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Ââåäåíèå
Â íà÷àëå 2000-õ ãîäîâ íà ðûíêå ïíåâìà-

òè÷åñêîé àïïàðàòóðû ïîÿâèëñÿ íîâûé òèï 
ïíåâìîäâèãàòåëÿ – ïíåâìàòè÷åñêèé ìóñêóë 
(Fluidic muscle, Pneumatic artificial muscle, 
PAM actuator) [1–7]. ßâëÿÿñü òÿãîâûì èñïîë-
íèòåëüíûì ïíåâìîäâèãàòåëåì îäíîñòîðîííåãî 
äåéñòâèÿ, ïíåâìîìóñêóë ìîæåò íàéòè øèðî-
êîå ïðèìåíåíèå â êà÷åñòâå òðàíñïîðòíî-òåõ-
íîëîãè÷åñêèõ ñðåäñòâ ìîáèëüíûõ óñòàíîâîê. 
Â ðàáîòå [8] ïðèâåäåíû ìíîãî÷èñëåííûå ïðè-
ìåðû èñïîëüçîâàíèÿ ïíåâìîìóñêóëîâ â ãðó-
çîïîäúåìíûõ è çàæèìíûõ óñòðîéñòâàõ, ñè-
ñòåìàõ íàãðóæåíèÿ ôðèêöèîííûõ òîðìîçîâ, 
íàòÿæíûõ ïðèñïîñîáëåíèÿõ, â ïåðôîðàòîðàõ 

è çàõâàòàõ. Ïðèíöèïèàëüíûì îòëè÷èåì ïíåâ-
ìîìóñêóëà îò ïíåâìîöèëèíäðà ÿâëÿåòñÿ ñóùå-
ñòâåííàÿ çàâèñèìîñòü ðàçâèâàåìîãî èì óñèëèÿ 
îò âåëè÷èíû ñîêðàùåíèÿ ïðè íåèçìåííîì èç-
áûòî÷íîì äàâëåíèè â åãî âíóòðåííåé ïîëîñòè. 
Â ðàáîòàõ [9, 10] îòìå÷àåòñÿ, ÷òî ïðè íóëåâîì 
ñîêðàùåíèè ïíåâìîìóñêóë ðàçâèâàåò óñèëèå, 
â 12–14 ðàç ïðåâûøàþùåå òÿíóùåå óñèëèå 
äèôôåðåíöèàëüíîãî ïíåâìîöèëèíäðà ðàâíîé 
ðàáî÷åé ïëîùàäè ïîðøíÿ. Öåëüþ ïðåäëàãàå-
ìîé ðàáîòû ÿâëÿåòñÿ ïðåäñòàâëåíèå øèðîêîìó 
êðóãó ñïåöèàëèñòîâ â îáëàñòè ïíåâìîàâòîìà-
òèêè âîçìîæíîñòè ñîçäàíèÿ íà áàçå ïíåâìîìó-
ñêóëà ëèíåéíîãî ïîçèöèîíåðà, êîòîðûé ìîæåò 
áûòü èñïîëüçîâàí â ðîáîòîòåõíèêå, â ãèáêèõ 
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Ãëàâíîé öåëüþ ðàáîòû ÿâëÿåòñÿ èññëåäîâàíèå òåõíè÷åñêèõ âîçìîæíîñòåé ñîçäàíèÿ íà áàçå ïíåâ-
ìîìóñêóëîâ ëèíåéíîãî ïîçèöèîíåðà ñ ïðèåìëåìûìè ïî êà÷åñòâó ïîçèöèîíèðîâàíèÿ õàðàêòåðèñòè-
êàìè. Â ðàáîòå âûïîëíåíî ýêñïåðèìåíòàëüíîå èññëåäîâàíèå ñèëîâîé õàðàêòåðèñòèêè ïíåâìîìó-
ñêóëà ñåðèè MAS 10-300 ôèðìû «FESTO», íà áàçå êîòîðîãî ñîçäàí ôèçè÷åñêèé ìàêåò ïîçèöèîíåðà 
è èññëåäîâàíû åãî ñòàòè÷åñêèå è äèíàìè÷åñêèå õàðàêòåðèñòèêè. Ðàññìîòðåíà ôèçè÷åñêàÿ ñóù-
íîñòü ðàáîòû öèëèíäðè÷åñêîé ìåìáðàíû, íà îñíîâå êîòîðîé ïîñòðîåí ïíåâìîìóñêóë è ðàçðàáî-
òàíà ìåòîäèêà ðàñ÷åòà ïàðàìåòðîâ ïîçèöèîíèðóþùåé ïðóæèíû. Ïîêàçàíî, ÷òî åñëè â íàãðóçêå 
ïíåâìîìóñêóëà ïðèñóòñòâóåò ïîçèöèîííàÿ ñîñòàâëÿþùàÿ, òî åå æåñòêîñòü (çàâèñèìîñòü óñèëèÿ îò 
ïåðåìåùåíèÿ) ïîçâîëÿåò ðåøèòü çàäà÷ó ïîçèöèîíèðîâàíèÿ ïîñðåäñòâîì óïðàâëåíèÿ äàâëåíèåì 
âî âíóòðåííåé ïîëîñòè ïíåâìîìóñêóëà. Åñëè â íàãðóçêå îòñóòñòâóåò ïîçèöèîííàÿ ñîñòàâëÿþùàÿ 
èëè îíà ñëèøêîì ìàëà, òî äëÿ ðåøåíèÿ çàäà÷è ïîçèöèîíèðîâàíèÿ, íåîáõîäèìà óñòàíîâêà ïîçèöè-
îíèðóþùåé ïðóæèíû. Ïðèâåäåíû ìåòîäèêè îïðåäåëåíèÿ ïàðàìåòðîâ ïîçèöèîíèðóþùåé ïðóæèíû 
äëÿ ïîçèöèîíåðîâ, ñîçäàâàåìûõ íà áàçå ïíåâìîìóñêóëîâ ñåðèè MAS ôèðìû «FESTO». Óñòàíîâ-
ëåíî, ÷òî ïíåâìîìóñêóë, èñïîëüçóåìûé â êà÷åñòâå ëèíåéíîãî ïíåâìîäâèãàòåëÿ, ñîçäàåò òÿíóùåå 
óñèëèå, êîòîðîå ïðè íóëåâîì ñîêðàùåíèè ïíåâìîìóñêóëà â 12…14 ðàç ïðåâûøàåò óñèëèå, ðàçâè-
âàåìîå íà îáðàòíîì õîäå ïíåâìîöèëèíäðîì ðàâíîé ðàáî÷åé ïëîùàäè ïîðøíÿ, ïðè ýòîì óäåëüíîå 
óñèëèå (óñèëèå, îòíåñåííîå ê ìàññå ïíåâìîäâèãàòåëÿ) ó ïíåâìîìóñêóëà â 100 ðàç áîëüøå. Ýòî ïî-
çâîëÿåò èñïîëüçîâàòü ïíåâìîìóñêóë â êà÷åñòâå íàãðóæàþùåãî óñòðîéñòâà òîðìîçíûõ, çàæèìíûõ è 
íàòÿãèâàþùèõ óñòðîéñòâ òðàíñïîðòíûõ ñèñòåì è ìîáèëüíûõ óñòàíîâîê. Äëÿ èñïîëüçîâàíèÿ ïîçè-
öèîíåðà â ñëåäÿùåé ñèñòåìå óïðàâëåíèÿ ïîëîæåíèåì åãî ñëåäóåò ñíàáäèòü àíàëîãîâûì äàò÷èêîì 
îáðàòíîé ñâÿçè. Ïîëó÷åííàÿ ýêñïåðèìåíòàëüíûì ïóòåì ñòàòè÷åñêàÿ õàðàêòåðèñòèêà ñîçäàííîãî 
ôèçè÷åñêîãî ìàêåòà ïîçèöèîíåðà èìååò êâàçèëèíåéíûé ó÷àñòîê â äèàïàçîíå èçìåíåíèÿ äàâëåíèÿ 
óïðàâëåíèÿ 2,5…5 áàð è õîðîøî ñîãëàñóåòñÿ ñ ðåçóëüòàòàìè ðàñ÷åòà. Õàðàêòåð ïåðåõîäíîãî ïðî-
öåññà ïî âõîäíîìó âîçäåéñòâèþ ïîçâîëÿåò ðàññìàòðèâàòü ïîçèöèîíåð êàê àïåðèîäè÷åñêîå çâåíî 
1-ãî ïîðÿäêà ñ ïîñòîÿííîé âðåìåíè T = 2…5 ñ. Â êà÷åñòâå ïðèìåðà èññëåäîâàíà âîçìîæíîñòü 
èñïîëüçîâàíèÿ ïîçèöèîíåðà ïðè ðåøåíèè çàäà÷, ñâÿçàííûõ ñ íåîáõîäèìîñòüþ ñòàáèëèçàöèè ãðó-
çîâîé ïëàòôîðìû â ãîðèçîíòàëüíîì ïîëîæåíèè, â ñëó÷àå ñìåùåíèÿ öåíòðà òÿæåñòè ãðóçà îòíîñè-
òåëüíî âåðòèêàëüíîé îñè ïëàòôîðìû. Ðåçóëüòàòû ðàáîòû ìîãóò áûòü èñïîëüçîâàíû è ðåàëèçóåìû 
ïðè ðåøåíèè çàäà÷ ëèíåéíîãî è óãëîâîãî ïîçèöèîíèðîâàíèÿ íàãðóçêè â ãèáêèõ ïðîèçâîäñòâåííûõ 
ñèñòåìàõ, â èñïîëíèòåëüíûõ óñòðîéñòâàõ ïðîìûøëåííûõ ðîáîòîâ è ò.ä.

Êëþ÷åâûå ñëîâà: ëèíåéíûé ïîçèöèîíåð, ïíåâìîìóñêóë, öèëèíäðè÷åñêàÿ ìåìáðàíà, ðîìáîâèä-
íàÿ ÿ÷åéêà.
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ïðîèçâîäñòâåííûõ ñèñòåìàõ è â ëîãèñòèêå ãðó-
çîïîäúåìíûõ óñòðîéñòâ. Âîçìîæíî èñïîëü-
çîâàíèå ïîçèöèîíåðà è äëÿ ðåøåíèÿ çàäà÷è 
ãîðèçîíòàëüíîé ñòàáèëèçàöèè íàãðóæåííîé 
ïëàòôîðìû ïðè ñìåùåíèè öåíòðà ìàññ, ðàñïî-
ëîæåííîãî íà íåé ãðóçà, îòíîñèòåëüíîãî âåðòè-
êàëüíîé îñè ïëàòôîðìû. Ðåçóëüòàòû èññëåäî-
âàíèÿ ñòàòè÷åñêèõ õàðàêòåðèñòèê ôèçè÷åñêîãî 
ìàêåòà ïîçèöèîíåðà íà áàçå ïíåâìîìóñêóëà ïî-
êàçàëè âîçìîæíîñòü åãî èñïîëüçîâàíèÿ â ïíåâ-
ìàòè÷åñêèõ ñëåäÿùèõ ñèñòåìàõ.

Ôèçè÷åñêèå îñíîâû 
ôóíêöèîíèðîâàíèÿ 
ëèíåéíîãî ïîçèöèîíåðà
Â îñíîâó ðàáîòû ïíåâìîìóñêóëà çàëîæå-

íî ñâîéñòâî ìåìáðàíû èçìåíÿòü ñâîþ ôîðìó 
èëè ðàçìåðû ïîä äåéñòâèåì ïðèëîæåííîãî ê 
íåé èçáûòî÷íîãî äàâëåíèÿ ðàáî÷åãî òåëà (æèä-
êîñòè èëè ãàçà). Â ïíåâìîìóñêóëàõ ôèðìû 
«FESTO» èñïîëüçóåòñÿ ìåìáðàíà öèëèíäðè÷å-
ñêîé ôîðìû ñ òâåðäûì äíîì è êðûøêîé: åñëè 
âî âíóòðåííåé ïîëîñòè ìåìáðàíû ñîçäàòü èç-
áûòî÷íîå äàâëåíèå, òî åå äèàìåòð óâåëè÷èò-
ñÿ, à äëèíà óìåíüøèòñÿ, ïðè ýòîì èçáûòî÷íîå 
äàâëåíèå ïðåîáðàçóåòñÿ â óñèëèå ñîêðàùåíèÿ 
ìåìáðàíû. Ñïîñîáíîñòü öèëèíäðè÷åñêîé ìåì-
áðàíû óêîðà÷èâàòüñÿ îáåñïå÷èâàåòñÿ âèíòîî-
áðàçíûì ïåðåêðåñòíûì ïëåòåíèåì íåäåôîðìè-
ðóåìûõ íèòåé åå êîðäà. Ïîñëå ïðîïèòêè êîðäà 
ýëàñòîìåðîì îáðàçóåòñÿ óïðóãàÿ ñòåíêà, îáëà-
äàþùàÿ âûñîêîé ýëàñòè÷íîñòüþ è ïðî÷íîñòüþ 
íà ðàçðûâ. Â ìåñòàõ ïåðåïëåòåíèÿ íèòåé ôîð-
ìèðóþòñÿ ðîìáîâèäíûå ÿ÷åéêè ñ óçëàìè-øàð-
íèðàìè 1–4 (ðèñ. 1à).

Èçáûòî÷íîå äàâëåíèå âî âíóòðåííåé ïîëî-
ñòè öèëèíäðè÷åñêîé ìåìáðàíû âûçûâàåò óâå-

ëè÷åíèå åå âíóòðåííåãî ðàäèóñà R (ðèñ. 1à), 
ïðè ýòîì â óçëàõ ðîìáîâèäíîé ÿ÷åéêè âîçíèêà-
þò îêðóæíûå F

à
 è îñåâûå F

â
 ñèëû, âûçûâàþùèå 

óäëèíåíèå äèàãîíàëè À è óêîðà÷èâàíèå äèàãî-
íàëè Â (ðèñ. 1á). Çàïîëíÿþùèé ðîìáîâèäíóþ 
ÿ÷åéêó ýëàñòîìåð îêàçûâàåò íåêîòîðîå óñèëèå 
óïðóãîé äåôîðìàöèè F

ä
. Ðàññìîòðèì ôèçèêó 

ïðîöåññà äåôîðìàöèè ìåìáðàíû. Òàíãåíñ óãëà 
, ðàñïîëîæåííîãî íàïðîòèâ ãîðèçîíòàëüíîé 
äèàãîíàëè À ðîìáîâèäíîé ÿ÷åéêè, îïðåäåëÿåò-
ñÿ ðàâåíñòâîì:

  à ä

â ä

tg   
F FA

B F F


  


.  (1)

Äëÿ îïðåäåëåíèÿ îêðóæíîé ñèëû F
à
 ðàññìî-

òðèì óñëîâèå ðàâíîâåñèÿ ïîëóêîëüöà øèðèíîé 
Â (ðèñ. 1â): à äF p R B F    , ãäå p – èçáûòî÷-
íîå äàâëåíèå âî âíóòðåííåé ïîëîñòè öèëèí-
äðè÷åñêîé ìåìáðàíû, Ïà.

Óñëîâèå ðàâíîâåñèÿ öèëèíäðè÷åñêîé ìåì-
áðàíû â îñåâîì íàïðàâëåíèè Z îïðåäåëÿåòñÿ 
ðàâåíñòâîì:

2( ) 0m F F p R F     â ä , 

ãäå m = 2R/A – ÷èñëî ðîìáîâèäíûõ ÿ÷ååê íà 
äëèíå îêðóæíîñòè 2R; pR2 – ñèëà äàâëåíèÿ 
íà äíî öèëèíäðè÷åñêîé ìåìáðàíû; F – îñåâàÿ 
ñèëà, âûçûâàþùàÿ óìåíüøåíèå ïåðâîíà÷àëü-
íîé äëèíû L öèëèíäðè÷åñêîé ìåìáðàíû. 
Ïîñëå ïðåîáðàçîâàíèÿ ñ ó÷åòîì ðàâåíñòâ (1) è 
m = 2R/A, ïîëó÷èì çíà÷åíèå óñèëèÿ F â ôóíê-
öèè tg:

 
2 22 / tg 1( )F p R    .  (2)

Â ñîîòâåòñòâèè ñ ðàâåíñòâàìè (1), (2) óìåíü-
øåíèå äëèíû äèàãîíàëè Â óâåëè÷èâàåò çíà÷å-
íèå tg, ÷òî ïðèâîäèò ê ïîòåðå ñïîñîáíîñòè 

 à á â
Ðèñ. 1. Ñòðóêòóðà êîðäà öèëèíäðè÷åñêîé ìåìáðàíû
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ïíåâìîìóñêóëà ñîçäàâàòü óñèëèå ñîêðàùåíèÿ 
F: óñëîâèþ F = 0 ñîîòâåòñòâóåò ðàâåíñòâî 
(2/tg2  1) = 0 è êðèòè÷åñêîå çíà÷åíèå óãëà 


êð
 = 54,74 ãðàä.

 
Íàèáîëüøåå óñèëèå ïíåâìîìó-

ñêóë ðàçâèâàåò ïðè íóëåâîì ñîêðàùåíèè b = 0, 
÷òî ñîîòâåòñòâóåò íà÷àëüíîìó çíà÷åíèþ óãëà 
ïëåòåíèÿ êîðäà 

0
. 

Èç ðàâåíñòâà (2) óñòàíîâèì ñâÿçü ìåæäó 
óãëîì è óñèëèåì F: 

2 2 0,5[ (tg  2 / )]p R F p R     .

Ñòàòè÷åñêèå õàðàêòåðèñòèêè ïíåâìî-ìó-
ñêóëîâ ñåðèè MAS â êîîðäèíàòàõ «ñîêðàùå-
íèå–óñèëèå» ïðåäñòàâëåíû â êàòàëîãå ôèðìû 
«FESTO» [11], ãäå âåëè÷èíà ñîêðàùåíèÿ ïíåâ-
ìîìóñêóëà óêàçàíà â ïðîöåíòàõ îò åãî ïåðâîíà-
÷àëüíîé äëèíû b, % = b/L. 

Â ðàáîòå [10] ïóòåì àíàëèçà äàííûõ êàòà-
ëîãà ôèðìû «FESTO» îïðåäåëåíà ïðîãíîçè-
ðóåìàÿ âåëè÷èíà óãëà ïëåòåíèÿ êîðäà öèëèí-
äðè÷åñêîé ìåìáðàíû (

0
)

ñð
 = 24 ãðàä è äàíà 

ðàñ÷åòíàÿ îöåíêà ìàêñèìàëüíîé âåëè÷èíû 
ñîêðàùåíèÿ ïíåâìîìóñêóëà â ïðåäåëàõ äèàïà-
çîíà èçìåíåíèÿ óãëîâ  =  = 54,74  24 = 
30,74 ãðàä: 

• (
0
)

ñð
 = 66 ãðàä; sin(

0
)

ñð
 = 0,913; 

0,5Â = 0,913;
 

êð
 = 35,26 ãðàä; sin

êð
 = 0,578; 

0,5Â = 0,578;
• àáñîëþòíîå óêîðà÷èâàíèå äèàãîíàëè Â 

Â = 0,913  0,578 = 0,335;
• îòíîñèòåëüíîå óêîðà÷èâàíèå äèàãîíàëè 

Â (b, %)
max

 = Â/0,913 = 0,335/0,913 = 0,37.

Òàêèì îáðàçîì, ïðîãíîçèðóåìàÿ íàèáîëü-
øàÿ âåëè÷èíà ñîêðàùåíèÿ ïíåâìîìóñêóëà íå 
ìîæåò ïðåâûøàòü 37% åãî ïåðâîíà÷àëüíîé 
äëèíû L. Äåéñòâèòåëüíîå çíà÷åíèå ìàêñè-
ìàëüíîãî ñîêðàùåíèÿ ïíåâìîìóñêóëà ìîæåò 
îêàçàòüñÿ ìåíüøå ðàñ÷åòíîãî èç-çà âëèÿíèÿ 
æåñòêîñòè äíà è êðûøêè ìåìáðàíû, à òàêæå 
ýëàñòè÷íîñòè ýëàñòîìåðà, ÷òî âëèÿåò íà ïðî-
öåññ äåôîðìàöèè ðîìáîâèäíîé ÿ÷åéêè. 

Â óðàâíåíèè (2) ïðèñóòñòâóþò òðèãîíîìå-
òðè÷åñêàÿ ôóíêöèÿ tg2, ðàäèóñ âíóòðåííåé 
ïîëîñòè öèëèíäðè÷åñêîé ìåìáðàíû R = R(b) 
è èçáûòî÷íîå äàâëåíèå p. Ñ ó÷åòîì òîãî, ÷òî 
óãîë ñâÿçàí ñ âåëè÷èíîé ñîêðàùåíèÿ ïíåâìî-
ìóñêóëà  = (b), óñèëèå F ïðåäñòàâëÿåò ñîáîé 
2-õ ôàêòîðíûé ôóíêöèîíàë F = F(p, b) è îïðå-
äåëÿåò ñèëîâóþ õàðàêòåðèñòèêó ïíåâìîìóñêó-
ëà â êîîðäèíàòàõ «ñîêðàùåíèå – óñèëèå».

Òåõíè÷åñêèå âîçìîæíîñòè 
ñîçäàíèÿ ëèíåéíîãî ïîçèöèîíåðà 
íà áàçå ïíåâìîìóñêóëà
Ñèëîâàÿ õàðàêòåðèñòèêà ïíåâìîìóñêóëà òè-

ïîðàçìåðà MAS 10, ïðåäñòàâëåííàÿ â êàòàëîãå 
ôèðìû «FESTO», ïîêàçàíà íà ðèñ. 2.

Âîçìîæíîñòü ïíåâìîìóñêóëà ñîçäàâàòü 
óñèëèå F îïðåäåëÿåòñÿ âåëè÷èíîé èçáûòî÷íîãî 
äàâëåíèÿ â åãî âíóòðåííåé ïîëîñòè, óêàçàííîé 
â ðàçðûâàõ êðèâûõ F = F(b) íà ðèñ. 2. Áîëüøèå 
çíà÷åíèÿ óñèëèÿ ñîêðàùåíèÿ ïðè ñðàâíèòåëü-
íî íåáîëüøèõ âåëè÷èíàõ ñîêðàùåíèÿ äåëàþò 
âîçìîæíûì ïðèìåíåíèå ïíåâìîìóñêóëîâ â 
ñèñòåìàõ íàãðóæåíèÿ òîðìîçíûõ è çàæèìíûõ 

Ðèñ. 2. Õàðàêòåðèñòèêà «ñîêðàùåíèå – óñèëèå» ïíåâìîìóñêóëà MAS 10
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óñòðîéñòâ òðàíñïîðòíûõ ñðåäñòâ (3500…5000 
Í ó ïíåâìîìóñêóëîâ òèïà MAS 40, ðèñ. 4). 

Çàâèñèìîñòü ñèëîâîé õàðàêòåðèñòèêè îò 
äàâëåíèÿ ïîçâîëÿåò ñîçäàòü íà áàçå ïíåâìî-
ìóñêóëà ëèíåéíûé ïîçèöèîíåð, åñëè â åãî íà-
ãðóçêå F

í
 áóäåò ïðèñóòñòâîâàòü ïîçèöèîííàÿ 

ñîñòàâëÿþùàÿ:

 0F F F í ïîç ,  (3)

ãäå F
0
 – ïîñòîÿííàÿ ñîñòàâëÿþùàÿ íàãðóçêè; 

F
ïîç

 = C(b) – ñóììàðíàÿ ïîçèöèîííàÿ ñîñòàâëÿ-
þùàÿ íàãðóçêè; C = C

í
 + C

ïð
 – ñóììàðíàÿ æåñò-

êîñòü ïîçèöèîííîé ñîñòàâëÿþùåé íàãðóçêè; 
C

í
 – æåñòêîñòü âíåøíåé íàãðóçêè; C

ïð
 – æåñò-

êîñòü âñòðîåííîé â ïíåâìîìóñêóë ïðóæèíû; 
b – àáñîëþòíàÿ âåëè÷èíà ñîêðàùåíèÿ ïíåâìî-
ìóñêóëà. 

Ñïîñîáíîñòü ïíåâìîìóñêóëà ïîçèöèîíè-
ðîâàòü íàãðóçêó ìîæíî îöåíèòü ïóòåì íàëî-
æåíèÿ õàðàêòåðèñòèêè ïîçèöèîííîé ñîñòàâ-
ëÿþùåé íàãðóçêè ðàçëè÷íîé æåñòêîñòè Ñ

i
 

íà ñèëîâûå õàðàêòåðèñòèêè ïíåâìîìóñêóëîâ 
(ðèñ. 2, 3, 4).

Îòðèöàòåëüíûå çíà÷åíèÿ ñîêðàùåíèÿ 
ïíåâìîìóñêóëà b = 3 % ñîîòâåòñòâóþò äî-
ïóñòèìîìó ïðåäâàðèòåëüíîìó ðàñòÿæåíèþ 
ïíåâìîìóñêóëîâ ïîä äåéñòâèåì ïîñòîÿííîé ñî-
ñòàâëÿþùåé íàãðóçêè â îòñóòñòâèè èçáûòî÷íî-
ãî äàâëåíèÿ â èõ âíóòðåííèõ ïîëîñòÿõ. 

Äèàïàçîí ïîçèöèîíèðîâàíèÿ b îïðåäå-
ëÿåòñÿ òî÷êîé ïåðåñå÷åíèÿ ñèëîâîé õàðàêòå-
ðèñòèêè ïíåâìîìóñêóëà F = F(b) ñ õàðàêòåðè-
ñòèêîé ïîçèöèîííîé ñîñòàâëÿþùåé íàãðóçêè 
F

ïîç 
= C(b). Íàïðèìåð, ïîçèöèîíåð, âûïîëíåí-

íûé íà áàçå ïíåâìîìóñêóëà MAS 10 ñ èñõîä-
íîé äëèíîé L = 300 ìì è æåñòêîñòüþ íàãðóçêè 
C6 = 2 Í/ìì, áóäåò èìåòü äèàïàçîí ïîçèöèîíè-
ðîâàíèÿ ðàâíûé b = 20 %, ÷òî ñîîòâåòñòâóåò 
àáñîëþòíîìó çíà÷åíèþ ñîêðàùåíèÿ ïíåâìîìó-
ñêóëà b = 0,2300 = 60 ìì ïðè èçìåíåíèè èç-
áûòî÷íîãî äàâëåíèÿ â äèàïàçîíå p = 0…8 áàð 
(ðèñ. 2). Óâåëè÷åíèå æåñòêîñòè íàãðóçêè äî 
âåëè÷èíû C3 = 11 Í/ìì óìåíüøàåò äèàïàçîí 
ïîçèöèîíèðîâàíèÿ äî çíà÷åíèÿ b = 9,5 %, ÷òî 
ñîîòâåòñòâóåò ñîêðàùåíèþ ïíåâìîìóñêóëà 
b = 28,5 ìì. Íàëè÷èå â óðàâíåíèè íàãðóçêè 
(3) ïîçèöèîíåðà ïîñòîÿííîé ñîñòàâëÿþùåé F

0
 

îáóñëîâëèâàåò íåîáõîäèìîñòü ïîäúåìà õàðàê-
òåðèñòèêè F

ïîç 
= C(b) ïî âåðòèêàëüíîé îñè íà 

âåëè÷èíó F
0
. 

Åñëè âåëè÷èíà âíåøíåé íàãðóçêè ìàëà 
C

í
 0, òî â öåëÿõ ïîëó÷åíèÿ ìàêñèìàëüíîé 

âåëè÷èíû äèàïàçîíà ïîçèöèîíèðîâàíèÿ è âîç-
ìîæíîñòè âîçâðàòà ïîçèöèîíåðà â èñõîäíóþ 
ïîçèöèþ ïðè p = 0 íåîáõîäèìî óñòàíîâèòü ïî-
çèöèîíèðóþùóþ ïðóæèíó ìàëîé æåñòêîñòè. 

Ðàñ÷åòíûå õàðàêòåðèñòèêè «äàâëåíèå – ñî-
êðàùåíèå» b = b(p), C

i
 = inv. ïîçèöèîíåðîâ, 

Ðèñ. 3. Õàðàêòåðèñòèêà «ñîêðàùåíèå – óñèëèå» ïíåâìîìóñêóëà MAS 20 
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âûïîëíåííûõ íà áàçå ïíåâìîìóñêóëîâ òèïî-
ðàçìåðîâ MAS 10, MAS 20 è MAS 40 ïðåä-
ñòàâëåíû íà ãðàôèêàõ ðèñ. 5, 6, 7. 

Ïðè ïðîåêòèðîâàíèè ïîçèöèîíåðà íåîáõî-
äèìî ó÷èòûâàòü îñîáåííîñòè ýêñïëóàòàöèè 
ïíåâìîìóñêóëà: 

• íàèáîëüøàÿ ðàáî÷àÿ ÷àñòîòà f = 2…5 Ãö;
• äîïóñòèìàÿ ìàêñèìàëüíàÿ ñêîðîñòü ñî-

êðàùåíèÿ V
max

 = 1, 5…2 ì/ñåê; 
• äîïóñòèìàÿ âåëè÷èíà íåñîîñíîñòè çà-

äåëîê ïíåâìîìóñêóëà  = a/L = 0,02, ãäå 
a – ëèíåéíîå ñìåùåíèå îñåé çàäåëîê; 
L – íà÷àëüíàÿ äëèíà ïíåâìîìóñêóëà. 

Íà ðèñ. 8 ïðåäñòàâëåíû ñðàâíèòåëüíûå 
îöåíêè âëèÿíèÿ æåñòêîñòè ïîçèöèîííîé ñî-
ñòàâëÿþùåé íàãðóçêè íà äèàïàçîí åå ïîçè-
öèîíèðîâàíèÿ b = b (C) ïðè èçìåíåíèè èç-

áûòî÷íîãî äàâëåíèÿ âî âíóòðåííåé ïîëîñòè 
ïíåâìîìóñêóëà â ïðåäåëàõ p = 0…6 áàð.

Ýêñïåðèìåíòàëüíîå èññëåäîâàíèå ñòàòè÷å-
ñêîé õàðàêòåðèñòèêè ôèçè÷åñêîãî ìàêåòà ïî-
çèöèîíåðà 

Êîíñòðóêòèâíàÿ ñõåìà ìàêåòà ëèíåéíîãî 
ïîçèöèîíåðà, ñîçäàííîãî íà áàçå ïíåâìîìó-
ñêóëà, ïðåäñòàâëåíà íà ðèñ. 9. Ìåæäó òîðöàìè 
çàäåëîê ïíåâìîìóñêóëà óñòàíîâëåíà ïîçèöè-
îíèðóþùàÿ ïðóæèíà çàäàííîé æåñòêîñòè C

ïð.
 

Â öåëÿõ âîçìîæíîãî èñïîëüçîâàíèÿ ïîçèöèî-
íåðà â çàìêíóòîé ñèñòåìå óïðàâëåíèÿ, ïðåä-
óñìîòðåí äàò÷èê ëèíåéíîãî ïåðåìåùåíèÿ ïî-
òåíöèîìåòðè÷åñêîãî òèïà ñ õàðàêòåðèñòèêîé 
U

h
 = k(h), ãäå k – êîýôôèöèåíò ïåðåäà÷è ïðåîá-

ðàçîâàòåëÿ, Â/ìì.

Ðèñ. 4. Õàðàêòåðèñòèêà «ñîêðàùåíèå – óñèëèå» ïíåâìîìóñêóëà MAS 40

Ðèñ. 5. Õàðàêòåðèñòèêà «äàâëåíèå – ñîêðàùåíèå» ïíåâìîìóñêóëà MAS 10 



Ëèíåéíûé ïîçèöèîíåð íà áàçå ïíåâìîìóñêóëà

21Èçâåñòèÿ ÌÃÒÓ «ÌÀÌÈ», ¹ 2(36), 2018

Ðèñ. 6. Õàðàêòåðèñòèêà «äàâëåíèå – ñîêðàùåíèå» ïíåâìîìóñêóëà MAS 20

Ðèñ. 7. Õàðàêòåðèñòèêà «äàâëåíèå – ñîêðàùåíèå» ïíåâìîìóñêóëà MAS 40

Ðèñ. 8. Âëèÿíèå æåñòêîñòè ïðóæèíû íà âåëè÷èíó äèàïàçîíà ïîçèöèîíèðîâàíèÿ
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Ôèçè÷åñêèé ìàêåò ëèíåéíîãî ïîçèöèîíåðà 
ïîñòðîåí íà áàçå ïíåâìîìóñêóëà òèïîðàçìå-
ðà MAS 10 – 300. Íåîáõîäèìî îòìåòèòü, ÷òî 
çíà÷åíèÿ ìàêñèìàëüíûõ óñèëèé ïðè íóëåâîì 
ñîêðàùåíèè ïíåâìîìóñêóëà, ïðèâåäåííûå â 
êàòàëîãå ôèðìû «FESTO» (ðèñ. 2) â ñðåäíåì 
â 1,35 ðàçà ïðåâûøàþò çíà÷åíèÿ, ïîëó÷åííûå 
â ðåçóëüòàòå ýêñïåðèìåíòàëüíîãî èññëåäî-
âàíèÿ êîíêðåòíîãî îáðàçöà ïíåâìîìóñêóëà 
MAS 10 – 300. 

Â îòñóòñòâèè íàãðóçêè ïðè èçìåíåíèè èç-
áûòî÷íîãî äàâëåíèÿ â ïðåäåëàõ p = 0…8 áàð 
íàðóæíûé äèàìåòð öèëèíäðè÷åñêîé ìåìáðà-
íû ïíåâìîìóñêóëà óâåëè÷èâàåòñÿ è ïðèíè-
ìàåò ìàêñèìàëüíîå çíà÷åíèå D

max
 = 1,8D

0
, ãäå 

D
0
 – íàðóæíûé äèàìåòð ìåìáðàíû ïðè äàâëåíèè 

p = 0, ïðè ýòîì öèëèíäðè÷åñêàÿ ïîâåðõíîñòü 
ñîõðàíÿåòñÿ ïî âñåé äëèíå ïíåâìîìóñêóëà. 

Â îñíîâó ðàñ÷åòà ðàçìåðîâ è æåñòêîñòè ïî-
çèöèîíèðóþùåé ïðóæèíû çàëîæåí íàðóæíûé 
äèàìåòð çàäåëîê ïíåâìîìóñêëà D

2
, îïðåäåëÿ-

þùèé ïîñàäî÷íûé äèàìåòð ïðóæèíû, à òàêæå 
ñóììàðíàÿ äëèíà ïíåâìîìóñêóëà ñ çàäåëêàìè 
L

0
 è àáñîëþòíàÿ âåëè÷èíà òðåáóåìîãî äèàïà-

çîíà ñîêðàùåíèÿ ïíåâìîìóñêóëà b ïðè çàäàí-
íîì óñèëèè F = F

í
. 

Â ñîçäàííîì ôèçè÷åñêîì ìàêåòå ïîçèöèî-
íåðà óñòàíîâëåíà ïîçèöèîíèðóþùàÿ ïðóæè-
íà æåñòêîñòüþ C

ïð
 = 0,65 Í/ìì, êîòîðàÿ ïðè 

ñíÿòèè äàâëåíèÿ p îáåñïå÷èâàåò âîçâðàò ïíåâ-
ìîìóñêóëà â èñõîäíîå ïîëîæåíèå. Ðàñ÷åòíîå 
çíà÷åíèå äèàïàçîíà ïîçèöèîíèðîâàíèÿ íàãðóç-
êè ñîñòàâëÿåò b = 60 ìì. Ïðè èçáûòî÷íîì 
äàâëåíèè p = 6 áàð òàêîé ïîçèöèîíåð ñîõðà-
íÿåò ñïîñîáíîñòü óäåðæèâàòü ïîñòîÿííóþ ñî-
ñòàâëÿþùóþ íàãðóçêè F

í
 = F

0 
= 40 Í.

Â ïðîöåññå èññëåäîâàíèÿ è ðàáîòû ñ ïíåâ-
ìîìóñêóëîì ðàçðàáîòàíà ìåòîäèêà ðàñ÷åòà ïî-
çèöèîíèðóþùåé ïðóæèíû, êîòîðàÿ ïðåäóñìà-
òðèâàåò ñëåäóþùèå ïðîöåäóðû [12]:

1. Â ñîîòâåòñòâèè ñ ÃÎÑÒ 13764 – 86 «Ïðó-
æèíû âèíòîâûå öèëèíäðè÷åñêèå ñæàòèÿ è 
ðàñòÿæåíèÿ èç ñòàëè êðóãëîãî ñå÷åíèÿ» îïðå-
äåëèòü êëàññ ïðóæèíû (ïðóæèíà ñæàòèÿ ñ 
öèêëè÷åñêèì íàãðóæåíèåì è âûíîñëèâîñòüþ 
N

F
 = 1107 öèêëîâ).
Ïðèìå÷àíèå: ïðóæèíû ýòîãî êëàññà ïðè 

ìàêñèìàëüíîì óñèëèè ñæàòèÿ F
3
  800 H ìîãóò 

áûòü âûïîëíåíû èç ïðîâîëîêè äèàìåòðîì 
d = 0,2 …5,0 ìì ïî ÃÎÑÒ 9389 – 75 «Ïðîâîëîêà 
ñòàëüíàÿ óãëåðîäèñòàÿ õîëîäíîòÿíóòàÿ, íàâè-
âàåìàÿ â õîëîäíîì ñîñòîÿíèè è íå ïîäâåðãàå-
ìàÿ çàêàëêå» ìàðîê À, Á, Â, êëàññîâ 1, 2, 2À, 
3 íîðìàëüíîãî ðÿäà äèàìåòðîâ 1,5; 1,60; 1,70; 
1,80; 1,90; 2,00; 2,10; 2,20; 2,30; 2,50; 2,80; 3,00; 
3,20; 3,40; 3,50; 4,00; 4,20; 4,50; 5,00; 5,50; 6,00.

2. Ïî çàäàííîìó äèàïàçîíó ïîçèöèîíèðî-
âàíèÿ b, ìì è âåëè÷èíå íàãðóçêè F

0 
îïðåäå-

ëèòü æåñòêîñòü ïîçèöèîíèðóþùåé ïðóæèíû 
C

ïð
 = F

0
/b (äëÿ ïîçèöèîíåðà íà áàçå ïíåâìîìó-

ñêóëà MAÑ 10 – 300 ïðèíÿòû çíà÷åíèÿ F
0
 = 40 Í; 

b = 60 ìì; C
ïð

 = 0,67 Í/ìì).
3. Â ñîîòâåòñòâèè ñ äàííûìè êàòàëîãà 

ôèðìû «FESTO» [11], ðàçìåð ïîä êëþ÷ ïíåâ-
ìîìóñêóëîâ ñåðèè MAS 10, ðàâíûé S = 27 ìì, 
îïðåäåëèòü âåëè÷èíó ìèíèìàëüíîãî âíóòðåí-
íåãî äèàìåòðà ïðóæèíû D

2
 = 31 ìì, à ïîëíàÿ 

äëèíà ïíåâìîìóñêóëà ìåæäó òîðöàìè çàäåëîê 
ðàâíà L

0
 = 360 ìì. 

4. Äëÿ îïðåäåëåíèÿ æåñòêîñòè îäíîãî âèòêà 
ïðóæèíû C

1
 â ñîîòâåòñòâèè ñ ÃÎÑÒ 13764 – 86 

ñëåäóåò èñïîëüçîâàòü ôîðìóëó C
1
 = Gd4/8D3, 

ãäå G = 7,85 104 ÌÏà – ìîäóëü ñäâèãà äëÿ 
ïðóæèííîé ñòàëè; d – äèàìåòð ïðîâîëîêè, ì; 
D = D

2
 + d – ñðåäíèé äèàìåòð ïðóæèíû. 

5. Òðåáóåìàÿ æåñòêîñòü ïîçèöèîíèðóþùåé 
ïðóæèíû C

ïð
 = F

0
/b ñâÿçàíà ñ æåñòêîñòüþ 

îäíîãî âèòêà C
1
 ñîîòíîøåíèåì C

ïð
 = C

1
/n = 

Gd4/8nD3, ãäå n – ÷èñëî ðàáî÷èõ âèòêîâ ïðóæè-
íû. Ïðè îïðåäåëåíèè ÷èñëà âèòêîâ ïðóæèíû 
íåîáõîäèìî ó÷èòûâàòü âåëè÷èíó îòíîñèòåëü-
íîãî èíåðöèîííîãî çàçîðà, îãðàíè÷èâàþùåãî 
íàèáîëüøóþ äåôîðìàöèþ ïðóæèíû  = 1  F

2
/

F
3
, ãäå F

2
 – ñèëà ïðóæèíû ïðè ðàáî÷åé äåôîð-

ìàöèè; F
3
 – ñèëà ïðóæèíû ïðè íàèáîëüøåé äå-

ôîðìàöèè. Äëÿ ïðóæèí ñæàòèÿ 1 è 2 êëàññîâ 
 = 0,05…0,25. Â ðåçóëüòàòå ýòîãî, äîïóñòèìîå 
çíà÷åíèå ñèëû F

3
 îïðåäåëÿåòñÿ ðàâåíñòâîì 

F
3
 = F

2 
/(1) è ëåæèò â ïðåäåëàõ F

3
 = (1,052 …1,33) 

F
2
. Ïðè ðàñ÷åòå ïðóæèíû öåëåñîîáðàçíî ïðåä-

âàðèòåëüíî çàäàòü ÷èñëî ðàáî÷èõ âèòêîâ ïðóæè-
íû ñ ó÷åòîì âåëè÷èíû øàãà âèòêà t (3…7) d è 
äëèíû ïðóæèíû â ñâîáîäíîì ñîñòîÿíèè n  L

0
/t.

Ðèñ. 9. Êîíñòðóêòèâíàÿ ñõåìà ìàêåòà ëèíåéíîãî 
ïîçèöèîíåðà íà áàçå ïíåâìîìóñêóëà
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Äëÿ ìàêåòà ïîçèöèîíåðà (ðèñ. 9) ïðèíÿòû 
çíà÷åíèÿ D

2 
= 0,031 ì, D  0,031 + d. Ñ ó÷åòîì 

íîðìàëüíîãî ðÿäà äèàìåòðîâ ïðîâîëîêè, âàðüè-
ðóÿ ÷èñëîì âèòêîâ ïðóæèíû n  L

0
/(3…7)d, âû-

÷èñëÿåì äèàìåòð ïðîâîëîêè d = (8nCD3/G)0,25, 
êîòîðûé îïðåäåëÿåò çíà÷åíèå æåñòêîñòè ïðó-
æèíû, áëèçêîå ê òðåáóåìîìó C

ïð
 = 0,67 Í/ìì 

(òàáë. 1).
Âûáðàíà ïðóæèíà, íàâèòàÿ ïðîâîëîêîé äèà-

ìåòðîì d = 2,8 ìì ñ ÷èñëîì ðàáî÷èõ âèòêîâ 
n = 22 è æåñòêîñòüþ C

ïð
 = 0,65 Í/ìì. 

Ïîçèöèîíåð, âûïîëíåííûé íà áàçå ïíåâ-
ìîìóñêóëà MAS 20 – 300, èìåþùåãî äèàìåòð 
D

2
 = 48 ìì, ñ ïðåæíèìè òðåáîâàíèÿìè ê òåõíè-

÷åñêîé õàðàêòåðèñòèêå ïîçèöèîíåðà b = 20%; 
b = 60 ìì; p = 6 áàð; C

ïð
 = 5,5 Í/ìì, äîëæåí 

èìåòü ïîçèöèîíèðóþùóþ ïðóæèíó äëèíîé 
L

0
 = 373 ìì, íàìîòàííóþ ïðîâîëîêîé äèàìå-

òðîì d = 6,5 ìì ñ ÷èñëîì ðàáî÷èõ âèòêîâ n = 
22 è øàãîì t = 18 ìì , ÷òî ñîîòâåòñòâóåò t = 3d.

Íà ðèñ. 10 ïðåäñòàâëåíî ôîòî ôèçè÷åñêî-
ãî ìàêåòà ïîçèöèîíåðà, âûïîëíåííîãî íà áàçå 
ïíåâìîìóñêóëà MAS 10 – 300.

Ïåðåä óñòàíîâêîé ïíåâìîìóñêóëà â ïîçè-
öèîíåð áûëà ýêñïåðèìåíòàëüíî èññëåäîâàíà 

åãî ñèëîâàÿ õàðàêòåðèñòèêà «ñîêðàùåíèå – 
óñèëèå». Íà ñèëîâóþ õàðàêòåðèñòèêó ïíåâìî-
ìóñêóëà íàëîæåíà õàðàêòåðèñòèêà ïîçèöèîíè-
ðóþùåé ïðóæèíû æåñòêîñòüþ Ñ

ïð 
= 0,7 Í/ìì 

(ðèñ. 11).
Ýêñïåðèìåíòàëüíî ïîëó÷åííàÿ õàðàêòåðè-

ñòèêà «äàâëåíèå – ïåðåìåùåíèå» ìàêåòà ïîçè-
öèîíåðà ïðåäñòàâëåíà íà ðèñ. 12.

Êàê ñëåäóåò èç ãðàôèêà ðèñ. 12, ýêñïåðèìåí-
òàëüíàÿ õàðàêòåðèñòèêà b = b(p) õîðîøî êîððå-
ëèðóåòñÿ ñ åå ðàñ÷åòíûì çíà÷åíèåì, ïîëó÷åí-
íûì â ðåçóëüòàòå ïåðåñòðîåíèÿ ãðàôèêà ðèñ. 
11. Õàðàêòåðèñòèêà íåëèíåéíà: êâàçèëèíåéíûé 
ó÷àñòîê õàðàêòåðèñòèêè îïðåäåëÿåò åå íàèáîëü-

Òàáëèöà 1

Ïàðàìåòðû ïîçèöèîíèðóþùåé ïðóæèíû

d, ìì D, ìì t = 7d, ìì n Ñ, Í/ìì
2,00 34,0 14,0 25 0,16
2,20 34,2 15,4 23 0, 45
2,50 34,5 17,5 20 0,47
2,80 34,8 19,6 18 0,79
2,80 34,8 15,9 22 0,65
3,00 35,0 21,0 17 1,09

Ðèñ. 10. Ôîòî ôèçè÷åñêîãî ìàêåòà 
ëèíåéíîãî ïîçèöèîíåðà

Ðèñ. 11. Ýêñïåðèìåíòàëüíàÿ õàðàêòåðèñòèêà «ñîêðàùåíèå – óñèëèå» ïíåâìîìóñêóëà MAS 10 – 300
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øóþ ÷óâñòâèòåëüíîñòü I
p
 = b/p = 15 ìì/áàð 

è ñóùåñòâóåò â äèàïàçîíå èçìåíåíèÿ äàâëåíèÿ 
p = 2,5…5,0 áàð. Ãèñòåðåçèñû ïî ïåðåìåùåíèþ 
H

b
 = b/b

max
 è ïî äàâëåíèþ H

p
 = p/p

max
 ðàâíû 

H
b
 = 5 % è H

p
 = 4 %, ãäå b – øèðèíà ïåòëè ïî 

ïåðåìåùåíèþ; p – øèðèíà ïåòëè ïî äàâëåíèþ 
(ðèñ. 12).

Âîñïðîèçâîäèìîñòü ïîçèöèîíåðà ïî âõîäíî-
ìó âîçäåéñòâèþ îöåíèâàëàñü ïðè öèêëè÷åñêîì 
íàãðóæåíèè ïíåâìîìócêóëà ïîñòîÿííûì ïî 
âåëè÷èíå èçáûòî÷íûì äàâëåíèåì â äèàïàçîíå 
p = 0,5…4 áàð äî ïîëíîãî çàâåðøåíèÿ ïåðåõîä-
íîãî ïðîöåññà. Ñòàòèñòè÷åñêàÿ îöåíêà âîñïðî-
èçâîäèìîñòè ïðîâåäåíà ïî äàííûì âûáîðêè èç 
n = 40 çàìåðîâ ïåðåìåùåíèÿ ïîçèöèîíåðà. Äëÿ 
êàæäîãî èç çíà÷åíèé èçáûòî÷íîãî äàâëåíèÿ 
îïðåäåëåíû çíà÷åíèÿ ìàòåìàòè÷åñêîãî îæèäà-
íèÿ M[X] = X

k
p

k 
= , äèñïåðñèè D[X] = (X

k
 

 )2 p
k
, ñðåäíåãî êâàäðàòè÷åñêîãî îòêëîíåíèÿ 

[X] = (D[X])0,5 è îòíîñèòåëüíîé ñðåäíåé êâà-
äðàòè÷åñêîé ïîãðåøíîñòè ïî ìàòåìàòè÷åñêîìó 
îæèäàíèþ K[X] = [X]/M[X] (êîýôôèöèåíò âà-
ðèàöèè). Çäåñü X

k
 – èçìåðÿåìàÿ âåëè÷èíà ñî-

êðàùåíèÿ ïíåâìîìóñêóëà â ïðåäåëàõ ðàáî÷åãî 
äèàïàçîíà øêàëû èíäèêàòîðà, ðàâíîãî 10 ìì; 
p

k
 – âåðîÿòíîñòü ïîÿâëåíèÿ çíà÷åíèÿ X

k
 â âû-

áîðêå. Íåîáõîäèìî îòìåòèòü, ÷òî íàèáîëåå 
ïîëíî îöåíèâàåò âîñïðîèçâîäèìîñòü êîýôôè-

öèåíò âàðèàöèè K: ÷åì ìåíüøå çíà÷åíèå ýòîé 
âåëè÷èíû, òåì âûøå âîñïðîèçâîäèìîñòü. Ðå-
çóëüòàòû èññëåäîâàíèÿ ñâåäåíû â òàáë. 2. 

Êàê áûëî îòìå÷åíî âûøå, äëèòåëüíîñòü 
ïåðåõîäíîãî ïðîöåññà îöåíèâàëàñü ïî åãî ïîë-
íîìó çàâåðøåíèþ. Â ñêîáêàõ ñòîëáöà t

ïï
 òàáë. 

2 óêàçàíà äëèòåëüíîñòü ïåðåõîäíîãî ïðîöåññà 
ïðè åå òðàäèöèîííîé îöåíêå ïî âðåìåíè âõîæ-
äåíèè èçìåðÿåìîé âåëè÷èíû â ïîëîñó øèðèíîé 
 5 % óñòàíîâèâøåãîñÿ çíà÷åíèÿ. Ïî õàðàêòåðó 
ïåðåõîäíîãî ïðîöåññà ïåðåäàòî÷íàÿ ôóíêöèÿ 
ïîçèöèîíåðà ñîîòâåòñòâóåò àïåðèîäè÷åñêîìó 
çâåíó 1-ãî ïîðÿäêà ñ ïîñòîÿííîé âðåìåíè T = 
2…5 ñåê. 

Ïðèíöèïèàëüíàÿ ñõåìà ñëåäÿùåé ñèñòå-
ìû óïðàâëåíèÿ ïîëîæåíèåì íàãðóçêè íà áàçå 
ïîçèöèîíåðà ïðåäñòàâëåíà íà ðèñ. 13. Èçáû-
òî÷íîå äàâëåíèå âî âíóòðåííåé ïîëîñòè ïíåâ-
ìîìóñêóëà (ÏÌ) çàäàåòñÿ äðîññåëèðóþùèì 
çîëîòíèêîì (ÄÇ) ñ ýëåêòðîìàãíèòíûì ïðî-
ïîðöèîíàëüíûì óïðàâëåíèåì. Àíàëîãîâûå 
ñèãíàëû çàäàþùåãî (R1) è ïðèíèìàþùåãî (R2) 
ïîòåíöèîìåòðîâ îöèôðîâûâàþòñÿ â àíàëîãî-
öèôðîâûõ ïðåîáðàçîâàòåëÿõ (ÀÖÏ 1, ÀÖÏ 2) 
è ïîñòóïàþò íà âõîäû ïðîãðàììèðóåìîãî ëî-
ãè÷åñêîãî êîíòðîëëåðà (ÏËÊ), èñïîëíÿþùåãî 
ôóíêöèþ äèñêðèìèíàòîðà. Â öèôðîàíàëîãî-
âîì ïðåîáðàçîâàòåëå (ÖÀÏ) öèôðîâàÿ âåëè-

Ðèñ. 12. Ýêñïåðèìåíòàëüíàÿ õàðàêòåðèñòèêà «äàâëåíèå – ïåðåìåùåíèå» ìàêåòà ïîçèöèîíåðà

Òàáëèöà 2

Âîñïðîèçâîäèìîñòü ïîçèöèîíåðà ïî âõîäíîìó âîçäåéñòâèþ 

p, áàð M[X], ìì D[X], ìì2 b, ìì  [X], ìì K[X] t
ïï

, ñåê

0,5 1,5 0,0012 1,5 0,0347 0,023 8 (5)
1,0 3,6 0,0009 3,6 0,030 0,0083 10 (7)
1,5 6,6 0,00 137 6,6 0, 037 0,0056 14 (9)
2,5 5,0 0,00137 15,0 0,037 0,0074 20(12)
4,0 5,5 0,0025 32,0 0,050 0,0090 25(15)
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÷èíà ñèãíàëà ðàññîãëàñîâàíèÿ ïðåîáðàçóåòñÿ â 
àíàëîãîâûé ñèãíàë, êîòîðûé óñèëèâàåòñÿ ýëåê-
òðîííûì óñèëèòåëåì ìîùíîñòè, âûõîäû êîòî-
ðîãî óïðàâëÿþò ïðîïîðöèîíàëüíûìè ýëåêòðî-
ìàãíèòàìè äðîññåëèðóþùåãî çîëîòíèêà.

Ðàçðåøàþùàÿ ñïîñîáíîñòü çàìêíóòîé ñè-
ñòåìû ïîçèöèîíèðîâàíèÿ ñîñòàâèëà b = 
50 ìêì è ñîîòâåòñòâóåò äèàìåòðó ïðîâîëîêè 
ïðåîáðàçîâàòåëÿ. 

Âîçìîæíûå îáëàñòè ïðèìåíåíèÿ 
ëèíåéíîãî ïîçèöèîíåðà
Ëèíåéíûå ïîçèöèîíåðû ìîãóò áûòü èñ-

ïîëüçîâàíû â ïðîìûøëåííûõ ðîáîòàõ, îáñëó-
æèâàþùèõ ãèáêèå ïðîèçâîäñòâåííûå ñèñòåìû 
[13–17]. 

Â ìàøèíîñòðîåíèè, êîñìè÷åñêîé òåõíèêå 
è â âîåííîì äåëå èíîãäà âîçíèêàþò ïðîáëå-
ìû, ñâÿçàííûå ñ íåîáõîäèìîñòüþ îáåñïå÷åíèÿ 
øòàòíîé ãîðèçîíòàëüíîé ïîçèöèè ãðóçîâîé 
ïëàòôîðìû ïðè ñìåùåíèè öåíòðà òÿæåñòè, 
óñòàíîâëåííîãî íà íåé ãðóçà îòíîñèòåëüíî åå 
âåðòèêàëüíîé îñè [16]. Àíàëîãè÷íàÿ çàäà÷à âîç-
íèêàåò ïðè óñòàíîâêå íà ïëàòôîðìó äîáàâëåí-
íîãî ãðóçà, êîãäà ãëàâíûé âåêòîð ñèë òÿæåñòè 

îêàçûâàåòñÿ ñìåùåííûì îòíîñèòåëüíî öåíòðà 
òÿæåñòè ïëîùàäè ïëàòôîðìû.

Êîíñòðóêòèâíàÿ ñõåìà ãðóçîâîé ïëàòôîð-
ìû, ïîäâåøåííîé íà ëèíåéíûõ ïîçèöèîíåðàõ, 
ïðåäñòàâëåíà íà ðèñ. 14. Äèàãîíàëüíûå ãðóçî-
âûå áàëêè AC è BD ïëàòôîðìû ïîäâåøåíû íà 
÷åòûðåõ ëèíåéíûõ ïîçèöèîíåðàõ. Ïðåäïîëà-
ãàåòñÿ, ÷òî ñèëà òÿæåñòè ïëàòôîðìû G

0
 ïðè-

ëîæåíà â òî÷êå ïåðåñå÷åíèÿ äèàãîíàëåé ïðÿ-
ìîóãîëüíèêà ñî ñòîðîíàìè AB = a è BC = b. 
Ïðè ñìåùåíèè öåíòðà òÿæåñòè óñòàíîâëåííîãî 
íà ïëàòôîðìå ãðóçà G â ïðîèçâîëüíóþ òî÷êó 
E ïëîñêîñòè ïëàòôîðìû íàãðóçêà íà ïîçèöè-
îíåðû ðàñïðåäåëÿåòñÿ íåðàâíîìåðíî. Â ñîîò-
âåòñòâèè ñ çàêîíîì òåîðåòè÷åñêîé ìåõàíèêè, 
ïðîèçâîëüíàÿ ñèñòåìà ñèë, ïðèëîæåííûõ ê 
òâåðäîìó òåëó, ðàâíà ãëàâíîìó âåêòîðó ñèë R è 
ïàðå ñèë ñ ìîìåíòîì, ðàâíûì ãëàâíîìó ìîìåí-
òó L

0
 îòíîñèòåëüíî ïðîèçâîëüíî âûáðàííîãî 

öåíòðà – òî÷êà «Î» (â öåëÿõ óïðîùåíèÿ íàïè-
ñàíèÿ ôîðìóë ñèìâîëû âåêòîðîâ îòñóòñòâóþò). 

Óñëîâèÿ ðàâíîâåñèÿ ïëàòôîðìû îïðåäåëÿ-
þòñÿ ñèñòåìîé äâóõ âåêòîðíûõ óðàâíåíèé:

  
K

0 0 K

 0;
0.

R F
L M F

 
     (4)

Ðèñ. 13. Ïðèíöèïèàëüíàÿ ñõåìà ñëåäÿùåé ñèñòåìû óïðàâëåíèÿ íà áàçå ïîçèöèîíåðà

Ðèñ. 14. Êîíñòðóêòèâíàÿ ñõåìà ïîäâåñêè ãðóçîâîé ïëàòôîðìû
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Â ñâîþ î÷åðåäü, ñèñòåìà (4) äâóõ âåêòîðíûõ 
óðàâíåíèé ýêâèâàëåíòíà äâóì ñèñòåìàì àëãå-
áðàè÷åñêèõ óðàâíåíèé ðàâíîâåñèÿ â ïðîåêöèÿõ 
íà îñè êîîðäèíàò:

 

 
 
 

 0;  0;
0; 0;
0;  0.

X KX X X K

Y KY Y Y K

Z KZ Z Z K

R F L M F
R F L M F
R F L M F

   
     
     

 
 
     

  (5)

Â ñèñòåìå ñèë, äåéñòâóþùèõ íà ãðóçîâóþ 
ïëàòôîðìó, âñå ñèëû ïàðàëëåëüíû ìåæäó 
ñîáîé. Â ýòîì ñëó÷àå ìîæíî âûáðàòü ñèñòåìó 
äåêàðòîâûõ êîîðäèíàò, â êîòîðîé îäíà èç îñåé 
ïàðàëëåëüíà äåéñòâèþ ñèë (îñü OZ). Òîãäà èç 
øåñòè óðàâíåíèé ñèñòåìû (5) òðè âûïîëíÿþò-
ñÿ òîæäåñòâåííî: 

 
 

0;  0;

 0.

Z KZ X X K

Y Y K

R F L M F

L M F

   

 
 


Ïðè ñîñòàâëåíèè óðàâíåíèé ðàâíîâåñèÿ çà 
ïîëîæèòåëüíûé ìîìåíò ïðèíÿò ìîìåíò, êî-
òîðûé íàïðàâëåí ïðîòèâ äâèæåíèÿ ÷àñîâîé 
ñòðåëêè, åñëè ñìîòðåòü èç òî÷êè íà÷àëà êîîð-
äèíàò â íàïðàâëåíèè îñåé OX è OY (ðèñ. 14). 
Ïîýòîìó åñëè ãðóç G ñìåùàåòñÿ â ïåðâîì êâà-
äðàíòå ïëîñêîñòè OXY â ïðîèçâîëüíóþ òî÷êó 

E ñ êîîðäèíàòàìè E = E (0, x, y), òî ñèñòåìà 
óðàâíåíèé (5) ïðèíèìàåò âèä:

0

 

 

  0;

0,5 0,5 0,5 0,5 0;

0,5 0,5 0,5 0,5 0.

Z A B C D

X A B C D

Y A B C D

R R R R R G G

L aR aR aR aR yG

L bR bR bR bR xG

      
      
         

Îòñþäà ðàçíîñòü óñèëèé, âîçäåéñòâóþùèõ 
íà ïîçèöèîíåðû Ï3 è Ï4, ðàâíà:

( ) /DB D BR R R G ax by ab      ,

à ðàçíîñòü óñèëèé, âîçäåéñòâóþùèõ íà ïîçèöè-
îíåðû Ï1 è Ï2:

   /CA C AR R R G ax by ab      .

Âëèÿíèå ñìåùåíèÿ ãðóçà îòíîñèòåëüíî âåð-
òèêàëüíîé îñè ïëàòôîðìû íà ðàçíîñòè óñèëèé, 
âîçäåéñòâóþùèõ íà ïîçèöèîíåðû, ïðåäñòàâëå-
íî â òàáë. 3.

Ñòàáèëèçàöèÿ ïëàòôîðìû â ãîðèçîíòàëüíîì 
ïîëîæåíèè áóäåò ðåàëèçîâàíà ñîâìåñòíîé ðàáî-
òîé äâóõ ïàð ïîçèöèîíåðîâ (Ï1 – Ï2) è (Ï3 – 
Ï4), ðàáîòàþùèõ â ñëåäÿùåì ðåæèìå ñ èñïîëü-
çîâàíèåì äàò÷èêîâ ëèíåéíîãî ïåðåìåùåíèÿ. 

Íà ðèñ. 15 ïðåäñòàâëåí âàðèàíò èñïîëüçîâà-
íèÿ äâóõ ëèíåéíûõ ïîçèöèîíåðîâ äëÿ óïðàâ-
ëåíèÿ óãëîì ïîâîðîòà îñè. Òî÷íîñòü óãëîâîãî 
ïîçèöèîíèðîâàíèÿ îïðåäåëÿåòñÿ êà÷åñòâîì 
îïîðû «Î» è êóëèñíîé ïàðû 3.

Ðèñ.15. Êîíñòðóêòèâíàÿ ñõåìà óãëîâîãî ïîçèöèîíåðà

Òàáëèöà 3

Âëèÿíèå ñìåùåíèÿ öåíòðà ìàññ ãðóçà íà ðàçíîñòü óñèëèé

Êîîðäèíàòû
 òî÷åê

 Òî÷êè â ïåðâîì êâàäðàíòå ïëîñêîñòè OXY

O F C I J K L

X 0 0 0,5b 0,5b 0,25b 0 0,25b

Y 0 0,5a 0,5a 0 0,25a 0,25a 0

R
CA

0 0,5G G 0,5G 0,5G 0,25G 0,25G

R
DB

0  0,5G 0 0,5G 0 0,25G 0,25G
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Âûâîäû ïî ðåçóëüòàòàì 
èññëåäîâàíèÿ
Îñîáåííîñòü ñèëîâîé õàðàêòåðèñòèêè ïíåâ-

ìîìóñêóëà ïîçâîëÿåò ñîçäàòü íà åãî áàçå ëè-
íåéíûé ïîçèöèîíåð.

Âåëè÷èíà äèàïàçîíà ïîçèöèîíèðîâàíèÿ 
îïðåäåëÿåòñÿ èçáûòî÷íûì äàâëåíèåì âî âíó-
òðåííåé ïîëîñòè ïíåâìîìóñêóëà è âåëè÷èíîé 
ïîçèöèîííîé ñîñòàâëÿþùåé íàãðóçêè, â ñîñòàâ 
êîòîðîé ìîæåò âõîäèòü ïîçèöèîíèðóþùàÿ 
ïðóæèíà.

Åñëè âåëè÷èíà ïîçèöèîííîé ñîñòàâëÿþùåé 
íàãðóçêè ìàëà, òî äëÿ âîçâðàòà ïîçèöèîíåðà â 
åãî èñõîäíóþ ïîçèöèþ ïîñëå ñíÿòèÿ íàãðóçêè, 
òðåáóåòñÿ óñòàíîâêà ïîçèöèîíèðóþùåé ïðó-
æèíû.

Ðàñ÷åòíàÿ õàðàêòåðèñòèêà ìàêåòà ïîçèöèî-
íåðà õîðîøî êîððåëèðóåòñÿ ñ åå ýêñïåðèìåí-
òàëüíûì çíà÷åíèåì.

Âîñïðîèçâîäèìîñòü ïî âõîäíîìó âîçäåé-
ñòâèþ ëèíåéíîãî ïîçèöèîíåðà âûñîêà è ñî-
ñòàâëÿåò 30…50 ìêì, ïðè âåëè÷èíå ãèñòåðåçèñà 
ïî ïåðåìåùåíèþ H

b
 = 5% è ïî âõîäíîìó âîç-

äåéñòâèþ H
p
 = 4%.

Òåðìîäèíàìèêà èçìåíåíèÿ ñîñòîÿíèÿ ðåàëü-
íîãî ãàçà ñóùåñòâåííî âëèÿåò íà åãî äâèæåíèå â 
äðîññåëèðóþùèõ óñòðîéñòâàõ è íà ïðîöåññ çà-
ïîëíåíèÿ ïîëîñòè ïíåâìîìóñêóëà, óâåëè÷èâàÿ 
äëèòåëüíîñòü ïåðåõîäíûõ ïðîöåññîâ.

Ïåðåäàòî÷íàÿ ôóíêöèÿ ëèíåéíîãî ïîçèöè-
îíåðà ñîîòâåòñòâóåò àïåðèîäè÷åñêîìó çâåíó 
1-ãî ïîðÿäêà ñ ïîñòîÿííîé âðåìåíè T = 2…5 ñåê.

Ñîáñòâåííàÿ ðàáî÷àÿ ÷àñòîòà ïîçèöèîíåðà 
íå ïðåâûøàåò çíà÷åíèå  = 2…4 Ãö.

Âîçìîæíî èñïîëüçîâàíèå ïîçèöèîíåðà äëÿ 
ðåøåíèÿ ñïåöèàëüíûõ çàäà÷ ñòàáèëèçàöèè ïî-
ëîæåíèÿ ãðóçîâîé ïëàòôîðìû òðàíñïîðòíûõ 
ñðåäñòâ è ìîáèëüíûõ óñòàíîâîê, ïðè ñìåùå-
íèè óñòàíîâëåííîãî íà íåé ãðóçà îòíîñèòåëüíî 
âåðòèêàëüíîé îñè.
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LINEAR POSITIONER BASED ON PNEUMATIC MUSCLE

Ph.D. K.D. Efremova, Ph.D. V.N. Pil’gunov,
Bauman MSTU, Moscow, Russia

efremova.k.d@gmail.com, vnp41@yandex

The main goal of the work is to investigate the technical possibilities of creating a linear positioner on the 
basis of pneumatic muscle with acceptable characteristics for positioning. The experimental study of the 
power characteristics of the pneumatic muscle of the MAS 10-300 series of “FESTO” company is carried 
out. The physical essence of the cylindrical membrane operation is considered, on the basis of which the 
pneumatic muscle is constructed and a method for calculating the parameters of the positioning spring 
has been developed. It is shown that if the positional component is present in the load of pneumatic mus-
cle then its rigidity (the dependence of the force on displacement) allows solving the task of positioning 
by controlling the pressure in the internal cavity of pneumatic muscle. If there is no positional component 
in the load or it is too small, then a positioning spring is needed to solve the positioning problem. Meth-
ods for determining the parameters of the positioning spring for positioners created on the basis of MAS 
pneumatic muscles of “FESTO” company are given. It has been established that the pneumatic muscle, 
which is used as a linear pneumatic motor, generates a pulling force which, with zero reduction of the 
pneumatic muscle, is 12 ... 14 times greater than the force developed on the return stroke by a pneu-
matic cylinder of equal working area of the piston and the specific force (force referred to the mass of 
the pneumatic motor) of pneumatic muscle is 100 times larger. This makes it possible to use pneumatic 
muscle as a loading device for brake, clamping and tensioning devices of transport systems and mobile 
units. To use the positioner in the tracking position control system, it must be provided with an analog 
feedback sensor. The static characteristic of the created physical layout of the positioner, obtained ex-
perimentally, has a quasilinear section in the range of the control pressure change of 2.5 ... 5 bar and 
agrees well with the calculation results. The nature of the transient process with respect to the input 
effect makes it possible to treat the positioner as an aperiodic link of the first order with a time constant 
T = 2 ... 5 s. As an example, the possibility of using a positioner in solving problems related to the need 
to stabilize a cargo platform in a horizontal position, in the case of a shift of the center of gravity of the 
cargo relative to the vertical axis of the platform, was investigated. The results of the work can be used 
and implemented in solving problems of linear and angular positioning of the load in flexible production 
systems, in executive devices of industrial robots, etc.

Keywords: linear positioner, pneumatic muscle, cylindrical membrane, diamond-shaped cell.


