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Â ñòàòüå ðàññìîòðåí âîïðîñ ìàòåìàòè÷åñêîãî ìîäåëèðîâàíèÿ òàíäåìíûõ ïíåâìàòè÷åñêèõ öèëèí-
äðîâ. Íåñìîòðÿ íà òî, ÷òî âîïðîñ ìàòåìàòè÷åñêîãî îïèñàíèÿ ðàáîòû ïðèâîäîâ ñ îäíîïîðøíåâûìè 
öèëèíäðàìè äîñòàòî÷íî ïîäðîáíî ðàññìîòðåí â ëèòåðàòóðå, îñîáåííîñòü ïðèâîäîâ ñ òàíäåìíûìè 
öèëèíäðàìè, à èìåííî êîììóòàöèÿ èõ ðàáî÷èõ ïîëîñòåé ñ ïíåâìàòè÷åñêèìè ëèíèÿìè íàãíåòàíèÿ 
è âûõëîïà ÷åðåç îäèí ïíåâìîðàñïðåäåëèòåëü, òðåáóåò ôîðìèðîâàíèÿ îïðåäåëåííîãî ïîäõîäà ê 
èõ ìàòåìàòè÷åñêîìó îïèñàíèþ. Äëÿ ýòîãî â èññëåäîâàíèè ïðåäñòàâëåíû äâà âàðèàíòà ìàòåìàòè-
÷åñêèõ ìîäåëåé, îïèñûâàþùèõ èõ ðàáîòó. Ïåðâûé âàðèàíò ïðåäïîëàãàåò ó÷åò íåêîòîðûõ óñëîâíûõ 
ïðîìåæóòî÷íûõ êàìåð çà ïíåâìîðàñïðåäåëèòåëåì, â êîòîðûõ ïðîèñõîäèò äåëåíèå è îáúåäèíåíèå 
ïîòîêîâ ñæàòîãî âîçäóõà ìåæäó ïíåâìàòè÷åñêèì ðàñïðåäåëèòåëåì è ðàáî÷èìè ïîëîñòÿìè òàíäåì-
íîãî ïíåâìàòè÷åñêîãî öèëèíäðà, âî âòîðîì, óïðîùåííîì, âàðèàíòå ðàáî÷èå ïîëîñòè öèëèíäðà 
ðàññìàòðèâàþòñÿ íåçàâèñèìî. Ñðàâíåíèå ðåçóëüòàòîâ ìàòåìàòè÷åñêîãî ìîäåëèðîâàíèÿ ïî äâóì 
âàðèàíòàì ïîêàçàëî äîñòàòî÷íî ñóùåñòâåííîå ðàçëè÷èå âî âðåìåíè ïåðåìåùåíèÿ ïîðøíÿ öèëèí-
äðà. Ïðè ýòîì èç ðåçóëüòàòîâ âèäíî, ÷òî äàííîå ðàçëè÷èå ñâÿçàíî â ïåðâóþ î÷åðåäü ñ ðàñïðå-
äåëåíèåì äàâëåíèÿ âîçäóõà ìåæäó ïðîìåæóòî÷íûìè êàìåðàìè è ðàáî÷èìè ïîëîñòÿìè öèëèíäðà. 
Èñõîäÿ èç ïîëó÷åííûõ ðåçóëüòàòîâ ñëåäóåò, ÷òî ïðè ðàçðàáîòêå ïíåâìàòè÷åñêèõ ïðèâîäîâ è ïíåâ-
ìîïðèâîäíûõ óñòðîéñòâ ñ òàíäåìíûìè ïíåâìàòè÷åñêèìè öèëèíäðàìè, íåñìîòðÿ íà óñëîæíåíèå 
ðàñ÷åòà, ïðåäïî÷òèòåëüíî â ìàòåìàòè÷åñêîé ìîäåëè ó÷èòûâàòü ïðîìåæóòî÷íûå êàìåðû, â êîòîðûõ 
ïðîèñõîäèò äåëåíèå è îáúåäèíåíèå ïîòîêîâ ñæàòîãî âîçäóõà.
Ðàçðàáîòàííàÿ ìîäåëü ìîæåò ïðèìåíÿòüñÿ ïðè ïðîåêòèðîâàíèè ïíåâìàòè÷åñêèõ ïðèâîäîâ ðàçëè÷-
íûõ ìàøèí è ìåõàíèçìîâ, â êîòîðûõ èñïîëüçóþòñÿ òàíäåìíûå ïíåâìàòè÷åñêèå öèëèíäðû. Ñôîð-
ìèðîâàííûé ïîäõîä ê ìîäåëèðîâàíèþ ìîæåò áûòü èñïîëüçîâàí ïðè èññëåäîâàíèè äðóãèõ ìíîãî-
ïîðøíåâûõ ïíåâìàòè÷åñêèõ äâèãàòåëåé èëè ïðèâîäîâ ñ íåñêîëüêèìè äâèãàòåëÿìè, óïðàâëÿåìûìè 
îäíèì ïíåâìàòè÷åñêèì ðàñïðåäåëèòåëüíûì óñòðîéñòâîì.

Êëþ÷åâûå ñëîâà: ïíåâìàòè÷åñêèé öèëèíäð, òàíäåìíûé öèëèíäð, äåëåíèå ïîòîêà ñæàòîãî âîçäóõà.

 Ââåäåíèå
Ïíåâìàòè÷åñêèå ïðèâîäû, îáëàäàÿ ðÿäîì 

ñóùåñòâåííûõ ïðåèìóùåñòâ ïåðåä äðóãèìè 
òèïàìè ïðèâîäîâ, â íàñòîÿùåå âðåìÿ øèðîêî 
ïðèìåíÿþòñÿ â ðàçëè÷íûõ îòðàñëÿõ ïðî-
ìûøëåííîñòè. Ê îñíîâíûì ïðåèìóùåñòâàì 
ïíåâìàòè÷åñêèõ ïðèâîäîâ îòíîñÿòñÿ ïîæàðî- 
è âçðûâîáåçîïàñíîñòü, íèçêàÿ ìàññà, ïðîñòî-
òà ìîíòàæà, íèçêàÿ ñòîèìîñòü ýêñïëóàòàöèè 
â ñðàâíåíèè ñ ãèäðàâëè÷åñêèìè ïðèâîäàìè. 
Îäíèì èç îñíîâíûõ êîìïîíåíòîâ ïíåâìàòè÷å-
ñêèõ ïðèâîäîâ ÿâëÿþòñÿ ïíåâìàòè÷åñêèå äâè-
ãàòåëè, íàèáîëüøåå ðàñïðîñòðàíåíèå ñðåäè 
êîòîðûõ ïîëó÷èëè ïíåâìàòè÷åñêèå öèëèíäðû 
(ÏÖ), êîòîðûå ëåãêî ïîçâîëÿþò ðåàëèçîâàòü 
ëèíåéíîå âîçâðàòíî-ïîñòóïàòåëüíîå äâèæåíèå 
ìåõàíèçìîâ. Â ðÿäå ñëó÷àåâ òðåáóåòñÿ îáå-
ñïå÷åíèå öèëèíäðàìè ïîâûøåííûõ óñèëèé 
ïðè îãðàíè÷åíèè ðàäèàëüíûõ èëè îñåâûõ ãà-

áàðèòîâ. Äëÿ ýòèõ öåëåé ïðèìåíÿþò òàíäåì-
íûå ïíåâìàòè÷åñêèå öèëèíäðû. Ïîäîáíûå öè-
ëèíäðû èñïîëüçóþò â ðàçëè÷íûõ ñòàíî÷íûõ 
ïðèñïîñîáëåíèÿõ, òîðìîçíûõ óñòðîéñòâàõ, 
ïíåâìîïðèâîäíûõ íàñîñàõ è êîìïðåññîðàõ âû-
ñîêîãî äàâëåíèÿ, è â äðóãèõ ìåõàíèçìàõ è ìà-
øèíàõ ñòàöèîíàðíîé è ìîáèëüíîé òåõíèêè.

Ïðè ïðîåêòèðîâàíèè ïíåâìàòè÷åñêèõ ïðè-
âîäîâ àêòóàëüíûì îñòàåòñÿ ìàòåìàòè÷åñêîå 
ìîäåëèðîâàíèå èõ ðàáîòû, ïîçâîëÿþùåå ñ äî-
ñòàòî÷íîé òî÷íîñòüþ îïðåäåëèòü èõ õàðàêòå-
ðèñòèêè. Âîïðîñàì ìàòåìàòè÷åñêîãî ìîäåëè-
ðîâàíèÿ ïíåâìàòè÷åñêèõ ïðèâîäîâ ïîñâÿùåíî 
äîñòàòî÷íî áîëüøîå êîëè÷åñòâî ðàáîò, íàïðè-
ìåð [1−5]. Îäíàêî â óêàçàííûõ ðàáîòàõ ðàññìà-
òðèâàþòñÿ îäíîïîðøíåâûå öèëèíäðû, èìåþ-
ùèå îäíó èëè äâå ðàáî÷èõ ïîëîñòè. Òàíäåìíûå 
öèëèíäðû èìåþò ÷åòûðå ðàáî÷èõ ïîëîñòè, 
ïðè ýòîì èõ êîììóòàöèÿ ñ ïíåâìàòè÷åñêèìè 
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ëèíèÿìè íàãíåòàíèÿ è âûõëîïà îñóùåñòâëÿåò-
ñÿ ñ ïîìîùüþ îäíîãî ïíåâìàòè÷åñêîãî ðàñïðå-
äåëèòåëÿ, ñëåäñòâèåì ÷åãî ÿâëÿåòñÿ äåëåíèå 
è îáúåäèíåíèå ïîòîêîâ ñæàòîãî âîçäóõà.

Öåëüþ íàñòîÿùåé ñòàòüè ÿâëÿåòñÿ ôîðìè-
ðîâàíèå ïîäõîäà ê ìàòåìàòè÷åñêîìó ìîäåëèðî-
âàíèþ ïíåâìàòè÷åñêèõ ïðèâîäîâ ñ òàíäåìíû-
ìè ÏÖ ñ ó÷åòîì èõ îñîáåííîñòåé.

Ïðèâîäû ñ òàíäåìíûìè 
ïíåâìîöèëèíäðàìè
Íà ðèñ. 1 ïðåäñòàâëåíû òèïè÷íûå ñõåìû 

ïíåâìàòè÷åñêèõ ïðèâîäîâ ñ òàíäåìíûìè ÏÖ. 
Íà ðèñ. 1, à òàíäåìíûé ÏÖ èìååò ïîñëåäîâà-
òåëüíî ñîåäèíåííûå ïîðøíè. Äàííàÿ êîíñòðóê-

öèÿ ÏÖ îáåñïå÷èâàåò ïîâûøåíèå ðàçâèâàåìî-
ãî óñèëèÿ ïðè ñîõðàíåíèè äèàìåòðà êîðïóñà. 
Íà ðèñ. 1, á òàíäåìíûé ÏÖ èìååò ïàðàëëåëü-
íî ñîåäèíåííûå ïîðøíè. Äàííàÿ êîíñòðóêöèÿ 
îáåñïå÷èâàåò ïîâûøåíèå ðàçâèâàåìîãî óñèëèÿ 
ïðè ñîõðàíåíèè îñåâîãî ðàçìåðà. Ïðè ýòîì, 
ïîðøíè ìîãóò ðàñïîëàãàòüñÿ â îäíîì èëè äâóõ 
îòäåëüíûõ êîðïóñàõ.

Ìàòåìàòè÷åñêàÿ ìîäåëü 
òàíäåìíîãî ïíåâìàòè÷åñêîãî 
öèëèíäðà
Íà ðèñ. 2 ïðåäñòàâëåíà ðàñ÷åòíàÿ ñõåìà òàí-

äåìíîãî ÏÖ, ñîîòâåòñòâóþùàÿ ïðèíöèïèàëü-
íîé ñõåìå, ïîêàçàííîé íà ðèñ. 1, à. 

 à á

Ðèñ. 1. Ïðèíöèïèàëüíàÿ ñõåìà ïðèâîäà ñ òàíäåìíûì ÏÖ: 
à – ñ ïîñëåäîâàòåëüíî ñîåäèíåííûìè ïîðøíÿìè; á – ñ ïàðàëëåëüíî ñîåäèíåííûìè ïîðøíÿìè

Ðèñ. 2. Ðàñ÷åòíàÿ ñõåìà òàíäåìíîãî ÏÖ
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Ñëåäóåò îòìåòèòü, ÷òî ïîñëåäîâàòåëüíîå 
èëè ïàðàëëåëüíîå ðàñïîëîæåíèå ïîðøíåé òàí-
äåìíîãî ÏÖ íå âëèÿåò íà ìàòåìàòè÷åñêîå îïè-
ñàíèå åãî ðàáîòû, ïîýòîìó ïðèâîäèìûå äàëåå 
óðàâíåíèÿ ñïðàâåäëèâû äëÿ ëþáîé êîíñòðóê-
òèâíîé ñõåìû öèëèíäðà.

Ìàòåìàòè÷åñêàÿ ìîäåëü òàíäåìíîãî ÏÖ 
âêëþ÷àåò óðàâíåíèå äâèæåíèÿ ñîñòàâíîãî 
ïîðøíÿ è óðàâíåíèÿ èçìåíåíèÿ äàâëåíèÿ âîç-
äóõà â åãî ðàáî÷èõ ïîëîñòÿõ. Ïðè ðàçðàáîòêå 
ìàòåìàòè÷åñêîé ìîäåëè òàêæå ïðèíèìàþò-
ñÿ íåêîòîðûå äîïóùåíèÿ: ãàçîäèíàìè÷åñêèå 
ïðîöåññû, ïðîèñõîäÿùèå â ïîëîñòÿõ ïíåâìà-
òè÷åñêîãî ïðèâîäíîãî öèëèíäðà, ÿâëÿþòñÿ 
àäèàáàòè÷åñêèìè, â ïíåâìàòè÷åñêèõ ëèíèÿõ – 
èçîòåðìè÷åñêèìè [3, 4].

Óðàâíåíèå äâèæåíèÿ ñîñòàâíîãî ïîðøíÿ 
òàíäåìíîãî ÏÖ èìååò ñëåäóþùèé âèä:

1 1 2 2 3 3 4 4 5 ,mx p A p A p A p A p A F F      â òð í
(1)

ãäå m – ìàññà ïîäâèæíûõ ÷àñòåé òàíäåìíîãî 
ÏÖ; x – êîîðäèíàòà òåêóùåãî ïîëîæåíèÿ ñî-
ñòàâíîãî ïîðøíÿ; p

1
, p

2
, p

3
, p

4
 – àáñîëþòíîå 

äàâëåíèå â ðàáî÷èõ ïîëîñòÿõ 1, 2, 3 è 4 ñîîò-
âåòñòâåííî; p

â
 – äàâëåíèå â ïíåâìàòè÷åñêîé 

âûõëîïíîé ëèíèè (àòìîñôåðíîå äàâëåíèå); 
A

1
, A

2
, A

3
, A

4
 – ýôôåêòèâíûå ïëîùàäè ðàáî÷èõ 

ïîëîñòåé 1, 2, 3 è 4 ñîîòâåòñòâåííî; A
5
 – ïëî-

ùàäü ïîïåðå÷íîãî ñå÷åíèÿ øòîêà òàíäåìíîãî 
ÏÖ; F

òð
 – ñóììàðíàÿ ñèëà òðåíèÿ; F

í
 – ñèëà 

îò ïîëåçíîé íàãðóçêè.
Êàê áûëî îòìå÷åíî âûøå, îñîáåííîñòüþ 

ïðèâîäîâ ñ òàíäåìíûìè ÏÖ ÿâëÿåòñÿ êîììóòà-
öèÿ ðàáî÷èõ ïîëîñòåé ñ ïíåâìàòè÷åñêèìè ëè-
íèÿìè íàãíåòàíèÿ è âûõëîïà ñ ïîìîùüþ îäíîãî 
ïíåâìàòè÷åñêîãî ðàñïðåäåëèòåëÿ. Â ñâÿçè 
ñ ýòèì âîçìîæíû äâà âàðèàíòà îïèñàíèÿ èç-
ìåíåíèÿ äàâëåíèÿ âîçäóõà â ðàáî÷èõ ïîëîñòÿõ 
öèëèíäðà. Ïåðâûé âàðèàíò ïðåäïîëàãàåò êîì-
ìóòàöèþ ðàáî÷èõ ïîëîñòåé òàíäåìíîãî ÏÖ 
ñ ëèíèÿìè íàãíåòàíèÿ è âûõëîïà ñ ó÷åòîì ïðî-
öåññîâ äåëåíèÿ è îáúåäèíåíèå ïîòîêîâ âîçäóõà, 
êîòîðûå ïðîèñõîäÿò â íåêîòîðûõ ïðîìåæóòî÷-
íûõ êàìåðàõ. Ïðè ýòîì ïëîùàäè ïîäâîäÿùèõ 
è îòâîäÿùèõ îòâåðñòèé ïðîìåæóòî÷íûõ êàìåð 
ïðèíèìàþòñÿ ðàâíûìè ìåæäó ñîáîé, ÷òî ñîîò-
âåòñòâóåò âûïóñêàåìîìó ñåðèéíî ïíåâìàòè÷å-
ñêîìó îáîðóäîâàíèþ, â ÷àñòíîñòè, ýëåìåíòàì 
ñîåäèíåíèÿ ïíåâìàòè÷åñêèõ òðóáîïðîâîäîâ. 
Âî âòîðîì, óïðîùåííîì, âàðèàíòå ðàáî÷èå ïî-
ëîñòè öèëèíäðà ðàññìàòðèâàþòñÿ íåçàâèñèìî 
äðóã îò äðóãà. Ïðè ýòîì, èñõîäÿ èç ïðåäïîëî-

æåíèÿ äåëåíèÿ ïîòîêîâ âîçäóõà â ðàâíûõ êî-
ëè÷åñòâàõ ìåæäó ïîëîñòÿìè, äëÿ âòîðîãî âà-
ðèàíòà ïðèíèìàþòñÿ óìåíüøåííûå â äâà ðàçà 
ïëîùàäè ïîäâîäÿùèõ îòâåðñòèé ðàáî÷èõ ïîëî-
ñòåé. Äàííîå ïðåäïîëîæåíèå ïîçâîëÿåò ñ÷èòàòü 
ïðåäñòàâëåííûå íèæå äâà âàðèàíòà êîììóòà-
öèè ðàáî÷èõ ïîëîñòåé ýêâèâàëåíòíûìè. Ñõåìû 
êîììóòàöèè ðàáî÷èõ ïîëîñòåé äëÿ äâóõ ðàññìà-
òðèâàåìûõ âàðèàíòîâ ïðåäñòàâëåíû íà ðèñ. 3. 

Èçìåíåíèå äàâëåíèÿ âîçäóõà â ðàáî÷èõ ïî-
ëîñòÿõ òàíäåìíîãî ÏÖ äëÿ ïåðâîãî âàðèàíòà 
ìàòåìàòè÷åñêîé ìîäåëè îïèñûâàåòñÿ ñëåäóþ-
ùåé ñèñòåìîé óðàâíåíèé:
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3

3 30 31

1
2

2 2

21 2 2
2

2 20 21

41

4

,

k
k

k
k

k
k

kA RT kA RT
p p p

V A x x

p p p
p

kA RT p p p
pA x x

kA RT pp p p
pV

kA RT
p p

A s x x

kA RT
A s x







   
  

 
   
 

 
  

   

 
    

  

  
  




íê í í
íê í íê

íê íê

íê
íê

í

í íê
íê

í

âê í âê
âê âê â

íâê âê

í
âê

í





 

 

 

 

 

2 2
4

40 41

11 2 2 1
1 1

101 10 11

1
2

21 2 22
2 2

2 20 21

2

20

31 2 2 3
3 3

303 30 31

1
2

41 4
4

4 40 41

,

,

,

,

k
k

k
k

p p
x

kA RT kpp p p x
x xA x x

kA RT pp p p
pA s x x

kp x
s x x

kA RT kpp p p x
x xA x x

kA RT pp p
pA s x x






 

  
 

 
    

    


 

  
 

 
   

    

âê

í
íê

í
âê

í

í
íê

í

í

 





 

 2 2
4

4

40

,

p

kp x
s x x








































  


  

âê



 

(2)
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ãäå x
10

, x
20

, x
30

, x
40

 – ïðèâåäåííûå êîîðäèíàòû 
ìåðòâûõ îáúåìîâ ðàáî÷èõ ïîëîñòåé 1, 2, 3 è 4 
ñîîòâåòñòâåííî; s – õîä ïîðøíÿ; A

1
, A

2
, A

3
, A

4
 – 

ýôôåêòèâíûå ïëîùàäè ðàáî÷èõ ïîëîñòåé 1, 2, 
3 è 4 ñîîòâåòñòâåííî; A

11
, A

21
, A

31
, A

41
 – ïëîùà-

äè ïðîõîäíûõ ñå÷åíèé ïîäâîäÿùèõ îòâåðñòèé 
ðàáî÷èõ ïîëîñòåé 1, 2, 3 è 4 ñîîòâåòñòâåííî; 
ζ

11
, ζ

21
, ζ

31
, ζ

41
 – êîýôôèöèåíòû ñîïðîòèâëåíèÿ 

ïîäâîäÿùèõ îòâåðñòèé ðàáî÷èõ ïîëîñòåé 1, 
2, 3 è 4 ñîîòâåòñòâåííî; V

íê
, V

âê
 – îáúåìû ïðî-

ìåæóòî÷íûõ êàìåð â ïíåâìàòè÷åñêèõ ëèíèÿõ 
íàãíåòàíèÿ è âûõëîïà ñîîòâåòñòâåííî; A

íê
, 

A
âê

 – ïëîùàäè ïðîõîäíûõ ñå÷åíèé ïîäâîäÿùèõ 
îòâåðñòèé ïðîìåæóòî÷íûõ êàìåð â ïíåâìàòè-
÷åñêèõ ëèíèÿõ íàãíåòàíèÿ è âûõëîïà ñîîòâåò-
ñòâåííî; ζ

íê
, ζ

âê
 – êîýôôèöèåíòû ñîïðîòèâëåíèÿ 

ïîäâîäÿùèõ îòâåðñòèé ïðîìåæóòî÷íûõ êàìåð 
â ïíåâìàòè÷åñêèõ ëèíèÿõ íàãíåòàíèÿ è âñàñû-
âàíèÿ ñîîòâåòñòâåííî; p

íê
, p

âê
 – äàâëåíèå âîçäó-

õà â óñëîâíûõ ïðîìåæóòî÷íûõ êàìåðàõ â ïíåâ-
ìàòè÷åñêèõ ëèíèÿõ íàãíåòàíèÿ è âñàñûâàíèÿ 
ñîîòâåòñòâåííî; p

í
 – äàâëåíèå âîçäóõà â ïíåâìà-

òè÷åñêîé ëèíèåé íàãíåòàíèÿ; p
â
 – äàâëåíèå âîç-

äóõà â ïíåâìàòè÷åñêîé ëèíèè âûõëîïà; k – ïî-
êàçàòåëü àäèàáàòû; R – óíèâåðñàëüíàÿ ãàçîâàÿ 
ïîñòîÿííàÿ; T

í
 – òåìïåðàòóðà ñæàòîãî âîçäóõà 

â ïíåâìàòè÷åñêîé ëèíèè íàãíåòàíèÿ.

Äëÿ âòîðîãî âàðèàíòà ìàòåìàòè÷åñêîãî îïè-
ñàíèÿ ðàáîòû òàíäåìíîãî ÏÖ èçìåíåíèå äàâ-
ëåíèÿ âîçäóõà â ðàáî÷èõ ïîëîñòÿõ îïèñûâàåòñÿ 
óïðîùåííîé ñèñòåìîé óðàâíåíèé:

 

 

 

 

2 2 1
1 1

101 10

2
1

2 22
2 2

2 20

2

20

2 2 3
3 3

303 30

2
1

2 24
4 4

4 40

4

40

2 ,

2

,

2

2

k
k

k
k

í

Ak RT kpp p p x
x xA x x

Ak RT pp p p
pA s x x

kp x
s x x

Ak RT kpp p p x
x xA x x

Ak RT pp p p
pA s x x

kp x
s x x





  
 

 
    

    


 

  
 

 
    

    


 

íê

í

íê

âê

â
íâê

íê

í

íê

âê

â

âê

 





 



,

























 

(3)

à

á

Ðèñ. 3. Ðàñ÷åòíàÿ ñõåìà êîììóòàöèè ðàáî÷èõ ïîëîñòåé òàíäåìíîãî ÏÖ
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Ñóììàðíàÿ ñèëà òðåíèÿ îïèñûâàåòñÿ ñëåäó-
þùèì âûðàæåíèåì:

 
,F F x  òð ñò âò   (4)

ãäå F
ñò

 – ñèëà ñóõîãî òðåíèÿ â óïëîòíèòåëüíûõ 
óçëàõ ïîäâèæíûõ ñîåäèíåíèé, μ

âò
 – êîýôôèöè-

åíò âÿçêîãî òðåíèÿ.
Òàêèì îáðàçîì, óðàâíåíèÿ (1), (4) è ñèñòåìà 

óðàâíåíèé (2) ïðåäñòàâëÿþò ïåðâûé âàðèàíò 
ìàòåìàòè÷åñêîé ìîäåëè ðàáîòû òàíäåìíîãî 
ÏÖ, óðàâíåíèÿ (1), (4) è ñèñòåìà óðàâíåíèé 
(3) – âòîðîé âàðèàíò.

Ðåçóëüòàòû ìîäåëèðîâàíèÿ
Èñõîäíûå äàííûå äëÿ ìîäåëèðîâàíèÿ 

ïðåäñòàâëåíû â òàáëèöå 1. Äëÿ ñðàâíåíèÿ ðå-
çóëüòàòîâ ìîäåëèðîâàíèÿ ïî äâóì âàðèàíòàì 
äèàìåòðû ïîäâîäÿùèõ îòâåðñòèé ðàáî÷èõ 
ïîëîñòåé òàíäåìíîãî ÏÖ è ïðîìåæóòî÷íûõ 

êàìåð, èõ êîýôôèöèåíòû ñîïðîòèâëåíèÿ, êî-
îðäèíàòû ìåðòâîãî îáúåìà ðàáî÷èõ ïîëîñòåé 
è îáúåìû óñëîâíûõ ïðîìåæóòî÷íûõ êàìåð 
ïðèíèìàþòñÿ ðàâíûìè ñîîòâåòñòâåííî ìåæäó 
ñîáîé. Îáúåìû ïðîìåæóòî÷íûõ êàìåð âûáðà-
íû ïðèáëèçèòåëüíî ðàâíûìè îáúåìó âíóòðåí-
íåé ïîëîñòè ñåðèéíî âûïóñêàåìûõ òðîéíèêîâ 
äëÿ ïíåâìàòè÷åñêèõ ñèñòåì.

Íà ðèñ. 4 ïðåäñòàâëåíû ãðàôèêè ïåðåìåùå-
íèÿ ñîñòàâíîãî ïîðøíÿ îò âðåìåíè äëÿ äâóõ 
âàðèàíòîâ ìàòåìàòè÷åñêèõ ìîäåëåé.

Èç ðèñóíêà âèäíî, ÷òî õàðàêòåð ïåðåìå-
ùåíèÿ ñîñòàâíîãî ïîðøíÿ òàíäåìíîãî ÏÖ 
ñîâïàäàåò ïðè ìîäåëèðîâàíèè ïî äâóì âàðè-
àíòàì, îäíàêî âðåìÿ ïåðåìåùåíèÿ ñîñòàâíî-
ãî ïîðøíÿ ïðè ìîäåëèðîâàíèè ïî ïåðâîìó 
âàðèàíòó áîëüøå. Èç ðèñóíêà òàêæå âèäíî, 
÷òî íà÷àëî äâèæåíèÿ ïîðøíÿ ïðè ìîäåëèðîâà-
íèè ïî äâóì âàðèàíòàì ïðîèñõîäèò ïðàêòè÷å-

Òàáëèöà 1
Èñõîäíûå äàííûå äëÿ ìîäåëèðîâàíèÿ

Ïàðàìåòð Îáîçíà÷åíèå Åä. èçìåðåíèÿ Çíà÷åíèå

Äèàìåòð ïîðøíÿ D
1

ì 0,05

Äèàìåòð øòîêà D
2

ì 0,01

Õîä ïîðøíÿ s ì 0,1

Ïðèâåäåííûå êîîðäèíàòû ìåðòâûõ îáúåìîâ x
10

…x
40

ì 0,02

Äèàìåòðû ïîäâîäÿùèõ îòâåðñòèé D
êí

, D
êâ

, D
11

...D
41

ì 0,004

Êîýô. ñîïðîòèâëåíèÿ ïîäâîäÿùèõ îòâåðñòèé ζ
êí

, ζ
êâ

, ζ
11

… ζ
41

 12

Îáúåìû ïðîìåæóòî÷íûõ êàìåð V
íê

, V
âê

ì3 1·10-6

Äàâëåíèå âîçäóõà â ëèíèè íàãíåòàíèÿ p
í

Ïà 5·105

Äàâëåíèå âîçäóõà â ëèíèè âûõëîïà p
â

Ïà 1· 105

Òåìïåðàòóðà âîçäóõà â ëèíèè íàãíåòàíèÿ T
í

Ê 293

Ñèëà ñóõîãî òðåíèÿ F
ñò

Í 20

Êîýô. âÿçêîãî òðåíèÿ μ
âò

Í·ñ/ì 30

Ñèëà îò ïîëåçíîé íàãðóçêè F Í 1000

Ðèñ. 4. Çàâèñèìîñòü ïåðåìåùåíèÿ ïîðøíÿ îò âðåìåíè
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ñêè îäíîâðåìåííî. Èç ýòîãî ñëåäóåò, ÷òî âðåìÿ 
íàïîëíåíèÿ è îïóñòîøåíèÿ óñëîâíûõ ïðî-
ìåæóòî÷íûõ êàìåð ñ ïðèíÿòûìè îáúåìàìè 
ïðàêòè÷åñêè íå îêàçûâàåò âëèÿíèå íà âðåìÿ 
äâèæåíèÿ ïîðøíÿ, à óâåëè÷åíèå âðåìåíè ïåðå-
ìåùåíèÿ ïîðøíÿ ñâÿçàíî, â ïåðâóþ î÷åðåäü, 
ñ ó÷åòîì â ìàòåìàòè÷åñêîé ìîäåëè ïðîöåññîâ 
äåëåíèÿ è îáúåäèíåíèÿ ïîòîêîâ âîçäóõà.

Íà ðèñ. 6 ïðåäñòàâëåíû ãðàôèêè çàâèñè-
ìîñòè èçìåíåíèÿ äàâëåíèÿ âîçäóõà â ðàáî÷èõ 
ïîëîñòÿõ 1 è 3 òàíäåìíîãî ÏÖ, êîòîðûå â ñî-
îòâåòñòâèè ñ ðàñ÷åòíîé ñõåìîé ñîåäèíÿþòñÿ 
ñ ïíåâìàòè÷åñêîé ëèíèåé íàãíåòàíèÿ.

Èç ðèñóíêà âèäíî, õàðàêòåð èçìåíåíèÿ äàâ-
ëåíèÿ ïðè ìîäåëèðîâàíèè ïî äâóì âàðèàíòàì 
íåñêîëüêî îòëè÷àåòñÿ. Ïðè ýòîì âðåìÿ íàðàñ-
òàíèÿ äàâëåíèÿ ïðè ìîäåëèðîâàíèè ïî ïåðâî-
ìó âàðèàíòó áîëüøå, ÷òî ñâÿçàíî ñ ó÷åòîì 
äåëåíèÿ ïîòîêà ñæàòîãî âîçäóõà ìåæäó ðàáî-
÷èìè ïîëîñòÿìè è, êàê ñëåäñòâèå, ïîâûøåíèåì 
ñîïðîòèâëåíèÿ ïíåâìàòè÷åñêîé ëèíèè íàãíå-
òàíèÿ.

Íà ðèñ. 6 ïðåäñòàâëåíû ãðàôèêè çàâèñè-
ìîñòè èçìåíåíèÿ äàâëåíèÿ âîçäóõà â ðàáî÷èõ 

ïîëîñòÿõ 2 è 4 òàíäåìíîãî ÏÖ, êîòîðûå â ñî-
îòâåòñòâèè ñ ðàñ÷åòíîé ñõåìîé ñîåäèíÿþòñÿ 
ñ ïíåâìàòè÷åñêîé ëèíèåé âûõëîïà.

Èç ðèñóíêà âèäíî, ÷òî èçìåíåíèå äàâëå-
íèÿ ñæàòîãî âîçäóõà â ðàáî÷èõ ïîëîñòÿõ 2 
è 4 èäåíòè÷íî. Òàêîé ðåçóëüòàò ñâÿçàí ñ òåì, 
÷òî ðàáî÷èå ïîëîñòè 2 è 4, èõ ìåðòâûå îáúåìû 
è ïîäâîäÿùèå ëèíèè â ñîîòâåòñòâèè è èñõîä-
íûìè äàííûìè èìåþò îäèíàêîâûå ðàçìåðû. 
Ïðè ýòîì ìàêñèìàëüíîå çíà÷åíèå äàâëåíèÿ 
ïðè ìîäåëèðîâàíèè ïî ïåðâîìó âàðèàíòó îêà-
çûâàåòñÿ ñóùåñòâåííî âûøå. Ýòî îáóñëîâëå-
íî ó÷åòîì äîïîëíèòåëüíîãî ñîïðîòèâëåíèÿ 
ïðè îáúåäèíåíèè ïîòîêîâ âîçäóõà, âûòåêàþùå-
ãî èç äâóõ ðàáî÷èõ ïîëîñòåé òàíäåìíîãî ÏÖ, 
ïåðåä âûõëîïíîé ïíåâìàòè÷åñêîé ëèíèåé.

Íà ðèñ. 7 ïðåäñòàâëåí ãðàôèê çàâèñèìîñòè 
âðåìåíè ïåðåìåùåíèÿ ñîñòàâíîãî ïîðøíÿ òàí-
äåìíîãî ÏÖ îò ïîëåçíîé íàãðóçêè íà øòîêå 
äëÿ äâóõ âàðèàíòîâ ìàòåìàòè÷åñêîé ìîäåëè.

Èç ðèñóíêà ñëåäóåò, ÷òî ïðè ìîäåëèðîâà-
íèè ïî ïåðâîìó âàðèàíòó âðåìÿ ïåðåìåùåíèÿ 
îêàçûâàåòñÿ áîëüøå, ÷òî ñâÿçàíî ñ äîïîëíè-
òåëüíûì ñîïðîòèâëåíèåì ïíåâìàòè÷åñêèõ 

Ðèñ. 5. Çàâèñèìîñòü èçìåíåíèÿ äàâëåíèÿ â ïîëîñòÿõ 1 è 3 îò âðåìåíè

Ðèñ. 6. Çàâèñèìîñòü èçìåíåíèÿ äàâëåíèÿ â ïîëîñòÿõ 2 è 4 îò âðåìåíè
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ëèíèé ïðè ó÷åòå ïðîöåññîâ äåëåíèÿ è îáúåäè-
íåíèÿ ïîòîêîâ âîçäóõà è, êàê ñëåäñòâèå, óâå-
ëè÷åíèåì âðåìåíè çàïîëíåíèÿ è îïóñòîøåíèÿ 
ðàáî÷èõ ïîëîñòåé òàíäåìíîãî ÏÖ. Íà õîëî-
ñòîì õîäó îòëè÷èå ðåçóëüòàòîâ ìîäåëèðî-
âàíèÿ ïî äâóì âàðèàíòàì äîñòèãàåò áîëåå 
÷åì 40 %.

Èç ïðåäñòàâëåííûõ íà ðèñ. 5−8 ðåçóëüòàòîâ 
ñëåäóåò, ÷òî ó÷åò ïðîöåññîâ äåëåíèÿ è îáú-
åäèíåíèÿ ïîòîêîâ ñæàòîãî âîçäóõà îêàçûâàåò 
ñóùåñòâåííîå âëèÿíèå íà âðåìÿ ïåðåìåùåíèÿ 
ñîñòàâíîãî ïîðøíÿ òàíäåìíîãî ÏÖ.

Çàêëþ÷åíèå
Ïîëó÷åííûå ðåçóëüòàòû ïðîäåìîíñòðèðî-

âàëè ñóùåñòâåííîå âëèÿíèå ó÷åòà ïðè ìàòåìà-
òè÷åñêîì ìîäåëèðîâàíèè ïðîöåññîâ äåëåíèÿ 
è îáúåäèíåíèÿ ïîòîêîâ ñæàòîãî âîçäóõà ìåæäó 
ðàáî÷èìè ïîëîñòÿìè íà äèíàìèêó ðàáîòû ïðè-
âîäà ñ òàíäåìíûì ÏÖ è, â ïåðâóþ î÷åðåäü, 
íà âðåìÿ ïåðåìåùåíèÿ ïîðøíÿ öèëèíäðà. 
Èç ýòîãî ñëåäóåò, ÷òî ïðè ïðîåêòèðîâàíèè 
ïíåâìàòè÷åñêèõ ïðèâîäîâ, â êîòîðûõ èñïîëü-
çóåòñÿ äàííûé òèï ïíåâìàòè÷åñêèõ äâèãàòå-
ëåé, òðåáóåòñÿ, íåñìîòðÿ íà óñëîæíåíèå ìà-
òåìàòè÷åñêîé ìîäåëè, ïîëíîå ìàòåìàòè÷åñêîå 
îïèñàíèå ïíåâìàòè÷åñêîé ñõåìû êîììóòàöèè 
ðàáî÷èõ ïîëîñòåé òàíäåìíîãî ÏÖ ñ ïíåâìà-
òè÷åñêèìè ëèíèÿìè íàãíåòàíèÿ è âûõëîïà, 
òî åñòü ïðèìåíåíèå ïåðâîãî ïðåäëîæåííîãî 
âàðèàíòà ìàòåìàòè÷åñêîé ìîäåëè. Îñîáåí-
íî àêòóàëüíûì ïðåäëîæåííûé ïîäõîä ê ìà-
òåìàòè÷åñêîìó ìîäåëèðîâàíèþ ñòàíîâèòñÿ 
ïðè ïðîåêòèðîâàíèè ïðèâîäîâ, îáåñïå÷èâàþ-
ùèõ ìèíèìàëüíîå âðåìÿ ñðàáàòûâàíèÿ, îïðå-
äåëÿþùåå äëèòåëüíîñòü òåõíîëîãè÷åñêèõ ïðî-
öåññîâ. Òàêæå ïðåäëîæåííûé ïîäõîä àêòóàëåí 
ïðè ïðîåêòèðîâàíèè öèêëè÷åñêè ðàáîòàþùèõ 
ïðèâîäîâ. Äàëüíåéøèå èññëåäîâàíèÿ áóäóò íà-

ïðàâëåíû íà ýêñïåðèìåíòàëüíóþ âåðèôèêàöèþ 
è óòî÷íåíèå ðàçðàáîòàííîé ìàòåìàòè÷åñêîé 
ìîäåëè, à òàêæå ïðèìåíåíèå åå ïðè ðàçðàáîòêå 
ìàòåìàòè÷åñêèõ ìîäåëåé óñòðîéñòâ ñ òàíäåì-
íûìè ÏÖ.

Ïðåäëîæåííûé ïîäõîä òàêæå ìîæåò áûòü 
èñïîëüçîâàí ïðè ìîäåëèðîâàíèè ïíåâìàòè÷å-
ñêèõ öèëèíäðîâ ñ òðåìÿ è áîëåå ïîðøíÿìè, 
à òàêæå äëÿ ïðèâîäîâ ñ íåñêîëüêèìè îäíî-
ïîðøíåâûìè öèëèíäðàìè (ìíîãîìàøèííûõ 
ïðèâîäîâ), óïðàâëÿåìûìè îäíèì ïíåâìàòè÷å-
ñêèì ðàñïðåäåëèòåëåì.
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The article considers the issue of mathematical modeling of tandem pneumatic cylinders. Despite the 
fact that the mathematical description of the operation of drives with single-piston cylinders is consid-
ered in sufficient detail in the literature, the peculiarity of drives with tandem cylinders, namely the com-
mutation of their working cavities with pneumatic discharge and exhaust lines through one pneumatic 
distributor, requires the formation of a certain approach to their mathematical description. The paper 
shows two developed versions of mathematical models that describe their work. The first option involves 
taking into account some conventional intermediate chambers behind the pneumatic distributor, where 
the division and combination of compressed air flows between the pneumatic distributor and the working 
cavities of the tandem pneumatic cylinder takes place. The second one (the simplified) considers the 
working cavities of the cylinder independently. Comparison of the results of mathematical modeling for 
two options showed a fairly significant difference in the time of movement of the piston of the cylinder. 
Moreover, it can be seen from the results that this difference is primarily associated with the distribution 
of air pressure between the intermediate chambers and the working cavities of the cylinder. According to 
the obtained results, it follows that when developing pneumatic drives and pneumatic actuators with tan-
dem pneumatic cylinders, despite the complexity of the calculation, it is preferable to take into account in 
the mathematical model the intermediate chambers, where the division and combination of compressed 
air flows takes place.
The developed model can be used in the design of pneumatic drives of various machines and mechanisms 
that use tandem pneumatic cylinders. This modeling approach can be used in the study of other multi-pis-
ton pneumatic engines or drives with several engines controlled by a single pneumatic switchgear.

Keywords: pneumatic cylinder, tandem cylinder, compressed air flow division.
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