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Ñòàòüÿ ïîñâÿùåíà ðàçðàáîòêå àëãîðèòìà àâòîìàòè÷åñêîãî óïðàâëåíèÿ àâòîíîìíûì òðàíñïîðòíûì ñðåäñòâîì 
íà ïðèìåðå ãóñåíè÷íîé ìàøèíû ñ áîðòîâîé ãèäðîñòàòè÷åñêîé òðàíñìèññèåé. Àâòîðàìè ðàçðàáîòàíà ìàòåìà-
òè÷åñêàÿ ìîäåëü, îáëàäàþùàÿ íàó÷íîé íîâèçíîé, ïîëó÷åíû ðåçóëüòàòû àíàëèòè÷åñêîãî ðåøåíèÿ è ôèçè÷å-
ñêîãî ýêñïåðèìåíòà, ïîäòâåðäèâøåãî äîñòîâåðíîñòü ìîäåëè è ðàáîòîñïîñîáíîñòü ïðåäëîæåííîãî àëãîðèòìà 
óïðàâëåíèÿ òðàêòîðîì â àâòîìàòè÷åñêîì ðåæèìå â êîîðäèíàòàõ ãëîáàëüíîãî ïîçèöèîíèðîâàíèÿ. Â ìîäåëè 
ó÷òåíû îñîáåííîñòè ãèäîñòàòè÷åñêîãî ïðèâîäà, âûïîëíåííîãî ïî áîðòîâîé ñõåìå, â òîì ÷èñëå ìåõàíè÷åñêèå 
è îáúåìíûå ïîòåðè. Îòëè÷èòåëüíîé ÷àñòüþ ìàòåìàòè÷åñêîé ìîäåëè ÿâëÿþòñÿ äèôôåðåíöèàëüíûå óðàâíåíèÿ 
äëÿ ïðîìûøëåííîãî ëîãè÷åñêîãî êîíòðîëëåðà è ìåõàíèçìà óïðàâëåíèÿ íàêëîííîé øàéáîé àêñèàëüíî-ïîðøíå-
âîãî ðåãóëèðóåìîãî íàñîñà ãèäðîñòàòè÷åñêîé òðàíñìèññèè è àëãåáðàè÷åñêèå óðàâíåíèÿ ïåðåâîäà äåêàðòîâûõ 
êîîðäèíàò â êîîðäèíàòû ãëîáàëüíîãî ïîçèöèîíèðîâàíèÿ. Ìàòåìàòè÷åñêàÿ ìîäåëü ðåàëèçîâàíà â ñðåäå ïðî-
ãðàììèðîâàíèÿ VISSIM. Îáúåêòîì èññëåäîâàíèÿ ÿâëÿåòñÿ ïðîìûøëåííûé òðàêòîð ÒÌ-10 ñ ãèäðîñòàòè÷åñêîé 
òðàíñìèññèåé ïðîèçâîäñòâà çàâîäà «ÄÑÒ-Óðàë» ã. ×åëÿáèíñêà. Ôèçè÷åñêèé ýêñïåðèìåíò ïðîâåäåí íà îïûòíîé 
ìîäåëè è ïîêàçàë óäîâëåòâîðèòåëüíûå ðåçóëüòàòû. Ðàçðàáîòàííûé àëãîðèòì ðåàëèçîâàí â ñðåäå CoDeSys äëÿ 
ïðîìûøëåííîãî êîíòðîëëåðà, óïðàâëÿþùåãî äâèæåíèåì ñåðèéíûõ òðàêòîðîâ. Ðàñøèðåííàÿ ìàòåìàòè÷åñêàÿ 
ìîäåëü ïîçâîëÿåò áîëåå òî÷íî îöåíèòü ïåðåõîäíûå ïðîöåññû äâèæåíèÿ â àâòîìàòè÷åñêîì ðåæèìå. Ôîðìè-
ðîâàíèå óïðàâëÿþùåãî âîçäåéñòâèÿ ïî GPS-êîîðäèíàòàì îòêðûâàåò íîâûå âîçìîæíîñòè ïðè ðåøåíèè çàäà÷è 
ïîçèöèîíèðîâàíèÿ ãóñåíè÷íîé ìàøèíû íà îòêðûòîé ìåñòíîñòè. Ðàçðàáîòàííûé àëãîðèòì ïîçâîëÿåò îöåíèâàòü 
âðåìÿ, çàòðà÷åííîå íà ôîðìèðîâàíèå êîìàíä ìèêðîïðîöåññîðíûìè óñòðîéñòâàìè. Ïðîâåäåííûå èññëåäîâàíèÿ 
ïîçâîëèëè ñôîðìèðîâàòü íîâûå ïîòðåáèòåëüñêèå ñâîéñòâà ïðîìûøëåííîìó òðàêòîðó çàâîäà «ÄÑÒ-Óðàë», çà-
êëþ÷àþùèåñÿ â ïîÿâèâøåéñÿ âîçìîæíîñòè èñïîëüçîâàíèè òðàêòîðîâ áåç îïåðàòîðà â óñëîâèÿõ âðåäíûõ èëè 
îïàñíûõ äëÿ ÷åëîâåêà.
Êëþ÷åâûå ñëîâà: àâòîìàòè÷åñêîå óïðàâëåíèå äâèæåíèåì, ãèäðîñòàòè÷åñêàÿ òðàíñìèññèÿ, ïðîìûøëåííûé 
êîíòðîëëåð, êîîðäèíàòû ãëîáàëüíîãî ïîçèöèîíèðîâàíèÿ. 

The article is devoted to algorithmizing the control of an autonomous vehicle by the example of the caterpillar vehicle 
with an onboard hydrostatic transmission. The authors developed a mathematical model which has scientific novelty, 
obtained the results of an analytical solution and a physical experiment that confirmed the reliability of the model 
and the operability of the proposed algorithm for tractor control in the automatic mode in the global positioning coor-
dinates. The model takes into account the features of the hidostatic drive, made on-board, including mechanical and 
volume losses. A characteristic feature of the mathematical model is the differential equations for the industrial logic 
controller and the control mechanism for the inclined washer of the axial-piston adjustable hydrostatic transmission 
pump and the algebraic equations for conversion of the Cartesian coordinates to the global positioning coordinates. 
The mathematical model is implemented in the VISSIM programming environment. The object of the investigation 
is the industrial tractor TM-10 with hydrostatic transmission which is produced by the plant «DST-Ural» in Chelyab-
insk. The physical experiment was carried out on the experimental model and showed satisfactory results. The devel-
oped algorithm is implemented in the CoDeSys environment for an industrial controller that controls the movement 
of production tractors. The extended mathematical model allows to assess more accurately of transient processes of 
the motion in the automatic mode. The formation of the control action via GPS coordinates provides new possibilities 
during solving the task of positioning the caterpillar vehicle in the open area. The developed algorithm allows to esti-
mate the time which is spent on the formation of commands by microprocessor devices. The conducted investigations 
allowed to form new consumer properties to the industrial tractor of the plant «DST-Ural», consisting in the appeared 
possibility of using tractors without an operator in harmful or dangerous conditions for humans.
Keywords: automatic motion control, hydrostatic transmission, industrial controller, global positioning coordinates.
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Ââåäåíèå
Â ïîñëåäíåå âðåìÿ âñå áîëüøåå âíèìàíèå 

óäåëÿåòñÿ âîïðîñàì òåîðèè è ïðàêòèêè èñïîëü-
çîâàíèÿ ãèäðîñòàòè÷åñêèõ òðàíñìèññèé (ÃÑÒ) 
ñàìîõîäíûõ ãóñåíè÷íûõ ìàøèí, â òîì ÷èñëå 
íà ïðîìûøëåííûõ òðàêòîðàõ [1, 2]. Êðóïíåé-
øèìè â ìèðå ïðîèçâîäèòåëÿìè ïðîìûøëåí-
íûõ òðàêòîðîâ ñ ÃÑÒ ÿâëÿþòñÿ «Êàòåðïèë-
ëàð» (ÑØÀ), «Êîìàöó» (ßïîíèÿ), «Ëèáõåð» 
(Ãåðìàíèÿ), «Øàíòóé» (Êèòàé), â ÐÔ – çàâîä 
«ÄÑÒ-Óðàë» (ã. ×åëÿáèíñê). 

Èñïûòàíèÿ ÃÑÒ â ñîñòàâå ìîòîðíî-òðàíñ-
ìèññèîííîé óñòàíîâêè (ÌÒÓ) ãóñåíè÷íûõ 
ìàøèí ðàçëè÷íîãî íàçíà÷åíèÿ ïðîâîäÿòñÿ äî-
ñòàòî÷íî äàâíî è ïîêàçàëè íà ïðàêòèêå èõ ýô-
ôåêòèâíîñòü [3], îñîáåííî äëÿ òÿæåëûõ ãóñå-
íè÷íûõ ìàøèí ïî ìåðå óâåëè÷åíèÿ òÿãîâîãî 
êëàññà [4]. Â ñâÿçè ñ ýòèì ïîëó÷àåò ðàçâèòèå 
è ìàòåìàòè÷åñêîå ìîäåëèðîâàíèå ïðîöåññîâ 
ðàáîòû ÃÑÒ ñ òî÷êè çðåíèÿ îïòèìèçàöèè èõ 
óïðàâëåíèÿ [5]. Èññëåäîâàíèÿ ïîñëåäíèõ ëåò 
ñâÿçàíû ñ óïðàâëÿåìîñòüþ òðàíñïîðòíûõ 
ñðåäñòâ ÷åëîâåêîì è àâòîìàòè÷åñêîé ñèñòå-
ìîé [6], â òîì ÷èñëå ÷åðåç àâòîìàòèçàöèþ ÃÑÒ 
è ñîçäàíèå ñîâåðøåííî íîâûõ òðàíñïîðòíûõ 
ïëàòôîðì, íå íóæäàþùèõñÿ â ïîñòîÿííîì êîí-
òðîëå ÷åëîâåêà.

Ãëàâíûì äîñòîèíñòâîì ÃÑÒ ÿâëÿåòñÿ âîç-
ìîæíîñòü ïëàâíîãî èçìåíåíèÿ ïåðåäàòî÷íîãî 
îòíîøåíèÿ â øèðîêîì äèàïàçîíå ÷àñòîò âðà-
ùåíèÿ âåäóùèõ êîëåñ, êîòîðîå ðåãóëèðóåòñÿ 
çà ñ÷åò èçìåíåíèÿ ïîäà÷è íàñîñîâ è (èëè) ìî-
òîðîâ ÃÑÒ. Ïðîâåäåííûå èññëåäîâàíèÿ ïðè-
ìåíåíèÿ ÃÑÒ â ñìåæíûõ îáëàñòÿõ ïîêàçûâàþò 
ïîëîæèòåëüíûé ýôôåêò îò èõ âíåäðåíèÿ: ïîâû-
øàåòñÿ òî÷íîñòü óïðàâëåíèÿ â êðèâîëèíåéíîì 
ðåæèìå, óìåíüøàåòñÿ âåðîÿòíîñòü ïîÿâëåíèÿ 
çàíîñà, ïîâûøàåòñÿ ñðåäíÿÿ ñêîðîñòü äâèæå-
íèÿ [7].

Âíåäðåíèå â òåõíîëîãè÷åñêèå ïðîöåññû 
áåñïèëîòíûõ òðàíñïîðòíûõ ñðåäñòâ ÿâëÿåòñÿ 
àêòóàëüíîé çàäà÷åé âî ìíîãèõ ñôåðàõ, ãäå èñ-
ïîëüçîâàíèå òðàäèöèîííîãî «ðó÷íîãî» óïðàâ-
ëåíèÿ ÷åëîâåêîì-îïåðàòîðîì ëèáî ýêîíîìè÷å-
ñêè íåâûãîäíî, ëèáî îïàñíî äëÿ æèçíè. Â ðÿäå 
ñëó÷àåâ îïåðàòîðà ìîæíî çàìåíèòü ðàäèî-
óïðàâëåíèåì, íî â ýòîì ñëó÷àå ÷åëîâåê âñå-
òàêè çàäåéñòâîâàí â ðàáîòå on-line [8]. Ïîýòîìó 
îñîáûé èíòåðåñ ïðåäñòàâëÿþò òåõïðîöåññû, 
â êîòîðûõ ÷åëîâåêà íóæíî ïîëíîñòüþ èñêëþ-
÷èòü, çàìåíèâ åãî àâòîìàòè÷åñêîé ñèñòåìîé 
óïðàâëåíèÿ (ÀÑÓ) äâèæåíèåì, ñàìîñòîÿòåëü-
íî îðèåíòèðóþùåéñÿ â ïðîñòðàíñòâå. 

Öåëü èññëåäîâàíèÿ
Èìåþùèåñÿ ðåçóëüòàòû ìîäåëèðîâàíèÿ 

óïðàâëåíèÿ ãóñåíè÷íîé ìàøèíîé ñ ÃÑÒ ïîçâî-
ëèëè ñôîðìóëèðîâàòü öåëü íàñòîÿùåãî èññëå-
äîâàíèÿ: ðàçðàáîòàòü àëãîðèòì àâòîìàòè÷åñêî-
ãî óïðàâëåíèÿ ãóñåíè÷íîé ìàøèíîé ñ ÃÑÒ ïðè 
óêàçàíèè äâèæóùåéñÿ ìàøèíå öåëè íà ìåñòíî-
ñòè â êîîðäèíàòàõ ãëîáàëüíîãî ïîçèöèîíèðî-
âàíèÿ â ïðîèçâîëüíûé ìîìåíò âðåìåíè.

Äëÿ äîñòèæåíèÿ ïîñòàâëåííîé öåëè íåîáõî-
äèìî ðåøèòü ñëåäóþùèå çàäà÷è: 

– ââåñòè â ìàòåìàòè÷åñêóþ ìîäåëü äîïîëíè-
òåëüíî ëèíåéíûå óðàâíåíèÿ ïåðåñ÷åòà ñèñòåì 
êîîðäèíàò è äèôôåðåíöèàëüíûå óðàâíåíèÿ äëÿ 
ïðîãðàììèðóåìîãî ëîãè÷åñêîãî êîíòðîëëå-
ðà (ÏËÊ) è ìåõàíèçìà óïðàâëåíèÿ íàêëîííîé 
øàéáîé ÃÑÒ; 

– îòðàáîòàòü àëãîðèòì óïðàâëåíèÿ äâèæå-
íèåì ïëàòôîðìû ïóòåì èìèòàöèîííîãî ìîäå-
ëèðîâàíèÿ â àâòîìàòè÷åñêîì ðåæèìå ïðè óêà-
çàíèè öåëè â êîîðäèíàòàõ GPS â ïðîèçâîëüíûé 
ìîìåíò âðåìåíè.

Ìàòåìàòè÷åñêàÿ ìîäåëü 
îáúåêòà óïðàâëåíèÿ
Îáúåêòîì ìàòåìàòè÷åñêîãî ìîäåëèðîâàíèÿ 

ÿâëÿåòñÿ ãóñåíè÷íàÿ ìàøèíà ñ äâèãàòåëåì âíó-
òðåííåãî ñãîðàíèÿ (ÄÂÑ) è ÃÑÒ, âûïîëíåííîé 
ïî áîðòîâîé ñõåìå. Ïðîòîòèïîì ÿâëÿåòñÿ ïðî-
ìûøëåííûé òðàêòîð êëàññà 15 ïðîèçâîäñòâà 
çàâîäà «ÄÑÒ-Óðàë» [9]. 

Â ñòàíäàðòíîé ìîäèôèêàöèè ïðîìûøëåííûé 
áóëüäîçåð óïðàâëÿåòñÿ äæîéñòèêîì, íà êîòîðûé 
âîçäåéñòâóåò ÷åëîâåê-îïåðàòîð. Äæîéñòèê, ÿâ-
ëÿÿñü ïîòåíöèîìåòðîì, îòïðàâëÿåò ýëåêòðè÷å-
ñêèé ñèãíàë íà ïðîìûøëåííûé ëîãè÷åñêèé êîí-
òðîëëåð (ÏËÊ), êîòîðûé âûðàáàòûâàåò òîêîâûé 
ñèãíàë äëÿ ýëåêòðîìàãíèòà, ðàñïîëîæåííîãî 
âíóòðè êîðïóñà ÃÑÒ. Â çàâèñèìîñòè îò âåëè÷è-
íû ýòîãî ñèãíàëà ýëåêòðîìàãíèò èçìåíÿåò ïîëî-
æåíèå íàêëîííîé øàéáû íàñîñà ÃÑÒ, ðåãóëèðóÿ 
ñêîðîñòü âûõîäíîãî âàëà âåäóùåãî êîëåñà.

Ñòðóêòóðíàÿ ñõåìà ÌÒÓ ïðåäñòàâëåíà íà 
ðèñ. 1. ÌÒÓ ñîñòîèò èç ÄÂÑ, êîòîðûé ïåðåäàåò 
âðàùåíèå íà ÃÑÒ, ñîñòîÿùóþ èç äâóõ íàñîñîâ è 
äâóõ ìîòîðîâ, êîòîðûå âðàùàþò âåäóùèå êîëåñà 
÷åðåç áîðòîâîé ðåäóêòîð (ÁÐ), ÏËÊ è áëîêà ôîð-
ìèðîâàíèÿ óïðàâëÿþùèõ ñèãíàëîâ (ÁÔÓÑ).

Â îñíîâó ðàáîòû ïîëîæåíà ìàòåìàòè÷åñêàÿ 
ìîäåëü (ÌÌ), ñîñòîÿùàÿ èç óðàâíåíèé êèíå-
ìàòèêè äâèæåíèÿ ãóñåíè÷íîé ìàøèíû, óðàâíå-
íèé äëÿ ÌÒÓ, óðàâíåíèÿ äëÿ äàâëåíèé â ìàãè-
ñòðàëÿõ âñàñûâàíèÿ è íàãíåòàíèÿ ÃÑÒ [10, 11].
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Ïåðâàÿ ÷àñòü ÌÌ ïðåäñòàâëÿåò ñîáîé ñèñòå-
ìó òðåõ äèôôåðåíöèàëüíûõ óðàâíåíèé (1) êðè-
âîëèíåéíîãî äâèæåíèÿ ãóñåíè÷íîé ìàøèíû â 
ôîðìå óðàâíåíèé Ëàãðàíæà âòîðîãî ðîäà: 
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2 1 1 22
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dt G

       á ;
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2 1 1 22
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P P Pf Pf R
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       á ; 
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c
, – êîîðäèíàòû 

öåíòðà òÿæåñòè ïëàòôîðìû;  – êóðñîâîé óãîë; 
P

1
, P

2
 – ñèëû òÿãè íà ëåâîì è ïðàâîì áîðòàõ; 

P
1 
f, P

2 
f – ñîïðîòèâëåíèå ïåðåäâèæåíèþ íà 

ëåâîì è ïðàâîì áîðòàõ; R
á
 – áîêîâàÿ ñèëà ñî-

ïðîòèâëåíèÿ; M
c
 – ìîìåíò ñîïðîòèâëåíèÿ 

ïîâîðîòó; G – âåñ ïëàòôîðìû; J
c
 – ìîìåíò 

èíåðöèè ïëàòôîðìû îòíîñèòåëüíî âåðòèêàëü-
íîé îñè, ïðîõîäÿùåé ÷åðåç öåíòð òÿæåñòè; g – 
óñêîðåíèå ñâîáîäíîãî ïàäåíèÿ.

ÌÒÓ èìååò òðè ñòåïåíè ñâîáîäû è îïèñàíî 
òðåìÿ äèôôåðåíöèàëüíûìè óðàâíåíèÿìè ïåð-
âîãî ïîðÿäêà (2):

í1 í2
1

1d
M M M

dt J


    

ä
ä ;

 1 21
1

5 2

1

( 1)

P P R kd
M

dt i i k J

 
  

  

âêì
ì

áð

;               (2)

 2 12
2

5 3

1

( 1)

P P Rd
M

dt i i k J

 
  

  

âêì
ì

áð

.

ãäå ä, ì1, äì2 – óãëîâûå ñêîðîñòè âàëîâ ÄÂÑ 
è ìîòîðîâ ÃÎÏ; Ì

ä
, Ì

í1
, Ì

í2
 – êðóòÿùèå ìî-

ìåíòû íà âàëàõ ÄÂÑ è íàñîñîâ ãèäðîîáúåìíûõ 
ïåðåäà÷ (ÃÎÏ); Ì

ì1
, Ì

ì2
 – ìîìåíòû íà ìîòîðàõ 

ÃÎÏ; R
âê

 – ðàäèóñ âåäóùåãî êîëåñà; i
áð

 – ïåðå-
äàòî÷íîå ÷èñëî áîðòîâîãî ðåäóêòîðà; J

1
, J

2
, 

J
3
 – ìîìåíòû èíåðöèè ñîîòâåòñòâóþùèõ ìàññ.

ÃÑÒ îïèñàíà óðàâíåíèÿìè äëÿ äàâëåíèÿ â 
êàæäîé èç ìàãèñòðàëåé:

11
1 1 11 12

11 11 11
1

;

k k

kpp

dP
Q Q Q Q

dt
E

Q Q Q
V

    

     

í ì

í ì

12
1 1 11 12

12 2 2
2

1 1 ;

k k

kpp

dP
Q Q Q Q

dt
E

Q Q Q
V

    

     

ì í

í ì

22
22 22

2 2 2
2

2 ;

k k

kpp

dP
Q Q Q Q

dt
E

Q Q Q
V

    

     

ì2 í2

í2 ì2



1

21
21 21

21 ,

k k

kpp

dP
Q Q Q Q

dt
E

Q Q Q
V

  

    

 



í2 ì2

í21 ì21

ãäå P
11

, P
12

 – äàâëåíèÿ â ìàãèñòðàëÿõ ïåðâîé 
ÃÎÏ; P

21
, P

22 – äàâëåíèÿ â ìàãèñòðàëÿõ âòîðîé 
ÃÎÏ; Qí1

, Qì1 – ðàñõîäû íàñîñà è ìîòîðà ïåðâîé 
ÃÎÏ; Qí2

, Qì2 – ðàñõîäû íàñîñà è ìîòîðà 
âòîðîé ÃÎÏ; Q

k11
, Q

k12
, Q

k21
, Q

k22
 – ðàñõîäû ïðå-

äîõðàíèòåëüíûõ êëàïàíîâ; Q
kpp11

, Q
kpp12

, Q
kpp21

, 
Q

kpp22
 – ðàñõîäû êëàïàíîâ ïîäïèòêè; Qí è 

Qì – óòå÷êè â íàñîñàõ è ìîòîðàõ. 
Êàæäàÿ èç ìàãèñòðàëåé ÃÎÏ ìîæåò áûòü 

âûñîêîãî èëè íèçêîãî äàâëåíèÿ â çàâèñèìîñòè 
îò óñëîâèé äâèæåíèÿ (âïåðåä – íàçàä, ïîâîðîò 
âïðàâî – âëåâî, ïåðåõîäíûå ïðîöåññû äâèæåíèÿ: 
ðàçãîí – òîðìîæåíèå, âõîä – âûõîä èç ïîâîðî-
òà). Ñòîèò îãîâîðèòü, ÷òî ïðè ðåøåíèè äàííîé 
çàäà÷è ìîìåíò ñîïðîòèâëåíèÿ ïîâîðîòó ãóñåíè÷-
íîé ìàøèíû ðàññ÷èòûâàëñÿ ïî À.Î. Íèêèòèíó 
[12–14], òåì áîëåå, ÷òî ñìåùåíèå ïîëþñà ïîâîðî-
òà íå ïðåâûøàåò ïÿòè ñàíòèìåòðîâ, ÷òî äëÿ ïðî-
ìûøëåííîãî áóëüäîçåðà ÿâëÿåòñÿ ïðåíåáðåæèìî 
ìàëîé âåëè÷èíîé. Íàó÷íàÿ íîâèçíà ðàáîòû ñî-
ñòîèò âî ââåäåíèè â ÌÌ ñëåäóþùèõ óðàâíåíèé:

      10
2 15 tUH t UH t I t e   ;

    55 8 108 10 tI t t e     ;

(1)

Ðèñ. 1. Ñòðóêòóðíàÿ ñõåìà ÌÒÓ
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     t t t   ö ;

  ( )
  arctg

( )

x x t
t

y y t

 
   

  

ö
ö

ö

,

ãäå UH(t) – îòíîñèòåëüíûé óãîë îòêëîíåíèÿ 
íàêëîííîé øàéáû ïðàâîãî (îòñòàþùåãî) áîðòà; 
UH

2
(t) – îòíîñèòåëüíûé óãîë îòêëîíåíèÿ íà-

êëîííîé øàéáû ëåâîãî (çàáåãàþùåãî) áîðòà; 
I(t) – çíà÷åíèå ñèëû òîêà íà âûõîäå (ÏËÊ); 
(t) – ðàçíèöà ìåæäó äåéñòâèòåëüíûì êóð-
ñîâûì óãëîì è óãëîì íà öåëü; 

ö
(t) – óãîë íà-

ïðàâëåíèÿ íà öåëü â äåêàðòîâûõ êîîðäèíàòàõ; 
x

ö
, y

ö
 – êîîðäèíàòû öåëè â äåêàðòîâîé ñèñòåìå 

êîîðäèíàò.
Ââåäåííûå óðàâíåíèÿ ïîçâîëÿþò âêëþ÷èòü 

â ðàíåå ñóùåñòâóþùóþ ìîäåëü âëèÿíèå èíåð-
öèîííîñòè óñòðîéñòâà óïðàâëåíèÿ ýëåêòðîìàã-
íèòîì è ÏËÊ, à òàêæå ñôîðìèðîâàòü óïðàâëÿ-
þùåå âîçäåéñòâèå. 

Ìàòåìàòè÷åñêàÿ ìîäåëü ðåàëèçîâàíà â 
ñðåäå ïðîãðàììèðîâàíèÿ VISSIM. Â ïðîãðàì-
ìå ñîçäàíà áëîê-ñõåìà ôîðìèðîâàíèÿ óïðàâëÿ-
þùåãî âîçäåéñòâèÿ ïîñëå ïîëó÷åíèÿ öåëåóêà-
çàíèÿ â GPS-êîîðäèíàòàõ è èõ ïðåîáðàçîâàíèÿ.

Äëÿ ïðåîáðàçîâàíèÿ GPS-êîîðäèíàò â äå-
êàðòîâû êîîðäèíàòû ìåñòíîñòè ïîëó÷åíà 
ñõåìà (ðèñ. 2) ïðåîáðàçîâàíèÿ êîîðäèíàò

Ðèñ. 2. Ñõåìà ïðåîáðàçîâàíèÿ êîîðäèíàò

Îñíîâûâàÿñü íà ðèñ. 2, ñîñòàâëåíà ñèñòåìà 
òðèãîíîìåòðè÷åñêèõ óðàâíåíèé äëÿ âûïîëíå-
íèÿ ïåðåñ÷åòà èç êîîðäèíàò GPS â ïðèíÿòóþ â 
ìîäåëè äåêàðòîâó ñèñòåìó:

 
0

cos kZ

R

 
  


 îòêë

ö ;

 
 0

0

sin

cos
kZ

R

  
   


îòêë

ö ,

ãäå 
0
, 

0
 – êîîðäèíàòû øèðîòû è äîëãîòû, ñî-

îòâåòñòâóþùèå íà÷àëüíîìó ïîëîæåíèþ îáúåê-
òà, ïîëó÷åííûå ñî ñïóòíèêîâ; 

ö
, 

ö
 – êîîðäèíà-

òû øèðîòû è äîëãîòû öåëè; Z – ðàäèóñ-âåêòîð, 
ïðîâåäåííûé èç íà÷àëà äåêàðòîâûõ êîîðäèíàò 
â òî÷êó öåëè; 

k
 – óãîë ìåæäó îñüþ Y è ðàäèóñ-

âåêòîðîì Z, 
îòêë

 – óãîë îòêëîíåíèÿ îñè Y îò 
íàïðàâëåíèÿ íà ñåâåð.

Ðåøàÿ ñèñòåìó òðèãîíîìåòðè÷åñêèõ óðàâ-
íåíèé, íàéäåì : 

 0 0

0

( )
arctg

( )k

cos    
   

   

ö
îòêë

ö

.

Çíàÿ 
k
, îïðåäåëèì Z:

 
0( )

cos k

R
Z

 


  
ö

îòêë

.

Îïðåäåëèì êîîðäèíàòû öåëè â äåêàðòîâîé 
ñèñòåìå êîîðäèíàò:

 sinc kX Z  ;

 cosc kY Z  .

Ïðè ìîäåëèðîâàíèè â ñðåäå ïðîãðàììèðî-
âàíèÿ VISSIM çàäàíû GPS-êîîðäèíàòû íà÷àëà 
äâèæåíèÿ è êîîðäèíàòû öåëè â ôîðìàòå äåñÿ-
òè÷íûõ ãðàäóñîâ. Äàííûé ôîðìàò êîîðäèíàò 
âûáðàí èñõîäÿ èç ñîîáðàæåíèé îáëåã÷åíèÿ 
ïåðåñ÷åòà, óñêîðåíèÿ âûïîëíåíèÿ ïðîöåññîâ 
íà ÏËÊ. 

Ïðîâåäåíî èìèòàöèîííîå ìîäåëèðîâàíèå 
äâèæåíèÿ ïëàòôîðìû ïî êàðòå, ñîñòàâëåííîé 
êîìïàíèåé Google, íà òåððèòîðèè ïðåäïðèÿòèÿ 
ÎÎÎ «ÄÑÒ Óðàë», îíî ñîîòâåòñòâóåò çîíå, 
áåçîïàñíîé äëÿ ïðîâåäåíèÿ èñïûòàíèé. 

Èìèòàöèîííîå ìîäåëèðîâàíèå
Íà÷àëüíûå óñëîâèÿ è ïðèíÿòûå äîïóùåíèÿ.
Íà÷àëüíîå ïîëîæåíèå â äåêàðòîâûõ êîîð-

äèíàòàõ: (x, y, ) = {0} Íà÷àëüíàÿ ëèíåéíàÿ 
ñêîðîñòü: (V

x
, V

y
) = (0; 1). Óãîë îòêëîíåíèÿ îò 

ñåâåðà 
îòêë

 ðàâåí 25 ãðàä. Íà÷àëüíîå ïîëîæå-
íèå â GPS êîîðäèíàòàõ: (

0
; 

î
) = 55,21743039; 

61,43938847. GPS êîîðäèíàòû öåëè: (
ö
; 

ö
)  = 

= 55,21745487; 61,43939856. Ìîäåëèðóåìûé 
ìîìåíò âðåìåíè ïîëó÷åíèÿ öåëåóêàçàíèÿ – 5 ñ. 

Èçíà÷àëüíî, îáúåêò äâèæåòñÿ ïðÿìîëèíåé-
íî, äàëåå ìîäåëèðóåòñÿ ïîëó÷åíèå îáúåêòîì 
öåëåóêàçàíèÿ â ìîìåíò âðåìåíè, ðàâíûé ïÿòîé 
ñåêóíäå ðàáîòû. Òàêæå â ïðîãðàììó çàëîæåí 
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àëãîðèòì îñòàíîâêè äâèæåíèÿ ïðè äîñòèæå-
íèè êîîðäèíàò öåëè ñ ïîãðåøíîñòüþ 0,1 ì. Íà 
äâàäöàòîé ñåêóíäå ìîäåëèðóåòñÿ èçìåíåíèå 
ñòðóêòóðû ãðóíòà ïîä îáúåêòîì äëÿ ïðîâåðêè 
íåèçìåííîñòè êèíåìàòè÷åñêèõ ïàðàìåòðîâ.

Îáúåêò âûñòàâëåí òàêèì îáðàçîì, ÷òî îñü Y 
ïðè ñòàðòå îòêëîíåíà îò íàïðàâëåíèÿ íà ñåâåð 
íà 25 ãðàä. Â ìîìåíò íà÷àëà ìîäåëèðîâàíèÿ 
îáúåêò äâèæåòñÿ ïðÿìîëèíåéíî ñ ïîñòîÿííîé 
ñêîðîñòüþ  Ìîìåíò ôîðìèðîâàíèÿ öåëè è èç-
ìåíåíèå êóðñîâîãî óãëà ïðåäñòàâëåíû íà ðèñ 3. 
Íà 20-é ñåêóíäå èìèòèðóåòñÿ èçìåíåíèå 
ñòðóêòóðû ãðóíòà.

Ðèñ. 3. Èçìåíåíèå óãëà íà öåëü 1 
è êóðñîâîãî óãëà 2 âî âðåìåíè

Èçìåíåíèå óãëà êóðñà è ïîÿâëåíèå öåëåóêà-
çàíèÿ íåçàìåäëèòåëüíî âûçûâàþò èçìåíåíèå 
ñèëû òîêà, âûðàáàòûâàåìîé ïðîãðàììèðóåìûì 
ëîãè÷åñêèì êîíòðîëëåðîì, êîòîðàÿ â ìîìåíò 
öåëåóêàçàíèÿ âûðàáàòûâàåò íåîáõîäèìûé òî-
êîâûé ñèãíàë. Èçìåíåíèå ñèëû òîêà âûçûâàåò 
èçìåíåíèå ìàãíèòíîãî ïîòîêà â êàòóøêå ýëåê-
òðîìàãíèòà, ñëåäîâàòåëüíî íàêëîííàÿ øàéáà 
îòêëîíÿåòñÿ.

Äëÿ îáåñïå÷åíèÿ ïðÿìîëèíåéíîãî äâèæå-
íèÿ íåîáõîäèìî, ÷òîáû âåäóùèå êîëåñà âðàùà-
ëèñü ñ îäèíàêîâîé ñêîðîñòüþ. Ýòî äîñòèãàåòñÿ 
òåì, ÷òî íàêëîííûå øàéáû ëåâîãî è ïðàâîãî 
áîðòîâ íàõîäÿòñÿ â îäèíàêîâûõ ãðàíè÷íûõ ïî-
ëîæåíèÿõ. Ïðè íàñòóïëåíèè ìîìåíòà öåëåóêà-
çàíèÿ êîíòðîëëåð âûðàáàòûâàåò ñèãíàë, íåîá-
õîäèìûé äëÿ ðàçâîðîòà íàêëîííîé øàéáû ÃÎÏ 
ïðàâîãî (îòñòàþùåãî) áîðòà â ïðîòèâîïîëîæ-
íóþ ñòîðîíó íà 76 %, è ïîñòåïåííî, ïî ìåðå 
ñîâåðøåíèÿ ìàíåâðà âîçâðàùàåò åå â ïåðâîíà-
÷àëüíîå ïîëîæåíèå.

Ïðè èçìåíåíèè ïîëîæåíèÿ íàêëîííîé 
øàéáû â ìàãèñòðàëÿõ íàãíåòàíèÿ íàñîñîâ ÃÑÒ 
ñîçäàþòñÿ ðàçíûå äàâëåíèÿ, ñëåäñòâèåì ÷åãî 
ÿâëÿþòñÿ ðàçíûå óãëîâûå ñêîðîñòè âåäóùèõ 
êîëåñ ëåâîãî è ïðàâîãî áîðòîâ (ðèñ. 4)

Èçìåíåíèå ñêîðîñòåé âðàùåíèÿ ÂÊ âûçûâà-
åò ïîÿâëåíèå áóêñîâàíèÿ σ, ñëåäîâàòåëüíî äëÿ 
ïîääåðæàíèÿ ïîñòîÿííîé ñêîðîñòè óâåëè÷èâà-
åòñÿ ñèëà òÿãè (ðèñ. 5).

Òàêæå èçìåíåíèå òÿãè â ñîâîêóïíîñòè ñ 
èçìåíåíèåì óãëà êóðñà âûçûâàþò èçìåíåíèå 
ëèíåéíûõ óñêîðåíèé è ñêîðîñòåé, âñëåäñòâèå 
÷åãî èçìåíÿþòñÿ êîîðäèíàòû ïîëîæåíèÿ ãóñå-
íè÷íîé ïëàòôîðìû (ðèñ. 6). Èç ðèñóíêà âèäíî, 
÷òî îáúåêò ïåðâîíà÷àëüíî äâèãàåòñÿ ïðÿìîëè-
íåéíî è èçìåíÿåò ñâîþ òðàåêòîðèþ äâèæåíèÿ 
â ñòîðîíó öåëè, êîòîðàÿ óêàçàíà íà 5-é ñåêóíäå 

Ðèñ. 4. Óãëîâûå ñêîðîñòè âåäóùèõ êîëåñ 
ëåâîãî 1 è ïðàâîãî 2 áîðòîâ

Ðèñ. 5. Ñèëû òÿãè ëåâîãî 1 è ïðàâîãî 2 áîðòîâ
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äâèæåíèÿ. Èç-çà èíåðöèîííîñòè îáúåêòà ðàçâî-
ðîò íà òî÷êó öåëè ïðîèçîøåë íå ìãíîâåííî, à 
ïî íåêîòîðîìó ðàäèóñó. 

Ïðè èçìåíåíèè òðàåêòîðèè äâèæåíèÿ íà÷è-
íàåò äåéñòâîâàòü îáðàòíàÿ ñâÿçü, êîòîðàÿ âû-
çûâàåò èçìåíåíèå ñèëû òîêà, âûðàáàòûâàåìîé 
êîíòðîëëåðîì.

Âûâîäû
1. Ðàñøèðåííàÿ ìàòåìàòè÷åñêàÿ ìîäåëü ïî-

çâîëÿåò áîëåå òî÷íî îöåíèòü ïåðåõîäíûå ïðî-
öåññû äâèæåíèÿ â àâòîìàòè÷åñêîì ðåæèìå.

2. Ôîðìèðîâàíèå óïðàâëÿþùåãî âîçäåé-
ñòâèÿ ïî GPS-êîîðäèíàòàì îòêðûâàåò íîâûå 
âîçìîæíîñòè ïðè ðåøåíèè çàäà÷è ïîçèöèî-
íèðîâàíèÿ ãóñåíè÷íîé ìàøèíû íà îòêðûòîé 
ìåñòíîñòè.

3. Ðàçðàáîòàííûé àëãîðèòì ïîçâîëÿåò îöå-
íèâàòü âðåìÿ, çàòðà÷åííîå íà ôîðìèðîâàíèå 
êîìàíä ìèêðîïðîöåññîðíûìè óñòðîéñòâàìè.
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