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Öåëüþ èññëåäîâàíèÿ, âûïîëíåííîãî â ñòàòüå, ÿâëÿåòñÿ ïîâûøåíèå ñòåïåíè ïîëíîòû è äîñòîâåð-
íîñòè ïîäõîäîâ ê îïðåäåëåíèþ ñîñòàâëÿþùèõ ñîïðîòèâëåíèÿ ïîâîðîòó ãóñåíè÷íîé ìàøèíû, à òàê-
æå ñîçäàíèå ïðèãîäíîé äëÿ ïðàêòè÷åñêèõ ðàñ÷åòîâ ìåòîäèêè èõ îöåíêè.
Â ñòàòüå àíàëèçèðóþòñÿ äâå ñîñòàâëÿþùèå ìîìåíòà ñîïðîòèâëåíèÿ ïîâîðîòó ãóñåíè÷íîé ìàøèíû, 
êîòîðûå ìîæíî âûäåëèòü, åñëè ðàññìàòðèâàòü âçàèìîäåéñòâèå ãóñåíèöû ñ îïîðíûì îñíîâàíèåì 
÷åðåç îòäåëüíûå ïÿòíà êîíòàêòà (àêòèâíûå ó÷àñòêè ãóñåíèö, íàõîäÿùèåñÿ ïîä îïîðíûìè êàòêàìè). 
Ïåðâàÿ ñîñòàâëÿþùàÿ âîçíèêàåò èç-çà ëèíåéíîãî ïåðåìåùåíèÿ àêòèâíûõ ó÷àñòêîâ ãóñåíèö. Âòî-
ðàÿ âûçâàíà âðàùàòåëüíûì äâèæåíèåì ïÿòíà êîíòàêòà îòíîñèòåëüíî âåðòèêàëüíîé îñè. 
Â ðàáîòå ïðèâåäåíà ìàòåìàòè÷åñêàÿ ìîäåëü âçàèìîäåéñòâèÿ äâèæèòåëÿ è ïëîòíîãî îïîðíîãî 
îñíîâàíèÿ, ïîçâîëÿþùàÿ èçó÷èòü çàâèñèìîñòü ñîñòàâëÿþùèõ ìîìåíòà ñîïðîòèâëåíèÿ ïîâîðîòó 
îò ãåîìåòðè÷åñêèõ ïàðàìåòðîâ õîäîâîé ÷àñòè ãóñåíè÷íîé ìàøèíû. Ñèëà ãîðèçîíòàëüíîé ðåàêöèè 
â äàííîì ñëó÷àå ïðåäñòàâëåíà â âèäå çàâèñèìîñòè îò êîýôôèöèåíòà áóêñîâàíèÿ. Òàêæå îáåñïå-
÷åíà âîçìîæíîñòü ðåàëèçàöèè ðàçëè÷íûõ ñöåïíûõ êà÷åñòâ äâèæèòåëÿ â ïðîäîëüíîì è ïîïåðå÷-
íîì íàïðàâëåíèè ñêîëüæåíèÿ. Ìîäåëü ïðåäïîëàãàåò ïðåäâàðèòåëüíîå ðàçáèåíèå ïÿòíà êîíòàêòà 
íà êîíå÷íîå ÷èñëî ýëåìåíòàðíûõ ïëîùàäîê. Òàê êàê êîëè÷åñòâî ýëåìåíòàðíûõ ïëîùàäîê îêàçû-
âàåò âëèÿíèå íà ðåçóëüòàò, òî â ñòàòüå ïðîâåäåíî èññëåäîâàíèå ïî îïðåäåëåíèþ ìèíèìàëüíîãî 
êîëè÷åñòâà ïëîùàäîê äëÿ îáåñïå÷åíèÿ ïðèåìëåìîé òî÷íîñòè.
Áûë ïðîâåäåí àíàëèç èìåþùèõñÿ â ëèòåðàòóðå âûðàæåíèé äëÿ îïðåäåëåíèÿ óêàçàííîé ñîñòàâ-
ëÿþùåé ñîïðîòèâëåíèÿ ïîâîðîòó. Òàêæå ïðåäëîæåíû íîâûå ýìïèðè÷åñêèå çàâèñèìîñòè, ëó÷øå 
ñîãëàñóþùèåñÿ ñ ìàòåìàòè÷åñêîé ìîäåëüþ. Èññëåäîâàíèå íåñêîëüêèõ ñóùåñòâóþùèõ ãóñåíè÷íûõ 
ìàøèí, îòëè÷àþùèõñÿ ìàññîé è ðàçìåðîì îïîðíîé ïîâåðõíîñòè òðàêà ïîçâîëèëî ñäåëàòü âûâîä 
î öåëåñîîáðàçíîñòè ó÷åòà ìîìåíòà ñîïðîòèâëåíèÿ ïîâîðîòó ïÿòíà êîíòàêòà äëÿ ðàçëè÷íûõ òèïîâ 
ãóñåíè÷íûõ ìàøèí. 
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 Ââåäåíèå
Õàðàêòåðíîé îñîáåííîñòüþ äâèæåíèÿ ãóñå-

íè÷íûõ ìàøèí (ÃÌ) ÿâëÿåòñÿ âûñîêèé ìîìåíò 
ñîïðîòèâëåíèÿ ïîâîðîòó. Äëÿ îòðàæåíèÿ ýòîé 
îñîáåííîñòè â ìàòåìàòè÷åñêèõ ìîäåëÿõ ïðè-
ìåíÿþò ðàçëè÷íûå ïîäõîäû. Ðàñïðîñòðàíåí-
íûì ðåøåíèåì ÿâëÿåòñÿ ïðåäñòàâëåíèå î òîì, 
÷òî âçàèìîäåéñòâèå õîäîâîé ÷àñòè ÃÌ è îïîð-
íîãî îñíîâàíèÿ â áîëüøåé ñòåïåíè ïðîèñõîäèò 
ïîä àêòèâíûìè ó÷àñòêàìè ãóñåíèö, êîòîðûå 
íåïîñðåäñòâåííî èñïûòûâàþò äàâëåíèå îïîð-
íûõ êàòêîâ [1, 2, 3]. Òàêèì îáðàçîì âîçìîæíî 
îïðåäåëèòü ñîñòàâëÿþùóþ ìîìåíòà ñîïðî-
òèâëåíèÿ ïîâîðîòà ÃÌ, çàâèñÿùóþ îò ëèíåé-

íîãî ïåðåìåùåíèÿ ïÿòíà êîíòàêòà (àêòèâíî-
ãî ó÷àñòêà ãóñåíèöû). Âòîðàÿ ñîñòàâëÿþùàÿ 
ìîìåíòà ñîïðîòèâëåíèÿ ïîâîðîòó âîçíèêàåò 
èç-çà âðàùàòåëüíîãî äâèæåíèÿ ïÿòíà êîíòàê-
òà (àêòèâíîãî ó÷àñòêà ãóñåíèöû) îòíîñèòåëüíî 
âåðòèêàëüíî îñè. Äëÿ åå ó÷åòà íåîáõîäèìî èñ-
ïîëüçîâàòü äîïîëíèòåëüíûå çàâèñèìîñòè, ïî-
ëó÷åíèþ êîòîðûõ ïîñâÿùåíà äàííàÿ ðàáîòà.

Îïðåäåëåíèå ñèë è ìîìåíòîâ 
âçàèìîäåéñòâèÿ ãóñåíèöû ñ ãðóíòîì
Â ðàáîòå [4] óñòàíîâëåíî, ÷òî ðàñïðåäåëåíèå 

íîðìàëüíûõ ðåàêöèé îïîðíîãî îñíîâàíèÿ òèïà 
«ïëîòíûé ãðóíò» ïî äëèíå îïîðíûõ âåòâåé ãó-
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ñåíèö âî ìíîãèõ ñëó÷àÿõ ðàçðûâíî. Îñíîâíîå 
äàâëåíèå ïåðåäàþò àêòèâíûå ó÷àñòêè ïîä êàò-
êàìè. ×àñòü çâåíüåâ ãóñåíèöû ìåæäó êàòêàìè 
ïðè ýòîì íå ó÷àñòâóþò â ïåðåäà÷å íîðìàëüíîé 
íàãðóçêè. Ñëåäîâàòåëüíî, ïî ñïîñîáó ðåàëèçà-
öèè âçàèìîäåéñòâèÿ ñ îïîðíîé ïîâåðõíîñòüþ 
(ÎÏ) ãóñåíè÷íûé äâèæèòåëü ïîäîáåí êîëåñíî-
ìó, ó êîòîðîãî ÷èñëî êîëåñ ðàâíî ÷èñëó îïîð-
íûõ êàòêîâ. Ðåçóëüòàòû, ïîëó÷åííûå â ðàáîòå 
[4], ïîçâîëÿþò ïåðåéòè îò ðàññìîòðåíèÿ ïðî-
öåññîâ âçàèìîäåéñòâèÿ ãóñåíè÷íîãî îáâîäà 
ñ îïîðíûì îñíîâàíèåì ê ðàññìîòðåíèþ âçàè-
ìîäåéñòâèÿ ñ íèì îòäåëüíûõ àêòèâíûõ ó÷àñò-
êîâ ãóñåíèöû ïîä îïîðíûìè êàòêàìè.

Ñèëà âçàèìîäåéñòâèÿ ñ ãðóíòîì àêòèâíîãî 
ó÷àñòêà ãóñåíèöû â ïëîñêîñòè îïîðíîãî îñíî-
âàíèÿ îïðåäåëÿåòñÿ ñîãëàñíî ïîäõîäó, èçëî-
æåííîìó â ðàáîòàõ [5, 6]. Â ñîîòâåòñòâèè ñ íèì 
ñèëà âçàèìîäåéñòâèÿ äâèæèòåëÿ ñ îïîðíîé ïî-
âåðõíîñòüþ íàïðàâëåíà ïðîòèâîïîëîæíî ñêî-
ðîñòè ñêîëüæåíèÿ.

Ðàññìîòðèì âçàèìîäåéñòâèå îòäåëüíî-
ãî àêòèâíîãî ó÷àñòêà ãóñåíèöû ïîä îïîðíûì 
êàòêîì ñ ÎÏ òèïà «ïëîòíûé ãðóíò» (ðèñ. 1). 
Áóäåì ñ÷èòàòü, ÷òî àêòèâíûé ó÷àñòîê ïðåä-
ñòàâëÿåò ñîáîé ïðÿìîóãîëüíèê ñî ñòîðîíàìè 

kl  è kb . Äëÿ ðàññìîòðåíèÿ íàèáîëåå òÿæåëîãî 
ðåæèìà íàãðóæåíèÿ è, ñîîòâåòñòâåííî, ãàðàí-
òèðîâàííîé îöåíêè ìîìåíòà ñîïðîòèâëåíèÿ 
ïîâîðîòó ïðèìåì, ÷òî íîðìàëüíàÿ ðåàêöèÿ 
ðàñïðåäåëåíà ðàâíîìåðíî ïî ïëîùàäè àêòèâ-
íîãî ó÷àñòêà, à åãî ðàçìåðû ñîñòàâëÿþò: äëèíà 

kl  ñîîòâåòñòâóåò äëèíå äâóõ òðàêîâ, à øèðèíà 

kb  – øèðèíå ãóñåíèöû.
Íà ðèñ. 1 îáîçíà÷åíû ñèñòåìà êîîðäèíàò 

ñâÿçàííàÿ ñ êîðïóñîì ìàøèíû x y  (ñ íà÷à-
ëîì â òî÷êå Ñ) è ñèñòåìà êîîðäèíàò, ñâÿçàííàÿ 
ñ àêòèâíûì ó÷àñòêîì ãóñåíèöû x y   . Òàê 
êàê ó ãóñåíè÷íîé ìàøèíû îòñóòñòâóåò âîçìîæ-
íîñòü ïîâîðîòà îïîðíûõ êàòêîâ, òî ýòè ñèñòå-
ìû êîîðäèíàò íåïîäâèæíû îòíîñèòåëüíî äðóã 
äðóãà.

Âåêòîð ñêîðîñòè ñêîëüæåíèÿ öåíòðà ðàñ-
ñìàòðèâàåìîãî ó÷àñòêà ckv


 îïðåäåëÿåòñÿ ñëå-

äóþùèì âûðàæåíèåì:

 
,ckv v v ïåð îòí

    (1)

ãäå vïåð
  – âåêòîð ïåðåíîñíîé ñêîðîñòè öåíòðà 

ðàññìàòðèâàåìîãî ó÷àñòêà; vîòí


 – âåêòîð îòíî-
ñèòåëüíîé ñêîðîñòè öåíòðà ðàññìàòðèâàåìîãî 
ó÷àñòêà.

Ïðîåêöèè âåêòîðà ïåðåíîñíîé ñêîðîñòè 
öåíòðà ðàññìàòðèâàåìîãî ó÷àñòêà íà îñè ñè-

ñòåìû êîîðäèíàò x y    îïðåäåëÿþòñÿ ñëåäó-
þùèì îáðàçîì:

 
,x x z kv v y   ïåð ,y y z kv v x   ïåð  (2)

ãäå ,k kx y  – êîîðäèíàòû ïðîåêöèè öåíòðà i-îãî 
êàòêà íà ïëîñêîñòü îïîðíîãî îñíîâàíèÿ îòíî-
ñèòåëüíî öåíòðà ìàññ ìàøèíû (â ñèñòåìå êîîð-
äèíàò x y ).

Ïðîåêöèè âåêòîðà îòíîñèòåëüíîé ñêîðîñòè 
öåíòðà ðàññìàòðèâàåìîãî ó÷àñòêà íà îñè ñè-
ñòåìû êîîðäèíàò x y   :

 ,xv r  îòí âê âê  0,yv  îòí  
(3)

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

Òîãäà ïðîåêöèè âåêòîðà ñêîðîñòè ñêîëüæå-
íèÿ ðàññìàòðèâàåìîãî ó÷àñòêà íà îñè ñèñòåìû 
êîîðäèíàò x y    áóäóò èìåòü âèä:

 ,ck x x z kv v y r    âê âê .ck y y z kv v x     (4)

Âåëè÷èíó ñóììàðíîé ðåàêöèè R , äåéñòâó-
þùåé íà ðàññìàòðèâàåìûé àêòèâíûé ó÷àñòîê, 
îïðåäåëÿþò ïî çàâèñèìîñòè [7]:

Ðèñ. 1. Ñõåìà âçàèìîäåéñòâèÿ àêòèâíîãî ó÷àñòêà 
ãóñåíèöû ñ îïîðíûì îñíîâàíèåì

Fig. 1. Scheme of interaction of the active section 
of the track with the support base
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 ,s zR R   (5)

ãäå s  – êîýôôèöèåíò âçàèìîäåéñòâèÿ ðàñ-
ñìàòðèâàåìîãî àêòèâíîãî ó÷àñòêà ãóñåíèöû 
ñ îïîðíûì îñíîâàíèåì; zR  – âåðòèêàëüíàÿ ðå-
àêöèÿ, äåéñòâóþùàÿ íà àêòèâíûé ó÷àñòîê ãóñå-
íèöû ïîä ðàññìàòðèâàåìûì êàòêîì.

Äëÿ íåñâÿçíûõ îïîðíûõ îñíîâàíèé õàðàê-
òåðíà ñëåäóþùàÿ çàâèñèìîñòü êîýôôèöèåíòà 
âçàèìîäåéñòâèÿ îò êîýôôèöèåíòà ñêîëüæåíèÿ 
[5, 6, 8]:

 

max
01 ,
s
s

s s

k
e
 

    
 
 

 (6)

ãäå maxs  – çíà÷åíèå êîýôôèöèåíòà âçàèìîäåé-
ñòâèÿ àêòèâíîãî ó÷àñòêà ïðè ks   è ñêîëü-
æåíèè c óãëîì k  îòíîñèòåëüíî îñè x ; 
ks  – êîýôôèöèåíò ñêîëüæåíèÿ ðàññìàòðèâà-

åìîãî ó÷àñòêà ãóñåíèöû â çîíå êîíòàêòà; 0s  – 
êîíñòàíòà, õàðàêòåðèçóþùàÿ íàêëîí êàñàòåëü-
íîé ê êðèâîé  s ks  â òî÷êå 0ks  .

Îñíîâûâàÿñü íà ïðèíöèïå ýëëèïñà òðåíèÿ 
[6, 9, 10], êîýôôèöèåíò âçàèìîäåéñòâèÿ maxs  
âîçìîæíî îïðåäåëèòü êàê:

 
   

max max
max 2 2 2 2

max max

,
sin cos

sx sy
s k

sx k sy k

 
  

    
 

(7)
ãäå max max,sx sy   – ïàðàìåòðû ýëëèïñà òðåíèÿ 
(ðèñ. 2) (òàáëèöà 1) [11].

Ðèñ. 2. Ýëëèïñ òðåíèÿ

Fig. 2. Friction ellipse

Âåëè÷èíû maxsx è maxsy  â îáùåì ñëó÷àå 
ìîãóò áûòü íå ðàâíû äðóã äðóãó â ñëåäñòâèè 
íàëè÷èÿ ãðóíòîçàöåïîâ íà êîíòàêòíîé ïî-
âåðõíîñòè òðàêà, ïîçâîëÿþùèõ îáåñïå÷èòü, 
íàïðèìåð, ëó÷øèå òÿãîâûå êà÷åñòâà ìàøèíû 
â ïðîäîëüíîì íàïðàâëåíèè (àêòóàëüíî äëÿ 
òðàêòîðîâ). Òåì íå ìåíåå äëÿ âûñîêîïîäâèæ-
íûõ òðàíñïîðòíûõ ìàøèí ñòðåìÿòñÿ îáåñïå-
÷èòü èçîòðîïíîñòü âçàèìîäåéñòâèå òðàêîâ ãó-
ñåíèöû ñ îïîðíûì îñíîâàíèåì äëÿ ðåàëèçàöèè 
êàê äîñòàòî÷íûõ òÿãîâûõ ñâîéñòâ ìàøèíû, òàê 
è óñòîé÷èâîñòè ïðè âûïîëíåíèè ìàíåâðîâ ïî-
âîðîòà íà âûñîêîé ñêîðîñòè

Êîýôôèöèåíò ñêîëüæåíèÿ ðàññìàòðèâàåìî-
ãî àêòèâíîãî ó÷àñòêà ãóñåíèöû âû÷èñëÿåòñÿ 
ïî ôîðìóëå [5]:

 
 

2 2

.
max ,

ck x ck y
k

v v
s

v v
 


ïåð îòí

   (8)

Ïðè ýòîì vïåð
  è vîòí


 âîçìîæíî îïðåäå-

ëèòü êàê:

 
2 2 ,    .x yv v v v r   ïåð ïåð ïåð îòí âê âê

 

 
(9)

Óãîë ïîâîðîòà âåêòîðà ñêîðîñòè ñêîëüæå-
íèÿ k  îòíîñèòåëüíî îñè x  îïðåäåëÿåòñÿ 
ñëåäóþùèìè âûðàæåíèÿìè:

   
2 2 2 2

sin , cos .ck y ck x
k k

ck x ck y ck x ck y

v v
v v v v

 

   

   
 

 

(10)

Âåêòîð ñóììàðíîé ðåàêöèè R , äåéñòâóþ-
ùåé íà àêòèâíûé ó÷àñòîê ãóñåíèöû, íàïðàâëåí 
ïðîòèâ åãî ñêîðîñòè ñêîëüæåíèÿ ckv


. Â ñâÿçè 

ñ ýòèì, äëÿ òîãî ÷òîáû îïðåäåëèòü ïðîäîëü-
íóþ è ïîïåðå÷íóþ ñîñòàâëÿþùèå ðåàêöèè, 
äåéñòâóþùèå íà êàæäûé i-ûé àêòèâíûé ó÷à-
ñòîê ãóñåíèöû, íåîáõîäèìî ñïðîåöèðîâàòü 
âåêòîð ñóììàðíîé ðåàêöèè íà îñè ñèñòåìû êî-
îðäèíàò x y : 

  cos ,xi x i i k iR R R     (11)

 
 sinyi y i i k iR R R    . (12)

Òàáëèöà 1

Çíà÷åíèÿ êîýôôèöèåíòà μs max äëÿ èçîòðîïíîãî âçàèìîäåéñòâèÿ òðàêîâ ãóñåíèöû ñ îïîðíûì îñíîâàíèåì

Table 1. Coefficient μ
s max

 values for the isotropic interaction of the caterpillar tracks with the support base

Сухой асфальт Сухой грунт Сухой песок Рыхлый снег Луг


s max 0,6–0,65 0,6–0,8 0,4–0,5 0,25–0,45 0,65–0,85 
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Ìîìåíò ñîïðîòèâëåíèÿ ïîâîðîòó 
àêòèâíîãî ó÷àñòêà ãóñåíèöû
Äëÿ îöåíêè ñîïðîòèâëåíèé, âûçâàííûõ 

âðàùàòåëüíûì äâèæåíèåì òðàêîâ, èñïîëüçó-
þò ðàçäåëåíèå ïîâåðõíîñòè êîíòàêòà íà íå-
êîòîðîå êîëè÷åñòâî ýëåìåíòîâ (òàê, â ðàáîòå 
[12] èñïîëüçîâàëîñü ðàçáèåíèå íà ýëåìåíòû 
ïîâåðõíîñòè êàæäîãî òðàêà ãóñåíèöû). Òàêèì 
îáðàçîì, ÷òîáû îïðåäåëèòü ìîìåíò ñîïðîòèâ-
ëåíèÿ ïîâîðîòó, âûçâàííûé âçàèìîäåéñòâèåì 
êàæäîãî àêòèâíîãî ó÷àñòêà ãóñåíèöû ñ ÎÏ 
ïðè ïîâîðîòå ÃÌ, ðàçîáüåì àêòèâíûé ó÷àñòîê 
ãóñåíèöû äëèíîé kl  è øèðèíîé kb  íà ný  ýëå-
ìåíòàðíûõ ïëîùàäîê (ðèñ. 3). 

Ñ öåëüþ àíàëèçà õàðàêòåðèñòèê ïðèâîäà 
âåäóùèõ êîëåñ ÃÌ äëÿ íàèáîëåå òÿæåëûõ óñ-
ëîâèé ïðèíÿòî äîïóùåíèå, ÷òî íîðìàëüíàÿ 
ðåàêöèÿ, ïðèõîäÿùàÿñÿ íà ðàññìàòðèâàåìûé 
àêòèâíûé ó÷àñòîê ãóñåíèöû, ðàñïðåäåëåíà 
ðàâíîìåðíî ïî åãî ýëåìåíòàðíûì ïëîùàäêàì. 
Òàêèì îáðàçîì, ñîñòàâëÿþùóþ íîðìàëüíîé 
ðåàêöèè, âîñïðèíèìàåìóþ êàæäîé ýëåìåíòàð-
íîé ïëîùàäêîé, âîçìîæíî âû÷èñëèòü êàê:

 / .z zR R ný ý  (13)

Áóäåì ñ÷èòàòü, ÷òî ìàêñèìàëüíûé êîýôôè-
öèåíò âçàèìîäåéñòâèÿ êàæäîé ýëåìåíòàðíîé 
ïëîùàäêè ñ îïîðíûì îñíîâàíèåì îïèñûâàåòñÿ 
ýëëèïñîì òðåíèÿ ñ ïàðàìåòðàìè max max sx sy è , 
òî åñòü òàêèìè æå, êàê è äëÿ àêòèâíîãî ó÷àñòêà 
ãóñåíèöû â öåëîì.

Ñëåäîâàòåëüíî, â ñëó÷àå äâèæåíèÿ ïî íå-
ñâÿçíîìó ãðóíòó ïðîäîëüíóþ xR ý  è ïîïåðå÷-
íóþ yR ý  ðåàêöèè, ðåàëèçóåìûå â êîíòàêòå 
êàæäîé ýëåìåíòàðíîé ïëîùàäêè ñ ÎÏ, âîçìîæ-
íî âû÷èñëèòü êàê:

max max

2 2 2 2
max max

01 ,
s

sx sy ck x s
x z

sx ck y sy ck x

kv
R e R

v v








 

  
   
     

ý
ý ý

ý ý

ý
 

(14)

max max

2 2 2 2
max max

01 ,
s

sx sy ck y s
y z

sx ck y sy ck x

kv
R e R

v v








 

  
   
     

ý
ý ý

ý ý

ý
 

(15)

ãäå ks ý  – êîýôôèöèåíò ñêîëüæåíèÿ ðàññìàòðè-
âàåìîé ýëåìåíòàðíîé ïëîùàäêè; ck xv ý  – ïðî-
åêöèÿ ñêîðîñòè ñêîëüæåíèÿ ðàññìàòðèâàåìîé 
ýëåìåíòàðíîé ïëîùàäêè íà îñü x ; ck yv ý  – 

Ðèñ. 3. Ñõåìà âçàèìîäåéñòâèÿ ýëåìåíòàðíîé ïëîùàäêè àêòèâíîãî ó÷àñòêà ãóñåíèöû ñ îïîðíûì îñíîâàíèåì

Fig. 3. The scheme of interaction of the elementary platform 
of the active section of the caterpillar with the support base
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ïðîåêöèÿ ñêîðîñòè ñêîëüæåíèÿ ðàññìàòðèâàå-
ìîé ýëåìåíòàðíîé ïëîùàäêè íà îñü y .

Êîýôôèöèåíò ñêîëüæåíèÿ ðàññìàòðèâàåìîé 
ýëåìåíòàðíîé ïëîùàäêè îïðåäåëÿåòñÿ àíàëî-
ãè÷íî, êàê è äëÿ ó÷àñòêà â öåëîì:

 
 

2 2

" "
.

max ,
ck x ck y

k

v v
s

v v
 

 ý ý

ý

ïåð îòí

   (16)

Ïðè ýòîì âåëè÷èíà ïåðåíîñíîé "vïåð


 è îò-
íîñèòåëüíîé "vîòí


 ñêîðîñòè ðàññìàòðèâàåìîé 

ýëåìåíòàðíîé ïëîùàäêè îïðåäåëÿåòñÿ:

 
" 2 2 ",    ,x yv v v v r    ïåð ïåðý ïåðý ïåð âê âê

 
 

(17)
ãäå , x yv v ïåðý ïåðý  – ïðîåêöèè ïåðåíîñíîé ñêîðî-
ñòè ðàññìàòðèâàåìîé ýëåìåíòàðíîé ïëîùàäêè 
íà îñè x  è y  ñîîòâåòñòâåííî; , x yv v îòíý îòíý  – 
ïðîåêöèè îòíîñèòåëüíîé ñêîðîñòè ðàññìàòðè-
âàåìîé ýëåìåíòàðíîé ïëîùàäêè íà îñè x  è 
y  ñîîòâåòñòâåííî.

Ïðîåêöèè ïåðåíîñíîé è îòíîñèòåëüíîé ñêîðî-
ñòè, à òàêæå ñêîðîñòè ñêîëüæåíèÿ ðàññìàòðèâàå-
ìîé ýëåìåíòàðíîé ïëîùàäêè îïðåäåëÿþòñÿ êàê:

,ck x x xv v v   ý ïåðý îòíý

 ,ck y y yv v v   ý ïåðý îòíý  (18)

  ,x x z kv v y y   ïåðý ý

 
  ,y y z kv v x x    ïåðý ý  (19)

 ,xv r  îòíý âê âê 0,yv  îòíý  
(20)

ãäå ,x y ý ý  – êîîðäèíàòû öåíòðà ðàññìàòðèâà-
åìîé ýëåìåíòàðíîé ïëîùàäêè îòíîñèòåëüíî 
öåíòðà àêòèâíîãî ó÷àñòêà (â ñèñòåìå êîîðäè-
íàò x y   ).

Òàêèì îáðàçîì, ñóììàðíóþ ïðîäîëüíóþ 

xR   è ïîïåðå÷íóþ yR   ðåàêöèè, âîçíèêàþùèå 
â êîíòàêòå àêòèâíîãî ó÷àñòêà ãóñåíèöû ñ ÎÏ, 
âîçìîæíî âû÷èñëèòü êàê:

 1 1

,  .
n n

x x j y y j
j j

R R R R   





  
ý ý

ý ý  (21)

Ìîìåíò ñîïðîòèâëåíèÿ ïîâîðîòó cM ï  
àêòèâíîãî ó÷àñòêà ãóñåíèöû âû÷èñëÿåòñÿ 
êàê ñóììà âñåx ìîìåíòîâ, ñîçäàâàåìûõ ïðî-
äîëüíûìè x jR ý  è ïîïåðå÷íûìè y jR ý

 ðåàêöè-
ÿìè êàæäîé ýëåìåíòàðíîé ïëîùàäêè îòíîñè-
òåëüíî öåíòðà àêòèâíîãî ó÷àñòêà ãóñåíèöû.

 1 1

.
n n

c x j j y j j
j j

M R y R x
 

   
ý ý

ï ý ý ý ý  (22)

Ðåçóëüòàò ðàñ÷åòîâ ïî îöåíêå 
ìîìåíòà ñîïðîòèâëåíèÿ ïîâîðîòó
Íà ïåðâîì ýòàïå ñ öåëüþ îïðåäåëåíèÿ ìè-

íèìàëüíîãî êîëè÷åñòâà ïëîùàäîê ðàçáèåíèÿ, 
íåîáõîäèìûõ äëÿ êîððåêòíûõ ðàñ÷åòîâ, ïðî-
âîäèòñÿ ñðàâíåíèå âåëè÷èíû ìîìåíòà ñîïðî-
òèâëåíèÿ ïîâîðîòó àêòèâíîãî ó÷àñòêà ãóñåíè-
öû ïðè ðàçëè÷íûõ âåëè÷èíàõ ný . Äëÿ àíàëèçà 
áûë âûáðàí ìàêñèìàëüíûé ìîìåíò ñîïðîòèâ-
ëåíèÿ ïîâîðîòó, âîçíèêàþùèé ïðè âðàùåíèè 
àêòèâíîãî ó÷àñòêà âîêðóã ñâîåãî öåíòðà. Ðå-
çóëüòàòû, ïîëó÷åííûå äëÿ ãóñåíèö ñ ãåîìåòðè-
÷åñêèìè ïàðàìåòðàìè ÁÌÏ-3, ÃÌ-569 è Ò-80, 
ïðåäñòàâëåíû íà ðèñ. 4. Ïðè ðàñ÷åòàõ maxsx  
áûë ïðèíÿò ðàâíûì 0,85, êîýôôèöèåíò àíèçî-
òðîïèè max max/sy sx     ïðèíÿò ðàâíûì 1.

Ïî ïîëó÷åííûì äàííûì ìîæíî ñäåëàòü 
âûâîä, ÷òî èñïîëüçîâàòü áîëåå 200 ïëîùàäîê 
ðàçáèåíèÿ íåöåëåñîîáðàçíî. Ïðè ýòîì äàæå 
70 ïëîùàäîê äàþò ðåçóëüòàò, îòêëîíÿþùèéñÿ 
îò ïðåäåëüíîãî çíà÷åíèÿ íå áîëåå, ÷åì íà 10 %.

Âû÷èñëåíèå ìîìåíòà ñîïðîòèâëåíèÿ ïîâî-
ðîòó ïðè ïîìîùè ðàçáèåíèÿ àêòèâíîãî ó÷àñòêà 
ãóñåíèöû íà ýëåìåíòàðíûå ïëîùàäêè òðåáóåò 
äîïîëíèòåëüíûõ çàòðàò âû÷èñëèòåëüíîé ìîù-
íîñòè, â ñâÿçè ñ ýòèì àïïðîêñèìèðóåì âåëè÷è-
íó ìàêñèìàëüíîãî ìîìåíòà ñîïðîòèâëåíèÿ ïî-
âîðîòó ïðè ïîìîùè ñëåäóþùåé çàâèñèìîñòè, 
àíàëîãè÷íîé ïðåäëîæåííîé â ðàáîòàõ [13, 14]:

  max max maxmax , ,c sx sy z k kM R l b   ï  (23)

ãäå  – àïïðîêñèìèðóþùèé êîýôôèöèåíò.
Äëÿ îïðåäåëåíèÿ êîýôôèöèåíòà  íåîáõî-

äèìî ïðîâåñòè ðÿä âû÷èñëèòåëüíûõ ýêñïåðè-
ìåíòîâ. Íàéäåì âåëè÷èíó   äëÿ ðàçëè÷íûõ 
ñîîòíîøåíèé ìåæäó ðàçìåðàìè àêòèâíîãî 
ó÷àñòêà ãóñåíèöû /  k kl b , à òàêæå ðàçëè÷íûõ 
êîýôôèöèåíòîâ àíèçîòðîïèè max max/sy sx     
, èñïîëüçóÿ ðàçáèåíèå àêòèâíîãî ó÷àñòêà ãóñå-
íèöû íà ýëåìåíòàðíûå ïëîùàäêè:

 
 
1 1

max max

.
max ,

n n

x j j y j jj j

sx sy z k k

R y R x

R l b

  


 
 

 ý ý

ý ý ý ý
 (24)

Âû÷èñëåíèÿ òàêæå ïðîâîäèëèñü äëÿ ñëó÷àÿ 
âðàùåíèÿ àêòèâíîãî ó÷àñòêà ãóñåíèöû âîêðóã 
ñâîåãî öåíòðà. Ïîëó÷åííûå ðåçóëüòàòû ïðåä-
ñòàâëåíû íà ðèñ. 5. Óñòàíîâëåíî, ÷òî êîýôôè-
öèåíò  ïðè ïðèíÿòûõ äîïóùåíèÿõ íå çàâèñèò 
îò îáùåé ïëîùàäè àêòèâíîãî ó÷àñòêà ãóñåíè-
öû è íîðìàëüíîé ðåàêöèè zR .
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Ðèñ. 4. Çàâèñèìîñòü ìîìåíòà ñîïðîòèâëåíèÿ ïîâîðîòó îò êîëè÷åñòâà ïëîùàäîê ðàçáèåíèÿ 
àêòèâíîãî ó÷àñòêà ãóñåíèöû

Fig. 4. Dependence of the moment of resistance to turning on the number 
of pads for splitting the active section of the caterpillar

Ðèñ. 5. Çàâèñèìîñòü àïïðîêñèìèðóþùåãî êîýôôèöèåíòà  îò îòíîøåíèÿ l
k
/b

k
 

Fig. 5. Dependence of the approximating coefficient  on the ratio l
k
/b

k

Êàê âèäíî èç ðèñ. 5, êîýôôèöèåíò  ñóùå-
ñòâåííî âîçðàñòàåò â ñëó÷àå ñíèæåíèÿ /k kl b  
ìåíåå 0,5. Êðîìå òîãî, êîýôôèöèåíò àíèçîòðî-
ïèè îêàçûâàåò ñóùåñòâåííîå âëèÿíèå íà âåëè-
÷èíó  ïðè áîëüøèõ îòíîøåíèÿõ /k kl b .

Ðàññìîòðèì ãåîìåòðè÷åñêèå ðàçìåðû òðàêîâ 
ðÿäà ÃÌ:

– ÁÌÏ-3: äëèíà òðàêà ïîðÿäêà 150 ìì, 
øèðèíà ïîðÿäêà 380 ìì;

– ÃÌ-569: äëèíà òðàêà ïîðÿäêà 125 ìì, 
øèðèíà ïîðÿäêà 500 ìì;
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– Ò-80: äëèíà òðàêà ïîðÿäêà 165 ìì, øèðèíà 
ïîðÿäêà 580 ìì.

Ñ÷èòàÿ, ÷òî øèðèíà àêòèâíîãî ó÷àñòêà ãóñå-
íèöû kb  ñîîòâåòñòâóåò øèðèíå òðàêà, à äëèíà 

kl – äëèíå äâóõ òðàêîâ, ïðè äâèæåíèè ïî ÎÏ 
òèïà «ïëîòíûé ãðóíò» àêòèâíûå ó÷àñòêè ãóñå-
íèö áóäóò èìåòü ñëåäóþùèå ðàçìåðû:

ÁÌÏ-3: 300 kl  ìì, 380 kb  ìì, / 0,79;k kl b 
ÃÌ-569: 250 kl  ìì,  500 kb  ìì,  / 0,5;k kl b 
Ò-80: 330 kl  ìì,  580 ,kb  ìì  / 0,57.k kl b 
Òàêèì îáðàçîì, ìîæíî ñäåëàòü âûâîä, 

÷òî äëÿ áîëüøèíñòâà ÃÌ ïðè ïðèíÿòûõ äîïó-
ùåíèÿõ ñîîòíîøåíèå /k kl b  íàõîäèòñÿ â ïðåäå-
ëàõ îò 0,5 äî 1. Êðîìå òîãî, êîýôôèöèåíò àíè-
çîòðîïèè äëÿ òðàíñïîðòíûõ ÃÌ æåëàòåëüíî 
âûáèðàòü áëèçêèì ê åäèíèöå.

Òàêèì îáðàçîì, íà ðèñ. 5 ìîæíî âûäåëèòü 
äèàïàçîí, êîòîðûé îõâàòûâàåò áîëüøèíñòâî 
òðàíñïîðòíûõ ÃÌ (îòíîøåíèå /k kl b  îò 0,5 
äî 1, êîýôôèöèåíò àíèçîòðîïèè îò 0,8 äî 1). 
Â äàííîì äèàïàçîíå êîýôôèöèåíò   èçìåíÿåòñÿ 
â äîñòàòî÷íî óçêèõ ïðåäåëàõ, ÷òî äàåò âîçìîæ-
íîñòü âûáðàòü åãî â ñðåäíåì íà óðîâíå 0,4  .

Ñ öåëüþ âû÷èñëåíèÿ ìîìåíòà ñîïðîòèâ-
ëåíèÿ ïîâîðîòó àêòèâíîãî ó÷àñòêà ãóñåíèöû 
ïðè äâèæåíèè ïî òðàåêòîðèè íåêîòîðîé êðè-
âèçíû àïïðîêñèìèðóåì âåëè÷èíó ýòîãî ìî-
ìåíòà ñëåäóþùåé çàâèñèìîñòüþ, ïîëó÷åííîé 
ïî àíàëîãèè ñ ôîðìóëîé À.Î. Íèêèòèíà äëÿ êî-
ýôôèöèåíòà ñîïðîòèâëåíèÿ ïîâîðîòó [15]:

 

max ,
1

c
c

s k

MM

k b






ï
ï  (25)

ãäå   – àïïðîêñèìèðóþùèé êîýôôèöèåíò; 

sk  – êðèâèçíà òðàåêòîðèè äâèæåíèÿ àêòèâíîãî 
ó÷àñòêà ãóñåíèöû.

Äëÿ îïðåäåëåíèÿ êîýôôèöèåíòà  ïðè ðàç-
ëè÷íîé øèðèíå àêòèâíîãî ó÷àñòêà ãóñåíèöû 

 kb è êðèâèçíå òðàåêòîðèè äâèæåíèÿ sk  òàêæå 
èñïîëüçóåì ïîäõîä, îñíîâûâàþùèéñÿ íà ðàçáè-
åíèè àêòèâíîãî ó÷àñòêà íà ýëåìåíòàðíûå ïëî-
ùàäêè. 

    

ï max

1 1

1 .c
s kn n

x j j y j jj j

M k b
R y R x

  

 
     
  ý ý

ý ý ý ý

 (26)

Ïðè ðàñ÷åòàõ êîýôôèöèåíò ñêîëüæå-
íèÿ öåíòðà àêòèâíîãî ó÷àñòêà áûë ïðèíÿò 
ðàâíûì 0. Äëÿ âû÷èñëåíèÿ êîýôôèöèåíòà   
âåëè÷èíà maxcM ï  îïðåäåëÿëàñü ïðè âðàùåíèè 
àêòèâíîãî ó÷àñòêà ãóñåíèöû âîêðóã ñâîåãî 
öåíòðà. Ðåçóëüòàòû ÷èñëåííûõ ýêñïåðèìåíòîâ 
ïðèâåäåíû íà ðèñ. 6.

Êàê âèäíî èç ïðåäñòàâëåííîãî ðèñ. 6, 
äëÿ øèðèíû àêòèâíîãî ó÷àñòêà ãóñåíèöû ( kb ) 
áîëüøåé ÷åì 0,4 ì, à òàêæå ðàäèóñà ïîâîðîòà 
áîëåå 5 ì êîýôôèöèåíò  èçìåíÿåòñÿ â äîñòà-
òî÷íî óçêèõ ïðåäåëàõ, ÷òî äàåò âîçìîæíîñòü 

Ðèñ. 6. Çàâèñèìîñòü àïïðîêñèìèðóþùåãî êîýôôèöèåíòà  îò ðàäèóñà ïîâîðîòà àêòèâíîãî ó÷àñòêà ãóñåíèöû

Fig. 6. Dependence of the approximating coefficient  from the turning radius of the active track section
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âûáðàòü åãî â ñðåäíåì íà óðîâíå 0,37   
äëÿ áîëüøèíñòâà òðàíñïîðòíûõ ÃÌ.

Òàêèì îáðàçîì, íà îñíîâàíèè ÷èñëåííûõ 
ýêñïåðèìåíòîâ áûëà ïîëó÷åíà ñëåäóþùàÿ çà-
âèñèìîñòü äëÿ îïðåäåëåíèÿ ìîìåíòà ñîïðîòèâ-
ëåíèÿ ïîâîðîòó, îáóñëîâëåííîãî âçàèìîäåé-
ñòâèåì i-îãî àêòèâíîãî ó÷àñòêà ãóñåíèöû ñ ÎÏ:

    max max max0,4max ,c i sx sy zi k kM R l b  ï ; (27)

 

max

0,371

c i
c i

si k

MM

k b




ï
ï ,  (28)

ãäå sik  – êðèâèçíà òðàåêòîðèè i-îãî àêòèâíîãî 
ó÷àñòêà ãóñåíèöû ÃÌ; ziR  – íîðìàëüíàÿ ðåàê-
öèÿ, äåéñòâóþùàÿ íà àêòèâíûé ó÷àñòîê ãóñå-
íèöû ïîä i-ûì êàòêîì. 

Ïðè ýòîì êðèâèçíó òðàåêòîðèè, ïî êîòîðîé 
äâèæåòñÿ i-ûé àêòèâíûé ó÷àñòîê ãóñåíèöû sik , 
âîçìîæíî îïðåäåëèòü êàê:

 

z
si

i

k
v



ïåð

 , 
(29)

ãäå ivïåð


 – âåëè÷èíà ïåðåíîñíîé ñêîðîñòè 
öåíòðà i-îãî êàòêà.

Èëëþñòðàöèÿ ñðàâíåíèÿ ðåçóëüòàòîâ, ïî-
ëó÷àåìûõ ïðè ïîìîùè àïïðîêñèìèðóþùèõ 
ôîðìóë, ñ ïîäõîäîì, îñíîâàííûì íà ðàçáèåíèè 

àêòèâíîãî ó÷àñòêà ãóñåíèöû íà ýëåìåíòàðíûå 
ïëîùàäêè, ïðåäñòàâëåíà íà ðèñ. 7.

Êàê âèäíî èç ðèñ. 7, ïîëó÷åííàÿ àïïðîêñè-
ìèðóþùàÿ çàâèñèìîñòü è ïîýëåìåíòíàÿ ìîäåëü 
àêòèâíîãî ó÷àñòêà ãóñåíèöû äàþò áëèçêèå ðå-
çóëüòàòû äëÿ ðàñïðîñòðàíåííûõ òèïîâ ÃÌ. 
Ïðè ýòîì â ñëó÷àå ïðèìåíåíèÿ øèðîêèõ ãó-
ñåíèö ( / 2kb B ) àïïðîêñèìèðóþùàÿ çàâè-
ñèìîñòü äàåò çàíèæåííûé ðåçóëüòàò. Â ýòîì 
ñëó÷àå êîýôôèöèåíòû  è  ðåêîìåíäóåòñÿ âû-
áèðàòü íåïîñðåäñòâåííî èç äèàãðàìì íà ðèñ. 5 
è 6, ëèáî èñïîëüçîâàòü ìîäåëèðîâàíèå ñ ðàçáè-
åíèåì ïÿòíà êîíòàêòà íà ýëåìåíòàðíûå ó÷àñòêè.

Ñðàâíèì ñóììó ìîìåíòîâ ñîïðîòèâëåíèÿ 
ïîâîðîòó, îáóñëîâëåííûõ âçàèìîäåéñòâèåì 
êàæäîãî àêòèâíîãî ó÷àñòêà ãóñåíèöû ñ ÎÏ 
ïðè ïîâîðîòå ÃÌ, ñ îáùèì ìîìåíòîì ñîïðî-
òèâëåíèÿ ïîâîðîòó, âêëþ÷àþùèì âëèÿíèå 
ïîïåðå÷íûõ ðåàêöèé yiR , äåéñòâóþùèõ íà àê-
òèâíûå ó÷àñòêè ãóñåíèö ïîä i-ìè êàòêàìè. Ðå-
çóëüòàòû ïðîâåäåííîé îöåíêè ïðåäñòàâëåíû 
íà ðèñ. 8–11. Ðàñ÷åòû ïðîâîäèëèñü íà ñêîðîñòè 
äâèæåíèÿ ÃÌ ðàâíîé max0,1 0,1 sy fv gR ç , ãäå 

fR  – ôàêòè÷åñêèé ðàäèóñ ïîâîðîòà ÃÌ.
Íà îñíîâå ïîëó÷åííûõ äàííûõ ìîæíî ñäå-

ëàòü âûâîä, ÷òî ñóììà ìîìåíòîâ ñîïðîòèâ-
ëåíèÿ ïîâîðîòó àêòèâíûõ ó÷àñòêîâ ãóñåíèö 
äëÿ òèïîâûõ ÃÌ ïî÷òè íà äâà ïîðÿäêà íèæå, 
÷åì îáùèé ìîìåíò ñîïðîòèâëåíèÿ ïîâîðîòó, 

Ðèñ. 7. Ðåçóëüòàòû ÷èñëåííûõ ýêñïåðèìåíòîâ ïî îïðåäåëåíèþ ìîìåíòà ñîïðîòèâëåíèÿ ïîâîðîòó

Fig. 7. Results of numerical experiments to determine the moment of cornering resistance



59Izvestiya MGTU «MAMI», ¹ 2(48), 2021

Padalkin B.V. 
Investigation of the components of the cornering resistance of a tracked vehicle on a solid support base

Ðèñ. 8. Ðåçóëüòàòû ÷èñëåííûõ ýêñïåðèìåíòîâ îïðåäåëåíèÿ ìîìåíòà ñîïðîòèâëåíèÿ ïîâîðîòó, âîçíèêàþùåãî 
â àêòèâíîì ó÷àñòêå ãóñåíèöû, ñ ñóììàðíûì ìîìåíòîì ñîïðîòèâëåíèÿ ïîâîðîòó äëÿ ÁÌÏ-3

Fig. 8. Results of numerical experiments for determining the moment of resistance to turning, 
arising in the active section of the caterpillar, with the total moment of cornering resistance for BMP-3

Ðèñ. 9. Ðåçóëüòàòû ÷èñëåííûõ ýêñïåðèìåíòîâ îïðåäåëåíèÿ ìîìåíòà ñîïðîòèâëåíèÿ ïîâîðîòó, âîçíèêàþùåãî 
â àêòèâíîì ó÷àñòêå ãóñåíèöû, ñ ñóììàðíûì ìîìåíòîì ñîïðîòèâëåíèÿ ïîâîðîòó äëÿ ÃÌ-569

Fig. 9. Results of numerical experiments for determining the moment of cornering resistance, 
arising in the active section of the caterpillar, with the total moment of cornering resistance for GM-569
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Ðèñ. 10. Ðåçóëüòàòû ÷èñëåííûõ ýêñïåðèìåíòîâ îïðåäåëåíèÿ ìîìåíòà ñîïðîòèâëåíèÿ ïîâîðîòó, âîçíèêàþùåãî 
â àêòèâíîì ó÷àñòêå ãóñåíèöû, ñ ñóììàðíûì ìîìåíòîì ñîïðîòèâëåíèÿ ïîâîðîòó Ò-80

Fig. 10. Results of numerical experiments for determining the moment of resistance to turning, 
which occurs in the active section of the track, with the total moment of cornering resistance of T-80

Ðèñ. 11. Ðåçóëüòàòû ÷èñëåííûõ ýêñïåðèìåíòîâ îïðåäåëåíèÿ ìîìåíòà ñîïðîòèâëåíèÿ ïîâîðîòó, âîçíèêàþùåãî 
â àêòèâíîì ó÷àñòêå ãóñåíèöû, ñ ñóììàðíûì ìîìåíòîì ñîïðîòèâëåíèÿ ïîâîðîòó äëÿ ÃÌ-569 (b

k
 = B/2)

Fig. 11. Results of numerical experiments for determining the moment of cornering resistance, arising 
in the active section of the caterpillar, with the total moment of cornering resistance for GM-569 (b

k
 = B/2)
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òî åñòü îêàçûâàåò íèçêîå âëèÿíèå íà äèíàìèêó 
ïîâîðîòà. Â ñëó÷àå ïðèìåíåíèÿ øèðîêèõ ãóñå-
íèö ( / 2kb B ) óêàçàííûå âåëè÷èíû îòëè÷à-
þòñÿ âñåãî íà îäèí ïîðÿäîê. 

Âûâîä
Òàêèì îáðàçîì áûëè ïðîâåäåíû èññëåäîâà-

íèÿ ïî îïðåäåëåíèþ ìîìåíòà ñîïðîòèâëåíèÿ 
ïîâîðîòó àêòèâíûõ ó÷àñòêîâ ãóñåíèöû, íàõî-
äÿùèõñÿ ïîä îïîðíûìè êàòêàìè. Äëÿ ýòîãî èñ-
ïîëüçîâàëàñü ìîäåëü, ïîçâîëÿþùàÿ ðàçáèâàòü 
ïÿòíî êîíòàêòà íà êîíå÷íîå ÷èñëî ýëåìåíòàð-
íûõ ïëîùàäîê. Äëÿ ïðèáëèçèòåëüíîãî îïðå-
äåëåíèÿ ìîìåíòà ñîïðîòèâëåíèÿ ïîâîðîòó 
àêòèâíûõ ó÷àñòêîâ ãóñåíèöû ïðåäëîæåíû çà-
âèñèìîñòè (27) è (28).

Ïîêàçàíî, ÷òî ïðè èññëåäîâàíèè áîëüøèí-
ñòâà òèïîâ ãóñåíè÷íûõ ìàøèí âû÷èñëåíèå 
ìîìåíòà ñîïðîòèâëåíèÿ ïîâîðîòó àêòèâíûõ 
ó÷àñòêîâ ãóñåíèöû íå èìååò ïðàêòè÷åñêîãî 
ñìûñëà. Îäíàêî óêàçàííûé ìîìåíò ñîïðîòèâ-
ëåíèÿ íåîáõîäèìî ó÷èòûâàòü â ñëó÷àå ïðîâå-
äåíèÿ ðàñ÷åòîâ äëÿ ìàøèí ñ øèðîêèìè ãóñåíè-
öàìè (ñíåãîõîäîâ, áîëîòîõîäîâ è ò.ä.). 

Ëèòåðàòóðà
1. Kitano M., Jyozaki H. A Theoretical Analysis of 

Steerability of Tracked Vehicle // Journal of Terra-
mechanics. 1976. Vol. 13. No. 4. Pp. 241–258.

2. Kitano M., Kuma M. An Analysis of Horizontal 
Plane Motion of Tracked Vehicles. Journal of Ter-
ramechanics. 1977. Vol. 14. No. 4. Pp. 211–226.

3. Kitano M., Watanabe K., Takaba Y., Togo K. Lane-
Change Maneuver of High Speed Tracked Vehicles. 
Journal of terramechanics. 1988. Vol. 25. No. 2. 
Pp. 91–102.

4. Êðàñíåíüêîâ Â.È., Õàðèòîíîâ Ñ.À. Äèíàìèêà 
êðèâîëèíåéíîãî äâèæåíèÿ òðàíñïîðòíîé ãóñå-
íè÷íîé ìàøèíû // Òðóäû ÌÂÒÓ. 1980. № 339. 
Ñ. 3–67.

5. Áåêåòîâ Ñ. À. Òåîðèÿ óïðàâëÿåìîãî äâèæåíèÿ 
ãóñåíè÷íûõ ìàøèí. Ì.: Èçäàòåëüñòâî ÌÃÒÓ èì. 
Í.Ý. Áàóìàíà. 2017. 125 ñ.

6. Ïàâëîâ Â.Â. Òåîðèÿ ïîâîðîòà ãóñåíè÷íûõ òðàíñ-
ïîðòíûõ ìàøèí. Ó÷åáíîå ïîñîáèå. Ì.: ÌÀÄÈ 
(ÒÓ). 2000. 224 ñ.

7. Êðàñíåíüêîâ Â.È., Ëîâöîâ Þ.È., Áûêîÿíêî À.Â. 
Íîðìàëüíûå äàâëåíèÿ ïîä ãóñåíèöåé // Òðóäû 
ÌÂÒÓ. 1982. № 390. Ñ. 3–12.

8. Âàñèëüåâ À.Â. Äîêó÷àåâà Å.Í. [è äð.]. Âëèÿíèå 
êîíñòðóêòèâíûõ ïàðàìåòðîâ ãóñåíè÷íîãî òðàêòî-
ðà íà åãî òÿãîâî-ñöåïíûå ñâîéñòâà / Ì: Ìàøèíî-
ñòðîåíèå. 1969. 196 ñ.

9. Îïåéêî Ô.À. Ýêñïåðèìåíòàëüíîå èññëåäîâàíèå 
àíèçîòðîïíîãî òðåíèÿ // ÌÈÌÝÑÕ: Ñá. íàó÷íî-
òåõíè÷åñêèõ òðóäîâ. Ì.: Ñîâåòñêàÿ íàóêà. 1952. 
Ñ. 57–64.

10. Àíòîíîâ À.Ñ., Áëàãîíðàâîâ À.È., Áèíîâè÷ ß.Å. 
[è äð]. Òàíêè îñíîâû òåîðèè è ðàñ÷åòà / Ïîä ðåä. 
Ì.Ê. Êðèñòè. Ìîñêâà/Ëåíèíãðàä: Ãëàâíàÿ ðåäàê-
öèÿ ìàøèíîñòðîèòåëüíîé è àâòîòðàêòîðíîé ëè-
òåðàòóðû. 1937. 436 ñ.

11. Ïëàòîíîâ Â.Ô., Ëåèàøâèëè Ã.Ð. Ãóñåíè÷íûå 
è êîëåñíûå òðàíñïîðòíî-òÿãîâûå ìàøèíû. Ì.: 
Ìàøèíîñòðîåíèå. 1986. 296 ñ.

12. Mehmet Nuri Özdemir, Varlık Kılıç, Y. Samim 
Ünlüsoy. A new contact & slip model for tracked 
vehicle transient dynamics on hard ground // 
Journal of Terramechanics. 2017. № 73. P. 3−23. 
doi: 10.1016/j.jterra.2017.07.001.

13. Ñìèðíîâ Ã.À. Òåîðèÿ äâèæåíèÿ êîëåñíûõ ìàøèí: 
Ó÷åáíèê äëÿ ñòóäåíòîâ ìàøèíîñòðîèòåëüíûõ 
ñïåöèàëüíîñòåé âóçîâ. – 2-å èçä., äîï. è ïåðåðàá. 
Ì.: Ìàøèíîñòðîåíèå. 1990. 352 ñ.

14. Ôàðîáèí ß.Å. Òåîðèÿ ïîâîðîòà òðàíñïîðòíûõ 
ìàøèí. Ì.: Ìàøèíîñòðîåíèå. 1970. 176 ñ.

15. Íèêèòèí À.Î. Òåîðèÿ òàíêà. Ì.: Òèïîãðàôèÿ Âî-
åííîé îðäåíà Ëåíèíà àêàäåìèè áðîíåòàíêîâûõ 
âîéñê, 1962. 584 ñ.

References
1. Kitano M., Jyozaki H. A Theoretical Analysis of 

Steerability of Tracked Vehicle // Journal of Terra-
mechanics. 1976. Vol. 13. No. 4. Pp. 241–258.

2. Kitano M., Kuma M. An Analysis of Horizontal 
Plane Motion of Tracked Vehicles. Journal of Ter-
ramechanics. 1977. Vol. 14. No. 4. Pp. 211–226.

3. Kitano M., Watanabe K., Takaba Y., Togo K. Lane-
Change Maneuver of High Speed Tracked Vehicles. 
Journal of terramechanics. 1988. Vol. 25. No. 2. 
Pp. 91–102.

4. Krasnen’kov V.I., Kharitonov S.A. Dynamics of 
curved movement of a transport tracked vehicle. 
Trudy MVTU. 1980. No 339, pp. 3–67 (in Russ.).

5. Beketov S.A. Teoriya upravlyayemogo dvizheni-
ya gusenichnykh mashin [The theory of controlled 
movement of tracked vehicles]. Moscow: Iz-
datel’stvo MGTU im. N. E. Baumana Publ. 2017. 
125 p.

6. Pavlov V.V. Teoriya povorota gusenichnykh trans-
portnykh mashin [The theory of turning of tracked 
transport vehicles]. Uchebnoye posobiye. Moscow: 
MADI(TU) Publ. 2000. 224 p.

7. Krasnen’kov V.I., Lovtsov YU.I., Bykoyanko A.V. 
Normal pressures under the track. Trudy MVTU. 
1982. No 390, pp. 3–12 (in Russ.).



Ïàäàëêèí Á.Â. 
Èññëåäîâàíèå ñîñòàâëÿþùèõ ñîïðîòèâëåíèÿ ïîâîðîòó ãóñåíè÷íîé ìàøèíû íà ïëîòíîì îïîðíîì îñíîâàíèè

62 Èçâåñòèÿ ÌÃÒÓ «ÌÀÌÈ», ¹ 2(48), 2021

8. Vasil’yev A.V. Dokuchayeva YE.N. [i dr.]. Vliyani-
ye konstruktivnykh parametrov gusenichnogo trak-
tora na yego tyagovo-stsepn·yye svoystva [Influence 
of design parameters of a caterpillar tractor on its 
traction and coupling properties]. Moscow: Mashi-
nostroyeniye Publ.. 1969. 196 p.

9. Opeyko F.A. Experimental study of anisotropic 
friction. MIM·ESKH: Sb. nauchno-tekhnicheskikh 
trudov. Moscow: Sovetskaya nauka Publ.. 1952, pp. 
57–64 (in Russ.).

10. Antonov A.S., Blagonravov A.I., Binovich YA.E. 
[i dr]. Tanki osnovy teorii i rascheta [Tanks funda-
mentals of theory and calculation]. Pod red. M.K. 
Kri-sti. Moskva/Leningrad: Glavnaya redaktsiya 
mashinostroitel’noy i avtotraktornoy literatury 
Publ. 1937. 436 p.

11. Platonov V.F., Leiashvili G.R. Gusenichn·yye i kole-
sn·yye transportno-tyagov·yye mashiny [Tracked and 

wheeled transport and traction vehicles]. Moscow: 
Mashinostroyeniye Publ. 1986. 296 p.

12. Mehmet Nuri Özdemir, Varlık Kılıç, Y. Samim 
Ünlüsoy. A new contact & slip model for tracked 
vehicle transient dynamics on hard ground. Jour-
nal of Terramechanics. 2017. No 73. P. 3−23. doi: 
10.1016/j.jterra.2017.07.001.

13. Smirnov G.A. Teoriya dvizheniya kolesnykh 
mashin [The theory of motion of wheeled vehicles]: 
Uchebnik dlya studentov mashinostroitel’nykh spet-
sial’nostey vuzov. 2-e izd., dop. i pererab. Moscow: 
Mashinostroyeniye Publ. 1990. 352 p.

14. Farobin YA.E. Teoriya povorota transportnykh 
mashin [The theory of turning of transport vehicles]. 
Moscow: Mashinostroyeniye Publ. 1970. 176 p.

15. Nikitin A.O. Teoriya tanka [Tank theory]. Moscow: 
Tipografiya Voyennoy ordena Lenina akademii 
bronetankovykh voysk Publ., 1962. 584 p.

INVESTIGATION OF THE COMPONENTS OF THE CORNERING RESISTANCE 
OF A TRACKED VEHICLE ON A SOLID SUPPORT BASE

PhD in Engineering B.V. Padalkin 
Bauman Moscow State Technical University, Moscow, Russia
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The purpose of the study is to increase the completeness and reliability of approaches to determining 
the components of the cornering resistance a tracked vehicle, as well as to create a method for their 
assessment, which will be suitable for practical calculations.
The article analyzes two components of the moment of cornering resistance of the tracked vehicle, which 
can be distinguished if we consider the interaction of the caterpillar with the support base through sep-
arate contact spots (active sections of the tracks located under the road wheels). The first component 
arises from the linear movement of the active sections of the tracks. The second is caused by the rota-
tional movement of the contact patch about the vertical axis.
The paper presents a mathematical model of the interaction of the propeller and a dense support base, 
which makes it possible to study the dependence of the components of the moment of cornering re-
sistance on the geometric parameters of the undercarriage of a tracked vehicle. The horizontal reaction 
force in this case is presented as a function of the slip coefficient. The possibility of realizing various ad-
hesion qualities of the propulsion unit in the longitudinal and transverse directions of sliding is provided. 
The model assumes a preliminary division of the contact patch into a finite number of elementary areas. 
Since the number of elementary sites affects the result, the article conducted a study to determine the 
minimum number of sites to ensure acceptable accuracy.
An analysis of the expressions available in the literature was carried out to determine the specified com-
ponent of the cornering resistance. The new empirical relationships that better agree with the mathe-
matical model were proposed. The study of several existing tracked vehicles, differing in the mass and 
size of the track support surface, made it possible to conclude that it is advisable to take into account 
the moment of cornering resistance of the contact patch for various types of tracked vehicles.
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