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Îäíîé èç ïðîáëåì, ñ êîòîðîé â íàñòîÿùåå âðåìÿ ñòàëêèâàþòñÿ ïðîèçâîäèòåëè ýëåêòðè÷åñêîãî 
òðàíñïîðòà, ÿâëÿåòñÿ ðàçðàáîòêà ýôôåêòèâíîãî èñòî÷íèêà ýíåðãèè. Â íàñòîÿùåå âðåìÿ îñíîâíûì 
àâòîíîìíûì èñòî÷íèêîì ýíåðãèè ýëåêòðîòðàíñïîðòà ÿâëÿåòñÿ ýëåêòðè÷åñêèé òÿãîâûé àêêóìóëÿòîð 
õèìè÷åñêîãî òèïà, íî â ñèëó ñâîåé íèçêîé ýíåðãîåìêîñòè, îí íå ìîæåò îáåñïå÷èòü äëèòåëüíûé 
ïðîáåã áåç ïîäçàðÿäêè. Â ïðåäëàãàåìîé ñòàòüå ðàññìîòðåí ñïîñîá ïîâûøåíèÿ ýíåðãîýôôåêòèâ-
íîñòè òðàíñïîðòíûõ ñðåäñòâ çà ñ÷åò ðåêóïåðàöèè ýíåðãèè êîëåáàíèé â ñèñòåìå ïîäðåññîðèâàíèÿ 
ïðè äâèæåíèè ïî íåðîâíîñòÿì äîðîæíîãî ïîêðûòèÿ.
Äëÿ ïðåîáðàçîâàíèÿ ìåõàíè÷åñêîé ýíåðãèè êîëåáàíèé â ýëåêòðè÷åñêóþ, âåäóùèå ïðîèçâîäèòå-
ëè ìèðà ðàçðàáàòûâàþò ñïåöèàëüíûå ðåêóïåðàòèâíûå àìîðòèçàòîðû. Â ñòàòüå ðàññìîòðåíû êîí-
ñòðóêöèè ïîäîáíûõ àìîðòèçàòîðîâ êîìïàíèé Audi è ZF.
Äëÿ êîëè÷åñòâåííîé îöåíêè ýíåðãèè êîëåáàíèé, êîòîðóþ ïîòåíöèàëüíî âîçìîæíî ïðåîáðàçîâàòü 
â ýëåêòðè÷åñêóþ â ðàáîòå èñïîëüçîâàíà èìèòàöèîííàÿ ìàòåìàòè÷åñêàÿ ìîäåëü äâèæåíèÿ äâóõ-
îñíîãî òðàíñïîðòíîãî ñðåäñòâà ïî íåðîâíîñòÿì, ðåàëèçîâàííàÿ â ïàêåòå èìèòàöèîííîãî ìîäåëè-
ðîâàíèÿ MATLAB/Simulink.
Â êà÷åñòâå âõîäíîãî âîçäåéñòâèÿ â ìîäåëè èñïîëüçîâàíû ðåàëèçàöèè ñëó÷àéíûõ äîðîæíûõ ïðî-
ôèëåé, êîòîðûå áûëè ïîëó÷åíû ìåòîäîì ôîðìèðóþùåãî ôèëüòðà ïî èçâåñòíûì èç ëèòåðàòóðû 
ñïåêòðàëüíûì õàðàêòåðèñòèêàì íåðîâíîñòåé äëÿ ðàçëè÷íûõ òèïîâ äîðîã.
Â ðåçóëüòàòå ïðîâåäåííûõ ñ ìàòåìàòè÷åñêîé ìîäåëüþ âû÷èñëèòåëüíûõ ýêñïåðèìåíòîâ áûëî 
îïðåäåëåíî êîëè÷åñòâî ðàññåèâàåìîé â ñèñòåìå ïîäðåññîðèâàíèÿ ýíåðãèè ïðè äâèæåíèè òðàíñ-
ïîðòíîãî ñðåäñòâà ñ ðàçëè÷íîé ñêîðîñòüþ ïî ðàçëè÷íûì òèïàì äîðîã. Òàêæå äëÿ ñðàâíåíèÿ áûëà 
îïðåäåëåíà ýíåðãèÿ, çàòðà÷èâàåìàÿ òðàíñïîðòíûì ñðåäñòâîì íà äâèæåíèå ñ ðàçëè÷íîé ñêîðî-
ñòüþ ïî äîðîãå ñ àñôàëüòîáåòîííûì ïîêðûòèåì.
Ñðàâíåíèå ïîëó÷åííûõ çíà÷åíèé ýíåðãèè ïîçâîëÿåò ñäåëàòü âûâîä î ïåðñïåêòèâíîñòè ïðèìå-
íåíèÿ ðåêóïåðàöèè ýíåðãèè êîëåáàíèé â ñèñòåìå ïîäðåññîðèâàíèÿ îñîáåííî äëÿ òðàíñïîðòíûõ 
ñðåäñòâ, ñïîñîáíûõ äâèãàòüñÿ ñ âûñîêèìè ñêîðîñòÿìè ïî ãðóíòîâûì äîðîãàì. 

Êëþ÷åâûå ñëîâà: ðåêóïåðàöèÿ, êîëåñíàÿ ìàøèíà, àìîðòèçàòîð, ìàòåìàòè÷åñêàÿ ìîäåëü, ðàñ-
ñåèâàåìàÿ ýíåðãèÿ.

 Ââåäåíèå
Â íàñòîÿùåå âðåìÿ îäíîé èç îñíîâíûõ ïðî-

áëåì ðàçâèòèÿ àâòîòðàíñïîðòíîé èíäóñòðèè ÿâ-
ëÿåòñÿ óæåñòî÷åíèå ýêîëîãè÷åñêèõ òðåáîâàíèé 
ê óðîâíþ âûáðîñîâ âðåäíûõ âåùåñòâ. Îñíîâ-
íûì èñòî÷íèêîì çàãðÿçíåíèÿ ïîñëå òåïëîýíåð-
ãåòèêè ÿâëÿþòñÿ àâòîòðàíñïîðòíûå ñðåäñòâà.

Â ýòîé ñâÿçè âåäóùèå àâòîìîáèëüíûå êîì-
ïàíèè ìèðà ðàáîòàþò íàä ñîçäàíèåì òðàíñ-
ïîðòíûõ ñðåäñòâ ñ ãèáðèäíûìè è ýëåêòðè÷å-
ñêèìè ñèëîâûìè óñòàíîâêàìè, à òàêæå ñèñòåì 
è àãðåãàòîâ òðàíñïîðòíûõ ñðåäñòâ, ñïîñîáíûõ 
îñóùåñòâëÿòü ðåêóïåðàöèþ ýíåðãèè.

Íà äàííûé ìîìåíò â ðàçâèòûõ ñòðàíàõ ðå-
øåíèþ ýòîé ïðîáëåìû óäåëÿåòñÿ çíà÷èòåëüíîå 

âíèìàíèå. Ðå÷ü èäåò, ïðåæäå âñåãî, î ñîçäàíèè 
íîâûõ òèïîâ ýêîëîãè÷åñêè ÷èñòûõ òðàíñïîðò-
íûõ ñðåäñòâ äëÿ áîëüøèõ ãîðîäîâ, à òàêæå êó-
ðîðòíûõ çîí è ðàçíîîáðàçíûõ çàïîâåäíèêîâ.

Ïîýòîìó ìíîãèå ïðîèçâîäèòåëè òðàíñïîð-
òà èùóò âàðèàíòû ðåøåíèÿ ïðîáëåìû ýíåð-
ãîýôôåêòèâíîñòè. Îäíèì èç ïåðñïåêòèâíûõ 
íàïðàâëåíèé ïîâûøåíèÿ ýêîíîìè÷íîñòè àâ-
òîìîáèëåé, ÿâëÿåòñÿ ñîçäàíèå â èõ ïîäâåñêàõ 
ýôôåêòèâíûõ ñèñòåì ðåêóïåðàöèè. Íà íåèç-
áåæíûå êîëåáàíèÿ ïîäðåññîðåííîé ìàññû äâè-
æóùåãîñÿ àâòîìîáèëÿ, åñòåñòâåííî, çàòðà÷è-
âàåòñÿ ÷àñòü ýíåðãèè ñèëîâîé óñòàíîâêè. Ýòó 
ýíåðãèþ áåç âðåäà äëÿ ñíèæåíèÿ ýôôåêòèâ-
íîñòè ôóíêöèîíèðîâàíèÿ ïîäâåñêè ìîæíî ïî-
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ëåçíî èñïîëüçîâàòü äëÿ çàðÿäà òÿãîâîãî àêêó-
ìóëÿòîðà â ýëåêòðîìîáèëÿõ èëè ãèáðèäíûõ 
àâòîìîáèëÿõ, ëèáî áîðòîâîé àêêóìóëÿòîðíîé 
áàòàðåå â òðàäèöèîííûõ àâòîìîáèëÿõ. Ïîýòî-
ìó ìíîãèå ïðîèçâîäèòåëè è ðàçðàáîò÷èêè êî-
ëåñíîãî òðàíñïîðòà ðàáîòàþò íàä ñîçäàíèåì 
ñèñòåìû ïîäðåññîðèâàíèÿ íà îñíîâå ýíåðãîýô-
ôåêòèâíîãî àìîðòèçàòîðà ñ ðåêóïåðàòèâíûì 
ýôôåêòîì.

Òàê, íàïðèìåð, êîìïàíèÿ Audi ðàçðàáîòà-
ëà àäàïòèâíóþ ïîäâåñêó eRot, â ñîñòàâ êîòî-
ðîé âõîäèò ðîòàöèîííûé àìîðòèçàòîð (ðèñ. 1). 
Óñòðîéñòâî ðàáîòàåò ñëåäóþùèì îáðàçîì. 
Ïðåîáðàçîâàíèå ïîñòóïàòåëüíîãî äâèæåíèÿ 
êîëåñà âî âðàùàòåëüíîå äâèæåíèå ðîòîðà ãå-
íåðàòîðà ïðîèñõîäèò ïîñðåäñòâîì çóá÷àòûõ 
ïåðåäà÷. Ãåíåðàòîð, â ñâîþ î÷åðåäü, çàðÿæàåò 
àêêóìóëÿòîð [1].

Òàêæå èçâåñòíî, ÷òî êîìïàíèÿ ZF ñîâìåñò-
íî ñ êîðïîðàöèåé Levant Power ðàçðàáàòûâàþò 
ðåãåíåðàòèâíóþ ïîäâåñêó GenShock, ñ èñïîëü-
çîâàíèåì ãèäðàâëè÷åñêîãî öèëèíäðà è ãèäðî-
ìîòîðà (ðèñ. 2). Èäåÿ óñòðîéñòâà çàêëþ÷àåòñÿ 
â òîì, ÷òî æèäêîñòü, íàõîäÿùàÿñÿ â ãèäðîöè-
ëèíäðå, ïîä äåéñòâèåì êîëåáàíèé ïîñòóïàåò â 
ãèäðîìîòîð, êîòîðûé â ñâîþ î÷åðåäü ïðèâîäèò 
â äåéñòâèå ãåíåðàòîð. Âûðàáàòûâàåìàÿ ýëåê-
òðîýíåðãèÿ ãåíåðàòîðîì íàêàïëèâàåòñÿ â àêêó-
ìóëÿòîðå [2]. 

Â êëàññè÷åñêèõ êîíñòðóêöèÿõ ïîäâåñîê 
äåìïôèðîâàíèå êîëåáàíèé, âîçíèêàþùèõ ïðè 
äâèæåíèè ïî íåðîâíîñòÿì, îñóùåñòâëÿåòñÿ ÷à-
ñòè÷íî ïíåâìàòè÷åñêîé øèíîé è â îñíîâíîì 
àìîðòèçàòîðîì. Òåïëîâàÿ ýíåðãèÿ, âûäåëÿþùà-
ÿñÿ ïðè äåìïôèðîâàíèè, ðàññåèâàåòñÿ â îêðóæà-
þùóþ ñðåäó. Îñíîâíîé çàäà÷åé äàííîé ðàáîòû 
ÿâëÿåòñÿ îöåíêà êîëè÷åñòâà ýíåðãèè, âûäåëÿþ-

ùåéñÿ â ðåçóëüòàòå ðàáîòû àìîðòèçàòîðà, ñ ïî-
ìîùüþ ìîäåëèðîâàíèÿ äèíàìè÷åñêîé ñèñòåìû.

Äëÿ ðåøåíèÿ ýòîé çàäà÷è áûëà ñîçäàíà èìè-
òàöèîííàÿ ìàòåìàòè÷åñêàÿ ìîäåëü äâèæåíèÿ 
ÊÌ ïî íåðîâíîñòÿì. Â êà÷åñòâå ñðåäû êîìïüþ-
òåðíîãî ìîäåëèðîâàíèÿ áûëà âûáðàíà ãðàôè-
÷åñêàÿ ñðåäà èìèòàöèîííîãî ìîäåëèðîâàíèÿ 
Simulink, èíòåãðèðîâàííàÿ â ñèñòåìó MatLab.

Ìàòåìàòè÷åñêàÿ ìîäåëü 
ïðÿìîëèíåéíîãî äâèæåíèÿ ÊÌ
Çàäà÷è ïëàâíîñòè õîäà îáû÷íî ðåøàþòñÿ 

ïîñòðîåíèåì äèíàìè÷åñêîé ñèñòåìû, ýêâèâà-
ëåíòíîé ñèñòåìå ïîäðåññîðèâàíèÿ ÊÌ. Äèíà-
ìè÷åñêàÿ ñèñòåìà äàåò âîçìîæíîñòü îöåíèòü 
ïåðåìåùåíèÿ ëþáîé òî÷êè àâòîìîáèëÿ îòíî-
ñèòåëüíî äîðîæíîé ïîâåðõíîñòè.

Â äàííîé ðàáîòå ñòîèò çàäà÷à îöåíêè ðàñ-
ñåèâàåìîé àìîðòèçàòîðîì ýíåðãèè â ðåçóëü-
òàòå äåìïôèðîâàíèÿ êîëåáàíèé. Äëÿ ðåøåíèÿ 
ýòîé çàäà÷è âûáðàíà ïëîñêàÿ ðàñ÷åòíàÿ ñõåìà 
äâèæåíèÿ êîëåñíîé ìàøèíû ïî íåðîâíîñòÿì 
(ðèñ. 3) [3].

Äëÿ óïðîùåíèÿ ïîñòðîåíèÿ äèíàìè÷åñêîé 
ñèñòåìû áûëè ïðèíÿòû ñëåäóþùèå äîïóùåíèÿ:

• ìîäåëèðóåòñÿ ïðÿìîëèíåéíîå äâèæåíèå 
ÊÌ ñ ïîñòîÿííîé ñêîðîñòüþ;

• èñïîëüçóþòñÿ ëèíåéíûå õàðàêòåðèñòèêè 
óïðóãîãî ýëåìåíòà (ÓÝ) è äåìïôèðóþùå-
ãî ýëåìåíòà (ÄÝ);

• ñèëû òðåíèÿ â íàïðàâëÿþùåì óñòðîéñòâå 
ïîäâåñêè íå ó÷èòûâàþòñÿ;

• ðàñ÷åò ïðîèçâîäèòñÿ äëÿ àâòîìîáèëÿ ñ 
ïîëíîé ìàññîé.

Äèíàìè÷åñêàÿ ìîäåëü ñòðîèòñÿ íà îñíîâà-
íèè äèôôåðåíöèàëüíûõ óðàâíåíèé äâèæåíèÿ 
ïîäðåññîðåííûõ è íåïîäðåññîðåííûõ ìàññ.

Ðèñ. 1. Ðåãåíåðàòèâíàÿ ïîäâåñêà eRot Ðèñ. 2. Ðåêóïåðàòèâíûé àìîðòèçàòîð GenShock



Ìàëèêîâ Ð.Ð., Ñìèðíîâ À.À., Êëèìîâ À.Â.

44 Èçâåñòèÿ ÌÃÒÓ «ÌÀÌÈ», ¹ 4(30), 2016

Îïðåäåëèì îñíîâíûå äèôôåðåíöèàëüíûå 
óðàâíåíèÿ ðàñ÷åòíîé äèíàìè÷åñêîé ñèñòåìû:
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Ïðèíÿòûå îáîçíà÷åíèÿ: ( ),iz t  0 ( )z t  – îáîá-
ùåííûå êîîðäèíàòû, õàðàêòåðèçóþùèå âåðòè-
êàëüíûå ïåðåìåùåíèÿ ìàññû ïîäðåññîðåííîé 
÷àñòè, ïðèõîäÿùåéñÿ íà ïåðåäíþþ (çàäíþþ) 
îñü, öåíòðà ìàññ ïîäðåññîðåííîé ÷àñòè êîëåñ-
íîé ìàøèíû; 0 ( )t  – îáîáùåííûå êîîðäèíàòû, 
õàðàêòåðèçóþùèå óãëîâûå ïåðåìåùåíèÿ ìàññû 
ïîäðåññîðåííîé ÷àñòè îòíîñèòåëüíî åå öåíòðà 
ìàññ; ( )iq t  – êèíåìàòè÷åñêîå âîçìóùåíèå íà 
êîëåñà i-é îñè; ïìm  – ìàññà ïîäðåññîðåííîé 

÷àñòè; yJ  – ìîìåíò èíåðöèè ìàññû ïîäðåñ-
ñîðåííîé ÷àñòè îòíîñèòåëüíî îñè y, ïðîõîäÿ-
ùåé ÷åðåç öåíòð ìàññ; ,ïik  øik  – ïðèâåäåííûå 
ê öåíòðó ïÿòíà êîíòàêòà øèíû ñ îïîðíîé ïî-
âåðõíîñòüþ êîýôôèöèåíòû äåìïôèðîâàíèÿ 
ïîäâåñîê è øèí i-é îñè; ,ïic  øic  – ïðèâåäåííûå 
ê öåíòðó ïÿòíà êîíòàêòà øèíû ñ îïîðíîé ïî-
âåðõíîñòüþ êîýôôèöèåíòû æåñòêîñòè ïîäâå-
ñîê è øèí i-é îñè; il  – ðàññòîÿíèå îò öåíòðà 
ìàññ ïîäðåññîðåííîé ÷àñòè îòíîñèòåëüíî ïî-
ïåðå÷íîé îñè, ïðè÷åì çíà÷åíèå il  ïðèíèìà-
þò ïîëîæèòåëüíûì åñëè i-ÿ îñü ðàñïîëîæåíà 
ñëåâà îò öåíòðà ìàññ, â ïðîòèâíîì ñëó÷àå il  
èìååò îòðèöàòåëüíîå çíà÷åíèå; i – íîìåð îñè; 
n = 2 – êîëè÷åñòâî îñåé [1].

Óðàâíåíèÿ (1) îïðåäåëÿþò ïåðåìåùåíèÿ 
íåïîäðåññîðåííûõ ìàññ; óðàâíåíèå (2) – ïåðå-
ìåùåíèÿ öåíòðà ìàññ àâòîìîáèëÿ; óðàâíåíèå 
(3) – óãëîâûå ïåðåìåùåíèÿ öåíòðà ìàññ.

Äëÿ îïðåäåëåíèÿ êèíåìàòè÷åñêîãî âîçìó-
ùåíèÿ q

1
(t), ñòðîèòñÿ ñèñòåìà (ðèñ. 4), ñîñòî-

ÿùàÿ èç: ãåíåðàòîðà áåëîãî øóìà, ôîðìèðóþ-
ùåãî ôèëüòðà ñëó÷àéíîãî ïðîöåññà è ôèëüòðà 
ñãëàæèâàþùåé ñïîñîáíîñòè øèíû. Êàê ïðà-
âèëî, ìîäåëèðîâàíèå êèíåìàòè÷åñêîãî âîçìó-
ùåíèÿ îñóùåñòâëÿåòñÿ ïóòåì ôîðìèðîâàíèÿ 
ñëó÷àéíîãî ïðîöåññà ( )âõq t , ñ çàäàííîé ñïåê-
òðàëüíîé ïëîòíîñòüþ S(). 

Äëÿ ôîðìèðîâàíèÿ ñëó÷àéíîãî ïðîöåññà 
èñïîëüçóåòñÿ ôîðìèðóþùèé ôèëüòð, ñîîòâåò-
ñòâóþùèé çàäàííîé ñïåêòðàëüíîé ïëîòíîñòè 
(ñì. òàáë. 1) [4].

Â òàáëèöå: D  – äèñïåðñèÿ;   – êîýôôèöè-
åíò, õàðàêòåðèçóþùèé ñòåïåíü íåðåãóëÿðíî-
ñòè ìèêðîïðîôèëÿ;   – êîýôôèöèåíò, õàðàêòå-
ðèçóþùèé óçêîïîëîñíîñòü ñëó÷àéíîé ôóíêöèè 
ìèêðîïðîôèëÿ äîðîãè.

Ðèñ. 3. Ðàñ÷åòíàÿ ñõåìà äâèæåíèÿ êîëåñíîé ìàøèíû ïî íåðîâíîñòÿì

Ðèñ. 4. Ñèñòåìà, îïðåäåëÿþùàÿ 
êèíåìàòè÷åñêîå âîçìóùåíèå
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Äëÿ øîññåéíîé äîðîãè âûñîêîãî êà÷åñòâà 
[3]: D  = 0,79 · 10-4 ì2;   = 0,08; = 0,143.

Äëÿ àñôàëüòîáåòîííîé ïîâåðõíîñòè: 
D  = 5,33 · 10-4 ì2;   = 0,15;   = 0.

Äëÿ ãðóíòîâîé äîðîãè: D  = 47,6 · 10-4 ì2; 
  = 0,38;   = 0,47.

Äëÿ ãðóíòîâîé äîðîãè â ïëîõîì ñîñòîÿíèè: 
D  = 102,2 · 10-4 ì2;   = 0,45;   = 0,414.

Äëÿ ó÷åòà ñêîðîñòè äâèæåíèÿ àâòîìîáèëÿ v  
ââîäèì êîýôôèöèåíòû v  è v , âìåñòî   è  :

;v v      .v v   

Äèôôåðåíöèàëüíîå óðàâíåíèå ôèëüòðà, 
ìîäåëèðóþùåãî ñãëàæèâàþùóþ ñïîñîáíîñòü 
øèíû, ìîæíî çàïèñàòü ñëåäóþùèì îáðàçîì:

1 1 ;Â Â âõq q q     
  

0

1,1
,Â

v

l


 

ãäå 0l  – ïîëîâèíà äëèíû ïÿòíà êîíòàêòà øèíû 
ñ îïîðíîé ïîâåðõíîñòüþ; 1( )q t  – ñãëàæåííîå 
øèííîé êèíåìàòè÷åñêîå âîçìóùåíèå; ( )âõq t  – 
âõîäíîé ñèãíàë.

Äëÿ êîëåñ i-é îñè âîçìóùåíèå ( )iq t  ìîæíî 
ïðåäñòàâèòü â âèäå:

1( ) ( ),i iq t q t  

ãäå i  – âðåìÿ çàïàçäûâàíèÿ ïðîõîæäåíèÿ âîç-
ìóùåíèÿ ïîä i-é îñüþ îòíîñèòåëüíî ïåðâîé 
îñè, ðàâíîå:

1( )
.i

i

l l

v


 

Îïðåäåëåíèå ýíåðãèè, 
ðàññåèâàåìîé àìîðòèçàòîðîì
Ìîùíîñòü ( )N t , ðàññåèâàåìóþ àìîðòè-

çàòîðàìè â òåïëî, ðàññ÷èòûâàþò ïî ñðåäíåìó 
çíà÷åíèþ êîýôôèöèåíòà ñîïðîòèâëåíèÿ pk  è 
îòíîñèòåëüíîé ñêîðîñòè õîäà ïîðøíÿ ïiv  [5]:

2

1

( ) .
n

pïi
i

N t k v


 
Èíòåãðèðóÿ ìîùíîñòü ïî âðåìåíè, íàõîäèì 

ýíåðãèþ ( )E t , ðàññåèâàåìóþ àìîðòèçàòîðàìè:

0

( ) ( ) .
t

E t N t dt 
Äëÿ îïðåäåëåíèÿ ìîùíîñòè è ýíåðãèè, 

íåîáõîäèìî íàéòè ñêîðîñòü ïåðåìåùåíèÿ 
ïîðøíÿ ïiv  îòíîñèòåëüíî öèëèíäðà â àìîðòè-
çàòîðàõ 1-îé è 2-îé îñåé.

Îïðåäåëÿåì àáñîëþòíóþ ñêîðîñòü ïåðåìå-
ùåíèé ïîäðåññîðåííîé ìàññû íàä ïåðåäíåé è 

Òàáëèöà 1
Êîððåëÿöèîííàÿ ôóíêöèÿ, ñïåêòðàëüíàÿ ïëîòíîñòü è ôîðìèðóþùèé ôèëüòð, 

èñïîëüçóþùèåñÿ ïðè ôîðìèðîâàíèÿ ñëó÷àéíîãî ïðîöåññà

Êîððåëÿöèîííàÿ 
ôóíêöèÿ

Ñïåêòðàëüíàÿ ïëîòíîñòü Ôîðìèðóþùèé ôèëüòð

-( ) e cosxR t D   

2 2 2

2 2 2 2 2 2

2 ( )
( )

( ) 4xS D
    

 
     

2 2

ô 2 2 2
( ) 2

2

s
W s D

s s

  
 

    

Òàáëèöà 2

Ðàññåèâàåìàÿ àìîðòèçàòîðîì ýíåðãèÿ

Ñêîðîñòü,
êì/÷

Ðàññåèâàåìàÿ àìîðòèçàòîðîì ýíåðãèÿ â òå÷åíèå ÷àñà, 
ïðè äâèæåíèè ñ ïîñòîÿííîé ñêîðîñòüþ, êÂò · ÷

Øîññå âûñîêîãî 
êà÷åñòâà

Àñôàëüòîáåòîííàÿ 
äîðîãà

Ãðóíòîâàÿ äîðîãà
Ãðóíòîâàÿ, 

â ïëîõîì ñîñòîÿíèè

10 0,022 0,28 2,46 16,0

20 0,070 0,88 7,59 52,3

30 0,147 1,82 16,24 –

40 0,227 2,77 24,70 –

50 0,300 3,70 32,90 –

60 0,380 4,58 – –

70 0,470 5,47 – –

80 0,560 6,37 – –

90 0,650 7,30 – –

Ñðåäíåå çíà÷åíèå ðàññåèâàåìîé ýíåðãèè

0,314 3,68 16,78 34,15
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Ðèñ. 5. Áëîê-ñõåìà ìîäåëè
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çàäíåé îñÿìè ñ ó÷åòîì ïðîäîëüíî-óãëîâûõ êî-
ëåáàíèé:

1 0 0 .i iz l z     

Âû÷èòàÿ ñêîðîñòü ïåðåìåùåíèÿ íåïîäðåñ-
ñîðåííîé ìàññû iz , èç ñêîðîñòè ïåðåìåùåíèÿ 
ïîäðåññîðåííîé ìàññû íàä ïåðåäíåé è çàäíåé 
îñüþ 1iz , îïðåäåëÿåì îòíîñèòåëüíóþ ñêîðîñòü 
ïåðåìåùåíèÿ ïîðøíÿ ïiv :

1 .ïi i iv z z  

Íà îñíîâàíèè âûøåóêàçàííûõ óðàâíåíèé 
ñòðîèòñÿ ìàòåìàòè÷åñêàÿ ìîäåëü â MatLab/
Simulink (ðèñ. 5).

Ðåçóëüòàòû ðàñ÷åòîâ
Äëÿ ïîëó÷åíèÿ çíà÷åíèé ðàññåèâàåìîé 

ýíåðãèè â àìîðòèçàòîðàõ, ïðîâîäèì ðàñ÷åòû, 
èçìåíÿÿ ïàðàìåòðû ñêîðîñòè v  è õàðàêòåðè-
ñòèêè äîðîæíîãî ïîêðûòèÿ. Äëèòåëüíîñòü 
ðåàëèçàöèè ðàâíà îäíîìó ÷àñó. Ïîëó÷åííûå 
äàííûå ñâåäåíû â òàáëèöå 2 è íà ðèñ. 6 è 7.

Îïðåäåëåíèå ýíåðãèè ðàñõîäóåìîé 
íà ïîääåðæàíèå ñêîðîñòè ÊÌ
Ïîòðåáíàÿ ýíåðãèÿ äëÿ ïðåîäîëåíèÿ àâòî-

ìîáèëåì ñîïðîòèâëåíèÿ äâèæåíèþ íàõîäèòñÿ 
èñõîäÿ èç ìîùíîñòè, çàòðà÷èâàåìîé â åäèíèöó 
âðåìåíè.

Ìîùíîñòü, íåîáõîäèìàÿ äëÿ ïðåîäîëåíèÿ 
îñíîâíîãî óäåëüíîãî ñîïðîòèâëåíèÿ äâèæå-
íèþ, ðàâíà:

( ) ;äâ ïîëí êà÷N m g f P v    

ãäå ïîëím  = 1200 êã – ïîëíàÿ ìàññà àâòîìîáèëÿ; 
g  = 9,81 ì/ñ2 – óñêîðåíèå ñâîáîäíîãî ïàäåíèÿ; 

êà÷f  – êîýôôèöèåíò ñîïðîòèâëåíèÿ êà÷åíèÿ 
(äëÿ àñôàëüòîáåòîííîé äîðîãè êà÷f  = 0,02); 
P  – ñèëà ñîïðîòèâëåíèÿ âîçäóõà, ðàâíàÿ:

2

;
2

xc S v
P

  


xc  = 0,85 – êîýôôèöèåíò îáòåêàåìîñòè; 

ëîáS  = 5,242 ì2 – ëîáîâàÿ ïëîùàäü; â  = 1,25 
êã/ì3 – ïëîòíîñòü âîçäóõà.

Ðèñ. 6. Ðàññåèâàåìàÿ àìîðòèçàòîðîì ýíåðãèÿ

Ðèñ. 7. Ñðåäíåå çíà÷åíèå êîëè÷åñòâà ýíåðãèè, ðàññåèâàåìîå àìîðòèçàòîðîì çà 1 ÷àñ

ëîá     â
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Ðåçóëüòàòû ðàñ÷åòà ïðè äâèæåíèè ïî ðîâíîé 
àñôàëüòîáåòîííîé äîðîãå ñ ïîñòîÿííîé ñêîðî-
ñòüþ ïðèâåäåíû â òàáë. 3 è íà ðèñ. 7.

Íà îñíîâàíèè ïîëó÷åííûõ ðåçóëüòàòîâ 
(òàáë. 2 è 3) ñðåäíèõ çíà÷åíèé ýíåðãèè, ðàñ-
ñåèâàåìîé àìîðòèçàòîðîì, è ýíåðãèè, íåîáõî-
äèìîé äëÿ ïîääåðæàíèÿ ñêîðîñòè äâèæåíèÿ, 
ñòðîèòñÿ äèàãðàììà (ðèñ. 7). 

Âûâîäû
Êîëè÷åñòâî ýíåðãèè, ðàññåèâàåìîé àìîð-

òèçàòîðîì ïðè äâèæåíèè ïî øîññå âûñîêîãî 
êà÷åñòâà, î÷åíü ìàëî ïî ñðàâíåíèþ ñ äðóãèìè 
òèïàìè ïîêðûòèé. Ïîýòîìó ïðèìåíåíèå ðåêó-
ïåðàòèâíûõ àìîðòèçàòîðîâ â øîññåéíûõ àâòî-
ìîáèëÿõ íåöåëåñîîáðàçíî.

Àìîðòèçàòîðû ñ âîçìîæíîñòüþ ðåêóïåðà-
öèè ýíåðãèè êîëåáàíèé öåëåñîîáðàçíî èñïîëü-
çîâàòü íà àâòîìîáèëÿõ, ýêñïëóàòèðóþùèõñÿ 
êàê íà äîðîãàõ ñ òâåðäûì ïîêðûòèåì, òàê è ïî 
ãðóíòîâûì äîðîãàì è ìåñòíîñòè. Ýíåðãèÿ, ðàñ-
ñåèâàåìàÿ àìîðòèçàòîðàìè ïðè äâèæåíèè àâ-
òîìîáèëÿ ïî ïëîõèì ãðóíòîâûì äîðîãàì è ïî 
ãðóíòîâûì äîðîãàì â óäîâëåòâîðèòåëüíîì ñî-
ñòîÿíèè, ñîèçìåðèìà (ñîñòàâëÿåò 74 % è 36 %, 
ñîîòâåòñòâåííî) ñ ýíåðãèåé, çàòðà÷èâàåìîé íà 
äâèæåíèå àâòîìîáèëÿ ïî äîðîãå ñ àñôàëüòî-
áåòîííûì ïîêðûòèåì. Íà àñôàëüòîáåòîííîé 
äîðîãå ñðåäíåå çíà÷åíèå ðàññåèâàåìîé ýíåðãèè 
ðàâíî ïðèìåðíî 8 % îò ðàñõîäà ýíåðãèè íà äâè-
æåíèå àâòîìîáèëÿ â ýòèõ æå óñëîâèÿõ.

Ìîùíîñòü áîðòîâûõ ýëåêòðè÷åñêèõ ñèñòåì 
ãðóçîâûõ àâòîìîáèëåé ñîñòàâëÿåò 1,5…5 êÂò â 
çàâèñèìîñòè îò òèïà è íàçíà÷åíèÿ àâòîìîáèëÿ. 
Ïðèìåíåíèå ðåêóïåðàòèâíûõ àìîðòèçàòîðîâ, 
ïîçâîëèò ñíàáæàòü ýíåðãèåé ýëåêòðè÷åñêèå ñè-
ñòåìû àâòîìîáèëÿ âî âðåìÿ äâèæåíèÿ. 

Îñîáî àêòóàëüíî ïðèìåíåíèå ðåêóïåðàòèâ-
íûõ àìîðòèçàòîðîâ íà àâòîìîáèëÿõ, ïðèíèìà-
þùèõ ó÷àñòèå â ñïîðòèâíûõ ãîíêàõ Ðàëëè, òàê 
êàê îíè äâèãàþòñÿ ñ áîëüøèìè ñêîðîñòÿìè ïî 
áåçäîðîæüþ. Òàêæå âîçìîæíî èõ èñïîëüçîâà-
íèå â àâòîìîáèëÿõ ñïåöèàëüíîãî íàçíà÷åíèÿ, 
â ñåëüñêîõîçÿéñòâåííîé òåõíèêå, â êàðüåðíûõ 
ñàìîñâàëàõ è ò.ä.
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Òàáëèöà 3

Íåîáõîäèìàÿ ýíåðãèÿ äëÿ ïîääåðæàíèÿ ñêîðîñòè, â òå÷åíèå ÷àñà  ïðè äâèæåíèè ïî àñôàëüòîáåòîííîé äîðîãå

Ñêîðîñòü, êì/÷ Ýíåðãèÿ íåîáõîäèìàÿ äëÿ ïîääåðæàíèÿ ñêîðîñòè, êÂò·÷

10 6,597

20 13,553

30 21,225

40 29,971

50 40,151

60 52,12

70 66,239

80 82,865

90 102,357

Ñðåäíåå çíà÷åíèå ýíåðãèè, êÂò · ÷ – 46,1
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EVALUATION OF ABILITY TO REGENERATE OSCILLATION ENERGY 
BY THE SUSPENSION SYSTEM OF A TWO-AXLE TRUCK
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One of the challenges that currently face manufacturers of electric vehicles is the development of an 
effective energy source. Currently, the main independent source of energy of electric vehicle is an 
electric traction battery of chemical type, but due to its low intensity, it cannot provide long mileage 
without recharging. The article describes a method of improving vehicles ' energy efficiency through 
energy recovery oscillations of the suspension system when driving on uneven road surface.
To convert the mechanical energy of vibrations into electrical, the leading manufacturers of the world are 
developing special regenerative shock absorbers. The article describes the design of such absorbers 
designed by companies Audi and ZF.
For quantitative evaluation of vibrational energy that is potentially possible to convert to electric we used 
a simulation mathematical model of motion of two-axle vehicle on ridges, implemented in the simulation 
package MATLAB/Simulink.
As inputs in the model was used the implementation of random road profiles that were obtained by the 
method of forming a filter by known from the literature the spectral characteristics of the irregularities for 
different types of roads. 
As a result of the mathematical model of computational experiments, it was determined the amount of 
dissipation in the suspension system energy when the vehicle is moving with different speed on different 
road types. Also for comparison was determined the energy spent by the vehicle at different speeds on 
the road with asphalt.
The comparison of the obtained energy values allows to make a conclusion about prospects of application 
of energy recovery oscillations of the suspension system especially for vehicles capable of high speeds 
on dirt roads.

Keywords: recovery, wheeled vehicle, shock absorber, mathematical model, dissipated energy.


