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Öåëüþ ïðåäëàãàåìîé ðàáîòû ÿâëÿþòñÿ òåîðåòè÷åñêîå è ýêñïåðèìåíòàëüíîå èññëåäîâàíèÿ ðàáî-
òîñïîñîáíîñòè îäíîêàíàëüíîãî ãèäðîïðèâîäà ñ ïîñëåäîâàòåëüíûì ïîäêëþ÷åíèåì èñïîëíèòåëü-
íûõ ãèäðîöèëèíäðîâ è ðàçðàáîòêà ðåêîìåíäàöèé ïî ïðîãíîçèðîâàíèþ èõ õàðàêòåðèñòèê.
Àâòîðàìè ñòàòüè âûïîëíåí êîìïëåêñ ýêñïåðèìåíòàëüíûõ èññëåäîâàíèé è ïîëó÷åíû ÷èñëåííûå 
êèíåìàòè÷åñêèå, ñêîðîñòíûå è ñèëîâûå õàðàêòåðèñòèêè îäíîêàíàëüíîãî ãèäðîïðèâîäà ñ ïÿòüþ 
ïîñëåäîâàòåëüíî âêëþ÷åííûìè ãèäðîöèëèíäðàìè. Ïîêàçàíî, ÷òî õàðàêòåð êèíåìàòè÷åñêîé ñâÿçè 
îïðåäåëÿåòñÿ äèôôåðåíöèàëüíîñòüþ ãèäðîöèëèíäðîâ. Ñêîðîñòü âûäâèæåíèÿ ïîðøíÿ îòäåëüíî-
ãî ãèäðîöèëèíäðà îïðåäåëÿåòñÿ åãî ïîðÿäêîâûì íîìåðîì â öåïî÷êå ãèäðîöèëèíäðîâ, ïðè ýòîì 
íàèáîëüøóþ ñêîðîñòü äâèæåíèÿ ïîðøíÿ ðàçâèâàåò ïåðâûé ãèäðîöèëèíäð. Îòíîñèòåëüíàÿ íå-
ðàâíîìåðíîñòü äâèæåíèÿ ïîðøíåé ïî ñðàâíåíèþ ñî ñêîðîñòüþ äâèæåíèÿ ïîðøíÿ ïåðâîãî ãèäðî-
öèëèíäðà îïðåäåëÿåòñÿ äèôôåðåíöèàëüíîñòüþ ãèäðîöèëèíäðà, ïðè ýòîì íàèáîëüøåé íåðàâíî-
ìåðíîñòüþ îáëàäàåò ãèäðîïðèâîä ñ äèôôåðåíöèàëüíîñòüþ D = 2. 
Â ðàáîòå ïîêàçàíî, ÷òî ïîäáîðîì äèôôåðåíöèàëüíîñòè ãèäðîöèëèíäðîâ, èõ øàãîâûì ðàñïîëîæå-
íèåì è ñìåùåíèåì ðàñïîëîæåíèÿ äíà ãèäðîöèëèíäðà ìîæíî ðåàëèçîâàòü ñëîæíûå ôîðìû ñóì-
ìàðíîé òðàåêòîðèè òî÷åê êðåïëåíèÿ øòîêîâ ãèäðîöèëèíäðîâ.
Â ãèäðîñòàòè÷åñêîì (ñèëîâîì) ãèäðîïðèâîäå â øòîêîâûõ ïîëîñòÿõ ãèäðîöèëèíäðîâ, â çàâèñèìî-
ñòè îò ïîðÿäêîâîãî íîìåðà ãèäðîöèëèíäðà, óñèëèÿ íà åãî øòîêå è äèôôåðåíöèàëüíîñòè, óñòàíàâ-
ëèâàþòñÿ ðàçíûå óðîâíè äàâëåíèÿ, à íàèìåíüøåå äàâëåíèå áóäåò â ïîðøíåâîé ïîëîñòè ïîñëåä-
íåãî ïî ñ÷åòó ãèäðîöèëèíäðà. Ó ðàâíîìåðíî íàãðóæåííûõ ãèäðîöèëèíäðîâ äàâëåíèå â ïîðøíåâûõ 
ïîëîñòÿõ çàâèñèò òîëüêî îò íîìåðà ãèäðîöèëèíäðà è åãî äèôôåðåíöèàëüíîñòè. Â ãèäðîïðèâîäå ñ 
ãèäðîöèëèíäðàìè ðàâíîé ìîùíîñòè ïîñëåäíèé ïî ñ÷åòó ãèäðîöèëèíäð áóäåò ðàçâèâàòü íàèáîëü-
øåå óñèëèå ïðè íàèìåíüøåé ñêîðîñòè äâèæåíèÿ ïîðøíÿ.
Êðîìå òîãî, â ðàáîòå òàêæå ïîêàçàíî, ÷òî âîñïðîèçâîäèìîñòü ïîçèöèé íåíàãðóæåííûõ øòîêîâ 
ãèäðîöèëèíäðîâ ðàâíîé äèôôåðåíöèàëüíîñòè íå íèæå 1 %. Â ðåçóëüòàòå ïðîâåäåííûõ ýêñïåðè-
ìåíòàëüíûõ èññëåäîâàíèé ðàçðàáîòàíà ìåòîäèêà ïðîåêòèðîâàíèÿ îáúåìíîãî ãòäðîïðèâîäà ñ ïî-
ñëåäîâàòåëüíûì âêëþ÷åíèåì èñïîëíèòåëüíûõ ãèäðîöèëèíäðîâ, êîòîðàÿ ìîæåò áûòü èñïîëüçîâàíà 
äëÿ ðåøåíèÿ çàäà÷ ãèäðîôèêàöèè ìàøèíîñòðîèòåëüíîãî ïðîèçâîäñòâà (ãèáî÷íûå ïðåññû, ëèñòî-
âàÿ øòàìïîâêà), â ñóäîñòðîåíèè (êîðàáåëüíûå ñòàïåëè), â ãèáêèõ ïðîèçâîäñòâåííûõ ñèñòåìàõ, 
ïðîìûøëåííîé è ñêëàäñêîé ëîãèñòèêå.
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Ââåäåíèå
Îáúåìíûé ãèäðîïðèâîä ìîæíî ðàññìàòðè-

âàòü êàê èåðàðõè÷åñêóþ ñòðóêòóðó, ïðåäñòàâ-
ëåííóþ ýíåðãåòè÷åñêîé, óïðàâëÿþùåé è èñ-
ïîëíèòåëüíîé ïîäñèñòåìàìè (ðèñ. 1).

Ëþáàÿ ýëåêòðîãèäðàâëè÷åñêàÿ ñèñòåìà 
óïðàâëåíèÿ ìîæåò áûòü ïðåäñòàâëåíà òàêîé 
èåðàðõè÷åñêîé ñòðóêòóðîé, ñîñòàâëåííîé 
èç ïîäñèñòåì [1−4]. Ýíåðãåòè÷åñêàÿ ïîäñèñòå-
ìà ïðåîáðàçóåò ìåõàíè÷åñêóþ ýíåðãèþ ïðè-
âîäíîãî äâèãàòåëÿ â ãèäðàâëè÷åñêóþ ýíåðãèþ 

ïîòîêà ðàáî÷åé æèäêîñòè. Â èñïîëíèòåëüíîé 
ïîäñèñòåìå ãèäðàâëè÷åñêàÿ ýíåðãèÿ ïîòîêà 
ðàáî÷åé æèäêîñòè ïðåîáðàçóåòñÿ â ìåõàíè÷å-
ñêóþ ðàáîòó. 

Åñëè â ãèäðîïðèâîäå íåñêîëüêî ãðóïï èñ-
ïîëíèòåëüíûõ ãèäðîöèëèíäðîâ è êàæäûé èñ-
ïîëíèòåëüíûé ãèäðîöèëèíäð èëè ãðóïïà ãè-
äðîöèëèíäðîâ îáñëóæèâàþòñÿ ñîáñòâåííîé 
óïðàâëÿþùåé ïîäñèñòåìîé, òî òàêîé ãèäðî-
ïðèâîä ìîæíî ðàññìàòðèâàòü êàê ìíîãîêàíàëü-
íûé. Â ìíîãîêàíàëüíîé ãèäðàâëè÷åñêîé ñèñòå-
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ìå êàæäûé èñïîëíèòåëüíûé ãèäðîäâèãàòåëü 
èëè ãðóïïû èñïîëíèòåëüíûõ ãèäðîäâèãàòåëåé 
îáñëóæèâàþòñÿ ñîáñòâåííîé óïðàâëÿþùåé 
è ðàñïðåäåëèòåëüíîé ïîäñèñòåìîé [5−10]. 

 

Ðèñ. 1. Èåðàðõè÷åñêàÿ ñòðóêòóðà 
ýëåêòðîãèäðàâëè÷åñêîé ñèñòåìû óïðàâëåíèÿ

Fig. 1. Hierarchical structure 
of the electro-hydraulic control system

Â îäíîêàíàëüíîì ãèäðîïðèâîäå ãðóïïà ãè-
äðîöèëèíäðîâ îáñëóæèâàåòñÿ îáùåé óïðàâ-
ëÿþùåé ïîäñèñòåìîé. Â òàêîì ãèäðîïðèâîäå 
â ãðóïïó ìîãóò áûòü îáúåäèíåíû êàê ïîñëåäî-
âàòåëüíî, òàê è ïàðàëëåëüíî âêëþ÷åííûå ãè-
äðîöèëèíäðû. Ïðè ýòîì ãðóïïû ïàðàëëåëüíî 
ïîäêëþ÷åííûõ ãèäðîäâèãàòåëåé îäíîêàíàëüíî-
ãî ãèäðîïðèâîäà óïðàâëÿþòñÿ îáùåé óïðàâëÿ-
þùåé è ðàñïðåäåëèòåëüíîé ïîäñèñòåìîé.

Îòäåëüíûé èíòåðåñ ïðåäñòàâëÿåò îäíîêà-
íàëüíàÿ îäíîïîòî÷íàÿ ñèñòåìà óïðàâëåíèÿ, 
â êîòîðîé èñïîëíèòåëüíûå ãèäðîäâèãàòåëè 
ïîäêëþ÷àþòñÿ äðóã ê äðóãó ïîñëåäîâàòåëüíî, 
à èìåííî: ñëèâíàÿ ïîëîñòü ïðåäøåñòâóþùåãî 
èñïîëíèòåëüíîãî ãèäðîäâèãàòåëÿ ïîäêëþ÷à-
åòñÿ ê íàïîðíîé ëèíèè ïîñëåäóþùåãî [11−13] 
è ìåæäó èñïîëíèòåëüíûìè ãèäðîäâèãàòåëÿìè 
óñòàíàâëèâàåòñÿ îáúåìíàÿ êèíåìàòè÷åñêàÿ 
ñâÿçü. Õàðàêòåð òàêîé êèíåìàòè÷åñêîé ñâÿçè 
áóäåò îïðåäåëÿòüñÿ ðàáî÷èìè ïëîùàäÿìè 
ïîðøíåé è äèôôåðåíöèàëüíîñòüþ ãèäðîöè-
ëèíäðà – ñîîòíîøåíèåì ïëîùàäåé ïîðøíåâîé 
è øòîêîâîé ïîëîñòåé ãèäðîöèëèíäðà.

1. Òåîðåòè÷åñêèå ïðåäïîñûëêè 
ñîçäàíèÿ îäíîïîòî÷íîãî îáúåìíîãî 
ãèäðîïðèâîäà ñ ïîñëåäîâàòåëüíûì 
ïîäêëþ÷åíèåì èñïîëíèòåëüíûõ 
ãèäðîöèëèíäðîâ
Ïðèíöèïèàëüíàÿ ñõåìà îáúåìíîãî ãèäðî-

ïðèâîäà ñ ïîñëåäîâàòåëüíûì (ïðîòî÷íûì) ïîä-

êëþ÷åíèåì èñïîëíèòåëüíûõ ãèäðîöèëèíäðîâ 
ïðåäñòàâëåíà íà ðèñ. 2. 

Ðèñ. 2. Ãèäðîïðèâîä ñ ïîñëåäîâàòåëüíûì 
ïîäêëþ÷åíèåì ãèäðîöèëèíäðîâ

Fig. 2. Hydraulic drive with series connection 
of hydraulic cylinders

Íà ñõåìå âèäíî, ÷òî êàæäàÿ øòîêîâàÿ ïî-
ëîñòü ïðåäøåñòâóþùåãî ãèäðîöèëèíäðà ïîä-
êëþ÷àåòñÿ ê ïîðøíåâîé ïîëîñòè ïîñëåäóþùåãî 
è ò.ä., ÷òî îáóñëîâëèâàåò îáúåìíóþ êèíåìàòè-
÷åñêóþ ñâÿçü ìåæäó ïîçèöèÿìè øòîêîâ ãèäðî-
öèëèíäðîâ íà ïðÿìîì õîäå: 
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Äëÿ óäàëåíèÿ íåðàñòâîðåííîãî âîçäóõà 
èç ïîëîñòåé ãèäðîöèëèíäðîâ è ñîåäèíèòåëü-
íûõ ìàãèñòðàëåé íåîáõîäèìî ïðåäóñìîòðåòü 
èõ ïðîëèâêó. Äëÿ ïîääåðæàíèÿ äàâëåíèÿ â ãè-
äðîñèñòåìå ïðè îòêëþ÷åíèè íàñîñà óñòàíîâëåí 
ãèäðàâëè÷åñêèé àêêóìóëÿòîð. 

Ïðàêòè÷åñêàÿ ðåàëèçàöèÿ ïðèíöèïèàëüíûõ 
ñõåì ãèäðîïðèâîäà ñ ìåõàíè÷åñêèì è ýëåêòðî-
ìàãíèòíûì äèñêðåòíûì óïðàâëåíèåì ïðåä-
ñòàâëåíû íà ðèñ. 3, 4, 5.

Ïðîëèâêà ãèäðîñèñòåìû îñóùåñòâëÿåòñÿ 
ïîñðåäñòâîì 3-õ õîäîâûõ êðàíîâ Ê1…Ê8, êîòî-
ðûå óñòàíàâëèâàþòñÿ â ïîçèöèè, îïðåäåëÿå-
ìûå ñòðåëêàìè. Ïðè ýëåêòðîìàãíèòíîì äèñ-
êðåòíîì óïðàâëåíèè ïðîëèâêà ãèäðîñèñòåìû 
îñóùåñòâëÿåòñÿ ïðè îòêëþ÷åííûõ ýëåêòðîìàã-
íèòàõ Ê1…Ê8 ãèäðàâëè÷åñêèõ êëàïàííûõ ðàñ-
ïðåäåëèòåëåé (ðèñ. 4). 

Âêëþ÷åíèå ýëåêòðîìàãíèòîâ èëè ïåðåêëþ-
÷åíèå 3-õ õîäîâûõ êðàíîâ ïåðåâîäèò ãèäðîïðè-
âîä â ðàáî÷èé ðåæèì (ðèñ. 5).

Åñëè ãèäðîïðèâîä ñîñòîèò èç îäèíàêîâûõ 
ïî ðàáî÷èì ïëîùàäÿì ïîðøíåé è äèôôåðåíöè-
àëüíîñòè ãèäðîöèëèíäðîâ D
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5
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1
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Ðàññìîòðèì â êà÷åñòâå ïðèìåðà ãèäðîïðè-
âîä, ñîñòàâëåííûé èç îäèíàêîâûõ ãèäðîöèëèí-
äðîâ ñ ñîîòíîøåíèåì äèàìåòðîâ (â ìèëëèìå-
òðàõ) 32/16 (D = 1,33) è ïîëíûì õîäîì ïîðøíÿ 
S = 200 ìì: 

X
1
 = 200 ìì; X

2
 = 150,4 ìì; X

3
 = 113 ìì; 

X
4
 = 85 ìì; X

5
= 63,8 ìì.

Äëÿ ãèäðîïðèâîäà, ñîñòàâëåííîãî èç ãèäðî-
öèëèíäðîâ 32/22, (D =1,90): 

X
1
 = 200 ìì; X

2
 = 105,2 ìì; X

3
 = 55,4 ìì; 

X
4
 = 29,2 ìì; X

5
= 15,4 ìì.

Çíà÷åíèÿ ïîçèöèé ïîðøíåé ïðè øàãå ðàñïî-
ëîæåíèÿ îñåé ãèäðîöèëèíäðîâ, ðàâíîì ïîëî-
âèíå ïîëíîãî õîäà ïîðøíÿ L = 0,5, S = 100 ìì, 
ïðåäñòàâëåíû íà ãðàôèêàõ ðèñ. 6.

Èç ãðàôèêîâ ðèñ. 6 ñëåäóåò, ÷òî êóñî÷íî-ëî-
ìàíàÿ ëèíèÿ, ñîåäèíÿþùàÿ ïîçèöèè øòîêîâ ãè-
äðîöèëèíäðîâ, îòêëîíÿåòñÿ îò ïðÿìîé ëèíèè, 
÷òî ìîæíî îöåíèòü âåëè÷èíîé íåëèíåéíîñòè 
 = X

i
/X

i
, ãäå X

i
 – àáñîëþòíîå îòêëîíå-

íèå ñìåùåíèÿ ïîðøíÿ i-ãî ãèäðîöèëèíäðà 
îò ïðÿìîé ëèíèè; X

i
 – ñìåùåíèå ïîðøíÿ îòíî-

ñèòåëüíî åãî èñõîäíîé ïîçèöèè. Êóñî÷íî-ëîìà-
íûå êðèâûå 1 è 2 íà ðèñ. 6 ïðåäñòàâëÿþò ñîáîé 

âåëè÷èíû íåîáõîäèìûõ îñåâûõ ñìåùåíèé 
òî÷åê êðåïëåíèÿ ãèäðîöèëèíäðîâ, îáåñïå÷èâà-
þùèõ ëèíåàðèçàöèþ õàðàêòåðèñòèê.

Âåëè÷èíû íåëèíåéíîñòåé äëÿ äâóõ çíà÷å-
íèé äèôôåðåíöèàëüíîñòè ãèäðîöèëèíäðîâ 
ïðè øàãå ðàñïîëîæåíèÿ îñåé ãèäðîöèëèíäðîâ 
L = 100 ìì ñâåäåíû â òàáë. 1. 

Ðèñ. 3. Ãèäðàâëè÷åñêàÿ ñõåìà ïðîëèâêè 
ãèäðîñèñòåìû ñ ìåõàíè÷åñêèì óïðàâëåíèåì

Fig. 3. Hydraulic diagram of a mechanically 
controlled hydraulic system

Ðèñ. 4. Ãèäðàâëè÷åñêàÿ ñõåìà ïðîëèâêè 
ãèäðîñèñòåìû ñ ýëåêòðîìàãíèòíûì 

äèñêðåòíûì óïðàâëåíèåì

Fig. 4. Hydraulic diagram of hydraulic system 
pouring with electromagnetic discrete control

Ðèñ. 5. Ãèäðàâëè÷åñêàÿ ñõåìà ïîñëåäîâàòåëüíîãî 
ïîäêëþ÷åíèÿ ãèäðîöèëèíäðîâ

Fig. 5. Hydraulic diagram of series connection 
of hydraulic cylinders
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Èç äàííûõ òàáë. 1 ñëåäóåò, ÷òî äèôôåðåíöè-
àëüíîñòü ãèäðîöèëèíäðà ñóùåñòâåííî âëèÿåò 
íà âåëè÷èíó íåëèíåéíîñòè. Ãèäðîïðèâîä, ñî-
ñòàâëåííûé èç ãèäðîöèëèíäðîâ ñ äèôôåðåí-
öèàëüíîñòüþ D = 1,33, îáåñïå÷èâàåò õàðàêòå-
ðèñòèêó áëèçêóþ ê ëèíåéíîé. Ñóùåñòâåííàÿ 
íåëèíåéíîñòü ãèäðîïðèâîäà, ïîñòðîåííîãî 
íà áàçå ãèäðîöèëèíäðîâ ñ äèôôåðåíöèàëü-
íîñòüþ D = 1,90, ïîçâîëÿåò ïîëó÷èòü êðèâóþ 
ïîçèöèé ïîðøíåé, àïïðîêñèìèðóþùóþ äóãó 
îêðóæíîñòè (ðèñ. 7). Êóñî÷íî-ëîìàíàÿ êðèâàÿ 1 
íà ãðàôèêå ïðåäñòàâëÿåò ñîáîé êîððåêöèþ 
îñåâûõ ñìåùåíèé òî÷åê êðåïëåíèÿ ãèäðîöè-
ëèíäðîâ, ïîçâîëÿþùóþ ðåàëèçîâàòü äóãó ñ ðà-
äèóñîì R = 345 ìì.

Â ïðèíöèïå, îñåâîå ñìåùåíèå ãèäðîöèëèíä-
ðîâ è êîððåêòèðîâêà øàãà èõ óñòàíîâêè ïî-
çâîëÿþò ïîëó÷èòü õàðàêòåðèñòèêó ïðîèçâîëü-
íîé ôîðìû, îäíàêî íåîáõîäèìî èìåòü â âèäó, 
÷òî âûáîð äèôôåðåíöèàëüíîñòè ãèäðîöèëèíäðà 
îãðàíè÷åí óñëîâèÿìè ñòàíäàðòèçàöèè íîðìàëü-
íîãî ðÿäà äèàìåòðîâ ïîðøíåé è øòîêîâ (òàáë. 2).

Ðàññìîòðèì äâà âàðèàíòà ïîñòðîåíèÿ ãè-
äðîïðèâîäà íà áàçå ãèäðîöèëèíäðîâ ðàçëè÷-
íîé äèôôåðåíöèàëüíîñòè.

Âàðèàíò № 1. Ãåîìåòðèÿ ãèäðîöèëèíäðîâ 
ÃÖ1, ÃÖ3, ÃÖ5 òèïîðàçìåðà 32/16-200:

A
ï
 = 0,804·10–3 ìì2; A

ø
 = 0,603·10–3 ìì2; 

D = 1,33. 

Ðèñ. 6. Ïîçèöèè ïîðøíåé ïðè øàãå ðàñïîëîæåíèÿ 
îñåé ãèäðîöèëèíäðîâ L = 100 ìì 

Fig. 6. Piston positions at hydraulic cylinder axes 
pitch L = 100 mm

Òàáëèöà 1
Íåëèíåéíîñòü âûäâèæåíèÿ ïîðøíåé ãèäðîöèëèíäðîâ

Table 1. Non-linearity of extension of hydraulic cylinders pistons

 Øàã óñòàíîâêè ÃÖ 0,5 S ÃÖ1 ÃÖ2 ÃÖ3 ÃÖ4 ÃÖ5
Íåëèíåéíîñòü äëÿ D = 1,33 0 0,10 0,16 0,15 0
Íåëèíåéíîñòü äëÿ D = 1,90 0 0,46 0,86 1,0 0

Òàáëèöà 2 

Äèôôåðåíöèàëüíîñòü ãèäðîöèëèíäðîâ â ñîîòâåòñòâèè ñ íîðìàëüíûì ðÿäîì äèàìåòðîâ ïîðøíåé è øòîêîâ 

Table 2. Differentiation of hydraulic cylinders according to the normal range of piston and rod diameters

 D
øD

ï
10 12 16 18 20 22 25 28 32 36 40 45 50 56 70

25 1,2 1,3 1,7 2,1 – – – – – – – – – – –
32 – 1,2 1,3 1,5 1,6 1,9 – – – – – – – – –
40 – – 1,2 1,3 1,5 1,6 1,9 – – – – – – – –
50 – – – – – 1,2 1,3 1,5 1,7 2,1 – – – – –
63 – – – – – – – 1,2 1,3 1,5 1,7 2,0 – – –
80 – – – – – – – – 1,2 1,3 1,5 1,7 2,0 – –

100 – – – – – – – – – – – 1,2 1,3 1,5 2,0

Ðèñ. 7. Ðåàëèçàöèÿ õàðàêòåðèñòèêè áëèçêîé 
ê äóãå îêðóæíîñòè

Fig. 7. Realization of characteristics close 
to an arc of a circle
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Ãåîìåòðèÿ ãèäðîöèëèíäðîâ ÃÖ2, ÃÖ4 òèïî-
ðàçìåðà 32/22-200: 

A
ï
 = 0,804·10–3 ìì2; A

ø
 = 0,424·10–3 ìì2; 

D = 1,90.

Âàðèàíò № 2. Ãèäðîöèëèíäðû ÃÖ1, ÃÖ3, 
Ã53 òèïîðàçìåðà 32/22-200;

Ãèäðîöèëèíäðû ÃÖ2, ÃÖ4 òèïîðàçìåðà 
32/16-200.

Ðåçóëüòàòû ðàñ÷åòîâ ïî ôîðìóëàì (2) 
ïðåäñòàâëåíû íà ãðàôèêàõ ðèñ. 8. Çäåñü æå 
äëÿ ñðàâíåíèÿ ïîêàçàíû ïîçèöèè ïîðøíåé 
â ãèäðîïðèâîäå, ïîñòðîåííîì íà áàçå îäèíàêî-
âûõ ãèäðîöèëèíäðîâ òèïîðàçìåðà 32/16-200.

Èññëåäóåì âëèÿíèå äèôôåðåíöèàëüíîñòè 
ãèäðîöèíäðîâ íà ñêîðîñòü âûäâèæåíèÿ ïîðø-
íåé. Ñ ýòîé öåëüþ ïðèâåäåì ñêîðîñòè âûäâèæå-
íèÿ ïîðøíåé ê ñêîðîñòè âûäâèæåíèÿ ïîðøíÿ 
ÃÖ1, ñâÿçàâ åå ñ ðàñõîäîì ðàáî÷åé æèäêîñòè 
Q

0
: 

 V
1
 = V

0
 = Q

0
/A

ï
; V

2
 = V

1
/D; V

3
 = V

1
/D2; 

V
4
 = V

1
/D3; V

5
 = V

1
/D4. 

Â òàáë. 3 è íà ãðàôèêàõ ðèñ. 9 ïðåäñòàâëåíû 
çíà÷åíèÿ ñêîðîñòåé äâèæåíèÿ ïîðøíÿ â ãèäðî-
ïðèâîäå, ñîñòàâëåííîì èç îäèíàêîâûõ ãèäðî-
öèëèíäðîâ äèôôåðåíöèàëüíîñòüþ D = 1,266, 
D = 1,33 è D = 1,90. Íàèáîëüøåé íåðàâíîìåð-
íîñòüþ ñêîðîñòåé îáëàäàåò ãèäðîïðèâîä, ïî-
ñòðîåííûé íà áàçå ãèäðîöèëèíäðîâ äèôôåðåí-
öèàëüíîñòüþ D = 1,90.

Òàáëèöà 3 

Ëèíåéíûå ñêîðîñòè äâèæåíèÿ 
ïîðøíåé ãèäðîöèëèíäðîâ

Table 3. Linear speeds of movement 
of pistons of hydraulic cylinders

Vi D = 1,266 D = 1,33 D = 1,90

V1 V0 V0 V0

V2 0, 790V0 0,752V0 0,526V0

V3 0,624V0 0,565V0 0,277V0

V4 0,493 V0 0,425V0 0,145V0

Óñòàíîâèì çàâèñèìîñòü äàâëåíèé â ïîðø-
íåâûõ ïîëîñòÿõ ãèäðîöèëèíäðîâ îò íàãðóç-
êè íà øòîêàõ è äèôôåðåíöèàëüíîñòè ãè-
äðîöèëèíäðîâ â ñòàòè÷åñêîì ãèäðîïðèâîäå 
ñ îäèíàêîâûìè ãèäðîöèëèíäðàìè áåç ó÷åòà 
òðåíèÿ â óïëîòíèòåëüíûõ ýëåìåíòàõ ãèäðîöè-
ëèíäðîâ:

2 3
1 1 2 3 4

4
5

2 3
2 2 3 4 5

2
3 3 4 5

4 4 5

5 5

 /  /   /   /   

/  

/  /   /  /  

 /  /  /  
   

.

/ /
 /

p F A F D A F D A F D A

F D A

p F A F D A F D A F D A

p F A F D A F D A
p F A F D A
p F A

    



   

  

 














ï ï ï ï ï

ï

ï ï ï ï ï

ï ï ï ï

ï ï ï

ï ï

 

(3)
 Äëÿ ðàâíî íàãðóæåííûõ èñïîëíèòåëüíûõ 

ãèäðîöèëèíäðîâ F
1
 = F

2
 = F

3
 = F

4
 = F

5
 = F

0
 ñè-

ñòåìà óðàâíåíèé (3)
 
ïðèíèìàåò âèä:

 
 
 
 

1 2 3 4
1 0

1 2 3
2 0

1 2
3 0

1
4 0

5 0

  1     /

  1    /

  1    

  1   

/

p F D D D D A

p F D D D A

p F D D A

p F D A

p F A

   

  

 



    

   

 























ï ï

ï ï

ï ï

ï ï

ï ï

    (4) 

Ðèñ. 8. Ïîçèöèè ïîðøíåé ãèäðîïðèâîäà 
ñ ðàçíûìè òèïîðàçìåðàìè ãèäðîöèëèíäðîâ

Fig. 8. Positions of hydraulic pistons 
with different sizes of hydraulic cylinders

Ðèñ. 9. Ñêîðîñòè äâèæåíèÿ ïîðøíåé ãèäðîöèëèíäðîâ

Fig. 10. Pressure in the cavities equal 
to the loaded hydraulic cylinders
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Ðåçóëüòàòû ðåøåíèÿ ñèñòåìû óðàâíåíèé (4) 
äëÿ ãèäðîïðèâîäà ñ ãèäðîöèëèíäðìè äèôôå-
ðåíöèàëüíîñòüþ D = 1,26; D = 1,33 è D = 1,90 
ñâåäåíû â òàáë. 4 è ïðåäñòàâëåíû íà ãðàôèêàõ 
ðèñ. 10.

Òàáëèöà 4

Äàâëåíèÿ â ïîðøíåâûõ ïîëîñòÿõ ðàâíîíàãðóæåííûõ 
ãèäðîöèëèíäðîâ

Table 4. Pressure in the piston cavities equal 
to the loaded hydraulic cylinders

pi·10–3 D = 1,266 D = 1,33 D = 1,90
p1 4,10·F0 3,83·F0 2,53·F0

p2 3,62·F0 3,43·F0 2,44·F0

p3 3,01·F0 2,90·F0 2,25·F0

p4 2,24·F0 2,19·F0 1,90·F0

p5 1,25·F0 1,25·F0 1,25·F0
 

Ðèñ. 10. Äàâëåíèÿ â ïîëîñòÿõ ðàâíîíàãðóæåííûõ 
ãèäðîöèëèíäðîâ 

Fig. 10. Pressure in the cavities equal 
to the loaded hydraulic cylinders

Â êà÷åñòâå ïðèìåðà, ðåøèì ñèñòåìó óðàâ-
íåíèé (4) äëÿ ãèäðîöèëèíäðîâ ÃÖ 32/16-200 
(D = 1,33). Èç ïåðâîãî óðàâíåíèÿ ñèñòåìû îïðå-
äåëèì óñèëèå íà øòîêàõ ðàâíîíàãðóæåííûõ 
ãèäðîöèëèíäðîâ â çàâèñèìîñòè îò âåëè÷èíû 
íîìèíàëüíîãî äàâëåíèÿ â ãèäðîñèñòåìå – p

0. 

F
0
 = p

0
A

ï 
/ (1 + D1 + D2 + D3 + D4) = 
= 0,261p

0
 · 103, Í. 

Åñëè ïðèíÿòü çíà÷åíèå äàâëåíèÿ p
0
 = 

= 16 ÌÏà, òî óñèëèå íà øòîêå ÃÖ1 ñîñòàâèò 
F

1
 = 4,2 êÍ, à â ïîðøíåâûõ ïîëîñòÿõ ãèäðöè-

ëèíäðîâ óñòàíîâÿòñÿ äàâëåíèÿ p
2ï 

= 14,4 ÌÏà; 
p

3ï 
= 12,2 ÌÏà; p

4ï 
= 9,2 ÌÏà è p

5ï 
= 5,25 ÌÏà. 

Ïðè òîì æå çíà÷åíèè äàâëåíèÿ â ãèäðîñè-
ñòåìå p

0
 = 16 ÌÏà, â ãèäðîïðèâîäå ñ ãèäðî-

öèëèíäðàìè ÃÖ 32/22-200, (D = 1,90) óñèëèå 

íà øòîêå ÃÖ1 ñòàíåò ðàâíûì F
1
 = 0,394p

0
· 103 =

= 6,32 êÍ, à â ïîðøíåâûõ ïîëîñòÿõ ãèäðîöè-
ëèíäðîâ óñòàíîâÿòñÿ äàâëåíèÿ p

2ï 
= 15,42 ÌÏà; 

p
3ï 

= 14,20 ÌÏà; p
4ï 

= 12,0 ÌÏà è p
5ï 

= 7,90ÌÏà.
Èñïîëüçóÿ ðàíåå ïîëó÷åííûå çíà÷åíèÿ 

ñêîðîñòåé äâèæåíèÿ ïîðøíÿ ãèäðîöèëèíäðà, 
îïðåäåëèì óñëîâèÿ ðåàëèçàöèè ãèäðîïðèâî-
äà, ãèäðîöèëèíäðû êîòîðîãî áóäóò ðàçâèâàòü 
ðàâíûå ìîùíîñòè N

i
 = F

i
 · V

i
 = inv. Ïðèíèìàÿ 

çà åäèíèöó óñèëèå íà øòîêå ÃÖ5 F
5
 = F

0,
 è èñ-

ïîëüçóÿ ïðåäñòàâëåííûå â òàáë. 2 çíà÷åíèÿ 
ñêîðîñòåé âûäâèæåíèÿ ïîðøíåé, ïîëó÷èì 
çàâèñèìîñòè F

1
 = F

0
/D4; F

2
 = F

0
/D3 ; F

3
 = F

0
/D2; 

F
4
 = F

0
/D. Ðåçóëüòàòû ðàñ÷åòà óñèëèé íà øòîêàõ 

ãèäðîöèëèíäðîâ äèôôåðåíöèàëüíîñòüþ D = 
= 1,26; D = 1,33 è D = 1,90, ðàçâèâàþùèõ 
ðàâíûå ìîùíîñòè, ñâåäåíû â òàáë. 5. 

Òàáëèöà 5

Óñèëèÿ íà øòîêàõ ãèäðîöèëèíäðîâ ðàâíîé ìîùíîñòè

Table 5. Thrust on the rods of hydraulic cylinders 
of equal power

D F1 F2 F3 F4 F5

1,266 0,39 F0 0,49 F0 0,62 F0 0,79 F0 F0

1,33 0,32 F0 0,43 F0 0,56 F0 0,75 F0 F0

1,90 0,076 F0 0,145 F0 0,276 F0 0,526 F0 F 0

Â ñîîòâåòñòâèè ñ äàííûìè òàáë. 5, íàèáîëü-
øåé îòíîñèòåëüíîé íåðàâíîìåðíîñòüþ óñèëèé 
íà øòîêàõ 

D
 = F

0
/F

1
 îáëàäàåò ãèäðîïðè-

âîä ñ ãèäðîöèëèíäðàìè, ó êîòîðûõ D = 1,90 
(

1,266 
= 2,56; 

1,33 
= 3,12; 

1,90 
= 13,0).

2. Ýêñïåðèìåíòàëüíûå èññëåäîâàíèÿ 
ãèäðîïðèâîäà ñ ïîñëåäîâàòåëüíûì 
ïîäêëþ÷åíèåì èñïîëíèòåëüíûõ 
ãèäðîöèëèíäðîâ
Ôîòîãðàôèè ýêñïåðèìåíòàëüíîãî ñòåíäà 

äëÿ èñïûòàíèé ãèäðîïðèâîäà ñ ïîñëåäîâàòåëü-
íûì ïîäêëþ÷åíèåì èñïîëíèòåëüíûõ ãèäðîöè-
ëèíäðîâ ïðåäñòàâëåíû íà ðèñ. 11 è 12. 

Øàã ìåæäó îñÿìè ãèäðîöèëèíäðîâ ñî-
ñòàâèë 200 ìì, ÷òî ñîîòâåòñòâîâàëî 100% 
ïîëíîãî õîäà ïîðøíÿ ÃÖ1. Â êà÷åñòâå èìèòà-
òîðîâ íàãðóçêè íà øòîêàõ ãèäðîöèëèíäðîâ 
èñïîëüçîâàëèñü ôðèêöèîííûå òîðìîçà. Ïåðåä 
íà÷àëîì èñïûòàíèé áûëà âûïîëíåíà ïîëíàÿ 
ïðîëèâêà ïîëîñòåé ãèäðîöèëèíäðîâ è ïðèñî-
åäèíèòåëüíûõ ìàãèñòðàëåé ñ öåëüþ óäàëåíèÿ 
èç íèõ íåðàñòâîðåííîãî âîçäóõà. Âûäâèæå-
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íèå øòîêîâ ïðîèñõîäèëî ñèíõðîííî. Âëèÿíèå 
òðåíèÿ â óïëîòíèòåëüíûõ ýëåìåíòàõ ãèäðî-
öèëèíäðîâ ïðîÿâèëîñü â íåçíà÷èòåëüíîì îò-
êëîíåíèè (â ïðåäåëàõ  0,5 ìì) èçìåðåííûõ 
çíà÷åíèé ñìåùåíèÿ ïîðøíåé ãèäðîöèëèíäðîâ 
X2…X5 îò ðàñ÷åòíûõ äàííûõ. Âîñïðîèçâî-
äèìîñòü ïîçèöèé ïîðøíåé ãèäðîöèëèíäðîâ 
ÃÖ2…ÃÖ5 ïðè íåíàãðóæåííûõ øòîêàõ áûëà 
íå õóæå 1 % èõ ïîëíîãî ñìåùåíèÿ. Ýôôåêò 
ìóëüòèïëèêàòîðà âûçâàë çíà÷èòåëüíîå çà-
ìåäëåíèå äâèæåíèÿ ïîðøíåé ãèäðîöèëèíäðîâ 
íà îáðàòíîì õîäå. 

Òåõíè÷åñêèå ñëîæíîñòè ñîçäàíèÿ çíà÷è-
òåëüíîé ïî âåëè÷èíå íàãðóçêè íà øòîêàõ ãè-
äðîöèëèíäðîâ íå ïîçâîëèëè îöåíèòü àäåêâàò-
íîñòü âåëè÷èí äàâëåíèÿ â ïîðøíåâûõ ïîëîñòÿõ 
ãèäðîöèëèíäðîâ, ðàññ÷èòàííûõ ïî óðàâíå-
íèÿì ñèñòåìû (4). Ïîñëåäîâàòåëüíîå ïîäêëþ-
÷åíèå ãèäðîöèëèíäðîâ ðàçëè÷íîé äèôôåðåí-
öèàëüíîñòè ïîçâîëèëî íà ïðàêòèêå ïîëó÷èòü 
êóñî÷íî-ëîìàíûå õàðàêòåðèñòèêè, ïðåäñòàâ-
ëåííûå íà ãðàôèêàõ ðèñ. 8. 

Âûâîäû ïî ðåçóëüòàòàì 
èññëåäîâàíèé
1. Ïîñëåäîâàòåëüíîå ïîäêëþ÷åíèå èñïîë-

íèòåëüíûõ ãèäðîöèëèíäðîâ ðåàëèçóåò ñõåìó 
îäíîïîòî÷íîãî ãèäðîïðèâîäà è ïîçâîëÿåò ïî-
ëó÷èòü êóñî÷íî-ëèíåéíóþ àïïðîêñèìàöèþ 
ïëàâíûõ êðèâûõ.

2. Ñóùåñòâåííîå âëèÿíèå íà ôîðìó àïïðîê-
ñèìèðóþùèõ êóñî÷íî-ëîìàíûõ êðèâûõ îêàçû-
âàåò äèôôåðåíöèàëüíîñòü èñïîëíèòåëüíûõ ãè-
äðîöèëèíäðîâ.

3. Èñïîëüçîâàíèå ãèäðîöèëèíäðîâ ñ ðàç-
ëè÷íîé äèôôåðåíöèàëüíîñòüþ äåëàåò âîçìîæ-
íûì ïîëó÷åíèå êóñî÷íî-ëîìàíûõ àïïðîêñèìè-
ðóþùèõ êðèâûõ ñ òî÷êàìè ïåðåãèáà, ïðè ýòîì 
íåîáõîäèìî èìåòü â âèäó, ÷òî âûáîð äèôôå-
ðåíöèàëüíîñòè ãèäðîöèëèíäðà îãðàíè÷åí 
ñòàíäàðòèçàöèåé íîðìàëüíîãî ðÿäà äèàìåòðîâ 
ïîðøíåé è øòîêîâ.

4. Îäíèì èç äîñòîèíñòâ îáúåìíîãî ãèäðî-
ïðèâîäà ñ ïîñëåäîâàòåëüíûì ïîäêëþ÷åíèåì 
ãèäðîöèëèíäðîâ ÿâëÿåòñÿ èíâàðèàíòíîñòü ïî-
çèöèîíèðîâàíèÿ ïîðøíåé ê íàãðóçêå.

5. Ïðåäëîæåííûå ìàòåìàòè÷åñêèå ìîäåëè 
ãèäðîïðèâîäà ïîçâîëÿþò ïðîåêòèðîâàòü ãèäðî-
ïðèâîä ñ èñïîëíèòåëüíûìè ãèäðîöèëèíäðàìè, 
îáëàäàþùèìè ðàâíîé ìîùíîñòüþ.

6. Âîçìîæíî ïðèìåíåíèå îáúåìíîãî ãèäðî-
ïðèâîäà ñ ïîñëåäîâàòåëüíûì ïîäêëþ÷åíèåì 
èñïîëíèòåëüíûõ ãèäðîöèëèíäðîâ â ìàøèíî-
ñòðîèòåëüíîì ïðîèçâîäñòâå (ãèáî÷íûå ïðåññû, 
ëèñòîâàÿ øòàìïîâêà), â ñóäîñòðîåíèè (êîðà-
áåëüíûå ñòàïåëè), â ãèáêèõ ïðîèçâîäñòâåííûõ 
ñèñòåìàõ, ïðîìûøëåííîé è òðàíñïîðòíîé ëî-
ãèñòèêå è ò.ä.
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PhD in Engineering V.N. Pil'gunov, PhD in Engineering K.D. Yefremova
Bauman Moscow State Technical University, Moscow, Russia

efremova.k.d@gmail.com

The aim of the proposed work is theoretical and experimental studies of the performance of a sin-
gle-channel hydraulic drive with a series connection of executive hydraulic cylinders and the develop-
ment of recommendations for predicting their characteristics.
The authors of the paper carried out a set of experimental studies and obtained the numerical kinematic, 
speed and power characteristics of a single-channel hydraulic drive with five hydraulic cylinders connect-
ed in series. It is shown that the nature of the kinematic connection is determined by the differentiation 
of the hydraulic cylinders. The speed of advancement of the piston of an individual hydraulic cylinder is 
determined by its serial number in the chain of hydraulic cylinders, while the highest speed of the piston 
movement is developed by the first hydraulic cylinder. The relative unevenness of the piston movement 
in comparison with the speed of the piston movement of the first hydraulic cylinder is determined by the 
differentiation of the hydraulic cylinder, while the hydraulic drive with the differentiation D = 2 has the 
greatest unevenness.
It is shown that by the selection of the differentiation of the hydraulic cylinders, their stepwise arrange-
ment and the displacement of the location of the bottom of the hydraulic cylinder, that it is possible to 
realize complex forms of the total trajectory of the points of attachment of the hydraulic cylinder rods.
In the hydrostatic (power) hydraulic drive in the rod cavities of the hydraulic cylinders, depending on the 
serial number of the hydraulic cylinder, the thrust on its rod and the differentiation set different pressure 
levels, and the lowest pressure will be in the piston cavity of the last hydraulic cylinder. With uniformly 
loaded hydraulic cylinders, the pressure in the piston cavities depends only on the number of the hy-
draulic cylinder and its differentiation. In a hydraulic drive with hydraulic cylinders of equal power, the last 
hydraulic cylinder will develop the greatest force at the lowest piston speed.
In addition, the work also shows that the reproducibility of the positions of unloaded rods of hydraulic 
cylinders of equal differentiation is not less than 1 %. As a result of the experimental studies, a method 
was developed for the design of a volumetric hydraulic drive with sequential switching on of executive 
hydraulic cylinders, which can be used to solve the problems of hydrofication of mechanical engineering 
production (bending presses, sheet stamping), in shipbuilding (ship slipways), in flexible production sys-
tems, industrial and warehouse logistics.

Keywords: single-channel hydraulic drive, sequential connection of cavities of hydraulic cylinders, volu-
metric kinematic connection, differentiation hydraulic cylinders.
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