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ÌÎÄÅËÈÐÎÂÀÍÈÅ ÓÏÐÀÂËÅÍÈß ÄÂÈÆÅÍÈÅÌ 
ÊÎËÅÑÍÎÉ ÑÅËÜÑÊÎÕÎÇßÉÑÒÂÅÍÍÎÉ ÌÀØÈÍÛ 
Â ÐÅÆÈÌÅ ÐÅÀËÜÍÎÃÎ ÂÐÅÌÅÍÈ

MODELING THE MOVEMENT CONTROL 
OF A WHEELED AGRICULTURAL MACHINE IN REAL TIME

Â ÀëòÃÒÓ èì. È.È. Ïîëçóíîâà ïðîâîäÿòñÿ èññëåäîâàíèÿ, öåëüþ êîòîðûõ ÿâëÿåòñÿ ðàçðàáîòêà ñèñòåìû óïðàâ-
ëåíèÿ äâèæåíèåì äëÿ êîëåñíûõ ñåëüñêîõîçÿéñòâåííûõ ìàøèí. Îäíèì èç íàèáîëåå âàæíûõ ýòàïîâ ïðè ýòîì 
ÿâëÿåòñÿ àïðîáàöèÿ ðàçðàáîòàííûõ àëãîðèòìîâ óïðàâëåíèÿ. Öåëåñîîáðàçíûì ïðåäñòàâëÿåòñÿ çàìåíà ïîëåâûõ 
èñïûòàíèé ìîäåëèðîâàíèåì äâèæåíèÿ â ðåæèìå ðåàëüíîãî âðåìåíè, ïîçâîëÿþùèì ñóùåñòâåííî ñíèçèòü ôè-
íàíñîâûå è âðåìåííûå çàòðàòû. Ðàçðàáîòàííûé àëãîðèòì óïðàâëåíèÿ óñëîâíî ìîæíî ðàçäåëèòü íà ãëîáàëü-
íîå è ëîêàëüíîå ðåãóëèðîâàíèå. Ãëîáàëüíîå ðåãóëèðîâàíèå äîëæíî ïî îòêëîíåíèþ îò çàäàâàåìîé òðàåêòîðèè 
îïðåäåëÿòü óãîë ïîâîðîòà óïðàâëÿåìûõ êîëåñ (èëè óãëà ñëîìà ðàìû), îáåñïå÷èâàþùèé äâèæåíèå ïî çàäàâà-
åìîé òðàåêòîðèè. Âõîäíûìè ïàðàìåòðàìè ÿâëÿþòñÿ çàäàâàåìàÿ òðàåêòîðèÿ äâèæåíèÿ, òåêóùèå êîîðäèíàòû 
ìàøèíû è ïðîåêöèè ñêîðîñòè íà íåïîäâèæíûå îñè. Ëîêàëüíîå ðåãóëèðîâàíèå îáåñïå÷èâàåò ðåàëèçàöèþ çàäà-
âàåìîãî çíà÷åíèÿ óãëà ïîâîðîòà óïðàâëÿåìûõ êîëåñ. Íà âõîä ïðîãðàììû ëîêàëüíîãî ðåãóëèðîâàíèÿ ïîäàþòñÿ 
çíà÷åíèÿ çàäàâàåìîãî è òåêóùåãî óãëîâ ïîâîðîòà êîëåñ è íàïðàâëåíèå âðàùåíèÿ ýëåêòðîäâèãàòåëÿ ïîäðóëè-
âàþùåãî óñòðîéñòâà. Àëãîðèòì îïðåäåëåíèÿ íåîáõîäèìîãî óãëà ïîâîðîòà êîëåñ îñíîâûâàåòñÿ íà ìåòîäèêå 
ïðîãíîçèðîâàíèÿ ïîëîæåíèÿ êîëåñíîé ìàøèíû ÷åðåç çàäàâàåìîå âðåìÿ ïðîãíîçà. Ïðè èñïûòàíèÿõ â ðåæèìå 
ðåàëüíîãî âðåìåíè êîëåñíàÿ ìàøèíà çàìåíÿåòñÿ åå ìàòåìàòè÷åñêîé ìîäåëüþ, ïîëó÷åííîé ñ èñïîëüçîâàíèåì 
äèôôåðåíöèàëüíûõ óðàâíåíèé ïëîñêîãî äâèæåíèÿ. Êîìïëåêñ àïïàðàòóðû îáåñïå÷èâàåò ðåãèñòðàöèþ è ãåíåðà-
öèþ íåîáõîäèìûõ ïàðàìåòðîâ äëÿ ðàáîòû ñèñòåìû óïðàâëåíèÿ â ðåàëüíîì âðåìåíè. Èñïûòàíèÿ áûëè ïðîâå-
äåíû íà ýêñïåðèìåíòàëüíîì ñòåíäå «ðóëåâîå óïðàâëåíèå – ïåðåäíÿÿ ïîäâåñêà àâòîìîáèëÿ». Ïåðåäíèå óïðàâ-
ëÿåìûå êîëåñà ïîâîðà÷èâàëèñü ýëåêòðîìåõàíè÷åñêèì ïîäðóëèâàþùèì óñòðîéñòâîì íà óãîë, îáåñïå÷èâàþùèé 
äâèæåíèå ïî çàäàâàåìîé òðàåêòîðèè. Ìîäåëèðîâàëîñü äâèæåíèå ïî ïðÿìîëèíåéíîé è êðèâîëèíåéíîé òðàåê-
òîðèÿì ñ ó÷åòîì âîçìóùåíèé ñî ñòîðîíû îïîðíîé ïîâåðõíîñòè è áåç íèõ. Ïðè äâèæåíèè ïî êðèâîëèíåéíîé 
òðàåêòîðèè îòêëîíåíèÿ îò çàäàâàåìîé òðàåêòîðèè íå ïðåâûøàåò 0,3 ìåòðà ïðè ñêîðîñòè äâèæåíèÿ 3,33 ì/ñ. 
Ïî ðåçóëüòàòàì ýêñïåðèìåíòîâ áûëî óñòàíîâëåíî, ÷òî ðåàëèçîâàííûé àëãîðèòì óïðàâëåíèÿ îáåñïå÷èâàåò äâè-
æåíèå ïî çàäàâàåìîé òðàåêòîðèè ñ äîñòàòî÷íîé ñòåïåíüþ òî÷íîñòè.
Êëþ÷åâûå ñëîâà: òî÷íîå çåìëåäåëèå, ñèñòåìà óïðàâëåíèÿ äâèæåíèåì, êîëåñíàÿ ìàøèíà, äèôôåðåíöèàëüíûå 
óðàâíåíèÿ äâèæåíèÿ, ìàòåìàòè÷åñêàÿ ìîäåëü, ìîäåëèðîâàíèå â ðåæèìå ðåàëüíîãî âðåìåíè.

The research, which purpose is the development of a motion control system for wheeled agricultural machines, is 
conducted in Polzunov Altai State Technical University. One of the most important steps in this case is the testing of 
the developed control algorithms. It is advisable to replace the field trials by real-time motion modeling, which allows 
to significantly reduce financial and time costs. The developed control algorithm can be conditionally divided into 
global and local regulation. Global regulation must determine the angle of rotation of the steered wheels (or the angle 
of the frame break) by a deviation from the specified trajectory, which ensures the motion along the specified trajec-
tory. Input parameters are the specified path of motion, the current coordinates of the machine and the projection of 
speed on fixed axes. Local control provides the implementation of the set value of the angle of rotation of the steered 
wheels. To the input of the local adjustment program is given the values of the set and current angles of rotation of the 
wheels and the direction of rotation of the electric motor of the maneuvering device. The algorithm for determining 
the required angle of rotation of the wheels is based on the method of predicting the position of the wheeled vehicle 
through the predetermined forecast time. In real-time tests, the wheeled vehicle is replaced by its mathematical mod-
el, obtained using the differential equations of plane motion. The complex of equipment provides registration and 
generation of the necessary parameters for the operation of the control system in real time. The tests were carried out 
on the experimental stand «steering – front suspension of the vehicle». The front steerable wheels were rotated by an 
electromechanical maneuvering device to an angle providing movement along a given trajectory. The motion along 
rectilinear and curvilinear trajectories was modeled taking into account perturbations from the side of the support 
surface and without them. When moving along a curvilinear trajectory, the deviation from the specified trajectory 
does not exceed 0,3 meters at a speed of 3,33 m/s. Based on the results of the experiments, it was established that the 
implemented control algorithm ensures motion along a given trajectory with a sufficient degree of accuracy.
Keywords: precise agriculture, motion control system, wheeled vehicle, differential equations of motion, mathemat-
ical model, real-time modeling.
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Ââåäåíèå
Èíôîðìàöèîííûå òåõíîëîãèè íàõîäÿò øè-

ðîêîå ïðèìåíåíèå âî ìíîãèõ îáëàñòÿõ äåÿ-
òåëüíîñòè ÷åëîâåêà. Â àãðîïðîìûøëåííîì 
êîìïëåêñå ñòðàíû ÈÒ- òåõíîëîãèè èñïîëüçó-
þòñÿ â ñèñòåìàõ òî÷íîãî çåìëåäåëèÿ ïðè ñîç-
äàíèè àïïàðàòíîé ñîñòàâëÿþùåé ïîäðóëèâàþ-
ùèõ óñòðîéñòâ è ñèñòåì àâòîïèëîòèðîâàíèÿ. 
Ïðèìåíåíèå ñèñòåì òî÷íîãî çåìëåäåëèÿ ïî-
çâîëÿåò ñóùåñòâåííî ïîâûñèòü ýôôåêòèâíîñòü 
èñïîëüçîâàíèÿ ñåëüñêîõîçÿéñòâåííûõ ìàøèí, 
ñíèçèòü ðàñõîä òîïëèâà, óäîáðåíèé, óìåíü-
øèòü óòîìëÿåìîñòü âîäèòåëÿ. Ïðè ýòîì ñòîèò 
îòìåòèòü îòñóòñòâèå íà ðîññèéñêîì ðûíêå 
òàêèõ îòå÷åñòâåííûõ ñèñòåì, à èìïîðòíîå îáî-
ðóäîâàíèå îòëè÷àåòñÿ âûñîêîé ñòîèìîñòüþ è â 
ñèëó îïðåäåëåííûõ ïðè÷èí [1] íå âñåãäà ìîæåò 
áûòü èñïîëüçîâàíî íà îòå÷åñòâåííîé ñåëüõîç-
òåõíèêå.

Â ÀëòÃÒÓ èì. È.È. Ïîëçóíîâà ïðîâîäÿòñÿ 
èññëåäîâàíèÿ, öåëüþ êîòîðûõ ÿâëÿåòñÿ ðàçðà-
áîòêà ñèñòåìû óïðàâëåíèÿ äâèæåíèåì êîëåñ-
íîé ìàøèíû äëÿ îòå÷åñòâåííîé ñåëüñêîõîçÿé-
ñòâåííîé òåõíèêè, íå óñòóïàþùåé ïî ñâîèì 
õàðàêòåðèñòèêàì èìïîðòíûì ïîäðóëèâàþùèì 
ñèñòåìàì è àâòîïèëîòàì, à òàêæå èìåþùåé 
áîëåå ïðèåìëåìóþ ñòîèìîñòü äëÿ ñåëüõîçïðî-
èçâîäèòåëåé.

Îäíèì èç íàèáîëåå âàæíûõ ýòàïîâ ïðè ñîç-
äàíèè ñèñòåìû óïðàâëåíèÿ ÿâëÿåòñÿ àïðîáà-
öèÿ ðàçðàáîòàííûõ àëãîðèòìîâ óïðàâëåíèÿ 
äâèæåíèÿ. Îáû÷íî îíà îñóùåñòâëÿåòñÿ ýêñ-
ïåðèìåíòàëüíî â ïîëåâûõ óñëîâèÿõ. Ñëåäóåò 
îòìåòèòü, ÷òî ïîëåâûå èñïûòàíèÿ ñâÿçàíû ñî 
çíà÷èòåëüíûìè ôèíàíñîâûìè è âðåìåííûìè 
çàòðàòàìè. Â ïîñëåäíåå âðåìÿ â êîíñòðóêòîð-
ñêî-èññëåäîâàòåëüñêîé ðàáîòå øèðîêî èñïîëü-
çóåòñÿ èäåîëîãèÿ ìîäåëèðîâàíèÿ äâèæåíèÿ 
ìåõàíè÷åñêèõ ñèñòåì â ðåæèìå ðåàëüíîãî âðå-
ìåíè. Ñóòü åå çàêëþ÷àåòñÿ â òîì, ÷òî áîëüøàÿ 
÷àñòü ìåõàíè÷åñêîé ñèñòåìû, çà èñêëþ÷åíèåì 
èññëåäóåìîãî óçëà, îïèñûâàåòñÿ ìåõàíèêî-ìà-
òåìàòè÷åñêîé ìîäåëüþ. Ïðè ñèìóëÿöèè äâèæå-
íèÿ â ðåæèìå ðåàëüíîãî âðåìåíè èññëåäóåìûé 
óçåë ïîñðåäñòâîì èçìåðèòåëüíîé àïïàðàòóðû, 
áëîêîâ ÖÀÏ, ÀÖÏ âçàèìîäåéñòâóåò ñ ìîäåëüþ 
ñèñòåìû. Òàêèì îáðàçîì, òåêóùèå çíà÷åíèÿ 
ñèëîâûõ è êèíåìàòè÷åñêèõ ïàðàìåòðîâ èññëå-
äóåìîãî óçëà ïåðåäàþòñÿ â ìàòåìàòè÷åñêóþ 
ìîäåëü. Ñîîòâåòñòâåííî, äîðîãîñòîÿùèå ýêñ-
ïåðèìåíòàëüíûå èññëåäîâàíèÿ ìåõàíè÷åñêîé 
ñèñòåìû ìîæíî çàìåíèòü èñïûòàíèÿìè â ëàáî-
ðàòîðíûõ óñëîâèÿõ. 

Öåëü èññëåäîâàíèÿ
Öåëüþ èññëåäîâàíèÿ ÿâëÿåòñÿ ðàçðàáîòêà 

àëãîðèòìà óïðàâëåíèÿ äâèæåíèåì êîëåñíîé 
ìàøèíû â ðåæèìå ðåàëüíîãî âðåìåíè, à òàêæå 
ïðîâåðêà åãî ðàáîòîñïîñîáíîñòè â ëàáîðàòîð-
íûõ óñëîâèÿõ.

Äëÿ äîñòèæåíèÿ ýòîé öåëè íåîáõîäèìî ñî-
ñòàâèòü ìàòåìàòè÷åñêîå îïèñàíèå àëãîðèòìà 
óïðàâëåíèÿ äâèæåíèåì êîëåñíîé ìàøèíû, 
ïðîãðàììíî ðåàëèçîâàòü åãî âçàèìîäåéñòâèå 
ñ ðàíåå ðàçðàáîòàííîé ìàòåìàòè÷åñêîé ìîäå-
ëüþ êîëåñíîé ìàøèíû, àïðîáèðîâàòü â ñðåäå 
Matlab, ðàçðàáîòàòü ïðîãðàììíîå îáåñïå÷å-
íèå, îáåñïå÷èâàþùåå ñèìóëÿöèþ äâèæåíèÿ â 
ðåæèìå ðåàëüíîãî âðåìåíè, è ïîëüçîâàòåëü-
ñêèé èíòåðôåéñ ñ àïïàðàòíîé ñîñòàâëÿþùåé 
ñèñòåìû óïðàâëåíèÿ äâèæåíèåì, ïðîâåñòè èñ-
ïûòàíèÿ íà ýêñïåðèìåíòàëüíîì ñòåíäå.

Ïðîãðàììíî-àïïàðàòíàÿ ñõåìà 
âçàèìîäåéñòâèÿ ýëåìåíòîâ 
ñèñòåìû óïðàâëåíèÿ
Îäíîé èç âàæíûõ çàäà÷ ïðè ñîçäàíèè ñèñòå-

ìû óïðàâëåíèÿ ÿâëÿåòñÿ ðàçðàáîòêà àëãîðèòìà 
óïðàâëåíèÿ, îáåñïå÷èâàþùåãî äâèæåíèå ñåëü-
ñêîõîçÿéñòâåííîé ìàøèíû ïî çàäàâàåìîé òðà-
åêòîðèè, è åãî ïðîãðàììíî-àïïàðàòíàÿ ðåàëè-
çàöèÿ. Àëãîðèòì óïðàâëåíèÿ óñëîâíî ìîæíî 
ðàçáèòü íà äâå ÷àñòè – ãëîáàëüíîå è ëîêàëüíîå 
ðåãóëèðîâàíèå. Ñõåìà âçàèìîäåéñòâèÿ ïðî-
ãðàììíî-àïïàðàòíûõ ÷àñòåé ðàçðàáàòûâàåìîé 
ñèñòåìû óïðàâëåíèÿ ïðåäñòàâëåíà íà ðèñ. 1.

Ëîêàëüíîå ðåãóëèðîâàíèå îáåñïå÷èâàåò 
ðåàëèçàöèþ òåêóùåãî çàäàâàåìîãî çíà÷åíèÿ 
óãëà ïîâîðîòà óïðàâëÿåìûõ êîëåñ. Íà âõîä 
ïðîãðàììû óïðàâëåíèÿ ïîâîðîòîì êîëåñ ïî-
ñòóïàþò çíà÷åíèÿ çàäàâàåìîãî óãëà ïîâîðîòà, 
òåêóùåå çíà÷åíèå óãëà ïîâîðîòà êîëåñ è íà-
ïðàâëåíèå âðàùåíèå ýëåêòðîäâèãàòåëÿ (îïðå-
äåëÿåòñÿ ïî ñèãíàëàì íàïðÿæåíèé ñ òðåõ äàò-
÷èêîâ Õîëëà, óñòàíîâëåííûõ â äâèãàòåëå). Íà 
îñíîâàíèè ýòèõ ïàðàìåòðîâ ñ ïîìîùüþ àëãî-
ðèòìà ÏÈÄ-ðåãóëèðîâàíèÿ ïðîèñõîäèò ðàñ÷åò 
âåëè÷èíû óïðàâëÿþùåãî íàïðÿæåíèÿ, êîòîðîå 
íåîáõîäèìî ïåðåäàòü íà ýëåêòðîäâèãàòåëü äëÿ 
ðåàëèçàöèè íåîáõîäèìîãî óãëà ïîâîðîòà, à 
òàêæå îïðåäåëÿåòñÿ òåêóùåå íàïðàâëåíèå âðà-
ùåíèÿ äâèãàòåëÿ. Ðåàëèçàöèÿ ëîêàëüíîãî ðåãó-
ëèðîâàíèÿ ïîäðîáíî èçëîæåíà â ðàáîòå [2]. 

Ãëîáàëüíîå ðåãóëèðîâàíèå äîëæíî ïî îò-
êëîíåíèþ îò çàäàâàåìîé òðàåêòîðèè îïðåäå-
ëÿòü óãîë ïîâîðîòà óïðàâëÿåìûõ êîëåñ (èëè 
óãëà ñëîìà ðàìû), îáåñïå÷èâàþùèé äâèæåíèå 
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ïî çàäàâàåìîé òðàåêòîðèè. Íà âõîä ïðîãðàììû 
óïðàâëåíèÿ äâèæåíèåì ñåëüñêîõîçÿéñòâåííîé 
ìàøèíû ïîñòóïàþò êîîðäèíàòû çàäàâàåìîé 
òðàåêòîðèè äâèæåíèÿ, òåêóùèå êîîðäèíàòû è 
ïðîåêöèè ñêîðîñòè íà íåïîäâèæíûå êîîðäè-
íàòíûå îñè. Ïðîèñõîäèò âû÷èñëåíèå íåîáõî-
äèìîãî óãëà ïîâîðîòà êîëåñ, êîòîðûé â ñâîþ 
î÷åðåäü ïåðåäàåòñÿ â ïðîãðàììó ëîêàëüíîãî 
ðåãóëèðîâàíèÿ. Òåêóùèå êîîðäèíàòû è ïðî-
åêöèè ñêîðîñòè «ïîñòàâëÿåò» ìàòåìàòè÷åñêàÿ 
ìîäåëü êîëåñíîé ìàøèíû ïðè ñèìóëÿöèè äâè-
æåíèÿ â ðåæèìå ðåàëüíîãî âðåìåíè.

Àëãîðèòì óïðàâëåíèÿ äâèæåíèåì
Àëãîðèòì îñíîâûâàåòñÿ íà ìåòîäèêå, èç-

ëîæåííîé â ðàáîòàõ [3, 4]. Ðàññìîòðèì ñõåìó 
ïåðåìåùåíèÿ àâòîìîáèëÿ èç òî÷êè 0M  â 1M  
îòíîñèòåëüíî íåïîäâèæíîé ñèñòåìû êîîðäè-
íàò YOX  (ðèñ. 2).

Ïðîãíîçèðóåìîå ðàññòîÿíèå 0  M M  îïðåäå-
ëÿåòñÿ ñëåäóþùèì âûðàæåíèåì:

 
0 0

2 2
0 X YM M V V tïðîãíîçà ,

ãäå 
0XV è 

0YV  – ïðîåêöèè ñêîðîñòåé íàïðàâëÿ-
þùåé òî÷êè íà ñîîòâåòñòâóþùèå îñè X  è Y ;  
t
ïðîãíîçà 

– ïðîãíîçèðóåìîå âðåìÿ äâèæåíèÿ èç 
òî÷êè 0M  â 1M .

Äëÿ îïðåäåëåíèÿ ïîïåðå÷íîãî ñìåùåíèÿ 

1MM  íåîáõîäèìî çíàòü êîîðäèíàòû òî÷åê 1M  

è Ì. Êîîðäèíàòû ïðîãíîçèðóåìîãî ïîëîæåíèÿ 
Ì îïðåäåëÿþòñÿ ÷åðåç òåêóùèå êîîðäèíàòû 
íàïðàâëÿþùåé òî÷êè 0x  â 0y  è ïðîåêöèè ñêî-
ðîñòè 0V :

 

 
0

0

0

0 .

;M x

M y

x x V t

y y V t

ïðîãíîçà

ïðîãíîçà

Êîîðäèíàòû òî÷êè 1M  îïðåäåëÿþòñÿ èç ñî-
âìåñòíîãî ðåøåíèÿ óðàâíåíèÿ òðàåêòîðèè è 
óðàâíåíèÿ ïåðïåíäèêóëÿðà 1 M M . Óðàâíåíèå 
ïåðïåíäèêóëÿðà 1 M M  áóäåò èìåòü ñëåäóþ-
ùèé âèä:

0 0

0 0

x x

M M

y y

V V
y x y x

V V
    .

Ðèñ. 1. Ñõåìà âçàèìîäåéñòâèÿ ïðîãðàììíî-àïïàðàòíûõ ÷àñòåé ñèñòåìû óïðàâëåíèÿ

Ðèñ. 2. Ñõåìà ïåðåìåùåíèÿ êîëåñíîé ìàøèíû 
ìåæäó äâóìÿ òî÷êàìè
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Âåëè÷èíà ïîïåðå÷íîãî ñìåùåíèÿ îïðåäåëÿ-
åòñÿ âûðàæåíèåì:

   
1 1

2 2

1 M M M MMM x x y y    .

Òåêóùåå çíà÷åíèå íåîáõîäèìîãî óãëà ïîâî-
ðîòà óïðàâëÿåìûõ êîëåñ îïðåäåëÿåòñÿ ïî âå-
ëè÷èíå áîêîâîãî îòêëîíåíèÿ è çíàêó âåêòîðíî-
ãî ïðîèçâåäåíèÿ 0M M


 è 0 1M M


:

 
 

 

 
1 0 0 1

0

   sign ·
,

 

k MM M M M M

M M

ãäå k  – êîýôôèöèåíò óñèëåíèÿ (ðåêîìåíäîâàí-
íûå çíà÷åíèÿ îò 0,5 äî 1).

Ìåõàíèêî-ìàòåìàòè÷åñêàÿ ìîäåëü 
êîëåñíîé ìàøèíû
Äëÿ òîãî ÷òîáû ïðîâåñòè èñïûòàíèÿ ðàçðà-

áîòàííûõ àëãîðèòìîâ óïðàâëåíèÿ ëîêàëüíîãî 
è ãëîáàëüíîãî ðåãóëèðîâàíèÿ â ëàáîðàòîðíûõ 
óñëîâèÿõ, íå ïðèáåãàÿ ïðè ýòîì ê ïîëåâûì èñ-
ïûòàíèÿì, ðàíåå áûëà ïîëó÷åíà è àïðîáèðîâà-
íà â ïàêåòå Matlab ìåõàíèêî-ìàòåìàòè÷åñêàÿ 
ìîäåëü êîëåñíîé ìàøèíû íà îñíîâå äèôôå-
ðåíöèàëüíûõ óðàâíåíèé ïëîñêîãî äâèæåíèÿ 
è êèíåìàòè÷åñêèõ ñîîòíîøåíèé àâòîìîáèëÿ. 

Ïîëó÷åííûå óðàâíåíèÿ âûãëÿäÿò ñëåäóþùèì 
îáðàçîì:

 

   
   

 
 

   
   

          

       

    

    

         

        







O

ñîïð.B áîê.B

äâèæ.C áîê.C

äâèæ.D áîê.D

O

ñîïð.B áîê.B

äâèæ.C

cos sin

cos sin

cos sin

cos sin ;

sin cos

sin cos

sin

A

B

C

D

A

B

mx F F

F F

F F

F F

my F F

F F

F

ñîïð.À áîê.À

ñîïð.À áîê.À

 
 

   

   

   

   

    

    

          

      

        

   



áîê.C

äâèæ.D áîê.D

O

áîê.À áîê.À ñîïð.B

ñîïð. a

áîê.B a áîê.À äâèæ.C

B B B

cos

sin cos ;

cos sin
2

cos sin cos
2

sin
2

L
cos h sin .

2

C

D

A A

a a

F

F F

L
I F F

L
h F h F F

L
F h

F F F

ñîïð.À ñîïð.À

Ñõåìà äåéñòâóþùèõ íà àâòîìîáèëü ñèë, êî-
òîðûå ó÷àñòâóþò â óðàâíåíèÿõ, ïðåäñòàâëåíà 
íà ðèñ. 3.

Ðèñ. 3. Ñèëû, äåéñòâóþùèå íà àâòîìîáèëü
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Íà ñõåìå è â óðàâíåíèÿõ èñïîëüçóþòñÿ ñëå-
äóþùèå îáîçíà÷åíèÿ:

,a bh h  – ðàññòîÿíèå îò ïåðåäíåé è çàäíåé 
îñè äî öåíòðà ìàññ;

  – óãîë ïîâîðîòà óïðàâëÿåìûõ êîëåñ;
L  – øèðèíà êîëåè;
,  ,   – óãîë ïîâîðîòà ïðîäîëüíîé îñè â 

ãîðèçîíòàëüíîé ïëîñêîñòè, óãëîâàÿ ñêîðîñòü è 
óñêîðåíèå, ñîîòâåòñòâåííî;

, , ,A B C D     – óãëû óâîäà êîëåñ;   
, , ,A B C DF F F Fáîê. áîê. áîê. áîê.  – áîêîâûå ñèëû; 
,A BF Fñîïð. ñîïð.  – ñèëû ñîïðîòèâëåíèÿ; 
,C DF Fäâèæ. äâèæ.  – äâèæóùèå ñèëû;

m  – ìàññà àâòîìîáèëÿ;
I

O
 – ìîìåíò èíåðöèè àâòîìîáèëÿ îòíîñè-

òåëüíî öåíòðà ìàññ.
Ïîëó÷åííàÿ ìîäåëü çàìåíÿåò ðåàëüíóþ 

êîëåñíóþ ìàøèíó â âèäå äèôôåðåíöèàëüíûõ 
óðàâíåíèé äâèæåíèÿ, à òàêæå ïðåäñòàâëÿåò 
âîçìîæíûì ïðîâåñòè ýêñïåðèìåíò áåç èñ-
ïîëüçîâàíèÿ íàâèãàöèîííîãî ïðèåìíèêà. Ïðè 
èíòåãðèðîâàíèè óðàâíåíèé â ðåàëüíîì âðåìå-
íè ñèñòåìà ãëîáàëüíîãî ðåãóëèðîâàíèÿ ïî îò-
êëîíåíèÿì ìàøèíû îò çàäàâàåìîé òðàåêòîðèè 
îïðåäåëÿåò íåîáõîäèìîå çíà÷åíèå òåêóùåãî 
óãëà ïîâîðîòà óïðàâëÿåìûõ êîëåñ, îáåñïå÷èâà-
þùåãî çàäàâàåìîå äâèæåíèå.

Èñïûòàíèÿ íà ýêñïåðèìåíòàëüíîì 
ñòåíäå â ðåæèìå ðåàëüíîãî âðåìåíè
Ïîëó÷åííûé àëãîðèòì óïðàâëåíèÿ äâèæå-

íèåì êîëåñíîé ìàøèíû áûë ñíà÷àëà îïðîáîâàí 
â ñðåäå Matlab [5], à â äàëüíåéøåì àïðîáèðîâàí 
íà ýêñïåðèìåíòàëüíîì ñòåíäå â ëàáîðàòîðíûõ 
óñëîâèÿõ [6]. Äëÿ ýòîãî íà ÿçûêàõ ïðîãðàììè-
ðîâàíèÿ C++ è C# áûëà ðàçðàáîòàíî ñïåöèàëü-
íîå ïðîãðàììíîå îáåñïå÷åíèå, îáåñïå÷èâàþ-
ùåå âçàèìîäåéñòâèå âñåõ àïïàðàòíûõ áëîêîâ 
ñèñòåìû, ìîäóëåé ëîêàëüíîãî è ãëîáàëüíîãî 
ðåãóëèðîâàíèÿ, à òàêæå ðåàëèçîâàíà ìåõàíè-
êî-ìàòåìàòè÷åñêàÿ ìîäåëü â ðåæèìå ðåàëüíîãî 
âðåìåíè.

Äëÿ ïðèáëèæåíèÿ ýêñïåðèìåíòà ê ðåàëü-
íûì óñëîâèÿì â ìåõàíèêî-ìàòåìàòè÷åñêóþ 
ìîäåëü êîëåñíîé ìàøèíû áûëè ââåäåíû âîç-
ìóùåíèÿ, äåéñòâóþùèå ñî ñòîðîíû ãðóíòà íà 
êîëåñà.

Íà ðèñ. 4 è 5 ïðåäñòàâëåíû êîìïëåêò ýêñïå-
ðèìåíòàëüíîãî îáîðóäîâàíèÿ è àïïàðàòóðà äëÿ 
ïðîâåäåíèÿ èñïûòàíèé.

Íà ðèñ. 6 ïðåäñòàâëåíû ðåçóëüòàòû ìîäå-
ëèðîâàíèÿ äâèæåíèÿ ïî ïðÿìîé òðàåêòîðèè ñ 
âðåìåíåì ïðîãíîçèðîâàíèÿ  0,5tïðîãíîçà  ñåê., à 

íà ðèñ. 7 – ïî ïðîèçâîëüíîé êðèâîé ñ ðåçêèì 
ìàíåâðîì ïåðåñòðîåíèÿ ñ âðåìåíåì ïðîãíî-
çèðîâàíèÿ  0,3tïðîãíîçà  ñåê. Ñêîðîñòü äâè-
æåíèÿ â îáîèõ ñëó÷àÿõ ñîñòàâëÿëà 3,33 ì/ñ 
(12 êì/÷), à êîýôôèöèåíò óñèëåíèÿ 0,5k  .

Âûâîäû
1. Àíàëèçèðóÿ ãðàôèêè ðåçóëüòàòîâ ïðîâå-

äåííûõ ýêñïåðèìåíòîâ, ìîæíî ñäåëàòü âûâîä, 
÷òî ðàññîãëàñîâàíèå ñ çàäàâàåìîé òðàåêòîðèåé 
äëÿ äâèæåíèÿ ïî ïðÿìîé, äàæå ïðè äåéñòâèè 

Ðèñ. 4. Ýêñïåðèìåíòàëüíûé ñòåíä 
ñ êîìïëåêòîì îáîðóäîâàíèÿ

Ðèñ. 5. Êðåïëåíèå äàò÷èêà óãëà ïîâîðîòà êîëåñ
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âîçìóùåíèé, íå ïðåâûøàåò 0,1 ì (íå ñ÷èòàÿ 
ìîìåíò ñòàðòà äâèæåíèÿ, ãäå ýòà ïîãðåøíîñòü 
îáúåêòèâíî âûøå è ëåæèò â ïðåäåëàõ 0,3 ì).

2. Ïðè äâèæåíèè ïî êðèâîëèíåéíîé òðàåê-
òîðèè ïîãðåøíîñòü âîçðàñòàåò â ìåñòàõ ïðè 
ðåçêîì èçìåíåíèè íàïðàâëåíèÿ äâèæåíèÿ. Ïðè 
ýòîì, êàê è â ïåðâîì ñëó÷àå, âîçìóùåíèÿ ñî 
ñòîðîíû îïîðíîé ïîâåðõíîñòè íå îêàçûâàþò 
çíà÷èòåëüíîãî âëèÿíèÿ íà îòêëîíåíèÿ îò òðà-
åêòîðèè. Ïðè ïëàâíûõ ïåðåñòðîåíèÿõ ïîãðåø-
íîñòü íàõîäèòñÿ â ïðåäåëàõ 0,2…0,3 ì.

3. Ïðåäëîæåííûé àëãîðèòì óïðàâëåíèÿ 
îáåñïå÷èâàåò äâèæåíèå ïî çàäàâàåìîé òðà-
åêòîðèè ñ äîñòàòî÷íîé ñòåïåíüþ òî÷íîñòè. Â 
áëèæàéøåé ïåðñïåêòèâå ïðåäïîëàãàåòñÿ àïðî-
áàöèÿ ðàçðàáîòàííîãî àëãîðèòìà óïðàâëåíèÿ 
â ðåàëüíûõ ïîëåâûõ óñëîâèÿõ ñ ïîñëåäóþùèì 
åãî óòî÷íåíèåì.
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