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Ýêîíîìè÷åñêóþ ýôôåêòèâíîñòü ïðè ýêñïëóàòàöèè ñàìîëåòîâ ìåñòíûõ âîçäóøíûõ ëèíèé

(ÌÂË) ìîæíî ïîâûñèòü çà ñ÷åò óâåëè÷åíèÿ èíôîðìèðîâàííîñòè î íàãðóæåíèè è ñîñòîÿíèè

àâèàöèîííîé êîíñòðóêöèè ñ ïîñëåäóþùåé êîððåêòèðîâêîé ïðîãðàììû òåõíè÷åñêîãî îá-

ñëóæèâàíèÿ â ñîîòâåòñòâèè ñ ôàêòè÷åñêèìè óñëîâèÿìè ýêñïëóàòàöèè. Ó÷åò èíäèâèäóàëü-

íûõ îñîáåííîñòåé íàãðóæåíèÿ ñèëîâûõ ýëåìåíòîâ êîíñòðóêöèè òðàíñïîðòíûõ ñàìîëåòîâ â

ïðîöåññå âûïîëíåíèÿ ïîëåòîâ ïîçâîëÿåò çíà÷èòåëüíî ïðîäëèòü ðåñóðñ, â íåêîòîðûõ ñëó÷à-

ÿõ — â äâà è áîëåå ðàç. Îäíàêî íà äàííûé ìîìåíò ñèñòåìû ìîíèòîðèíãà íàãðóçîê â àâèà-

öèîííîé îòðàñëè ïîâñåìåñòíî åùå íå âíåäðåíû. Ðåàëèçàöèÿ èçâåñòíûõ ïîäõîäîâ, ðàçðàáà-

òûâàåìûõ äëÿ ìîíèòîðèíãà è àíàëèçà íàãðóçîê, òðåáóåò çíà÷èòåëüíûõ èçìåíåíèé â ïðî-

ãðàììàõ è ïðîöåäóðàõ ïîääåðæàíèÿ ëåòíîé ãîäíîñòè, âêëþ÷àÿ íåîáõîäèìîñòü óñòàíîâêè

äîïîëíèòåëüíîãî ñëîæíîãî èçìåðèòåëüíîãî îáîðóäîâàíèÿ. Â äàííîé ðàáîòå ðàññìàòðèâàåò-

ñÿ àëüòåðíàòèâíûé ïîäõîä ïî îòíîøåíèþ ê ñóùåñòâóþùèì ìåòîäàì ìîíèòîðèíãà íàãðó-

çîê. Íà îñíîâå ïðèìåíåíèÿ òåõíîëîãèé èñêóññòâåííîãî èíòåëëåêòà ïðåäëîæåíà ìåòîäèêà

îïðåäåëåíèÿ (ïðîãíîçà) íàãðóçîê â ñèëîâûõ ýëåìåíòàõ êîíñòðóêöèè ñàìîëåòà áåç èñïîëüçî-

âàíèÿ äîïîëíèòåëüíîãî èçìåðèòåëüíîãî îáîðóäîâàíèÿ. Êëþ÷åâûì ýòàïîì ìåòîäèêè ÿâëÿ-

åòñÿ ôîðìèðîâàíèå ñ ïîìîùüþ èñêóññòâåííîé íåéðîííîé ñåòè çàâèñèìîñòè ìåæäó ïàðà-

ìåòðàìè ïîëåòà, êîòîðûå ðåãèñòðèðóþòñÿ øòàòíûìè áîðòîâûìè ñàìîïèñöàìè, è ïàðàìåò-

ðàìè íàãðóæåíèÿ, îïðåäåëÿåìûìè ðàñ÷åòíî-ýêñïåðèìåíòàëüíûìè ìåòîäàìè â ðåçóëüòàòå

îáðàáîòêè äàííûõ òåíçîìåòðèè. Ýòè äàííûå â äîñòàòî÷íîì îáúåìå ïîëó÷àþò ïðè ïðîâåäå-

íèè ëåòíî-ïðî÷íîñòíûõ èñïûòàíèé íà ýòàïå ñåðòèôèêàöèè. Ìåòîäèêà ðàññìîòðåíà íà

ïðèìåðå ïðîãíîçà óñèëèé â ýëåìåíòàõ ìåõàíèçàöèè çàêðûëêîâ ñàìîëåòà. Ïîëó÷åííûå ðå-

çóëüòàòû ïîêàçàëè, ÷òî ñðåäíÿÿ îøèáêà îöåíîê óñèëèé â øàòóíàõ âíóòðåííèõ çàêðûëêîâ

íå ïðåâûøàåò 6 %. Äàííûå ðåçóëüòàòû ïîçâîëÿþò ñ ïðèåìëåìîé òî÷íîñòüþ îïðåäåëÿòü â

ïðîöåññå ýêñïëóàòàöèè íàêîïëåííóþ èíäèâèäóàëüíóþ ïîâðåæäàåìîñòü êîíñòðóêöèè ëåòà-

òåëüíîãî àïïàðàòà è îöåíèâàòü âåëè÷èíó åãî îñòàòî÷íîãî ðåñóðñà. Ïðåäñòàâëåííûé ïîäõîä

ÿâëÿåòñÿ ÷àñòüþ ìåòîäè÷åñêîé áàçû, íåîáõîäèìîé äëÿ ðàçðàáîòêè è âíåäðåíèÿ ñîâðåìåí-

íûõ ñðåäñòâ àíàëèçà ñîñòîÿíèÿ êîíñòðóêöèè, ðåàëèçîâàííûõ íà îñíîâå áîðòîâûõ ñèñòåì

ìîíèòîðèíãà ñàìîëåòîâ ÌÂË.
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Economic efficiency in the operation of aircraft local air lines (LA) can be improved by increasing the

awareness of the loading and aircraft structure integrity, with the subsequent adjustment of the mainte-

nance program in accordance with the actual operating conditions. The allowance for specific features of

loading load-bearing elements at transport aircraft during particular operations provides a significant ex-

tending in the safe life (in some cases, by several times). However, at the moment, load monitoring sys-

tems in the aviation industry have not yet been implemented universally. The implementation of the
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well-known approaches developed for monitoring and analyzing loads requires significant changes in the

programs and procedures for maintaining airworthiness, including the need to install additional sophisti-

cated measuring equipment. We propose an alternative approach to existing methods of load monitoring

without using additional measuring equipment. The main stage is formation of the relationship between

the flight parameters recorded by the standard on-board recorder and the loading parameters, which are

determined by computational and experimental methods as a result of processing strain gauge data. A suf-

ficient bulk of the strain data is usually obtained during the flight tests at the certification stage. Testing

of this technique is considered with reference to the example of the loads in the elements of high lift de-

vices of aircraft flaps. The average error in the estimates of the forces in the connecting rods of the inner

flaps does not exceed 6%. The results obtained make it possible to determine with the acceptable accuracy

the individual accumulated damageability of an aircraft structure and to assess the residual safe life. The

presented approach is a part of the methodological framework necessary for the development and imple-

mentation of modern means of analyzing the integrity of the structure, implemented on the basis of

on-board monitoring systems of local airlines aircraft.

Keywords: neural network; perceptron; cyclic loading of the structure; fatigue damage; residual life.

Ââåäåíèå

Â íàñòîÿùåå âðåìÿ îäíèì èç ïðèîðèòåòíûõ

íàïðàâëåíèé ðàçâèòèÿ àâèàöèîííîé îòðàñëè ÿâ-

ëÿåòñÿ îáåñïå÷åíèå ðåãóëÿðíîãî àâèàöèîííîãî

ñîîáùåíèÿ ìåæäó îòäåëüíûìè íàñåëåííûìè

ïóíêòàìè âíóòðè ñòðàíû, â òîì ÷èñëå â òðóäíî-

äîñòóïíûõ äëÿ íàçåìíîãî òðàíñïîðòà ðåãèîíàõ.

Áåçîïàñíîñòü ñàìîëåòîâ ìåñòíûõ âîçäóøíûõ

ëèíèé (ÌÂË) äîñòèãàåòñÿ âûïîëíåíèåì òðåáîâà-

íèé è ïðîöåäóð, îïðåäåëåííûõ ðÿäîì íîðìàòèâ-

íûõ äîêóìåíòîâ, ñîáëþäåíèå êîòîðûõ îáåñïå÷è-

âàåò äëèòåëüíóþ ýêñïëóàòàöèþ âîçäóøíûõ ñóäîâ

òðàíñïîðòíîé êàòåãîðèè áåç ïðîèñøåñòâèé ÷ðåç-

âû÷àéíîãî õàðàêòåðà.

Êîíêðåòíûé ñîñòàâ îáÿçàòåëüíûõ è äîïîëíè-

òåëüíûõ òðåáîâàíèé ê òèïîâîé êîíñòðóêöèè ñà-

ìîëåòîâ, äëÿ êîòîðûõ òðåáóåòñÿ ïîäòâåðæäåíèå

ñîîòâåòñòâèÿ, ïðåäóñìîòðåíî ðàçðàáàòûâàòü â

ðàìêàõ ñåðòèôèêàöèîííîãî áàçèñà (ñïåöèàëüíûõ

òåõíè÷åñêèõ óñëîâèé). Ñåðòèôèêàöèîííûé áàçèñ

îòðàæàåò âñå õàðàêòåðíûå âàæíûå ñâîéñòâà êîí-

ñòðóêöèè âîçäóøíîãî ñóäíà, ñîñòàâ åãî ôóíêöèî-

íàëüíûõ ñèñòåì, õàðàêòåðèñòèêè, îáåñïå÷èâàþ-

ùèå áåçîïàñíûé ïîëåò, ýêñïëóàòàöèîííûå ïðî-

öåäóðû, ñîäåðæàùèåñÿ â ëåòíîì ðóêîâîäñòâå è â

äîêóìåíòàõ ïî ïîääåðæàíèþ ëåòíîé ãîäíîñòè.

Êàê ïîêàçàíî â ñòàòüÿõ [1, 2], ñåðòèôèêàöèîí-

íûé áàçèñ ìîæåò áûòü èñïîëüçîâàí íå òîëüêî äëÿ

ñåðòèôèêàöèè, íî è äëÿ îïðåäåëåíèÿ êëàññà áåñ-

ïèëîòíûõ âîçäóøíûõ ñóäîâ, â ñîîòâåòñòâèè ñ êî-

òîðûì ðåêîìåíäóåòñÿ óñòàíàâëèâàòü îáëàñòü èõ

ïðèìåíåíèÿ.

Ïîâûøåíèå íàäåæíîñòè è ýêîíîìè÷íîñòè

ýêñïëóàòàöèè àâèàöèîííîé òåõíèêè âî ìíîãîì

îáåñïå÷èâàåòñÿ óðîâíåì òåõíè÷åñêîãî ñîâåð-

øåíñòâà ïðîèçâîäñòâåííîãî êîìïëåêñà, ñèñòåìîé

òåõíè÷åñêîãî îáñëóæèâàíèÿ è ïîääåðæàíèÿ ðà-

áîòîñïîñîáíîñòè, à òàêæå âûáîðîì ïðèåìëåìî-

ãî óðîâíÿ ðèñêà â ïðîãíîçèðóåìûõ óñëîâèÿõ

ýêñïëóàòàöèè.

Â öåëÿõ áåçîïàñíîñòè ïîëåòîâ âàæíî îáåñïå-

÷èòü îïåðàòèâíîå è ñâîåâðåìåííîå âûïîëíåíèå

âñåãî êîìïëåêñà ìåð, íàïðàâëåííîãî íà êîíòðîëü

è ïîääåðæàíèå ëåòíîé ãîäíîñòè ñàìîëåòà âî âðå-

ìÿ ýêñïëóàòàöèè. Ê ÷èñëó îñíîâíûõ ðàáîò ïðè

ýòîì îòíîñÿòñÿ íå òîëüêî ìîíèòîðèíã òåõíè÷å-

ñêîãî ñîñòîÿíèÿ, íî è ñïåöèàëüíûå îñìîòðû ñ

ïðèìåíåíèåì íåðàçðóøàþùåãî êîíòðîëÿ, âûñîêî-

òåõíîëîãè÷íûå ñïîñîáû ðåìîíòà, à òàêæå ïðîãíî-

çèðîâàíèå ïîêàçàòåëåé àâàðèéíîñòè è ïðè÷èí

âîçíèêíîâåíèÿ âåðîÿòíûõ ðèñêîâ.

Â ñîîòâåòñòâèè ñ ÃÎÑÒ 27.002–2015 íà îñíîâå

äàííûõ ìîíèòîðèíãà äîëæåí îñóùåñòâëÿòüñÿ

êîíòðîëü òåõíè÷åñêîãî ñîñòîÿíèÿ, à òàêæå îïðå-

äåëÿòüñÿ îñòàòî÷íûé ðåñóðñ îáúåêòà ìîíèòîðèí-

ãà. Çà ïîñëåäíåå âðåìÿ çàäà÷à ìîíèòîðèíãà ÷àñ-

òè÷íî ðåøåíà â [3], áîëåå ïîëíîå åå ðåøåíèå ñ

îïðåäåëåíèåì îñòàòî÷íîãî ðåñóðñà ïðåäñòàâëåíî

â ïàòåíòå [4]. Ðåçóëüòàòû ðàçðàáîòêè ìåòîäîâ

ìîíèòîðèíãà ñîñòîÿíèÿ, à èìåííî îáíàðóæåíèÿ

ïîâðåæäåíèé ñ ïîìîùüþ áîðòîâîãî èçìåðèòåëü-

íîãî êîìïëåêñà, ïðåäñòàâëåíû â ðàáîòàõ [5 – 8].

Ðåàëèçàöèÿ èçâåñòíûõ ïîäõîäîâ, ðàçðàáàòûâà-

åìûõ äëÿ ìîíèòîðèíãà è àíàëèçà íàãðóçîê, òðå-

áóåò çíà÷èòåëüíûõ èçìåíåíèé â ïðîãðàììàõ è

ïðîöåäóðàõ ïîääåðæàíèÿ ëåòíîé ãîäíîñòè, âêëþ-

÷àÿ íåîáõîäèìîñòü óñòàíîâêè äîïîëíèòåëüíîãî

ñëîæíîãî èçìåðèòåëüíîãî îáîðóäîâàíèÿ.

Âîçìîæíû è àëüòåðíàòèâíûå ïîäõîäû ê êîí-

òðîëþ ñîñòîÿíèÿ è ìîíèòîðèíãó íàãðóæåíèÿ

îñíîâíûõ ñèëîâûõ ýëåìåíòîâ (ÎÑÝ) êîíñòðóêöèè

ñàìîëåòà â ïðîöåññå ýêñïëóàòàöèè, íàïðèìåð,

íà îñíîâå òåîðèè èñêóññòâåííûõ íåéðîííûõ ñå-

òåé (ÈÍÑ), ñòàòèñòè÷åñêîãî àíàëèçà è îáðàáîòêè

äàííûõ, îáåñïå÷èâàþùèõ îöåíêó íàãðóæåííîñòè

àâèàöèîííîé êîíñòðóêöèè â ïðîöåññå ýêñïëóàòà-

öèè [9 – 11].

Ïðèìåíåíèå íåéðîñåòåâûõ òåõíîëîãèé èñêóñ-

ñòâåííîãî èíòåëëåêòà ïîçâîëÿåò ïðåäëîæèòü

ïåðñïåêòèâíóþ ìåòîäèêó îïðåäåëåíèÿ (ïðîãíîçà)

íàãðóçîê â ñèëîâûõ ýëåìåíòàõ êîíñòðóêöèè ñàìî-

ëåòà. Êëþ÷åâûì ýòàïîì ìåòîäèêè ÿâëÿåòñÿ ôîð-

ìèðîâàíèå ñ ïîìîùüþ èñêóññòâåííîé íåéðîííîé

ñåòè çàâèñèìîñòè ìåæäó ïàðàìåòðàìè ïîëåòà îò
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øòàòíûõ áîðòîâûõ ñðåäñòâ ðåãèñòðàöèè è ïà-

ðàìåòðàìè íàãðóæåíèÿ, ÷òî ðåàëèçóåòñÿ ðàñ-

÷åòíî-ýêñïåðèìåíòàëüíûìè ìåòîäàìè â ðåçóëü-

òàòå îáðàáîòêè äàííûõ òåíçîìåòðèè. Ýòè äàííûå

â äîñòàòî÷íîì îáúåìå ïîëó÷àþò ïðè ïðîâåäå-

íèè ëåòíûõ ïðî÷íîñòíûõ èñïûòàíèé íà ýòàïå

ñåðòèôèêàöèè.

Ìåòîäèêà ìîíèòîðèíãà íàãðóæåííîñòè

Âîïðîñû ìîíèòîðèíãà íàãðóæåííîñòè ÎÑÝ

êîíñòðóêöèè ëåòàòåëüíûõ àïïàðàòîâ (ËÀ) â ïðî-

öåññå ýêñïëóàòàöèè è ïðè ëåòíûõ ïðî÷íîñòíûõ

èñïûòàíèÿõ àêòèâíî èçó÷àþò â ñâÿçè ñ ïðèìåíå-

íèåì íåéðîñåòåâûõ òåõíîëîãèé. Â öåëÿõ êîíòðî-

ëÿ õàðàêòåðèñòèê íàãðóæåíèÿ è îöåíêè óñòàëîñò-

íîé ïîâðåæäàåìîñòè êîíñòðóêöèè ËÀ â ëåòíûõ

èññëåäîâàíèÿõ ïîëó÷åíû áîëüøèå îáúåìû èí-

ôîðìàöèè. Èõ èñïîëüçîâàëè äëÿ ñîçäàíèÿ ñïå-

öèàëüíûõ àëãîðèòìîâ àíàëèçà íàãðóæåííîñòè,

êîòîðûå ïëàíèðóåòñÿ èíòåãðèðîâàòü â ïðî-

ãðàììíîå îáåñïå÷åíèå áîðòîâûõ èçìåðèòåëüíûõ

êîìïëåêñîâ.

Äëÿ ìîíèòîðèíãà íàãðóæåííîñòè ËÀ ïî äàí-

íûì øòàòíûõ áîðòîâûõ ðåãèñòðàòîðîâ ïðåäëàãà-

åòñÿ ìåòîäèêà, ðàçðàáîòàííàÿ íà îñíîâå íåéðî-

ñåòåâûõ òåõíîëîãèé èñêóññòâåííîãî èíòåëëåêòà

(ðèñ. 1), ñîñòîÿùàÿ èç ñëåäóþùèõ îñíîâíûõ

ýòàïîâ:

1) ôîðìèðîâàíèå ïåðå÷íÿ ïàðàìåòðîâ ïîëå-

òà, ðåãèñòðèðóåìûõ øòàòíûìè áîðòîâûìè ñðåä-

ñòâàìè è ñâÿçàííûõ ñ íàãðóæåííîñòüþ ýëåìåíòîâ

êîíñòðóêöèè;

2) âûáîð çîí êîíòðîëÿ, ôîðìèðîâàíèå ñõåìû

óñòàíîâêè äàò÷èêîâ äåôîðìàöèè äëÿ ñáîðà èí-

ôîðìàöèè î íàãðóæåííîñòè ýëåìåíòîâ êîíñòðóê-

öèè (ðèñ. 2);

3) ëåòíûå èñïûòàíèÿ ñ ðåãèñòðàöèåé òåíçî-

ìåòðèè ñèëîâûõ ýëåìåíòîâ êîíñòðóêöèè;

4) îáðàáîòêà, ôèëüòðàöèÿ, îïðåäåëåíèå êîð-

ðåëÿöèè ìåæäó èñõîäíûìè äàííûìè äëÿ óìåíü-

øåíèÿ ðàçìåðíîñòè çàäà÷è, ôîðìèðîâàíèå ñèí-

õðîíèçèðîâàííûõ äàííûõ;

5) ôîðìèðîâàíèå àðõèòåêòóðû ÈÍÑ, âêëþ-

÷àÿ ñòðóêòóðó íåéðîíîâ è èõ ñëîåâ;

6) ðàçäåëåíèå äàííûõ íà âûáîðêè, îáó÷åíèå

è òåñòèðîâàíèå ÈÍÑ;

7) îïðåäåëåíèå òî÷íîñòè âîññòàíîâëåíèÿ íà-

ãðóçêè ñ ïîìîùüþ ÈÍÑ.

Äëÿ ðàçðàáîòêè ñèñòåìû ìîíèòîðèíãà íà-

ãðóæåííîñòè ËÀ íà îñíîâå ÈÍÑ íåîáõîäèìî

ñîçäàíèå:

ìåòîäîâ èäåíòèôèêàöèè, èñïîëüçóåìûõ ïðè

îáðàáîòêå èíôîðìàöèè, ïîëó÷åííîé â ëåòíûõ

ïðî÷íîñòíûõ èñïûòàíèÿõ;

òðåáîâàíèé ê âõîäíûì/âûõîäíûì ñèãíàëàì,

èçìåðÿåìûì ïðè ëåòíûõ ïðî÷íîñòíûõ èñïûòà-

íèÿõ è èñïîëüçóåìûì äëÿ íàñòðîéêè è îáó÷åíèÿ

íåéðîííûõ ñåòåé;

ðàöèîíàëüíîé ñòðóêòóðû ÈÍÑ äëÿ èäåíòè-

ôèêàöèè õàðàêòåðèñòèê íàãðóæåíèÿ êîíñòðóê-

öèè ËÀ â ïðîöåññå ýêñïëóàòàöèè è â ëåòíûõ

ïðî÷íîñòíûõ èñïûòàíèÿõ.

Ñòðóêòóðà èíôîðìàöèîííîé ñèñòåìû äëÿ ËÀ,

ïîìèìî ñàìîé ìîäåëè ÈÍÑ, âêëþ÷àåò ñïåöèàëü-

íûå áëîêè îáðàáîòêè èñõîäíîé èíôîðìàöèè:
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Ðèñ. 1. Îáùàÿ ñõåìà ìîíèòîðèíãà íàãðóæåííîñòè ËÀ ñ ïðèìåíåíèåì ÈÍÑ

Fig. 1. General scheme for monitoring aircraft loads using artificial neural networks



áëîê äåòåðìèíèðîâàííîé îáðàáîòêè âõîäíûõ

ïåðåìåííûõ, íà âûõîäå êîòîðîãî ôîðìèðóþòñÿ

äàííûå äëÿ âõîäíîãî ñëîÿ ÈÍÑ;

áëîê äåòåðìèíèðîâàííîé îáðàáîòêè èçìåðå-

íèé âûõîäíûõ ïåðåìåííûõ íàãðóæåíèÿ êîíñò-

ðóêöèè, èñïîëüçóåìûõ äëÿ îáó÷åíèÿ ìîäåëè

ÈÍÑ.

Ôóíêöèè áëîêà îáðàáîòêè âõîäíûõ ïåðåìåí-

íûõ çàêëþ÷àþòñÿ â âû÷èñëåíèè ïî èìåþùèìñÿ

èñõîäíûì äàííûì äîïîëíèòåëüíûõ âõîäíûõ ïà-

ðàìåòðîâ, íåîáõîäèìûõ äëÿ àíàëèçà íàãðóæåíèÿ.

Ê ÷èñëó òàêèõ ïåðåìåííûõ, â ÷àñòíîñòè, îòíîñèò-

ñÿ ñêîðîñòíîé íàïîð, âû÷èñëÿåìûé ñ ó÷åòîì ñæè-

ìàåìîñòè ïî èçìåðåííûì â ïîëåòå ïàðàìåòðàì —

÷èñëó Ìàõà M è äàâëåíèþ íà òåêóùåé âûñîòå pH.

Ïðåèìóùåñòâî àïïðîêñèìàòîðîâ íà îñíîâå

ÈÍÑ ïåðåä òðàäèöèîííûìè ôóíêöèîíàëüíûìè

ìîäåëÿìè è ïðèìåíåíèåì ðåãðåññèîííîãî àíàëè-

çà çàêëþ÷àåòñÿ â òîì, ÷òî ÈÍÑ íå òðåáóåò ïî-

ñòðîåíèÿ ÿâíîé ìîäåëè èññëåäóåìîãî ïðîöåññà,

à ðàáîòîñïîñîáíîñòü ìåòîäà íå òåðÿåòñÿ ïðè íå-

ïîëíîé âõîäíîé èíôîðìàöèè. Âàæíî îòìåòèòü

óñòîé÷èâîñòü ê ïîìåõàì è âûñîêîå áûñòðîäåé-

ñòâèå ìîäåëåé ÈÍÑ.

Îäíèì èç íåîáõîäèìûõ ýòàïîâ ìåòîäèêè ÿâ-

ëÿåòñÿ êîððåëÿöèîííûé àíàëèç èñõîäíûõ äàí-

íûõ — âçàèìîçàâèñèìîñòè âõîäíûõ ïåðåìåííûõ

îöåíèâàþòñÿ íà îñíîâå êîýôôèöèåíòà ïàðíîé

êîððåëÿöèè Ïèðñîíà, êîòîðûé èçìåíÿåòñÿ â ïðå-

äåëàõ îò –1 äî +1 è âû÷èñëÿåòñÿ ïî ôîðìóëå
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ñðåäíèå çíà÷åíèÿ âûáîðîê; X, Y — ðåãèñòðèðó-

åìûå ïàðàìåòðû. Çíà÷åíèå –1 îçíà÷àåò ïîëíóþ

îòðèöàòåëüíóþ çàâèñèìîñòü, à +1 — ïîëíóþ ïî-

ëîæèòåëüíóþ çàâèñèìîñòü, çíà÷åíèå 0 èíòåðïðå-

òèðóåòñÿ êàê îòñóòñòâèå êîððåëÿöèè èëè ñâÿçè.

Äâå ïåðåìåííûå îòðèöàòåëüíî êîððåëèðîâàííû,

åñëè ïðè óâåëè÷åíèè îäíîé ïåðåìåííîé äðóãàÿ

óìåíüøàåòñÿ.

Âûáîð ñòðóêòóðû ÈÍÑ îáóñëîâëåí îñîáåííî-

ñòÿìè è óðîâíåì ñëîæíîñòè ïîñòàâëåííîé çàäà-

÷è. Íà ñåãîäíÿøíèé äåíü äëÿ ôîðìèðîâàíèÿ çà-

âèñèìîñòè ìåæäó ïàðàìåòðàìè â ìíîãîìåðíîì

ïðîñòðàíñòâå èñïîëüçóþò ïåðñåïòðîíû (íåéðî-

ñåòè ïðÿìîãî ðàñïðîñòðàíåíèÿ), êîòîðûå ÿâëÿþò-

ñÿ óíèâåðñàëüíûìè àïïðîêñèìàòîðàìè [12 – 16].

Â ñîâîêóïíîñòè ýëåìåíòû ïåðñåïòðîíà ïðåä-

ñòàâëÿþò ñîáîé ñòðóêòóðó, ñîñòîÿùóþ èç íå-

ñêîëüêèõ ñëîåâ íåéðîíîâ ñ ïðÿìîé ïåðåäà÷åé ñèã-

íàëà. Ýëåìåíòû ýòèõ ñëîåâ âçàèìîäåéñòâóþò ìå-

æäó ñîáîé ÷åðåç ñèíàïòè÷åñêèå ñâÿçè, èìåþùèå

ñîîòâåòñòâóþùèå çíà÷åíèÿ âåñîâ. Íà êàæäûé

ýëåìåíò ïîñëåäóþùåãî ñëîÿ ïîñòóïàåò ñóììàð-

íûé ñèãíàë îò âñåõ ýëåìåíòîâ ïðåäûäóùåãî ñëîÿ.

Ñ ýëåìåíòîâ (ýëåìåíòà) ïîñëåäíåãî ñëîÿ ñíèìàåò-

ñÿ èñêîìûé ñèãíàë. Òî÷íîñòü îöåíîê (ïðîãíîçà)

ÈÍÑ â ñóùåñòâåííîé ñòåïåíè çàâèñèò îò îáúåìà

ðåòðîñïåêòèâíîé âûáîðêè, èñïîëüçóåìîé äëÿ

îáó÷åíèÿ ïåðñåïòðîíà.

Âõîäíûå äàííûå äëÿ ïðåäîòâðàùåíèÿ «ýô-

ôåêòà íàñûùåíèÿ», ïðè êîòîðîì ýëåìåíò (íåé-

ðîí) ïåðñåïòðîíà îêàçûâàåòñÿ ÷óâñòâèòåëüíûì ê

âõîäíûì çíà÷åíèÿì, ëåæàùèì çà ïðåäåëàìè ðàñ-

ñìàòðèâàåìîé îáëàñòè, íåîáõîäèìî íîðìèðîâàòü

ïî ìàêñèìàëüíîìó çíà÷åíèþ â ðàññìàòðèâàåìîé

âûáîðêå.

Êðîìå ñòðóêòóðû íåéðîííîé ñåòè è çíà÷åíèé

âåñîâûõ êîýôôèöèåíòîâ, ñëåäóåò çàäàòü âèä

ôóíêöèè àêòèâàöèè, êîòîðàÿ ïðåîáðàçóåò âõîä-

íîé ñèãíàë íåéðîíà â âûõîäíîé. Â êà÷åñòâå òà-

êîé àêòèâàöèîííîé ôóíêöèè â äàííîé çàäà÷å äëÿ
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Ðèñ. 2. Ñõåìà ñáîðà äàííûõ äëÿ ìîíèòîðèíãà ýëåìåíòîâ ïðèâîäà çàêðûëêà

Fig. 2. Data collection scheme for monitoring elements of flap drive system



âñåõ ñëîåâ èñïîëüçîâàëè ñèãìîèäíóþ ôóíêöèþ,

îïðåäåëÿåìóþ êàê

f
e au
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1
,

ãäå f — ôóíêöèÿ àêòèâàöèè; a — ïàðàìåòð, âûáè-

ðàåìûé ýêñïåðèìåíòàëüíî èñõîäÿ èç îáåñïå÷å-

íèÿ ìèíèìóìà îøèáêè îïèñàíèÿ èññëåäóåìîãî

ïðîöåññà; u — âçâåøåííàÿ ñóììà âõîäíûõ ñèãíà-

ëîâ íåéðîíà.

Âûáîð ñèãìîèäíîé ôóíêöèè îáóñëîâëåí òåì,

÷òî îíà îáëàäàåò ñëåäóþùèìè ñâîéñòâàìè:

èìååò íåïðåðûâíûå ïðîèçâîäíûå, êîòîðûå

òðåáóþòñÿ äëÿ îáó÷åíèÿ ñåòè ñ ïîìîùüþ àëãîðèò-

ìà îáðàòíîãî ðàñïðîñòðàíåíèÿ îøèáêè;

óñèëèâàåò ñëàáûå ñèãíàëû â áîëüøåé ñòåïå-

íè, ÷åì ñèëüíûå, ÷òî âàæíî äëÿ äîñòèæåíèÿ âû-

ñîêîé òî÷íîñòè ðåçóëüòàòîâ âû÷èñëåíèé.

Â ïðîöåññå èòåðàòèâíîãî îáó÷åíèÿ ïåðñåï-

òðîíà èñõîäíûå äàííûå ðàçäåëÿþò íà òðè ñîñòàâ-

íûå ÷àñòè:

îáó÷àþùèé íàáîð (training set), èñïîëüçóå-

ìûé äëÿ âû÷èñëåíèÿ âåñîâ íåéðîñåòè;

íàáîð äàííûõ äëÿ ìíîæåñòâà ïåðåêðåñòíûõ

ïðîâåðîê (cross-validation set) è îñòàíîâà ïðî-

öåäóðû îáó÷åíèÿ ïðè äîñòèæåíèè íàèëó÷øåé

îáîáùàþùåé ñïîñîáíîñòè íåéðîñåòè è ïðåäîò-

âðàùåíèÿ ïåðåîáó÷åíèÿ (ñëèøêîì òî÷íîé àï-

ïðîêñèìàöèè äàííûõ, êîãäà ñåòü äàåò ïðàâèëü-

íûå îòâåòû òîëüêî äëÿ òåõ äàííûõ, íà êîòîðûõ

åå îáó÷èëè);

êîíòðîëüíûé íàáîð (test set), ñ ïîìîùüþ êî-

òîðîãî ïðîâåðÿåòñÿ êà÷åñòâî ïîëó÷åííîãî àï-

ïðîêñèìàòîðà; ýòî òåñòîâîå ìíîæåñòâî íå èñïîëü-

çóåòñÿ ïðè îáó÷åíèè.

Îïûò ïðèìåíåíèÿ íåéðîííûõ ñåòåé ïîêàçû-

âàåò, ÷òî îáúåì îáó÷àþùåé ïîñëåäîâàòåëüíîñòè

íå äîëæåí ïðåâûøàòü ÷èñëî åå ñîåäèíåíèé áîëåå

÷åì â 10 ðàç. Â ïðîòèâíîì ñëó÷àå èìååò ìåñòî ïå-

ðåîáó÷åíèå ñåòè. Âàæíóþ ðîëü â ïðîöåññå îáó÷å-

íèÿ ïåðñåïòðîíà èãðàåò è âðåìÿ îáó÷åíèÿ ñåòè.

Â ïðîöåññå îáó÷åíèÿ ïåðñåïòðîíà ïðîèñõîäèò

íàñòðîéêà åãî âåñîâûõ êîýôôèöèåíòîâ òàêèì îá-

ðàçîì, ÷òîáû çíà÷åíèÿ âûõîäíûõ ñèãíàëîâ êàê

ìîæíî ìåíüøå îòëè÷àëèñü îò èõ çàäàííûõ îáðà-

çîâ äëÿ êàæäîé èç îáó÷àþùèõ ïàð. Ïðîöåäóðà

îáó÷åíèÿ ïåðñåïòðîíà çàêëþ÷àåòñÿ â ñëåäóþùåì:

íà âõîä ïåðñåïòðîíà ïîäàåòñÿ íåêîòîðûé òðå-

íèðîâî÷íûé âåêòîð èç îáó÷àþùåãî íàáîðà âõîä-

íûõ ñèãíàëîâ;

ïî ñïåöèàëüíîé ïðîöåäóðå ïðîèñõîäèò âàðüè-

ðîâàíèå çíà÷åíèé âåñîâûõ êîýôôèöèåíòîâ â öå-

ëÿõ äîñòèæåíèÿ âîçìîæíî áîëåå áëèçêîãî îòîáðà-

æåíèÿ (ïðåîáðàçîâàíèÿ) íàáîðà òðåíèðîâî÷íûõ

âõîäíûõ âåêòîðîâ â âûõîäíûå âåêòîðû;

íà êàæäîé èòåðàöèè âû÷èñëÿåòñÿ ðàçíèöà

(îøèáêà) ìåæäó ôàêòè÷åñêèì âûõîäîì è ðåçóëü-

òàòîì ïðîãíîçà, ïîëó÷åííûì ñ ïîìîùüþ íåéðî-

ñåòè;

ïðîöåññ îáó÷åíèÿ çàâåðøàåòñÿ, êîãäà îøèáêà

äîñòèãàåò ìèíèìóìà íà ìíîæåñòâå ïåðåêðåñòíûõ

ïðîâåðîê èëè äîñòèãàåòñÿ óñòàíîâëåííîå êîëè÷å-

ñòâî èòåðàöèé.

Ýôôåêòèâíîñòü îáó÷åíèÿ ñåòè ìîæíî ïîâû-

ñèòü çà ñ÷åò ñëåäóþùèõ ìåðîïðèÿòèé:

èçìåíåíèÿ ïîðÿäêà íàáëþäåíèé â îáó÷àþùèõ

âûáîðêàõ ðàçëè÷íûõ èòåðàöèé (äëÿ ñíèæåíèÿ

âåðîÿòíîñòè ïîïàäàíèÿ àëãîðèòìà â ëîêàëüíûé

ìèíèìóì è èñêëþ÷åíèÿ ýôôåêòà ïåðåîáó÷åíèÿ

ñåòè);

âàðüèðîâàíèÿ çíà÷åíèé êîýôôèöèåíòà, îïðå-

äåëÿþùåãî ñêîðîñòü îáó÷åíèÿ ñåòè, îò âåëè÷èíû

0,1 â íà÷àëå èòåðàòèâíîãî ïðîöåññà îáó÷åíèÿ äî

0,01 — â êîíöå;

óñòàíîâëåíèÿ ïðåäåëüíîãî ÷èñëà èòåðàöèé

äëÿ îáåñïå÷åíèÿ çàäàííîé òî÷íîñòè îáó÷åíèÿ.

Â ñâÿçè ñ âîçìîæíûìè èçìåíåíèÿìè õàðàêòå-

ðà ìîäåëèðóåìîãî ïðîöåññà ïàðàìåòðû ìîäåëè

òðåáóþò ïåðèîäè÷åñêîé àäàïòàöèè, êîòîðàÿ âû-

ïîëíÿåòñÿ â ñëó÷àå ïðåâûøåíèÿ äîïóñòèìîé ïî-

ãðåøíîñòè âû÷èñëåíèé è ñîïðîâîæäàåòñÿ ïðî-

öåäóðîé ïåðåîáó÷åíèÿ ÈÍÑ íà íîâûõ âûáîðêàõ

äàííûõ ñ ïðèìåíåíèåì êëàññè÷åñêèõ àëãîðèòìîâ

è îáùåãî ïðèíöèïà íîðìèðîâêè äàííûõ ñ ìàêñè-

ìèçàöèåé ýíòðîïèè âõîäîâ è âûõîäîâ.

Èññëåäîâàíèå óñèëèé

â øàòóíàõ çàêðûëêîâ

Â öåëÿõ ïðîâåäåíèÿ èññëåäîâàíèé ïî ðåøå-

íèþ çàäà÷è àâòîìàòèçàöèè êîíòðîëÿ íàãðóæåí-

íîñòè ÎÑÝ êîíñòðóêöèè ËÀ íà îñíîâå îïåðàöè-

îííûõ ñèñòåì ðåàëüíîãî âðåìåíè ðàçðàáîòàíà

ñïåöèàëèçèðîâàííàÿ âñòðàèâàåìàÿ ñèñòåìà, â êî-

òîðîé äëÿ ñëåæåíèÿ çà îñðåäíåííûìè ñòàòè÷å-

ñêèìè è äèíàìè÷åñêèìè ñîñòàâëÿþùèìè óñèëèé

â ýëåìåíòàõ ñèñòåìû óïðàâëåíèÿ ñàìîëåòîì (øà-

òóíàõ çàêðûëêîâ) èñïîëüçîâàíû ÈÍÑ.

Âîçìîæíîñòü ïðèìåíåíèÿ ÈÍÑ äëÿ ìîíèòî-

ðèíãà íàãðóçîê â ðåàëüíîì âðåìåíè ýêñïåðèìåí-

òàëüíî ïðîâåðåíà â ëåòíûõ èñïûòàíèÿõ ïî îïðå-

äåëåíèþ óñèëèé â ýëåìåíòàõ ìåõàíèçàöèè ËÀ.

Â ïðîâåäåííûõ èññëåäîâàíèÿõ ñ ïîìîùüþ ÈÍÑ

îïðåäåëÿëè âûõîäíûå ïåðåìåííûå, ñîîòâåò-

ñòâóþùèå óñèëèÿì â øàòóíàõ ëåâîãî è ïðàâîãî

âíóòðåííèõ çàêðûëêîâ. Ïåðå÷åíü âõîäíûõ ïåðå-

ìåííûõ ïðåäñòàâëåí â òàáë. 1.

Èñõîäíûå äàííûå ïàðàìåòðîâ íàãðóæåíèÿ

êîíñòðóêöèè ËÀ äåëÿòñÿ íà íåñêîëüêî ãðóïï, îò-

ëè÷àþùèõñÿ ñïîñîáàìè ïåðâè÷íîé îáðàáîòêè äëÿ

ôîðìèðîâàíèÿ âûõîäíûõ ïåðåìåííûõ, ê êîòî-

ðûì îòíîñÿòñÿ, ïðåæäå âñåãî, óñèëèÿ Ph, îñðåä-

íåííûå çà èíòåðâàë âðåìåíè Ät = 1 ñ.

Â öåëÿõ íàãëÿäíîãî ïðåäñòàâëåíèÿ íàëè÷èÿ

ñâÿçè ìåæäó äâóìÿ ïåðåìåííûìè è âûÿâëåíèÿ
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íåëèíåéíûõ çàâèñèìîñòåé óäîáíî ñòðîèòü äèà-

ãðàììó ðàññåÿíèÿ, êîòîðàÿ ïîçâîëÿåò àíàëèçèðî-

âàòü ïîëîæåíèå òî÷åê îòíîñèòåëüíî äèàãîíàëü-

íîé ïðÿìîé.

Îñðåäíåííûå óñèëèÿ è ñðåäíåêâàäðàòè÷åñêèå

îòêëîíåíèÿ ïðè îáðàáîòêå äàííûõ ðàññ÷èòûâà-

þòñÿ íà ñêîëüçÿùèõ èíòåðâàëàõ ïî ñëåäóþùèì

ôîðìóëàì:
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ãäå dPh(ti) — äèíàìè÷åñêàÿ ñîñòàâëÿþùàÿ óñè-

ëèÿ; Ph(ti) — óñèëèå â øàòóíå âíóòðåííåãî çà-

êðûëêà; N — ðàçìåð îêíà (256 îò÷åòîâ); Ätk —

èíòåðâàë âðåìåíè, íà êîòîðîì ïðîèçâîäèòñÿ

îñðåäíåíèå; ti — òåêóùåå âðåìÿ (âðåìÿ ðåãè-

ñòðàöèè).

Îñðåäíåííûå çíà÷åíèÿ STPh è ÑÊÎ(Ph), ïî-

ëó÷åííûå òàêèì îáðàçîì äëÿ ñåêóíäíûõ ïðîìå-

æóòêîâ âðåìåíè, ïîäëåæàò ëèíåéíîé èíòåðïîëÿ-

öèè äëÿ ïîëó÷åíèÿ ïðîìåæóòî÷íûõ âåëè÷èí, ñî-

îòâåòñòâóþùèõ çíà÷åíèÿì âõîäíûõ ïåðåìåííûõ,

íàéäåííûõ ñ ÷àñòîòîé îïðîñà fîïð = 16 Ãö.

Îïðåäåëåíèå ñ ïîìîùüþ ÈÍÑ îöåíîê íàãðó-

æåííîñòè ÎÑÝ êîíñòðóêöèè èìååò ïðåèìóùåñòâà

ïî ñðàâíåíèþ ñî ñòàòèñòè÷åñêèìè ìåòîäàìè, îñî-

áåííî â ñëó÷àÿõ, êîãäà îáðàáàòûâàþòñÿ íåïîë-

íûå âõîäíûå äàííûå, à òàêæå ïðè íàëè÷èè ìåæ-

äó âõîäíûìè äàííûìè íåëèíåéíîé çàâèñèìîñòè.

Íà ðèñ. 3 äëÿ øàòóíà ëåâîãî âíóòðåííåãî çà-

êðûëêà ïîêàçàíû ñîâìåùåííûå ãðàôèêè èñõîä-

íûõ çíà÷åíèé óñèëèé è îöåíîê óñèëèé, ïîëó÷åí-

íûõ ïî ìîäåëè ÈÍÑ. Äèàãðàììà ðàññåèâàíèÿ èñ-

õîäíûõ çíà÷åíèé è âûõîäíûõ îöåíîê ìîäåëè

ÈÍÑ äëÿ ïåðåìåííûõ óñèëèé â øàòóíå ëåâîãî

âíóòðåííåãî çàêðûëêà ïðåäñòàâëåíà íà ðèñ. 4.

Îöåíêà ñðåäíåé ïîãðåøíîñòè óñèëèé ïîêàçû-

âàåò, ÷òî ìîäåëü ÈÍÑ äëÿ ïåðåìåííûõ óñèëèé â

øàòóíå ëåâîãî âíóòðåííåãî çàêðûëêà äàåò ñðåä-

íþþ îøèáêó îêîëî 4,8 %. Àíàëîãè÷íûå ðåçóëüòà-

òû ïîëó÷åíû äëÿ øàòóíà ïðàâîãî âíóòðåííåãî

çàêðûëêà, äëÿ êîòîðîãî ñðåäíÿÿ îøèáêà ñîñòàâè-

ëà ìåíåå 6 %. Âèäíî, ÷òî ïðèìåíåíèå ìîäåëè

ÈÍÑ äëÿ îïðåäåëåíèÿ ïàðàìåòðîâ íàãðóæåíèÿ

ïîçâîëÿåò â ýêñïëóàòàöèè ñ âûñîêîé òî÷íîñòüþ

îöåíèâàòü èñòîðèþ íàãðóæåíèÿ êîíñòðóêöèè, ýòî
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Òàáëèöà 1. Ïåðå÷åíü âõîäíûõ ïàðàìåòðîâ

Table 1. List of input parameters

Èñõ. Îáîçíà÷åíèå Íàçâàíèå ïåðåìåííîé Åäèíèöà èçìåðåíèÿ

1 t Òåêóùåå âðåìÿ ñ

2 H
bar

Âûñîòà áàðîìåòðè÷åñêàÿ Ì

3 V
pr

Ñêîðîñòü ïðèáîðíàÿ êì/÷

4 Max ×èñëî Ìàõà

5 N
yf

Ïåðåãðóçêà ïî îñè Y â öåíòðå òÿæåñòè ñàìîëåòà

6 N
zf

Ïåðåãðóçêà ïî îñè Z â öåíòðå òÿæåñòè ñàìîëåòà

7 Alf_u Óãîë àòàêè ñàìîëåòà Ãðàäóñû

8 Bet_u Óãîë ñêîëüæåíèÿ ñàìîëåòà

9 Dzklv Óãîë îòêëîíåíèÿ ëåâîãî çàêðûëêà

10 W
x

Óãëîâàÿ ñêîðîñòü ïî êðåíó Ãðàäóñû/ñ

11 W
z

Óãëîâàÿ ñêîðîñòü ïî òàíãàæó

12 Dst Óãîë îòêëîíåíèÿ ñòàáèëèçàòîðà Ãðàäóñû

13 Drn Óãîë îòêëîíåíèÿ ðóëÿ íàïðàâëåíèÿ

14 Dzkpr Óãîë îòêëîíåíèÿ ïðàâîãî çàêðûëêà

15 q Ñêîðîñòíîé íàïîð êÃ/ì2
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Ðèñ. 3. Èñõîäíûå çíà÷åíèÿ óñèëèé â øàòóíå ëåâîãî

âíóòðåííåãî çàêðûëêà è îöåíêè óñèëèé ïî ìîäåëè ÈÍÑ

Fig. 3. Comparison of the initial values of the loads in the

connecting rod of the left inner flap and the estimates of the

loads according to the model of an artificial neural network



äàåò âîçìîæíîñòü óñîâåðøåíñòâîâàòü ìåòîäèêó

îöåíêè ïîâðåæäàåìîñòè ÎÑÝ êîíñòðóêöèè ËÀ.

Â ïðîöåññå îïòèìèçàöèè ñòðóêòóðû ÈÍÑ äëÿ

îïðåäåëåíèÿ íàãðóæåííîñòè â ýëåìåíòàõ ìåõàíè-

çàöèè êðûëà ËÀ âûáðàí òðåõñëîéíûé ïåðñåï-

òðîí (ðèñ. 5) ñ ñèãìîèäíîé ôóíêöèåé àêòèâàöèè

íåéðîíîâ.

Âîññòàíîâëåíèå (ïðîãíîç) çíà÷åíèé óñèëèé â

øàòóíàõ ëåâîãî è ïðàâîãî âíóòðåííèõ çàêðûëêîâ

ïðîâîäèëè ïî îòäåëüíûì ïðîöåäóðàì, â ðåçóëü-

òàòå êîòîðûõ áûëè âûáðàíû ðàçíûå ñòðóêòóðû

ÈÍÑ. Ñòðóêòóðà è àëãîðèòìû îáó÷åíèÿ ÈÍÑ

ïðåäñòàâëåíû â òàáë. 2, ãäå MLP N1 – N1 – N1 —

ìíîãîñëîéíûé ïåðñåïòðîí (multilayer percep-

tron); Nh — êîëè÷åñòâî íåéðîíîâ â ñëîå h;

BFGS — àëãîðèòì Áðîéäåíà – Ôëåò÷åðà – Ãîëüä-

ôàðáà – Øàííî [13].

Â ïðîöåññå ôîðìèðîâàíèÿ îöåíêè ñòåïåíè

ðàñõîäà ðåñóðñà êîíñòðóêöèè ïîâðåæäàåìîñòü,

îïðåäåëÿåìóþ ïî ñòàíäàðòíîé ïðîöåäóðå [14, 15]

â çàâèñèìîñòè îò ôàêòè÷åñêèõ íàãðóçîê, çàðå-

ãèñòðèðîâàííûõ ñ ïîìîùüþ ñèñòåìû ìîíèòîðèí-

ãà, ñëåäóåò îòíîñèòü ê ïîâðåæäàåìîñòè ïðîãðàì-

ìû íàãðóæåíèÿ íàòóðíûõ èñïûòàíèé, ñîñòàâëåí-

íîé íà îñíîâå òèïîâûõ ïîëåòîâ. Íàòóðíûå èñ-

ïûòàíèÿ ïðîâîäÿò â ðàìêàõ ñåðòèôèêàöèîííûõ

ðàáîò äëÿ îïðåäåëåíèÿ âåëè÷èíû íàçíà÷åííîãî

ðåñóðñà.

Òàêèì îáðàçîì, ðàñ÷åòíî-ýêñïåðèìåíòàëüíûå

èññëåäîâàíèÿ, ïðîâåäåííûå íà îñíîâå ìàòåðèà-

ëîâ ëåòíûõ èñïûòàíèé, ïîêàçàëè, ÷òî ïðèìåíå-

íèå ìåòîäèêè ìîíèòîðèíãà íàãðóæåííîñòè íà

áàçå íåéðîííûõ ñåòåé ïîçâîëÿåò äîñòàòî÷íî òî÷-

íî îïðåäåëÿòü íàãðóçêè, äåéñòâóþùèå íà ýëåìåí-

òû ìåõàíèçàöèè êðûëà. Ïîëó÷åííûå ðåçóëüòàòû

ÿâëÿþòñÿ îñíîâîé äëÿ ôîðìèðîâàíèÿ êîìïëåêñ-

íîé ìåòîäèêè îïðåäåëåíèÿ íàêîïëåííîé ïîâðåæ-

äàåìîñòè è îöåíêè îñòàòî÷íîãî ðåñóðñà (îò íàçíà-

÷åííîãî èëè ïðîåêòíîãî óðîâíÿ) äëÿ ðàçëè÷íûõ

òèïîâ âîçäóøíûõ ñóäîâ. Âíåäðåíèå ìåòîäèêè ïî-

çâîëèò ïîâûñèòü ýôôåêòèâíîñòü âñåãî êîìïëåêñà

ìåð, ïðèìåíÿåìîãî äëÿ ïîääåðæàíèÿ ëåòíîé ãîä-

íîñòè â ïðîöåññå ýêñïëóàòàöèè òðàíñïîðòíûõ ñà-

ìîëåòîâ.
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Ðèñ. 4. Îòíîøåíèå èñõîäíûõ è ñìîäåëèðîâàííûõ ñ ïî-

ìîùüþ íåéðîííîé ñåòè äàííûõ

Fig. 4. The ratio of the initial and simulated data using a

neural data network
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Ðèñ. 5. Ñòðóêòóðà ïåðñåïòðîíà

Fig. 5. Perceptron structure

Òàáëèöà 2. Ñòðóêòóðà è àëãîðèòìû îáó÷åíèÿ ÈÍÑ äëÿ âîññòàíîâëåíèÿ óñèëèé â øàòóíàõ ëåâîãî è ïðàâîãî âíóòðåííèõ

çàêðûëêîâ

Table 2. Structure and training algorithms of neural networks for determining the forces in the connecting rods of the left

and right inner flaps

Ïåðåìåííûå Óñèëèÿ â øàòóíå ëåâîãî çàêðûëêà Ph1 Óñèëèÿ â øàòóíå ïðàâîãî çàêðûëêà Ph2

Ñòðóêòóðà ñåòè MLP 13-9-1 MLP 13-15-1

Àëãîðèòìû îáó÷åíèÿ BFGS 209 BFGS 322

Ðàñïðåäåëåíèå îñòàòêîâ Íîðìàëüíîå Íîðìàëüíîå

Äèàãðàììà ðàññåèâàíèÿ Òî÷êè íà ïðÿìîé Òî÷êè íà ïðÿìîé

Ñðåäíÿÿ îøèáêà ïðîãíîçèðîâàíèÿ 4,8 % 6,0 %



4. Ïàò. 2599108 Ðîññèéñêàÿ Ôåäåðàöèÿ, ÌÏÊ B64F 5/00, G01D

21/00. Ñïîñîá ìîíèòîðèíãà íàãðóçîê è íàêîïëåííîé óñòàëî-

ñòíîé ïîâðåæäàåìîñòè â óñëîâèÿõ ýêñïëóàòàöèè ñàìîëåòà /

Öûìáàëþê Â. È., Îðëîâà Ò. È., Ôðîëîâ À. Â.; çàÿâèòåëü è

ïàòåíòîîáëàäàòåëü Ôåäåðàëüíîå ãîñóäàðñòâåííîå óíèòàðíîå

ïðåäïðèÿòèå «Öåíòðàëüíûé àýðîãèäðîäèíàìè÷åñêèé èí-

ñòèòóò èìåíè ïðîôåññîðà Í. Å. Æóêîâñêîãî» (ÔÃÓÏ

«ÖÀÃÈ») — ¹ 2015127185/11; çàÿâë. 07.07.15; îïóáë.

10.10.16. Áþë. ¹ 28.

5. Áàóòèí À. À. Ìîíèòîðèíã ýëåìåíòîâ àâèàöèîííûõ êîí-

ñòðóêöèé ïî äàííûì òåíçîìåòðèè / Çàâîäñêàÿ ëàáîðàòîðèÿ.

Äèàãíîñòèêà ìàòåðèàëîâ. 2019. Ò. 85. ¹ 1. Ñ. 57 – 63.

DOI: 10.26896/1028-6861-2019-85-1-I-57-63

6. Áàóòèí À. À., Ñâèðñêèé Þ. À., Ïàíêîâ À. Â. Ìîíèòîðèíã

ñîñòîÿíèÿ êîíñòðóêöèè ñ ïîìîùüþ àíàëèçà êèíåòèêè ìåñò-

íîãî íàïðÿæåííî-äåôîðìèðîâàííîãî ñîñòîÿíèÿ / Çàâîäñêàÿ

ëàáîðàòîðèÿ. Äèàãíîñòèêà ìàòåðèàëîâ. 2019. Ò. 85. ¹ 2.

Ñ. 42 – 47. DOI: 10.26896/1028-6861-2019-85-2-42-47

7. Óðíåâ À. Ñ., ×åðíÿòèí À. Ñ., Ìàòâèåíêî Þ. Ã., Ðàçó-

ìîâñêèé È. À. Ýêñïåðèìåíòàëüíî-÷èñëåííîå îïðåäåëåíèå

ðàçìåðîâ äåôåêòîâ òèïà ðàññëîåíèÿ â ñëîèñòûõ êîìïîçèò-

íûõ ìàòåðèàëàõ / Çàâîäñêàÿ ëàáîðàòîðèÿ. Äèàãíîñòèêà ìàòå-

ðèàëîâ. 2018. Ò. 84. ¹ 10. Ñ. 59 – 66.

DOI: 10.26896/1028-6861-2018-84-10-59-66

8. Óðíåâ À. Ñ., ×åðíÿòèí À. Ñ., Ìàòâèåíêî Þ. Ã., Ðàçó-

ìîâñêèé È. À., Ãàâðèêîâ Ì. Þ. Èññëåäîâàíèå êèíåòèêè

ðàçðóøåíèÿ êîìïîçèòíîé ïàíåëè ñ ïðèìåíåíèåì ñåòêè

âñòðîåííûõ âîëîêîííî-îïòè÷åñêèõ äàò÷èêîâ / Ìàøèíîñòðîå-

íèå è èíæåíåðíîå îáðàçîâàíèå. 2019. ¹ 3. Ñ. 18 – 27.

9. Ïàò. ¹ 2595066 Ðîññèéñêàÿ Ôåäåðàöèÿ, ÌÏÊ B64F 5/00,

G01M 7/02, G06N 3/08. Ñïîñîá îöåíêè íàãðóæåíèÿ êîíñòðóê-

öèè ñàìîëåòà ïðè ëåòíûõ ïðî÷íîñòíûõ èññëåäîâàíèÿõ ñ èñ-

ïîëüçîâàíèåì èñêóññòâåííûõ íåéðîííûõ ñåòåé / Ëó÷èí-

ñêèé Ì. Í., Àðíàóòîâ Å. Â., Îðëîâ À. À., Õîìåíêî À. Ã., Áàëà-

øîâà Ò. À.; çàÿâèòåëü è ïàòåíòîîáëàäàòåëü îòêðûòîå àêöèî-

íåðíîå îáùåñòâî «Ëåòíî-èññëåäîâàòåëüñêèé èíñòèòóò èìåíè

Ì. Ì. Ãðîìîâà» — ¹ 2015124804/11; çàÿâë. 24.06.15; îïóáë.

20.08.16, Áþë. ¹ 23.

10. Zheng J., Jiao S., Cui D. Application of Principal Component

Analysis-Assisted Neural Networks for the Rotor Blade Load

Prediction / International Journal of Aerospace Engineering.

2021. Vol. 2021. Article ID 5594102. P. 13.

DOI: 10.1155/2021/5594102

11. Candon M., Esposito M., Fayek H., et al. Advanced multi-

input system identification for next generation aircraft loads

monitoring using linear regression, neural networks and deep

learning / Mechanical Systems and Signal Processing. 2022.

Vol. 171. N 108809. P. 25. DOI: 10.1016/j.ymssp.2022.108809

12. Hornik K., Stinchcombe M., White H. Multilayer feedfor-

ward networks are universal approximations / Neural Net-

works. 1989. Vol. 2. P. 359 – 366.

13. Cybenko G. Approximation by superpositions of a sigmodial

function / Mathematics of Control. Signals and Systems. 1989.

Vol. 2. P. 303 – 314.

14. Funahashi K. On the approximate realization of continuous

mappings by neural networks / Neural Networks. 1989. Vol. 2.

N 3. P. 183 – 191.

15. Bautin A., Svirskiy Y. Applying Neural Networks for Multi-

site Damage Detection in Fuselage Lap Joints of Cargo Air-

craft / Lecture Notes in Civil Engineeringthis. 2021. Vol. 128.

P. 67 – 76. DOI: 10.1007/978-3-030-64908-1_7

16. Áþøãåíñ À. Ã., Ãîðîäíè÷åíêî Â. È., Äåñÿòíèê Ï. À.,

Îâñÿííèêîâ Ì. Î., Øèáàåâ Â. Ì., Ñòóäíåâ Ñ. Ð. Îöåíêà

áåçîïàñíîãî ñðîêà ñëóæáû òðåíàæåðà ïðîñòðàíñòâåííîé äåç-

îðèåíòàöèè íà îñíîâå àíàëèçà óñòàëîñòíîé ïðî÷íîñòè è áåçî-

ïàñíîñòè ïîâðåæäåíèÿ êîíñòðóêòèâíûõ ýëåìåíòîâ / Ïðîáëå-

ìû áåçîïàñíîñòè ïîëåòîâ. 2020. ¹ 12. Ñ. 3 – 11.

REFERENCES

1. Shibaev V. M., Matveev V. A., Gorodnichenko V. I., et al.

Forecasting the Reliability Indicators of Unmanned Aircraft /

Tr. TsAGI. 2021. N 2795. P. 4 – 14 [in Russian].

2. Sukhanov V. L., Shibaev V. M., Matveev V. A., et al. The

method of scoring flight safety indicators in the certification of

unmanned aircraft systems / Tekhn. Vozd. Flota. 2021.

Vol. XCIII. N 3 – 4(736 – 737). P. 32 – 47 [in Russian].

3. RF Pat. 2545150, MPK G01M 17/02. Method of aircraft struc-

ture inspection / Vinokurov V. I., Zykov V. N.; applicant and pat-

ent holder Vinokurov V. I., Zykov V. N. — N 2014108188/11;

appl. 03.03.14; publ. 27.03.15. Byull. N 9 [in Russian].

4. RF Pat. 2599108, MPKV 64F 5/00, G01D 21/00. A method for

monitoring loads and accumulated fatigue damage under air-

craft operating conditions / Tsymbalyuk V. I., Orlova T. I., Fro-

lov A. V.; applicant and patent holder Federalnoe gosudarstven-

noe unitarnoe predpriyatie “Tsentralny aerogidrodinamiche-

skii institut imeni professora N. E. Zhukovskogo” (FGUP

“TsAGI”) — N 2015127185/11; appl. 07.07.15; publ. 10.10.16,

Byull. N 28 [in Russian].

5. Bautin A. A. Monitoring of the elements of aviation structures

using strain-gauge measurement / Zavod. Lab. Diagn. Mater.

2019. Vol. 85. N 1(I). P. 57 – 63 [in Russian].

DOI: 10.26896/1028-6861-2019-85-1-I-57-63

6. Bautin A. A., Svirsky Yu. A., Pankov A. V. Development of

structural health monitoring methods through the analysis of

kinetics of local stress-strain state. / Zavod. Lab. Diagn. Mater.

2019. Vol. 85. N 2. P. 42 – 47 [in Russian].

DOI: 10.26896/1028-6861-2019-85-2-42-47

7. Urnev A. S., Chernyatin A. S., Matvienko Yu. G., Razu-

movskii I. A. Experimental and numerical sizing of a delami-

nation defect in layered composite materials / Zavod. Lab.

Diagn. Mater. 2018. Vol. 84. N 10. P. 59 – 66 [in Russian].

DOI: 10.26896/1028-6861-2018-84-10-59-66

8. Urnev A. S., Chernyatin A. S., Matvienko Yu. G., Razu-

movskii I. A., Gavrikov M. Yu. Studying the destruction ki-

netics of a composite panel with a embedded fiber-optic sensors

grid / Mashinostr. Inzh. Obrazov. 2019. N 3. P. 18 – 27 [in Rus-

sian].

9. RF Pat. 2595066, MPK V64F 5/00, G01M 7/02, G06N 3/08.

A method for assessing the loading of an aircraft structure dur-

ing flight strength tests using artificial neural networks /

Luchinskiy M. N., Arnautov E. V., Orlov A. A., Homenko A. G.,

Balashova T. A.; applicant and patent holder otkrytoe aktsio-

nernoe obshchestvo “Lyotno-issledovatelskij institut imeni

M. M. Gromova” — N 2015124804/11; appl. 24.06.15; publ.

20.08.16, Byull. N 28 [in Russian].

10. Zheng J., Jiao S., Cui D. Application of Principal Component

Analysis-Assisted Neural Networks for the Rotor Blade Load

Prediction / International Journal of Aerospace Engineering.

2021. Vol. 2021. Article ID 5594102. P. 13.

DOI: 10.1155/2021/5594102

11. Candon M., Esposito M., Fayek H., et al. Advanced multi-

input system identification for next generation aircraft loads

monitoring using linear regression, neural networks and deep

learning / Mechanical Systems and Signal Processing. 2022.

Vol. 171. N 108809. P. 25. DOI: 10.1016/j.ymssp.2022.108809

12. Hornik K., Stinchcombe M., White H. Multilayer feed-

forward networks are universal approximations / Neural Net-

works. 1989. Vol. 2. P. 359 – 366.

13. Cybenko G. Approximation by superpositions of a sigmodial

function / Mathematics of Control. Signals and Systems. 1989.

Vol. 2. P. 303 – 314.

14. Funahashi K. On the approximate realization of continuous

mappings by neural networks / Neural Networks. 1989. Vol. 2.

N 3. P. 183 – 191.

15. Bautin A., Svirskiy Y. Applying Neural Networks for Multi-

site Damage Detection in Fuselage Lap Joints of Cargo Air-

craft / Lecture Notes in Civil Engineeringthis. 2021. Vol. 128.

P. 67 – 76. DOI: 10.1007/978-3-030-64908-1_7

16. Bushgens A. G., Gorodnichenko V. I., Desyatnik P. I., Ov-

syannikov M. O., Shibaev V. M., Studnev S. R. Assessment

of safe service life of spatial disorientation simulators based on

the analysis of fatigue strength and safety of structural compo-

nent damage / Probl. Bezopasn. Poletov. 2020. ¹ 12. P. 3 – 11 [in

Russian].

«Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2023. Òîì 89. ¹ 5 63


