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Abstract

The article presents a brief overview of the accidents occurred in the past due to the aircraft pilot induced
oscillation (PIO). It proposes the alternative algorithm for the nonlinear pre-filter (oscillation suppressor).
Compared to the other pre-filter versions, the proposed filter is being installed inside the flight control system
contour, and its output serves as an input signal for the actuator. According to its algorithm, this signal does

not decline when its output signal ( )δ  is equal or less than rate limiting max( )δ . However, when δ  exceeds

maxδ , δ  decreases according to the developed algorithm.

Effectiveness of the proposed pre-filter is being compared with the other two pre-filters versions. One
of them is the traditional nonlinear pre-filter, which algorithm corresponds to the simplified actuator model.
Its input signal is proportional to the control stick deflection. Another nonlinear pre-filter is so-called “rate
limiter with feedback and bypass” developed by the SAAB Company for the JAS-39 aircraft.

The following two types of experiments were conducted:
 PIO suppression effectiveness comparison by various nonlinear pre-filters and of error reduction in the

tracking task in case of precise knowledge of the actuator model parameters;
 Robustness evaluation of the proposed pre-filters.
All experiments were being conducted at one of the MAI flight-simulators. The piloting task consisted

in pitch tracking task with the tracking error-minimizing goal. The dynamic configuration corresponded to
the statically neutral aircraft with feedbacks ensuring the HP2.1 dynamic configuration from the Have PIO
database with no nonlinear effects impact. The actuator simplified model parameters corresponded to ±15
deg/s and gain coefficient K = 10.

The experiments revealed that in case of piloting without pre-filters, the unstable PIO process occurs.
Installation of whatever pre-filter allows suppressing the diverging oscillation. However the proposed nonlinear
pre-filter ensures the of the of error variance decrease by 2.35 and 1.95 times and higher bandwidth of closed-
loop system compared to the conventional pre-filter and so-called “rate limiter with feedback and bypass”.

The experiments on robustness studying demonstrated that the inaccurate knowledge of the actuator model
employed in all pre-filters algorithms does not affect practically on the results of experiments in the case of
the proposed pre-filter. As for the other pre-filters, the inaccurate knowledge of actuator model parameters
considerably affects the error variances and other pilot-aircraft system characteristics.

Keywords: pilot induced oscillation, nonlinear prefilter, flight safety, aircraft-pilot system
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Ââåäåíèå

ßâëåíèå ðàñêà÷êè ñàìîëåòà ëåò÷èêîì (â àí-
ãëîÿçû÷íîé òåðìèíîëîãèè “Pilot induced
oscillations”, PIO) âîçíèêàåò â ðåçóëüòàòå äèíà-
ìè÷åñêîãî âçàèìîäåéñòâèÿ ëåò÷èêà ñ ñàìîëåòîì,
ïðèâîäÿ ê ðàçâèòèþ çíà÷èòåëüíûõ çàáðîñîâ è
äàæå ê âîçíèêíîâåíèþ ðàñõîäÿùèõñÿ êîëåáàíèé.
Îíî èçâåñòíî ñî âðåìåí ïåðâîãî ïîëåòà áðàòüåâ
Ðàéò è ïðîÿâëÿëîñü ïåðèîäè÷åñêè íà ðàçíûõ
ýòàïàõ ðàçâèòèÿ àâèàöèè. Ïîÿâèâøèéñÿ âî âòî-
ðîé ïîëîâèíå ïðîøëîãî ñòîëåòèÿ êëàññ âûñîêî-
àâòîìàòèçèðîâàííûõ ñàìîëåòîâ õàðàêòåðèçóåòñÿ
ðÿäîì îñîáåííîñòåé, ñâÿçàííûõ ñ èõ íåóñòîé÷è-

âîé êîìïîíîâêîé è ãëóáîêèìè îáðàòíûìè ñâÿ-
çÿìè ñèñòåì óïðàâëåíèÿ, îáåñïå÷èâàþùèìè íå-
îáõîäèìûå ïèëîòàæíûå ñâîéñòâà. Â óñëîâèÿõ

îãðàíè÷åíèÿ ñêîðîñòè îòêëîíåíèÿ ðóëåé max( )δ

ýòî ïðèâåëî ê ðÿäó êàòàñòðîô è ëåòíûõ ïðîèñ-
øåñòâèé [1, 2], ñâÿçàííûõ ñ âîçíèêíîâåíèåì
ðàñõîäÿùèõñÿ êîëåáàíèé èëè PIO, à òàêæå ê ïî-
âûøåíèþ âåðîÿòíîñòè ðàçâèòèÿ ýòîãî ÿâëåíèÿ ó
äðóãèõ ñàìîëåòîâ. ßâëåíèå PIO èç-çà îãðàíè÷åíèÿ

íà âåëè÷èíó maxδ  îòíîñÿò ê PIO 2-é êàòåãîðèè [3].
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Â ðàáîòàõ [4—10] äàí äîñòàòî÷íî ïîäðîáíûé àíà-
ëèç âëèÿíèÿ ýòîãî îãðàíè÷åíèÿ íà äâèæåíèå ñà-
ìîëåòà è õàðàêòåðèñòèêè ñèñòåìû ñàìîëåò-ëåò-

÷èê. Ïîêàçàíî, ÷òî îãðàíè÷åíèå íà maxδ  ïðèâî-

äèò ê èçìåíåíèþ õàðàêòåðèñòèê, ïðèâîäÿùåìó ê
óâåëè÷åíèþ ôàçîâîãî çàïàçäûâàíèÿ è óõóäøåíèþ
õàðàêòåðèñòèê ñèñòåìû ñàìîëåò—ëåò÷èê.

Ïðîáëåìà ýêñïåðèìåíòàëüíûõ èññëåäîâàíèé
íà ïèëîòàæíûõ ñòåíäàõ — íåîáõîäèìîñòü ñîçäà-
íèÿ òàêèõ óñëîâèé ýêñïåðèìåíòà, ïðè êîòîðûõ
ÿâëåíèå ðàñêà÷êè ìîãëî áû âîçíèêíóòü è áûëî
áû ïîâòîðÿåìî ïðè ïîëóíàòóðíîì ìîäåëèðîâà-
íèè. Â ýòîé ñâÿçè â ðàáîòàõ [11—13, 1] ïîêàçà-
íî, ÷òî òàêèå èññëåäîâàíèÿ òðåáóþò ñîçäàíèÿ
ñïåöèàëüíûõ óñëîâèé ïðîâåäåíèÿ ýêñïåðèìåí-
òîâ, òðåáóþùèõ âûñîêîé òî÷íîñòè âûïîëíåíèÿ
çàäà÷ äëÿ òî÷íîãî ìîäåëèðîâàíèÿ èëè èñïîëüçî-
âàíèÿ äîñòàòî÷íî øèðîêîïîëîñíîãî âõîäíîãî
ñèãíàëà.

Çíàíèå ïðè÷èí âîçíèêíîâåíèÿ ðàñêà÷êè ñà-
ìîëåòà ëåò÷èêîì íåîáõîäèìî äëÿ ïîèñêà ñðåäñòâ
ñíèæåíèÿ, à â èäåàëå ïîäàâëåíèÿ ýòîãî ÿâëåíèÿ.
Â íàñòîÿùåå âðåìÿ êàê ó íàñ â ñòðàíå, òàê è çà
ãðàíèöåé ðàçðàáîòàí ðÿä òàêèõ ñðåäñòâ, êîòîðûå
ïðåäñòàâëÿþò ñîáîé ðàçëè÷íûå íåëèíåéíûå ïðå-
ôèëüòðû [14—19], à òàêæå ñðåäñòâà äëÿ èçìåíå-
íèÿ æåñòêîñòè ïðóæèí çàãðóçî÷íîãî ìåõàíèçìà
[20—23]. Â äàííîé ñòàòüå ïðåäëîæåí àëüòåðíàòèâ-
íûé ñïîñîá ïîäàâëåíèÿ ÿâëåíèÿ PIO è ïðèâîäÿò-
ñÿ ðåçóëüòàòû ýêñïåðèìåíòàëüíûõ èññëåäîâàíèé,
âûïîëíåííûõ íà îäíîì èç ïèëîòàæíûõ ñòåíäîâ
ÌÀÈ, ïî îöåíêå åãî ýôôåêòèâíîñòè ïî ñðàâíå-
íèþ ñ íåêîòîðûìè èç èçâåñòíûõ âàðèàíòîâ.

1. Îïèñàíèå èçâåñòíûõ ïðåôèëüòðîâ ïîäàâëåíèÿ
ÿâëåíèÿ PIO

Îäíèì èç âàðèàíòîâ ïðåôèëüòðîâ ÿâëÿåòñÿ
íåëèíåéíûé ïðåôèëüòð, ïðèìåíÿåìûé íà ñàìî-
ëåòå Ñó-27 [4]. Ñòðóêòóðà ïðåôèëüòðà ïðèâåäå-
íà íà ðèñ. 1. Äàííûé ïðåôèëüòð ïðåäñòàâëåí â

âèäå óïðîùåííîé ìîäåëè íåëèíåéíîãî ïðèâîäà,
ó÷èòûâàþùåé îãðàíè÷åíèå íà ñêîðîñòü îòêëîíå-
íèÿ ðóëåâîé ïîâåðõíîñòè, óñòàíîâëåííîé â êîí-
òóðå ñèñòåìû óïðàâëåíèÿ ìåæäó êîìàíäíûì ñèã-
íàëîì, ïîñòóïàþùèì îò ëåò÷èêà, è ðóëåâûì ïðè-
âîäîì. Ïðèíöèï ðàáîòû ýòîãî ïðåôèëüòðà çàê-
ëþ÷àåòñÿ â îãðàíè÷åíèè ñêîðîñòè èçìåíåíèÿ
âõîäíîãî ñèãíàëà u è íåäîïóùåíèè âûõîäà ïðè-
âîäà íà îãðàíè÷åíèå. Íåäîñòàòêîì òàêîãî ïðå-
ôèëüòðà ÿâëÿåòñÿ çíà÷èòåëüíîå ôàçîâîå çàïàçäû-
âàíèå, ââîäèìîå â êîíòóð óïðàâëåíèÿ, äàæå â
ñëó÷àå, êîãäà ñèãíàë, ïîñòóïàþùèé íà îãðàíè÷è-
òåëü ñêîðîñòè ïåðåìåùåíèÿ â ïðåôèëüòðå, íå
äîñòèãàåò ìàêñèìàëüíîãî çíà÷åíèÿ, à òàêæå òî,
÷òî ýòî çàïàçäûâàíèå íåñòàöèîíàðíîå è çàâèñèò
îò çíà÷åíèÿ âõîäíîãî ñèãíàëà u.

Äðóãîé âàðèàíò ïðåôèëüòðà (“rate limiter with
feedback and bypass”), ñõåìà êîòîðîãî ïðèâåäåíà
íà ðèñ. 2, áûë ðàçðàáîòàí ôèðìîé SAAB [16],
ïîñëå òîãî êàê ñîçäàííûé èìè ñàìîëåò JAS-39
ïîòåðïåë äâå êàòàñòðîôû èç-çà âîçíèêíîâåíèÿ
ðàñêà÷êè â ïðîäîëüíîì è áîêîâîì êàíàëàõ óïðàâ-
ëåíèÿ. Îñîáåííîñòü ýòîãî àëãîðèòìà çàêëþ÷àåòñÿ
âî ââåäåíèè ôàçîâîãî îïåðåæåíèÿ â îáëàñòè âû-
ñîêèõ ÷àñòîò. Âõîäíîé ñèãíàë u ñ ÷àñòîòîé íèæå
10 ðàä/ñ ïðîõîäèò ÷åðåç ôèëüòð ¹1 è ïîñòóïàåò
íà âõîä â ìîäåëü ïðèâîäà. Åñëè â ìîäåëè ïðèâîäà
äîñòèãàåòñÿ îãðàíè÷åíèå ïî ñêîðîñòè ïåðåìåùå-
íèÿ, òî ñèãíàë íà âõîäå â ìîäåëü áóäåò áîëüøå,
÷åì ñèãíàë íà âûõîäå. Ðàçíîñòü ýòèõ ñèãíàëîâ,
èìåþùàÿ îòðèöàòåëüíîå çíà÷åíèå, ïðîõîäèò ÷å-
ðåç ôèëüòð ¹2 è ïîäàåòñÿ íà âõîä â ìîäåëü ïðè-
âîäà. Òàêèì îáðàçîì, â ñèñòåìó ââîäèòñÿ ôàçî-
âîå îïåðåæåíèå [16].

2. Àëüòåðíàòèâíûé ñïîñîá
ïîäàâëåíèÿ ÿâëåíèÿ PIO

Ñòðóêòóðíàÿ ñõåìà ïðåôèëüòðà, ïðåäëîæåí-
íàÿ â íàñòîÿùåé ðàáîòå è âêëþ÷àþùàÿ â ñåáÿ ìî-
äåëü ïðèâîäà, ó÷èòûâàþùóþ îãðàíè÷åíèå íà ñêî-
ðîñòü îòêëîíåíèÿ, ïðèâåäåíà íà ðèñ. 3. Îòëè÷è-

Ðèñ. 1. Íåëèíåéíûé ïðåôèëüòð â êîíòóðå ðó÷íîãî óïðàâëåíèÿ
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òåëüíàÿ îñîáåííîñòü ïðåäëîæåííîãî ïðåôèëüò-
ðà çàêëþ÷àåòñÿ â òîì, ÷òî îí óñòàíàâëèâàåòñÿ ïå-
ðåä ïðèâîäîì, âõîäíûì ñèãíàëîì äëÿ íåãî ÿâëÿ-
åòñÿ ðàçíîñòü ñèãíàëîâ, ïîñòóïàþùèõ îò ëåò÷è-
êà è îáðàòíûõ ñâÿçåé.

Ïðèíöèï ðàáîòû ïðåäëîæåííîãî â íàñòîÿùåé
ñòàòüå ôèëüòðà ñ ýòàëîííîé ìîäåëüþ ïðèâîäà
çàêëþ÷àåòñÿ â èçìåíåíèè çíà÷åíèÿ âõîäíîãî ñèã-
íàëà u, ïîäàâàåìîãî íà âõîä â ðåàëüíûé ïðèâîä
â ðåçóëüòàòå ñðàâíåíèÿ çíà÷åíèÿ ñèãíàëà äî ( )δ
è ïîñëå *

max( )δ  îãðàíè÷åíèÿ ïî ñêîðîñòè. Â ñëó-
÷àå, êîãäà â ìîäåëè ïðèâîäà ñèãíàë δ  íå âûõî-
äèò íà îãðàíè÷åíèÿ ïî ñêîðîñòè *

maxδ , îòíîøå-

íèå ìîäóëåé ýòèõ ñèãíàëîâ *
max /δ δ  ïðèíèìà-

åòñÿ ðàâíûì åäèíèöå, óïðàâëÿþùèé ñèãíàë u ïî-
ñòóïàåò íà âõîä ðóëåâîãî ïðèâîäà áåç èçìåíåíèé.

Åñëè ñêîðîñòü âõîäíîãî ñèãíàëà δ  ïðåâûøàåò

maxδ , òî îòíîøåíèå *
max /δ δ  áóäåò ìåíüøå åäè-

íèöû. Â ýòîì ñëó÷àå, ñîãëàñíî ïðåäëàãàåìîìó àë-
ãîðèòìó, ñèãíàë, ïîñòóïàþùèé íà âõîä â ðåàëü-

íûé ïðèâîä *( )u , èìååò ñëåäóþùèé âèä:

*
max* .su u K

δ

δ
= ◊

Êîýôôèöèåíò Ks âûáèðàåòñÿ òàêèì îáðàçîì,
÷òîáû îáåñïå÷èòü ïîäàâëåíèå òåíäåíöèè ê âîç-
íèêíîâåíèþ ýôôåêòà PIO, íå óõóäøàÿ ïðè ýòîì
äèíàìèêó îáúåêòà.

Ïðåäëîæåííàÿ ñèñòåìà ïîçâîëÿåò íå äîïóñ-
òèòü ïðîäîëæèòåëüíîãî âûõîäà ïðèâîäà íà îãðà-

Ðèñ. 2. Àëãîðèòì “rate limiter with feedback and bypass”

Ðèñ. 3. Ñòðóêòóðíàÿ ñõåìà ïðåôèëüòðà: K – êîýôôèöèåíò óñèëåíèÿ ìîäåëè ïðèâîäà; Ês – êîýôôèöèåíò óñè-
ëåíèÿ èçìåíåííîãî ñèãíàëà
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íè÷åíèå ïî ñêîðîñòè è áëàãîäàðÿ ýòîìó óìåíü-
øèòü âåðîÿòíîñòü âîçíèêíîâåíèÿ ÿâëåíèÿ PIO.

3. Ïëàí ïðîâåäåíèÿ
ýêñïåðèìåíòàëüíûõ èññëåäîâàíèé

Äëÿ îöåíêè ýôôåêòèâíîñòè è ðîáàñòíîñòè
ïðåäëîæåííîãî àëãîðèòìà áûëè ïðîâåäåíû äâå
ñåðèè ýêñïåðèìåíòîâ:

1) ñðàâíåíèå ïðåäëîæåííîãî ñïîñîáà ïîäàâ-
ëåíèÿ ÿâëåíèÿ PIO ñ ñóùåñòâóþùèìè ñïîñîáà-
ìè â ïðåäïîëîæåíèè òî÷íîãî çíàíèÿ ïàðàìåòðîâ
ïðèâîäà;

2) îöåíêà ðîáàñòíîñòè ðàññìàòðèâàåìûõ àë-
ãîðèòìîâ.

 Èññëåäîâàíèÿ ïðîâîäèëèñü íà íàçåìíîé ðà-
áî÷åé ñòàíöèè (ðèñ. 4), êîòîðàÿ ïîçâîëÿåò ïðî-
âîäèòü ýêñïåðèìåíòû ïî îòñëåæèâàíèþ óãëà òàí-
ãàæà â ðåàëüíîì ìàñøòàáå âðåìåíè.

Öåëü îïåðàòîðà – ìèíèìèçàöèÿ òåêóùåé
îøèáêè ñëåæåíèÿ ïóòåì îòêëîíåíèÿ ðû÷àãà óï-
ðàâëåíèÿ. Âõîäíûì âîçìóùåíèåì ÿâëÿåòñÿ ïîëè-
ãàðìîíè÷åñêèé ñèãíàë, âûáîð àìïëèòóä è ÷àñòîò
êîòîðîãî îñóùåñòâëÿåòñÿ èç óñëîâèé ñîîòâåò-
ñòâèÿ ðàñïðåäåëåíèÿ ìîùíîñòåé ïîëèãàðìîíè-
÷åñêîãî è íåïðåðûâíîãî ñëó÷àéíîãî ñèãíàëà, õà-
ðàêòåðèçóþùåãîñÿ ñïåêòðàëüíîé ïëîòíîñòüþ

2

2 2 2
,  0,5 1/ñ.

( )ii i
i

K
S ω

ω ω
= =

+

Â ýêñïåðèìåíòàëüíûõ èññëåäîâàíèÿõ ïðèíè-
ìàëè ó÷àñòèå òðè îïåðàòîðà. Â ðåçóëüòàòå âûïîë-
íåíèÿ ýêñïåðèìåíòîâ áûëè ïîëó÷åíû è ïðîàíà-
ëèçèðîâàíû ÷àñòîòíûå õàðàêòåðèñòèêè è èíòåã-
ðàëüíûå âåëè÷èíû: ëîãàðèôìè÷åñêèå àìïëèòóä-
íî-÷àñòîòíûå õàðàêòåðèñòèêè (ËÀÔ×Õ) îáúåê-

òà óïðàâëåíèÿ Wñ , çàìêíóòîé ñèñòåìû ñàìîëåò—

ëåò÷èê Ô, äèñïåðñèè ñèãíàëà îøèáêè 2
eσ  è ðàñ-

õîäîâ ðû÷àãà óïðàâëåíèÿ 2
cσ .

4. Ðåçóëüòàòû ýêñïåðèìåíòàëüíûõ èññëåäîâàíèé

 4.1. Ñðàâíåíèå ïðåäëîæåííîãî ñïîñîáà
ïîäàâëåíèÿ PIO è ñóùåñòâóþùèõ ñïîñîáîâ
ïðè òî÷íîì çíàíèè ìîäåëè ïðèâîäà

Â äàííîé ñåðèè ýêñïåðèìåíòîâ äèíàìèêà
îáúåêòà óïðàâëåíèÿ ñîîòâåòñòâîâàëà êîíôèãóðà-
öèè 2-1 èç áàçû äàííûõ Have PIO. Îíà îáåñïå-
÷èâàëàñü ïóòåì ââåäåíèÿ îáðàòíûõ ñâÿçåé ïî

óãëîâîé ñêîðîñòè zω  è íîðìàëüíîé ïåðåãðóçêå ny

ñòàòè÷åñêè íåóñòîé÷èâîãî ñàìîëåòà, äèíàìèêà
êîòîðîãî îïèñûâàåòñÿ ïåðåäàòî÷íîé ôóíêöèåé

( )
c 2 2

0,5 0,7
.

0,7 0,7
z p

W
p p

ω

δ
+

= =
+ +

Âëèÿíèå òàêèõ îáðàòíûõ ñâÿçåé ìîæåò ñòàòü
ïðè÷èíîé âûõîäà ïðèâîäà íà îãðàíè÷åíèå ïî
ñêîðîñòè îòêëîíåíèÿ. Ñ÷èòàëîñü, ÷òî ðåàëüíûé
ïðèâîä â ýêñïåðèìåíòàõ èìååò ñëåäóþùèå ïàðà-

ìåòðû: maxδ = ±15 °/ñ, K = 10.

Íà ðèñ. 5 ïîêàçàí ïðîöåññ ðàçâèòèÿ ðàñõîäÿ-
ùèõñÿ êîëåáàíèé â ïðîäîëüíîì êàíàëå ïðè óï-
ðàâëåíèè òàêèì îáúåêòîì (êðàñíûì öâåòîì îò-
ìå÷åíî îòêëîíåíèå ðû÷àãà óïðàâëåíèÿ). ßâëåíèå
PIO ñïðîâîöèðîâàíî èìåííî âëèÿíèåì ãëóáîêèõ
îáðàòíûõ ñâÿçåé è ìàëûì çíà÷åíèåì îãðàíè÷å-

íèÿ maxδ . Èç ðèñ. 5 âèäíî, ÷òî ðàñõîäÿùèåñÿ êî-

ëåáàíèÿ ïðîäîëæàþòñÿ, äàæå åñëè ðû÷àã óïðàâ-
ëåíèÿ íàõîäèòñÿ â íåéòðàëüíîì ïîëîæåíèè.

Â ðàçäåëå 2 îòìå÷åíî, ÷òî êîýôôèöèåíò Ks
äîëæåí áûòü ïîäîáðàí òàêèì îáðàçîì, ÷òîáû
îáåñïå÷èòü ïîäàâëåíèå òåíäåíöèè ê âîçíèêíîâå-
íèþ ýôôåêòà PIO, íå óõóäøàÿ ïðè ýòîì äèíàìè-
êó îáúåêòà. Ïî ðåçóëüòàòàì ýêñïåðèìåíòîâ áûëî
âûÿâëåíî, ÷òî ýòî äîñòèãàåòñÿ ïðè Ks = 0,8…1,1.
Ïðè áîëüøèõ çíà÷åíèÿõ Ks ðåçêî âîçðàñòàåò âå-
ðîÿòíîñòü âûõîäà ïðèâîäà íà îãðàíè÷åíèå ïî

ñêîðîñòè maxδ  (ñóììàðíàÿ ïðîäîëæèòåëüíîñòü

ðàáîòû ïðèâîäà íà ìàêñèìàëüíîé ñêîðîñòè â
ïðîâåäåííûõ èññëåäîâàíèÿõ ïðè Ks > 1.1 äîñòè-
ãàëà 45% îò îáùåãî âðåìåíè ýêñïåðèìåíòà ïðî-
òèâ 16—18% Ks = 0.8…1). Ïðè ìåíüøèõ çíà÷åíèÿõ
Ks çíà÷èòåëüíî óâåëè÷èâàåòñÿ äèñïåðñèÿ ñèãíà-
ëà îøèáêè è óìåíüøàåòñÿ ïîëîñà ïðîïóñêàíèÿ

Ðèñ. 4. Âûïîëíåíèå ýêñïåðèìåíòîâ íà ðàáî÷åé ñòàí-
öèè
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çàìêíóòîé ñèñòåìû. Â íàñòîÿùåé ñåðèè ýêñïå-
ðèìåíòîâ ñ÷èòàëîñü, ÷òî ìîäåëü ïðèâîäà, ÿâëÿ-
þùåãîñÿ ñîñòàâíîé ÷àñòüþ ïðåôèëüòðà, ñîîòâåò-
ñòâóåò ìîäåëè ðåàëüíîãî ïðèâîäà.

Ðåçóëüòàòû ýêñïåðèìåíòàëüíûõ èññëåäîâàíèé
äåìîíñòðèðóþò, ÷òî ëþáîé èç ýòèõ ïðåôèëüòðîâ
îáåñïå÷èâàåò ïîäàâëåíèå ÿâëåíèÿ ðàñêà÷êè ñàìî-
ëåòà, ïðè ýòîì íå âîçíèêàþò ðàñõîäÿùèåñÿ êî-
ëåáàíèÿ â çàìêíóòîé ñèñòåìå. Îäíàêî êàæäûé èç
èññëåäóåìûõ âàðèàíòîâ ïðåôèëüòðîâ îêàçûâàåò
ðàçëè÷íîå âëèÿíèå íà õàðàêòåðèñòèêè ñèñòåìû
ñàìîëåò—ëåò÷èê.

Äèñïåðñèÿ ñèãíàëà îøèáêè 2
eσ  ïðè èñïîëü-

çîâàíèè ïðåäëîæåííîé ñèñòåìû â 2,35 è â 1,96

ðàçà ìåíüøå ïî ñðàâíåíèþ ñ íåëèíåéíûì ïðå-
ôèëüòðîì è ñ ñèñòåìîé “rate limiter with feedback
and bypass” ñîîòâåòñòâåííî (ðèñ. 6).

Ïîëîñà ïðîïóñêàíèÿ çàìêíóòîé ñèñòåìû ñà-

ìîëåò—ëåò÷èê BWω  ñ ïðèìåíåíèåì ïðåäëîæåí-

íîé ñèñòåìû óâåëè÷èëàñü â 1,22 è â 1,29 ðàçà ïî
ñðàâíåíèþ ñ íåëèíåéíûì ïðåôèëüòðîì è ñèñòå-
ìîé “rate limiter with feedback and bypass” ñîîò-
âåòñòâåííî (ðèñ. 7). Çäåñü ÷åðíûì öâåòîì ñ êðóã-
ëûìè ìåòêàìè îáîçíà÷åí íåëèíåéíûé ïðå-
ôèëüòð, ñèíèì öâåòîì ñî çâåçäîîáðàçíûìè ìåò-
êàìè îáîçíà÷åíà ñèñòåìà “rate limiter with
feedback and bypass”, êðàñíûì öâåòîì ñ òðåóãîëü-
íûìè ìåòêàìè – ïðåäëîæåííàÿ ñèñòåìà.

Òàêæå â ïðîöåññå âûïîëíåíèÿ ýêñïåðèìåí-
òîâ áûëî îöåíåíî îáùåå âðåìÿ ðàáîòû ïðèâîäà

íà ìàêñèìàëüíîé ñêîðîñòè îòêëîíåíèÿ maxδ .

Ïðè ýòîì äèñïåðñèÿ ñêîðîñòè îòêëîíåíèÿ ðû÷àãà

óïðàâëåíèÿ 2
cσ  ïðè èñïîëüçîâàíèè ïðåäëîæåí-

íîãî ïðåôèëüòðà ìåíüøå â 3,29 è 1,31 ðàçà ïî
ñðàâíåíèþ ñ ñèñòåìîé “rate limiter with feedback
and bypass” è íåëèíåéíûì ïðåôèëüòðîì ñîîòâåò-
ñòâåííî (òàáë. 1).

4.2. Îöåíêà ðîáàñòíîñòè

Îäíèì èç îñíîâíûõ òðåáîâàíèé, ïðåäúÿâëÿ-
åìûõ ê ñèñòåìå óïðàâëåíèÿ, ÿâëÿåòñÿ åå ðàáîòîñ-
ïîñîáíîñòü â óñëîâèÿõ íåòî÷íîãî çíàíèÿ äèíà-
ìèêè îáúåêòîâ. Â êàæäîì èç èññëåäóåìûõ â íà-
ñòîÿùåé ðàáîòå àëãîðèòìîâ ïîäàâëåíèÿ ÿâëåíèÿ
PIO ñîäåðæèòñÿ ýòàëîííàÿ íåëèíåéíàÿ ìîäåëü
ïðèâîäà ñ îãðàíè÷åíèåì ïî ñêîðîñòè maxδ . Â
èññëåäîâàíèÿõ ïàðàìåòðû ýòîé ìîäåëè ïðèíèìà-

Ðèñ. 5. Âîçíèêíîâåíèå ÿâëåíèÿ PIO

Ðèñ. 6. Äèñïåðñèè ñèãíàëà îøèáêè 2
eσ  è ðàñõîäîâ

ðû÷àãà óïðàâëåíèÿ 2
cσ  äëÿ òðåõ âàðèàíòîâ ñðåäñòâ

ïîäàâëåíèÿ ÿâëåíèÿ PIO: 1 – íåëèíåéíûé ïðåôèëüòð;
2 – “rate limiter with feedback and bypass”; 3 – ïðåäëî-
æåííûé àëãîðèòì

Ò, ñ

óã
îë

 ò
àí

ãà
æ

à/
 î

òê
ëî

í
åí

è
å 

Ð
Ó

Ñ
, 

ãð
àä



207Âåñòíèê Ìîñêîâñêîãî àâèàöèîííîãî èíñòèòóòà. Ò. 29. ¹ 1 Aerospace MAI Journal, vol. 29, no. 1

À.Â. Åôðåìîâ, À.È. Ùåðáàêîâ, Ô.À. Êîðçóí, Â.À. Ïðîäàíèê A.V. Efremov, A.I. Shcherbakov, F.A. Korzun, V.A. Prodanik

þòñÿ ðàâíûìè ïàðàìåòðàì ðåàëüíîãî ïðèâîäà

(K = 10, maxδ = 15 °/ñ). Äëÿ îöåíêè ðîáàñòíîñòè
áûëà ïðîâåäåíà äîïîëíèòåëüíàÿ ñåðèÿ ýêñïåðè-
ìåíòîâ, â êîòîðûõ ïàðàìåòðû ìîäåëè ïðèâîäà,
èñïîëüçóåìîãî â ïðåôèëüòðàõ, îòëè÷àëèñü îò ïà-
ðàìåòðîâ «ðåàëüíîãî» ïðèâîäà.

Ðàññìàòðèâàåòñÿ äâà âàðèàíòà çíà÷åíèé ïà-
ðàìåòðîâ â ìîäåëè ïðèâîäà:

 K = 5, maxδ = 10 °/ñ;

 K = 15, maxδ = 20 °/ñ.

Íà ðèñ. 8 ïðèâåäåíû äèàãðàììû äèñïåðñèé
ñèãíàëà îøèáêè 2

eσ  è ðàñõîäîâ ðû÷àãà óïðàâëå-

Ðèñ. 7. ×àñòîòíûå õàðàêòåðèñòèêè òðåõ âàðèàíòîâ ñðåäñòâ ïîäàâëåíèÿ ÿâëåíèÿ PIO

íèÿ 2
cσ : 1 – èñïîëüçóåòñÿ ìîäåëü ïðèâîäà ñ

K = 5, maxδ = 10 °/ñ, 2  – èñïîëüçóåòñÿ ìîäåëü
ïðèâîäà, ïàðàìåòðû êîòîðîé ðàâíû ïàðàìåòðàì
ðåàëüíîãî ïðèâîäà, 3 – èñïîëüçóåòñÿ ìîäåëü ïðè-

âîäà ñ K = 15, maxδ = 20 °/ñ.
Â òàáë. 2 ïðèâåäåíû ðåçóëüòàòû ýêñïåðèìåí-

òîâ ñ ðàçíûìè ýòàëîííûìè ìîäåëÿìè ïðèâîäà â
ñèñòåìå. Î÷åâèäíî, ÷òî ïðåäëîæåííûé íîâûé
àëãîðèòì íàèìåíüøèì îáðàçîì ïîäâåðæåí âëè-
ÿíèþ íåòî÷íîãî çíàíèÿ äèíàìèêè èñïîëíèòåëü-
íîãî óñòðîéñòâà ïî ñðàâíåíèþ ñ äðóãèìè âàðè-
àíòàìè.

Òàáëèöà 1

Ðåçóëüòàòû ýêñïåðèìåíòîâ

Òèï ñèñòåìû 

Ïîëîñà 
ïðîïóñêàíèÿ 

çàìêíóòîé 
ñèñòåìû BWω , 

ðàä/ñ 

Îáùàÿ 
ïðîäîëæèòåëüíîñòü 
âûõîäà ïðèâîäà íà 

îãðàíè÷åíèå *
maxδ  

â ýêñïåðèìåíòàõ, % 

Äèñïåðñèÿ 
ñèãíàëà  
îøèáêè 

2
eσ   

Äèñïåðñèÿ 
ðàñõîäîâ  
ðû÷àãà 

óïðàâëåíèÿ  
2
сσ  

Äèñïåðñèÿ  
ñêîðîñòè  

îòêëîíåíèÿ  
ðû÷àãà  

óïðàâëåíèÿ 2
сσ  

Íåëèíåéíûé 
ïðåôèëüòð 

2,21 15,8 1,13 58,5 190 

Ñèñòåìà “rate limiter 
with feedback and 
bypass” 

2,09 10,7 0,94 76,8 478 

Àëüòåðíàòèâíûé 
àëãîðèòì 

2,7 2,6 0,48 45 145 
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Äëÿ êàæäîé èñïîëüçóåìîé ýòàëîííîé ìîäåëè
ïðèâîäà ïðèâåäåíû òðè çíà÷åíèÿ ðåçóëüòàòîâ
(1/2/3): 1 ñîîòâåòñòâóåò ýòàëîííîé ìîäåëè ïðè-

âîäà ñ K = 5, maxδ = 10 °/ñ, 2 ñîîòâåòñòâóåò ýòà-
ëîííîé ìîäåëè ïðèâîäà ñ ïàðàìåòðàìè, ðàâíû-
ìè ïàðàìåòðàì ìîäåëè «ðåàëüíîãî» ïðèâîäà,
3 ñîîòâåòñòâóåò ýòàëîííîé ìîäåëè ïðèâîäà ñ

K = 15, maxδ = 20 °/ñ.

Âûâîäû

Ïðåäëîæåííûé â íàñòîÿùåé ðàáîòå àëãîðèòì
ïîçâîëÿåò èçáåæàòü âîçíèêíîâåíèÿ ÿâëåíèÿ PIO,
ñâÿçàííîãî ñ âûõîäîì íà îãðàíè÷åíèå íà ñêî-
ðîñòü îòêëîíåíèÿ ðóëåâîé ïîâåðõíîñòè. Êëþ÷å-
âûì îòëè÷èåì äàííîãî ïðåôèëüòðà ÿâëÿåòñÿ òî,
÷òî îí óñòàíàâëèâàåòñÿ ïîñëå âõîäîâ îáðàòíûõ
ñâÿçåé ñèñòåìû óïðàâëåíèÿ è ïîçâîëÿåò íå äîïó-

Ðèñ. 8. Çàâèñèìîñòü äèñïåðñèé ñèãíàëà îøèáêè 2
eσ  è ðàñõîäîâ ðû÷àãà óïðàâëåíèÿ 2

cσ  îò ïàðàìåòðîâ ìîäåëè

ïðèâîäà èññëåäóåìûõ ñèñòåì

Òàáëèöà 2

Îöåíêà ðîáàñòíîñòè

Ïðåôèëüòð 

Ïîëîñà 
ïðîïóñêàíèÿ 

çàìêíóòîé 
ñèñòåìû BWω , 

ðàä/ñ 

Îáùàÿ 
ïðîäîëæèòåëüíîñòü 
âûõîäà ïðèâîäà íà 

îãðàíè÷åíèå *
maxδ  

â ýêñïåðèìåíòàõ,  
% 

Äèñïåðñèÿ 
ñèãíàëà  
îøèáêè 

2
eσ   

Äèñïåðñèÿ 
ðàñõîäîâ  
ðû÷àãà  

óïðàâëåíèÿ  
2
сσ  

Äèñïåðñèÿ  
ñêîðîñòè  

îòêëîíåíèÿ  
ðû÷àãà  

óïðàâëåíèÿ  
2
сσ  

1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 

SAAB 2,29 2,09 2,26 7,6 15,8 27,6 2,39 0,94 1,86 97,8 76,8 53,9 316 478 349 

Íåëèíåéíûé 
ïðåôèëüòð 

1,62 2,21 1,41 5,8 10,7 35,2 1,4 1,13 2,11 61,4 58,5 28,2 234 190 250 

Ïðåäëîæåííûé 
àëãîðèòì 

2,54 2,7 2,37 0 2,7 12,4 0,51 0,48 0,48 39,1 45 48,8 150 145 139 
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ñòèòü âûõîäà ðóëåâîãî ïðèâîäà íà îãðàíè÷åíèå
ïî ñêîðîñòè îòêëîíåíèÿ. Ïî ñðàâíåíèþ ñ èìå-
þùèìèñÿ ñïîñîáàìè ïîäàâëåíèÿ ÿâëåíèÿ PIO,
àëüòåðíàòèâíûé àëãîðèòì ïîçâîëÿåò ïîëó÷èòü
áîëåå âûñîêóþ òî÷íîñòü âûïîëíåíèÿ çàäà÷è ñëå-
æåíèÿ, äèñïåðñèÿ îøèáêè ñíèæàåòñÿ â ñðåäíåì
â 2,2 ðàçà. Òàêæå çíà÷èòåëüíî óìåíüøàþòñÿ ðàñ-
õîäû ðû÷àãà óïðàâëåíèÿ è ñêîðîñòü åãî ïåðåìå-
ùåíèÿ, ÷òî ãîâîðèò îá óìåíüøåíèè îáúåìà ôè-
çè÷åñêîé ðàáîòû, âûïîëíÿåìîé ëåò÷èêîì, è óâå-
ëè÷èâàåòñÿ ïîëîñà ïðîïóñêàíèÿ çàìêíóòîé ñèñ-
òåìû ñàìîëåò—ëåò÷èê. Ïîìèìî óâåëè÷åíèÿ òî÷-
íîñòè è ïîëîñû ïðîïóñêàíèÿ, ïðåäëîæåííûé âà-
ðèàíò íàèìåíåå ïîäâåðæåí âëèÿíèþ íåòî÷íîãî
çíàíèÿ ïàðàìåòðîâ ðóëåâîãî ïðèâîäà.
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