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Ïî÷âîîáðàáàòûâàþùèé ìàøèííî-òðàêòîðíûé àãðåãàò ïîäâåðãàåòñÿ íåïðåðûâíî èçìåíÿþùèìñÿ âíåøíèì âîç-
äåéñòâèÿì, ÷òî ïðèâîäèò ê êîëåáàíèÿì ñêîðîñòè äâèæåíèÿ, áóêñîâàíèþ âåäóùèõ êîëåñ òðàêòîðà, íàãðóæåí-
íîñòè òðàíñìèññèè, ïîâûøåííîìó ðàñõîäó òîïëèâà. Îñíîâíûì èñòî÷íèêîì âîçìóùåíèé, âûçûâàþùèõ êîëåáà-
íèÿ òðàêòîðà, ÿâëÿþòñÿ íåðàâíîìåðíîñòü òÿãîâîãî ñîïðîòèâëåíèÿ ïî÷âîîáðàáàòûâàþùèõ ìàøèí è íåðîâíîñòè 
ìèêðîïðîôèëÿ ïîëÿ. Öåëü èññëåäîâàíèÿ: ñîâåðøåíñòâîâàíèå ïðîöåññà ôóíêöèîíèðîâàíèÿ ïî÷âîîáðàáàòûâà-
þùåãî ìàøèííî-òðàêòîðíîãî àãðåãàòà ïóòåì ìîäåëèðîâàíèÿ âëèÿíèÿ âíåøíèõ âîçäåéñòâèé. Ìàòåìàòè÷åñêàÿ 
ìîäåëü ïðîöåññà ðàáîòû êîëåñíîãî òðàêòîðà â òÿãîâîì ðåæèìå ðàáîòû ïðåäñòàâëÿåò ïî÷âîîáðàáàòûâàþùèé 
ìàøèííî-òðàêòîðíûé àãðåãàò â âèäå äèíàìè÷åñêîé ñèñòåìû ñ äâóìÿ âõîäíûìè âîçäåéñòâèÿìè, îïðåäåëÿåìûìè 
íàãðóçêîé íà ðàáî÷èå îðãàíû è íåðîâíîñòÿìè ðåëüåôà. Ìàòåìàòè÷åñêàÿ ìîäåëü âêëþ÷àåò óðàâíåíèÿ äâèãàòåëÿ 
è ðåãóëÿòîðà, ìóôòû ñöåïëåíèÿ, ñèëîâîé ïåðåäà÷è, âåäóùåãî êîëåñà è ïðîäîëüíî-âåðòèêàëüíûõ êîëåáàíèé 
òðàêòîðà. Ðåøåíèå ìàòåìàòè÷åñêîé ìîäåëè ÌÒÀ áàçèðóåòñÿ íà ìåòîäå ÷èñëåííîãî èíòåãðèðîâàíèÿ Ðóíãå – 
Êóòòà ÷åòâåðòîãî ïîðÿäêà ïðè ïîñòîÿííîì øàãå. Ïðîèçâåäåíû ðàñ÷åòû äâèæåíèÿ àãðåãàòà ñ ïîäà÷åé íà âõîä 
ìîäåëè ïåðèîäè÷åñêèõ ñèíóñîèäàëüíûõ âîçìóùåíèé. Â ðåçóëüòàòå ðàñ÷åòîâ îïðåäåëåíî, ÷òî âëèÿíèå ìèêðî-
ïðîôèëÿ ïîëÿ è òÿãîâîãî ñîïðîòèâëåíèÿ ðàáî÷èõ îðãàíîâ íà ïîêàçàòåëè ôóíêöèîíèðîâàíèÿ ÌÒÀ ðàçëè÷íî. 
Íàèáîëüøèå àìïëèòóäû âåðòèêàëüíûõ óñêîðåíèé äîñòèãàþòñÿ âñëåäñòâèå âîçäåéñòâèÿ íåðîâíîñòåé ïîëÿ. 
Êîëåáàíèÿ ñêîðîñòè äâèæåíèÿ, ïîãåêòàðíîãî ðàñõîäà òîïëèâà, ìîìåíòà äâèãàòåëÿ îáóñëîâëåíû âîçäåéñòâè-
åì ïåðèîäè÷åñêîé ñîñòàâëÿþùåé òÿãîâîãî ñîïðîòèâëåíèÿ íèçêîé ÷àñòîòû, à áóêñîâàíèÿ è âåäóùåãî ìîìåíòà 
êîëåñ – òàêæå è íåðîâíîñòåé ìèêðîïðîôèëÿ ïîëÿ. Íà ñðåäíèå çíà÷åíèÿ áóêñîâàíèÿ âåäóùèõ êîëåñ òðàêòîðà è 
ïîãåêòàðíîãî ðàñõîäà òîïëèâà â îñíîâíîì âëèÿþò êîëåáàíèÿ òÿãîâîãî ñîïðîòèâëåíèÿ. Ïðèìåíåíèå äèàãîíàëüíî-
ïàðàëëåëüíûõ øèí âìåñòî ðàäèàëüíûõ ïîçâîëÿåò ñíèçèòü áóêñîâàíèå âåäóùèõ êîëåñ òðàêòîðà ñ 24 % ïðè ðàáîòå 
íà ñåðèéíûõ øèíàõ äî 16 % íà îïûòíûõ øèíàõ è óìåíüøèòü ïðè ýòîì ïîãåêòàðíûé ðàñõîä òîïëèâà íà 6 %.
Êëþ÷åâûå ñëîâà: ïî÷âîîáðàáàòûâàþùèé ìàøèííî-òðàêòîðíûé àãðåãàò, ïîêàçàòåëè ôóíêöèîíèðîâàíèÿ, âíåø-
íèå âîçäåéñòâèÿ, òÿãîâîå ñîïðîòèâëåíèå.

The soil-cultivating machine-tractor unit undergoes continuously changing external influences that lead to fluctua-
tions in the speed of movement, slippage of the tractor's driving wheels, loading of the transmission, and increased 
fuel consumption. The main sources of disturbances that cause the oscillations of the tractor are the unevenness of 
the traction resistance of the tillers and the unevenness of the field microprofile. The purpose of the research is to im-
prove the process of functioning of the soil-processing machine-tractor unit by modeling of the influence of external 
action. The mathematical model of the process of operation of a wheeled tractor in the traction mode of operation is 
a machine-tractor unit in the form of a dynamic system with two input forces, determined by the load on the working 
elements and the roughness of the relief. The mathematical model includes the equations of the motor and the regula-
tor, the clutch, the power transmission, the driving wheel and the longitudinal-vertical oscillations of the tractor. The 
solution of the mathematical model of the machine-tractor unit is based on the fourth-order Runge-Kutta numerical 
integration method at a constant step. Calculations are made for the motion of the unit with periodic sinusoidal distur-
bances applied to the input of the model. As a result of calculations, it is determined that the effect of the microfield of 
the field and the traction resistance of the working bodies on the performance of the machine-tractor unit is different. 
The greatest amplitudes of vertical accelerations are achieved due to the effect of field unevenness. Fluctuations in the 
speed of movement, hectare fuel consumption, engine torque are caused by the periodic component of traction resist-
ance of low frequency, and slippage and driving torque of the wheels – as well as unevenness of the field microfilm. 
The average values of the slippage of the tractor's driving wheels and hectare fuel consumption are mainly affected 
by the oscillations of the traction resistance. The use of diagonal-parallel tires instead of radial makes it possible to 
reduce the slipping of the tractor's drive wheels from 24 % (when working on serial tires) to 16 % (on test tires) and 
to reduce the hectare fuel consumption by 6 %.
Keywords: soil-processing machine-tractor unit, performance indicators, external influences, traction resistance.
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Ââåäåíèå
Ïîâûøåíèå ýôôåêòèâíîñòè ñ/õ ïðîèçâîä-

ñòâà íà ôîíå èñ÷åðïàíèÿ âîçìîæíîñòåé ýêîíî-
ìè÷åñêîãî ðîñòà â ñâÿçè ñ âîçðàñòàíèåì òåõíî-
ãåííûõ íàãðóçîê íà îáðàáàòûâàåìóþ ñðåäó äî 
ìàñøòàáîâ, óãðîæàþùèõ äåãðàäàöèè ïî÷âåí-
íîãî ïëîäîðîäèÿ, îñóùåñòâëÿåòñÿ íà îñíîâå 
òðàíñôîðìàöèè íàóêè è òåõíîëîãèé ïðè âûñî-
êîé ðåçóëüòàòèâíîñòè èññëåäîâàíèé è ðàçðà-
áîòêè ìåòîäîâ èõ ïðàêòè÷åñêîãî ïðèìåíåíèÿ, 
íàïðàâëåííûõ íà ïîëó÷åíèå êà÷åñòâåííîé ïðî-
äîâîëüñòâåííîé ïðîäóêöèè. 

Ïîâûøåíèå óðîâíÿ íàó÷íî-òåõíîëîãè÷åñêî-
ãî ðàçâèòèÿ ñ/õ ïðîèçâîäñòâà âîçìîæíî ïóòåì 
èñïîëüçîâàíèÿ ñîâðåìåííûõ òåõíè÷åñêèõ 
ñðåäñòâ, ýôôåêòèâíîñòü ôóíêöèîíèðîâàíèÿ 
êîòîðûõ çàâèñèò îò ïîòðåáëÿåìûõ ýíåðãîçà-
òðàò, ò.å. îò òÿãîâîãî ñîïðîòèâëåíèÿ ðàáî÷èõ 
îðãàíîâ àãðåãàòèðóåìîé ïî÷âîîáðàáàòûâàþ-
ùåé ìàøèíû [1, 2]. 

Â ðåàëüíûõ óñëîâèÿõ ýêñïëóàòàöèè ïî÷âî-
îáðàáàòûâàþùèé ìàøèííî-òðàêòîðíûé àãðåãàò 
(ÌÒÀ) ïîäâåðãàåòñÿ íåïðåðûâíî èçìåíÿþùèì-
ñÿ âíåøíèì âîçäåéñòâèÿì, êîòîðûå îêàçûâàþò 
îòðèöàòåëüíîå âëèÿíèå íà ïîêàçàòåëè ôóíêöè-
îíèðîâàíèÿ [3], òàêèå êàê êîëåáàíèÿ ñêîðîñòè 
äâèæåíèÿ, áóêñîâàíèå âåäóùèõ êîëåñ òðàêòîðà, 
íàãðóæåííîñòü òðàíñìèññèè, ðàñõîä òîïëèâà.

Öåëü èññëåäîâàíèÿ 
Cîâåðøåíñòâîâàíèå ïðîöåññà ôóíêöèîíè-

ðîâàíèÿ ÌÒÀ ïóòåì ìîäåëèðîâàíèÿ âëèÿíèÿ 
âíåøíèõ âîçäåéñòâèé.

 Ìàòåðèàëû è ìåòîäû
Îñíîâíûì èñòî÷íèêîì âîçìóùåíèé, âû-

çûâàþùèõ êîëåáàíèÿ òðàêòîðà, ÿâëÿåòñÿ íå-
ðàâíîìåðíîñòü òÿãîâîãî ñîïðîòèâëåíèÿ ïî-

÷âîîáðàáàòûâàþùèõ ìàøèí è íåðîâíîñòè 
ìèêðîïðîôèëÿ ïîëÿ. Ìàòåìàòè÷åñêàÿ ìîäåëü 
ïðîöåññà ðàáîòû êîëåñíîãî òðàêòîðà â òÿãîâîì 
ðåæèìå ðàáîòû ïðåäñòàâëÿåò ÌÒÀ â âèäå äè-
íàìè÷åñêîé ñèñòåìû ñ äâóìÿ âõîäíûìè âîçäåé-
ñòâèÿìè, îïðåäåëÿåìûìè íàãðóçêîé íà ðàáî÷èå 
îðãàíû è íåðîâíîñòÿìè ðåëüåôà. Îñíîâîé äëÿ 
òåîðåòè÷åñêîãî àíàëèçà ôóíêöèîíèðîâàíèÿ 
àãðåãàòà ÿâëÿåòñÿ äèíàìè÷åñêàÿ ñõåìà (ðèñ. 1).

Ìîäåëü ñîñòàâëåíà ïðè ñëåäóþùèõ îñíîâ-
íûõ äîïóùåíèÿõ:

1) îñòîâ òðàêòîðà âìåñòå ñ êàáèíîé ðàññìà-
òðèâàåòñÿ êàê òâåðäîå òåëî;

2) êîëåáàíèÿ ðàññìàòðèâàþòñÿ îò ïîëîæå-
íèÿ ñòàòè÷åñêîãî ðàâíîâåñèÿ ñ íà÷àëîì êîîð-
äèíàò â öåíòðå òÿæåñòè òðàêòîðà;

3) òðàêòîð äâèæåòñÿ ïðÿìîëèíåéíî;
4) óïðóãèå ýëåìåíòû èìåþò ëèíåéíóþ õà-

ðàêòåðèñòèêó;
5) âîçäåéñòâèÿ íà ïðàâîå è ëåâîå êîëåñà 

îäèíàêîâû è îäíîâðåìåííû;
6) ñèëàìè èíåðöèè â ðåãóëÿòîðå äâèãàòåëÿ, 

íåïîäðåññîðåííûìè ìàññàìè ïåðåäíåãî ìîñòà 
òðàêòîðà ïðåíåáðåãàåì.

Ìàòåìàòè÷åñêàÿ ìîäåëü âêëþ÷àåò óðàâíå-
íèÿ äâèãàòåëÿ è ðåãóëÿòîðà, ìóôòû ñöåïëåíèÿ, 
ñèëîâîé ïåðåäà÷è, âåäóùåãî êîëåñà è ïðîäîëü-
íî-âåðòèêàëüíûõ êîëåáàíèé òðàêòîðà (çàâèñè-
ìîñòè 1–23).

Â ðàâíîâåñíîì ðåæèìå ðàáîòà äâèãàòåëÿ 
âíóòðåííåãî ñãîðàíèÿ õàðàêòåðèçóåòñÿ ïîñòî-
ÿíñòâîì óãëîâîé ñêîðîñòè êîëåí÷àòîãî âàëà 
ïðè çàäàííîé íàãðóçêå. Ïîääåðæàíèå òàêîãî 
ðåæèìà âîçìîæíî ïðè óñëîâèè ðàâåíñòâà êðó-
òÿùåãî ìîìåíòà äâèãàòåëÿ M

ä
 ìîìåíòó òðåíèÿ 

ìóôòû ñöåïëåíèÿ M
ôð

 [4].

 
M Mä ôð . (1)

Ðèñ. 1. Äèíàìè÷åñêàÿ ñõåìà êóëüòèâàòîðíîãî àãðåãàòà
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Â íåðàâíîâåñíîì ðåæèìå (â ñëó÷àå íåðàâåí-
ñòâà ìîìåíòà äâèãàòåëÿ è ìîìåíòà òðåíèÿ ìóôòû 
ñöåïëåíèÿ) âîçíèêàþò èíåðöèîííûå ñèëû.

 1 1J M M   ä ôð , (2)

ãäå J
1 

– ïðèâåäåííûé ê êîëåí÷àòîìó âàëó 
ìîìåíò èíåðöèè äâèãàòåëÿ; 1  – óãëîâîå óñêî-
ðåíèå âàëà äâèãàòåëÿ.

Õàðàêòåðèñòèêè êðóòÿùåãî ìîìåíòà äâè-
ãàòåëÿ è óäåëüíîãî ðàñõîäà òîïëèâà [5] ìîãóò 
áûòü ïðåäñòàâëåíû óðàâíåíèÿìè ðåãðåññèè:

 

2
0 1 1 2 1

2
3 4 1 5 ;

M a a a

a h a h a h

     

      

ä

ð ð ð

 (3)

 
 

2
0 1 1 2 1

2
3 4 1 5

g b b b

b h b h b h

     

      
å

ð ð ð

, (4)

ãäå a
i
, b

i 
– êîýôôèöèåíòû ðåãðåññèè; h

ð 
– îò-

êëîíåíèå ðåéêè òîïëèâíîãî íàñîñà îò ïîëîæå-
íèÿ, ñîîòâåòñòâóþùåãî íîìèíàëüíîé ïîäà÷å 
òîïëèâà; 

1
 – óãëîâàÿ ñêîðîñòü âàëà äâèãàòåëÿ.

Äâèæåíèå ðåéêè òîïëèâíîãî íàñîñà, ñíàá-
æåííîãî ðåãóëÿòîðîì ïðÿìîãî äåéñòâèÿ, îïðå-
äåëÿåòñÿ äâèæåíèåì åãî ìóôòû. Îòêëîíåíèå 
ðåéêè òîïëèâíîãî íàñîñà îïðåäåëÿåòñÿ çàâèñè-
ìîñòüþ [5–9]:

 
3,57h z p , (5)

ãäå z – ïåðåìåùåíèå ìóôòû ðåãóëÿòîðà.
Áåç ó÷åòà èíåðöèîííûõ ñèë äâèæåíèå 

ìóôòû ðåãóëÿòîðà îïèñûâàåòñÿ ñèñòåìîé óðàâ-
íåíèé:

   

 

2
p p 12

p

2
p 1 02

p

,

,

A z
z c z F z z

i

A z
z c z F z z

i


         



        






í

ê ê í

ïðè

ïðè

 

 
, (6)

ãäå z
í
 – ïîëîæåíèå ìóôòû ðåãóëÿòîðà, ñîîò-

âåòñòâóþùåå íîìèíàëüíîé ïîäà÷å òîïëèâà; 


ð
 – êîýôôèöèåíò âÿçêîãî òðåíèÿ â ðåãóëÿòîðå; 

c
ð
, c

ê
 – ïðèâåäåííûå ê ìóôòå æåñòêîñòè ïðóæèí 

ðåãóëÿòîðà è êîððåêòîðà; A(z) – êîýôôèöèåíò 
ïîääåðæèâàþùåé ñèëû; i

ð
 – ïåðåäàòî÷íîå ÷èñëî 

ïðèâîäà âàëà ðåãóëÿòîðà; F() – óñèëèå çàòÿæêè 
ïðóæèíû ðåãóëÿòîðà, çàâèñÿùåå îò óãëà ïîâî-
ðîòà ðû÷àãà óïðàâëåíèÿ ðåãóëÿòîðîì ; F

ê0
 – íà-

÷àëüíîå óñèëèå çàòÿæêè ïðóæèíû êîððåêòîðà.
Â ïðîöåññå âêëþ÷åíèÿ ìóôòû ñöåïëåíèÿ â 

íà÷àëüíûé ìîìåíò âðåìåíè êðóòÿùèé ìîìåíò 
íà âàëó ìóôòû è åå ÷àñòîòà âðàùåíèÿ ðàâíû 
íóëþ, ÷àñòîòà âðàùåíèÿ êîëåí÷àòîãî âàëà äâè-
ãàòåëÿ ìàêñèìàëüíàÿ. Çàòåì ìîìåíò òðåíèÿ 

ôðèêöèîíà âîçðàñòàåò îò íóëÿ äî ìàêñèìàëü-
íîãî åãî çíà÷åíèÿ. Ìîìåíò òðåíèÿ ôðèêöèîíà 
ñ äîñòàòî÷íîé òî÷íîñòüþ îïðåäåëÿåòñÿ ñëåäó-
þùåé çàâèñèìîñòüþ [5, 6, 7, 8, 9]:

 

 
  

1

2 1 2

max

max

1

1 ,

k t

k

M n F R P e

e

 

   

      

      

ôð ñð
 (7)

ãäå n – ÷èñëî ïàð ïîâåðõíîñòåé òðåíèÿ; F – 
ïëîùàäü ïîâåðõíîñòåé òðåíèÿ äèñêîâ; R

ñð
 – 

ñðåäíèé ðàäèóñ äèñêîâ; P
max

 – ñèëà ñæàòèÿ 
ïîâåðõíîñòè òðåíèÿ; t – âðåìÿ âêëþ÷åíèÿ 
ôðèêöèîíà; k

1
 – ïîêàçàòåëü ýêñïîíåíòû íàðàñ-

òàíèÿ äàâëåíèÿ; k
2
 – ïîêàçàòåëü ýêñïîíåíòû 

èçìåíåíèÿ êîýôôèöèåíòà òðåíèÿ; 
max

 – ìàê-
ñèìàëüíîå çíà÷åíèå êîýôôèöèåíòà òðåíèÿ; 
 – îòíîñèòåëüíîå èçìåíåíèå êîýôôèöèåíòà 
òðåíèÿ; 

2
 – óãëîâàÿ ñêîðîñòü âåäóùåãî âàëà 

òðàíñìèññèè.
Ñîãëàñíî äèíàìè÷åñêîé ìîäåëè ñèëîâàÿ ïå-

ðåäà÷à ïðåäñòàâëåíà â âèäå êðóòèëüíî-êîëåáà-
òåëüíîé ñèñòåìû ñ ìàññàìè íà âõîäå è âûõîäå, 
èìåþùåé ìîìåíòû èíåðöèè, ñîîòâåòñòâåííî, 
J

2
 è J

3
. Äâèæåíèå ìàññ ñèëîâîé ïåðåäà÷è ìîæåò 

áûòü îïèñàíî óðàâíåíèÿìè:

 

 2 2 1 2

3 3

,
J M M

J M i M

      


    





ôð òð òð

òð òð øê

 (8)

ãäå M
òð
 – ìîìåíò ñâÿçè â ñèëîâîé ïåðåäà÷å, 

ó÷èòûâàþùèé åå óïðóãîñòü, äåìïôèðîâàíèå 
è ñóõîå òðåíèå; 

òð1


2
 – âåëè÷èíà, õàðàêòåðè-

çóþùàÿ ïîòåðè âåäóùåãî ìîìåíòà íà âÿçêîå 
òðåíèå ïðè ðàâíîìåðíîì âðàùåíèè äåòàëåé 
òðàíñìèññèè; M

øê
 – ìîìåíò çàêðóòêè øèíû âå-

äóùåãî êîëåñà; 
3
 – óãëîâàÿ ñêîðîñòü âåäîìîãî 

âàëà òðàíñìèññèè (êîëåñà); i
òð
 – ïåðåäàòî÷íîå 

÷èñëî ñèëîâîé ïåðåäà÷è.
Ìîìåíò M

òð
 â îáùåì ñëó÷àå ÿâëÿåòñÿ ôóíê-

öèåé óãëà çàêðó÷èâàíèÿ âàëà, íà êîíöàõ êîòî-
ðîãî óñòàíîâëåíû ìàõîâèêè ñ ìîìåíòàìè èíåð-
öèè J

2
 è J

3
 ñ äåéñòâóþùèìè íà íèõ âåäóùèì 

ìîìåíòîì è ìîìåíòîì ñîïðîòèâëåíèÿ. Ïðèìå-
íèòåëüíî ê ðàññìàòðèâàåìîé ìîäåëè:

   
 

2 3 2 3

2 3sign ,

M c i i

M i

           

    

òð òð òð òð òð

òð

 (9)

ãäå c
òð
 – æåñòêîñòü ñèëîâîé ïåðåäà÷è; , 3

 – 
ñîîòâåòñòâåííî, óãëû ïîâîðîòà âåäóùåãî è âå-
äîìîãî âàëîâ; i

òð
 – ïåðåäàòî÷íîå ÷èñëî ñèëîâîé 
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ïåðåäà÷è; 
òð
 – êîýôôèöèåíò âÿçêîãî òðåíèÿ 

ñèëîâîé ïåðåäà÷è; M – ìîìåíò ñóõîãî òðåíèÿ.
Ìîìåíò ñóõîãî òðåíèÿ ñèëîâîé ïåðåäà÷è 

îïðåäåëÿåòñÿ ïî ôîðìóëå:

 
   2 3 1M c i       òð òð òð , (10)

ãäå 
òð

 – ÊÏÄ ñèëîâîé ïåðåäà÷è.
Ïðîâåäåííûå èññëåäîâàíèÿ äåôîðìàöèè 

ïíåâìàòè÷åñêèõ òðàêòîðíûõ øèí íèçêîãî äàâ-
ëåíèÿ ïîêàçûâàþò, ÷òî ïíåâìàòè÷åñêàÿ øèíà â 
âåäóùåì ðåæèìå èñïûòûâàåò òðè âèäà äåôîð-
ìàöèè: ðàäèàëüíóþ, êðóòèëüíóþ è ïðîäîëü-
íóþ [5, 10]. Øèíà ïðåäñòàâëåíà äâóõìàññîâîé 
ìîäåëüþ ñ ìîìåíòàìè èíåðöèè J

3
 è J

4
. Ìîìåíò 

èíåðöèè J
3
 õàðàêòåðèçóåò îáîä êîëåñà ñî ñòó-

ïèöåé è ÷àñòü øèíû, ìîìåíò èíåðöèè J
4
 – áåãî-

âóþ äîðîæêó øèíû.
Äâèæåíèå ìàññ âåäóùåãî êîëåñà íà îñíîâå 

ïðèíÿòîé äèíàìè÷åñêîé ìîäåëè îïèñûâàåòñÿ 
ñèñòåìîé óðàâíåíèé [5–10]:

 

4 4

2
4 0 1 2 2 4 2

0

;

1 sign

1

J M M

xv r R x
r

  


   
                
    

   





øê øõ

cx ,
 

(11)

ãäå M
øê

 – ìîìåíò çàêðóòêè øèíû; M
øx

 – 
ìîìåíò øèíû âåäóùåãî êîëåñà îò ïðîäîëü-
íîé äåôîðìàöèè; v

cx
 – ñêîðîñòü öåíòðà ìàññ 

òðàêòîðà â ãîðèçîíòàëüíîì íàïðàâëåíèè; x
2
 – 

ïðîäîëüíàÿ äåôîðìàöèÿ øèí âåäóùèõ êîëåñ; 
r

0
 – ñâîáîäíûé ðàäèóñ âåäóùåãî êîëåñà; 

1
 – 

êîýôôèöèåíò îòíîñèòåëüíîãî ñæàòèÿ âîëîêîí 
îò íîðìàëüíîé íàãðóçêè; 

2
 – êîýôôèöèåíò îò-

íîñèòåëüíîãî ñæàòèÿ âîëîêîí îò ïðîäîëüíîé 
íàãðóçêè; 

4
 – óãëîâàÿ ñêîðîñòü áåãîâîé äî-

ðîæêè;  – áóêñîâàíèå êîëåñà.
Ìîìåíò çàêðóòêè øèíû ìîæåò áûòü ðàññ÷è-

òàí ïî ôîðìóëå:

    2 3 4 2 3 4M c         øê ê ê , (12)

ãäå c
ê2

 – êðóòèëüíàÿ æåñòêîñòü âåäóùåãî êî-
ëåñà; j

3
 – óãîë ïîâîðîòà îñè êîëåñà; 

4
 – óãîë 

ïîâîðîòà áåãîâîé äîðîæêè; 
ê2

 – êðóòèëüíîå 
äåìïôèðîâàíèå âåäóùåãî êîëåñà; 

3
 – óãëîâàÿ 

ñêîðîñòü îñè êîëåñà.
Ìîìåíò øèíû âåäóùåãî êîëåñà îò ïðîäîëü-

íîé äåôîðìàöèè îïðåäåëÿåòñÿ ñëåäóþùèì îá-
ðàçîì:

  2 2 2 2 2 2M c x x r R a       øõ õ õ ä , (13)

ãäå c
x2

 – ïðîäîëüíàÿ æåñòêîñòü øèí âåäóùèõ 
êîëåñ; 

x2
 – ïðîäîëüíûé êîýôôèöèåíò âÿçêîãî 

òðåíèÿ øèí âåäóùèõ êîëåñ; r
ä
 – äèíàìè÷åñêèé 

ðàäèóñ êà÷åíèÿ âåäóùåãî êîëåñà; R
2
 – âåðòè-

êàëüíàÿ ðåàêöèÿ íà çàäíèõ êîëåñàõ; a
2
 – ñäâèã 

âåðòèêàëüíîé ðåàêöèè.
Âåðòèêàëüíàÿ ðåàêöèÿ íà çàäíèõ êîëåñàõ 

îïðåäåëÿåòñÿ ïî ôîðìóëå:

 2 2 2 2 2 2 20z z zR c z z c z      ø ø , (14)

ãäå c
z2

 – ðàäèàëüíàÿ æåñòêîñòü øèí âåäóùèõ 
êîëåñ; 

z2
 – ðàäèàëüíûé êîýôôèöèåíò âÿçêîãî 

òðåíèÿ øèí âåäóùèõ êîëåñ; z
ø2

 – ðàäèàëüíàÿ 
äåôîðìàöèÿ øèíû âåäóùåãî êîëåñà, âûçâàííàÿ 
âåðòèêàëüíûìè êîëåáàíèÿìè îñòîâà òðàêòîðà; 
z

20
 – ñòàòè÷åñêèé ïðîãèá øèíû âåäóùåãî êîëåñà.
Ñäâèã âåðòèêàëüíîé ðåàêöèè îïðåäåëÿåòñÿ 

ïî ôîðìóëå:

 

2 2 2 2
2

2z

c x xa f r
c

   
  

x x
ñ , (15)

ãäå f – êîýôôèöèåíò ñîïðîòèâëåíèÿ êà÷åíèþ â 
ñâîáîäíîì ðåæèìå; r

ñ
 – ðàäèóñ êà÷åíèÿ â ñâî-

áîäíîì ðåæèìå.
Ïðèíèìàÿ äèíàìè÷åñêèé ðàäèóñ ðàâíûì 

ðàññòîÿíèþ îò îñè êîëåñà äî îïîðíîé ïîâåðõ-
íîñòè, ìîæíî çàïèñàòü:

 0 20 2r r z z  ä ø . (16)

Ïðè äâèæåíèè êîëåñíîãî òðàêòîðà ïî íå-
ðîâíîñòÿì ïîëÿ ïðîèñõîäèò âçàèìîäåéñòâèå 
åãî êîëåñ ñ ïðåïÿòñòâèÿìè, ÷òî âûçûâàåò êîëå-
áàíèÿ îñòîâà òðàêòîðà â ïðîäîëüíî-âåðòèêàëü-
íîé ïëîñêîñòè è íàãðóæàåò åãî òðàíñìèññèþ. 
Èçìåíåíèå òÿãîâîãî ñîïðîòèâëåíèÿ ðàáî÷åé 
ìàøèíû òàêæå âûçûâàåò êîëåáàíèÿ òðàêòîðà. 
Êîëåáàíèÿ îñòîâà òðàêòîðà â ïðîäîëüíî-âåð-
òèêàëüíîé ïëîñêîñòè îïèñûâàþòñÿ ñèñòåìîé 
óðàâíåíèé [5, 6, 7, 8, 9]:

   
   

   
   

   

c c 1 1 1 1 1 1

2 2 2 21 2 2

c c 1 1 1 1 1 1

2 2 2 21 2 2

2 2 2 2 c c c

2 2 2 2

;

;

z z

z

z z

z

m z c z q z q

c z q z q

J c z q z q a

c z q z q b

c x x r h P h

m v c x x P m g

         


       
            


            


         
          

 



 





 

x x

c cx x x c c c

ä

,  (17)

ãäå m
c
 – ìàññà àãðåãàòà; J

c
 – ìîìåíò èíåðöèè 

òðàêòîðà îòíîñèòåëüíî öåíòðà ìàññ; z
c
 – îò-

êëîíåíèå ïî âåðòèêàëè öåíòðà ìàññ òðàêòîðà 
îò ïîëîæåíèÿ ðàâíîâåñèÿ; 

c
 – óãîë ïîâîðîòà 
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îñòîâà òðàêòîðà îòíîñèòåëüíî ïîïåðå÷íîé ãî-
ðèçîíòàëüíîé îñè, ïðîõîäÿùåé ÷åðåç öåíòð 
ìàññ òðàêòîðà; z

1
, z

2
 – îòêëîíåíèÿ ïî âåðòèêà-

ëè îò ïîëîæåíèÿ ðàâíîâåñèÿ, ñîîòâåòñòâåííî, 
öåíòðîâ ïåðåäíåãî è çàäíåãî ìîñòîâ òðàêòîðà; 
q

1
, q

2
 – êîîðäèíàòû ìèêðîïðîôèëÿ, ñîîòâåò-

ñòâåííî, ïîä ïåðåäíèìè è çàäíèìè êîëåñàìè 
òðàêòîðà; a, b – ñîîòâåòñòâåííî, ðàññòîÿíèÿ îò 
öåíòðà òÿæåñòè äî ïåðåäíåãî è çàäíåãî ìîñòîâ; 
P

ñ
 – òÿãîâîå ñîïðîòèâëåíèå ðàáî÷èõ îðãàíîâ; 

h
ñ
 – ðàññòîÿíèå îò ëèíèè äåéñòâèÿ ñèëû òÿãè 

äî öåíòðà ìàññ òðàêòîðà; c
z1

 – ïðèâåäåííàÿ 
æåñòêîñòü óïðóãèõ ýëåìåíòîâ ïåðåäíåé ïîäâå-
ñêè; a

z1
 – êîýôôèöèåíò äåìïôèðîâàíèÿ ïåðåä-

íåé ïîäâåñêè è øèí.
Ðàäèàëüíàÿ äåôîðìàöèÿ øèíû âåäóùåãî 

êîëåñà îïðåäåëÿåòñÿ ïî ôîðìóëå:

 2 2 2z z q ø . (18)

Îòêëîíåíèÿ îò ïîëîæåíèÿ ðàâíîâåñèÿ öåí-
òðîâ ïåðåäíåãî è çàäíåãî ìîñòîâ òðàêòîðà 
îïðåäåëÿþòñÿ ïî ôîðìóëàì:

 1z z a  c c ; (19)

 2z z b  c c .  (20)

Òîãäà äèíàìè÷åñêèé ðàäèóñ êà÷åíèÿ âåäóùåãî 
êîëåñà ìîæíî ðàññ÷èòàòü ñëåäóþùèì îáðàçîì:

  0 2 20r r z b q z     ä c c . (21)

Óïðóãèå ýëåìåíòû ïåðåäíåé ïîäâåñêè 
(ïðóæèí c

ï1
 è øèí c

ø1
) çàìåíåíû îäíèì ýëåìåí-

òîì ñ ïðèâåäåííîé æåñòêîñòüþ c
z1

, îïðåäåëÿå-
ìîé ïî ôîðìóëå [5]:

 

1 1
1

1 1
z

c cc
c c





ï ø

ï ø

. (22)

Ìíîãèìè èññëåäîâàòåëÿìè îòìå÷àåòñÿ ðîñò 
òÿãîâîãî ñîïðîòèâëåíèÿ ìàøèí ïî ìåðå ðîñòà 
ñêîðîñòè äâèæåíèÿ. Êðîìå òîãî, âî ìíîãèõ 
ðàáîòàõ ïîêàçàíî, ÷òî òÿãîâîå ñîïðîòèâëåíèå 
âñëåäñòâèå íåîäíîðîäíîñòè ïëîòíîñòè ïî÷âû 
èìååò ñëó÷àéíûé õàðàêòåð. Â óñòàíîâèâøåìñÿ 
ðåæèìå äâèæåíèÿ àãðåãàòà ïðè èññëåäîâàíèè 
òÿãîâîé äèíàìèêè òðàêòîðà ñëó÷àéíàÿ ôóíê-
öèÿ òÿãîâîãî ñîïðîòèâëåíèÿ ðàññìàòðèâàåò-
ñÿ êàê ñòàöèîíàðíàÿ è ýðãîäè÷åñêàÿ. Ñ äðóãîé 
ñòîðîíû, îïðåäåëåííûé èíòåðåñ âûçûâàåò 
ïåðèîäè÷åñêîå âîçäåéñòâèå íà äèíàìè÷åñêóþ 
ñèñòåìó ñ çàäàííîé ÷àñòîòîé. Ñ ó÷åòîì âûøå-
èçëîæåííîãî, ìîæíî çàïèñàòü ñëåäóþùåå âû-
ðàæåíèå äëÿ òÿãîâîãî ñîïðîòèâëåíèÿ [6]:

 
     0

0P t P P v v t        ñ ñ ñ cx , (23)

ãäå P
ñ
0 – ìàòåìàòè÷åñêîå îæèäàíèå òÿãîâîãî 

ñîïðîòèâëåíèÿ ïðè ñêîðîñòè v
0
; P

ñ
 – òåìï 

íàðàñòàíèÿ òÿãîâîãî ñîïðîòèâëåíèÿ ïðè 
óâåëè÷åíèè ñêîðîñòè íà âåëè÷èíó (v

cx
 – v

0
); 

(t) – öåíòðèðîâàííàÿ ýðãîäè÷åñêàÿ ñòàöèî-
íàðíàÿ ñëó÷àéíàÿ ôóíêöèÿ èëè ïåðèîäè÷åñêàÿ 
ôóíêöèÿ, õàðàêòåðèçóþùàÿ êîëåáàíèÿ òÿãîâî-
ãî ñîïðîòèâëåíèÿ àãðåãàòà ïðè ñêîðîñòè v

0
.

Ðåçóëüòàòû è èõ îáñóæäåíèå
Ðåøåíèå ìàòåìàòè÷åñêîé ìîäåëè ÌÒÀ áà-

çèðóåòñÿ íà ìåòîäå ÷èñëåííîãî èíòåãðèðî-
âàíèÿ Ðóíãå – Êóòòà ÷åòâåðòîãî ïîðÿäêà ïðè 
ïîñòîÿííîì øàãå. Äëÿ èññëåäîâàíèÿ âëèÿíèÿ 
êîëåáàíèé òÿãîâîãî ñîïðîòèâëåíèÿ è ìèêðî-
ïðîôèëÿ ïîëÿ íà ïîêàçàòåëè ôóíêöèîíèðîâà-
íèÿ àãðåãàòà íà ÏÝÂÌ ïðîèçâåäåíû ðàñ÷åòû 
äâèæåíèÿ àãðåãàòà ñ ïîäà÷åé íà âõîä ìîäåëè 
ïåðèîäè÷åñêèõ ñèíóñîèäàëüíûõ âîçìóùåíèé. 
Ðàññìîòðåíû âàðèàíòû êîìïëåêòàöèè âåäóùèõ 
êîëåñ òðàêòîðà øèíàìè ñåðèéíîé ðàäèàëüíîé 
(16,9R30) è ýêñïåðèìåíòàëüíîé äèàãîíàëüíî-
ïàðàëëåëüíîé (16,9-30ÄÏ) êîíñòðóêöèé [5, 6, 7, 
8, 9]. 

Êîððåêòíîñòü ìàòåìàòè÷åñêîé ìîäåëè ÌÒÀ 
îïðåäåëÿëàñü ïóòåì ñðàâíåíèÿ ðåçóëüòàòîâ íà-
òóðíûõ èñïûòàíèé êóëüòèâàòîðíîãî àãðåãàòà 
ïðè åãî ðàçãîíå ñ ðåçóëüòàòàìè àíàëèòè÷åñêèõ 
ðàñ÷åòîâ íà ÏÝÂÌ. Ïîëó÷åííàÿ ïðè ýòîì îò-
íîñèòåëüíàÿ ïîãðåøíîñòü íå ïðåâûøàåò 5,3 %, 
÷òî ïîçâîëÿåò ñ÷èòàòü ðåçóëüòàòû àíàëèòè÷å-
ñêîãî èññëåäîâàíèÿ àãðåãàòà âïîëíå óäîâëåòâî-
ðèòåëüíûìè [5, 6, 7].

Â ðåçóëüòàòå òåîðåòè÷åñêèõ èññëåäîâàíèé 
ïîëó÷åíî ñëåäóþùåå. Íàèáîëüøèå àìïëèòóäû 
âåðòèêàëüíûõ óñêîðåíèé äîñòèãàþòñÿ âñëåä-
ñòâèå âîçäåéñòâèÿ íåðîâíîñòåé ïîëÿ (ðèñ. 2). 
Ïðè ýòîì ðåçîíàíñíûå ÷àñòîòû íàõîäÿòñÿ â îá-
ëàñòè 1,5–2 ì-1. 

Ðèñ. 2. Çàâèñèìîñòü àìïëèòóäû êîëåáàíèé 
âåðòèêàëüíûõ óñêîðåíèé çàäíåãî ìîñòà 

îò ÷àñòîòû âíåøíèõ âîçäåéñòâèé



ISSN 0321-4443 Òðàêòîðû è ñåëüõîçìàøèíû, ¹ 4, 2018

Ò
Å

Î
Ð

È
ß

, 
Ê

Î
Í

Ñ
Ò

Ð
Ó

È
Ð

Î
Â

À
Í

È
Å

, 
È

Ñ
Ï

Û
Ò

À
Í

È
ß

Ïàðõîìåíêî Ñ.Ã., Ïàðõîìåíêî Ã.Ã.

60

Êîëåáàíèÿ ñêîðîñòè äâèæåíèÿ, ìîìåí-
òà äâèãàòåëÿ, ïîãåêòàðíîãî ðàñõîäà òîïëèâà 
(ðèñ. 3–7) îáóñëîâëåíû, ãëàâíûì îáðàçîì, 
âîçäåéñòâèåì ïåðèîäè÷åñêîé ñîñòàâëÿþùåé 
òÿãîâîãî ñîïðîòèâëåíèÿ íèçêîé ÷àñòîòû (äî 
1–2 ì-1). Êîëåáàíèÿ âåäóùåãî ìîìåíòà êîëåñ è 
áóêñîâàíèÿ (ðèñ. 5, 6) â îáëàñòè íèçêèõ ÷àñòîò 
(0–1,5 ì-1) âîçíèêàþò âñëåäñòâèå èçìåíåíèÿ òÿ-
ãîâîãî ñîïðîòèâëåíèÿ, â îáëàñòè áîëåå âûñî-
êèõ ÷àñòîò (ñâûøå 1,5 ì-1) – âñëåäñòâèå âîçäåé-
ñòâèÿ íåðîâíîñòåé ìèêðîïðîôèëÿ ïîëÿ.

Ðèñ. 3. Çàâèñèìîñòü àìïëèòóäû êîëåáàíèé ñêîðîñòè 
àãðåãàòà îò ÷àñòîòû âíåøíèõ âîçäåéñòâèé

Ðèñ. 4. Çàâèñèìîñòü àìïëèòóäû êîëåáàíèé êðóòÿùåãî 
ìîìåíòà äâèãàòåëÿ îò ÷àñòîòû âíåøíèõ âîçäåéñòâèé

Ðèñ. 5. Çàâèñèìîñòü àìïëèòóäû êîëåáàíèé âåäóùåãî 
ìîìåíòà êîëåñ îò ÷àñòîòû âíåøíèõ âîçäåéñòâèé

Íà ñðåäíèå çíà÷åíèÿ áóêñîâàíèÿ âåäóùèõ 
êîëåñ òðàêòîðà è ïîãåêòàðíîãî ðàñõîäà òîïëè-
âà îñíîâíîå âëèÿíèå îêàçûâàþò êîëåáàíèÿ òÿ-
ãîâîãî ñîïðîòèâëåíèÿ, êîòîðûå â çîíå ÷àñòîò 
0–1 ì-1 âûçûâàþò ïîâûøåíèå ñðåäíåãî çíà÷å-
íèÿ áóêñîâàíèÿ íà 7–12 %, ïîãåêòàðíîãî ðàñõî-
äà òîïëèâà – íà 3–4 %. Âîçäåéñòâèå ìèêðîïðî-
ôèëÿ ïîëÿ íå îêàçûâàåò çàìåòíîãî âëèÿíèÿ íà 
ñðåäíèå çíà÷åíèÿ ýòèõ ïîêàçàòåëåé. 

Ïîëîæèòåëüíîãî ýôôåêòà ìîæíî äîñòè÷ü 
ñíèæåíèåì ðàäèàëüíîé æåñòêîñòè ïíåâìàòè÷å-
ñêèõ øèí âåäóùèõ êîëåñ òðàêòîðà [10], èñïîëü-
çîâàíèåì èííîâàöèîííûõ êîíñòðóêöèé ðàáî-
÷èõ îðãàíîâ [11, 12, 13].

Ïðèìåíåíèå äèàãîíàëüíî-ïàðàëëåëüíûõ 
øèí [10] âìåñòî ðàäèàëüíûõ ïîçâîëÿåò ñíèçèòü 
áóêñîâàíèå âåäóùèõ êîëåñ òðàêòîðà ñ 24 % 
ïðè ðàáîòå íà ñåðèéíûõ øèíàõ äî 16 % íà 
îïûòíûõ øèíàõ è óìåíüøèòü ïðè ýòîì ïîãåê-
òàðíûé ðàñõîä òîïëèâà íà 6 %. Îäíîâðåìåííî 
ñíèæàåòñÿ è àìïëèòóäà êîëåáàíèé ïîêàçàòå-
ëåé ôóíêöèîíèðîâàíèÿ ÌÒÀ.

Ðèñ. 6. Çàâèñèìîñòü àìïëèòóäû êîëåáàíèé 
áóêñîâàíèÿ îò ÷àñòîòû âíåøíèõ âîçäåéñòâèé

Ðèñ. 7. Çàâèñèìîñòü àìïëèòóäû êîëåáàíèé 
ïîãåêòàðíîãî ðàñõîäà òîïëèâà îò ÷àñòîòû 

âíåøíèõ âîçäåéñòâèé
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Çàêëþ÷åíèå
Âëèÿíèå ìèêðîïðîôèëÿ ïîëÿ è òÿãîâîãî 

ñîïðîòèâëåíèÿ íà ðàáî÷èõ îðãàíàõ íà ïîêàçà-
òåëè ôóíêöèîíèðîâàíèÿ ÌÒÀ ðàçëè÷íî. Íàè-
áîëüøèå àìïëèòóäû âåðòèêàëüíûõ óñêîðåíèé 
äîñòèãàþòñÿ âñëåäñòâèå âîçäåéñòâèÿ íåðîâíî-
ñòåé ïîëÿ. Êîëåáàíèÿ ñêîðîñòè äâèæåíèÿ, ïî-
ãåêòàðíîãî ðàñõîäà òîïëèâà, ìîìåíòà äâèãàòå-
ëÿ îáóñëîâëåíû âîçäåéñòâèåì ïåðèîäè÷åñêîé 
ñîñòàâëÿþùåé òÿãîâîãî ñîïðîòèâëåíèÿ íèçêîé 
÷àñòîòû, à áóêñîâàíèÿ è âåäóùåãî ìîìåíòà 
êîëåñ – òàêæå è íåðîâíîñòåé ìèêðîïðîôèëÿ 
ïîëÿ. Íà ñðåäíèå çíà÷åíèÿ áóêñîâàíèÿ âåäó-
ùèõ êîëåñ òðàêòîðà è ïîãåêòàðíîãî ðàñõîäà òî-
ïëèâà â îñíîâíîì âëèÿþò êîëåáàíèÿ òÿãîâîãî 
ñîïðîòèâëåíèÿ.
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