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Öåëüþ ðàáîòû ÿâëÿåòñÿ âûáîð îïòèìàëüíûõ çíà÷åíèé ïàðàìåòðîâ öèôðîâîãî ÏÈÄ-ðåãóëÿòîðà äëÿ 
óñòðàíåíèÿ â ñèñòåìàõ àâòîêîëåáàíèé, à òàêæå îïòèìèçàöèÿ âèäà ïåðåõîäíûõ ïðîöåññîâ ñëå-
äÿùåãî ïíåâìàòè÷åñêîãî ïðèâîäà. Ïðè÷èíîé èññëåäîâàíèÿ ïîñëóæèëà ïðîáëåìà âîçíèêíîâåíèÿ 
àâòîêîëåáàíèé â ïíåâìàòè÷åñêèõ ñèñòåìàõ ïðè ïðèìåíåíèè ìîäåëåé òðåíèÿ íàèáîëåå ïðèáëè-
æåííûõ ê ðåàëüíîñòè. Íàó÷íàÿ íîâèçíà ñòàòüè ñîñòîèò â ñîçäàíèè êîìïüþòåðíîé ìîäåëè è ïðè-
ìåíåíèè ìåòîäîâ îïòèìèçàöèè äëÿ óëó÷øåíèÿ êà÷åñòâà ïåðåõîäíûõ ïðîöåññîâ ïíåâìàòè÷åñêîãî 
ñëåäÿùåãî ïðèâîäà ñ ó÷åòîì ìîäåëè òðåíèÿ Øòðèáåêà.
Àâòîðàìè ñòàòüè âûïîëíåíà îïòèìèçàöèÿ ïåðåõîäíûõ ïðîöåññîâ ñëåäÿùåãî ïíåâìàòè÷åñêîãî 
ïðèâîäà ñ ó÷åòîì âûáðàííîé ìîäåëè òðåíèÿ. Â õîäå ðàáîòû ïðè ïîìîùè êîìïüþòåðíîãî ìîäå-
ëèðîâàíèÿ ïîäîáðàíû îïòèìàëüíûå ïàðàìåòðû ÏÈÄ-ðåãóëÿòîðà, óñòðàíåíà íåóñòîé÷èâîñòü ñè-
ñòåìû. Äëÿ îïòèìèçàöèè ðàáîòû ñèñòåìû áûë âûáðàí ìåòîä ãðàäèåíòíîãî ñïóñêà. Ïðîèçâåäåíà 
îöåíêà ïîêàçàòåëåé êà÷åñòâà ïåðåõîäíûõ ïðîöåññîâ äî è ïîñëå îïòèìèçàöèè. Ïî ðåçóëüòàòàì ìî-
äåëèðîâàíèÿ ñèñòåìû ñëåäÿùåãî ïíåâìàòè÷åñêîãî ïðèâîäà ìîæíî ñäåëàòü âûâîä î âîçìîæíîñòè 
ïðèìåíåíèÿ ìåòîäà ãðàäèåíòíîãî ñïóñêà äëÿ îïðåäåëåíèÿ ïàðàìåòðîâ ÏÈÄ-ðåãóëÿòîðà.
Ïðîèçâåäåí ïåðåõîä îò àíàëîãîâîé (íåïðåðûâíîé) ñèñòåìû ê öèôðîâîé (äèñêðåòíîé), äëÿ îñó-
ùåñòâëåíèÿ êîòîðîãî íåîáõîäèìî îïðåäåëèòü ïåðèîä äèñêðåòèçàöèè. Â ñòàòüå óêàçàíû îñíîâ-
íûå ìåòîäû îïðåäåëåíèÿ ïåðèîäà äèñêðåòèçàöèè è ïðèâåäåíû íåäîñòàòêè ýòèõ ìåòîäîâ. Àíàëèç 
ðåçóëüòàòîâ ïîêàçûâàåò, ÷òî ìåòîäû, îïèñàííûå â ñòàòüå, ñëåäóåò ïðèìåíÿòü ëèøü äëÿ ïåðâîãî 
ïðèáëèæåíèÿ, à çíà÷åíèå óêàçàííîé âåëè÷èíû äîëæíî âûáèðàòüñÿ èç ðàñ÷åòà ìèíèìàëüíîé ïî-
ãðåøíîñòè ìåæäó àíàëîãîâîé (íåïðåðûâíîé) è öèôðîâîé (äèñêðåòíîé) ñèñòåìîé. Ïîãðåøíîñòü 
ìåíåå 1 % ïîçâîëÿåò îñóùåñòâèòü âûáîð ïðîãðàììèðóåìîãî ëîãè÷åñêîãî êîíòðîëëåðà. Òåìà ñòà-
òüè ÿâëÿåòñÿ àêòóàëüíîé äëÿ íàó÷íîãî èññëåäîâàíèÿ è âêëþ÷àåò ïðåäîñòàâëåíèå ïðàêòè÷åñêèõ 
ðåêîìåíäàöèé ïî îïðåäåëåíèþ ïàðàìåòðîâ öèôðîâîãî ÏÈÄ-ðåãóëÿòîðà è ïîäáîðó êîíòðîëëåðà 
ñïåöèàëèñòàì, êòî çàíèìàåòñÿ ïðîåêòèðîâàíèåì ñèñòåì, â ñîñòàâ êîòîðûõ âêëþ÷åí ñëåäÿùèé 
ïíåâìàòè÷åñêèé ïðèâîä.
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 Ââåäåíèå
Äëÿ èññëåäîâàíèÿ âîçäåéñòâèÿ íà ñèñòåìó 

ñèëû òðåíèÿ ðàçðàáîòàíû ðàçëè÷íûå ìàòåìà-
òè÷åñêèå ìîäåëè òðåíèÿ. Ñðåäè òàêèõ ìîäåëåé 
òðåíèÿ ìîæíî âûäåëèòü: ìîäåëü âÿçêîãî òðåíèÿ, 
Êóëîíîâà òðåíèÿ, ìîäåëü òðåíèÿ ñ ýôôåêòîì 
Øòðèáåêà, à òàêæå äèíàìè÷åñêèå ìîäåëè òðåíèÿ, 
òàêèå êàê ìîäåëü Äàëÿ èëè ËóÃðå. Ïðè ðàññìî-
òðåíèè âëèÿíèÿ òàêèõ ìîäåëåé íà óñòîé÷èâîñòü 
ñèñòåìû ïíåâìàòè÷åñêèõ óñòðîéñòâ áûëî âû-
ÿâëåíî, ÷òî ìîäåëè òðåíèÿ áîëåå ïðèáëèæåí-
íûå ê ðåàëüíîñòè, ò.å. ó÷èòûâàþùèå êàê ìîæíî 

áîëüøå ñâîéñòâ òðåíèÿ, ìîãóò îêàçûâàòü äåé-
ñòâèå íà óñòîé÷èâîñòü ñèñòåìû, ò.å. ñïîñîáíîñòü 
ñèñòåìû ñîõðàíÿòü òåêóùåå ñîñòîÿíèå ïðè âëè-
ÿíèè âíåøíèõ âîçäåéñòâèé [1]. Íàèáîëåå øèðî-
êîå ðàñïðîñòðàíåíèå ïîëó÷èëà ìîäåëü òðåíèÿ, 
ó÷èòûâàþùàÿ ýôôåêò Øòðèáåêà, òàê êàê îíà 
îáëàäàåò íàèáîëåå ïîëíûì îïèñàíèåì ïðîöåññà 
òðåíèÿ è îòíîñèòåëüíîé ïðîñòîòîé. Àíàëèç ðå-
çóëüòàòîâ ïîêàçûâàåò, ÷òî ïðèìåíåíèå ìîäåëè 
òðåíèÿ Øòðèáåêà äëÿ ñëåäÿùåãî ïíåâìàòè÷å-
ñêîãî ïðèâîäà ïðèâîäèò ê íåóñòîé÷èâîñòè ñèñòå-
ìû (ðèñ. 1) è âîçíèêíîâåíèþ â íåé êîëåáàíèé. 
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Îäíèì èç ñïîñîáîâ ïîëó÷åíèÿ æåëàåìîé 
òî÷íîñòè è êà÷åñòâà ïåðåõîäíîãî ïðîöåññà 
ÿâëÿåòñÿ ïðèìåíåíèå ðåãóëÿòîðîâ. Î÷åâèä-
íî, ÷òî äëÿ äàííîé ñèñòåìû ñ öåëüþ óñòðàíå-
íèÿ êîëåáàíèé íåîáõîäèìî ââåñòè â ñîñòàâ åå 
ñòðóêòóðû ÏÈÄ-ðåãóëÿòîð è îïðåäåëèòü îïòè-
ìàëüíûå åãî ïàðàìåòðû.

Øèðîêîå ðàñïðîñòðàíåíèå â îáëàñòè ðåãó-
ëèðîâàíèÿ ïîëó÷èëè ÏÈÄ-ðåãóëÿòîðû. Ïîïó-
ëÿðíîñòü òàêèõ ðåãóëÿòîðîâ ñâÿçàíà ñ ïðîñòî-
òîé èñïîëüçîâàíèÿ, âîçìîæíîñòüþ ïðèìåíåíèÿ 
â ðàçëè÷íûõ ñèñòåìàõ è íèçêîé ñòîèìîñòüþ. 
ÏÈÄ-ðåãóëÿòîðû ïðèìåíÿþò â ñèñòåìàõ 
óïðàâëåíèÿ òîãäà, êîãäà òðåáóåòñÿ óëó÷øèòü 
êàê âèä ïåðåõîäíîãî ïðîöåññà, òàê è òî÷íîñòü 
óñòàíîâèâøåãîñÿ çíà÷åíèÿ. Ïîä ñèíòåçîì 
òàêîãî ðåãóëÿòîðà ïîíèìàþò ðàñ÷åò ïàðàìå-
òðîâ íàñòðîéêè ðåãóëÿòîðà. 

Ìîæíî âûäåëèòü ñëåäóþùèå ìåòîäû ñèíòå-
çà ÏÈÄ-ðåãóëÿòîðîâ: ýìïèðè÷åñêàÿ íàñòðîé-
êà, ìåòîäû Çèãëåðà-Íèêîëüñà è ïðîèçâîäñòâåí-
íûå ìåòîäû, àëãåáðàè÷åñêèå ìåòîäû, ìåòîäû 
ìîäaëüíîãî ñèíòåçà, ìåòîäû ñèíòåçà â ÷àñòíîé 
îáëàñòè, ìåòîäû îïòèìàëüíîãî ñèíòåçà, ìåòîä 
îïòèìàëüíîé ïåðåäàòî÷íîé ôóíêöèè çàìêíó-
òîé ñèñòåìû [2].

Íåñìîòðÿ íà òî, ÷òî ê íàñòîÿùåìó âðåìåíè 
ñóùåñòâóåò áîëüøîå ÷èñëî ðåêîìåíäàöèé ïî íà-
ñòðîéêå, ðàñ÷åòó è îïòèìèçàöèè ïàðàìåòðîâ 
òèïîâûõ ðåãóëÿòîðîâ, óíèâåðñàëüíîé ìåòîäèêè 
èõ ñèíòåçà ïîêà íå ïðåäëîæåíî. Ïðè ðàçðàáîòêå 
ïðîãðàììíûõ àëãîðèòìîâ îïðåäåëåíèÿ îïòè-
ìàëüíûõ ïàðàìåòðîâ ÏÈÄ-ðåãóëÿòîðà âûáîð 

èñïîëüçóåìîãî ìàòåìàòè÷åñêîãî àëãîðèòìà 
ïðåäñòàâëÿåò ñîáîé êîìïðîìèññ ìåæäó òî÷íî-
ñòüþ ïðèáëèæåíèÿ ê òî÷êå îïòèìóìà, âðåìåí-
íûìè çàòðàòàìè ýëåêòðîííîé âû÷èñëèòåëüíîé 
ìàøèíû è ïðîñòîòîé ðåàëèçàöèè [3]. 

Äëÿ òåõíè÷åñêîãî âîïëîùåíèÿ ÏÈÄ-
ðåãóëÿòîðà íåîáõîäèìî ïåðåéòè îò àíàëîãîâîé 
(íåïðåðûâíîé) ñèñòåìû ê öèôðîâîé (äèñêðåò-
íîé). Ýòî íàïðÿìóþ ñâÿçàíî ñ òåì, ÷òî îñíîâîé 
âñåõ ñèñòåì óïðàâëåíèÿ ÿâëÿåòñÿ ìèêðîïðî-
öåññîð, êîòîðûé îïåðèðóåò ñ ïåðåìåííûìè, 
ïîëó÷åííûìè èç àíàëîãîâûõ ñèãíàëîâ ïîñëå 
èõ äèñêðåòèçàöèè ïî âðåìåíè è êâàíòîâàíèÿ 
ïî óðîâíþ. Äëÿ ýòîãî íåîáõîäèìî ïðàâèëüíî 
âûáðàòü øàã äèñêðåòèçàöèè. Êðîìå òîãî, ïåðå-
õîä ê öèôðîâîé ñèñòåìå è ïðàâèëüíûé âûáîð 
øàãà äèñêðåòèçàöèè äàåò âîçìîæíîñòü ïîäî-
áðàòü äëÿ ñèñòåìû ïðîãðàììèðóåìûé ëîãè÷å-
ñêèé êîíòðîëëåð. Òàêîé êîíòðîëëåð ïîçâîëèò 
àâòîìàòèçèðîâàòü ñèñòåìó, à çíà÷èò ïîâûñèòü 
ýôôåêòèâíîñòü è áåçîïàñíîñòü ïðîèçâîäñòâåí-
íîãî ïðîöåññà.

Ïîäáîð ïàðàìåòðîâ ÏÈÄ-ðåãóëÿòîðà
ÏÈÄ-ðåãóëÿòîð èçìåðÿåò îòêëîíåíèå ñòà-

áèëèçèðóåìîé âåëè÷èíû îò çàäàííîãî çíà÷å-
íèÿ è âûäàåò óïðàâëÿþùèé ñèãíàë, ÿâëÿþùèé-
ñÿ ñóììîé òðåõ ñëàãàåìûõ, ïåðâîå èç êîòîðûõ 
ïðîïîðöèîíàëüíî ýòîìó îòêëîíåíèþ, âòîðîå 
ïðîïîðöèîíàëüíî èíòåãðàëó îòêëîíåíèÿ 
è òðåòüå ïðîïîðöèîíàëüíî ïðîèçâîäíîé îòêëî-
íåíèÿ [4]. Òàêîé ðåãóëÿòîð îïèñûâàåòñÿ âûðà-
æåíèåì:

Ðèñ. 1. Ãðàôèêè ïåðåõîäíûõ ïðîöåññîâ èñïîëíèòåëüíîãî çâåíà ïíåâìàòè÷åñêîãî ñëåäÿùåãî ïðèâîäà 
ïðè èñïîëüçîâàíèè ìîäåëè òðåíèÿ Øòðèáåêà: 

1 – ãðàôèê èçìåíåíèÿ ïåðåìåùåíèÿ; 2 – ãðàôèê èçìåíåíèÿ ñêîðîñòè

Fig. 1. Transient graphs of the actuator of the pneumatic servo drive when using 
the Striebeck friction model: 1 – graph of displacement change; 2 – graph of speed change
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öèåíò ôèëüòðà.

Ôèëüòð èñïîëüçóåòñÿ äëÿ îñëàáëåíèÿ 
ïîìåõ, óñèëåííûõ äèôôåðåíöèàòîðîì.

Áëîê-ñõåìà ðåãóëÿòîðà ïðåäñòàâëåíà íà ðè-
ñóíêå 2.

Çàäà÷åé îïòèìèçàöèè íàçûâàåòñÿ çàäà÷à 
ïîèñêà ìèíèìóìà ñêàëÿðíîé ôóíêöèè 
íà ìíîæåñòâå çíà÷åíèé åå àðãóìåíòà, óäîâ-
ëåòâîðÿþùèõ íåêîòîðûì îãðàíè÷åíèÿì [6]. 
Â îòíîøåíèè ÏÈÄ-ðåãóëÿòîðà çàäà÷à îïòè-
ìèçàöèè – îïðåäåëåíèå îïòèìàëüíûõ êîýô-
ôèöèåíòîâ (ïàðàìåòðîâ) ðåãóëÿòîðà, óäîâëåò-
âîðÿþùèõ êðèòåðèÿì êà÷åñòâà ïåðåõîäíûõ 
ïðîöåññîâ ñèñòåìû.

Â íàñòîÿùåå âðåìÿ ñóùåñòâóåò áîëüøîå 
ðàçíîîáðàçèå àëãîðèòìîâ è ìåòîäîâ ïîèñêà 

îïòèìóìà, îñíîâàííûõ íà ðàçëè÷íûõ ìàòåìà-
òè÷åñêèõ ìåòîäàõ. Èõ ìîæíî ðàçäåëèòü íà äâà 
òèïà: ìåòîäû ëîêàëüíîé îïòèìèçàöèè è ãëî-
áàëüíîé. Ïðåèìóùåñòâàìè ìåòîäîâ ëîêàëüíîé 
îïòèìèçàöèè ÿâëÿåòñÿ óìåíüøåíèå âðåìåííûõ 
çàòðàò íà ïîèñê ðåøåíèÿ ïî ñðàâíåíèþ ñ ãëî-
áàëüíûìè, îäíàêî âîçìîæíî ïîïàäàíèå ðåøå-
íèÿ â ëîêàëüíûé ìèíèìóì. 

Îäíèì èç òàêèõ ìåòîäîâ ëîêàëüíîé îïòè-
ìèçàöèè ÿâëÿåòñÿ ìåòîä ãðàäèåíòíîãî ñïóñêà. 
Îñíîâíàÿ èäåÿ ìåòîäà ãðàäèåíòíîãî ñïóñêà 
ñîñòîèò â íàõîæäåíèè ëîêàëüíîãî ìèíèìóìà 
èëè ìàêñèìóìà ôóíêöèè, äâèãàÿñü â íàïðàâëå-
íèè åå íàèáîëåå áûñòðîãî óáûâàíèÿ, êîòîðîå 
îïðåäåëÿåòñÿ àíòèãðàäèåíòîì: 
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ãäå j – íîìåð èòåðàöèè îïðåäåëåíèÿ îïòèìàëü-
íîãî ïàðàìåòðà; F  – ãðàäèåíò ôóíêöèè; H – 
øàã, ñ êîòîðûì îñóùåñòâëÿåòñÿ ãðàäèåíòíûé 
ñïóñê (íà ïðàêòèêå øàã ìîæåò âûáèðàòüñÿ ïî-
ñòîÿííûì, äðîáíûì, ïåðåìåííûì).

Ïðèìåíåíèå ïîñòîÿííîãî èëè äðîáíîãî 
øàãà ìîæåò ïðèâåñòè ê ðàñõîäèìîñòè ìåòîäà. 
Ïîýòîìó öåëåñîîáðàçíî âûáèðàòü øàã ãðàäè-
åíòíîãî ñïóñêà ïåðåìåííûì, ÷òî ïîçâîëÿåò 
ñîêðàòèòü êîëè÷åñòâî èòåðàöèé è óâåëè÷èòü 
âåðîÿòíîñòü ñõîäèìîñòè. Òàêîé ìåòîä òðå-
áóåò îïðåäåëåíèå øàãà H ïðè ïîìîùè îäíî-
ìåðíîé îïòèìèçàöèè. Ïðè èñïîëüçîâàíèè 

Ðèñ 2. Áëîê-ñõåìà ÏÈÄ-ðåãóëÿòîðà [5]

Fig. 2. PID controller block diagram [5]
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äèôôåðåíöèðóåìîãî ïî êàæäîìó ïàðàìåòðó 
ÏÈÄ-ðåãóëÿòîðà øàãà ãðàäèåíòíîãî ñïóñêà 
ñõîäèìîñòü ìåòîäà óëó÷øàåòñÿ, à êîëè÷åñòâî 
èòåðàöèé ïîèñêà îïòèìóìà óìåíüøàåòñÿ [3]. 
Ôîðìóëû ïðè èñïîëüçîâàíèè äèôôåðåíöèðî-
âàííîãî øàãà ïðåîáðàæàþòñÿ:
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Øàã ïî êàæäîìó ïàðàìåòðó ÏÈÄ-ðåãóëÿ-
òîðà îïðåäåëÿåòñÿ èñõîäÿ èç ñëåäóþùèõ óñëî-
âèé [3]:
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Êàê èçâåñòíî, îñíîâíûì íåäîñòàòêîì ìå-
òîäîâ ëîêàëüíîé îïòèìèçàöèè ÿâëÿåòñÿ òî, 
÷òî åñëè ôóíêöèÿ ïîìèìî ãëîáàëüíîãî ýêñòðå-
ìóìà èìååò íåñêîëüêî ëîêàëüíûõ ìèíèìóìîâ, 
òî ðåøåíèå ìîæåò ñîéòèñü ê îäíîìó èç íèõ. 
Äëÿ óñòðàíåíèÿ ýòîé ïðîáëåìû ñëåäóåò ðàçáè-
âàòü âñþ îáëàñòü ïîèñêà îïòèìàëüíûõ ïàðàìå-
òðîâ ðåãóëÿòîðà íà ÷àñòè è äëÿ êàæäîé ÷àñòè 
îïðåäåëÿòü ñâîé ìèíèìóì. Òîãäà ãëîáàëüíûé 
ýêñòðåìóì ìîæíî îïðåäåëèòü ïðè àíàëèçå ëî-
êàëüíîãî ìèíèìóìà êàæäîé ÷àñòè.

Â êà÷åñòâå êðèòåðèÿ îïòèìèçàöèè èñïîëü-
çóåòñÿ èíòåãðàëüíûé êðèòåðèé, ðåàëèçóþùèé 
ìàòåìàòè÷åñêóþ çàâèñèìîñòü:
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ãäå u() – âõîäíîé ñèãíàë, ïîäàâàåìûé â áëîê 
îïòèìèçàöèè [5].

Åñëè âûïîëíåí êðèòåðèé îñòàíîâà, ò.å. íàé-
äåíû îïòèìàëüíûå çíà÷åíèÿ êîýôôèöèåíòîâ 
ÏÈÄ-ðåãóëÿòîðà, óäîâëåòâîðÿþùèå çàäàííûì 
óñëîâèÿì, òî âîçâðàùàåòñÿ òåêóùåå çíà÷åíèå 
 1P j  ,  1iT j  ,  1dT j  .

Ïåðåõîä îò àíàëîãîâîé 
(íåïðåðûâíîé) ñèñòåìû 
ê öèôðîâîé (äèñêðåòíîé)
Ðàçâèòèå âû÷èñëèòåëüíîé òåõíèêè ïðèâå-

ëî ê ðàñïðîñòðàíåíèþ öèôðîâîé îáðàáîòêè 

èíôîðìàöèè. Ýòî ñâÿçàíî ñ òåì, ÷òî ëîãèêà 
â ñîâðåìåííûõ êîìïüþòåðàõ ïîñòðîåíà íà äèñ-
êðåòíûõ ñèñòåìàõ. Äèñêðåòíîé íàçûâàåòñÿ ñè-
ñòåìà, â ñîñòàâ êîòîðîé ïîìèìî íåïðåðûâíûõ 
äèíàìè÷åñêèõ çâåíüåâ âõîäèò õîòÿ áû îäèí 
ýëåìåíò, ïðîèçâîäÿùèé êâàíòîâàíèå íåïðå-
ðûâíîãî ñèãíàëà â äèñêðåòíûé [7]. Òàêîé ïåðå-
õîä èìååò íåñêîëüêî ïîëîæèòåëüíûõ ñòîðîí. 

Âî-ïåðâûõ, ïåðåõîä îò àíàëîãîâîé ñèñòåìû 
ê öèôðîâîé ñóùåñòâåííî óìåíüøàåò êîëè÷å-
ñòâî ïîñòóïàþùèõ äàííûõ. Èíûìè ñëîâàìè, 
ìîæíî èñïîëüçîâàòü äàííûå, âçÿòûå ÷åðåç 
îïðåäåëåííûå ïðîìåæóòêè âðåìåíè, è èçâëå-
êàòü è ïåðåäàâàòü èíôîðìàöèþ äëÿ îáðàáîò-
êè öèôðîâûìè óñòðîéñòâàìè. Òàêèì îáðàçîì, 
ïðè ðàöèîíàëüíîì âûáîðå øàãà äèñêðåòèçàöèè 
ìîæíî ñíèçèòü çàòðàòû íà õðàíåíèå è îáðàáîò-
êó ïîëó÷åííîé èíôîðìàöèè.

Âî-âòîðûõ, àíàëîãîâàÿ ñèñòåìà óïðàâëåíèÿ 
íå ìîæåò îáåñïå÷èòü òàêèõ æå âûñîêèõ ïîêà-
çàòåëåé òî÷íîñòè ïîçèöèîíèðîâàíèÿ, êàê äèñ-
êðåòíàÿ, èç-çà äðåéôà íóëÿ îïåðàöèîííûõ 
óñèëèòåëåé (ñàìîïðîèçâîëüíîãî îòêëîíåíèÿ 
íàïðÿæåíèÿ èëè òîêà íà âûõîäå óñèëèòåëÿ 
îò íà÷àëüíîãî çíà÷åíèÿ), íà êîòîðûõ, êàê ïðà-
âèëî, ðåàëèçóþòñÿ óñòðîéñòâà óïðàâëåíèÿ. 
Äèñêðåòíûå ñèñòåìû îáëàäàþò áîëåå âûñîêîé 
ïîìåõîçàùèùåííîñòüþ è óñòîé÷èâîñòüþ ê âîç-
ìóùåíèÿì, èìåþò ìåíüøèå ãàáàðèòû è âåñ [7].

Äëÿ ïåðåõîäà èç àíàëîãîâîé ñèñòåìû ê öèô-
ðîâîé íåîáõîäèìî ïðåäñòàâèòü ÏÈÄ-ðåãóëÿòîð 
â äèñêðåòíîì âèäå. Òàêæå äëÿ ñîåäèíåíèÿ öèô-
ðîâîé ÷àñòè ìàòåìàòè÷åñêîé ìîäåëè è åå àíà-
ëîãîâîé ÷àñòè íåîáõîäèìî èñïîëüçîâàòü ýêñ-
òðàïîëÿòîð íóëåâîãî ïîðÿäêà. Ýêñòðàïîëÿòîð 
ïðèìåíÿåòñÿ äëÿ ñâÿçûâàíèÿ êâàíòîâàííûõ 
äàííûõ ñ íåïðåðûâíûìè [5].

Òîãäà ïåðåäàòî÷íàÿ ôóíêöèÿ öèôðîâîãî 
ÏÈÄ-ðåãóëÿòîðà èìååò âèä:
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ãäå z – äèñêðåòíûé ïðåîáðàçîâàòåëü; T – 
ïåðèîä äèñêðåòèçàöèè. 

Äèñêðåòèçàöèÿ ïî âðåìåíè ÿâëÿåòñÿ 
ïåðâûì ýòàïîì ïðåîáðàçîâàíèÿ àíàëîãîâîãî 
ñèãíàëà â ïîñëåäîâàòåëüíîñòü öèôðîâûõ îò-
ñ÷åòîâ. Òàê êàê â ïðîöåññå äèñêðåòèçàöèè àíà-
ëîãîâûé ñèãíàë çàìåíÿåòñÿ îòñ÷åòàìè, âçÿòû-
ìè ÷åðåç èíòåðâàë äèñêðåòèçàöèè T, òî âåñüìà 
âàæíûì ÿâëÿåòñÿ ïðàâèëüíûé âûáîð çíà÷åíèÿ 
ýòîãî èíòåðâàëà. Ïðè óâåëè÷åíèè T ìîæåò 



75Izvestiya MGTU «MAMI», ¹ 2(48), 2021

Kireyeva V.A., Trukhanov K.A.
Optimization of transient processes of the pneumatic servo drive taking 

into account the friction model with the Stribeck effect

îêàçàòüñÿ, ÷òî â ïàóçàõ ìåæäó ïîñëåäîâàòåëü-
íûìè îòñ÷åòàìè àíàëîãîâûé ñèãíàë çàìåòíî 
ìåíÿåòñÿ, è ýòî ìîæåò ïðèâåñòè ê ïîòåðå èí-
ôîðìàöèè. Ïðè óìåíüøåíèè T äèñêðåòíûé 
ñèãíàë òî÷íåå ñîîòâåòñòâóåò èñõîäíîìó àíà-
ëîãîâîìó, òàê êàê ïðè óìåíüøåíèè äëèòåëü-
íîñòè ïàóçû ìåæäó ïîñëåäîâàòåëüíûìè îò-
ñ÷åòàìè ðàçíèöà ìåæäó çíà÷åíèÿìè îòñ÷åòîâ 
òàêæå óìåíüøàåòñÿ. Îïòèìàëüíûì çíà÷åíèåì 
ïåðèîäà äèñêðåòèçàöèè ïðèíÿòî ñ÷èòàòü òàêîå 
çíà÷åíèå T, ïðè êîòîðîì îáåñïå÷èâàåòñÿ âîñ-
ñòàíîâëåíèå èñõîäíîãî àíàëîãîâîãî ñèãíàëà 
ïî ñîâîêóïíîñòè åãî äèñêðåòíûõ îòñ÷åòîâ. 
Äëÿ îïðåäåëåíèÿ ýòîãî çíà÷åíèÿ ñóùåñòâóåò 
íåñêîëüêî ïîäõîäîâ.

Ïåðâûé ìåòîä îïðåäåëåíèÿ ïåðèîäà äèñêðå-
òèçàöèè íà îñíîâàíèè òåîðåìû Êîòåëüíèêîâà 
(òåîðåìû îòñ÷åòîâ). Ìèíèìàëüíîå çíà÷åíèå 
÷àñòîòû äèñêðåòèçàöèè äîëæíî óäîâëåòâîðÿòü 
ðàâåíñòâó:

 f
ä
 = 2f

Â
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ãäå 
1f
T

Ä  – ÷àñòîòà äèñêðåòèçàöèè ñèãíàëà; 

f
B
 – ÷àñòîòà ñïåêòðà ñèãíàëà. 

Ðàçëè÷íûå ðàäèîòåõíè÷åñêèå óñòðîéñòâà 
(ôèëüòðû, óñèëèòåëè è äðóãèå) èìåþò îãðà-
íè÷åííóþ ïîëîñó ïðîïóñêàíèÿ, ÷òî ïðèâîäèò 
ê îãðàíè÷åíèþ ñïåêòðà ñèãíàëà íåêîòîðîé 
ãðàíè÷íîé ÷àñòîòîé f

B
, êîòîðàÿ îïðåäåëÿåòñÿ 

ñâîéñòâàìè ïîëó÷àòåëÿ. ×àñòîòà ñïåêòðà îïðå-
äåëÿåòñÿ ïðè ðàçëîæåíèè â ðÿä Ôóðüå ñ çàäàí-
íîé òî÷íîñòüþ.

Ñòîèò çàìåòèòü, ÷òî ïðè óâåëè÷åíèè ÷àñòî-
òû äèñêðåòèçàöèè áîëåå ÷åì â 2 ðàçà ïî ñðàâ-
íåíèþ ñ âåðõíåé ÷àñòîòîé ñïåêòðà âîçìóùà-
þùèõ ñèãíàëîâ (ïî òåîðåìå Êîòåëüíèêîâà), 
äàëüíåéøåãî óëó÷øåíèÿ êà÷åñòâà ðåãóëèðîâà-
íèÿ íå ïðîèñõîäèò. Ïðè âûáîðå âðåìåíè äèñ-
êðåòèçàöèè íåîáõîäèìî ó÷èòûâàòü òàêæå òî, 
÷òî âðåìÿ ïåðåõîäíîãî ïðîöåññà äîëæíî ïðå-
âûøàòü ïåðèîä äèñêðåòèçàöèè T.

Íà ïðàêòèêå èñïîëüçóþò âòîðîé ñïîñîá, 
îñíîâàííûé íà àíàëèçå âèäà ïåðåõîäíîãî ïðî-
öåññà: äëÿ âûïîëíåíèÿ òðåáóåìîãî êà÷åñòâà 
ðåãóëèðîâàíèÿ øàã äèñêðåòèçàöèè íå äîëæåí 
áûòü áîëüøå ÷åì 1/15...1/6 îò âðåìåíè ïåðåõîä-
íîãî ïðîöåññà, èëè âûáèðàåòñÿ òàê, ÷òîáû ñäå-
ëàòü âëèÿíèå äèñêðåòèçàöèè íåçíà÷èòåëüíûì, 
ðåêîìåíäóþò ñêîðîñòü êâàíòîâàíèÿ âûáðàòü 
â 5−10 ðàç áîëüøå, ÷åì ïîëîñà ïðîïóñêàíèÿ 
çàìêíóòîãî êîíòóðà [5].

Àíàëèç ðåçóëüòàòîâ
Äëÿ ïîëó÷åíèÿ êà÷åñòâåííîãî óïðàâëåíèÿ 

ÏÈÄ-ðåãóëÿòîð íåîáõîäèìî íàñòðîèòü ïî çà-
äàííûì êðèòåðèÿì êà÷åñòâà. Â äàííîé çàäà÷å 
êðèòåðèåì êà÷åñòâà áûëî âûáðàíî êà÷åñòâî 
ïåðåõîäíîãî ïðîöåññà, òàê êàê îñíîâíîé çàäà-
÷åé ðàáîòû áûëà íàñòðîéêà ÏÈÄ-ðåãóëÿòîðà 
äëÿ ïîëó÷åíèÿ íàèëó÷øåãî ïåðåõîäíîãî 
ïðîöåññà, ÷òî ïîäðàçóìåâàåò ìèíèìàëüíóþ 
êîëåáàòåëüíîñòü, ìàêñèìàëüíóþ òî÷íîñòü 
è óñòîé÷èâîñòü ñèñòåìû. Êàê èçâåñòíî, îñ-
íîâíûìè ïîêàçàòåëÿìè äëÿ îöåíêè êà÷åñòâà 
ïåðåõîäíîãî ïðîöåññà ÿâëÿþòñÿ: âðåìÿ ïåðå-
õîäíîãî ïðîöåññà (âðåìÿ, ïî èñòå÷åíèþ êîòî-
ðîãî ïåðåõîäíûé ïðîöåññ ïîïàäàåò â êàíàë 
äîïóñòèìûõ îòêëîíåíèé ( 0,5x ) [1]), ñòà-
òè÷åñêàÿ îøèáêà è äèíàìè÷åñêàÿ îøèáêà. 
À çíà÷èò, íåîáõîäèìî ïîäáèðàòü ïàðàìåòðû 
ÏÈÄ-ðåãóëÿòîðà òàê, ÷òîáû ýòè ïîêàçàòåëè 
áûëè ìèíèìàëüíûìè. 

Êðèòåðèÿìè êà÷åñòâà äëÿ îïòèìèçàöèè 
ïåðåõîäíîãî ïðîöåññà äàííîé ñèñòåìû áûëè 
çàäàíû: íà÷àëüíîå çíà÷åíèå – 0 ì, âðåìÿ ðîñòà – 
5 ñåêóíä, âðåìÿ ðåãóëèðîâàíèÿ (âðåìÿ ïåðå-
õîäíîãî ïðîöåññà) – 7 ñåêóíä, ïåðåðåãóëèðîâà-
íèå – 10 %, óñòàíîâèâøååñÿ çíà÷åíèå – 0,1 ì, 
ðîñò – 80 %, çîíà óñòàíîâëåíèÿ (êàíàë äîïó-
ñòèìûõ îòêëîíåíèé) – 5 %, ñïàä – 1 % (ðèñ. 3). 

Êàê âèäíî èç ðèñ. 4, ãðàôèê ïåðåõîäíîãî 
ïðîöåññà ñêîðîñòè îïèñûâàåò àñòàòè÷åñêóþ 
ñèñòåìó. Ñèñòåìà ðåãóëèðîâàíèÿ íàçûâàåòñÿ 
àñòàòè÷åñêîé ïî îòíîøåíèþ ê âîçìóùàþùåìó 
âîçäåéñòâèþ, åñëè ïðè âîçäåéñòâèè, ñòðåìÿ-
ùåìñÿ ñ òå÷åíèåì âðåìåíè ê íåêîòîðîìó óñòà-
íîâèâøåìóñÿ ïîñòîÿííîìó çíà÷åíèþ, îòêëîíå-
íèå ðåãóëèðóåìîé âåëè÷èíû ñòðåìèòñÿ ê íóëþ 
âíå çàâèñèìîñòè îò âåëè÷èíû âîçäåéñòâèÿ [9]. 
Â àñòàòè÷åñêèõ ÑÀÓ êîíå÷íîå è èñõîäíîå ñî-
ñòîÿíèÿ ðàâíîâåñèÿ ñîâïàäàþò, ïîýòîìó ó íèõ 
äèíàìè÷åñêàÿ îøèáêà ïðèíèìàåòñÿ ðàâíîé 
ìàêñèìàëüíîìó îòêëîíåíèþ ïàðàìåòðà â ïðî-
öåññå ðåãóëèðîâàíèÿ [10]. Òîãäà êàíàë çàäàí-
íûõ îòêëîíåíèé îïðåäåëÿåòñÿ èñõîäÿ èç çíà÷å-
íèÿ äèíàìè÷åñêîé îøèáêè ( 0,5 äèì ).

Äëÿ íåóñòîé÷èâîé ñèñòåìû (ðèñ. 4) ñ öåëüþ 
àíàëèçà è ñðàâíåíèÿ ðåçóëüòàòîâ ïðèâåäåíû 
çíà÷åíèÿ ìàêñèìàëüíîé àìïëèòóäû è ïåðèîäà 
êîëåáàíèé. Îöåíêà êà÷åñòâà ïåðåõîäíûõ ïðî-
öåññîâ ïåðåìåùåíèÿ è ñêîðîñòè èñïîëíèòåëü-
íîãî çâåíà ïíåâìàòè÷åñêîãî ñëåäÿùåãî ïðè-
âîäà – ïíåâìàòè÷åñêîãî öèëèíäðà (äàëåå ÏÖ) 
ïðåäñòàâëåíà â òàáëèöå 1. 
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Ðèñ. 3. Ïîêàçàòåëè êà÷åñòâà ïåðåõîäíîãî ïðîöåññà [8]

Fig. 3. Transient quality indicators [8]

Ðèñ. 4. Ãðàôèêè ïåðåõîäíûõ ïðîöåññîâ èñïîëíèòåëüíîãî çâåíà ïíåâìàòè÷åñêîãî ñëåäÿùåãî ïðèâîäà 
ïðè èñïîëüçîâàíèè ìîäåëè òðåíèÿ ñ ýôôåêòîì Øòðèáåêà àíàëîãîâîé ñèñòåìû: 

1(à) – ãðàôèê ïåðåõîäíîãî ïðîöåññà ïåðåìåùåíèÿ áåç ÏÈÄ-ðåãóëÿòîðà; 1(á) – ãðàôèê ïåðåõîäíîãî 
ïðîöåññà ñêîðîñòè áåç ÏÈÄ-ðåãóëÿòîðà; 2(à) – ãðàôèê ïåðåõîäíîãî ïðîöåññà ïåðåìåùåíèÿ 

ïðè èñïîëüçîâàíèè ÏÈÄ-ðåãóëÿòîðà; 2(á) – ãðàôèê ïåðåõîäíîãî ïðîöåññà ñêîðîñòè 
ïðè èñïîëüçîâàíèè ÏÈÄ-ðåãóëÿòîðà

Fig. 4. Transient graphs of the actuator of the pneumatic servo drive when using the friction model 
with the Striebeck effect of the analog system: 1(à) – graph of the transient process of movement 

without a PID controller; 1(b) – speed transient graph without PID controller; 2(à) – PID displacement 
transient graph; 2(á) – speed transient graph when using a PID controller

Äëÿ ïåðåõîäà ê äèñêðåòíîé ñèñòåìå íåîáõî-
äèìî îïðåäåëèòü ïåðèîä äèñêðåòèçàöèè. Â ñî-
îòâåòñòâèè ñ âûøåîïèñàííûì ìåòîäîì ïåðèîä 
äèñêðåòèçàöèè èññëåäóåìîé ñèñòåìû ïðèíèìà-
åì ðàâíûì 0,2 ñ. Ãðàôèêè ïåðåõîäíûõ ïðîöåñ-

ñîâ àíàëîãîâîé è öèôðîâîé ñèñòåìû è îöåíêà 
èõ êà÷åñòâà ïðåäñòàâëåíû íà ðèñ. 5 è â òàáëè-
öå 2.

Îïðåäåëèì çíà÷åíèÿ ïîãðåøíîñòåé ìåæäó 
êðèòåðèÿìè êà÷åñòâà ïðåõîäíûõ ïðîöåññîâ 
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àíàëîãîâîé è öèôðîâîé ñèñòåìû (òàáë. 3) 
ïî ôîðìóëå:
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x x
x


  à ö
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 ,  (9)

ãäå õ
à
 – çíà÷åíèå ïàðàìåòðà àíàëîãîâîé ñèñòå-

ìû; õ
ö
 − çíà÷åíèå ïàðàìåòðà öèôðîâîé ñèñòåìû.

Ìîæíî çàìåòèòü, ÷òî îøèáêà ïåðåõîäíûõ 
ïðîöåññîâ àíàëîãîâîé è öèôðîâîé ñèñòåìû äî-
ñòàòî÷íî âåëèêà, à çíà÷èò, òðåáóåòñÿ óòî÷íèòü 
ïàðàìåòð Ò. Ðåêîìåíäóåòñÿ âûáèðàòü âðåìÿ äèñ-
êðåòèçàöèè òàê, ÷òîáû ïîãðåøíîñòè ìåæäó êðè-
òåðèÿìè êà÷åñòâà àíàëîãîâîé è öèôðîâîé ñèñòåì 
áûëè ìåíåå îäíîãî ïðîöåíòà, òîãäà ìîæíî ãîâî-
ðèòü î êîððåêòíîñòè ðàáîòû äèñêðåòíîé ñèñòåìû 
è ïðàâèëüíîñòè âûáîðà êîíòðîëëåðà. Ïîýòîìó 
ìåòîä íà îñíîâå àíàëèçà âèäà ïåðåõîäíîãî ïðî-
öåññà ïîäõîäèò ëèøü äëÿ âûáîðà íà÷àëüíîãî 
ïðèáëèæåíèÿ âðåìåíè äèñêðåòèçàöèè.

Äëÿ äîñòèæåíèÿ ïîñòàâëåííîé çàäà÷è íå-
îáõîäèìî óìåíüøèòü âðåìÿ äèñêðåòèçàöèè äî 
Ò = 0,001. Ðåçóëüòàòû ðàñ÷åòîâ ïðåäñòàâëåíû 
íà ðèñ. 4−6.

Èç ðèñ. 6 âèäíî, ÷òî ïðè Ò = 0,001 ñ ãðàôèêè 
ïåðåõîäíûõ ïðîöåññîâ ïðàêòè÷åñêè ïîëíîñòüþ 
ñîâïàäàþò. Ïîãðåøíîñòü êðèòåðèåâ êà÷åñòâà 
òàêèõ ãðàôèêîâ ñîñòàâëÿåò ìåíåå 1 %, à çíà÷èò 
âðåìÿ äèñêðåòèçàöèè âûáðàíî âåðíî.

Ñ öåëüþ àâòîìàòèçàöèè ñèñòåìû ðåêîìåí-
äóåòñÿ óñòàíîâèòü ïðîãðàììèðóåìûé ëîãè-
÷åñêèé êîíòðîëëåð. Êîíòðîëëåð ïîçâîëÿåò 
îñóùåñòâëÿòü äëèòåëüíîå àâòîíîìíîå óïðàâ-
ëåíèå ñèñòåìîé, çà÷àñòóþ â íåáëàãîïðèÿòíûõ 
óñëîâèÿõ îêðóæàþùåé ñðåäû, áåç ñåðüåçíîãî 

îáñëóæèâàíèÿ è ïðàêòè÷åñêè áåç âìåøàòåëü-
ñòâà ÷åëîâåêà. Âûáîð ïðîãðàììèðóåìîãî êîí-
òðîëëåðà ÿâëÿåòñÿ âàæíîé è ñëîæíîé çàäà÷åé 
ïðè ñîçäàíèè ñèñòåì àâòîìàòè÷åñêîãî óïðàâ-
ëåíèÿ òåõíîëîãè÷åñêèìè ïðîöåññàìè.

Îñíîâíûì ðåøàþùèì ôàêòîðîì ïðè âûáîðå 
êîíòðîëëåðà ÿâëÿåòñÿ åãî áûñòðîäåéñòâèå. Ðå-
àêöèÿ êîíòðîëëåðà íàïðÿìóþ çàâèñèò îò ÷èñëà 
è ÷àñòîòû îïðàøèâàíèÿ âõîäîâ/âûõîäîâ êîí-
òðîëëåðà, à òàêæå îò ìîùíîñòè ñàìîãî ïðî-
öåññîðà. Òàêèì îáðàçîì, ÷åì áîëüøóþ ÷àñòîòó 
äèñêðåòèçàöèè è ìåíüøèé ïåðèîä äèñêðåòèçà-
öèè èìååò êîíòðîëëåð, òåì âûøå åãî áûñòðî-
äåéñòâèå. Åñëè êîíòðîëëåð èñïîëüçóåòñÿ 
íå òîëüêî äëÿ ðåãóëèðîâàíèÿ, íî è äëÿ àâà-
ðèéíîé ñèãíàëèçàöèè, òî òàêò äèñêðåòèçàöèè 
íå ìîæåò áûòü ìåíüøå, ÷åì äîïóñòèìàÿ çà-
äåðæêà ñðàáàòûâàíèÿ ñèãíàëà àâàðèè.

Ïíåâìàòè÷åñêèå ñëåäÿùèå ñèñòåìû òðåáóþò 
áîëüøåé íàäåæíîñòè è òî÷íîñòè ïîçèöèîíèðî-
âàíèÿ, àíàëîãè÷íûå òðåáîâàíèÿ ïðåäúÿâëÿþòñÿ 
è ê óñòðîéñòâàì àâòîìàòèçàöèè òàêèõ ñèñòåì. 
Ñòàíäàðòíûå ïðîìûøëåííûå êîíòðîëëåðû 
ñ ÷àñòîòîé 50 Ãö (ïðè Ò = 0,1) íå ìîãóò îáåñïå-
÷èòü íåîáõîäèìîé òî÷íîñòè ðåãóëèðîâàíèÿ. Ïî-
ýòîìó äëÿ óïðàâëåíèÿ èññëåäóåìîé ñèñòåìîé 
ïíåâìàòè÷åñêîãî ñëåäÿùåãî ïðèâîäà ñòîèò ïðè-
ìåíÿòü êîíòðîëëåðû ñ ÷àñòîòîé ïîðÿäêà 1 êÃö 
(ïðè Ò = 0,001). Äàííîå âðåìÿ äèñêðåòèçàöèè 
ïîçâîëÿåò ðåàëèçîâàòü ñîâðåìåííûå ïðîìûø-
ëåííûå êîíòðîëëåðû ñïåöèàëüíîãî íàçíà÷åíèÿ, 
âûïóñêàåìûå ñåðèéíî [11]. Ïðîèçâîäèòåëÿìè 
òàêèõ óñòðîéñòâ ÿâëÿþòñÿ êîìïàíèè: Advantech, 
VIPA, Schneider Electric, Siemens è äð.

Òàáëèöà 1

Îöåíêà êà÷åñòâà ïåðåõîäíûõ ïðîöåññîâ ÏÖ àíàëîãîâîé ñèñòåìû ñ ÏÈÄ-ðåãóëÿòîðîì è áåç íåãî

Table 1. Evaluation of the quality of transient processes of analog system with and without PID controller

Áåç ÏÈÄ-ðåãóëÿòîðà
Ïðè èñïîëüçîâàíèè 

ÏÈÄ-ðåãóëÿòîðà

Ïåðåõîäíûé 
ïðîöåññ 

ïåðåìåùåíèÿ 
ÏÖ

Ïåðåõîäíûé 
ïðîöåññ 
ñêîðîñòè

ÏÖ

Ïåðåõîäíûé 
ïðîöåññ 

ïåðåìåùåíèÿ 
ÏÖ

Ïåðåõîäíûé 
ïðîöåññ 
ñêîðîñòè

ÏÖ

Âðåìÿ ïåðåõîäíîãî 
ïðîöåññà (ïåðèîä 
êîëåáàíèé), ñ

8,9 9 3,4 2,9

Äèíàìè÷åñêàÿ îøèáêà 
(ìàêñèìàëüíàÿ 
àìïëèòóäà), ì

0,16 0,157 0 0,176

Ñòàòè÷åñêàÿ îøèáêà, % 0 0 0 0



Êèðååâà Â.À., Òðóõàíîâ Ê.À. 
Îïòèìèçàöèÿ ïåðåõîäíûõ ïðîöåññîâ ñëåäÿùåãî ïíåâìàòè÷åñêîãî ïðèâîäà 

ñ ó÷åòîì ìîäåëè òðåíèÿ ñ ýôôåêòîì Øòðèáåêà

78 Èçâåñòèÿ ÌÃÒÓ «ÌÀÌÈ», ¹ 2(48), 2021

Òàáëèöà 2
Îöåíêà êà÷åñòâà ïåðåõîäíûõ ïðîöåññîâ ÏÖ àíàëîãîâîé è äèñêðåòíîé ñèñòåìû

Table 2. Evaluation of the quality of transient processes of analog and discrete systems

Àíàëîãîâàÿ ñèñòåìà Äèñêðåòíàÿ ñèñòåìà

Ïåðåõîäíûé 
ïðîöåññ 

ïåðåìåùåíèÿ ÏÖ

Ïåðåõîäíûé 
ïðîöåññ 

ñêîðîñòè ÏÖ

Ïåðåõîäíûé 
ïðîöåññ 

ïåðåìåùåíèÿ ÏÖ

Ïåðåõîäíûé 
ïðîöåññ ñêîðîñòè

ÏÖ

Âðåìÿ ïåðåõîäíîãî 
ïðîöåññà, ñ

3,4 2,9 3,7 4,9

Äèíàìè÷åñêàÿ îøèáêà, % 0 0,176 0 0, 18

Ñòàòè÷åñêàÿ îøèáêà, % 0 0 0 0

Ðèñ. 5. Ãðàôèêè ïåðåõîäíûõ ïðîöåññîâ èñïîëíèòåëüíîãî çâåíà ïíåâìàòè÷åñêîãî ñëåäÿùåãî ïðèâîäà 
ïðè èñïîëüçîâàíèè ìîäåëè òðåíèÿ ñ ýôôåêòîì Øòðèáåêà è ÏÈÄ-ðåãóëÿòîðà: 

1(a) – àíàëîãîâàÿ ñèñòåìà; 2 – äèñêðåòíàÿ ñèñòåìà (Ò = 0,2 ñ)

Fig.5. Transient graphs of the actuator of the pneumatic servo drive when using the friction model 
with the Striebeck effect and the PID controller: 1(a) – analog system; 2 – discrete system (Ò = 0,2 s)

Ðèñ. 6. Ãðàôèêè ïåðåõîäíûõ ïðîöåññîâ èñïîëíèòåëüíîãî çâåíà ïíåâìàòè÷åñêîãî ñëåäÿùåãî ïðèâîäà 
ïðè èñïîëüçîâàíèè ìîäåëè òðåíèÿ ñ ýôôåêòîì Øòðèáåêà è ÏÈÄ-ðåãóëÿòîðà: 

1 – àíàëîãîâàÿ ñèñòåìà; 2 – äèñêðåòíàÿ ñèñòåìà (Ò = 0,001 ñ)

Fig. 6. Transient graphs of the actuator of the pneumatic servo drive when using the friction model 
with the Striebeck effect and the PID controller: 1 – analog system; 2 – discrete system (Ò = 0,001 s)
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Âûâîäû
1. Èñïîëüçîâàíèå ÏÈÄ-ðåãóëÿòîðà äëÿ ñëå-

äÿùåãî ïíåâìàòè÷åñêîãî ïðèâîäà ïîçâîëÿåò 
óñòðàíèòü êîëåáàíèÿ (àâòîêîëåáàíèÿ) è âûâå-
ñòè ñèñòåìó â óñòîé÷èâîå ñîñòîÿíèå, à ïðèìå-
íåíèå ìåòîäà ãðàäèåíòíîãî ñïóñêà äëÿ îïðåäå-
ëåíèÿ ïàðàìåòðîâ òàêîãî ðåãóëÿòîðà äîáèòüñÿ 
âûñîêîãî êà÷åñòâà ïåðåõîäíûõ ïðîöåññîâ.

2. Ìåòîä îïðåäåëåíèÿ ïåðèîäà äèñêðåòè-
çàöèè, îñíîâàííûé íà àíàëèçå ïåðåõîäíîãî 
ïðîöåññà, èìååò îòíîñèòåëüíóþ ïîãðåøíîñòü 
áîëåå 1 %, ïîýòîìó ðåêîìåíäóåòñÿ èñïîëüçî-
âàòü åãî êàê íà÷àëüíîå ïðèáëèæåíèå. Äëÿ äî-
ñòèæåíèÿ òî÷íîñòè ñ îøèáêîé ìåíåå 1 % ðåêî-
ìåíäóåòñÿ óìåíüøèòü ïåðèîä äèñêðåòèçàöèè.

3. Óìåíüøåíèå ïåðèîäà äèñêðåòèçàöèè ïî-
çâîëÿåò äîáèòüñÿ ìèíèìàëüíîé ïîãðåøíîñòè 
ìåæäó àíàëîãîâîé è öèôðîâîé ñèñòåìîé. Îò-
êëîíåíèÿ ïàðàìåòðîâ ïåðåõîäíûõ ïðîöåññîâ 
íåïðåðûâíûõ è äèñêðåòíûõ ñèñòåì äîëæíû 
ñîñòàâëÿòü íå áîëåå 1 %. Äëÿ àâòîìàòèçàöèè 
òàêèõ öèôðîâûõ ñèñòåì, ïðè ÷àñòîòå ïîðÿäêà 
1 êÃö, ñòîèò ïðèìåíÿòü êîíòðîëëåðû ñïåöè-
àëüíîãî íàçíà÷åíèÿ.
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OPTIMIZATION OF TRANSIENT PROCESSES OF THE PNEUMATIC SERVO DRIVE 
TAKING INTO ACCOUNT THE FRICTION MODEL WITH THE STRIBECK EFFECT

V.A. Kireyeva, DSc in Engineering K.A. Trukhanov 
Bauman Moscow State Technical University, Moscow, Russia

valyavalenti97@yandex.ru

The aim of the work is to select the optimal values of the parameters of the digital PID controller to elimi-
nate self-oscillations in systems, as well as to optimize the type of transient processes of the servo pneu-
matic drive. The reason for the study was the problem of the occurrence of self-oscillations in pneumatic 
systems when using friction models that are closest to reality. The scientific novelty of the article consists 
in the creation of a computer model and the application of optimization methods to improve the quality 
of transient processes of the pneumatic servo drive, taking into account the Striebeck friction model.
The authors of the article optimized the transient processes of the pneumatic servo drive taking into 
account the selected friction model. The optimal parameters of the PID controller were selected using 
computer simulation. And the instability of the system was eliminated as well. To optimize the system per-
formance, the gradient descent method was chosen. An assessment of the quality indicators of transient 
processes before and after optimization was made. Based on the simulation results of the pneumatic 
servo drive system, it can be concluded that the gradient descent method can be used to determine the 
parameters of the PID controller.
The transition from an analog (continuous) system to a digital (discrete) system has been made It is nec-
essary to determine the sampling period for its implementation. The article indicates the main methods for 
determining the sampling period and shows the disadvantages of these methods. Analysis of the results 
shows that the methods described in the article should be used only for the first approximation, and the 
value of the indicated quantity should be selected from the calculation of the minimum error between an 
analog (continuous) and digital (discrete) system. An error of less than 1% allows the selection of a pro-
grammable logic controller. The topic of the article is relevant for scientific research and includes the provi-
sion of practical recommendations for determining the parameters of a digital PID controller and selecting 
a controller for specialists who are inloved in the design of systems that include a pneumatic servo drive.

Keywords: PID controller, sampling period, transient quality, controller, optimization, pneumatic servo drive.
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