåðû 
2. Âèáðàöèîííîå ãîðåíèå 

8 12 Фîðñóíîê â ôîðñàæíîé 
êàìåðå 

*
ôÒ  1. Зàêîêñîâàíèå èëè çàñîðåíèå ôîðñàæíûõ 

ôîðñóíîê 

9  
 

13 

14 

Â ïîäøèïíèêàõ èëè 
ïðèâîäàõ ðîòîðà: 

à) âûñîêîãî äàâëåíèÿ 

á) íèçêîãî äàâëåíèÿ 

 
 

ì  РÂD η  

ì  РÂD η  

1. Ïîâûøåííîå òðåíèå â ïîäøèïíèêàõ 

10  

17 

20 

23 

Â óïëîòíåíèÿõ çà: 

à) âåíòèëÿòîðîì 

á) êîìïðåññîðîì ÑÄ 

â) êîìïðåññîðîì ÂÄ 

 

óò.êGΔ  

1. Рàçðóøåíèå ëàáèðèíòíûõ óïëîòíåíèé 

11  
 

21 

22 

19 

Â ñèñòåìå îõëàæäåíèÿ: 

à) òóðáèíû ÂÄ 

á) òóðáèíû ÑÄ 

â) òóðáèíû ÍÄ 

 
 

îõë.òGΔ  

1. Íàðóøåíèå ïîäà÷è îõëàæäàþùåãî 
âîçäóõà 
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Ðàáîòà àëãîðèòìà îñóùåñòâëÿåòñÿ â äâà ýòàïà.
1. Îïðåäåëåíèå èñïðàâíîñòè ïðîòî÷íîé ÷àñòè

äâèãàòåëÿ.
Ðåçóëüòàòû ñòåíäîâûõ èñïûòàíèé äâèãàòåëÿ

ïîñòóïàþò â áëîê êîíòðîëÿ (ñì. ðèñ. 1), îñíîâíîé
çàäà÷åé êîòîðîãî ÿâëÿåòñÿ ïðèíÿòèå ðåøåíèÿ î
ñîñòîÿíèè äâèãàòåëÿ («èñïðàâåí-íåèñïðàâåí»). Â
ñëó÷àå, êîãäà ðåçóëüòàòû ðàáîòû áëîêà êîíòðîëÿ
ñâèäåòåëüñòâóþò îá èñïðàâíîì ñîñòîÿíèè ïðîòî÷-
íîé ÷àñòè ÃÒÄ [21], óïðàâëåíèå ïåðåäàåòñÿ íà âõîä
àëãîðèòìà. Ïðè íàëè÷èè íîâîé äèàãíîñòè÷åñêîé
èíôîðìàöèè ïðîöåññ êîíòðîëÿ ïîâòîðÿåòñÿ, ïðè

îòñóòñòâèè çàêàí÷èâàåòñÿ. Åñëè îêàæåòñÿ, ÷òî
ïðîâåðÿåìûé äâèãàòåëü íàõîäèòñÿ â îäíîì èç íå-
èñïðàâíûõ ñîñòîÿíèé, òî óïðàâëåíèå ïåðåäàåòñÿ
áëîêó äèàãíîñòèêè ñîñòîÿíèÿ ÃÒÄ.

2. Îïðåäåëåíèå íåèñïðàâíîãî óçëà ïðîòî÷íîé
÷àñòè äâèãàòåëÿ.

Îñíîâíîé çàäà÷åé áëîêà äèàãíîñòèêè ÿâëÿåòñÿ
îïðåäåëåíèå íåèñïðàâíûõ óçëîâ äâèãàòåëÿ ñ çà-
äàííîé âåðîÿòíîñòüþ è ðàñ÷åò ñîîòâåòñòâóþùèõ
èì ïàðàìåòðîâ ñîñòîÿíèÿ. Ïîñëå ïå÷àòè äèàãíî-
ñòè÷åñêîãî ñîîáùåíèÿ óïðàâëåíèå âíîâü ïåðåäà-
åòñÿ íà âõîä àëãîðèòìà è ïðîöåññ êîíòðîëÿ è äè-
àãíîñòèêè ìîæåò áûòü ïðîäîëæåí.

Ðåàëèçîâàííûé ïðîãðàììíî àëãîðèòì äèàãíî-
ñòèêè âûäàåò äèàãíîñòè÷åñêèå ñîîáùåíèÿ äëÿ
ÒÐÄ TJ-100A-Z (ðèñ. 2—5).

2. Òåîðåòè÷åñêèå îñíîâû àëãîðèòìà êîíòðîëÿ
è äèàãíîñòèêè ñîñòîÿíèÿ ÃÒÄ

Àëãîðèòì êîíòðîëÿ è äèàãíîñòèêè ñîñòîÿíèÿ
ÃÒÄ îñíîâàí íà ïðåäïîëîæåíèè, ÷òî èìååòñÿ
àäåêâàòíàÿ íåëèíåéíàÿ ìàòåìàòè÷åñêàÿ ìîäåëü
èñïûòûâàåìîãî äâèãàòåëÿ, à òàêæå èçâåñòíû çíà-
÷åíèÿ ïàðàìåòðîâ è ïðèçíàêîâ ñîñòîÿíèÿ ýòàëîí-
íîãî äâèãàòåëÿ íà ðåæèìàõ äèàãíîñòèêè. Â ïðî-
öåññå èñïûòàíèé äèàãíîñòèðóåìîãî äâèãàòåëÿ îï-
ðåäåëÿþòñÿ ïðèçíàêè ñîñòîÿíèÿ, à ïàðàìåòðû
ñîñòîÿíèÿ íåèçâåñòíû. Â îáùåì ñëó÷àå çàâèñè-
ìîñòü ïðèçíàêîâ ñîñòîÿíèÿ îò ïàðàìåòðîâ ñîñòî-
ÿíèÿ íåëèíåéíàÿ:

( )   ,ij iky f x=                     (1)

ãäå yij —  j-é äèàãíîñòè÷åñêèé ïàðàìåòð íà i-ì ðå-
æèìå;

xik — k-é ïàðàìåòð ñîñòîÿíèÿ íà i-ì ðåæèìå;
1 ,i n=  n — íîìåð ðåæèìà äèàãíîñòèêè;
1 ,j m=  m — íîìåð äèàãíîñòè÷åñêîãî ïàðàìåòðà;
1 ,k l=  l — íîìåð ïàðàìåòðà ñîñòîÿíèÿ.

Íåëèíåéíûå ìàòåìàòè÷åñêèå ìîäåëè íàøëè
øèðîêîå ïðèìåíåíèå â ïðàêòèêå îòå÷åñòâåííîãî
àâèàäâèãàòåëåñòðîåíèÿ äëÿ ðàñ÷åòîâ äðîññåëüíûõ,
âûñîòíî-ñêîðîñòíûõ õàðàêòåðèñòèê è ïåðåõîäíûõ
ðåæèìîâ. Îäíàêî äëÿ èõ èñïîëüçîâàíèÿ òðåáóþò-
ñÿ ÝÂÌ ñ áîëüøèì îáúåìîì âíåøíåé è îïåðà-
òèâíîé ïàìÿòè; êðîìå òîãî, îïûò ðàáîòû ïîêà-
çûâàåò, ÷òî ñîçäàíèå íà èõ îñíîâå àëãîðèòìîâ äè-
àãíîñòèêè ïðèâîäèò ê áîëüøèì çàòðàòàì ìàøèí-
íîãî âðåìåíè. Ëèíåàðèçàöèÿ èñõîäíîé íåëèíåé-
íîé ñèñòåìû óðàâíåíèé îòíîñèòåëüíî äàííîãî ðå-
æèìà ðàáîòû äâèãàòåëÿ îáëåã÷àåò ðåøåíèå êîí-
êðåòíîé çàäà÷è — ïîñòðîåíèÿ àëãîðèòìà äèàãíîñòè-
êè, îòâå÷àþùåãî òðåáîâàíèÿì, èçëîæåííûì â ï. 1.

Ðèñ. 1. Ñòðóêòóðíàÿ ñõåìà àëãîðèòìà êîíòðîëÿ è äèàã-
íîñòèêè ñîñòîÿíèÿ ÃÒÄ
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Ðèñ. 2. Èñïðàâíîå ñîñòîÿíèå
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Ðèñ. 3. Íàëè÷èå îäíîãî äåôåêòíîãî óçëà
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Ðèñ. 4. Íàëè÷èå òðóäíîðàçäåëèìûõ äåôåêòîâ
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Ðèñ. 5. Íàëè÷èå äâóõ äåôåêòíûõ óçëîâ
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Êàê îòìå÷àþò ðÿä àâòîðîâ [2, 4, 11], ðàçëè÷èÿ â
ðåøåíèÿõ íåëèíåéíûõ óðàâíåíèé è èõ ëèíåàðè-
çîâàííîãî ïðåäñòàâëåíèÿ íà óñòàíîâèâøèõñÿ ðå-
æèìàõ íå ñòîëü ñóùåñòâåííû, ÷òîáû ïðèâîäèòü ê
íåäîïóñòèìûì îøèáêàì ïî òî÷íîñòè, ò.å. êà÷å-
ñòâåííî ðàçëè÷íûå ðåøåíèÿ îòëè÷íûõ â ìàòåìà-
òè÷åñêîì àñïåêòå ñèñòåì óðàâíåíèé ïðàêòè÷åñêè
ñîâïàäàþò â êîëè÷åñòâåííîì îòíîøåíèè, íî òîëü-
êî â ìàëîì, äîïóñòèìîì äèàïàçîíå îòêëîíåíèé
ïàðàìåòðîâ ñîñòîÿíèÿ. Òàê êàê â çàäà÷àõ êîíòðîëÿ
è äèàãíîñòèêè èìåþò ìåñòî ìàëûå îòêëîíåíèÿ ïà-
ðàìåòðîâ è õàðàêòåðèñòèê óçëîâ, òî ïðèìåíåíèå
ëèíåàðèçîâàííûõ óðàâíåíèé â íèõ äîïóñòèìî.
Òîãäà ëèíåéíîå ïðåäñòàâëåíèå äëÿ íåëèíåéíîé
ôóíêöèè (1) â îêðåñòíîñòè ýòàëîííîãî ðåæèìà
ìîæíî ïîëó÷èòü ðàçëîæåíèåì åå â ðÿä Òýéëîðà:
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Ïðîâåäÿ ðÿä íåñëîæíûõ çàìåí, ïðåîáðàçóåì
ëèíåéíóþ ñèñòåìó (2) â ñèñòåìó óñëîâíûõ óðàâ-
íåíèé:
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k-ãî ïàðàìåòðà ñîñòîÿíèÿ íà i-ì ðåæèìå.
Îáîçíà÷èâ êîýôôèöèåíòû âëèÿíèÿ
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ïîëó÷èì:

 1 1 2 2 .ij ij i ij i ijl ild x d x d xε δ δ δ= + +º+         (5)

Òàê êàê êîíòðîëèðóåìûå ïàðàìåòðû îïðåäåëÿ-
þòñÿ ñ íåîäèíàêîâîé òî÷íîñòüþ, òî ïðèâåäåíèå
ê ðàâíîòî÷íûì èçìåðåíèÿì ìîæíî îñóùåñòâèòü
ñ ïîìîùüþ âåñîâ:

;ij ij i jP Pε ε=                        (6)

.ij ijk i jd d P P=                      (7)

Çäåñü ijε  — âçâåøåííàÿ îòíîñèòåëüíàÿ íåâÿçêà èç-

ìåðÿåìîãî ïàðàìåòðà;
Pi — âåñ ðåæèìà;
Pj — âåñ èçìåðåíèÿ,

2
o

,j
j

С
P

δ
=                          (8)

ãäå Ñ — êîíñòàíòà; o jδ  — ñðåäíÿÿ êâàäðàòè÷íàÿ

îøèáêà èçìåðåíèÿ ïàðàìåòðà.
Ðåêîìåíäàöèè ïî âûáîðó Pi è Pj ïîäðîáíî

èçëîæåíû â ðàáîòàõ [22—24].
Äëÿ îáåñïå÷åíèÿ îäíîçíà÷íîñòè è ñðàâíèìî-

ñòè ðåçóëüòàòîâ èñïûòàíèé ïðèìåíÿåòñÿ ïðèâåäå-
íèå èçìåðÿåìûõ ïàðàìåòðîâ ê ýòàëîííîìó ðåæè-
ìó äèàãíîñòèêè. Ýòî îáóñëîâëåíî òåì, ÷òî ðàñ÷åò
êîýôôèöèåíòîâ âëèÿíèÿ, ïàðàìåòðîâ è ïðèçíàêîâ
ñîñòîÿíèÿ ïî ýòàëîííîé ìàòåìàòè÷åñêîé ìîäåëè
íà ðåæèìàõ äèàãíîñòèêè ïðîâîäèòñÿ îáû÷íî ïðè
âïîëíå îïðåäåëåííûõ ðåæèìíûõ ïàðàìåòðàõ (äëÿ
äâèãàòåëÿ ðåæèìíûìè ïàðàìåòðàìè ÿâëÿþòñÿ

* *
í í âä,  ,  Ð Ò ï  è ò.ï.). Â ïðîöåññå èñïûòàíèé äâèãà-

òåëÿ ðåæèìíûå ïàðàìåòðû ìîãóò íåñêîëüêî èçìå-
íÿòüñÿ, ÷òî ïðèâåäåò ê íàðóøåíèþ ñâÿçè èçìåðÿ-
åìûõ ïàðàìåòðîâ ñ ïàðàìåòðàìè ñîñòîÿíèÿ. Ïî-
ýòîìó ïðèâåäåíèå ðåçóëüòàòîâ èñïûòàíèé ê ýòà-
ëîííîìó ðåæèìó îñóùåñòâëÿåòñÿ ñ ïîìîùüþ ââå-
äåíèÿ ïîïðàâîê. Ïóñòü z1, z2,…, zN  — ðåæèìíûå
ïàðàìåòðû, îòëè÷àþùèåñÿ îò ýòàëîííûõ çíà÷å-
íèé, òîãäà ïîïðàâêó íà ïðèâåäåíèå ê ýòàëîííî-
ìó ðåæèìó ïî êàæäîìó èçìåðÿåìîìó ïàðàìåòðó
ìîæíî çàïèñàòü â ñëåäóþùåì âèäå:

 1 1 2 2 . ij ij i ij i ijN iNd z d z d zΔε δ δ δ= + +º+¢ ¢ ¢        (9)

Çäåñü  ijΔε  — ïîïðàâêà ïðèâåäåíèÿ j-ãî èçìåðÿå-
ìîãî ïàðàìåòðà íà i-ì ðåæèìå;

ijNd ¢  — êîýôôèöèåíò âëèÿíèÿ N-ãî ðåæèìíî-

ãî ïàðàìåòðà íà j-é äèàãíîñòè÷åñêèé ïàðàìåòð íà
i-ì ðåæèìå;
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iNzδ  — îòíîñèòåëüíîå îòêëîíåíèå N-ãî ðå-

æèìíîãî ïàðàìåòðà îò åãî ýòàëîííîãî çíà÷åíèÿ,
îïðåäåëÿåìîå ïî ôîðìóëå

0
 

0

 
 ,iN iN

iN
iN

z z
z

z
δ

-
=                  (10)

ãäå ziN — çíà÷åíèå ðåæèìíîãî ïàðàìåòðà, ïîëó÷åí-
íîå â ìîìåíò èçìåðåíèé êîíòðîëèðóåìûõ ïàðà-
ìåòðîâ;

ziN0 — çíà÷åíèå ýòàëîííîãî ðåæèìíîãî ïàðà-
ìåòðà, ïðèíÿòîãî ïðè ðàñ÷åòå êîýôôèöèåíòîâ
âëèÿíèÿ äëÿ äèàãíîñòèêè.

Î÷åâèäíî, ÷òî â ñëó÷àå ðàâåíñòâà èçìåðåííûõ
è ýòàëîííûõ çíà÷åíèé ðåæèìíûõ ïàðàìåòðîâ
ïîïðàâêà ïðèâåäåíèÿ ðàâíà íóëþ.

Ââîäÿ â çàâèñèìîñòü (5) âåñà è ïîïðàâêè ïðè-
âåäåíèÿ, ïîëó÷èì îêîí÷àòåëüíóþ ñèñòåìó óñëîâ-
íûõ óðàâíåíèé:

1 2 2 ,ij ij i ij i ijl ilS d x d x d xδ δ δ= + +º+       (11)

ãäå

.ij ij ijS ε Δε= -                  (12)

Ñèñòåìà óñëîâíûõ óðàâíåíèé âñåãäà ïåðåîï-
ðåäåëåííàÿ, ò.ê ÷èñëî óðàâíåíèé áîëüøå ÷èñëà
íåèçâåñòíûõ, à òàêæå íåñîâìåñòíàÿ èç-çà íåèçáåæ-
íûõ ïîãðåøíîñòåé èçìåðåíèé. Ïîýòîìó, ñîãëàñ-
íî ïðèíöèïó Ëåæàíäðà [25], ïðåîáðàçóåì ñèñòå-
ìó óñëîâíûõ ðàâíåíèé (11) â ñèñòåìó íîðìàëüíûõ
óðàâíåíèé:
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 (13)

Ñèñòåìà (13) âñåãäà îïðåäåëåííàÿ è ñîâìåñò-
íàÿ. Ðåøåíèåì åå ÿâëÿåòñÿ âåêòîð îòíîñèòåëüíûõ
îòêëîíåíèé èñêîìûõ ïàðàìåòðîâ ñîñòîÿíèÿ

( 1 2, , , lx x xδ δ δº ), ïî êîòîðûì ìîæíî ñóäèòü î íà-

ëè÷èè äåôåêòà. Åñëè ïîäñòàâèòü íàéäåííûå çíà-

÷åíèÿ 1 2, , , lx x xδ δ δº  â ñèñòåìó óñëîâíûõ óðàâíå-

íèé (11), òî ïîëó÷èì òàê íàçûâàåìûå îñòàòî÷íûå

íåâÿçêè ijξ , ïîêàçûâàþùèå, êàê íàéäåííûå çíà-

÷åíèÿ îòíîñèòåëüíûõ îòêëîíåíèé ïàðàìåòðîâ
ñîñòîÿíèÿ óäîâëåòâîðÿþò óñëîâíûì óðàâíåíèÿì.
Åñëè âñå îñòàòî÷íûå íåâÿçêè ïî ñâîåé âåëè÷èíå
äîñòàòî÷íî ìàëû, òî ïîëó÷åííàÿ ìàòåìàòè÷åñêàÿ
ìîäåëü ÿâëÿåòñÿ àäåêâàòíîé èññëåäóåìûì èçìå-
ðåííûì ïàðàìåòðàì. Ïî ñòåïåíè àäåêâàòíîñòè
ìîæíî ñóäèòü î âûÿâëåííîì äåôåêòå.

Âûâîäû

Ñóùåñòâóþùèå îòå÷åñòâåííûå ñèñòåìû è ìå-
òîäû îöåíêè òåõíè÷åñêîãî ñîñòîÿíèÿ àâèàöèîí-
íûõ äâèãàòåëåé ðàçðàáîòàíû áîëüøåé ÷àñòüþ äëÿ
èñïîëüçîâàíèÿ ïîëåòíîé èíôîðìàöèè è îñíîâà-
íû íà ðó÷íîé èëè àâòîìàòè÷åñêîé ðåãèñòðàöèè
ïàðàìåòðîâ â ïîëåòå. Àíàëèç äàííûõ ðàáîò ïîçâî-
ëÿåò âûäåëèòü ñëåäóþùèå ýòàïû êîíòðîëÿ ñîñòî-
ÿíèÿ:

1. Ðåãèñòðàöèÿ ïàðàìåòðîâ íà îäíîì èëè íå-
ñêîëüêèõ ðåæèìàõ ïîëåòà (îáû÷íî ýòî êðåéñåðñ-
êèé ðåæèì), ïðîâîäèòñÿ îäèí èëè íåñêîëüêî ðàç
çà ïîëåò.

2. Ïðåäâàðèòåëüíàÿ îáðàáîòêà ïîëó÷åííîé èí-
ôîðìàöèè îñóùåñòâëÿåòñÿ èñêëþ÷åíèåì ãðóáûõ
îøèáîê èçìåðåíèÿ è ïðèâåäåíèåì èçìåðÿåìûõ
ïàðàìåòðîâ ê îäíèì óñëîâèÿì ïîëåòà è ê îäíîìó
ðåæèìó. Â áîëüøèíñòâå ìåòîäèê ïðèâåäåíèå èç-
ìåðÿåìûõ ïàðàìåòðîâ ê ñòàíäàðòíûì àòìîñôåð-
íûì óñëîâèÿì îñóùåñòâëÿåòñÿ ñ ïîìîùüþ ñðåä-
íåñòàòèñòè÷åñêèõ äðîññåëüíûõ õàðàêòåðèñòèê,
ïîëó÷åííûõ ïðè ñòåíäîâûõ èñïûòàíèÿõ íåñêîëü-
êèõ äâèãàòåëåé äàííîé ñåðèè.

3. Ðàñ÷åò îòíîñèòåëüíûõ îòêëîíåíèé èçìåðÿ-
åìûõ ïàðàìåòðîâ îò áàçîâûõ (ýòàëîííûõ) çíà÷å-
íèé ïàðàìåòðîâ.

4. Ñãëàæèâàíèå îòíîñèòåëüíûõ îòêëîíåíèé
ïàðàìåòðîâ. Òàê, â ðàáîòå [26] ñãëàæèâàíèå ïðî-
èçâîäèòñÿ ýêñïîíåíöèàëüíûì ìåòîäîì.

5. Îöåíêà òåõíè÷åñêîãî ñîñòîÿíèÿ äèàãíîñòè-
ðóåìîãî äâèãàòåëÿ ïðîâîäèòñÿ ñ èñïîëüçîâàíèåì
òðàäèöèîííîãî ìåòîäà äîïóñêîâîãî êîíòðîëÿ èëè
ìåòîäîì âûÿâëåíèÿ òåíäåíöèé ê óõîäó îòíîñè-
òåëüíûõ îòêëîíåíèé ïàðàìåòðîâ îò ïåðâîíà÷àëü-
íûõ çíà÷åíèé.
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Abstract

As a rule, the state parameters, which changing
allows detecting the engine failures, change directly
neither while operation, nor while bench testing.
Usually, the other combination of parameters, called
the status signs, is being measured. These are
temperature, pressure, fuel and air consumption, rotor
rotation frequency etc. A well-defined combination of
state parameters corresponds to each combination
status signs. The structural diagram of the developed
algorithm for the gas turbine engine monitoring and
state diagnostics by thermo-gas-dynamic parameters
is being performed by the two stages:

1. Determining the engine gas-air channel
serviceability.

The results of the engine bench tests are being
loaded to the control unit, which main purpose
consists in making decision on the engine state in the
“serviceable - non-serviceable” form. In the case when
the control unit operation results indicate the
serviceable condition of the engine gas-air channel
control is being transferred to the algorithm input.

2. Determining the serviceable node of the engine
gas-air channel.

The main task of the diagnostics unit consists in
identifying the non-serviceable assemblies of the
engine with the specified probability and computing
the state parameters corresponding to them. After
printing the diagnostics message, control is being
transferred again to the algorithm input, and the
monitoring and diagnostics process can be continued.

The measured parameters undergo pre-processing
according to the technique being employed at the
enterprise. After that, computations according to the
mathematical model on the same modes are being
performed. The algorithm for monitoring and
diagnosing of a gas turbine engine state is based on
the assumption of the existence of the adequate non-
linear mathematical model of the engine under testing,
as well as known values of the state parameters and
signs of the reference engine in the diagnostics mode.

In the course of tests of the diagnosed engine, the
status signs are being determined, while the state
parameters are unknown. In the general case, the
dependence of the state signs on the state parameters
is nonlinear. Thus, the linear models have to be
obtained on a number of basic modes, bearing in mind
that deviations from the given mode when using such
models are possible within 10%.

Keywords: aircraft gas turbine engine, technical
diagnostics, thermodynamic parameters, mathematical
model, diagnostics algorithm, identification methods.
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