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Àííîòàöèÿ. Â àâèàöèîííîé îòðàñëè àêòèâíî ðàçâèâàþòñÿ áåñïèëîòíûå ëåòàòåëüíûå àïïàðàòû
(ÁËÀ). Îäíèì èç ïóòåé ðàçâèòèÿ ÁËÀ ÿâëÿåòñÿ îáåñïå÷åíèå óñòîé÷èâîãî äâèæåíèÿ òàêîãî àïïàðà-
òà. Öåëü íàñòîÿùåé ðàáîòû ñîñòîèò â ðàçðàáîòêå äîñòàòî÷íî îáùåãî ïîäõîäà ê ïîñòðîåíèþ ôóíê-
öèè Ëÿïóíîâà äëÿ èññëåäîâàíèÿ óñòîé÷èâîñòè äâèæåíèÿ ÁËÀ â óñëîâèÿõ äåéñòâèÿ íåêîíòðîëèðóå-
ìûõ ôàêòîðîâ. Â êà÷åñòâå âîçìóùåíèé ðàññìàòðèâàþòñÿ íåêîíòðîëèðóåìûå ôàêòîðû êàê ïðèðîä-
íîãî, òàê è èñêóññòâåííîãî ïðîèñõîæäåíèÿ, à òàêæå ôàêòîðû, îïèñûâàþùèå òàêòè÷åñêóþ ñèòóà-
öèþ è ïðîòèâîäåéñòâèå öåëè. Â îñíîâå èññëåäîâàíèÿ ëåæèò ìåòîä ñòàòèñòè÷åñêîãî ñèíòåçà ôóíê-
öèè Ëÿïóíîâà. Äîñòîèíñòâîì ìåòîäà ÿâëÿåòñÿ òî, ÷òî îí îòðàæàåò åäèíûé êîíñòðóêòèâíûé ïîäõîä
ê ïîñòðîåíèþ ôóíêöèè Ëÿïóíîâà äëÿ ñèñòåì îáûêíîâåííûõ äèôôåðåíöèàëüíûõ óðàâíåíèé, êîòî-
ðûìè îïèñûâàåòñÿ àïïàðàò.
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Abstract

Currently, the role of unmanned aerial vehicles (UAV) has risen sharply in the field of aircraft building,
and the scope of their application herewith is regularly expanding. This type of aerial vehicles is not at a
stop, and has been actively developing in recent years. One of the ways of the UAV development consists
in enhancing its resistance to the multifactor uncertainty. Multifactor uncertainty is being understood as
uncertainty, stipulated by the uncontrolled factors action. It is worth noting that uncontrollable factors incur
a significant impact on the design procedures results and design as a whole. In the most general case, the
set of possible states of the uncontrollable factors vector will generate an equal to itself by the size set of
optimal solutions.

In retrospect, this problem was being solved for the UAVs and aircraft in general by introducing a number
of assumptions and special project regulations being formed based on the experience and designer’s subjective
perception. The “standard atmosphere” model, rated values of the materials strength etc. may serve as an
example of such approach, though, objectively, there are always certain differences from these conditions.
For such difference compensation and possible degradation of the aircraft operation, an excess (safety margin)
is being admittedly provided in the aircraft capabilities with respect to the design conditions, which frequently
leads to the aircraft weight and cost increase. These safety margins are not scientifically substantiated and
being elaborated purely empirically. In general, this approach is distinguished by subjectivity. This subjectivism
may be eliminated to a certain extent, if the UAV possesses the properties of uncontrollable factors resistance.

There is a whole number of stability studying methods, however, the most convenient and widespread
method is Lyapunov function method, though it is imperfect and has a number of disadvantages. The most
grave disadvantage of Lyapunov theory consists in the fact that in the general case the Lyapunov function
should be guessed. The direct Lyapunov’s method in the stability theory is basic for the stability studying
of dynamic systems. However, the Lyapunov function definition does not directly relate to structural properties
of the system under study, and, thus, there are still no exhaustive regular ways to its construction according
to the given equations of the aircraft motion.

This work novelty lies in the fact that the UAV stability is being studied by a new constructive method
of the Lyapunov function statistical synthesis. The statistical synthesis method is being applied to restore
functional dependencies from the statistical data. Actually, the original problem of the UAV stability studying
is being reduced to a nonlinear programming problem with a statistical stability criterion, by which the optimal
design solution is being selected. Statistical synthesis is based on the three basic elements such as statistical
sampling, basis functions and statistical criteria. As the result of the conducted study, the following results
were obtained:

1. A method of stability studying for a wide class of the UAV-type aircraft has been developed.
2. The stability of the UAV movement was studied according to the developed statistical criterion.
Keywords: stability to multifactorial indetermination, uncontrollable factors of artificial origin, statistical

synthesis of the Lyapunov function, statistical stability criterion, quadratic form of the basis function
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Ââåäåíèå

Â íàñòîÿùåå âðåìÿ â îáëàñòè àâèàñòðîåíèÿ
ðåçêî âîçðîñëà ðîëü áåñïèëîòíûõ ëåòàòåëüíûõ
àïïàðàòîâ, ïðè ýòîì ðåãóëÿðíî ðàñøèðÿåòñÿ îá-
ëàñòü èõ ïðèìåíåíèÿ. Ñîâåðøåíñòâîâàíèå ÁËÀ
âåäåòñÿ çà ñ÷åò ïîâûøåíèÿ òî÷íîñòè ïîïàäàíèÿ,
ðàñøèðåíèÿ íîìåíêëàòóðû ïîëåçíîé íàãðóçêè,
îáåñïå÷åíèÿ âñåïîãîäíîñòè è êðóãëîñóòî÷íîñòè

ïðèìåíåíèÿ, ðàñøèðåíèÿ óñëîâèé ïðèìåíåíèÿ
ïî âûñîòàì è äàëüíîñòÿì ñáðîñà ñ ñàìîëåòà-íî-
ñèòåëÿ, à òàêæå çà ñ÷åò ïîâûøåíèÿ óñòîé÷èâîñ-
òè ê ìíîãîôàêòîðíîé íåîïðåäåëåííîñòè. Ïîä
ìíîãîôàêòîðíîé íåîïðåäåëåííîñòüþ ïîíèìàåòñÿ
íåîïðåäåëåííîñòü, îáóñëîâëåííàÿ äåéñòâèåì
íåêîíòðîëèðóåìûõ ôàêòîðîâ [1, 2].
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Êàê ïðàâèëî, ïðîåêòèðîâàíèå ÁËÀ âåäåòñÿ â
óñëîâèÿõ ôàêòîðîâ íåîïðåäåëåííîñòè. Íåêîíò-
ðîëèðóåìûå ôàêòîðû ìîæíî ðàçäåëèòü ïî èñòî÷-
íèêàì íåîïðåäåëåííîñòè íà ôàêòîðû åñòåñòâåí-
íîãî (ñîñòîÿíèå àòìîñôåðû) è èñêóññòâåííîãî
(÷åëîâå÷åñêèé ôàêòîð) ïðîèñõîæäåíèÿ. Äëÿ ôàê-
òîðîâ íåîïðåäåëåííîñòè õàðàêòåðíî òî, ÷òî îïè-
ñûâàþùèå èõ õàðàêòåðèñòèêè èìåþò íå ôèêñè-
ðîâàííîå çíà÷åíèå, à ïðèíàäëåæàò íåêîòîðîìó
äèàïàçîíó. Îñîáûì èñòî÷íèêîì íåîïðåäåëåííî-
ñòè ÿâëÿåòñÿ òàêòè÷åñêàÿ ñèòóàöèÿ ïðèìåíåíèÿ
ÁËÀ ñ å¸ ìíîãîîáðàçèåì âîâëåêàåìûõ ñèë è
ñðåäñòâ, âîçìîæíîñòÿìè åãî íîñèòåëåé. Èçìåí-
÷èâîñòü òàêòè÷åñêèõ ñèòóàöèé ïðèâîäèò ê íåâîç-
ìîæíîñòè îäíîçíà÷íîãî îïèñàíèÿ òðàåêòîðèè
ÁËÀ.

Íåîáõîäèìî îòìåòèòü, ÷òî íåêîíòðîëèðóåìûå
ôàêòîðû ñóùåñòâåííî âëèÿþò íà ðåçóëüòàòû ïðî-
åêòíûõ ïðîöåäóð è ïðîåêòèðîâàíèÿ â öåëîì. Â
ñàìîì îáùåì ñëó÷àå ìíîæåñòâî âîçìîæíûõ ñî-
ñòîÿíèé âåêòîðà íåêîíòðîëèðóåìûõ ôàêòîðîâ
áóäåò ïîðîæäàòü ðàâíîå ñåáå ïî ìîùíîñòè ìíî-
æåñòâî îïòèìàëüíûõ ðåøåíèé. Â èòîãå íàëè÷èå
ìíîæåñòâà âîçìîæíûõ çíà÷åíèé íåêîíòðîëèðó-
åìûõ ôàêòîðîâ ïîðîæäàåò íåîäíîçíà÷íîñòü ïî-
íèìàíèÿ îïòèìàëüíîñòè ïðîåêòíûõ ðåøåíèé.

1. Ïîñòàíîâêà çàäà÷è

Ïîñòðîåíèå ìàòåìàòè÷åñêèõ ìîäåëåé ÁËÀ è
ìîäåëèðîâàíèå åãî óñëîâèé ôèçè÷åñêîãî è ôóí-
êöèîíàëüíîãî ñóùåñòâîâàíèÿ ÿâëÿåòñÿ íåîòúåì-
ëåìîé ÷àñòüþ ïðîåêòèðîâàíèÿ. Ýôôåêòèâíîñòü
ïðîåêòèðîâàíèÿ âî ìíîãîì çàâèñèò îò «âëîæå-
íèÿ» ïðîöåññîâ ìîäåëèðîâàíèÿ óñëîâèé ôóíêöè-
îíàëüíîãî è ôèçè÷åñêîãî ñîñòîÿíèÿ ÁËÀ â ïðî-
öåññ ïðîåêòèðîâàíèÿ. Îäíî èç âàæíûõ òðåáîâà-
íèé, ïðåäúÿâëÿåìûõ ê îáðàçöàì ÁËÀ, — äèíàìè-
÷åñêàÿ óñòîé÷èâîñòü ê íåêîíòðîëèðóåìûì ôàê-
òîðàì. Âîïðîñû óñòîé÷èâîãî äâèæåíèÿ äèíàìè-
÷åñêèõ ñèñòåì ÿâëÿþòñÿ îïðåäåëÿþùèìè ïðè
ðàçðàáîòêå íîâûõ îáðàçöîâ ÁËÀ [3, 4]. Îñîáóþ
çíà÷èìîñòü èìåþò ïðîáëåìû âûáîðà óñòîé÷èâûõ
ïðîåêòíûõ ðåøåíèé ê ðàçëè÷íûì ôàêòîðàì íåî-
ïðåäåëåííîñòè.

Ñèñòåìà ( )0 0, , , , ,J x x a t t x  (ãäå ( ),x f x t=  – ñè-

ñòåìà îáûêíîâåííûõ äèôôåðåíöèàëüíûõ óðàâíå-
íèé; x – âåêòîð ôàçîâûõ êîîðäèíàò; a – âåêòîð
ïðîåêòíûõ ïàðàìåòðîâ; t – âðåìÿ; J – çàäàííûé
êðèòåðèé îïòèìàëüíîñòè) íàçûâàåòñÿ óñòîé÷è-
âîé, åñëè ïðè ëþáûõ îãðàíè÷åííûõ íåêîíòðîëè-
ðóåìûõ ôàêòîðàõ ω  ( ω  – âåêòîð íåêîíòðîëèðó-

åìûõ ôàêòîðîâ) êðèòåðèé ( )0 0, , , , ,J x x a t t x  íå

âûõîäèò èç çàäàííîé îêðåñòíîñòè xε  [5], ïðè

ýòîì âåêòîð ïðîåêòíûõ ïàðàìåòðîâ a áóäåì íà-
çûâàòü óñòîé÷èâûì ïðîåêòíûì ðåøåíèåì. Òàêèå
ðàáîòû, êàê [6—8], óêàçûâàþò íà àêòóàëüíîñòü
ïðîáëåìû âûáîðà óñòîé÷èâûõ ðåæèìîâ äâèæå-
íèÿ, à òàêæå íà ïîòðåáíîñòü â ðàçðàáîòêå ìåòî-
äîâ èäåíòèôèêàöèè óñòîé÷èâîñòè äâèæåíèÿ ÁËÀ.

Â ðåòðîñïåêòèâå äëÿ ÁËÀ è ëåòàòåëüíûõ àï-
ïàðàòîâ â öåëîì äàííàÿ ïðîáëåìà ðåøàëàñü ïó-
òåì ââåäåíèÿ ðÿäà äîïóùåíèé è ñïåöèàëüíûõ
ïðîåêòíûõ ðåãëàìåíòàöèé, ôîðìèðóåìûõ íà áàçå
îïûòà è ñóáúåêòèâíîãî ïðåäñòàâëåíèÿ ïðîåêòàí-
òà. Ïðèìåðîì òàêîãî ïîäõîäà ìîæåò ñëóæèòü
ìîäåëü «ñòàíäàðòíàÿ àòìîñôåðà», íîìèíàëüíûå
çíà÷åíèÿ ïðî÷íîñòè ìàòåðèàëîâ è ò. ä, íî îáúåê-
òèâíî âñåãäà èìåþòñÿ êàêèå-ëèáî îòëè÷èÿ îò
ýòèõ óñëîâèé. Äëÿ êîìïåíñàöèè òàêîãî îòëè÷èÿ
è âîçìîæíîãî óõóäøåíèÿ ðàáîòû àïïàðàòà çàâå-
äîìî ïðåäóñìàòðèâàëñÿ èçáûòîê (êîýôôèöèåí-
òû çàïàñà) â âîçìîæíîñòÿõ è ðåñóðñàõ àïïàðàòà
ïî îòíîøåíèþ ê ðàñ÷åòíûì óñëîâèÿì, ÷òî çà÷à-
ñòóþ ïðèâîäèò ê óòÿæåëåíèþ è ðîñòó ñòîèìîñòè
àïïàðàòà. Äàííûå êîýôôèöèåíòû çàïàñà íå èìå-
þò äîñòàòî÷íîãî íàó÷íîãî îáîñíîâàíèÿ è âûðà-
áàòûâàþòñÿ ÷èñòî ýìïèðè÷åñêè. Â öåëîì òàêîé
ïîäõîä îòëè÷àåòñÿ ñóáúåêòèâèçìîì, è ñíÿòü òà-
êîé ñóáúåêòèâèçì â èçâåñòíîé ìåðå âîçìîæíî,
åñëè ÁËÀ îáëàäàåò ñâîéñòâàìè óñòîé÷èâîñòè ê
íåêîíòðîëèðóåìûì ôàêòîðàì.

Ñóùåñòâóåò öåëûé ðÿä ìåòîäîâ èññëåäîâàíèÿ
óñòîé÷èâîñòè, íàèáîëåå óäîáíûì è ðàñïðîñòðà-
íåííûì ÿâëÿåòñÿ ìåòîä ôóíêöèè Ëÿïóíîâà, îä-
íàêî ýòîò ìåòîä èìååò ðÿä íåäîñòàòêîâ. Ñàìûì
ñåðüåçíûì íåäîñòàòêîì ëÿïóíîâñêîé òåîðèè ÿâ-
ëÿåòñÿ òî, ÷òî â îáùåì ñëó÷àå ôóíêöèþ Ëÿïóíîâà
íàäî «óãàäûâàòü». Ïðÿìîé ìåòîä Ëÿïóíîâà â òå-
îðèè óñòîé÷èâîñòè ÿâëÿåòñÿ è ïîíûíå îñíîâíûì
äëÿ èññëåäîâàíèÿ óñòîé÷èâîñòè äèíàìè÷åñêèõ
ñèñòåì. Îäíàêî îïðåäåëåíèå ôóíêöèè Ëÿïóíîâà
íå ñâÿçàíî ïðÿìî ñî ñòðóêòóðíûìè ñâîéñòâàìè
èññëåäóåìîé ñèñòåìû, è ïîýòîìó äî ñèõ ïîð íåò
èñ÷åðïûâàþùèõ ðåãóëÿðíûõ ñïîñîáîâ å¸ ïîñòðî-
åíèÿ ïî çàäàííûì óðàâíåíèÿì äâèæåíèÿ äèíà-
ìè÷åñêîé ñèñòåìû. Íàïðèìåð, â ðàáîòå [9] ïðåä-
ëîæåíû íåêîòîðûå ìåòîäû ïîñòðîåíèÿ ôóíêöèé
Ëÿïóíîâà äëÿ ðàçëè÷íûõ òèïîâ äèôôåðåíöèàëü-
íûõ óðàâíåíèé, à â [10, 11] áûëî ïîëó÷åíî îáîá-
ùåíèå èçâåñòíîé ôóíêöèè Ëÿïóíîâà «êâàäðàòè÷-
íàÿ ôîðìà ïëþñ èíòåãðàë îò íåëèíåéíîñòè».
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Íåìàëîâàæíûì îáñòîÿòåëüñòâîì ïðè ïðîåê-
òèðîâàíèè ÁËÀ ÿâëÿåòñÿ ôàêòîð «äåôèöèòà ðàç-
ìåðíîñòè óïðàâëåíèÿ». Äàííûé ôàêòîð âîçíèêà-
åò, êîãäà ðàçìåðíîñòü âåêòîðà óïðàâëåíèÿ ìåíü-
øå ðàçìåðíîñòè âåêòîðà ñîñòîÿíèÿ óïðàâëÿåìîé
ñèñòåìû, è â íåêîòîðûõ ñëó÷àÿõ [12, 13] ýòó ñëîæ-
íîñòü ìîæíî ïðåîäîëåòü. «Äåôèöèò â ðàçìåðíî-
ñòè óïðàâëåíèÿ» âî ìíîãîì ìîæåò áûòü ïðåîäî-
ëåí âêëþ÷åíèåì â êîíòóð îáåñïå÷åíèÿ óñòîé÷è-
âîñòè ÁËÀ âûáîðà ïðîåêòíûõ ïàðàìåòðîâ.

2. Ìàòåìàòè÷åñêàÿ ìîäåëü ÁËÀ

Äëÿ àïðîáàöèè ðàçðàáîòàííîãî ìåòîäà íåîá-
õîäèì ïðîòîòèï. Â êà÷åñòâå ïðîòîòèïà ðàññìàò-
ðèâàåòñÿ ÁËÀ, âûïîëíåííûé ïî àýðîäèíàìè÷åñ-
êîé ñõåìå «óòêà», íå èìåþùèé êîíòóðîâ ñòàáè-
ëèçàöèè â êàíàëàõ êðåíà è óïðàâëåíèÿ. Îñíîâ-
íûå õàðàêòåðèñòèêè ÁËÀ ïðåäñòàâëåíû â òàáë. 1.
Â íàñòîÿùåé ðàáîòå ïîä òåðìèíîì «ÁËÀ» ñëåäóåò
ïîíèìàòü îäíîðàçîâîå óïðàâëÿåìîå ñðåäñòâî
ïîðàæåíèÿ.

ÁËÀ ïðåäñòàâëÿåò ñîáîé àïïàðàò ïîñòîÿííîé
ìàññû. Óðàâíåíèÿ äâèæåíèÿ òàêîãî ðîäà ËÀ ñî-
äåðæàòñÿ â ðàáîòå [14, 15]. Â êà÷åñòâå èíåðöèàëü-
íîé ïðèíÿòà çåìíàÿ ñèñòåìà êîîðäèíàò O0XgYgZg.
Óðàâíåíèÿ äâèæåíèÿ öåíòðà ìàññ è îòíîñèòåëüíî
öåíòðà ìàññ ÁËÀ ïðèâåäåíû â ïðîåêöèè íà îñè
ñêîðîñòíîé ñèñòåìû êîîðäèíàò OXYZ. Ôîðìà
çàïèñè ýòèõ óðàâíåíèé èìååò ñëåäóþùèé âèä:

sin ;s

dV
m X G

dt
θ= - -

cos ;s

d
mV Y G

dt
θ θ= -

s ;co s

d
mV Z

dt
ψθ- =

;z
z z

d
I M

dt

ω
=                   (1)

;y
y y

d
I M

dt

ω
=

cos cos ;
dx

V
dt

θ ψ=

sin ;
dH

V
dt

θ=

cos sin ,
dz

V
dt

θ ψ= -

ãäå V – ñêîðîñòü ÁËÀ; G – ñèëà òÿæåñòè ÁËÀ;
, zyω ω  – ïðîåêöèè âåêòîðà óãëîâîé ñêîðîñòè

ÁËÀ íà ñâÿçàííûå îñè; θ , ψ  – óãëû íàêëîíà è
ïîâîðîòà òðàåêòîðèè; Xs, Ys, Zs – ïðîåêöèè ïîë-
íîé àýðîäèíàìè÷åñêîé ñèëû íà ñêîðîñòíûå îñè;
My, Mz – ïðîåêöèè ìîìåíòîâ âñåõ âíåøíèõ ñèë;
m – ìàññà ÁËÀ; Iy, Iz – ìîìåíòû èíåðöèè ÁËÀ
îòíîñèòåëüíî ñâÿçàííûõ îñåé; x, H, z – êîîðäè-
íàòû ÁËÀ.

Ñèëû Xs, Ys, Zs è ìîìåíòû My, Mz â ìàòåìà-
òè÷åñêîé ìîäåëè îïðåäåëÿþòñÿ ñîâîêóïíîñòüþ
àýðîäèíàìè÷åñêèõ õàðàêòåðèñòèê èçîëèðîâàííî-
ãî ñèììåòðè÷íîãî àïïàðàòà, à òàêæå ôàêòîðàìè
àýðîäèíàìè÷åñêîé àñèììåòðèè êîðïóñà ÁËÀ.
Àýðîäèíàìè÷åñêèå õàðàêòåðèñòèêè èçîëèðîâàí-
íîãî ñèììåòðè÷íîãî àïïàðàòà îïðåäåëÿþòñÿ íà
îñíîâå ãåîìåòðè÷åñêèõ îñîáåííîñòåé ÁËÀ è ÿâ-
ëÿþòñÿ ôóíêöèÿìè îò ïðîåêòíûõ ïàðàìåòðîâ.
Ó÷¸ò àýðîäèíàìè÷åñêîé àñèììåòðèè â ìîäåëè
îñóùåñòâëÿåòñÿ ââåäåíèåì ñîîòâåòñòâóþùèõ ïðè-
ðàùåíèé , , , ,x y z y zc c c m mΔ Δ Δ Δ Δ  ê êîýôôèöèåí-
òàì ñèììåòðè÷íîãî èçîëèðîâàííîãî ÁËÀ. Ïðè
ñòàòèñòè÷åñêîì ìîäåëèðîâàíèè ýòè ïðèðàùåíèÿ
çàäàþòñÿ êàê ñëó÷àéíûå âåëè÷èíû, ñîîòâåòñòâó-
þùèå äîïóñòèìûì çíà÷åíèÿì êîíñòðóêòèâíûõ
ïàðàìåòðîâ.

Àýðîäèíàìè÷åñêèå cèëû Xs, Ys, Zs è ìîìåíòû
My, Mz îïðåäåëÿþòñÿ ïî ôîðìóëàì:

( ) ;s x xX c c qSΔ= - +

( ) ;s y yY c c qSΔ= +

( ) ;s z zZ c c qSΔ= +

( ) ;y y yM m m qSLΔ= +

( ) ,z z zM m m qSLΔ= +

ãäå S – ïëîùàäü ìèäåëåâà ñå÷åíèÿ; L – äëèíà
ÁËÀ; 20,5q Vρ=  – ñêîðîñòíîé íàïîð; V – âîç-

Òàáëèöà 1

Îñíîâíûå õàðàêòåðèñòèêè ÁËÀ

Íàèìåíîâàíèå Âåëè÷èíà 

Ìàññà, êã 300 

Äëèíà, ì 2,75 

Äèàìåòð êîðïóñà, ì 0,3 

Ðàçìàõ õâîñòîâîãî îïåðåíèÿ, ì 1,1 

Âûñîòà ñáðîñà, ì 500 ... 6000 

Ñêîðîñòü ñáðîñà, ì/ñ 150...300 

Óãîë ñáðîñà, ãðàä -20 ... 10 

Äàëüíîñòü ñáðîñà, ì 2000 ... 9000 
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äóøíàÿ ñêîðîñòü ÁËÀ; ρ  – ïëîòíîñòü âîçäóõà.

Ïëîòíîñòü âîçäóõà çàâèñèò îò âûñîòû è îïðåäå-
ëÿåòñÿ â ñîîòâåòñòâèè ñ ÃÎÑÒ 4401-81.

Â ðàññìàòðèâàåìîì ÁËÀ èñïîëüçóåòñÿ ôëþ-
ãåðíàÿ ñèñòåìà íàâåäåíèÿ. Â ïðîöåññå ïîë¸òà
àïïàðàòà ôëþãåð, êàê ñòàòè÷åñêè óñòîé÷èâûé
àýðîäèíàìè÷åñêèé îáúåêò, óñòàíàâëèâàåòñÿ ïî
íàïðàâëåíèþ íàáåãàþùåãî âîçäóøíîãî ïîòîêà. Â
ðåçóëüòàòå ðàñïîëîæåííûé íà ôëþãåðå êîîðäè-
íàòîð îðèåíòèðóåòñÿ â ïðîñòðàíñòâå ïî âåêòîðó
âîçäóøíîé ñêîðîñòè ÁËÀ. Òî÷íîñòü îðèåíòàöèè
çàâèñèò îò àýðîäèíàìè÷åñêèõ îñîáåííîñòåé ôëþ-
ãåðà è òî÷íîñòè åãî èçãîòîâëåíèÿ. Òàêèì îáðà-
çîì, ÁËÀ èìååò âîçìîæíîñòü îïðåäåëÿòü óãëîâîå
ðàññîãëàñîâàíèå ìåæäó íàïðàâëåíèåì âåêòîðà
âîçäóøíîé ñêîðîñòè è íàïðàâëåíèåì íà ïîäñâå-
÷åííóþ öåëü. Òàêàÿ òåêóùàÿ èíôîðìàöèÿ íà
áîðòó ÁËÀ ïîçâîëÿåò îðãàíèçîâàòü íàâåäåíèå ïî
ìåòîäó ïîãîíè [1, 16]. Ïðè èäåàëüíîì âûïîëíå-
íèè ýòîãî ìåòîäà ñèñòåìà äîëæíà óñòðàíÿòü óã-
ëîâîå ðàññîãëàñîâàíèå ìåæäó âåêòîðîì çåìíîé
ñêîðîñòè ÁËÀ è íàïðàâëåíèåì íà öåëü è òàêèì
îáðàçîì âåêòîð ñêîðîñòè ÁËÀ äîëæåí áûòü íå-
ïðåðûâíî íàïðàâëåí íà öåëü. Ïðè íàâåäåíèè
ýòèì ìåòîäîì êàñàòåëüíàÿ ê òðàåêòîðèè ñîâïà-
äàåò ñ ëèíèåé âèçèðîâàíèÿ öåëè è óãîë óïðåæ-
äåíèÿ öåëè η  âñ¸ âðåìÿ ðàâåí íóëþ. Êèíåìàòè-

÷åñêèå óðàâíåíèÿ ìåòîäà ïîãîíè èìåþò ñëåäóþ-
ùèé âèä:

ö

ö

cos ;

sin ,

dr
V V

dt

d
r V

dt

ϕ

ϕ
ϕ

= -

= -
                  (2)

ãäå r – ðàññòîÿíèå ìåæäó ÁËÀ è öåëüþ; Vö –
ñêîðîñòü öåëè; ϕ  – óãîë ìåæäó ëèíèåé âèçèðî-

âàíèÿ è îñüþ O0Xg çåìíîé ñèñòåìû êîîðäèíàò.
Äèíàìè÷åñêèå ñâîéñòâà ÁËÀ êàê îáúåêòà

óïðàâëåíèÿ õàðàêòåðèçóþòñÿ âîçìóùåííûì äâè-
æåíèåì, âîçíèêàþùèì ïðè äåéñòâèè ôàêòîðîâ
âîçìóùåíèÿ. Îáû÷íî ýòî ñâîéñòâî íàçûâàþò óñ-
òîé÷èâîñòüþ àïïàðàòà. Ýòî ïîíÿòèå ñâÿçàíî ñ
òðåìÿ ñëó÷àÿìè èçìåíåíèÿ ïðèðàùåíèé

, , , , ,...x yVΔ Δθ Δψ Δω Δω (Íàáîð ïðèðàùåíèé ìî-
æåò ìåíÿòüñÿ â çàâèñèìîñòè îò óïðîùåíèé, äî-
ïóùåííûõ â ìîäåëüíîé çàäà÷å, â ñîáñòâåííîì
äâèæåíèè). Â ïåðâîì ñëó÷àå ïðè íåîãðàíè÷åííîì
âîçðàñòàíèè âðåìåíè ïðèðàùåíèÿ âñåõ ïàðàìåò-
ðîâ äâèæåíèÿ ñòðåìÿòñÿ ê íóëþ – «çàòóõàþò» è
ÁËÀ áóäåò óñòîé÷èâûì. Âî âòîðîì ñëó÷àå ïðè-
ðàùåíèÿ íå çàòóõàþò, íî è íå âîçðàñòàþò — â
ýòîì ñëó÷àå àïïàðàò íåéòðàëüíî óñòîé÷èâ. Íàêî-
íåö, åñëè ïðèðàùåíèÿ ñ òå÷åíèåì âðåìåíè âîç-

ðàñòàþò — àïïàðàò íåóñòîé÷èâûé. Â íàñòîÿùåé
ðàáîòå óñòîé÷èâîñòü ÁËÀ èçó÷àåòñÿ ìåòîäîì ñòà-
òèñòè÷åñêîãî ñèíòåçà ôóíêöèè Ëÿïóíîâà.

3. Ìåòîä ñòàòèñòè÷åñêîãî ñèíòåçà ôóíêöèè
Ëÿïóíîâà

Ðàññìàòðèâàåòñÿ äèíàìè÷åñêàÿ ñèñòåìà, îïè-
ñûâàåìàÿ âåêòîðíûì óðàâíåíèåì:

( ), ,x f x t=                          (3)

ãäå x, f — âåùåñòâåííûå âåêòîðû; ;nx Œ  f îïðå-
äåëåíà â nR ¥ ; t – âðåìÿ. Ïðåäïîëàãàåòñÿ, ÷òî
f — äîñòàòî÷íî ãëàäêàÿ âåêòîð-ôóíêöèÿ, ÷òîáû
ãàðàíòèðîâàòü ñóùåñòâîâàíèå, åäèíñòâåííîñòü è
íåïðåðûâíóþ çàâèñèìîñòü ðåøåíèé çàäà÷è Êîøè
îò íà÷àëüíûõ óñëîâèé.

Íà ïðàâóþ ÷àñòü ñèñòåìû (3) íàêëàäûâàþò-
ñÿ ñëåäóþùèå óñëîâèÿ [17, 18]:

1. Ôóíêöèÿ f (x,t) ïðèíàäëåæèò êëàññó n
RC  –

n ðàç äèôôåðåíöèðóåìûõ ïî x è ïî t ôóíêöèé íà
îáëàñòè ,R Q I= ¥  ãäå )0, .I tÈ= •Î  Îáëàñòü

{ }: ,  .Q x x H H R += < Œ

Çäåñü è äàëåå, ïî îïðåäåëåíèþ,

{ } 2
1

1

max , , ,  
n

n i
i

x x x x x
=

= º = Â
– ñîîòâåòñòâåííî ÷åáûøåâñêàÿ è åâêëèäîâà íîð-
ìû âåêòîðà x.

2. Ôóíêöèÿ f (x,t) èìååò îãðàíè÷åííûå ÷àñò-
íûå ïðîèçâîäíûå ïî x è ïî t íà îáëàñòè R.

3. Ôóíêöèÿ f (x,t) è å¸ ïðîèçâîäíàÿ ( ),f x t  ïî
t òîæäåñòâåííî ðàâíû íóëþ íà I òîëüêî ïðè x = 0.

Åñëè óñëîâèÿ 1, 2, 3 èìåþò ìåñòî, òî óñëîâèÿ
Ëèïøèöà çàâåäîìî âûïîëíåíû è, ñëåäîâàòåëüíî,
ñóùåñòâóåò åäèíñòâåííàÿ òðàåêòîðèÿ ñèñòåìû (3),
ïðîõîäÿùàÿ â ìîìåíò âðåìåíè t0 ÷åðåç òî÷êó x0.
Ëþáîå ÷àñòíîå ðåøåíèå ( ) constx t =  íàçûâàåòñÿ
ðàâíîâåñíûì ñîñòîÿíèåì ñèñòåìû (3).

Èìååò ìåñòî ñëåäóþùàÿ òåîðåìà [19]. Ïóñòü
ñóùåñòâóåò äèôôåðåíöèðóåìàÿ ñêàëÿðíàÿ ôóíê-
öèÿ ( ),x tυ  ïåðåìåííûõ ñîñòîÿíèé ñèñòåìû (3) è
âðåìåíè t, îáëàäàþùàÿ ïðè óñëîâèÿõ t > t0 è

,sx H£  s = 1,…,n ñëåäóþùèìè ñâîéñòâàìè:

( )

( ) ( )

, 0;

,
, 0.

Ò

x t

d x t dx
x t

dt x dt

υ

υ υυ

>

∂Ê ˆ= = £Á ˜Ë ¯∂
           (4)

Òîãäà ñîñòîÿíèå ðàâíîâåñèÿ ñèñòåìû (3) ÿâ-
ëÿåòñÿ óñòîé÷èâûì (ïî íà÷àëüíûì äàííûì). Çà-
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ìåòèì, ÷òî ìåòîä Ëÿïóíîâà ïðåäîñòàâëÿåò äîñòà-
òî÷íûé êðèòåðèé óñòîé÷èâîñòè.

Çàäà÷à ñîñòîèò â îïðåäåëåíèè ôóíêöèè ( ),x tυ
ïðè ëþáûõ íà÷àëüíûõ âîçìóùåíèÿõ ïðè óäîâëåò-
âîðåíèè óñëîâèé (4). Ïðåäñòàâèì ôóíêöèþ
( ),x tυ  â âèäå êâàäðàòè÷íîé ôîðìû:

( ) ( )
1 1

, ,
n n

ij i j
i j

x t b t x xυ
= =

= ÂÂ                 (5)

ãäå ( ), 1, , 1,ijb t i n j n= =  – êîýôôèöèåíòû, ïîäëå-
æàùèå âûáîðó èç óñëîâèÿ óäîâëåòâîðåíèÿ íåðà-
âåíñòâàì (4), è ýòè êîýôôèöèåíòû çàâèñÿò îò
âðåìåíè. Ôóíêöèÿ (5) åñòü íåëèíåéíàÿ ôóíêöèÿ,
óñòîé÷èâîñòü êîòîðîé ðàññìàòðèâàåòñÿ ïðè ïî-
ñòîÿííî äåéñòâóþùèõ âîçìóùåíèÿõ [17].

Ñòàòèñòèêà äëÿ ôîðìèðîâàíèÿ ôóíêöèè Ëÿ-

ïóíîâà íàáèðàåòñÿ ïî ðåçóëüòàòàì èíòåãðèðîâà-

íèÿ ñèñòåìû (3). Â òàáë. 2 â i-é ñòðîêå óêàçàíû

ìîìåíòû âðåìåíè ti, 1, ,i N=  ôàçîâûå êîîðäèíàòû

(x1, x2,…, xn)i, çíà÷åíèå ôóíêöèè Ëÿïóíîâà

( ), ,i x tυ  çíà÷åíèå ïðîèçâîäíîé ( ), .i x tυ Ìîìåíòû

âðåìåíè çàäàíû ñ øàãîì èíòåãðèðîâàíèÿ .tΔ
Çàìåòèì, ÷òî òàê êàê çäåñü ïðîâåðÿþòñÿ çíàêè

ôóíêöèè Ëÿïóíîâà è å¸ ïðîèçâîäíîé äëÿ ÷àñò-
íûõ ðåøåíèé ñèñòåìû (3), òî âîçìîæíîñòü ïðè-
ìåíåíèÿ ñòàòèñòè÷åñêîãî ñèíòåçà äëÿ äðóãèõ
ðåøåíèé ñëåäóåò èç òîãî, ÷òî çäåñü ðàññìàòðèâà-
åòñÿ ìåòîäîëîãèÿ ïðèìåíåíèÿ ñòàòèñòè÷åñêîãî
ñèíòåçà, êîòîðàÿ åñòü ñèñòåìàòè÷åñêàÿ ïðîöåäó-
ðà, îïðåäåëÿþùàÿ ïîðÿäîê ïðèìåíåíèÿ îïåðà-
öèé, ïðèâåäåííûõ â òàáë. 2.

Äëÿ êàæäîé ñòðîêè òàáë. 2 çàïèøåì íåîáõî-
äèìûå óñëîâèÿ óñòîé÷èâîñòè ñèñòåìû (4):

( ) ( ), 0, , 0, 1, .i ix t x t i Nυ υ> £ =

Ýòè óñëîâèÿ òàêæå ìîæíî çàïèñàòü â âèäå:

( )( ) ( ),
sign , 1,   sign 1,i

i

d x t
x t

dt

υ
υ

Ê ˆ
= = -Á ˜Ë ¯

ò.å. êðèòåðèé ëîêàëüíîé óñòîé÷èâîñòè â i-é òî÷êå
â ñëó÷àå óñòîé÷èâîñòè äîëæåí ðàâíÿòüñÿ íóëþ,
â ïðîòèâíîì ñëó÷àå ïðèìåì åãî ðàâíûì 1:

( ) ( )0,  åñëè  , 0, , 0;

1,   â îñòàëüíûõ ñëó÷àÿõ.i

i i
cm

x t x t
J

υ υÏ > £Ô= Ì
ÔÓ

Ðàñïðîñòðàíèì ýòî òðåáîâàíèå íà âåñü îáú¸ì
âûáîðêè N è ïîëó÷èì:

1

.
i

N

cm cm
i

J J
=

= Â
Òàêèì îáðàçîì, ñòàòèñòè÷åñêèé êðèòåðèé

óñòîé÷èâîñòè èìååò âèä:

,  1, , 1, 1

min .
i

ij

N
opt
cm cm

b i n j n i

J J
= = =

È ˘
= Í ˙

Í ˙Î ˚
Â             (6)

Äàííûé êðèòåðèé íåîáõîäèìî ìèíèìèçèðîâàòü
çà ñ÷åò âûáîðà ïàðàìåòðîâ ( ), 1, , 1,ijb t i n j n= = .
Äëÿ ïîäòâåðæäåíèÿ óñòîé÷èâîñòè íåîáõîäèìî,
÷òîáû óñëîâèå (4) âûïîëíÿëîñü, ò.å. êðèòåðèé (6)
íå ïðîñòî ìèíèìèçèðîâàëñÿ, à îáðàùàëñÿ â íîëü.

Ìåòîä ñòàòèñòè÷åñêîãî ñèíòåçà çàâèñèìîñòåé
ïðèìåíÿåòñÿ äëÿ âîññòàíîâëåíèÿ ôóíêöèîíàëü-
íûõ çàâèñèìîñòåé ïî ñòàòèñòè÷åñêèì äàííûì
[5, 19, 20]. Ñòàòèñòè÷åñêàÿ âûáîðêà ñîñòîèò èç
âõîäíûõ, ïðîìåæóòî÷íûõ è âûõîäíûõ ñòîëáöîâ.
Îáùèé âèä òàêîé âûáîðêè ïðåäñòàâëåí â òàáë. 3.

Çäåñü äâà âõîäíûõ ñòîëáöà: âåêòîð ïðîåêòíûõ
ïàðàìåòðîâ (d1, d2,…, dl ) è âåêòîð íåêîíòðîëèðó-
åìûõ ôàêòîðîâ ( )1 2, , , mω ω ωº , îäèí ïðîìåæóòî÷-
íûé ñòîëáåö, ñîñòîÿùèé èç õàðàêòåðèñòè÷åñêèõ
ôóíêöèé χ , è îäèí âûõîäíîé ñòîëáåö, ñîñòîÿ-
ùèé èç êðèòåðèàëüíûõ îöåíîê J(d, ω ). Õàðàêòå-
ðèñòè÷åñêàÿ ôóíêöèÿ χ  îïèñûâàåò òå ñâîéñòâà,
êîòîðûå íåîáõîäèìî îòðàçèòü â âîññòàíàâëèâà-
åìîé çàâèñèìîñòè.

Ñòàòèñòè÷åñêèé ñèíòåç îñíîâûâàåòñÿ íà òðåõ
áàçîâûõ ýëåìåíòàõ: ñòàòèñòè÷åñêîé âûáîðêå,
áàçèñíûõ ôóíêöèÿõ, ñòàòèñòè÷åñêèõ êðèòåðèÿõ.
Â êà÷åñòâå áàçèñíîé ôóíêöèè â ðàññìàòðèâàå-
ìîì ìåòîäå ïðèíÿòà êâàäðàòè÷íàÿ ôîðìà (5) ñ
êîýôôèöèåíòàìè, çàâèñÿùèìè îò âðåìåíè t. Â
êà÷åñòâå ñòàòèñòè÷åñêîãî êðèòåðèÿ ïðèíèìàåò-
ñÿ êðèòåðèé (6).

Âûáîðêà, ðåàëèçóþùàÿ ñòàòèñòè÷åñêèé ñèí-
òåç ôóíêöèè Ëÿïóíîâà, ïðåäñòàâëåíà â òàáë. 4,
ãäå  b = b(t) – âåêòîð êîýôôèöèåíòîâ êâàäðàòè÷-
íîé ôîðìû (5); d = (d1, d2,…, dl ) – âåêòîð ïðîåê-
òíûõ ïàðàìåòðîâ; tk – êîíå÷íîå âðåìÿ èíòåãðè-
ðîâàíèÿ óðàâíåíèé äâèæåíèÿ.

Â òàáë. 3 åñòü ñòîëáåö õàðàêòåðèñòè÷åñêîé
ôóíêöèè χ , ïðåäíàçíà÷åííûé äëÿ ðàñ÷åòà ðàç-
ëè÷íûõ îãðàíè÷åíèé è óñëîâèé. Òàêèìè óñëîâè-
ÿìè â òàáë. 4 ÿâëÿþòñÿ óñëîâèÿ ïîëîæèòåëüíîñ-

Òàáëèöà 2

Ñòàòèñòèêà ôóíêöèè Ëÿïóíîâà è å¸ ïðîèçâîäíîé

ti ( )1 2, , , n i
x x xº  ( ),i x tυ  ( ),i x tυ  

t1 ( )1 2 1
, , , nx x xº  ( )1 ,x tυ  ( )1 ,x tυ  

t2 ( )1 2 2
, , , nx x xº  ( )2 ,x tυ  ( )2 ,x tυ  

… … … … 

tN ( )1 2, , , n N
x x xº  ( ),N x tυ  ( ),N x tυ  
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Òàáëèöà 3

Îáùèé âèä ñòàòèñòè÷åñêîé âûáîðêè

¹ ï/ï ( )1 2, , , ld d dº  ( )1 2, , , mω ω ωº  χ ( ),J d ω  

1 ( )1 2 1
, , , ld d dº  

( )
( )

( )

1 2 1,1

1 2 2,1

1 2 ,1

, , ,

, , ,

...

, , ,

m

m

m S

ω ω ω

ω ω ω

ω ω ω

º

º

º

 

1,1

2,1

,1

...

S

χ

χ

χ

 ( )1 ,J d ω  

2 ( )1 2 2
, , , ld d dº  

( )
( )

( )

1 2 1,2

1 2 2,2

1 2 ,2

, , ,

, , ,

...

, , ,

m

m

m S

ω ω ω

ω ω ω

ω ω ω

º

º

º

 

1,2

2,2

,2

...

S

χ

χ

χ

 ( )2 ,J d ω  

… … … … … 

 N ( )1 2, , , l N
d d dº  

( )
( )

( )

1 2 1,

1 2 2,

1 2 ,

, , ,

, , ,

...

, , ,

m N

m N

m S N

ω ω ω

ω ω ω

ω ω ω

º

º

º

 

1,

2,

,

...

N

N

S N

χ

χ

χ

 ( ),NJ d ω  

Òàáëèöà 4

Ñòàòèñòè÷åñêèé ñèíòåç ôóíêöèè Ëÿïóíîâà

¹ ( ),b d  t  ω  ( )1 2, , , nx x xº  ( ),x tυ  ( ),x tυ  ( ),cmJ b d  

1 ( )1,b d  

1

2

...

k

t

t

t

 1ω  

( )
( )

( )

1 2 1,1

1 2 2,1

1 2 ,1

, , , 

, , , 

...

, , , 

n

n

n k

x x x

x x x

x x x

º

º

º

 

( )
( )

( )

1,1

2,1

,1

,

,

...

,
k

x t

x t

x t

υ

υ

υ

 

( )
( )

( )

1,1

2,1

,1

,

,

...

,
k

x t

x t

x t

υ

υ

υ

 ( )1,cmJ b d  

2 ( )2,b d  

1

2

...

k

t

t

t

 2ω  

( )
( )

( )

1 2 1,2

1 2 2,2

1 2 ,2

, , , 

, , , 

...

, , , 

n

n

n k

x x x

x x x

x x x

º

º

º

 

( )
( )

( )

1,2

2,2

,2

,

,

...

,
k

x t

x t

x t

υ

υ

υ

 

( )
( )

( )

1,2

2,2

,2

,

,

...

,
k

x t

x t

x t

υ

υ

υ

 ( )2
,cmJ b d  

… … … … … … … … 

N ( ),
N

b d  

1

2

...

k

t

t

t

 Nω  

( )
( )

( )

1 2 1,

1 2 2,

1 2 ,

, , , 

, , , 

...

, , , 

n N

n N

n k N

x x x

x x x

x x x

º

º

º

 

( )
( )

( )

1,

2,

,

,

,

...

,

N

N

k N

x t

x t

x t

υ

υ

υ

 

( )
( )

( )

1,

2,

,

,

,

...

,

N

N

k N

x t

x t

x t

υ

υ

υ

 ( ),cm N
J b d  
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òè ôóíêöèè Ëÿïóíîâà è îòðèöàòåëüíîñòè ïðîèç-
âîäíîé îò ôóíêöèè Ëÿïóíîâà ïî âðåìåíè.

Ñòàòèñòè÷åñêàÿ âûáîðêà èç òàáë. 4 ïîñòðîå-
íà â ñîîòâåòñòâèè ñ ïðîöåññîì ìèíèìèçàöèè
êðèòåðèÿ (6). Êàæäàÿ ñòðîêà òàáë. 4 ñîîòâåòñòâóåò
i-ìó ïîèñêîâîìó øàãó, íà êîòîðîì çàäàåòñÿ ìàò-
ðèöà êîýôôèöèåíòîâ êâàäðàòè÷íîé ôîðìû è
âàðüèðóåìûå ïðîåêòíûå ïàðàìåòðû, ïî êîòîðûì
âû÷èñëÿåòñÿ êðèòåðèé îïòèìàëüíîñòè (6). Òàêèì
îáðàçîì, ãëîáàëüíûé ìèíèìóì êðèòåðèÿ (6) ðà-
âåí íóëþ.

4. Ìîäåëüíàÿ çàäà÷à

Âûïîëíèì àïðîáàöèþ ðàçðàáîòàííîãî ìåòîäà
íà ïðèìåðå ÁËÀ, ñ õàðàêòåðèñòèêàìè, ïðåäñòàâ-
ëåííûìè â òàáë. 1. Óðàâíåíèÿ äâèæåíèÿ ïðåä-
ñòàâëåíû â (1). Ìîäåëüíàÿ çàäà÷à ðåøåíà ïî ñòà-
òèñòè÷åñêîìó êðèòåðèþ óñòîé÷èâîñòè (6), ïî
êîòîðîìó âûáèðàþòñÿ êîýôôèöèåíòû ôóíêöèè
Ëÿïóíîâà. Çàìåòèì, ÷òî óñëîâèÿ (4) äîëæíû âû-
ïîëíÿòüñÿ âî âñåõ òî÷êàõ èíòåãðèðîâàíèÿ.

Â ðàññìàòðèâàåìîé çàäà÷å âåêòîð íåêîíòðî-
ëèðóåìûõ ôàêòîðîâ èìååò ñëåäóþùèé âèä:

( )ö ö ö ö, , , ,x zx z V Vω =              (7)

ãäå xö, zö – íà÷àëüíûå êîîðäèíàòû öåëè; Vxö, Vzö
– ïðîåêöèè ñêîðîñòè öåëè â íà÷àëüíûé ìîìåíò
âðåìåíè. Ñ÷èòàåòñÿ, ÷òî íåêîíòðîëèðóåìûå ôàê-
òîðû xö, zö ïîä÷èíÿþòñÿ íîðìàëüíîìó çàêîíó
ðàñïðåäåëåíèÿ, à Vxö, Vzö– ïîä÷èíÿþòñÿ çàêîíó
ðàñïðåäåëåíèÿ Ðýëåÿ. Ïóñòü íåêîíòðîëèðóåìûå
ôàêòîðû ëåæàò â çàäàííîì äèàïàçîíå:

ö ö

ö ö

300ì 300ì; 300 ì 300ì;

0 10 ì/ñ; 0 10 ì/ñ.x z

x z

V V

- £ £ - £ £

£ £ £ £

Ôóíêöèÿ Ëÿïóíîâà ïðèíèìàåòñÿ â âèäå êâàä-
ðàòè÷íîé ôîðìû (5), ãäå

1 2 3 4 55, , , , , .z yn x V x x x xθ ψ ω ω= = = = = =

Òàêèì îáðàçîì, ôóíêöèÿ Ëÿïóíîâà ïðèìåò
îêîí÷àòåëüíûé âèä:

( ) 2
11 12 13 14 15

2
21 22 23 24 25

2
31 32 33 34 35

2
41 42 43 44 45

2
51 52 53 54 55 .

, z y

z y

z y

z z z z z y

y y y y z y

x t b V b V b V b V b V

b V b b b b

b V b b b b

b V b b b b

b V b b b b

υ θ ψ ω ω

θ θ θψ θω θω

ψ ψθ ψ ψω ψω

ω ω θ ω ψ ω ω ω

ω ω θ ω ψ ω ω ω

= + + + + +

+ + + + + +

+ + + + + +

+ + + + +

+ +

+

+ + +

Ïðîèçâîäíàÿ ôóíêöèè Ëÿïóíîâà ( ),x tυ  èìååò

âèä:

( ),

.yz

z y

dV d d
x t

V dt dt dt

dd

dt dt

υ υ θ υ ψυ
θ ψ

ωωυ υ
ω ω

∂ ∂ ∂= ◊ + ◊ + ◊ +
∂ ∂ ∂

∂ ∂+ ◊ + ◊
∂ ∂

Âåêòîð âàðüèðóåìûõ ïàðàìåòðîâ çàäàåòñÿ ñëå-
äóþùèì îáðàçîì:

( )11 12 13 14 15 21 22 23 51 52 53 54 55, , , , , , , , , , , , , .b b b b b b b b b b b b b b= º

Ðàçìåðíîñòü çàäà÷è ðàâíà 25. Ïàðàìåòðè÷åñ-
êèå îãðàíè÷åíèÿ çàäàíû â âèäå:

100 100, 1,5, 1,5.ijb i j- £ £ = =

Â ðåçóëüòàòå ìèíèìèçàöèè êðèòåðèÿ (6) îï-
ðåäåëÿåòñÿ âåêòîð âàðüèðóåìûõ ïàðàìåòðîâ b, ïðè
êîòîðîì ÷èñëî ôàçîâûõ òî÷åê ïî òðàåêòîðèè, â
êîòîðûõ íå âûïîëíÿþòñÿ óñëîâèÿ (4), áóäåò ðàâ-
íûì íóëþ.

Çíà÷åíèÿ ôóíêöèè Ëÿïóíîâà è å¸ ïðîèçâîä-
íîé â íà÷àëüíîé òî÷êå îïòèìèçàöèè ïðèâåäåíû
â òàáë. 5, à îïòèìàëüíîå ðåøåíèå — â òàáë. 6.

Êàê âèäíî èç òàáë. 5, íà÷àëüíîå ðåøåíèå íå
ãîäèòñÿ íà ðîëü ôóíêöèè Ëÿïóíîâà.

Â ðåçóëüòàòå ðåøåíèÿ çàäà÷è (6) êîëè÷åñòâî
òî÷åê, â êîòîðûõ íå âûïîëíÿëèñü óñëîâèÿ (4),
áûëî ñâåäåíî ê ìèíèìóìó. Áûëî ïîëó÷åíî îïòè-

Òàáëèöà 5

Íà÷àëüíîå ðåøåíèå

¹ 
ï/ï 

t, c υ  υ  

1 0,05 0,18E-5>0 -2,04E+7<0 

2 0,5 -1,01E-2<0 -2,02E+13<0 

3 1 -0,19<0 2,90E+13>0 

4 1,5 -0,14<0 4,37E+12>0 

5 2 -0,16<0 9,87E+12>0 

6 2,5 -0,89<0 1,63E+13>0 

7 3 -6,26E-3<0 -9,60E+12<0 

8 3,5 -0,28<0 -1,64E+13<0 

… … … … 

35 17 -29,52<0 2,75E+13>0 

36 17,5 -30,15<0 2,16E+13>0 

37 18 -34,03<0 2,93E+13>0 
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ìàëüíîå çíà÷åíèå êðèòåðèÿ: 0.opt
cmJ =  Çàäà÷à ðå-

øàëàñü ïðè ôèêñèðîâàííûõ ïðîåêòíûõ ïàðàìåò-
ðàõ, âàðüèðîâàëèñü òîëüêî êîýôôèöèåíòû bij.
Ðàññìîòðåííàÿ ìîäåëüíàÿ çàäà÷à ïîêàçàëà, ÷òî
äëÿ âûáðàííûõ èñõîäíûõ äàííûõ, îïèñûâàþùèõ
êîíñòðóêòèâíûå õàðàêòåðèñòèêè ÁËÀ è ñòàòèñ-
òè÷åñêèå ñâîéñòâà íåêîíòðîëèðóåìûõ ôàêòîðîâ,
ïðåäëàãàåìûé ìåòîä ñèíòåçà ôóíêöèè Ëÿïóíîâà
ïîçâîëèë â êîíå÷íîì èòîãå ïîäòâåðäèòü óñòîé-
÷èâîñòü ðàññìàòðèâàåìîãî àïïàðàòà.

Âûâîäû

1. Ðàçðàáîòàí êîíñòðóêòèâíûé ìåòîä èññëå-
äîâàíèÿ óñòîé÷èâîñòè äëÿ øèðîêîãî êëàññà ëå-
òàòåëüíûõ àïïàðàòîâ òèïà ÁËÀ.

2. Èññëåäîâàíà óñòîé÷èâîñòü äâèæåíèÿ ÁËÀ
ïî ðàçðàáîòàííîìó ñòàòèñòè÷åñêîìó êðèòåðèþ.
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Òàáëèöà 6

Îïòèìàëüíîå ðåøåíèå

¹ 
ï/ï 

t, c υ  υ  

1 0,05 98,81>0 -6,12E+2<0 

2 0,5 65,54>0 -9,07E+8<0 

3 1 41,70>0 -2,75E+9<0 

4 1,5 15,12>0 -7,84E+7<0 

5 2 3,67>0 -4,08E+10<0 

6 2,5 16,17E-2>0 -2,97E+9<0 

7 3 37,52E-3>0 -3,41E+8<0 

8 3,5 56,01E-4>0 -7,91E+8<0 

… … … … 

35 17 45,42E-5>0 -2,83E+6<0 

36 17,5 37,96E-5>0 -2,59E+5<0 

37 18 30,27E-5>0 -5,57E+3<0 
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