
191Âåñòíèê Ìîñêîâñêîãî àâèàöèîííîãî èíñòèòóòà. Ò.28. ¹2

Äèíàìèêà, áàëëèñòèêà, óïðàâëåíèå äâèæåíèåì ëåòàòåëüíûõ àïïàðàòîâ Dynamics, ballistics, movement control of flying vehicles

Ââåäåíèå

Â íàñòîÿùåå âðåìÿ ñîâåðøåíñòâîâàíèå ñèñòåì
óïðàâëåíèÿ ñàìîëåòîì îñóùåñòâëÿåòñÿ â íàïðàâ-
ëåíèè ðàçðàáîòêè òåõíè÷åñêèõ óñòðîéñòâ è àëãî-
ðèòìîâ, îáåñïå÷èâàþùèõ, ñ îäíîé ñòîðîíû, íàè-
ëó÷øèå äèíàìè÷åñêèå õàðàêòåðèñòèêè ñèñòåìû
«ñàìîëåò—ëåò÷èê», à ñ äðóãîé ñòîðîíû, ìàêñè-
ìàëüíî êîìôîðòíîå óïðàâëåíèå äëÿ ýêèïàæà [1].
Ñîâðåìåííûå ñàìîëåòû îñíàùàþòñÿ êîìïëåêñíû-
ìè ñèñòåìàìè óïðàâëåíèÿ, ôîðìèðóþùèìè óï-
ðàâëÿþùèé ñèãíàë íà îòêëîíåíèå ðóëåâûõ ïîâåð-
õíîñòåé â çàâèñèìîñòè îò áîëüøîãî êîëè÷åñòâà
ïàðàìåòðîâ: ìàññû, êîíôèãóðàöèè ñàìîëåòà, ñêî-
ðîñòè, âûñîòû ïîëåòà, àýðîäèíàìè÷åñêèõ óãëîâ è
óãëîâûõ ñêîðîñòåé è äð. Òàêèì îáðàçîì, äëÿ îöåí-
êè õàðàêòåðèñòèê óñòîé÷èâîñòè è óïðàâëÿåìîñòè
ñàìîëåòà íåîáõîäèìî èññëåäîâàòü áîëüøîå êîëè-
÷åñòâî ðåæèìîâ ïîëåòà [2].

Îäíèì èç ñïîñîáîâ èññëåäîâàíèÿ õàðàêòåðè-
ñòèê óñòîé÷èâîñòè è óïðàâëÿåìîñòè ñàìîëåòà ÿâ-
ëÿåòñÿ ìàòåìàòè÷åñêîå ìîäåëèðîâàíèå, à äëÿ ïðî-
âåäåíèÿ èìèòàöèîííîãî ìîäåëèðîâàíèÿ, ïîçâîëÿ-
þùåãî çíà÷èòåëüíî ñîêðàòèòü ðàñõîäû íà èñïû-
òàíèÿ, ïîìèìî ìàòåìàòè÷åñêîé ìîäåëè (ÌÌ) ñà-
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Ïðåäñòàâëåíû ìàòåìàòè÷åñêàÿ ìîäåëü äèíàìèêè äâèæåíèÿ ñàìîëåòà, ìàòåìàòè÷åñêèå ìîäåëè óïðàâëÿþùèõ
äåéñòâèé ëåò÷èêà, ðåçóëüòàòû èìèòàöèîííîãî è ïîëóíàòóðíîãî ìîäåëèðîâàíèÿ, îòîáðàæàþùèå çàâèñèìîñòè èç-
ìåíåíèÿ ïàðàìåòðîâ äâèæåíèÿ ñàìîëåòà ïðè âûïîëíåíèè öåëåâîé çàäà÷è ïèëîòèðîâàíèÿ, à òàêæå àíàëèç ðåçóëü-
òàòîâ èìèòàöèîííîãî ìîäåëèðîâàíèÿ êà÷åñòâà óïðàâëåíèÿ.

Êëþ÷åâûå ñëîâà: ìàòåìàòè÷åñêàÿ ìîäåëü óïðàâëÿþùèõ äåéñòâèé ëåò÷èêà; ñðåäíåå êâàäðàòè÷åñêîå îòêëîíå-
íèå êèíåìàòè÷åñêèõ ïàðàìåòðîâ ïîëåòà; ìîäåëü äèíàìèêè äâèæåíèÿ ñîâðåìåííîãî ìàíåâðåííîãî áîåâîãî ñàìî-
ëåòà; ïèëîòàæíî-ìîäåëèðóþùèé ñòåíä ñîâðåìåííîãî ìàíåâðåííîãî áîåâîãî ñàìîëåòà.

ìîëåòà íåîáõîäèìà äîñòîâåðíàÿ ìàòåìàòè÷åñêàÿ
ìîäåëü äåéñòâèé ëåò÷èêà.

Êàê ïîêàçûâàåò àíàëèç îòå÷åñòâåííûõ è çàðó-
áåæíûõ ðàáîò, ïîñâÿù¸ííûõ äàííîé ïðîáëåìå, â
íàñòîÿùåå âðåìÿ, â îñíîâíîì, ïðåîáëàäàåò êà÷å-
ñòâåííîå ñðàâíåíèå êèíåìàòè÷åñêèõ ïàðàìåòðîâ
âûïîëíåíèÿ êàêîãî-ëèáî ïîëåòíîãî çàäàíèÿ ðå-
àëüíûì ëåò÷èêîì è ìàòåìàòè÷åñêîé ìîäåëüþ ëåò-
÷èêà (èññëåäîâàíèå àäåêâàòíîñòè ìàòåìàòè÷åñêîé
ìîäåëè ëåò÷èêà ïðè çàõîäå íà ïîñàäêó [3, 4]).

Ïîäàâëÿþùåå áîëüøèíñòâî ðàáîò, ïîñâÿùåí-
íûõ ìîäåëèðîâàíèþ äåéñòâèé ëåò÷èêà, ðàññìàò-
ðèâàþò èçîëèðîâàííîå äâèæåíèå ïî òàíãàæó èëè
ïî êðåíó, ïðè ýòîì ìàíåâðåííûé ñàìîëåò ñîâåð-
øàåò ñëîæíîå äâèæåíèå, îäíîâðåìåííî âðàùàÿñü
è ïåðåìåùàÿñü îòíîñèòåëüíî íåñêîëüêèõ îñåé.
Òàêèì îáðàçîì, èññëåäîâàíèå ìàòåìàòè÷åñêèõ
ìîäåëåé äåéñòâèé ëåò÷èêà â óñëîâèÿõ ñëîæíîãî
äâèæåíèÿ ñàìîëåòà ÿâëÿåòñÿ àêòóàëüíîé çàäà÷åé.

Öåëü èññëåäîâàíèÿ, êîòîðîìó ïîñâÿùåíà äàí-
íàÿ ñòàòüÿ, çàêëþ÷àåòñÿ â îïðåäåëåíèè ìàòåìàòè-
÷åñêîé ìîäåëè äåéñòâèé ëåò÷èêà, îáëàäàþùåé
íàèëó÷øèìè õàðàêòåðèñòèêàìè óïðàâëåíèÿ (ìè-
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íèìàëüíûìè âðåìåíåì ïåðåõîäíûõ ïðîöåññîâ,
ñòàòè÷åñêîé îøèáêîé è ïåðåðåãóëèðîâàíèåì).

Â õîäå èññëåäîâàíèÿ óïðàâëåíèå ðåàëèçóåòñÿ
ðàçëè÷íûìè ìàòåìàòè÷åñêèìè ìîäåëÿìè äåéñòâèé
ëåò÷èêà [5] è ïðè ïîëóíàòóðíîì ìîäåëèðîâàíèè
(ÏÌ) ëåò÷èêîì-îïåðàòîðîì [6]. Ïàðàìåòðîì
îöåíêè êà÷åñòâà óïðàâëåíèÿ ÿâëÿåòñÿ ñðåäíåå
êâàäðàòè÷åñêîå îòêëîíåíèå (ÑÊÎ) êèíåìàòè÷åñ-
êèõ ïàðàìåòðîâ äâèæåíèÿ, ïîëó÷åííûõ ïî ðåçóëü-
òàòàì ìîäåëèðîâàíèÿ, îò ýòàëîííîé âûáîðêè.
Ñ÷èòàåì, ÷òî â ýêñïåðèìåíòå, ïî ðåçóëüòàòàì
êîòîðîãî îòêëîíåíèå êèíåìàòè÷åñêèõ ïàðàìåòðîâ
îò ýòàëîííûõ çíà÷åíèé (ÑÊÎ) áóäåò íàèìåíüøèì,
õàðàêòåð óïðàâëåíèÿ áûë áëèçêèé ê ýòàëîííîìó
è êà÷åñòâî óïðàâëåíèÿ, ðåàëèçîâàííîå ìàòåìàòè-
÷åñêîé ìîäåëüþ, ÿâëÿåòñÿ íàèëó÷øèì.

Îïèñàíèå èññëåäîâàíèÿ

Â ïðîãðàììíî-ìîäåëèðóþùåì êîìïëåêñå
Matlab@Simulink [7, 8] áûëà ðàçðàáîòàíà ìîäåëü
äèíàìèêè äâèæåíèÿ ñîâðåìåííîãî ìàíåâðåííîãî
áîåâîãî ñàìîëåòà [9, 10]. Ñòðóêòóðíàÿ ñõåìà äàí-
íîé ìîäåëè ïðåäñòàâëåíà íà ðèñ. 1.

Áëîê ðåàëüíîãî âðåìåíè ïðåäíàçíà÷åí äëÿ
òîãî, ÷òîáû ÌÌ ðàáîòàëà ñ òîé æå ñêîðîñòüþ, ÷òî
è ðåàëüíàÿ ôèçè÷åñêàÿ ñèñòåìà. Áëîê àâòîìàòà
òÿãè àâòîìàòè÷åñêè óïðàâëÿåò òÿãîé äâèãàòåëåé,
âûäåðæèâàÿ çàäàííóþ ñêîðîñòü ïîëåòà. Â áëîêå
ðàñ÷åòà àýðîäèíàìè÷åñêèõ ñèë è ìîìåíòîâ îïðå-
äåëÿþòñÿ àýðîäèíàìè÷åñêèå õàðàêòåðèñòèêè, èñ-
ïîëüçóåìûå äëÿ ðàñ÷åòà êèíåìàòè÷åñêèõ ïàðàìåò-
ðîâ â äèôôåðåíöèàëüíûõ óðàâíåíèÿõ äâèæåíèÿ.
Áëîê àýðîäèíàìè÷åñêèõ è ìàññîâûõ õàðàêòåðèñ-

Ðèñ. 1. Ñòðóêòóðíàÿ ñõåìà ìîäåëè äèíàìèêè äâèæåíèÿ ñàìîëåòà
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òèê ñàìîëåòà âêëþ÷àåò â ñåáÿ òàêèå ïîñòîÿííûå
ïàðàìåòðû, êàê ìàññà ñàìîëåòà, ðàçìàõ, ïëîùàäü
è ñðåäíÿÿ àýðîäèíàìè÷åñêàÿ õîðäà êðûëà. Áëîê
ñèñòåìû äèôôåðåíöèàëüíûõ óðàâíåíèé ÿâëÿåòñÿ
îñíîâîé ìîäåëè äèíàìèêè äâèæåíèÿ, â êîòîðîé
îñóùåñòâëÿåòñÿ ðåøåíèå ñèñòåìû äèôôåðåíöè-
àëüíûõ óðàâíåíèé äâèæåíèÿ ñàìîëåòà [11]. Â íåì

îïðåäåëÿþòñÿ: óãîë àòàêè α , óãîë ñêîëüæåíèÿ β ,

óãîë ðûñêàíèÿ ψ , óãîë òàíãàæà ϑ , óãîë êðåíà γ ,
âîçäóøíàÿ ñêîðîñòü V, óãëîâûå ñêîðîñòè êðåíà è

òàíãàæà ,x zω ω , ïðîäîëüíàÿ, íîðìàëüíàÿ è ïîïå-

ðå÷íàÿ ïåðåãðóçêè , ,x y zn n n , âûñîòà H, óäàëåíèå

X è áîêîâîå ñìåùåíèå Z ñàìîëåòà.
Â áëîêå «Ñèñòåìà óïðàâëåíèÿ» ôîðìèðóþòñÿ

ñèãíàëû îòêëîíåíèÿ óïðàâëÿþùèõ àýðîäèíàìè-
÷åñêèõ ïîâåðõíîñòåé â çàâèñèìîñòè îò îòêëîíå-
íèÿ ðû÷àãà óïðàâëåíèÿ ñàìîëåòîì (ÐÓÑ) [12]. Â
ìîäåëè ðåàëèçîâàíà ïðÿìàÿ îáðàòèìàÿ ñèñòåìà
óïðàâëåíèÿ [13], ïîýòîìó óïðàâëÿþùèå âîçäåé-
ñòâèÿ íà îðãàíû óïðàâëåíèÿ â ìàòåìàòè÷åñêèõ
ìîäåëÿõ ôîðìèðóþòñÿ íåïîñðåäñòâåííî â àëãîðèò-
ìàõ óïðàâëåíèÿ, à â ïîëóíàòóðíîì ýêñïåðèìåíòå
ñèãíàëû ñ ÐÓÑ ôîðìèðóþò óïðàâëÿþùåå âîçäåé-
ñòâèå ÷åðåç ïðîïîðöèîíàëüíûå êîýôôèöèåíòû.

Áëîê íà÷àëüíûõ óñëîâèé ìîäåëèðîâàíèÿ îï-
ðåäåëÿåò íà÷àëüíîå ïîëîæåíèå ñàìîëåòà. ÌÌ
ëåò÷èêà (ÌÌ óïðàâëÿþùèõ äåéñòâèé ëåò÷èêà)
ñîäåðæèò â ñåáå àëãîðèòìû óïðàâëåíèÿ îäíîé èç
òðåõ èññëåäóåìûõ ìîäåëåé. Â ñëó÷àå ïîëóíàòóðíî-
ãî ìîäåëèðîâàíèÿ óïðàâëåíèå îñóùåñòâëÿåò ëåò-
÷èê-îïåðàòîð.

Áëîê ýêñïðåññ-àíàëèçà äàííûõ ïðåäíàçíà÷åí
äëÿ êîíòðîëÿ è ïîñëåäóþùåãî àíàëèçà èññëåäóå-
ìûõ êèíåìàòè÷åñêèõ ïàðàìåòðîâ â ïðîöåññå ìî-
äåëèðîâàíèÿ è ñðàçó ïî åãî îêîí÷àíèè. Áëîê âû-
âîäà ðåçóëüòàòîâ ìîäåëèðîâàíèÿ îñóùåñòâëÿåò
ïåðåäà÷ó ðåçóëüòàòîâ ìîäåëèðîâàíèÿ â ðàáî÷óþ
îáëàñòü Workspace ïðîãðàììíîãî êîìïëåêñà
Matlab äëÿ ðàñ÷åòà ÑÊÎ èññëåäóåìûõ êèíåìàòè-
÷åñêèõ ïàðàìåòðîâ äâèæåíèÿ.

Öåëåâîé çàäà÷åé ïèëîòèðîâàíèÿ (ïîëåòíîãî
çàäàíèÿ) áûë îïðåäåëåí ìàíåâð, çàêëþ÷àþùèéñÿ
â íàáîðå è âûäåðæèâàíèè çàäàííîé âûñîòû (ñ
çàäàííûì óãëîì òàíãàæà), ñ ðàçâîðîòîì íà 180° ñ
çàäàííûì óãëîì êðåíà (ðèñ. 2) [14].

Âûáîð ïîëåòíîãî çàäàíèÿ îáóñëîâëåí òåì, ÷òî
óïðàâëåíèå ïðîèçâîäèòñÿ â äâóõ êàíàëàõ: ïðîäîëü-
íîì (ïî òàíãàæó è âûñîòå) è ïîïåðå÷íîì (ïî êðå-
íó) — è ïðàêòè÷åñêè ðåàëèçóåòñÿ ïðè âûïîëíåíèè
ïðîãðàììû ó÷åáíî-òðåíèðîâî÷íûõ ïîëåòîâ.

Ðèñ. 2. Òðàåêòîðèÿ äâèæåíèÿ ñàìîëåòà ïðè âûïîëíåíèè ïîëåòíîãî çàäàíèÿ
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Îöåíêà êà÷åñòâà âûïîëíåíèÿ äàííîãî ïîëåòíîãî
çàäàíèÿ ïðîèçâîäèòñÿ ïî ÷åòûðåì êèíåìàòè÷åñêèì

ïàðàìåòðàì [15]: óãëó êðåíà γ , óãëó òàíãàæà ϑ , óãëó

îòêëîíåíèÿ ýëåðîíîâ ýδ  è óãëó îòêëîíåíèÿ öåëü-

íîïîâîðîòíîãî ñòàáèëèçàòîðà ϕ .

Ýòàëîííàÿ âûáîðêà ïàðàìåòðîâ îïðåäåëåíà â
ðåçóëüòàòå èìèòàöèîííîãî ìîäåëèðîâàíèÿ [16], â
êîòîðîì óïðàâëåíèå ðåàëèçîâûâàëîñü ÌÌ, ñîñòî-
ÿùåé èç ïðîïîðöèîíàëüíî-äèôôåðåíöèàëüíûõ
ðåãóëÿòîðîâ (ÏÄ-ðåãóëÿòîðîâ) äëÿ ïðîäîëüíîãî è
ïîïåðå÷íîãî êàíàëîâ óïðàâëåíèÿ (ÏÄ-ìîäåëü).
ÏÄ-ðåãóëÿòîð ñîñòîèò èç ïðîïîðöèîíàëüíîãî è
äèôôåðåíöèàëüíîãî çâåíüåâ (ðèñ. 3) è óñòðàíÿåò
ñèãíàë ðàññîãëàñîâàíèÿ óïðàâëÿþùåãî ôàêòîðà
(êðåíà è òàíãàæà) ïî îáùåìó çàêîíó

çàä( ) ,x x
y yy k x x k x= - +                (1)

ãäå y – óïðàâëÿþùåå âîçäåéñòâèå ( ýδ , ϕ ); ,x x
y yk k

– êîýôôèöèåíòû óñèëåíèÿ; çàä,x x  – òåêóùèé è

çàäàííûé óïðàâëÿåìûå ïàðàìåòðû ( γ , ϑ ).

Êîýôôèöèåíòû óñèëåíèÿ ÏÄ-ðåãóëÿòîðîâ
îïðåäåëåíû ýìïèðè÷åñêèì ìåòîäîì òàêèì îáðà-
çîì, ÷òî îáåñïå÷èâàþò âûïîëíåíèå ïîñòàâëåííîé
çàäà÷è ïèëîòèðîâàíèÿ ñ íàèëó÷øèì êà÷åñòâîì
(ìèíèìàëüíûìè âðåìåíåì ïåðåõîäíûõ ïðîöåññîâ,
ñòàòè÷åñêîé îøèáêîé è ïåðåðåãóëèðîâàíèåì),
ïîýòîìó ðåçóëüòàòû ìîäåëèðîâàíèÿ ïî ÏÄ-ìîäåëè
ïðèíÿòû çà ýòàëîííîå âûïîëíåíèå öåëåâîé çàäà÷è
ïèëîòèðîâàíèÿ (ñì. ðèñ. 2) [17].

Ïî èòîãàì èìèòàöèîííîãî ìîäåëèðîâàíèÿ,
ïðè èñïîëüçîâàíèè ÏÄ-ìîäåëè, áûëè ïîëó÷åíû
ðåçóëüòàòû, îïèñûâàþùèå èçìåíåíèå êèíåìàòè-
÷åñêèõ ïàðàìåòðîâ â çàâèñèìîñòè îò âðåìåíè
(ðèñ. 4).

Â ðàìêàõ èññëåäîâàíèÿ áûëî ïðîâåäåíî ÏÌ
ïîëåòíîãî çàäàíèÿ ñ èñïîëüçîâàíèåì ïèëîòàæíî-
ìîäåëèðóþùåãî ñòåíäà ñîâðåìåííîãî ìàíåâðåí-
íîãî áîåâîãî ñàìîëåòà [18, 19] â êîëè÷åñòâå
20 ðåàëèçàöèé, ïîëó÷åííûå äàííûå áûëè óñðåä-
íåíû â èòîãîâóþ âûáîðêó, ÷òî ïîçâîëèëî îïðåäå-
ëèòü íàèáîëåå âåðîÿòíûé õàðàêòåð óïðàâëÿþùèõ
äåéñòâèé ðåàëüíîãî ëåò÷èêà.

ÌÌ óïðàâëÿþùèõ äåéñòâèé ëåò÷èêà ðåàëèçî-
âàíû â òðåõ âàðèàíòàõ:

1) ÌÌ, îñíîâàííàÿ íà òåîðèè íå÷åòêèõ ìíî-
æåñòâ (ÍË-ìîäåëü);

2) ÌÌ, îñíîâàííàÿ íà òåîðèè íå÷åòêèõ ìíî-
æåñòâ ñ îïòèìèçèðîâàííûìè ïàðàìåòðàìè ïî
ìåòîäó Áðîéäåíà—Ôëåò÷åðà—Ãîëôàðáäà—Øýííî
(ÍËî-ìîäåëü);

3) ÌÌ â âèäå ïåðåäàòî÷íûõ ôóíêöèé
(ÌÌÏÔ).

ÍË-ìîäåëü ïðåäñòàâëÿåò ñîáîé äâà áëîêà
FuzzyLogic, ðåàëèçîâàííûõ âî âñòðîåííîé áèáëèî-

òåêå Simulink\FuzzyLogicToolbox [20], äëÿ êàæäîãî
èç êàíàëîâ óïðàâëåíèÿ. Óïðàâëåíèå â íå÷åòêîé
ëîãèêå ìîæíî ïðåäñòàâèòü  ñòðóêòóðíîé ñõåìîé
(ðèñ. 5) è çàêîíîì

( )1 1 2 2 ... ,

1, ,

j j n nj jX x a x a x a Y d

j m

Æ = Ÿ = Ÿ Ÿ = fi =

=
 (2)

Ðèñ. 3. Ïðîïîðöèîíàëüíî-äèôôåðåíöèàëüíàÿ ìîäåëü óïðàâëÿþùèõ äåéñòâèé ëåò÷èêà
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Ðèñ. 4. Êèíåìàòè÷åñêèå ïàðàìåòðû äâèæåíèÿ ñàìîëåòà

Ðèñ. 5. Ñòðóêòóðíàÿ ñõåìà íå÷åòêîé ëîãèêè
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ãäå 1 2, ,..., nX x x xÈ ˘= Î ˚  – âåêòîð âõîäíîãî ïàðàìåò-

ðà (êðåíà γ , òàíãàæà ϑ , âûñîòû H); 1 2, ,..., nx x x

– ÷èñëîâûå çíà÷åíèÿ âõîäíîãî ïàðàìåòðà;

1 2, ,...,j j nja a a   – òåðìû íå÷åòêèõ ìíîæåñòâ âõîä-

íîãî ïàðàìåòðà (ôóíêöèè ïðèíàäëåæíîñòåé);

( )1 1 2 2 ...j j n njx a x a x a= Ÿ = Ÿ Ÿ =  – ïðàâèëî íå÷åò-

êîé áàçû çíàíèé; Y – âåêòîð âûõîäíîãî ïàðàìåòðà

(îòêëîíåíèÿ ðóëåâûõ ïîâåðõíîñòåé ñàìîëåòà

ý,δ ϕ ); 
jd  – òåðìû íå÷åòêèõ ìíîæåñòâ âûõîäíî-

ãî ïàðàìåòðà (ôóíêöèè ïðèíàäëåæíîñòåé); j – íî-

ìåð ïðàâèëà íå÷åòêîé áàçû çíàíèé; m – êîëè÷å-

ñòâî ïðàâèë.
Â òèïîâóþ ñòðóêòóðó íå÷åòêîé ëîãèêè (ñì.

ðèñ. 5) âõîäÿò:
— ôàççèôèêàòîð, ôîðìèðóþùèé íå÷åòêèå

ìíîæåñòâà;
— íå÷åòêàÿ áàçà çíàíèé, ñîäåðæàùàÿ ïðàâè-

ëà çàâèñèìîñòè âõîäíûõ ïàðàìåòðîâ îò âûõîäíûõ
â ëèíãâèñòè÷åñêîì ïðåäñòàâëåíèè «ÅÑËÈ…,
ÒÎ…»;

— ôóíêöèè ïðèíàäëåæíîñòåé, ïðåäñòàâëÿþ-
ùèå ëèíãâèñòè÷åñêèå ïåðåìåííûå â âèäå íå÷åò-
êèõ òåðìîâ, ïðèìåð êîòîðûõ èçîáðàæåí íà ðèñ. 6;

— ìàøèíà íå÷åòêîãî ëîãè÷åñêîãî âûâîäà, îï-
ðåäåëÿþùàÿ ñ ïîìîùüþ ïðàâèë áàçû çíàíèé è

ëîãè÷åñêèõ îïåðàöèé íå÷åòêèå òåðìû âûõîäíîãî
ïàðàìåòðà;

— äåôàççèôèêàòîð, ôîðìèðóþùèé ÷åòêîå çíà-
÷åíèå âûõîäíîãî ïàðàìåòðà èç íå÷åòêèõ òåðìîâ.

Â îñíîâå ÍËî-ìîäåëè ëåæèò ÍË-ìîäåëü, íà-
ñòðîåííàÿ ïî ìåòîäó íàèìåíüøèõ êâàäðàòîâ è îï-
òèìèçèðîâàííàÿ ïî ìåòîäó Áðîéäåíà—Ôëåò÷åðà—
Ãîëôàðáäà—Øýííî íà ïðîòÿæåíèè 30 èòåðàöèé;
â êà÷åñòâå òåñòîâîé âûáîðêè áûëè âûáðàíû óñðåä-
íåííûå ðåçóëüòàòû ïîëóíàòóðíîãî ìîäåëèðîâà-
íèÿ.

( )( )2

1,

1
, , min,r r

r M

ÑКО y F P W X
M

=

= - ÆÂ   (3)

ãäå M – êîëè÷åñòâî ïàð ýêñïåðèìåíòàëüíûõ äàí-
íûõ îáó÷àþùåé âûáîðêè; r – íîìåð ïàðû îáó÷à-

þùåé âûáîðêè; ry  – âûõîäíîé ïàðàìåòð îáó÷à-

þùåé âûáîðêè; P – âåêòîð ïàðàìåòðîâ ôóíêöèé
ïðèíàäëåæíîñòè òåðìîâ âõîäíûõ è âûõîäíûõ ïå-

ðåìåííûõ; W  – âåêòîð âåñîâûõ êîýôôèöèåíòîâ
ïðàâèë áàçû çíàíèé; Xr – âõîäíîé âåêòîð îáó÷à-

þùåé âûáîðêè; ( ), , rF P W X  – ðåçóëüòàò âûâîäà

ïî íå÷åòêîé áàçå çíàíèé.
Ñòðóêòóðíàÿ ñõåìà îïòèìèçàöèè íå÷åòêîé

ëîãèêè ïðåäñòàâëåíà íà ðèñ. 7.

Ðèñ. 6. Ôóíêöèè ïðèíàäëåæíîñòåé âõîäíîãî ïàðàìåòðà ÍË-ìîäåëè
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Ïîñëå îïòèìèçàöèè ïàðàìåòðû ôóíêöèé ïðè-
íàäëåæíîñòåé ïðèíÿëè íîâûå çíà÷åíèÿ, ïðåäñòàâ-
ëåííûå íà ðèñ. 8 â êà÷åñòâå ïðèìåðà.

ÌÌÏÔ ïðåäñòàâëÿåò ñîáîé òðè ïåðåäàòî÷íûå
ôóíêöèè, õàðàêòåðèçóþùèå îñîáåííîñòè ïîâåäå-
íèÿ ëåò÷èêà (ðèñ. 9):

Ðèñ. 7. Ñòðóêòóðíàÿ ñõåìà îïòèìèçàöèè íå÷åòêîé ëîãèêè

Ðèñ. 8. Ôóíêöèè ïðèíàäëåæíîñòåé âõîäíîãî ïàðàìåòðà γ  ÍËî-ìîäåëè
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1) çâåíî, îïèñûâàþùåå çàïàçäûâàíèå, íåîáõî-
äèìîå äëÿ ïðîõîæäåíèÿ ñèãíàëà âîçáóæäåíèÿ
íåðâíîé ñèñòåìû è âîñïðèÿòèÿ èíôîðìàöèè,

çäåñü ëK  – êîýôôèöèåíò óñèëåíèÿ ëåò÷èêà, ëτ  –

âðåìÿ çàïàçäûâàíèÿ ëåò÷èêà;
2) çâåíî, õàðàêòåðèçóþùåå çàïàçäûâàíèå ìåæ-

äó êîìàíäîé, èäóùåé â íåéðîìóñêóëüíóþ ñèñòå-
ìó, è ïåðåìåùåíèåì êîíå÷íîñòåé ëåò÷èêà, çäåñü

Ò1 – ïîñòîÿííàÿ âðåìåíè, õàðàêòåðèçóþùàÿ ýòî
çàïàçäûâàíèå;

3) çâåíî, îïèñûâàþùåå îñîçíàííûå äåéñòâèÿ
ëåò÷èêà, çäåñü Ò2 è Ò3 – ïîñòîÿííûå âðåìåíè, õà-
ðàêòåðèçóþùèå ñòåïåíü ðåàëèçàöèè ëåò÷èêîì
ôîðñèðîâàíèÿ è çàïàçäûâàíèÿ.

Ðåçóëüòàòû ìîäåëèðîâàíèÿ óïðàâëÿþùèõ äåé-
ñòâèé ëåò÷èêà â âèäå ãðàôè÷åñêèõ çàâèñèìîñòåé
èññëåäóåìûõ ïàðàìåòðîâ ïðåäñòàâëåíû íà ðèñ. 10
íà ïðèìåðå ÍË-ìîäåëè.

Ðèñ. 9. Ìàòåìàòè÷åñêàÿ ìîäåëü, îñíîâàííàÿ íà ïåðåäàòî÷íûõ ôóíêöèÿõ

Ðèñ. 10 (íà÷àëî)
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Äëÿ îöåíêè êà÷åñòâà óïðàâëåíèÿ â ïðîãðàìì-
íîì êîìïëåêñå Matlab áûëà ðàçðàáîòàíà ïðîãðàì-
ìà, êîòîðàÿ âûïîëíÿåò ñëåäóþùèå ôóíêöèè:

— îáðàáàòûâàåò ðåçóëüòàòû èìèòàöèîííûõ ìîäåëè-
ðîâàíèé ìàòåìàòè÷åñêèõ ìîäåëåé (ÏÄ-ìîäåëè,
ÍË-ìîäåëè, ÍËî-ìîäåëè, ÌÌÏÔ) è ÏÌ, ôîð-
ìèðóÿ îäíîðàçìåðíûå ìàññèâû äàííûõ, ïðèãîä-
íûå äëÿ àíàëèçà è ðàñ÷åòà;

— ðàññ÷èòûâàåò ÑÊÎ ðåçóëüòàòîâ ýòàëîííîé
ÏÄ-ìîäåëè îò ÷åòûðåõ ðåçóëüòàòîâ ìîäåëèðîâà-
íèé: ÍË-ìîäåëè, ÍËî-ìîäåëè, ÌÌÏÔ è ÏÌ
 (òàáë. 1) ïî ôîðìóëå

( )

(ÍË,ÍËî,ÊâËèí,ÓÏÌ)

ÏÄ (ÍË,ÍËî,ÊâËèí,ÓÏÌ)

1

1
,

n

i i
i

S

x x
n =

=

= -Â         (4)

Ðèñ. 10. Ãðàôèê èçìåíåíèÿ êèíåìàòè÷åñêèõ ïàðàìåòðîâ äâèæåíèÿ ñàìîëåòà ïðè èñïîëüçîâàíèè ÍË-ìîäåëè

Òàáëèöà 1

ÑÊÎ ðåçóëüòàòîâ ìîäåëèðîâàíèÿ îò ýòàëîííîé âûáîðêè

Cðàâíèâàåìûå ïàðàìåòðû ÍË-ìîäåëü ÍËî-ìîäåëü ÌÌÏÔ ÏÌ 

Êðåí  γ 2,35 1,4 1,97 1,83 

Óãîë îòêëîíåíèÿ ýëåðîíîâ  δý 1,15 0,99 0,8 1,23 

Òàíãàæ  ϑ 1,98 0,87 1,11 2,75 

Óãîë îòêëîíåíèÿ ñòàáèëèçàòîðà  φ 0,71 0,5 0,52 0,92 
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ãäå (ÍË,ÍËî,ÊâËèí,ÓÏÌ)S  – ÑÊÎ ðåçóëüòàòîâ ÏÄ-ìî-
äåëè îò ðåçóëüòàòîâ èññëåäóåìûõ ìîäåëèðîâàíèé;
n – êîëè÷åñòâî ïàð ýêñïåðèìåíòàëüíûõ äàííûõ;

ÏÄ (ÍË,ÍËî,ÊâËèí,ÓÏÌ),i ix x – ñðàâíèâàåìûå ïàðàìåòðû

( ý, , ,γ ϑ δ ϕ ).

Ðèñ. 11. Äèàãðàììà ÑÊÎ êðåíà äëÿ ðàçëè÷íûõ èññëåäóåìûõ ðåàëèçàöèé

Áîëåå ïîäðîáíîå ðàññìîòðåíèå êàæäîãî ïàðà-
ìåòðà ïðåäñòàâëåíî íà äèàãðàììàõ (ðèñ. 11—14),
ãäå ðåçóëüòàòû îòñîðòèðîâàíû ïî óáûâàíèþ ÑÊÎ.
Ñ ìîäåëüþ ñ ìèíèìàëüíûì ÑÊÎ ñðàâíèâàþòñÿ
îñòàëüíûå òðè. Íà äèàãðàììàõ ïîêàçàíî, íà ñêîëü-

Ðèñ. 12. Äèàãðàììà ÑÊÎ óãëà îòêëîíåíèÿ ýëåðîíîâ äëÿ ðàçëè÷íûõ èññëåäóåìûõ ðåàëèçàöèé
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êî ïðîöåíòîâ ÑÊÎ ïåðâûõ òðåõ ìîäåëåé áîëüøå
ìèíèìàëüíîãî ÑÊÎ.

Íà ðèñ. 11 èçîáðàæåíà äèàãðàììà ÑÊÎ êðåíà γ
äëÿ ÷åòûðåõ ðåàëèçàöèé. ÍËî-ìîäåëü èìååò ìè-
íèìàëüíîå ÑÊÎ – 1,4, ïîýòîìó ÍËî-ìîäåëü –

ëó÷øàÿ ïî êà÷åñòâó óïðàâëåíèÿ â ïîïåðå÷íîì êà-
íàëå óïðàâëåíèÿ. Íà âòîðîì ìåñòå ëåò÷èê â ÏÌ,
ó êîòîðîãî ÑÊÎ ðàâíî 1,83 è íà 31% áîëüøå ìè-
íèìàëüíîãî. Íà òðåòüåì ìåñòå ÌÌÏÔ, ó êîòîðîé
ÑÊÎ ðàâíî 1,97 è íà 41% áîëüøå ìèíèìàëüíîãî.

Ðèñ. 13. Äèàãðàììà ÑÊÎ òàíãàæà äëÿ ðàçëè÷íûõ èññëåäóåìûõ ðåàëèçàöèé

Ðèñ. 14. Äèàãðàììà ÑÊÎ óãëà îòêëîíåíèÿ ñòàáèëèçàòîðà äëÿ ðàçëè÷íûõ èññëåäóåìûõ ðåàëèçàöèé
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Õóäøåé èç âñåõ ÷åòûðåõ âàðèàíòîâ ÿâëÿåòñÿ
ÍË-ìîäåëü. Ó ÍË-ìîäåëè ÑÊÎ ðàâíî 2,35 è áîëü-
øå ìèíèìàëüíîãî íà 68%.

Àíàëîãè÷íî ïðåäñòàâëåíû ÑÊÎ äðóãèõ èññëå-
äóåìûõ ïàðàìåòðîâ (ðèñ. 12—14).

Äëÿ îïðåäåëåíèÿ ìàòåìàòè÷åñêîé ìîäåëè äåé-
ñòâèé ëåò÷èêà, ôóíêöèîíèðîâàíèå êîòîðîé ïðè-
âîäèò ê íàèìåíüøèì ÑÊÎ, áûëà ñôîðìèðîâàíà
òàáëèöà ìåñò ïî âîçðàñòàíèþ çíà÷åíèé ÑÊÎ ïî
âñåì èññëåäóåìûì ïàðàìåòðàì (òàáë. 2). Âñå ìå-
ñòà ñóììèðîâàëèñü. Ìàòåìàòè÷åñêàÿ ìîäåëü ñ íàè-
ìåíüøåé ñóììîé ÿâëÿåòñÿ ëó÷øåé ïî êà÷åñòâó è
õàðàêòåðó óïðàâëåíèÿ.

Âûâîäû

Ïðè ïðîâåäåíèè èññëåäîâàíèÿ áûëè ðàçðàáî-
òàíû:

— ìîäåëü äèíàìèêè äâèæåíèÿ ñîâðåìåííîãî
ìàíåâðåííîãî áîåâîãî ñàìîëåòà;

— ìàòåìàòè÷åñêèå ìîäåëè óïðàâëÿþùèõ äåé-
ñòâèé ëåò÷èêà, îñíîâàííûå íà òåîðèè íå÷åòêèõ
ìíîæåñòâ (ÍË-ìîäåëü è ÍËî-ìîäåëü), ïåðåäàòî÷-
íûõ ôóíêöèÿõ (ÌÌÏÔ) è ïðîïîðöèîíàëüíî-
äèôôåðåíöèàëüíûõ ðåãóëÿòîðàõ (ÏÄ-ìîäåëü).

Ïî ðåçóëüòàòàì èìèòàöèîííîãî ìîäåëèðîâà-
íèÿ ïðîñòðàíñòâåííîãî ìàíåâðà, çàêëþ÷àþùåãîñÿ
â íàáîðå è âûäåðæèâàíèè çàäàííîé âûñîòû, ñ
ðàçâîðîòîì íà 180°, áûëà îïðåäåëåíà ìîäåëü, îá-
ëàäàþùàÿ ëó÷øèì êà÷åñòâîì óïðàâëåíèÿ, èñõîäÿ
èç ñðàâíåíèÿ ÑÊÎ êèíåìàòè÷åñêèõ ïàðàìåòðîâ
äâèæåíèÿ ñàìîëåòà.

Ìîäåëüþ, îáëàäàþùåé ëó÷øèì êà÷åñòâîì
óïðàâëåíèÿ, ÿâëÿåòñÿ ÍËî-ìîäåëü, êîòîðàÿ èìå-
åò ìèíèìàëüíîå ÑÊÎ ïî òðåì ïàðàìåòðàì: êðå-
íó, òàíãàæó è óãëó îòêëîíåíèÿ ñòàáèëèçàòîðà.
ÍËî-ìîäåëü, îáëàäàÿ âñåìè ïðåèìóùåñòâàìè
ÍË-ìîäåëè (ëîãè÷íîñòüþ óïðàâëåíèÿ, ò.å. çàâè-
ñèìîñòü âõîäíûõ ïàðàìåòðîâ îò âûõîäíûõ âûðà-
æåíà ëîãè÷åñêèìè ïðàâèëàìè, ÷òî ïîçâîëÿåò óï-
ðàâëÿòü íåëèíåéíîé ñèñòåìîé; ïðîñòîòîé ðåàëèçà-
öèè, íå òðåáóþùåé ñëîæíîãî ìàòåìàòè÷åñêîãî àï-
ïàðàòà), çà ñ÷åò àëãîðèòìîâ îïòèìèçàöèè ôóíêöè-
îíèðóåò ñ âûñîêèì êà÷åñòâîì óïðàâëåíèÿ.

Ìàòåìàòè÷åñêàÿ ìîäåëü íà îñíîâå ïåðåäàòî÷-
íûõ ôóíêöèé, òàê æå êàê è ìàòåìàòè÷åñêàÿ ìî-
äåëü íà îñíîâå òåîðèè íå÷åòêèõ ìíîæåñòâ ñ îï-
òèìèçàöèåé, îáëàäàåò âûñîêèì êà÷åñòâîì óïðàâ-
ëåíèÿ, íî ÿâëÿåòñÿ áîëåå ñëîæíîé ñ òî÷êè çðåíèÿ
îïðåäåëåíèÿ ïåðåäàòî÷íûõ ôóíêöèé è êîýôôèöè-
åíòîâ, âõîäÿùèõ â íèõ.

Ñàìûì íèçêèì êà÷åñòâîì óïðàâëåíèÿ îáëàäàåò
ìàòåìàòè÷åñêàÿ ìîäåëü íà îñíîâå òåîðèè íå÷åò-
êèõ ìíîæåñòâ áåç îïòèìèçàöèè.

Â äàëüíåéøåì, äëÿ èññëåäîâàíèÿ ïðîñòðàí-
ñòâåííîãî äâèæåíèÿ ìàíåâðåííîãî ñàìîëåòà, â
ðàìêàõ èìèòàöèîííîãî ìîäåëèðîâàíèÿ ïðåäëàãà-
åòñÿ èñïîëüçîâàòü ìàòåìàòè÷åñêóþ ìîäåëü äåé-
ñòâèé ëåò÷èêà íà îñíîâå òåîðèè íå÷åòêèõ ìíî-
æåñòâ ñ îïòèìèçàöèåé.

Òàáëèöà 2

Íîìåðà ìåñò ïî âîçðàñòàíèþ çíà÷åíèé ÑÊÎ

Cðàâíèâàåìûå ïàðàìåòðû  ÍË-ìîäåëü ÍËî-ìîäåëü ÌÌÏÔ ÏÌ 

Êðåí  γ 4 1 3 2 

Óãîë îòêëîíåíèÿ ýëåðîíîâ  δý 3 2 1 4 

Òàíãàæ  ϑ 3 1 2 4 

Óãîë îòêëîíåíèÿ ñòàáèëèçàòîðà  φ 3 1 2 4 

Ñóììà ìåñò 14 5 8 14 
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Abstract

The article presents the description of the study,
consisting in assessment of the aircraft motion control
quality by mathematical models of pilots actions while
simulation, and a pilot-operator while semi natural
modelling. Simulation modelling includes the
following:

1) mathematical model based on the fuzzy sets
theory;

2) mathematical model based on the theory of
fuzzy sets with optimized parameters by the Broyden-
Fletcher-Golfarbd-Shanno method;

3) mathematical model in the form of transfer
functions.

The purpose of the study consists in creating a
method for assessing the aircraft flight control.

The result of the study is the values of the root-
mean square deviation (RMSD) of the of the aircraft
movement kinematic parameters of the reference
sampling of parameters (with the ideal fulfillment of
the target piloting task) from the results of simulation
and semi natural experiments. The places ranged by
the RMSD ascending were assigned to mathematical
models and semi natural experiment of the parameters
under study to determine the best implementation by
the quality and nature of control. All places were being
added up. The implementation with the lowest sum
is the best by the control quality and nature, which
is imitation simulation of mathematical model, based
on the fuzzy sets theory with optimized parameters
(the sum of places equals to five). It has minimum
RMSD by the three parameters. It occupies the second
place in the ascending order.

Thus, a mathematical model based on the fuzzy
sets theory with optimized parameters possesses all
advantages of the mathematical model, based on the
fuzzy sets theory (logicality of control). In other words,
the dependence of the input parameters on the output
ones is expressed by the logic rules, which allows the
nonlinear system control, while its implementation
simplicity does not require complex mathematical
apparatus. The optimization algorithm allows

compensating the disadvantage, such as the low quality
of control, of the mathematical model base on the
fuzzy logic theory.

The presented method for assessing the aircraft of
movement control quality may be used for selecting
a mathematical model of the pilot’s control actions,
employed for studying the kinematic parameters of the
aircraft movement at a specific target piloting task

Keywords: mathematical model of the pilot’s
control actions, root-mean-square deviation of
kinematic flight parameters, motion dynamics model
of modern maneuverable combat aircraft, piloting-
modelling test bench of a modern maneuverable
combat aircraft.
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