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Öåëüþ ðàáîòû ÿâëÿåòñÿ ðàñêðûòèå íåî÷åâèäíûõ íåäîñòàòêîâ àêòèâíî-ðåêóïåðàòèâíîé ïîäâåñêè, 
à òàêæå îáîçíà÷åíèå âîçìîæíûõ âàðèàíòîâ áîðüáû ñ íèìè. Òàêèìè ïðîáëåìàìè ÿâëÿþòñÿ îïàñ-
íîñòü ïðîáîÿ ïîäâåñêè â àêòèâíîì ðåæèìå, íåâîçìîæíîñòü ðàáîòû â ðåêóïåðàòèâíîì ðåæèìå 
ïðè ñêîðîñòè äåôîðìàöèè ïîäâåñêè íèæå ïîðîãîâîé, ðàáîòà ñèñòåìû â ðåæèìå ðàñêà÷êè. Íîâèç-
íà ðàáîòû çàêëþ÷àåòñÿ â òîì, ÷òî ðàíåå ýòè àñïåêòû ôóíêöèîíèðîâàíèÿ àêòèâíî-ðåêóïåðàòèâíîé 
ñèñòåìû ïîäðåññîðèâàíèÿ íå ðàññìàòðèâàëèñü. Ïðîáëåìà ïîâûøåííîãî ðèñêà ïðîáîÿ ïîäâåñêè 
çàêëþ÷àåòñÿ â òîì, ÷òî â àêòèâíîì ðåæèìå äåôîðìèðîâàíèå óïðóãîãî óñòðîéñòâà ïðîèñõîäèò 
íå òîëüêî çà ñ÷åò ðàáîòû âíåøíåãî âîçìóùåíèÿ (íåðîâíîñòåé äîðîãè), íî è çà ñ÷åò ðàáîòû, ñî-
âåðøåííîé àêòóàòîðîì. Â êà÷åñòâå ðåøåíèé ïðåäëàãàþòñÿ: ïðàâèëüíûé ïîäáîð ïàðàìåòðîâ ñè-
ñòåìû; ñáîð äîïîëíèòåëüíîé èíôîðìàöèè î ïðîôèëå íåðîâíîñòè; ââåäåíèå ïðåâåíòèâíûõ ìåð 
â àëãîðèòì óïðàâëåíèÿ. Ïðîáëåìà íåâîçìîæíîñòè ðàáîòû â ðåêóïåðàòèâíîì ðåæèìå ïðè ñêîðîñòè 
äåôîðìàöèè ïîäâåñêè íèæå ïîðîãîâîé çàêëþ÷àåòñÿ â òîì, ÷òî ýëåêòðîäâèæóùàÿ ñèëà èíäóêöèè 
íà îáìîòêå ðîòîðà íà ìàëûõ ñêîðîñòÿõ ìîæåò áûòü íèæå ïîðîãîâîãî íàïðÿæåíèÿ çàðÿäêè íà êëåì-
ìàõ íàêîïèòåëÿ ýíåðãèè. Â êà÷åñòâå ðåøåíèé ïðåäëàãàþòñÿ: ñóõîå òðåíèÿ â ïîäâåñêå; ââåäåíèå 
â êîíñòðóêöèþ ïîäâåñêè àìîðòèçàòîðà ñ âûðàæåííîé äåãðåññèâíîñòüþ õàðàêòåðèñòèêè; ñíèæåíèå 
ïîðîãîâîãî íàïðÿæåíèÿ çàðÿäêè ñ ïîìîùüþ ðàçäåëåíèÿ öåïåé ïèòàíèÿ è çàðÿäêè ñ èñïîëüçîâàíè-
åì ïðåîáðàçîâàòåëÿ íàïðÿæåíèÿ; ââåäåíèå «öåïè ðàññåèâàíèÿ» â öåïü ÿêîðÿ; îïòèìàëüíîå óïðàâ-
ëåíèåì öåïüþ âîçáóæäåíèÿ. Ïðîáëåìà ðàáîòû ñèñòåìû â ðåæèìå ðàñêà÷êè çàêëþ÷àåòñÿ â òîì, 
÷òî ïðè îïðåäåëåííûõ óñëîâèÿõ ÷åðåç àêòóàòîð â êîëåáàòåëüíóþ ñèñòåìó ïîäâîäèòñÿ ýíåðãèÿ, 
â ðåçóëüòàòå ÷åãî ïðîèñõîäèò ïîñòåïåííîå óâåëè÷åíèå àìïëèòóäû êîëåáàíèé. Â êà÷åñòâå ðåøå-
íèé ïðåäëàãàåòñÿ: ââîä äîïîëíèòåëüíîãî äåìïôåðà èëè îáðàòíîé ñâÿçè ïî ñêîðîñòè äåôîðìàöèè 
ïîäâåñêè.
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Ââåäåíèå
Íåñìîòðÿ íà òî, ÷òî èññëåäîâàíèÿ â îáëàñòè 

ðåêóïåðàòèâíûõ [1, 2, 3, 4, 5] è àêòèâíûõ [6, 7] 
ïîäâåñîê íà÷àëèñü äîñòàòî÷íî äàâíî, à òàêæå 
áûëè ïðåäëîæåíû âàðèàíòû ñîâìåùåíèÿ ýòèõ 
èäåé [8], êîíñòðóêöèè òàêîãî ðîäà äî ñèõ ïîð 
íå ïîëó÷èëè øèðîêîãî ðàñïðîñòðàíåíèÿ 
â àâòîìîáèëåñòðîåíèè. Ýòî ñâèäåòåëüñòâó-
åò î íàëè÷èè ïðîáëåì, âîçíèêàþùèõ ïðè èñ-
ïîëüçîâàíèè ïîäîáíûõ ñèñòåì. Â ýòîé ñòàòüå 
ðàññìàòðèâàþòñÿ ïðîáëåìû, îáóñëîâëåííûå 
îñîáåííîñòÿìè ïðèíöèïîâ óïðàâëåíèÿ, êîòî-
ðûå ïðèìåíÿþòñÿ â àêòèâíûõ ñèñòåìàõ ïîä-
ðåññîðèâàíèÿ, à òàêæå ïðåäëàãàþòñÿ ïóòè ðå-
øåíèÿ.

Öåëü èññëåäîâàíèÿ
Öåëüþ ðàáîòû ÿâëÿåòñÿ ðàñêðûòèå íåî÷å-

âèäíûõ íåäîñòàòêîâ àêòèâíî-ðåêóïåðàòèâíîé 

ïîäâåñêè, à òàêæå îáîçíà÷åíèå âîçìîæíûõ âà-
ðèàíòîâ áîðüáû ñ íèìè.

Ìàòåðèàëû è ìåòîäû èññëåäîâàíèÿ
Èññëåäîâàíèå ñâîéñòâ àêòèâíî-ðåêóïåðà-

òèâíîé ñèñòåìû ïîäðåññîðèâàíèÿ ïðîèçâîäèò-
ñÿ â ñðåäå «MATLAB» ñ ïîìîùüþ ìàòåìàòè-
÷åñêîé ìîäåëè, îñíîâàííîé íà äâóõìàññîâîé 
ðàñ÷åòíîé ñõåìå (ðèñ. 1) è ñëåäóþùèõ óðàâíå-
íèÿõ äâèæåíèÿ:
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ãäå 1q , 2q  – âòîðûå ïðîèçâîäíûå (óñêîðå-
íèÿ) âåðòèêàëüíûõ êîîðäèíàò, ñîîòâåòñòâåí-
íî, ïîäðåññîðåííîé è íåïîäðåññîðåííîé 
ìàññ; 161M   êã – ïîäðåññîðåííàÿ ìàññà; 

39m   êã – íåïîäðåññîðåííàÿ ìàññà; g  – óñêî-



15Izvestiya MGTU «MAMI», ¹ 3(45), 2020

Zamyslov V.M., Yesakov A.E.
Problems of using active-recuperative suspension and ways to solve them

ðåíèå ñâîáîäíîãî ïàäåíèÿ; F
sp

 – ñèëà, äåé-
ñòâóþùàÿ ñî ñòîðîíû óïðóãîãî óñòðîéñòâà; 

tyreF  – ñèëà, äåéñòâóþùàÿ ñî ñòîðîíû øèíû; 

emsF  – ñèëà, äåéñòâóþùàÿ ñî ñòîðîíû àêòóàòîðà.

Ðèñ. 1. Ðàñ÷åòíàÿ ñõåìà, èñïîëüçóåìàÿ 
ïðè ìîäåëèðîâàíèè

Çàâèñèìîñòè, ñ ïîìîùüþ êîòîðûõ âû÷èñëÿ-
þòñÿ ñèëû, äåéñòâóþùèå ñî ñòîðîíû ïðóæèíû, 
øèíû, àêòóàòîðà, à òàêæå âåëè÷èíà âîçìóùà-
þùåãî âîçäåéñòâèÿ, íåñêîëüêî áîëåå ñëîæíû, 
÷åì ïðÿìàÿ ïðîïîðöèîíàëüíîñòü, è ìû 
íå áóäåì èõ ðàññìàòðèâàòü â ðàìêàõ äàííîé 
ñòàòüè. Òåì íå ìåíåå, ïðè ñðåäíèõ çíà÷åíèÿõ 
äåôîð ìàöèè è ñêîðîñòè äåôîðìàöèè ïîäâåñêè 
è øèíû çàâèñèìîñòè áëèçêè ê ëèíåéíûì:

2 1( )sp c qF q  ;

,tyreF c b   ø ø ø ø


ãäå 1q  – âåðòèêàëüíàÿ êîîðäèíàòà ïîäðåññî-
ðåííîé ÷àñòè; 2q  – âåðòèêàëüíàÿ êîîðäèíàòà 
íåïîäðåññîðåííîé ÷àñòè; 192500c ø  Í/ì – 
æåñòêîñòü øèíû; 500b ø  Í·ñ/ì – êîýôôè-
öèåíò ñîïðîòèâëåíèÿ øèíû; 12000c   Í/ì – 
æåñòêîñòü ïîäâåñêè; 2( )y x q  ø  – äåôîðìà-
öèÿ øèíû ïðè âåðòèêàëüíîé êîîðäèíàòå ïðî-
ôèëÿ äîðîãè ( )y x .

Äðóãèå ïàðàìåòðû ìîäåëèðóåìîé ñèñòåìû: 
õîä ïîäâåñêè íà ñæàòèå – 0,1 ì; õîä ïîäâåñêè 
íà îòáîé – 0,11 ì; ñêîðîñòü äâèæåíèÿ 10V   ì/ñ.

Ðåçóëüòàòû èññëåäîâàíèÿ

Ïðîáëåìà ïîâûøåííîãî ðèñêà ïðîáîÿ
Â çàðóáåæíûõ ïóáëèêàöèÿõ [3, 4], êàê ïðà-

âèëî, ôèãóðèðóþò äâà ïðèíöèïà óïðàâëåíèÿ 
àêòèâíîé ïîäâåñêîé: skyhook è groundhook. 
Ïåðâûé íàïðàâëåí íà îáåñïå÷åíèå íåïîäâèæ-
íîñòè êóçîâà â âåðòèêàëüíîì íàïðàâëåíèè 
îòíîñèòåëüíî ïðîñòðàíñòâà. Âòîðîé – íà îáå-
ñïå÷åíèå ïîñòîÿíñòâà ðàäèàëüíîé äåôîðìàöèè 
øèíû.

×àñòî óñèëèå, ðåàëèçóåìîå óñòðîéñòâîì, 
âû÷èñëÿåòñÿ íà îñíîâå àíàëèçà âåðòèêàëüíûõ 
ñêîðîñòåé ïîäðåññîðåííîé è íåïîäðåññîðåí-
íîé ÷àñòåé [3, 4]. Òàêæå èñïîëüçóåòñÿ âû÷èñ-
ëåíèå òðåáóåìîãî óñèëèÿ èñõîäÿ èç óñêîðåíèé 
ýòèõ ÷àñòåé èëè, ÷òî áëèçêî ïî ñìûñëó, èñõîäÿ 
èç ñèë, äåéñòâóþùèõ íà íèõ [7]. Îáùèì â ýòèõ 
ïîäõîäàõ ÿâëÿåòñÿ òî, ÷òî óïðàâëåíèå íàïðàâ-
ëåíî íà òî, ÷òîáû ñâåñòè ê íóëþ îöåíèâàåìóþ 
âåëè÷èíó: ñêîðîñòü èëè óñêîðåíèå.

Ðàññìîòðèì, êàê ïîâåäåò ñåáÿ ïîäâåñêà 
ñ òàêèì óïðàâëåíèåì ïðè ïðåîäîëåíèè åäèíè÷-
íîé íåðîâíîñòè. Áóäåì ñ÷èòàòü, ÷òî ïðèìåíÿ-
åòñÿ ïðèíöèï óïðàâëåíèÿ skyhook, à ñèñòåìà 
ïîäðåññîðèâàíèÿ èäåàëüíà, òî åñòü èìååò íå-
îãðàíè÷åííûé õîä ïîäâåñêè è íåîãðàíè÷åííóþ 
ìîùíîñòü àêòóàòîðà (ýëåêòðè÷åñêîãî, ãèäðàâ-
ëè÷åñêîãî, ïíåâìàòè÷åñêîãî èëè äðóãîãî òèïà 
èñïîëíèòåëüíîãî ìåõàíèçìà, âêëþ÷åííîãî 
â êîëåáàòåëüíóþ ñèñòåìó è ñïîñîáíîãî ê ñîç-
äàíèþ àêòèâíûõ ñèë). 

Â ñëó÷àå, êîãäà íåðîâíîñòü ìàëà, óñòðîé-
ñòâî ïîçâîëÿåò ñâåñòè ñóììó ñèë, äåéñòâóþ-
ùèõ íà ïîäðåññîðåííóþ ÷àñòü ê íóëþ, ÷òî, íå-
ñîìíåííî, ïîâûøàåò ïëàâíîñòü õîäà (ðèñ. 2). 
Îòìåòèì, ÷òî ñèñòåìà ïîäðåññîðèâàíèÿ íå ïî-
ëó÷àåò ýíåðãèè îò ïîâåðõíîñòè äîðîãè, îíà ïî-
ñòàâëÿåòñÿ (à çàòåì îòâîäèòñÿ) îò èñòî÷íèêà 
ïèòàíèÿ ÷åðåç àêòóàòîð.

Ïðîôèëü íåðîâíîñòè íà ðèñ. 2 îïèñûâàåòñÿ 
çàâèñèìîñòüþ:

   00,05siny x x x     ,

ãäå x  – ãîðèçîíòàëüíàÿ êîîðäèíàòà ïðîôè-
ëÿ äîðîãè; 0x  – ãîðèçîíòàëüíàÿ êîîðäèíàòà 
íà÷àëà íåðîâíîñòè.

Ïðîáëåìà ïðèìåíåíèÿ àêòèâíîé ïîäâå-
ñêè ñ óïðàâëåíèåì ïî ïðèíöèïàì skyhook 
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è groundhook äàæå ïðè íàëè÷èè àêòóàòîðà íå-
îãðàíè÷åííîé ìîùíîñòè, íî îãðàíè÷åííîãî 
õîäà ïîäâåñêè ïðîÿâëÿåòñÿ ïðè ïðîåçäå íåðîâ-
íîñòåé, âûñîòà êîòîðûõ áîëüøå, ÷åì õîä ïîä-
âåñêè íà ñæàòèå. Äàëåå, ìû áóäåì íàçûâàòü 
òàêóþ íåðîâíîñòü êðóïíîé. Â ýòîì ñëó÷àå 
â îïðåäåëåííûé ìîìåíò íàñòóïàåò ïðîáîé ïîä-
âåñêè (ðèñ. 3), ïðè÷åì ñæàòèå äî ýòîãî ïðîèñ-
õîäèëî íå çà ñ÷åò ýíåðãèè, ïîäâåäåííîé îò ïî-

âåðõíîñòè äîðîãè, à çà ñ÷åò ðàáîòû àêòóàòîðà. 
Òàêèì îáðàçîì, â ìîìåíò ïðîáîÿ ïîäðåññîðåí-
íîé ÷àñòè òîëüêî ïðåäñòîèò ïðèäàòü íóæíóþ 
äëÿ ïðåîäîëåíèÿ ïðåïÿòñòâèÿ âåðòèêàëüíóþ 
êîîðäèíàòó, ïîñêîëüêó äî ïðîáîÿ êóçîâ áûë íå-
ïîäâèæåí â âåðòèêàëüíîì íàïðàâëåíèè.

Â ðåçóëüòàòå èìååì çíà÷èòåëüíûå âåëè÷è-
íû âåðòèêàëüíîãî óñêîðåíèÿ ïîäðåññîðåííîé 
÷àñòè, ÷òî îçíà÷àåò ðåçêîå óõóäøåíèå ïëàâíî-

Ðèñ. 2. Ðåçóëüòàòû ìîäåëèðîâàíèÿ ïðîöåññà ïðåîäîëåíèÿ åäèíè÷íîé íåðîâíîñòè 
ïðè óïðàâëåíèè èäåàëüíîé ñèñòåìîé ïîäðåññîðèâàíèÿ ïî ïðèíöèïó skyhook

Ðèñ. 3. Ðåçóëüòàòû ìîäåëèðîâàíèÿ ïðîöåññà ïðåîäîëåíèÿ åäèíè÷íîé íåðîâíîñòè, 
âûñîòîé áîëåå õîäà ïîäâåñêè íà ñæàòèå, ïðè óïðàâëåíèè ñèñòåìîé ïîäðåññîðèâàíèÿ ïî ïðèíöèïó skyhook
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ñòè õîäà – ðåçóëüòàò, îáðàòíûé òîìó, ê êîòîðî-
ìó ìû ñòðåìèëèñü.

Ïðîôèëü íåðîâíîñòè íà ðèñ. 3, 4, 5 îïèñûâà-
åòñÿ çàâèñèìîñòüþ:

   00,0105siny x x x     .

Ïðåäëàãàåìûå ìåðû ïî ñíèæåíèþ ðèñêà 
ïðîáîÿ àêòèâíîé ïîäâåñêè.

1. Óâåëè÷åíèå äîïóñêàåìîãî âåðòèêàëüíîãî 
óñêîðåíèÿ ñ óâåëè÷åíèåì ñæàòèÿ ïîäâåñêè.

Êàê áûëî îïèñàíî âûøå, ìàëûå íåðîâíî-
ñòè íå íåñóò óãðîçû ïðîáîÿ ïîäâåñêè, è íà íèõ 
áûëî áû öåëåñîîáðàçíî èñïîëüçîâàòü âñå âîç-
ìîæíûå ñðåäñòâà ïîâûøåíèÿ ïëàâíîñòè õîäà, 
à íà êðóïíûõ íåðîâíîñòÿõ íà ïåðâûé ïëàí âû-
õîäèò ýíåðãîåìêîñòü ïîäâåñêè. Îíà ïîâûøàåò-

Ðèñ. 4. Ðåçóëüòàòû ìîäåëèðîâàíèÿ ïðîöåññà ïðåîäîëåíèÿ åäèíè÷íîé íåðîâíîñòè ïðè êîýôôèöèåíòå 
ñîïðîòèâëåíèÿ äåìïôèðóþùåãî óñòðîéñòâà ïîäâåñêè ðàâíîì 400 Í·ñ/ì

Ðèñ. 5. Ðåçóëüòàòû ìîäåëèðîâàíèÿ ïðîöåññà ïðåîäîëåíèÿ åäèíè÷íîé íåðîâíîñòè ïðè êîýôôèöèåíòå 
ñîïðîòèâëåíèÿ äåìïôèðóþùåãî óñòðîéñòâà ïîäâåñêè ðàâíîì 1700 Í·ñ/ì
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Çàìûñëîâ Â.Ì., Åñàêîâ À.Å.
Ïðîáëåìû ïðèìåíåíèÿ àêòèâíî-ðåêóïåðàòèâíîé ïîäâåñêè è ïóòè èõ ðåøåíèÿ

ñÿ ñ óâåëè÷åíèåì æåñòêîñòè óïðóãîãî óñòðîé-
ñòâà. Â íàøåì ñëó÷àå àíàëîãîì æåñòêîñòè 
ÿâëÿåòñÿ êîýôôèöèåíò îáðàòíîé ñâÿçè ïî îò-
êëîíåíèþ äåôîðìàöèè ïîäâåñêè îò åå çíà÷åíèÿ 
â ñòàòè÷åñêîì ïîëîæåíèè, òàê êàê åãî ïîâûøå-
íèå âåäåò ê óâåëè÷åíèþ ñèë, ïðîïîðöèîíàëü-
íûõ îòíîñèòåëüíîìó ïåðåìåùåíèþ ïîäðåññî-
ðåííîé è íåïîäðåññîðåííîé ÷àñòåé.

Ïðè íåîãðàíè÷åííîé ìîùíîñòè àêòóàòîðà 
îòêëîíåíèå âåðòèêàëüíîãî óñêîðåíèÿ ïîäðåñ-
ñîðåííîé ìàññû îò íóëÿ áóäåò òåì áîëüøå, 
÷åì áîëüøå ýòîò êîýôôèöèåíò è äåôîðìàöèÿ 
ïîäâåñêè. Äëÿ ïîâûøåíèÿ ïëàâíîñòè õîäà 
íà ìàëûõ õîäàõ öåëåñîîáðàçíî äåëàòü íåáîëü-
øèì äàííûé êîýôôèöèåíò è èíòåíñèâíî åãî 
óâåëè÷èâàòü áëèæå ê êðàéíèì ïîëîæåíèÿì 
ïîäâåñêè. Âî èçáåæàíèå âëèÿíèÿ ìàêðîïðî-
ôèëÿ íà ïîëîæåíèå ïîäâåñêè â ñòàòèêå íåîá-
õîäèìî è íà ìàëûõ õîäàõ äåëàòü êîýôôèöèåíò 
îáðàòíîé ñâÿçè ïî îòêëîíåíèþ äåôîðìàöèè 
ïîäâåñêè îò ñòàòè÷åñêîãî çíà÷åíèÿ íåíóëåâûì.

2. Âêëþ÷åíèå â êîëåáàòåëüíóþ ñèñòåìó 
àìîðòèçàòîðà ñ ìàëûì êîýôôèöèåíòîì 
äåìïôèðîâàíèÿ.

Äåìïôèðîâàíèå îêàçûâàåò î÷åíü ñóùå-
ñòâåííîå âëèÿíèå íà çíà÷åíèå ìàêñèìàëüíîé 
âûñîòû íåðîâíîñòè, ïðåîäîëåâàåìîé àâòîìî-
áèëåì ïðè çàäàííîé ñêîðîñòè è äëèíå íåðîâ-
íîñòè áåç ïðîáîÿ ïîäâåñêè (ðèñ. 4, 5). Íàïðè-
ìåð, ïðè ìàëîì êîýôôèöèåíòå ñîïðîòèâëåíèÿ 
äåìïôèðóþùåãî óñòðîéñòâà ïîäâåñêè (ðèñ. 4) 
âèäíî, ÷òî õîä ïîäâåñêè íà ñæàòèå èñ÷åðïàí 
íà âåðøèíå íåðîâíîñòè, ÷òî îçíà÷àåò ïðîáîé 
ïîäâåñêè. Ïðè óâåëè÷åíèè ýòîãî êîýôôèöèåí-
òà (ðèñ. 5) ïðîáîé ìîæåò áûòü óñòðàíåí.

Âêëþ÷åíèå â àêòèâíóþ ñèñòåìó ïîäðåññîðè-
âàíèÿ àìîðòèçàòîðà ìàëîãî ñîïðîòèâëåíèÿ ïî-
çâîëèò íå ñîçäàâàòü áîëüøèõ ïîòåðü ïðè ðàáîòå 
ïîäâåñêè â îòñóòñòâèå êðóïíûõ íåðîâíîñòåé 
(ïðè ìàëûõ ñêîðîñòÿõ îòíîñèòåëüíîãî ïåðå-
ìåùåíèÿ ïîäðåññîðåííîé è íåïîäðåññîðåííîé 
÷àñòåé), íî ïðè ýòîì ïîëó÷èòü äîïîëíèòåëüíîå 
äåìïôèðîâàíèå ïðè èõ íàëè÷èè.

Àëüòåðíàòèâîé òàêîìó ðåøåíèþ ìîæåò âû-
ñòóïàòü ââåäåíèå îáðàòíîé ñâÿçè ïî ñêîðîñòè 
äåôîðìàöèè ïîäâåñêè. ×åì áîëüøå áóäåò êî-
ýôôèöèåíò òàêîé îáðàòíîé ñâÿçè, òåì áîëüøèé 
âêëàä áóäåò âíîñèòü èìåííî ñêîðîñòü äåôîðìà-
öèè ïîäâåñêè â ôîðìèðîâàíèå âûõîäíîé ñèëû 
àêòóàòîðà. Íàëè÷èå â óðàâíåíèè äâèæåíèÿ 
ñîñòàâëÿþùèõ, ïðîïîðöèîíàëüíûõ ñêîðîñòè 
è íàïðàâëåííûõ ïðîòèâ íåå, ñâèäåòåëüñòâó-
åò î íàëè÷èè äåìïôèðîâàíèÿ. Òàêèì îáðà-

çîì, ìîæíî ââåñòè äåìïôèðîâàíèå â ñèñòåìó, 
íå óñòàíàâëèâàÿ äîïîëíèòåëüíûõ ýëåìåíòîâ, 
à ëèøü âíîñÿ èçìåíåíèÿ â àëãîðèòì óïðàâëå-
íèÿ àêòóàòîðîì.

Ê òàêîìó ïîäõîäó, ñ îäíîé ñòîðîíû, ýëåê-
òðîìàøèíà ïðåäðàñïîëàãàåò çà ñ÷åò óâåëè-
÷åíèÿ ïðîòèâî-ÝÄÑ ñ óâåëè÷åíèåì ñêîðîñòè 
âðàùåíèÿ ðîòîðà. Ñ äðóãîé ñòîðîíû, ñîçäàíèå 
äèññèïàòèâíûõ ñèë íà ñêîðîñòÿõ íèæå ïîðî-
ãîâîé íåâîçìîæíî â ðåêóïåðàòèâíîì ðåæèìå, 
î ÷åì áóäåò ñêàçàíî ïîçæå.

3. Óñòàíîâêà íà ïåðåäíåì ñâåñå àâòîìî-
áèëÿ äàò÷èêà, ïîçâîëÿþùåãî îáíàðóæèòü 
êðóïíûå íåðîâíîñòè.

Ñóùåñòâóåò ðÿä ðåøåíèé, ïîçâîëÿþùèõ 
îïðåäåëèòü ðàññòîÿíèå îò êàêîé-ëèáî òî÷êè 
íà ïåðåäíåì ñâåñå äî ïîâåðõíîñòè äîðîãè. Èñ-
ïîëüçîâàíèå èíôîðìàöèè îò äàò÷èêà òàêîãî 
ðîäà áûëî áû ïîëåçíî äëÿ ðàáîòû àêòèâíîé 
ïîäâåñêè è áåç ðàññìîòðåíèÿ âûøåóêàçàííîé 
ïðîáëåìû, îäíàêî â ðåàëüíîñòè òàêèå èçìåðå-
íèÿ âûçûâàþò òðóäíîñòè: íåêîòîðûå äàò÷èêè 
íåäîñòàòî÷íî òî÷íû, íåêîòîðûå äîðîãè, íå-
êîòîðûå íå ïðèñïîñîáëåíû ê ðàçëè÷íûì ñî-
ñòîÿíèÿì ïîâåðõíîñòè äîðîãè. Â äîïîëíåíèå 
ê ýòîìó åñòü ïðîáëåìà äâèæåíèÿ àâòîìîáèëÿ 
â ïîâîðîòå, êîãäà òðàåêòîðèè äâèæåíèÿ êîëåñ 
è äàò÷èêîâ ðàçëè÷íû.

Îäíàêî òàêîìó äàò÷èêó íåîáõîäèìî ðåà-
ãèðîâàòü òîëüêî íà íåðîâíîñòè, âûñîòà êîòî-
ðûõ áîëüøå íåêîãî çíà÷åíèÿ, ñîèçìåðèìîãî 
ñ õîäîì ñæàòèÿ ïîäâåñêè. Ýòî îáñòîÿòåëüñòâî 
óñòðàíÿåò âñå, ïîìèìî ïîñëåäíåé ïðîáëåìû 
ïðèìåíåíèÿ òàêîãî ñåíñîðà.

4. Ïîäáîð ïàðàìåòðîâ ñèñòåìû.
Òàê êàê âåëè÷èíà ïèòàþùåãî íàïðÿæåíèÿ 

îãðàíè÷åíà, à óâåëè÷åíèå ñêîðîñòè äåôîðìà-
öèè ïîäâåñêè âûçûâàåò óâåëè÷åíèå ïðîòèâî-
ÝÄÑ íà îáìîòêàõ ÿêîðÿ, òî ïðè îïðåäåëåííîé 
ñêîðîñòè äåôîðìàöèè âìåñòî ðàçðÿäêè êîíäåí-
ñàòîðîâ ïèòàíèÿ ÿêîðÿ íà÷íåòñÿ èõ çàðÿäêà, 
÷òî îçíà÷àåò îòâîä ýíåðãèè èç êîëåáàòåëüíîé 
ñèñòåìû. Îäíàêî ÷òîáû òàêîé ïåðåõîä íå ïðî-
èñõîäèë áåç íàäîáíîñòè, íî òåì íå ìåíåå ïðî-
èñõîäèë ïðè ïðåâûøåíèè îïðåäåëåííîé ñêî-
ðîñòè äåôîðìàöèè, íåîáõîäèìî ïðàâèëüíî 
ïîäîáðàòü ïîä êîíêðåòíóþ ñèñòåìó ïîäðåññî-
ðèâàíèÿ ýëåêòðîìàøèíó, øàðèêî-âèíòîâóþ 
ïåðåäà÷ó, íàïðÿæåíèå ïèòàíèÿ è ïð., ïîñêîëü-
êó îò íèõ çàâèñèò, êàê ñîîòíîñèòñÿ ñêîðîñòü 
äåôîðìàöèè ïîäâåñêè è ñêîðîñòü âðàùåíèÿ 
ðîòîðà è ïðè êàêîé ñêîðîñòè âðàùåíèÿ ðîòîðà 
áóäåò ïðîèñõîäèòü ïåðåõîä.
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Zamyslov V.M., Yesakov A.E.
Problems of using active-recuperative suspension and ways to solve them

Ñòîèò îòìåòèòü, ÷òî ðàññìîòðåííûå ìåòîäû 
ðåøåíèÿ äàííîé ïðîáëåìû íå ïðîòèâîðå÷àò äðóã 
äðóãó, ÷òî îçíà÷àåò âîçìîæíîñòü èõ êîìáèíàöèè.

Ïðîáëåìà íåâîçìîæíîñòè ðàáîòû 
â ðåêóïåðàòèâíîì ðåæèìå ïðè ñêîðîñòè 
äåôîðìàöèè ïîäâåñêè íèæå ïîðîãîâîé.

Äîïóñòèì, ýëåêòðîìàãíèòíûé àêòóàòîð íà-
õîäèòñÿ â ðåêóïåðàòèâíîì ðåæèìå, ïîòîìó 
÷òî â äàííûé ìîìåíò íóæíî îòâîäèòü ýíåðãèþ 
èç êîëåáàòåëüíîé ñèñòåìû. Îáìîòêà ÿêîðÿ ïîä-
êëþ÷åíà ê êàêîé-ëèáî áàòàðåå, íà êëåììàõ êî-
òîðîé åñòü îïðåäåëåííîå íàïðÿæåíèå. Åãî íå-
îáõîäèìî ïðåîäîëåòü äëÿ òîãî, ÷òîáû ïî öåïè 
ÿêîðÿ íà÷àë ïðîòåêàòü òîê çàðÿäêè, êîòîðûé, 
âçàèìîäåéñòâóÿ ñ ìàãíèòíûì ïîòîêîì ñòàòîðà, 
ñîçäàë áû òîðìîçíîé ìîìåíò íà âàëó ýëåêòðî-
ìàøèíû:

 M k Iýì ÿÔ , (1)

ãäå M ýì  – ýëåêòðîìàãíèòíûé ìîìåíò íà âàëó 
ýëåêòðîìàøèíû; k  – êîýôôèöèåíò, õàðàêòåðè-
çóþùèé îñîáåííîñòè êîíñòðóêöèè ýëåêòðîìà-
øèíû; Ô – ìàãíèòíûé ïîòîê; Iÿ  – òîê â îáìîò-
êå ÿêîðÿ.

Â ðåæèìå ðåêóïåðàöèè ýëåêòðîìàøèíà ðà-
áîòàåò êàê ãåíåðàòîð è ýëåêòðîäâèæóùàÿ ñèëà 
(ÝÄÑ), êîòîðàÿ äîëæíà áûòü áîëüøå, ÷åì íà-
ïðÿæåíèå íà êëåììàõ, – ýòî ÝÄÑ èíäóêöèè.

ÝÄÑ èíäóêöèè ïðÿìî ïðîïîðöèîíàëüíà 
ìàãíèòíîìó ïîòîêó è óãëîâîé ñêîðîñòè ðîòîðà:

 E k ÿ Ô  , (2)

ãäå Eÿ  – ÝÄÑ èíäóêöèè;   – óãëîâàÿ ñêîðîñòü 
ðîòîðà ýëåêòðîìàøèíû.

Òàêèì îáðàçîì, ïðè çàäàííîì íå áåñêîíå÷-
íî áîëüøîì ìàãíèòíîì ïîòîêå ñóùåñòâóåò 
îïðåäåëåííàÿ ïîðîãîâàÿ ñêîðîñòü âðàùåíèÿ 
ðîòîðà, ïðè êîòîðîé E Uÿ , ãäå U – íàïðÿæå-
íèå íà êëåììàõ áàòàðåè. Ïðè ñêîðîñòè íèæå 
ïîðîãîâîé ðåêóïåðàòèâíûé îòâîä ýíåðãèè 
èç ñèñòåìû íåâîçìîæåí. Â ýòîì ñëó÷àå àêòóà-
òîð íå ðàáîòàåò â ðåæèìå ãåíåðàòîðà è äåìï-
ôèðîâàíèå îòñóòñòâóåò, ÷òî ïðè îòñóòñòâèè 
èíûõ äèññèïàòèâíûõ ñèë ïðèâîäèò ê íåçàòóõà-
þùèì êîëåáàíèÿì.

Ñ ýòîé òî÷êè çðåíèÿ, ñëåäóåò ïîääåðæèâàòü 
ìèíèìàëüíîå íàïðÿæåíèå ïèòàþùåãî ýëåìåí-
òà. Îäíàêî ýòîò æå ýëåìåíò äîëæåí ïèòàòü îá-
ìîòêó ÿêîðÿ â àêòèâíîì ðåæèìå. Â ñëó÷àå íèç-
êîãî íàïðÿæåíèÿ ïèòàíèÿ ñèñòåìà íå ñìîæåò 
ðàáîòàòü â àêòèâíîì ðåæèìå íà ñêîðîñòè âûøå 
ïîðîãîâîé. Èíûìè ñëîâàìè, ÷åì âûøå íàïðÿ-
æåíèå ïèòàíèÿ, òåì âûøå ðåàëèçóåìàÿ ìîù-

íîñòü àêòóàòîðà. Ñ ýòîé òî÷êè çðåíèÿ ñëåäóåò 
óâåëè÷èâàòü íàïðÿæåíèå ïèòàíèÿ öåïè ÿêîðÿ.

Âûáîð êîìïðîìèññíîãî çíà÷åíèÿ íàïðÿæå-
íèÿò â êîíå÷íîì ñ÷åòå ïðèâîäèò ê óâåëè÷åíèþ 
ãàáàðèòîâ àêòóàòîðà, ïîýòîìó öåëåñîîáðàçíî 
ðàññìîòðåòü äðóãèå ðåøåíèÿ:

5. Íåðåêóïåðàòèâíûé îòâîä ýíåðãèè íà ìà-
ëûõ ñêîðîñòÿõ.

Òàêîé ïîäõîä ðåøàåò ïðîáëåìó îòñóòñòâèÿ 
äåìïôèðîâàíèÿ íà íèçêèõ ñêîðîñòÿõ, îäíàêî 
îñòàâëÿåò ýíåðãîýôôåêòèâíîñòü ñèñòåìû 
íà äîâîëüíî íèçêîì óðîâíå. Ðåàëèçîâàòü òàêóþ 
èäåþ ìîæíî ñëåäóþùèìè ñïîñîáàìè:

– ââåäåíèåì ñóõîãî òðåíèÿ â ïîäâåñêó. 
Ïðàêòè÷åñêè åãî íàëè÷èå íåèçáåæíî, îäíàêî 
ýòî ïðèíÿòî ñ÷èòàòü íåãàòèâíûì ôàêòîðîì;

– ââåäåíèåì â êîíñòðóêöèþ ïîäâåñêè àìîð-
òèçàòîðà ñ âûðàæåííîé äåãðåññèâíîñòüþ õà-
ðàêòåðèñòèêè. Äåãðåññèâíàÿ õàðàêòåðèñòèêà 
ïîçâîëèò ñíèçèòü âëèÿíèå àìîðòèçàòîðà íà âû-
ñîêèõ ñêîðîñòÿõ äåôîðìàöèè ïîäâåñêè;

– ââåäåíèåì «öåïè ðàññåèâàíèÿ», ê êîòî-
ðîé áû íà ìàëûõ ñêîðîñòÿõ ïîäêëþ÷àëàñü áû 
îáìîòêà ÿêîðÿ. Â òàêóþ öåïü âêëþ÷àåòñÿ 
àêòèâíîå ñîïðîòèâëåíèå â âèäå ðàäèàòîðà, 
è ýíåðãèÿ ðàññåèâàåòñÿ â âèäå òåïëà. Ïðè ýòîì 
ïîðîã íàïðÿæåíèÿ, êîòîðûé äîëæíà ïðåîäî-
ëåòü ÝÄÑ èíäóêöèè, îòñóòñòâóåò.

6. Ðàçäåëåíèå öåïåé ïèòàíèÿ è îòâîäà 
ýíåðãèè.

Åñëè â àêòèâíîì ðåæèìå òðåáóåòñÿ âûñîêîå 
íàïðÿæåíèå ïèòàíèÿ, à â ðåæèìå ðåêóïåðà-
öèè – íèçêîå ïîðîãîâîå íàïðÿæåíèå, òî öåëå-
ñîîáðàçíî â ýòèõ ðåæèìàõ ïðèìåíÿòü ðàçíûå 
öåïè. Íàïðèìåð, èñïîëüçîâàòü â ðåêóïåðàòèâ-
íîì ðåæèìå ïîâûøàþùèé èìïóëüñíûé ïðåîá-
ðàçîâàòåëü íàïðÿæåíèÿ äëÿ ñîåäèíåíèÿ öåïè 
ÿêîðÿ è áàòàðåè, à â àêòèâíîì ðåæèìå ñîåäè-
íÿòü áàòàðåþ è îáìîòêó íàïðÿìóþ. Ýòî ïîçâî-
ëèò ñíèçèòü ìèíèìàëüíóþ ñêîðîñòü, ïðè êîòî-
ðîé âîçìîæíî ðåêóïåðàòèâíîå äåìïôèðîâàíèå.

7. Îïòèìàëüíîå óïðàâëåíèå òîêîì â îá-
ìîòêå âîçáóæäåíèÿ.

Â àêòèâíîì ðåæèìå òîê ÿêîðÿ Iÿ  çàâèñèò 
îò íàïðÿæåíèÿ ïèòàíèÿ è ÝÄÑ ÿêîðÿ ñëåäóþ-
ùèì îáðàçîì:

 

U EI
R


 ÿ
ÿ , (3)

ãäå R – îáùåå ñîïðîòèâëåíèå öåïè ÿêîðÿ.
Èç âûðàæåíèé (1), (2) è (3) ïîëó÷àåì ñëåäó-

þùóþ çàâèñèìîñòü ìîìåíòà íà âàëó ýëåêòðî-
ìàøèíû îò âåëè÷èíû kÔ:
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Ôóíêöèÿ ìîìåíòà îò âåëè÷èíû ìàãíèò-
íîãî ïîòîêà – ýòî êâàäðàòè÷íàÿ ïàðàáîëà, 
âåòâè êîòîðîé íàïðàâëåíû âíèç. Ýòî îçíà÷àåò, 
÷òî äëÿ êàæäîé ñîâîêóïíîñòè çíà÷åíèé íàïðÿ-
æåíèÿ ïèòàíèÿ è ñêîðîñòè âðàùåíèÿ ðîòîðà 
åñòü îïðåäåëåííîå çíà÷åíèå ìàãíèòíîãî 
ïîòîêà, ïðè êîòîðîì äîñòèãàåòñÿ ìàêñèìàëü-
íûé ìîìåíò. Äèôôåðåíöèðóÿ âûðàæåíèå (4) 
è ïðèðàâíèâàÿ ïðîèçâîäíóþ ê íóëþ, ïîëó÷àåì 
âûðàæåíèå äëÿ îïòèìàëüíîãî çíà÷åíèÿ kÔ:

 

2
Uk 


Ô


.

Òàêîå óïðàâëåíèå öåïüþ âîçáóæäåíèÿ, 
ïðè êîòîðîì çíà÷åíèå kÔ îïòèìàëüíî â àêòèâ-
íîì ðåæèìå, ïîçâîëÿåò ïîëó÷èòü ìàêñèìàëü-
íóþ ìîùíîñòü àêòóàòîðà íà ðàçíûõ ðåæèìàõ 
ðàáîòû, ÷òî ñïîñîáñòâóåò ñíèæåíèþ íàïðÿæå-
íèÿ ïèòàíèÿ, à çíà÷èò, è ïîðîãîâîé ñêîðîñòè.

Ïðîáëåìà ðàáîòû ñèñòåìû â ðåæèìå 
ðàñêà÷êè.

Åñëè ñèñòåìà ðàáîòàåò ïî ïðèíöèïó êîì-
ïåíñàöèè âíåøíåãî âîçäåéñòâèÿ íà ïîäðåñ-
ñîðåííóþ ÷àñòü, à âíåøíèì âîçäåéñòâèåì ÿâ-
ëÿåòñÿ ñèëà ñî ñòîðîíû óïðóãîãî óñòðîéñòâà, 
òî ïðè íóëåâûõ íà÷àëüíûõ óñëîâèÿõ, àêòóàòîðå 
íåîãðàíè÷åííîé ìîùíîñòè è íåîãðàíè÷åííîì 
õîäå ïîäâåñêè ïîäðåññîðåííàÿ ÷àñòü áóäåò äâè-
ãàòüñÿ áåç âåðòèêàëüíûõ óñêîðåíèé. Îäíàêî 
â ðåàëüíîñòè óñëîâèÿ íå ñòîëü èäåàëüíû. Åñëè 
ó ïîäðåññîðåííîé ÷àñòè ïî êàêèì-ëèáî ïðè÷è-
íàì âñå-òàêè âîçíèêàåò âåðòèêàëüíàÿ ñêîðîñòü, 
òî ñèñòåìà áóäåò âñÿ÷åñêè ïðåïÿòñòâîâàòü åå 
èçìåíåíèþ. Òàê, äâèãàÿñü îò îäíîãî êðàéíåãî 
ïîëîæåíèÿ ïîäâåñêè äî äðóãîãî, ñèñòåìà áóäåò 
ïðåïÿòñòâîâàòü èçìåíåíèþ âåðòèêàëüíîé ñêî-
ðîñòè ïîäðåññîðåííîé ìàññû äî òåõ ïîð, ïîêà 
àêòóàòîð áóäåò íà ýòî ñïîñîáåí. Äëÿ ýòîãî åìó 
ïðèäåòñÿ äåôîðìèðîâàòü óïðóãîå óñòðîéñòâî, 
à çíà÷èò ïîäâîäèòü ýíåðãèþ â êîëåáàòåëüíóþ 
ñèñòåìó. Çà ñ÷åò òàêîãî ïîâåäåíèÿ àêòóàòîðà 
íà÷èíàåòñÿ ïðîöåññ óâåëè÷åíèÿ àìïëèòóäû êî-
ëåáàíèé.

Äëÿ ðåøåíèÿ ýòîé ïðîáëåìû ìîæíî ïðèáåã-
íóòü ê ñëåäóþùèì ìåðàì:

1. Ââåäåíèå îáðàòíîé ñâÿçè ïî ñêîðîñòè 
äåôîðìàöèè ïîäâåñêè. 

Ýòà ìåðà ïîçâîëèò ïðè âîçíèêíîâåíèè âåð-
òèêàëüíîé ñêîðîñòè ïîäðåññîðåííîé ìàññû 
âîçâðàùàòü åå ê íóëþ. Îäíàêî, êàê ïîêàçûâàþò 

ýêñïåðèìåíòû íàä ìàòåìàòè÷åñêîé ìîäåëüþ, 
ïðè íåäîñòàòî÷íîì êîýôôèöèåíòå îáðàòíîé 
ñâÿçè ïî ñêîðîñòè, ÿâëåíèå ðåçîíàíñà âñå ðàâíî 
ìîæåò íàáëþäàòüñÿ ïðè äîñòàòî÷íî áîëüøèõ 
âîçäåéñòâèÿõ. Óâåëè÷åíèå æå çíà÷åíèÿ ýòîãî 
êîýôôèöèåíòà íåãàòèâíî ñêàçûâàþòñÿ íà ïëàâ-
íîñòè õîäà.

2. Îöåíêà îáùåãî êîëè÷åñòâà ýíåðãèè, íà-
êîïëåííîé â êîëåáàòåëüíîé ñèñòåìå, è ïðè-
íÿòèå ìåð ïî åå îòâîäó. 

Çíàÿ ñêîðîñòè ìàññ è äåôîðìàöèþ óïðó-
ãîãî óñòðîéñòâà, ìîæíî îöåíèòü ýíåðãèþ, íà-
êîïëåííóþ â êîëåáàòåëüíîé ñèñòåìå. Åñëè åå 
ìîæíî îöåíèòü, òî ïðè ïðåâûøåíèè îïðåäå-
ëåííîãî çíà÷åíèÿ ìîæíî çàäàòü ïåðåõîä àêòó-
àòîðà â òîðìîçíîé ðåæèì, ÷òî áóäåò îçíà÷àòü 
îòâîä ýíåðãèè èç êîëåáàòåëüíîé ñèñòåìû, ëèáî 
ââåñòè îáðàòíóþ ñâÿçü ïî êîëè÷åñòâó ýíåðãèè, 
çàïàñåííîé â êîëåáàòåëüíîé ñèñòåìå.

Çàêëþ÷åíèå
Îïðåäåëåíû ïîòåíöèàëüíûå ïðîáëåìû ïðè 

ñîñòàâëåíèè àëãîðèòìà óïðàâëåíèÿ àêòèâíî-
ðåêóïåðàòèâíîé ñèñòåìîé ïîäðåññîðèâàíèÿ.

Òàêèìè ïðîáëåìàìè ÿâëÿþòñÿ:
– îïàñíîñòü ïðîáîÿ ïîäâåñêè â àêòèâíîì 

ðåæèìå;
– íåâîçìîæíîñòü ðàáîòû â ðåêóïåðàòèâíîì 

ðåæèìå ïðè ñêîðîñòè äåôîðìàöèè ïîäâåñêè 
íèæå ïîðîãîâîé;

– ðàáîòà ñèñòåìû â ðåæèìå ðàñêà÷êè.
Ïðåäëîæåíû ðåøåíèÿ ýòèõ ïðîáëåì. 
Ïðîáëåìà ïðîáîÿ ïîäâåñêè â àêòèâíîì 

ðåæèìå ìîæåò áûòü ðåøåíà ïðàâèëüíûì 
ïîäáîðîì ïàðàìåòðîâ ñèñòåìû, çà ñ÷åò ÷åãî 
ïðè îïðåäåëåííûõ ñêîðîñòÿõ äåôîðìàöèè ïîä-
âåñêè áóäåò íàáëþäàòüñÿ ïåðåõîä èç àêòèâ-
íîãî ðåæèìà â òîðìîçíîé (ðåêóïåðàòèâíûé); 
ñáîðîì äîïîëíèòåëüíîé èíôîðìàöèè î ïðîôè-
ëå íåðîâíîñòè; ââåäåíèåì ïðåâåíòèâíûõ ìåð 
â àëãîðèòì óïðàâëåíèÿ.

Ïðîáëåìà íåâîçìîæíîñòè ðàáîòû â ðåêóïå-
ðàòèâíîì ðåæèìå ïðè ñêîðîñòè äåôîðìàöèè 
ïîäâåñêè íèæå ïîðîãîâîé ìîæåò áûòü ðåøåíà 
íàëè÷èåì ñóõîãî òðåíèÿ â ïîäâåñêå; ââåäåíèåì 
â êîíñòðóêöèþ ïîäâåñêè àìîðòèçàòîðà ñ âû-
ðàæåííîé äåãðåññèâíîñòüþ õàðàêòåðèñòèêè; 
ñíèæåíèåì ïîðîãîâîãî íàïðÿæåíèÿ çàðÿäêè 
ñ ïîìîùüþ ðàçäåëåíèÿ öåïåé ïèòàíèÿ è çàðÿä-
êè ñ èñïîëüçîâàíèåì ïðåîáðàçîâàòåëÿ íàïðÿ-
æåíèÿ; ââåäåíèåì «öåïè ðàññåèâàíèÿ» â öåïü 
ÿêîðÿ; îïòèìàëüíûì óïðàâëåíèåì öåïüþ âîç-
áóæäåíèÿ.
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Ïðîáëåìà ðàáîòû ñèñòåìû â ðåæèìå ðàñ-
êà÷êè ìîæåò áûòü ðåøåíà ââîäîì äîïîëíèòåëü-
íîãî äåìïôåðà èëè îáðàòíîé ñâÿçè ïî ñêîðîñòè 
äåôîðìàöèè ïîäâåñêè.

Ñëåäóþùèìè ýòàïîì äàííîé ðàáîòû ÿâ-
ëÿåòñÿ àïðîáàöèÿ îïèñàííûõ âûøå ðåøåíèé 
íà ìàòåìàòè÷åñêîé ìîäåëè.
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PROBLEMS OF USING ACTIVE-RECUPERATIVE SUSPENSION 
AND WAYS TO SOLVE THEM

V.M. Zamyslov, PhD in Engineering A.E. Yesakov 
Moscow Polytechnic University, Moscow, Russia
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The aim of the work is to reveal the unobvious disadvantages of active-recuperative suspension, as well 
as to identify possible options for dealing with them. Such problems are the danger of suspension break-
down in the active mode, the impossibility of operating in the regenerative mode when the suspension 
deformation rate is below the threshold, and the system operation in swing mode. The novelty of the work 
lies in the fact that these aspects of the functioning of the active-recuperative suspension system were 
not previously considered. The problem of the increased risk of suspension breakdown is that in the ac-
tive mode, the deformation of the elastic device occurs not only due to the work of external disturbance 
(road irregularities), but also due to the work performed by the actuator. The following solutions are 
offered: correct selection of system parameters; collection of additional information about the roughness 
profile; introduction of preventive measures into the control algorithm. The problem of the impossibility 
of operating in a regenerative mode at a suspension deformation rate below the threshold is that the 
electromotive force of induction on the rotor winding at low speeds may be lower than the threshold 
charging voltage at the terminals of the energy storage device. The following solutions are offered: dry 
friction in the suspension; introduction of a shock absorber with a pronounced degressive characteris-
tic into the suspension structure; lowering the charging threshold voltage by separating the supply and 
charging circuits using a voltage converter; introduction of a “scattering chain” into the armature chain; 
optimal control of the excitation circuit. The problem of the system operation in the swing mode is that, 
under certain conditions, energy is supplied to the oscillatory system through the actuator, resulting in a 
gradual increase in the oscillation amplitude. The following solutions are proposed: the introduction of an 
additional damper or regenerative connection on the deformation rate of the suspension.

Keywords: vehicle, active suspension, recuperative suspension, electromagnetic damper.
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