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

Ââåäåíèå
Ïðèìåíåíèå ìåòîäà íàòóðíî-ìàòåìàòè÷å-

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

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

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

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

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

Ìàòåìàòè÷åñêàÿ ìîäåëü 
äèíàìèêè ÂÊÌ
Ïðåäñòàâëåííàÿ ìàòåìàòè÷åñêàÿ ìîäåëü 

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

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

Âçàèìîäåéñòâèå êîëåñà ñ ãðóíòîì â ïëî-
ñêîñòè îïîðíîãî îñíîâàíèÿ îïèñûâàåòñÿ 
ïðè ïîìîùè ïîäõîäà, îñíîâàííîãî íà ïðåäñòàâ-
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 Ðèñ. 1. Ðàñ÷åòíàÿ ñõåìà äâèæåíèÿ ÂÊÌ â: 
à) ãîðèçîíòàëüíîé ïëîñêîñòè; á) íà óêëîíå/êîñîãîðå

Fig. 1. Design scheme of wheeled vehicle movement: a) at horizontal plane; b) on a slope
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ëåíèè îá ýëëèïñå òðåíèÿ [9], ñîãëàñíî êîòîðî-
ìó ñèëà âçàèìîäåéñòâèÿ ñ îïîðíîé ïîâåðõíî-
ñòüþ íàïðàâëåíà ïðîòèâîïîëîæíî ñêîðîñòè 
ñêîëüæåíèÿ â òî÷êàõ êîíòàêòà.

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

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

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

ÃÏ – ãëàâíàÿ ïåðåäà÷à

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

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

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

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

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

ãîâûõ/òîðìîçíûõ ìîìåíòîâ ìåæäó àãðåãàòàìè 
òðàíñìèññèè ìàøèíû.

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

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

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

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

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

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

ïîäâèæíûõ êîëåñíûõ ìàøèí èñïîëüçóþòñÿ 
ðàçëè÷íûå àãðåãàòû (ðèñ. 2), îáåñïå÷èâàþùèå 
ðåàëèçàöèþ òÿãîâîãî (ÄÂÑ è ýëåêòðîìàøèíà 
â òÿãîâîì ðåæèìå) è òîðìîçíîãî (ÄÂÑ â òîð-
ìîçíîì ðåæèìå, ýëåêòðîìàøèíà â ðåæèìå 
ãåíåðàòîðà, ãèäðîäèíàìè÷åñêèé ðåòàðäåð 
è ðàáî÷èå òîðìîçíûå ìåõàíèçìû) ìîìåíòà 
íà êîëåñàõ. Ïðè ýòîì äëÿ îáåñïå÷åíèÿ âîçìîæ-
íîñòè óïðàâëåíèÿ ÂÊÌ ñòåïåíü èñïîëüçîâàíèÿ 
êàæäîãî èç íèõ äîëæíà áûòü îäíîçíà÷íî ñâÿçà-
íà ñ óïðàâëÿþùèì âîçäåéñòâèåì âîäèòåëÿ hâ  
ñ ïîìîùüþ ñèñòåìû óïðàâëåíèÿ.
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Â òÿãîâîì ðåæèìå ÂÊÌ äîëæíà èìåòü âîç-
ìîæíîñòü ïðåîäîëåíèÿ ñëîæíûõ äîðîæíûõ 
óñëîâèé íåçàâèñèìî îò óðîâíÿ çàðÿäà áîðòî-
âîãî íàêîïèòåëÿ ýíåðãèè. Ïðè ýòîì â ñëó÷àå 
çàìåäëåíèÿ ÂÊÌ ðàáî÷àÿ òîðìîçíàÿ ñèñòåìà 
äîëæíà îáåñïå÷èòü áëîêèðîâêó êîëåñ ìàøèíû 
äàæå â ñëó÷àå âûõîäà èç ñòðîÿ èçíîñîñòîéêîé 
òîðìîçíîé ñèñòåìû, ïðåäñòàâëÿþùåé ñîáîé 

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

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

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

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

òð
 – ÊÏÄ òðàíñ-

ìèññèè îò âûõîäíîãî âàëà ÊÏ äî êîëåñà.

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

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

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

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

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

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

Ñâÿæåì ïàðàìåòðû óïðàâëåíèÿ êàæäîãî 
èç àãðåãàòîâ òðàíñìèññèè ìàøèíû ñ ïàðàìå-

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

Óïðàâëåíèå ýëåêòðîìàøèíîé
Ñ òî÷êè çðåíèÿ óäîáñòâà ýêñïëóàòàöèè, 

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

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

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

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

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

êîòîðîé áóäåò ïðîâîäèòüñÿ óïðàâëåíèå

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

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

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

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

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

Òàêèì îáðàçîì, îïèñàíèå ñîâìåñòíîé õàðàê-
òåðèñòèêè ÄÂÑ è ÊÏ íà âíåøíåé è ÷àñòè÷íûõ 
õàðàêòåðèñòèêàõ (êàê â òÿãîâîì, òàê è òîðìîç-
íîì ðåæèìàõ) ðàöèîíàëüíî îñóùåñòâëÿòü ñî-
ãëàñíî êðèâîé ïîñòîÿííîé ìîùíîñòè (ðèñ. 5).
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Òîãäà, íà îñíîâàíèè âûøåóêàçàííîãî, óïðàâëåíèå ÄÂÑ óäîáíî ïðîâîäèòü ïî àíàëîãèè ñ ýëåê-
òðîìàøèíîé. 
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ãäå  ,M häâñ êï äâñ  – êðóòÿùèé ìîìåíò, ñîçäàâàåìûé ÄÂÑ; häâñ  – ïàðàìåòð óïðàâëåíèÿ ÄÂÑ.

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

Fig. 4. Response surface h
ýì
(

êï
, h

â
) 

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

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

Óïðàâëåíèå ãèäðîäèíàìè÷åñêèì 
ðåòàðäåðîì
Óïðàâëåíèå ãèäðîäèíàìè÷åñêèì ðåòàð-

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

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

Fig. 6. Response surface h
äâñ

(
êï
, h

â
) 

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

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

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

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

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

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

ñóì  (ïðèâåäåííûé 
ê âûõîäíîìó âàëó ÊÏ):

 0, : 0;h M òîðì
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ïàðàìåòðû óïðàâëåíèÿ òîðìîçíûìè ìåõàíèç-
ìàìè êàæäîãî êîëåñà hò  îïðåäåëÿþòñÿ êàê:

 
 

2 1 2
2 1 2

T 1
,1 2

z i z i
i i n

i zii

M u R Rh h
M R







  

   

òîðì
ñóì òð
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,  (6)

ãäå Ì
Ò
(

êi
, h

òi
) – òîðìîçíîé ìîìåíò, ðåàëè-

çóåìûé ðàáî÷èì òîðìîçíûì ìåõàíèçìîì; 

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

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

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

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

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

Fig. 8. Response surface h
ðåò

(
êï
, h

â
, Ò

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

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

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

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

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

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

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

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

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

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

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

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

– ÝÂÌ äëÿ èìèòàöèè äâèæåíèÿ ÂÊÌ 
â ðåæèìå ðåàëüíîãî âðåìåíè;

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

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

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

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

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

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

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

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

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

Çàêëþ÷åíèå
Â ðàìêàõ ïðåäñòàâëåííîé ðàáîòû ðàçðà-

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

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

Â õîäå âû÷èñëèòåëüíîãî ýêñïåðèìåíòà äî-
êàçàíà ðàáîòîñïîñîáíîñòü ïðåäñòàâëåííîé 

Ðèñ. 14. Ãåîìåòðè÷åñêèå ïàðàìåòðû ÂÊÌ 6õ6

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

    

 à á

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

Fig. 15 Change in braking torque (a), power (b), implemented by the transmission units 
of the six-wheel drive vehicle when driving on the highway
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ìàòåìàòè÷åñêîé ìîäåëè äèíàìêè êîëåñíîé 
ìàøèíû, à òàêæå ðàçðàáîòàííîãî àëãîðèòìà 
ñèñòåìû ðàñïðåäåëåíèÿ òÿãîâûõ-òîðìîçíûõ 
ìîìåíòîâ ìåæäó ýëåìåíòàìè òðàíñìèññèè.
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PhD in Engineering B.B. Kositsyn
Bauman Moscow State Technical University, Moscow, Russia

kositsyn_b@bmstu.ru

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