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Íåñîîòâåòñòâèå øèðèíû çàõâàòà ïëóãà è øèðèíû òðàêòîðà ïðèâîäÿò ê àñèììåòðè÷íîñòè ïàõîòíûõ àãðåãàòîâ. 
Ãåîìåòðèÿ ëåìåøíîé ïîâåðõíîñòè îáîðîòíîãî ïëóãà ñïîñîáñòâóþò âîçíèêíîâåíèþ ïîïåðå÷íûõ ñèë íà ðàáî÷åì 
îðóäèè. Âñå ýòî âûçûâàåò íàðóøåíèå ðàâíîâåñèÿ ðàáî÷åãî îðãàíà è îòêëîíåíèå òðàêòîðà îò ïðÿìîëèíåéíîãî 
äâèæåíèÿ âî âðåìÿ âñïàøêè. Äëÿ ñîõðàíåíèÿ ïðÿìîëèíåéíîãî äâèæåíèÿ âîäèòåëþ ïðèõîäèòñÿ ÷åðåç êàæäûå 
5–10 ìåòðîâ ïîäïðàâëÿòü ìàøèíó, ÷òî âûçûâàåò ó íåãî ïîâûøåííóþ óòîìëÿåìîñòü. Äëÿ èññëåäîâàíèÿ 
ïðè÷èí áîêîâîãî óâîäà ïàõîòíîãî àãðåãàòà ïîñòðîåíà ìàòåìàòè÷åñêàÿ ìîäåëü, êîòîðàÿ ñîñòîèò èç óðàâíåíèé 
óïðàâëÿåìîãî äâèæåíèÿ è óðàâíåíèé íåóïðàâëÿåìîãî ñäâèãà òðàêòîðà ïîä äåéñòâèåì âíåøíèõ ñèë ñî 
ñòîðîíû ïëóãà. Îïèñàíèå ñèëîâîãî âçàèìîäåéñòâèÿ äâèæèòåëÿ ñ ãðóíòîì îñíîâàíî íà ìàòåìàòè÷åñêîé 
òåîðèè òðåíèÿ ñ ó÷åòîì àíèçîòðîïèè è óïðóãèõ ñâîéñòâ â êîíòàêòå. Íà îñíîâå ìîäåëè ïàññèâíîãî ñäâèãà 
ïîñòðîåí ãîäîãðàô ìàêñèìàëüíîé ñäâèãàþùåé òðàêòîð ñèëû ñî ñòîðîíû ðàáî÷åãî îðóäèÿ. Óñòàíîâëåíî, ÷òî 
ñäâèãàþùàÿ ñèëà äîñòèãàåò ìàêñèìàëüíîãî ïî ñöåïëåíèþ çíà÷åíèÿ òîëüêî â ñëó÷àå ïîñòóïàòåëüíîãî ñäâèãà, 
êîãäà åå ëèíèÿ äåéñòâèÿ ïðîõîäèò ÷åðåç öåíòð òÿæåñòè òðàêòîðà. Âî âñåõ îñòàëüíûõ ñëó÷àÿõ ñäâèã (óâîä) 
òðàêòîðà îñóùåñòâëÿåòñÿ ñèëîé ìåíüøåãî çíà÷åíèÿ. Ñôîðìóëèðîâàíû îñîáåííîñòè è äîïóùåíèÿ ìîäåëè 
ïðèìåíèòåëüíî ê ãóñåíè÷íîìó è êîëåñíîìó òðàêòîðó. Â ðåçóëüòàòå ïîëó÷åíî, ÷òî íåçàâèñèìî îò íàïðàâëåíèÿ 
ïîïåðå÷íîãî ñìåùåíèÿ òÿãîâîãî ñîïðîòèâëåíèÿ ïëóãà óâîä òðàêòîðà îñóùåñòâëÿåòñÿ â ñòîðîíó âñïàõàííîãî 
ïîëÿ. Ðåçóëüòàò ÷èñëåííîãî ýêñïåðèìåíòà ïîêàçàë, ÷òî îñíîâíîé ïðè÷èíîé óâîäà êîëåñíîãî ïàõîòíîãî àãðåãàòà 
ÿâëÿåòñÿ ðàçíûé òèï ãðóíòà ïî áîðòàì òðàêòîðà, à íå ñìåùåíèå òÿãîâîãî ñîïðîòèâëåíèÿ ïëóãà. 
Êëþ÷åâûå ñëîâà: êóðñîâàÿ óñòîé÷èâîñòü, ìàòåìàòè÷åñêàÿ ìîäåëü, áîêîâîé óâîä, îáîðîòíûé ïëóã, ñöåïëåíèå 
ñ ãðóíòîì, ïàõîòíûé àãðåãàò. ìàòåìàòè÷åñêàÿ òåîðèÿ òðåíèÿ.
Äëÿ öèòèðîâàíèÿ: Òðîÿíîâñêàÿ È.Ï., Æàêîâ À.Î. Êóðñîâàÿ óñòîé÷èâîñòü ìàøèííî-òðàêòîðíîãî àãðåãàòà 
ïðè âñïàøêå // Òðàêòîðû è ñåëüõîçìàøèíû. 2020. № 6. Ñ. 41–49. DOI: 10.31992/0321-4443-2020-6-41-49.

The discrepancy between the working width of the plow and the width of the tractor leads to asymmetry of the arable 
units. The geometry of the share surface of the reversible plow contributes to the generation of lateral forces on the 
working tool. All this contributes to the imbalance of the working body and the deviation of the tractor from straight-
line movement during plowing. To maintain a straight line, the driver has to correct the vehicle movement every 
5–10 meters, which makes him more tired. To study the causes of lateral slip of the plowing unit, a mathematical 
model was built. It consists of the equations of controlled motion and equations of uncontrolled shift of the tractor 
under the action of external forces from the plow. The description of the force interaction of the propeller with the 
ground is based on the mathematical theory of friction, taking into account anisotropy and elastic properties in con-
tact. On the basis of the passive shear model, the hodograph of the maximum force shifting the tractor from the side 
of the working tool is constructed. It has been established that the shear force reaches its maximum adhesion value 
only in the case of translational shear, when its line of action passes through the center of gravity of the tractor. In all 
other cases, the shift (pull) of the tractor is carried out by a force of a lower value. The features and assumptions of the 
model are formulated in relation to the tracked and wheeled tractors. As a result, it was found that regardless of the 
direction of the lateral displacement of the plow draft resistance, the tractor is pulled towards the plowed field. The 
result of the numerical experiment showed that the main reason for the drift of the wheeled arable unit is the different 
type of soil along the sides of the tractor, but not the displacement of the plow traction resistance.
Keywords: road holding ability, mathematical model, lateral pull, reversible plow, adhesion to the ground, arable 
unit, mathematical theory of friction.
Cite as: I.P. Troyanovskaya, A.O. Zhakov Road holding ability of machine-tractor unit during plowing. Traktory 
i sel’khozmashiny. 2020. No 6, pp. 41–49 (in Russ.). DOI: 10.31992/0321-4443-2020-6-41-49.
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 Ââåäåíèå
Ïåðâûì øàãîì ê õîðîøåìó óðîæàþ ÿâëÿåò-

ñÿ êà÷åñòâåííàÿ îáðàáîòêà ïî÷âû [1]. Ñåãîäíÿ 
ñîâðåìåííîå çåìëåäåëèå âêëþ÷àåò ðàçëè÷íûå 
òåõíîëîãèè ïðåäïîñåâíîé îáðàáîòêè. Îäíàêî 
îñíîâíûì ñïîñîáîì äî ñèõ ïîð îñòàåòñÿ òðà-
äèöèîííàÿ âñïàøêà îòâàëüíûì ïëóãîì, ïî-
ëîæèòåëüíî ñêàçûâàþùàÿñÿ íà äàëüíåéøåì 
ðîñòå è ðàçâèòèè ðàñòåíèé [2]. Ïî ýíåðãîåìêî-
ñòè íà âñïàøêó òðàòèòñÿ 30–35 % âñåõ çàòðàò 
ýíåðãèè â ïîëåâîäñòâå [3]. Òåõíîëîãèÿ ñ îáîðà-
÷èâàíèåì ïàõîòíîãî ñëîÿ íå òîëüêî ïîäðåçàåò 
è çàäåëûâàåò ñîðíûå ðàñòåíèÿ íà íåäîñòóïíóþ 
äëÿ ïðîðàñòàíèÿ ãëóáèíó, íî è îáåñïå÷èâàåò 
ïåðåìåøèâàíèå ñëîåâ ïî÷âû è çàùèùàåò åå 
îò âîçáóäèòåëåé èíôåêöèè [4].

Íåñîîòâåòñòâèå øèðèíû çàõâàòà ïëóãà 
è øèðèíû òðàêòîðà îáóñëîâèëà àñèììåòðè÷-
íîñòü ïàõîòíûõ àãðåãàòîâ. Ïðè ðàáîòå ïàõîò-
íîãî àãðåãàòà ñî ñòîðîíû ðàáî÷åãî îðóäèÿ 
ñîçäàåòñÿ ðàçâîðà÷èâàþùèé ìîìåíò, îòêëîíÿ-
þùèé òðàêòîð îò ïðÿìîëèíåéíîãî äâèæåíèÿ 
[5]. Äëÿ ñîõðàíåíèÿ ïðÿìîëèíåéíîãî äâèæå-
íèÿ âîäèòåëþ ïðèõîäèòñÿ ïîñòîÿííî ïîäïðàâ-
ëÿòü ìàøèíó. Ó êîëåñíûõ òðàêòîðîâ âîçäåé-
ñòâèå íà ðóëåâîå êîëåñî ñîñòàâëÿåò 15−20 ðàç 
íà 100 ì ó÷àñòêà ïóòè [6]. Íà ãóñåíè÷íûõ òðàê-
òîðàõ âîçäåéñòâèå íà ðû÷àã óïðàâëåíèÿ ôðèê-
öèîíîì îñóùåñòâëÿåòñÿ ÷åðåç êàæäûå 4–6 ì 
õîäà àãðåãàòà [7]. Ýòî ïðèâîäèò ê ïîâûøåííîé 
óòîìëÿåìîñòè îïåðàòîðà è ñíèæåíèþ ïðîèçâî-
äèòåëüíîñòè äî 10−15 % [8]. 

Îñíîâíîé ïðè÷èíîé óâîäà ïàõîòíîãî àãðå-
ãàòà îò ïðÿìîëèíåéíîãî íàïðàâëåíèÿ ïðèíÿòî 
ñ÷èòàòü âîçäåéñòâèå ïëóãà íà òðàêòîð [9]. Ñëîæ-
íàÿ ëåìåøíàÿ ïîâåðõíîñòü îòâàëüíîãî ïëóãà 
ïðèâîäèò ê îòêëîíåíèþ íîðìàëüíîé ñèëû ñî-
ïðîòèâëåíèÿ Ð íà íåêîòîðûé óãîë  = 15–25 
îòíîñèòåëüíî ïðîäîëüíîé îñè òðàêòîðà [10]. 
Äëÿ êîìïåíñàöèè áîêîâîé ñîñòàâëÿþùåé ñèëû 
ñîïðîòèâëåíèÿ ïëóãà Ð

ó
 â ãîðèçîíòàëüíîé ïëî-

ñêîñòè óñòàíàâëèâàþò ïîëåâóþ äîñêó, äëèíà 
êîòîðîé îãðàíè÷èâàåòñÿ òåõíîëîãè÷åñêèì ïðî-
öåññîì è êîíñòðóêòèâíûìè ðàçìåðàìè ïëóãà. 
Íà òðåíèå ïîëåâîé äîñêè ðàñõîäóåòñÿ äî 17 % 
îáùåãî òÿãîâîãî ñîïðîòèâëåíèÿ òðàêòîðà, 
÷òî çàñòàâëÿåò èñêàòü äðóãèå ñïîñîáû óðàâíîâå-
øèâàíèÿ ïëóãà â ãîðèçîíòàëüíîé ïëîñêîñòè [11]. 

Èññëåäîâàíèåì êóðñîâîé óñòîé÷èâîñòè 
òðàêòîðíîãî àãðåãàòà ïðè âñïàøêå íà÷àëè çà-
íèìàòüñÿ äàâíî [12–14], îäíàêî ýòîò âîïðîñ 
è ñåãîäíÿ ñîõðàíÿåò ñâîþ àêòóàëüíîñòü [15–17].
Ðåøåíèå âîïðîñà êóðñîâîé óñòîé÷èâîñòè ïàõîò-

íîãî àãðåãàòà ÷àñòî îãðàíè÷èâàåòñÿ ðàâíîâåñè-
åì òîëüêî îäíîãî ðàáî÷åãî îðóäèÿ (ïëóãà) [11, 
18]. Âìåñòå ñ òåì, èññëåäîâàíèå äâèæåíèÿ âñåãî 
ïàõîòíîãî àãðåãàòà â öåëîì ïîçâîëèò ëó÷øå 
ïîíÿòü ïðè÷èíû áîêîâîãî óâîäà ìàøèíû. 
Äëÿ îöåíêè âëèÿíèå êàæäîãî ôàêòîðà íà îòêëî-
íåíèå îò ïðÿìîëèíåéíîãî äâèæåíèÿ ïðèìåíèì 
ìàòåìàòè÷åñêîå ìîäåëèðîâàíèå. 

Öåëü èññëåäîâàíèé
Ïîñòðîåíèå ìàòåìàòè÷åñêîé ìîäåëè äâèæå-

íèÿ ïàõîòíîãî àãðåãàòà, ïîçâîëÿþùåé îöåíèòü 
âëèÿíèå ðàçëè÷íûõ ôàêòîðîâ íà êóðñîâóþ 
óñòîé÷èâîñòü òðàêòîðà ñ àñèììåòðè÷íîé âíåø-
íåé íàãðóçêîé.

Ìàòåðèàëû è ìåòîäû
Ìàòåìàòè÷åñêàÿ ìîäåëü óâîäà
Äâèæåíèå ïàõîòíîãî àãðåãàòà ïîä äåéñòâè-

åì âíåöåíòðåííûõ ñèë ñîïðîòèâëåíèÿ ñî ñòî-
ðîíû ïëóãà ïðåäñòàâëÿåò ñîáîé ñîâîêóïíîñòü 
óïðàâëÿåìîãî ïðÿìîëèíåéíîãî äâèæåíèÿ 
è ïàññèâíîãî íåóïðàâëÿåìîãî ñäâèãà [19]. 

Óðàâíåíèÿ óïðàâëÿåìîãî äâèæåíèÿ, ó÷èòû-
âàÿ ìàëóþ âåëè÷èíó áîêîâûõ îòêëîíåíèé è íå-
âûñîêèå ñêîðîñòè äâèæåíèÿ, ìîæíî çàïèñàòü 
â âèäå îáû÷íûõ êðèâîëèíåéíûõ èíòåãðàëîâ 
[20]:
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 – êîîðäèíàòû öåíòðà ìàññ àãðåãà-

òà â íåïîäâèæíîé ñèñòåìå îòñ÷åòà; t = 0…T – 
âðåìÿ äâèæåíèÿ; V – ñêîðîñòü;  – ðàäèóñ êðè-
âèçíû òðàåêòîðèè.

Óðàâíåíèÿ íåóïðàâëÿåìîãî ñäâèãà ïðåä-
ñòàâëÿþò ñîáîé óðàâíåíèÿ ñèëîâîãî ðàâíîâå-
ñèÿ âñåãî ïàõîòíîãî àãðåãàòà (ðèñ. 1):
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ãäå P – ðåçóëüòèðóþùàÿ ñèëà ñîïðîòèâëåíèÿ 
ïëóãà;  – óãîë íàêëîíà ñèëû ñîïðîòèâëåíèÿ 
ê ïðîäîëüíîé îñè òðàêòîðà; x

k
, y

k
 – êîîðäèíà-

òû òî÷êè Ê ïðèëîæåíèÿ ðåçóëüòèðóþùåé ñèëû 
ñîïðîòèâëåíèÿ ïëóãà îòíîñèòåëüíî öåíòðà C 
ìàññ òðàêòîðà; R – óñèëèå ñîïðîòèâëåíèÿ ïî-
ëåâîé äîñêè; B – êîëåÿ òðàêòîðà, fiP  – ñèëû ñî-
ïðîòèâëåíèÿ äâèæåíèþ i-é ãóñåíèöû (áîðòà); 
y

i
  – êîîðäèíàòû ìãíîâåííîãî öåíòðà O ñêîëü-

æåíèÿ ïëîùàäêè êîíòàêòà i-é ãóñåíèöû (áîðòà); 
F

xi
, F

yi
, M

i
 – ñóììàðíûå ñèëîâûå ôàêòîðû â êîí-

òàêòå i-é ãóñåíèöû (áîðòà) ñ ãðóíòîì [21]. 
Ñèëîâûå ôàêòîðû â êîíòàêòå äâèæèòå-

ëÿ ñ ãðóíòîì ïî ñâîåé ñóòè ÿâëÿþòñÿ ñèëàìè 
òðåíèÿ. Ýòî ïîçâîëÿåò, â îáùåì ñëó÷àå, îïðå-
äåëèòü èõ ñîãëàñíî ìàòåìàòè÷åñêîé òåîðèè 
òðåíèÿ [22], êîãäà âíåøíÿÿ ñèëà P âûçûâàåò 
âðàùàòåëüíûé ñäâèã îòíîñèòåëüíî íåêîòîðîãî 
ìãíîâåííîãî öåíòðà ñêîëüæåíèé Î. Òîãäà ñèëî-
âûå ôàêòîðû F

xi
, F

yi
, M

i
 â i-ì êîíòàêòå ÿâëÿþòñÿ 

ôóíêöèÿìè íåèçâåñòíûõ êîîðäèíàò x
i
, y

i
 ìãíî-

âåííîãî öåíòðà ñêîëüæåíèÿ Î â ñèñòåìå êîîð-
äèíàò, ñâÿçàííîé ñ ãåîìåòðè÷åñêèì öåíòðîì 
êîíòàêòà [23]:
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ãäå μ
i
 – êîýôôèöèåíò òðåíèÿ â i-ì êîíòàê-

òå ñ ãðóíòîì; x
i
, y

i
 – êîîðäèíàòû ìãíîâåííî-

ãî öåíòðà ñêîëüæåíèÿ i-é ïëîùàäêè êîíòàêòà 
ñ ãðóíòîì â ñèñòåìå êîîðäèíàò, ñâÿçàííîé ñ åå 

ãåîìåòðè÷åñêèì öåíòðîì; ,  – òåêóùèå êîîð-
äèíàòû òî÷åê êîíòàêòà.

Ââåäåíèå ïîä èíòåãðàë ñèëîâûõ ôàêòîðîâ 
F

xi
, F

yi
, M

i
 ïåðåìåííîãî êîýôôèöèåíòà ñöå-

ïëåíèÿ 
i
 ïîçâîëÿåò ó÷åñòü óïðóãèå ñâîéñòâà 

â êàæäîé òî÷êå êîíòàêòà [24] è óñòàíîâèòü 
ñâÿçü ñèëîâûõ ôàêòîðîâ ñ ðàäèóñîì  êðèâèç-
íû òðàåêòîðèè: 

 

 

 

th ,
0,5

th ,
0,5

i
xi mxi

i

i
yi myi

i

y
B y

x
B y

  
         

  
         

 (4)

ãäå μ
mxi

, μ
myi

 – ìàêñèìàëüíûé êîýôôèöèåíò ñöå-
ïëåíèÿ â ïðîäîëüíîì è ïîïåðå÷íîì íàïðàâëå-
íèè; th – ôóíêöèÿ ãèïåðáîëè÷åñêîãî òàíãåíñà; 
 – ýìïèðè÷åñêèé êîýôôèöèåíò, õàðàêòåðè-
çóþùèé óïðóãèå ñâîéñòâà ãðóíòà;  – ðàäèóñ 
êðèâèçíû òðàåêòîðèè.

Îñîáåííîñòü äâèæåíèÿ ãóñåíè÷íîãî àãðå-
ãàòà. Äëèíà êîíòàêòà L ãóñåíèöû ñ ãðóíòîì 
çíà÷èòåëüíî áîëüøå åå øèðèíû b. Ýòî ïîçâî-
ëÿò çàìåíèòü äâîéíîé èíòåãðàë â óðàâíåíèÿõ 
(4) îäèíàðíûì ñ ïîãðåøíîñòüþ íå áîëåå 2 % 
[25]. Ïðè ýòîì ñðåäíåå íîðìàëüíîå äàâëåíèå 
â êîíòàêòå ðàâíî q = G/2Lb.

Ãóñåíè÷íûé ïàõîòíûé òðàêòîð, êàê ïðàâè-
ëî, äâèæåòñÿ ïî íåâñïàõàííîé ÷àñòè ïîëÿ íà íå-
êîòîðîì ðàññòîÿíèè îò êðàÿ áîðîçäû (ïî óñëî-
âèþ íåîñûïàíèÿ ñòåíêb áîðîçäû) (ðèñ. 2, à), 
÷òî ïîçâîëÿåò ïðèíÿòü îäèíàêîâûå ãðóíòîâûå 
óñëîâèÿ ïîä îáåèìè ãóñåíèöàìè.

Îäíàêî çà ñ÷åò ãðóíòîçàöåïîâ âçàèìîäåé-
ñòâèå ãóñåíèöû ñ ãðóíòîì ïðèîáðåòàåò àíè-
çîòðîïíûå ñâîéñòâà, êîòîðîå ìîæíî âûðàçèòü 

Ðèñ. 1. Ñõåìà ñèë, äåéñòâóþùèõ íà ïàõîòíûé àãðåãàò 

Fig. 1. Diagram of the forces acting on the plowing unit
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 à á

Ðèñ. 2. Äâèæåíèå (à) ãóñåíè÷íîãî è (á) êîëåñíîãî òðàêòîðà ïðè ïàõîòå

Fig. 2. Movement of (a) caterpillar and (b) wheeled tractor during plowing

ïóòåì ââåäåíèÿ ðàçíûõ êîýôôèöèåíòîâ μ
i
 ñöåïëåíèÿ â ïðîäîëüíîì μ

mxi
 è ïîïåðå÷íîì μ

myi
 íàïðàâ-

ëåíèÿõ [24]. Ïîïåðå÷íîå ðàñïîëîæåíèå ãðóíòîçàöåïîâ ïðèâîäèò ê òîìó, ÷òî â ýòîì íàïðàâëåíèè 
óïðóãàÿ äåôîðìàöèÿ ãðóíòà ïðàêòè÷åñêè îòñóòñòâóåò, òàê êàê ïî÷òè ñðàçó íà÷èíàåòñÿ ñðåç ãðóíòà 
μ

yi
 = μ

myi
.

Â èòîãå ñèëîâûå ôàêòîðû F
xi
, F

yi
, M

i
  èìåþò âèä:

             

   

 
 

   
 
 

/2

22/2

/2

22/2

2/2 2

2 22 2/2

th ,
2 0,5

, .
2

th
2 0,5

L
mxi i i

xi
iL i i

L
myi i

yi
L i i

L
myi imxi i i

i
iL i i i i

y yGF d
Lb B yy x

xGF d
Lb y x

xy yGM d
Lb B yy x y x








 

           

     
  


                          







  (5)

Îñîáåííîñòü äâèæåíèÿ êîëåñíîãî àãðåãà-
òà. Ïîäðàçóìåâàåòñÿ, ÷òî ïðîèñõîäèò ïðè èñ-
ïîëüçîâàíèè íà ïàõîòå êîëåñíîãî òðàêòîðà 
äâèæåíèå êîëåñ îäíîãî áîðòà ïî äíó áîðîçäû 
(ðèñ. 2, á). Ýòî ïðèâîäèò ê ïîñòîÿííîìó ïî-
ïåðå÷íîìó íàêëîíó ìàøèíû. Ñëåäñòâèåì 
ýòîãî ÿâëÿåòñÿ ðàçíàÿ íîðìàëüíàÿ íàãðóçêà 
ïî áîðòàì, îïðåäåëÿåìàÿ êàê [11]: 

 

cos sin ,
2 2i
G hq
ab B

    
 

 (6)

ãäå çíàê «+» èñïîëüçóåòñÿ äëÿ íèæíåãî áîðòà, 
äâèæóùåãîñÿ â áîðîçäå, çíàê «–» – äëÿ âåðõíå-
ãî áîðòà, äâèæóùåãîñÿ ïî öåëèíå;  – óãîë íà-
êëîíà òðàêòîðà; h – âûñîòà öåíòðà ìàññ òðàê-
òîð; a, b – äëèíà è øèðèíà ñëåäà êîëåñà. 

Ïîïåðå÷íûé óêëîí êîëåñíîãî òðàêòîðà ïðè-
âîäèò ê ïåðåðàñïðåäåëåíèþ âåñîâîé íàãðóçêè 
ìåæäó áîðòàìè (6). Ñîãëàñíî ðàñ÷åòàì, óãîë íà-

êëîíà ñîñòàâëÿåò 5–6î, ÷òî ñîîòâåòñòâóåò ðàçíè-
öå â íîðìàëüíîé íàãðóçêå íà 13–15 %. Èçìåíåíèå 
íîðìàëüíîé íàãðóçêè íà êîëåñàõ âåäåò ê èçìåíå-
íèþ ðàçìåðîâ ïÿòíà êîíòàêòà (ðèñ. 3), óâåëè÷èâàÿ 
äëèíó ñëåäà a  ïðè íåèçìåííîé åãî øèðèíå b [26]. 
Êðîìå òîãî, äâèæåíèå ïî ðûõëîìó ãðóíòó ñïî-
ñîáñòâóåò äîïîëíèòåëüíîìó óâåëè÷åíèþ ïÿòíà 
êîíòàêòà îäíîãî èç áîðòîâ òðàêòîðà [27]. 

Ðèñ. 3. Èçìåíåíèå ðàçìåðîâ êîíòàêòà êîëåñà 
â çàâèñèìîñòè îò íîðìàëüíîé íàãðóçêè

Fig. 3. Change in wheel contact dimensions 
depending on normal load
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Ñèììåòðè÷íîå ðàñïîëîæåíèå ðèñóíêà ïðîòåêòîðà øèíû ïîçâîëÿåò äîïóñòèòü îäèíàêîâûå 
êîýôôèöèåíòû ñöåïëåíèÿ â ïðîäîëüíîì è ïîïåðå÷íîì íàïðàâëåíèè μ

xi
 = μ

yi
. Óïðóãèå ñâîéñòâà 

â êîíòàêòå îáåñïå÷èâàþòñÿ â ïðîäîëüíîì íàïðàâëåíèè çà ñ÷åò ñìÿòèÿ ãðóíòà, à â ïîïåðå÷íîì íà-
ïðàâëåíèè – çà ñ÷åò äåôîðìàöèè øèíû. Êðîìå òîãî, êîëåñà ðàçíûõ áîðòîâ äâèæóòñÿ ïî ãðóíòó 
ñ ðàçíûìè ñâîéñòâàìè. Òîãäà ñèëîâûå ôàêòîðû F

xi
, F

yi
, M

i
  (3) ñ ó÷åòîì âñåãî âûøåñêàçàííîãî ïðè-

îáðåòàþò âèä: 

 
     

 
     

 
     

/2 2 2

2 2 2 2
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2
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2

th ,
0,5 0,5

th
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L a L a
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mxi i mxi ii i
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L a L ai ib i i i i
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L a ii i

y yy yF q d th d d
B y B yy x y x
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mxi i

x xth d d
B yy x

xy y x d
B y B yy x y x

M q
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22/2 2
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2

.

th th
0,5 0,5

b

L a
b

myi ii i

L a i ii i i i

d
xy x d

B y B yy x y x

















  
  
  
  
   
                                                 




  

(7)

Óðàâíåíèÿ ñâÿçåé. Íåóïðàâëÿåìîå äâèæå-
íèå (áåç óïðàâëÿþùåãî âîçäåéñòâèÿ ñî ñòîðî-
íû âîäèòåëÿ) õàðàêòåðèçóåòñÿ ôèêñèðîâàííûì 
îòíîñèòåëüíûì äâèæåíèåì îïîð äâèæèòåëÿ 
(êîëåñ èëè ãóñåíèö), ÷òî ñîîòâåòñòâóåò åäèíî-
ìó öåíòðó ñêîëüæåíèÿ (òî÷êà Î) äëÿ êîíòàêòîâ 
îáîèõ áîðòîâ [8, 28], ÷òî ïîçâîëÿåò çàïèñàòü 
íåäîñòàþùåå óðàâíåíèå ñâÿçè:

 1 2y y B  . (8)

Êâàçèñòàòè÷åñêàÿ ìîäåëü óâîäà âêëþ÷à-
åò ñèñòåìó óðàâíåíèé (1–8), ãäå íåèçâåñòíûé 
ðàäèóñ  êðèâèçíû òðàåêòîðèè îäíîçíà÷íî 
[22] îïðåäåëÿåòñÿ èç óðàâíåíèé ðàâíîâåñèÿ (2) 
ñ ó÷åòîì ôîðìóë (3–7). Òàêèì îáðàçîì, êàæäî-
ìó çíà÷åíèþ âíåøíåé ñèëû P ñîïðîòèâëåíèÿ 
ïëóãà ñîîòâåòñòâóåò ñâîé ðàäèóñ  êðèâèç-
íû òðàåêòîðèè è ìãíîâåííûé öåíòð ñêîëüæå-
íèÿ Î. 

Äëÿ ïîäðîáíîãî àíàëèçà âëèÿíèÿ ðàçëè÷-
íûõ ôàêòîðîâ íà òðàåêòîðèþ äâèæåíèÿ ïàõîò-
íîãî ìàøèííî-òðàêòîðíîãî àãðåãàòà áûë ïðî-
âåäåí ÷èñëåííûé ýêñïåðèìåíò.

Ðåçóëüòàòû è îáñóæäåíèå
Ïîëó÷åíû ñëåäóþùèå ðåçóëüòàòû ÷èñëåí-

íîãî ýêñïåðèìåíòà.
Ñèëà ñîïðîòèâëåíèÿ ïëóãà õàðàêòåðèçóåò-

ñÿ ìîäóëåì P, íàïðàâëåíèåì è òî÷êîé ïðèëî-
æåíèÿ. 

Îïðåäåëåíèå ìîäóëÿ ñèëû ñîïðîòèâëåíèÿ 
ïëóãà P ïðåäñòàâëÿåò ñîáîé âåñüìà ñëîæíóþ 
çàäà÷ó, çàâèñÿùóþ îò ìíîæåñòâà ôàêòîðîâ: 
òèïà ðàçðàáàòûâàåìîãî ãðóíòà, ãëóáèíû îá-
ðàáîòêè, ñêîðîñòè äâèæåíèÿ, âåñà, ôîðìû 
è øèðèíû çàõâàòà (êîëè÷åñòâà êîðïóñîâ) ïëóãà 
è äð. [29]. Ïîïåðå÷íàÿ ñîñòàâëÿþùàÿ P

y
 êîì-

ïåíñèðóåòñÿ, êàê ïðàâèëî, ðåàêöèåé ïîëåâîé 
äîñêè R. Åå óâåëè÷åíèå ïðèâîäèò ê óâåëè-
÷åíèþ äëèíû ïîëåâîé äîñêè è, êàê ñëåäñòâèå, 
óâåëè÷åíèþ øèðèíû çàõâàòà è ðîñòó òÿãîâî-
ãî óñèëèÿ. Ïðàâèëüíûé âûáîð ðàçìåðîâ ïîëå-
âîé äîñêè ïîçâîëÿåò äîáèòüñÿ ðàâåíñòâà [11] 
P sin = R. Òîãäà íåóïðàâëÿåìûé ñäâèã ïðîèñ-
õîäèò òîëüêî çà ñ÷åò ïîïåðå÷íîãî ñìåùåíèÿ ky  
ïðîäîëüíîé ñîñòàâëÿþùåé P

x
 ñèëû ñîïðîòèâ-

ëåíèÿ ïëóãà. 
Ïðîäîëüíàÿ ñîñòàâëÿþùàÿ P

x
 âîñïðèíèìà-

åòñÿ òÿãîâûì óñèëèåì F
x
 òðàêòîðà, ïðèðî-

äîé êîòîðîãî ÿâëÿåòñÿ òðåíèå. Ñëåäîâàòåëüíî, 
ñîãëàñíî çàêîíó Ãóêà, äîëæíî ñóùåñòâîâàòü 
òàêîå çíà÷åíèÿ ñèëû P

x
 (ìåíüøå ïðåäåëüíîãî 

ïî óñëîâèÿì ðàâíîâåñèÿ), ïðè êîòîðîì ïàñ-
ñèâíûé ñäâèã (áîêîâîé óâîä) íå íåâîçìîæåí. 
Ïðåäåëüíîå çíà÷åíèå ñäâèãàþùåé ñèëû P ñîîò-
âåòñòâóåò îïðåäåëåííîìó íàïðàâëåíèþ (ëèíèè 
äåéñòâèÿ) [28]. 

Íàïðàâëåíèå îïðåäåëÿåòñÿ ôîðìîé ëå-
ìåøíîé ïîâåðõíîñòè è ó÷èòûâàåòñÿ ÷åðåç 
óãîë  íàêëîíà ðåçóëüòèðóþùåé ñèëû ñîïðî-
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òèâëåíèÿ ïëóãà P ê ïðîäîëüíîé îñè òðàêòîðà 
[11]. Äëÿ ïîëíîãî èññëåäîâàíèÿ çàâèñèìîñòè 
ïðåäåëüíîé ñèëû P îò íàïðàâëåíèÿ íà îñíîâå 
óðàâíåíèé ðàâíîâåñèÿ (2) áûë ïîñòðîåí ãîäî-
ãðàô ñäâèãàþùåé ñèëû íà ïðèìåðå ãóñåíè÷íî-
ãî òðàêòîðà (ðèñ. 4). 

Ðèñ. 4. Ãîäîãðàô ñäâèãàþùåé ñèëû 

Fig. 4. Shear force hodograph

Îí ïîçâîëÿåò îïðåäåëèòü ïðåäåëüíûå çíà-
÷åíèÿ ñäâèãàþùåé ñèëû P

max
 è åå ñîñòàâëÿþ-

ùèõ P
x
 è P

y
 äëÿ êàæäîé ëèíèè äåéñòâèÿ. Ó÷åò 

àíèçîòðîïèè ñíèæàåò çíà÷åíèÿ ìàêñèìàëüíîé 
ñäâèãàþùåé ñèëû è ðàçâîðà÷èâàåò ãîäîãðàô 
â ñòîðîíó ìåíüøåãî êîýôôèöèåíòà ñöåïëåíèÿ 
íà óãîë , çàâèñÿùèé îò îòíîøåíèÿ êîýôôèöè-
åíòîâ òðåíèÿ â ïðîäîëüíîì μ

mx
 è ïîïåðå÷íîì 

μ
my

 íàïðàâëåíèèÿõ.
Àíàëèç ïîêàçàë, ÷òî ïðè ïàññèâíîì ñäâèãå 

ìàêñèìàëüíîå çíà÷åíèå ñäâèãàþùåé ñèëû  
P

max
 = μG âîçìîæíî òîëüêî â ñëó÷àå ïðÿìîëè-

íåéíîãî ñäâèãà, êîãäà ëèíèÿ ÀÊ äåéñòâèÿ ñèëû 
ïðîõîäèò ÷åðåç öåíòð Ñ ìàññ ìàøèíû. Ýòîò 
÷àñòíûé ñëó÷àé õàðàêòåðèçóåò ïîñòóïàòåëüíîå 
ñêîëüæåíèå. Òðàåêòîðèÿ äâèæåíèÿ ñ ó÷åòîì 
óâîäà ïðåäñòàâëÿåò ñîáîé ïðÿìóþ ëèíèþ 
(ðèñ. 5, ëèíèÿ 1) è îáåñïå÷èâàåòñÿ ïóòåì ñìå-
ùåíèÿ òî÷êè ïðèöåïà íàâåñêè îòíîñèòåëü-
íî ïðîäîëüíîé îñè òðàêòîðà [30, 31]. Âî âñåõ 
äðóãèõ ñëó÷àÿõ èìååò ìåñòî ìãíîâåííî âðà-
ùàòåëüíûé ñäâèã, íà÷èíàþùèéñÿ ïðè ìåíüøåì 

çíà÷åíèè ñäâèãàþùåé ñèëû P < P
max

. Íàëè÷èå 
ìãíîâåííî âðàùàòåëüíîãî ñäâèãà ïðèâîäèò 
ê òîìó, ÷òî ïðè îòñóòñòâèè óïðàâëÿþùåãî âîç-
äåéñòâèÿ ñî ñòîðîíû âîäèòåëÿ âåëè÷èíà áîêî-
âîãî îòêëîíåíèÿ cy  êâàäðàòè÷íî âîçðàñòàåò 
ñ óâåëè÷åíèåì ïðîéäåííîãî ïóòè x

c
 (ðèñ. 5, 

ëèíèè 2−4). Óâåëè÷åíèå ïîïåðå÷íîãî ñìåùå-
íèÿ y

k
 (ïëå÷à äåéñòâèÿ ñèëû) ïðèâîäèò ê óâåëè-

÷åíèþ âðàùàþùåãî ýôôåêòà è, ñîîòâåòñòâåí-
íî, ðîñòó áîêîâîãî óâîäà òðàêòîðà.

Ðàçíûå óñëîâèÿ äâèæåíèÿ áîðòîâ òðàêòîðà 
îêàçûâàþò íàèáîëüøåå âëèÿíèå íà êóðñîâóþ 
óñòîé÷èâîñòü ïàõîòíîãî àãðåãàòà. Ðàñ÷åòû ïî-
êàçàëè, ÷òî çà ñ÷åò ðàçëè÷èÿ â êîýôôèöèåíòàõ 
ñöåïëåíèÿ μ

i
 è ñîïðîòèâëåíèÿ ïåðåêàòûâàíèþ 

íà áîðòàõ f
1
, òðàêòîð òåðÿåò êóðñîâóþ óñòîé÷è-

âîñòü äàæå áåç âîçäåéñòâèÿ âíåøíåé íàãðóçêè 
îò ïëóãà. Ïðè ýòîì áîêîâîå îòêëîíåíèå ïðåâû-
øàåò âåëè÷èíó óâîäà îò ñèëû ñîïðîòèâëåíèÿ 
ïëóãà. 

Âûâîäû
1. Ìàòåìàòè÷åñêàÿ ìîäåëü óâîäà ñîñòîèò 

èç óðàâíåíèé óïðàâëÿåìîãî ïðÿìîëèíåéíîãî 
äâèæåíèÿ è óðàâíåíèé íåóïðàâëÿåìîãî ïàññèâ-
íîãî ñäâèãà ïîä äåéñòâèåì âíåøíèõ ñèë, ïðåä-
ñòàâëÿþùèõ ñîáîé ñèëîâîå ðàâíîâåñèå ïàõîò-
íîãî àãðåãàòà.

2. Âçàèìîäåéñòâèå òðàêòîðíîãî äâèæèòåëÿ 
ñ ãðóíòîì ïðåäñòàâëåíî íà îñíîâå ìàòåìàòè-
÷åñêîé òåîðèè òðåíèÿ ñ ó÷åòîì àíèçîòðîïèè 
è óïðóãèõ ñâîéñòâ â êîíòàêòå.

3. Êàæäîé ëèíèè äåéñòâèÿ ñäâèãàþùåé 
ñèëû ñîîòâåòñòâóåò åå îäíîçíà÷íîå ïðåäåëü-
íîå çíà÷åíèå. Ïðè ñèëå ìåíüøå ýòîãî çíà÷åíèÿ 
ñäâèã è óâîä òðàêòîðà îò ïðÿìîëèíåéíîãî äâè-
æåíèÿ îòñóòñòâóþò.

4. Ñäâèãàþùàÿ ñèëà äîñòèãàåò ñâîåãî ìàêñè-
ìàëüíîãî ïî ñöåïëåíèþ çíà÷åíèÿ ïðè óñëîâèè, 
êîãäà åå ëèíèÿ äåéñòâèÿ ïðîõîäèò ÷åðåç öåíòð 

Ðèñ. 5. Òðàåêòîðèè äâèæåíèÿ ïàõîòíîãî àãðåãàòà: 
1 – ïîñòóïàòåëüíûé óâîä, 2−4 – ìãíîâåííî âðàùàòåëüíûé óâîä

Fig. 5. Arable unit trajectories: 1 – translational drift, 2−4 – instantaneous rotational drift
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ìàññ ìàøèíû. Â ýòîì ñëó÷àå èìååò ìåñòî ïî-
ñòóïàòåëüíûé ñäâèã è òðàåêòîðèÿ óâîäà ïðåä-
ñòàâëÿåò ñîáîé ïðÿìóþ ëèíèþ.

5. Êîãäà ëèíèÿ äåéñòâèÿ ñäâèãàþùåé ñèëû 
íå ïðîõîäèò ÷åðåç öåíòð ìàññ òðàêòîðà, ñòàòè-
÷åñêîå ðàâíîâåñèå íàðóøàåòñÿ ïðè ìåíüøåì 
åå çíà÷åíèè è èìååò ìåñòî ìãíîâåííî âðàùà-
òåëüíûé ñäâèã. Ïðè ýòîì âåëè÷èíà áîêîâîãî 
îòêëîíåíèÿ îò ïðÿìîëèíåéíîãî íàïðàâëå-
íèÿ êâàäðàòè÷íî âîçðàñòàåò â çàâèñèìîñòè 
îò ïðîéäåííîãî ïóòè.

6. Àíèçîòðîïèÿ âçàèìîäåéñòâèÿ äîïîëíè-
òåëüíî ñíèæàåò çíà÷åíèå ïðåäåëüíîé ñäâèãàþ-
ùåé ñèëû è ðàçâîðà÷èâàåò åå ãîäîãðàô â ñòîðî-
íó ìåíüøåãî êîýôôèöèåíòà ñöåïëåíèÿ.

7. Äâèæåíèå îäíîãî áîðòà òðàêòîðà ïî äíó 
áîðîçäû ñîçäàåò ðàçíûå óñëîâèÿ â êîíòàê-
òå êîëåñ ñ ãðóíòîì. Ïî áîðòàì îòëè÷àþòñÿ: 
íîðìàëüíàÿ íàãðóçêà, ðàçìåð ñëåäà, êîýô-
ôèöèåíòû ñöåïëåíèÿ è ñîïðîòèâëåíèÿ ïåðå-
êàòûâàíèþ, ÷òî ïðèâîäèò ê ïîòåðå êóðñîâîé 
óñòîé÷èâîñòè ìàøèíû (äàæå ïðè îòñóòñòâèè 
ñîïðîòèâëåíèÿ íà ðàáî÷åì îðãàíå). 
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