
ISSN 0321-4443 Òðàêòîðû è ñåëüõîçìàøèíû, ¹ 2, 2021

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

Ðîìàí÷åíêî Ì.È. 
Ìîäåëèðîâàíèå ïàðàìåòðîâ ñâîáîäíîãî è âåäóùåãî ðåæèìîâ êà÷åíèÿ êîëåñà 

ñ ó÷åòîì íåñèììåòðè÷íîñòè ýïþðû íîðìàëüíûõ ðåàêöèé

34

ÓÄÊ 629.012.3
DOI: 10.31992/0321-4443-2021-2-34-44

ÌÎÄÅËÈÐÎÂÀÍÈÅ ÏÀÐÀÌÅÒÐÎÂ ÑÂÎÁÎÄÍÎÃÎ 
È ÂÅÄÓÙÅÃÎ ÐÅÆÈÌÎÂ ÊÀ×ÅÍÈß ÊÎËÅÑÀ 
Ñ Ó×ÅÒÎÌ ÍÅÑÈÌÌÅÒÐÈ×ÍÎÑÒÈ ÝÏÞÐÛ 
ÍÎÐÌÀËÜÍÛÕ ÐÅÀÊÖÈÉ

MODELING THE PARAMETERS OF FREE AND DRIVING 
WHEEL ROLLING MODES TAKING INTO ACCOUNT 
THE ASYMMETRY OF THE NORMAL REACTION DIAGRAM

Ïðèâåäåíà ìåòîäèêà îïðåäåëåíèÿ ñèëîâûõ è êèíåìàòè÷åñêèõ ïàðàìåòðîâ øèíû è êîëåñà äëÿ ñâîáîäíîãî è âå-
äóùåãî ðåæèìîâ êà÷åíèÿ ñ ó÷åòîì ñìåùåíèÿ öåíòðà íîðìàëüíûõ ðåàêöèé äîðîæíîé îïîðíîé ïîâåðõíîñòè. 
Âåëè÷èíà ñìåùåíèÿ ïðåäñòàâëåíà â âèäå ôóíêöèè ëèíåéíîé çàâèñèìîñòè îò êîýôôèöèåíòà ïðîäîëüíîé ñèëû. 
Àíàëèòè÷åñêîå îïèñàíèå çàâèñèìîñòè îòðàæàåò âçàèìîñâÿçü êîýôôèöèåíòà ïðîäîëüíîé ñèëû è êîýôôèöèåí-
òà íåñèììåòðè÷íîñòè ýïþðû íîðìàëüíûõ ðåàêöèé îïîðíîé ïîâåðõíîñòè è îïðåäåëÿåò ñìåùåíèå öåíòðà íîð-
ìàëüíûõ ðåàêöèé â íàïðàâëåíèè ê ïåðåäíåìó êðàþ êîíòàêòíîé ïëîùàäêè øèíû. Ðàñ÷åòíàÿ íåñèììåòðè÷íîñòü 
ýïþðû îòíîñèòåëüíûõ íîðìàëüíûõ ðåàêöèé ìîæåò áûòü ïîëó÷åíà âûáîðîì ñîîòâåòñòâóþùåãî çíà÷åíèÿ êîýô-
ôèöèåíòà íåñèììåòðè÷íîñòè â èíòåðâàëå îò 1 äî 0. 
Íà ÷èñëåííîì ïðèìåðå ïðåäñòàâëåíî ãðàôîàíàëèòè÷åñêîå îòîáðàæåíèå ñèëîâûõ è êèíåìàòè÷åñêèõ ïàðàìåòðîâ 
êà÷åíèÿ êîëåñà ñ òðàêòîðíîé øèíîé 15,5-R38 ìîäåëè Ô-2À ïðè èñïîëüçîâàíèè ýïþðû îòíîñèòåëüíûõ íîðìàëü-
íûõ ðåàêöèé, îïèñûâàåìîé ïàðàáîëè÷åñêîé çàâèñèìîñòüþ ÷åòâåðòîé ñòåïåíè. Êîýôôèöèåíò ïðîäîëüíîé ñèëû 
îïðåäåëÿåòñÿ ñ ó÷åòîì îáðàçîâàíèÿ ðåçóëüòèðóþùåé ïðîäîëüíîé ðåàêöèè äâóìÿ ñîñòàâëÿþùèìè: íà ó÷àñò-
êå áóêñîâàíèÿ è íà ó÷àñòêå ïîêîÿ ýëåìåíòîâ êîíòàêòíîé ïëîùàäêè øèíû. Óñòàíîâëåíî, ÷òî ìàêñèìàëüíîå 
çíà÷åíèå êîýôôèöèåíòà ïðîäîëüíîé ñèëû äëÿ íåñèììåòðè÷íîé ýïþðû îòíîñèòåëüíûõ íîðìàëüíûõ ðåàêöèé 
íàáëþäàåòñÿ ïðè áîëüøåì çíà÷åíèè êîýôôèöèåíòà áóêñîâàíèÿ êîëåñà ïî ñðàâíåíèþ ñ ñèììåòðè÷íîé ýïþðîé, 
îäíàêî îñòàåòñÿ ïðàêòè÷åñêè íåèçìåííûì äëÿ îáåèõ ñðàâíèâàåìûõ ýïþð îòíîñèòåëüíûõ íîðìàëüíûõ ðåàêöèé. 
Ïðèâåäåííàÿ ìåòîäèêà îïðåäåëåíèÿ ñèëîâûõ è êèíåìàòè÷åñêèõ ïàðàìåòðîâ ñ ó÷åòîì íåñèììåòðè÷íîñòè ýïþ-
ðû íîðìàëüíûõ ðåàêöèé îïîðíîé ïîâåðõíîñòè ìîæåò íàéòè ïðàêòè÷åñêîå ïðèìåíåíèå ïðè âûáîðå è îáîñíîâà-
íèè ðàöèîíàëüíûõ ðåæèìîâ ðàáîòû êîëåñíûõ äâèæèòåëåé òðàêòîðíûõ òðàíñïîðòíî-òåõíîëîãè÷åñêèõ àãðåãà-
òîâ â ðàçëè÷íûõ äîðîæíûõ óñëîâèÿõ. 
Êëþ÷åâûå ñëîâà: êîëåñî, øèíà, êà÷åíèå, ñèëà, ðåæèì, êîýôôèöèåíò, áóêñîâàíèå, òðåíèå, ñöåïëåíèå, ýïþðà. 
Äëÿ öèòèðîâàíèÿ: Ðîìàí÷åíêî Ì.È. Ìîäåëèðîâàíèå ïàðàìåòðîâ ñâîáîäíîãî è âåäóùåãî ðåæèìîâ êà÷åíèÿ 
êîëåñà ñ ó÷åòîì íåñèììåòðè÷íîñòè ýïþðû íîðìàëüíûõ ðåàêöèé // Òðàêòîðû è ñåëüõîçìàøèíû. 2021. № 2. 
Ñ. 34–44. DOI: 10.31992/0321-4443-2021-2-34-44.

A method for determining the power and kinematic parameters of a tire and a wheel for free and driving modes of rolling 
is given. The displacement of the center of normal reactions of the road support surface was taken into account. The 
amount of displacement is presented as a linear function of the longitudinal force coefficient. The analytical description 
of the dependence reflects the relationship between the longitudinal force coefficient and the asymmetry coefficient 
of the diagram of normal reactions of the bearing surface and determines the displacement of the center of normal re-
actions towards the front edge of the contact area of the tire. The calculated asymmetry of the epure of relative normal 
reactions can be obtained by choosing the appropriate value of the asymmetry coefficient in the range from 1 to 0.
Based on a numerical example, a graphical-analytical display of the force and kinematic parameters of rolling of a wheel 
with a 15,5-R38 model F-2A tractor tire is presented when using the epure of relative normal reactions described 
by a parabolic dependence of the fourth degree. The longitudinal force coefficient is determined taking into account the 
formation of the resulting longitudinal reaction by two components – in the slip section and in the rest section of the tire 
contact pad elements. It was found that the maximum value of the longitudinal force coefficient for an asymmetric epure 
of relative normal reactions is observed with a larger value of the wheel slip coefficient compared to a symmetric epure, 
but remains practically unchanged for both compared diagrams of relative normal reactions. 
The presented method for determining the power and kinematic parameters, taking into account the asymmetry of the epure 
of normal reactions of the supporting surface, can find practical application in the selection and substantiation of rational 
modes of operation of wheel propellers of tractor transport and technological units in various road conditions.
Keywords: wheel, tire, rolling, force, mode, coefficient, slipping, friction, adhesion, epure.
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Ââåäåíèå
Ïðè îáîñíîâàíèè ìåòîäîâ îïðåäåëåíèÿ ñè-

ëîâûõ è êèíåìàòè÷åñêèõ ïàðàìåòðîâ ñâîáîä-
íîãî è âåäóùåãî ðåæèìîâ êà÷åíèÿ êîëåñà íå-
îáõîäèìî ó÷èòûâàòü ñìåùåíèå íîðìàëüíîé 
ðåàêöèè äîðîæíîé îïîðíîé ïîâåðõíîñòè â ïëî-
ñêîñòè êîíòàêòíîé ïëîùàäêè øèíû. Íà ýòó 
íåîáõîäèìîñòü îáðàùàþò âíèìàíèå àâòîðû 
ðàáîò [1–4], â êîòîðûõ ìîæíî óâèäåòü íàëè-
÷èå îïðåäåëåííîé ñëîæíîñòè è íåîäíîçíà÷-
íîñòè ïðè ýêñïåðèìåíòàëüíîì îïðåäåëåíèè 
îòäåëüíûõ ñîñòàâëÿþùèõ ñìåùåíèÿ íîðìàëü-
íîé ðåàêöèè. Ñëåäóåò òàêæå îòìåòèòü îòñóò-
ñòâèå ïðèãîäíûõ äëÿ ïðèìåíåíèÿ àäåêâàòíûõ 
ìîäåëåé àíàëèòè÷åñêîãî ïðåäñòàâëåíèÿ âåëè-
÷èíû ñìåùåíèÿ ñ èñïîëüçîâàíèåì èñõîäíûõ 
äàííûõ, äîñòóïíûõ äëÿ ïîëó÷åíèÿ è ïîñëåäó-
þùèõ ðàñ÷åòîâ.

Öåëü èññëåäîâàíèé
Ðàçðàáîòêà îáîáùåííîé ìàòåìàòè÷åñêîé 

ìîäåëè âçàèìîñâÿçè ñèëîâûõ è êèíåìàòè÷å-
ñêèõ ïàðàìåòðîâ äëÿ îïèñàíèÿ ÿâëåíèé, ïðî-
èñõîäÿùèõ â ïëîñêîñòè êîíòàêòíîé ïëîùàäêè 
øèíû ïðè êà÷åíèè êîëåñà â ñâîáîäíîì è âåäó-
ùåì ðåæèìàõ. 

Ìàòåðèàëû è ìåòîäû
Äëÿ ÷èñëåííîãî îïðåäåëåíèÿ ñèëîâûõ è êè-

íåìàòè÷åñêèõ ïàðàìåòðîâ ïðè êà÷åíèè êîëåñà 
â ðàçëè÷íûõ ðåæèìàõ öåëåñîîáðàçíî èñïîëüçî-
âàíèå ïàðàáîëè÷åñêîé ýïþðû íîðìàëüíûõ ðå-
àêöèé â ïëîñêîñòè êîíòàêòíîé ïëîùàäêè øèíû 
[5, 6]. Íàèáîëåå ïðèåìëåìîé äëÿ ìîäåëèðîâà-
íèÿ íåñèììåòðè÷íîñòè ýïþðû îòíîñèòåëüíûõ 
íîðìàëüíûõ ðåàêöèé ïî äëèíå êîíòàêòíîé 
ïëîùàäêè òðàêòîðíîé øèíû íèçêîãî äàâëåíèÿ 
ÿâëÿåòñÿ ïàðàáîëè÷åñêàÿ çàâèñèìîñòü ÷åòâåð-
òîé ñòåïåíè âåëè÷èíû r

z
 îòíîñèòåëüíîé ýëå-

ìåíòàðíîé íîðìàëüíîé ðåàêöèè [7]: 

 

41 1
16 2zr K K      

 
êï ,  (1)

ãäå δ
êï

 − îòíîñèòåëüíàÿ ïðîäîëüíàÿ êîîðäè-
íàòà ïî äëèíå ó÷àñòêà êîíòàêòíîé ïëîùàäêè 
øèíû, ñîîòâåòñòâóþùàÿ ðàñ÷åòíîìó çíà÷åíèþ 
îòíîñèòåëüíîé íîðìàëüíîé ðåàêöèè îïîðíîé 
ïîâåðõíîñòè; K − êîýôôèöèåíò ïðîïîðöèî-
íàëüíîñòè, ïîëó÷àåìûé èç óñëîâèÿ ðàâåíñòâà 
åäèíèöå îòíîñèòåëüíîé ïëîùàäè ýïþðû óäåëü-
íîé íîðìàëüíîé ðåàêöèè.

Âåëè÷èíà δ
êï

 îïðåäåëÿåòñÿ â äîëåâîì âûðà-
æåíèè îò äëèíû êîíòàêòíîé ïëîùàäêè øèíû: 

 

l
l

 êï
êï

,

ãäå l – òåêóùàÿ êîîðäèíàòà êîíòàêòíîé ïëî-
ùàäêè øèíû, îòñ÷èòûâàåìàÿ ïî åå ïðîäîëüíîé 
îñè â íàïðàâëåíèè îò êðàéíåé çàäíåé òî÷êè 
êîíòàêòíîé ïëîùàäêè ê ïåðåäíåé òî÷êå; l

êï
 – 

äëèíà êîíòàêòíîé ïëîùàäêè øèíû.
Äèàïàçîí âîçìîæíûõ ðàñ÷åòíûõ çíà÷åíèé 

òåêóùåé êîîðäèíàòû êîíòàêòíîé ïëîùàäêè 
øèíû 0 ≤ l ≤ l

êï
.

Ðàñ÷åòíàÿ íåñèììåòðè÷íîñòü ýïþðû îòíî-
ñèòåëüíûõ íîðìàëüíûõ ðåàêöèé ìîæåò áûòü 
ïîëó÷åíà ïîäáîðîì ñîîòâåòñòâóþùåãî çíà÷å-
íèÿ êîýôôèöèåíòà íåñèììåòðè÷íîñòè k

í
 â èí-

òåðâàëå 0 ≤ k
í
 ≤ 1. 

Âûðàæåíèå (1) ïðèîáðåòàåò â ýòîì ñëó÷àå 
äîïîëíèòåëüíûé ñîìíîæèòåëü:

 
41 1 2 1

16 2zr K K k k
                 

êï í í êï .

Ïðåîáðàçîâàíèå ïðèâîäèò ê ðàçâåðíóòîìó 
âûðàæåíèþ, ïîäëåæàùåìó èíòåãðèðîâàíèþ:

 

4 3 2

5 4 3 2

3 12
2 2

3 12 2 2 .
2 2

zr K k

k

             
            

í êï êï êï êï

í êï êï êï êï

Èíòåãðèðîâàíèå ïîëó÷åííîãî âûðàæåíèÿ 
ïî δ

êï
 â èíòåðâàëå îò 0 äî 1 äëÿ îïðåäåëåíèÿ 

ñóììàðíîé íîðìàëüíîé ðåàêöèè îïîðíîé ïî-
âåðõíîñòè R

z max
 è ïðèðàâíèâàíèå åå ê íîðìàëü-

íîé (âåðòèêàëüíîé) íàãðóçêå íà êîëåñî G
ê
 ïðåä-

ñòàâëåíî âûðàæåíèåì:

 

1
4 3 2

0

max 1
5 4 3 2

0

3 12
2 2

2 1
.

3 12
2 2

z

k

d k
R K G

d

           
  

     
  
             

  
   





í êï êï êï êï

êï í
ê

êï êï êï êï

êï

 

(2) 
Â ðåçóëüòàòå èíòåãðèðîâàíèÿ â ïðåäåëàõ 

çíà÷åíèé 0 ≤ δ
êï

 ≤ 1 ïîëó÷åíî:

max .
20z
KR G  ê

Èç ýòîãî ñëåäóåò, ÷òî äëÿ ëþáîãî çíà÷åíèÿ 
êîýôôèöèåíòà íåñèììåòðè÷íîñòè k

í
, íàõîäÿ-

ùåãîñÿ â óêàçàííîì âûøå äèàïàçîíå, êîýôôè-
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öèåíò  ÿâëÿåòñÿ âåëè÷èíîé, ïðÿìî ïðîïîðöèî-
íàëüíîé íîðìàëüíîé íàãðóçêå íà êîëåñî G

ê
:

 20 .K G ê   (3)  

Òåêóùåå çíà÷åíèå ñóììàðíîé íîðìàëüíîé 
ðåàêöèè íà ó÷àñòêå áóêñîâàíèÿ ýëåìåíòîâ êîí-
òàêòíîé ïëîùàäêè øèíû îïðåäåëÿåòñÿ èíòå-
ãðèðîâàíèåì ôóíêöèè (2) â ïðåäåëàõ çíà÷åíèé  
0 ≤ δ

êï
 ≤ δ

áóêñ
:

 

4

0

1 1
16 2

2 1 .

zR K K

k k

         
   

       


áóêñ

áóêñ êï

í í êï êï

Âåëè÷èíà êîýôôèöèåíòà áóêñîâàíèÿ ýëå-
ìåíòîâ êîíòàêòíîé ïëîùàäêè øèíû δ

áóêñ
 îïðå-

äåëÿåòñÿ â äîëÿõ äëèíû êîíòàêòíîé ïëîùàäêè 
øèíû, ýëåìåíòû êîòîðîé íàõîäÿòñÿ â áóêñîâà-
íèè, ïî îòíîøåíèþ êî âñåé äëèíå êîíòàêòíîé 
ïëîùàäêè øèíû: 

,
l
l

  áóêñ
áóêñ

êï

ãäå l
áóêñ 

– òåêóùàÿ êîîðäèíàòà ãðàíèöû ó÷àñò-
êà áóêñîâàíèÿ êîíòàêòíîé ïëîùàäêè øèíû, 
îòñ÷èòûâàåìàÿ ïî îñè àáñöèññ â íàïðàâëåíèè 
îò êðàéíåé çàäíåé òî÷êè êîíòàêòíîé ïëîùàäêè 
ê ïåðåäíåé òî÷êå ïî åå ïðîäîëüíîé îñè. 

Äèàïàçîí âîçìîæíûõ çíà÷åíèé òåêóùåé êî-
îðäèíàòû ãðàíèöû ó÷àñòêà áóêñîâàíèÿ íàõî-
äèòñÿ â èíòåðâàëå 0 ≤ l

áóêñ
 ≤ l

êï
.

Â ðåçóëüòàòå èíòåãðèðîâàíèÿ è ïðåîáðàçî-
âàíèÿ ïîëó÷åíî âûðàæåíèå äëÿ îïðåäåëåíèÿ 
ñóììàðíîé íîðìàëüíîé ðåàêöèè íà ó÷àñòêå 
áóêñîâàíèÿ êîíòàêòíîé ïëîùàäêè øèíû: 

 

5 4 3

6 5 42

3

1 1 120
5 2 2

1 4 31 1
3 5 44

1 .
3

zR G k

k

         
            

 
  

áóêñ ê í áóêñ áóêñ áóêñ

í áóêñ áóêñ áóêñáóêñ

áóêñ

Äëÿ îòîáðàæåíèÿ ñèëîâûõ ïàðàìåòðîâ 
êîëåñà ïðè åãî êà÷åíèè â âåäóùåì ðåæèìå ñëå-
äóåò ââåñòè â ðàññìîòðåíèå âåëè÷èíó − êîýô-
ôèöèåíò ïðîäîëüíîé ñèëû k

Rx
, ïðåäñòàâëÿþ-

ùèé ñîáîé îòíîøåíèå ïðîäîëüíîé ðåàêöèè R
x 

îïîðíîé ïîâåðõíîñòè ê íîðìàëüíîé åå ðåàêöèè 
R

z 
â êîíòàêòíîé ïëîùàäêå øèíû, ðàâíîé ïî âå-

ëè÷èíå è îáðàòíîé ïî íàïðàâëåíèþ íîðìàëü-
íîé íàãðóçêå G

ê
 íà êîëåñî:

x x
Rx

z

R Rk
R G

 
ê

.

Êîýôôèöèåíò ïðîäîëüíîé ñèëû k
Rx 

îïðå-
äåëÿåòñÿ ñ ó÷åòîì îáðàçîâàíèÿ ðåçóëüòèðóþ-
ùåé ïðîäîëüíîé ðåàêöèè R

x
 äâóìÿ ñîñòàâëÿ-

þùèìè: ñîîòâåòñòâåííî R
x
 

áóêñ
 − íà ó÷àñòêå 

áóêñîâàíèÿ, R
x ïîê

 − íà ó÷àñòêå ïîêîÿ ýëåìåí-
òîâ êîíòàêòíîé ïëîùàäêè øèíû (ðèñ. 1) è çà-
âèñèìîñòåé:

Ðèñ. 1. Ñõåìà îáðàçîâàíèÿ ïðîäîëüíûõ ðåàêöèé â ïëîñêîñòè êîíòàêòà øèíû ïðè êà÷åíèè êîëåñà â âåäóùåì ðåæèìå

Fig. 1. Diagram of formation of longitudinal reactions in the plane of contact 
of the tire when the wheel is rolling in the driving mode
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x x xR R R áóêñ ïîê ; x zR R áóêñ áóêñ cö áóêñ ; 

x zR R ïîê ïîê ñö ïîê ;

z z zR R R áóêñ ïîê ; z R zR G áóêñ ê áóêñ ;

z R zR G ïîê ê ïîê ,

ãäå R
x áóêñ

, R
õ ïîê

 − ïðîäîëüíàÿ ðåàêöèÿ ñîîòâåò-
ñòâåííî íà ó÷àñòêå áóêñîâàíèÿ è íà ó÷àñòêå 
ïîêîÿ ýëåìåíòîâ êîíòàêòíîé ïëîùàäêè øèíû; 
R

z áóêñ
, R

z ïîê
 − íîðìàëüíàÿ ðåàêöèÿ ñîîòâåò-

ñòâåííî íà ó÷àñòêå áóêñîâàíèÿ è íà ó÷àñòêå 
ïîêîÿ ýëåìåíòîâ êîíòàêòíîé ïëîùàäêè øèíû; 
μ

ñö áóêñ
 − äèíàìè÷åñêèé êîýôôèöèåíò ñöåïëå-

íèÿ ýëåìåíòîâ êîíòàêòíîé ïëîùàäêè øèíû 
íà ó÷àñòêå áóêñîâàíèÿ; μ

ñö ïîê
 − ñòàòè÷åñêèé êî-

ýôôèöèåíò ñöåïëåíèÿ ýëåìåíòîâ êîíòàêòíîé 
ïëîùàäêè øèíû íà ó÷àñòêå ïîêîÿ; G

ê
 − íîð-

ìàëüíàÿ (âåðòèêàëüíàÿ) íàãðóçêà íà êîëåñî, 
âîñïðèíèìàåìàÿ îïîðíîé ïîâåðõíîñòüþ; 
δ

Rz áóêñ
 − îòíîñèòåëüíàÿ íîðìàëüíàÿ ðåàêöèÿ 

íà ó÷àñòêå áóêñîâàíèÿ ýëåìåíòîâ êîíòàêòíîé 
ïëîùàäêè øèíû; δ

Rz ïîê
 − îòíîñèòåëüíàÿ íîð-

ìàëüíàÿ ðåàêöèÿ íà ó÷àñòêå ïîêîÿ ýëåìåíòîâ 
êîíòàêòíîé ïëîùàäêè øèíû. 

Äèíàìè÷åñêèé êîýôôèöèåíò ñöåïëåíèÿ ýëå-
ìåíòîâ êîíòàêòíîé ïëîùàäêè øèíû íà ó÷àñòêå 
áóêñîâàíèÿ μ

ñö áóêñ
 îïðåäåëÿåòñÿ ïî óáûâàþùåé 

ýëëèïòè÷åñêîé çàâèñèìîñòè îò îòíîñèòåëüíîé 
íîðìàëüíîé ðåàêöèè íà ó÷àñòêå áóêñîâàíèÿ: 

   
 

2 2

2
1 ,Rz

         

  

ñö áóêñ ïîê ïîê áóêñ ïîê áóêñ

áóêñ  
ãäå μ

ïîê
 − êî ýôôèöèåíò òðåíèÿ ïîêîÿ ýëåìåí-

òîâ êîíòàêòíîé ïëîùàäêè øèíû íà îïîðíîé ïî-
âåðõíîñòè ïðè ïîëíîì îòñóòñòâèè áóêñîâàíèÿ 
èëè ñêîëüæåíèÿ êîëåñà; μ

áóêñ
 − êîýôôèöèåíò 

òðåíèÿ ïðè ïîëíîì áóêñîâàíèè êîëåñà è ýëå-
ìåíòîâ êîíòàêòíîé ïëîùàäêè øèíû.

Ìàêñèìàëüíîå çíà÷åíèå äèíàìè÷åñêîãî êîýô-
ôèöèåíòà ñöåïëåíèÿ ðàâíî êîýôôèöèåíòó òðåíèÿ 
ïîêîÿ êîíòàêòíîé ïëîùàäêè øèíû íà äîðîæíîé 
îïîðíîé ïîâåðõíîñòè ïðè îòñóòñòâèè áóêñîâàíèÿ 
êîëåñà. Ìèíèìàëüíîå çíà÷åíèå ðàâíî êîýôôèöè-
åíòó òðåíèÿ áóêñîâàíèÿ ýëåìåíòîâ êîíòàêòíîé 
ïëîùàäêè ïðè ïîëíîì áóêñîâàíèè êîëåñà.

Ñòàòè÷åñêèé êîýôôèöèåíò ñöåïëåíèÿ ýëå-
ìåíòîâ êîíòàêòíîé ïëîùàäêè øèíû íà ó÷àñòêå 
ïîêîÿ îïðåäåëÿåòñÿ ïî âîçðàñòàþùåé ýëëèï-
òè÷åñêîé çàâèñèìîñòè îò îòíîñèòåëüíîé íîð-
ìàëüíîé ðåàêöèè íà ó÷àñòêå ïîêîÿ: 

2 2 2 .Rz    ñö ïîê ïîê ïîê ïîê

Ìèíèìàëüíîå çíà÷åíèå êîýôôèöèåíòà 
μ

ñö ïîê
 ðàâíî íóëþ ïðè îòñóòñòâèè áóêñîâà-

íèÿ ýëåìåíòîâ êîíòàêòíîé ïëîùàäêè øèíû. 
Ìàêñèìàëüíîå çíà÷åíèå ðàâíî êîýôôèöèåíòó 
òðåíèÿ ïîêîÿ ýëåìåíòîâ êîíòàêòíîé ïëîùàäêè 
øèíû íà îïîðíîé ïîâåðõíîñòè â ìîìåíò ïåðå-
õîäà ê ïîëíîìó áóêñîâàíèþ, êîãäà ïîñëåäíèé 
êðàéíèé çàäíèé ýëåìåíò êîíòàêòíîé ïëîùàäêè 
åùå ïðîäîëæàåò íàõîäèòüñÿ â ñîñòîÿíèè ïîêîÿ.

Îòíîñèòåëüíàÿ íîðìàëüíàÿ ðåàêöèÿ 
íà ó÷àñòêå áóêñîâàíèÿ ýëåìåíòîâ êîíòàêòíîé 
ïëîùàäêè øèíû:

z z
R z

z

R R
R G

  áóêñ áóêñ
áóêñ

ê

,

èëè â ðàçâåðíóòîì âèäå:

 

5 4 3

6 5 42

3

1 1 120
5 2 2

1 4 31 1
3 5 44

1 .
3

R z k

k

          
            

 
  

áóêñ í áóêñ áóêñ áóêñ

í áóêñ áóêñ áóêñáóêñ

áóêñ

Îòíîñèòåëüíàÿ íîðìàëüíàÿ ðåàêöèÿ íà ó÷àñò-
êå ïîêîÿ:

z z
Rz

z

R R
R G

  áóêñ áóêñ
áóêñ

ê

.

Ïëîùàäü ýïþðû íà ó÷àñòêå áóêñîâàíèÿ δ
áóêñ

 
ýëåìåíòîâ êîíòàêòíîé ïëîùàäêè øèíû ïðåä-
ñòàâëÿåò ñîáîé îòíîñèòåëüíóþ íîðìàëüíóþ 
ðåàêöèþ δ

Rz áóêñ
 íà ó÷àñòêå áóêñîâàíèÿ, à ïëî-

ùàäü ýïþðû íà ó÷àñòêå ïîêîÿ δ
ïîê

 − îòíîñè-
òåëüíóþ íîðìàëüíóþ ðåàêöèþ δ

Rz ïîê
 íà ó÷àñò-

êå ïîêîÿ. Íà ó÷àñòêå áóêñîâàíèÿ äåéñòâóþò 
ñîñòàâëÿþùàÿ R

z áóêñ
 íîðìàëüíîé ðåàêöèè îïîð-

íîé ïîâåðõíîñòè è ñîñòàâëÿþùàÿ R
õ áóêñ

 ïðî-
äîëüíîé ðåàêöèè, à íà ó÷àñòêå ïîêîÿ − ñîîòâåò-
ñòâåííî ñîñòàâëÿþùèå R

z ïîê
 è R

õ ïîê
.

Ðàçâåðíóòîå âûðàæåíèå äëÿ îïðåäåëåíèÿ 
êîýôôèöèåíòà ïðîäîëüíîé ñèëû èìååò âèä:

 
   

2 3 4 5

2 3 4 5

5 10 10 4

1 1 5 10 10 4

.

Rxk

k

         

          
  

áóêñ áóêñ áóêñ áóêñ ñö áóêñ

í áóêñ áóêñ áóêñ áóêñ

ñö ïîê

Ñóììà îòíîñèòåëüíûõ íîðìàëüíûõ ðåàê-
öèé êîíòàêòíîé ïëîùàäêè øèíû íà ó÷àñòêå 
ïîêîÿ è íà ó÷àñòêå áóêñîâàíèÿ äîëæíà áûòü 
ðàâíà åäèíèöå, òî åñòü:

1Rz Rz   áóêñ ïîê .
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Ðîìàí÷åíêî Ì.È. 
Ìîäåëèðîâàíèå ïàðàìåòðîâ ñâîáîäíîãî è âåäóùåãî ðåæèìîâ êà÷åíèÿ êîëåñà 
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Áîëåå ðàííèìè èññëåäîâàíèÿìè àâòîðà 
ñòàòüè óñòàíîâëåíî, ÷òî êîýôôèöèåíò áóêñîâà-
íèÿ êîëåñà âûðàæàåòñÿ çàâèñèìîñòüþ:

 

 
 2 2

,
4 1

 
 

     

ê áóêñ
ê

áóêñ ê áóêñ

ãäå α
ê
 − öåíòðàëüíûé óãîë êîíòàêòà øèíû 

ñ îïîðíîé ïîâåðõíîñòüþ, ðàä.
Îáðàòíàÿ çàâèñèìîñòü êîýôôèöèåíòà áóêñî-

âàíèÿ êîíòàêòíîé ïëîùàäêè øèíû îò êîýôôè-
öèåíòà áóêñîâàíèÿ êîëåñà ïðåäñòàâëåíà âûðà-
æåíèåì:

 
 

2 2 2

4 2 2 4 2 2 2

2

4

16 8 16
.

2

    

          
 



ê ê

ê ê ê ê

áóêñ
ê

 

Ðàäèóñ êà÷åíèÿ êîëåñà â âåäóùåì ðåæèìå 
îïðåäåëÿåòñÿ âûðàæåíèåì:

 1r r  ê âåä ê ñâ ê , 

ãäå r
ê ñâ

 − ðàäèóñ êà÷åíèÿ êîëåñà â ñâîáîäíîì 
ðåæèìå; δ

ê
 − êîýôôèöèåíò áóêñîâàíèÿ êîëåñà.

Äëÿ îïðåäåëåíèÿ ïðîäîëüíîãî ñìåùåíèÿ 
öåíòðà íîðìàëüíûõ ðåàêöèé îïîðíîé ïîâåðõ-
íîñòè èñïîëüçóåì ñòàòè÷åñêèé ìîìåíò ýïþðû 
îòíîñèòåëüíî âåðòèêàëüíîé îñè r

z
, êîòîðûé 

âûðàæàåòñÿ èíòåãðàëüíîé ôóíêöèåé:

 
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0

1 1
16 2

2 1 .

zS K K

k k d

        
   

        

 êï

í í êï êï êï

Ïîñëå èíòåãðèðîâàíèÿ âûðàæåíèÿ â ïðåäå-
ëàõ çíà÷åíèé 0 ≤ δ

êï
 ≤ 1 ïîëó÷åíî:

 13 2,5
420z
KS k  í . 

Ïðîäîëüíàÿ êîîðäèíàòà öåíòðà ìàññ íå-
ñèììåòðè÷íîé ýïþðû ïî îòíîñèòåëüíîé äëèíå 
êîíòàêòíîé ïëîùàäêè øèíû îïðåäåëÿåòñÿ c 
ó÷åòîì çàâèñèìîñòè (3) âûðàæåíèåì:

 
 1 13 2,5 .

21
zS k
G

   êï öì í
ê

  (5)

Îòíîñèòåëüíîå ñìåùåíèå ïðîäîëüíîé êîîð-
äèíàòû ðåçóëüòèðóþùåé íîðìàëüíîé ðåàêöèè 
îòíîñèòåëüíî ãåîìåòðè÷åñêîãî öåíòðà äëèíû 
êîíòàêòíîé ïëîùàäêè ñîñòàâëÿåò: 

 
0,5.   íð êï öì  (6)

Ñìåùåíèå ïðîäîëüíîé êîîðäèíàòû ðåçóëü-
òèðóþùåé íîðìàëüíîé ðåàêöèè îòíîñèòåëüíî 
ãåîìåòðè÷åñêîãî öåíòðà äëèíû êîíòàêòíîé 
ïëîùàäêè îïðåäåëÿåò ïëå÷î äåéñòâèÿ ðåçóëü-
òèðóþùåé íîðìàëüíîé ðåàêöèè îòíîñèòåëüíî 
âåðòèêàëüíîé îñè êîëåñà: 

.a l íð íð êï

Ïðè êà÷åíèè êîëåñà â ñâîáîäíîì ðåæèìå 
÷èñëåííîå çíà÷åíèå ýòîãî ïëå÷à îïðåäåëÿåò-
ñÿ èç èçâåñòíîé ôîðìóëû ìîìåíòà ñîïðîòèâ-
ëåíèÿ äåôîðìàöèè øèíû ïðè êà÷åíèè êîëåñà 
â ñâîáîäíîì ðåæèìå [8]: 

 
.

2
ha 


ñò
íð ñâ  (7)

Íèæå â êà÷åñòâå ïðèìåðà âûïîëíåí ðàñ÷åò 
êîýôôèöèåíòà íåñèììåòðè÷íîñòè, à òàêæå ñè-
ëîâûõ è êèíåìàòè÷åñêèõ ïàðàìåòðîâ äëÿ òðàê-
òîðíîãî êîëåñà ñ øèíîé 15,5-R38 ìîäåëè Ô-2À 
ïðè ñëåäóþùèõ èñõîäíûõ äàííûõ: 

– ñâîáîäíûé ðàäèóñ øèíû r
ñâ 

= 0,785 ì;
– ïîñàäî÷íûé ðàäèóñ øèíû r

îá 
= 0,483 ì; 

– íîðìàëüíàÿ (âåðòèêàëüíàÿ) íàãðóçêà íà êî-
ëåñî G

ê 
= 17,06 êÍ;

– äàâëåíèå âîçäóõà â øèíå p
w
 = 0,08 ÌÏà;

– ñòàòè÷åñêèé íîðìàëüíûé ïðîãèá øèíû 
h

ñò
 = 58,2 ìì = 0,0582 ì;
– äëèíà êîíòàêòíîé ïëîùàäêè øèíû l

êï
 = 

= 617,9 ìì = 0,618 ì;
– öåíòðàëüíûé óãîë êîíòàêòà øèíû α

êï
 = 

= 0,825 ðàä;
– êîýôôèöèåíò òðåíèÿ ïîêîÿ ýëåìåíòîâ 

êîíòàêòíîé ïëîùàäêè øèíû íà îïîðíîé ïî-
âåðõíîñòè ïðè ïîëíîì îòñóòñòâèè áóêñîâàíèÿ 
êîëåñà μ

ïîê
 = 0,85;

– êîýôôèöèåíò òðåíèÿ ýëåìåíòîâ êîíòàêò-
íîé ïëîùàäêè øèíû ïðè ïîëíîì áóêñîâàíèè 
êîëåñà μ

áóêñ 
= 0,7.

Ðàäèóñ êà÷åíèÿ êîëåñà â ñâîáîäíîì ðåæèìå:

,lr 


êï
ê ñâ

ê

 

617,9 748,97 0,749
0,825

r   ê ñâ ìì ì.

Ìîìåíò ñîïðîòèâëåíèÿ äåôîðìàöèè øèíû 
ïðè êà÷åíèè êîëåñà:

,
2
G hM 


ê ñò

äåô  

17,06 58,2 158,02 0,158 
2

M 
    

äåô êÍ ìì êÍ ì.  
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Ìîìåíò ñîïðîòèâëåíèÿ äåôîðìàöèè øèíû 
ïðåîäîëåâàåòñÿ ïðèëîæåííûì ê êîëåñó êðóòÿ-
ùèì ìîìåíòîì Ì

ê äåô.
= Ì

äåô 
= 0,158 êÍ·ì. 

Êîýôôèöèåíò ñîïðîòèâëåíèÿ äåôîðìàöèè 
øèíû ïðè êà÷åíèè êîëåñà â ñâîáîäíîì ðåæèìå:

,
2
hf
r




ñò
ê ñâ

ê ñâ

 
0,0582 0,01237.

2 0,749
f  

 ê ñâ

Óñëîâíàÿ ïðîäîëüíàÿ ðåàêöèÿ îïîðíîé ïî-
âåðõíîñòè ïðè êà÷åíèè êîëåñà â ñâîáîäíîì 
ðåæèìå:

,x

M
R

r
 ê äåô

ñâ
ê ñâ

  
0,158 0,211
0,749xR  ñâ êÍ.

×èñëåííîå çíà÷åíèå ïëå÷à äåéñòâèÿ ðåçóëü-
òèðóþùåé íîðìàëüíîé ðåàêöèè îòíîñèòåëü-
íî îñè êîëåñà ïðè åãî êà÷åíèè â ñâîáîäíîì 
ðåæèìå ñîñòàâëÿåò ïî ôîðìóëå (7):

58,2 9,26
2

a  
íð ñâ ìì.

Îòíîñèòåëüíîå ñìåùåíèå öåíòðà íîðìàëü-
íûõ ðåàêöèé íåñèììåòðè÷íîé ýïþðû îòíîñè-
òåëüíî ãåîìåòðè÷åñêîãî öåíòðà êîíòàêòíîé 
ïëîùàäêè øèíû äîëæíî ñîñòàâëÿòü ïðè ñâî-
áîäíîì ðåæèìå êà÷åíèÿ: 

,
a
l

  íð ñâ
íð ñâ

êï

 
9,26 0,01499.

617,9
  íð ñâ

Äëÿ îïðåäåëåíèÿ ðàñ÷åòíîé âåëè÷èíû êî-
ýôôèöèåíòà íåñèììåòðè÷íîñòè ýïþðû îòíî-
ñèòåëüíûõ íîðìàëüíûõ ðåàêöèé k

í ñâ
 ïðè ñâî-

áîäíîì ðåæèìå êà÷åíèÿ êîëåñà íåîáõîäèìî 
ïðåîáðàçîâàòü âûðàæåíèå (5) ñ ó÷åòîì ñîîòíî-
øåíèÿ (8), ïîëó÷åííîãî ïðîñòûì ïðåîáðàçîâà-
íèåì âûðàæåíèÿ (6): 

 
0,5.   êï öì ñâ íð ñâ  (8)

Â ðåçóëüòàòå ïîëó÷àåòñÿ âûðàæåíèå:

 
1 8,4 .k   í ñâ íð ñâ   (9)

Â ïðèâåäåííîì ïðèìåðå äëÿ øèíû ìîäåëè 
Ô-2À ðàñ÷åòíîå çíà÷åíèå êîýôôèöèåíòà íå-
ñèììåòðè÷íîñòè ýïþðû îòíîñèòåëüíûõ íîð-
ìàëüíûõ ðåàêöèé ïðè êà÷åíèè êîëåñà â ñâîáîä-
íîì ðåæèìå ñîñòàâëÿåò:

1 8,4 0,01499 0,8741.k    í ñâ

Íà ðèñ. 2 èçîáðàæåíà íåñèììåòðè÷íàÿ 
ýïþðà îòíîñèòåëüíûõ íîðìàëüíûõ ðåàêöèé, 
ïðèâåäåííàÿ ê ïðîäîëüíîé îñè êîíòàêòíîé 
ïëîùàäêè øèíû íà íåäåôîðìèðóåìîé îïîðíîé 
ïîâåðõíîñòè, è íàëîæåííàÿ íà ýïþðó ñõåìà 
ñìåùåíèÿ íîðìàëüíîé ðåàêöèè îïîðíîé ïî-
âåðõíîñòè ïðè êà÷åíèè êîëåñà â ñâîáîäíîì 
ðåæèìå.

Ðèñ. 2. Ñõåìà ñìåùåíèÿ íîðìàëüíîé ðåàêöèè îïîðíîé ïîâåðõíîñòè 
ïðè íóëåâîì çíà÷åíèè êîýôôèöèåíòà ïðîäîëüíîé ñèëû â ñâîáîäíîì ðåæèìå êà÷åíèè êîëåñà 
(êîýôôèöèåíò íåñèììåòðè÷íîñòè ýïþðû îòíîñèòåëüíûõ íîðìàëüíûõ ðåàêöèé kí ñâ = 0,8741)

Fig. 2. The scheme of displacement of the normal reaction of the support surface 
at a zero value of the coefficient of longitudinal force in the free rolling mode of the wheel 

(the coefficient of asymmetry of the epure of relative normal reactions k
í ñâ 

= 0,8741)
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Â âåäóùåì ðåæèìå êà÷åíèÿ êîëåñà ïðè óâå-
ëè÷åíèè íà íåêîòîðóþ âåëè÷èíó îòíîñèòåëü-
íîãî ñìåùåíèÿ öåíòðà íîðìàëüíûõ ðåàêöèé 
íåñèììåòðè÷íîé ýïþðû îòíîñèòåëüíî ãåîìå-
òðè÷åñêîãî öåíòðà êîíòàêòíîé ïëîùàäêè êî-
ýôôèöèåíò íåñèììåòðè÷íîñòè ýïþðû îòíî-
ñèòåëüíûõ íîðìàëüíûõ ðåàêöèé ìîæåò áûòü 
ïðåäñòàâëåí âûðàæåíèåì (9), äîïîëíåííûì 
êîýôôèöèåíòîì ïðèðàùåíèÿ îòíîñèòåëüíîãî 
ñìåùåíèÿ φ: 

 1 8,4 1 .k     í íð ñâ

Êîýôôèöèåíò ïðèðàùåíèÿ îòíîñèòåëüíîãî 
ñìåùåíèÿ φ ìîæåò áûòü îïðåäåëåí ëèíåéíîé 
èëè äðóãîé çàâèñèìîñòüþ îò êîýôôèöèåíòà 
ïðîäîëüíîé ñèëû k

Rx
:

 .R xf k 

Â ðàáîòå [3] îòìå÷àåòñÿ, ÷òî ïðîäîëü-
íîå ñìåùåíèå öåíòðà íîðìàëüíîé ðåàêöèè 
ïðÿìî ïðîïîðöèîíàëüíî ïðîäîëüíîìó óñèëèþ 
â ïÿòíå êîíòàêòà, òî åñòü ïðîäîëüíîé ðåàêöèè. 

Â ýòîé ñâÿçè íàèáîëåå ïðèåìëåìîé ñëåäóåò 
ïðèçíàòü ïðÿìóþ ïðîïîðöèîíàëüíóþ çàâèñè-
ìîñòü ñ êîýôôèöèåíòîì β:

max

.R x

R x

k
k

  

Òîãäà ìîæíî ïðåäñòàâèòü ïðîïîðöèîíàëü-
íóþ çàâèñèìîñòü â âèäå âûðàæåíèÿ (10), ïî-

ëàãàÿ ïðè ýòîì, ÷òî íåêîòîðîå ìàêñèìàëüíîå 
çíà÷åíèå êîýôôèöèåíòà ïðèðàùåíèÿ îòíîñè-
òåëüíîãî ñìåùåíèÿ φ

max
 íàáëþäàåòñÿ ïðè ìàê-

ñèìàëüíûì çíà÷åíèè êîýôôèöèåíòà k
Rx max

 ïðî-
äîëüíîé ñèëû (ðèñ. 3):

 max

1 8,4 1 .Rx

Rx

kk
k

 
     

 
í íð ñâ  (10)

Çàâèñèìîñòü ñòðîèòñÿ ïî ôóíêöèè êîýôôè-
öèåíòà ïðîäîëüíîé ñèëû, òåêóùåå çíà÷åíèå 
êîòîðîãî äåëèòñÿ íà ìàêñèìàëüíîå çíà÷åíèå 
k

Rõ max
 ýòîãî êîýôôèöèåíòà. Íà ïåðâîì øàãå 

ñëåäóåò âûáðàòü íà÷àëüíîå çíà÷åíèå êîýôôè-
öèåíòà ïðîäîëüíîé ñèëû, ðàâíîå k

Rõmax 
ïðè ñèì-

ìåòðè÷íîé ýïþðå, òî åñòü ïðè êîýôôèöèåíòå 
íåñèììåòðè÷íîñòè, ðàâíîì åäèíèöå. Ïîëó-
÷åííîå ðàñ÷åòíîå çíà÷åíèå ñëåäóåò ïîäñòàâèòü 
â ðàñ÷åòíóþ ôîðìóëó êîýôôèöèåíòà íåñèììå-
òðè÷íîñòè ýïþðû è îòíîñèòåëüíîãî ñìåùåíèÿ 
öåíòðà íîðìàëüíûõ ðåàêöèé íåñèììåòðè÷íîé 
ýïþðû îòíîñèòåëüíî ãåîìåòðè÷åñêîãî öåíòðà 
êîíòàêòíîé ïëîùàäêè. Äëÿ ïîëó÷åíèÿ êîíå÷-
íûõ ðåçóëüòàòîâ íåîáõîäèìî âûïîëíèòü íå-
ñêîëüêî ïðåäâàðèòåëüíûõ ðàñ÷åòîâ ñ ïîøà-
ãîâûì óòî÷íåíèåì ìàêñèìàëüíîãî çíà÷åíèÿ 
k

Rõ max
. Äëÿ äîñòèæåíèÿ äîñòàòî÷íî âûñîêîé 

òî÷íîñòè ñëåäóåò ïðîèçâåñòè äâà-òðè ðàñ÷åò-
íûõ öèêëà.

Îòíîñèòåëüíîå ñìåùåíèå öåíòðà íîðìàëü-
íûõ ðåàêöèé íåñèììåòðè÷íîé ýïþðû îòíîñè-

Ðèñ. 3. Ëèíåéíàÿ çàâèñèìîñòü îòíîñèòåëüíîãî ñìåùåíèÿ íîðìàëüíîé ðåàêöèè 
îò êîýôôèöèåíòà ïðîäîëüíîé ñèëû äëÿ âåäóùåãî ðåæèìà êà÷åíèÿ êîëåñà

Fig. 3. Linear dependence of the relative displacement of the normal reaction 
on the coefficient of longitudinal force for the driving mode of wheel rolling



Romanchenko M.I.
Modeling the parameters of free and driving wheel rolling modes taking 

into account the asymmetry of the normal reaction diagram

ISSN 0321-4443 Tractors and Agricultural Machinery, No 2, 2021

T
H

E
O

R
Y
, 

D
E

S
IG

N
, 

T
E

S
T

IN
G

41

òåëüíî ãåîìåòðè÷åñêîãî öåíòðà êîíòàêòíîé 
ïëîùàäêè â âåäóùåì ðåæèìå âûðàæàåòñÿ çàâè-
ñèìîñòüþ îò îòíîñèòåëüíîãî ñìåùåíèÿ öåíòðà 
íîðìàëüíûõ ðåàêöèé íåñèììåòðè÷íîé ýïþðû 
îòíîñèòåëüíî ãåîìåòðè÷åñêîãî öåíòðà êîí-
òàêòíîé ïëîùàäêè â ñâîáîäíîì ðåæèìå:

max

1 .Rx

Rx

k
k

 
     

 
íð âåä íð ñâ

Íàïðèìåð, ïðèíÿòî ðàñ÷åòíîå çíà÷åíèå 
β = 2. Â ýòîì ñëó÷àå îòíîñèòåëüíîå ñìåùåíèå 
öåíòðà íîðìàëüíûõ ðåàêöèé íåñèììåòðè÷íîé 
ýïþðû îòíîñèòåëüíî ãåîìåòðè÷åñêîãî öåíòðà 
êîíòàêòíîé ïëîùàäêè áóäåò óâåëè÷åíî â òðè 
ðàçà ïðè ìàêñèìàëüíîì çíà÷åíèè êîýôôèöè-
åíòà ïðîäîëüíîé ñèëû â âåäóùåì ðåæèìå êà-
÷åíèÿ êîëåñà ïî ñðàâíåíèþ ñ íà÷àëüíûì çíà÷å-
íèåì, ñîîòâåòñòâóþùèì ñâîáîäíîìó ðåæèìó 
êà÷åíèÿ êîëåñà. 

Ïîêàçàòåëü β âûñòóïàåò â êà÷åñòâå êî-
ýôôèöèåíòà ïðÿìîé ïðîïîðöèîíàëüíîñòè. 
Åãî çíà÷åíèå ìîæåò âàðüèðîâàòü â äèàïàçîíå 
îò åäèíèöû äî êàêîãî-òî îïðåäåëåííîãî âîç-
ðàñòàþùåãî çíà÷åíèÿ, êîòîðîå ìîæíî ïîëó-
÷èòü èç ýêñïåðèìåíòàëüíûõ èëè ðàñ÷åòíûõ 
äàííûõ ïî âåëè÷èíå îòíîñèòåëüíîãî ñìåùåíèÿ 

öåíòðà íîðìàëüíûõ ðåàêöèé íåñèììåòðè÷íîé 
ýïþðû îòíîñèòåëüíî ãåîìåòðè÷åñêîãî öåíòðà 
êîíòàêòíîé ïëîùàäêè. 

Íà ðèñ. 4 ïðåäñòàâëåíà íåñèììåòðè÷íàÿ 
ýïþðà íîðìàëüíûõ ðåàêöèé îïîðíîé ïîâåðõíî-
ñòè è íàëîæåííàÿ íà íåå ñõåìà ñìåùåíèÿ íîð-
ìàëüíîé ðåàêöèè îïîðíîé ïîâåðõíîñòè ñ ïðè-
ëîæåíèåì ñèë è ìîìåíòîâ ïðè ìàêñèìàëüíîì 
çíà÷åíèè êîýôôèöèåíòà ïðîäîëüíîé ñèëû â âå-
äóùåì ðåæèìå êà÷åíèÿ êîëåñà. 

Êðóòÿùèé ìîìåíò Ì
ê
, ïðèëîæåííûé 

ê êîëåñó â âåäóùåì ðåæèìå êà÷åíèÿ, âêëþ÷àåò 
â ñåáÿ äâå ñîñòàâëÿþùèå − êðóòÿùèé ìîìåíò 
Ì

ê äåô
, ïðåîäîëåâàþùèé äåéñòâèå íà ïëå÷å, 

ðàâíîì ñìåùåíèþ íîðìàëüíîé ðåàêöèè à
íð

, 
ïàðû íîðìàëüíûõ ñèë R

z
 è G

ê
, îáðàçóþùèõ 

ìîìåíò ñîïðîòèâëåíèÿ äåôîðìàöèè øèíû, 
è êðóòÿùèé ìîìåíò Ì

ê òÿã
, ïðåîäîëåâàþùèé 

äåéñòâèå íà óñëîâíîì ïëå÷å, ðàâíîì ðàäèóñó 
r

ê ñâ
 êà÷åíèÿ êîëåñà â ñâîáîäíîì ðåæèìå, ïàðû 

ïðîäîëüíûõ ñèë Ð
õ
 è R

õ
, îáðàçóþùèõ ìîìåíò 

òÿãîâîãî ñîïðîòèâëåíèÿ.

Ðåçóëüòàòû è îáñóæäåíèå
Íèæå ïðèâåäåíû ñðàâíèòåëüíûå ðåçóëüòà-

òû ðàñ÷åòà ñèëîâûõ è êèíåìàòè÷åñêèõ ïàðà-
ìåòðîâ äëÿ âåäóùåãî ðåæèìà êà÷åíèÿ êîëåñà 

Ðèñ. 4. Ñõåìà ñìåùåíèÿ íîðìàëüíîé ðåàêöèè îïîðíîé ïîâåðõíîñòè ñ ïðèëîæåíèåì ñèë è ìîìåíòîâ 
ïðè ìàêñèìàëüíîì çíà÷åíèè êîýôôèöèåíòà ïðîäîëüíîé ñèëû â âåäóùåì ðåæèìå êà÷åíèÿ êîëåñà (êîýôôèöèåíò 

íåñèììåòðè÷íîñòè ýïþðû îòíîñèòåëüíûõ íîðìàëüíûõ ðåàêöèé îïîðíîé ïîâåðõíîñòè k = 0,6223)

Fig. 4. Scheme of displacement of the normal reaction of the support surface with the application of forces 
and moments at the maximum value of the coefficient of longitudinal force in the driving mode of wheel rolling 
(the coefficient of asymmetry of the epure of the relative normal reactions of the support surface k = 0,6223)
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ïðè ñèììåòðè÷íîé è íåñèììåòðè÷íîé ýïþðàõ 
íîðìàëüíûõ ðåàêöèé â îáëàñòè ìàêñèìàëüíî-
ãî çíà÷åíèÿ êîýôôèöèåíòà ïðîäîëüíîé ñèëû 
k

Rx max
. Ýòà îáëàñòü ÿâëÿåòñÿ ãðàíè÷íîé â îò-

íîøåíèè ðåàëèçàöèè òÿãîâûõ ñâîéñòâ êîëåñà 
áåç ñðûâà åãî â ïîëíîå áóêñîâàíèå.

Ãðàôè÷åñêîå ïðåäñòàâëåíèå ðåçóëüòàòîâ 
ðàñ÷åòà äëÿ ñðàâíèòåëüíîé îöåíêè ñèëîâûõ 

è êèíåìàòè÷åñêèõ ïàðàìåòðîâ øèíû è êîëåñà 
ïðè íåñèììåòðè÷íîé ýïþðå íîðìàëüíûõ ðåàê-
öèé, èìåþùåé êîýôôèöèåíò íåñèììåòðè÷íî-
ñòè k

í
 = 0,6223 ïðè ìàêñèìàëüíîì êîýôôèöè-

åíòå ïðîäîëüíîé ñèëû, è ñèììåòðè÷íîé ýïþðå 
ïîêàçàíî íà ðèñ. 5 è 6. 

Óâåëè÷åíèå íåñèììåòðè÷íîñòè ýïþðû ïðè-
âîäèò ê ñìåùåíèþ ìàêñèìóìà êîýôôèöèåíòà 

Ðèñ. 5. Çàâèñèìîñòü êîýôôèöèåíòà ïðîäîëüíîé ñèëû îò êîýôôèöèåíòà áóêñîâàíèÿ ýëåìåíòîâ êîíòàêòíîé ïëîùàäêè 
áåãîâîé äîðîæêè øèíû ïðè ñèììåòðè÷íîé è íåñèììåòðè÷íîé ýïþðàõ íîðìàëüíûõ ðåàêöèé îïîðíîé ïîâåðõíîñòè

Fig. 5. Dependence of the coefficient of longitudinal force on the coefficient of slipping 
of the elements of the contact pad of the treadmill of the tire with symmetric 

and asymmetric epures of normal reactions of the supporting surface

Ðèñ. 6. Òÿãîâàÿ äèàãðàììà êîëåñà ïðè íåñèììåòðè÷íîé 
è ñèììåòðè÷íîé ýïþðàõ íîðìàëüíûõ ðåàêöèé îïîðíîé ïîâåðõíîñòè

Fig. 6. Traction diagram of a wheel with an asymmetric and symmetric epures 
of normal reactions of the bearing surface
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ïðîäîëüíîé ñèëû â ñòîðîíó áîëüøèõ çíà÷åíèé 
êîýôôèöèåíòà áóêñîâàíèÿ ýëåìåíòîâ êîíòàêò-
íîé ïëîùàäêè øèíû è êîýôôèöèåíòà áóêñî-
âàíèÿ êîëåñà ïðè ïðàêòè÷åñêè íåèçìåííîì 
ìàêñèìàëüíîì çíà÷åíèè êîýôôèöèåíòà ïðî-
äîëüíîé ñèëû. 

Ïðè íåñèììåòðè÷íîé ýïþðå ñ ìèíèìàëü-
íûì çíà÷åíèåì ïåðåìåííîãî êîýôôèöèåíòà 
íåñèììåòðè÷íîñòè k

í
 = 0,6223 ìàêñèìàëüíîå 

çíà÷åíèå êîýôôèöèåíòà ïðîäîëüíîé ñèëû ñî-
ñòàâëÿåò k

Rx max
 = 0,7392, à ïðè ñèììåòðè÷íîé 

ýïþðå − k
Rx max

 = 0,7398. Îòêëîíåíèå ìàêñè-
ìàëüíîãî çíà÷åíèÿ êîýôôèöèåíòà ïðîäîëüíîé 
ñèëû ïðè íåñèììåòðè÷íîé ýïþðå ïî ñðàâ-
íåíèþ ñ ñèììåòðè÷íîé ýïþðîé ñîñòàâëÿåò 
0,08 %.

Êîýôôèöèåíò áóêñîâàíèÿ ýëåìåíòîâ êîí-
òàêòíîé ïëîùàäêè øèíû ïðè íåñèììåòðè÷-
íîé ýïþðå ñîñòàâëÿåò çíà÷åíèå δ

áóêñ
 = 0,691, 

à ïðè ñèììåòðè÷íîé ýïþðå − δ
áóêñ

 = 0,625. Îò-
êëîíåíèå çíà÷åíèÿ êîýôôèöèåíòà áóêñîâàíèÿ 
ýëåìåíòîâ êîíòàêòíîé ïëîùàäêè øèíû ïðè íå-
ñèììåòðè÷íîé ýïþðå ïî ñðàâíåíèþ ñ ñèììå-
òðè÷íîé ýïþðîé ñîñòàâëÿåò 10,56 %. 

Êîýôôèöèåíò áóêñîâàíèÿ êîëåñà ïðè íå-
ñèììåòðè÷íîé ýïþðå ñîñòàâëÿåò δ

ê
 = 0,160, 

à ïðè ñèììåòðè÷íîé ýïþðå − δ
ê
 = 0,132. Îò-

êëîíåíèå çíà÷åíèÿ êîýôôèöèåíòà áóêñîâàíèÿ 
êîëåñà ïðè íåñèììåòðè÷íîé ýïþðå ïî ñðàâ-
íåíèþ ñ ñèììåòðè÷íîé ýïþðîé ñîñòàâëÿåò 
21,21 %.

Ñëåäóåò èìåòü â âèäó, ÷òî â ïðåäëîæåííîé 
ãðàôîàíàëèòè÷åñêîé ìîäåëè − âî èçáåæàíèå 
íåêîððåêòíîãî ïðåäñòàâëåíèÿ ýïþðû îòíîñè-
òåëüíûõ íîðìàëüíûõ ðåàêöèé îïîðíîé ïîâåðõ-
íîñòè ñ ïåðåõîäîì â îáëàñòü èõ îòðèöàòåëüíûõ 
çíà÷åíèé – íàëîæåíî îãðàíè÷åíèå ïî âåëè÷èíå 
îòíîñèòåëüíîãî ñìåùåíèÿ öåíòðà íîðìàëüíûõ 
ðåàêöèé, ìàêñèìàëüíîå îòíîñèòåëüíîå çíà÷å-
íèå êîòîðîãî íå äîëæíî ïðåâûøàòü ∆

íð 
= 0,119 

ïðè ãðàíè÷íîì çíà÷åíèè êîýôôèöèåíòà íåñèì-
ìåòðè÷íîñòè ýïþðû k

í
 = 0. Äëÿ øèíû ìîäåëè 

Ô-2À ìàêñèìàëüíîå àáñîëþòíîå ñìåùåíèå 
â âåäóùåì ðåæèìå îãðàíè÷åíî çíà÷åíèåì 
à

íð 
= 73,53 ìì, ÷òî â 7,94 ðàçà áîëüøå ñìåùå-

íèÿ â ñâîáîäíîì ðåæèìå êà÷åíèÿ êîëåñà.

Çàêëþ÷åíèå
Ïðåäñòàâëåííàÿ ãðàôîàíàëèòè÷åñêàÿ ìîäåëü 

íåñèììåòðè÷íîé ýïþðû îòíîñèòåëüíûõ íîð-
ìàëüíûõ ðåàêöèé ïîçâîëÿåò ïîëó÷èòü ïîäõî-
äÿùóþ ðàñ÷åòíóþ ôîðìó ýïþðû, â òîì ÷èñëå 

íåñèììåòðè÷íóþ, îòîáðàæàþùóþ ñèëîâûå 
ïàðàìåòðû øèíû è êîëåñà, ïðèìåíèòåëüíî 
ê ñâîáîäíîìó è âåäóùåìó ðåæèìàì êà÷åíèÿ 
êîëåñà. Ïðèâåäåííàÿ ìåòîäèêà îïðåäåëå-
íèÿ ñèëîâûõ è êèíåìàòè÷åñêèõ ïàðàìåòðîâ 
ñ ó÷åòîì íåñèììåòðè÷íîñòè ýïþðû íîðìàëü-
íûõ ðåàêöèé îïîðíîé ïîâåðõíîñòè ìîæåò 
íàéòè ïðèìåíåíèå ïðè ðàñ÷åòå è îáîñíîâàíèè 
ýêñïëóàòàöèîííûõ ïîêàçàòåëåé òðàêòîðíûõ 
òðàíñïîðòíî-òåõíîëîãè÷åñêèõ àãðåãàòîâ, îñ-
íàùåííûõ êîëåñíûìè äâèæèòåëÿìè, à òàêæå 
ïðè âûáîðå ðàöèîíàëüíûõ íàãðóçî÷íûõ è ñêî-
ðîñòíûõ ðåæèìîâ èõ ðàáîòû â ðàçëè÷íûõ äî-
ðîæíûõ óñëîâèÿõ.
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