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Â ñòàòüå ðàññìîòðåíà îäíîìàññîâàÿ ñèñòåìà âèáðîçàùèòû ñ èñïîëíèòåëüíûì ýëåêòðîìåõàíè-
÷åñêèì óñòðîéñòâîì. Ïðåäñòàâëåíà àêòóàëüíîñòü ïðîâîäèìîãî íàïðàâëåíèÿ èññëåäîâàíèé è ñî-
âðåìåííîå ñîñòîÿíèå åãî èçó÷åííîñòè. Îáîñíîâàíî, ÷òî â ñðàâíåíèè ñ óïðàâëÿåìûìè ýëåìåí-
òàìè âÿçêîãî ñîïðîòèâëåíèÿ óïðàâëÿåìûå ýëåìåíòû æåñòêîñòè îáåñïå÷èâàþò ëó÷øåå êà÷åñòâî 
âèáðîçàùèòû. Ïîä÷åðêíóòà ïåðñïåêòèâíîñòü â ïðèìåíåíèè óïðàâëÿåìûõ ýëåêòðîìåõàíè÷åñêèõ 
ýëåìåíòîâ æåñòêîñòè. Â íàñòîÿùåé ðàáîòå ðàññìîòðåí èñïîëíèòåëüíûé ìåõàíèçì â âèäå ëèíåé-
íîãî äâèãàòåëÿ ïîñòîÿííîãî òîêà. Ïðèâåäåíû ïðèìåðû èñïîëüçîâàíèÿ àêòèâíûõ ñèñòåì âèáðîçà-
ùèòû ñ ëèíåéíûìè ýëåêòðè÷åñêèìè ìàøèíàìè. Â ÷àñòíîñòè, ïðåäñòàâëåí ïðèìåð èñïîëüçîâàíèÿ 
â êà÷åñòâå ïîäâåñêè òðàíñïîðòíîãî ñðåäñòâà. Óêàçàíû ïðåèìóùåñòâà è íàèáîëåå ñóùåñòâåííûå 
íåäîñòàòêè òàêèõ ïîäâåñîê, ñäåðæèâàþùèå èõ ìàññîâîå âíåäðåíèå. Ïðåäñòàâëåíà ðàñ÷åòíàÿ ñõå-
ìà îäíîìàññîâîé êîëåáàòåëüíîé ñèñòåìû ñ ïàðàëëåëüíîé óñòàíîâêîé ýëåìåíòà âÿçêîãî òðåíèÿ 
è ýëåìåíòà æåñòêîñòè. Îáîñíîâàíî, ÷òî ñ ó÷åòîì ïðèíÿòûõ äîïóùåíèé ïðåäñòàâëåííàÿ ñõåìà ýê-
âèâàëåíòíà ïîäâåñêàì òðàíñïîðòíûõ ñðåäñòâ. Ïðåäëîæåíî, â êà÷åñòâå óïðàâëÿåìîãî ýëåìåíòà 
âÿçêîãî ñîïðîòèâëåíèÿ èñïîëüçîâàòü ìàãíèòîðåîëîãè÷åñêèé äåìïôåð êîëåáàíèé. Ïðèâåäåí àíà-
ëèç ñîñòîÿíèÿ âîïðîñà ñèñòåì àêòèâíîé âèáðîçàùèòû ñ ìàãíèòîðåîëîãè÷åñêèìè äåìïôåðàìè êî-
ëåáàíèé. Ðàçðàáîòàíà ñòðóêòóðà çàìêíóòîé ïî âèáðîóñêîðåíèþ çàùèùàåìîãî îáúåêòà ñèñòåìû 
âèáðîçàùèòû è ïðåäñòàâëåíû ìàòåìàòè÷åñêèå ìîäåëè åå ôóíêöèîíàëüíî íåîáõîäèìûõ ýëåìåí-
òîâ: äàò÷èêà êîëåáàíèé, ñèñòåìû âèáðîçàùèòû ïî êàíàëó âîçìóùåíèÿ è óïðàâëåíèÿ, ëèíåéíîãî 
ýëåêòðîäâèãàòåëÿ ïîñòîÿííîãî òîêà. Ïðåäëîæåíà ìåòîäèêà ñèíòåçà êîððåêòèðóþùåãî óñòðîéñòâà, 
îáåñïå÷èâàþùåãî æåëàåìûå ðåçîíàíñíûå ñâîéñòâà çàìêíóòîé ñèñòåìû. Ïðåäñòàâëåíû ðåçóëü-
òàòû èìèòàöèîííîãî ìîäåëèðîâàíèÿ ñèñòåìû àêòèâíîé âèáðîçàùèòû ñ ðåãóëÿòîðîì, ñèíòåçèðî-
âàííûì ïî ïðåäëîæåííîé ìåòîäèêå è ðåãóëÿòîðîì, ñòðóêòóðà êîòîðîãî ïîëó÷åíà â ïðåäûäóùèõ 
ðàáîòàõ àâòîðà. Íà îñíîâàíèè ïîëó÷åííûõ ðåçóëüòàòîâ ñäåëàíû âûâîäû ïî ïîëó÷åííûì â ñòàòüå 
ìàòåðèàëàì è ñôîðìóëèðîâàíû ðåêîìåíäàöèè ïî èñïîëüçîâàíèþ ðåãóëÿòîðîâ.

Êëþ÷åâûå ñëîâà: ñèñòåìà âèáðîçàùèòû, ëèíåéíûé äâèãàòåëü ïîñòîÿííîãî òîêà, ðåãóëÿòîð, çàì-
êíóòàÿ ñèñòåìà, óïðàâëÿåìàÿ ïîäâåñêà, îäíîìàññîâàÿ êîëåáàòåëüíàÿ ñèñòåìà, ýôôåêòèâíîñòü 
ñèñòåìû âèáðîçàùèòû, àìïëèòóäíàÿ ÷àñòîòíàÿ õàðàêòåðèñòèêà, êðèòåðèé ýôôåêòèâíîñòè âèáðî-
çàùèòû.

Àêòóàëüíîñòü
Â ïîñëåäíèå íåñêîëüêî ëåò â êîíñòðóêöè-

ÿõ ïîäâåñîê òðàíñïîðòíûõ ñðåäñòâ âîçðàñòàåò 
èíòåðåñ ê ýëåêòðîìåõàíè÷åñêèì èñïîëíèòåëü-
íûì ýëåìåíòàì, ñðåäè êîòîðûõ íàèáîëåå ðàñ-
ïðîñòðàíåíû ìàãíèòîðåîëîãè÷åñêèå äåìïôåðû 
êîëåáàíèé è òàêæå ëèíåéíûå ýëåêòðîäâèãàòåëè.

Êàê èçâåñòíî, ýëåìåíòû âÿçêîãî ñîïðîòèâ-
ëåíèÿ ýôôåêòèâíû íà ðåçîíàíñíûõ ÷àñòîòàõ 
è óõóäøàþò çàðåçîíàíñíûå ñâîéñòâà ñèñòåìû 
âèáðîçàùèòû, â òî âðåìÿ êàê ýëåìåíòû óïðóãî-
ñòè, íàîáîðîò, ýôôåêòèâíû íà çàðåçîíàíñíûõ 
÷àñòîòàõ è óõóäøàþò ðåçîíàíñíûå ñâîéñòâà 

ñèñòåìû [1, 2]. Â ñâÿçè ñ ýòèì, íàèáîëåå ÷àñòî 
ïðèìåíÿþò ñõåìû ñ ñîâìåñòíîé óñòàíîâêîé 
ýëåìåíòà óïðóãîñòè è âÿçêîãî òðåíèÿ, ñðåäè 
êîòîðûõ íàèáîëåå ïîïóëÿðíà ñõåìà Êåëüâèíà 
[3, 4] ñ èõ ïàðàëëåëüíîé óñòàíîâêîé. 

Êàê ïîêàçûâàþò èññëåäîâàíèÿ, ïðîâåäåííûå 
àâòîðàìè [5], ñóùåñòâåííîãî óëó÷øåíèÿ âè-
áðîçàùèòíûõ ñâîéñòâ â ñèñòåìå âèáðîçàùèòû 
òÿæåëî äîñòè÷ü çà ñ÷åò èñïîëüçîâàíèÿ òîëüêî 
ýëåìåíòîâ âÿçêîãî ñîïðîòèâëåíèÿ. Ïîâûøåí-
íóþ ýôôåêòèâíîñòü ïîêàçûâàþò ñèñòåìû âè-
áðîçàùèòû ñ óïðàâëÿåìûìè ýëåìåíòàìè óïðó-
ãîñòè [6]. 
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Íàèáîëåå ÷àñòî â êà÷åñòâå óïðàâëÿåìûõ 
ýëåìåíòîâ æåñòêîñòè âûñòóïàþò ýëåêòðîìå-
õàíè÷åñêèå ïðåîáðàçîâàòåëè â âèäå ëèíåéíûõ 
ýëåêòðè÷åñêèõ ìàøèí ïîñòîÿííîãî òîêà [7]. 
Íà ðèñ. 1 ïðåäñòàâëåíà êîíñòðóêöèÿ ëèíåé-
íîãî ýëåêòðîäâèãàòåëÿ èñïîëüçóåìîãî â ïîä-
âåñêå òðàíñïîðòíîãî ñðåäñòâà [8]. Â óêàçàí-
íîé êîíñòðóêöèè ýëåêòðîìàãíèòíîé ïîäâåñêè 
íà øòîêå äåìïôåðà, êîòîðûé òàêæå âûïîëíÿåò 
ðîëü ýëåìåíòà óïðóãîñòè, ðàçìåùåíû ïîñòîÿí-
íûå ìàãíèòû, ïåðåìåùàþùèåñÿ â ýëåêòðîìàã-
íèòíîì ïîëå, ñîçäàâàåìûì îáìîòêîé êàòóøêè 
ñòàòîðà.

Ðèñ. 1. Êîíñòðóêöèÿ ëèíåéíîãî ýëåêòðîäâèãàòåëÿ 

Èíòåðåñíîé îñîáåííîñòüþ ýëåêòðîìàãíèò-
íîé ïîäâåñêè ÿâëÿåòñÿ âîçìîæíîñòü âûðàáîòêè 
ýíåðãèè çà ñ÷åò ýëåêòðîìåõàíè÷åñêèõ ïðåîáðà-
çîâàíèé îò äâèæåíèé ïîäâèæíîé ÷àñòè øòîêà 
äâèãàòåëÿ [9, 10]. Â êà÷åñòâå íåäîñòàòêîâ ïîä-
âåñêè ñ ëèíåéíûì äâèãàòåëåì îòìå÷àåòñÿ ïî-
âûøåííîå ýëåêòðîïîòðåáëåíèå (ïîðÿäêà 20−30 
êèëîâàòò) è ñòîèìîñòü. Â öåëÿõ óíèôèêàöèè 
èçäåëèé ýëåêòðîìàãíèòíàÿ ïîäâåñêà àâòîìîáè-
ëÿ âçàèìîçàìåíÿåìà ñî øòàòíîé.

Ýëåêòðîìàãíèòíûå ïîäâåñêè òðàíñïîðò-
íûõ ñðåäñòâ îêàçûâàþòñÿ óäîáíûì ñðåäñòâîì 
óïðàâëåíèÿ äèíàìèêîé êóçîâà äëÿ ñîâðåìåí-
íûõ ýëåêòðîííûõ ñèñòåì ñòàáèëèçàöèè äâè-
æåíèÿ òðàíñïîðòíîãî ñðåäñòâà. Â ÷àñòíîñòè, 
óäàåòñÿ ñòàáèëèçèðîâàòü ïîëîæåíèå êóçîâà 

ïðè ìàíåâðèðîâàíèè è îáúåçäå ïðåïÿòñòâèé, 
÷òî ÿâëÿåòñÿ î÷åíü âàæíîé ïðîáëåìîé äëÿ ïî-
âûøåíèÿ óïðàâëÿåìîñòè òðàíñïîðòíîãî ñðåä-
ñòâà, âëèÿþùåé íà áåçîïàñíîñòü àâòîìîáèëÿ 
äëÿ âîäèòåëÿ ñ ïàññàæèðàìè è îêðóæàþùèõ. 

Ñòåïåíü ðàçðàáîòàííîñòè âîïðîñà
Ê íàñòîÿùåìó âðåìåíè âîïðîñû ðàçðà-

áîòêè è èññëåäîâàíèÿ ýëåêòðîòåõíè÷åñêèõ 
èñïîëíèòåëüíûõ óñòðîéñòâ âèáðîçàùèòû 
â äîñòàòî÷íîé ìåðå èçó÷åíû. Ðàçðàáîòêîé 
è îïòèìèçàöèåé êîíñòðóêöèé ìàãíèòîðåîëî-
ãè÷åñêèõ äåìïôåðîâ ïîñâÿùåíû, â ÷àñòíîñòè, 
ðàáîòû [11, 12], â êîòîðûõ èçó÷àþòñÿ òåïëîâûå, 
ãèäðîäèíàìè÷åñêèå è ýëåêòðîìàãíèòíûå ïðî-
öåññû è èõ âçàèìîñâÿçü äðóã ñ äðóãîì.

Îñíîâíûå òåíäåíöèè â êîíñòðóèðîâàíèè 
ëèíåéíûõ äâèãàòåëåé ïîñòîÿííîãî òîêà â çíà-
÷èòåëüíîé ñòåïåíè îïðåäåëåíû. Îäíà ÷àñòü 
ñòàòåé ñâÿçàíà ñ îïòèìèçàöèåé èõ êîíñòðóê-
öèé [14, 15] äëÿ ðàçëè÷íûõ ñôåð ïðèìåíåíèé. 
Äðóãàÿ ÷àñòü ñòàòåé ïîñâÿùåíà èçó÷åíèþ äèíà-
ìè÷åñêèõ õàðàêòåðèñòèê ýëåêòðîìåõàíè÷åñêèõ 
ñèñòåì íà îñíîâå ëèíåéíûõ äâèãàòåëåé [16, 17]. 
Îñòàëüíûå ïóáëèêàöèè ïîñâÿùåíû ïðèìåíå-
íèþ ðàçëè÷íûõ àëãîðèòìîâ óïðàâëåíèÿ ëè-
íåéíûìè ýëåêòðîäâèãàòåëÿìè [18]. Äëÿ áîëü-
øèíñòâà ìåõàíèçìîâ òèïè÷íû âîçìóùåíèÿ 
ñî ñëó÷àéíûìè õàðàêòåðèñòèêàìè. Â òàêîì 
ñëó÷àå àêòóàëüíû â èñïîëüçîâàíèè ñèñòåìû 
óïðàâëåíèÿ, ïîñòðîåííûå íà ïðèíöèïàõ îïòè-
ìàëüíîãî [19] è àäàïòèâíîãî [20] óïðàâëåíèÿ, 
ôàççèðåãóëÿòîðàõ [21] è íåéðîííûõ ñåòåé [22]. 
Â äðóãèõ ñëó÷àÿõ, íàïðèìåð, ó òðàíñïîðòíûõ 
ñðåäñòâ ïðè äâèæåíèè ïî ïîâåðõíîñòè ñ ïåðè-
îäè÷åñêèìè íåðîâíîñòÿìè îäèíàêîâîé ôîðìû 
è àìïëèòóäû, âîçìóùåíèå ìîæåò ðàññìàòðè-
âàòüñÿ êàê ãàðìîíè÷åñêîå [23]. Â ýòîì ñëó÷àå 
ïðè ñèíòåçå ðåãóëÿòîðîâ ìîæíî èñïîëüçîâàòü 
êëàññè÷åñêèå ìåòîäû òåîðèè óïðàâëåíèÿ. 
Â íàñòîÿùåé ñòàòüå ðåøåíà çàäà÷à îáåñïå÷å-
íèÿ òðåáóåìûõ ðåçîíàíñíûõ ñâîéñòâ çàìêíó-
òîé ïî âèáðîóñêîðåíèþ ñèñòåìû âèáðîçàùèòû.

Ðàçðàáîòêà 
ìàòåìàòè÷åñêîé ìîäåëè
Â êà÷åñòâå îñíîâíîé ðàñ÷åòíîé ñõåìû ïðè-

íÿòà îäíîìàññîâàÿ êîëåáàòåëüíàÿ ñèñòåìà 
(ðèñ. 2). Òàêàÿ ðàñ÷åòíàÿ ñõåìà ìîäåëèðóåò, 
â ÷àñòíîñòè, ðåàëüíóþ êîíñòðóêöèþ ïîäâåñêè 
àâòîìîáèëÿ ïðè äîïóùåíèè òîãî, ÷òî öåíòð òÿ-
æåñòè àâòîìîáèëÿ ðàñïîëàãàåòñÿ ïîñåðåäèíå 
êîëåñíîé áàçû. Â ýòîì ñëó÷àå êîëåáàíèÿ â ïå-
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ðåäíåé ïîäâåñêå àâòîìîáèëÿ íå çàâèñÿò îò êî-
ëåáàíèé â çàäíåé ïîäâåñêå è èõ äîïóñòèìî ðàñ-
ñìàòðèâàòü îòäåëüíî [4].

Íà ðàñ÷åòíîé ñõåìå êîëåáàòåëüíîé ñèñòå-
ìû îáîçíà÷åíû: âèáðîçàùèùàåìûé îáúåêò 
ñ ìàññîé m; âîçìóùàþùåå âîçäåéñòâèå â âèäå 
ïåðåìåùåíèÿ êîîðäèíàòû Z

0 
äîðîæíîé ïîâåðõ-

íîñòè; óïðóãèé ýëåìåíò, èìåþùèé æåñòêîñòü 
C; β – êîýôôèöèåíò ãèäðàâëè÷åñêîãî ñîïðî-
òèâëåíèÿ äåìïôèðóþùåãî ýëåìåíòà; Z – ïåðå-
ìåùåíèå êîîðäèíàòû çàùèùàåìîãî îáúåêòà.

Ðèñ. 2. Ðàñ÷åòíàÿ ñõåìà îäíîìàññîâîé 
êîëåáàòåëüíîé ñèñòåìû

Â [24] ïîëó÷åíî äèôôåðåíöèàëüíîå óðàâíå-
íèå, îïèñûâàþùèå äâèæåíèå ðàñ÷åòíîé êîëå-
áàòåëüíîé ñèñòåìû (çäåñü è äàëåå ðàññìàòðè-
âàþòñÿ óðàâíåíèÿ äëÿ «ìàëûõ» îòêëîíåíèé 
ïåðåìåííûõ):
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  
  (2)

Ïåðåéäåì îò ïåðåìåùåíèé ê óñêîðåíèÿì, 
èñïîëüçóÿ ñëåäóþùèå âûðàæåíèÿ:

2
2

2

2
20

0 0 02

( )( ) , ( ) ( ),

( )( ) , ( ) ( ).

d Z tt p p Z p
dt

d Z tt p p Z p
dt

   

   

 

Ïðåîáðàçîâàâ óðàâíåíèå (2) ñ ó÷åòîì ââå-
äåííûõ îáîçíà÷åíèé, ïîëó÷èì: 

   0 02( ) ( ) ( ) ( ) ( ) 0.Cm p p p p p
p p


         

Ïðèâåäåííîìó îïåðàòîðíîìó óðàâíåíèþ 
ñîîòâåòñòâóåò ñòðóêòóðíàÿ ñõåìà, ïîêàçàííàÿ 
íà ðèñ. 3. 

Íà îñíîâàíèè ïðèâåäåííîé ñòðóêòóðû ïî-
ëó÷åíà ïåðåäàòî÷íàÿ ôóíêöèÿ (ÏÔ) ïàññèâíîé 
ñèñòåìû âèáðîçàùèòû äëÿ âûõîäíîé ïåðåìåí-
íîé – óñêîðåíèå çàùèùàåìîãî îáúåêòà − ε(p) 
è âõîäíîé – ε

0
(p) – óñêîðåíèå êîîðäèíàòû îñ-

íîâàíèÿ:

20

1( )( ) .
( ) 1

P

pp CW p mp p p
c C




 
  

Ó÷èòûâàÿ ïðèíÿòûå îáîçíà÷åíèÿ:

1 2 1 1, 2 ,m T T T
C C


   

ïîñëåäíåå âûðàæåíèå ìîæíî ïðåäñòàâèòü 
â âèäå:

 

2
2 2

0 2

1( )( ) .
( ) 1P

T ppW p
p T p T p


 
  

 (3)

ÏÔ (3) ñîîòâåòñòâóåò âûðàæåíèå åå àìïëè-
òóäíîé ÷àñòîòíîé õàðàêòåðèñòèêè (À×Õ):

 

2
2

2 2 2
1 2

1 ( )( ) ,
(1 ) ( )

TA
T T
 

 
   

 (4)

äîñòèãàþùåé ñâîåãî ìàêñèìàëüíîãî çíà÷åíèÿ 
ïðè ÷àñòîòå:

 

2

2 2
1

1 8 1
.

4m T
  

 
 

 (5)

Íà ðèñ. 4 ïðåäñòàâëåí ãðàôèê çàâèñèìîñòè 


m
 îò êîýôôèöèåíòà çàòóõàíèÿ ξ, äëÿ çíà÷åíèÿ 

T
1
 = 0,07 õàðàêòåðíîãî äëÿ âèáðîçàùèòû òðàíñ-

ïîðòíûõ ñðåäñòâ.
Ïðè ïîäñòàíîâêå ÷èñëåííûõ çíà÷åíèé 

ïî âûðàæåíèþ (5) â âûðàæåíèå (4) ïîëó÷åí 
ãðàôèê çàâèñèìîñòè ìàêñèìàëüíîãî çíà÷åíèÿ 
îòíîñèòåëüíîé àìïëèòóäû À×Õ A

m
 îò êîýôôè-

öèåíòà çàòóõàíèÿ ξ, äëÿ T
1
 = 0,07.

Íà îñíîâàíèè àíàëèçà ãðàôèêîâ íà ðèñ. 3 è 4 
ñäåëàí âûáîð ïðåäïî÷òèòåëüíîãî êîýôôèöèåíòà 
äåìïôèðîâàíèÿ. Òàê, êîýôôèöèåíòó äåìïôèðî-
âàíèÿ ξ = 0,21, õàðàêòåðíîìó äëÿ èñõîäíîé ïàñ-

Ðèñ. 3. Ñòðóêòóðíàÿ ñõåìà ñèñòåìû âèáðîçàùèòû
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ñèâíîé ñèñòåìû âèáðîçàùèòû, ñîîòâåòñòâóåò 
ìàêñèìàëüíîå çíà÷åíèå îòíîñèòåëüíîé àìïëè-
òóäû À×Õ A

m
 = 2,6 î.å. Ñòàâèòñÿ çàäà÷à ñíèæå-

íèÿ àìïëèòóäû óñêîðåíèé â çàìêíóòîé ñèñòåìå 
âèáðîçàùèòû â 2 ðàçà, ò.å. îáåñïå÷åíèè ìàêñè-
ìàëüíîãî çíà÷åíèÿ îòíîñèòåëüíîé àìïëèòóäû 
À×Õ A

m
 = 1,3. Óêàçàííîìó çíà÷åíèþ A

m
 ñîîò-

âåòñòâóåò äåìïôèðîâàíèå ξ = 0,7; ýòî çíà÷åíèå 
è ïðèíèìàåòñÿ â êà÷åñòâå ðàñ÷åòíîãî.

Äîïîëíèì ïîëó÷åííóþ ìàòåìàòè÷åñêóþ 
ìîäåëü óðàâíåíèÿìè äâèæåíèÿ äëÿ ëèíåéíîãî 

äâèãàòåëÿ ïîñòîÿííîãî òîêà (ËÄÏÒ) èìåþùå-
ãî íåçàâèñèìîå âîçáóæäåíèå [6]:

 

( )( ) ( ) ( ) ,dI tU t E t I t R L
dt

    (6)

 
 0

0

( ) ( ) ( ) ,
t

E t k t t dt   Ô  (7)

ãäå I – òîê ÿêîðÿ; E – ïðîòèâî ÝÄÑ ÿêîðÿ; L – 
èíäóêòèâíîñòü ÿêîðíîé öåïè; R – ñîïðîòèâëå-
íèå öåïè ÿêîðÿ äâèãàòåëÿ; kÔ – êîýôôèöèåíò 
ïåðåäà÷è äâèãàòåëÿ.

Ìåõàíè÷åñêîå óñèëèå, ñîçäàâàåìîå ËÄÏÒ 
(ïðè óñëîâèè ïîñòîÿíñòâà ìàãíèòíîãî ïîòîêà) 
çàâèñèò îò òîêà ÿêîðÿ:

 ( ) ( ).F t k I tM Ô  (8)

Óðàâíåíèÿ (4−6) çàïèøåì â îïåðàòîðíîì 
âèäå:

  ( ) ( ) ( ) 1 ;EU p E p I p R T p     (9)

  0( ) ( ) ( ) / ;E p k p p p   Ô   (10)

 ( ) ( );F p k pM Ô   (11)

ãäå E
LT R  − ýëåêòðîìàãíèòíàÿ ïîñòîÿííàÿ 

ËÄÏÒ.
Óðàâíåíèå (7) ìîæåò áûòü ïðåîáðàçîâàíî 

ê âèäó:

 
1

( ) 1( ) .
( ) ( ) ( 1)M

E

I pW p
U p E p R T p

 
 

  (12)

Èñõîäíàÿ ñòðóêòóðíàÿ ñõåìà ñèñòåìû äî-
ïîëíåíà çâåíüÿìè, îòðàæàþùèìè äèíàìè÷å-
ñêèå ñâîéñòâà ËÄÏÒ:

 

2

2 2
1 2

( )( ) .
( ) 1
p p CW p

F p T p T p


 
 Ó

M

  (13)

è ïðèâåäåíà íà ðèñ. 6.

Ðèñ. 4. Ãðàôèê çàâèñèìîñòè 
m
 

îò êîýôôèöèåíòà çàòóõàíèÿ ξ

Ðèñ. 5. Ãðàôèê çàâèñèìîñòè ìàêñèìàëüíîãî 
çíà÷åíèÿ A

m
 îò êîýôôèöèåíòà çàòóõàíèÿ ξ

Ðèñ. 6. Ñòðóêòóðíàÿ ñõåìà ñèñòåìû âèáðîçàùèòû ñ ËÄÏÒ è äîïîëíèòåëüíûìè äèíàìè÷åñêèìè çâåíüÿìè



Ðàíäèí Ä.Ã., Òóëóïîâ Ï.Â.
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Íà îñíîâàíèè ïðèâåäåííîé ñòðóêòóðû ïî-
ëó÷åíà ÏÔ îáúåêòà óïðàâëåíèÿ, óñòàíàâëèâà-
þùàÿ âçàèìîñâÿçü ìåæäó óñêîðåíèåì  è ìåõà-
íè÷åñêîé ñèëîé F

M
, ñîçäàâàåìîé äâèãàòåëåì.

Äëÿ îðãàíèçàöèè àêòèâíîé (çàìêíóòîé) 
ñèñòåìû âèáðîçàùèòû ñòðóêòóðà äîïîëíåíà 
öåïüþ îòðèöàòåëüíîé îáðàòíîé ñâÿçè (ïîêàçàíà 
ïóíêòèðíîé ëèíèåé), âêëþ÷àþùåé: áåçûíåðöè-
îííûé äàò÷èê óñêîðåíèé ñ êîýôôèöèåíòîì ïå-
ðåäà÷è k

s
, ðåãóëÿòîðîì ñ ÏÔ W

R
(p) è óïðàâëÿ-

åìûì ïðåîáðàçîâàòåëåì ñ ÏÔ W
u
(p) = k

U
. 

Âíóòðåííåé îáðàòíîé ñâÿçüþ ïî ÝÄÑ äâè-
ãàòåëÿ ïðè ñèíòåçå ñèñòåì ýëåêòðîïðèâîäà 
îáû÷íî ïðåíåáðåãàþò. Áåç ó÷åòà ñâÿçè ïî ÝÄÑ 
äâèãàòåëÿ ÏÔ êîíòóðà îòðèöàòåëüíîé îáðàò-
íîé ñâÿçè àêòèâíîé ñèñòåìû âèáðîçàùèòû 
â ðàçîìêíóòîì ñîñòîÿíèè èìååò âèä:

  
( ) ( ) ( ) ,

1
OP

OP R
E

kW p W p W p
T p


Ó   (14)

ãäå êîýôôèöèåíò ïåðåäà÷è:

 
.S U

OP
k k kk RC Ô   (15)

Òðàäèöèîííûå ìåòîäû ñèíòåçà ðåãóëÿòîðîâ 
â çàìêíóòûõ ñèñòåìàõ [25] îðèåíòèðîâàíû íà îáå-
ñïå÷åíèå ïîêàçàòåëåé êà÷åñòâà ðåãóëèðîâàíèÿ 
ïî óïðàâëÿþùåìó âîçäåéñòâèþ. Â ðàññìàòðèâàå-
ìîé ñèñòåìå íàèáîëüøèé èíòåðåñ ïðåäñòàâëÿþò 
ïîêàçàòåëè êà÷åñòâà ïî âîçìóùàþùåìó âîçäåé-
ñòâèþ. Â ÷àñòíîñòè, çàäà÷ó ñèíòåçà ðåãóëÿòîðà 
ìîæíî ñôîðìóëèðîâàòü â âèäå: òðåáóåòñÿ âûáðàòü 
ðåãóëÿòîð, îáåñïå÷èâàþùèé ñíèæåíèå ìàêñè-
ìàëüíîãî çíà÷åíèÿ À×Õ â îáëàñòè ðåçîíàíñíîé 
÷àñòîòû, äî çàäàííîé âåëè÷èíû A

MAX
. 

Â âûðàæåíèè (3) çíà÷åíèå T
2
 < T

1
 è ìàêñè-

ìóì À×Õ îïðåäåëÿåòñÿ çíàìåíàòåëåì ÏÔ (3), à 
èìåííî: çíà÷åíèåì êîýôôèöèåíòà êîëåáàòåëü-
íîñòè ξ

1
.

Ó÷èòûâàÿ èçëîæåííîå, çàäàäèì æåëàå-
ìóþ ÏÔ çàìêíóòîé ñêîððåêòèðîâàííîé ñè-
ñòåìû â ôîðìå, àíàëîãè÷íîé âûðàæåíèþ (3), 
íî ñ íîâûì ýòàëîííûì çíà÷åíèåì ξ

0
 êîýôôè-

öèåíòà çàòóõàíèÿ, îáåñïå÷èâàþùåãî ñíèæåíèå 
A

MAX
 äî òðåáóåìîãî çíà÷åíèÿ:

 

2
2 2

1 0 1

1( )( ) .
( ) 2 1

T ppW p
p T p T p


 
   

Ç
Â  (16)

Äëÿ óäîáñòâà ïðîöåäóðû ñèíòåçà íà ðèñ. 7 
ïðåäñòàâëåíà ïðåîáðàçîâàííàÿ ñòðóêòóðíàÿ 
ñõåìà ñèñòåìû âèáðîçàùèòû ñ ËÄÏÒ, ãäå îáîá-
ùåííàÿ ÏÔ ðåãóëÿòîðà:

 1( ) ( ) ( ) ( ).OR OP R u MW p k W p W p W p  (17)

Äëÿ ñõåìû ñ îáîáùåííûì ðåãóëÿòîðîì ïî-
ëó÷åíà ÏÔ çàìêíóòîé ñèñòåìû:

 

1

1

( )( ) ,
( ) ( )OR

W pW p
m W p W p 
 

 (18)

ãäå  0
1 2( ) ,p CW p

p
 


 

 (19)

êîòîðàÿ äîëæíà áûòü ðàâíà æåëàåìîé ÏÔ 
ïî âûðàæåíèþ (16).

Èç ÏÔ (18), ñ ó÷åòîì âûðàæåíèé (12), (13), 
(14), (15), ïîëó÷åíà îáîáùåííàÿ ñòðóêòóðà ðå-
ãóëÿòîðà:

 

1 1 0

2

2 ( )( ) .
1OR

TW p
T p
  


  

(20)

Äîïîëíÿÿ ñòðóêòóðó çàìêíóòîé ñèñòåìû 
äèíàìè÷åñêèìè çâåíüÿìè, îòðàæàþùèìè ñâîé-
ñòâà äàò÷èêà è èñïîëíèòåëüíîãî ìåõàíèçìà, 
ïîëó÷èì ÏÔ äëÿ ðåàëüíîãî ðåãóëÿòîðà çàì-
êíóòîé ñèñòåìû:

 

1 1 0

2

3 2
3 2 1 0

2 ( )( )
1

.

R
TW p
T p

a p a p a p a
p

   
   

   
 
 

 (21)

ãäå 2
3 1 ,Ea T T 2 1 1(2 ),Ea TT m  

1 1 1(2 ),E Ea TT T    0 1.a 
Ñ ó÷åòîì ÷èñëåííûõ çíà÷åíèé, õàðàêòåðíûõ 

äëÿ ðåàëüíûõ îáúåêòîâ 80m   êã, 15 ,C 
êH

ì
 

0 455 ,   êÏà ñ ì 0,02,ET   46,67 10OPk
   è 

ïðè æåëàåìîì çíà÷åíèè ñíèæåíèÿ àìïëèòóäû 
âèáðîóñêîðåíèé îáúåêòà A

m
 = 1,3, îïðåäåëåíû 

÷èñëåííûå çíà÷åíèÿ êîýôôèöèåíòîâ ðåãóëÿòî-
ðà (21): 4

3 1,1 10 ,a    2 0,01,a  1 0,1,a  0 1.a 

Ìîäåëèðîâàíèå äèíàìèêè 
ñèñòåìû âèáðîçàùèòû
Íà ðèñ. 8 ïðåäñòàâëåíû àìïëèòóäíûå ÷à-

ñòîòíûå õàðàêòåðèñòèêè (À×Õ) èñõîäíîé 
ðàçîìêíóòîé ñèñòåìû (êðèâàÿ 1), çàìêíóòîé 

Ðèñ. 7. Ïðåîáðàçîâàííàÿ ñòðóêòóðíàÿ ñõåìà 
ñèñòåìû âèáðîçàùèòû ñ ËÄÏÒ
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ñèñòåìû âèáðîçàùèòû ñ ðåãóëÿòîðîì (21) 
(êðèâàÿ 3). Äîïîëíèòåëüíî íà ðèñ. 8 ïðåäñòàâ-
ëåíà À×Õ ðåãóëÿòîðà (êðèâàÿ 2), ñòðóêòóðà 
êîòîðîãî ïîëó÷åíà àâòîðàìè â ðàáîòå [6]. Ýòîò 
ðåãóëÿòîð ñèíòåçèðîâàí èñõîäÿ èç óñëîâèÿ æå-
ëàåìîãî âèäà ËÀÕ çàìêíóòîé ñèñòåìû.

Îöåíêà ýôôåêòèâíîñòè àêòèâíîé ñèñòåìû 
âèáðîçàùèòû ïðîâåäåíà íà îñíîâå ñðàâíåíèÿ 
åå õàðàêòåðèñòèê ñ õàðàêòåðèñòèêàìè èñõîä-
íîé ïàññèâíîé ñèñòåìû. Äëÿ ýòîãî ââåäåí ïî-
êàçàòåëü A*, îïðåäåëÿåìûé ïî âûðàæåíèþ

* max

max
,

P

a
AA A

ãäå max
PA  – ìàêñèìàëüíîå çíà÷åíèå À×Õ â èñ-

õîäíîé ðàçîìêíóòîé ñèñòåìå; max
aA  – ìàêñè-

ìàëüíîå çíà÷åíèå À×Õ â ñêîððåêòèðîâàííîé 
ñèñòåìå.

Êàê ñëåäóåò èç ïðåäñòàâëåííûõ íà ðèñ. 8 
õàðàêòåðèñòèê, íàèáîëüøóþ ýôôåêòèâíîñòü 
îáåñïå÷èâàåò çàìêíóòàÿ ñèñòåìà âèáðîçàùè-
òû ñ ðåãóëÿòîðîì (21), äëÿ êîòîðîé ïîêàçàòåëü 
A* = 1,8. Íàèìåíüøóþ èç ðàññìàòðèâàåìûõ 
ñèñòåì îáåñïå÷èâàåò ñèñòåìà âèáðîçàùèòû 
ñ ðåãóëÿòîðîì [6], äëÿ êîòîðîé ïîêàçàòåëü 
A* = 1,4. Ñðàâíèòåëüíî íèçêàÿ ýôôåêòèâíîñòü 
ðåãóëÿòîðà [6] îáúÿñíÿåòñÿ óïðîùåíèåì ìàòå-
ìàòè÷åñêèõ ìîäåëåé äèíàìè÷åñêèõ çâåíüåâ, 
èñïîëüçîâàííûõ ïðè ñèíòåçå.

Îáñóæäåíèå ðåçóëüòàòîâ 
è ðåêîìåíäàöèè 
ïî èõ èñïîëüçîâàíèþ
Â íàñòîÿùåé ñòàòüå ïîëó÷åíà ñòðóêòóðà 

ðåãóëÿòîðà, îáåñïå÷èâàþùåãî çàäàííûå ðå-
çîíàíñíûå ñâîéñòâà âèáðîçàùèòû. Ñòðóêòóðà 
ðåãóëÿòîðà ïîëó÷åíà ïî ìåòîäèêå, îòëè÷àþ-
ùåéñÿ îò èçâåñòíûõ [25] òåì, ÷òî íå ó÷èòûâàåò 
òðåáóåìûå ïîêàçàòåëè ïåðåõîäíîãî ïðîöåññà 
(æåëàåìîå âðåìÿ ïåðåõîäíîãî ïðîöåññà è ïå-
ðåðåãóëèðîâàíèå). Òåì íå ìåíåå, ðåàëèçàöèÿ 

ñòðóêòóðà ïîëó÷åííîãî ðåãóëÿòîðà (21) ñòàë-
êèâàåòñÿ ñ íåêîòîðûìè çàòðóäíåíèÿìè, ïî-
ñêîëüêó ïðîèçâîäíûå âûñîêîãî ïîðÿäêà (âûøå 
âòîðîé) òåõíè÷åñêè ðåàëèçîâàòü ñëîæíî. Ýòî 
ñâÿçàíî ñ îïåðàöèÿìè èäåàëüíîãî äèôôåðåíöè-
ðîâàíèÿ. Â ñâÿçè ñ ýòèì àâòîðàìè ñòàòüè ïðî-
âåäåíà îöåíêà âîçìîæíîñòè óïðîùåíèÿ ñòðóê-
òóðû ðåãóëÿòîðà. Êàê ïîêàçàë ïðîâåäåííûé 
àíàëèç, êîýôôèöèåíò a

3
 ðåãóëÿòîðà çíà÷èòåëü-

íî ìåíüøå îñòàëüíûõ êîýôôèöèåíòîâ. Â ñâÿçè 
ñ ýòèì äîïîëíèòåëüíî â èíæåíåðíûõ ïðîãðàì-
ìàõ îöåíåíà âîçìîæíîñòü åãî ïðèðàâíèâàíèÿ 
ê íóëþ. Ðåçóëüòàòû ïîêàçàëè, ÷òî óõóäøå-
íèå ðåçîíàíñíûõ ñâîéñòâ íå ïðåâûøàåò 10 % 
îò ìàêñèìàëüíîé àìïëèòóäû À×Õ A

m
. Ïîýòîìó 

äëÿ îáúåêòîâ, ó êîòîðûõ â ðàáîòå ïðåîáëàäàþò 
ðåçîíàíñíûå ÷àñòîòû âîçìóùåíèÿ (íàïðèìåð, 
ñòàöèîíàðíîå ìåòàëëîîáðàáàòûâàþùåå îáîðó-
äîâàíèå èëè îïòèêî-ìåõàíè÷åñêèå êîìïëåêñû) 
óïðîùåííàÿ ñòðóêòóðà ðåãóëÿòîðà (21) ìîæåò 
áûòü èñïîëüçîâàíà. Ðåãóëÿòîð, ïîëó÷åííûé 
â ðàáîòàõ àâòîðà [6], ìîæåò áûòü èñïîëüçîâàí 
äëÿ îáúåêòîâ ñ íåâûñîêèìè òðåáîâàíèÿìè ê êà-
÷åñòâó âèáðîçàùèòû.

Âûâîäû
Â ïðåäëàãàåìîé ñòàòüå ðàññìîòðåíà ñèñòå-

ìà àêòèâíîé âèáðîçàùèòû ñ èñïîëíèòåëüíûì 
ýëåêòðîòåõíè÷åñêèì ýëåìåíòîì â âèäå ëèíåé-
íîãî äâèãàòåëÿ ïîñòîÿííîãî òîêà. Äëÿ ïðè-
íÿòîé ðàñ÷åòíîé ñõåìû êîëåáàòåëüíîé ñèñòå-
ìû ýêâèâàëåíòíîé àâòîìîáèëþ ïðåäñòàâëåíû 
óðàâíåíèÿ äèíàìèêè. Ïðåäñòàâëåíû ìàòåìà-
òè÷åñêèå ìîäåëè çâåíüåâ ñèñòåìû âèáðîçàùè-
òû. Ðàçðàáîòàíà ñòðóêòóðà çàìêíóòîé ïî âè-
áðîóñêîðåíèþ çàùèùàåìîãî îáúåêòà ñèñòåìû. 
Ñèíòåçèðîâàíà ñòðóêòóðà ðåãóëÿòîðà ïî óñëî-
âèþ çàäàííûõ ðåçîíàíñíûõ ñâîéñòâ ñèñòåìû 
âèáðîçàùèòû, îòëè÷àþùàÿñÿ îò ïîëó÷åííûõ 
ðàíåå ñ ó÷àñòèåì àâòîðîâ òåì, ÷òî ó÷èòûâàåò 
èíåðöèîííîñòè äèíàìè÷åñêèõ çâåíüåâ. Ïî ðå-

Ðèñ. 8. À×Õ àêòèâíîé ñèñòåìû âèáðîçàùèòû
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çóëüòàòàì ìîäåëèðîâàíèÿ ñôîðìóëèðîâàíû 
ðåêîìåíäàöèè ïî èñïîëüçîâàíèþ ðåãóëÿòîðîâ.
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STUDY OF THE EFFECTIVENESS OF THE ELECTROMECHANICAL SYSTEM 
OF ACTIVE VIBRATION PROTECTION OF A VEHILE WITH VARIOUS REGULATORS

PhD in Engineering D.G. Randin, PhD in Engineering P.V. Tulupov
Samara State Technical University, Samara, Russia 

em@samgtu.ru

The article considers a single-mass vibration protection system with an executive electromechanical 
device. The relevance of the research direction and the current state of its knowledge are presented. It 
is proved that in comparison with the controlled elements of viscous resistance, the controlled stiffeners 
provide the best quality of vibration protection. The prospects for the use of controlled electromechanical 
stiffeners are emphasized. The paper considers an actuator in the form of a linear DC motor. Examples 
of the use of active vibration protection systems with linear electric machines are given. In particular, an 
example of using as suspension of the vehicle is provided. The advantages and most significant draw-
backs of such suspensions, which hinder their mass introduction, are indicated. The design scheme of 
a single-mass oscillatory system with parallel installation of a viscous friction element and a stiffener is 
presented. It is substantiated that, taking into account the accepted assumptions, the presented scheme 
is equivalent to vehicle suspensions. It is proposed to use a magnetorheological vibration damper as a 
controlled element of viscous resistance. The analysis of the state of the issue of active vibration pro-
tection systems with magnetorheological vibration dampers is given. The structure of closed by vibration 
acceleration of vibroprotection system protected object is developed. There are presented the mathe-
matical models of its functionally necessary elements: vibration sensor, vibration protection system along 
the disturbance and control channel, linear DC motor. A technique for synthesizing a correction device 
that provides the desired resonant properties of a closed system is proposed. The results of simulation 
modeling of an active vibration protection system with a regulator synthesized according to the proposed 
technique and a regulator, the structure of which was obtained in the author’s previous works, are pre-
sented. Based on the obtained results, the conclusions on the presented materials are drawn and rec-
ommendations on the use of regulators are formulated.

Keywords: vibration protection system, linear DC motor, regulator, closed system, controlled suspen-
sion, single-mass vibration system, vibration protection system efficiency, amplitude frequency response, 
vibration protection efficiency criterion.


