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Â íàñòîÿùåå âðåìÿ äàëüíåéøåå ïîâûøåíèå ïîäâèæíîñòè áûñòðîõîäíûõ ìàøèí âî ìíîãîì îãðàíè÷åíî ñóùå-
ñòâóþùèìè ñèñòåìàìè ïîäðåññîðèâàíèÿ, êîòîðûå â îñíîâíîì èìåþò íåðåãóëèðóåìûå õàðàêòåðèñòèêè, à ðàçðà-
áîòàííûå ðåãóëèðóåìûå ïîäâåñêè ñ âíåøíèì óïðàâëåíèåì î÷åíü ñëîæíû, äîðîãè è ìåíåå íàäåæíû. Ïîýòîìó 
ðàçðàáîòêà îòíîñèòåëüíî ïðîñòûõ è íàäåæíûõ ñàìîðåãóëèðóåìûõ ïîäâåñîê äëÿ áûñòðîõîäíûõ ìàøèí ÿâëÿåòñÿ 
àêòóàëüíîé çàäà÷åé. Íà êàôåäðå «Àâòîìàòè÷åñêèå óñòàíîâêè» ÂîëãÃÒÓ ðàçðàáîòàíà îðèãèíàëüíàÿ êîíñòðóêöèÿ 
ïíåâìîãèäðàâëè÷åñêîé ðåññîðû (ÏÃÐ) ñ àäàïòèâíûì ñàìîðåãóëèðóåìûì äåìïôåðîì äëÿ ïîäâåñêè áûñòðîõîäíîé 
ãóñåíè÷íîé ìàøèíû (ÁÃÌ). Îñîáåííîñòüþ åå àäàïòèâíîãî äåìïôåðà ÿâëÿåòñÿ îáåñïå÷åíèå äâóõñòóïåí÷àòîãî 
íåóïðóãîãî ñîïðîòèâëåíèÿ â çàâèñèìîñòè îò àìïëèòóäû, ÷àñòîòû è íàïðàâëåíèÿ êîëåáàíèé, ÷òî ïîçâîëÿåò çíà-
÷èòåëüíî óìåíüøèòü óñêîðåíèÿ «òðÿñêè» è íàãðåâ ÏÃÐ ïðè äâèæåíèè ÁÃÌ ïî ìåëêèì íåðîâíîñòÿì, à òàêæå 
ïðàêòè÷åñêè èñêëþ÷èòü ïðîáîè ïîäâåñêè ïðè âîçíèêíîâåíèè áîëüøèõ âåðòèêàëüíûõ è óãëîâûõ êîëåáàíèé êîð-
ïóñà ìàøèíû â ïðîöåññå äâèæåíèÿ ïî áîëüøèì íåðîâíîñòÿì èëè òðàìïëèíàì ñ îòðûâîì êàòêîâ îò îïîðíîé ïî-
âåðõíîñòè. Äàííûå ðåæèìû ðàáîòû îáåñïå÷èâàþòñÿ ñ ïîìîùüþ óñòàíîâêè â êîðïóñå ñåðèéíîé ÏÃÐ äâóõ ïîäïðó-
æèíåííûõ ñòóïåí÷àòûõ ïëóíæåðîâ, êîòîðûå â ñòàòè÷åñêîì ïîëîæåíèè è ïðè íåáîëüøèõ õîäàõ øòîêà ðåññîðû 
îòêðûâàþò äîïîëíèòåëüíûé äðîññåëüíûé êàíàë, ñóùåñòâåííî óìåíüøàþùèé íåóïðóãîå ñîïðîòèâëåíèå ïîäâå-
ñêè, à ïðè áîëüøèõ õîäàõ ïåðåêðûâàþò ýòîò êàíàë, òåì ñàìûì çíà÷èòåëüíî óñèëèâàÿ äåìïôèðîâàíèå êîëåáàíèé. 
Áëàãîäàðÿ òîìó, ÷òî ýòè ïëóíæåðû ñíàáæåíû ñèñòåìîé çàäåðæêè èõ ïåðåìåùåíèÿ â îáðàòíîì íàïðàâëåíèè, îáå-
ñïå÷èâàåòñÿ ñîõðàíåíèå ïîâûøåííîãî ñîïðîòèâëåíèÿ â òå÷åíèå íåñêîëüêèõ ïåðèîäîâ êîëåáàíèé. 
Â ñòàòüå òàêæå ïðåäñòàâëåíû èíæåíåðíàÿ ìåòîäèêà è ÷èñëåííûé ïðèìåð îïðåäåëåíèÿ ïàðàìåòðîâ îñíîâíûõ 
ýëåìåíòîâ àäàïòèâíîãî ñàìîðåãóëèðóåìîãî äåìïôåðà, ïðèâåäåíû óïðóãàÿ è äåìïôèðóþùèå õàðàêòåðèñòèêè 
ÏÃÐ ñ ó÷åòîì ðàáîòû ïðåäîõðàíèòåëüíîãî êëàïàíà õîäà ñæàòèÿ è îáðàòíîãî êëàïàíà õîäà îòáîÿ.
Êëþ÷åâûå ñëîâà: ïíåâìîãèäðàâëè÷åñêàÿ ðåññîðà, àäàïòèâíûé ñàìîðåãóëèðóåìûé äåìïôåð, ïëàâíîñòü õîäà, 
ìåòîäèêà ðàñ÷åòà äåìïôåðà.

Currently, a further increase in the mobility of high-speed vehicles is largely limited by the existing suspension sys-
tems, which mainly have unregulated characteristics, and the developed adjustable suspension systems with external 
control are very complex, expensive and less reliable. Therefore, the development of relatively simple and reliable 
self-adjusting suspensions for high-speed machinery is an urgent task. At the Department of Automatic Installa-
tions of Volgograd State Technical University an original design of an air-hydraulic spring (AHS) with an adaptive 
self-regulating damper for suspension of a high-speed tracked vehicle (HSTV) was developed. A feature of its adap-
tive damper is the provision of a two-stage inelastic resistance depending on the amplitude, frequency and direction 
of oscillation, which can significantly reduce the acceleration of the «shaking» and heating of AHS when the HSTV 
moves along small irregularities, as well as practically eliminate suspension breakdowns when large vertical and an-
gular vibrations occur at the vehicles body when driving on large bumps or springboards with a takeoff of the rollers 
from the supporting surface. These modes of operation are ensured by installing two spring-loaded step plungers in 
the serial AHS body, which in a static position and with small spring lift open an additional throttle channel, which 
significantly reduces the inelastic resistance of the suspension, and at large strokes they block this channel, thereby 
significantly increasing damping fluctuations. Due to the fact that these plungers are equipped with a system for 
delaying their movement in the opposite direction, the increased resistance is maintained for several periods of oscil-
lation. The article also presents an engineering methodology and a numerical example of determining the parameters 
of the main elements of an adaptive self-regulating damper, the elastic and damping characteristics of the AHS taking 
into account the operation of the pressure relief valve and the rebound check valve.
Keywords: air-hydraulic spring, adaptive self-adjusting damper, smoothness of movement, damper calculation pro-
cedure.
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 Ââåäåíèå
Â íàñòîÿùåå âðåìÿ áëàãîäàðÿ ðàçâèòèþ òåõ-

íîëîãèé äâèãàòåëåñòðîåíèÿ ó áûñòðîõîäíûõ 
ãóñåíè÷íûõ ìàøèí (ÁÃÌ) ïîÿâëÿåòñÿ âîçìîæ-
íîñòü çíà÷èòåëüíîãî óâåëè÷åíèÿ èõ ïîäâèæíî-
ñòè. Íî äëÿ óâåëè÷åíèÿ ñêîðîñòè è ñîõðàíåíèÿ 
êîìôîðòà ïåðåäâèæåíèÿ òàêæå íåîáõîäèìî 
ðàçâèâàòü è êà÷åñòâî ñèñòåìû ïîäðåññîðèâà-
íèÿ. Ïðè íåóäîâëåòâîðèòåëüíîì êà÷åñòâå ïîä-
âåñêè âîäèòåëü èñïûòûâàåò äèñêîìôîðò è 
÷ðåçìåðíûå ïåðåãðóçêè, ÷òî ïðèâîäèò ê áû-
ñòðîé óòîìëÿåìîñòè è ìîæåò íàíåñòè âðåä 
îðãàíèçìó ÷åëîâåêà. Ïîýòîìó ïðè äâèæåíèè 
ïî ðàçáèòûì äîðîãàì è ïåðåñå÷åííîé ìåñòíî-
ñòè âîäèòåëü âûíóæäåí îãðàíè÷èâàòü ñêîðîñòü 
äâèæåíèÿ ìàøèíû. Ýòî ïðåäúÿâëÿåò äîïîëíè-
òåëüíûå òðåáîâàíèÿ ê ñèñòåìàì ïîäðåññîðèâà-
íèÿ. Äëÿ ðåøåíèÿ äàííûõ çàäà÷ íàèáîëåå ïîä-
õîäÿùèìè ÿâëÿþòñÿ ïíåâìîãèäðàâëè÷åñêèå 
ïîäâåñêè ñ ðåãóëèðóåìûì äåìïôèðîâàíèåì. 
Îäíàêî â ïðàêòèêå ìàøèíîñòðîåíèÿ îòñóò-
ñòâóþò ïðîñòûå òåõíè÷åñêèå ðåøåíèÿ äàííîé 
ñëîæíîé çàäà÷è [1…4].

Öåëü èññëåäîâàíèé 
Ðàçðàáîòêà êîíñòðóêöèè ïíåâìîãèäðàâëè÷å-

ñêèå ïîäâåñêè äëÿ ÁÌÃ ñ ðåãóëèðóåìûì äåìï-
ôèðîâàíèåì è ìåòîäèêè åå ïðîåêòèðîâàíèÿ.

Ìàòåðèàëû è ìåòîäû
Â ÂîëãÃÒÓ íà êàôåäðå «Àâòîìàòè÷åñêèå 

óñòàíîâêè» è ïðè ñîäåéñòâèè ÀÎ «ÔÍÏÖ 
«Òèòàí-Áàððèêàäû» ðàçðàáîòàíà êîíñòðóêöèÿ 
 ïíåâìîãèäðàâëè÷åñêîé ðåññîðû (ÏÃÐ) äëÿ ïîä-
âåñêè ÁÃÌ, êîòîðàÿ îáåñïå÷èâàåò àäàïòèâíîå 
ñàìîðåãóëèðîâàíèå äåìïôèðîâàíèÿ â çàâèñè-
ìîñòè îò àìïëèòóäû, ÷àñòîòû è íàïðàâëåíèÿ 
êîëåáàíèé, à òàêæå èìååò ïðåäîõðàíèòåëüíûé 
êëàïàí õîäà ñæàòèÿ è îáðàòíûé êëàïàí õîäà 
îòáîÿ, âûïîëíåííûå â âèäå åäèíîãî óçëà, â êî-
òîðîì ðàçìåùåí îñíîâíîé äðîññåëü (ðèñ. 1). 
Ïðîòîòèïîì äàííîé êîíñòðóêöèè ÿâëÿåòñÿ 
ÏÃÐ ïî ïàòåíòó ÐÔ 2694706, íåäîñòàòêîì êîòî-
ðîé ÿâëÿåòñÿ ñðàâíèòåëüíî âûñîêàÿ ñëîæíîñòü 
àäàïòèâíîãî ñàìîðåãóëèðóåìîãî äåìïôèðóþ-
ùåãî óçëà, ÷òî óâåëè÷èâàåò ãàáàðèòû êîðïóñà 
ðåññîðû, à òàêæå îòñóòñòâèå îãðàíè÷åíèÿ  ìàê-

Ðèñ. 1. ÏÃÐ ñ àäàïòèâíûì ñàìîðåãóëèðóåìûì äåìïôåðîì
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ñèìàëüíîãî ïåðåïàäà äàâëåíèé ìåæäó ïîðøíå-
âîé ïîëîñòüþ è ïîëîñòüþ ãèäðîàêêóìóëÿòîðà 
íà õîäå ñæàòèÿ, ÷òî íåãàòèâíî âëèÿåò íà ïëàâ-
íîñòü õîäà è íàäåæíîñòü ðàáîòû  ïîäâèæíûõ 
óïëîòíåíèé [5, 6, 7].

ÏÃÐ ñîñòîèò èç ãèäðàâëè÷åñêîãî 1 è ïíåâ-
ìîãèäðàâëè÷åñêîãî 2 öèëèíäðîâ, óñòàíîâëåí-
íûõ â êîðïóñå 3. Â öèëèíäðå 1 óñòàíîâëåí 
ïîðøåíü 4 ñî øòîêîì 5, îáðàçóþùèå â öèëèí-
äðå 1 ïîðøíåâóþ 6 è øòîêîâóþ 7 ïîëîñòè. 
Ïëàâàþùèé ïîðøåíü 8 íàõîäèòñÿ â ïíåâìî-
ãèäðàâëè÷åñêîì öèëèíäðå 2 è ðàçäåëÿåò åãî 
íà ãèäðàâëè÷åñêóþ 9 è ïíåâìàòè÷åñêóþ 10 
ïîëîñòè. Ïîðøíåâàÿ ïîëîñòü 6 è ãèäðàâëè-
÷åñêàÿ ïîëîñòü 9 ïîñòîÿííî ñîîáùåíû ìåæäó 
ñîáîé ÷åðåç âûïîëíåííîå â êîðïóñå îòâåðñòèå 
13, ïåðâîå ñòóïåí÷àòîå îòâåðñòèå 11, íèæíåå 
îòâåðñòèå 14, ïðåäîõðàíèòåëüíûé êëàïàí 15 
è îñíîâíîå äðîññåëüíîå îòâåðñòèå 39 ñ áîëü-
øèì ñîïðîòèâëåíèåì. Êðîìå òîãî, ïîëîñòè 6 
è 9 ìîãóò ïåðèîäè÷åñêè ñîîáùàòüñÿ ÷åðåç ïî-
ïåðå÷íûé êàíàë 16, âòîðîå ñòóïåí÷àòîå îòâåð-
ñòèå 12 è äîïîëíèòåëüíîå äðîññåëüíîå îòâåð-
ñòèå 17 ñ ìàëûì ñîïðîòèâëåíèåì.

Êëàïàí ìàêñèìàëüíîãî õîäà ñæàòèÿ 18 
è êëàïàí ìàêñèìàëüíîãî õîäà îòáîÿ 26 âûïîëíå-
íû â âèäå ïîäïðóæèíåííûõ ñòóïåí÷àòûõ ïëóí-
æåðîâ. Êëàïàíû 18 è 26 ðàñïîëîæåíû â ñòó-
ïåí÷àòûõ îòâåðñòèÿõ 11 è 12 ñîîòâåòñòâåííî 
è ðàçäåëÿþò èõ íà íàäïëóíæåðíûå 19 è 27, ïîä-
ïëóíæåðíûå 20 è 28, êîëüöåâûå ïëóíæåðíûå 21 
è 29 ïîëîñòè. Íàäïëóíæåðíûå ïîëîñòè 19 è 27 
îòäåëåíû îò êîëüöåâûõ ïëóíæåðíûõ ïîëîñòåé 
21 è 29 ñ ïîìîùüþ óïëîòíåíèé 22 è 30, óñòà-
íîâëåííûõ â ïðîòî÷êàõ â êîðïóñå 3. Êëàïàíû 18 
è 26 ñíàáæåíû ñèñòåìàìè âðåìåííîé çàäåðæêè 
âîçâðàòà èõ â èñõîäíîå ïîëîæåíèå, ðàññ÷èòàí-
íûìè íà 1,5–2 ïåðèîäà ñîáñòâåííûõ êîëåáàíèé 
êîðïóñà ìàøèíû, êîòîðûå ïðåäñòàâëåíû â âèäå 
ïîäïðóæèíåííûõ êëàïàííûõ òàðåëîê 24 è 32 
ñ îñåâûìè äðîññåëüíûìè îòâåðñòèÿìè 25 è 33.

Ïðè ðàáîòå ÏÃÐ ñ ìàëûìè àìïëèòóäàìè 
êëàïàíû 18 è 26 ïîñòîÿííî îòêðûòû, ïîýòîìó 
æèäêîñòü ìåæäó ïîëîñòÿìè 6 è 9 ïåðåòåêàåò 
ñ ìàëûì ñîïðîòèâëåíèåì ÷åðåç îñíîâíîå äðîñ-
ñåëüíîå îòâåðñòèå 39 â ïðåäîõðàíèòåëüíîì 
êëàïàíå 15 è äîïîëíèòåëüíîå äðîññåëüíîå îò-
âåðñòèå 17.

Ïðè âîçíèêíîâåíèè áîëüøèõ àìïëèòóä êî-
ëåáàíèé êëàïàíû 18 è 26 ïåðåêðûâàþò ïîïå-
ðå÷íûé êàíàë 16, è æèäêîñòü ìåæäó ïîëîñòÿìè 
6 è 9 ïåðåòåêàåò ñ áîëüøèì ñîïðîòèâëåíèåì 
òîëüêî ÷åðåç îñíîâíîå äðîññåëüíîå îòâåðñòèå 

39 â ïðåäîõðàíèòåëüíîì êëàïàíå 15. Ïðè ýòîì 
íà õîäå ñæàòèÿ ÏÃÐ ïëóíæåð 18 ïîä äåéñòâè-
åì âûñîêîãî äàâëåíèÿ ïåðåìåùàåòñÿ äî óïîðà 
ââåðõ, äîïîëíèòåëüíî ñæèìàÿ ïðóæèíó 23, 
à íà õîäå îòáîÿ ÏÃÐ ïðè íèçêîì äàâëåíèè 
ïëóíæåð 26 ïîä äåéñòâèåì ïðóæèíû 31 ïåðå-
ìåùàåòñÿ äî óïîðà âíèç. Ïîñëå óìåíüøåíèÿ 
êîëåáàíèé ÏÃÐ êëàïàíû 18 è 26 îòêðûâàþòñÿ. 

Íà õîäå ñæàòèÿ ïðè ïåðåêðûòîì ïîïåðå÷íîì 
êàíàëå 16 è âîçíèêíîâåíèè ðåçêîãî ïåðåïàäà 
äàâëåíèÿ ìåæäó ïîëîñòÿìè 6 è 9 ïðîèñõîäèò 
ñðàáàòûâàíèå ïðåäîõðàíèòåëüíîãî êëàïàíà 15, 
è ïëóíæåð 34 ïåðåìåùàåòñÿ âïðàâî, ñæèìàÿ 
ïðóæèíó 40 è îòêðûâàÿ êîñûå îòâåðñòèÿ 37, 
áëàãîäàðÿ ÷åìó îáåñïå÷èâàåòñÿ îãðàíè÷åíèå 
ñèëû ñîïðîòèâëåíèÿ ïðè áîëüøèõ ñêîðîñòÿõ 
õîäà ñæàòèÿ.

Íà õîäå îòáîÿ, ïðè ïåðåêðûòîì ïîïåðå÷-
íîì êàíàëå 16 è âîçíèêíîâåíèè ðåçêîãî ïåðå-
ïàäà äàâëåíèÿ ìåæäó ïîëîñòÿìè 6 è 9, îáðàò-
íûé êëàïàí 41 îòêðûâàåòñÿ, è æèäêîñòü òå÷åò 
íå òîëüêî ÷åðåç îñíîâíîå äðîññåëüíîå îòâåð-
ñòèå 39, íî è ÷åðåç îòâåðñòèÿ 42, êîëüöåâóþ 
ïëóíæåðíóþ ïîëîñòü 36, êîñûå îòâåðñòèÿ 38 
è ïëóíæåðíóþ ïîëîñòü 35, âûçûâàÿ ðåçêîå 
óìåíüøåíèå ñîïðîòèâëåíèÿ.

Ìåòîäèêà ðàñ÷åòà àäàïòèâíîãî 
ñàìîðåãóëèðóåìîãî äåìïôèðóþùåãî 
óçëà ÏÃÐ
Ìåòîäèêà ðàñ÷åòà ñàìîðåãóëèðóåìîãî àäàï-

òèâíîãî äåìïôèðóþùåãî óçëà ÏÃÐ çàêëþ÷àåò-
ñÿ â îïðåäåëåíèè óñëîâèé ñðàáàòûâàíèÿ êëà-
ïàíîâ 18 è 26 â çàâèñèìîñòè îò àìïëèòóäû, 
÷àñòîòû è íàïðàâëåíèÿ êîëåáàíèé ïîäâåñêè. 

Äëÿ ýòîãî íåîáõîäèìî çíàòü óïðóãóþ õà-
ðàêòåðèñòèêó ïîäâåñêè, óðàâíåíèÿ êîòîðîé 
ïðè äåôîðìàöèÿõ ïî êîîðäèíàòàì λ è h èìåþò 
ñëåäóþùèé âèä:

/
/

nVP p F i
V F i
 

    
í

ê í
í

 

èëè 

 
/

/

nVP p F i
V Fh i
 

   
ñò

ê ñò
ñò

,    (1)

ãäå ð
í
 è V

í
 – íà÷àëüíîå äàâëåíèå è íà÷àëüíûé 

îáúåì ãàçà; ð
ñò

 è V
ñò

 – äàâëåíèå è îáúåì ãàçà 
â ðåññîðå ïîä ñòàòè÷åñêîé íàãðóçêîé; n – ïî-
êàçàòåëü ïîëèòðîïû (äëÿ ÏÃÐ ñ ïëàâàþùèì 
ïîðøíåì n = 1,3…1,4); F – ïëîùàäü âûòåñíèòå-
ëÿ (ïîðøíÿ èëè øòîêà) ðåññîðû; i – ïåðåäàòî÷-
íîå îòíîøåíèå â ïîäâåñêå; λ – õîä êàòêà íà õîäå 
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ñæàòèÿ îò ïîëíîñòüþ ðàñòÿíóòîé ÏÃÐ; h – õîä 
êàòêà îò ñòàòè÷åñêîãî ïîëîæåíèÿ (íà õîäå 
ñæàòèÿ áåðåòñÿ ñî çíàêîì «+», íà õîäå îòáîÿ – 
ñî çíàêîì «–»).

Äëÿ ðàñ÷åòà ïàðàìåòðîâ êëàïàíà 18 (êëàïàí 
çàùèòû îò êîëåáàíèé ïîäâåñêè ñ áîëüøîé àì-
ïëèòóäîé) çàäàäèìñÿ óñëîâèåì åãî ñðàáàòûâà-
íèÿ (çàêðûòèÿ) ïóòåì ïåðåìåùåíèÿ ââåðõ, çà-
âèñÿùèì îò âåëè÷èíû õîäà ñæàòèÿ:

  h   ,  (2)

ãäå Δ  – íàèáîëåå âåðîÿòíàÿ àìïëèòóäà äåôîð-
ìàöèé ïîäâåñêè ïðè äâèæåíèè ÁÃÌ ïî îòíî-
ñèòåëüíî ðîâíîé ïîâåðõíîñòè äîðîãè, âûçû-
âàþùåé óñêîðåíèÿ «òðÿñêè» (íàïðèìåð, ðàâíà 
5 ñì).

Òîã äà äàâëåíèå íà÷àëà çàêðûòèÿ êëàïàíà 18 
îïðåäåëèòñÿ ïî çàâèñèìîñòè:

 

1
1 / /

nVPp p
F i V F i

 
     

ñòê
ñò

ñò

.  (3)

Ýòîìó äàâëåíèþ ñîîòâåòñòâóåò ñèëà ïðåä-
âàðèòåëüíîãî ïîäæàòèÿ ïðóæèíû 23:

 
1 1 1 1/

nVP p F p F
V F i
 

     
ñò

ïð ïë ñò ïë
ñò

,  (4)

ãäå F
ïë1

  – ïëîùàäü ìåíüøåé ñòóïåíè ïëóíæå-
ðà 18.

 1 1 01P c xïð , ( 5)

ñ
1
 – æ åñòêîñòü ïðóæèíû 23; õ

01
 – âåëè÷èíà 

ïðåäâàðèòåëüíîãî ñæàòèÿ ïðóæèíû 23.
Âåëè÷èíû F

ïë1
, ñ

1
 è õ

01
 âûáèðàþòñÿ èñõîäÿ 

èç êîìïîíîâêè êëàïàíà 18 â êîðïóñå 3 è ìèíè-
ìàëüíîãî äèàìåòðà ìåíüøåé ñòóïåíè ïëóíæå-
ðà 18. 

Â áîëüøåé ñòóïåíè ïëóíæåðà 18 óñòàíîâ-
ëåí îáðàòíûé êëàïàí 24, âûïîëíåííûé â âèäå 
ïîäïðóæèíåííîé òàðåëêè ñ äðîññåëåì 25, äèà-
ìåòð êîòîðîãî îïðåäåëÿåòñÿ èç ñëåäóþùåãî 
óðàâíåíèÿ:

 

3
2. 1

1 1 . 1 12 2
12

FP p F
f


   


ïë ê

ïð ïë ïë ê ïë
äð

, (6  )

ãäå F
ïë.ê1 

 – ïëîùàäü ïîïåðå÷íîãî ñå÷åíèÿ êîëü-
öåâîé ïîëîñòè ïëóíæåðà 18; Δp

ïë1
 – ïåðåïàä 

äàâëåíèé íà áîëüøåé ñòóïåíè ïëóíæåðà 18 
ìåæäó ïîëîñòÿìè 20 è 21; ρ – ïëî òíîñòü æèä-
êîñòè (ρ = 0,85 ã/ñì3); μ – êîýôôèöèåíò ðàñõîäà 
(äëÿ ÏÃÐ μ = 0,8…0,9); υ

ïë1
 –  ñêîðîñòü ïåðåìå-

ùåíèÿ ïëóíæåðà 18 ïîä äåéñòâèåì ïðóæèíû 23 
âíèç ïðè óñëîâèè óìåíüøåíèÿ äàâëåíèé â ïî-
ëîñòÿõ 9 è 10 ìåíüøå ð

1
.

Ñêîðîñòü ïåðåìåùåíèÿ ïëóíæåðà ìîæíî 
íàéòè èç óðàâíåíèÿ:

  

1 1 1
1

1 (1...3) (1...3)2
gnF

t T iV
  

    
ïë

îòêð ñò

, (7)

ãäå δ
1
 – ïîëíûé õîä ïëóíæåðà 18; t

îòêð1
 – âðåìÿ îò-

êðûòèÿ ïëóíæåðà 18 (ðàâíî 1 …3 ïåðèîäàì êîëå-
áàíèé ïîäâåñêè); T – ïåðèîä ñîáñòâåííûõ êîëåáà-
íèé ðåññîðû; g – óñêîðåíèå ñâîáîäíîãî ïàäåíèÿ.

Çàäàâàÿñü ñêîðîñòüþ υ
ïë1

 è çíàÿ ñèëó ïîä-
æàòèÿ ïðóæèíû 23 ïðè çàêðûòîì êëàïàíå 18, 
ìîæíî îïðåäåëèòü ïëîùàäü äðîññåëüíîãî îò-
âåðñòèÿ â îáðàòíîì êëàïàíå 24:

 

3
. 1

1 12 *
12

Ff
P


 


ïë ê

äð ïë
ïð

, (8)

 ãäå *
1Pïð  – ñèëà  ïîäæàòèÿ ïðóæèíû 23 ïðè çà-

êðûòîì êëàïàíå 18,

 
*

1 1 1 1( )P c x  ïð . (9)

Òîãäà äèàìåòð äðîññåëüíîãî îòâåðñòèÿ â îá-
ðàòíîì êëàïàíå 24 ðàññ÷èòûâàåòñÿ ïî ôîðìóëå:

 

1
1

4 f
d 


äð

äð . (10)

Äëÿ ðàñ÷åòà ïàðàìåòðîâ êëàïàíà 26 ( êëàïàí 
çàùèòû îò ïðîáîÿ ïîäâåñêè ïîñëå ïîëíîãî ðàñ-
òÿæåíèÿ ÏÃÐ ïðè îòðûâå êàòêîâ ïîñëå ïðå-
îäîëåíèÿ òðàìïëèíà è ïîñëåäóþùåãî ïðèçåì-
ëåíèÿ) çàäàäèìñÿ óñëîâèåì åãî ñðàáàòûâàíèÿ 
(çàêðûòèÿ) ïóòåì ïåðåìåùåíèÿ âíèç, çàâèñÿ-
ùèì îò âåëè÷èíû õîäà îòáîÿ:

 –h  îòá , (11)

ãäå Δ
îòá

 – âåëè÷èíà ðàñòÿæåíèÿ ÏÃÐ, ïðè êîòî-
ðîé íåîáõîäèìî çàêðûòü êëàïàí 26 (íàïðèìåð, 
ðàâíà 80 % îò ñòàòè÷åñêîãî õîäà ïîäâåñêè).

Òîãäà äàâëåíèå íà÷àëà çàêðûòèÿ êëàïàíà 26 
îïðåäåëèòñÿ ïî çàâèñèìîñòè:

 

2
2 / /

nVPp p
F i V F i

 
     

ñòê
ñò

ñò îòá

, (12)

Ýòîìó äàâëåíèþ ñîîòâåòñòâóåò ñèëà ïðåä-
âàðèòåëüíîãî ïîäæàòèÿ ïðóæèíû 31:

 
2 2 2 2/

nVP p F p F
V F i
 

     
ñò

ïð ïë ñò ïë
ñò îòá

, (13)

ãäå F
ïë2

 – ïëîùàäü ìåíüøåé ñòóïåíè ïëóíæåðà 
26;

 2 2 02P c xïð , (14)

ñ
2
 – æåñòêîñòü ïðóæèíû 31; õ

02
 – âåëè÷èíà 

ïðåäâàðèòåëüíîãî ñæàòèÿ ïðóæèíû 31.
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Âåëè÷èíû F
ïë2

, ñ
2
 è õ

02
 âûáèðàþòñÿ èñõîäÿ 

èç êîìïîíîâêè êëàïàíà 31 â êîðïóñå 3 è ìèíè-
ìàëüíîãî äèàìåòðà ìåíüøåé ñòóïåíè ïëóíæå-
ðà 26. 

Â áîëüøåé ñòóïåíè ïëóíæåðà 26 óñòàíîâ-
ëåí îáðàòíûé êëàïàí 32, âûïîëíåííûé â âèäå 
ïîäïðóæèíåííîé òàðåëêè ñ äðîññåëåì 33, äèà-
ìåòð êîòîðîãî îïðåäåëÿåòñÿ ïî ñëåäóþùåãî 
óðàâíåíèÿ:

 

3
2.

2 2 . 2 22 2
22

FP p F
f


   


ïë ê

ïð ïë ïë ê ïë
äð

, (15)

ãäå F
ïë.ê2

 – ïëîùàäü ïîïåðå÷íîãî ñå÷åíèÿ êîëü-
öåâîé ïîëîñòè ïëóíæåðà 26; Δp

ïë2
 – ïåðåïàä 

äàâëåíèé íà áîëüøåé ñòóïåíè ïëóíæåðà 26 
ìåæäó ïîëîñòÿìè 28 è 29; υ

ïë2
 – ñêîðîñòü ïåðå-

ìåùåíèÿ ïëóíæåðà 26 ïîä äåéñòâèåì ïðóæè-
íû 31 ââåðõ ïðè óñëîâèè óâåëè÷åíèÿ äàâëåíèÿ 
â ïîëîñòÿõ 9 è 10 áîëüøå ìåíüøå ð

2
.

Ñêîðîñòü ïåðåìåùåíèÿ ïëóíæåðà ìîæíî 
íàéòè èç óðàâíåíèÿ:

   

2 2 2
2

2

,
(1...3) (1...3)2

gnF
t T iV
  

    
ïë

îòêð ñò

 (16)

ãäå δ
2
 – ïîëíûé õîä ïëóíæåðà 26; t

îòêð2
 – âðåìÿ 

îòêðûòèÿ ïëóíæåðà 26 (ðàâíî 1…3 ïåðèîäàì 
êîëåáàíèé ïîäâåñêè).

Çàäàâàÿñü ñêîðîñòüþ υ
ïë2

 è çíàÿ ñèëó ïîä-
æàòèÿ ïðóæèíû 31 ïðè çàêðûòîì êëàïàíå 26, 
ìîæíî îïðåäåëèòü ïëîùàäü äðîññåëüíîãî îò-
âåðñòèÿ â îáðàòíîì êëàïàíå 32:

 

3
. 2

2 22 *
22

Ff
P


 


ïë ê

äð ïë
ïð

, (17)

ãäå *
2Pïð  – ñèëà ïîäæàòèÿ ïðóæèíû 23 ïðè çà-

êðûòîì êëàïàíå 18,

  *
2 2 2 2( )P c x  ïð . (18)

Òîãäà äèàìåòð äðîññåëüíîãî îòâåðñòèÿ â îá-
ðàòíîì êëàïàíå 24 ðàññ÷èòûâàåòñÿ ïî ôîðìóëå:

 

2
2

4 f
d 


äð

äð . (19)

Äåìïôèðóþùàÿ õàðàêòåðèñòèêà ÏÃÐ ðàñ-
ñ÷èòûâàåòñÿ ïî ôîðìóëå:

 

3
2

2 2 3
02
FR
f i


 

ê ê , (20)

ãäå f₀ – ïëîùàäü äðîññåëüíî ãî îòâåðñòèÿ â ãî-
ëîâêå ÏÃÐ; υ

ê
 – ñêîðîñòü âåðòèêàëüíûõ ïåðå-

ìåùåíèé êàòêà.

Ðåçóëüòàòû è îáñóæäåíèå
Ïðèìåð ðàñ÷åòà àäàïòèâíîãî 
ñàìîðåãóëèðóåìîãî äåìïôèðóþùåãî 
óçëà ÏÃÐ
Íèæå ïðèâåäåí ïðèìåð ðàñ÷åòà îñíîâíûõ 

ïàðàìåòðîâ ÏÃÐ ñ ñàìîðåãóëèðóåìûì àäàï-
òèâíûì äåìïôèðóþùèì óçëîì äëÿ ïíåâìîãè-
äðàâëè÷åñêîé ïîäâåñêè ÁÃÌ ïðè ñëåäóþùèõ 
èñõîäíûõ äàííûõ: ñòàòè÷åñêèé îáúåì ãàçà 
V

ñò
 = 270 ñì³; ïëîùàäü ïîðøíÿ F = 19,63 ñì²; 

ïîëíûé õîä ïîäâåñêè h
ïîëí

 = 32 ñì; ïåðåäàòî÷-
íîå ÷èñëî ïîäâåñêè i = 2,5; ñòàòè÷åñêîå äàâëå-
íèå ð

ñò
 = 10 ÌÏà; ñòóïåí÷àòûå ïëóíæåðû 18 

è 26 èìåþò îäèíàêîâûå ðàçìåðû: d
ïë1 

= 6 ìì 
è d

ïë2 
= 22  ìì. Ãðàôèêè ñòàòè÷åñêîé è äèíà-

ìè÷åñêîé óïðóãèõ õàðàêòåðèñòèê ïíåâìîãè-
äðàâëè÷åñêîé ïî äâåñêè, ïîñòðîåííûå ñ ïî-
ìîùüþ ðàñ÷åòà ïî ôîðìóëå (1), ïîêàçàíû 
íà ðèñ. 2.

Èç óñëîâèÿ (2) çàäàäèìñÿ ïàðàìåòðîì ñðà-
áàòûâàíèÿ êëàïàíà 18 íà õîäå ñæàòèÿ ïîä-
âåñêè îò ñòàòè÷åñêîãî ïîëîæåíèÿ Δ = 5 ñì. 
Òîãäà èç ôîðìóëû (3) äàâëåíèå, ïðè êîòîðîì 
íà÷íåò çàêðûâàòüñÿ êëàïàí 18, ð

1
 = 12,45 ÌÏà. 

Ýòîìó äàâëåíèþ ïðè ïëîù àäè ìåíüøåé ñòó ïå-
íè ïëóíæåðà 18 F

ïë1
 = 0,283 ñì² ñîîòâå òñòâóåò 

ñèëà ïðåäâàðèòåëüíîãî ïîäæàòèÿ ïðóæèíû 23 
Ð

ïð1
 = 352 Í. 
Çíàÿ ñèëó ïðåäâàðèòåëüíîãî ïîäæàòèÿ 

ïðóæèíû 23, ìîæíî ïîäîáðàòü ñàìó ïðóæèíó 
ïî ÃÎÑÒ 18793, ëèáî, çíàÿ íàðóæíûé äèàìåòð, 
äëèíó è õîä ïðóæèíû, ñïðîåêòèðîâàòü ñîá-
ñòâåííóþ ïðóæèíó. 

Â íàøåì ñëó÷àå ïðóæèíà 23 èìååò ñëåäó-
þùèå ïàðàìåòðû (ðèñ. 3): íàðóæíûé äèàìåòð 
D

íàð
 = 18 ìì; äèàìåòð ïðóòêà d = 2 ìì; âíóòðåí-

íèé äèàìåòð D
âí

 = 14 ìì; äëèíà áåç íàãðóçêè 
l
0
 = 322 ìì, êîíòðîëüíàÿ äëèíà l

1
 = 92 ìì; 

ñèëà ïðóæèíû (ïðè l
1
) Ð

1
 = 352,55 Í; êîíòðîëü-

íàÿ äëèíà l
2
 = 80 ìì, ñèëà ïðóæèíû (ïðè l

2
) 

Ð
2
 = 370,94 Í; äëèíà â ñæàòîì ñîñòîÿíèè 

l
3
 = 53 ìì; ñèëà ïðóæèíû (ïðè l

3
) Ð

3
 = 412,33 Í; 

ðàññòîÿíèå ìåæäó âèòêàìè t = 12,76 ìì; ðàáî-
÷åå ÷èñëî âèòêîâ n = 25 øò.; æåñòêîñòü ïðóæè-
íû ñ

1
 = 1,53 Í/ìì; ìàòåðèàë – ñòàëü 60Ñ2À, 

ÃÎÑÒ 14959-79.
Ïðè âðåìåíè îòêðûòèÿ êëàïàíà 18 t

îòêð1
 = 2T, 

ñîãëàñíî ôîðìóëå (7), ñêîðîñòü ïåðåìåùåíèÿ 
ïëóíæåðà υ

ïë1
 = 0,6 ñì/ñ.

Çíàÿ ñêîðîñòüþ υ
ïë1

 è ñèëó ïîäæàòèÿ ïðóæè-
íû 23 ïðè çàêðûòîì êëàïàíå 18, ìîæíî îïðåäå-
ëèòü ïëîùàäü äðîññåëüíîãî îò âåðñòèÿ â îáðàò-
íîì êëàïàíå 24 ïî ôîðìóëå (8). Ïðè êîëüöåâîé 
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ïëîùàäè ï ëóíæåðà 18 F
ïë.ê1

 = 1,72 ñì² ïëîùàäü 
äðîññåëüíîãî îòâåðñòèÿ f

äð1
 = 5,4·10-4 ñì². Ýòîé 

ïëîùàäè, ñîãëàñíî  ôîðìóëå (10), ñîîòâåòñòâó-
åò äèàìåòð äðîññåëüíîãî îòâåðñòèÿ â îáðàò-
íîì êëàïàíå 24 d

äð1
 = 0,26 ìì.

Äëÿ ðàñ÷åòà ïàðàìåòðîâ êëàïàíà 26 
(êëàïàí çàùèòû îò ïðîáîÿ ïîäâåñêè ïîñëå 
ïîëíîãî ðàñòÿæåíèÿ ÏÃÐ ïðè îòðûâå êàòêîâ 
ïîñëå ïðåîäîëåíèÿ òðàìïëèíà è ïîñëåäóþ-
ùåãî ïðèçåìëåíèÿ) çàäàäèìñÿ óñëîâèåì åãî 
ñðàáàòûâàíèÿ íà õîäå îòáîÿ ïîäâåñêè ïðè 
Δ

îòá
 ≥ 10 ñì. Òîãäà, ñîãëàñíî ôîðìóëå (12), äàâ-

ëåíèå íà÷àëà çàêðûòèÿ êëàïàíà 26 ð
2
 = 7 ÌÏà. 

Ýòîìó äàâëåíèþ ïðè ïëîùàäè ìåíüøåé ñòó-
ïåíè ïëóíæåðà 26 F

ïë1
 = 0,283 ñì² ñîîòâåò-

ñòâóåò ñèëà ïðåäâàðèòåëüíîãî ïîäæàòèÿ ïðó-
æèíû 31 Ð

ïð2
 = 198 Í.

Çíàÿ ñèëó ïðåäâàðèòåëüíîãî ïîäæàòèÿ 
ïðóæèíû 31, ìîæíî ïîäîáðàòü ñàìó ïðóæèíó 
ïî ÃÎÑÒ 18793, ëèáî, çíàÿ íàðóæíûé äèàìåòð, 
äëèíó è õîä ïðóæèíû, ñïðîåêòèðîâàòü ñîá-
ñòâåííóþ ïðóæèíó. 

Â íàøåì ñëó÷àå ïðóæèíà 31 èìååò ñëå-
äóþùèå ïàðàìåòðû (ðèñ. 4): íàðóæíûé äèà-

Ðèñ. 2. Óïðóãèå õàðàêòåðèñòèêè ïíåâìîãèäðàâëè÷åñêîé ïîäâåñêè ÁÃÌ: 
1 – ñòàòè÷åñêàÿ (n = 1); 2 – äèíàìè÷åñêàÿ (n = 1,39)

Ðèñ. 3. Ïðóæèíà 23                                                          Ðèñ. 4. Ïðóæèíà 31
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ìåòð D
íàð

 = 18 ìì; äèàìåòð ïðóòêà d = 1,8 ìì; 
âíóòðåííèé äèàìåòð D

âí
 = 14,4 ìì; äëèíà 

áåç íàãðóçêè l
0
 = 214 ìì; êîíòðîëüíàÿ äëèíà 

l
1
 = 62 ìì; ñèëà ïðóæèíû (ïðè l

1
)

 
Ð

1
 = 184,09 Í; 

êîíòðîëüíàÿ äëèíà l
2
 = 50 ìì; ñèëà ïðóæè-

íû (ïðè l
2
)

 
Ð

2
 = 198,62 Í; äëèíà â ñæàòîì ñî-

ñòîÿíèè l
3
 = 38,7 ìì; ñèëà ïðóæèíû (ïðè l

3
)

 

Ð
3
 = 212,31 Í; ðàññòîÿíèå ìåæäó âèòêàìè 

t = 10,57 ìì; ðàáî÷åå ÷èñëî âèòêîâ n = 20 øò.; 
æåñòêîñòü ïðóæèíû ñ

1
 = 1,21 Í/ìì; ìàòåðèàë 

ñòàëü 60Ñ2À, ÃÎÑÒ 14959-79.
Ïðè âðåìåíè îòêðûòèÿ êëàïàíà 26 t

îòêð1
 = 2T, 

ñîãëàñíî ôîðìóëå (16), ñêîðîñòü ïåðåìåùåíèÿ 
ïëóíæåðà 26 ðàâíà ñêîðîñòè ïåðåìåùåíèÿ 
ïëóíæåðà 18: υ

ïë1 
= υ

ïë2
 = 0,6 ñì/ñ. 

Çíàÿ ñêîðîñòüþ υ
ïë2

 è ñèëó ïîäæàòèÿ ïðó-
æèíû 31 ïðè çàêðûòîì êëàïàíå 26, ìîæíî 
îïðåäåëèòü ïëîùàäü äðîññåëüíîãî îòâåð-
ñòèÿ â îáðàòíîì êëàïàíå 26 ïî ôîðìóëå 
(17). Ïðè êîëüöåâîé ïëîùàäè ïëóíæåðà 26 
F

ïë.ê2
 = 1,72 ñì² ïëîùàäü äðîññåëüíîãî îòâåðñòèÿ 

f
äð2

 = 7,2·10-4 ñì². Ýòîé ïëîùàäè, ñîãëàñíî ôîðìó-
ëå (19), ñîîòâåòñòâóåò äèàìåòð äðîññåëüíîãî îò-
âåðñòèÿ â îáðàòíîì êëàïàíå 26 d

äð1
 = 0,3 ìì.

Äåìïôèðóþùèå õàðàêòåðèñòèêè äàííîé 
ïîäâåñêè, ðàññ÷èòàííûå ïî ôîðìóëå (20) ïðè 
îòêðûòûõ è çàêðûòûõ êëàïàíàõ 18 è 26, ïîêà-
çàíû íà ðèñ. 5. Ýòè õàðàêòåðèñòèêè ïîñòðîåíû 
ïðè ñëåäóþùèõ èñõîäíûõ äàííûõ: äèàìåòð 
îñíîâíîãî äðîññåëüíîãî îòâåðñòèÿ d

o
 = 5 ìì; 

äèàìåòð äîïî ëíèòåëüíîãî äðîññåëüíîãî îòâåð-
ñòèÿ d

äîï
 = 10 ìì.

Ðèñ. 5. Äåìïôèðóþùèå õàðàêòåðèñòèêè ÏÃÐ: 
R

1
 – ïðè çàêðûòûõ êëàïàíàõ 18 è 26 íà õîäå ñæàòèÿ; 
R

2
 – ïðè îòêðûòûõ êëàïàíàõ 18 è 26 íà õîäàõ 

ñæàòèÿ è îòáîÿ

Çàêëþ÷åíèå
1. Ðàçðàáîòàííàÿ ÏÃÐ ñ àäàïòèâíûì äåìï-

ôèðóþùèì óçëîì ñàìîðåãóëèðóåìûì ïî àì-
ïëèòóäå, íàïðàâëåíèþ è ÷àñòîòå êîëåáàíèé, 
èìååò ïðîñòóþ êîíñòðóêöèþ è ïîçâîëÿåò 
çíà÷èòåëüíî ó ìåíüøèòü óñêîðåíèÿ «òðÿñêè» 
ïðè äâèæåíèè ÁÃÌ ïî ìåëêèì íåðîâíîñòÿì 
(êëàïàíû 18 è 26 îòêðûòû), ïðàêòè÷åñêè èñ-
êëþ÷èòü ïðîáîè ïîäâåñêè ïðè âîçíèêíîâåíèè 
áîëüøèõ âåðòèêàëüíûõ è óãëîâûõ êîëåáàíèé 
êîðïóñà ìàøèíû (êëàïàí 18 çàêðûò), à òàêæå 
ìàêñèìàëüíî çàäåìïôèðîâàòü ïîäâåñêó ïîñëå 
ïîëíîãî âûäâèæåíèÿ øòîêà (êëàïàí 26 çàêðûò) 
ïðè äâèæåíèè ÁÃÌ ÷åðåç òðàìïëèíû ñ î òðû-
âîì êàòêîâ îò îïîðíîé ïîâåðõíîñòè.

2. Èçëîæåííàÿ â ñòàòüå èíæåíåðíàÿ ìåòî-
äèêà ðàñ÷åòà ïîçâîëÿåò îïðåäåëÿòü ïàðàìåòðû 
îñíîâíûõ ýëåìåíòîâ àäàïòèâíîãî äåìïôèðóþ-
ùåãî óçëà, ñòðîèòü óïðóãèå è äåìïôèðóþùèå 
õàðàêòåðèñòèêè ÏÃÐ ñ ó÷åòîì ðàáîòû ïðåäî-
õðàíèòåëüíîãî êëàïàíà õîäà ñæàòèÿ è îáðàòíî-
ãî êëàïàíà õîäà îòáîÿ.

3. Ïðèìåíåíèå ðàçðàáîòàííîé ÏÃÐ ñ àäàï-
òèâíûì ñàìîðåãóëèðóåìûì äåìïôåðîì ïîçâî-
ëèò ïîâûñèòü ïîäâèæíîñòü ÁÃÌ è óìåíüøèòü 
ïîòåðè ýíåðãèè â ïîäâåñêå, à òàêæå, ïî ñðàâíå-
íèþ ñ ðåãóëèðóåìûìè ïîäâåñêàìè ñ âíåøíèì 
óïðàâëåíèåì – ñóùåñòâåííî ñíèçèòü ñòîè-
ìîñòü ñèñòåìû ïîäðåññîðèâàíèÿ è ïîâûñèòü 
íàäåæíîñòü åå ðàáîòû.
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