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Ââåäåíèå
Øèðîêî ðàñïðîñòðàíåííûì ñïîñîáîì ïåðå-

âîçêè êðóïíîãàáàðèòíûõ è òÿæåëîâåñíûõ íåäå-
ëèìûõ ãðóçîâ ïî äîðîãàì è ìåñòíîñòè ÿâëÿåòñÿ 
ïðèìåíåíèå ìíîãîîñíûõ êîëåñíûõ òðàíñïîðò-
íûõ êîìïëåêñîâ, ïðåäñòàâëÿþùèõ ñîáîé àâ-
òîïîåçäà. Ïðè ýòîì âñëåäñòâèå çíà÷èòåëüíûõ 
ãàáàðèòíûõ ðàçìåðîâ îäíèì èç âàæíåéøèõ 
ñâîéñòâ òàêèõ ìàøèí ÿâëÿåòñÿ ïîâîðîòëè-
âîñòü, òî åñòü âîçìîæíîñòü äâèãàòüñÿ ïî òðà-

åêòîðèè áîëüøîé êðèâèçíû íà îãðàíè÷åííîé 
ïëîùàäè, ÷òî îñîáåííî àêòóàëüíî ïðè ïðîâå-
äåíèè ïîãðóçî÷íî-ðàçãðóçî÷íûõ ðàáîò.

Çàêîíîìåðíûì ðåøåíèåì, ïðèçâàííûì ïî-
âûñèòü ìàíåâðåííîñòü àâòîïîåçäîâ, ÿâëÿåòñÿ 
ïðèìåíåíèå ïîâîðîòíûõ êîëåñ íà ïðèöåïíîì 
çâåíå. Òåì íå ìåíåå ðåàëèçàöèÿ ïîäîáíûõ 
ñèñòåì âëå÷åò çà ñîáîé óñëîæíåíèå è óäîðî-
æàíèå êîíñòðóêöèè, à òàêæå äîïîëíèòåëüíûå 
çàòðàòû ìîùíîñòè íà ïðèâîä ïîâîðîòà êîëåñ. 
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Â ñâÿçè ñ ýòèì îöåíêà ýôôåêòèâíîñòè ïðèìå-
íåíèÿ âñåêîëåñíîãî ðóëåâîãî óïðàâëåíèÿ ïðè-
öåïíîãî çâåíà àâòîïîåçäà íà ýòàïå ïðîåêòèðî-
âàíèÿ ÿâëÿåòñÿ àêòóàëüíîé çàäà÷åé.

Äëÿ îöåíêè ïîâîðîòëèâîñòè àâòîïîåçäîâ 
ðàöèîíàëüíûì ïîäõîäîì ÿâëÿåòñÿ ìåòîä ìà-
òåìàòè÷åñêîãî ìîäåëèðîâàíèÿ, ïîçâîëÿþùèé 
ó÷èòûâàòü îñîáåííîñòè âçàèìîäåéñòâèÿ êîëåñ-
íîãî äâèæèòåëÿ ñ îïîðíîé ïîâåðõíîñòüþ, ïåðå-
ðàñïðåäåëåíèå íîðìàëüíûõ ðåàêöèé ìåæäó 
îïîðíî-õîäîâûìè ìîäóëÿìè, à òàêæå ñèëîâûå 
ôàêòîðû, âîçíèêàþùèå â ñöåïíîì óñòðîéñòâå 
è îáåñïå÷èâàþùèå âçàèìîäåéñòâèå ìåæäó òÿ-
ãà÷îì è ïðèöåïíûì çâåíîì. 

Òàêèì îáðàçîì, äëÿ ðåøåíèÿ ïîñòàâëåííîé 
çàäà÷è íåîáõîäèìî ñîçäàòü ìàòåìàòè÷åñêóþ 
ìîäåëü äâèæåíèÿ ìíîãîîñíîãî êîëåñíîãî àâ-
òîïîåçäà, ïîçâîëÿþùóþ ó÷èòûâàòü ïåðå÷èñ-
ëåííûå îñîáåííîñòè âçàèìîäåéñòâèÿ ìàøèíû 
ñ âíåøíåé ñðåäîé. Òðàíñïîðòíîå ñðåäñòâî 
ïðè ýòîì öåëåñîîáðàçíî ðàññìàòðèâàòü â âèäå 
ñîâîêóïíîñòè òâåðäûõ òåë, äâèæóùèõñÿ â ïðî-
ñòðàíñòâå ïîä äåéñòâèåì âíåøíèõ âîçìóùåíèé 
è îáúåäèíåííûõ øàðíèðíûìè è ñèëîâûìè ñâÿ-
çÿìè [1, 2, 3]. 

Â îáùåì ñëó÷àå â çàâèñèìîñòè îò êîíôè-
ãóðàöèè ìàøèíû è òðåáóåìîé òî÷íîñòè èìè-
òàöèè äâèæåíèÿ, äëÿ îïèñàíèÿ àâòîïîåçäà 
ìîæåò èñïîëüçîâàòüñÿ ðàçëè÷íîå êîëè÷åñòâî 
òåë è ñâÿçåé, ÷òî ïîòðåáóåò ñîñòàâëÿòü êàæäûé 
ðàç íîâóþ ñèñòåìó äèôôåðåíöèàëüíûõ óðàâíå-
íèé. Â ñâÿçè ñ ýòèì, äëÿ àâòîìàòèçàöèè ñèíòå-
çà óêàçàííîé ñèñòåìû óðàâíåíèé ïðè ñîçäàíèè 
ìîäåëè öåëåñîîáðàçíî ïðèìåíÿòü îáîáùåííûé 
ïîäõîä ê ìîäåëèðîâàíèþ äèíàìèêè ñèñòåì òåë, 
ðåàëèçîâàííûé â òàêèõ ïðîãðàììíûõ êîìïëåê-
ñàõ êàê: ADAMS [4], Euler [5], Óíèâåðñàëüíûé 
ìåõàíèçì [6], ÔÐÓÍÄ [7], MATLAB Simscape/
Multibody [8, 9]. Óêàçàííûé ïîäõîä ÿâëÿåòñÿ 
ðàñïðîñòðàíåííûì ïðè ðåøåíèè çàäà÷ äèíà-
ìèêè àâòîïîåçäîâ [10]. Ïðè ýòîì âàæíåéøèì 
âîïðîñîì îñòàåòñÿ ñîçäàíèå ìàòåìàòè÷åñêîé 
ìîäåëè âçàèìîäåéñòâèÿ äâèæèòåëÿ ñ îïîðíîé 
ïîâåðõíîñòüþ (ÎÏ), ïîçâîëÿþùåé ó÷èòûâàòü 
ïðîñòðàíñòâåííîå äâèæåíèå òðàíñïîðòíîãî 
ñðåäñòâà êàê ñèñòåìû òâåðäûõ òåë.

Ìàòåìàòè÷åñêàÿ ìîäåëü 
âçàèìîäåéñòâèÿ êîëåñíîãî 
äâèæèòåëÿ ñ îïîðíîé ïîâåðõíîñòüþ
Â ðàìêàõ äàííîé ðàáîòû ïðåäïîëàãàåòñÿ èñ-

ñëåäîâàíèå ïîâîðîòëèâîñòè êîëåñíîãî àâòîïî-
åçäà, â ñâÿçè ñ ýòèì ñ÷èòàåòñÿ, ÷òî òðàíñïîðò-

íîå ñðåäñòâî äâèæåòñÿ ïî îïîðíîé ïîâåðõíîñòè 
òèïà «ïëîòíûé ãðóíò». Ïîä ÎÏ òàêîãî òèïà 
ïîíèìàåòñÿ ïîâåðõíîñòü, ìàëîäåôîðìèðóåìàÿ 
ïî íîðìàëè è â êàñàòåëüíîé ïëîñêîñòè, à áóëü-
äîçåðíûé è ýêñêàâàöèîííûé ýôôåêòû ïðè âçàè-
ìîäåéñòâèè äâèæèòåëÿ ñ ÎÏ îòñóòñòâóþò.

Ïðåäñòàâëåííîå â äàííîì ðàçäåëå ìàòåìà-
òè÷åñêîå îïèñàíèå âçàèìîäåéñòâèÿ êîëåñíî-
ãî äâèæèòåëÿ ñ îïîðíîé ïîâåðõíîñòüþ òèïà 
«ïëîòíûé ãðóíò» ïðåäíàçíà÷åíî äëÿ îáåñïå-
÷åíèÿ âîçìîæíîñòè èññëåäîâàíèÿ ïðÿìîëè-
íåéíîãî è êðèâîëèíåéíîãî äâèæåíèÿ êîëåñíûõ 
ìàøèí êàê ïî ïëîñêîé îïîðíîé ïîâåðõíîñòè, 
òàê è (â ñëó÷àå íåîáõîäèìîñòè) ïî ãëàäêèì íå-
ðîâíîñòÿì ðåëüåôà, ãàáàðèòíûå ðàçìåðû êîòî-
ðûõ ïðåâûøàþò äèàìåòð êîëåñà.

Â ñâÿçè ñ ýòèì ïðè ñîçäàíèè ìàòåìàòè÷å-
ñêîé ìîäåëè âçàèìîäåéñòâèÿ êîëåñà ñ îïîðíîé 
ïîâåðõíîñòüþ (ÎÏ) ïðèíÿòû ñëåäóþùèå äîïó-
ùåíèÿ:

– ïÿòíî êîíòàêòà øèíû ñ ÎÏ ïðåäñòàâëÿåò 
ñîáîé ïðÿìîóãîëüíóþ ïëîùàäêó ïîñòîÿííûõ 
ãàáàðèòíûõ ðàçìåðîâ;

– ýïþðà íîðìàëüíûõ íàïðÿæåíèé ðàñïðåäå-
ëåíà ðàâíîìåðíî ïî ïëîùàäè ïÿòíà êîíòàêòà;

– âçàèìîäåéñòâèå êîëåñà ñ îïîðíûì îñíî-
âàíèåì â íàïðàâëåíèè íîðìàëè ê îïîðíîé ïî-
âåðõíîñòè îïèñûâàåòñÿ óïðóãî-äåìïôèðóþùåé 
íåóäåðæèâàþùåé ñèëîâîé ñâÿçüþ;

– êàñàòåëüíàÿ ñèëà âçàèìîäåéñòâèÿ 
â êàæäîì ýëåìåíòå ïÿòíà êîíòàêòà ñ îïîð-
íûì îñíîâàíèåì íàïðàâëåíà ïðîòèâ ñêîðîñòè 
ñêîëüæåíèÿ ýòîãî ýëåìåíòà;

– ïðîåêöèÿ öåíòðà êîëåñà ïî íîðìàëè 
ê îïîðíîé ïîâåðõíîñòè ñîâïàäàåò ñ öåíòðîì 
ïÿòíà êîíòàêòà;

– îïîðíàÿ ïîâåðõíîñòü çàäàåòñÿ ôóíêöè-
îíàëüíîé çàâèñèìîñòüþ âåðòèêàëüíîé êîîð-
äèíàòû ìàêðîïðîôèëÿ z

îð
 îò ïðîäîëüíîé x

îð
 

è ïîïåðå÷íîé y
îð

 êîîðäèíàò ðàññìàòðèâàåìîãî 
ó÷àñòêà ìåñòíîñòè â íåïîäâèæíîé ñèñòåìå êî-
îðäèíàò XYZ;

– âåêòîð íîðìàëè ê îïîðíîé ïîâåðõíîñòè 
â êàæäîì ýëåìåíòå ïÿòíà êîíòàêòà íåçíà÷è-
òåëüíî îòëè÷àåòñÿ îò âåêòîðà íîðìàëè, ñî-
îòâåòñòâóþùåãî òî÷êå îïîðíîé ïîâåðõíîñòè, 
ðàñïîëîæåííîé ïîä öåíòðîì êîëåñà âäîëü âåð-
òèêàëüíîé îñè. 

Ïåðåéäåì ê îïèñàíèþ âçàèìîäåéñòâèÿ 
êîëåñà ñ îïîðíûì îñíîâàíèåì. Â ñâÿçè ñ òåì, 
 ÷òî âçàèìîäåéñòâèå êîëåñà ñ ÎÏ â íàïðàâëå-
íèè íîðìàëè ê îïîðíîé ïîâåðõíîñòè îïèñû-
âàåòñÿ óïðóãî-äåìïôèðóþùåé ñâÿçüþ, äëÿ âû-
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÷èñëåíèÿ çíà÷åíèÿ ñèë íåîáõîäèìî îïðåäåëèòü 
äåôîðìàöèþ øèíû, à òàêæå ñêîðîñòü åå èçìå-
íåíèÿ. Òàê, âåëè÷èíà äåôîðìàöèè øèíû ìîæåò 
áûòü âû÷èñëåíà êàê:

 ,df r r ø ñâ  (2)

ãäå fø  – äåôîðìàöèÿ øèíû; rñâ  – ñâîáîäíûé 
ðàäèóñ êîëåñà; dr  – äèíàìè÷åñêèé ðàäèóñ 
êîëåñà.

Òàê êàê äèíàìè÷åñêèé ðàäèóñ ïðåäñòàâëÿ-
åò ñîáîé ðàññòîÿíèå îò îñè êîëåñà äî îïîðíîé 
ïîâåðõíîñòè, òî ïðè ïðèíÿòûõ äîïóùåíèÿõ îí 
ìîæåò áûòü âû÷èñëåí êàê ïðîåêöèÿ âåêòîðà, 
íàïðàâëåííîãî èç öåíòðà êîëåñà ê îïîðíîé ïî-
âåðõíîñòè âäîëü îñè Z íà íîðìàëü  ,n x yop


ê ê  

â öåíòðå ïÿòíà êîíòàêòà (ïðèíÿòî äîïóùåíèå, 
÷òî íîðìàëü â êàæäîé òî÷êå êîíòàêòà è íåïî-
ñðåäñòâåííî ïîä öåíòðîì êîëåñà â íàïðàâëå-
íèè îñè Z îòëè÷àþòñÿ ñëàáî, ðèñ. 1):

 
 

 
0
0 , ,

,
dr n x y

z z x y

 
 

  
  

op

ê op ê ê


ê ê  (3)

ãäå , ,x y zê ê ê  – êîîðäèíàòû öåíòðà êîëåñà â ãëî-
áàëüíîé ñèñòåìå êîîðäèíàò XYZ (îïðåäåëÿþò-
ñÿ â ðåçóëüòàòå èíòåãðèðîâàíèÿ óðàâíåíèé äè-
íàìèêè ìàøèíû â êàæäûé ìîìåíò âðåìåíè).

Ðèñ. 1 . Ðàñ÷åòíàÿ ñõåìà îïðåäåëåíèÿ 
äåôîðìàöèè øèíû

Fig. 1. Design scheme for determining tire deformation

Âçàèìîäåéñòâèå êîëåñà ñ ÎÏ íîñèò íå-
óäåðæèâàþùèé õàðàêòåð, â ñâÿçè ñ ýòèì åñëè

0f ø , òî âåëè÷èíû âñåõ ñèëîâûõ ôàêòîðîâ, 
âîçíèêàþùèõ â ïÿòíå êîíòàêòà, ïðèíèìàþòñÿ 
ðàâíûìè 0 è äàëüíåéøèõ âû÷èñëåíèé íå ïðî-
èçâîäèòñÿ.

Ñêîðîñòü äåôîðìàöèè øèíû åñòü àáñîëþò-
íàÿ ñêîðîñòü öåíòðà êîëåñà â íàïðàâëåíèè íîð-
ìàëè ê îïîðíîé ïîâåðõíîñòè, òî åñòü:

 
 , ,kv n x yf  ø op


ê ê  (4)

ãäå kv  – ñêîðîñòü êîëåñà â ãëîáàëüíîé ñèñòå-
ìå êîîðäèíàò (îïðåäåëÿåòñÿ â ðåçóëüòàòå èí-
òåãðèðîâàíèÿ óðàâíåíèé äèíàìèêè ìàøèíû 
â êàæäûé ìîìåíò âðåìåíè).

Â ñâÿçè ñ òåì, ÷òî ýïþðà íîðìàëüíûõ íà-
ïðÿæåíèé ðàñïðåäåëåíà ðàâíîìåðíî ïî ïÿòíó 
êîíòàêòà, âåëè÷èíó ñóììàðíîé íîðìàëüíîé 
ðåàêöèè, äåéñòâóþùåé íà êîëåñî, ìîæíî îïðå-
äåëèòü êàê:

 
,zR c f b f ø ø ø ø

   (5)

ãäå zR


 –  âåëè÷èíà ñóììàðíîé íîðìàëüíîé 
ðåàêöèè, äåéñòâóþùåé íà êîëåñî; cø  – æåñò-
êîñòü øèíû; bø  – êîýôôèöèåíò äåìïôèðîâà-
íèÿ øèíû.

Äëÿ àíàëèçà ðåæèìîâ íàãðóæåíèÿ ðóëåâîãî 
ïðèâîäà íåîáõîäèìî îïðåäåëèòü ìîìåíò ñî-
ïðîòèâëåíèÿ ïîâîðîòó êîëåñà, âîçíèêàþùèé 
âñëåäñòâèå ñêîëüæåíèÿ ýëåìåíòîâ êîíòàêòà 
øèíû ïî îïîðíîé ïîâåðõíîñòè. Â ñâÿçè ñ ýòèì 
ïÿòíî êîíòàêòà ðàçáèâàåòñÿ íà êîíå÷íîå ÷èñëî 
ýëåìåíòàðíûõ ïëîùàäîê ný , òîãäà

 
/ ,z zR R ný ý

 
  (6)

ãäå zRý


 – ñîñòàâëÿþùàÿ íîðìàëüíîé ðåàêöèè, 
äåéñòâóþùàÿ íà êàæäóþ ýëåìåíòàðíóþ ïëî-
ùàäêó ïÿòíà êîíòàêòà;

Çà ñ÷åò òîãî, ÷òî ýïþðà íîðìàëüíûõ íàïðÿ-
æåíèé ðàñïðåäåëåíà ðàâíîìåðíî ïî ïÿòíó êîí-
òàêòà, â ðàìêàõ èññëåäîâàíèÿ äâèæåíèÿ ìàøèíû 
áóäåò ïîëó÷åíà ãàðàíòèðîâàííàÿ îöåíêà ðåæè-
ìîâ íàãðóæåíèÿ ðóëåâîãî ïðèâîäà.

Ïîäõîä ê îïðåäåëåíèþ êàñàòåëüíîé ñîñòàâ-
ëÿþùåé ñèëû âçàèìîäåéñòâèÿ êàæäîé ýëåìåí-
òàðíîé ïëîùàäêè ïÿòíà êîíòàêòà ñ îïîðíîé 
ïîâåðõíîñòüþ îñíîâûâàåòñÿ íà ïðåäñòàâëåíèè 
îá «ýëëèïñå òðåíèÿ». Ñ÷èòàåòñÿ, ÷òî âåêòîð 
êàñàòåëüíîé ðåàêöèè êàæäîé ýëåìåíòàðíîé 
ïëîùàäêè íàïðàâëåí ïðîòèâ ñêîðîñòè ñêîëü-
æåíèÿ öåíòðà ýòîé ïëîùàäêè (ðèñ. 2) [11].

Äëÿ îïðåäåëåíèÿ âåëè÷èíû è íàïðàâëåíèÿ 
ñêîðîñòè ñêîëüæåíèÿ êàæäîé ýëåìåíòàðíîé 
ïëîùàäêè íåîáõîäèìî èç àáñîëþòíîé ñêîðîñòè 
åå öåíòðà â ãëîáàëüíîé ñèñòåìå êîîðäèíàò âû-
÷åñòü ñîñòàâëÿþùóþ, íàïðàâëåííóþ ïî íîðìà-
ëè ê îïîðíîé ïîâåðõíîñòè (ðèñ. 2):

   ;i k iv r    àáñ ê ý
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       , , ,i i i n x y n x y    ñê àáñ àáñ op ê ê op ê ê

   
 (7)

ãäå  iàáñ


 – âåêòîð àáñîëþòíîé ñêîðîñòè öåíòðà 
i-îé ýëåìåíòàðíîé ïëîùàäêè â ãëîáàëüíîé 
ñèñòåìå êîîðäèíàò; ê


 – âåêòîð óãëîâîé ñêî-

ðîñòè ïîâîðîòà êîëåñà â ãëîáàëüíîé ñèñòåìå 
êîîðäèíàò (îïðåäåëÿåòñÿ â ðåçóëüòàòå èíòå-
ãðèðîâàíèÿ óðàâíåíèé äèíàìèêè ìàøèíû 
â êàæäûé ìîìåíò âðåìåíè); irý


 – ðàäèóñ-âåêòîð 

ðàñïîëîæåíèÿ öåíòðà i-îé ýëåìåíòàðíîé ïëî-
ùàäêè îòíîñèòåëüíî öåíòðà êîëåñà (â êîìïî-
íåíòàõ ïðîåêöèé íà îñè ãëîáàëüíîé ñèñòåìû 
êîîðäèíàò);   ,i n x y àáñ op ê ê


 – ïðîåêöèÿ âåêòî-

ðà àáñîëþòíîé ñêîðîñòè öåíòðà ýëåìåíòàðíîé 
ïëîùàäêè íà âåêòîð íîðìàëè ê îïîðíîé ïî-
âåðõíîñòè; i ñê


 – âåêòîð ñêîðîñòè ñêîëüæåíèÿ 

öåíòðà i-îé ýëåìåíòàðíîé ïëîùàäêè. 
Êîìïîíåíòû âåêòîðà irý


 âû÷èñëÿþòñÿ ñëå-

äóþùèì îáðàçîì. Â ñâÿçè ñ òåì, ÷òî ãåîìåòðè-
÷åñêèå ðàçìåðû ïÿòíà êîíòàêòà ïðèíÿòû ïî-
ñòîÿííûìè, êîîðäèíàòû êàæäîé ýëåìåíòàðíîé 
ïëîùàäêè îòíîñèòåëüíî åãî öåíòðà èçâåñòíû 
(ðèñ. 2):  ixý ,   iyý .

Äàëåå îïðåäåëÿåòñÿ îðèåíòàöèÿ ðàññìàòðè-
âàåìîãî ïÿòíà êîíòàêòà â ïðîñòðàíñòâå. Î÷å-
âèäíî, ÷òî ïðîäîëüíàÿ åãî îñü (ïÿòíà êîíòàêòà) 
äîëæíà áûòü ïåðïåíäèêóëÿðíà âåêòîðó íîðìà-
ëè ê îïîðíîé ïîâåðõíîñòè â òî÷êå êîíòàêòà, 
à òàêæå îñè âðàùåíèÿ êîëåñà, òîãäà:

 
  ,xort n n x y êîë op ê ê

 
, (8)

ãäå xort


 – îðò, îïðåäåëÿþùèé ïðîäîëüíóþ îñü 
ïÿòíà êîíòàêòà; nêîë


 – íîðìàëü ê ïëîñêîñòè 

âðàùåíèÿ êîëåñà (îñü âðàùåíèÿ êîëåñà).
Ïîïåðå÷íàÿ îñü ïÿòíà êîíòàêòà îïðåäåëÿåò-

ñÿ àíàëîãè÷íûì îáðàçîì:

 
  ,y xort n x y ort op

 
ê ê , (9)

ãäå yort


 – îðò, îïðåäåëÿþùèé ïîïåðå÷íóþ îñü 
ïÿòíà êîíòàêòà.

Îñü âðàùåíèÿ êîëåñà nêîë


 (íîðìàëü ê ïëî-
ñêîñòè âðàùåíèÿ êîëåñà) èçìåíÿåòñÿ â ïðî-
öåññå äâèæåíèÿ ìàøèíû, â ñâÿçè ñ ÷åì ìîæåò 
áûòü íàéäåíà ïðè ïîìîùè ìàòðèöû ïîâîðîòà 

kR , îñóùåñòâëÿþùåé ïåðåõîä èç ëîêàëüíîé ñè-
ñòåìû êîîðäèíàò, ñâÿçàííîé ñ öåíòðîì êîëåñà, 
â ãëîáàëüíóþ ñèñòåìó êîîðäèíàò XYZ.

  0 T
kn R nêîë êîë

 
, (10)

ãäå kR  – ìàòðèöà ïîâîðîòà èç ëîêàëüíîé ñè-
ñòåìû êîîðäèíàò, ñâÿçàííîé ñ öåíòðîì êîëåñà, 
â ãëîáàëüíóþ ñèñòåìó êîîðäèíàò XYZ (îïðåäå-
ëÿåòñÿ â õîäå èíòåãðèðîâàíèÿ óðàâíåíèé äè-
íàìèêè ìàøèíû â êàæäûé ìîìåíò âðåìåíè); 

 0nêîë


 – ïîëîæåíèå íîðìàëè ê ïëîñêîñòè âðà-
ùåíèÿ êîëåñà â ïåðâûé ìîìåíò âðåìåíè (åñëè 
îñè ëîêàëüíîé ñèñòåìû êîîðäèíàò êîëåñà â íà-
÷àëüíûé ìîìåíò âðåìåíè áûëè ñîíàïðàâëåíû 
ñ îñÿìè XYZ, òî   0 0 1 0 Tn êîë


).

Òàêèì îáðàçîì, ïîëó÷åíû íàïðàâëÿþùèå 
îðòû, ïîçâîëÿþùèå îïðåäåëèòü îðèåíòàöèþ 
ïëîùàäêè êîíòàêòà â ãëîáàëüíîé ñèñòåìå êîîð-
äèíàò è îïðåäåëèòü âåêòîð irý


.

      ,i i x i y dr x ort y ort r n x y    ý ý ý op ê ê

 
. (11)

Çíàê «ìèíóñ» íåîáõîäèì äëÿ èçìåíåíèÿ íà-
ïðàâëåíèÿ âåêòîðà íîðìàëè – îò öåíòðà êîëåñà 
ê îïîðíîé ïîâåðõíîñòè.

Èçâåñòíî [11, 12, 13], ÷òî âåëè÷èíà êàñà-
òåëüíîé, ñîñòàâëÿþùåé ñèëû âçàèìîäåéñòâèÿ 
êîëåñà ñ îïîðíûì îñíîâàíèåì, îïðåäåëÿåòñÿ 
ïðîèçâåäåíèåì êîýôôèöèåíòà âçàèìîäåéñòâèÿ 
êîëåñà ñ ÎÏ íà íîðìàëüíóþ ðåàêöèþ. Ðàñïðî-
ñòðàíèì óêàçàííîå äîïóùåíèå íà êàæäóþ ýëå-
ìåíòàðíóþ ïëîùàäêó ïÿòíà êîíòàêòà, òîãäà:

 
 ,xy i zR R ý ý

 
 (12)

ãäå xyRý


 – êàñàòåëüíàÿ ñîñòàâëÿþùàÿ ñèëû 
âçàèìîäåéñòâèÿ ñ îïîðíûì îñíîâàíèåì i-îé 
ýëåìåíòàðíîé ïëîùàäêè ïÿòíà êîíòàêòà; i  – 

Ðèñ. 2. Ðàñ÷åòíàÿ  ñõåìà âçàèìîäåéñòâèÿ êîëåñà 
ñ îïîðíûì îñíîâàíèåì

Fig. 2. Design scheme of interaction of the wheel 
with the support base
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êîýôôèöèåíò âçàèìîäåéñòâèÿ i-îé ýëåìåíòàð-
íîé ïëîùàäêè ñ îïîðíûì îñíîâàíèåì.

Âåëè÷èíà êîýôôèöèåíòà  çàâèñèò îò áîëü-
øîãî êîëè÷åñòâà ôàêòîðîâ, íàèáîëåå çíà÷è-
ìûìè èç êîòîðûõ ÿâëÿþòñÿ êîýôôèöèåíò 
ñêîëüæåíèÿ s è òèï îïîðíîé ïîâåðõíîñòè. Òàê, 
çàâèñèìîñòü  îò óêàçàííûõ ôàêòîðîâ â ñëó÷àå 
íåñâÿçíûõ ãðóíòîâ îïèñûâàåòñÿ ñëåäóþùåé 
ýêñïîíåíöèàëüíîé çàâèñèìîñòüþ [14]:

 

0
max 1

is
s

i i e
 

    
 
 

. (13)

ãäå max i  – ìàêñèìàëüíûé êîýôôèöèåíò âçà-
èìîäåéñòâèÿ i-îé ýëåìåíòàðíîé ïëîùàäêè 
ñ îïîðíûì îñíîâàíèåì ïðè is  ; s

i
 – êîýô-

ôèöèåíò ñêîëüæåíèÿ öåíòðà i-îé ýëåìåíòàðíîé 
ïëîùàäêè; s

0
 – êîýôôèöèåíò, îïðåäåëÿþùèé 

ôîðìó êðèâîé (s).
Äëÿ âû÷èñëåíèÿ êîýôôèöèåíòà ñêîëüæå-

íèÿ öåíòðà êàæäîé ýëåìåíòàðíîé ïëîùàäêè 
ïîìèìî ñêîðîñòè ñêîëüæåíèÿ i ñê


 íåîáõîäèìî 

îïðåäåëèòü âåëè÷èíó åå ïåðåíîñíîé è îòíîñè-
òåëüíîé ñêîðîñòè (ðèñ. 2). Îòíîñèòåëüíàÿ ñêî-
ðîñòü äâèæåíèÿ öåíòðà êàæäîé ýëåìåíòàðíîé 
ïëîùàäêè ñîîòâåòñòâóåò îêðóæíîé ñêîðîñòè 
âðàùåíèÿ êîëåñà:

    0   , , ,i k y k yn r n x y n      îòí êîë op ê ê êîë ê

  

(14)
ãäå iîòí


 – îòíîñèòåëüíàÿ ñêîðîñòü öåíòðà 

i-îé ýëåìåíòàðíîé ïëîùàäêè;  k y  – âåëè÷èíà 
óãëîâîé ñêîðîñòè êîëåñà îòíîñèòåëüíî îñè âðà-
ùåíèÿ; r

0
 – ðàäèóñ êà÷åíèÿ êîëåñà áåç ñêîëüæå-

íèÿ (â ñâîáîäíîì ðåæèìå).
Â ñëó÷àå, åñëè âåëè÷èíà 0r  íåèçâåñòíà, åå 

ìîæíî ïðèáëèæåííî îöåíèòü ÷åðåç ñâîáîäíûé 
ðàäèóñ êîëåñà [15]:

 0 0,97 .r r ñâ  (15)

Ïåðåíîñíàÿ ñêîðîñòü öåíòðà êàæäîé ýëå-
ìåíòàðíîé ïëîùàäêè ìîæåò áûòü îïðåäåëåíà 
êàê ðàçíîñòü ìåæäó ñêîðîñòüþ ñêîëüæåíèÿ 

i ñê


 è îòíîñèòåëüíîé ñêîðîñòüþ iîòí


:

 
,i i i    ïåð ñê îòí

  
 (16)

ãäå iïåð


 – ïåðåíîñíàÿ ñêîðîñòü öåíòðà i-îé 
ýëåìåíòàðíîé ïëîùàäêè.

Òåïåðü âåëè÷èíà êîýôôèöèåíòà ñêîëüæå-
íèÿ i-îé ýëåìåíòàðíîé ïëîùàäêè s

i
 ìîæåò áûòü 

íàéäåíà ïî ôîðìóëå:

 
 

,
max ,

i
i

i i

s



 

ñê

îòí ïåð



   (17)

Â îáùåì ñëó÷àå âçàèìîäåéñòâèå êîëåñà 
ñ îïîðíûì îñíîâàíèåì íå èçîòðîïíî, ÷òî ñâÿ-
çàíî ñ ãåîìåòðèåé êîíòàêòíîé ïîâåðõíîñòè 
êîëåñà, íàïðèìåð, íàëè÷èåì ãðóíòîçàöåïîâ. 
Â ñâÿçè ñ ýòèì äëÿ îïðåäåëåíèÿ êîýôôèöèåí-
òà max i  äëÿ òåêóùåãî íàïðàâëåíèÿ ñêîðîñòè 
ñêîëüæåíèÿ èñïîëüçóåòñÿ ýëëèïòè÷åñêàÿ çàâè-
ñèìîñòü (ðèñ.  3) [16].

Ðèñ. 3. Ýëëèïñ òðåíèÿ

Fig. 3. Friction ellipse

Ïðèìåì ä îïóùåíèå, ÷òî ìàêñèìàëüíûé êî-
ýôôèöèåíò âçàèìîäåéñòâèÿ êàæäîé ýëåìåíòàð-
íîé ïëîùàäêè ñ îïîðíûì îñíîâàíèåì îïèñû-
âàåòñÿ ýëëèïñîì ñ ïàðàìåòðàìè max x  è max y  
òàêèìè æå, êàê è äëÿ ïÿòíà êîíòàêòà â öåëîì, 
òîãäà:

 

max max
max 2 2 2 2

max max

,
sin cos

x y
i

x i y i

 
 

    
 (18)

ãäå max max, x y   – ìàêñèìàëüíûå êîýôôèöè-
åíòû âçàèìîäåéñòâèÿ êîëåñà ñ îïîðíûì îñíî-
âàíèåì â ïðîäîëüíîì è ïîïåðå÷íîì íàïðàâëå-
íèÿõ; i  – óãîë ìåæäó ïðîäîëüíîé îñüþ ïÿòíà 
êîíòàêòà è íàïðàâëåíèåì ñêîðîñòè ñêîëüæåíèÿ 
i-îé ýëåìåíòàðíîé ïëîùàäêè.

Âåëè÷èíû êîñèíóñà è ñèíóñà óãëà íàïðàâ-
ëåíèÿ ñêîðîñòè ñêîëüæåíèÿ i  îïðåäåëÿþò-
ñÿ ñ ïîìîùüþ ïðîåêöèé ñêîðîñòè ñêîëüæåíèÿ 
íà ïðîäîëüíóþ xiñê  è ïîïåðå÷íóþ yiñê  îñè 
ïÿòíà êîíòàêòà:

 

cos( ) , 

sin( ) .

xi i
i x

i i

yi i
i y

i i

ort

ort

 
 



 
 

 
  

 

ñê ñê

ñê ñê

ñê ñê

ñê ñê




 




 

 (19)
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Òàêèì îáðàçîì, íà îñíîâàíèè âûøåèçëî-
æåííîãî âåêòîð ñèëû âçàèìîäåéñòâèÿ i-îé ýëå-
ìåíòàðíîé ïëîùàäêè ñ îïîðíûì îñíîâàíèåì 

 iRý


 îïðåäåëÿåòñÿ êàê (ðèñóíîê ðèñóíîê 3):

 
  

 
 

, .i
i i z z

i

R R R n x y
   


ñê

ý ý ý op ê ê
ñê

  
  (20)

Äàëåå, âåêòîð ñóììàðíîé ñèëû âçàèìîäåé-
ñòâèÿ êîëåñà ñ îïîðíûì îñíîâàíèåì R


 âû÷èñ-

ëÿåòñÿ ïî ôîðìóëå:

  1
.n

ii
R R 

 ý

ý

 
 (21)

Ïðîåêöèè ñóììàðíîé ñèëû âçàèìîäåéñòâèÿ 
íà îñè ïÿòíà êîíòàêòà îïðåäåëÿþòñÿ êàê:

 
,  ,  x x y yR R ort R R ort   

    
 (22)

ãäå ,  x yR R
 

 – ïðîäîëüíàÿ è ïîïåðå÷íàÿ ñî-
ñòàâëÿþùèå êàñàòåëüíîé ðåàêöèè â êîíòàêòå 
êîëåñà ñ îïîðíîé ïîâåðõíîñòüþ.

Èçâåñòíî, ÷òî ìîùíîñòü, ïîäâîäèìàÿ 
ê êîëåñó ìàøèíû ÷åðåç òðàíñìèññèþ, ðàñõî-
äóåòñÿ íà ñîâåðøåíèå ïîëåçíîé ðàáîòû – ñîç-
äàíèå òÿãè, à òàêæå íà ãèñòåðåçèñíûå ïîòåðè 
â ýëàñòè÷íîé øèíå. Â ñâÿçè ñ ýòèì ìîìåíò ñî-
ïðîòèâëåíèÿ âðàùåíèþ êîëåñà f

kM , íàãðóæà-
þùèé òðàíñìèññèþ ìàøèíû, âû÷èñëÿåòñÿ ñëå-
äóþùèì îáðàçîì:

 
 

  0 ,f
k x zM R f R r  ãð


 (23)

ãäå fãð  – êîýôôèöèåíò ñîïðîòèâëåíèÿ êà÷å-
íèþ êîëåñà â âåäîìîì ðåæèìå.

Òîãäà, î÷åâèäíî, ÷òî ìîìåíò f
kM  äîëæåí 

ñîîòâåòñòâîâàòü ïðîåêöèè ìîìåíòà âçàèìî-
äåéñòâèÿ êîëåñà ñ îïîðíûì îñíîâàíèåì â íà-
ïðàâëåíèè åãî îñè âðàùåíèÿ. Òàêèì îáðàçîì, 
îáùèé âåêòîð ìîìåíòà âçàèìîäåéñòâèÿ êîëåñà 
ñ îïîðíûì îñíîâàíèåì ïðåäñòàâëÿåò ñîáîé 
ìîìåíò îò ñèëû, ðåàëèçóåìîé â ýëåìåíòàð-
íûõ ïëîùàäêàõ  iRý


, ñ ó÷åòîì ãèñòåðåçèñíûõ 

ïîòåðü â øèíå, è ìîæåò áûòü îïðåäåëåí êàê:

  1 1
)   (    ,n n f

k i i i i ki i
M r x R n r x R M n

 
   ý ý

ý ý êîë ý ý êîë

   
 

(24)
Çíàê «ìèíóñ» ïåðåä f

kM  îáóñëîâëåí òåì, 
÷òî ïîëîæèòåëüíàÿ âåëè÷èíà ñèëû xR


 ñîçäà-

åò îòðèöàòåëüíûé ìîìåíò îòíîñèòåëüíî îñè 
âðàùåíèÿ êîëåñà. 

Ïðåäñòàâëåííûé ïîäõîä ê îïèñàíèþ âçà-
èìîäåéñòâèÿ êîëåñà ñ îïîðíûì îñíîâàíèåì 

áûë ðåàëèçîâàí â ïðîãðàììíîì êîìïëåêñå 
MATLAB Simulink. 

Ìàòåìàòè÷åñêàÿ ìîäåëü 
äèíàìèêè àâòîïîåçäà
Äëÿ èññëåäîâàíèÿ ïîâîðîòëèâîñòè êîëåñ-

íîãî àâòîïîåçäà áûëà ñîçäàíà èìèòàöèîííàÿ 
ìàòåìàòè÷åñêàÿ ìîäåëü, ñòðóêòóðíàÿ ñõåìà 
êîòîðîé ïîêàçàíà íà ðèñ. 4. Ìîäåëü âûïîëíå-
íà íà áàçå ïðîãðàììíîãî êîìïëåêñà MATLAB, 
ñ èñïîëüçîâàíèåì ñòàíäàðòíûõ áëîêîâ áèáëèî-
òåê Simulink è Simscape/MultiBody.

Ðàçðàáîòàííàÿ ìîäåëü áûëà ðàçáèòà 
íà ôóíêöèîíàëüíûå áëîêè, ñîîòâåòñòâóþùèå 
óçëàì òðàíñïîðòíîé ìàøèíû. Òàê, êîðïóñ 
òÿãà÷à è ïðèöåï ïðåäñòàâëÿþò ñîáîé òâåðäûå 
òåëà, îáëàäàþùåå ñîîòâåòñòâóþùèìè ìàññî-
èíåðöèîííûìè õàðàêòåðèñòèêàìè. Ïîâîðîò-
íûå êóëàêè êîëåñ òàêæå ïðåäñòàâëÿþòñÿ òâåð-
äûìè òåëàìè è ñâÿçàíû ñ êîðïóñîì ïðè ïîìîùè 
èíñòðóìåíòà ñîçäàíèÿ âðàùàòåëüíîãî øàðíèðà 
Revolute Joint, îáåñïå÷èâàþùåãî âîçìîæíîñòü 
ïîâîðîòà âîêðóã âåðòèêàëüíîé îñè. Êîîðäèíà-
òû òî÷åê ñâÿçè ïîâîðîòíûõ êóëàêîâ ñ êîðïóñîì 
ìàøèíû ñîîòâåòñòâóþò ãåîìåòðè÷åñêèì ïàðà-
ìåòðàì ðàññìàòðèâàåìîãî îáúåêòà èññëåäîâà-
íèÿ. Ïîñêîëüêó â äàííîé ðàáîòå èññëåäóåòñÿ 
ïîâîðîòëèâîñòü, òî íà ïåðâîì ýòàïå äâèæåíèå 
êîëåñíîé ìàøèíû îñóùåñòâëÿåòñÿ ïî ðîâíîé 
ãîðèçîíòàëüíîé îïîðíîé ïîâåðõíîñòè, â ñâÿçè 
ñ ÷åì ñèñòåìà ïîäðåññîðèâàíèÿ òðàíñïîðòíîãî 
ñðåäñòâà íå ìîäåëèðóåòñÿ.

Êîëåñà òÿãà÷à è ïðèöåïíîãî çâåíà òàêæå 
ïðåäñòàâëåíû òâåðäûìè òåëàìè è ñâÿçàíû 
ñ ïîâîðîòíûìè êóëàêàìè ïðè ïîìîùè âðàùà-
òåëüíûõ øàðíèðîâ Revolute Joint, îáåñïå÷èâà-
þùèõ âîçìîæíîñòü èõ ïîâîðîòà îòíîñèòåëü-
íî îñåé âðàùåíèÿ. Òÿãà÷ ñâÿçàí ñ ïðèöåïíûì 
çâåíîì ÷åðåç ñåäåëüíî-ñöåïíîå óñòðîéñòâî, êî-
òîðîå â ðàçðàáàòûâàåìîé ìîäåëè ïðåäñòàâëåíî 
â âèäå ñôåðè÷åñêîãî øàðíèðà Spherical Joint, 
èìåþùåãî òðè âðàùàòåëüíûå ñòåïåíè ñâîáîäû. 

Ðàçðàáîòàííàÿ èìèòàöèîííàÿ ìîäåëü ïî-
çâîëÿåò èññëåäîâàòü äâèæåíèå àâòîïîåçäà 
â ïðîñòðàíñòâå ñ ó÷åòîì êèíåìàòèêè ïîâîðî-
òà êîëåñ, à òàêæå âçàèìíîãî âëèÿíèÿ òÿãà÷à 
è ïðèöåïà â ïðîöåññå äâèæåíèÿ. Ïðè ýòîì 
äëÿ ïðîâåäåíèÿ âû÷èñëèòåëüíûõ ýêñïåðèìåí-
òîâ ïî îöåíêå ïîâîðîòëèâîñòè òðàíñïîðòíîãî 
ñðåäñòâà ìîäåëü äîïîëíåíà áëîêîì ðóëåâî-
ãî óïðàâëåíèÿ, ñîãëàñóþùèì óãëû ïîâîðîòà 
óïðàâëÿåìûõ êîëåñ ñ çàäàþùèì âîçäåéñòâèåì.
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Ðóëåâîå óïðàâëåíèå
Êðèâèçíà òðàåêòîðèè äâèæåíèÿ çàäàåòñÿ 

âîäèòåëåì òðàíñïîðòíîãî ñðåäñòâà ñ ïîìî-
ùüþ ðóëåâîãî êîëåñà. Âçàèìîñâÿçü ìåæäó çà-
äàâàåìîé êðèâèçíîé òðàåêòîðèè k

â
 è óãëàìè 

ïîâîðîòà óïðàâëÿåìûõ êîëåñ îïèñûâàåòñÿ 
ïðè ïîìîùè ãåîìåòðèè «Àêêåðìàíà» [17]. 

Òàê, ïðè òðàäèöèîííîé ñõåìå ðóëåâîãî 
óïðàâëåíèÿ (ðèñ. 5) óðàâíåíèå ñâÿçè òåîðåòè-
÷åñêîé êðèâèçíû òðàåêòîðèè k

â
 è óãëà ïîâîðî-

òà i-ãî êîëåñà â îáùåì âèäå èìååò âèä: 

 

 

  
 

 

  

 

atan

atan ,
1

k i k n p
k i

k i

k i k n p

k i

x x X
R y

x x X k
y k

  
    

  
 




  

òðåá

êèí

â

â

 (25)

ãäå  k iòðåá  – òðåáóåìûé óãîë ïîâîðîòà i -ãî 
êîëåñà;  k ix  – ïðîäîëüíàÿ êîîðäèíàòà i -ãî  
êîëåñà îòíîñèòåëüíî öåíòðà ìàññ ìàøèíû; 

 k nx  – ïðîäîëüíàÿ êîîðäèíàòà ïîñëåäíåãî 
êîëåñà (ïîñëåäíåé îñè) îòíîñèòåëüíî öåíòðà 

Ðèñ. 4. Ïîëüçîâàòåëüñêèé èíòåðôåéñ ìîäåëè, âûïîëíåííîé â ïðîãðàììíîì êîìïëåêñå  
àâòîìàòèçèðîâàííîãî àíàëèçà äèíàìèêè ñèñòåì òâåðäûõ òåë

Fig. 4. User interface of the model made in the software for automated analysis 
of the dynamics of rigid body systems

Ðèñ. 5. Ñõåìà ïîâîðîòà ñîãëàñíî ãåîìåòðèè 
«Àêêåðìàíà»

Fig. 5. Turning scheme a ccording 
to the Ackermann steering geometry
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ìàññ ìàøèíû; X
p
 – êîîðäèíàòà ïîëþñà ïîâî-

ðîòà, îòñ÷èòûâàåìàÿ îòíîñèòåëüíî ïîñëåäíåé 
îñè ìàøèíû; Rêèí  – êèíåìàòè÷åñêèé ðàäèóñ 
ïîâîðîòà òðàíñïîðòíîãî ñðåäñòâà ( 1/R kêèí â );

 k iy  – ïîïåðå÷íàÿ êîîðäèíàòà i -ãî êîëåñà îòíî-
ñèòåëüíî öåíòðà ìàññ ìàøèíû.

Â çàâèñèìîñòè îò ôîðìóëû ðóëåâîãî óïðàâ-
ëåíèÿ ÷àñòü îñåé ìîæåò ÿâëÿòüñÿ íåïîâîðîò-
íûìè, â ýòîì ñëó÷àå óãëû ïîâîðîòà ñîîòâåò-
ñòâóþùèõ êîëåñ  k iòðåá  ïðèíèìàþòñÿ ðàâíûìè 
íóëþ. 

Äëÿ îöåíêè íàãðóæåííîñòè ýëåìåíòîâ ðó-
ëåâîãî ïðèâîäà óïðàâëåíèå ïîâîðîòîì êîëåñ 
îñóùåñòâëÿåòñÿ ñèëîâûì ìåòîäîì. Ñèñòåìà 
óïðàâëåíèé ïîñòðîåíà íà îñíîâå ïðîïîðöè-
îíàëüíî-èíòåãðàëüíî-äèôôåðåíöèàëüíîãî 
(ÏÈÄ) ðåãóëÿòîðà ñ èñïîëüçîâàíèåì îáðàòíîé 
ñâÿçè ïî óãëó ïîâîðîòà êîëåñà. Îøèáêà ðåãó-
ëèðîâàíèÿ e  îïðåäåëÿåòñÿ êàê ðàçíèöà ìåæäó 
òðåáóåìûì óãëîì ïîâîðîòà êîëåñà è òåêóùèì, 
êîòîðûé â äàííûé ìîìåíò âðåìåíè ðåàëèçîâàí 
â èìèòàöèîííîé ìîäåëè:

 ,k ke    òðåá  (26)

ãäå k
òðåá  – òðåáóåìûé óãîë ïîâîðîòà êîëåñà; 

k  – òåêóùèé óãîë ïîâîðîòà êîëåñà.
Âåëè÷èíà ïàðàìåòðà óïðàâëåíèÿ ïðè-

âîäà ìåõàíèçìà ïîâîðîòà êîëåñà, íåîáõî-
äèìàÿ äëÿ ðåàëèçàöèè  k iòðåá , îïðåäåëÿåòñÿ 
ïðè ïîìîùè ÏÈÄ ðåãóëÿòîðà:

 
      ,p i d

de t
h k e t k e t dt k

dt


       ìåõ  (27)

ãäå hìåõ  – ïàðàìåòð óïðàâëåíèÿ ïðèâîäà ìåõà-
íèçìà ïîâîðîòà; , , p i dk k k    – ïðîïîðöèîíàëü-
íûé, èíòåãðàëüíûé è äèôôåðåíöèàëüíûé êî-
ýôôèöèåíòû ÏÈÄ ðåãóëÿòîðà.

Ïîëó÷åííûé ïàðà ìåòð óïðàâëåíèÿ ïðèâîäà 
ìåõàíèçìà ïîâîðîòà ïîçâîëÿåò îñóùåñòâëÿòü 
ðåãóëèðîâàíèå êðóòÿùåãî ìîìåíòà (íàïðèìåð, 
â äîëÿõ îò çàäàííîé ìàêñèìàëüíîé âåëè÷è-
íû), îáåñïå÷èâàþùåãî âðàùåíèå ïîâîðîòíîãî 
êóëàêà íà çàäàííûé óãîë, à òàêæå óäåðæàíèå 
åãî â çàäàííîì ïîëîæåíèè. 

Ðåçóëüòàòû èññëåäîâàíèÿ
Äëÿ ïðîâåäåíèÿ èññëåäîâàíèÿ âûáðàí àâòî-

ïîåçä ïîëíîé ìàññîé 110 òîíí, ãåîìåòðè÷åñêèå 
ïàðàìåòðû êîòîðîãî ïðèâåäåíû íà ðèñ. 66.

Â êà÷åñòâå îöåíî÷íîãî ïàðàìåòðà ïîâîðîò-
ëèâîñòè àâòîïîåçäà âûáðàíà ïîòðåáíàÿ øèðèíà 
êîðèäîðà ïî ñëåäàì íàðóæíåãî (çàáåãàþùåãî) 
è âíóòðåííåãî (îòñòàþùåãî) êîëåñ. Äëÿ ïðîâå-
äåíèÿ ñðàâíèòåëüíûõ èññëåäîâàíèé âèðòóàëü-
íûå ýêñïåðèìåíòû ïðîâîäèëèñü äëÿ äâóõ âàðè-
àíòîâ ðóëåâîãî óïðàâëåíèÿ àâòîïîåçäà:

– êîëåñà ïðèöåïà íåïîâîðîòíûå (ôîðìóëà 
ðóëåâîãî óïðàâëåíèÿ 1-2-0-4 – 0-0-0-0-0);

– âñå êîëåñà ïðèöåïà ïîâîðîòíûå (óïðàâëÿ-
åìûå, ôîðìóëà ðóëåâîãî óïðàâëåíèÿ 1-2-0-4 – 
1-2-3-4-5).

Ïîëþñ ðóëåâîãî óïðàâëåíèÿ òÿãà÷à ðàñïîëî-
æåí â öåíòðå òðåòüåé îñè. Ðàñïîëîæåíèå ïîëþñà 
ðóëåâîãî óïðàâëåíèÿ ïðèöåïà ïîëó÷åíî ïóòåì 
ìíîãîêðàòíûõ âû÷èñëèòåëüíûõ ýêñïåðèìåíòîâ 
ñ ïðèìåíåíèåì ðàçðàáîòàííîé ìîäåëè. Óñòàíîâ-
ëåíî, ÷òî åãî ðàöèîíàëüíîå ðàñïîëîæåíèå íà-
õîäèòñÿ íà ðàññòîÿíèè ïîðÿäêà 7,5 ì îò öåíòðà 
ñåäåëüíî-ñöåïíîãî óñòðîéñòâà.

Ïîëó÷åííàÿ â õîäå âèðòóàëüíûõ èñïûòà-
íèé çàâèñèìîñòü ïîòðåáíîé øèðèíû êîðèäîðà 
îò ðàäèóñà ïîâîðîòà àâòîïîåçäà â ñëó÷àå ïîâî-
ðîòíûõ è íåïîâîðîòíûõ êîëåñ ïðèöåïà ïðåä-
ñòàâëåíà íà ðèñ. 7. 

Ðèñ. 6. Ãåîìåòðè÷åñêèå ïàðàìåòðû îáúåêòà èññëåäîâàíèÿ

Fig. 6. Geometric parameters of the research  object
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Ïðè ìîäåëèðîâàíèè ñ÷èòàëîñü, ÷òî òðàíñ-
ïîðòíîå ñðåäñòâî äâèæåòñÿ ïî îïîðíîé ïî-
âåðõíîñòè «ãðóíòîâàÿ äîðîãà» (êîýôôèöèåíò 
ñîïðîòèâëåíèÿ êà÷åíèþ − 0,03, ìàêñèìàëü-
íûé êîýôôèöèåíò âçàèìîäåéñòâèÿ äâèæèòå-
ëÿ ñ îïîðíîé ïîâåðõíîñòüþ − 0,5 [18]). Ñêî-
ðîñòü äâèæåíèÿ ïîääåðæèâàëàñü ïîñòîÿííîé 
íà óðîâíå 5 êì/÷.

Â òàáëèöàõ 1 è 2 ïðåäñòàâëåíû ðåçóëüòàòû 
ìîäåëèðîâàíèÿ äëÿ ðÿäà ðàñ÷åòíûõ òåîðåòè÷å-
ñêèõ ðàäèóñîâ ïîâîðîòà.

Èç ïîëó÷åííûõ äàííûõ âèäíî, ÷òî ïðè-
ìåíåíèå ïðèöåïà, îñíàùåííîãî âñåìè ïîâî-
ðîòíûìè êîëåñàìè, ïîçâîëèò ñóùåñòâåííî 
óìåíüøèòü ïîòðåáíóþ øèðèíó êîðèäîðà 
äëÿ îñóùåñòâëåíèÿ ïîâîðîòà ìàëîãî ðàäèóñà 
(äî äâóõ ðàç). Ïðè ýòîì çàäàâàåìûé ðàäèóñ 
ïîâîðîòà (òåîðåòè÷åñêèé) â ñëó÷àå ïðèöåïà 
ñ óïðàâëÿåìûìè êîëåñàìè áëèçîê ê ôàêòè-
÷åñêîìó, ÷òî ãîâîðèò î ìåíüøåì ñêîëüæåíèè 
êîëåñ, à çíà÷èò ìåíüøèõ ïîòåðÿõ ýíåðãèè 
íà äâèæåíèå.

Ðèñ. 7. Çàâèñèìîñòü òðåáóåìîé øèðèíû êîðèäîðà îò ðàäèóñà ïîâîðîòà 

Fig. 7. Dependence of the requir ed width of the corridor on the turning radius

Òàáëèöà 1  

Ðåçóëüòàòû ìîäåëèðîâàíèÿ àâòîïîåçäà ñ íåïîâîðîòíûìè êîëåñàìè ïðèöåïà
Table 1. Simulation  results of a road train with non-swivel trailer wheels

Ðàäèóñ ïîâîðîòà 
(òåîðåòè÷å-

ñêèé), ì

Ðàäèóñ ïîâîðîòà 
òÿãà÷à (ôàêòè÷å-

ñêèé), ì

Ðàäèóñ ïîâîðîòà 
ïðèöåïà (ôàêòè-

÷ åñêèé), ì

Ðàäèóñ òðàåêòî-
ðèè äâèæåíèÿ 
çàáåãàþùåãî 

êîëåñà, ì

Ðàäèóñ òðàåêòî-
ðèè äâèæåíèÿ 
îòñòàþùåãî 

êîëåñà, ì

Ïîòðåáíàÿ 
øèðèíà êîðèäî-
ðà (ïî êîëåñàì), 

ì
25 21,6 16,38 23,23 15,08 8,15
30 25,09 20,96 26,64 19,66 6,98
40 32,42 29,36 33,9 28,05 5,85
50 40,65 38,27 42,11 36,95 5,16
80 65,05 63,59 66,47 62,26 4,21

Òàáëèöà 2

Ðåçóëüòàòû ìîäåëèðîâàíèÿ àâòîïîåçäà ñ ïîâîðîòíûìè êîëåñàìè ïðèöåïà
Table 2. Simulation r esults of a road train with swivel trailer wheels

Ðàäèóñ ïîâîðîòà 
(òåîðåòè÷å-

ñêèé), ì

Ðàäèóñ ïîâîðîòà 
òÿãà÷à (ôàêòè÷å-

ñêèé), ì

Ðàäèóñ ïîâîðîòà 
ïðè öåïà (ôàêòè-

÷åñêèé), ì

Ðàäèóñ òðàåêòî-
ðèè äâèæåíèÿ 
çàáåãàþùåãî 

êîëåñà, ì

Ðàäèóñ òðàåêòî-
ðèè äâèæåíèÿ 
îòñòàþùåãî 

êîëåñà, ì

Ïîòðåáíàÿ 
øèðèíà êîðèäî-
ðà (ïî êîëåñàì), 

ì
25 25,44 24,27 27,32 23,03 4,29
30 30,53 29,6 32,33 28,34 3,99
40 40,7 40,02 42,4 38,73 3,67
50 50,88 50,33 52,51 49,04 3,48
80 81,4 81,06 82,94 79,75 3,19
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Ñëåäóþùèì ýòàïîì ÿâëÿåòñÿ îöåíêà ïî-
òðåáíîé ìîùíîñòè ïðèâîäà äëÿ îáåñïå÷åíèÿ 
ïîâîðîòà êîëåñ ïðèöåïíîãî çâåíà. Äëÿ ïðî-
âåäåíèÿ âû÷èñëèòåëüíîãî ýêñïåðèìåíòà áûëè 
âûáðàíû íàèáîëåå òÿæåëûå óñëîâèÿ ðàáîòû 
ðóëåâîãî óïðàâëåíèÿ – ðåçêèé ïîâîðîò ðóëÿ 
ïðè ñòîÿíêå ìàøèíû íà îïîðíîé ïîâåðõíîñòè 
ñ âûñîêèìè ñöåïíûìè ñâîéñòâàìè. Èñõîäíûå 
äàííûå äëÿ ïðîâåäåíèÿ âû÷èñëèòåëüíîãî ýêñ-
ïåðèìåíòà ïðåäñòàâëåíû â òàáëèöå 3.

Ðåçóëüòàòû ìîäåëèðîâàíèÿ ïðåäñòàâëåíû 
â òàáëèöå 4 è íà ðèñ. 8–10. Îöåíêà ïîòðåáíîãî 

êðóòÿùåãî ìîìåíòà è ìîùíîñòè ïðîâîäèëàñü 
äëÿ íàèáîëåå íàãðóæåííîé îñè ïðèöåïíîãî 
çâåíà – ïîñëåäíåé. Ðåçóëüòàòû ìîäåëèðîâàíèÿ 
ïîçâîëÿþò âûáðàòü ìàêñèìàëüíóþ ìîùíîñòü 
ïðèâîäà ïîâîðîòà êîëåñà íà óðîâíå 6,2 êÂò, 
òî åñòü äëÿ ðàññìàòðèâàåìîãî ïÿòèîñíîãî ïðè-
öåïíîãî çâåíà ñóììàðíàÿ ïîòðåáíàÿ ìîùíîñòü 
ðóëåâîãî ïðèâîäà ñîñòàâèò 62 êÂò. 

Ïðîâåäåííîå èññëåäîâàíèå ïîçâîëÿåò ñôîð-
ìèðîâàòü òðåáîâàíèÿ ê ïðèâîäó ïîâîðîòà 
êîëåñ ïðèöåïíîãî çâåíà. Â äàííîì ñëó÷àå èñ-
ñëåäîâàëèñü íàèáîëåå ïðîñòûå ñëó÷àè, êîãäà 

Ðèñ. 8. Çàäàííîå èçìåíåíèå óãëà ïîâîðîòà êîëåñ ïîñëåäíåé îñè ïðèöåïíîãî çâåíà

Fig. 8. The specified  change in the angle of rotation of the wheels of the last axle of the trailer link

Òàáëèöà 3

Èñõîäíûå äàííûå äëÿ îöåíêè ïîòðåáíîé ìîùíîñòè ïðèâîäà ïîâîðîòà êîëåñ
Table 3. Initial d ata for assessing the required power of the wheel steering drive

 Ïàðàìåòð Çíà÷åíèå
Ìàêñèìàëüíûé óãîë ïîâîðîòà ðóëåâîãî êîëåñà, ãðàä ±360
Ìàêñèìàëüíûé óãîë ïîâîðîòà êîëåñà, ãðàä 27
Ñêîðîñòü ïîâîðîòà ðóëÿ, ðàä/ñ 7
Âðåìÿ ïîâîðîòà ðóëÿ, ñ 0,898
Ìàêñèìàëüíûé êîýôôèöèåíò âçàèìîäåéñòâèÿ äâèæèòåëÿ ñ ãðóíòîì 0,7

Òàáëèöà 4

Ðåçóëüòàòû ìîäåëèðîâàíèÿ íàãðóæåííîñòè  ïðèâîäà ðóëåâîãî óïðàâëåíèÿ 
Table 4. Simulation results of the steering drive load

 Ïàðàìåòð Çíà÷åíèå
Ìàêñèìàëüíûé êðóòÿùèé ìîìåíò îòíîñèòåëüíî öåíòðà ïÿòíà êîíòàêòà, Íì 10800
Ìàêñèìàëüíàÿ ìîùíîñòü, íåîáõîäèìàÿ äëÿ ïîâîðîòà êîëåñà, êÂò 6,2
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Ðèñ. 9. Âðàùàþùèé ìîìåíò, ïðèëîæåííûé ê êîëåñàì äëÿ ïîâîðîòà

Fig. 9. The torque applied to the wheels for turning

Ðèñ. 10. Ìîùíîñòü ïðèâîäà íåîáõîäèìàÿ äëÿ ïîâîðîòà êîëåñ

Fig. 10. Drive power required to turn the  wheels

âñå êîëåñà ëèáî óïðàâëÿåìûå, ëèáî íåóïðàâëÿ-
åìûå, à ïîëîæåíèå ïîëþñà ïîâîðîòà ôèêñèðî-
âàíî. Î÷åâèäíî, ÷òî îïèñàííûé â ñòàòüå ïîäõîä 
ñïðàâåäëèâ è äëÿ èññëåäîâàíèÿ áîëåå ñëîæíûõ 
àëãîðèòìîâ ïîâîðîòà êîëåñ àâòîïîåçäà, íà-
ïðèìåð, ñ ïåðåìåííûì ïîëîæåíèåì ïîëþñà 
ïîâîðîòà [19], îòêëþ÷åíèåì ïðèâîäà ïîâîðîòà 
íåêîòîðûõ êîëåñ è ò.ä. Ïîäîáíûå àëãîðèòìû 
íàèáîëåå ëåãêî ðåàëèçóþòñÿ ïðè îðãàíèçàöèè 

âñåêîëåñíîãî ïðèâîäà ðóëåâîãî óïðàâëåíèÿ. 
Â ñëó÷àå, åñëè òàêîé ïîäõîä ê ïîâîðîòó êîëåñ 
îðãàíèçîâàí ñ ïîìîùüþ ýëåêòðè÷åñêèõ ìàøèí, 
òî ïîëó÷åííûé âûøå óðîâåíü ìîùíîñòè ïðè-
âîäà ìîæíî ñ÷èòàòü ñîîòâåòñòâóþùèì êðà-
òêîâðåìåííîìó ðåæèìó ðàáîòû. Îïðåäåëåíèå 
äëèòåëüíûõ ðåæèìîâ ðàáîòû ñèñòåìû ÿâëÿåò-
ñÿ çàäà÷åé îòäåëüíîãî èññëåäîâàíèÿ è òðåáóåò 
àíàëèçà óñëîâèé ýêñïëóàòàöèè ìàøèíû.
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Âûâîäû
Íà îñíîâàíèè èññëåäîâàíèÿ ìîæíî ñäåëàòü 

çàêëþ÷åíèå, ÷òî ïðèìåíåíèå ìåòîäà êîìïüþòåð-
íîãî ìîäåëèðîâàíèÿ ñ èñïîëüçîâàíèåì äèíàìè-
êè ñèñòåì òâåðäûõ òåë ÿâëÿåòñÿ ýôôåêòèâíûì 
ñðåäñòâîì äëÿ ïðîãíîçèðîâàíèÿ ïîâîðîòëèâî-
ñòè àâòîïîåçäîâ, à òàêæå ôîðìèðîâàíèÿ òðåáî-
âàíèé ê ïðèâîäó ïîâîðîòà óïðàâëÿåìûõ êîëåñ.

Èññëåäîâàíèå ïîçâîëèëî îöåíèòü ïðåèìóùå-
ñòâà ïðèìåíåíèÿ âñåêîëåñíîãî ðóëåâîãî óïðàâëå-
íèÿ íà ïðèöåïíîì çâåíå, ïîëó÷èòü ðàöèîíàëüíîå 
ïîëîæåíèå ïîëþñà ðóëåâîãî óïðàâëåíèÿ, îïðåäå-
ëèòü ïîòðåáíóþ øèðèíó êîðèäîðà ïðè ðàçëè÷-
íûõ ðàäèóñàõ ïîâîðîòà, à òàêæå ñôîðìèðîâàòü 
òðåáîâàíèÿ ê ïðèâîäó ïîâîðîòà êîëåñ. 

Êðîìå òîãî, â õîäå èññëåäîâàíèÿ ðàçðàáîòà-
íà ìàòåìàòè÷åñêàÿ ìîäåëü äèíàìèêè àâòîïîåç-
äà, ïîçâîëÿþùàÿ ïðîâîäèòü øèðîêèé êðóã èñ-
ñëåäîâàíèé ïî îöåíêå ïîäâèæíîñòè êîëåñíûõ 
ìàøèí ðàçëè÷íîé êîíôèãóðàöèè.
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Evaluation of indicators of curvilinear movement 
of a road train using mathematical simulation

EVALUATION OF INDICATORS OF CURVILINEAR MOVEMENT 
OF A ROAD TRAIN USING MATHEMATICAL SIMULATION

DSc in Engineering V.A. Gorelov, PhD in Engineering K.B. Yevseyev, PhD in Engineering O.I. Chudakov, K.S. Balkovskiy
Bauman Moscow State Technical University, Moscow, Russia

konstantin-balkovsky@ya.ru

Introduction: a widespread approach to the transportation of large-sized and heavy-weight indivisible 
cargo on roads and terrain is the use of multi-axle wheeled transport complexes, which are road trains. 
At the same time, due to the significant overall dimensions, one of the most important properties of such 
machines is agility, that is, the ability to move along a trajectory of large curvature in a limited area, which 
is especially important in loading/unloading zones.
Subject of research: the article presents an approach to predicting the indicators of curvilinear move-
ment of multi-axle wheeled road trains, based on the application of the method of mathematical mode-
ling of the dynamics of body systems.
Methodology and methods: the essence of the method is to create a mathematical model of the move-
ment of a road train, represented by a system of rigid bodies, which are interconnected by kinematic and 
power connections. The simulation model developed within the framework of the study makes it possible 
to take into account with high accuracy the peculiarities of the interaction of the wheel propeller with 
the supporting surface, the redistribution of normal reactions between the support modules, as well as 
the force factors arising in the coupling device and ensuring the interaction between the tractive vehicle 
and the trailer link. The mathematical description of the interaction of the propeller with the ground is 
based on the concept of “friction ellipse”. Using the presented model, an assessment of the turnability 
of a wheeled road train equipped with a trailed link with swivel and non-swivel wheels was carried out. 
The required width along the tracks of the outer (running in) and inner (lagging) wheels was used as 
an assessment criterion. To assess the feasibility of using a trailed link with fully steered wheels and, 
accordingly, complicating the design of the machine, an additional assessment of the required power of 
the steering drive was carried out.
Results and scientific novelty: a mathematical model of the dynamics of a road train was developed. It 
makes possible to predict with high accuracy the indicators of curvilinear movement of wheeled vehicles, 
as well as to estimate the required power of the steering drive.
Practical significance: a mathematical model of road train movement was developed, which allows a 
wide range of tests to be carried out to assess not only the indicators of curved-linear movement, but 
also the mobility of wheeled vehicles of any configuration as a whole.

Keywords: wheeled vehicle, road train, mathematical model of dynamics, steering system, turnability.
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Â ðàáîòå ïðîâåäåíî èññëåäîâàíèå âëèÿíèÿ íà ðàáîòó ïåðèñòàëüòè÷åñêîãî íàñîñà ëèíåéíîãî òèïà 
ñâîéñòâ ìàòåðèàëà åãî óïðóãîé òðóáêè, àëãîðèòìà ñðàáàòûâàíèÿ âûæèìíûõ ýëåìåíòîâ, à òàêæå 
íàëè÷èÿ ó âõîäíîãî è âûõîäíîãî ñå÷åíèé íàñîñà íåðîâíîñòåé â âèäå ÷åðåäóþùèõñÿ êîíôóçîðîâ 
è âíåçàïíûõ ðàñøèðåíèé. Äëÿ èññëåäîâàíèÿ âëèÿíèÿ ïåðå÷èñëåííûõ ôàêòîðîâ áûëà ïðîâåäå-
íà ñåðèÿ ÷èñëåííûõ ýêñïåðèìåíòîâ ñ èñïîëüçîâàíèåì óíèâåðñàëüíîãî ïðîãðàììíîãî îáåñïå÷å-
íèÿ STAR-CCM+, â êîòîðîì ìîäåëèðîâàíèå ðàáîòû íàñîñà âûïîëíÿëîñü ñîâìåñòíûì ðàñ÷åòîì 
òå÷åíèÿ æèäêîñòè è óïðóãèõ äåôîðìàöèé åãî òðóáêè. Â ðåçóëüòàòå ïðîâåäåííûõ ÷èñëåííûõ ýêñ-
ïåðèìåíòîâ äëÿ ðÿäà çíà÷åíèé êîýôôèöèåíòà Ïóàññîíà áûëî óñòàíîâëåíî, ÷òî äëÿ ïîëó÷åíèÿ 
íàèáîëüøåé ýôôåêòèâíîñòè ìàòåðèàë òðóáêè íàñîñà íåîáõîäèìî ïîäáèðàòü ñ êàê ìîæíî ìåíü-
øèì êîýôôèöèåíòîì Ïóàññîíà. Èññëåäîâàíèå âîçìîæíûõ àëãîðèòìîâ ñðàáàòûâàíèÿ âûæèìíûõ 
ýëåìåíòîâ íàñîñà ïîêàçàëî, ÷òî äëÿ ïîëó÷åíèÿ íàèáîëüøåãî êîýôôèöèåíòà ïîëåçíîãî äåéñòâèÿ 
ðåæèì ðàáîòû íàñîñà ñëåäóåò âûáèðàòü â ñîîòâåòñòâèè ñ êîíñòðóêöèåé ïðèâîäà. Äëÿ ïðèâîäà, 
â êîòîðîì ýíåðãèÿ çàòðà÷èâàåòñÿ òîëüêî íà ïåðåìåùåíèå âûæèìíûõ ýëåìåíòîâ, ïðåäïî÷òèòåëåí 
ðåæèì, â êîòîðîì ïåðâûå âûæèìíûå ýëåìåíòû äîëüøå óäåðæèâàþò òðóáêó â ñæàòîì ñîñòîÿíèè, 
÷òî îáåñïå÷èâàåò áîëüøåå çíà÷åíèå ïîäà÷è. Äëÿ ïðèâîäà, â êîòîðîì ýíåðãèÿ òðàòèòñÿ íà ïîä-
äåðæàíèå òðóáêè â ñæàòîì ñîñòîÿíèè, ïðåäïî÷òèòåëåí ðåæèì, â êîòîðîì çàäåðæêà âîçâðàùåíèÿ 
âûæèìíîãî ýëåìåíòà â èñõîäíîå ñîñòîÿíèå ìèíèìàëüíà. Â ðåçóëüòàòå èçó÷åíèÿ âëèÿíèÿ ó÷àñòêîâ 
ñ íåðîâíîñòÿìè áûëî ïîëó÷åíî, ÷òî ïðèìåíåíèå âûñîòû è øàãà íåðîâíîñòåé, ïðè êîòîðûõ îò-
íîøåíèå ñîïðîòèâëåíèé ýòèõ ó÷àñòêîâ ïðè ïðÿìîì è îáðàòíîì òå÷åíèè îïòèìàëüíî, ïðèâîäèò 
ê óìåíüøåíèþ ïîäà÷è è äàâëåíèÿ íàñîñà.

Êëþ÷åâûå ñëîâà: ïåðèñòàëüòè÷åñêèé íàñîñ, ëàìèíàðíîå òå÷åíèå, âû÷èñëèòåëüíàÿ ãèäðîäèíàìè-
êà, íåñòàöèîíàðíîå òå÷åíèå.

Äëÿ öèòèðîâàíèÿ: Ãðèøèí À.È. Ïîâûøåíèå ýôôåêòèâíîñòè ýêñïëóàòàöèè ïåðèñòàëüòè÷åñêîãî 
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Ââåäåíèå 
Íàñîñû ïåðèñòàëüòè÷åñêîãî ïðèíöèïà äåé-

ñòâèÿ ÿâëÿþòñÿ îáúåìíûìè ãèäðàâëè÷åñêèìè 
ìàøèíàìè, ïðèìåíÿåìûìè äëÿ òðàíñïîðòè-
ðîâêè è äîçèðîâàíèÿ ñàìûõ ðàçíîîáðàçíûõ 
æèäêîñòåé. Îñíîâíûìè ýëåìåíòàìè òàêèõ íà-
ñîñîâ ÿâëÿþòñÿ óïðóãèé ðàáî÷èé îðãàí è âû-
æèìíûå ýëåìåíòû [1], êîòîðûå ïåðèîäè÷åñêè 
ñæèìàþò ðàáî÷èé îðãàí ïî òîìó èëè èíîìó àë-
ãîðèòìó. Â êà÷åñòâå óïðóãîãî ðàáî÷åãî îðãàíà, 
êàê ïðàâèëî, èñïîëüçóþò òðóáêó, èçãîòîâëåí-
íóþ èç ýëàñòè÷íûõ ìàòåðèàëîâ. Ðåæå â êîí-
ñòðóêöèè ïåðèñòàëüòè÷åñêîãî íàñîñà âìåñòî 
òðóáêè ïðèìåíÿþò ìåìáðàíû [2], ïðè÷åì âîç-
ìîæíà äàæå êîíñòðóêöèÿ âñåãî ñ îäíîé ìåì-
áðàíîé è îäíèì âûæèìíûì ýëåìåíòîì [3], ãäå 
ïîëîæèòåëüíàÿ ïîäà÷à îáåñïå÷èâàåòñÿ ñïåöè-

àëüíîé ôîðìîé ïðîòî÷íîé ÷àñòè. Ñëåäóåò çà-
ìåòèòü, ÷òî â îòëè÷èå îò ìåìáðàííîãî íàñîñà, 
â ïåðèñòàëüòè÷åñêîì íàñîñå ñ ìåìáðàíîé 
íå èñïîëüçóþòñÿ êëàïàíû.

Â êðóïíîãàáàðèòíûõ ïåðèñòàëüòè÷åñêèõ íà-
ñîñàõ ñ òðóáêîé âíóòðåííåãî äèàìåòðà îò 10 
äî 125 ìì, ðàññ÷èòàííûõ íà ïîäà÷è âïëîòü 
äî 80 ì3/÷, â êà÷åñòâå âûæèìíûõ ýëåìåíòîâ 
èñïîëüçóþò ðîëèêè (òàêèå íàñîñû ìîãóò ðà-
áîòàòü ñ äàâëåíèåì äî 1,2 ÌÏà) èëè áàøìàêè 
(äàâëåíèå äî 1,6 ÌÏà). Òàêèå íàñîñû íàøëè 
ïðèìåíåíèå â õèìè÷åñêîé ïðîìûøëåííî-
ñòè äëÿ ïåðåêà÷êè êèñëîò è äðóãèõ àãðåññèâ-
íûõ æèäêîñòåé, â ïèùåâîé ïðîìûøëåííîñòè 
äëÿ òðàíñïîðòèðîâêè ïðîäóêòîâ è äîçèðîâà-
íèÿ ñïåöèé, â êàíàëèçàöèîííîì îáîðóäîâàíèè 
äëÿ îòâîäà ñòî÷íûõ âîä è äð.
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Ìàëîãàáàðèòíûå ïåðèñòàëüòè÷åñêèå íàñîñû 
ñ òðóáêîé âíóòðåííåãî äèàìåòðà îò 0,15 äî 
10 ìì, ðàññ÷èòàííûå íà ïîäà÷è îò 0,3 äî 
2000 ìêë/ìèí è íà ðàáî÷åå äàâëåíèå äî 0,2 ÌÏà, 
èñïîëüçóþò â ìåäèöèíå äëÿ ïåðåëèâàíèÿ êðîâè 
è äîçèðîâêè ëåêàðñòâ, â ñòðóéíûõ ïðèíòåðàõ 
äëÿ òðàíñïîðòèðîâêè ÷åðíèë, â êîìïüþòåðíîì 
îáîðóäîâàíèè äëÿ îõëàæäåíèÿ èíòåãðàëüíûõ 
ñõåì. Òàêèå ìèíèàòþðíûå ïåðèñòàëüòè÷åñêèå 
íàñîñû ïðèìåíÿþò òàêæå è â äðóãèõ îáëàñòÿõ, 
ãäå òðåáóåòñÿ ñòåðèëüíîñòü, ãåðìåòè÷íîñòü, 
êîìïàêòíîñòü è òî÷íîñòü ïîäà÷è. Â íèõ â êà÷å-
ñòâå âûæèìíûõ ýëåìåíòîâ ìîãóò èñïîëüçîâàòü 
íå òîëüêî ðîëèêè, íî è òîëêàòåëè, ïðèâîäèìûå 
â äâèæåíèå ýëåêòðîìàãíèòàìè èëè ìèíèàòþð-
íûì äâèãàòåëåì ñ ýêñöåíòðèêîì, ïüåçîýëåê-
òðè÷åñêèå êðèñòàëëû. Ïî ñðàâíåíèþ ñ äðóãèìè 
ãåðìåòè÷íûìè ãèäðàâëè÷åñêèìè ìàøèíàìè, 
ïåðèñòàëüòè÷åñêèå íàñîñû èìåþò ãîðàçäî áîëåå 
ïðîñòóþ êîíñòðóêöèþ, ó íèõ îòñóòñòâóþò äâè-
æóùèåñÿ äåòàëè â ïðîòî÷íîé ÷àñòè. Êðîìå 
òîãî, ìíîãèå òâåðäîòåëüíûå ìîäåëè äåòàëåé, 
íåîáõîäèìûõ äëÿ ñáîðêè ìèíèàòþðíîãî ïåðè-
ñòàëüòè÷åñêîãî íàñîñà, íàõîäÿòñÿ â ñâîáîäíîì 
äîñòóïå è ìîãóò áûòü ïðèìåíåíû äëÿ èçãîòîâ-
ëåíèÿ íàñîñà ñ èñïîëüçîâàíèåì 3D-ïðèíòåðà [4], 
÷òî äåëàåò òàêèå íàñîñû çíà÷èòåëüíî äåøåâëå 
äðóãèõ àíàëîãè÷íûõ ãèäðàâëè÷åñêèõ ìàøèí. 
Êàê ïîêàçûâàþò ïðîâåäåííûå â ðàáîòå [5] èñ-
ñëåäîâàíèÿ, ìèíèàòþðíûé ïåðèñòàëüòè÷åñêèé 
íàñîñ ëèíåéíîãî òèïà ïîâðåæäàåò â ïåðåêà÷è-
âàåìîé ñðåäå ìåíüøåå êîëè÷åñòâî ïðîòåèíîâ, 
÷åì ðàññ÷èòàííûå íà òó æå ïîäà÷ó (îêîëî 10 ìë/
ìèí) ïåðèñòàëüòè÷åñêèé íàñîñ ñ u-îáðàçíî ðàñ-
ïîëîæåííîé òðóáêîé è ïîðøíåâîé íàñîñ.

Íåäîñòàòêîì ïåðèñòàëüòè÷åñêèõ íàñî-
ñîâ ÿâëÿåòñÿ íèçêèé êîýôôèöèåíò ïîëåçíîãî 
äåéñòâèÿ. Åñëè äëÿ êðóïíîãàáàðèòíûõ ïåðè-
ñòàëüòè÷åñêèõ íàñîñîâ îí äîñòèãàåò 0,45 [6], 
òî ó ìèíèàòþðíûõ íàñîñîâ ñ u-îáðàçíî ðàñïî-
ëîæåííîé òðóáêîé è ðîëèêàìè îí, êàê ïðàâèëî, 
íå ïðåâûøàåò 3·10–3 [7]. Î÷åâèäíî, ÷òî ó íàñîñà 
ñ ëèíåéíî ðàñïîëîæåííîé òðóáêîé êïä áóäåò 
åùå ìåíüøå. 

Â íàñòîÿùåé ðàáîòå öåëüþ èññëåäîâàíèÿ ÿâ-
ëÿåòñÿ èçó÷åíèå âëèÿíèÿ ðàçíîîáðàçíûõ ôàê-
òîðîâ íà ýôôåêòèâíîñòü ðàáîòû ìèíèàòþðíîãî 
ïåðèñòàëüòè÷åñêîãî íàñîñà ñ ëèíåéíî ðàñïîëî-
æåííîé òðóáêîé è òðåìÿ âûæèìíûìè ýëåìåí-
òàìè, â êà÷åñòâå êîòîðûõ èñïîëüçóþòñÿ òîëêà-
òåëè, ñæèìàþùèå òðóáêó íàñîñà â ïîïåðå÷íîì 
íàïðàâëåíèè.

Ìåòîäèêà èññëåäîâàíèÿ
Äëÿ èññëåäîâàíèÿ âëèÿíèÿ ðàçëè÷íûõ ôàê-

òîðîâ íà ýôôåêòèâíîñòü ðàáîòû ïåðèñòàëüòè-
÷åñêîãî íàñîñà ëèíåéíîãî òèïà áûë èñïîëüçî-
âàí óíèâåðñàëüíûé ïðîãðàììíûé êîìïëåêñ 
STAR-CCM+, â êîòîðîì óðàâíåíèÿ Íàâüå-
Ñòîêñà è óðàâíåíèå íåðàçðûâíîñòè ðåøàþòñÿ 
ñ èñïîëüçîâàíèåì ìåòîäà êîíòðîëüíîãî îáúåìà 
[8]. Äëÿ ìîäåëèðîâàíèÿ ðàáîòû íàñîñà èñïîëü-
çîâàëñÿ ñîâìåñòíûé ðàñ÷åò ëàìèíàðíîãî íå-
ñòàöèîíàðíîãî òå÷åíèÿ æèäêîñòè è óïðóãèõ 
äåôîðìàöèé òðóáêè. Â êà÷åñòâå ïåðåêà÷èâàå-
ìîé æèäêîñòè áûëî âçÿòî ìåäèöèíñêîå ìàñëî 
ñ ïëîòíîñòüþ 855 êã/ì3 è äèíàìè÷åñêîé âÿçêî-
ñòüþ 88 ìÏà·ñ. 

Èñïîëüçóåìàÿ ìîäåëü íàñîñà ïîêàçàíà 
íà ðèñ. 1. Âûæèìíûå ýëåìåíòû íàñîñà ïî î÷å-
ðåäè ñæèìàþò óïðóãèé ðàáî÷èé ýëåìåíò 
íàñîñà – òðóáêó ñ âíóòðåííèì äèàìåòðîì 
3 ìì. Äëÿ ìîäåëèðîâàíèÿ äåéñòâèÿ âûæèì-
íûõ ýëåìåíòîâ â ìîäåëè áûëè çàäàíû îáëàñòè, 
íà êîòîðûå äåéñòâóåò ñæèìàþùàÿ òðóáêó ñèëà, 
çàäàâàåìàÿ êàê ôóíêöèÿ îò âðåìåíè. Äëÿ ìî-
äåëèðîâàíèÿ ðàçëè÷íîé ïîëåçíîé íàãðóçêè, 
íà êîòîðóþ ðàáîòàåò íàñîñ, â êîíöå òðóáêè áûë 
ïîñòðîåí äîïîëíèòåëüíûé ó÷àñòîê ìåíüøåãî 
äèàìåòðà. Èçìåíåíèå äëèíû ýòîãî ó÷àñòêà, 
òàêèì îáðàçîì, ìåíÿåò ñîïðîòèâëåíèå òðóáî-
ïðîâîäà íàãíåòàíèÿ.

Âî âðåìÿ ñæàòèÿ ïåðåêà÷èâàåìàÿ æèäêîñòü 
÷àñòè÷íî âûòàëêèâàåòñÿ ê âõîäíîìó ñå÷åíèþ 
íàñîñà, à ÷àñòè÷íî – ê âûõîäíîìó ñå÷åíèþ. 
Àíàëîãè÷íî âî âðåìÿ âîçâðàùåíèÿ âûæèìíî-
ãî ýëåìåíòà â èñõîäíîå ïîëîæåíèå ïðîèñõîäèò 
âñàñûâàíèÿ æèäêîñòè èç òðóáîïðîâîäà íàãíå-

Ðèñ. 1. Èñïîëüçóåìàÿ äëÿ èññëåäîâàíèÿ ìîäåëü íàñîñà

Fig. 1. Pump model used for research
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òàíèÿ è èç òðóáîïðîâîäà âñàñûâàíèÿ. Äëÿ íàè-
áîëåå ýôôåêòèâíîé ðàáîòû íàñîñà íåîáõîäèìî, 
÷òîáû âî âðåìÿ ñæàòèÿ êàê ìîæíî áîëüøàÿ äîëÿ 
âûòåñíÿåìîãî îáúåìà æèäêîñòè òåêëà ê âûõîä-
íîìó ñå÷åíèþ òðóáîïðîâîäà. Âî âðåìÿ âîçâðà-
ùåíèÿ âûæèìíûõ ýëåìåíòîâ â èñõîäíîå ïîëî-
æåíèå, íàïðîòèâ, íåîáõîäèìî, ÷òîáû êàê ìîæíî 
áîëüøèé îáúåì æèäêîñòè âñàñûâàëñÿ îò âõîä-
íîãî ñå÷åíèÿ íàñîñà. Âåëè÷èíû âñàñûâàåìûõ 
è âûòåñíÿåìûõ îáúåìîâ æèäêîñòè, î÷åâèäíî, 
áóäóò çàâèñåòü îò ãèäðàâëè÷åñêèõ ñîïðîòèâëå-
íèé ó÷àñòêîâ òðóáêè íàñîñà ïî áîêàì îáëàñòåé 
åå ñæàòèÿ. Íàïðèìåð, ïîñëå ñæàòèÿ òðóáêè 
ïåðâûì âûæèìíûì ýëåìåíòîì âòîðîé âûæèì-
íîé ýëåìåíò âûòåñíèò ïî íàïðàâëåíèþ ê âû-
õîäíîìó ñå÷åíèþ áîëüøèé îáúåì æèäêîñòè, òàê 
êàê òðóáêà áóäåò ïåðåêðûòà ïåðâûì âûæèìíûì 
ýëåìåíòîì. Ñæàòûé ïåðâûì âûæèìíûì ýëåìåí-
òîì ó÷àñòîê òðóáêè áóäåò ïðè ýòîì èìåòü íå-
êîòîðûé çàçîð, ãèäðàâëè÷åñêîå ñîïðîòèâëåíèå 
êîòîðîãî áóäåò çàâèñåòü îò åãî ôîðìû. Ôîðìà 
çàçîðà, â ñâîþ î÷åðåäü, áóäåò çàâèñåòü îò ìàòå-
ðèàëà óïðóãîãî ðàáî÷åãî îðãàíà íàñîñà.

Äðóãèì ôàêòîðîì, âëèÿþùèì íà ðàáîòó 
íàñîñà, ÿâëÿåòñÿ àëãîðèòì ñðàáàòûâàíèÿ âû-

æèìíûõ ýëåìåíòîâ. Íàïðèìåð, âî âðåìÿ 
ñæàòèÿ òðóáêè òðåòüèì âûæèìíûì ýëåìåíòîì, 
ïåðâûé âûæèìíîé ìîæåò óæå íàõîäèòüñÿ â èñ-
õîäíîì ïîëîæåíèè, à ìîæåò âñå åùå äåðæàòü 
òðóáêó ñæàòîé. Îò ýòîãî áóäåò çàâèñåòü ñîïðî-
òèâëåíèå ó÷àñòêà òðóáêè ïåðåä ñæèìàåìûì 
ó÷àñòêîì, à òàêæå âðåìÿ öèêëà ðàáîòû íàñîñà. 
Äëÿ èçó÷åíèÿ âëèÿíèÿ àëãîðèòìà ñðàáàòûâà-
íèÿ âûæèìíûõ ýëåìåíòîâ íà ðàáîòó íàñîñà 
áûëà ïðîâåäåíà ñåðèÿ ÷èñëåííûõ ýêñïåðèìåí-
òîâ. Èçìåíåíèå çíà÷åíèÿ ñèëû, ñ êîòîðîé âû-
æèìíîé ýëåìåíò ñæèìàåò òðóáêó, îò âðåìåíè 
ïîêàçàíî íà ðèñ. 2.

Íàêîíåö, íà ïîäà÷ó ìîãóò îêàçàòü âëèÿ-
íèå ó÷àñòêè òðóáêè ñî ñïåöèàëüíî ñîçäàííû-
ìè íåðîâíîñòÿìè. Â ðàáîòå [9] áûëî ïîêàçàíî, 
÷òî íåðîâíîñòè â ôîðìå ÷åðåäóþùèõñÿ êîíôó-
çîðîâ è âíåçàïíûõ ðàñøèðåíèé èìåþò ðàçíîå 
ãèäðàâëè÷åñêîå ñîïðîòèâëåíèå â çàâèñèìîñòè 
îò íàïðàâëåíèÿ òå÷åíèÿ, ïîýòîìó ïîäáîð îïòè-
ìàëüíîãî ñî÷åòàíèÿ âûñîòû è øàãà íåðîâíîñòåé 
ìîæåò ïîâûñèòü ýôôåêòèâíîñòü ýêñïëóàòàöèè 
íàñîñà. Äëÿ îïðåäåëåíèÿ ýòîãî ñî÷åòàíèÿ ÷èñ-
ëåííûå ýêñïåðèìåíòû ïðîâîäèëèñü äëÿ ñåòî÷-
íîé ìîäåëè, ïîêàçàííîé íà ðèñ. 3.

Ðèñ. 2. Èçó÷àåìûå àëãîðèòìû ñðàáàòûâàíèÿ âûæèìíûõ ýëåìåíòîâ íàñîñà: 
1 – ïåðâûé âûæèìíîé ýëåìåíò, 2 – âòîðîé âûæèìíîé ýëåìåíò, 3 – òðåòèé âûæèìíîé ýëåìåíò

Fig. 2. The studied algorithms for the actuation of release elements of the pump: 
1 – first release element, 2 – second release element, 3 – third release element
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Ðèñ. 3. Ìîäåëü äëÿ îïðåäåëåíèÿ ýêâèâàëåíòíîé 
äëèíû ó÷àñòêà ñ íåðîâíîñòÿìè

Fig. 3. Model for determining the equivalent length 
of the irregular section

Ó÷àñòîê ñ íåðîâíîñòÿìè èìååò äëèíó 3 ñì. 
Ñêîðîñòü íà âõîäå çàäàâàëàñü ïîñòîÿííîé 
ïî ñå÷åíèþ, ïîýòîìó, ÷òîáû ó÷åñòü íà÷àëüíûé 
ó÷àñòîê ëàìèíàðíîãî òå÷åíèÿ, ïî áîêàì áûëè 
ïîñòðîåíû äîïîëíèòåëüíûå èíòåðâàëû áåç íå-
ðîâíîñòåé ïî 4 ñì êàæäûé. ×èñëåííûå ýêñïå-
ðèìåíòû ïðîâîäèëèñü äëÿ îáîèõ íàïðàâëåíèé 
òå÷åíèÿ æèäêîñòè ñî ñêîðîñòüþ 7 ì/ñ, ïîñëå 
÷åãî ýêâèâàëåíòíàÿ äëèíà ó÷àñòêà ñ íåðîâíî-
ñòÿìè âû÷èñëÿëàñü ïî âûðàæåíèþ

2

,
32

pdl
v




ý

ãäå v – ñêîðîñòü òå÷åíèÿ, ì/ñ; Δp – ïîòåðè äàâ-
ëåíèÿ íà ó÷àñòêå ñ íåðîâíîñòÿìè, Ïà; μ – äèíà-
ìè÷åñêàÿ âÿçêîñòü, Ïà·ñ; d – âíóòðåííèé äèà-
ìåòð, ìì.

Ðåçóëüòàòû èññëåäîâàíèé 
è èõ îáñóæäåíèå
Òàê êàê ïðè ðàáîòå íàñîñà èìåþò ìåñòî 

òîëüêî óïðóãèå äåôîðìàöèè òðóáêè, äëÿ çà-
äàíèÿ ìàòåðèàëà òðóáêè íàñîñà íåîáõîäèìû 
òîëüêî ìîäóëü Þíãà è êîýôôèöèåíò Ïóàññî-
íà. Ïîñêîëüêó îò ìîäóëÿ Þíãà çàâèñèò òîëüêî 
âåëè÷èíà ñèëû, íåîáõîäèìîé äëÿ ñæàòèÿ 
òðóáêè, òî ÷èñëåííûå ýêñïåðèìåíòû ïðîâîäè-
ëèñü òîëüêî äëÿ ðÿäà çíà÷åíèé êîýôôèöèåíòà 
Ïóàññîíà. Â êà÷åñòâå àëãîðèòìà ñðàáàòûâà-
íèÿ âûæèìíûõ ýëåìåíòîâ áûë âûáðàí ïåðâûé 
ðåæèì ðàáîòû íàñîñà, íî ñ äëèòåëüíîñòüþ 
öèêëà 0,1 ñ. Ïîëó÷åííûé ãðàôèê çàâèñèìîñòè 
ïîëåçíîé ìîùíîñòè íàñîñà îò êîýôôèöèåíòà 
Ïóàññîíà èçîáðàæåí íà ðèñ. 4. Èç ïîëó÷åííûõ 
ðåçóëüòàòîâ âèäíî, ÷òî ñ óâåëè÷åíèåì êîýôôè-
öèåíòà Ïóàññîíà ðàçâèâàåìàÿ íàñîñîì ìîù-
íîñòü óìåíüøàåòñÿ, ïîýòîìó ìîæíî ïðèéòè 
ê âûâîäó, ÷òî äëÿ íàèáîëåå ýôôåêòèâíîé 
ðàáîòû íàñîñà ìàòåðèàë òðóáêè íåîáõîäèìî 
ïîäáèðàòü ñ êàê ìîæíî ìåíüøèì çíà÷åíèåì 
ýòîãî êîýôôèöèåíòà.

Ðèñ. 4. Çàâèñèìñîòü ðàçâèâàåìîé íàñîñîì ìîùíîñòè 
îò êîýôôèöèåíòà Ïóàññîíà

Fig. 4. Dependence of the power developed 
by the pump on Poisson’s ratio

Ïîëó÷åííûå õàðàêòåðèñòèêè íàñîñà â çà-
âèñèìîñòè îò ðåæèìà ðàáîòû íàñîñà ïîêàçà-
íû íà ðèñ. 5 äëÿ âðåìåíè öèêëà 0,4 ñ. Ñîãëàñ-
íî ïîëó÷åííûì ðåçóëüòàòàì, âòîðîé è òðåòèé 
ðåæèìû îáåñïå÷èâàþò ïîëåçíóþ ìîù-
íîñòü íà 41 % áîëüøå, ÷åì ÷åòâåðòûé ðåæèì 
è íà 133 % áîëüøå, ÷åì ïåðâûé. Áîëüøèå çíà÷å-
íèÿ ïîëåçíîé ìîùíîñòè äëÿ âòîðîãî è òðåòüåãî 
ðåæèìîâ ìîæíî îáúÿñíèòü òåì, ÷òî âî âðåìÿ 
ñæàòèÿ òðåòüèì âûæèìíûì ýëåìåíòîì òðóáêà 
ñæàòà ïåðâûìè äâóìÿ âûæèìíûìè ýëåìåíòà-
ìè (â îòëè÷èå îò äâóõ äðóãèõ ðåæèìîâ, â êî-
òîðûõ â ýòîò èíòåðâàë âðåìåíè òðóáêà ñæàòà 
òîëüêî âòîðûì âûæèìíûì ýëåìåíòîì). Ýòî 

Ðèñ. 5. Âëèÿíèå ðåæèìà ðàáîòû íàñîñà 
íà ìîùíîñòíóþ õàðàêòåðèñòèêó, 

âðåìÿ öèêëà tö = 0,4 ñ: 
1 – ïåðâûé ðåæèì; 2 – âòîðîé ðåæèì; 3 – òðåòèé 

ðåæèì; 4 – ÷åòâåðòûé ðåæèì

Fig. 5. Influence of the pump operation mode 
on the power characteristic, cycle time t

ö
 = 0,4 sec: 

1 – first mode; 2 – second mode; 3 – third mode; 
4 – fourth mode
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óâåëè÷èâàåò ãèäðàâëè÷åñêîå ñîïðîòèâëåíèå 
òðóáîïðîâîäà ïåðåä ñæèìàåìûì ó÷àñòêîì è, 
òåì ñàìûì, óâåëè÷èâàåò äîëþ îáúåìà æèäêî-
ñòè, âûòåñíÿåìîãî íåïîñðåäñòâåííî â íàïðàâ-
ëåíèè âûõîäíîãî ñå÷åíèÿ íàñîñà.

Ñîãëàñíî ãðàôèêàì íà ðèñ. 2 â êàæäîì àë-
ãîðèòìå ñðàáàòûâàíèÿ âûæèìíûõ ýëåìåíòîâ 
â êîíöå öèêëà åñòü íåêîòîðûé ïðîìåæóòîê 
âðåìåíè, êîãäà íè îäèí èç âûæèìíûõ ýëåìåí-
òîâ íå äâèãàåòñÿ. Åñëè â êàæäîì ðåæèìå ñî-
êðàòèòü ýòîò âðåìåííîé ïðîìåæóòîê äî ìèíè-
ìóìà (îñòàâèâ âðåìÿ ñðàáàòûâàíèÿ âûæèìíûõ 
ýëåìåíòîâ íåèçìåííûì), òî çà ñ÷åò ñîêðàùå-
íèÿ äëèòåëüíîñòè öèêëà îñðåäíåííûå ïî âðå-
ìåíè ïîäà÷à íàñîñà è ñîçäàâàåìîå èì äàâëåíèå, 
âåðîÿòíî, óâåëè÷àòñÿ.

Íà ðèñ. 6 ïîêàçàíû ãðàôèêè ñî âðåìå-
íåì öèêëà t

ö
 = 0,33 ñ äëÿ ïåðâîãî è âòîðî-

ãî ðåæèìîâ, t
ö
 = 0,36 ñ äëÿ òðåòüåãî ðåæèìà 

è t
ö
 = 0,27 ñ äëÿ ÷åòâåðòîãî ðåæèìà. Ïîñëå 

óìåíüøåíèÿ äëèòåëüíîñòè öèêëà çà ñ÷åò èí-
òåðâàëà âðåìåíè, êîãäà íåò äâèæåíèÿ âû-
æèìíûõ ýëåìåíòîâ, ìàêñèìàëüíàÿ ïîëåçíàÿ 
ìîùíîñòü ñîîòâåòñòâóåò ÷åòâåðòîìó ðåæèìó 
ðàáîòû. Íî òåïåðü âûæèìíûå ýëåìåíòû 
äîëæíû ñðàáàòûâàòü ÷àùå, ïîýòîìó è çàòðàòû 
ýíåðãèè íà ñæàòèå òðóáêè óâåëè÷àòñÿ.

Äëÿ îöåíêè çàòðà÷èâàåìîé ýíåðãèè âîñ-
ïîëüçóåìñÿ ñëåäóþùèìè ðàññóæäåíèÿìè. Çà-

òðà÷èâàåìóþ íà ñæàòèå òðóáêè âûæèìíûì 
ýëåìåíòîì ðàáîòó ìîæíî îïðåäåëèòü ïî âûðà-
æåíèþ

max

0

( ) ,
F

A s F dF ç

ãäå F – ïðèëàãàåìàÿ ê âûæèìíîìó ýëåìåíòó 
ñèëà, Í; F

max
 – çíà÷åíèå ïðèëàãàåìîé ê âû-

æèìíîìó ýëåìåíòó ñèëû, ïðè êîòîðîé òðóáêà 
ïîëíîñòüþ ñæàòà, Í; s – ïîëîæåíèå âûæèìíî-
ãî ýëåìåíòà ïî îòíîøåíèþ ê åãî èçíà÷àëüíîìó 
ïîëîæåíèþ, ì. 

Èç ïðîâåäåííûõ ÷èñëåííûõ ýêñïåðèìåíòîâ 
áûëî ïîëó÷åíî, ÷òî A

ç
 = 0,0722F

max
d. Òîãäà, 

ñ ó÷åòîì òîãî, ÷òî âûæèìíûõ ýëåìåíòîâ òðè 
è êàæäûé äâèæåòñÿ âî âðåìÿ ðàáîòû íàñîñà 
îäèí ðàç â îäíîì íàïðàâëåíèè è îäèí ðàç â îá-
ðàòíîì, çàòðà÷èâàåìàÿ íà ñæàòèå òðóáêè ìîù-
íîñòü N

ç
 = 0,4332F

max
d/t

ö
. Â êà÷åñòâå ïðèìåðà 

âîçüìåì F
max

 = 12 Í.
Ïîëó÷åííûå ãðàôèêè êïä íàñîñà (áåç ó÷åòà 

ïîòåðü ýíåðãèè â ïðèâîäå) ïîêàçàíû íà ðèñ. 7. 
Èç-çà äîïîëíèòåëüíûõ çàòðàò ýíåðãèè, ñâÿ-
çàííûõ ñ áîëåå ÷àñòûì ñðàáàòûâàíèåì âû-
æèìíûõ ýëåìåíòîâ, ïðåèìóùåñòâî ÷åòâåðòî-
ãî ðåæèìà èñ÷åçàåò è íàèáîëåå ýôôåêòèâíàÿ 
ðàáîòà íàñîñà äîñòèãàåòñÿ ñî âòîðûì ðåæèìîì 
ðàáîòû. Çàìåòèì, ÷òî ýòî ñïðàâåäëèâî òîëüêî 
â òîì ñëó÷àå, åñëè â ïðèâîäå íàñîñà ïðîèñ-

Ðèñ. 7. ÊÏÄ íàñîñà áåç ó÷åòà ïîòåðü â åãî ïðèâîäå: 
1 – ïåðâûé ðåæèì, t

ö
 = 0,33 ñ; 2 – âòîðîé ðåæèì, 

t
ö
 = 0,33 ñ; 3 – òðåòèé ðåæèì, t

ö
 = 0,36 ñ; 

4 – ÷åòâåðòûé ðåæèì t
ö
 = 0,27 ñ

Fig. 7. Pump efficiency without taking 
into account losses in its drive: 

1 – first mode, t
ö
 = 0,33 sec; 2 – second mode, 

t
ö
 = 0,33 sec; 3 – third mode, t

ö
 = 0,36 sec; 

4 – fourth mode, t
ö
 = 0,27 sec

Ðèñ. 6. Âëèÿíèå ðåæèìà ðàáîòû íàñîñà 
íà ìîùíîñòíóþ õàðàêòåðèñòèêó, âðåìÿ öèêëà: 

1 – ïåðâûé ðåæèì; t
ö
 = 0,33 ñ; 2 – âòîðîé ðåæèì, 

t
ö
 = 0,33 ñ; 3 – òðåòèé ðåæèì, t

ö
 = 0,36 ñ; 

4 – ÷åòâåðòûé ðåæèì t
ö
 = 0,27 ñ

Fig. 6. Influence of the pump operation mode 
on the power characteristic, cycle time: 

1 – first mode, t
ö
 = 0,33 sec; 2 – second mode, 

t
ö
 = 0,33 sec; 3 – third mode, t

ö
 = 0,36 sec; 

4 – fourth mode, t
ö
 = 0,27 sec
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õîäÿò çàòðàòû ýíåðãèè òîëüêî â òå èíòåðâàëû 
âðåìåíè, êîãäà âûæèìíûå ýëåìåíòû äâèãàþò-
ñÿ, íàïðèìåð, åñëè â êà÷åñòâå âûæèìíûõ ýëå-
ìåíòîâ èñïîëüçóþòñÿ ýêñöåíòðèêè èëè òîëêà-
òåëè ñ êðèâîøèïíî-øàòóííûì ìåõàíèçìîì [5]. 
Â ñëó÷àå ïðèìåíåíèÿ äðóãîãî ïðèâîäà (ïüåçî-
ýëåìåíòû èëè ýëåêòðîìàãíèòû) ýíåðãèÿ áóäåò 
òðàòèòüñÿ íà ïîääåðæàíèå òðóáêè â ñæàòîì ñî-
ñòîÿíèè. 

Äëÿ îöåíêè ïîëíîãî ÊÏÄ íàñîñà ñ òàêèì 
òèïîì ïðèâîäà âîçüìåì äàííûå ýêñïåðèìåíòîâ 
èç ðàáîòû [10], ãäå âî âðåìÿ ñæàòèÿ è âî âðåìÿ 
ïîääåðæàíèÿ òðóáêè â ñæàòîì ñîñòîÿíèè çà-
òðà÷èâàåìàÿ ìîùíîñòü ñîñòàâëÿåò îêîëî 
15,5 Âò. Ïîëó÷èâøèåñÿ ãðàôèêè èçîáðàæåíû 
íà ðèñ. 8, ãäå íàèáîëüøèé ÊÏÄ ñîîòâåòñòâó-
åò ÷åòâåðòîìó ðåæèìó ðàáîòû. Òàêîé ðåçóëü-
òàò ìîæíî îáúÿñíèòü òåì, ÷òî ïî ñðàâíåíèþ 
ñî âòîðûì è òðåòüèì ðåæèìàìè ó ÷åòâåðòîãî 
ðåæèìà ìåíüøèå èíòåðâàëû âðåìåíè, êîãäà 
âûæèìíûå ýëåìåíòû äåðæàò òðóáêó ñæàòîé. 
Ìîæíî ñäåëàòü âûâîä, ÷òî äëÿ íàèáîëåå ýô-
ôåêòèâíîé ðàáîòû ïåðèñòàëüòè÷åñêîãî íàñîñà 
ðåæèì ðàáîòû ñëåäóåò âûáèðàòü â çàâèñèìîñòè 
îò êîíñòðóêöèè åãî ïðèâîäà.

Ðèñ. 8. Ïîëíûé êïä íàñîñà ñ ïðèâîäîì 
èç òîëêàòåëåé è ýëåêòðîìàãíèòîâ: 

1 – ïåðâûé ðåæèì, t
ö
 = 0,33 ñ; 2 – âòîðîé ðåæèì, 

t
ö
 = 0,33 ñ; 3 – òðåòèé ðåæèì, t

ö
 = 0,36 ñ; 

4 – ÷åòâåðòûé ðåæèì t
ö
 = 0,27 ñ

Fig. 8. Full efficiency of pump driven by pushers 
and electromagnets: 

1 – first mode, t
ö
 = 0,33 sec; 2 – second mode, 

t
ö
 = 0,33 sec; 3 – third mode, t

ö
 = 0,36 sec; 

4 – fourth mode, t
ö
 = 0,27 sec

Ðàññìîòðèì äàëåå ðåçóëüòàòû ÷èñëåííûõ 
ýêñïåðèìåíòîâ äëÿ ìîäåëè òðóáêè ñ íåðîâíî-
ñòÿìè â ôîðìå êîíôóçîðîâ è âíåçàïíûõ ðàñøè-
ðåíèé. Ïîñêîëüêó ãèäðàâëè÷åñêîå ñîïðîòèâ-
ëåíèå òàêèõ ó÷àñòêîâ çàâèñèò îò íàïðàâëåíèÿ 

òå÷åíèÿ, òî íàãëÿäíåé áóäåò ïðåäñòàâèòü ðå-
çóëüòàòû â âèäå îòíîøåíèÿ ýêâèâàëåíòíîé 
äëèíû ó÷àñòêà ñ íåðîâíîñòÿìè ïðè îáðàòíîì 
òå÷åíèè l

ý äèô
, êîãäà íåðîâíîñòè ïðåäñòàâëÿþò 

ñîáîé äèôôóçîðû è âíåçàïíûå ñóæåíèÿ, ê ýê-
âèâàëåíòíîé äëèíå ïðè ïðÿìîì òå÷åíèè l

ý êîíô
 

(ðèñ. 9).
Ïî ïîëó÷åííûì çàâèñèìîñòÿì âèäíî, 

÷òî â èçó÷åííîì äèàïàçîíå çíà÷åíèé ýòî îòíî-
øåíèå âîçðàñòàåò ñ óâåëè÷åíèåì Δ/d (ãäå Δ – 
âûñîòà âûñòóïîâ è ãëóáèíà âïàäèí íåðîâíî-
ñòåé), ïðè÷åì ïðèáëèæàåòñÿ ê ìàêñèìàëüíîìó 
çíà÷åíèþ ïðè Δ/d = 0,167. Ñ óìåíüøåíèåì îò-
íîñèòåëüíîãî øàãà íåðîâíîñòåé h/d îòíîøåíèå 
l
ý äèô

/l
ý êîíô

 óâåëè÷èâàåòñÿ, íî ïðè Δ/d = 0,167 
îòëè÷èÿ çíà÷åíèé l

ý äèô
/l

ý êîíô
 äëÿ øàãîâ 

h/d = 0,0833, h/d = 0,167 è h/d = 0,25 ïðåíåáðå-
æèìî ìàëû. Ïîýòîìó äëÿ ÷èñëåííûõ ýêñïåðè-
ìåíòîâ ñ ñîâìåñòíûì ðàñ÷åòîì òå÷åíèÿ æèä-
êîñòè è äåôîðìàöèè òðóáêè â íàñîñå ñ ó÷åòîì 
íåðîâíîñòåé äî è ïîñëå ñæèìàåìûõ ó÷àñòêîâ 
áûë âûáðàí îòíîñèòåëüíûé øàã íåðîâíîñòåé 
h/d = 0,25 è îòíîñèòåëüíàÿ âûñîòà íåðîâíîñòåé 
Δ/d = 0,167. 

Ðèñ. 9. Èçìåíåíèå îòíîøåíèÿ ýêâèâàëåíòíûõ 
äëèí lý äèô/lý êîíô ó÷àñòêà òðóáêè ñ íåðîâíîñòÿìè 

â çàâèñèìîñòè îò îòíîñèòåëüíîé âûñîòû íåðîâíîñòåé 
äëÿ ñëåäóþùèõ èõ øàãîâ h/d: 

1 – 0,0833; 2 – 0,167; 3 – 0,25; 4 – 0,333; 5 – 0,417

Fig. 9. Change in the ratio of equivalent lengths 
l
ý
 
äèô

/l
ý êîíô

 of a tube section with irregularities 
depending on the relative height of irregularities 

for their next pitches h/d: 
1 – 0,0833; 2 – 0,167; 3 – 0,25; 

4 – 0,333; 5 – 0,417

Â ðåçóëüòàòå ðàñ÷åòà áûëè ïîëó÷åíû íà-
ïîðíûå õàðàêòåðèñòèêè äëÿ íàñîñà, òðóáêà 
êîòîðîãî èìååò íåðîâíîñòè ñ âûáðàííûìè ïà-
ðàìåòðàìè, è äëÿ ñðàâíåíèÿ äëÿ òðóáêè, ó êî-
òîðîé íåðîâíîñòè îòñóòñòâóþò. Êðîìå òîãî, 
áûëè òàêæå ðàññ÷èòàíû íàïîðíûå õàðàêòåðè-
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ñòèêè ñ èñïîëüçîâàíèåì êâàçèñòàöèîíàðíîé 
ìîäåëè, îïèñàííîé â ðàáîòå [9], â òîì ÷èñëå 
è äëÿ íåðîâíîñòåé, ðàñïîëîæåííûõ íàîáîðîò, 
êîãäà äëÿ ïðÿìîãî íàïðàâëåíèÿ òå÷åíèÿ íåðîâ-
íîñòè èìåþò âèä äèôôóçîðîâ è âíåçàïíûõ ñó-
æåíèé. Âñå ïîëó÷åííûå ãðàôèêè èçîáðàæåíû 
íà ðèñ. 10.

Ðèñ. 10. Íàïîðíûå õàðàêòåðèñòèêè: 
1 – ÷èñëåííûé ðàñ÷åò äëÿ òðóáêè áåç íåðîâíîñòåé; 
2 – ÷èñëåííûé ðàñ÷åò äëÿ òðóáêè ñ íåðîâíîñòÿìè; 

3 – ðàñ÷åò ïî êâàçèñòàöèîíàðíîé ìîäåëè äëÿ òðóáêè 
áåç íåðîâíîñòåé; 4 – ðàñ÷åò ïî êâàçèñòàöèîíàðíîé 

ìîäåëè äëÿ òðóáêè ñ íåðîâíîñòÿìè; 5 – ðàñ÷åò 
ïî êâàçèñòàöèîíàðíîé ìîäåëè äëÿ òðóáêè 

ñ íåðîâíîñòÿìè, ðàñïîëîæåííûìè íàîáîðîò

Fig. 10. Pressure characteristics: 
1 – numerical calculation for a tube without 

irregularities; 2 – numerical calculation 
for a tube with irregularities; 3 – calculation 

using a quasi-stationary model for a tube without 
irregularities; 4 – calculation using a quasi-

stationary model for a tube with irregularities; 
5 – calculation by a quasi-stationary model 

for a tube with irregularities located vice versa

Ðåçóëüòàòû ðàñ÷åòîâ ïî êâàçèñòàöèîíàðíîé 
ìîäåëè è ÷èñëåííûõ ýêñïåðèìåíòîâ ïîêàçûâàþò, 
÷òî õàðàêòåðèñòèêà äëÿ òðóáêè ñ íåðîâíîñòÿ-
ìè ëåæèò íèæå, ÷åì õàðàêòåðèñòèêà äëÿ òðóáêè 
áåç íèõ. Êðîìå òîãî, äëÿ ðàñ÷åòîâ ñ èñïîëüçîâà-
íèåì êâàçèñòàöèîíàðíîé ìîäåëè â ñëó÷àå òðóáêè, 
ó êîòîðîé íåðîâíîñòè ðàñïîëîæåíû íàîáîðîò, 
õàðàêòåðèñòèêà ïîëó÷èëàñü íèæå, ÷åì äëÿ ðàñ-
ïîëîæåíèÿ íåðîâíîñòåé, êàê íà ðèñ. 3. Â ÷èñëåí-
íûõ ýêñïåðèìåíòàõ ýòà ðàçíèöà ïðåíåáðåæèìî 
ìàëà. Òàêîå îòëè÷èå, âåðîÿòíî, âûçâàíî òåì, 
÷òî äëÿ ïîëó÷åíèÿ óðàâíåíèé ýêâèâàëåíòíûõ 
äëèí áûëî èñïîëüçîâàíî ÷èñëåííîå ìîäåëèðîâà-
íèå ñòàöèîíàðíîãî òå÷åíèÿ. 

Ñðàâíèì ïîëå ñêîðîñòåé íà ðèñ. 11, ïîëó-
÷åííîå â ÷èñëåííîì ìîäåëèðîâàíèè ñòàöèî-

íàðíîãî òå÷åíèÿ íà ó÷àñòêå ñ íåðîâíîñòÿìè, 
ñ ïîëåì ñêîðîñòåé íà ðèñ. 12, ïîëó÷åííîì 
â ñîâìåñòíîì ÷èñëåííîì ìîäåëèðîâàíèè äå-
ôîðìàöèè òðóáêè è òå÷åíèÿ (óêàçàííûå ÷èñëà 
Ðåéíîëüäñà ñîîòâåòñòâóþò ñðåäíåé ñêîðîñòè 
â âûõîäíîì ñå÷åíèè íàñîñà).

Ðèñ. 11. Ïîëå ñêîðîñòåé â îáëàñòè íåðîâíîñòåé 
ïðè ìîäåëèðîâàíèè ñòàöèîíàðíîãî òå÷åíèÿ 

äëÿ îïðåäåëåíèÿ ýêâèâàëåíòíîé äëèíû ó÷àñòêîâ 
ñ íåðîâíîñòÿìè

Fig. 11. Velocity field in the zone of irregularities 
when modeling a steady flow to determine 

the equivalent length of the zones with irregularities

Ðèñ. 12. Ïîëå ñêîðîñòåé â îáëàñòè íåðîâíîñòåé 
ïðè ñîâìåñòíîì ðàñ÷åòå íåñòàöèîíàðíîãî òå÷åíèÿ 

è äåôîðìàöèè òðóáêè

Fig. 12 Velocity field in the zone of irregularities 
in the joint calculation of unsteady flow 

and tube deformation

Êàê âèäíî èç ñðàâíåíèÿ ïîëåé ñêîðîñòåé, 
òå÷åíèå æèäêîñòè ìåæäó âûñòóïàìè íåðîâ-
íîñòåé äëÿ ñòàöèîíàðíîãî òå÷åíèÿ îòëè÷àåò-
ñÿ îò ñëó÷àÿ íåñòàöèîíàðíîãî òå÷åíèÿ, ÷òî, 
ïî-âèäèìîìó, è âûçûâàåò îòëè÷èå ðåçóëüòàòîâ 
ðàñ÷åòîâ ïî êâàçèñòàöèîíàðíîé ìîäåëè è ÷èñ-
ëåííûõ ýêñïåðèìåíòîâ.

Âûâîäû
Ïðîâåäåííûå ïðè ïîìîùè ÷èñëåííûõ ýêñïå-

ðèìåíòîâ èññëåäîâàíèÿ ïîêàçàëè, ÷òî äëÿ íàè-
áîëåå ýôôåêòèâíîé ðàáîòû ïåðèñòàëüòè÷åñêî-
ãî íàñîñà ëèíåéíîãî òèïà åãî òðóáêà äîëæíà 
áûòü èçãîòîâëåíà èç ìàòåðèàëà ñ ìèíèìàëüíî 
âîçìîæíûì çíà÷åíèåì êîýôôèöèåíòà Ïóàññî-
íà. Ñðàâíåíèå ðàçëè÷íûõ àëãîðèòìîâ ñðàáàòû-
âàíèÿ âûæèìíûõ ýëåìåíòîâ íàñîñà ïîêàçàëî, 
÷òî âðåìÿ èõ ñðàáàòûâàíèÿ ñëåäóåò âûáèðàòü 
â çàâèñèìîñòè îò óñòðîéñòâà ïðèâîäà íàñîñà. 
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Äëÿ òàêîãî ïðèâîäà, êàê ýêñöåíòðèêè èëè òîë-
êàòåëè ñ êðèâîøèïíî-øàòóííûì ìåõàíèçìîì, 
íàèáîëåå ýíåðãîýôôåêòèâíûì ÿâëÿåòñÿ ðåæèì 
ðàáîòû, ïðè êîòîðîì â èíòåðâàë âðåìåíè äâè-
æåíèÿ òðåòüåãî âûæèìíîãî ýëåìåíòà ïåðâûå 
äâà äåðæàò òðóáêó ñæàòîé. Åñëè æå â ïðèâî-
äå ýíåðãèÿ òðàòèòñÿ íà ïîääåðæàíèå òðóáêè 
â ñæàòîì ñîñòîÿíèè, òî ðåêîìåíäóåòñÿ ïðè-
ìåíÿòü àëãîðèòì ñðàáàòûâàíèÿ âûæèìíûõ 
ýëåìåíòîâ, ïðè êîòîðîì ïåðâûé âûæèìíîé 
ýëåìåíò íà÷èíàåò âîçâðàùàòüñÿ â èñõîäíîå 
ïîëîæåíèå, êàê òîëüêî âòîðîé âûæèìíîé ýëå-
ìåíò çàêàí÷èâàåò ñæèìàòü òðóáêó. Â îáîèõ 
ñëó÷àÿõ âðåìÿ ìåæäó êîíöîì îäíîãî öèêëà 
ðàáîòû íàñîñà è íà÷àëîì ñëåäóþùåãî ñëåäóåò 
äåëàòü ìèíèìàëüíûì. Ðàñ÷åòû òå÷åíèÿ ÷åðåç 
òðóáêó ñ íåðîâíîñòÿìè, ãèäðàâëè÷åñêîå ñîïðî-
òèâëåíèå êîòîðûõ ïðè îáðàòíîì òîêå áîëüøå, 
÷åì ïðè òå÷åíèè ïî íàïðàâëåíèþ ê âûõîäíîìó 
ïàòðóáêó íàñîñà, ïîêàçàëè, ÷òî èõ ïðèìåíå-
íèå ñíèæàåò ïîäà÷ó è äàâëåíèå íàñîñà, ïîýòî-
ìó òàêèå íåðîâíîñòè âíóòðåííåé ïîâåðõíîñòè 
òðóáêè íå ìîãóò áûòü èñïîëüçîâàíû äëÿ ïîâû-
øåíèÿ ýôôåêòèâíîñòè ðàáîòû íàñîñà.
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IMPROVING THE OPERATIONAL EFFICIENCY 
OF THE LINEAR TYPE PERISTALTIC PUMP

A.I. Grishin
Moscow Polytechnic University, Moscow, Russia

foxmccloud@rambler.ru

The paper investigates the effect on the linear peristaltic pump operation of the properties of the mate-
rial of its elastic tube, the algorithm of actuation of the release elements, as well as the presence of ir-
regularities in the inlet and outlet sections of the pump in the form of alternating confusers and sudden 
expansions. To study the influence of these factors, a series of numerical experiments was carried out 
using the universal software STAR-CCM +, where the pump operation was simulated by a joint calculation 
of the fluid flow and elastic deformations of its tube. As a result of numerical experiments for a num-
ber of values of Poisson's ratio, it was found that the material of the pump tube must be selected with 
the lowest possible Poisson's ratio in order to obtain the highest efficiency. The study of possible algo-
rithms for the actuation of the release elements of the pump showed that in order to obtain the maximum 
efficiency, the pump operation mode should be selected in accordance with the drive design. The drive, 
where energy is expended only on the movement of the release elements, requires the mode with the 
first release elements to hold the tube in a compressed state longer, which provides a higher feed value. 
For the drive, where energy is spent on maintaining the tube in a compressed state, the preferred mode 
is the one with the delay in the return of the release element to its original state is minimal. As a result 
of studying the influence of sections with irregularities, it was found that the use of the height and pitch 
of irregularities, when the ratio of the resistances of these sections in the forward and reverse flow is 
optimal, leads to a decrease in the flow and pressure of pump.

Keywords: peristaltic pump, laminar flow, computational fluid dynamics, unsteady flow.
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Âàðèàòîðû ðàçëè÷íûõ ïðèíöèïîâ äåéñòâèÿ è êîíñòðóêöèé â íàñòîÿùåå âðåìÿ ïðåäñòàâëÿþò èí-
òåðåñ â êà÷åñòâå êîìïîíåíòîâ àâòîìàòè÷åñêèõ òðàíñìèññèé íàçåìíûõ òðàíñïîðòíûõ è òÿãîâûõ 
ìàøèí. Ïðè ýòîì îäíèì èç íàèáîëåå âîñòðåáîâàííûõ òèïîâ âàðèàòîðîâ ÿâëÿþòñÿ âàðèàòîðû, ïî-
ñòðîåííûå íà áàçå áåññòóïåí÷àòûõ ïåðåäà÷ ñ ãèáêèìè çâåíüÿìè. Ê îñíîâíûì ïðè÷èíàì, îáóñëî-
âèâøèì ïðèìåíåíèå òàêèõ âàðèàòîðîâ â òðàíñìèññèÿõ ðÿäà ñîâðåìåííûõ ëåãêîâûõ àâòîìîáèëåé, 
ñëåäóåò îòíåñòè, ñ îäíîé ñòîðîíû, ïîÿâëåíèå êîíñòðóêöèé ãèáêèõ çâåíüåâ, îáëàäàþùèõ âûñîêîé 
äîëãîâå÷íîñòüþ, à ñ äðóãîé – øèðîêîå âíåäðåíèå â ñèñòåìû àâòîìàòè÷åñêîãî óïðàâëåíèÿ áåñ-
ñòóïåí÷àòûìè ïåðåäà÷àìè ïðîãðàììèðóåìûõ ýëåêòðîííûõ óñòðîéñòâ. Ïðÿìûì ñëåäñòâèåì ïî-
ñëåäíåãî îáñòîÿòåëüñòâà ñòàëà ïîòðåáíîñòü â óãëóáëåííûõ èçûñêàíèÿõ, íàïðàâëåííûõ íà ñèíòåç 
òàêèõ àëãîðèòìîâ óïðàâëåíèÿ, êîòîðûå ïîçâîëèëè áû â ïîëíîé ìåðå èñïîëüçîâàòü ñâîéñòâåííûå 
áåññòóïåí÷àòûì ïåðåäà÷àì ñ ãèáêèìè çâåíüÿìè ïðåèìóùåñòâà è ìèíèìèçèðîâàòü ýêñïëóàòàöèîí-
íûå ñëåäñòâèÿ èõ îðãàíè÷íûõ íåäîñòàòêîâ. Â ðàìêàõ íàñòîÿùåé ñòàòüè ïðåäïðèíèìàåòñÿ ïîïûòêà, 
èñõîäÿ èç öåëè îáåñïå÷åíèÿ àâòîìîáèëåì íàèëó÷øèõ òÿãîâî-ñêîðîñòíûõ ñâîéñòâ, ðåøèòü çàäà÷ó 
ñèíòåçà àëãîðèòìà â ïðåäâàðèòåëüíîé ôîðìå. Íàëè÷èå òàêîâîé ïîçâîëèò, çàäàâøèñü èç êàêèõ-
ëèáî ñîîáðàæåíèé îñíîâíûìè ïàðàìåòðàìè áåññòóïåí÷àòîé ïåðåäà÷è, îñóùåñòâèòü ðàçðàáîòêó 
àïïàðàòíîé ÷àñòè ñèñòåìû àâòîìàòè÷åñêîãî óïðàâëåíèÿ åþ. Â ñâîþ î÷åðåäü ýòî äàñò âîçìîæíîñòü 
ïðîèçâåñòè ñèíòåç óòî÷íåííîãî àëãîðèòìà, ó÷èòûâàþùåãî äèíàìèêó ñèñòåìû, ïîãðåøíîñòè èçìå-
ðèòåëåé è óñòðîéñòâ ïðåîáðàçîâàíèÿ ñèãíàëîâ, à òàêæå ïðî÷èå âëèÿþùèå íà ðàáî÷èå ïðîöåññû 
ôàêòîðû. Ïðè ðàññìîòðåíèè îïèñàííîé çàäà÷è áûëè ó÷òåíû ðàçëè÷íûå âàðèàíòû ãåîìåòðèè êîí-
òàêòíûõ ïîâåðõíîñòåé çâåíüåâ áåññòóïåí÷àòîé ïåðåäà÷è è ñôîðìèðîâàíû ñîîòâåòñòâóþùèå ìàòå-
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Ââåäåíèå
Îäíèì èç ñîâðåìåííûõ ïóòåé ðàçâèòèÿ êîí-

ñòðóêöèé êîëåñíûõ è ãóñåíè÷íûõ ìàøèí, èñ-
ïîëüçóþùèõ â êà÷åñòâå èñòî÷íèêà ìåõàíè÷å-
ñêîé ýíåðãèè äâèãàòåëè âíóòðåííåãî ñãîðàíèÿ, 
ÿâëÿåòñÿ âíåäðåíèå â ñîñòàâ èõ òðàíñìèññèé 
âàðèàòîðîâ. Íàëè÷èå âàðèàòîðà â òðàíñìèññèè 
ïîçâîëÿåò âûâîäèòü äâèãàòåëü íà îïòèìàëüíûå 
ðåæèìû ðàáîòû â øèðîêîì äèàïàçîíå ýêñïëóà-
òàöèîííûõ ñèòóàöèé, ïîâûøàÿ òåì ñàìûì ýô-
ôåêòèâíîñòü åãî èñïîëüçîâàíèÿ. Â íàñòîÿùåå 

âðåìÿ âàðèàòîðû ðàçëè÷íûõ ïðèíöèïîâ äåé-
ñòâèÿ è êîíñòðóêöèé èñïîëüçóþòñÿ íà ìîòî-
òðàíñïîðòå, ëåãêîâûõ àâòîìîáèëÿõ, êàðüåðíûõ 
ñàìîñâàëàõ, òðàêòîðàõ, ñåëüñêîõîçÿéñòâåííîé 
è âîåííîé òåõíèêå [1–6].

Â ýíöèêëîïåäè÷åñêîé ñòàòüå [7] ïîä âàðè-
àòîðîì ïîäðàçóìåâàåòñÿ ñîâîêóïíîñòü îäíîé 
èëè íåñêîëüêèõ áåññòóïåí÷àòûõ ïåðåäà÷ è îáå-
ñïå÷èâàþùèõ èõ ôóíêöèîíèðîâàíèå óñòðîéñòâ. 
Â ñâîþ î÷åðåäü áåññòóïåí÷àòàÿ ïåðåäà÷à òðàê-
òóåòñÿ òàì æå êàê óñòðîéñòâî, ïîçâîëÿþùåå 
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ïëàâíî èçìåíÿòü ïåðåäàòî÷íîå ÷èñëî â îïðå-
äåëåííîì äèàïàçîíå. Îòòàëêèâàÿñü îò äàííûõ 
îïðåäåëåíèé, ïîä áåññòóïåí÷àòîé òðàíñìèññè-
åé ñòàíåì ïîíèìàòü òðàíñìèññèþ, â ÷üåì ñî-
ñòàâå èìåþòñÿ îäèí èëè íåñêîëüêî âàðèàòîðîâ 
è îáùåå ïåðåäàòî÷íîå ÷èñëî êîòîðîé èçìåíÿåò-
ñÿ áåññòóïåí÷àòî. À ïîä òðàíñìèññèåé äèàïà-
çîííîé – òðàíñìèññèþ, â ÷üåì ñîñòàâå íàðÿäó 
ñ îäíèì èëè íåñêîëüêèìè âàðèàòîðàìè èìååò-
ñÿ îäíà èëè íåñêîëüêî ñòóïåí÷àòûõ ïåðåäà÷, 
âñëåäñòâèå ÷åãî åå îáùåå ïåðåäàòî÷íîå ÷èñëî 
èçìåíÿåòñÿ â ðàìêàõ ðÿäà ïî îòäåëüíîñòè íå-
ïðåðûâíûõ äèàïàçîíîâ, êàæäûé èç êîòîðûõ ñî-
îòâåòñòâóåò îïðåäåëåííîé ñòóïåíè. Òåðìèí æå 
«áåññòóïåí÷àòàÿ êîðîáêà ïåðåäà÷», äîñòàòî÷íî 
÷àñòî âñòðå÷àþùèéñÿ â íàñòîÿùåå âðåìÿ â ïî-
ïóëÿðíîé òåõíè÷åñêîé è äàæå íàó÷íî-òåõíè-
÷åñêîé ëèòåðàòóðå, áóäåì ïîëàãàòü íåêîððåêò-
íûì êàê ïðåäñòàâëÿþùèé ñîáîé îêñþìîðîí, 
ïîñêîëüêó ñîãëàñíî [7] êîðîáêà ïåðåäà÷ åñòü 
ìåõàíèçì äëÿ ñòóïåí÷àòîãî èçìåíåíèÿ ïåðåäà-
òî÷íîãî ÷èñëà.

Îñîáî ñëåäóåò îñòàíîâèòüñÿ íà ïîíÿòèÿõ 
ïåðåäàòî÷íîãî ÷èñëà è ïåðåäàòî÷íîãî îòíî-
øåíèÿ äëÿ êîíêðåòèçàöèè èõ ñìûñëà è îïðå-
äåëåíèÿ öåëåñîîáðàçíîñòè èñïîëüçîâàíèÿ 
â íàñòîÿùåé ðàáîòå. Ïåðåäàòî÷íîå îòíîøå-
íèå â [7, 8] îïðåäåëåíî êàê îòíîøåíèå ñêîðî-
ñòåé âåäóùåãî è âåäîìîãî çâåíüåâ ïåðåäà÷è. 
Çàäà÷è, ñòàâÿùèåñÿ çäåñü, íå ïîäðàçóìåâà-
þò óòî÷íåííîãî àíàëèçà ïðîöåññîâ ïåðåäà÷è 
ìîùíîñòè áåññòóïåí÷àòûìè ïåðåäà÷àìè, ïî-
ýòîìó â äàëüíåéøèõ ðàññóæäåíèÿõ íå ñòàíåì 
ó÷èòûâàòü èììàíåíòíî ñâîéñòâåííûå èì êè-
íåìàòè÷åñêèå ïîòåðè, âåäÿ òåì ñàìûì ðå÷ü 
î ïåðåäàòî÷íîì ÷èñëå, à íå î ïåðåäàòî÷íîì 
îòíîøåíèè. Ñîîòâåòñòâóþùèå êîððåêòèâû [9] 
ñìîãóò áûòü âíåñåíû â ïîëó÷åííûå çäåñü ðå-
çóëüòàòû âïîñëåäñòâèè. Ñ äðóãîé ñòîðîíû, 
ïåðåäàòî÷íîå ÷èñëî ïîíèìàåòñÿ â [7, 8] êàê îò-
íîøåíèå îïðåäåëåííûõ ãåîìåòðè÷åñêèõ ïà-
ðàìåòðîâ çâåíüåâ (÷èñåë çóáüåâ, äèàìåòðîâ 
è ò.ï.), âçÿòîå òàêèì îáðàçîì, ÷òîáû åãî çíà÷å-
íèå áûëî áîëüøå èëè ðàâíî åäèíèöå. Äàííàÿ 
îáùåïðèíÿòàÿ êîíöåïöèÿ ñòàíîâèòñÿ íåóäîá-
íîé, êîãäà ðàññìîòðåíèþ ïîäâåðãàþòñÿ áåñ-
ñòóïåí÷àòûå ïåðåäà÷è, ó êîòîðûõ â ïðîöåññå 
ôóíêöèîíèðîâàíèÿ âåäóùåå çâåíî ìîæåò îá-
ëàäàòü ïî ñðàâíåíèþ ñ âåäîìûì êàê ìåíüøèì, 
òàê è áîëüøèì çíà÷åíèåì ãåîìåòðè÷åñêîãî 
ïàðàìåòðà. Â ýòîé ñâÿçè çäåñü ïîä ïåðåäàòî÷-
íûì ÷èñëîì áóäåì ïîäðàçóìåâàòü îòíîøåíèå 
ãåîìåòðè÷åñêîãî ïàðàìåòðà âåäîìîãî çâåíà 

ê ñîîòâåòñòâóþùåìó ãåîìåòðè÷åñêîìó ïàðà-
ìåòðó çâåíà âåäóùåãî.

Íà îñíîâàíèè àíàëèòè÷åñêîãî îáçîðà ìà-
òåðèàëîâ [1–8, 10–12] ñòàíîâèòñÿ âîçìîæíûì 
êëàññèôèöèðîâàòü áåññòóïåí÷àòûå ïåðåäà-
÷è ïî ïðèíöèïó äåéñòâèÿ. Îðãàíèçàöèîííàÿ 
äèàãðàììà íà ðèñ. 1 íàãëÿäíî èëëþñòðèðóåò 
äàííóþ êëàññèôèêàöèþ.

Íàèáîëüøåå ðàñïðîñòðàíåíèå íà òåêóùåì 
ýòàïå ðàçâèòèÿ êîëåñíûõ è ãóñåíè÷íûõ ìàøèí 
ïîëó÷èëè òðàíñìèññèîííûå âàðèàòîðû íà áàçå 
ìåõàíè÷åñêèõ ôðèêöèîííûõ ïåðåäà÷ ñ ãèáêèì 
çâåíîì, ïðèìåíÿþùèåñÿ ïðåèìóùåñòâåííî 
íà ëåãêîâûõ àâòîìîáèëÿõ è ìîòîöèêëàõ [2, 5]. 
Ïðè ýòîì òàêèå ñëóæàùèå äëÿ àâòîìàòè÷åñêîãî 
óïðàâëåíèÿ èìè ìåõàíèçìû, êàê öåíòðîáåæíûå 
ðåãóëÿòîðû è âàêóóìíûå êàìåðû [10], íà àâòî-
òðàíñïîðòå áûëè âûòåñíåíû ãèäðîîáúåìíûìè 
ïðèâîäàìè ñ ìèêðîêîíòðîëëåðàìè èëè ïðî-
ãðàììèðóåìûìè ëîãè÷åñêèìè èíòåãðàëüíûìè 
ñõåìàìè â êà÷åñòâå êîìàíäíûõ óñòðîéñòâ [5].

Ïîñëåäíåå îáñòîÿòåëüñòâî ñäåëàëî àêòó-
àëüíûìè íàó÷íûå èçûñêàíèÿ, íàïðàâëåííûå 
íà âûÿâëåíèå îïòèìàëüíûõ ïðîöåññîâ óïðàâ-
ëåíèÿ óïîìÿíóòûìè áåññòóïåí÷àòûìè ïåðå-
äà÷àìè àâòîìîáèëüíûõ òðàíñìèññèé è ñèíòåç 
àëãîðèòìîâ äëÿ ñèñòåì àâòîìàòèêè, ïîçâîëÿþ-
ùèõ ðåàëèçîâàòü ýòè ïðîöåññû.

Ìàòåðèàëû è ìåòîäû èññëåäîâàíèÿ
Â ðÿäå ðàáîò [9, 11, 12] ïîäíèìàþòñÿ âîïðî-

ñû, ñâÿçàííûå ñ ïðîöåññàìè ôóíêöèîíèðîâà-
íèÿ, ìåòîäèêàìè ïðîåêòèðîâàíèÿ è ðàñ÷åòà 
êîìïîíåíòîâ ïîäîáíûõ ïåðåäà÷. Îñîáîå âíè-
ìàíèå â ðàáîòå [12] óäåëÿåòñÿ ÿâëåíèÿì äåôîð-
ìàöèè ãèáêîãî çâåíà ïîä íàãðóçêàìè è âëèÿ-
íèþ ýòèõ äåôîðìàöèé íà ðàáî÷èå ïðîöåññû 
ïåðåäà÷.

Äåéñòâèòåëüíî, ãèáêèå çâåíüÿ ôðèêöèîííûõ 
áåññòóïåí÷àòûõ ïåðåäà÷ ïîìèìî ñâÿçàííûõ 
ñ ïðîöåññàìè òðåíèÿ â ïÿòíàõ êîíòàêòà íàãðó-
çîê ïîäâåðæåíû â ýêñïëóàòàöèè ñîâîêóïíî-
ñòè ðàçíîðîäíûõ äèíàìè÷åñêèõ âîçäåéñòâèé. 
Ê íèì ïðåæäå âñåãî îòíîñÿòñÿ öåíòðîáåæíûå 
è äåéñòâóþùèå ñî ñòîðîíû øêèâîâ ñèëû, êî-
òîðûå âûçûâàþò èçãèá è ñæàòèå â ïîïåðå÷íîì 
íàïðàâëåíèè, à òàêæå ðàñòÿæåíèå (èëè ñæàòèå 
äëÿ ãèáêèõ çâåíüåâ òîëêàþùåãî òèïà) â íà-
ïðàâëåíèè ïðîäîëüíîì. Êðîìå òîãî, ýëåìåíòû 
ãèáêèõ çâåíüåâ åñòåñòâåííûì îáðàçîì ðàáî-
òàþò íà ïðîäîëüíûé èçãèá ïðè ïðîõîæäåíèè 
øêèâîâ è èñïûòûâàþò ñâÿçàííûå ñ íàãðåâîì 
äåôîðìàöèè.
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Îäíàêî ñëåäóåò ó÷èòûâàòü, ÷òî ïåðå÷èñ-
ëåííûå âîçäåéñòâèÿ ñóãóáî êðèòè÷íû, êîãäà 
îíè ïðèëàãàþòñÿ ê ðåçèíîêîðäíûì ðåìíÿìè 
èëè ðåìíÿì ñ òðàïåöåèäàëüíûìè êîëîäêàìè 
íà ðåçèíîêîðäíîé èëè èíîé íåìåòàëëè÷åñêîé 
îñíîâå [8, 11–13]. Â áåññòóïåí÷àòûõ æå òðàíñ-
ìèññèÿõ ñîâðåìåííûõ àâòîìîáèëåé èñïîëüçó-
þòñÿ ìåòàëëè÷åñêèå âàðèàòîðíûå öåïè è ìå-
òàëëè÷åñêèå æå ðåìíè òîëêàþùåãî òèïà [5, 8, 
9, 14], èçìåíåíèå ðàçìåðîâ êîòîðûõ ïîä ñèëî-
âûìè è òåïëîâûìè íàãðóçêàìè ñðàâíèòåëüíî 
ìàëî. Òåì áîëåå âîñïðèíèìàþùèå íàãðóçêè 
ýëåìåíòû ðåìíåé òîëêàþùåãî òèïà ðàáîòàþò 
â ïðîäîëüíîì íàïðàâëåíèè, êàê áûëî óæå óïî-
ìÿíóòî, íå íà ðàñòÿæåíèå, à íà ñæàòèå, ÷òî îáó-
ñëàâëèâàåò åùå ìåíüøèå çíà÷åíèÿ âîçìîæíûõ 
äåôîðìàöèé è ïîçâîëÿåò ïðè ïðåäâàðèòåëüíîì 
ñèíòåçå àëãîðèòìà íå ó÷èòûâàòü òàêîâûå.

Ðàçáåðåì çàäà÷ó ñ ïîçèöèé îáåñïå÷åíèÿ 
íàèëó÷øèõ òÿãîâî-ñêîðîñòíûõ ñâîéñòâ àâ-
òîìîáèëÿ (òàê íàçûâàåìûé «ñïîðòèâíûé 
ðåæèì»). Ïðè íåîáõîäèìîñòè åå ìîæíî áóäåò 
ïåðåôîðìóëèðîâàòü äëÿ ðåæèìà, êîãäà öåëüþ 
óïðàâëåíèÿ ÿâëÿåòñÿ ìèíèìèçàöèÿ ðàñõîäà 
òîïëèâà [10], à òàêæå äëÿ äðóãèõ ðåæèìîâ, õà-

ðàêòåðíûõ äëÿ ñîâðåìåííûõ àâòîìàòè÷åñêèõ 
àâòîìîáèëüíûõ òðàíñìèññèé.

Ðàññìàòðèâàåìûé ðåæèì ïðåäïîëàãàåò ðàçâè-
òèå äâèãàòåëåì âíóòðåííåãî ñãîðàíèÿ ìàêñèìàëü-
íîé ìîùíîñòè â ïðîöåññàõ ðàçãîíà, ðàâíîìåð-
íîãî äâèæåíèÿ è çàìåäëåíèÿ áåç ðàçáëîêèðîâêè 
ñöåïëåíèÿ èëè ãèäðîòðàíñôîðìàòîðà. Ïîä ðàç-
ãîíîì áóäåì ïîíèìàòü ïðîöåññ óâåëè÷åíèÿ ñêî-
ðîñòè ìàøèíû ñ çàáëîêèðîâàííûì ñöåïëåíèåì 
èëè ãèäðîòðàíñôîðìàòîðîì âïëîòü äî äîñòèæå-
íèÿ åþ ìàêñèìàëüíîé âîçìîæíîé äëÿ äàííîé ýêñ-
ïëóàòàöèîííîé ñèòóàöèè ñêîðîñòè.

Äëÿ îïèñàíèÿ ðàáîòû áåíçèíîâûõ äâèãàòå-
ëåé áåç «ïîëêè» êðóòÿùåãî ìîìåíòà íà âíåø-
íåé ñêîðîñòíîé õàðàêòåðèñòèêå ìîæåò áûòü 
èñïîëüçîâàíà ðåãðåññèîííàÿ ìîäåëü, ïðåä-
ñòàâëåííàÿ â ôîðìå ïîëèíîìèàëüíîé ôóíêöèè 
äâóõ àðãóìåíòîâ:

  
2 2

1 2 3 4 5 6M d d d u d u d u d        ä ä ä ä
   , (1)

ãäå M ä  – êðóòÿùèé ìîìåíò, ðåàëèçóåìûé 
íà êîëåí÷àòîì âàëó;  0;1u  – ñòåïåíü îòêðû-
òèÿ äðîññåëüíîé çàñëîíêè; ä  – óãëîâàÿ ñêî-
ðîñòü êîëåí÷àòîãî âàëà; 1 6d d  – ïàðàìåòðû 
ðåãðåññèè [15].

Ðèñ. 1. Êëàññèôèêàöèÿ áåññòóïåí÷àòûõ ïåðåäà÷

Fig. 1. Classification of continuously variable transmissions
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Ïðè äàííîì ïîäõîäå äâèãàòåëü âîñïðèíè-
ìàåòñÿ êàê «÷åðíûé ÿùèê», à ìîäåëü ÿâëÿåòñÿ 
ôóíêöèîíàëüíîé (â òåðìèíîëîãèè À.Ä. Ìûø-
êèñà) [16]. Â ñâÿçè ñ ýòèì äîïîëíèòåëüíî ââî-
äÿòñÿ îãðàíè÷åíèÿ, ïîçâîëÿþùèå ó÷åñòü 
ôèçè÷åñêèé ñìûñë, ïóòåì çàäàíèÿ îáëàñòè 
ïðèìåíèìîñòè ìîäåëè: min max    ä ä ä

   ; 
0M ä .

Çäåñü minä  – ìèíèìàëüíàÿ óñòîé÷èâàÿ 
óãëîâàÿ ñêîðîñòü êîëåí÷àòîãî âàëà, à maxä  – 
åãî ìàêñèìàëüíàÿ äîïóñòèìàÿ óãëîâàÿ ñêî-
ðîñòü, ñ êîòîðîé äëÿ ïðîöåññîâ ðàçãîíà è ðàâ-
íîìåðíîãî äâèæåíèÿ óìåñòíî ñîïîñòàâèòü 
ðóáåæ «êðàñíîé çîíû» íà òàõîìåòðå ïðèáîð-
íîé ïàíåëè.

Èñõîäÿ èç òîãî, ÷òî ïðè min  ä ä
   è 0u   

0M ä  ïîëó÷àåì íà îñíîâå (1) àëãåáðàè÷åñêîå 
íåïðèâåäåííîå óðàâíåíèå âòîðîé ñòåïåíè:

2
1 min 2 min 6 0d d d    ä ä
  .

Èçâåñòíûé àíàëèòè÷åñêèé ìåòîä [17] ïîçâî-
ëÿåò íàéòè êîðíè äàííîãî óðàâíåíèÿ. Â êîí-
òåêñòå ôèçè÷åñêîãî ñìûñëà äèñêðèìèíàíò åãî 
äîëæåí áûòü íåîòðèöàòåëåí, òîãäà êàê 1 0d  . 
Èç ýòèõ ïîñûëîê ìîæíî çàêëþ÷èòü, ÷òî 6 0d  ,

2 0d   è òîëüêî îäèí êîðåíü âûðàæàåò ìèíè-
ìàëüíóþ óñòîé÷èâóþ óãëîâóþ ñêîðîñòü:

2
2 2 1 6

min
1

4
2

d d d d
d

  
 ä
 .

Ïðèíÿâ äàííóþ ìîäåëü, ëåãêî âûâåñòè âû-
ðàæåíèå äëÿ ìîùíîñòè äâèãàòåëÿ:

 

3 2 2
1 2 3

2
4 5 6 .

N M d d d u

d u d u d

        

     
ä ä ä ä ä ä

ä ä ä

   

  
 (2)

Ñîãëàñíî áàçîâûì ïîëîæåíèÿì ìàòåìàòè÷å-
ñêîãî àíàëèçà ýêñòðåìóìû íåïðåðûâíîé ãëàä-
êîé ôóíêöèè èìåþòñÿ â òî÷êàõ, ãäå åå ïåðâàÿ 
ïðîèçâîäíàÿ îáðàùàåòñÿ â íîëü [17].

×àñòíàÿ ïðîèçâîäíàÿ ôóíêöèè (2) ïî ïåðå-
ìåííîé ä

 2 2
1 2 3 4 5 63 2N d d d u d u d u d

       


 


ä
ä ä

ä

. 
(3)

Îáîçíà÷èì ÷åðåç Nä  óãëîâóþ ñêîðîñòü, 
íà êîòîðîé äâèãàòåëü ðàçâèâàåò íàèáîëüøóþ 
ïðè îïðåäåëåííîì çíà÷åíèè u  ìîùíîñòü. Ïîä-
ñòàâèâ åå â (3) âìåñòî ä  è ïðèðàâíÿâ ïîëó÷åí-
íîå âûðàæåíèå ê íîëþ, ïîëó÷àåì åùå îäíî íå-
ïðèâåäåííîå êâàäðàòíîå óðàâíåíèå:

 2 2
1 2 3 4 5 63 2 0N Nd d d u d u d u d       ä ä
  .

Íåñëîæíî óáåäèòüñÿ, ÷òî íà îòðåçêå min max;   ä ä
   ôóíêöèÿ (3) èìååò åäèíñòâåííûé ìàêñè-

ìóì, êîòîðûé ñîîòâåòñòâóåò ëèáî áîëüøåìó èç äâóõ äåéñòâèòåëüíûõ êîðíåé äàííîãî óðàâíåíèÿ, 
ëèáî ìàêñèìàëüíîé äîïóñòèìîé óãëîâîé ñêîðîñòè êîëåí÷àòîãî âàëà:

 

   
 

 

2 2
2 3 2 3 1 4 5 6

1

max

3
;

3
.

N

d d u d d u d d u d u d

d

          

  

ä

ä





P

P

T

F

 (4)

Çäåñü P  – ïðåäèêàò ñëåäóþùåãî âèäà:

 

   2 2
def 2 3 2 3 1 4 5 6

max
1

3

3

d d u d d u d d u d u d

d

           
 
 

ä
P , (5)

à T  è F  – îáîçíà÷åíèÿ äëÿ èñòèííîñòè è ëîæíîñòè ñîîòâåòñòâåííî.
Óãëîâàÿ ñêîðîñòü êîëåí÷àòîãî âàëà ñîîòíîñèòñÿ ñî ñêîðîñòüþ àâòîìîáèëÿ Sà  ïðè ðàçãîíå, ðàâ-

íîìåðíîì äâèæåíèè è çàìåäëåíèè áåç ðàçáëîêèðîâêè ñöåïëåíèÿ èëè ãèäðîòðàíñôîðìàòîðà ñëå-
äóþùèì îáðàçîì:

S r   ä à ÁÏ Ï ê
 ,

ãäå rê  – îñðåäíåííûé ñòàòè÷åñêèé ðàäèóñ âåäóùèõ êîëåñ; ÁÏ  – ïåðåäàòî÷íîå ÷èñëî áåññòóïåí-
÷àòîé ïåðåäà÷è; Ï  – îáùåå ïåðåäàòî÷íîå ÷èñëî ïðî÷èõ àãðåãàòîâ òðàíñìèññèè.

Îòñþäà r
S


 

ä ê

ÁÏ
à Ï


 .
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Ïîäñòàâëÿÿ â ýòó ôîðìóëó âìåñòî ä  ïðàâóþ ÷àñòü (4), ïîëó÷àåì

 

   
 

 

2 2
2 3 2 3 1 4 5 6

1

max

3
;

3

.

d d u d d u d d u d u d r
d S

r
S

           


  

ê

Ïà
ÁÏ

ä ê

à Ï






P

P

T

F

 (6)

Ôîðìóëà (6) ñïðàâåäëèâà, êîãäà 

min max    ÁÒ ÁÒ ÁÒ , ãäå minÁÒ  è maxÁÒ  – íàè-
ìåíüøåå è íàèáîëüøåå çíà÷åíèÿ ïåðåäàòî÷íîãî 
÷èñëà áåññòóïåí÷àòîé ïåðåäà÷è ñîîòâåòñòâåííî.

Àíàëîãè÷íûå ïîñòðîåíèÿ ìîæíî ïðî-
âåñòè è äëÿ äâèãàòåëåé ñ èíûì ïðîòåêàíè-
åì ñêîðîñòíûõ õàðàêòåðèñòèê, èñïîëüçîâàâ 
äëÿ èõ àïïðîêñèìàöèè ïîëèíîìû áîëåå âûñî-
êèõ ñòåïåíåé. Ïðè ýòîì àëãîðèòì â âèäå àíà-
ëèòè÷åñêè çàäàííîé ôóíêöèè áóäåò âîçìîæíî 
ñôîðìèðîâàòü, åñëè ñîîòâåòñòâóþùåå ïåðâîé 
ïðîèçâîäíîé ïîëèíîìà ïî ïåðåìåííîé ä  àë-
ãåáðàè÷åñêîå óðàâíåíèå áóäåò ðàçðåøèìî â ðà-
äèêàëàõ îòíîñèòåëüíî íåå æå. Òàêæå èìååòñÿ 
âîçìîæíîñòü èñïîëüçîâàòü äëÿ àïïðîêñèìàöèè 
íåïîëèíîìèàëüíûå çàâèñèìîñòè, êîòîðûå, âîç-
ìîæíî, ïîçâîëÿò îòðàçèòü îñîáåííîñòè ôóíê-
öèîíèðîâàíèÿ êîíêðåòíûõ äâèãàòåëåé ñ áîëü-
øåé àäåêâàòíîñòüþ. Îäíàêî è â äàííûõ ñëó÷àÿõ 
ïîëó÷åíèå àíàëèòè÷åñêè çàäàííîãî àëãîðèòìà 
ïîäðàçóìåâàåò î÷åâèäíûå óñëîâèÿ àíàëèòè-
÷åñêîé äèôôåðåíöèðóåìîñòè îïèñûâàþùåé 
çàâèñèìîñòè ôóíêöèè è àíàëèòè÷åñêîé æå 
ðàçðåøèìîñòè ñôîðìèðîâàííûõ óðàâíåíèé 
îòíîñèòåëüíî ä . Â èíûõ ñëó÷àÿõ âûÿâëåíèå 
îïèñûâàþùåé àëãîðèòì çàâèñèìîñòè ïîòðåáó-
åò ïðèâëå÷åíèÿ ÷èñëåííûõ ìåòîäîâ.

ßñíî, ÷òî ôîðìóëà (6) ÿâëÿåòñÿ ëèøü ïðî-
ìåæóòî÷íûì ðåçóëüòàòîì, ïîñêîëüêó òðåáó-
åìîå çíà÷åíèå ÁÏ  äîëæíî áûòü îáåñïå÷åíî 
îïðåäåëåííûìè çíà÷åíèÿìè îñíîâíûõ ïàðàìå-
òðîâ ïåðåäà÷è è â êîíå÷íîì ñ÷åòå – çíà÷åíèåì 
îñåâîãî ñìåùåíèÿ ïîäâèæíûõ ïîëóøêèâîâ 
SÏØ  (ðèñ. 2).

Ïóñòü òåêóùèå ïîñàäî÷íûå ðàäèóñû íà âå-
äóùåì è âåäîìîì øêèâàõ ( 1r  è 2r  ñîîòâåò-
ñòâåííî) â êàæäîì ñîñòîÿíèè ïåðåäà÷è ñî-
îòíîñÿòñÿ ñ ñåðåäèíîé âûñîòû lâ  òîé ÷àñòè 
ïîïåðå÷íîãî ñå÷åíèÿ ãèáêîãî çâåíà, êîòîðàÿ 
âõîäèò â íåïîñðåäñòâåííûé êîíòàêò ñ ðàáî÷è-
ìè ïîâåðõíîñòÿìè ïîëóøêèâîâ (ðèñ. 2).

Òåêóùåå çíà÷åíèå ïåðåäàòî÷íîãî ÷èñëà 
ðàâíî îòíîøåíèþ òåêóùèõ çíà÷åíèé ïîñàäî÷-
íûõ ðàäèóñîâ íà âåäîìîì è âåäóùåì øêèâàõ:

 2 1r r ÁÏ . (7)

Òîãäà íàèáîëüøåå è íàèìåíüøåå âîçìîæ-
íûå çíà÷åíèÿ ïåðåäàòî÷íîãî ÷èñëà áóäóò 
îïðåäåëÿòüñÿ ñëåäóþùèìè ôîðìóëàìè: 

max 2max 1minr r ÁÏ ; min 2min 1maxr r ÁÏ .
Çäåñü 1minr  è 1maxr  – ñîîòâåòñòâåííî ìèíè-

ìàëüíîå è ìàêñèìàëüíîå çíà÷åíèÿ ïîñàäî÷íîãî 
ðàäèóñà íà âåäóùåì øêèâå, à 2maxr  è 2maxr  – ñîîò-
âåòñòâåííî ìèíèìàëüíîå è ìàêñèìàëüíîå çíà÷å-
íèÿ ïîñàäî÷íîãî ðàäèóñà íà øêèâå âåäîìîì.

Îñíîâíûå ãåîìåòðè÷åñêèå ðàçìåðû âåäó-
ùåãî è âåäîìîãî øêèâîâ, êàê ïðàâèëî, îäè-
íàêîâû: 1min 2min minr r r  ; 1max 2max maxr r r   
(ðèñ. 2). Òîãäà max max min min1r r   ÁÏ ÁÏ , è 

min min max max1r r   ÁÏ ÁÏ .
Ó÷òåì, ÷òî äîïóñòèìîå ìèíèìàëüíîå çíà÷å-

íèå ïîñàäî÷íîãî ðàäèóñà  minr  çàâèñèò îò êîí-
ñòðóêòèâíûõ îñîáåííîñòåé ãèáêîãî çâåíà è ñî-
ñòàâëÿåò îêîëî 0,025 ì äëÿ âàðèàòîðíûõ öåïåé 
è îêîëî 0,031 ì äëÿ ðåìíåé òîëêàþùåãî òèïà.

Âî âñåõ äàëüíåéøèõ ðàññóæäåíèÿõ ïðèìåì 
äîïóùåíèÿ îá îòñóòñòâèè ñêîëü-ëèáî çíà÷è-
ìûõ ïîãðåøíîñòåé èçãîòîâëåíèÿ ýëåìåíòîâ 
ïåðåäà÷è è èõ ïðåíåáðåæèìî ìàëîì èçíîñå 
â ïðîöåññå ýêñïëóàòàöèè. Òàêæå äëÿ íà÷àëà 
áóäåì ñ÷èòàòü, ÷òî îáðàçóþùèå ïîëóøêèâîâ 
ïðåäñòàâëÿþò ñîáîé îòðåçêè ïðÿìûõ (ïîëó-
øêèâû èìåþò ôîðìó èäåàëüíûõ óñå÷åííûõ 
êðóãîâûõ êîíóñîâ), à ïîïåðå÷íîå ñå÷åíèå ãèá-
êîãî çâåíà â çîíå êîíòàêòà ñ ïîëóøêèâàìè åñòü 
ðàâíîáîêàÿ òðàïåöèÿ (ðèñ. 2).

Íà ðèñ. 3, à ïîêàçàí ôðàãìåíò ñõåìû ïåðåäà-
÷è ñ äîïîëíèòåëüíûìè ïîñòðîåíèÿìè. Äëèíà 
èçîáðàæåííîãî íà íåì îòðåçêà 1 2B B  ñîîòâåò-
ñòâóåò ìàêñèìàëüíîìó îñåâîìó ñìåùåíèþ 
ïîäâèæíûõ ïîëóøêèâîâ maxSÏØ . Îñíîâûâàÿñü 
íà ïðîñòåéøèõ ãåîìåòðè÷åñêèõ ñîîòíîøåíè-
ÿõ, äàííóþ âåëè÷èíó ìîæíî âûðàçèòü èç îñ-
íîâíûõ ðàçìåðîâ ïåðåäà÷è.

Ïîñêîëüêó ñòîðîíà 1AB  òðåóãîëüíèêà 

1 2AB B  ëåæèò íà îáðàçóþùåé óñå÷åííîãî 
êîíóñà ïðàâîãî ïîëóøêèâà, à ñòîðîíà 1 2B B  
ïàðàëëåëüíà îñè åãî ñîáñòâåííîé ñèììåòðèè, 
ïî òåîðåìå î íàêðåñò ëåæàùèõ óãëàõ [17] óãîë 

1 2AB B  êîíãðóýíòåí óãëó ìåæäó îáðàçóþùåé 
è óïîìÿíóòîé îñüþ. Ïîýòîìó, 1 2AB B  ê .
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Îòêàç îò ó÷åòà ïîïåðå÷íîé äåôîðìàöèè 
ãèáêîãî çâåíà ïîä ñæèìàþùåé íàãðóçêîé ïîëó-
øêèâîâ äàåò íàì ïðàâî óòâåðæäàòü, ÷òî îòðå-
çîê 2AB  ïàðàëëåëåí îòðåçêó DE , ëåæàùåìó 
íà îáðàçóþùåé óñå÷åííîãî êîíóñà ëåâîãî ïî-
ëóøêèâà (òàê êàê ðàññòîÿíèÿ îò òî÷åê A  è 2B  
äî òî÷åê E  è D  ñîîòâåòñòâåííî ðàâíû ìåæäó 
ñîáîé) [17]. Âçàèìíàÿ æå ñèììåòðè÷íîñòü ïî-

ëóøêèâîâ, â ñâîþ î÷åðåäü, îáóñëàâëèâàåò êîí-
ãðóýíòíîñòü óãëîâ 1 2AB B  è 2 1AB B .

Òàêèì îáðàçîì, òðåóãîëüíèê 1 2AB B  ÿâëÿ-
åòñÿ ðàâíîáåäðåííûì, è âûñîòà åãî AC , ïðî-
âåäåííàÿ ê îñíîâàíèþ 1 2B B , ñîâïàäàåò ñ ñî-
îòâåòñòâóþùåé ìåäèàíîé, âñëåäñòâèå ÷åãî 

1 2B C B C , è 1 2 1 22 2B B B C B C   [17]. 
Â ðåçóëüòàòå èìååì äâà êîíãðóýíòíûõ [17] 

Ðèñ. 2. Îñíîâíûå ðàçìåðû è ïàðàìåòðû áåññòóïåí÷àòîé ïåðåäà÷è ñ ãèáêèì çâåíîì

Fig. 2. Main dimensions and parameters of continuously variable transmission with flexible link
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ïðÿìîóãîëüíûõ òðåóãîëüíèêà 1AB C  è 

2AB C  ñ îáùèì êàòåòîì AC , ÷üÿ äëèíà 

max minAC r r  .
Ïåðå÷èñëåííûå îáñòîÿòåëüñòâà ïîçâîëÿþò 

èç ñâîéñòâåííûõ ïðÿìîóãîëüíûì òðåóãîëüíè-
êàì òðèãîíîìåòðè÷åñêèõ ñîîòíîøåíèé [17] ïî-
ëó÷èòü âûðàæåíèå äëÿ èñêîìîé âåëè÷èíû:

 

max min
max 2 2

tg tg
AC r rS 

 
 ÏØ
ê ê

. (8)

Äàëåå ïðîàíàëèçèðóåì ãåîìåòðè÷åñêîå ïî-
ñòðîåíèå, èçîáðàæåííîå íà ðèñ. 3, á, ïîëîæèâ, 
÷òî îêðóæíîñòè ñ öåíòðàìè â òî÷êàõ 1C  è 2Ñ  
îáîçíà÷àþò ñîîòâåòñòâåííî âåäóùèé è âå-
äîìûé øêèâû, ïðè÷åì 1 1 1 2 minC A C A r  , à 

2 1 2 2 maxC B C B r  .
Äëèíà ãèáêîãî çâåíà â äîïóùåíèè î åãî 

ìàëûõ äåôîðìàöèÿõ ñîîòâåòñòâóåò ñóììå äëèí 
îòðåçêîâ 1 1A B , 2 2A B  è äóã îêðóæíîñòåé 1 3 2A A A ,


1 3 2B B B :  

1 1 2 2 1 3 2 1 3 2l A B A B A A A B B B   ã.ç. .

Îòðåçêè 1 1A B , è 2 2A B  ÿâëÿþòñÿ êà-
ñàòåëüíûìè â ñâîèõ îêîíå÷íûõ òî÷êàõ 
ê îáîçíà÷àþùèì øêèâû îêðóæíîñòÿì, 
è âñëåäñòâèå ñèììåòðè÷íîñòè ïîñòðîåíèé îò-
íîñèòåëüíî ïðîõîäÿùåé ÷åðåç öåíòðû îêðóæ-
íîñòåé ïðÿìîé 1 1 2 2A B A B . Òàêèì îáðà-

çîì, 1 1 1 1 2 1Ñ A A B Ñ B  , à 1 2 2 2 2 2Ñ A A B Ñ B  ,

èç ÷åãî, â ÷àñòíîñòè, ñëåäóåò, ÷òî 1 1 2 1Ñ A Ñ B  

è 1 2 2 2Ñ A Ñ B , à 1 1 2 1 2 2A C A B C B    (òî åñòü, 
 

1 1 2 1 2 2 2A C A B C B     ) [17].
Ðàññìîòðèì ïðÿìîóãîëüíûé òðåó-

ãîëüíèê 1 2Ñ Ñ D  è ñâÿçàííûå ñ íèì ïî-
ñòðîåíèÿ. Îòðåçîê 1C D , ÿâëÿþùèéñÿ åãî 
áîë́üøèì êàòåòîì, êàê è îòðåçîê 1 1A B , 
ïåðïåíäèêóëÿðåí îòðåçêàì 1 1C A  è 2 1C B ,
ââèäó ÷åãî 1 1 1C D A B , 1 1 1C D A B , 
è 1 1 1B D C A  [17]. Èç âûøåèçëîæåííîãî î÷å-
âèäíî, ÷òî äëèíà ãèïîòåíóçû äàííîãî òðåó-
ãîëüíèêà 1 2C C l ì.î. , ãäå lì.î.  – ìåæîñåâîå 
ðàññòîÿíèå øêèâîâ (ðèñ. 2), à äëèíà åãî ìåíü-

Ðèñ. 3. Ãåîìåòðè÷åñêèå ñõåìû áåññòóïåí÷àòîé ïåðåäà÷è ñ ãèáêèì çâåíîì

Fig. 3. Continuously variable transmission with flexible link geometry
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øåãî êàòåòà 2 2 1 1 max minC D C B B D r r    .
Ïðè ýòîì íà îñíîâàíèè ýëåìåíòàðíûõ ñîîáðà-
æåíèé max2l r l l  ì. î. â ç , ãäå çl  – ðàññòîÿíèå 
çàçîðà ìåæäó øêèâàìè, êîòîðîå öåëåñîîáðàçíî 
âûáèðàòü èç äèàïàçîíà 0,002…0,004 ì (ðèñ. 2).

Òîãäà ïî òåîðåìå Ïèôàãîðà [17]

   

2 2
1 1 2 2

2 2
max max min 1 1 2 22 .

C D C C C D

r l l r r A B A B

  

      â ç

Äëÿ íàõîæäåíèÿ äëèí äóã 1 3 2A A A  è 1 3 2B B B  
íåîáõîäèìî çíàòü óãëîâûå ìåðû   è   ñîîò-
âåòñòâåííî: 1 3 2 minA A A r   ; 1 3 2 maxB B B r   
[17]. Òàê êàê 2   , à 2     , îñòàâøàÿñÿ 
÷àñòü çàäà÷è íàõîæäåíèÿ äëèíû ãèáêîãî çâåíà 
ñâîäèòñÿ ê âûðàæåíèþ óãëîâîé ìåðû   ÷åðåç 
èçâåñòíûå âåëè÷èíû.

Âíîâü îáðàòèìñÿ ê òðåóãîëüíèêó 1 2Ñ Ñ D . 
Çíàÿ äëèíû åãî ãèïîòåíóçû è êàòåòîâ, ìîæåì 
âûâåñòè èíòåðåñóþùóþ íàñ ôîðìóëó:

2 max min

1 2 max

arccos arccos
2

C D r r
C C r l l


  

 â ç

.

Òàêèì îáðàçîì, íîìèíàëüíàÿ äëèíà ãèáêîãî 
çâåíà

 

   2 2
max max min

max min
min

max

max min
max

max

2 2

2 arccos
2

2 arccos .
2

l r l l r r

r rr
r l l

r rr
r l l

     


 

 

 
     

ã.ç. â ç

â ç

â ç  

(9)

Îñòàâàÿñü â ðàìêàõ ïðåäïîëîæåíèÿ î ïðå-
íåáðåæèìî ìàëûõ äåôîðìàöèÿõ ãèáêîãî çâåíà 
ïîä ñèëîâûìè è òåìïåðàòóðíûìè íàãðóçêàìè, 
óìåñòíî ñ÷èòàòü, ÷òî çíà÷åíèå âåëè÷èíû lã.ç.  
ÿâëÿåòñÿ ïîñòîÿííûì ïðè ëþáûõ âçàèìîñîîò-
âåòñòâóþùèõ çíà÷åíèÿõ ïîñàäî÷íûõ ðàäèóñîâ 

 1 2 min max, ;r r r r :

 

   2 2
2 2 1

2 1
1

2

2 1
2

2

2 2

2 arccos
2

2 arccos .
2

l r l l r r

r rr
r l l

r rr
r l l

     


 

 

 
     

ã.ç. â ç

â ç

â ç

 (10)

Ñ äðóãîé ñòîðîíû, íåòðóäíî ïîíÿòü, ÷òî, 
åñëè â ïðàâîé ÷àñòè âûâåäåííîé ðàíåå ôîð-
ìóëû (8) maxr  çàìåíèòü íà 1r , ïîëó÷åííîå âû-

ðàæåíèå áóäåò îïðåäåëÿòü óæå íå ìàêñèìàëü-
íîå, à òåêóùåå îñåâîå ñìåùåíèå ïîäâèæíûõ 
ïîëóøêèâîâ  max0;S SÏØ ÏØ  (ðèñ. 2). Èñõîäÿ 
èç ýòîãî 1r  ìîæíî ïðåäñòàâèòü êàê ôóíêöèþ 
ïåðåìåííîé SÏØ :

 
1 min

tg
2

Sr r 
  ÏØ ê . (11)

Íà îñíîâàíèè (10) è (11), à òàêæå òîãî îáñòî-
ÿòåëüñòâà, ÷òî çíà÷åíèå âåëè÷èíû lã.ç.  ìîæåò 
áûòü íàéäåíî èç (9) èëè íåïîñðåäñòâåííûìè 
èçìåðåíèÿìè, ïðèõîäèì ê óðàâíåíèþ, ðåøåíèå 
êîòîðîãî ïîçâîëèò âûÿâèòü çàâèñèìîñòü 2r  îò 
SÏØ :

 

 

 

2
2

2 2 min

min

2 min

2 2

2 min
2

2 2

tg2 2
2

tg2
2

tgarccos
2 2 2

tg2 arccos
2 2 2

0.

Sr l l r r

Sr

r r S
r l l r l l

r r Sr
r l l r l l

l

       
 

    
 

  
        
   

             
 

ÏØ ê
â ç

ÏØ ê

ÏØ ê

â ç â ç

ÏØ ê

â ç â ç

ã.ç.

 

(12)
Â òåõ ñëó÷àÿõ, êîãäà îáðàçóþùèå êîíòàêò-

íûõ ïîâåðõíîñòåé ïåðåäà÷è âûïîëíÿþòñÿ êðè-
âîëèíåéíûìè, êàê ðåêîìåíäóåòñÿ â ðàáîòå [14], 
çàäà÷à íåñêîëüêî óñëîæíÿåòñÿ, ïîñêîëüêó òîãäà 
çíà÷åíèÿ ïîñàäî÷íûõ ðàäèóñîâ çàâèñÿò ïîìèìî 
ïðî÷åãî îò ïðîôèëåé ýòèõ ïîâåðõíîñòåé.

Âñëåä çà àâòîðîì [14] ïîëîæèì, ÷òî îáðà-
çóþùàÿ êîíòàêòíûõ ïîâåðõíîñòåé êàæäîãî 
ýëåìåíòà ãèáêîãî çâåíà ÿâëÿåòñÿ äóãîé îêðóæ-
íîñòè ñ ðàäèóñîì R , ÷åé öåíòð íàõîäèòñÿ 
íà ðàññòîÿíèè l  îò ñåðåäèíû âûñîòû ýëåìåí-
òà lâ  (ðèñ. 4). Ïðè ýòîì 2l l R â . Òàêæå 
äîïóñòèì, ÷òî íàì èçâåñòíà ôóíêöèÿ  1l rê , 
êîòîðàÿ çàäàåò ôîðìó îáðàçóþùåé ïîëóøêè-
âà êàê çàâèñèìîñòü ðàññòîÿíèÿ ìåæäó êàæäîé 
åå òî÷êîé è îáðàçóþùåé âîîáðàæàåìîãî ñîîñ-
íîãî êðóãîâîãî êîíóñà â ðàäèàëüíîì ñå÷åíèè, 
îò ñîîòâåòñòâóþùåãî ýòîé òî÷êå ïîñàäî÷íîãî 
ðàäèóñà (ðèñ. 4). Êðîìå òîãî, áóäåì ñ÷èòàòü, 
÷òî êîíòàêò ðàáî÷èõ ïîâåðõíîñòåé ÿâëÿåòñÿ 
òî÷å÷íûì.

×åðåç ê  îáîçíà÷èì òåïåðü óãëîâóþ 
ìåðó, ñîîòâåòñòâóþùóþ ïîëîâèíå óãëà ðàñ-
òâîðà óïîìÿíóòîãî âîîáðàæàåìîãî êîíóñà 
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(ðèñ. 4). Òàê êàê îòðåçêè 0 0B D , BD  è 1 1B D  
íà ðèñ. 4 ïàðàëëåëüíû äðóã äðóãó è îñè 
ñîáñòâåííîé ñèììåòðèè äàííîãî êîíóñà, 

0 0 0 1 1 1B D E BDE B D E     , à óãëîâàÿ ìåðà 
ýòèõ óãëîâ ïî óêàçàííîé ðàíåå ïðè÷èíå ðàâíà 
ê . Òàêæå ó÷òåì, ÷òî îòðåçêè 0 0A B , AB  è 

1 1A B  ëåæàò íà òåõ æå ïðÿìûõ, ÷òî è îòðåçêè

0 0B D , BD  è 1 1B D  ñîîòâåòñòâåííî, à îòðåçêè 

0 0B C , BC  è 1 1B C , áóäó÷è ðàäèóñàìè îáðàçó-
þùèõ êîíòàêòíûõ ïîâåðõíîñòåé ãèáêîãî çâåíà 
( 0 0 1 1B C BC B C R   ), íîðìàëüíû ê îáðàçó-
þùåé ïîëóøêèâà â ñîîòâåòñòâóþùèõ òî÷êàõ 
êîíòàêòà. Âêóïå ñ ãåîìåòðè÷åñêèì ñìûñëîì 
ïðîèçâîäíîé ýòî äàåò íàì îñíîâàíèÿ óòâåðæ-
äàòü, ÷òî 

  12 arctgABC l r     ê ê , 

ãäå    1
1

1

d
d

l r
l r

r
  ê
ê  [17]. 

Â ÷àñòíûõ ñëó÷àÿõ äëÿ ìèíèìàëüíîãî 
è ìàêñèìàëüíîãî çíà÷åíèé ïîñàäî÷íûõ ðà-
äèóñîâ   0 0 0 0 min2 arctgA B C l r     ê ê  
è   1 1 1 1 maxarctgA B C l r   ê ê . Îïèðàÿñü 
íà âûøåóïîìÿíóòûå òðèãîíîìåòðè÷åñêèå ñî-
îòíîøåíèÿ äëÿ ïðÿìîóãîëüíûõ òðåóãîëüíèêîâ 

ABC , 0 0 0A B C  è 1 1 1A B C  è ôîðìóëû ïðèâå-
äåíèÿ [17], ìîæåì íàéòè ïðèâåäåííûå ïîñà-
äî÷íûå ðàäèóñû, ñîîòâåòñòâóþùèå ñåðåäèíå 
âûñîòû lâ  äëÿ îáùåãî è ÷àñòíûõ ñëó÷àåâ:

 1 1 1 1cos arctgr r l AC r l R l r        
 ê ê ; 

(13)

 
 

min min 0 0

min mincos arctg ;

r r l A C

r l R l r

   

     
 ê ê


 (14)

 
 

max max 1 1

max maxcos arctg .

r r l A C

r l R l r

   

     
 ê ê


 (15)

Àíàëîãè÷íî â îòíîøåíèè ïðèâåäåííîãî ïî-
ñàäî÷íîãî ðàäèóñà íà âåäîìîì øêèâå:

 
 2 2 2cos arctgr r l R l r     

 ê ê . (16)

Ïîäñòàíîâêà ïðàâûõ ÷àñòåé (14) è (15) â (9) 
âìåñòî minr  è maxr  ñîîòâåòñòâåííî ïîçâîëèò 
íàéòè äëèíó ãèáêîãî çâåíà.

Ñíîâà ïðèâëåêàÿ òðèãîíîìåòðè÷åñêèå ñî-
îòíîøåíèÿ äëÿ òðåóãîëüíèêîâ 0 0 0B D E  è 

Ðèñ. 4. Ãåîìåòðè÷åñêàÿ ñõåìà, îñíîâíûå ðàçìåðû è ïàðàìåòðû ôðèêöèîííîé áåññòóïåí÷àòîé ïåðåäà÷è 
ñ êðèâîëèíåéíûìè îáðàçóþùèìè êîíòàêòíûõ ïîâåðõíîñòåé øêèâîâ è ãèáêîãî çâåíà

Fig. 4. Geometric diagram, main dimensions and parameters of a frictional of continuously variable 
transmission with curved generatrices of the contact surfaces of the pulleys and flexible link
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BDE , òåîðåìó Ïèôàãîðà äëÿ òðåóãîëüíèêîâ 

0 0 0A B C  è ABC , à òàêæå (11) è ïðèâåäåííûå 
âûøå âûðàæåíèÿ äëÿ óãëîâûõ ìåð 0  è   
ñ ôîðìóëàìè ïðèâåäåíèÿ, ïîëó÷àåì:

 

     

 

 

1 min
0 0

1 min1 min
0 0

2
min

2
1

2 2
tg

2 2 2
tg sin

2 1 cos arctg

2 1 cos arctg .

ê

r rS BD B D

l r l rr rA B AB

R l r

R l r


   




    

 

     
 

    
 

ÏØ
ê

ê

ê ê

ê ê

ê ê

 

(17)

Ïîíÿòíî, ÷òî îòñþäà ìîæåì íàéòè maxSÏØ , 
åñëè ïîëîæèì 1 maxr r .

Ðåøåíèå óðàâíåíèÿ (17) îòíîñèòåëüíî 1r  
ïîçâîëèò, èñïîëüçóÿ (13), íàéòè çàâèñèìîñòü 
 1r SÏØ . Çíàÿ åå è ïàìÿòóÿ î (16), ñìîæåì, 

â ñâîþ î÷åðåäü, ðåøèòü ñîñòàâëåííîå ïî àíà-
ëîãèè ñ (12) íà îñíîâå (10) óðàâíåíèå ñëåäóþ-
ùåãî âèäà:

 

   

   

 

22
2 2 1

2 1
1

2

2 1
2

2

2 2

2 arccos
2

2 arccos 0,
2

r l l r r S

r r S
r S

r l l

r r S
r l

r l l

       


 
 

  
       

â ç ÏØ

ÏØ
ÏØ

â ç

ÏØ
ã.ç.

â ç

  

 




 



 

(18)

âûÿâèâ òåì ñàìûì èñêîìóþ çàâèñèìîñòü 2r  îò 
SÏØ .

Ðåçóëüòàòû èññëåäîâàíèÿ
Èìåÿ çàâèñèìîñòü 2r  îò SÏØ  è ïðèíèìàÿ 

âî âíèìàíèå ôîðìóëû (5)–(7) è (11) èëè ðåøåíèå 
óðàâíåíèÿ (17), ìû ìîæåì ïðè ïîìîùè ÷èñëåí-
íûõ ìåòîäîâ íàéòè ôóíêöèþ  ;S u S ÏØ à

 .
Óðàâíåíèÿ (12), (17) è (18) ÿâëÿþòñÿ òðàíñ-

öåíäåíòíûìè è ïîäëåæàò ðåøåíèþ ÷èñëåí-
íûìè ìåòîäàìè. Äëÿ ðåàëèçàöèè òàêîâûõ 
àâòîðàìè â ñèñòåìå êîìïüþòåðíîé ìàòåìà-
òèêè Mathcad [18] áûëà ðàçðàáîòàíà ñîîòâåò-
ñòâóþùàÿ ïðîãðàììà. Ïîñðåäñòâîì äàííîé 
ïðîãðàììû áûëè ïðîâåäåíû ðàñ÷åòû ïðèìå-
íèòåëüíî ê ëåãêîâîìó àâòîìîáèëþ ñ äâèãà-
òåëåì, ìàòåìàòè÷åñêàÿ ìîäåëü êîòîðîãî (1) 
õàðàêòåðèçóåòñÿ çíà÷åíèÿìè ïàðàìåòðîâ ðå-
ãðåññèè, íàéäåííûìè â ðàáîòå [15]. Ïðè ýòîì 
áûëî ó÷òåíî, ÷òî ôóíêöèîíèðîâàíèå ðàññìà-
òðèâàåìîãî âàðèàòîðà â ðåàëüíûõ ýêñïëóàòà-
öèîííûõ ñèòóàöèÿõ íå ïîäðàçóìåâàåò èñïîëü-
çîâàíèå âñåãî îáåñïå÷èâàåìîãî èì äèàïàçîíà 
çíà÷åíèé ïåðåäàòî÷íîãî ÷èñëà: *

min min  ÁÏ ÁÏ , 
*

max maxS SÏØ ÏØ , ãäå *
minÁÏ  è *

maxSÏØ  – ðåàëü-
íî èñïîëüçóåìûå ìèíèìàëüíîå ïåðåäàòî÷íîå 
÷èñëî ïåðåäà÷è è ìàêñèìàëüíîå îñåâîå ñìåùå-
íèå ïîëóøêèâîâ ñîîòâåòñòâåííî.

Íèæå íà ðèñ. 5 è ðèñ. 6 ïðèâåäåíû êëþ÷åâûå 
ðåçóëüòàòû ðàñ÷åòîâ, ïîëó÷åííûå äëÿ ïåðåäà-
÷è ñ ïðÿìîëèíåéíûìè îáðàçóþùèìè êîíòàêò-
íûõ ïîâåðõíîñòåé.

Çàêëþ÷åíèå
Ïîëó÷åííàÿ ôóíêöèÿ  ;S u S ÏØ à

  ÿâëÿåò 
ñîáîé èñêîìûé àëãîðèòì â ïðåäâàðèòåëüíîé 
ôîðìå. Îçíà÷åííàÿ ôîðìà íå ó÷èòûâàåò äè-

Ðèñ. 5. Çàâèñèìîñòü îñåâîãî ñìåùåíèÿ ïîäâèæíûõ ïîëóøêèâîâ 
îò òðåáóåìîãî ïåðåäàòî÷íîãî ÷èñëà áåññòóïåí÷àòîé ïåðåäà÷è

Fig. 5. Dependence of the axial displacement of the movable pulleys 
on the required gear ratio of the continuously variable transmission
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íàìèêó ïåðåäà÷è è ïðèâîäà óïðàâëåíèÿ åþ, 
ñïåöèôèêó íåêîòîðûõ õàðàêòåðíûõ äëÿ àâòî-
ìîáèëåé ðåæèìîâ ýêñïëóàòàöèè è ðÿä äðóãèõ 
ôàêòîðîâ. Â òî æå âðåìÿ åå íàëè÷èå ïîçâî-
ëÿåò, îðèåíòèðóÿñü íà äîñòàâëÿåìûå åþ êî-
ëè÷åñòâåííûå îöåíêè, ïðåäìåòíî ïîäîéòè 
ê ðàçðàáîòêå ýñêèçíîãî ïðîåêòà ñèñòåìû àâ-
òîìàòè÷åñêîãî óïðàâëåíèÿ ïåðåäà÷åé ñ òåì, 
÷òîáû íà åãî îñíîâå ñôîðìèðîâàòü àëãîðèòì 
â îêîí÷àòåëüíîì âèäå è ðåàëèçîâàòü â âèäå 
ïðîãðàììíîãî îáåñïå÷åíèÿ äëÿ öèôðîâîãî êî-
ìàíäíîãî óñòðîéñòâà.
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PRELIMINARY SYNTHESIS OF ALGORITHMS FOR AUTOMATIC CONTROL 
OF AUTOMOBILE CONTINUOUSLY VARIABLE TRANSMISSIONS WITH FLEXIBLE LINKS
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Variators of different operating principles and designs are of interest as components of automatic trans-
missions for ground transport and traction machines. At the same time, one of the most popular types 
of variators are the variators built on the basis of continuously variable transmissions with flexible links. 
The main reasons for the use of such variators in the transmissions of a number of modern passenger ve-
hicles are, on the one hand, the emergence of flexible link designs with high durability, and, on the other 
hand, the widespread introduction of programmable electronic devices into automatic control systems 
for continuously variable transmissions. A direct consequence of the latter circumstance was the need 
for in-depth research aimed at synthesizing such control algorithms that would make it possible to fully 
use the advantages inherent in continuously variable transmissions with flexible links and minimize the 
operational consequences of their shortcomings. This paper makes an attempt to solve the problem of 
synthesizing the algorithm in a preliminary form, based on the goal of providing the vehicle with the best 
traction and speed properties. The presence of such an attempt will allow, having set the main parame-
ters of a continuously variable transmission for some reason, to develop the hardware of the automatic 
control system. In turn, this will make it possible to synthesize a refined algorithm that takes into account 
the dynamics of the system, errors of meters and signal conversion devices, as well as other factors 
affecting work processes. When considering the described problem, various variants of the geometry 
of the contact surfaces of the continuously variable transmission links were taken into account and the 
corresponding mathematical apparatus were formed. The results of calculations, obtained by computer 
program that implements these devices, are selectively presented in the materials of the paper.

Keywords: automatic control, vehicle, algorithm, continuously variable transmission, variator, geometry, 
flexible link, gear ratio, transmission, traction and speed properties.
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ÓÌÅÍÜØÅÍÈÅ ÊÎËÅÅÎÁÐÀÇÎÂÀÍÈß 
ØÈÐÎÊÎÇÀÕÂÀÒÍÛÕ ÄÎÆÄÅÂÀËÜÍÛÕ ÌÀØÈÍ
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Â ïðîöåññå ïîëèâà ïðè äâèæåíèè äîæäåâàëüíûõ ìàøèí ïî ïîëþ êîëåñàìè õîäîâûõ îïîð ñîçäàåò-
ñÿ êîëåÿ. Ñ óâåëè÷åíèåì ÷èñëà ïðîõîäîâ ðàñòåò è ãëóáèíà êîëåè. Â êîíöå ïîëèâíîãî ñåçîíà îíà 
ìîæåò äîñòèãàòü 0,3–0,45 ì, ïðèâîäèòü ê áóêñîâàíèþ êîëåñ è èçáûòî÷íîìó ïîëèâó. Èíòåíñèâíîñòü 
ïðîöåññà êîëååîáðàçîâàíèÿ è ñíèæåíèÿ ñöåïíûõ ñâîéñòâ õîäîâûõ ñèñòåì äîæäåâàëüíûõ ìàøèí 
åùå â áîëüøåé ñòåïåíè óâåëè÷èâàåòñÿ ïðè íàëè÷èè ñâîáîäíîé, íå âïèòàâøåéñÿ âîäû, âûçûâàþ-
ùåé îáðàçîâàíèå ñòîêà ïî êîëåå. Íàèáîëüøàÿ ãëóáèíà êîëåè ê êîíöó ñåçîíà ó ïîñëåäíèõ òåëåæåê 
âîçíèêàåò çà ñ÷åò óâåëè÷åíèÿ èíòåíñèâíîñòè ïîëèâà è äèàìåòðà êàïåëü äîæäåâàòåëåé, ðàñïîëî-
æåííûõ â êîíöå òðóáîïðîâîäà. Âûáîð õîäîâûõ ñèñòåì äîëæåí ïðîèçâîäèòüñÿ ñ ó÷åòîì õàðàêòåðè-
ñòèê îðîøàåìûõ ïîâåðõíîñòåé, ðàöèîíàëüíûõ ñîîòíîøåíèé äëèí ïðîëåòîâ, äèàìåòðîâ òðóáîïðî-
âîäîâ. Öåëüþ èññëåäîâàíèÿ ÿâëÿåòñÿ ïîâûøåíèå ïðîõîäèìîñòè è óìåíüøåíèå êîëååîáðàçîâàíèÿ 
øèðîêîçàõâàòíûõ äîæäåâàëüíûõ ìàøèí. Â ñòàòüå ïðåäñòàâëåíû òåîðåòè÷åñêèå çàâèñèìîñòè äëÿ 
îïðåäåëåíèÿ ãëóáèíû è øèðèíû êîëåè äëÿ äâóõêîëåñíûõ è òðåõêîëåñíûõ õîäîâûõ òåëåæåê øèðè-
êîçàõâàòíûõ äîæäåâàëüíûõ ìàøèí. Ïîëåâûå èññëåäîâàíèÿ ïðîâîäèëèñü íà äîæäåâàëüíûõ ìàøè-
íàõ «Êóáàíü-ËÊ1Ì» (Êàñêàä) è «ÊÀÑÊÀÄ». Â ñòàòüå ïðåäñòàâëåíà çàâèñèìîñòü ãëóáèíû êîëåè îò 
íîìåðà îïîðíîé òåëåæêè ïðè íåñóùåé ñïîñîáíîñòè ïî÷âû 110–125 êÏà. Ïðîâåäåííûå èññëåäî-
âàíèÿ ïîçâîëèëè îïðåäåëèòü îðèåíòèðîâî÷íûå çîíû ïðèìåíåíèÿ êîëåñíûõ ñèñòåì â çàâèñèìîñòè 
îò íåñóùåé ñïîñîáíîñòè ïî÷âû. Àíàëèç äàííûõ ïîêàçûâàåò, ÷òî íà ïî÷âàõ ïîâûøåííîé ïðî÷íîñòè 
äîæäåâàëüíûå ìàøèíû öåëåñîîáðàçíî îáîðóäîâàòü óçêèìè ïíåâìîêîëåñàìè. Íà ïî÷âàõ ñ íèç-
êîé íåñóùåé ñïîñîáíîñòüþ è çíà÷èòåëüíûìè ïîëèâíûìè íîðìàìè îò 600 ì3/ãà – øèðîêîïðî-
ôèëüíûìè ïíåâìàòè÷åñêèìè øèíàìè 18-24; 23-26, 21.3-24 äëÿ ÄÌ «Êóáàíü-ËÊ1», «Êóáàíü-ËÊ1Ì» 
(ÊÀÑÊÀÄ), «ÊÀÑÊÀÄ» ñ øèðèíîé ïðîôèëÿ 0,30-0,54 ì, â òîì ÷èñëå óñòàíîâêîé áîëåå øèðîêîïðî-
ôèëüíûõ øèí â êîíöåâîé ÷àñòè ìàøèí. Êðîìå òîãî, â óñëîâèÿõ ïîíèæåííîé ïðî÷íîñòè ïî÷â âîç-
ìîæíî ïðèìåíåíèå íà äîæäåâàëüíûõ ìàøèíàõ øèí ñ ìåíüøèìè çíà÷åíèÿìè øèðèíû ïðîôèëÿ, 
íåæåëè ðåêîìåíäóåìûå, íî äëÿ óìåíüøåííûõ âåëè÷èí äëèí ïðîëåòîâ èëè óìåíüøåííîãî äèàìåòðà 
âîäîïðîâîäÿùåãî òðóáîïðîâîäà.

Êëþ÷åâûå ñëîâà: îðîøåíèå, íîðìà ïîëèâà, äàâëåíèå, êîëåÿ, õîäîâûå ñèñòåìû, ïî÷âà.

Äëÿ öèòèðîâàíèÿ: Æóðàâëåâà Ë.À., Òõóàí Í.Â. Óìåíüøåíèå êîëååîáðàçîâàíèÿ øèðîêîçàõâàòíûõ 
äîæäåâàëüíûõ ìàøèí // Èçâåñòèÿ ÌÃÒÓ «ÌÀÌÈ». 2020. № 4 (46). Ñ. 38–45. DOI: 10.31992/2074-
0530-2020-46-4-38-45.

Ââåäåíèå
Äâèæåíèå øèðîêîçàõâàòíûõ äîæäåâàëü-

íûõ ìàøèí (ÄÌ) â ïðîöåññå ïîëèâà îñóùåñò-
âëÿåòñÿ ïîñðåäñòâîì âçàèìîäåéñòâèÿ äâèæè-
òåëåé èõ îïîðíûõ òåëåæåê ñ ïî÷âîé, êîòîðàÿ 
îäíîâðåìåííî ÿâëÿåòñÿ íåñóùèì îñíîâàíèåì 
è îáúåêòîì óâëàæíåíèÿ. Âçàèìîäåéñòâèå äâè-
æèòåëåé ìàøèí ñîïðîâîæäàåòñÿ âîçíèêíîâå-
íèåì ñèë òðåíèÿ, íîðìàëüíûõ è êàñàòåëüíûõ 
íàïðÿæåíèé, âûçûâàþùèõ óïëîòíåíèå ïî÷âû, 
åå ðàçðóøåíèå, îáðàçîâàíèå êîëåè. 

Îñíîâíûìè ïîêàçàòåëÿìè ôèçè÷åñêèõ 
ñâîéñòâ ïî÷âû, îïðåäåëÿþùèìè åå íåñóùèå 
ñâîéñòâà, à â êîíå÷íîì ñ÷åòå – îïîðíûå è òÿãî-

âî-ñöåïíûå ñâîéñòâà ìàøèí, ÿâëÿþòñÿ ìåõàíè-
÷åñêèé ñîñòàâ, óäåëüíûé è îáúåìíûé âåñ, âîäî-
ïðîíèöàåìîñòü è âëàæíîñòü.

Èç âñåõ ïåðå÷èñëåííûõ ïîêàçàòåëåé íàè-
áîëåå ñèëüíîå âëèÿíèå èìååò âëàæíîñòü. 
Ïðè óâåëè÷åíèè âëàæíîñòè îò 20 äî 30 % ñî-
ïðîòèâëåíèå ñæàòèþ è ñäâèãó óìåíüøàåòñÿ 
â 3−4 ðàçà. Óõóäøåíèå ïðî÷íîñòíûõ ñâîéñòâ 
ïî÷âû ïðè óâåëè÷åíèè âëàæíîñòè âûçûâà-
åò âîçðàñòàíèå áóêñîâàíèÿ êîëåñ è ïðèâîäèò 
ê âîçðàñòàíèþ ïîòåðü íà ïåðåêàòûâàíèå. Ýòî 
íàáëþäàåòñÿ ïðè ïîëèâå áîëüøèìè ïîëèâíû-
ìè íîðìàìè, êîãäà ïî÷âà íà ãëóáèíå 0,2–0,3 ì 
óâëàæíÿåòñÿ äî ïðåäåëà òåêó÷åñòè. Ïðè òàêîì 
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âçàèìîäåéñòâèè êîëåñà ñ ïî÷âîé ïðîèñõîäèò 
íå óïëîòíåíèå, à ïëàñòè÷åñêîå òå÷åíèå åå 
ïîä êîëåñîì è âûïèðàíèå â ñòîðîíû.

Êàê ïîêàçûâàåò çàðóáåæíûé è îòå÷åñòâåí-
íûé îïûò ýêñïëóàòàöèè ìíîãîîïîðíûõ øèðî-
êîçàõâàòíûõ äîæäåâàëüíûõ ìàøèí, äëÿ ïî-
âûøåíèÿ îïîðíî-òÿãîâûõ è ñöåïíûõ ñâîéñòâ 
ïðèìåíÿåòñÿ îñíàùåíèå èõ ïíåâìàòè÷åñêèìè 
øèíàìè íèçêîãî äàâëåíèÿ, ñäâîåííûìè êîëå-
ñàìè, òðåõêîëåñíûìè õîäîâûìè ñèñòåìàìè, 
óøèðåííûìè æåñòêèìè êîëåñàìè, ãóñåíè÷íû-
ìè è øàãàþùèìè äâèæèòåëÿìè.

Òåì íå ìåíåå, 90 % øèðîêîçàõâàòíûõ 
ìàøèí [1] îáîðóäóþòñÿ êîëåñíûìè ñèñòåìà-
ìè, ÷òî îáúÿñíÿåòñÿ ïðîñòîòîé êîíñòðóêöèè, 
ëåãêîñòüþ â îáñëóæèâàíèè è ðåìîíòå, íèçêîé 
ñòîèìîñòüþ. 

Â öåëÿõ ïîâûøåíèÿ ïðîõîäèìîñòè øèðîêî-
çàõâàòíûõ äîæäåâàëüíûõ ìàøèí çàðóáåæíûå 
ôèðìû äëÿ ñâîèõ ðàííèõ ðàçðàáîòîê ïðèìåíÿ-
ëè æåñòêèå êîëåñà ñ óøèðåííûì îáîäîì [2].

Ïíåâìàòèêè îáëàäàþò âûñîêîé èçíîñî-
ñòîéêîñòüþ, âûñîêèìè òÿãîâûìè õàðàêòåðè-
ñòèêàìè, ñîïðîòèâëåíèåì óäàðàì è ïðîêîëàì, 
óñòîé÷èâîñòüþ ïðîòèâ îòêàòûâàíèÿ íàçàä 
è ïðîñêàëüçûâàíèÿ [3].

Àíàëèç ðàçâèòèÿ õîäîâûõ ñèñòåì ìíîãî-
îïîðíûõ ÄÌ ïîêàçàë, ÷òî äëÿ ïîâûøåíèÿ ïðî-
õîäèìîñòè ìíîãîîïîðíûõ øèðîêîçàõâàòíûõ 
ÄÌ öåëåñîîáðàçíî îáîðóäîâàòü êîëåñíûìè ñè-
ñòåìàìè ñ íèçêèì óïëîòíÿþùèì âîçäåéñòâèåì 
è íåîáõîäèìû ñîîòâåòñòâóþùèå òåîðåòèêî-
ýêñïåðèìåíòàëüíûå èññëåäîâàíèÿ ïî îáîñíîâà-
íèþ èõ ïàðàìåòðîâ. 

Êàê ïîêàçûâàåò îïûò ýêñïëóàòàöèè, äëÿ øè-
ðîêîçàõâàòíûõ äîæäåâàëüíûõ ìàøèí êðóãî-
âîãî äåéñòâèÿ ãëóáèíà êîëåè èìååò íåñêîëüêî 
áîëüøåå çíà÷åíèå â íà÷àëå è â êîíöå ìàøèíû, 

ñîîòâåòñòâåííî, èç-çà óâåëè÷åííîãî ñëîÿ îñàä-
êîâ (ðàñõîäà) è ïîâûøåííîé èíòåíñèâíîñòè 
äîæäÿ (îáðàçîâàíèå ñòîêîâ) [4−7].

Öåëüþ èññëåäîâàíèÿ ÿâëÿåòñÿ ïîâûøåíèå 
ïðîõîäèìîñòè è óìåíüøåíèå êîëååîáðàçîâà-
íèÿ øèðîêîçàõâàòíûõ äîæäåâàëüíûõ ìàøèí.

Òåîðåòè÷åñêèå èññëåäîâàíèÿ
Ðàññìîòðèì ìåõàíèçì âíóòðåííèõ ïðîöåñ-

ñîâ, ïðîèñõîäÿùèõ â äåôîðìèðóåìîé ïî÷âå 
ïðè êà÷åíèè êîëåñà.

Ïðè êà÷åíèè êîëåñ ÄÌ èìååò äâà îñíîâíûõ 
âèäà äåôîðìàöèè ïî÷âû:

– ñæàòèå ïî÷âû îïîðíîé ïîâåðõíîñòüþ;
– ñðåç ïî÷âû çàöåïàìè êîëåñà.
Ïðè ñæàòèè ïî÷âû îïîðíîé ïîâåðõíîñòüþ 

êîëåñà ìîæíî âûäåëèòü: 
– ñæàòèå âíèç ïî âåðòèêàëè, ñîïðîâîæäàå-

ìîå óïëîòíåíèåì åå;
– ñæàòèå, ðàñïðîñòðàíÿåìîå â ñòîðîíû 

îò äâèæóùåãîñÿ êîëåñà, è ÷àñòî âîçíèêàþùåå 
âûïèðàíèå ïî÷âû èç-ïîä êîëåñà.

Â ñâîèõ èññëåäîâàíèÿõ À.È. Ðÿçàíöåâ 
ïðåäëàãàåò ñìîäåëèðîâàòü äàííûå ïðîöåññû 
êàê âçàèìîäåéñòâèå ñ ïî÷âîé êîíóñíî-êðûëü÷à-
òûõ íàêîíå÷íèêîâ ïåíåòðèðóþùèõ óñòðîéñòâ. 
Ñîïðîòèâëåíèå ãðóíòà ñæàòèþ ìîæåò îïðåäå-
ëÿòüñÿ çàâèñèìîñòüþ, êÏà [4]:

 
'

2u r N c   ñæ Ò ÃÐ ÊÏ T Ã ,  (1)

ãäå uÒ  
è 'NT  − áåçðàçìåðíûå êîýôôèöèåí-

òû íåñóùåé ñïîñîáíîñòè ãðóíòà, çàâèñÿùèå 
îò óãëà âíóòðåííåãî òðåíèÿ; ÃÐ  − îáúåìíûé 
âåñ ãðóíòà, êÍ/ì3; rÊÏ  − ðàäèóñ îñíîâàíèÿ 
íàêîíå÷íèêà, ì; 2c Ã  − óäåëüíîå ñöåïëåíèå 
ãðóíòà, êÏà.

Ïîñêîëüêó ñîáñòâåííûì âåñîì ãðóíòà 
â ïðåäåëàõ ãëóáèíû ïîãðóæåíèÿ íàêîíå÷íèêà 

Ðèñ. 1. Äâóõêîëåñíûå è òðåõêîëåñíûå îïîðíûå òåëåæêè äîæäåâàëüíûõ ìàøèí

Fig. 1. Two-wheel and three-wheel sprinkler support undercarriages
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â ïîâåðõíîñòíîì ñëîå ìîæíî ïðåíåáðå÷ü, êà-
ñàòåëüíóþ ñîñòàâëÿþùóþ íàïðÿæåíèÿ (óäåëü-
íîå ñîïðîòèâëåíèå ïî÷âû âðàùàòåëüíîìó 
ñðåçó) ñ äîñòàòî÷íîé äîñòîâåðíîñòüþ ìîæíî 
îòîæäåñòâëÿòü ñî ñöåïëåíèåì ãðóíòà: 2c Ã Ã .

Íåñóùóþ ñïîñîáíîñòü ïî÷âû îïðåäåëÿëè 
ñîãëàñíî çàâèñèìîñòè, êÏà [4]:

 
'

20,318N cÄÏ Ê ÃÐ , (2)

ãäå 'NÊ  − êîýôôèöèåíò, çàâèñÿùèé îò âåëè÷è-
íû óãëà âíóòðåííåãî òðåíèÿ ãðóíòà.

Íåñóùóþ ñïîñîáíîñòü ïî÷â ïîñëå ïîëèâà 
ìîæíî îïèñàòü âûðàæåíèåì:

 
  ÏÏ ÄÏÐ Ð Ð , (3)

ãäå Ð − âåëè÷èíà óìåíüøåíèÿ íåñóùåé ñïî-
ñîáíîñòè ïî÷âû.

Íà èçìåíåíèå ïðî÷íîñòíûõ ïîêàçàòåëåé 
ïî÷âû ïðè ïîëèâå ñóùåñòâåííîå âëèÿíèå 
îêàçûâàþò åå èíôèëüòðàöèîííûå ñâîéñòâà 
è ðåæèì îðîøåíèÿ, îïðåäåëÿåìûé ïðèðîäíî-
êëèìàòè÷åñêèìè óñëîâèÿìè è êîíñòðóêòèâíû-
ìè îñîáåííîñòÿìè äîæäåâàëüíûõ ìàøèí.

Ñîãëàñíî èññëåäîâàíèÿì À.È. Ðÿçàíöåâà 
[5] íåñóùàÿ ñïîñîáíîñòü ïî÷âû ïîñëå ïîëèâà 
îïðåäåëÿåòñÿ, êÏà:

 
0.65(1,4 8 1,01 )    ÑÒò

ÏÏ ÄÏ ÄÎÑÒÐ Ð ò , (4)

ãäå Ð
ÄÏ

 − íåñóùàÿ ñïîñîáíîñòü ïî÷âû äî ïî-
ëèâà, ÌÏà; ÑÒò  − âåëè÷èíà ñòîêà, ì3/ãà; 

ÄÎÑÒò  − äîñòîêîâàÿ ïîëèâíàÿ íîðìà, ì3/ãà.
Èçâåñòíî, ÷òî íåñóùàÿ ñïîñîáíîñòü ïî÷âû 

óâåëè÷èâàåòñÿ ïðè óâåëè÷åíèè çíà÷åíèé äî-
ñòîêîâîé íîðìû è åùå â áîëüøåé ñòåïåíè 
óìåíüøàåòñÿ ïðè âîçðàñòàíèè âåëè÷èíû ïî-
âåðõíîñòíîãî ñòîêà. 

Òàê, íàïðèìåð, óâåëè÷åíèå ïîëèâíîé íîðìû 
ñ 300 äî 500 ì3/ãà äëÿ ñðåäíåñóãëèíèñòûõ 
÷åðíîçåìîâ âûçûâàåò óìåíüøåíèå èõ íåñó-
ùèõ ñâîéñòâ ñ 160 äî 140 êÏà, à ïðè íàëè÷èè 
ñòîêà – (20–25 %) äî 125 êÏà [4].

Äîñòîêîâàÿ ïîëèâíàÿ íîðìà, ì3/ãà [8]:

 
 5

1

2850 1,14 d 
 


ÑÐ

ÄÎÑÒ Êò Ê , (5)

ãäå dÊ  – ñðåäíèé äèàìåòð êàïåëü, ìì; ÑÐ  – 
èíòåíñèâíîñòü äîæäÿ, ìì/ìèí; 1  – çàäàííàÿ 
èíòåíñèâíîñòü äîæäÿ, ìì/ìèí; Ê – êîýôôèöè-
åíò, ó÷èòûâàþùèé âîäîïðîíèöàåìîñòü ïî÷â 
( 0,6 1,5 Ê ).

Øèðèíó êîëåè äëÿ äâóõêîëåñíûõ òåëå-
æåê äîæäåâàëüíûõ ìàøèí ìîæíî îïðåäåëèòü 
èç âûðàæåíèÿ:
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(6)

ãäå ÎÏò  − ìàññà îñíîâíîé îïîðû; 2Òò  − ìàññà 
îïîðíûõ òåëåæåê ñ äâóìÿ êîëåñàìè; 1ÂÒò  − 
ìàññà ó÷àñòêîâ âîäîïðîâîäÿùåãî òðóáîïðîâîäà 
ìåæäó îïîðíûìè òåëåæêàìè ñ ñèñòåìîé êðå-
ïëåíèÿ (øïðåíãåëüíîé ñèñòåìîé); Êò  − ìàññû 
êîíñîëè (ïðè íàëè÷èè); nÒ  – êîëè÷åñòâî òåëå-
æåê; ML  – äëèíà ìàøèíû; lÊÎÍ  – äëèíà êîíñî-
ëè; lÏÐ – ðàññòîÿíèå ìåæäó ïðîëåòàìè.

Äëÿ òðåõêîëåñíûõ òåëåæåê:
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(7)

ãäå 3Òò  − ìàññà îïîðíûõ òåëåæåê ñ òðåìÿ êî-
ëåñàìè.

Íåîáõîäèìî ó÷èòûâàòü, ÷òî ìàññà òå-
ëåæêè ñ òðåìÿ êîëåñàìè çà ñ÷åò áîëüøåé 
äëèíû è óñèëåííîé ðàìû ñîñòàâëÿåò ïî-
ðÿäêà 3 2(1,1 1,25) Ò Òò ò , ò.å. â ñðåäíåì 

2(1,1 1,25) Òò .
Ãëóáèíà êîëåè äëÿ äâóõêîëåñíîé òåëåæêè 

äîæäåâàëüíîé ìàøèíû ìîæåò áûòü âûðàæåíà 
ñëåäóþùåé çàâèñèìîñòüþ [9]:
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Ãëóáèíà êîëåè äëÿ òðåõêîëåñíîé òåëåæêè 
äîæäåâàëüíîé ìàøèíû:
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Êàê ìîæíî çàìåòèòü èç ïîëó÷åííûõ âûðàæå-

íèé, âåëè÷èíû ãëóáèíû è øèðèíû êîëåè ìåíÿ-
þòñÿ íåçíà÷èòåëüíî è öåëåñîîáðàçíîñòü ïðèìå-
íåíèÿ òðåõêîëåñíûõ ñèñòåì â áîëüøåé ñòåïåíè 
ñâîäèòñÿ ê ïîâûøåíèþ òÿãîâî-ñöåïíûõ êà÷åñòâ, 
íåæåëè óìåíüøåíèþ êîëååîáðàçîâàíèÿ. 

Òåîðåòè÷åñêèå çàâèñèìîñòè ãëóáèíû êîëåè 
îò íåñóùåé ñïîñîáíîñòè ïî÷âû ïðè ðàçëè÷-
íîé äëèíå ïðîëåòîâ íà ïðèìåðå ÄÌ «Êóáàíü-
ËÊ1Ì» (ÊÀÑÊÀÄ) è ÄÌ «ÊÀÑÊÀÄ», ïî-
ñòðîåííûå â ñîîòâåòñòâèè ñ âûðàæåíèåì (8), 
ïðåäñòàâëåíû íà ðèñ. 2.

Ðèñ. 2. Çàâèñèìîñòü ãëóáèíû êîëåè î ò íåñóùåé 
ñïîñîáíîñòè ïî÷âû äëÿ ÄÌ «Êóáàíü-ËÊ1» 
(ÊÀÑÊÀÄ) (øèíû 14,9-24) (òðóáà 159 ìì) 

äëÿ ïåðâîé îïîðû: 
1 – ïðîëåò 65 ì; 2 – ïðîëåò 59,5 ì; 
3 – ïðîëåò 48,7 ì; 4 – ïðîëåò 30 ì

Fig. 2. Dependence of the track depth 
on the bearing capacity of the soil 

for the “Kuban-LK1” (KASKAD) (tires 14,9-24) 
(pipe 159 mm) for the first support: 

1 – rut 65 m; 2 – rut 59,5 m; 
3 – rut 48,7 m; 4 – rut 30 m

Ðàññìàòðèâàÿ çàâèñèìîñòü âåëè÷èíû êîëåè 
îò íåñóùåé ñïîñîáíîñòè ïî÷âû ïðè ðàçëè÷íîé 
äëèíå ïðîëåòîâ íà ïðèìåðå ÄÌ «ÊÀÑÊÀÄ», 
ìîæíî ñäåëàòü âûâîä î âîçìîæíîñòè óâåëè-
÷åíèÿ ïðîëåòà äî 65 ì, ïðè êîòîðûõ âåëè÷èíà 
êîëåè íå ïðåâûøàåò íîðìàòèâíûõ çíà÷åíèé 

ïðè íåñóùåé ñïîñîáíîñòè áîëåå 100 êÏà è ïî-
ëèâíîé íîðìå ïîðÿäêà 300−350 ì3/ãà.

Äëÿ ïî÷â ñ íèçêîé íåñóùåé ñïîñîáíîñòüþ 
è ìàøèí ñ äëèíîé ïðîëåòîâ áîëåå 59 ì ðàöè-
îíàëüíî ïðèìåíåíèå êîëåñ ñ øèíàìè íå ìåíåå 
16,9-24, à ïðè óìåíüøåíèè íåñóùåé ñïîñîáíî-
ñòè – øèíû 18,4-26 ðèñ. 2.

Òåîðåòè÷åñêèå çàâèñèìîñòè øèðèíû êîëåè 
îò ïîðÿäêîâîãî íîìåðà îïîðíîé òåëåæêè 
íà ïðèìåðå ÄÌ «ÊÀÑÊÀÄ», ïîñòðîåííûå 
â ñîîòâåòñòâèè ñ âûðàæåíèåì (6), ïðåäñòàâëå-
íû íà ðèñ. 3. Øèðèíà êîëåè äëÿ âñåõ ìîäèôè-
êàöèé ìàøèí è êîëåñ óìåíüøàåòñÿ ñ óâåëè÷å-
íèåì ðàññòîÿíèÿ îò öåíòðàëüíîé îïîðû.

Ðèñ. 3. Çàâèñèìîñòü øèðèíû êîëåè îò  ïîðÿäêîâîãî 
íîìåðà îïîðíîé òåëåæêè (ðàññòîÿíèå 

îò îñíîâíîé îïîðû) äëÿ ÄÌ «ÊÀÑÊÀÄ» 
(íåñóùàÿ ñïîñîáíîñòü ïî÷âû 100 êÏà): 

1– øèíû 18,4-24; 2 – øèíû 16-20; 
3 – øèíû 15,5-38; 4 – øèíû 14,9-24

Fig. 3. Dependence of the track width on the serial 
number of the support carriage (distance 

from the main support) for “KASKAD” sprinkler 
(soil bearing capacity 100 kPa): 
1– tires 18,4-24; 2 – tires 16-20; 

3 – tires 15,5-38; 4 – tires 14,9-24

Äëÿ óìåíüøåíèÿ ãëóáèíû êîëåè (ðèñ. 4) 
âîçìîæíî ïðèìåíåíèå êîëåñ áîëåå øèðîêîãî 
ïðîôèëÿ èëè ñíèæåíèå ìàññû çà ñ÷åò óìåíüøå-
íèÿ äèàìåòðà òðóáîïðîâîäà, ÷òî öåëåñîîáðàç-
íî ïðè ðàáîòå ñ ìåíüøèìè ðàñõîäàìè [10, 11]. 

Ìåòîäèêà èññëåäîâàíèé
Ïîëåâûå èññëåäîâàíèÿ ïðîâîäèëèñü íà ïîëÿõ 

ÓÍÏÎ «Ïîâîëæüå» ÔÃÁÎÓ ÂÎ Ñàðàòîâñêèé 
ÃÀÓ (ñ. Ñòåïíîå Ýíãåëüññêîãî ðàéîíà Ñàðà-
òîâñêîé îáëàñòè), ÓÍÏÊ Àãðîöåíòðà ÑÃÀÓ; 
ÎÎÎ «Íàøå äåëî» (Ñàðàòîâñêàÿ îáëàñòü, Ìàðê-
ñîâñêèé ðàéîí). Äîæäåâàëüíûå ìàøèíû: «Êóáàíü-
ËÊ1Ì» (Êàñêàä) è ÄÌ «ÊÀÑÊÀÄ» (ðèñ. 5).
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Ðåçóëüòàòû èññëåäîâàíèé
Èíòåíñèâíîå óìåíüøåíèå äàâëåíèÿ êîëåñ 

ìàøèí íà ïî÷âó ïðè ñðåäíèõ íàãðóçêàõ 
(10−20 êÍ) ïðèñóùèõ ïðàêòè÷åñêè ïðèìå-
íÿåìûì äëèíàì è äèàìåòðàì òðóá ïðîëå-
òîâ äîæäåâàëüíûõ ìàøèí «Êóáàíü-ËÊ1», 
«Êóáàíü-ËÊ1Ì» (ÊÀÑÊÀÄ), ÄÌ «ÊÀÑÊÀÄ», 
ïðîèñõîäèò ïðè óâåëè÷åíèè îïîðíîé ïîâåðõ-

íîñòè êîëåñ äî 0,30−0,50 ì2. Äàëüíåéøåå 
óâåëè÷åíèå ïëîùàäè êîëåñíûõ äâèæèòåëåé 
íå èìååò ïðàêòè÷åñêîãî ñìûñëà, òàê êàê ýòî 
âëå÷åò çà ñîáîé çíà÷èòåëüíîå óâåëè÷åíèå ãàáà-
ðèòîâ êîëåñ èëè èõ êîëè÷åñòâà. Ñ óâåëè÷åíèåì 
íàãðóçêè ðàñòåò è çíà÷åíèå ïðåäåëà îïîðíîé 
ïîâåðõíîñòè. Íàãðóçî÷íûé ðåæèì íà êîëåñíûå 
ñèñòåìû òåëåæåê ÄÌ âàðüèðóåòñÿ èçìåíåíèåì 
äëèí ïðîëåòîâ è äèàìåòðîâ èõ âîäîïðîâîäÿùå-
ãî òðóáîïðîâîäà.

Ðåçóëüòàòû òåîðåòè÷åñêèõ èññëåäîâàíèé 
ïî ïîäáîðó ïíåâìàòè÷åñêèõ êîëåñ äëÿ ÄÌ òèïà 
«Êóáàíü-ËÊ1», «Êóáàíü-ËÊ1Ì» (ÊÀÑÊÀÄ), 
ÝÄÌ «ÊÀÑÊÀÄ» áûëè ïîäòâåðæäåíû ýêñïå-
ðèìåíòàëüíî.

Ðåçóëüòàòû èññëåäîâàíèé ãëóáèíû êîëåè 
îò ïîðÿäêîâîãî íîìåðà îïîðíîé òåëåæêè 
ïðè íåñóùåé ñïîñîáíîñòè ïî÷âû 110−125êÏà 
ïîñëå ïåðâîãî ïðîõîäà äëÿ ÄÌ «Êóáàíü-
ËÊ1Ì» äëèíîé 497 ïîêàçàíû íà (ðèñ. 6). 

Â êîíöå ïîëèâíîãî ñåçîíà âèä çàâèñèìîñòè 
ãëóáèíû êîëåè îò ïîðÿäêîâîãî íîìåðà òåëåæ-
êè ìåíÿåòñÿ ñ ëèíåéíîé íà êâàäðàòè÷íóþ. 
Íà ïîñëåäíèõ òåëåæêàõ êîëåÿ ñíîâà âîçðàñ-
òàåò çà ñ÷åò óâåëè÷åíèÿ ðàñõîäà è êðóïíîñòè 
êàïåëü (ðèñ. 7). 

Ïðè óâåëè÷åíèè ïðîëåòà äî 59,5 ì è óñòà-
íîâêå êîëåñ ñ øèíàìè 16,9-24, êîëåÿ ñíèæàåò-
ñÿ äî 4 ñì íà ïåðâîé òåëåæêå çà ïåðâûé ïðîõîä 

Ðèñ. 4. Çàâèñèìîñòü ãëóáèíû êîëåè î ò íåñóùåé 
ñïîñîáíîñòè ïî÷âû äëÿ ÄÌ «ÊÀÑÊÀÄ» 

ïðîëåò 59,5 ì (òðóáà 159 ìì) äëÿ ïåðâîé îïîðû: 
1 – øèíû 14,9-24; 2 – øèíû 16,9-24; 
3 – øèíû 18,4-24; 4 – øèíû 23,1-26

Fig. 4. Dependence of the track depth on the 
bearing capacity of the soil for “KASKAD” sprinkler 

rut 59,5 m (pipe 159 mm) for the first support: 
1 – tires 14,9-24; 2 – tires 16,9-24; 
3 – tires 18,4-24; 4 – tires 23,1-26

Ðèñ. 5. Äîæäåâàëüíàÿ ìàøèíà «ÊÀÑÊÀÄ » [12]

Fig. 5. “KASKAD” sprinkler [12]
Ðèñ. 6. Çàâèñèìîñòü ãëóáèíû êîëåè îò íîìåðà 

îïîðíîé òåëåæêè ïðè íåñóùåé ñïîñîáíîñòè ïî÷âû 
110–125 êÏà: ÄÌ «Êóáàíü-ËÊ1Ì» (48,7 ì ïðîëåò, 

øèíû 14,9-24), Í = –0,525òÎÒ + 5,9; R2 = 0,976

Fig. 6. Dependence of the track depth on the 
number of the support undercarriage with a soil 
bearing capacity of 110–125 kPa: “Kuban-LK1M” 

sprinkler (rut 48,7 m, tires 14,9-24), 
Í = –0,525ò

ÎÒ
 + 5,9; R2 = 0,976
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Zhuravleva L.A., Tkhuan N.V.
Reduced rutting of wide-grip sprinklers

è äî 9 ñì â êîíöå ïîëèâíîãî ñåçîíà, íåñìîòðÿ 
íà óâåëè÷åíèå äëèíû ïðîëåòà (ðèñ. 8).

Àíàëèç äàííûõ ïîêàçûâàåò, ÷òî íà ïî÷âàõ 
ïîâûøåííîé ïðî÷íîñòè ÄÌ öåëåñîîáðàçíî îáî-
ðóäîâàòü óçêèìè ïíåâìîêîëåñàìè. Íà ïî÷âàõ 
ñ íèçêîé íåñóùåé ñïîñîáíîñòüþ è çíà÷èòåëü-
íûìè ïîëèâíûìè íîðìàìè îò 600 ì3/ãà – 
áîëåå øèðîêîïðîôèëüíûìè ïíåâìàòè÷åñêèìè 
øèíàìè 18-24; 23-26, 21.3-24 äëÿ ÄÌ «Êóáàíü-
ËÊ1», «Êóáàíü-ËÊ1Ì» (ÊÀÑÊÀÄ), «ÊÀÑÊÀÄ 
ñ øèðèíîé ïðîôèëÿ 0,30–0,54 ì, â òîì ÷èñëå 
óñòàíîâêîé áîëåå øèðîêîïðîôèëüíûõ øèí 
â êîíöåâîé ÷àñòè ìàøèí. 

Êðîìå òîãî, â óñëîâèÿõ ïîíèæåííîé ïðî÷-
íîñòè ïî÷â âîçìîæíî ïðèìåíåíèå íà ÄÌ øèí 
ñ ìåíüøèìè çíà÷åíèÿìè øèðèíû ïðîôèëÿ, 
íåæåëè ðåêîìåíäóåìûå, íî äëÿ óìåíüøåííûõ 
âåëè÷èí äëèí ïðîëåòîâ ÄÌ èëè óìåíüøåííî-
ãî äèàìåòðà âîäîïðîâîäÿùåãî òðóáîïðîâîäà.

Çàêëþ÷åíèå
Ïðîâåäåííûå èññëåäîâàíèÿ ïîçâîëèëè 

îïðåäåëèòü îðèåíòèðîâî÷íûå çîíû ïðèìåíå-
íèÿ êîëåñíûõ ñèñòåì â çàâèñèìîñòè îò íåñó-
ùåé ñïîñîáíîñòè ïî÷âû: 

– ïîâûøåííîé íåñóùåé ñïîñîáíîñòè (òÿ-
æåëîñóãëèíèñòûå ïî÷âû, íîðìû ïîëèâà 

äî 300 ì3/ãà, Ð
ÏÏ

 ≥ 80−100 êÏà) óçêîïðîôèëü-
íûå ïíåâìàòè÷åñêèå êîëåñà. Ãëóáèíà êîëåè – 
íå áîëåå ''H = 0,08−0,1 ì;

– ñðåäíåé íåñóùåé ñïîñîáíîñòè (ñóãëè-
íèñòûå ïî÷âû, íîðìû ïîëèâà 300−500 ì3/ãà, 
Ð

ÏÏ
 ≥ 60−80 êÏà) – îáû÷íûå øèíû. Ãëóáèíà 

êîëåè – ''H  = 0,05−0,1 ì; 
– íèçêîé íåñóùåé ñïîñîáíîñòè (ëåãêèå, 

íîðìà ïîëèâà áîëåå 500 ì3/ãà, Ð
ÏÏ

 < 60 êÏà) – 
øèðîêîïðîôèëüíûå øèíû, ''H  = 0,1−0,15 ì.

Ïîëó÷åííûå ýêñïåðèìåíòàëüíûå äàííûå 
õîðîøî ñî÷åòàþòñÿ ñ ïîêàçàòåëÿìè òåîðåòè÷å-
ñêèõ ðàñ÷åòîâ.
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ñïîñîáíîñòè ïî÷âû 110−125 êÏà â íà÷àëå (1) 
è êîíöå (2) ïîëèâíîãî ñåçîíà, ÄÌ «Êóáàíü-ËÊ1Ì» 
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1 – 3 2

OT OT OT0,03 0,206 0,357 + 8,871 ='' ò ò òH ; 
R2 = 0,935; 2 – òåîðåòè÷åñêàÿ çàâèñèìîñòü

Fig. 8. Dependence of the track depth on the 
number of the support undercarriage with a soil 

bearing capacity of 110−125 kPa at the beginning 
(1) and in the end (2) of the irrigation season, 

“Kuban-LK1M” sprinkler (59,5 m span, tires 16,9-24): 
1 − '' 3 20,03 0,206 0,357 8,871H    ÎÒ ÎÒ ÎÒò ò ò ; 

R2 = 0,935; 2 – theoretical dependence

Ðèñ. 7. Çàâèñèìîñòü ãëóáèíû êîëåè îò  íîìåðà 
îïîðíîé òåëåæêè â êîíöå ïîëèâíîãî ñåçîíà: 

ÄÌ «Êóáàíü-ËÊ1Ì» (48,7 ì ïðîëåò, øèíû 14,9-24), 
ò ò ò'' 3 2

OT OT OT= 0,041 +0,023 3,489 +19,8H ; 
R2 = 0,967

Fig. 7. Dependence of the track depth 
on the number of the support undercarriage 
at the end of the irrigation season: “Kuban-
LK1M” sprinkler (48,7 m rut, tires 14,9-24), 

'' 3 20,041 0,023 3,489 19,8H    ÎÒ ÎÒ ÎÒò ò ò ; 
R2 = 0,967
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REDUCED RUTTING OF WIDE-GRIP SPRINKLERS
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During the process of irrigation, when moving sprinklers across the field, the wheels of the running 
supports create a track. As the number of passes increases, so does the depth of the track. At the end 
of the irrigation season, it can reach 0,3–0,45 m, lead to slipping wheels and excessive watering. The 
intensity of the process of rutting and reducing the coupling properties of the running systems of sprin-
kler machines is further increased in the presence of free, not absorbed water, causing the formation 
of runoff on the track. The greatest depth of the track by the end of the season in the last undercarriages 
occurs due to the increase in the intensity of irrigation and the diameter of the drops of sprinklers lo-
cated at the end of the pipeline. The choice of running systems should be made taking into account the 
characteristics of irrigated surfaces, rational ratios of span lengths, diameters of pipelines and sprinkler 
arrangement schemes. The aim of the study is to consider the impact of the irrigation process on the 
bearing properties of the soil and the formation of a track. The article presents theoretical dependences 
for determining the depth and width of the track for two-wheeled and three-wheeled undercarriages 
of wide-grip sprinkler machines. Field studies were conducted on “Kuban-LK1M” (Cascade) and “CAS-
CADE” sprinkler machines. The article presents the dependence of the track depth on the number of the 
undercarriages with a soil bearing capacity of 110–125 kPa. The research made it possible to determine 
the approximate zones of application of wheel systems, depending on the bearing capacity of the soil. 
Analysis of the data shows that it is advisable to equip sprinklers with narrow pneumatic wheels on soils 
of increased strength. On soils with low bearing capacity and significant irrigation rates from 600 m3/ha – 
wide-profile pneumatic tires 18–24; 23–26, 21,3–24 for “Kuban-LK1”, “Kuban-LK1M” (KASKAD), 
KASKAD with a profile width of 0,30–0,54 m, including the installation of wider tires at the end part of the 
machines.
In addition, in conditions of low soil strength, it is possible to use tires on sprinklers with smaller profile 
widths than the recommended ones, but for reduced span lengths or a reduced diameter of the water 
pipeline.

Keywords: irrigation, sprinkler, irrigation rate, pressure
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Ââåäåíèå. Ïðèìåíåíèå ìåòîäà íàòóðíî-ìàòåìàòè÷åñêîãî ìîäåëèðîâàíèÿ â ðåàëüíîì âðåìåíè 
îòêðûâàåò øèðîêèå âîçìîæíîñòè, ñâÿçàííûå ñ àíàëèçîì ðåæèìîâ ðàáîòû ñèñòåìû «÷åëîâåê-
ìàøèíà-ìåñòíîñòü», à òàêæå ïî èññëåäîâàíèþ íàãðóæåííîñòè óçëîâ è àãðåãàòîâ òðàíñïîðòíûõ 
ñðåäñòâ. Ñóùåñòâóþùèå èññëåäîâàòåëüñêèå êîìïëåêñû íàòóðíî-ìàòåìàòè÷åñêîãî ìîäåëèðîâàíèÿ 
ïðèãîäíû äëÿ ïîëó÷åíèÿ áîëüøèíñòâà ïîêàçàòåëåé, îáû÷íî îïðåäåëÿåìûõ íàòóðíûìè èñïûòàíèÿ-
ìè. Ðàçíèöà ñîñòîèò â âîçìîæíîñòè ïîëíîñòüþ êîíòðîëèðîâàòü õîä âèðòóàëüíûõ çàåçäîâ, çàïèñè 
ëþáûõ ïàðàìåòðîâ äâèæåíèÿ òðàíñïîðòíîãî ñðåäñòâà, ó÷åòà «÷åëîâå÷åñêîãî ôàêòîðà», à òàêæå 
ïîëíîé áåçîïàñíîñòè ýêñïåðèìåíòà. 
Öåëü èññëåäîâàíèÿ. Öåëüþ íàñòîÿùåé ðàáîòû ÿâëÿåòñÿ ñîçäàíèå ìàòåìàòè÷åñêîé ìîäåëè äèíà-
ìèêè êîëåñíîé ìàøèíû, ïðèãîäíîé äëÿ ïðèìåíåíèÿ â ïîäîáíîì êîìïëåêñå íàòóðíî-ìàòåìàòè÷å-
ñêîãî ìîäåëèðîâàíèÿ è îöåíêè íàãðóæåííîñòè àãðåãàòîâ òðàíñìèññèè â óñëîâèÿõ, ïðèáëèæåííûõ 
ê ðåàëüíîé ýêñïëóàòàöèè. 
Ìåòîäîëîãèÿ è ìåòîäû. Ïðåäëàãàåìàÿ ìîäåëü îñíîâàíà íà ñóùåñòâóþùåé ìîäåëè äèíàìèêè 
êîëåñíîé ìàøèíû, ðàçðàáîòàííîé â ÌÃÒÓ èì. Í.Ý. Áàóìàíà. Â ðàìêàõ ìîäåëè äèíàìèêà òðàíñ-
ïîðòíîãî ñðåäñòâà îïèñûâàåòñÿ êàê ïëîñêîå äâèæåíèå òâåðäîãî òåëà â ãîðèçîíòàëüíîé ïëîñêîñòè. 
Äëÿ îïðåäåëåíèÿ íîðìàëüíûõ ðåàêöèé îïîðíîé ïîâåðõíîñòè ïðèìåíÿåòñÿ ïðèíöèï âîçìîæíûõ 
ïåðåìåùåíèé. Âçàèìîäåéñòâèå êîëåñà ñ ãðóíòîì â ïëîñêîñòè îïîðíîãî îñíîâàíèÿ îïèñûâàåòñÿ 
ïðè ïîìîùè ïîäõîäà, îñíîâàííîãî íà ïðåäñòàâëåíèè îá ýëëèïñå òðåíèÿ. Äëÿ îáåñïå÷åíèÿ âîç-
ìîæíîñòè âîäèòåëþ-îïåðàòîðó êîìïëåêñà íàòóðíî-ìàòåìàòè÷åñêîãî ìîäåëèðîâàíèÿ óïðàâëÿòü 
âèðòóàëüíûì òðàíñïîðòíûì ñðåäñòâîì â ðåæèìå ðåàëüíîãî âðåìåíè ìàòåìàòè÷åñêàÿ ìîäåëü äî-
ïîëíåíà ñèñòåìîé óïðàâëåíèÿ, îñóùåñòâëÿþùåé ñâÿçü ìåæäó ïàðàìåòðîì óïðàâëåíèÿ, çàäàâàå-
ìûì âîäèòåëåì ïóòåì íàæàòèÿ íà ïåäàëè àêñåëåðàòîðà è òîðìîçà, è óïðàâëÿþùèìè âîçäåéñòâèÿ-
ìè àãðåãàòîâ òðàíñìèññèè ìàøèíû, òàêèìè êàê ýëåêòðîìàøèíà, äâèãàòåëü âíóòðåííåãî ñãîðàíèÿ, 
ãèäðîäèíàìè÷åñêèé ðåòàðäåð, à òàêæå ðàáî÷åé òîðìîçíîé ñèñòåìîé. Â ñòàòüå ïðåäñòàâëåíà 
áëîê-ñõåìà ðàçðàáîòàííîãî àëãîðèòìà óïðàâëåíèÿ, à òàêæå ïðîâåäåíà àïðîáàöèÿ ðàáîòû ñèñòåìû 
â êîìïëåêñå íàòóðíî-ìàòåìàòè÷åñêîãî ìîäåëèðîâàíèÿ.
Ðåçóëüòàòû è íàó÷íàÿ íîâèçíà. Ðàçðàáîòàíà ìàòåìàòè÷åñêàÿ ìîäåëü äèíàìèêè êîëåñíîé ìàøè-
íû, îòêðûâàþùàÿ øèðîêèå âîçìîæíîñòè ïî èññëåäîâàíèþ ðåæèìîâ ðàáîòû ñèñòåìû «âîäèòåëü-
ìàøèíà-ñðåäà» â ðåæèìå ðåàëüíîãî âðåìåíè ñ ïðèìåíåíèåì êîìïëåêñà íàòóðíî-ìàòåìàòè÷åñêî-
ãî ìîäåëèðîâàíèÿ.
Ïðàêòè÷åñêàÿ çíà÷èìîñòü. Ðàçðàáîòàíà ìàòåìàòè÷åñêàÿ ìîäåëü äèíàìêè êîëåñíîé ìàøèíû, 
êîòîðàÿ äîïîëíåíà àëãîðèòìîì ñèñòåìû ðàñïðåäåëåíèÿ òÿãîâûõ/òîðìîçíûõ ìîìåíòîâ ìåæäó óç-
ëàìè òðàíñìèññèè, îñóùåñòâëÿþùèì ñâÿçü ìåæäó íàæàòèåì âîäèòåëÿ íà ïåäàëè àêñåëåðàòîðà/
òîðìîçà è ïàðàìåòðàìè óïðàâëåíèÿ êàæäîãî èç àãðåãàòîâ.

Êëþ÷åâûå ñëîâà: ìàòåìàòè÷åñêàÿ ìîäåëü, êîëåñíàÿ ìàøèíà, íàòóðíî-ìàòåìàòè÷åñêîå ìîäåëè-
ðîâàíèå, ñèñòåìà óïðàâëåíèÿ.

Äëÿ öèòèðîâàíèÿ: Êîñèöûí Á.Á. Ìîäåëü äèíàìèêè êîëåñíîé ìàøèíû äëÿ êîìïëåêñà íàòóð-
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Ââåäåíèå
Ïðèìåíåíèå ìåòîäà íàòóðíî-ìàòåìàòè÷å-

ñêîãî ìîäåëèðîâàíèÿ â ðåàëüíîì âðåìåíè îò-
êðûâàåò øèðîêèå âîçìîæíîñòè, ñâÿçàííûå 
ñ àíàëèçîì ðåæèìîâ ðàáîòû ñèñòåìû «âîäè-
òåëü-ìàøèíà-ñðåäà», à òàêæå ïî èññëåäîâàíèþ 
íàãðóæåííîñòè óçëîâ è àãðåãàòîâ òðàíñïîðò-
íûõ ñðåäñòâ.

Ñóùåñòâóþùèå èññëåäîâàòåëüñêèå êîì-
ïëåêñû íàòóðíî-ìàòåìàòè÷åñêîãî ìîäåëèðîâà-
íèÿ ïðèãîäíû äëÿ ïîëó÷åíèÿ áîëüøèíñòâà ïî-
êàçàòåëåé, îáû÷íî îïðåäåëÿåìûõ íàòóðíûìè 
èñïûòàíèÿìè. Ðàçíèöà ñîñòîèò â âîçìîæíîñòè 
ïîëíîñòüþ êîíòðîëèðîâàòü õîä âèðòóàëüíûõ 
çàåçäîâ, çàïèñè ëþáûõ ïàðàìåòðîâ äâèæåíèÿ 
òðàíñïîðòíîãî ñðåäñòâà, ó÷åòà «÷åëîâå÷åñêîãî 
ôàêòîðà», à òàêæå ïîëíîé áåçîïàñíîñòè ýêñïå-
ðèìåíòà.

Â ÌÃÒÓ èì. Í.Ý. Áàóìàíà ðàçðàáîòàí èñ-
ñëåäîâàòåëüñêèé êîìïëåêñ íàòóðíî-ìàòåìà-
òè÷åñêîãî ìîäåëèðîâàíèÿ, ïîçâîëÿþùèé ïðî-
âîäèòü èìèòàöèþ äâèæåíèÿ òðàíñïîðòíûõ 
ñðåäñòâ â ðåæèìå ðåàëüíîãî âðåìåíè, ïðåäíà-
çíà÷åííûé äëÿ èçó÷åíèÿ äâèæåíèÿ êîëåñíûõ, 
ãóñåíè÷íûõ è äâóõçâåííûõ ìàøèí [1]. 

Äëÿ ãëóáîêîãî èçó÷åíèÿ íàãðóæåííîñòè 
ýëåìåíòîâ òðàíñìèññèè è òîðìîçíîé ñèñòåìû 
êîëåñíûõ ìàøèí â ðåæèìàõ, ïðèáëèæåííûõ 
ê ðåàëüíîé ýêñïëóàòàöèè, íåîáõîäèìî ñîçäà-

íèå ìàòåìàòè÷åñêîé ìîäåëè, ïîçâîëÿþùåé 
îïèñûâàòü ðÿä àãðåãàòîâ, ó÷àñòâóþùèõ â ôîð-
ìèðîâàíèè òÿãîâûõ è òîðìîçíûõ ìîìåíòîâ 
íà êîëåñàõ ìàøèíû, à òàêæå èõ ñèñòåì óïðàâ-
ëåíèé. Â äàííîé ñòàòüå ïðåäëàãàåòñÿ ìàòåìà-
òè÷åñêàÿ ìîäåëü äèíàìèêè âûñîêîïîäâèæíîé 
êîëåñíîé ìàøèíû (ÂÊÌ), ïðèãîäíàÿ äëÿ ïðè-
ìåíåíèÿ â êîìïëåêñå ìàòåìàòè÷åñêîãî ìîäåëè-
ðîâàíèÿ.

Ìàòåìàòè÷åñêàÿ ìîäåëü 
äèíàìèêè ÂÊÌ
Ïðåäñòàâëåííàÿ ìàòåìàòè÷åñêàÿ ìîäåëü 

áàçèðóåòñÿ íà ñóùåñòâóþùåé ìàòåìàòè÷åñêîé 
ìîäåëè äâèæåíèÿ êîëåñíîé ìàøèíû [2−8] è ïî-
çâîëÿåò îïèñûâàòü ñîâìåñòíóþ äèíàìèêó êîð-
ïóñà, ñèëîâîé óñòàíîâêè è õîäîâîé ÷àñòè ÂÊÌ, 
à òàêæå èññëåäîâàòü ðåæèìû ðàáîòû ñèñòåìû 
«âîäèòåëü-ìàøèíà-ñðåäà» â êîìïëåêñå íàòóð-
íî-ìàòåìàòè÷åñêîãî ìîäåëèðîâàíèÿ (ðèñ. 1). 
Òàê, â ðàìêàõ ìîäåëè äèíàìèêà ÂÊÌ îïèñûâà-
þòñÿ êàê ïëîñêîå äâèæåíèå òâåðäîãî òåëà â ãî-
ðèçîíòàëüíîé ïëîñêîñòè è ðàññìàòðèâàåòñÿ 
êàê ñîâîêóïíîñòü ïîñòóïàòåëüíîãî ïåðåìåùå-
íèÿ öåíòðà ìàññ è ïîâîðîòà âîêðóã âåðòèêàëü-
íîé îñè, ïðîõîäÿùåé ÷åðåç öåíòð ìàññ [2−8]. 
Äâèæåíèå ïî óêëîíó èëè êîñîãîðó ìîäåëèðó-
åòñÿ ïóòåì ââåäåíèÿ ïðîåêöèé ñèëû òÿæåñòè 
íà ïðîäîëüíóþ è ïîïåðå÷íóþ îñè ìàøèíû.

Äëÿ ó÷åòà ïåðåðàñïðåäåëåíèÿ íîðìàëüíûõ 
ðåàêöèé îò äåéñòâèÿ ñèëû ñîïðîòèâëåíèÿ âîç-
äóõà, ìîìåíòîâ ñîïðîòèâëåíèÿ êà÷åíèþ, óñêî-
ðåíèÿ öåíòðà ìàññ è ñèëû òÿæåñòè ïðèìåíÿåò-
ñÿ ïðèíöèï âîçìîæíûõ ïåðåìåùåíèé.

Âçàèìîäåéñòâèå êîëåñà ñ ãðóíòîì â ïëî-
ñêîñòè îïîðíîãî îñíîâàíèÿ îïèñûâàåòñÿ 
ïðè ïîìîùè ïîäõîäà, îñíîâàííîãî íà ïðåäñòàâ-

   

 à á

 Ðèñ. 1. Ðàñ÷åòíàÿ ñõåìà äâèæåíèÿ ÂÊÌ â: 
à) ãîðèçîíòàëüíîé ïëîñêîñòè; á) íà óêëîíå/êîñîãîðå

Fig. 1. Design scheme of wheeled vehicle movement: a) at horizontal plane; b) on a slope



Êîñèöûí Á.Á. 
Ìîäåëü äèíàìèêè êîëåñíîé ìàøèíû äëÿ êîìïëåêñà íàòóðíî-ìàòåìàòè÷åñêîãî ìîäåëèðîâàíèÿ

48 Èçâåñòèÿ ÌÃÒÓ «ÌÀÌÈ», ¹ 4(46), 2020

ëåíèè îá ýëëèïñå òðåíèÿ [9], ñîãëàñíî êîòîðî-
ìó ñèëà âçàèìîäåéñòâèÿ ñ îïîðíîé ïîâåðõíî-
ñòüþ íàïðàâëåíà ïðîòèâîïîëîæíî ñêîðîñòè 
ñêîëüæåíèÿ â òî÷êàõ êîíòàêòà.

Ñîâðåìåííûå âûñîêîïîäâèæíûå êîëåñíûå 
ìàøèíû â áîëüøèíñòâå ñâîåì èìåþò ìåõàíè-
÷åñêóþ òðàíñìèññèþ, ïðèíöèïèàëüíàÿ ñõåìà 
êîòîðîé èçîáðàæåíà íà ðèñ. 2. Äëÿ ïîâûøå-
íèÿ ïîäâèæíîñòè â ñîñòàâå òðàíñìèññèè ÂÊÌ 
ìîãóò ïðèñóòñòâîâàòü òàêèå óçëû, êàê ðåòàð-
äåð (÷àùå âñåãî ãèäðîäèíàìè÷åñêèé) è ýëåê-
òðîìàøèíà, ïðåäíàçíà÷åííàÿ äëÿ ðåêóïåðàöèè 
÷àñòè ýíåðãèè òîðìîæåíèÿ â áîðòîâîé íàêîïè-
òåëü ýëåêòðè÷åñêîé ýíåðãèè [10−15].

 Ðèñ. 2. Ñõåìà òðàíñìèññèè ÂÊÌ: 
ÄÂÑ – äâèãàòåëü âíóòðåííåãî ñãîðàíèÿ; 

ÝÌ – ýëåêòðîìàøèíà; ÊÏ – êîðîáêà ïåðåäà÷; 
ÐÅÒ – ðåòàðäåð (ãèäðîäèíàìè÷åñêèé); 

ÃÏ – ãëàâíàÿ ïåðåäà÷à

Fig. 2. Wheeled vehicle transmission scheme: 
DVS – internal combustion engine; 

EM – electric machine; KP – gearbox; RET – 
retarder (hydrodynamic); GP – main gear

Â ñâÿçè ñ ýòèì äëÿ ïðèìåíåíèÿ â êîìïëåê-
ñå íàòóðíî-ìàòåìàòè÷åñêîãî ìîäåëèðîâàíèÿ 
ïðåäñòàâëåííàÿ èìèòàöèîííàÿ ìîäåëü äèíàìè-
êè ìàøèíû äîïîëíåíà ìàòåìàòè÷åñêèì îïèñà-
íèåì ðÿäà àãðåãàòîâ è ñèñòåì:

– äâèãàòåëü âíóòðåííåãî ñãîðàíèÿ ñ âîç-
ìîæíîñòüþ ðàáîòû êàê â òÿãîâîì, òàê è òîð-
ìîçíîì ðåæèìàõ;

– ýëåêòðîìàøèíà;
– áîðòîâîé íàêîïèòåëü ýëåêòðè÷åñêîé ýíåðãèè;
– ðàáî÷èå òîðìîçíûå ìåõàíèçìû;
– ãèäðîäèíàìè÷åñêèé ðåòàðäåð;
– ñèñòåìà îõëàæäåíèÿ ÄÂÑ è ðåòàðäåðà;
– ðóëåâîå óïðàâëåíèå;
– ñèñòåìà óïðàâëåíèÿ ðàñïðåäåëåíèåì òÿ-

ãîâûõ/òîðìîçíûõ ìîìåíòîâ ìåæäó àãðåãàòàìè 
òðàíñìèññèè ìàøèíû.

Ìàòåìàòè÷åñêîå îïèñàíèå ÄÂÑ, ýëåêòðî-
ìàøèíû è ãèäðîäèíàìè÷åñêîãî ðåòàðäåðà 
ïðåäñòàâëÿåò ñîáîé ñâÿçü êðóòÿùåãî ìîìåíòà, 
÷àñòîòû âðàùåíèÿ è ïàðàìåòðà óïðàâëåíèÿ 
êàæäûì èç àãðåãàòîâ ñîãëàñíî èõ ìåõàíè÷å-
ñêîé õàðàêòåðèñòèêå.

Áîðòîâîé íàêîïèòåëü ýëåêòðè÷åñêîé ýíåð-
ãèè îïèñûâàåòñÿ êàê èñòî÷íèê ïîñòîÿííîãî íà-
ïðÿæåíèÿ íåîãðàíè÷åííîé ìîùíîñòè, îáëàäà-
þùèé êîíå÷íûì çàïàñîì ýíåðãèè. 

Â ðàìêàõ ìîäåëè ñ÷èòàåòñÿ, ÷òî òåïëîâàÿ 
ìîùíîñòü, âûäåëÿåìàÿ ãèäðîäèíàìè÷åñêèì 
ðåòàðäåðîì â ïðîöåññå òîðìîæåíèÿ, ïåðåäàåò-
ñÿ â îõëàæäàþùóþ æèäêîñòü (ÎÆ) äâèãàòåëÿ 
è ðàññåèâàåòñÿ â ðàäèàòîðå. Â ñâÿçè ñ ýòèì ìà-
òåìàòè÷åñêàÿ ìîäåëü ñèñòåìû îõëàæäåíèÿ ÄÂÑ 
è ðåòàðäåðà ïðåäíàçíà÷àåòñÿ äëÿ îïèñàíèÿ èç-
ìåíåíèÿ òåìïåðàòóðû ÎÆ, êîíòðîëü êîòîðîé 
íåîáõîäèì äëÿ ââåäåíèÿ îãðàíè÷åíèÿ ïî òîð-
ìîçíîé ìîùíîñòè, ïðåäîòâðàùàþùåãî âñêèïà-
íèå ðàáî÷åé æèäêîñòè ãèäðîçàìåäëèòåëÿ.

Äëÿ îïèñàíèÿ ðóëåâîãî óïðàâëåíèÿ (îáå-
ñïå÷åíèÿ ñâÿçè óãëîâ ïîâîðîòà óïðàâëÿåìûõ 
êîëåñ ñ ïîâîðîòîì ðóëåâîãî êîëåñà) ïðèìåíÿò-
ñÿ òðàäèöèîííûé ïîäõîä – ñîãëàñíî ãåîìåòðèè 
ðóëåâîé òðàïåöèè.

Îñíîâíîé ñèñòåìîé, ïîçâîëÿþùåé âîäèòå-
ëþ-îïåðàòîðó êîìïëåêñà íàòóðíî-ìàòåìàòè÷å-
ñêîãî ìîäåëèðîâàíèÿ óïðàâëÿòü âèðòóàëüíûì 
òðàíñïîðòíûì ñðåäñòâîì â ðåæèìå ðåàëüíîãî 
âðåìåíè, ÿâëÿåòñÿ ñèñòåìà óïðàâëåíèÿ ðàñ-
ïðåäåëåíèåì òÿãîâûõ/òîðìîçíûõ ìîìåíòîâ 
ìåæäó ýëåìåíòàìè òðàíñìèññèè ìàøèíû, îñó-
ùåñòâëÿþùàÿ ñâÿçü ìåæäó ïàðàìåòðîì óïðàâ-
ëåíèÿ, çàäàâàåìûì âîäèòåëåì ïóòåì íàæàòèÿ 
íà ïåäàëè àêñåëåðàòîðà è òîðìîçà, è óïðàâëÿ-
þùèìè âîçäåéñòâèÿìè àãðåãàòîâ òðàíñìèññèè 
ìàøèíû. Ðàçðàáîòêå òàêîé ñèñòåìû, ïîçâîëÿþ-
ùåé íà ýòàïå ïðîåêòèðîâàíèÿ îöåíèâàòü âçàè-
ìîäåéñòâèå âîäèòåëÿ, òðàíñïîðòíîãî ñðåäñòâà 
è âíåøíåé ñðåäû, ïîñâÿùåíà äàííàÿ ñòàòüÿ.

Ñèñòåìà óïðàâëåíèÿ 
ðàñïðåäåëåíèåì òÿãîâûõ 
òîðìîçíûõ ìîìåíòîâ ìåæäó 
ýëåìåíòàìè òðàíñìèññèè ìàøèíû
Â ðàññìàòðèâàåìîé òðàíñìèññèè âûñîêî-

ïîäâèæíûõ êîëåñíûõ ìàøèí èñïîëüçóþòñÿ 
ðàçëè÷íûå àãðåãàòû (ðèñ. 2), îáåñïå÷èâàþùèå 
ðåàëèçàöèþ òÿãîâîãî (ÄÂÑ è ýëåêòðîìàøèíà 
â òÿãîâîì ðåæèìå) è òîðìîçíîãî (ÄÂÑ â òîð-
ìîçíîì ðåæèìå, ýëåêòðîìàøèíà â ðåæèìå 
ãåíåðàòîðà, ãèäðîäèíàìè÷åñêèé ðåòàðäåð 
è ðàáî÷èå òîðìîçíûå ìåõàíèçìû) ìîìåíòà 
íà êîëåñàõ. Ïðè ýòîì äëÿ îáåñïå÷åíèÿ âîçìîæ-
íîñòè óïðàâëåíèÿ ÂÊÌ ñòåïåíü èñïîëüçîâàíèÿ 
êàæäîãî èç íèõ äîëæíà áûòü îäíîçíà÷íî ñâÿçà-
íà ñ óïðàâëÿþùèì âîçäåéñòâèåì âîäèòåëÿ hâ  
ñ ïîìîùüþ ñèñòåìû óïðàâëåíèÿ.
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Kositsyn B.B.
Model of the dynamics of a wheeled vehicle for a complex of full-scale-mathematical modeling

Â òÿãîâîì ðåæèìå ÂÊÌ äîëæíà èìåòü âîç-
ìîæíîñòü ïðåîäîëåíèÿ ñëîæíûõ äîðîæíûõ 
óñëîâèé íåçàâèñèìî îò óðîâíÿ çàðÿäà áîðòî-
âîãî íàêîïèòåëÿ ýíåðãèè. Ïðè ýòîì â ñëó÷àå 
çàìåäëåíèÿ ÂÊÌ ðàáî÷àÿ òîðìîçíàÿ ñèñòåìà 
äîëæíà îáåñïå÷èòü áëîêèðîâêó êîëåñ ìàøèíû 
äàæå â ñëó÷àå âûõîäà èç ñòðîÿ èçíîñîñòîéêîé 
òîðìîçíîé ñèñòåìû, ïðåäñòàâëÿþùåé ñîáîé 

ñîâîêóïíîñòü ãèäðîäèíàìè÷åñêîãî ðåòàðäåðà, 
ýëåêòðîìàøèíû è ÄÂÑ, ðàáîòàþùèõ â òîðìîç-
íûõ ðåæèìàõ [10−15].

Ñîîòâåòñòâåííî, ñóììàðíóþ õàðàêòåðèñòè-
êó âñåõ àãðåãàòîâ, îáåñïå÷èâàþùèõ äâèæåíèå 
ìàøèíû  ,M hñóì êï â  (ïðèâåäåííóþ ê âûõîä-
íîìó âàëó ÊÏ), ìîæíî ïðåäñòàâèòü ñëåäóþ-
ùèì îáðàçîì (ðèñ.  3):
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ãäå hâ  – óïðàâëÿþùåå âîçäåéñòâèå âîäèòåëÿ (  0,1h â  – íàæàòèå íà ïåäàëü àêñåëåðàòîðà, 
 1,0h  â  – íàæàòèå íà ïåäàëü òîðìîçà); êï  – óãëîâàÿ ñêîðîñòü âûõîäíîãî âàëà ÊÏ; uòð  – ïåðå-

äàòî÷íîå ÷èñëî òðàíñìèññèè îò âûõîäíîãî âàëà ÊÏ äî êîëåñà; maxNýì  – ìàêñèìàëüíàÿ ìîùíîñòü 
ýëåêòðîìàøèíû, ðàçâèâàåìàÿ íà âûõîäíîì âàëó ÊÏ; max max, M Näâñ äâñ  – ìàêñèìàëüíûé òÿãîâûé ìîìåíò 
è ìîùíîñòü, ðàçâèâàåìûå ÄÂÑ íà âûõîäíîì âàëó ÊÏ; cò  – êîýôôèöèåíò, õàðàêòåðèçóþùèé óãîë 
íàêëîíà õàðàêòåðèñòèêè ìåõàíè÷åñêîãî òîðìîçà â ðàéîíå íóëåâîé óãëîâîé ñêîðîñòè ñêîëüæåíèÿ 
òîðìîçíîãî äèñêà îòíîñèòåëüíî ñóïïîðòà; max

T iM  – ìàêñèìàëüíûé òîðìîçíîé ìîìåíò, ñîçäàâàå-
ìûé ìåõàíè÷åñêèì òîðìîçíûì ìåõàíèçìîì i-îãî êîëåñà (n – ÷èñëî êîëåñ ÂÊÌ); 

òð
 – ÊÏÄ òðàíñ-

ìèññèè îò âûõîäíîãî âàëà ÊÏ äî êîëåñà.

Òàêèì îáðàçîì, äëÿ îáåñïå÷åíèÿ äâèæåíèÿ 
ÂÊÌ óïðàâëåíèå òÿãîâûì/òîðìîçíûì ìîìåí-
òîì â çàâèñèìîñòè îò ïàðàìåòðà óïðàâëåíèÿ, 
çàäàâàåìîãî âîäèòåëåì hâ , áóäåò îñóùåñò-
âëÿòüñÿ â ðàìêàõ ïðåäñòàâëåííîé ñóììàðíîé 
õàðàêòåðèñòèêè  ,M hñóì êï â .

Äàëåå íåîáõîäèìî îïðåäåëèòü ïîñëåäîâà-
òåëüíîñòü àêòèâàöèè àãðåãàòîâ òðàíñìèññèè 
ÂÊÌ ïðè íàæàòèè âîäèòåëåì íà ïåäàëè àêñå-
ëåðàòîðà è òîðìîçà.

Òàê, íàïðèìåð, äëÿ ìèíèìèçàöèè ïîòðåáíîé 
åìêîñòè íàêîïèòåëÿ ýíåðãèè öåëåñîîáðàçíî 
ïðèìåíÿòü ñëåäóþùóþ ñòðàòåãèþ óïðàâëåíèÿ 
ýëåêòðîìàøèíîé [12, 15]: ýíåðãèÿ, çàïàñåí-
íàÿ â íàêîïèòåëå ïîñëå òîðìîæåíèÿ, ñðàçó æå 
áóäåò çàòðà÷åíà ïðè ïîñëåäóþùåì óñêîðåíèè.

Òîãäà ñîãëàñíî óêàçàííîé ñòðàòåãèè ðåàëè-
çàöèþ òÿãè íà âåäóùèõ êîëåñàõ ÂÊÌ íåîáõî-
äèìî îáåñïå÷èâàòü â ïåðâóþ î÷åðåäü çà ñ÷åò 
ýëåêòðîìàøèíû. Ïðè ýòîì â ñëó÷àå íåäîñòàò-
êà òÿãîâîé/òîðìîçíîé ìîùíîñòè äîïîëíèòåëü-
íûé ìîìåíò íà êîëåñàõ äîëæåí áûòü îáåñïå÷åí 
çà ñ÷åò ÄÂÑ.

Â ñëó÷àå, åñëè ïðè çàìåäëåíèè ÂÊÌ ñóì-
ìàðíîé òîðìîçíîé ìîùíîñòè ýëåêòðîìàøèíû 
è ÄÂÑ íåäîñòàòî÷íî, òî åå óâåëè÷åíèÿ ìîæíî 
äîñòèãíóòü çà ñ÷åò âêëþ÷åíèÿ ãèäðîäèíàìè-
÷åñêîãî ðåòàðäåðà. Ïðè çàìåäëåíèè ÂÊÌ àê-
òèâàöèÿ òîðìîçíîãî ðåæèìà ÄÂÑ ïðåäïî÷òè-
òåëüíåå, ÷åì ãèäðîòîðìîçà, òàê êàê ïðè ýòîì 
êèíåòè÷åñêàÿ ýíåðãèÿ äâèæåíèÿ ìàøèíû ïåðå-
õîäèò â òåïëîâóþ ýíåðãèþ ãàçîâ â öèëèíäðàõ 
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äâèãàòåëÿ, à íå â òåïëîâóþ ýíåðãèþ îõëàæäàþ-
ùåé æèäêîñòè ñèñòåìû îõëàæäåíèÿ.

Â ñëó÷àå ýêñòðåííîãî çàìåäëåíèÿ äîïîë-
íèòåëüíî ê èçíîñîñòîéêîé òîðìîçíîé ñèñòåìå 
àêòèâèðóþòñÿ ðàáî÷èå òîðìîçíûå ìåõàíèçìû.

Ñâÿæåì ïàðàìåòðû óïðàâëåíèÿ êàæäîãî 
èç àãðåãàòîâ òðàíñìèññèè ìàøèíû ñ ïàðàìå-

òðîì óïðàâëåíèÿ, çàäàâàåìûì âîäèòåëåì, ñî-
ãëàñíî ïðèíÿòîé ïîñëåäîâàòåëüíîñòè èõ àêòè-
âàöèè â ïðîöåññå äâèæåíèÿ.

Óïðàâëåíèå ýëåêòðîìàøèíîé
Ñ òî÷êè çðåíèÿ óäîáñòâà ýêñïëóàòàöèè, 

óïðàâëåíèå ýëåêòðîìàøèíîé â äâèãàòåëü-
íîì/ãåíåðàòîðíîì ðåæèìàõ öåëåñîîáðàçíåå 
âñåãî ïðîâîäèòü ñëåäóþùèì îáðàçîì: ïðè 

max max/N M êï ýì ýì  – ïðîïîðöèîíàëüíî êðóòÿ-
ùåìó ìîìåíòó, ïðè max max/N M êï ýì ýì  – ïðî-
ïîðöèîíàëüíî ìîùíîñòè ( max max, N Mýì ýì  – ìàê-
ñèìàëüíûå ìîùíîñòü è êðóòÿùèé ìîìåíò, 
ðåàëèçóåìûå ýëåêòðîìàøèíîé).

Äëÿ ó÷åòà òîãî, ÷òî âåëè÷èíà çàïàñà ýíåð-
ãèè â áîðòîâîì íàêîïèòåëå ýëåêòðîýíåðãèè 
(ïèòàþùåì ýëåêòðîìàøèíó) êîíå÷íà, èñïîëü-
çîâàíèå ýëåêòðîìàøèíû äîëæíî áûòü ïðè-
íóäèòåëüíî îãðàíè÷åíî â ñëó÷àå äîñòèæåíèÿ 
óðîâíÿ çàðÿäà íàêîïèòåëÿ ïðåäåëüíûõ çíà÷å-
íèé.

Òàêèì îáðàçîì, ñâÿçü ìåæäó óïðàâëÿþ-
ùèì âîçäåéñòâèåì âîäèòåëÿ hâ  è ïàðàìåòðîì 
óïðàâëåíèÿ ýëåêòðîìàøèíîé hýì  ìîæíî âûðà-
çèòü ñëåäóþùåé ñèñòåìîé óðàâíåíèé:

Ðèñ. 3. Ñóììàðí àÿ ìåõàíè÷åñêàÿ õàðàêòåðèñòèêà, 
ðåàëèçóåìàÿ íà âûõîäíîì âàëó ÊÏ, â ðàìêàõ 

êîòîðîé áóäåò ïðîâîäèòüñÿ óïðàâëåíèå

Fig. 3. The total mechanical characteristic 
implemented on the gearbox output shaft, 
which will be used to carry put the control
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ãäå  E êîí  – ôóíêöèÿ Õýâèñàéäà, ïðèíóäèòåëüíî îòêëþ÷àþùàÿ èñïîëüçîâàíèå ýëåêòðîìàøè-
íû, èñõîäÿ èç óñëîâèÿ îãðàíè÷åíèÿ çàïàñà ýíåðãèè â áîðòîâîì íàêîïèòåëå ýëåêòðè÷åñêîé ýíåðãèè 
Eêîí ;  ,M hýì êï ýì  – êðóòÿùèé ìîìåíò, ñîçäàâàåìûé ýëåêòðîìàøèíîé.

Ïîëó÷åííàÿ ñîãëàñíî ñèñòåìå óðàâíåíèé 
ïîâåðõíîñòü îòêëèêà âåëè÷èíû  ,h hýì êï â  
îò ïàðàìåòðà óïðàâëåíèÿ, çàäàâàåìîãî âîäèòå-
ëåì hâ , è óãëîâîé ñêîðîñòè âûõîäíîãî âàëà ÊÏ 
êï  ïðåäñòàâëåíà íà ðèñ. 4.

Óïðàâëåíèå äâèãàòåëåì 
âíóòðåííåãî ñãîðàíèÿ
Âñëåäñòâèå òîãî, ÷òî ñîâðåìåííûå ÊÏ ïî-

çâîëÿþò áûñòðî (äî 0,3 ñ) èçìåíÿòü ïåðåäàòî÷-
íîå ÷èñëî òðàíñìèññèè è â íåêîòîðûõ ñëó÷àÿõ 

áåç ðàçðûâà ïîòîêà ìîùíîñòè (ïëàíåòàðíûå 
ÊÏ, âàëüíûå ÊÏ, îñíàùåííûå äâîéíûì ñöå-
ïëåíèåì), âðåìåíåì ïåðåêëþ÷åíèÿ ïåðåäà÷ 
è ñâÿçàííûì ñ ýòèì ñíèæåíèåì ñêîðîñòè äâè-
æåíèÿ ìàøèíû íà ïåðâîì ýòàïå öåëåñîîáðàçíî 
ïðåíåáðå÷ü. 

Òàêèì îáðàçîì, îïèñàíèå ñîâìåñòíîé õàðàê-
òåðèñòèêè ÄÂÑ è ÊÏ íà âíåøíåé è ÷àñòè÷íûõ 
õàðàêòåðèñòèêàõ (êàê â òÿãîâîì, òàê è òîðìîç-
íîì ðåæèìàõ) ðàöèîíàëüíî îñóùåñòâëÿòü ñî-
ãëàñíî êðèâîé ïîñòîÿííîé ìîùíîñòè (ðèñ. 5).
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Òîãäà, íà îñíîâàíèè âûøåóêàçàííîãî, óïðàâëåíèå ÄÂÑ óäîáíî ïðîâîäèòü ïî àíàëîãèè ñ ýëåê-
òðîìàøèíîé. 

 

     
   

 
     

     

 , , ,1 :

, ,
0, : ,1

 , , ,1 :

1
,

 , , , 1 :

,
0, :â

M h M h M

M h M h
h M

M h M h M

h h
M h M h M

M h
h

     


  
 
     
 

     




ñóì êï â ýì êï ýì äâñ êï

ñóì êï â ýì êï ýì

â äâñ êï

ñóì êï â ýì êï ýì äâñ êï

äâñ êï â

ñóì êï â ýì êï ýì äâñ êï

ñóì êï

åñëè

åñëè  òî

åñëè

åñëè

åñëè  òî

   
 

     

,

,
, 1

 , , , 1 :

1

M h
M

M h M h M












               

â ýì êï ýì

äâñ êï

ñóì êï â ýì êï ýì äâñ êïåñëè

 (3)

ãäå  ,M häâñ êï äâñ  – êðóòÿùèé ìîìåíò, ñîçäàâàåìûé ÄÂÑ; häâñ  – ïàðàìåòð óïðàâëåíèÿ ÄÂÑ.

Ðèñ. 4. Ïîâåðõíîñòü îòêëèêà  hýì(êï, hâ) 

Fig. 4. Response surface h
ýì
(

êï
, h

â
) 

Ðèñ. 5. Ñîâìåñòíàÿ ìåõàíè÷ åñêàÿ õàðàêòåðèñòèêà äâèãàòåëÿ è êîðîáêè ïåðåäà÷ (â òÿãîâîì ðåæèìå)

Fig. 5. Joint mechanical characteristic of engine and gearbox (in traction mode)
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Ïîëó÷åííàÿ ñîãëàñíî ñèñòåìå óðàâíåíèé 
ïîâåðõíîñòü îòêëèêà âåëè÷èíû  ,h häâñ êï â  
îò ïàðàìåòðà óïðàâëåíèÿ, çàäàâàåìîãî âîäèòå-
ëåì hâ , è óãëîâîé ñêîðîñòè âûõîäíîãî âàëà ÊÏ 
êï  ïðåäñòàâëåíà íà ðèñ. 6.

Óïðàâëåíèå ãèäðîäèíàìè÷åñêèì 
ðåòàðäåðîì
Óïðàâëåíèå ãèäðîäèíàìè÷åñêèì ðåòàð-

äåðîì ïðîèñõîäèò ïðîïîðöèîíàëüíî ìîùíî-
ñòè, âåëè÷èíà êîòîðîé îãðàíè÷èâàåòñÿ èñõîäÿ 
èç óñëîâèÿ íåäîïóñòèìîñòè âñêèïàíèÿ ðàáî÷åé 
æèäêîñòè (ðèc. 7).

Ðèñ. 6. Ïîâåðõíîñòü îòêëèêà häâñ (êï, hâ) 

Fig. 6. Response surface h
äâñ

(
êï
, h

â
) 

Ðèñ. 7. Ìåõàíè÷åñêàÿ õàðàêòåðèñ òèêà 
Voith VR 133-2 [16]

Fig. 7. Mechanical characteristic 
Voith VR 133-2 [16]

Òàêèì îáðàçîì, ñâÿçü ìåæäó óïðàâëÿþùèì âîçäåéñòâèåì âîäèòåëÿ è ïàðàìåòðîì óïðàâëåíèÿ 
ãèäðîòîðìîçîì  , ,h h Tðåò êï â ÎÆ  âûðàæàåòñÿ ñëåäóþùåé ñèñòåìîé óðàâíåíèé:
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,        (4)

ãäå ðåò  – ÊÏÄ òðàíñìèññèè îò ðåòàðäåðà äî âûõîäíîãî âàëà ÊÏ;  maxN Tð ÎÆ  – îãðàíè÷åíèå ìàê-
ñèìàëüíîé ìîùíîñòè ðåòàðäåðà, íàêëàäûâàåìîå òåêóùåé òåìïåðàòóðîé îõëàæäàþùåé æèäêîñòè 
TÎÆ .
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Ïîëó÷åííàÿ ñîãëàñíî ñèñòåìå óðàâíåíèé ïî-
âåðõíîñòü îòêëèêà âåëè÷èíû  , ,h h Tðåò êï â ÎÆ  
îò ïàðàìåòðà óïðàâëåíèÿ, çàäàâàåìîãî âîäèòå-
ëåì hâ , è óãëîâîé ñêîðîñòè âûõîäíîãî âàëà ÊÏ 
êï  ïðåäñòàâëåíà íà ðèñ. 8.

Óïðàâëåíèå ðàáî÷åé 
òîðìîçíîé ñèñòåìîé
Ðàñïðåäåëåíèå ïî êîëåñàì òîðìîçíûõ ìî-

ìåíòîâ, ñîçäàâàåìûõ ðàáî÷åé òîðìîçíîé ñè-
ñòåìîé, ðàöèîíàëüíåå ïðîâîäèòü ïðîïîðöèî-
íàëüíî íîðìàëüíûì ðåàêöèÿì [17]. Ïðè ýòîì 
äëÿ ïðåäîòâðàùåíèÿ ñîçäàíèÿ ðàçâîðà÷èâàþ-
ùèõ ìîìåíòîâ (â ñëó÷àå ðàçíîé çàãðóæåííîñòè 
áîðòîâ ÂÊÌ) òîðìîçíûå ìîìåíòû íà ïðàâîì 
è ëåâîì êîëåñå êàæäîãî ìîñòà íåîáõîäèìî 
ïîääåðæèâàòü îäèíàêîâûìè. Òàêèì îáðàçîì, 
äëÿ àíàëèçà íàèáîëåå îáùåãî ñëó÷àÿ, ðåàëèçó-
åì èìåííî òàêóþ ñòðàòåãèþ óïðàâëåíèÿ ðàáî-
÷åé òîðìîçíîé ñèñòåìîé.

Íà ïåðâîì ýòàïå îïðåäåëèì ñóììàðíûé 
òîðìîçíîé ìîìåíò, êîòîðûé íåîáõîäèìî îáå-
ñïå÷èòü íà êîëåñàõ ÂÊÌ M òîðì

ñóì  (ïðèâåäåííûé 
ê âûõîäíîìó âàëó ÊÏ):

 0, : 0;h M òîðì
â ñóìåñëè  òî
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Òîãäà, ñîãëàñíî ïðåäëîæåííîé ñòðàòåãèè, 

ïàðàìåòðû óïðàâëåíèÿ òîðìîçíûìè ìåõàíèç-
ìàìè êàæäîãî êîëåñà hò  îïðåäåëÿþòñÿ êàê:
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ãäå Ì
Ò
(

êi
, h

òi
) – òîðìîçíîé ìîìåíò, ðåàëè-

çóåìûé ðàáî÷èì òîðìîçíûì ìåõàíèçìîì; 

ziR  – íîðìàëüíàÿ ðåàêöèÿ â ïÿòíå êîíòàêòà 
i-îãî êîëåñà (íîðìàëüíàÿ íàãðóçêà, ïðèõîäÿùà-
ÿñÿ íà i-îå êîëåñî).

Áëîê-ñõåìà àëãîðèòìà 
ñèñòåìû óïðàâëåíèÿ
Îêîí÷àòåëüíî, íà îñíîâàíèè âûøåóêàçàííî-

ãî, àëãîðèòì ðàáîòû ñèñòåìû ðàñïðåäåëåíèÿ 
òÿãîâûõ/òîðìîçíûõ ìîìåíòîâ ìåæäó àãðåãà-
òàìè òðàíñìèññèè ÂÊÌ ïðè äâèæåíèè ìîæíî 
ïðåäñòàâèòü â âèäå ñëåäóþùåé áëîê-ñõåìû 
(ðèñ.  9). 

Â êà÷åñòâå ïðèìåðà, ñðåçû ïîëó÷àåìûõ 
ïîâåðõíîñòåé îòêëèêà ïðåäñòàâëåíû íà ðèñ. 
10–12. Ïî ðèñ. 10 (òåìïåðàòóðà ÎÆ íàõî-
äèòñÿ â íîðìå, íàêîïèòåëü ýíåðãèè ÷àñòè÷-
íî çàðÿæåí) âèäíî, ÷òî â ñëó÷àå òÿãîâîãî 
ðåæèìà (  0,1h â ) ïî ìåðå íàæàòèÿ âîäèòå-
ëåì íà ïåäàëü àêñåëåðàòîðà â ïåðâóþ î÷åðåäü 
â ðàáîòó âêëþ÷àåòñÿ ýëåêòðîìàøèíà. Çàòåì, 
êîãäà åå ïàðàìåòð óïðàâëåíèÿ äîñòèãíåò ìàê-
ñèìàëüíîé âåëè÷èíû, äëÿ êîìïåíñàöèè íåäî-
ñòàòêà òÿãîâîé ìîùíîñòè â ðàáîòó âêëþ÷èòñÿ 
äâèãàòåëü âíóòðåííåãî ñãîðàíèÿ. Â ðåæèìå 
òîðìîæåíèÿ (  1,0h  â ), ïî ìåðå íàæàòèÿ 
íà ïåäàëü òîðìîçà, òàêæå ïåðâîé â ðàáîòó 
âêëþ÷àåòñÿ ýëåêòðîìàøèíà. Ïîñëå äîñòèæå-
íèÿ ïàðàìåòðà óïðàâëåíèÿ ýëåêòðîìàøèíîé 

Ðèñ. 8. Ïîâåðõíîñòü îòêëèêà hðåò(êï, h â, ÒÎÆ = const) 

Fig. 8. Response surface h
ðåò

(
êï
, h

â
, Ò

ÎÆ
 = const) 
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Ðèñ. 9. Àëãîðèòì ðàáîòû ñèñòåìû ðàñïðåäåëåíèÿ òÿãî âûõ/òîðìîçíûõ ìîìåíòîâ ïðè äâèæåíèè ÂÊÌ

Fig. 9. Algorithm of operation of the traction/braking torque distribution system 
when the wheeled vehicle moves

Íà ðèñ. 11 ïðîäåìîíñòðèðîâàíî, ÷òî â ñëó÷àå 
îïóñòîøåíèÿ íàêîïèòåëÿ ýíåðãèè ïðè íàæàòèè 
íà ïåäàëü àêñåëåðàòîðà â ðàáîòó ñðàçó âêëþ÷à-
åòñÿ ÄÂÑ. Â ñëó÷àå æå ïîëíîãî çàðÿäà íàêîïè-
òåëÿ (ðèñ. 12) ïðè íàæàòèè íà ïåäàëü òîðìîçà 
àêòèâàöèÿ ãåíåðàòîðíîãî ðåæèìà òàêæå áóäåò 
ïðîèãíîðèðîâàíà è â ìåñòî ýòîãî ñðàçó áóäåò 
çàïóùåí òîðìîçíîé ðåæèì ðàáîòû äâèãàòåëÿ 
âíóòðåííåãî ñãîðàíèÿ.

âåëè÷èíû 1h  ýì  äëÿ êîìïåíñàöèè íåäîñòàò-
êà òîðìîçíîé ìîùíîñòè ïîäêëþ÷àþòñÿ ïîñëå-
äîâàòåëüíî ÄÂÑ, à çàòåì (ïîñëå äîñòèæåíèÿ 

1h  äâñ ) ðåòàðäåð. Â ñëó÷àå ýêñòðåííîãî òîð-
ìîæåíèÿ è áîëüøîãî óðîâíÿ íàæàòèÿ íà ïåäàëü 
òîðìîçà äëÿ ðåàëèçàöèè òîðìîçíîãî óñèëèÿ, 
çàäàâàåìîãî âîäèòåëåì, äîïîëíèòåëüíî ê èçíî-
ñîñòîéêîé ñèñòåìå çàìåäëåíèÿ ïîäêëþ÷àåòñÿ 
ðàáî÷àÿ òîðìîçíàÿ ñèñòåìà.
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Ðèñ. 10. Ñðåç ïîâåðõíîñòåé îòêëèêà ñèñòåìû ðàñïðåä åëåíèÿ òÿãîâûõ/òîðìîçíûõ ìîìåíòîâ (ñèñòåìû ðàáîòàþò 
â øòàòíîì ðåæèìå – òåìïåðàòóðà ÎÆ íàõîäèòñÿ â íîðìå, íàêîïèòåëü ýíåðãèè ÷àñòè÷íî çàðÿæåí)

Fig. 10. Cut off the response surfaces of the traction/braking torque distribution system (the systems 
are operating normally – the coolant temperature is normal, the energy storage unit is partially charged)

Ðèñ. 11. Ñðåç ïîâåðõíîñòåé îòêëèêà ñèñòåìû ðàñïðåä åëåíèÿ òÿãîâûõ/òîðìîçíûõ ìîìåíòîâ 
(òåìïåðàòóðà ÎÆ íàõîäèòñÿ â íîðìå, íàêîïèòåëü ýíåðãèè ïîëíîñòüþ ðàçðÿæåí)

Fig. 11. Cut off the response surfaces of the traction / braking torque distribution system 
(coolant temperature is normal, energy storage is completely discharged)

Ðèñ. 12. Ñðåç ïîâåðõíîñòåé îòêëèêà ñèñòåìû ðàñïðåä åëåíèÿ òÿãîâûõ/òîðìîçíûõ ìîìåíòîâ 
(òåìïåðàòóðà ÎÆ íàõîäèòñÿ â íîðìå, íàêîïèòåëü ýíåðãèè ïîëíîñòüþ çàðÿæåí)

Fig 12. Cut off the response surfaces of the traction/braking torque distribution system 
(coolant temperature is normal, energy storage is fully charged)
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Äëÿ ïîäòâåðæäåíèÿ ðàáîòîñïîñîáíîñòè 
ðàçðàáîòàííîé ñèñòåìû ïðîâåðèì åå ôóíêöèî-
íàëüíîñòü â ðàìêàõ èìèòàöèè äâèæåíèÿ ÂÊÌ 
â êîìïëåêñå íàòóðíî-ìàòåìàòè÷åñêîãî ìîäåëè-
ðîâàíèÿ.

Êîìïëåêñ íàòóðíî-ìàòåìàòè÷åñêîãî 
ìîäåëèðîâàíèÿ
Èñïîëüçóåìûé â äàííîé ðàáîòå êîìïëåêñ 

íàòóðíî-ìàòåìàòè÷åñêîãî ìîäåëèðîâàíèÿ [1] 
âêëþ÷àåò ñëåäóþùóþ àïïàðàòíóþ ÷àñòü:

– ÝÂÌ äëÿ èìèòàöèè äâèæåíèÿ ÂÊÌ 
â ðåæèìå ðåàëüíîãî âðåìåíè;

– îðãàíû óïðàâëåíèÿ äëÿ îáåñïå÷åíèÿ ñâÿçè 
ìåæäó óïðàâëÿþùèìè âîçäåéñòâèÿìè îïå-
ðàòîðà è ñèñòåìû óïðàâëåíèÿ èìèòàöèîííîé 
ìîäåëè;

– ýêðàí äëÿ îáåñïå÷åíèÿ çðèòåëüíîé ñâÿçè 
âîäèòåëÿ ñ çàäàííîé òðàññîé ïîñðåäñòâîì ãðà-
ôè÷åñêîãî èíòåðôåéñà. 

Ñòðóêòóðíàÿ ñõåìà âçàèìîäåéñòâèÿ ýëå-
ìåíòîâ êîìïëåêñà íàòóðíî-ìàòåìàòè÷åñêîãî 
ìîäåëèðîâàíèÿ ñ îïåðàòîðîì ïðåäñòàâëåíà 
íà ðèñ. 13.

Îáúåêò èññëåäîâàíèÿ 
è ðåçóëüòàòû ìîäåëèðîâàíèÿ
Äëÿ ïðèìåðà â êà÷åñòâå îáúåêòà èññëåäîâàíèÿ 

èñïîëüçóåòñÿ ñëåäóþùåå òðàíñïîðòíîå ñðåäñòâî 
(ðèñ. 14) ñ óäåëüíîé ìîùíîñòüþ 12,5 êÂò/ò.

Äëÿ ïîäòâåðæäåíèÿ êîððåêòíîñòè ôóíêöè-
îíèðîâàíèÿ ðàçðàáîòàííîé ñèñòåìû ðàñïðå-
äåëåíèÿ òÿãîâûõ/òîðìîçíûõ ìîìåíòîâ ìåæäó 
óçëàìè òðàíñìèññèè ÂÊÌ íà ðèñ. 15 ïðåäñòàâ-
ëåí ôðàãìåíò çàâèñèìîñòè òîðìîçíîãî ìîìåí-
òà è ìîùíîñòè, ðåàëèçîâàííûõ êàæäûì óçëîì 
òðàíñìèññèè ïðè äâèæåíèè ïî òðàññå. 

Ïî ïðåäñòàâëåííûì çàâèñèìîñòÿì âèäíî, 
÷òî ïðè óñêîðåíèè è òîðìîæåíèè ïåðâûì 
óçëîì, êîòîðûé âêëþ÷àåòñÿ â ðàáîòó, ÿâëÿåòñÿ 
ýëåêòðîìàøèíà. Ïðè ýòîì ïîñëå îïóñòîøåíèÿ 
íàêîïèòåëÿ (â ñëó÷àå óñêîðåíèÿ) èëè ïîëíîãî 
çàðÿäà (â ñëó÷àå òîðìîæåíèÿ) ýëåêòðîìàøè-
íà îòêëþ÷àåòñÿ. Â ñëó÷àå íåäîñòàòêà òÿãî-
âîé èëè òîðìîçíîé ìîùíîñòè àêòèâèðóåòñÿ 
äâèãàòåëü âíóòðåííåãî ñãîðàíèÿ (â òÿãîâîì 
èëè òîðìîçíîì ðåæèìå). Çàòåì, ïðè áîëåå èí-
òåíñèâíîì òîðìîæåíèè, ïîäêëþ÷àåòñÿ ãèäðî-
äèíàìè÷åñêèé ðåòàðäåð. Â ðàññìàòðèâàåìîì 
ñëó÷àå ñêîðîñòü äâèæåíèÿ ìàøèíû áûëà íå-

Ðèñ. 13. Ñòðóêòóðíàÿ ñõåìà âçàèìîäåéñòâèÿ ýëåìåíòî â êîìïëåêñà íàòóðíî-ìàòåìàòè÷åñêîãî ìîäåëèðîâàíèÿ [1]

Fig. 13. Block diagram of the interaction of elements of the complex of full-scale mathematical modeling [1]
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âûñîêîé è ðåòàðäåð ðàáîòàë ïðè ïîëíîì íàïîë-
íåíèè. Â ñâÿçè ñ ýòèì, ïðè ñíèæåíèè ñêîðîñòè 
ìàøèíû òîðìîçíîé ìîìåíò ãèäðîòîðìîçà ñíè-
æàëñÿ. Ïðè ýêñòðåííîì òîðìîæåíèè çàäåéñòâó-
åòñÿ ðàáî÷àÿ òîðìîçíàÿ ñèñòåìà. Êðîìå òîãî, 
çíà÷åíèå ñóììàðíîãî òÿãîâîãî/òîðìîçíîãî ìî-
ìåíòà (çàäàâàåìîãî âîäèòåëåì) ñîîòâåòñòâóåò 
ñóììå ìîìåíòîâ, ðåàëèçóåìûõ ðàññìàòðèâàå-
ìûìè óçëàìè. Â ñâÿçè ñ ýòèì, ìîæíî ñäåëàòü 
âûâîä, ÷òî ðàçðàáîòàííàÿ ñèñòåìà óïðàâëåíèÿ 
ôóíêöèîíèðóåò êîððåêòíî.

Çàêëþ÷åíèå
Â ðàìêàõ ïðåäñòàâëåííîé ðàáîòû ðàçðà-

áîòàíà ìàòåìàòè÷åñêàÿ ìîäåëü äèíàìèêè êî-
ëåñíîé ìàøèíû, ïðåäíàçíà÷åííàÿ äëÿ ïðèìå-
íåíèÿ â êîìïëåêñå íàòóðíî-ìàòåìàòè÷åñêîãî 

ìîäåëèðîâàíèÿ è îöåíêè ðåæèìîâ ðàáîòû ñè-
ñòåìû «âîäèòåëü-ìàøèíà-ñðåäà». Óêàçàííàÿ 
ìàòåìàòè÷åñêàÿ ìîäåëü áàçèðóåòñÿ íà ñóùå-
ñòâóþùåé ìîäåëè, ðàçðàáîòàííîé â ÌÃÒÓ 
èì. Í.Ý. Áàóìàíà, è äîïîëíåíà ñèñòåìîé 
óïðàâëåíèÿ, ñâÿçûâàþùåé ñòåïåíü íàæàòèÿ âî-
äèòåëÿ íà ïåäàëè àêñåëåðàòîðà è òîðìîçà ñ ïà-
ðàìåòðàìè óïðàâëåíèÿ ðàçëè÷íûõ àãðåãàòîâ 
òðàíñìèññèè, òàêèõ êàê äâèãàòåëü âíóòðåííå-
ãî ñãîðàíèÿ, ýëåêòðîìàøèíà, ãèäðîäèíàìè÷å-
ñêèé ðåòàðäåð è ðàáî÷àÿ òîðìîçíàÿ ñèñòåìà. 
Óêàçàííàÿ ñèñòåìà îáåñïå÷èâàåò âîçìîæíîñòü 
âîäèòåëÿ-îïåðàòîðà êîìïëåêñà íàòóðíî-ìàòå-
ìàòè÷åñêîãî ìîäåëèðîâàíèÿ óïðàâëÿòü âèðòó-
àëüíîé ìàøèíîé â ðåæèìå ðåàëüíîãî âðåìåíè. 

Â õîäå âû÷èñëèòåëüíîãî ýêñïåðèìåíòà äî-
êàçàíà ðàáîòîñïîñîáíîñòü ïðåäñòàâëåííîé 

Ðèñ. 14. Ãåîìåòðè÷åñêèå ïàðàìåòðû ÂÊÌ 6õ6

Fig. 14.  Geometrical parameters of six-wheel drive vehicle

    

 à á

Ðèñ. 15. Èçìåíåíèå òîðìîçíîãî ìîìåíòà (à) è ìîùíîñ òè (á), ðåàëèçîâàííîé óçëàìè òðàíñìèññèè ÂÊÌ 6õ6, 
ïðè äâèæåíèè ïî òðàññå

Fig. 15 Change in braking torque (a), power (b), implemented by the transmission units 
of the six-wheel drive vehicle when driving on the highway
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ìàòåìàòè÷åñêîé ìîäåëè äèíàìêè êîëåñíîé 
ìàøèíû, à òàêæå ðàçðàáîòàííîãî àëãîðèòìà 
ñèñòåìû ðàñïðåäåëåíèÿ òÿãîâûõ-òîðìîçíûõ 
ìîìåíòîâ ìåæäó ýëåìåíòàìè òðàíñìèññèè.
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MODEL OF THE DYNAMICS OF A WHEELED VEHICLE 
FOR A COMPLEX OF FULL-SCALE-MATHEMATICAL MODELING

PhD in Engineering B.B. Kositsyn
Bauman Moscow State Technical University, Moscow, Russia
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Introduction. The use of the method of full-scale-mathematical modeling in “real time” opens up wide 
opportunities associated with the analysis of the modes of operation of the “man – vehicle – environ-
ment” system, as well as the study of the loading of units and assemblies of vehicles. The existing re-
search complexes of full-scale mathematical modeling are suitable for obtaining most of the indicators 
usually determined by full-scale tests. The difference lies in the ability to fully control the course of virtual 
testing, recording any parameters of the vehicle movement, taking into account the “human factor”, 
as well as complete safety of the experiment.
Purpose of research. The purpose of this work is to create a mathematical model of the dynamics of a 
wheeled vehicle, suitable for use in such a complex of full-scale mathematical modeling and assessment 
of the load of transmission units in conditions close to real operation.
Methodology and methods. The proposed model is based on the existing model of the dynamics of a 
wheeled vehicle developed at Bauman Moscow State Technical University. Within the framework of the 
model, the dynamics of a vehicle is described as a plane motion of a rigid body in a horizontal plane. 
The principle of possible displacements is applied to determine the normal reactions of the bearing sur-
face. The interaction of the wheel with the ground in the plane of the support base is described using 
an approach based on the “friction ellipse” concept. To enable the driver and operator of the full-scale 
mathematical modeling complex to drive a virtual vehicle in “real time” mode, the mathematical model 
is supplemented with a control system that communicates between the control parameter set by the 
driver by pressing the accelerator and brake pedals and the control actions of the vehicle's transmission 
units, such as: an electric machine, an internal combustion engine, a hydrodynamic retarder and a brake 
system. The article presents a block diagram of the developed control algorithm, as well as approbation 
of the system's operation in a complex of full-scale mathematical modeling.
Results and scientific novelty. A mathematical model of the dynamics of a wheeled vehicle was de-
veloped. It opens up wide possibilities for studying the modes of operation of the “driver-vehicle-environ-
ment” system in “real time”, using a complex of full-scale mathematical modeling.
Practical significance. A mathematical model of the dynamics of a wheeled vehicle was developed. It is 
supplemented with an algorithm for the distribution of traction/braking torques between the transmission 
units, which provide a connection between the driver's pressing on the accelerator/brake pedal and the 
control parameters of each of the units.

Keywords: mathematical model, wheeled vehicle, full-scale mathematical modeling, control system.
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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.

Êëþ÷åâûå ñëîâà: îäíîêàíàëüíûé ãèäðîïðèâîä, ïîñëåäîâàòåëüíîå ñîåäèíåíèå ïîëîñòåé ãèäðî-
öèëèíäðîâ, îáúåìíàÿ êèíåìàòè÷åñêàÿ ñâÿçü, äèôôåðåíöèàëüíîñòü ãèäðîöèëèíäðîâ. 
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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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ø ï

ø ï ø ï

ø ï ø ï

ø ï ø ï

 

(2)
Áåç ó÷åòà ãèäðàâëè÷åñêèõ ïîòåðü â ìà-

ãèñòðàëÿõ ñïðàâåäëèâû ðàâåíñòâà äàâëåíèé 
â ïîëîñòÿõ ãèäðîöèëèíäðîâ p

1ï 
= p

0
; p

1ø 
= p

2ï
; 

p
2ø

 = p
3ï

; p
3ø

 = p
4ï

; p
4ø

 = p
5ï

.; p
5ø

 = T. 
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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

1
 = D

2
 = D

3
 = D

4
 = 

= D
5
 = D, òî, â ñîîòâåòñòâèè ñ ñèñòåìîé óðàâ-

íåíèé (2), X
1
 = W

0
/A

ï
; X

2
 = X

1
/D; X

3
 = X

1
/D2; 

X
4
 = X

1
/D3; X

5
 = X

1
/D4. 

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 + D1 + D2 + D3 + D4) = 
= 0,261p

0
 · 103, 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
· 103 =

= 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-



67Izvestiya MGTU «MAMI», ¹ 4(46), 2020

Pil'gunov V.N., Yefremova K.D.
Volumetric hydraulic drive with series connection of hydraulic actuators

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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VOLUMETRIC HYDRAULIC DRIVE WITH SERIES CONNECTION 
OF HYDRAULIC ACTUATORS

PhD in Engineering V.N. Pil'gunov, PhD in Engineering K.D. Yefremova
Bauman Moscow State Technical University, Moscow, Russia
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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.

Cite as: V.N. Pil'gunov, K.D. Yefremova Volumetric hydraulic drive with series connection of hydraulic 
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Òåìîé äàííîé ñòàòüè ÿâëÿåòñÿ àíàëèç ðåçóëüòàòîâ ïðîâåäåíèÿ ïîëåâûõ èññëåäîâàíèé òðàêòîðà 
ñ óïðóãî-äåìïôèðóþùèì ìåõàíèçìîì â ñèëîâîì ïðèâîäå è åãî ýêñïëóàòàöèîííàÿ îöåíêà ýôôåê-
òèâíîñòè â ñðàâíåíèè ñ ñåðèéíûì òðàêòîðîì.
Ïðåäìåòîì èññëåäîâàíèÿ ÿâëÿåòñÿ òðàêòîð ñ óïðóãî-äåìïôèðóþùèì ìåõàíèçìîì â ñèëîâîì ïðè-
âîäå â ñîñòàâå ïàõîòíîãî àãðåãàòà ñ íàâåñíûì ïëóãîì. 
Öåëüþ äàííîé ðàáîòû ÿâëÿåòñÿ äåòàëüíûé àíàëèç âëèÿíèÿ ïàðàìåòðîâ óïðóãî-äåìïôèðóþùåãî 
ìåõàíèçìà íà ïîêàçàòåëè ðàáîòû òðàêòîðà ñ ïëóãîì. Ïðîâåäåíèå ïîäîáíûõ èññëåäîâàíèé ïî-
çâîëÿåò ïîëó÷èòü íîâûå ýêñïåðèìåíòàëüíûå äàííûå ðàáîòû óïðóãî-äåìïôèðóþùåãî ìåõàíèçìà 
óñòàíîâëåííîãî â ñèëîâîé ïðèâîä òðàêòîðà ïðè àãðåãàòèðîâàíèè ñ ïëóãîì.
Êîíòðîëüíûå îïûòû ïðîâîäèëèñü íà îäíîì ïîëå âî âðåìÿ ëåòíåãî è îñåííåãî ïåðèîäîâ îäíî-
ãî ãîäà. Ýòàëîííûì ïðè ïðîâåäåíèè ñðàâíèòåëüíûõ îïûòîâ ÿâëÿëñÿ òîò æå òðàêòîð, íî ñ çàáëî-
êèðîâàííûì óïðóãî-äåìïôèðóþùèì ìåõàíèçìîì (äëÿ êðàòêîñòè, ìû íàçâàëè åãî «ñåðèéíûì»). 
Îáðàáîòêà ðåçóëüòàòîâ îñóùåñòâëÿëàñü íà ïåðñîíàëüíîì êîìïüþòåðå ñ èñïîëüçîâàíèåì ïàêåòà 
ïðîãðàìì. Äëÿ àíàëèçà ýíåðãîýôôåêòèâíîñòè èñïîëüçîâàëàñü óñëîâíàÿ êëàññèôèêàöèÿ âàðèà-
áåëüíîñòè âûáîðêè íà îñíîâå êîýôôèöèåíòà âàðèàöèè. Äëÿ èçó÷åíèÿ ÷èñëîâûõ äàííûõ ïî áóêñî-
âàíèþ áûë ïðîâåäåí ñïåêòðàëüíûé àíàëèç. 
Ïîêàçàòåëè ýíåðãåòè÷åñêîé îöåíêè ñâèäåòåëüñòâóþò, ÷òî àãðåãàò ñ óïðóãî-äåìïôèðóþùèì ìåõà-
íèçìîì â ñèëîâîì ïðèâîäå òðàêòîðà èìååò ëó÷øèå ïîêàçàòåëè (ñêîðîñòü äâèæåíèÿ, ïðîèçâîäè-
òåëüíîñòü è ïîãåêòàðíûé ðàñõîä òîïëèâà), ÷åì àíàëîãè÷íûé ñ áîëåå æåñòêîé òðàíñìèññèåé. Óïðó-
ãî-äåìïôèðóþùèé ìåõàíèçì ñîçäàåò áîëåå áëàãîïðèÿòíûå óñëîâèÿ äëÿ ôîðìèðîâàíèÿ õàðàêòåðà 
íàãðóçêè óçëîâ ïðè íåóñòàíîâèâøèõñÿ è óñòàíîâèâøèõñÿ ðåæèìàõ äâèæåíèÿ. Ñòàòèñòè÷åñêèé àíà-
ëèç ÷èñëîâûõ äàííûõ ïî áóêñîâàíèþ ïîêàçàë, ÷òî ïðèìåíåíèå ìåõàíèçìà ïîçâîëÿåò ñíèçèòü ìà-
òåìàòè÷åñêîå îæèäàíèå áóêñîâàíèÿ. Àíàëèç ñïåêòðàëüíûõ õàðàêòåðèñòèê ñâèäåòåëüñòâóåò î òîì, 
÷òî óïðóãî-äåìïôèðóþùèé ìåõàíèçì ïîãëîùàåò ÷àñòîòû, ÿâëÿÿñü ôèëüòðîì ïðè àãðåãàòèðîâàíèè 
ñ ðàçëè÷íûìè îðóäèÿìè. Âñå ýòî óêàçûâàåò íà ñóùåñòâåííûå óëó÷øåíèÿ õàðàêòåðèñòèê àãðåãàòà 
ïðè ïðèìåíåíèè óïðóãî-äåìïôèðóþùåãî ìåõàíèçìà.

Êëþ÷åâûå ñëîâà: óïðóãî-äåìïôèðóþùèé ìåõàíèçì, ýíåðãîîöåíêà ïàõîòíîãî àãðåãàòà, ñïåê-
òðàëüíûé àíàëèç, âçàèìíàÿ êîððåëÿöèîííàÿ ôóíêöèÿ.
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 Ââåäåíèå
Îäíèì èç ñïîñîáîâ áîðüáû ñ ïîâûøåíè-

åì ýíåðãåòè÷åñêèõ çàòðàò äâèãàòåëÿ òðàêòî-
ðà ïðè âûïîëíåíèè ðàáîò ÿâëÿåòñÿ óñòàíîâêà 
óïðóãèõ ýëåìåíòîâ â ðàçëè÷íûõ óçëàõ òðàê-
òîðà, ðàáîòàþùåãî â ñîñòàâå àãðåãàòà, â òîì 
÷èñëå ïðèöåïíûõ è íàâåñíûõ óñòðîéñòâàõ. 
Ýòî ïîçâîëÿåò â çíà÷èòåëüíîé ìåðå ñíèæàòü 
àìïëèòóäó êîëåáàíèé êðþêîâîé íàãðóçêè 
è íàãðóçêè íà ñèëîâîé ïðèâîä. Ýòî ïðèâîäèò 

ê ñíèæåíèþ êîëåáàíèé óãëîâîé ñêîðîñòè äâè-
ãàòåëÿ. Âûøå îáîçíà÷åííîå ðàññìàòðèâàåòñÿ 
âî ìíîãèõ íàó÷íûõ ðàáîòàõ.

Íàïðèìåð, â ðàáîòå [1] ïðèâåäåíû èññëåäî-
âàíèÿ ïíåâìîãèäðàâëè÷åñêîãî óïðóãî-äåìïôè-
ðóþùåãî ïðèâîäà, ïðåäíàçíà÷åííîãî äëÿ ñíè-
æåíèÿ äèíàìè÷åñêèõ íàãðóçîê íà êîëåñà 
òðàêòîðà êëàññà 1,4. Àíàëèç ðåçóëüòàòîâ ýêñ-
ïåðèìåíòàëüíûõ äàííûõ ïîêàçûâàåò, ÷òî ïðè-
ìåíåíèå óïðóãî-äåìïôèðóþùåãî ìåõàíèçìà 
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â ïðèâîäå ñíèæàåò áóêñîâàíèå äâèæèòåëåé 
íà 16...20 %, ñíèæàåò ðàñõîä òîïëèâà íà 6…9 % 
è ïîâûøàåò ïðîèçâîäèòåëüíîñòü íà 7...9 %.

Â ðàáîòå [2] ïðåäñòàâëåíû èññëåäîâàíèÿ, 
äîêàçûâàþùèå, ÷òî óïðóãèå ýëåìåíòû â âåäî-
ìîì äèñêå ñìåùàþò ðåçîíàíñíûå êîëåáàíèÿ 
â ñòîðîíó ïîíèæåííîé ÷àñòîòû âðàùåíèÿ êî-
ëåí÷àòîãî âàëà. Äîïîëíèòåëüíîå äåìïôèðî-
âàíèå ñíèæàåò êîëåáàíèÿ ñî ñòîðîíû äâèãàòå-
ëÿ â 1,5…2 ðàçà. Â íà÷àëüíûé ïåðèîä ðàçãîíà 
äåìïôåðíûå ïðóæèíû ñïîñîáñòâóþò áîëåå 
ïëàâíîìó âêëþ÷åíèþ ñöåïëåíèÿ è ñíèæå-
íèþ ïðîáóêñîâêè âåäîìîãî äèñêà íà 12...20 %. 
Ïðè èñïîëüçîâàíèè äåìïôåðíûõ ïðóæèí èçíîñ 
ôðèêöèîííûõ íàêëàäîê âåäîìûõ äèñêîâ ñöå-
ïëåíèÿ ñíèæàåòñÿ â ñðåäíåì íà 29,5%.

Ïî èññëåäîâàíèÿì [3, 4], ïðèìåíåíèå óïðó-
ãî-äåìïôèðóþùèõ ìåõàíèçìîâ â ïðèâîäå âåäó-
ùèõ êîëåñ íà ïàõîòå (ôîí – ñòåðíÿ êîëîñîâûõ) 
ïîêàçàëî, ÷òî ñ óïðóãî-äåìïôèðóþùèé ìåõà-
íèçì ñíèæàåò áóêñîâàíèå íà 10...12 % è ðàñõîä 
òîïëèâà íà 12…14 %.

Âîïðîñàìè ïðèìåíåíèÿ óïðóãî-äåìïôèðó-
þùåãî ìåõàíèçìà â ñèëîâîì ïðèâîäå òðàêòîðà 
ìàëîãî êëàññà òÿãè [5], ÷èñëåííûì ìîäåëèðî-
âàíèåì ôóíêöèîíèðîâàíèÿ òðàêòîðà ñ óïðóãî-
äåìïôèðóþùèì ìåõàíèçìîì [6] è îïòèìèçàöèåé 
åãî ïàðàìåòðîâ äëÿ ðàáîòû ñ îñíîâíûì òåõíîëî-
ãè÷åñêèì îáîðóäîâàíèåì ïðè âûïîëíåíèè ñåëü-
ñêîõîçÿéñòâåííûõ îïåðàöèé [7, 8] òàêæå çàíèìà-
ëàñü ÷àñòü êîëëåêòèâà àâòîðîâ äàííîé ñòàòüè. 
Óñòðîéñòâî óïðóãî-äåìïôèðóþùåãî ìåõàíèçìà 
ïîäðîáíî îïèñàíî â ðàáîòàõ [9, 10, 11].

Äëÿ áîëåå äåòàëüíîãî àíàëèçà âëèÿíèÿ ïà-
ðàìåòðîâ óïðóãî-äåìïôèðóþùåãî ìåõàíèçìà 
íà ïîêàçàòåëè ðàáîòû òðàêòîðà ñ ïëóãîì áûëè 
ïðîâåäåíû ýêñïåðèìåíòàëüíûå èññëåäîâàíèÿ, 
÷àñòü ðåçóëüòàòîâ êîòîðûõ ïðèâåäåíà â íàñòî-
ÿùåé ñòàòüå.

Öåëüþ äàííîé ðàáîòû ÿâëÿåòñÿ äåòàëüíûé 
àíàëèç âëèÿíèÿ ïàðàìåòðîâ óïðóãî-äåìïôèðóþ-
ùåãî ìåõàíèçìà íà ïîêàçàòåëè ðàáîòû òðàêòîðà 
ñ ïëóãîì. Ïðîâåäåíèå ïîäîáíûõ èññëåäîâàíèé 
ïîçâîëÿåò ïîëó÷èòü íîâûå ýêñïåðèìåíòàëüíûå 
äàííûå ðàáîòû óïðóãî-äåìïôèðóþùåãî ìåõà-
íèçìà óñòàíîâëåííîãî â ñèëîâîé ïðèâîä òðàêòî-
ðà ïðè àãðåãàòèðîâàíèè ñ ïëóãîì.

Ìàòåðèàëû è ìåòîäû ïðîâåäåíèÿ 
ïîëåâûõ èññëåäîâàíèé òðàêòîðà
Îáúåêòîì èññëåäîâàíèÿ ÿâëÿåòñÿ òðàêòîð 

ñ óïðóãî-äåìïôèðóþùèì ìåõàíèçìîì â ñè-
ëîâîì ïðèâîäå â ñîñòàâå ïàõîòíîãî àãðåãàòà. 

Ïðåäìåòîì èññëåäîâàíèÿ ÿâëÿþòñÿ çàêîíîìåð-
íîñòè ïðè ðàáîòå òðàêòîðà ñ óïðóãî-äåìïôèðó-
þùèì ìåõàíèçìîì â ñèëîâîì ïðèâîäå.

Îöåíêà ýôôåêòèâíîñòè òðàêòîðà â ñîñòà-
âå ïàõîòíîãî àãðåãàòà, ïàðàìåòðû è ðåæèìû 
ðàáîòû êîòîðûõ ñîîòâåòñòâîâàëè ðåêîìåí-
äàöèÿì òåîðåòè÷åñêèõ èññëåäîâàíèé, ïðîâî-
äèëèñü ñîãëàñíî ÃÎÑÒ 7057-2001 «Òðàêòîðû 
ñåëüñêîõîçÿéñòâåííûå. Ìåòîäû èñïûòàíèé» 
[12]. Èññëåäîâàíèÿ áûëè ïðîâåäåíû äëÿ òðàê-
òîðà-ìàêåòà â àãðåãàòå ñ íàâåñíûì ïëóãîì 
ÏËÍ-3-35. Äëÿ èçìåðåíèé ïðèìåíÿëñÿ êîì-
ïëåêñ ëàáîðàòîðèè ÒË-2 íà áàçå ïîëíîïðèâî-
äíîãî àâòîìîáèëÿ ÃÀÇ-66. Îáùèé âèä òðàêòî-
ðà ïðåäñòàâëåí íà ðèñ. 1.

 

Ðèñ. 1. Îáùèé âèä èñïûòûâàåìîãî 
òðàêòîðà-ìàêåòà â àãðåãàòå ñ íàâåñíûì ïëóãîì 

ÏËÍ-3-35 è èçìåðèòåëüíûì êîìïëåêñîì 
ëàáîðàòîðèè ÒË-2 íà áàçå àâòîìîáèëÿ ÃÀÇ-66

Fig. 1. General view of the tested tractor 
in a unit with a PLN-3-35 mounted plow 

and a measuring complex of the TL-2 laboratory 
based on the GAZ-66 automobile

Äëÿ ðàâíîçíà÷íîñòè ïîêàçàòåëåé ñðàâíè-
òåëüíûõ èñïûòàíèé è ñíèæåíèÿ âëèÿíèÿ íåðå-
ãèñòðèðóåìûõ ïàðàìåòðîâ (ÊÏÄ òðàíñìèññèè 
è êîëåñíûõ äâèæèòåëåé, ñîïðîòèâëåíèå ñàìî-
ïåðåäâèæåíèþ àãðåãàòà è äð.) êîíòðîëüíûå 
îïûòû ïðîâîäèëèñü íà îäíîì ïîëå â òå÷åíèå 
ðàáî÷åãî äíÿ. Âðåìÿ èñïûòàíèé – ëåòíèé (ïî-
ñëåóáîðî÷íûé) è îñåííèé ïåðèîäû ãîäà. Â êà-
÷åñòâå ýòàëîííîãî ïðè ïðîâåäåíèè ñðàâíè-
òåëüíûõ îïûòîâ èñïîëüçîâàëñÿ òîò æå ñàìûé 
òðàêòîð, íî ñ çàáëîêèðîâàííûì óïðóãî-äåìï-
ôèðóþùèì ìåõàíèçìîì (äëÿ êðàòêîñòè ìû 
íàçâàëè åãî «ñåðèéíûì»). Óïðàâëåíèå òðàêòî-
ðîì âî âñåõ âàðèàíòàõ îñóùåñòâëÿëîñü îäíèì 
è òåì æå òðàêòîðèñòîì 1 êëàññà.
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Ïàõîòà ïðîâîäèëàñü ïî ñòåðíå îçèìîé ïøå-
íèöû íà ãëóáèíó 25…27 ñì. Â ïðîöåññå ïðî-
âåäåíèÿ èñïûòàíèé êîíòðîëèðîâàëèñü ãëóáè-
íà ïàõîòû (ãëóáèíîìåðîì) è øèðèíà ïàõîòû 
(ëèíåéêîé). Êîëåáàíèÿ ïîêàçàòåëåé ïàõîòû 
íàõîäèëèñü â ïðåäåëàõ, äîïóñêàåìûõ àãðî-
òåõíè÷åñêèìè òðåáîâàíèÿìè. Âðåìÿ îïûòà 
è ïðîéäåííûé ïóòü ôèêñèðîâàëèñü ïðè ïîìîùè 
ñèñòåìû àâòîìàòè÷åñêîãî íàêîïëåíèÿ è îá-
ðàáîòêè äàííûõ. Îáðàáîòêà ðåçóëüòàòîâ ýêñ-
ïåðèìåíòà îñóùåñòâëÿëàñü íà ïåðñîíàëüíîì 
êîìïüþòåðå ñ èñïîëüçîâàíèåì ïàêåòà ñïåöè-
àëüíûõ ïðîãðàìì.

Íà ðèñ. 2 ïðèâåäåíà ñõåìà óñòàíîâêè äàò÷è-
êîâ íà èññëåäóåìîì òðàêòîðå ñ ïëóãîì.

Äëÿ àíàëèçà äàííûõ ïðåäëàãàåòñÿ óñëîâíàÿ 
êëàññèôèêàöèÿ âàðèàáåëüíîñòè (ñòåïåíü ðàñ-
ñåèâàíèÿ äàííûõ) âûáîðêè íà îñíîâå êîýôôè-
öèåíòà âàðèàöèè: ïðè v ≤ 10 % âûáîðêà âàðè-
àáåëüíà ñëàáî, ïðè 10% ≤ v ≤ 20 % – ñðåäíå 
âàðèàáåëüíà, ïðè v ≤ 20 % – ñèëüíî âàðèàáåëü-
íà. Åñëè çíà÷åíèå êîýôôèöèåíòà âàðèàöèè 
íå ïðåâûøàåò 33 %, òî ñîâîêóïíîñòü ñ÷èòàåòñÿ 
îäíîðîäíîé, à åñëè áîëüøå 33 %, òî – íåîäíî-
ðîäíîé. Â îòíîñèòåëüíîì âûðàæåíèè êîýôôè-
öèåíò âàðèàöèè ïîçâîëÿåò îáåñïå÷èòü ñîïîñòà-
âèìîñòü ïîëó÷åííûõ ðåçóëüòàòîâ [13, 14].

Ðåçóëüòàòû îöåíêè 
ðàáîòû òðàêòîðà
Â ñîîòâåòñòâèè ñ ïðîãðàììîé ýêñïåðèìåí-

òàëüíûõ èññëåäîâàíèé ïðîâåäåíà îöåíêà òðàêòî-

ðà, îñíàùåííîãî óïðóãî-äåìïôèðóþùèì ìåõà-
íèçìîì. Ïîêàçàòåëè ïðåäñòàâëåíû â òàáëèöå 1.

Ïîêàçàòåëè ýíåðãåòè÷åñêîé îöåíêè ñâèäå-
òåëüñòâóþò î òîì, ÷òî òðàêòîð ñ óïðóãî-äåìïôè-
ðóþùèì ìåõàíèçìîì â ñèëîâîì ïðèâîäå èìååò 
ëó÷øèå ýíåðãåòè÷åñêèå ïîêàçàòåëè (ñêîðîñòü 
äâèæåíèÿ, ïðîèçâîäèòåëüíîñòü è ïîãåêòàðíûé 
ðàñõîä òîïëèâà), ÷åì àíàëîãè÷íûé ìàøèííî-
òðàêòîðíûé àãðåãàò ñ áîëåå æåñòêîé òðàíñ-
ìèññèåé. Àíàëèçèðóÿ òàáëèöó 1, íàáëþäàåì 
ñíèæåíèå òÿãîâîãî ñîïðîòèâëåíèÿ. Òÿãîâîå ñî-
ïðîòèâëåíèå ÿâëÿåòñÿ äëÿ òðàêòîðà âíóòðåí-
íåé ñèëîé ñâÿçè ìåæäó çâåíüÿìè: òðàêòîðîì 
è ïëóãîì. Âåëè÷èíà ýòîé ñèëû îïðåäåëÿåòñÿ 
âíåøíèì âîçäåéñòâèåì ïî÷âû íà ðàáî÷èå îðãàíû 
ïëóãà è âçàèìîäåéñòâèåì çâåíüåâ ÷åðåç óïðóãèå 
è äåôîðìèðóþùèå ñâÿçè ìåæäó íèìè. Óñòàíîâ-
êà óïðóãî-äåìïôèðóþùåãî ìåõàíèçìà â ñèëîâîé 
ïðèâîä òðàêòîðà ñ ïëóãîì ñîçäàåò áîëåå áëàãî-
ïðèÿòíûå óñëîâèÿ äëÿ ôîðìèðîâàíèÿ õàðàêòåðà 
íàãðóçêè óçëîâ ñàìîãî òðàêòîðà êàê ïðè íåóñòà-
íîâèâøèõñÿ ðåæèìàõ äâèæåíèÿ, òàê è ïðè óñòà-
íîâèâøèõñÿ. Ñëåäñòâèåì ýòîãî ÿâëÿåòñÿ ñíè-
æåíèå íàãðóçêè íà äâèãàòåëü è âåäóùèå êîëåñà 
òðàêòîðà, îò÷åãî óãëîâàÿ ñêîðîñòü âàëà è ïî-
ñòóïàòåëüíàÿ ñêîðîñòü òðàêòîðà âîçðàñòàþò 
ïî ñðàâíåíèþ ñ ñåðèéíûì âàðèàíòîì, ó êîòîðî-
ãî áîëüøàÿ æåñòêîñòü ñèëîâîãî ïðèâîäà.

Äëÿ áîëåå ïîäðîáíîãî àíàëèçà áóêñîâàíèÿ 
äâèæèòåëåé áûë ïðîâåäåí àíàëèç èçìåíåíèÿ 
áóêñîâàíèÿ âî âðåìåíè. Äàííûå ïî áóêñîâà-
íèþ äâèæèòåëåé ïðåäñòàâëåíû â òàáëèöå 2.

Ðèñ. 2. Ñõåìà ðàçìåùåíèÿ äàò÷èêîâ íà èññëåäóåìîì òðàêòîðå: 
1 – äàò÷èê îáîðîòîâ êîëåíâàëà äâèãàòåëÿ; 2, 5 – äàò÷èêè îáîðîòîâ âåäóùåãî è ïóòåèçìåðèòåëüíîãî êîëåñ 
ñîîòâåòñòâåííî; 3 – äàò÷èê êðóòÿùåãî ìîìåíòà âåäóùåãî êîëåñà òðàêòîðà; 4 – òåíçîìåòðè÷åñêèé äàò÷èê 
òÿãîâîãî óñèëèÿ; 6 – äàò÷èê äàâëåíèÿ ìàñëà; 7 – äàò÷èê îáîðîòîâ øåñòåðíè ïðèâîäà ìàñëÿíîãî íàñîñà; 

8 – ñ÷åò÷èê äëÿ ôèêñèðîâàíèÿ ðàñõîäà òîïëèâà

Fig. 2. Layout of sensors on the tractor: 
1 – engine crankshaft speed sensor; 2, 5 – speed sensors of the driving and track measuring wheels, 

respectively; 3 – torque sensor of the driving wheel of the tractor; 4 – tensometric traction force sensor; 
6 – oil pressure sensor; 7 – sensor of revolutions of the oil pump drive gear; 

8 – counter for recording fuel consumption
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Ñòàòèñòè÷åñêèé àíàëèç ÷èñëîâûõ äàííûõ 
ïî áóêñîâàíèþ, ïîëó÷åííûõ ýêñïåðèìåíòàëü-
íûì ïóòåì, ïîêàçàë, ÷òî ïðèìåíåíèå óïðóãî-
äåìïôèðóþùåãî ìåõàíèçìà ïîçâîëÿåò ñíèçèòü 
ìàòåìàòè÷åñêîå îæèäàíèå áóêñîâàíèÿ íà 9,5 %.

Ãðàôèê èçìåíåíèÿ áóêñîâàíèÿ ïðåäñòàâëåí 
íà ðèñ. 3. Â íèæåïðèâåäåííîì ãðàôèêå è äàëåå 
â ïðåäñòàâëåííûõ ðèñóíêàõ ñïëîøíàÿ ëèíèÿ 
îáîçíà÷àåò ïîêàçàíèÿ äëÿ îïûòíîãî òðàêòîðà, 
ïðåðûâèñòàÿ – äëÿ ñåðèéíîãî.

Ðèñ. 3. Äèíàìèêà èçìåíåíèÿ áóêñîâàíèÿ îïûòíîãî 
è ñåðèéíîãî òðàêòîðîâ â ñîñòàâå ïàõîòíîãî àãðåãàòà

 Fig. 3. The dynamics of changes in slipping 
of a tested and serial tractor as part of a plowing unit

Ñòîèò ïðèìåíèòü êëàññè÷åñêèå ìåòîäû 
àíàëèçà âðåìåííûõ ðÿäîâ. Ïàðàìåòðè÷åñêèå 

è íåïàðàìåòðè÷åñêèå ìåòîäû ñïåêòðàëüíî-
ãî àíàëèçà, êîòîðûå ïðèìåíÿþòñÿ äëÿ èç-
ó÷åíèÿ îñîáåííîñòåé ñëó÷àéíîãî ïðîöåññà 
â ÷àñòîòíîé îáëàñòè. Îñíîâíîé õàðàêòåðèñòè-
êîé, ïî êîòîðîé ìîæíî ñóäèòü î ñïåêòðàëü-
íîì ñîñòàâå èññëåäóåìîãî ïðîöåññà, ÿâëÿåòñÿ 
ôóíêöèÿ ñïåêòðàëüíîé ïëîòíîñòè. [15, 16, 17]. 
Ñòàòèñòè÷åñêèå õàðàêòåðèñòèêè ñëó÷àéíûõ 
ïðîöåññîâ âû÷èñëÿþòñÿ êàê ïðàâèëî ïî îäíîé 
ðåàëèçàöèè ïðîöåññà äîñòàòî÷íîé äëèòåëüíî-
ñòè ïî âðåìåíè. Àâòîêîððåëÿöèîííûå ôóíê-
öèè èçìåíåíèÿ áóêñîâàíèÿ îïûòíîãî è ñåðèé-
íîãî òðàêòîðà ïðåäñòàâëåíû íà ðèñ. 4.

Ðèñ. 4. Ãðàôèêè àâòîêîððåëÿöèîííîé ôóíêöèè 
èçìåíåíèÿ áóêñîâàíèÿ îïûòíîãî è ñåðèéíîãî 

òðàêòîðà â ñîñòàâå ïàõîòíîãî àãðåãàòà

 Fig. 4. Graphs of the autocorrelation function 
of changes in slipping of a tested and serial tractor 

as part of a plowing unit

Òàáëèöà 1
Ýíåðãåòè÷åñêèå ïîêàçàòåëè ðàáîòû òðàêòîðà íà âñïàøêå â ñîñòàâå ïàõîòíîãî ÌÒÀ

Table 1. Energy indicators of tractor operation during plowing as part of arable machine-tractor unit

№ ïï Ýíåðãåòè÷åñêèå ïîêàçàòåëè Òðàêòîð ñåðèéíûé Òðàêòîð ñ ÓÄÌ Èçìåíåíèå %

1 Òÿãîâîå ñîïðîòèâëåíèå P
êð

, Í 15875,4 15515,6 2,27

2 Ñêîðîñòü äâèæåíèÿ òðàêòîðà V, ì/ñ (êì/÷) 1,43 (5,15) 1,66 (5,98) 16,10

3 ×àñòîòà âðàùåíèÿ êîëåí÷àòîãî âàëà n
ëâ

, ðàä/ñ 216,3 227,6 5,22

4 ×àñîâîé ðàñõîä òîïëèâà G, êã/÷ 13,78 12,57 8,78

5 Áóêñîâàíèå äâèæèòåëåé δ, % 16,9 15,3 9,47

6 Ïðîèçâîäèòåëüíîñòü òðàêòîðà W, ãà/÷ 0,540 0,588 8,89

7 Ïîãåêòàðíûé ðàñõîä òîïëèâà G
ãà 
, êã/ãà 25,52 21,38 16,22

Òàáëèöà 2 
Ñòàòèñòè÷åñêèå ïîêàçàòåëè òðàêòîðà ïî áóêñîâàíèþ ïðè âñïàøêå

Table 2. Tractor statistics on slipping during plowing

Ïîêàçàòåëè Ñåðèéíûé òðàêòîð Òðàêòîð ñ ÓÄÌ Èçìåíåíèå, %

 Ìàòåìàòè÷åñêîå îæèäàíèå áóêñîâàíèÿ δ, % 16,9 15,3 9,47

Äèñïåðñèÿ D, % 86,8 47,9 44,82

Ñðåäíåå êâàäðàòè÷íîå îòêëîíåíèå σδ, % 9,32 6,92 25,75

Êîýôôèöèåíò âàðèàöèè v, % 55,14 45,23 17,97
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Çàòóõàíèå êîððåëÿöèîííîé ôóíêöèè ÿâëÿ-
åòñÿ ïðèçíàêîì ýðãîäè÷íîñòè ïðîöåññà. Àëãå-
áðàè÷åñêîå çàòóõàíèå êîððåëÿöèîííîé ôóíê-
öèè ýêâèâàëåíòíî áåñêîíå÷íîìó çíà÷åíèþ 
ñîîòâåòñòâóþùåé âîñïðèèì÷èâîñòè. 

Àíàëèç ðèñ. 4 ïîêàçûâàåò, ÷òî ñðåäíèé 
ïîëóïåðèîä êîððåëÿöèè â ñåðèéíîì âàðèàí-
òå ãîðàçäî áîëüøå, ÷åì â îïûòíîì, ÷òî ñâè-
äåòåëüñòâóåò î òîì, ÷òî ïëîòíîñòü ñïåêòðà 
áóäåò áîëüøå ó âàðèàíòà ñåðèéíîãî è ýòîò 
ñïåêòð áóäåò øèðå. Ìåõàíèçì ïîãëîùàåò ÷à-
ñòîòû, ÿâëÿÿñü ôèëüòðîì ïðè àãðåãàòèðîâàíèè 
ñ ïëóãîì.

Ñïåêòðàëüíàÿ ïëîòíîñòü îïðåäåëÿåò ñîáîé 
ñïåêòðàëüíîå ðàçëîæåíèå êîððåëÿöèîííîé 
ôóíêöèè è ïðè ýòîì îòðàæàåò è ÷àñòîòíûé 
ñîñòàâ ñàìîãî ñëó÷àéíîãî ïðîöåññà. Ñïåê-
òðàëüíàÿ ïëîòíîñòü èìååò ðàçìåðíîñòü ïðî-
èçâåäåíèÿ äèñïåðñèè íà ñåêóíäó. Ðàçìåðíîñòü 
íîðìèðîâàííîé ñïåêòðàëüíîé ïëîòíîñòè – ñå-
êóíäà. Ãðàôèêè èçìåíåíèÿ ñïåêòðàëüíîé ïëîò-
íîñòè ïðåäñòàâëåíû íà ðèñ. 5.

Îòðèöàòåëüíàÿ ÷àñòîòà – ïîíÿòèå íå ôèçè-
÷åñêîå, à ìàòåìàòè÷åñêîå, âûòåêàþùåå èç ñïî-
ñîáà ïðåäñòàâëåíèÿ êîìïëåêñíûõ ÷èñåë.

Ðèñ. 5. Ãðàôèêè èçìåíåíèÿ ñïåêòðàëüíîé ïëîòíîñòè 
áóêñîâàíèÿ îïûòíîãî è ñåðèéíîãî òðàêòîðîâ 

â ñîñòàâå ïàõîòíîãî àãðåãàòà

 Fig. 5. Graphs of changes in the spectral density of 
slipping of a tested and serial tractor as part of a 

plowing unit

Àíàëèç ðèñ. 5 ïîêàçûâàåò, ÷òî øèðèíà ñïåê-
òðà â ñåðèéíîì âàðèàíòå áîëüøå, ïëîòíîñòü 
ñïåêòðà âûøå ó âàðèàíòà îïûòíîãî. Ýòî ñâè-
äåòåëüñòâóåò î òîì, ÷òî ìåõàíèçì ÿâëÿåòñÿ 
ýôôåêòèâíûì ôèëüòðîì ïðè àãðåãàòèðîâàíèè 
ñ ïëóãîì.

Õàðàêòåð ïðîòåêàíèÿ ñïåêòðàëüíîé ïëîò-
íîñòè îïûòíîãî òðàêòîðà ñâèäåòåëüñòâóåò 
î íèçêî÷àñòîòíîñòè ïðîöåññà, òàê êàê ìàêñè-
ìóìû äèñïåðñèé ñäâèíóòû â çîíó áîëåå íèçêèõ 
÷àñòîò â äèàïàçîíå îò 0 äî 1,0 ñ–1. 

Ïðîöåññ èçìåíåíèÿ êðèâûõ â äèàïàçîíå îò 0 
äî 1,5 ñ–1 ñõîæ, ÷òî ñâèäåòåëüñòâóåò îá èäåí-
òè÷íîñòè ïðîöåññà èçìåíåíèÿ áóêñîâàíèÿ. 

Ñïåêòð èçìåíåíèÿ áóêñîâàíèÿ ñåðèé-
íîãî òðàêòîðà îò 0 äî 1,5 ñ–1 èìååò ÷åòûðå 
ïðåîáëàäàþùèå âåðøèíû íà îòìåòêàõ 
S(0) = 0,08, S(0,15) = 0,46, S(0,35) = 0,2 
è S(0,5) = 0,8; â îïûòíîì âàðèàíòå S(0) = 0,12, 
S(0,1) = 0,24, S(0,3) = 0,2 è S(0,65) = 0,16, 
S(2,0) = 0,04, S(2,85) = 0,02. 

Øèðèíà ñïåêòðà (èëè ñðåç ÷àñòîò S(ω)) 
äëÿ îïûòíîãî è ñåðèéíîãî âàðèàíòîâ ñîñòàâëÿ-
åò Δω

ñ
 = 4,2 ñ–1 è Δω

ñ
 = 2,2 ñ–1 ñîîòâåòñòâåííî.

Îïðåäåëåííàÿ âçàèìíàÿ êîððåëÿöèîííàÿ 
ôóíêöèÿ äâóõ ñëó÷àéíûõ ïðîöåññîâ ïîçâîëÿ-
åò îöåíèòü ïàðàìåòðû è ñâîéñòâà, íàïðèìåð, 
ñóììû è ðàçíîñòè äâóõ ñëó÷àéíûõ ïðîöåññîâ, 
÷òî ÷àñòî âñòðå÷àåòñÿ â ïðàêòèêå. 

Âçàèìíàÿ êîððåëÿöèîííàÿ ôóíêöèÿ óãëî-
âûõ ñêîðîñòåé ïðåäñòàâëåíà äëÿ äâóõ âàðèàí-
òîâ: îïûòíûé âàðèàíò – ñïëîøíàÿ ëèíèÿ; ñå-
ðèéíûé âàðèàíò – ïðåðûâèñòàÿ ëèíèÿ.

 Íà ðèñ. 6 è 7 ïîêàçàíà êîððåëÿöèÿ ìåæäó 
÷àñòîòîé âðàùåíèÿ êîëåíâàëà äâèãàòåëÿ è âå-
äóùèì êîëåñîì: â îïûòíîì âàðèàíòå îíà ñòðå-
ìèòüñÿ ê íóëþ èëè óõîäèò â îòðèöàòåëüíûå 
çíà÷åíèÿ. Â òî æå âðåìÿ, ñåðèéíûé âàðèàíò 
íàõîäèòñÿ â ïðÿìîé êîððåëÿöèè â íà÷àëüíûé 
ïåðèîä (ðàçãîí) è â ïðîöåññå âûïîëíåíèÿ òåõ-
íîëîãè÷åñêîé îïåðàöèè.

Ðèñ. 6. Ñîâìåùåííûå ãðàôèêè èçìåíåíèÿ âçàèìíîé 
êîððåëÿöèîííîé ôóíêöèè ÷àñòîòû âðàùåíèÿ 

êîëåí÷àòîãî âàëà è âåäóùåãî êîëåñà 
â îïûòíîì è ñåðèéíîì âàðèàíòàõ äëÿ òðàêòîðà 
â ñîñòàâå ïàõîòíîãî àãðåãàòà (àíàëèç ñèãíàëà 

îò äâèãàòåëÿ ê âåäóùåìó êîëåñó)

Fig. 6. Combined graphs of changes in the cross-
correlation function of the crankshaft and drive 
wheel rotational speed in the tested and serial 
versions for a tractor as part of a plowing unit 

(analysis of the signal from the engine 
to the drive wheel)
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Ðèñ. 7. Ñîâìåùåííûå ãðàôèêè èçìåíåíèÿ âçàèìíîé 
êîððåëÿöèîííîé ôóíêöèè ÷àñòîòû âðàùåíèÿ 

êîëåí÷àòîãî âàëà è âåäóùåãî êîëåñà â îïûòíîì 
è ñåðèéíîì âàðèàíòàõ äëÿ òðàêòîðà 

â ñîñòàâå ïàõîòíîãî àãðåãàòà (àíàëèç ñèãíàëà 
îò âåäóùåãî êîëåñà ê äâèãàòåëþ)

Fig. 7. Combined graphs of changes in the cross-
correlation function of the crankshaft and drive 
wheel rotational speed in the tested and serial 
versions for a tractor as part of a plowing unit 

(analysis of the signal from the drive wheel 
to the engine)

Ðèñ. 8. Ñîâìåùåííûå ãðàôèêè èçìåíåíèÿ 
äåéñòâèòåëüíîé ÷àñòè ôóíêöèè âçàèìíîé 

ñïåêòðàëüíîé ïëîòíîñòè óãëîâûõ ñêîðîñòåé îïûòíîãî 
è ñåðèéíîãî òðàêòîðîâ â ñîñòàâå ïàõîòíîãî àãðåãàòà

Fig. 8. Combined graphs of changes in the real part 
of the function of the mutual spectral density 

of angular velocities of a tested and serial tractor 
as part of a plowing unit

Íà ðèñ. 8, 9 è 10 ïîêàçàíî ñìåùåíèå ÷àñòî-
òû âîçìóùàþùèõ âîçäåéñòâèé è óìåíüøåíèå 
èõ âåëè÷èíû (äåéñòâèòåëüíîé è ìíèìîé ÷àñòè) 
â îïûòíîì âàðèàíòå. Â òî æå âðåìÿâðåìÿ 
ïðè ñðàâíåíèè ìîäóëÿ âçàèìíîé ñïåêòðàëüíîé 
ïëîòíîñòè âèäíû ïðåèìóùåñòâà îïûòíîãî âà-
ðèàíòà â ïðîöåññå âûïîëíåíèÿ òåõíîëîãè÷å-
ñêîé îïåðàöèè.

Âûâîäû
Ñòàòèñòè÷åñêèé àíàëèç ÷èñëîâûõ äàííûõ 

ïî áóêñîâàíèþ, ïîëó÷åííûõ ýêñïåðèìåíòàëü-

íûì ïóòåì, ïîêàçàë, ÷òî ïðèìåíåíèå óïðóãî-
äåìïôèðóþùåãî ìåõàíèçìà ïîçâîëÿåò ñíèçèòü 
ìàòåìàòè÷åñêîå îæèäàíèå áóêñîâàíèÿ òðàêòî-
ðà ñ ïëóãîì íà 9,5 %.

Àíàëèç ñðåäíåãî ïîëóïåðèîäà êîððåëÿöè-
îííîé ôóíêöèè ïðîöåññà áóêñîâàíèÿ òðàêòîðà 
â ñîñòàâå ïàõîòíîãî àãðåãàòà ïîêàçûâàåò îòëè-
÷èå óêàçàííîé âåëè÷èíû â ñåðèéíîì è îïûò-
íîì âàðèàíòàõ íà 47,4 %. 

Àíàëèç ñïåêòðàëüíûõ õàðàêòåðèñòèê ñâè-
äåòåëüñòâóåò î òîì, ÷òî ïëîòíîñòü ñïåêòðà 
áîëüøå ó âàðèàíòà ñåðèéíîãî è ýòîò ñïåêòð 
áóäåò øèðå. Ìåõàíèçì ïîãëîùàåò ÷àñòîòû, 
ÿâëÿÿñü ôèëüòðîì ïðè àãðåãàòèðîâàíèè ñ ðàç-
ëè÷íûìè îðóäèÿìè. Õàðàêòåð ïðîòåêàíèÿ 

Ðèñ. 9. Ñîâìåùåííûå ãðàôèêè èçìåíåíèÿ ìíèìîé 
÷àñòè ôóíêöèè âçàèìíîé ñïåêòðàëüíîé ïëîòíîñòè 

óãëîâûõ ñêîðîñòåé îïûòíîãî è ñåðèéíîãî òðàêòîðîâ 
â ñîñòàâå ïàõîòíîãî àãðåãàòà

Fig. 9. Combined graphs of changes 
in the imaginary part of the function of the mutual 
spectral density of angular velocities of a tested 

and serial tractor as part of a plowing unit

Ðèñ. 10. Ãðàôèêè èçìåíåíèÿ ìîäóëÿ ôóíêöèè 
âçàèìíîé ñïåêòðàëüíîé ïëîòíîñòè óãëîâûõ ñêîðîñòåé 

ñåðèéíîãî òðàêòîðà â ñîñòàâå ïàõîòíîãî àãðåãàòà

Fig. 10. Graphs of changes in the modulus 
of the function of the mutual spectral density 

of angular velocities of a serial tractor as part 
of a plowing unit
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ñïåêòðàëüíîé ïëîòíîñòè îïûòíîãî àãðåãàòà 
ñâèäåòåëüñòâóåò î íèçêî÷àñòîòíîñòè ïðîöåññà, 
òàê êàê ìàêñèìóìû äèñïåðñèé ñäâèíóòû â çîíó 
áîëåå íèçêèõ ÷àñòîò. Îòíîñèòåëüíîå èçìåíå-
íèå øèðèíû ñïåêòðà (ñðåçà ÷àñòîò S()) äëÿ ñå-
ðèéíîãî è îïûòíîãî âàðèàíòîâ îòëè÷àþòñÿ 
ïðè ðàçëè÷íûõ âàðèàíòàõ àãðåãàòèðîâàíèÿ 
òðàêòîðà: äëÿ ïàõîòíîãî íà 40,5 %

Äàííûå ýêñïåðèìåíòîâ ïîêàçûâàþò, 
÷òî ÷òî ñèëà òÿãîâîãî ñîïðîòèâëåíèÿ ñíèæàåò-
ñÿ äëÿ òðàêòîðà ñ ïëóãîì íà 2,27 %. Óñòàíîâêà 
óïðóãî-äåìïôèðóþùåãî ìåõàíèçìà â òðàíñ-
ìèññèþ òðàêòîðà ñîçäàåò áîëåå áëàãîïðèÿòíûå 
óñëîâèÿ äëÿ ôîðìèðîâàíèÿ õàðàêòåðà íàãðóçêè 
óçëîâ òðàêòîðà êàê ïðè íåóñòàíîâèâøèõñÿ ðå-
æèìàõ äâèæåíèÿ, òàê è ïðè óñòàíîâèâøèõñÿ. 
Ñëåäñòâèåì ýòîãî ÿâëÿåòñÿ ñíèæåíèå íàãðóç-
êè íà äâèãàòåëü è âåäóùèå êîëåñà òðàêòîðà, 
îò÷åãî óãëîâàÿ ñêîðîñòü âàëà è ïîñòóïàòåëü-
íàÿ ñêîðîñòü òðàêòîðà âîçðàñòàþò ïî ñðàâíå-
íèþ ñ ñåðèéíûì âàðèàíòîì, ó êîòîðîãî áîëü-
øàÿ æåñòêîñòü ñèëîâîé ïåðåäà÷è. 

Îïðåäåëåííàÿ âçàèìíàÿ êîððåëÿöèîííàÿ 
ôóíêöèÿ äâóõ ñëó÷àéíûõ ïðîöåññîâ ïîçâîëÿåò 
îöåíèòü ïàðàìåòðû è ñâîéñòâà ñóììû è ðàç-
íîñòè äâóõ ñëó÷àéíûõ ïðîöåññîâ. Àíàëèç ïî-
ëó÷åííûõ äàííûõ ïîêàçûâàåò, ÷òî êîððåëÿöèÿ 
ìåæäó ÷àñòîòîé âðàùåíèÿ êîëåíâàëà äâèãàòåëÿ 
è ÷àñòîòîé âðàùåíèÿ âåäóùåãî êîëåñà â îïûò-
íîì âàðèàíòå ñòðåìèòñÿ ê íóëþ èëè óõîäèò 
â îòðèöàòåëüíûå çíà÷åíèÿ. Â òî æå âðåìÿ, ñå-
ðèéíûé âàðèàíò íàõîäèòñÿ â ïðÿìîé êîððåëÿ-
öèè â íà÷àëüíûé ïåðèîä (ðàçãîí) è â ïðîöåññå 
âûïîëíåíèÿ òåõíîëîãè÷åñêîé îïåðàöèè.

Àíàëèç äàííûõ ïî ÷àñòîòå ïîêàçûâàåò ñìå-
ùåíèå ÷àñòîòû âîçìóùàþùèõ âîçäåéñòâèé 
è óìåíüøåíèå èõ âåëè÷èíû (äåéñòâèòåëüíîé 
è ìíèìîé ÷àñòè) â ñåðèéíîì âàðèàíòå. 

Ïðè ñðàâíåíèè ìîäóëÿ âçàèìíîé ñïåê-
òðàëüíîé ïëîòíîñòè âèäíû âåðøèíû íà íèçêîé 
è âûñîêîé ÷àñòîòàõ ( = 0,5 ñ–1 è  = 4,0 ñ–1). 
Äëÿ ñåðèéíîãî âàðèàíòà ýòî ñâèäåòåëüñòâóåò 
î òîì, ÷òî ÷àñòîòû (ïðîõîäÿò) ôîðìèðóþòñÿ 
íå òîëüêî â äâèãàòåëå, íî è â ñèëîâîì ïðèâîäå. 
Â îïûòíîì âàðèàíòå âñå âåðøèíû ñïåêòðàëü-
íîé ïëîòíîñòè íàõîäÿòñÿ â äèàïàçîíå ÷àñòîòû 
äî  = 2,0 ñ–1.

Âñå ïåðå÷èñëåííûå ïîêàçàòåëè óêàçûâàþò 
íà òî, ÷òî ïðèìåíåíèå óïðóãî-äåìïôèðóþùåãî 
ìåõàíèçìà â ñèëîâîì ïðèâîäå òðàêòîðà êëàññà 
1,4 ïîçâîëÿåò ñóùåñòâåííî óëó÷øèòü ðàáî÷èå 
õàðàêòåðèñòèêè àãðåãàòà.
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The topic of this paper is analyzing the results of field studies of a tractor with an elastic damping mech-
anism in a power drive and its operational efficiency assessment in comparison with a serial tractor.
The subject of the research is a tractor with an elastic damping mechanism in a power drive as part 
of a plowing unit with a mounted plow.
The purpose of this work is a detailed analysis of the influence of the parameters of the elastic-damping 
mechanism on the performance of a tractor with a plow. Carrying out such studies makes it possible 
to obtain new experimental data on the operation of the elastic damping mechanism installed in the pow-
er drive of a tractor when aggregated with a plow.
The control experiments were carried out in the same field during the summer and autumn periods 
of one year. The benchmark for comparative experiments was the same tractor, but with a blocked 
elastic damping mechanism (for brevity, it is called “serial”). The results were processed on a personal 
computer using a software package. To analyze energy efficiency, a conditional classification of sample 
variability based on the coefficient of variation was used. Spectral analysis was performed to study nu-
merical slip data.
The indicators of the energy assessment show that the unit with an elastic damping mechanism in the 
power drive of the tractor has better performance (travel speed, productivity and fuel consumption per 
hectare) than a similar unit with a more rigid transmission. The elastic damping mechanism creates more 
favorable conditions for the formation of the nature of the load of the nodes, with unsteady and steady-
state modes of motion. Statistical analysis of numerical data on slipping showed that the use of the 
mechanism makes it possible to reduce the mathematical expectation of slipping. Analysis of spectral 
characteristics indicates that the elastic-damping mechanism absorbs frequencies, being a filter when 
aggregated with various tools. Everything mentioned above indicates a significant improvement in the 
characteristics of the unit when using an elastic damping mechanism.

Keywords: elastic damping mechanism, energy assessment of the arable unit, spectral analysis, 
cross-correlation function.
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Ââåäåíèå. Îïðåäåëåíèå ïîòðåáíîé ñèëû òÿãè è ìîùíîñòè, íåîáõîäèìîé ãóñåíè÷íîé ìàøèíå â 
ïîâîðîòå áàçèðóåòñÿ íà àíàëèòè÷åñêèõ çàâèñèìîñòÿõ, ïðèâîäèìûõ â êëàññè÷åñêèõ ëèòåðàòóðíûõ 
èñòî÷íèêàõ. Ïðè ýòîì çàâèñèìîñòü òåîðåòè÷åñêîãî è ôàêòè÷åñêîãî ðàäèóñà ïîâîðîòà îáû÷íî îïè-
ñûâàåòñÿ íåäîñòàòî÷íî òî÷íî. 
Ïðåäìåò èññëåäîâàíèÿ. Â íàñòîÿùåé ñòàòüå ïðîèçâîäèëîñü èññëåäîâàíèå çàâèñèìîñòè òåîðå-
òè÷åñêîãî è ôàêòè÷åñêîãî ðàäèóñà ïîâîðîòà è âëèÿíèÿ íà íåå ïàðàìåòðîâ õîäîâîé ÷àñòè ãóñåíè÷-
íîé ìàøèíû, õàðàêòåðèñòèê îïîðíîãî îñíîâàíèÿ è ðåæèìà äâèæåíèÿ.
Ìåòîäîëîãèÿ è ìåòîäû. Èññëåäîâàíèå ïðîâîäèëîñü ñ èñïîëüçîâàíèåì ñïåöèàëüíî ðàçðàáîòàí-
íîé ìîäåëè ñòàöèîíàðíîãî ïîâîðîòà ÃÌ, îòëè÷àþùåéñÿ ó÷åòîì ïåðåðàñïðåäåëåíèÿ íîðìàëüíûõ 
ðåàêöèé è ðåàëèçàöèåé, ïîçâîëÿþùåé áûñòðî ïðîâîäèòü ìíîãîôàêòîðíûå ýêñïåðèìåíòû. Ïîâî-
ðîò ÃÌ â ìîäåëè îïèñûâàåòñÿ êàê ïëîñêîå äâèæåíèå òâåðäîãî òåëà. Âçàèìîäåéñòâèå äâèæèòåëÿ 
ñ îïîðíûì îñíîâàíèåì îñóùåñòâëÿåòñÿ ÷åðåç òàê íàçûâàåìûå àêòèâíûå ó÷àñòêè ãóñåíèöû. Â îò-
ëè÷èå îò êëàññè÷åñêèõ ïîäõîäîâ ìîäåëü ïîçâîëÿåò èññëåäîâàòü ïîâîðîò ÃÌ ïðè ñêîðîñòè, áëèçêîé 
ê êðèòè÷åñêîé ïî çàíîñó.
Ðåçóëüòàòû è íàó÷íàÿ íîâèçíà. Â ïðîöåññå âû÷èñëèòåëüíûõ ýêñïåðèìåíòîâ âàðüèðîâàëèñü ïà-
ðàìåòðû õîäîâîé ÷àñòè ÃÌ, ñâîéñòâà îïîðíîãî îñíîâàíèÿ, à òàêæå ñêîðîñòü äâèæåíèÿ è ôàêòè÷å-
ñêèé ðàäèóñ ïîâîðîòà. Áûëî âûÿñíåíî ÷òî êëàññè÷åñêèå çàâèñèìîñòè ôàêòè÷åñêîãî è òåîðåòè÷å-
ñêîãî ðàäèóñà ïîâîðîòà íóæäàþòñÿ â óòî÷íåíèè ïðè äâèæåíèè íà ñêîðîñòè, áëèçêîé ê êðèòè÷åñêîé 
ïî çàíîñó, ïðè ýòîì âèä çàâèñèìîñòè îïðåäåëÿåòñÿ âûñîòîé öåíòðà ìàññ ÃÌ. 
Ïðàêòè÷åñêàÿ çíà÷èìîñòü. Óêàçàííûå îñîáåííîñòè äîëæíû áûòü ó÷òåíû êàê ïðè îöåíêå áûñòðî-
õîäíîñòè ìàøèíû è îïðåäåëåíèè íåîáõîäèìîé òÿãîâîîðóæåííîñòè, òàê è ïðè ïðîâåäåíèè ðàáîò 
ïî ðàçðàáîòêå ñèñòåì àêòèâíîé áåçîïàñíîñòè ãóñåíè÷íûõ ìàøèí.

Êëþ÷åâûå ñëîâà: òÿãîâûé ðàñ÷åò, ãóñåíè÷íàÿ ìàøèíà, ïîâîðîò, ìàòåìàòè÷åñêîå ìîäåëèðîâàíèå, 
ðàäèóñ ïîâîðîòà. 
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Ââåäåíèå
Òåîðåòè÷åñêèé ðàäèóñ ïîâîðîòà ãóñåíè÷íîé 

ìàøèíû (ÃÌ) îïðåäåëÿåòñÿ ñêîðîñòÿìè âðà-
ùåíèÿ âåäóùèõ êîëåñ. Íî òàê êàê ïðè êðèâî-
ëèíåéíîì äâèæåíèè ÃÌ îáû÷íî íàáëþäàåòñÿ 
áóêñîâàíèå çàáåãàþùåé ãóñåíèöû è þç îòñòà-
þùåé, òî ôàêòè÷åñêèé ðàäèóñ ïîâîðîòà îòëè-
÷àåòñÿ îò òåîðåòè÷åñêîãî â áîëüøóþ ñòîðîíó.

Òî÷íîñòü êëàññè÷åñêîãî ïîäõîäà ê îöåíêå 
òÿãîâûõ âîçìîæíîñòåé ãóñåíè÷íûõ ìàøèí 
â ïîâîðîòå çàâèñèò îò ïðàâèëüíîñòè îïðåäåëå-
íèÿ âçàèìîñâÿçè òåîðåòè÷åñêîãî è ôàêòè÷åñêî-

ãî ðàäèóñîâ ïîâîðîòà [1, 2, 3, 4]. Â ëèòåðàòóðå 
ýòà âçàèìîñâÿçü ÷àñòî ñ÷èòàåòñÿ ïîñòîÿííîé 
âåëè÷èíîé [4, 5]:

 
1,3 1,8 ,f tR R   (1)

ãäå fR  – ôàêòè÷åñêèé ðàäèóñ ïîâîðîòà; tR  – 
òåîðåòè÷åñêèé ðàäèóñ ïîâîðîòà.

Â ðÿäå èñòî÷íèêîâ âçàèìîñâÿçü ðàäèóñîâ 
ïîâîðîòà çàâèñèò îò ïàðàìåòðîâ õîäîâîé ÷àñòè 
ãóñåíè÷íîé ìàøèíû [6]:

 
,f t

LR R
B

  (2)
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  ãä å L  – áàçà ãóñåíè÷íîé ìàøèíû; B  – êîëåÿ 
ãóñåíè÷íîé ìàøèíû.

Ðàññìîòðåííûå îòíîøåíèÿ èìåþò ïðèåìëå-
ìóþ òî÷íîñòü íå âî âñåõ ðåæèìàõ äâèæåíèÿ ãó-
ñåíè÷íîé ìàøèíû (ÃÌ). Òàê, èç ðàáîòû [8] ñëå-
äóåò, ÷òî ïðè ïðèáëèæåíèè ñêîðîñòè ìàøèíû 
ê ïðåäåëüíîé ïî óñòîé÷èâîñòè ôàêòè÷åñêèé 
ðàäèóñ ïîâîðîòà ìîæåò ìåíÿòüñÿ îòíîñèòåëü-
íî òåîðåòè÷åñêîãî. Î÷åâèäíî, ÷òî ïðè íàñòó-
ïëåíèè çàíîñà ÃÌ ýòî èçìåíåíèå ìîæåò äî-
ñòèãíóòü çíà÷èòåëüíîé âåëè÷èíû.

Âìåñòå ñ òåì, ê ñîâðåìåííûì ÃÌ ïðåäúÿâ-
ëÿþòñÿ âñå áîëüøèå òðåáîâàíèÿ ïî áûñòðîõîä-
íîñòè, ÷òî âûçûâàåò íåîáõîäèìîñòü äâèæåíèÿ 
ñî ñêîðîñòüþ áëèçêîé ê êðèòè÷åñêîé ïî çàíîñó. 
Èñïîëüçîâàíèå òî÷íûõ ìàòåìàòè÷åñêèõ ìîäå-
ëåé ïðè èññëåäîâàíèè ýòèõ ðåæèìîâ ïîçâîëèò 
êîððåêòíî âûáèðàòü ïàðàìåòðû ñèëîâîé óñòà-
íîâêè è òðàíñìèññèè, è ìîæåò áûòü ïîëåçíî 
ïðè ðàçðàáîòêå ñèñòåì óïðàâëåíèÿ ïîâîðîòîì 
ÃÌ. 

Ìàòåìàòè÷åñêàÿ ìîäåëü 
ñòàöèîíàðíîãî ïîâîðîòà 
ãóñåíè÷íîé ìàøèíû
Ìàòåìàòè÷åñêàÿ ìîäåëü, îïèñàííàÿ äàëåå, 

ïðåäíàçíà÷åíà äëÿ èññëåäîâàíèÿ ñòàöèîíàð-
íîãî ïîâîðîòà ÃÌ ñ ó÷åòîì îñîáåííîñòåé 
âçàèìîäåéñòâèÿ àêòèâíûõ ó÷àñòêîâ ãóñåíèö 
ñ îïîðíûì îñíîâàíèåì òèïà «ïëîòíûé ãðóíò» 
ñîãëàñíî ïîäõîäó, áàçèðóþùåìóñÿ íà ïðåä-
ñòàâëåíèè îá «ýëëèïñå òðåíèÿ» [7]. Äâèæåíèå 
êîðïóñà ãóñåíè÷íîé ìàøèíû ïðåäñòàâëåíî 
êàê äâèæåíèå òâåðäîãî òåëà â ãîðèçîíòàëüíîé 
ïëîñêîñòè ïî ðîâíîé îïîðíîé ïîâåðõíîñòè 
è ñêëàäûâàåòñÿ èç ïîñòóïàòåëüíîãî äâèæåíèÿ 
öåíòðà ìàññ ìàøèíû è âðàùàòåëüíîãî äâèæå-
íèÿ êîðïóñà âîêðóã öåíòðà ìàññ. 

Â ìîäåëè ïðîèñõîäèò ó÷åò ïåðåðàñïðåäåëå-
íèÿ íîðìàëüíûõ íàãðóçîê ìåæäó àêòèâíûìè 
ó÷àñòêàìè ãóñåíèöû, âûçâàííîãî äåéñòâèåì 
âíåøíèõ ñèë. Îäíàêî ñâÿçü îïîðíûõ êàòêîâ 
(ÎÊ) ñ êîðïóñîì ÃÌ â âåðòèêàëüíîé ïëîñêîñòè 
ðàññìàòðèâàåòñÿ áåç ó÷åòà óïðóãèõ ñâîéñòâ 
ïîäâåñêè.

Ïðè ñîçäàíèè èìèòàöèîííîé ìîäåëè áûëè 
ïðèíÿòû ñëåäóþùèå äîïóùåíèÿ:

1) ìàññû ïîäðåññîðåííûõ è íåïîäðåññîðåí-
íûõ ýëåìåíòîâ ïðèâåäåíû ê êîðïóñó ÃÌ;

2) äâèæåíèå ÃÌ ïðîèñõîäèò ïî ðîâíîé 
ãîðèçîíòàëüíîé îïîðíîé ïîâåðõíîñòè òèïà 
«ïëîòíûé ãðóíò». Ïîä ÎÏ òèïà «ïëîòíûé 
ãðóíò» ïîíèìàåòñÿ ïîâåðõíîñòü, äåôîðìèðó-

åìàÿ ïî íîðìàëè è â êàñàòåëüíîé ïëîñêîñòè, 
ïðè ýòîì áóëüäîçåðíûé è ýêñêàâàöèîííûé 
ýôôåêòû, âîçíèêàþùèå ïðè âçàèìîäåéñòâèè 
äâèæèòåëÿ ñ ÎÏ îòñóòñòâóþò, à äåôîðìàöèè 
ïî íîðìàëè ïðåíåáðåæèìî ìàëû;

3) îïðåäåëåíèå íîðìàëüíûõ ðåàêöèé îïîð-
íûõ êàòêîâ (ÎÊ) ïðè âçàèìîäåéñòâèè ñ îïîðíîé 
ïîâåðõíîñòüþ ïðîèñõîäèò ñ äîïóùåíèåì î ñî-
âìåñòíîñòè äåôîðìàöèé óïðóãèõ ýëåìåíòîâ 
ñèñòåìû ïîäðåññîðèâàíèÿ è îòñóòñòâèè èçìåíå-
íèÿ óãëîâ êðåíà è äèôôåðåíòà êîðïóñà, à òàêæå 
âåðòèêàëüíîé êîîðäèíàòû öåíòðà ìàññ ÃÌ;

4) âåêòîð êàñàòåëüíîé ñèëû âçàèìîäåéñòâèÿ 
êàæäîãî àêòèâíîãî ó÷àñòêà ãóñåíèöû, íàõîäÿ-
ùåãîñÿ ïîä îïîðíûì êàòêîì â ïëîñêîñòè îïîð-
íîãî îñíîâàíèÿ, ðàñïîëîæåí â ãåîìåòðè÷åñêîì 
öåíòðå ýòîãî ó÷àñòêà è íàïðàâëåí ïðîòèâîïî-
ëîæíî âåêòîðó ñêîðîñòè ñêîëüæåíèÿ [8];

5) ïðîåêöèè öåíòðîâ îïîðíûõ êàòêîâ íà àê-
òèâíûå ó÷àñòêè ãóñåíèöû ñîâïàäàþò ñ ãåîìå-
òðè÷åñêèìè öåíòðàìè ýòèõ ó÷àñòêîâ;

6) ñèëû ñîïðîòèâëåíèÿ ïðÿìîëèíåéíîìó 
äâèæåíèþ ÃÌ ïðèâåäåíû ê ìîìåíòàì ñîïðîòèâ-
ëåíèÿ êà÷åíèþ îïîðíûõ êàòêîâ ïî ãóñåíèöå;

7) ÃÌ ñèììåòðè÷íà îòíîñèòåëüíî ïðîäîëü-
íîé îñè;

8) âçàèìîäåéñòâèå õîäîâîé ÷àñòè è îïîð-
íîãî îñíîâàíèÿ ïðîèñõîäèò òîëüêî ïîä àê-
òèâíûìè ó÷àñòêàìè ãóñåíèöû (ñîãëàñíî [9], 
ýïþðà ðàñïðåäåëåíèÿ íîðìàëüíûõ ðåàêöèé 
ïî äëèíå îïîðíîé âåòâè ãóñåíèöû ïðè äâèæå-
íèè ïî îïîðíîìó îñíîâàíèþ òèïà «ïëîòíûé 
ãðóíò» ðàçðûâíà, îñíîâíàÿ ÷àñòü íîðìàëüíîé 
íàãðóçêè ïåðåäàåòñÿ ÷åðåç ó÷àñòêè ãóñåíèöû, 
ðàñïîëîæåííûå ïîä îïîðíûìè êàòêàìè).

Ìàòåìàòè÷åñêàÿ ìîäåëü õàðàêòåðèçóåòñÿ 
ñëåäóþùåé ñèñòåìîé óðàâíåíèé (3), îïèñû-
âàþùåé ïëîñêîå ñòàöèîíàðíîå äâèæåíèå ÃÌ 
â ïîâîðîòå. Ðàñ÷åòíàÿ ñõåìà, ñîîòâåòñòâóþ-
ùàÿ ðàññìàòðèâàåìîé ìàòåìàòè÷åñêîé ìîäåëè, 
ïðåäñòàâëåíà íà ðèñ. 1.
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(3)

ãäå  xiR , yiR  – ïðîåêöèè êàñàòåëüíîé ñèëû 
âçàèìîäåéñòâèÿ àêòèâíîãî ó÷àñòêà ãóñåíè-
öû ñ îïîðíîé ïîâåðõíîñòüþ, ðàñïîëîæåííîãî 
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ïîä i-ûì îïîðíûì êàòêîì, íà ïðîäîëüíóþ è ïî-
ïåðå÷íóþ îñè ìàøèíû (îñè ñèñòåìû êîîðäèíàò 
x y ); wP  – ñèëà ñîïðîòèâëåíèÿ âîçäóøíîé 
ñðåäû; iMïê  – ìîìåíò ñîïðîòèâëåíèÿ ïîâîðî-
òó àêòèâíîãî ó÷àñòêà ãóñåíèöû ïîä i-ûì îïîð-
íûì êàòêîì; xV  – ïðîåêöèÿ âåêòîðà ñêîðîñòè 
öåíòðà ìàññ íà ïðîäîëüíóþ îñü ÃÌ; yV  – ïðî-
åêöèÿ âåêòîðà ñêîðîñòè öåíòðà ìàññ íà ïî-

ïåðå÷íóþ îñü ÃÌ; z  – óãëîâàÿ ñêîðîñòü ïî-
âîðîòà êîðïóñà ÃÌ âîêðóã âåðòèêàëüíîé îñè; 
n  – ÷èñëî îïîðíûõ êàòêîâ ÃÌ.

Ñèëà ñîïðîòèâëåíèÿ âîçäóøíîé ñðåäû [14]:

 
2 / 2,w wx x xP P c F V   ëîá  (4)

ãäå xc  – êîýôôèöèåíò àýðîäèíàìè÷åñêîãî ñî-
ïðîòèâëåíèÿ; Fëîá  – ïëîùàäü ëîáîâîãî ñå÷å-
íèÿ ìàøèíû; v  – ïëîòíîñòü âîçäóõà.

Äëÿ îïðåäåëåíèÿ ðåàêöèé âçàèìîäåéñòâèÿ 
äâèæèòåëÿ ñ îïîðíûì îñíîâàíèåì R  íåîá-
õîäèìî íàéòè ñêîðîñòè ñêîëüæåíèÿ àêòèâíûõ 
ó÷àñòêîâ ãóñåíèöû Vñê  (ðèñ. 2).

Îïðåäåëåíèå ïðîåêöèé âåêòîðà ïåðåíîñíîé 
ñêîðîñòè àêòèâíîãî ó÷àñòêà ãóñåíèöû íà îñè 
ñèñòåìû êîîðäèíàò x y   :

 
; ,x x z k y y z kV V y V V x      ïåð ïåð  (5)

ãäå xV ïåð  – ïðîåêöèÿ âåêòîðà ñêîðîñòè ïåðå-
íîñíîãî äâèæåíèÿ àêòèâíîãî ó÷àñòêà ãóñåíèöû 
íà îñü x ; yV ïåð  – ïðîåêöèÿ âåêòîðà ñêîðîñòè 
ïåðåíîñíîãî äâèæåíèÿ àêòèâíîãî ó÷àñòêà ãóñå-
íèöû íà îñü y ; kx  – ïðîäîëüíàÿ êîîðäèíàòà 
öåíòðà àêòèâíîãî ó÷àñòêà ãóñåíèöû îòíîñèòåëü-
íî öåíòðà ìàññ ìàøèíû (â ñèñòåìå êîîðäèíàò 
x y ); ky  – ïîïåðå÷íàÿ êîîðäèíàòà öåíòðà àê-
òèâíîãî ó÷àñòêà ãóñåíèöû îòíîñèòåëüíî öåíòðà 
ìàññ ìàøèíû (â ñèñòåìå êîîðäèíàò x y ).

Ðèñ. 1. Ðàñ÷åòíàÿ ñõ åìà ñòàöèîíàðíîãî ïîâîðîòà ÃÌ 

Fig. 1. Design scheme of stationary rotation 
of the tracked vehicle

   

 à á

Ðèñ. 2. Ðàñ÷åòíûå ñõåìû: 
à) àêòèâíîã î ó÷àñòêà ãóñåíèöû ÃÌ; á) ýëëèïñà òðåíèÿ

Fig. 2. Design schemes: a) of the active section of the tracked vehicle caterpillar; b) friction ellipse
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Îïðåäåëåíèå ïðîåêöèé âåêòîðà ñêîðî-
ñòè ñêîëüæåíèÿ àêòèâíîãî ó÷àñòêà ãóñåíèöû 
íà îñè ñèñòåìû êîîðäèíàò x y   :

 ; ,xx x z k y y z kV V y r V V x      ñê âê âê ñê  (6)

ãäå râê  – ðàäèóñ âåäóùåãî êîëåñà; âê  – óãëî-
âàÿ ñêîðîñòü âðàùåíèÿ âåäóùåãî êîëåñà ñîîò-
âåòñòâóþùåãî áîðòà.

Îïðåäåëåíèå êîýôôèöèåíòà ñêîëüæåíèÿ àê-
òèâíîãî ó÷àñòêà ãóñåíèöû S [8]:
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 (7)

Îïðåäåëåíèå ñèíóñà è êîñèíóñà óãëà íà-
ïðàâëåíèÿ ñêîðîñòè ñêîëüæåíèÿ k [11, 7, 12]:
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 (8)

Òðàêè ãóñåíè÷íûõ ìàøèí ÷àñòî îáëàäàþò 
ðàçëè÷íûìè ñöåïíûìè êà÷åñòâàìè â ïðîäîëü-
íîì è ïîïåðå÷íîì íàïðàâëåíèè. Ýòà îñîáåí-
íîñòü îòðàæàåòñÿ ñ ïîìîùüþ êîýôôèöèåíòà 
àíèçîòðîïèè   [8]:

 max max/ ,sy sx     (9)

ãäå maxsx  – ìàêñèìàëüíûé êîýôôèöèåíò âçàèìî-
äåéñòâèÿ ðàññìàòðèâàåìîãî àêòèâíîãî ó÷àñòêà 
ãóñåíèöû ñ ãðóíòîì â ïðîäîëüíîì íàïðàâëåíèè; 

maxsy  – ìàêñèìàëüíûé êîýôôèöèåíò âçàèìîäåé-
ñòâèÿ ðàññìàòðèâàåìîãî àêòèâíîãî ó÷àñòêà ãóñå-
íèöû ñ ãðóíòîì â ïîïåðå÷íîì íàïðàâëåíèè.

Â ñâÿçè ñ òåì, ÷òî âçàèìîäåéñòâèå òðàêà ãó-
ñåíèöû ñ îïîðíîé ïîâåðõíîñòüþ íåèçîòðîïíî 
[8], ñâÿçü êîýôôèöèåíòà âçàèìîäåéñòâèÿ maxs  
ñ íàïðàâëåíèåì ñêîðîñòè ñêîëüæåíèÿ ìîæåò 
áûòü îïèñàíà ïðè ïîìîùè ýëëèïòè÷åñêîé çàâè-
ñèìîñòè (ðèñ. 2, á):
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 (10)

Îïðåäåëåíèå êîýôôèöèåíòà âçàèìîäåé-
ñòâèÿ àêòèâíîãî ó÷àñòêà ãóñåíèöû ñ îïîðíîé 
ïîâåðõíîñòüþ s  [8, 11, 10]:

 

0
max 1 ,

S
S
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 (11)

ãäå 0S  – êîíñòàíòà, õàðàêòåðèçóþùàÿ ñõîäñòâî 
âçàèìîäåéñòâèÿ ñ ñóõèì òðåíèåì .

Îïðåäåëåíèå ïðîåêöèé êàñàòåëüíîé ñèëû 
âçàèìîäåéñòâèÿ àêòèâíîãî ó÷àñòêà ãóñåíèöû 
ñ îïîðíîé ïîâåðõíîñòüþ íà ïðîäîëüíóþ è ïî-
ïåðå÷íóþ îñè ìàøèíû:

 
   cos ; sin .x s z k y s z kR R R R       (12)

Îïðåäåëåíèå ìîìåíò ñîïðîòèâëåíèÿ ïîâî-
ðîòó i-îãî àêòèâíîãî ó÷àñòêà ãóñåíèöû [6]:
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(13)

ãäå    /i x i zk s V ïåð  – êðèâèçíà òðàåêòîðèè 
äâèæåíèÿ öåíòðà i-îãî àêòèâíîãî ó÷àñòêà ãó-
ñåíèöû; ziR  – íîðìàëüíàÿ ðåàêöèÿ, ïðèõîäÿ-
ùàÿñÿ íà i-ûé àêòèâíûé ó÷àñòîê ãóñåíèöû; 

kF  – ïëîùàäü ïëîùàäêè êîíòàêòà àêòèâíîãî 
ó÷àñòêà ãóñåíèöû ñ îïîðíîé ïîâåðõíîñòüþ. 

Â äàííîì èññëåäîâàíèè ïðèíÿòî, 
÷òî øèðèíà ïëîùàäêè êîíòàêòà ñîîòâåòñòâó-
åò øèðèíå òðàêà, à äëèíà – óäâîåííîé äëèíå 
òðàêà:

 
2 ,kF L B òð òð  (14)

ãäå Lòð , Bòð  – äëèíà è øèðèíà òðàêà.
Ïðè äâèæåíèè ÃÌ â ïîâîðîòå íîðìàëü-

íûå ðåàêöèè ziR , âîñïðèíèìàåìûå àêòèâíû-
ìè ó÷àñòêàìè ãóñåíèöû, ïåðåðàñïðåäåëÿþòñÿ 
â ðåçóëüòàòå äåéñòâèÿ âíåøíèõ ñèëîâûõ ôàêòî-
ðîâ. Òàê, íà èçìåíåíèå âåëè÷èíû ziR  âëèÿþò: 
ñèëà àýðîäèíàìè÷åñêîãî ñîïðîòèâëåíèÿ wP , 
ñèëà èíåðöèè ìàøèíû, âûçâàííàÿ öåíòðîñòðå-
ìèòåëüíûì óñêîðåíèåì, à òàêæå ñóììà ìîìåí-
òîâ ñîïðîòèâëåíèÿ êà÷åíèþ îïîðíûõ êàòêîâ 
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(15)

ãäå fãð  – êîýôôèöèåíò ñîïðîòèâëåíèÿ äâèæå-
íèþ ÃÌ; okr  – ðàäèóñ  îïîðíûõ êàòêîâ.

Äëÿ îïðåäåëåíèå âåëè÷èí ziR  ðàññìàòðèâà-
åòñÿ óðàâíåíèå áàëàíñà ñèë â ïðîåêöèè íà âåð-
òèêàëüíóþ îñü ìàøèíû, à òàêæå óðàâíåíèÿ 
áàëàíñà ìîìåíòîâ îòíîñèòåëüíî ïðîäîëüíîé 
è ïîïåðå÷íîé îñåé, ïðîõîäÿùèõ ÷åðåç ïðî-
åêöèþ öåíòðà ìàññ ÃÌ íà îïîðíîå îñíîâàíèå 
(òî÷êà À, ðèñ. 3). Â ïðåäëîæåííîé ìîäåëè ðå-
àêöèè ziR , äåéñòâóþùèå íà êàæäûé àêòèâíûé 
ó÷àñòîê ãóñåíèöû, ìîãóò áûòü îïðåäåëåíû 
èç ðåøåíèÿ ñèñòåìû óðàâíåíèé:
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(16)
Ñèñòåìà (16) ïðåäñòàâëÿåò ñîáîé ñèñòå-

ìó ëèíåéíûõ àëãåáðàè÷åñêè õ óðàâíåíèé, 
â ðàìêàõ ðàññìàòðèâàåìîé ìîäåëè îíà ÷èñëåíî 
ðåøàåòñÿ ìàòðè÷íûì ìåòîäîì.

Íåîáõîäèìî îòìåòèòü, ÷òî ñâÿçü ãóñåíèö 
ñ ãðóíòîì íå ÿâëÿåòñÿ óäåðæèâàþùåé, ÷òî îç-
íà÷àåò, ÷òî îòðèöàòåëüíûå çíà÷åíèÿ ziR , ïî-
ëó÷åííûå ïðè ðåøåíèè ñèñòåìû (16), ëèøåíû 
ôèçè÷åñêîãî ñìûñëà. Â ñëó÷àå îòðèöàòåëüíûõ 
ðåàêöèé èõ âåëè÷èíû ïðèíèìàþòñÿ ðàâíûìè 
íóëþ è ïðîèçâîäèòñÿ ïîâòîðíîå ðåøåíèå ñè-
ñòåìû ñ ñîîòâåòñòâóþùèì óìåíüøåíèåì êî-

ëè÷åñòâà óðàâíåíèé. Ñ÷èòàåòñÿ, ÷òî ðåøåíèå 
ñèñòåìû ìîæåò áûòü íàéäåíî, åñëè ïîëîæè-
òåëüíû âåëè÷èíû íîðìàëüíûõ ðåàêöèé õîòÿ áû 
òðåõ êàòêîâ, íå ïðèíàäëåæàùèõ îäíîìó áîðòó. 
Â ïðîòèâíîì ñëó÷àå ñ÷èòàåòñÿ, ÷òî ïðîèçîøëî 
îïðîêèäûâàíèå ìàøèíû.

Â äàííîì èññëåäîâàíèè ñòàâèòñÿ öåëüþ èç-
ó÷åíèå âëèÿíèÿ êîíñòðóêòèâíûõ ïàðàìåòðîâ 
øàññè, à òàêæå óñëîâèé äâèæåíèÿ ÃÌ íà âçàè-
ìîñâÿçü ôàêòè÷åñêîãî è òåîðåòè÷åñêîãî ðàäèó-
ñà ïîâîðîòà. Òàêàÿ çàäà÷à ïîäðàçóìåâàåò ïðî-
âåäåíèå ìíîãîôàêòîðíîãî âû÷èñëèòåëüíîãî 
ýêñïåðèìåíòà, ïîýòîìó íåîáõîäèìî îáåñïå÷èòü 
áûñòðîå ÷èñëåííîå ðåøåíèå îïèñàííîé âûøå 
ìàòåìàòè÷åñêîé ìîäåëè. Åå àíàëèç ïîêàçûâàåò, 
÷òî óðàâíåíèÿ ñèñòåìû (3) è âõîäÿùèå â íåå âå-
ëè÷èíû â îáùåé ñëîæíîñòè ñîäåðæàò ïÿòü íå-
èçâåñòíûõ ïàðàìåòðîâ: 1 2, , ,  x y zV V   âê âêè . 
Â ñâÿçè ñ òåì, ÷òî ñèñòåìà èìååò òðè óðàâíå-
íèÿ, äëÿ åå ðåøåíèÿ íåîáõîäèìî îïðåäåëèòü 
äâå èç óêàçàííûõ âåëè÷èí.

Ïðè çàäàíèè ïðîäîëüíîé ïðîåêöèè ñêîðîñòè 
öåíòðà ìàññ V

x
 è ôàêòè÷åñêîãî ðàäèóñà ïîâîðî-

à 

á

Ðèñ. 3. Ðàñ÷åòíûå ñõåìû ê îïðåäåëåíèþ íîðìàëüíûõ ðåàêöèé àêòèâíû õ ó÷àñòêîâ ãóñåíèöû: 
à) âèä ñáîêó; á) âèä ñïåðåäè

Fig. 3. Design schemes for determining the normal reactions of active sections of the caterpillar: 
a) side view; b) front view
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òà R
f
 , óãëîâàÿ ñêîðîñòü âðàùåíèÿ ÃÌ âîêðóã 

âåðòèêàëüíîé îñè ìîæåò áûòü îïðåäåëåíà êàê:

 
/ .z x fV R   (17)

Òàêèì îáðàçîì îáåñïå÷èâàåòñÿ âîçìîæíîñòü 
îïðåäåëåíèÿ 1 2,  yV  âê âêè  ñ ïîìîùüþ ÷èñëåí-
íîãî ðåøåíèÿ ñèñòåìû (3). Â äàííîé ðàáîòå 
èñïîëüçîâàëñÿ ìåòîä ðåøåíèÿ íåëèíåéíûõ 
ñèñòåì óðàâíåíèé Trust-Region-Dogleg. Ñ ïîëó-
÷åííûì ðåøåíèåì òåîðåòè÷åñêèé ðàäèóñ ïîâî-
ðîòà ìîæíî îïðåäåëèòü ïî ôîðìóëå:

 

2 1

2 1

.
2t
BR  


 
âê âê

âê âê

 (18)

Èññëåäîâàíèå âçàèìîñâÿçè 
ôàêòè÷åñêîãî è òåîðåòè÷åñêîãî 
ðàäèóñîâ ïîâî ðîòà
Ïðèâåäåííàÿ ìàòåìàòè÷åñêàÿ ìîäåëü ñòàöè-

îíàðíîãî ïîâîðîòà ãóñåíè÷íîé ìàøèíû îïèñû-
âàåò äâèæåíèå ÃÌ è îñîáåííîñòè âçàèìîäåé-
ñòâèÿ äâèæèòåëÿ ñ îïîðíûì îñíîâàíèåì òî÷íåå 
êëàññè÷åñêèõ àíàëèòè÷åñêèõ çàâèñèìîñòåé, 
÷òî ïîçâîëÿåò ïðîâåñòè îöåíêó çàâèñèìîñòè ôàê-
òè÷åñêîãî ðàäèóñà îò òåîðåòè÷åñêîãî ðàäèóñà ïî-
âîðîòà äëÿ ñîâðåìåííûõ âûñîêîïîäâèæíûõ ÃÌ.

Äëÿ ïðîâåäåíèÿ ñðàâíèòåëüíûõ ÷èñëåííûõ 
ýêñïåðèìåíòîâ èñïîëüçóþòñÿ õàðàêòåðèñòèêè 
òðàíñïîðòíîé ÃÌ, ïðåäñòàâëåííûå â òàáëèöå 1 
è õàðàêòåðèñòèêè îïîðíîé ïîâåðõíîñòè, ïðåä-
ñòàâëåííûå â òàáëèöå 2. 

Äëÿ îöåíêè ñîîòíîøåíèÿ ôàêòè÷åñêîãî 
è òåîðåòè÷åñêîãî ðàäèóñîâ öåëåñîîáðàçíî 
â âûðàæåíèå (2) ââåñòè íåêîòîðûé êîýôôèöè-
åíò Rk :

 
,  .f

f R t R
t

RL BR k R k
B R L

   (19)

Ïðîâåäåì èññëåäîâàíèå ïî âûÿâëåíèþ çà-
âèñèìîñòåé êîýôôèöèåíòà Rk  îò ñêîðî ñòíûõ 
ðåæèìîâ äâèæåíèÿ ÃÌ, ôàêòè÷åñêîãî ðàäèóñà 
ïîâîðîòà fR  è îò ìàññîãàáàðèòíûõ ïàðàìåòðîâ 
ìàøèí, îïèñûâàþùèõ âçàèìîäåéñòâèå ñ âíåø-
íåé ñðåäîé. Ïðè ïðîâåäåíèè âû÷èñëèòåëüíûõ 
ýêñïåðèìåíòîâ ôàêòè÷åñêèé ðàäèóñ fR  çàäà-
âàëñÿ, â òî âðåìÿ êàê òåîðåòè÷åñêèé ðàäèóñ ïî-
âîðîòà tR  îïðåäåëÿëñÿ ïî çàâèñèìîñòè (18).

Ðàññìîòðèì âëèÿíèå íà êîýôôèöèåíò Rk  
ôàêòè÷åñêîãî ðàäèóñà ïîâîðîòà. Ñîãëàñíî [13], 
äîðîæíàÿ êðèâèçíà îïèñûâàåòñÿ íîðìàëüíûì 
ñëó÷àéíûì ðàñïðåäåëåíèåì ñ ìàòåìàòè÷åñêèì 
îæèäàíèåì ðàâíûì íóëþ è ñðåäíåêâàäðàòè÷å-
ñêèì îòêëîíåíèåì k , íàõîäÿùèìñÿ â äèàïàçîíå:

 
1 10,033 0,04 .k
   ì ì  (20)

Ñîãëàñíî ïðàâèëó «òðåõ ñèãì», ìîæíî ïðè-
íÿòü ìàêñèìàëüíóþ êðèâèçíó òðàåêòîðèè, 
âñòðå÷àþùóþñÿ ïðè ýêñïëóàòàöèè ÃÌ, ðàâíîé 
0,12 ì–1, ÷òî ñîîòâåòñòâóåò ôàêòè÷åñêîìó ðà-
äèóñó, ðàâíîìó 8,33fR   ì. Ñ äðóãîé ñòîðî-
íû, â [6] óòâåðæäàåòñÿ, ÷òî äâèæåíèå ãóñåíè÷-
íîé ìàøèíû ñ ðàäèóñàìè áîëåå 300 ì ìîæíî 
ïðèíÿòü ïðÿìîëèíåéíûì. Â ñâÿçè ñ ýòèì èñ-
ñëåäîâàíèå çàâèñèìîñòè êîýôôèöèåíòà Rk  
îò ôàêòè÷åñêîãî ðàäèóñà ïîâîðîòà áóäåò ïðî-
âîäèòüñÿ ïðè fR , ëåæàùåì â äèàïàçîíå îò 8,33 
äî 300 ìåòðîâ. Ïðè èññëåäîâàíèè çàâèñèìîñòè 

 R fk R  èñïîëüçîâàëèñü ïàðàìåòðû, ïðèâåäåí-
íûå â òàáëèöàõ 1 è 2. Íà ðèñ. 4 ïðåäñòàâëåíà 
çàâèñèìîñòü êîýôôèöèåíòà Rk  îò ôàêòè÷åñêî-
ãî ðàäèóñà ïîâîðîòà.

Èç ïîëó÷åííûõ äàííûõ ñëåäóåò, ÷òî ïðè 
ïðîâåäåíèè îöåíî÷íûõ ðàñ÷åòîâ ÃÌ äëÿ ñëó÷à-
åâ äâèæåíèÿ ñ áîëüøèìè ðàäèóñàìè ïîâîðîòà 
êîýôôèöèåíò Rk  ìîæíî ñ÷èòàòü ïîñòîÿííûì 
(äëÿ ïðàêòè÷åñêèõ ðàñ÷åòîâ óäîáíî ïðèíÿòü 

Òàáëèöà 1 

Òåõíè÷åñêèå õàðàêòåðèñòèêè îáúåêòà èññëåäîâàíèÿ 

Table 1. Resea rch object technical characteristics

Ìàññà m, êã 20000

Áàçà L, ì 4,445

Êîëåÿ B, ì 2,5

Âûñîòà öåíòðà ìàññ H
z
, ì 1,1

×èñëî î ïîðíûõ êàòêîâ ïî áîðòó, 
nî

ê 7

Ðàäèóñ îïîðíûõ êàòêîâ r
îê

, ì 0,31

Ðàäèóñ âåäóùåãî êîëåñà r
âê

, ì 0,31

Òàáëèöà 2 
Èñõîäíûå äàííûå âû÷èñëèòåëüíîãî ýêñïåðèìåíòà

Table 2. Initial d ata of the computational experiment

 Íàçâàíèå äåòàëè Ìàòåðèàë
Ìîäóëü

óïðóãîñòè,
E, ÌÏà

Êîýôô. 
Ïóàññîíà

Ïðåäåë 
òåêó÷åñòè
Sò, ÌÏà

Ïðåäåë 
ïðî÷íîñòè
Sâ, ÌÏà

Óäëèíåíèå 
ïðè ðàçðûâå, 

d5, %
Áàëàíñèð 10ÕÑÍÄ 200000 0,3 390 530 19
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1,3Rk  ). Ïðè ýòîì äëÿ óòî÷íåííûõ ðàñ÷åòîâ 
èëè àíàëèçà ïîâîðîòîâ ìàøèíû ìàëûì ðàäèó-
ñîì çàâèñèìîñòü  R fk R  íåîáõîäèìî ó÷èòûâàòü.

Ðàññìîòðèì âëèÿíèå íà êîýôôèöèåíò Rk  
êîíñòðóêòèâíûõ ïàðàìåòðîâ õîäîâîé ÷àñòè. 
Â êà÷åñòâå âàðüèðóåìûõ ïàðàìåòðîâ äëÿ äàí-
íîãî ýêñïåðèìåíòà ïðèíÿòû îòíîøåíèå áàçû 
ìàøèíû ê êîëåå /L B  è ÷èñëî îïîðíûõ êàòêîâ 
íà áîðòó ìàøèíû. Çàâèñèìîñòü  /Rk L B  èñ-
ñëåäîâàëàñü â äèàïàçîíå 1 / 2L B  . ×èñëî 
îïîðíûõ êàòêîâ ïî áîðòó äëÿ áîëüøèíñòâà 
âûñîêîïîäâèæíûõ ÃÌ ñîñòàâëÿåò 5–7 øò. 
Îñòàëüíûå âåëè÷èíû, îïèñûâàþùèå äâèæå-
íèå ÃÌ âî âíåøíåé ñðåäå, ïðèíÿòû ïîñòîÿí-
íûìè (òàáëèöû 1 è 2). Èçìåíåíèå îòíîøåíèÿ 

/L B  äîñòèãàëîñü ïóòåì êîððåêòèðîâêè áàçû 
ìàøèíû L . 

Ýêñïåðèìåíò ïðîâîäèëñÿ ïðè íàèáîëåå âå-
ðîÿòíîé êðèâèçíå ïîâîðîòà[13]: 

 

2

22

0
2 2 / .

2
k

k

kk
k

k
e dk
     

 
ä

ä
ä

 
(21)

Ñëåäîâàòåëüíî, ìàòåìàòè÷åñêîå îæèäàíèå 
ìîäóëÿ äîðîæíîé êðèâèçíû ëåæèò â äèàïàçîíå:

 
1 10,026 0,032 .k
   ì ì  (22)

Äëÿ âû÷èñëèòåëüíîãî ýêñïåðèìåíòà 
ïðèìåì âåëè÷èíó ôàêòè÷åñêîãî ðàäèóñà ïîâî-
ðîòà fR , ñîîòâåòñòâóþùóþ êðèâèçíå èç óêà-
çàííîãî ïðîìåæóòêà, íàïðèìåð 34 fR  ì.

Íà ðèñ. 5 ïðåäñòàâëåíà ïîëó÷åííàÿ çàâèñè-
ìîñòü êîýôôèöèåíòà Rk  îò îòíîøåíèÿ /L B  
è êîëè÷åñòâà îïîðíûõ êàòêîâ ÃÌ ïî áîðòó nîê .

Àíàëèç ïîëó÷åííûõ äàííûõ ãîâîðèò î òîì, 
÷òî êîýôôèöèåíò Rk  èìååò ñóùåñòâåííóþ 
çàâèñèìîñòü îò îòíîøåíèÿ /L B . Êîëè÷å-
ñòâî îïîðíûõ êàòêîâ òàêæå îêàçûâàåò âëèÿ-
íèå íà âåëè÷èíó êîýôôèöèåíòà Rk  (ðîñò Rk  
ñ óìåíüøåíèåì ÷èñëà êàòêîâ).

Ñóùåñòâåííîå âëèÿíèå íà Rk  ìîãóò îêà-
çûâàòü ïàðàìåòðû, îïèñûâàþùèå âçàèìîäåé-
ñòâèå äâèæèòåëÿ ñ îïîðíîé ïîâåðõíîñòüþ. 
Òàê, â ñîîòâåòñòâèè ñ ìàòåìàòè÷åñêîé ìîäå-
ëüþ, äëÿ îïèñàíèÿ âçàèìîäåéñòâèÿ ñ ãðóíòîì 
èñïîëüçóþòñÿ ñëåäóþùèå ïàðàìåòðû: ìàêñè-
ìàëüíûé êîýôôèöèåíò âçàèìîäåéñòâèÿ äâèæè-
òåëÿ ñ îïîðíîé ïîâåðõíîñòüþ â ïðîäîëüíîì íà-
ïðàâëåíèè maxsx , êîýôôèöèåíò àíèçîòðîïèè 

 , êîýôôèöèåíò 0S . Êðîìå òîãî, äëÿ ó÷åòà 
ñîïðîòèâëåíèÿ äâèæåíèþ ÃÌ èñïîëüçóåòñÿ êî-
ýôôèöèåíò fãð .

Ñîãëàñíî [14] ïðè äâèæåíèè ïî äîðîãàì 
è ìåñòíîñòè êîýôôèöèåíò maxsx  ìîæåò èçìå-
íÿòüñÿ â ïðåäåëàõ îò 0,3 äî 0,85. Ïðè ýòîì [14] 
êîýôôèöèåíò ñîïðîòèâëåíèÿ äâèæåíèþ fãð  
äëÿ ðàçëè÷íûõ òèïîâ ÎÏ ïðèíèìàåò çíà÷åíèÿ 
â äèàïàçîíå îò 0,035 äî 0,3. 

Êîýôôèöèåíò àíèçîòðîïèè çàâèñèò îò ôîð -
ìû êîíòàêòíîé ïîâåðõíîñòè òðàêîâ ãóñåíèöû. 
Â ñëó÷àå òðàíñïîðòíûõ ìàøèí åãî âåëè÷èíà 
áëèçêà ê åäèíèöå, íî ó ñïåöèàëèçèðîâàííîé 
òåõíèêè (íàïðèìåð, òÿãîâûõ ìàøèí) åãî âåëè-
÷èíà ìîæåò èçìåíÿòüñÿ. Â êà÷åñòâå ïðèìåðà 
ïðîàíàëèçèðóåì çàâèñèìîñòü Rk  îò   â äèà-
ïàçîíå îò 0,6 äî 1 [8].

Ðèñ. 4. Çàâèñèìîñòü êîýôôèöèåíòà k
R
 

îò ôàêòè÷åñêîãî ðàäèóñà ïîâîðîòà R
f

Fig. 4. Dependence  of the coefficient k
R
 

on the actual turning radius R
f

Ðèñ. 5. Çàâèñèìîñòü k
R
 îò îòíîøåíèÿ L/B 

ïðè ðàçëè÷íûõ çíà÷åíèÿõ nîê

Fig. 5. Dependence of k
R
 on L/B ratio 

at diff erent values n
îê
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Âåëè÷èíà êîýôôèöèåíòà S
0
 õàðàêòåðèçóåò 

íàêëîí êàñàòåëüíîé ê çàâèñèìîñòè êîýôôèöèåí-
òà âçàèìîäåéñòâèÿ àêòèâíûõ ó÷àñòêîâ ãóñåíèöû 
ñ îïîðíîé ïîâåðõíîñòüþ îò êîýôôèöèåíòà ñêîëü-
æåíèÿ â îáëàñòè 0S   è, òàêèì îáðàçîì, ïîêà-
çûâàåò íàñêîëüêî ðàññìàòðèâàåìîå âçàèìîäåé-
ñòâèå îòëè÷àåòñÿ îò ñóõîãî òðåíèÿ (÷åì áëèæå 

Òàáëèöà 3 

Ïðåäåëû èçìåíåíèÿ ïàðàìåòðîâ, îïèñûâàþùèõ âçàèìîäåéñòâèå äâèæèòåëÿ ñ îïîðíîé ïîâåðõíîñòüþ

Table 3. Limits of vari ation of parameters describing the interaction 
of the propeller with the supporting surface

Ìàêñèìàëüíûé êîýôôèöèåíò âçàèìîäåéñòâèÿ ñ ÎÏ â ïðîäîëüíîì íàïðàâëåíèè 
sx max

0,3…0,85 [14]

Êîýôôèöèåíò àíèçîòðîïèè  0,6…1 [8]

Êîýôôèöèåíò S
0

0,01…0,2

Êîýôôèöèåíò ñîïðîòèâëåíèÿ äâèæåíèþ f
ãð

 0,035…0,3[14]

   
 à á 

   
 â ã

Ðèñ. 6. Çàâèñèìîñòü k
R
 îò: 

à − μ
sx max

; á − 
μ
; â − S

0
; ã − f

ãð

Fig. 6. The dependence of Rk  on: à − 
sx max 

; á − ; â − S0 
;  ã − f

ãð

0S  ê 0, òåì áëèæå îïèñûâàåìîå âçàèìîäåéñòâèå 
ê çàêîíó ñóõîãî òðåíèÿ). Òàê, äëÿ ñëó÷àÿ äâèæå-
íèÿ ïî àñôàëüòîáåòîííîé îïîðíîé ïîâåðõíîñòè 

0S  ìîæåò äîñòèãàòü âåëè÷èíû 0,01, ïðè ýòîì 
â ñëó÷àå äâèæåíèÿ ïî ãðóíòîâîé äîðîãå â ïåðèîä 
ðàñïóòèöû èëè çàáîëî÷åííîé ìåñòíîñòè 0S  
ìîæåò ïðèíèìàòü çíà÷åíèÿ ïîðÿäêà 0,2.
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Äëÿ èññëåäîâàíèÿ ÷óâñòâèòåëüíîñòè êîýô-
ôèöèåíòà Rk  ê êàæäîìó èç ðàññìàòðèâàåìûõ 
ïàðàìåòðîâ ïî îòäåëüíîñòè, âàðüèðîâàíèå èìè 
ïðîèçâîäèòñÿ ïî î÷åðåäè â óêàçàííûõ äèàïà-
çîíàõ. Ïîñòîÿííûå ïàðàìåòðû ìàøèíû è óñ-
ëîâèé äâèæåíèÿ ïðèíèìàëèñü â ñîîòâåòñòâèè 
ñ òàáëèöàìè 1 è 2 ïî àíàëîãèè ñ ïðåäûäóùèìè 
âû÷èñëèòåëüíûìè ýêñïåðèìåíòàìè 34 fR  ì. 
Â òàáëèöå 3 ïåðå÷èñëåíû ïðåäåëû âîçìîæíîãî 
èçìåíåíèÿ óêàçàííûõ ïàðàìåòðîâ:

Ïîëó÷åííûå çàâèñèìîñòè êîýôôèöèåíòà 

Rk  îò óêàçàííûõ ïàðàìåòðîâ ïðåäñòàâëåíû 
íà ðèñ. 6.

Èç ïîëó÷åííûõ äàííûõ ñëåäóåò, ÷òî êîýô-
ôèöèåíò Rk  ñóùåñòâåííî çàâèñèò îò êîýôôè-
öèåíòà 0S  â äèàïàçîíå îò 0,01 äî 0,1. Â îáëàñòè 

0 0,1S   ñòåïåíü åãî âëèÿíèÿ ñíèæàåòñÿ. Òàêæå 
ïðèñóòñòâóåò çàâèñèìîñòü êîýôôèöèåíòà Rk  
îò êîýôôèöèåíòà àíèçîòðîïèè   âî âñåì 
ðàññìàòðèâàåìîì äèàïàçîíå, ÷òî íåîáõîäèìî 
ó÷èòûâàòü. Ñâÿçü ìåæäó êîýôôèöèåíòîì Rk  
è ìàêñèìàëüíûì êîýôôèöèåíòîì âçàèìîäåé-
ñòâèÿ ñ îïîðíûì îñíîâàíèåì maxsx , à òàêæå 
êîýôôèöèåíòîì ñîïðîòèâëåíèÿ äâèæåíèþ fãð  
ïðè ïðèíÿòûõ äîïóùåíèÿõ ïðàêòè÷åñêè îòñóò-
ñòâóåò.

Ðàññìîòðèì çàâèñèìîñòü êîýôôèöèåíòà Rk  
îò ñêîðîñòíîãî ðåæèìà äâèæåíèÿ. Èç-çà ñìå-
ùåíèÿ ïîëþñà ïîâîðîòà ìàøèíû â ñòîðîíó 
îñåé ïåðåäíèõ îïîðíûõ êàòêîâ ïðè ïðèáëèæå-
íèè ê çàíîñíîé ñêîðîñòè äâèæåíèÿ Vç  ïðîèñ-
õîäèò óìåíüøåíèå ìîìåíòà ñîïðîòèâëåíèÿ 
ïîâîðîòó ÃÌ [4, 8, 15], ÷òî ïîäòâåðæäàåòñÿ ýêñ-
ïåðèìåíòàëüíûìè äàííûìè [8]. Ïðè ýòîì ñëå-
äóåò ó÷åñòü, ÷òî âûñîòà öåíòðà ìàññ ìàøèíû 
îêàçûâàåò ñóùåñòâåííîå âëèÿíèå íà ïåðåðàñ-
ïðåäåëåíèå ñèë ñîïðîòèâëåíèÿ ïåðåìàòûâà-
íèþ ãóñåíèö, êîòîðîå ìîæåò ïîâëå÷ü çà ñîáîé 
íåâîçìîæíîñòü ðåàëèçàöèè òðåáóåìîãî òîð-
ìîçíîãî ìîìåíòà íà îòñòàþùåé ãóñåíèöå. 
Òàêèì îáðàçîì, èññëåäîâàíèå âëèÿíèÿ ñêî-
ðîñòíîãî ðåæèìà äâèæåíèÿ íà êîýôôèöèåíò 

Rk  öåëåñîîáðàçíî ïðîâîäèòü ñ ó÷åòîì ðàçëè÷-
íûõ âàðèàíòîâ âûñîòû öåíòðà ìàññ ìàøèíû.

Ïðè èññëåäîâàíèè çàâèñèìîñòè êîýôôèöè-
åíòà Rk  îò óêàçàííûõ ïàðàìåòðîâ äðóãèå âåëè-
÷èíû, îïèñûâàþùèå äâèæåíèå ìàøèíû, ðàâíî 
êàê è ñàìó ìàøèíó, ïðèíÿòû ïîñòîÿííûìè (òà-
áëèöû 1 è 2). Äëÿ âû÷èñëèòåëüíîãî ýêñïåðè-
ìåíòà ïðèìåì 34 fR   ì ïî àíàëîãèè ñ ïðåäû-
äóùèìè âû÷èñëèòåëüíûìè ýêñïåðèìåíòàìè.

Ïðè ïðîâåäåíèè âû÷èñëèòåëüíûõ ýêñïåðè-
ìåíòîâ ñ÷èòàåòñÿ, ÷òî ìàøèíà äâèæåòñÿ â ïî-

âîðîòå íàèáîëåå âåðîÿòíîãî ðàäèóñà 34 fR   ì 
(òàê æå, êàê è â ïðåäûäóùèõ âû÷èñëèòåëüíûõ 
ýêñïåðèìåíòàõ). Â ðàññìàòðèâàåìûõ äîðîæíûõ 
óñëîâèÿõ êðèòè÷åñêàÿ ñêîðîñòü ÃÌ ïî çàíîñó 
ñîñòàâëÿåò 60,6 êì/÷. Òàêàÿ ñêîðîñòü âïîëíå 
ìîæåò áûòü äîñòèãíóòà ñîâðåìåííûìè ÃÌ. 
Ýòî ïîäòâåðæäàåò, ÷òî èññëåäîâàíèå ðåæèìîâ 
äâèæåíèÿ áëèçêèõ ê êðèòè÷åñêîé ñêîðîñòè 
ïî çàíîñó ïðåäñòàâëÿåò ïðàêòè÷åñêèé èíòåðåñ.

Äëÿ îïðåäåëåíèÿ äèàïàçîíà èçìåíåíèÿ 
âûñîòû öåíòðà ìàññ ìàøèíû ðàññìîòðèì çàâè-
ñèìîñòü êðèòè÷åñêîé ñêîðîñòè ÃÌ ïî îïðîêè-
äûâàíèþ Vîïð  [16] ñ ó÷åòîì îïðåäåëåíèÿ âåëè-
÷èíû êîýôôèöèåíòà ïîïåðå÷íîé óñòîé÷èâîñòè 

/ 2 zB H ïó  [17]:

 .fV gR îïð ïó  (23)

Åñëè âåëè÷èíà maxsy  ïó , òî çàíîñ ÃÌ ïðî-
èçîéäåò ðàíüøå, ÷åì îïðîêèäûâàíèå. Â ñâÿçè 
ñ ýòèì ñ öåëüþ îáåñïå÷åíèÿ âûñîêîãî óðîâíÿ 
ïîäâèæíîñòè âåëè÷èíà 

ïó
 äëÿ ñîâðåìåííûõ 

ìàøèí äîëæíà áûòü áîëåå 0,65–0,85 (äëÿ âûñî-
êîñêîðîñòíîãî ìàíåâðèðîâàíèÿ ïî îïîðíîé ïî-
âåðõíîñòè òèïà «äåðíèñòûé ãðóíò»).

Äëÿ îöåíêè ìàêñèìàëüíîãî çíà÷åíèÿ ïó  
ïðîàíàëèçèðóåì ìàøèíû, îáëàäàþùèå íèçêèì 
öåíòðîì òÿæåñòè (íàïðèìåð, òàíêè). Âûñîòà 
öåíòðà ìàññ òàêèõ ìàøèí ñîñòàâëÿåò ïîðÿä-
êà îäíîãî ìåòðà, à êîëåÿ ïðè ýòîì íàõîäèòñÿ 
íà óðîâíå 2,7 ì. Òî åñòü ïðè ïðîâåäåíèè âû÷èñ-
ëèòåëüíîãî ýêñïåðèìåíòà ìàêñèìàëüíîå çíà÷å-
íèå ïó  ìîæíî ïðèíÿòü ðàâíûì 1,35.

Òàêèì îáðàçîì, äëÿ îöåíêè âëèÿíèÿ ñêî-
ðîñòíîãî ðåæèìà äâèæåíèÿ íà êîýôôèöèåíò 

Rk  óäîáíî èñïîëüçîâàòü ñëåäóþùèå óäåëüíûå 
ïîêàçàòåëè: âåëè÷èíó ïó  è îòíîøåíèå /xV Vç . 
Äèàïàçîí èçìåíåíèÿ ïó  ïðèíèìàåòñÿ îò 0,8 
äî 1,35. Òàê êàê óñòàíîâèâøååñÿ äâèæåíèå ñ çà-
íîñíîé ñêîðîñòüþ íåâîçìîæíî, äèàïàçîí èçìå-
íåíèÿ /xV Vç  ïðèíèìàåòñÿ îò 0,1 äî 0,9. 

Íà ðèñ. 7 ïðåäñòàâëåíà ïîëó÷åííàÿ çàâèñè-
ìîñòü êîýôôèöèåíòà Rk  îò îòíîøåíèÿ /xV Vç  
ïðè ðàçëè÷íûõ çíà÷åíèÿõ ïó .

Àíàëèç ïîëó÷åííûõ äàííûõ ïîêàçàë, 
÷òî ïðè / 0,5xV V ç  âëèÿíèå îòíîøåíèÿ /xV Vç
è êîýôôèöèåíòà 

ïó
 ÿðêî âûðàæåíî. Ïðè ýòîì 

õàðàêòåð èçìåíåíèÿ êîýôôèöèåíòà Rk  ñóùå-
ñòâåííî ðàçëè÷àåòñÿ â çàâèñèìîñòè îò çíà÷å-
íèÿ êîýôôèöèåíòà ïîïåðå÷íîé óñòîé÷èâîñòè 
ïó . Â ñëó÷àå 1 ïó  òåîðåòè÷åñêèé ðàäèóñ 
ïîâîðîòà ìàøèíû ñòðåìèòñÿ ê ôàêòè÷åñêîìó 
[8] (ìàøèíà ïðîÿâëÿåò èçáûòî÷íóþ ïîâîðà÷è-
âàåìîñòü) ïðè ïðèáëèæåíèè ñêîðîñòè äâèæå-
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íèÿ ê êðèòè÷åñêîé ïî çàíîñó. Ïðè 1 ïó  ðàç-
íîñòü ìåæäó òåîðåòè÷åñêèì è ôàêòè÷åñêèì 
ðàäèóñàìè óâåëè÷èâàåòñÿ (ìàøèíà ïðîÿâëÿåò 
íåäîñòàòî÷íóþ ïîâîðà÷èâàåìîñòü), ÷òî âûçâà-
íî óâåëè÷åíèåì þçà íà îòñòàþùåé ãóñåíèöå 
èç-çà íåäîñòàòêà íîðìàëüíîé ðåàêöèè ïðè ðåà-
ëèçàöèè òîðìîçíîé ñèëû.

Çàêëþ÷åíèå
Êëàññè÷åñêèé ïîäõîä ê òÿãîâ îìó ðàñ÷åòó 

ÃÌ ñîäåðæèò ðÿä ïîãðåøíîñòåé, îäíîé èç êî-
òîðîé ÿâëÿåòñÿ îïðåäåëåíèå òåîðåòè÷åñêîãî 
ðàäèóñà ïîâîðîòà. Ââåäåííûé êîýôôèöèåíò Rk  
äëÿ íàèáîëåå ðàñïðîñòðàíåííûõ ãåîìåòðè÷å-
ñêèõ ïàðàìåòðîâ ãóñåíè÷íûõ ìàøèí íàõîäèòñÿ 
â äèàïàçîíå îò 1,2 äî 1,4 ïðè ìàëûõ ñêîðîñòÿõ 
äâèæåíèÿ. Ïîâûñèòü òî÷íîñòü êëàññè÷åñêîãî 
ðàñ÷åòà ìîæíî, ïðèíÿâ êîýôôèöèåíò Rk  ïîñòî-
ÿííûì è ðàâíûì 1,3 äëÿ ñëó÷àåâ äâèæåíèÿ ÃÌ 
ñî ñêîðîñòÿìè, äàëåêèìè îò êðèòè÷åñêîé ñêî-
ðîñòè ïî çàíîñó.

Òåì íå ìåíåå, ïðè èññëåäîâàíèÿõ, ñâÿçàí-
íûõ ñ äâèæåíèåì ãóñåíè÷íîé ìàøèíû íà ñêî-
ðîñòÿõ, áëèçêèõ ê êðèòè÷åñêîé ñêîðîñòè 
ïî çàíîñó, íàïðèìåð, ïðè èññëåäîâàíèè áûñòðî-
õîäíîñòè ÃÌ, îöåíêå åå ýíåðãîýôôåêòèâíîñòè 
èëè îïðåäåëåíèè íåîáõîäèìîé äëÿ âûñîêîñêî-
ðîñòíîãî ìàíåâðèðîâàíèÿ òÿãîâîîðóæåííîñòè, 
âîçíèêàåò íåîáõîäèìîñòü ó÷èòûâàòü âëèÿíèå 
íà êîýôôèöèåíò Rk  òàêèõ ïàðàìåòðîâ êàê êî-
ýôôèöèåíò àíèçîòðîïèè   ñöåïíûõ ñâîéñòâ 
òðàêà è êîýôôèöèåíò 0S . Ýòî ìîæíî ñäåëàòü, 
èñïîëüçóÿ èìèòàöèîííîå êîìïüþòåðíîå ìî-

äåëèðîâàíèå èëè óòî÷íåííûå ñ åãî ïîìîùüþ 
àíàëèòè÷åñêèå çàâèñèìîñòè. Òàê, â ðàáîòå [18] 
ïðåäëàãàåòñÿ óòî÷íÿòü êëàññè÷åñêèé òÿãîâûé 
ðàñ÷åò ïîâîðîòà ïóòåì àïïðîêñèìàöèè êîýô-
ôèöèåíòà Rk  íåéðîííîé ñåòüþ.

Âåëè÷èíà èçìåíåíèÿ êîýôôèöèåíòà Rk , 
îòðàæàþùåãî îòíîøåíèå òåîðåòè÷åñêîãî 
è ôàêòè÷åñêîãî ðàäèóñîâ (èëè îòíîøåíèå òå-
îðåòè÷åñêîé è ôàêòè÷åñêîé óãëîâîé ñêîðî-
ñòè êîðïóñà ÃÌ) èìååò áîëüøîå çíà÷åíèå 
ïðè ïðàêòè÷åñêîì îïðåäåëåíèè íà÷àëà çàíîñà 
ÃÌ [8]. Â ñâÿçè ñ ýòèì êà÷åñòâåííî ðàçíûé 
õàðàêòåð èçìåíåíèÿ Rk  â çàâèñèìîñòè îò ïó  
(èëè âûñîòû öåíòðà ìàññ ÃÌ) ïðè ïðèáëè-
æåíèè ê êðèòè÷åñêîé ñêîðîñòè íåîáõîäèìî 
ó÷èòûâàòü êàê ïðè îöåíêå áûñòðîõîäíîñòè 
ìàøèíû è îïðåäåëåíèè íåîáõîäèìîé òÿãîâî-
îðóæåííîñòè, òàê è ïðè ðàçðàáîòêå ñèñòåì 
àêòèâíîé áåçîïàñíîñòè ÃÌ [8, 19], îñîáåííî 
ó÷èòûâàÿ òîò ôàêò, ÷òî âûñîòà öåíòðà ìàññ 
òðàíñïîðòíûõ ÃÌ ñóùåñòâåííî èçìåíÿåòñÿ 
â çàâèñèìîñòè îò çàãðóçêè.
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INVESTIGATION OF THE RELATIONSHIP BETWEEN THEORETICAL 
AND ACTUAL TURNING RADII OF A TRACKED VEHICLE 

USING MATHEMATICAL MODELING

PhD in Engineering A.A. Stadukhin 
Bauman Moscow State Technical University, Moscow, Russia

ant.m9@ya.ru

Introduction. Determination of the traction force and power required in a turn by a tracked vehicle is 
based on analytical dependencies given in classical literary sources. In this case, the dependence of the 
theoretical and actual turning radius is usually not described accurately enough.
Subject of study. A study of the dependence of the theoretical and actual turning radius and the influ-
ence of the parameters of the undercarriage of the tracked vehicle, the characteristics of the support 
base and the mode of movement on it was made.
Methodology and methods. The study was carried out using a specially developed stationary rotation 
tracked vehicle (TV) model, which differs by taking into account the redistribution of normal reactions and 
implementation, allowing one to quickly carry out multifactorial experiments. The rotation of the TV in the 
model is described as a plane motion of a rigid body. In contrast to the classical approaches, the model 
allows one to study the rotation of the TV at a speed close to the critical drift.
Results and scientific novelty. During computational experiments, the parameters of the chassis of the 
TV, the properties of the support base, as well as the speed of movement and the actual turning radius 
were varied. It was found that the classical dependences of the actual and theoretical turning radius 
need to be refined when driving at a speed close to the critical drift, while the form of the dependence is 
determined by the height of the center of mass of the TV.
Practical significance. These features should be taken into account both when assessing the speed 
of the vehicle and determining the required thrust-to-weight ratio, and when working on the development 
of active safety systems for tracked vehicles.

Keywrods: traction calculation, tracked vehicle, turn, mathematical modeling, turning radius.
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Ñíèæåíèå ñíàðÿæåííîé ìàññû êîëåñíûõ ìàøèí äàâíî ÿâëÿåòñÿ îäíèì èç ïðèîðèòåòíûõ íàïðàâ-
ëåíèé ðàáîòû àâòîìîáèëüíûõ èíæåíåðîâ, òàê êàê çà ñ÷åò ýòîãî ìîæíî çíà÷èòåëüíî óëó÷øèòü ýêñ-
ïëóàòàöèîííûå ñâîéñòâà êîëåñíîé ìàøèíû: óëó÷øèòü äèíàìèêó, ïðîõîäèìîñòü, ñíèçèòü ðàñõîä 
òîïëèâà è âûáðîñû âðåäíûõ âåùåñòâ. Çíà÷èòåëüíàÿ äîëÿ ñíàðÿæåííîé ìàññû àâòîìîáèëÿ ïðè-
õîäèòñÿ íà âûñîêîíàãðóæåííûå äåòàëè íåñóùåé ñèñòåìû, òðàíñìèññèè è ïîäâåñêè. Ïîýòîìó ñîç-
äàíèå îáëåã÷åííûõ âûñîêîíàãðóæåííûõ äåòàëåé äàñò âåñîìûé âêëàä â ñíèæåíèå ñíàðÿæåííîé 
ìàññû àâòîìîáèëÿ â öåëîì.
Â ñòàòüå îïèñàíî ïðèìåíåíèå ìåòîäà òîïîëîãè÷åñêîé îïòèìèçàöèè íà áàçå êîíå÷íî-ýëåìåíòíî-
ãî ìîäåëèðîâàíèÿ ïðè ïðîåêòèðîâàíèè âûñîêîíàãðóæåííûõ äåòàëåé øàññè àâòîìîáèëÿ. Ïîêàçàí 
ïðèìåð ñèíòåçà ñèëîâîé ñõåìû áàëàíñèðà çàäíåé ïîäâåñêè âåçäåõîäíîãî òðàíñïîðòíîãî ñðåä-
ñòâà ñ îïèñàíèåì ðàñ÷åòíîé ìîäåëè, íàãðóçî÷íûõ ðåæèìîâ è èíòåðïðåòàöèåé ïîëó÷åííûõ ðåçóëü-
òàòîâ. Çàäà÷à îïòèìèçàöèè ðåøàëàñü ñ èñïîëüçîâàíèåì êîíå÷íî-ýëåìåíòíîé ìîäåëè ïåðåìåííîé 
ïëîòíîñòè. Â êà÷åñòâå öåëåâîé ôóíêöèè èñïîëüçîâàëàñü ìèíèìèçàöèÿ ïîòåíöèàëüíîé ýíåðãèè 
äåôîðìàöèè, â êà÷åñòâå îãðàíè÷åíèÿ – öåëåâîé îáúåì â äîëÿõ îò èñõîäíîãî ïðîñòðàíñòâà ïðîåê-
òèðîâàíèÿ. Ïðèâåäåí ñðàâíèòåëüíûé àíàëèç ïîëó÷åííîé êîíñòðóêöèè ñ êîíñòðóêöèÿìè-àíàëîãàìè. 
Îïèñàíà ïîñòàíîâêà è ðåçóëüòàòû ýêñïåðèìåíòàëüíîãî èçó÷åíèÿ íàïðÿæåííî-äåôîðìèðîâàííîãî 
ñîñòîÿíèÿ îïòèìèçèðîâàííîãî áàëàíñèðà.
Â ðåçóëüòàòå îïòèìèçàöèè óäàëîñü äîáèòüñÿ ñíèæåíèÿ ìàññû áàëàíñèðà äî 49 % ïî ñðàâíåíèþ 
ñ êîíñòðóêöèåé – àíàëîãîì ñ ñîõðàíåíèåì òðåáóåìîé ïðî÷íîñòè. Ýêñïåðèìåíòàëüíàÿ ïðîâåðêà 
íå-ñóùåé ñïîñîáíîñòè áàëàíñèðà ïîêàçàëà íåîáõîäèìîñòü áåëåå òùàòåëüíîãî ïðîâåäåíèÿ ïî-
âåðî÷íûõ ðàñ÷åòîâ îïòèìèçèðîâàííûõ äåòàëåé, â òîì ÷èñëå ñ ó÷åòîì ïîãðåøíîñòåé èçãîòîâëåíèÿ 
è ñáîðêè.

Êëþ÷åâûå ñëîâà: òîïîëîãè÷åñêàÿ îïòèìèçàöèÿ, ìåòîä êîíå÷íûõ ýëåìåíòîâ, áàëàíñèðíàÿ ïîä-
âåñêà, âåçäåõîäíîå òðàíñïîðòíîå ñðåäñòâî.
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Ââåäåíèå
Ñíèæåíèå ñíàðÿæåííîé ìàññû êîëåñíûõ 

ìàøèí äàâíî ÿâëÿåòñÿ îäíèì èç ïðèîðèòåòíûõ 
íàïðàâëåíèé ðàáîòû àâòîìîáèëüíûõ èíæåíå-
ðîâ, òàê êàê çà ñ÷åò ýòîãî ìîæíî çíà÷èòåëüíî 
óëó÷øèòü ýêñïëóàòàöèîííûå ñâîéñòâà êîëåñ-
íîé ìàøèíû: óëó÷øèòü äèíàìèêó, ïðîõîäè-
ìîñòü, ñíèçèòü ðàñõîä òîïëèâà è âûáðîñû âðåä-
íûõ âåùåñòâ. Çíà÷èòåëüíàÿ äîëÿ ñíàðÿæåííîé 
ìàññû àâòîìîáèëÿ ïðèõîäèòñÿ íà âûñîêîíàãðó-
æåííûå äåòàëè íåñóùåé ñèñòåìû, òðàíñìèññèè 
è ïîäâåñêè. Ïîýòîìó ñîçäàíèå îáëåã÷åííûõ 
âûñîêîíàãðóæåííûõ äåòàëåé äàñò âåñîìûé 

âêëàä â ñíèæåíèå ñíàðÿæåííîé ìàññû àâòîìî-
áèëÿ â öåëîì.

Íàèáîëåå øèðîêèå âîçìîæíîñòè ïî ñîâåð-
øåíñòâîâàíèþ êîíñòðóêòèâíî-ñèëîâîé ñõåìû 
ñèëîâûõ äåòàëåé äàåò òîïîëîãè÷åñêàÿ îïòèìè-
çàöèÿ, èñõîäíûìè äàííûìè äëÿ êîòîðîé ñëóæàò 
ãðàíè÷íûå óñëîâèÿ, íàãðóçêè è ïðîñòðàíñòâî, 
êîòîðîå ìîãóò çàíèìàòü ýëåìåíòû êîíñòðóê-
òèâíî-ñèëîâîé ñõåìû. Â ðåçóëüòàòå ïðîâåäåíèÿ 
îïòèìèçàöèè ìîæíî ïîëó÷èòü êîëè÷åñòâî, ðàñ-
ïîëîæåíèå è ðàçìåðû ÷àñòåé êîíñòðóêòèâíî-
ñèëîâîé ñõåìû îïòèìèçèðóåìîé äåòàëè. Ìà-
òåìàòè÷åñêèå îñíîâû ìåòîäà òîïîëîãè÷åñêîé 
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îïòèìèçàöèè ñ èñïîëüçîâàíèåì ìåòîäà êîíå÷-
íûõ ýëåìåíòîâ èçëîæåíû â ðàáîòàõ Áåíäñîå, 
Êèêó÷è, Çèãìóíäà [1, 2, 3]. Â íàñòîÿùåå âðåìÿ 
âåäåòñÿ ðàáîòà ïî ñîâåðøåíñòâîâàíèþ êàê àë-
ãîðèòìîâ îïòèìèçàöèè, òàê è ìåòîäèê èõ ïðè-
ìåíåíèÿ [4, 5, 6]. Ñîâðåìåííûå àëãîðèòìû òî-
ïîëîãè÷åñêîé îïòèìèçàöèè àêòèâíî âíåäðÿþòñÿ 
â êîììåð÷åñêèå ïðîãðàììíûå êîìïëåêñû [7, 
8], äîñòóïíûå øèðîêîìó êðóãó èíæåíåðîâ-êîí-
ñòðóêòîðîâ. Âåäåòñÿ íàó÷íàÿ ðàáîòà ïî èçó÷å-
íèþ ïðèìåíèìîñòè òîïîëîãè÷åñêîé îïòèìèçà-
öèè ïðè ñîçäàíèè ðàçëè÷íûõ äåòàëåé è óçëîâ 
àâòîìîáèëåé [9, 10, 11, 13]. 

Öåëü èññëåäîâàíèÿ
Â äàííîé ðàáîòå ðàññìàòðèâàåòñÿ ïðèìåð 

èñïîëüçîâàíèÿ òîïîëîãè÷åñêîé îïòèìèçàöèè 
íà áàçå êîíå÷íî-ýëåìåíòíîé ìîäåëè ïåðåìåí-
íîé ïëîòíîñòè ïðè êîíñòðóèðîâàíèè áàëàíñèðà 
çàäíåé ïîäâåñêè âåçäåõîäíîãî òðàíñïîðòíîãî 
ñðåäñòâà. Âåçäåõîäíîå òðàíñïîðòíîå ñðåäñòâî 
(ðèñ. 1) îñíàùåíî áàëàíñèðíîé çàäíåé ïîäâåñêîé, 
îäíèì èç íàèáîëåå íàãðóæåííûõ ýëåìåíòîâ êî-
òîðîé ÿâëÿåòñÿ áàëàíñèð. Áàëàíñèðíàÿ ïîäâå-
ñêà îáåñïå÷èâàåò âûðàâíèâàíèå âåðòèêàëüíûõ 
íàãðóçîê íà âòîðóþ è òðåòüþ îñè àâòîìîáèëÿ 
è îáåñïå÷èâàåò âäâîå ìåíüøåå âåðòèêàëüíîå ïå-
ðåìåùåíèå ðàìû àâòîìîáèëÿ ïî ñðàâíåíèþ ñ îò-
íîñèòåëüíûì ïåðåìåùåíèåì åãî êîëåñ ïðè äâè-
æåíèè ïî ïåðåñå÷åííîé ìåñòíîñòè.

 Ðèñ. 1. Âåçäåõîäíîå òðàíñïîðòíîå ñðåäñòâî

Fig. 1. All-terrain vehicle

Àíàëèç è âûáîð 
íàãðóçî÷íûõ ðåæèìîâ
Áàëàíñèð ïîäâåñêè ÿâëÿåòñÿ ñâÿçóþùèì 

çâåíîì ìåæäó âåäóùèìè ìîñòàìè àâòîìîáèëÿ 
è åãî ðàìîé. Êðåïëåíèå áàëàíñèðà ê áàëêå ìîñòà 
îñóùåñòâëÿåòñÿ ÷åðåç óïðóãóþ ðåçèíîìåòàëëè-

÷åñêóþ îïîðó. Ê ðàìå áàëàíñèð êðåïèòñÿ ÷åðåç 
ïðîìåæóòî÷íûé êðîíøòåéí ñî ñòðåìÿíêàìè 
è îñü ñ ïîäøèïíèêàìè, äàþùèìè áàëàíñèðó 
îäíó âðàùàòåëüíóþ ñòåïåíü ñâîáîäû. 

Â ðàññìàòðèâàåìîé ïîäâåñêå áàëàíñèð âîñ-
ïðèíèìàåò íàãðóçêó ïðåèìóùåñòâåííî â âåð-
òèêàëüíîé ïëîñêîñòè. Ïðîäîëüíûå è ïîïåðå÷-
íûå óñèëèÿ âîñïðèíèìàþòñÿ ðåàêòèâíûìè 
òÿãàìè. Óïðóãèå ýëåìåíòû â ïîäâåñêå îòñóò-
ñòâóþò, òàê êàê àâòîìîáèëü îñíàùåí øèíàìè 
íèçêîãî äàâëåíèÿ, êîòîðûå îáåñïå÷èâàþò ïðè-
åìëåìóþ äëÿ òèõîõîäíîãî ãðóçîâîãî àâòîìî-
áèëÿ ïëàâíîñòü õîäà. Êèíåìàòè÷åñêàÿ ñõåìà 
ïîäâåñêè ïðèâåäåíà íà ðèñ. 2 

 Èñõîäÿ èç àíàëèçà óñëîâèé ðàáîòû áàëàíñèðà 
ê íåìó ïðåäúÿâëÿþòñÿ ñëåäóþùèå òðåáîâàíèÿ:

1) ìèíèìàëüíàÿ æåñòêîñòü â ïîïåðå÷íîì íà-
ïðàâëåíèè äëÿ ñíèæåíèÿ êèíåìàòè÷åñêîãî íà-
ãðóæåíèÿ ýëåìåíòîâ ïîäâåñêè;

2) ìàêñèìàëüíàÿ òîëùèíà áàëàíñèðà îãðà-
íè÷åíà ïî êîìïîíîâî÷íûì ñîîáðàæåíèÿì 
è äîëæíà ñîñòàâëÿòü íå áîëåå 70 ìì. Ïðèñî-
åäèíèòåëüíûå ðàçìåðû äîëæíû ñîîòâåòñòâî-
âàòü ñóùåñòâóþùåé êîíñòðóêöèè ïîäâåñêè;

3) âûïîëíåíèå óñëîâèÿ ïðî÷íîñòè âî âñåõ 
ýêñïëóàòàöèîííûõ ðåæèìàõ.

Ïîìèìî îïèñàííûõ âûøå òðåáîâàíèé íà-
êëàäûâàëèñü òåõíîëîãè÷åñêèå îãðàíè÷åíèÿ: 
áàëàíñèð äîëæåí áûòü èçãîòîâëåí èç ëèñòîâîé 
ñòàëè 10ÕÑÍÄ òîëùèíîé íå áîëåå 10 ìì. 

Ðàññìàòðèâàåìîå òðàíñïîðòíîå ñðåäñòâî 
ïðåäíàçíà÷åíî äëÿ äâèæåíèÿ ïî äîðîãàì IV 
è V êàòåãîðèè, à òàêæå â îòäåëüíûõ ñëó÷à-
ÿõ ïî ìåñòíîñòè áåç îáîðóäîâàííûõ äîðîã. 
Ïðè äâèæåíèè â óêàçàííûõ óñëîâèÿõ íà àâòî-
ìîáèëü äåéñòâóþò çíà÷èòåëüíûå âåðòèêàëüíûå 
ïåðåãðóçêè, êîòîðûå ìîãóò äîõîäèòü äî 3g [12]. 
Èñõîäÿ èç àíàëèçà ïðåäïîëàãàåìûõ óñëîâèé 
ýêñïëóàòàöèè äëÿ áàëàíñèðà çàäíåé ïîäâåñêè 
áûëè âûáðàíû ñëåäóþùèå íàèáîëåå òÿæåëûå 
íàãðóçî÷íûå ðåæèìû: îñíîâíîé íàãðóçî÷-
íûé ðåæèì – ïåðåäà÷à óñèëèé â âåðòèêàëüíîé 
ïëîñêîñòè ïðè äåéñòâóþùåé íà àâòîìîáèëü 
òðåõêðàòíîé ïåðåãðóçêå. Â êà÷åñòâå äîïîëíè-
òåëüíûõ íàãðóçî÷íûõ ðåæèìîâ ðàññìàòðèâà-
ëîñü êèíåìàòè÷åñêîå íàãðóæåíèå áàëàíñèðà 
ïðè ìàêñèìàëüíîì ñêðåùèâàíèè îñåé. Êðîìå 
ïåðå÷èñëåííûõ íàãðóçîê, íà öåíòðàëüíóþ 
÷àñòü áàëàíñèðà äåéñòâóåò ïîñòîÿííàÿ ñæèìà-
þùàÿ íàãðóçêà îò ñòðåìÿíîê, êîòîðûìè áàëàí-
ñèð ïðèòÿíóò ê êðîíøòåéíó. Óñèëèå çàòÿæêè 
ñòðåìÿíîê ñîñòàâëÿåò 500...700 êÍ, ÷òî ñðàâ-
íèìî ñ âíåøíåé íàãðóçêîé íà áàëàíñèð.
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Òàê êàê îò áàëàíñèðà òðåáóåòñÿ ñî÷åòàòü 
â ñåáå ïðîòèâîðå÷èâûå ñâîéñòâà, èìåòü âûñî-
êóþ æåñòêîñòü â âåðòèêàëüíîé ïëîñêîñòè è ìè-
íèìàëüíóþ æåñòêîñòü â áîêîâîì íàïðàâëåíèè 
è ïðè êðó÷åíèè, ïðè ïîñòàíîâêå çàäà÷è îïòè-
ìèçàöèè ó÷èòûâàëñÿ òîëüêî îäèí íàãðóçî÷íûé 
ñëó÷àé – ïåðåäà÷à ìàêñèìàëüíîé âåðòèêàëü-
íîé íàãðóçêè. Â ýòîì æå íàãðóçî÷íîì ñëó÷àå 
ó÷èòûâàëîñü óñèëèå îò çàòÿæêè ñòðåìÿíîê. 
Áîêîâûå íàãðóçêè áûëè èñêëþ÷åíû èç çàäà÷è 
îïòèìèçàöèè, òàê êàê èõ ó÷åò ïðèâåë áû ê ñîç-
äàíèþ ñèëîâîé ñõåìû, îáëàäàþùåé âûñîêîé 
æåñòêîñòüþ â áîêîâîì íàïðàâëåíèè, ÷òî ïðî-
òèâîðå÷èò òðåáîâàíèÿì ê äåòàëè. Ïðî÷íîñòü 
áàëàíñèðà ïðè äåéñòâèè áîêîâûõ íàãðóçîê 
îáåñïå÷èâàëàñü òðàäèöèîííûì ðàñ÷åòíî-êîí-
ñòðóêòîðñêèì ïîäõîäîì.

Äåéñòâóþùèå íà áàëàíñèð âíåøíèå ñèëî-
âûå ôàêòîðû ïðèâåäåíû â òàáëèöå 1.

Îïèñàíèå ðàñ÷åòíîé ìîäåëè
Ïðîñòðàíñòâî ïðîåêòèðîâàíèÿ (ðèñ. 3) áûëî 

ïîñòðîåíî ñ ó÷åòîì êîìïîíîâî÷íûõ îãðàíè÷å-
íèé è ñîâïàäåíèÿ ïðèñîåäèíèòåëüíûõ ðàçìå-
ðîâ ñ ñóùåñòâóþùåé êîíñòðóêöèåé ïîäâåñêè.

Òàê êàê ïðè ïîñòàíîâêå îïòèìèçàöèîííîé 
çàäà÷è ðàññìàòðèâàëñÿ îäèí ðàñ÷åòíûé ñëó÷àé 
ñ íàãðóçêîé, äåéñòâóþùåé â ïëîñêîñòè äåòàëè, 
èñïîëüçîâàëàñü îáîëî÷å÷íàÿ êîíå÷íî-ýëåìåíò-
íàÿ ìîäåëü.

Êðîíøòåéí, ÷åðåç êîòîðûé áàëàíñèð êðåïèò-
ñÿ ê îïîðíîìó ïîäøèïíèêó, áûë ñìîäåëèðîâàí 

ãåêñàýäðàëüíûìè âîñüìèóçëîâûìè ýëåìåíòàìè. 
Ñòðåìÿíêè ìîäåëèðîâàëèñü áàëî÷íûìè ýëå-
ìåíòàìè êðóãëîãî ñå÷åíèÿ. Ñîåäèíåíèå ñòðåìÿ-
íîê è êðîíøòåéíà áàëàíñèðà ñìîäåëèðîâàíî àá-
ñîëþòíî æåñòêèìè ýëåìåíòàìè. Ìåæäó íèæíåé 
÷àñòüþ áàëàíñèðà è åãî êðîíøòåéíîì ó÷òåíî 
êîíòàêòíîå âçàèìîäåéñòâèå. Èç ïðîñòðàíñòâà 
ïðîåêòèðîâàíèÿ áûëè èñêëþ÷åíû ÷àñòè áàëàí-
ñèðà, ê êîòîðûì êðåïÿòñÿ ðåçèíîìåòàëëè÷åñêèå 
îïîðû. Íàãðóçêà îò ðåçèíîìåòàëëè÷åñêèõ îïîð 
ðàñïðåäåëåíà ïî òî÷êàì êðåïëåíèÿ îïîð ê áà-
ëàíñèðó ïðè ïîìîùè óðàâíåíèé ñâÿçè äëÿ ïå-
ðåðàñïðåäåëåíèÿ ñèëîâûõ ôàêòîðîâ. Óñèëèå 
îò çàòÿæêè ñòðåìÿíîê â âèäå äâóõ îäèíàêîâûõ 
ïî ìîäóëþ è ïðîòèâîïîëîæíî íàïðàâëåííûõ 
ñèë ðàñïðåäåëåíî ðàâíîìåðíî ïî óçëàì öåí-
òðàëüíîé ÷àñòè áàëàíñèðà, êîíòàêòèðóþùèõ 
ñ êðîíøòåéíîì ñòðåìÿíîê, è âåðõíåé ÷àñòè 
êðîíøòåéíà, êîíòàêòèðóþùåãî ñ áàëàíñèðîì. 
Ãðàíè÷íûå óñëîâèÿ ïðåäñòàâëÿþò ñîáîé çàêðå-
ïëåíèå ïî âñåì ñòåïåíÿì ñâîáîäû êðîíøòåéíà 
êðåïëåíèÿ áàëàíñèðà.

Çàäà÷à îïòèìèçàöèè ðåøàëàñü â ñëåäóþ-
ùåé ïîñòàíîâêå: â êà÷åñòâå öåëåâîé ôóíêöèè 
áûëà ïðèíÿòà ñóììàðíàÿ ýíåðãèÿ äåôîðìà-
öèè, â êà÷åñòâå îãðàíè÷åíèÿ – öåëåâîé îáúåì, 
ñîñòàâëÿþùèé 30 % îò îáúåìà ïðîñòðàíñòâà 
ïðîåêòèðîâàíèÿ. Çíà÷åíèå öåëåâîãî îáúåìà 
âûáèðàëîñü íà îñíîâàíèè ñóùåñòâóþùåãî 
îïûòà ðåøåíèÿ ïîäîáíûõ çàäà÷ è êîððåêòèðî-
âàëîñü ïîñëå àíàëèçà ïåðâûõ ðåçóëüòàòîâ îï-
òèìèçàöèè.

 Ðèñ. 2. Ñõåìà çàäíåé áàëàíñèðíîé ïîäâåñêè

Fig. 2. Rear balance bar suspension diagram
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Àíàëèç ðåçóëüòàòîâ è ïðèìåð 
èíòåðïðåòàöèè ñèëîâîé ñõåìû
Ïîëó÷åííàÿ â ðåçóëüòàòå îïòèìèçàöèè ñè-

ëîâàÿ ñõåìà ïîêàçàíà íà ðèñ. 4. Íàïðÿæåíèå 
â îòäåëüíûõ ÷àñòÿõ ñèëîâîé ñõåìû ïðåâûøàåò 
ïðåäåë òåêó÷åñòè ïðèìåíÿåìîãî ìàòåðèàëà, 
ïîýòîìó îãðàíè÷åíèå íà öåëåâîé îáúåì áûëî 
ñêîððåêòèðîâàíî: 40 % âìåñòî 30 %. Â ýòîì 
ñëó÷àå íàïðÿæåíèå â ýëåìåíòàõ ñèëîâîé ñõåìû 
ñîñòàâëÿåò 200...350 ÌÏà, ÷òî ñîîòâåòñòâóåò 
ïðî÷íîñòíûì õàðàêòåðèñòèêàì ïðèìåíÿåìîãî 
ìàòåðèàëà.

Äëÿ ãåîìåòðè÷åñêîé èíòåðïðåòàöèè ïîëó-
÷åííîé ñèëîâîé ñõåìû áûë ñîçäàí stl ôàéë, 
âêëþ÷àþùèé â ñåáÿ îáëàñòè ïðîñòðàíñòâà ïðî-
åêòèðîâàíèÿ ñ ïëîòíîñòüþ 0,85 è âûøå. Çíà-
÷åíèå ïîðîãîâîé ïëîòíîñòè âûáðàíî íà òîì 
óðîâíå, íà êîòîðîì ÿâíî âèäíû îòäåëüíûå ÷àñòè 
ñèëîâîé ñõåìû è îòñóòñòâóþò îáøèðíûå îáëà-
ñòè ñ ïðîìåæóòî÷íûì çíà÷åíèåì ïëîòíîñòè.

Ãåîìåòðè÷åñêàÿ èíòåðïðåòàöèÿ ñèëîâîé 
ñõåìû ïðîâîäèòñÿ èíæåíåðîì-êîíñòðóêòîðîì 
â ïðîãðàììíîé ñðåäå òâåðäîòåëüíîãî ìîäå-
ëèðîâàíèÿ. Ïðè ýòîì ñëîæíûå ôîðìû èçîïî-
âåðõíîñòè ðàâíûõ ïëîòíîñòåé öåëåñîîáðàçíî 
àïïðîêñèìèðîâàòü áîëåå ïðîñòûìè ãåîìåòðè-
÷åñêèìè ïðèìèòèâàìè – îòðåçêàìè è äóãàìè. 
Ýòî óïðîùàåò è óñêîðÿåò ïðîöåññ èíòåðïðåòà-
öèè ñèëîâîé ñõåìû è ïîñëåäóþùåãî èçãîòîâ-
ëåíèÿ äåòàëè. Ìåñòà ñîïðÿæåíèÿ ÷àñòåé ñèëî-
âîé ñõåìû ñëåäóåò ïî âîçìîæíîñòè âûïîëíÿòü 
äóãàìè áîëüøîãî ðàäèóñà äëÿ èñêëþ÷åíèÿ êîí-
öåíòðàöèè íàïðÿæåíèÿ â ýòèõ ìåñòàõ. ×àñòè ñè-
ëîâîé ñõåìû, èìåþùèå ìàëûå ðàçìåðû, ìîæíî 
èñêëþ÷èòü íå òîëüêî íà ýòàïå ïîñòàíîâêè 
çàäà÷è îïòèìèçàöèè, íî è íà ýòàïå ãåîìåòðè÷å-
ñêîé èíòåðïðåòàöèè. Ïðè ýòîì íà ýòàïå ïîâå-
ðî÷íîãî ðàñ÷åòà íåîáõîäèìî óáåäèòüñÿ, ÷òî èñ-
êëþ÷åííûå ÷àñòè íå îêàçûâàþò ñóùåñòâåííîãî 
âëèÿíèÿ íà ðàáîòó ñèëîâîé ñõåìû â öåëîì. 

 Òàáëèöà 1 

Íàãðóçî÷íûå ðåæèìû

Table 1. Load modes

 Íàãðóçî÷íûé ðåæèì
Óñèëèå â ìåñòàõ êðåïëåíèÿ 
ðåçèíîìåòàëëè÷åñêèõ îïîð

Ñóììàðíîå óñèëèå 
îò çàòÿæêè ñòðåìÿíîê

Ïåðåìåùåíèå 
òî÷êè ïðèëîæåíèÿ 

íàãðóçêè
Fx, êÍ Fy, êÍ Fz, êÍ Fz, êÍ Δy, ìì

Òðåõêðàòíàÿ âåðòèêàëüíàÿ 
ïåðåãðóçêà

0 0 150 700 0

Äèàãîíàëüíîå âûâåøèâàíèå 0 0 0 700 ±15
Ñêðåùèâàíèå îñåé 0 0 100 700 ±12

Òàáëèöà 2 

Ìåõàíè÷åñêèå õàðàêòåðèñòèêè ìàòåðèàëà

Table 2. Mechanical characteristics of the material

 Íàçâàíèå 
äåòàëè

Ìàòåðèàë
Ìîäóëü

óïðóãîñòè,
E, ÌÏà

Êîýôô. 
Ïóàññîíà

Ïðåäåë 
òåêó÷åñòè
Sò, ÌÏà

Ïðåäåë 
ïðî÷íîñòè
Sâ, ÌÏà

Óäëèíåíèå 
ïðè ðàçðûâå, 

d5, %
Áàëàíñèð 10ÕÑÍÄ 200000 0,3 390 530 19

 Ðèñ. 3. Îáùèé âèä êîíå÷íî-ýëåìåíòíîé ìîäåëè ïðîñòðàíñòâà ïðîåêòèðîâàíèÿ áàëàíñèðà

Fig. 3. General view of the finite element model of the balance bar design space
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Òàê êàê áîëüøàÿ ÷àñòü ýëåìåíòîâ ñèëîâîé 
ñõåìû ðàáîòàåò íà ðàñòÿæåíèå èëè ñæàòèå, 
ñïðàâåäëèâî ñëåäóþùåå óòâåðæäåíèå: ïëî-
ùàäü ñå÷åíèÿ ñèëîâîãî ýëåìåíòà, ðàáîòàþùåãî 
íà ðàñòÿæåíèå èëè ñæàòèå ïðîïîðöèîíàëüíà 
øèðèíå ïëîñêîãî ýëåìåíòà èçîïîâåðõíîñòè 
ðàâíûõ ïëîòíîñòåé. Ïðè ýòîì ôîðìà ñå÷åíèÿ 
çíà÷åíèÿ íå èìååò. Ýòèì óòâåðæäåíèåì ñëå-
äóåò ïîëüçîâàòüñÿ ïðè èíòåðïðåòàöèè ÷àñòåé 
ñèëîâîé ñõåìû, ðàáîòàþùèõ íà ñæàòèå, òàê 
êàê îíè äîëæíû èìåòü ñå÷åíèå, ìàêñèìàëüíî 
ïðîòèâîñòîÿùåå ïîòåðå óñòîé÷èâîñòè, ÷åãî 
ìîæíî äîáèòüñÿ ââåäåíèåì â êîíñòðóêöèþ 
ðåáåð æåñòêîñòè.

Îêîí÷àòåëüíûé âàðèàíò êîíñòðóêöèè áà-
ëàíñèðà ïðèâåäåí íà ðèñ. 5. Áàëàíñèð ñîñòîèò 
èç öåíòðàëüíîãî íåñóùåãî ëèñòà ñ âûðåçàííû-
ìè â íåì îêíàìè, âåðõíåãî è íèæíåãî ãíóòûõ 
ëèñòîâ, ëîêàëüíûõ ïëàñòèí-óñèëèòåëåé 
è ñúåìíûõ êðîíøòåéíîâ ðåçèíîìåòàëëè÷åñêèõ 
îïîð âåäóùèõ ìîñòîâ. Ëîêàëüíûå óñèëèòåëè 
ââåäåíû â êîíñòðóêöèþ èç-çà íåâîçìîæíîñòè 
ìåíÿòü òîëùèíó èñïîëüçóåìîãî ëèñòîâîãî 
ìåòàëëà ïî òåõíîëîãè÷åñêèì ñîîáðàæåíèÿì. 
Öåíòðàëüíûé, âåðõíèé, íèæíèé ëèñòû è óñè-
ëèòåëè ñîåäèíåíû ìåæäó ñîáîé óãëîâûì 
ñâàðíûì øâîì ñ êàòåòîì 8 ìì. Ñúåìíûå êðîí-
øòåéíû ðåçèíîìåòàëëè÷åñêèõ îïîð âåäóùèõ 
ìîñòîâ êðåïÿòñÿ ê áàëàíñèðó 8 áîëòàìè Ì12 

÷åðåç òðóá÷àòûå ïðîñòàâêè. Ðàñ÷åòíàÿ ìàññà 
áàëàíñèðà áåç êðîíøòåéíà è ñòðåìÿíîê ñî-
ñòàâëÿåò 97 êã.

Ïîâåðî÷íûé ðàñ÷åò 
ðàçðàáîòàííîãî áàëàíñèðà
Ïîâåðî÷íûé ðàñ÷åò ðàçðàáîòàííîé êîíñòðóê-

öèè áàëàíñèðà ïðîâîäèëñÿ äëÿ ñëåäóþùèõ 
ðàñ÷åòíûõ ñëó÷àåâ: äåéñòâèå íà àâòîìîáèëü 
òðåõêðàòíîé âåðòèêàëüíîé ïåðåãðóçêè, êèíåìà-
òè÷åñêîå íàãðóæåíèå áàëàíñèðà ïðè äèàãîíàëü-

à 

á

 Ðèñ. 4. Ñðàâíåíèå ðåçóëüòàòîâ îïòèìèçàöèè ñ îãðàíè÷åíèåì íà öåëåâîé îáúåì 30 % (à) è 40 % (á). 
Öâåòîì ïîêàçàíî ðàñïðåäåëåíèå ýêâèâàëåíòíîãî íàïðÿæåíèÿ, ÌÏà

Fig. 4. Comparison of optimization results with a target volume constraint of 30 % (a) and 40 % (b). 
The color shows the distribution of the equivalent stress, MPa

 Ðèñ. 5. Îêîí÷àòåëüíûé âàðèàíò êîíñòðóêöèè 
áàëàíñèðà â ñáîðå ñ êðîíøòåéíîì åãî êðåïëåíèÿ 
è ñúåìíûìè êðîíøòåéíàìè ðåçèíîìåòàëëè÷åñêèõ 

îïîð âåäóùèõ ìîñòîâ

 Fig. 5. The final design of the balance bar assembly 
with its mounting bracket and removable brackets 

of rubber-metal bearings of driving axles
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íîì âûâåøèâàíèè êîëåñ çàäíåé òåëåæêè àâòîìî-
áèëÿ ñ êàñàíèåì îãðàíè÷èòåëåé õîäà ïîäâåñêè, 
äåéñòâèå íà àâòîìîáèëü äâóêðàòíîé âåðòèêàëü-
íîé ïåðåãðóçêè ïðè ìàêñèìàëüíîì ñêðåùèâàíèè 
îñåé çàäíåé òåëåæêè áåç êàñàíèÿ îãðàíè÷èòåëåé 
õîäà ïîäâåñêè. Äåéñòâóþùèå íà áàëàíñèð âíåø-
íèå ñèëîâûå ôàêòîðû, ó÷èòûâàåìûå â ïîâåðî÷-
íîì ðàñ÷åòå, ïðèâåäåíû â òàáëèöå 1. 

Îáùèé âèä ìàòåìàòè÷åñêîé êîíå÷íî-ýëå-
ìåíòíîé ìîäåëè áàëàíñèðà â ñáîðå ñ êðîí-
øòåéíîì êðåïëåíèÿ ïîêàçàí íà ðèñ. 6.

Ðàñïðåäåëåíèå ïî ïîâåðõíîñòè áàëàí-
ñèðà ýêâèâàëåíòíîãî íàïðÿæåíèÿ ïîêàçàíî 
íà ðèñ. 10, â. Åñëè ñðàâíèòü äàííûé ðåçóëüòàò 
ñ óðîâíåì íàïðÿæåíèÿ, êîòîðûé áûë ïîëó-
÷åí ïðè ñèíòåçå ñèëîâîé ñõåìû íà ïîñëåäíåé 
èòåðàöèè ïðîöåññà îïòèìèçàöèè (ðèñ. 4, á), 
âèäíî, ÷òî ìàêñèìàëüíîå íàïðÿæåíèå âûðîñëî, 
ïðè ýòîì â íåêîòîðûõ ÷àñòÿõ êîíñòðóêöèè íà-
ïðÿæåíèå çíà÷èòåëüíî ñíèçèëîñü. Äàííàÿ êàð-
òèíà îáóñëîâëåíà ñëåäóþùèìè ïðè÷èíàìè:

1. Â ðåçóëüòàòå èíòåðïðåòàöèè ñèëîâîé 
ñõåìû èç-çà òåõíîëîãè÷åñêèõ è êîíñòðóêòèâ-
íûõ îãðàíè÷åíèé (èñïîëüçîâàíèå ëèñòîâîãî 
ìåòàëëà îäèíàêîâîé òîëùèíû, ââåäåíèå ýëå-
ìåíòîâ, ïðåäîòâðàùàþùèõ ïîòåðþ óñòîé÷è-
âîñòè êîíñòðóêöèè è ò.ä.) ôîðìà äåòàëè îò-
ëè÷àåòñÿ îò ðåçóëüòàòà, ïîëó÷åííîãî ïóòåì 
òîïîëîãè÷åñêîé îïòèìèçàöèè, ÷òî ïðèâåëî 
ê ïîÿâëåíèþ ÷àñòåé äåòàëè ñ èçáûòî÷íîé ïðî÷-
íîñòüþ ñ îäíîé ñòîðîíû è êîíöåíòðàòîðîâ íà-
ïðÿæåíèÿ ñ äðóãîé ñòîðîíû.

2. Íà ïîñëåäíåé èòåðàöèè ïðîöåññà îïòè-
ìèçàöèè ýëåìåíòû, èñêëþ÷åííûå èç ñîñòàâà 
ñèëîâîé ñõåìû îáëàäàþò ìèíèìàëüíîé, íî, 
òåì íå ìåíåå, îòëè÷íîé îò íóëÿ æåñòêîñòüþ 
è ïî ýòîé ïðè÷èíå âîñïðèíèìàþò ÷àñòü íàãðóç-
êè, òåì ñàìûì ðàçãðóæàÿ ýëåìåíòû ñèëîâîé 
ñõåìû, ÷òî ïðèâîäèò ê çàíèæåííîìó çíà÷åíèþ 
íàïðÿæåíèÿ â ñèëîâîé ñõåìå.

3. Ïðè âûïîëíåíèè ïîâåðî÷íîãî ðàñ÷åòà èñ-
ïîëüçîâàëàñü òâåðäîòåëüíàÿ êîíå÷íî-ýëåìåíò-
íàÿ ìîäåëü ñ ìåíüøèì ðàçìåðîì ýëåìåíòîâ, 
÷òî îáåñïå÷èâàåò áîëåå òî÷íûé ðàñ÷åò íàïðÿ-
æåíèÿ â ìåñòàõ åãî êîíöåíòðàöèè.

Òàê êàê îïòèìèçèðîâàííûé âàðèàíò áà-
ëàíñèðà ñîäåðæèò òîíêèå ÷àñòè, ðàáîòàþùèå 
íà ñæàòèå (ðèñ. 11), íåîáõîäèìî âûïîëíèòü 
àíàëèç óñòîé÷èâîñòè êîíñòðóêöèè. Íà ðèñ. 7 
ïîêàçàíà ïåðâàÿ ôîðìà ïîòåðè óñòîé÷èâîñòè, 
êîýôôèöèåíò çàïàñà ïî óñòîé÷èâîñòè n

ó
 = 2,8 

îòíîñèòåëüíî çàäàííîé íàãðóçêè.

 Ðèñ. 7. Ïåðâàÿ ôîðìà ïîòåðè óñòîé÷èâîñòè

 Fig. 7. The first form of stability loss (buckling)

 Ðèñ. 6. Îáùèé âèä ìàòåìàòè÷åñêîé êîíå÷íî-ýëåìåíòíîé ìîäåëè áàëàíñèðà â ñáîðå ñ êðîíøòåéíîì êðåïëåíèÿ. 
Ïîêàçàíû ãðàíè÷íûå óñëîâèÿ è íàãðóçêè äëÿ ñëó÷àÿ òðåõêðàòíîé âåðòèêàëüíîé ïåðåãðóçêè

Fig. 6. General view of the mathematical finite element model of the balance bar assembled 
with a mounting bracket. Boundary conditions and loads are shown for the case of three-fold vertical overload
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Ñðàâíåíèå îïòèìèçèðîâàííîãî 
áàëàíñèðà ñ àíàëîãàìè
Ñðàâíåíèå ìàññîâî-ïðî÷íîñòíûõ õàðàêòå-

ðèñòèê ðàçðàáîòàííîãî áàëàíñèðà ïðîâîäèëîñü 
ñ äâóìÿ áàëàíñèðàìè ðàçëè÷íîãî êîíñòðóê-
òèâíîãî èñïîëíåíèÿ. Ïåðâûé âàðèàíò èìååò 
àíàëîãè÷íîå îïòèìèçèðîâàííîìó áàëàíñèðó 
êîíñòðóêòèâíîå èñïîëíåíèå (ðèñ. 8). Ìàññà áà-
ëàíñèðà ñîñòàâëÿåò 110 êã.

 Ðèñ. 8. Îáùèé âèä ïåðâîãî âàðèàíòà áàëàíñèðà-
àíàëîãà, ïàðàìåòðû êîòîðîãî (ôîðìà è òîëùèíû) 

ïîäáèðàëèñü âðó÷íóþ ñ èòåðàöèîííûì 
èñïîëüçîâàíèåì ïîâåðî÷íîãî ðàñ÷åòà 

äëÿ ìàêñèìàëüíîãî îáëåã÷åíèÿ è ïîëó÷åíèÿ 
ìèíèìàëüíî äîïóñòèìîãî êîýôôèöèåíòà çàïàñà

Fig. 8. General view of the first version of the 
analogue balance bar, which parameters (shape 

and thickness) were selected manually with iterative 
use of verification calculation for maximum relief 
and obtaining the minimum allowable safety factor

Âòîðîé âàðèàíò ïðåäñòàâëÿåò ñîáîé ñîáðàí-
íóþ íà áîëòàõ êîíñòðóêöèþ èç ïàêåòà ëèñòîâ 
ðàçëè÷íîãî ïðîôèëÿ òîëùèíîé 10 ìì êàæäûé 
(ðèñ. 9). Ìàññà áàëàíñèðà ñîñòàâëÿåò 201 êã. 
Ýòîò áàëàíñèð â íàñòîÿùåå âðåìÿ øòàòíî èñ-
ïîëüçóåòñÿ íà ðàññìàòðèâàåìîì àâòîìîáèëå.

Èç àíàëèçà ðåçóëüòàòîâ ïîâåðî÷íîãî ðàñ-
÷åòà ñëåäóåò, ÷òî æåñòêîñòü îïòèìèçèðîâàí-
íîé êîíñòðóêöèè â âåðòèêàëüíîì íàïðàâëå-
íèè áîëüøå íà 19 % ïî ñðàâíåíèþ ñ ïåðâûì 
àíàëîãîì è ìåíüøå íà 15 ïî ñðàâíåíèþ 
ñî âòîðûì àíàëîãîì. Æåñòêîñòü â âåðòèêàëü-
íîì íàïðàâëåíèè äëÿ âñåõ òðåõ âàðèàíòîâ 
óäîâëåòâîðÿåò òðåáîâàíèÿì, ïðåäúÿâëÿåìûì 
ê áàëàíñèðó, ðàçíèöà â æåñòêîñòè ðàçíûõ âàðè-
àíòîâ êîíñòðóêöèè íåçíà÷èòåëüíà è íå äåëàåò 
íè îäíó êîíñòðóêöèþ áîëåå èëè ìåíåå ïðåäïî-
÷òèòåëüíîé.

Íà ðèñ. ðèñ. 10 ïðèâåäåíî ñðàâíåíèå ýêâè-
âàëåíòíîãî ïî Ìèçåñó íàïðÿæåíèÿ îïòèìèçè-
ðîâàííîãî áàëàíñèðà è êîíñòðóêöèé-àíàëîãîâ. 

Èç àíàëèçà ýòèõ äàííûõ ñëåäóåò, ÷òî ìàêñè-
ìàëüíîå íàïðÿæåíèå â äâóõ êîíñòðóêöèÿõ äî-
ñòèãàåò ïðåäåëà òåêó÷åñòè ìàòåðèàëà, îäíàêî 
âîçíèêíîâåíèå ëîêàëüíîé ïëàñòè÷åñêîé äåôîð-
ìàöèè íå âåäåò ê ïîòåðå íåñóùåé ñïîñîáíî-
ñòè äåòàëåé. Íàïðÿæåíèå âî âòîðîì âàðèàíòå 
êîíñòðóêöèè-àíàëîãà ìåíüøå ïðåäåëà òåêó÷å-
ñòè. Íåäîñòàòêîì ïåðâîãî âàðèàíòà êîíñòðóê-
öèè-àíàëîãà ÿâëÿåòñÿ òî, ÷òî ìàêñèìàëüíîå 
çíà÷åíèå íàïðÿæåíèÿ äîñòèãàåòñÿ â îáëàñòè 
ñâàðíûõ øâîâ, ãäå ìåòàëë èìååò õóäøèå ïî-
êàçàòåëè ïðî÷íîñòè è ïëàñòè÷íîñòè. Íåäîñòàò-
êîì âòîðîãî âàðèàíòà êîíñòðóêöèè-àíàëîãà 
ÿâëÿåòñÿ åå èçáûòî÷íàÿ ïðî÷íîñòü è ïåðåòÿæå-
ëåííîñòü. 

Â áàëàíñèðå, ñèëîâàÿ ñõåìà êîòîðîãî ñîç-
äàíà ñ èñïîëüçîâàíèåì ìåòîäà òîïîëîãè÷å-
ñêîé îïòèìèçàöèè, íàïðÿæåíèå ðàñïðåäåëåíî 
ïî êîíñòðóêöèè ðàâíîìåðíåå. Ñòîèò îòìåòèòü, 
÷òî ñîçäàòü ñëîæíóþ êîíñòðóêöèþ, ñòðîãî 
óäîâëåòâîðÿþùóþ òðåáîâàíèþ ðàâíîïðî÷íî-
ñòè, è êîòîðóþ ìîæíî èçãîòîâèòü ñ èñïîëüçî-
âàíèåì âûáðàííîé òåõíîëîãèè, çàòðóäíèòåëü-
íî, òàê êàê èñïîëüçîâàíèå ëèñòîâûõ çàãîòîâîê 
ñòàíäàðòíîé òîëùèíû è óãëîâûõ ñâàðíûõ øâîâ 
ïðèâîäèò ê ðåçêîìó èçìåíåíèþ æåñòêîñòè 
â îòäåëüíûõ ÷àñòÿõ êîíñòðóêöèè, ãäå âîçíè-
êàåò êîíöåíòðàöèÿ íàïðÿæåíèÿ. Õàðàêòåðíîé 
îñîáåííîñòüþ îïòèìèçèðîâàííîé êîíñòðóê-
öèè ÿâëÿåòñÿ íàëè÷èå ÷àñòåé, ðàáîòàþùèõ 
ïðåèìóùåñòâåííî íà ðàñòÿæåíèå èëè ñæàòèå, 
÷òî õîðîøî âèäíî ïî ðàñïðåäåëåíèþ ïåðâîãî 
ãëàâíîãî íàïðÿæåíèÿ (ðèñ. 11).

 Ðèñ. 9. Îáùèé âèä áàëàíñèðà-àíàëîãà, ñîçäàííîãî 
áåç ïðèìåíåíèÿ ìåòîäîâ îïòèìèçàöèè íà îñíîâå 

ñóùåñòâóþùåãî êîíñòðóêòîðñêîãî îïûòà. 
Îäèí èç ëèñòîâ íå ïîêàçàí

Fig. 9. General view of an analogue balance bar 
created without the use of optimization methods 

on the basis of existing design experience. 
One of the sheets is not shown
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Âàæíîé õàðàêòåðèñòèêîé ðàññìàòðèâàåìîãî 
áàëàíñèðà ÿâëÿåòñÿ æåñòêîñòü â ïîïåðå÷íîì 
íàïðàâëåíèè, êîòîðàÿ äîëæíà áûòü ìèíèìàëü-
íî âîçìîæíîé äëÿ óìåíüøåíèÿ êèíåìàòè÷åñêî-
ãî íàãðóæåíèÿ íàïðàâëÿþùåãî àïïàðàòà ïîäâå-
ñêè. Ìèíèìàëüíîé æåñòêîñòüþ â ïîïåðå÷íîì 
íàïðàâëåíèè îáëàäàåò îïòèìèçèðîâàííûé 
áàëàíñèð. Æåñòêîñòü ïåðâîãî àíàëîãà ñâàðíîé 
êîíñòðóêöèè íà 24 % âûøå, à æåñòêîñòü âòîðî-
ãî àíàëîãà âûøå â 3,3 ðàçà, ÷òî ÿâëÿåòñÿ çíà÷è-
òåëüíûì íåäîñòàòêîì ýòîãî âàðèàíòà.

Òàêèì îáðàçîì, ïðèìåíåíèå ìåòîäà òî-
ïîëîãè÷åñêîé îïòèìèçàöèè ïîçâîëèëî ñíè-
çèòü ìàññó áàëàíñèðà íà 19 % ïî ñðàâíåíèþ 
ñ áàëàíñèðîì àíàëîãè÷íîãî êîíñòðóêòèâíîãî 
èñïîëíåíèÿ è íà 49 % ïî ñðàâíåíèþ ñ áàëàí-
ñèðîì, øòàòíî èñïîëüçóåìûì íà ðàññìàòðèâà-
åìîì àâòîìîáèëå, ïðè ñîõðàíåíèè òðåáóåìîé 
æåñòêîñòè è ïðî÷íîñòè.

Ýêñïåðèìåíòàëüíîå èññëåäîâàíèå 
íàïðÿæåííî-äåôîðìèðîâàííîãî 
ñîñòîÿíèÿ îïòèìèçèðîâàííîãî 
áàëàíñèðà
Öåëüþ ýêñïåðèìåíòàëüíîãî èññëåäîâàíèÿ 

ÿâëÿåòñÿ ïðîâåðêà ðàáîòîñïîñîáíîñòè ñîçäàí-
íîé ñèëîâîé ñõåìû äåòàëè, âàëèäàöèÿ ìàòåìà-
òè÷åñêîé ìîäåëè áàëàíñèðà ïîäâåñêè è îöåíêà 
âëèÿíèÿ îñîáåííîñòåé òåõíîëîãèè èçãîòîâëå-
íèÿ íà íàïðÿæåííî-äåôîðìèðîâàííîå ñîñòîÿ-
íèå îïòèìèçèðîâàííîé äåòàëè.

Äëÿ âàëèäàöèè ìàòåìàòè÷åñêîé ìîäåëè íå-
îáõîäèìî ýêñïåðèìåíòàëüíî îïðåäåëèòü íàïðÿ-
æåíèå â íàèáîëåå íàãðóæåííûõ ÷àñòÿõ äåòàëè, 
à òàêæå ïåðåìåùåíèå â ìåñòå ïðèëîæåíèÿ 
íàãðóçêè. Äëÿ îïðåäåëåíèÿ ìîìåíòà âûõîäà 
çà ïðåäåëû óïðóãîé äåôîðìàöèè íåîáõîäèìî 
çàôèêñèðîâàòü îñòàòî÷íóþ äåôîðìàöèþ. Íà-
ïðÿæåíèå âû÷èñëÿëîñü ïðè ïîìîùè ïîêàçàíèé, 

à 

á 

â

 Ðèñ. 10. Ýêâèâàëåíòíîå íàïðÿæåíèå ïî Ìèçåñó â áàëàíñèðå ïðè äåéñòâèè 
íà àâòîìîáèëü òðåõêðàòíîé âåðòèêàëüíîé ïåðåãðóçêè, ÌÏà: 

a – ïåðâûé âàðèàíò áàçîâîé êîíñòðóêöèè; á – âòîðîé âàðèàíò áàçîâîé êîíñòðóêöèè; 
â – îïòèìèçèðîâàííàÿ êîíñòðóêöèÿ

Fig. 10. Equivalent von Mises stress in the balance bar under the action 
of a threefold vertical overload on the vehicle, MPa: à – the first version of the basic design; 

á – the second version of the basic design; â – optimized design
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ñíÿòûõ ñ íàáîðà òåíçîðåçèñòîðîâ, íàêëååííûõ 
íà íàèáîëåå íàãðóæåííûõ ó÷àñòêàõ áàëàíñèðà. 

Íàãðóæàþùèé ñòåíä ïðåäñòàâëÿåò ñîáîé 
ñâàðíóþ öåíòðàëüíóþ ñòîéêó, êîòîðàÿ áîëòà-
ìè ÷åðåç çàêëàäíûå äåòàëè êðåïèòñÿ ê ïëèòå-
îñíîâàíèþ è ÿâëÿåòñÿ óïîðîì äëÿ ãèäðàâëè-
÷åñêîãî íàãðóæàþùåãî óñòðîéñòâà. Áàëàíñèð 
÷åðåç äâå ñâàðíûå ñòîéêè îïèðàåòñÿ íà ïëè-
òó-îñíîâàíèå. Ñòîéêè çàêðåïëåíû íà ïëèòå 
ïðè ïîìîùè ïðèæèìíûõ ïëàíîê. Âîçìîæíîñòü 
èçìåíåíèÿ äëèíû áàëàíñèðà ïðè åãî äåôîð-
ìàöèè îáåñïå÷èâàåòñÿ ïîäàòëèâîñòüþ ñòîåê 
è ñêîëüçÿùåé îïîðîé áàëàíñèðà íà ýòè ñòîéêè. 
Ãèäðàâëè÷åñêîå íàãðóæàþùåå óñòðîéñòâî 
èìååò ðó÷íîé ïðèâîä è ñíàáæåíî ìàíîìåòðîì 
äëÿ êîíòðîëÿ ñîçäàâàåìîãî óñèëèÿ. Ïðîãèá 
áàëàíñèðà â ìåñòå ïðèëîæåíèÿ íàãðóçêè èçìå-

ðÿëñÿ èíäèêàòîðîì ÷àñîâîãî òèïà. Îáùèé âèä 
ñòåíäà ïîêàçàí íà ðèñ. 12. 

Óñòàíîâëåííûé íà ñòåíäå áàëàíñèð ñ íàêëå-
åííûìè òåíçîðåçèñòîðàìè, çàêðåïëåííîé ðå-
ãèñòðèðóþùåé àïïàðàòóðîé è óñòàíîâëåííûì 
íàãðóçî÷íûì óñòðîéñòâîì ïîêàçàí íà ðèñ. 13.

Ïðè ïîäãîòîâêå ýêñïåðèìåíòà áûëî ïðîâå-
äåíî åãî ìàòåìàòè÷åñêîå ìîäåëèðîâàíèå ñ èñ-
ïîëüçîâàíèåì ðàçðàáîòàííîé ðàíåå ìàòåìàòè-
÷åñêîé êîíå÷íî-ýëåìåíòíîé ìîäåëè áàëàíñèðà. 
Íåîáõîäèìîñòü ìàòåìàòè÷åñêîãî ìîäåëèðî-
âàíèÿ ýêñïåðèìåíòà îáóñëîâëåíà îòëè÷èåì 
ãðàíè÷íûõ óñëîâèé è ïðèëîæåíèÿ íàãðóçêè 
íà èñïûòàòåëüíîì ñòåíäå îò çàêðåïëåíèÿ è íà-
ãðóæåíèÿ áàëàíñèðà íà àâòîìîáèëå (èñïîëüçî-
âàíèå èíîãî ðàñïîëîæåíèÿ ñòðåìÿíîê, çàìåíà 
ðåçèíîìåòàëëè÷åñêèõ îïîð ñòàëüíûìè öèëèí-

à 

á 

â

 Ðèñ. 11. Ïåðâîå ãëàâíîå íàïðÿæåíèå â áàëàíñèðå ïðè äåéñòâèè 
íà àâòîìîáèëü òðåõêðàòíîé âåðòèêàëüíîé ïåðåãðóçêè, ÌÏà: 

a – ïåðâûé âàðèàíò áàçîâîé êîíñòðóêöèè; á – âòîðîé âàðèàíò áàçîâîé êîíñòðóêöèè; 
â – îïòèìèçèðîâàííàÿ êîíñòðóêöèÿ

Fig. 11. The first main stress in the balance bar under the action 
of a threefold vertical overload on the vehicle, MPa: a – the first version of the basic design; 

á – the second version of the basic design; â – optimized design
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äðè÷åñêèìè, ïðèëîæåíèå âíåøíåé íàãðóçêè 
ê âåðõíåé ÷àñòè áàëàíñèðà). Ïðè ìîäåëèðîâà-
íèè ýêñïåðèìåíòà èìèòèðîâàëîñü ñòàòè÷åñêîå 
íàãðóæåíèå áàëàíñèðà ìàêñèìàëüíîé ýêñïëó-
àòàöèîííîé íàãðóçêîé, ñîñòàâëÿþùåé 300 êÍ.

Ñðàâíåíèå ðåçóëüòàòîâ ïîâåðî÷íîãî ðàñ÷å-
òà áàëàíñèðà è ðåçóëüòàòîâ ìàòåìàòè÷åñêîãî 
ìîäåëèðîâàíèÿ ýêñïåðèìåíòà ïîçâîëÿåò ãîâî-
ðèòü î âîçìîæíîñòè àäåêâàòíî âîñïðîèçâåñòè 
ýêñïëóàòàöèîííóþ íàãðóçêó íà èñïûòàòåëüíîì 
ñòåíäå, òàê êàê ðàñ÷åòíîå íàïðÿæåíèå â ðåãó-
ëÿðíûõ çîíàõ áàëàíñèðà, ãäå ïðîèçâîäèòñÿ åãî 
îïðåäåëåíèå ñ ïîìîùüþ òåíçîðåçèñòîðîâ, îò-
ëè÷àåòñÿ íå áîëåå ÷åì íà 1 %.

Àíàëèç ðåçóëüòàòîâ ýêñïåðèìåíòà
Áàëàíñèð ñîõðàíèë íåñóùóþ ñïîñîáíîñòü 

âïëîòü äî ïðåäåëüíîé ðàñ÷åòíîé íàãðóçêè, 
îäíàêî ïî äîñòèæåíèè ìàêñèìàëüíîé íàãðóç-
êè ïðîèçîøëà ëîêàëüíàÿ ïîòåðÿ óñòîé÷èâîñòè 
êîíñòðóêöèè (ðèñ. 14). Ôîðìà ïîòåðè óñòîé-
÷èâîñòè ñîâïàäàåò ñ ïðåäñêàçàííîé ïî ðåçóëü-
òàòàì ïîâåðî÷íîãî ðàñ÷åòà (ðèñ. 7), íî ïîòåðÿ 
óñòîé÷èâîñòè ïðîèçîøëà ïðè íàãðóçêå â 2,8 
ðàçà ìåíüøå ðàñ÷åòíîé. Îñìîòð êîíñòðóêöèè 
ïîêàçàë, ÷òî ïîòåðÿ óñòîé÷èâîñòè ñ áîëüøîé 
âåðîÿòíîñòüþ ïðîèçîøëà èç-çà îòêëîíåíèÿ 
ôîðìû äåòàëè îò ïðîåêòíîé, êîòîðûå âîç-
íèêëè â ðåçóëüòàòå ïîãðåøíîñòåé èçãîòîâëå-

 Ðèñ. 12. Êîíñòðóêöèÿ èñïûòàòåëüíîãî ñòåíäà

Fig. 12. Test bench design

      

Ðèñ. 13. Áàëàíñèð ñ òåíçîðåçèñòîðàìè, ðåãèñòðèðóþùåé àïïàðàòóðîé è íàãðóçî÷íûì óñòðîéñòâîì

Fig. 13. Balance bar with with strain gauges, recording equipment and load device
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íèÿ äåòàëè. Êðîìå òîãî, ïîòåðè óñòîé÷èâî-
ñòè ñïîñîáñòâîâàëè ïîãðåøíîñòè, âîçíèêøèå 
ïðè óñòàíîâêå è íàãðóæåíèè áàëàíñèðà íà èñ-
ïûòàòåëüíîì ñòåíäå.

 Ðèñ. 14. Ëîêàëüíàÿ ïîòåðÿ óñòîé÷èâîñòè

Fig.14. Local loss of stability

Ñðàâíåíèå ðàñ÷åòíûõ è ýêñïåðèìåíòàëüíî 
îïðåäåëåííûõ çíà÷åíèé íàïðÿæåíèÿ äëÿ êàæ-
äîãî èññëåäóåìîãî ó÷àñòêà áàëàíñèðà ïðèâåäå-
íî íà ðèñ. 15.

Ðàñõîæäåíèå íàïðÿæåíèÿ, ïîëó÷åííî-
ãî íà ìàòåìàòè÷åñêîé ìîäåëè ñ èçìåðåí-
íûì â ïðîöåññå ýêñïåðèìåíòà ñîñòàâèëî 
îò 3 äî 11 %. Óêàçàííîå ðàñõîæäåíèå îáúÿñ-
íÿåòñÿ íàëè÷èåì ïîãðåøíîñòè ïîçèöèîíèðî-
âàíèÿ áàëàíñèðà îòíîñèòåëüíî íàãðóæàþùåãî 
è îïîðíîãî óñòðîéñòâ, ïîãðåøíîñòè èçìåðè-
òåëüíîé àïïàðàòóðû, à òàêæå îòëè÷èåì ôîðìû 
áàëàíñèðà îò ýòàëîííîé ââèäó ïîãðåøíîñòåé, 
äîïóùåííûõ ïðè åãî èçãîòîâëåíèè. Îäíàêî 
óêàçàííûå ïîãðåøíîñòè íå íîñÿò ïðèíöèïè-
àëüíîãî õàðàêòåðà. 

Âûâîäû
1. Èñïîëüçîâàíèå îáîëî÷å÷íûõ êîíå÷íî-

ýëåìåíòíûõ ìîäåëåé ïîçâîëÿåò çíà÷èòåëü-
íî ñíèçèòü òðóäîåìêîñòü ïîäãîòîâêè ìîäåëè 
è óìåíüøèòü ìàøèííîå âðåìÿ, çàòðà÷èâàåìîå 
íà âûïîëíåíèå îïòèìèçàöèîííîãî ðàñ÷åòà. 

2. Â ñëó÷àå îïòèìèçàöèè òîëñòîñòåííûõ 
äåòàëåé íà ýòàïå ðåøåíèÿ îïòèìèçàöèîííîé 
çàäà÷è ìîæíî èñïîëüçîâàòü îáîëî÷å÷íûå êîíå÷-
íî-ýëåìåíòíûå ìîäåëè ïðè óñëîâèè, ÷òî ïðèíè-
ìàåìûå â ðàñ÷åò íàãðóçêè äåéñòâóþò â ïëîñêî-
ñòè äåòàëè. Â ýòîì ñëó÷àå ïîëó÷àåìàÿ ñèëîâàÿ 
ñõåìà áóäåò îäèíàêîâà ïî òîëùèíå äåòàëè.

3. Ïðè ïîâåðî÷íîì ðàñ÷åòå òîëñòîñòåííûõ 
äåòàëåé òàêæå ìîæíî èñïîëüçîâàòü îáîëî÷å÷-
íûå êîíå÷íî-ýëåìåíòíûå ìîäåëè, â ñëó÷àå 
åñëè íàãðóçêè äåéñòâóþò â ïëîñêîñòè äåòàëè. 
Åñëè ïðè ïîâåðî÷íîì ðàñ÷åòå äîáàâëÿþòñÿ íà-
ãðóçêè, äåéñòâóþùèå âíå ïëîñêîñòè äåòàëè, 
äëÿ áîëåå òî÷íîãî ó÷åòà ãðàíè÷íûõ óñëîâèé, 
è êîíòàêòíîãî âçàèìîäåéñòâèÿ ìåæäó äåòàëÿ-
ìè öåëåñîîáðàçíî èñïîëüçîâàòü òâåðäîòåëüíûå 
êîíå÷íî-ýëåìåíòíûå ìîäåëè.

4. Äëÿ ìàêñèìàëüíîãî îáëåã÷åíèÿ îïòèìè-
çèðóåìîé äåòàëè íåîáõîäèìî òùàòåëüíî èç-
ó÷àòü óñëîâèÿ åå íàãðóæåíèÿ â ðåàëüíîé ýêñ-
ïëóàòàöèè ñ öåëüþ óòî÷íåíèÿ íàãðóçî÷íûõ 
ðåæèìîâ è ìèíèìèçàöèè êîëè÷åñòâà íåó÷òåí-
íûõ íàãðóçîê. 

5. Íà ýòàïå ñîçäàíèÿ êîíå÷íî-ýëåìåíòíîé 
ìîäåëè ïðîñòðàíñòâà ïðîåêòèðîâàíèÿ íå-
îáõîäèìî èìåòü ïðåäñòàâëåíèå îá îñíîâíûõ 
òðåáîâàíèÿõ ê ñèëîâîé ñõåìå áóäóùåé äåòàëè 
ñ òî÷êè çðåíèÿ êîíñòðóêöèè è òåõíîëîãèè èç-
ãîòîâëåíèÿ (ìèíèìàëüíûé è ìàêñèìàëüíûé 
ðàçìåð îòäåëüíûõ ÷àñòåé ñèëîâîé ñõåìû, íà-
ëè÷èå íåèçìåíÿåìûõ ïî êîíñòðóêòîðñêèì ñî-

 Ðèñ. 15. Ýêñïåðèìåíòàëüíî îïðåäåëåííîå íàïðÿæåíèå â ðàçëè÷íûõ ÷àñòÿõ áàëàíñèðà. 
Â ñêîáêàõ ïðèâåäåíû ðàñ÷åòíûå çíà÷åíèÿ

Fig. 15. Experimentally determined voltage in different parts of the balance bar. 
Calculated values are given in brackets
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îáðàæåíèÿì îáëàñòåé è ò.ä.), òàê êàê îò ýòèõ 
òðåáîâàíèé çàâèñÿò ïàðàìåòðû ñîçäàâàåìîé êî-
íå÷íî-ýëåìåíòíîé ìîäåëè è íàñòðîéêè ðåøàòå-
ëÿ (ðàçìåð êîíå÷íîãî ýëåìåíòà, èñïîëüçóåìûå 
ãåîìåòðè÷åñêèå îãðàíè÷åíèÿ è ò.ä.). 

6. Ýêñïåðèìåíò ïîêàçàë ðàáîòîñïîñîáíîñòü 
ñèëîâîé ñõåìû äåòàëè è àäåêâàòíîñòü åå ìàòå-
ìàòè÷åñêîé ìîäåëè. Ðàñõîæäåíèå íàïðÿæåíèÿ, 
ïîëó÷åííîãî íà ìàòåìàòè÷åñêîé ìîäåëè ñ èç-
ìåðåííûì â ïðîöåññå ýêñïåðèìåíòà, ñîñòàâèëî 
îò 3 äî 11 %. Ðåçóëüòàòû ýêñïåðèìåíòà ïîêàçà-
ëè âàæíîñòü ó÷åòà âîçìîæíûõ ïîãðåøíîñòåé 
èçãîòîâëåíèÿ è ñáîðêè îïòèìèçèðîâàííîé 
äåòàëè ïðè ïðîâåäåíèè ïîâåðî÷íîãî ðàñ÷åòà 
è àíàëèçå óñòîé÷èâîñòè êîíñòðóêöèè.
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OPTIMIZATION OF THE DESIGN AND EXPERIMENTAL STUDY 
OF THE STRESS-STRAIN STATE OF THE REAR SUSPENSION BALANCER 

OF AN ALL-TERRAIN VEHICLE

M.L. Shabolin
Bauman Moscow State Technical University, Moscow, Russia

shabolin@bmstu.ru

Reducing the curb weight of wheeled vehicles has long been one of the priority areas of work of auto-
motive engineers, since this can significantly improve the operational properties of a wheeled vehicle: 
improve dynamics, passability, reduce fuel consumption and emissions of harmful substances. A signifi-
cant proportion of the vehicle's curb weight belongs to highly loaded parts of the frame, transmission and 
suspension. Therefore, the creation of lightweight, highly loaded parts will make a significant contribution 
to reducing the curb weight of the whole vehicle.
The paper describes the application of the topological optimization method based on finite element mod-
eling in the design of highly loaded parts of the chassis of vehicle. An example of the synthesis of the 
power circuit of the rear suspension balance bar of an all-terrain vehicle with a description of the design 
model, load modes and interpretation of the results is shown. The optimization problem was solved using 
a finite element model of varying density. Minimization of the potential energy of deformation was used as 
an objective function, and the target volume in fractions of the original design space was used as a limita-
tion. A comparative analysis of the obtained design with analogous designs is presented. The formulation 
and results of an experimental study of the stress-strain state of the optimized balance bar are described.
As a result of optimization, it was possible to achieve a reduction in the weight of the balance bar to 49 % 
in comparison with an analogue design while maintaining the required strength. Experimental verification 
of the bearing capacity of the balance bar showed the need for more thorough verification calculations 
of optimized parts, including taking into account manufacturing and assembly errors.
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