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Â ðàáîòå ïðåäëîæåí ìåõàíèçì è àëãîðèòì óïðàâëåíèÿ îäíîîïîðíîé ïíåâìàòè÷åñêîé ðåëàêñàöèîííîé ñèñòå-
ìîé ïîäðåññîðèâàíèÿ ñ ðåêóïåðàöèåé ýíåðãèè êîëåáàíèé ïðèìåíèòåëüíî ê øòàòíîìó ñèäåíüþ îïåðàòîðà òÿ-
ãîâî-òðàíñïîðòíîãî ñðåäñòâà ôèðìû Sibeko. Âûïîëíåíû ýêñïåðèìåíòàëüíûå èññëåäîâàíèÿ ñòàòè÷åñêîé õàðàê-
òåðèñòèêè ïíåâìàòè÷åñêîé ïîäâåñêè øòàòíîãî ñèäåíüÿ ñ íåëèíåéíîé óïðóãîäåìïôèðóþùåé õàðàêòåðèñòèêîé. 
Ñîçäàíà ìàòåìàòè÷åñêàÿ ìîäåëü ïíåâìàòè÷åñêîé ðåëàêñàöèîííîé ïîäâåñêè ñèäåíüÿ ñ äâóìÿ äîïîëíèòåëüíûìè 
îáúåìàìè âîçäóõà, ìåæäó êîòîðûìè óñòàíîâëåí ïíåâìîäâèãàòåëü – ðåêóïåðàòîð, ïðèâîäÿùèéñÿ â äåéñòâèå çà 
ñ÷åò ïåðåòåêàíèÿ âîçäóõà èç îäíîãî äîïîëíèòåëüíîãî îáúåìà â äðóãîé. Â ðåçóëüòàòå ðàñ÷åòíûõ èññëåäîâàíèé ñ 
ïîìîùüþ áëîêà-èíñòðóìåíòà XY Graph Simulink MatLAB ïîëó÷åíà ðàáî÷àÿ óïðóãîäåìïôèðóþùàÿ õàðàêòåðè-
ñòèêà ìîäåëèðóåìîé ñèñòåìû ïîäðåññîðèâàíèÿ. Ìàòåìàòè÷åñêàÿ ìîäåëü, ñîçäàííàÿ ñ ó÷åòîì îñíîâíûõ ïîëî-
æåíèé òåîðåòè÷åñêîé ìåõàíèêè è ãàçîâîé äèíàìèêè, ðåàëèçóåò êîíöåïöèþ óïðàâëåíèÿ îäíîîïîðíîé ñèñòåìîé 
ïîäðåññîðèâàíèÿ ñ íåëèíåéíîé óïðóãîäåìïôèðóþùåé õàðàêòåðèñòèêîé è ïîãëîùåíèåì ýíåðãèè êîëåáàíèé â 
êîíöå õîäîâ ñæàòèÿ è îòáîÿ ïðè èçìåíåíèè íàïðàâëåíèÿ äâèæåíèÿ ïîäðåññîðåííîé ìàññû. Ïîäòâåðæäåíà ðà-
áîòîñïîñîáíîñòü ìåõàíèçìà è ñïîñîáà óïðàâëåíèÿ îäíîîïîðíîé ñèñòåìîé ïîäðåññîðèâàíèÿ, ðåàëèçóþùåé íå-
îáõîäèìóþ õàðàêòåðèñòèêó. Ðàñ÷åòíûå èññëåäîâàíèÿ ïðîâåäåíû â ïðîãðàììíîì êîìïëåêñå Simulink MatLAB. 
Äëÿ ïðåäâàðèòåëüíîé îöåíêè âèáðîçàùèòíûõ ñâîéñòâ ñèäåíüÿ áûëè ïîñòðîåíû àìïëèòóäíî-÷àñòîòíûå õàðàê-
òåðèñòèêè êîýôôèöèåíòîâ ïåðåäà÷è øòàòíîé è ïðåäëîæåííîé ïîäâåñîê. Âûïîëíåííûé ñðàâíèòåëüíûé àíàëèç 
àìïëèòóäíî-÷àñòîòíûõ õàðàêòåðèñòèê âûÿâèë çàìåòíîå óëó÷øåíèå âèáðîçàùèòû ïíåâìàòè÷åñêîé ðåëàêñàöè-
îííîé ñèñòåìû ïîäðåññîðèâàíèÿ ñ ðåêóïåðàöèåé ýíåðãèè êîëåáàíèé ïî ñðàâíåíèþ ñî øòàòíîé êàê â îáëàñòè 
ðåçîíàíñíûõ âîçìóùåíèé, òàê è â çàðåçîíàíñíîé îáëàñòè. Ïî ðåçóëüòàòàì àíàëèçà âûäåëåíû îñíîâíûå íàïðàâ-
ëåíèÿ äàëüíåéøåãî ñîâåðøåíñòâîâàíèÿ âèáðîçàùèòíûõ ñâîéñòâ ïðåäëîæåííîé ñèñòåìû ïîäðåññîðèâàíèÿ.
Êëþ÷åâûå ñëîâà: ïîäâåñêà ñèäåíüÿ, óïðóãîäåìïôèðóþùàÿ õàðàêòåðèñòèêà, ìàòåìàòè÷åñêàÿ ìîäåëü, ïíåâìà-
òè÷åñêèé óïðóãèé ýëåìåíò, ðàáî÷àÿ êàìåðà, äîïîëíèòåëüíûé îáúåì, äàâëåíèå âîçäóõà, ïíåâìîäâèãàòåëü, 

Simulink MatLAB, àìïëèòóäíî-÷àñòîòíàÿ õàðàêòåðèñòèêà.
The paper proposes a mechanism and an algorithm for controlling a single-bearing pneumatic relaxation suspension 
system with energy recovery of oscillations applied to the standard seat of operator of Sibeko traction vehicle. Experi-
mental studies of the static characteristic of a pneumatic suspension of a standard seat with a nonlinear elastic-damp-
ing characteristic have been performed. A mathematical model of a pneumatic relaxation seat suspension with two 
additional volumes of air is created, between which is installed an air motor – recuperator, which is activated by the 
flow of air from one additional volume to another. As a result of computational studies using the XY Graph Simulink 
MatLAB block-tool, the working elastic-damping characteristic of the simulated suspension system was obtained. 
The mathematical model, created taking into account the main provisions of theoretical mechanics and gas dynamics, 
realizes the concept of control of a single-bearing suspension system with a non-linear elastic-damping characteristic 
and absorption of vibrational energy at the end of compression and rebound strokes with a change in the direction of 
movement of the sprung mass. Calculation studies were carried out in the Simulink MatLAB software package. The 
working capacity of the mechanism and method of control of a single-bearing suspension system, realizing the neces-
sary characteristic, has been confirmed. For the preliminary evaluation of the vibration-protective properties of the 
seat, amplitude-frequency characteristics of the transmission coefficients of the nominal and proposed suspensions 
were constructed. The performed comparative analysis of the amplitude-frequency characteristics revealed a notice-
able improvement in the vibration protection of the pneumatic relaxation system of suspension with energy recovery 
of oscillations in comparison with the nominal one both in the region of resonant disturbances and in the resonant 
region. Based on the results of the analysis, the main directions for further improving the vibroprotective properties 
of the proposed suspension system are outlined.
Keywords: seat suspension, elastic-damping characteristic, mathematical model, pneumatic elastic element, working 
chamber, additional volume, air pressure, pneumatic engine, Simulink MatLAB, amplitude-frequency characteristic.
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Ââåäåíèå
Ñîâðåìåííûå òåíäåíöèè ðàçâèòèÿ íàçåì-

íûõ òðàíñïîðòíûõ ñðåäñòâ, òàêèå êàê ïîâû-
øåíèå óäåëüíîé ìîùíîñòè è ðàáî÷èõ ñêîðî-
ñòåé, òðåáóþò ñîîòâåòñòâóþùåãî ïîâûøåíèÿ 
ôóíêöèîíàëüíûõ êà÷åñòâ èõ ñèñòåì ïîäðåññî-
ðèâàíèÿ äëÿ îáåñïå÷åíèÿ íåîáõîäèìîé ïëàâ-
íîñòè õîäà ïðè âûïîëíåíèè òåõíîëîãè÷åñêèõ 
îïåðàöèé è ýôôåêòèâíîé çàùèòû îïåðàòîðà îò 
âðåäíîãî âëèÿíèÿ íèçêî÷àñòîòíûõ êîëåáàíèé, 
âèáðàöèé è øóìà.

Â íàñòîÿùåå âðåìÿ íàèáîëåå ýôôåêòèâíû-
ìè ñ÷èòàþòñÿ ïîäâåñêè ñèäåíüÿ îïåðàòîðà ñ íå-
ëèíåéíûìè õàðàêòåðèñòèêàìè. Íàïðèìåð, ïîä-
âåñêè ñ ïíåâìàòè÷åñêèì óïðóãèì ýëåìåíòîì, 
øèðîêî ïðèìåíÿåìûå íà ñîâðåìåííûõ òðàêòî-
ðàõ [7, 8]. Íàëè÷èå â íèõ øòàòíîãî íåðåãóëèðó-
åìîãî àìîðòèçàòîðà ïîçâîëÿåò îáåñïå÷èòü íå-
îáõîäèìîå ãàøåíèå êîëåáàíèé â ðåçîíàíñíîé 
çîíå, îäíàêî óõóäøàåò âèáðîçàùèùåííîñòü â 
çàðåçîíàíñíîé îáëàñòè [2, 3]. Ñóùåñòâóþò ðàç-
ëè÷íûå ïî ýôôåêòèâíîñòè âàðèàíòû ðåøåíèÿ 
äàííîé ïðîáëåìû, âêëþ÷àÿ èñïîëüçîâàíèå àê-
òèâíûõ ïîäâåñîê [5, 9], ñèñòåì «ïåðåñêîêà» [4] 
è ò.ä. Íî íàèáîëåå ïðåäïî÷òèòåëüíîé, ïî ðå-
çóëüòàòàì ïðîâåäåííîãî àíàëèçà [2], ÿâëÿåòñÿ 
ñàìîðåãóëèðóåìàÿ ñèñòåìà ïîäðåññîðèâàíèÿ 
ñ ïîëóàêòèâíûì óïðàâëåíèåì, íå òðåáóþùàÿ 
âíåøíèõ èñòî÷íèêîâ ýíåðãèè è ýôôåêòèâíî 
ðàáîòàþùàÿ âî âñåì ÷àñòîòíîì äèàïàçîíå âîç-
äåéñòâèé. Â ðàáîòå ðàññìîòðåíà ïðåäëîæåííàÿ 
óïðàâëÿåìàÿ ïíåâìàòè÷åñêàÿ ðåëàêñàöèîí-
íàÿ ñèñòåìà ïîäðåññîðèâàíèÿ ñ ðåêóïåðàöèåé 
ýíåðãèè êîëåáàíèé ïðèìåíèòåëüíî ê ïîäâå-
ñêå ñèäåíüÿ âîäèòåëÿ-îïåðàòîðà, âûïóñêàåìîé 
ôèðìîé Sibeko [6].

Öåëü èññëåäîâàíèÿ
Öåëüþ èññëåäîâàíèé áûëî îïðåäåëåíèå 

âîçìîæíîñòåé óëó÷øåíèÿ âèáðîçàùèòíûõ 
ñâîéñòâ îäíîîïîðíîé ñèñòåìû ïîäðåññîðèâà-
íèÿ çà ñ÷åò ïðèìåíåíèÿ ïíåâìàòè÷åñêîé ðåëàê-
ñàöèîííîé ïîäâåñêè ñ ðåêóïåðàöèåé ýíåðãèè 
êîëåáàíèé.

Îáúåêò èññëåäîâàíèÿ 
Øèðîêî ïðèìåíÿåìîå â àâòîìîáèëå- è 

òðàêòîðîñòðîåíèè ñèäåíüå ôèðìû Sibeko [6], 
èìåþùåå ïíåâìàòè÷åñêóþ ïîäâåñêó (ðèñ. 1) ñ 
àâòîìàòè÷åñêîé ðåãóëèðîâêîé ñòàòè÷åñêîãî 
ïîëîæåíèÿ.

Â ðåçóëüòàòå ïðîâåäåíèÿ íàòóðíûõ ýêñïåðè-
ìåíòîâ ïîëó÷åíà óïðóãîäåìïôèðóþùàÿ õàðàê-
òåðèñòèêà øòàòíîé ïîäâåñêè ñèäåíüÿ Sibeko [1] 
(ðèñ. 2).

Àíàëèç õàðàêòåðèñòèêè ïîêàçàë, ÷òî çíà-
÷èòåëüíàÿ ïëîùàäü ïåòëè ãèñòåðåçèñà ñâèäå-
òåëüñòâóåò î íàëè÷èè â ìåõàíèçìå ïîäâåñêè è, 
ãëàâíûì îáðàçîì, â ãèäðàâëè÷åñêîì àìîðòè-
çàòîðå ñóùåñòâåííûõ ïî âåëè÷èíå ñèë ñóõîãî 
òðåíèÿ, ÷òî íåãàòèâíî ñêàçûâàåòñÿ íà âèáðîçà-
ùèùåííîñòè ñèäåíüÿ ïðè âîçäåéñòâèè âîçáóæ-
äåíèÿìè âûñîêîé ÷àñòîòû [3].

Ðèñ. 1. Ñèñòåìà ïîäðåññîðèâàíèÿ ñèäåíüÿ Sibeko: 
1 – îñíîâàíèå; 2 – ñðåäíÿÿ ðàìà; 3 – ñèñòåìà 

ðû÷àãîâ ïî òèïó «íîæíèöû»; 3 – ïíåâìàòè÷åñêèé 
óïðóãèé ýëåìåíò; 5 – âåðõíÿÿ ðàìà; 6 – ïîëçóíû 

ìåõàíèçìà ðåãóëèðîâêè ïîëîæåíèÿ ïîäóøêè 
ñèäåíüÿ; 7 – îãðàíè÷èòåëü õîäà; 8 – êðîíøòåéí; 
9 – àìîðòèçàòîð; 10 – ïîëçóí íàïðàâëÿþùåãî 
ìåõàíèçìà; 11 – ñèñòåìà ðû÷àãîâ ìåõàíèçìà 

ðåãóëèðîâêè ïîëîæåíèÿ ïîäóøêè ñèäåíüÿ

Ðèñ. 2. Óïðóãîäåìïôèðóþùàÿ ñòàòè÷åñêàÿ 
õàðàêòåðèñòèêà øòàòíîé ïîäâåñêè ñèäåíüÿ Sibeko
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Ìàòåðèàëû è ìåòîäû
Ñîãëàñíî ïðåäëîæåííîé êîíöåïöèè, ïîãëî-

ùåíèå ýíåðãèè äîëæíî ïðîèñõîäèòü ïðåèìó-
ùåñòâåííî íà ó÷àñòêàõ â êîíöå õîäîâ ñæàòèÿ 
è îòáîÿ ïðè èçìåíåíèè çíàêà ñêîðîñòè äåôîð-
ìàöèè ïîäâåñêè. Àâòîðàìè áûëè ïðåäëîæåíû 
ñõåìà è ñïîñîá óïðàâëåíèÿ ìåõàíèçìîì îäíî-
îïîðíîé ïîäâåñêè, êîòîðûå ïîçâîëÿþò ðåàëè-
çîâàòü ðåëàêñàöèîííóþ õàðàêòåðèñòèêó, óäîâ-
ëåòâîðÿþùóþ òðåáîâàíèÿì ïðåäëîæåííîé 
êîíöåïöèè (ðèñ. 3).

Äåìïôèðîâàíèå êîëåáàíèé îñóùåñòâëÿåò-
ñÿ çà ñ÷åò ðàáîòû êëàïàíîâ 3, óïðàâëÿåìûõ ïî 
ñëåäóþùåìó àëãîðèòìó: îòêðûòèå êëàïàíîâ 
3 âûïîëíÿåòñÿ òàê, ÷òîáû îäèí êëàïàí ïðî-
ïóñêàë ìàññó ãàçà íà õîäå ñæàòèÿ èç ðàáî÷åãî 
îáúåìà 2 â ïåðâûé îáúåì 4, à äðóãîé êëàïàí – 
íà õîäå îòáîÿ èç âòîðîãî îáúåìà 5 â ðàáî÷èé 
îáúåì 2. Ìåæäó äîïîëíèòåëüíûìè îáúåìàìè 
óñòàíîâëåí ïíåâìîäâèãàòåëü – ðåêóïåðàòîð 
ýíåðãèè.

Ìàòåìàòè÷åñêàÿ ìîäåëü ñîñòàâëÿëàñü ñ 
ó÷åòîì îñíîâíûõ ïîëîæåíèé òåîðåòè÷åñêîé 
ìåõàíèêè è ãàçîâîé äèíàìèêè.

Óðàâíåíèå äèíàìèêè ïîäðåññîðåííîãî òåëà 
ìàññîé m:

     óïð òÿæ òðcos ,mz F F F

ãäå z  – òåêóùåå çíà÷åíèå óñêîðåíèÿ ïîäðåñ-
ñîðåííîãî òåëà, 2ì/ñ ; F

óïð
 – ñèëà óïðóãîñòè, 

Í;   – òåêóùåå çíà÷åíèå óãëà íàêëîíà ðû÷àãà 
íàïðàâëÿþùåãî ìåõàíèçìà ê îñíîâàíèþ, ðàä; 

òÿæF mg (g = 9,81 ì/ñ2) – ñèëà òÿæåñòè, Í; 

òðF  – ñèëà òðåíèÿ, Í.

Ñèëà óïðóãîñòè:

óïð p ,( )a pF p p S  

ãäå pP  òåêóùåå äàâëåíèå âîçäóõà â ðàáî÷åé 
êàìåðå, Ïà; aP  – àòìîñôåðíîå äàâëåíèå, Ïà; 

pS – ïëîùàäü ïîðøíÿ â óïðóãîì ýëåìåíòå, ì2. 
Òåêóùåå çíà÷åíèå óãëà íàêëîíà ðû÷àãà íàïðàâ-
ëÿþùåãî ìåõàíèçìà ê îñíîâàíèþ:

       
0arcsin sin ,

z

a b c

ãäå z – òåêóùåå çíà÷åíèå ïåðåìåùåíèÿ ïîä-
ðåññîðåííîãî òåëà, ì; a, b, c – ñîñòàâëÿþùèå 
äëèíû ðû÷àãà íàïðàâëÿþùåãî ìåõàíèçìà, ì; 

0  – íà÷àëüíîå çíà÷åíèå óãëà íàêëîíà ðû÷àãà 
íàïðàâëÿþùåãî ìåõàíèçìà ê îñíîâàíèþ, ðàä.

Ñèëà òðåíèÿ:

0òð sign( ),F T z q   

ãäå 0T , H (çíà÷åíèå îïðåäåëÿëîñü â ðåçóëüòàòå 
ýêñïåðèìåíòà [1]); ,z q   – òåêóùèå çíà÷åíèÿ ñêî-
ðîñòåé ïåðåìåùåíèÿ ïîäðåññîðåííîãî òåëà è 
îñíîâàíèÿ, ì/ñ.

Êèíåìàòè÷åñêîå ãàðìîíè÷åñêîå âîçäåé-
ñòâèå îñíîâàíèÿ:

  0 sin( ),q A t

ãäå 0 0,03A   ì – àìïëèòóäà âîçáóæäåíèÿ;   – 
÷àñòîòà âîçáóæäåíèÿ,  c–1; t – âðåìÿ, ñ.

Ñêîðîñòü èçìåíåíèÿ äàâëåíèÿ âîçäóõà â ðà-
áî÷åé êàìåðå:

 

2 1 ,p p p p p p
p

p p p

p m p m p S n
p

m m V

  
  

  
  (1)

Ðèñ. 3. Ðàñ÷åòíàÿ ñõåìà ïíåâìàòè÷åñêîé ïîäâåñêè ñ äâóìÿ äîïîëíèòåëüíûìè îáúåìàìè:
1 – ïîäðåññîðåííîå òåëî ìàññîé m; 2 – ðàáî÷èé îáúåì óïðóãîãî ýëåìåíòà; 3 – óïðàâëÿåìûå 

ýëåêòðîêëàïàíû; 4, 5 – äîïîëíèòåëüíûå îáúåìû; 6 – ïíåâìîäâèãàòåëü
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ãäå   – ïîêàçàòåëü ïîëèòðîïû; pm  – òå-
êóùàÿ ìàññà âîçäóõà â ðàáî÷åé êàìåðå, êã; 

2 pm , 1pm   – òåêóùèå çíà÷åíèÿ ðàñõîäà âîçäóõà, 
ñîîòâåòñòâåííî, èç âòîðîãî äîïîëíèòåëüíîãî 
îáúåìà â ðàáî÷óþ êàìåðó è èç ðàáî÷åé êàìåðû 
â ïåðâûé äîïîëíèòåëüíûé îáúåì, êã/ñ; n  – òå-
êóùåå çíà÷åíèå ñêîðîñòè äâèæåíèÿ øòîêà 
ïîðøíÿ â ðàáî÷åé êàìåðå óïðóãîãî ýëåìåíòà, 
ì/ñ; pV

 
– òåêóùèé îáúåì âîçäóõà â ðàáî÷åé 

êàìåðå, ì3. 
Òåêóùèé îáúåì âîçäóõà â ðàáî÷åé êàìåðå:

  0 ,p p pV V S n

ãäå 0pV  – íà÷àëüíûé ñòàòè÷åñêèé îáúåì âîçäó-
õà â ðàáî÷åé êàìåðå, ì3; n – òåêóùåå çíà÷åíèå 
êîîðäèíàòû ïîëîæåíèÿ øòîêà ïîðøíÿ â ðàáî-
÷åé êàìåðå óïðóãîãî ýëåìåíòà, ì.

Òåêóùåå çíà÷åíèå êîîðäèíàòû ïîëîæåíèÿ 
øòîêà ïîðøíÿ â ðàáî÷åé êàìåðå óïðóãîãî ýëå-
ìåíòà:      0tg tg .n a

Ñêîðîñòü èçìåíåíèÿ äàâëåíèÿ âîçäóõà â 
ïåðâîì äîïîëíèòåëüíîì îáúåìå:

 
 

  1 1 1 12
1

1 1

,pp m p m
p

m m

ãäå 1p  – òåêóùåå äàâëåíèå âîçäóõà â ïåðâîì äî-
ïîëíèòåëüíîì îáúåìå, Ïà; 1m  – òåêóùàÿ ìàññà 
âîçäóõà â ïåðâîì äîïîëíèòåëüíîì îáúåìå, êã; 

12m  – òåêóùåå çíà÷åíèå ðàñõîäà âîçäóõà èç ïåð-
âîãî äîïîëíèòåëüíîãî îáúåìà âî âòîðîé, êã/ñ.

Ñêîðîñòü èçìåíåíèÿ äàâëåíèÿ âîçäóõà âî 
âòîðîì äîïîëíèòåëüíîì îáúåìå:


 

 2 22 12
2

2 2

,pp mp m
p

m m

ãäå 2p  – òåêóùåå äàâëåíèå âîçäóõà âî âòîðîì 
äîïîëíèòåëüíîì îáúåìå, Ïà; 2m  – òåêóùàÿ 
ìàññà âîçäóõà âî âòîðîì äîïîëíèòåëüíîì 
îáúåìå, êã.

Äàâëåíèå âîçäóõà â ñèñòåìå ïðè ñòàòè÷å-
ñêîì ïîëîæåíèè ïîäðåññîðåííîãî òåëà:

 
   òÿæ 0

0 10 20

cos
,p a

p

F
p p p p

S

ãäå 0 10 20, ,pp p p  – äàâëåíèå âîçäóõà â ðàáî÷åé 
êàìåðå è äîïîëíèòåëüíûõ îáúåìàõ ïðè ñòàòè-
÷åñêîì ïîëîæåíèè ïîäðåññîðåííîãî òåëà, Ïà.

Ïëîòíîñòü âîçäóõà â ñèñòåìå ïðè ñòàòè÷å-
ñêîì ïîëîæåíèè ïîäðåññîðåííîãî òåëà:

 
        

 

0
0 10 20 ,p

p a

a

p

p

ãäå   0 10 20, ,p  – ïëîòíîñòü âîçäóõà â ðàáî÷åé 
êàìåðå è äîïîëíèòåëüíûõ îáúåìàõ ïðè ñòà-
òè÷åñêîì ïîëîæåíèè ïîäðåññîðåííîãî òåëà, 

3êã/ì ; à  – ïëîòíîñòü âîçäóõà ïðè àòìîñôåð-
íîì äàâëåíèè, 3êã/ì . 

Òåêóùàÿ ìàññà âîçäóõà â ðàáî÷åé êàìåðå:

 
      

 

1

0
0

.p
p p p

p

p
m V

p

Òåêóùàÿ ìàññà âîçäóõà â ïåðâîì äîïîëíè-
òåëüíîì îáúåìå:

 
     

 

1

1
1 10 1

10

,
p

m V
p

ãäå 1V  – çíà÷åíèå ïåðâîãî äîïîëíèòåëüíîãî 
îáúåìà, ì3. 

Òåêóùàÿ ìàññà âîçäóõà âî âòîðîì äîïîëíè-
òåëüíîì îáúåìå:

 
     

 

1

2
2 20 2

20

,
p

m V
p

ãäå 2V  – çíà÷åíèå âòîðîãî äîïîëíèòåëüíîãî 
îáúåìà, ì3. 

Óðàâíåíèå äèíàìèêè âðàùåíèÿ âàëà ïíåâ-
ìîäâèãàòåëÿ:

     
 1 2 ,cp p F r Md

dt J

ãäå 
d

dt


 – òåêóùåå óãëîâîå óñêîðåíèå âàëà 

ïíåâìîäâèãàòåëÿ, 2c ; F  – ïëîùàäü âîçäåé-
ñòâèÿ èçáûòî÷íîãî äàâëåíèÿ âîçäóõà, ì2; r – 
äëèíà ïëå÷à âîçäåéñòâèÿ, ; cM  – ìîìåíò 
ñîïðîòèâëåíèÿ ïðèâîäà ïíåâìîäâèãàòåëÿ, Í·ì; 
J – ìîìåíò èíåðöèè ïðèâîäà ïíåâìîäâèãàòåëÿ, 
êã·ì2.

Ìîìåíò ñîïðîòèâëåíèÿ ïðèâîäà ïíåâìîäâè-
ãàòåëÿ:

   2
0 0 ,c cM M

ãäå 0cM – íà÷àëüíûé ìîìåíò ñîïðîòèâëåíèÿ 
(«ïîêîÿ»), Í·ì; 

0
 – ïîïðàâî÷íûé êîýôôèöèåíò;  

 – ñêîðîñòü âðàùåíèÿ âàëà ïíåâìîäâèãàòåëÿ, 
1c .
Ïëîùàäü ñå÷åíèÿ âîçäóõîïðîâîäà:




2

,
4

d
F

ãäå d – äèàìåòð ñå÷åíèÿ âîçäóõîïðîâîäà, ì.
Òå÷åíèå ðàáî÷åãî òåëà èç îäíîãî îáúåìà â 

äðóãîé ïðè óñëîâèè, ÷òî ïðîïóñêíûå ñå÷åíèÿ 
äîñòàòî÷íî ìàëû, ìîæíî ïðèíÿòü àäèàáàòè÷å-
ñêèì.
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Òåêóùèé ðàñõîä âîçäóõà èç ðàáî÷åé êàìåðû 
â ïåðâûé äîïîëíèòåëüíûé îáúåì:

– ïðè 1 0,528
p

p

p
:

2 1

1 1
1

2
1

;

k

k k
p p

p

p p p

p m p pk
m F

k V p p

 
                       



– ïðè 1 0,528
p

p

p
:

2 1

1 1

1

2 2 2
,

1 1 1

k

k kp p
p

p

p mk
m F

k V k k


 

                    
 



ãäå   – êîýôôèöèåíò ðàñõîäà âîçäóõà óïðàâëÿ-
åìîãî êëàïàíà; k  – ïîêàçàòåëü àäèàáàòû.

Òåêóùèé ðàñõîä âîçäóõà èç ïåðâîãî äîïîë-
íèòåëüíîãî îáúåìà âî âòîðîé äîïîëíèòåëüíûé 
îáúåì:
– ïðè     1 2( ) 0,cp p F r M  2

1

0,528
p

p
: 

2 1

* 1 1 2 2
12

1 1 1

2
;

1

k

k kp m p pk
m F

k V p p





 
                     



– ïðè     1 2( ) 0,cp p F r M  2

1

0,528
p

p
:

2 1

1 1
* 1 1

12
1

2 2 2
,

1 1 1

k

k kp mk
m F

k V k k


 



                     
 



ãäå * – êîýôôèöèåíò ðàñõîäà âîçäóõà â ïîëî-
ñòè ïðèâîäà ïíåâìîäâèãàòåëÿ.

Òåêóùèé ðàñõîä âîçäóõà èç âòîðîãî äîïîë-
íèòåëüíîãî îáúåìà â ðàáî÷óþ êàìåðó:

– ïðè 
2

0,528pp

p
:

2 1

2 2
2

2 2 2

2
;

1

k

k k
p p

p

p pp mk
m F

k V p p

 
                    



– ïðè 
2

0,528pp

p
:

2 1

1 1
2 2

2
2

2 2 2
.

1 1 1

k

k k

p

p mk
m F

k V k k


 

                    
 



Ïðåäëîæåííûé àëãîðèòì ðàáîòû êëàïàíîâ 
ïðåäñòàâëåí â òàáë. 1.

Ðåçóëüòàòû è èõ îáñóæäåíèå
Ïðåäñòàâëåííàÿ ìàòåìàòè÷åñêàÿ ìîäåëü 

áûëà ðåàëèçîâàíà â ïðîãðàììíîì êîìïëåêñå 
Simulink MatLAB. Óðàâíåíèÿ ðåøàëèñü ìåòî-
äîì Äîðìàíäà-Ïðèíñà ñ ïåðåìåííûì øàãîì 
èíòåãðèðîâàíèÿ. Ïðèìåð ãðàôè÷åñêîãî îòî-
áðàæåíèÿ äèôôåðåíöèàëüíîãî óðàâíåíèÿ (1) â 
Simulink ïîêàçàí íà ðèñ. 4.

Â ðåçóëüòàòå ðàñ÷åòíûõ èññëåäîâàíèé ïî-
ëó÷åíà ðàáî÷àÿ õàðàêòåðèñòèêà ìîäåëè ïîä-
âåñêè (ðèñ. 5) ñ ïîìîùüþ áëîêà-èíñòðóìåíòà 
XY Graph.

Ïðè îòñóòñòâèè êîììóòàöèè ðàáî÷åé 
êàìåðû ñ äîïîëíèòåëüíûìè îáúåìàìè õàðàê-

Òàáëèöà 1
Àëãîðèòì óïðàâëåíèÿ ðàáîòîé êëàïàíîâ

Õîä ñæàòèÿ

 1 0;pm  2 0pm
   0z q

   00 z A

 1 0;pm  2 0pm   0z A

 1 0;pm  2 0pm    0z q

 1 0;pm  2 0pm    0z q  0z

Õîä îòáîÿ

 1 0;pm  2 0pm
   0z q

  00 z A

 1 0;pm  2 0pm  0z A

 1 0;pm  2 0pm    0z q  0z

 1 0;pm  2 0pm    0z q  0z
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òåðèñòèêà áîëåå æåñòêàÿ, ÷åì â ìîìåíòû ñâÿçè 
ðàáî÷åé êàìåðû ñ äîïîëíèòåëüíûìè îáúåìàìè. 
Âèäåí ÿâíûé ïåðåõîä ñ îäíîé âåòâè õàðàêòåðè-
ñòèêè íà äðóãóþ íà êîíöàõ õîäà ñæàòèÿ (ó÷à-
ñòîê 1–2) è îòáîÿ (ó÷àñòîê 3–4) ïðè èçìåíåíèè 
çíàêà ñêîðîñòè äåôîðìàöèè.

Äëÿ ïåðâîíà÷àëüíîé îöåíêè âèáðîçàùèò-
íûõ ñâîéñòâ ñèäåíüÿ áûëè ïîñòðîåíû àìïëè-
òóäíî-÷àñòîòíûå õàðàêòåðèñòèêè êîýôôè-
öèåíòîâ ïåðåäà÷è (ðèñ. 6) øòàòíîé (ðèñ. 2) è 
ïðåäëîæåííîé ïîäâåñêè (ðèñ. 5).

Ðèñ. 4. Ïðèìåð ãðàôè÷åñêîãî îòîáðàæåíèÿ óðàâíåíèÿ (1) ìîäåëè â Simulink

Ðèñ. 5. Ðàáî÷àÿ õàðàêòåðèñòèêà ìîäåëè, ïîëó÷åííàÿ XY Graph Simulink MatLAB 
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Àíàëèç ðåçóëüòàòîâ ïîêàçàë, ÷òî ïðåäëî-
æåííàÿ ñèñòåìà ïîäðåññîðèâàíèÿ ñ óïðóãî-
äåìïôèðóþùåé õàðàêòåðèñòèêîé (ðèñ. 6) ïî 
ñðàâíåíèþ ñî øòàòíîé ïîäâåñêîé Sibeko îáëà-
äàåò ñóùåñòâåííî ëó÷øåé âèáðîçàùèòîé êàê 
â ðåçîíàíñíîé çîíå, òàê è â âûñîêî÷àñòîòíîé 
çîíå. Çíà÷åíèÿ êîýôôèöèåíòà ïåðåäà÷è ó ïðåä-
ëîæåííîé ñèñòåìû ïîäðåññîðèâàíèÿ â ðåçî-
íàíñíîé îáëàñòè âîçìóùåíèé íèæå ïðèìåðíî 
â 1,19 ðàçà, à â çàðåçîíàíñíîé îáëàñòè – ïðè-
ìåðíî â 2 ðàçà ïî ñðàâíåíèþ ñ êîýôôèöèåíòîì 
ïåðåäà÷è øòàòíîé ïîäâåñêè. 

Çàêëþ÷åíèå
Ðåçóëüòàòû ïðîâåäåííîãî èññëåäîâàíèÿ ñâè-

äåòåëüñòâóþò î òîì, ÷òî ïðåäëîæåííûé ìåõà-
íèçì è àëãîðèòì óïðàâëåíèÿ ïíåâìàòè÷åñêîé 
ðåëàêñàöèîííîé ñèñòåìîé ïîäðåññîðèâàíèÿ ñ 
ðåêóïåðàöèåé ýíåðãèè êîëåáàíèé ìîæíî ýô-
ôåêòèâíî ïðèìåíÿòü êàê äëÿ îäíîîïîðíûõ, òàê 
è äëÿ ìíîãîîïîðíûõ ñèñòåì ïîäðåññîðèâàíèÿ 
íàçåìíûõ òðàíñïîðòíûõ è òÿãîâûõ ñðåäñòâ. 
Äàëüíåéøåå ñîâåðøåíñòâîâàíèå ïðåäëîæåí-
íûõ ñèñòåì ïîäðåññîðèâàíèÿ ìîæåò îñóùåñò-
âëÿòüñÿ ïóòåì êîíñòðóêòèâíîãî èçûñêàíèÿ 
âîçìîæíîñòåé óâåëè÷åíèÿ âåëè÷èíû îòáèðà-
åìîé ýíåðãèè êîëåáàíèé. Ýòî ïîçâîëèò â ïåð-
ñïåêòèâå ñóùåñòâåííî ñíèçèòü ãèäðàâëè÷åñêîå 
äåìïôèðîâàíèå èëè äàæå ïîëíîñòüþ îòêàçàòü-
ñÿ îò øòàòíîãî ãèäðàâëè÷åñêîãî àìîðòèçàòîðà.
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