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Ðàáîòà ïîñâÿùåíà ðàçâèòèþ íàïðàâëåíèÿ èíåðöèîííîãî äèíàìè÷åñêîãî ãàøåíèÿ è ñòàáèëèçàöèè ñàìîõîäíûõ 
òðàíñïîðòíî-òåõíîëîãè÷åñêèõ ìàøèí ñ íàâåñíûì ðàáî÷èì îðãàíîì. Îáîñíîâàíà íåîáõîäèìîñòü è âîçìîæ-
íîñòü ñîâåðøåíñòâîâàíèÿ ðàçðàáîòàííûõ ðàíåå óðàâíåíèé óïðàâëåíèÿ ñèñòåìîé ñòàáèëèçàöèè. Ïðèâåäåíî 
îïèñàíèå ïîäõîäà äëÿ ñèíòåçà ñèñòåìû óïðàâëåíèÿ è îáîñíîâàíî ïðèìåíåíèå èíòåãðàëüíûõ êðèòåðèåâ äëÿ 
ôîðìèðîâàíèÿ òðåáîâàíèé ê ïåðåõîäíûì ïðîöåññàì ñèñòåìû óïðàâëåíèÿ. Ïðåäëîæåíà ìîäåëü îïòèìàëüíî-
ãî óïðàâëåíèÿ, äëÿ îáåñïå÷åíèÿ èíôîðìàöèîííîãî ïîëÿ êîòîðîé îïðåäåëåí íàáîð ïàðàìåòðîâ, èçìåðÿåìûõ 
íà áîðòó ñàìîõîäíîé ìàøèíû. Àëãîðèòì ðàáîòû ñèñòåìû óïðàâëåíèÿ ÿâëÿåòñÿ àäàïòèâíûì, àâòîìàòè÷åñêè 
ïåðåíàñòðàèâàþùèì óñèëåíèå â ñèñòåìå â çàâèñèìîñòè îò èçìåíåíèÿ åå èíåðöèîííûõ ïàðàìåòðîâ. Íà ïðèìåðå 
êèíåìàòè÷åñêîé ñõåìû ïðèâîäà ïîäâèæíîãî àäàïòåðà ñîâðåìåííîãî êîðìîóáîðî÷íîãî êîìáàéíà ïðåäñòàâëåíà 
ðàñ÷åòíàÿ ñõåìà äëÿ ïåðåðàñ÷åòà âåëè÷èí òðåáóåìûõ ñòàáèëèçèðóþùèõ ìîìåíòîâ â ñèëó, ðàçâèâàåìóþ ãèäðî-
öèëèíäðîì èëè äðóãèì èñïîëíèòåëüíûì ïðèâîäîì. Ïðèâåäåíû òðåáîâàíèÿ ê èíôîðìàöèîííîìó ïîëþ ñèñòå-
ìû ñòàáèëèçàöèè â âèäå íàáîðà èçìåðÿåìûõ ïàðàìåòðîâ, äèàïàçîíà èõ èçìåðåíèé, ìåñò óñòàíîâêè äàò÷èêîâ 
è äîïóñòèìûõ ïîãðåøíîñòåé èçìåðåíèé. Ïðåäëîæåí íàáîð êðèòåðèåâ ýôôåêòèâíîñòè è ðàáîòîñïîñîáíîñòè 
ñèñòåìû ñòàáèëèçàöèè. Íà îñíîâå ÷èñëåííûõ ýêñïåðèìåíòîâ ïîäîáðàíû çíà÷åíèÿ íàñòðîå÷íûõ êîýôôèöèåí-
òîâ ñèñòåìû ñòàáèëèçàöèè è ïîñòðîåíû ïåðåõîäíûå ïðîöåññû èçìåíåíèÿ óãëîâ ïðîäîëüíîãî íàêëîíà è ïðî-
äîëüíîé óãëîâîé ñêîðîñòè êîðïóñà ïðè åäèíè÷íîì óäàðíîì íàãðóæåíèè ìàøèíû. Ïîêàçàíî, ÷òî ïðåäëîæåí-
íûé ïîäõîä îáåñïå÷èâàåò àñèìïòîòè÷åñêóþ óñòîé÷èâîñòü ðàññìàòðèâàåìîé êîëåáàòåëüíîé ñèñòåìû. Ñ öåëüþ 
îöåíêè ðàáîòîñïîñîáíîñòè íà îñíîâå èìèòàöèîííîãî ìîäåëèðîâàíèÿ ïîñòðîåíû îñöèëëîãðàììû èçìåíåíèÿ 
óãëîâ ïîâîðîòà àäàïòåðà è ñèë íà øòîêå ãèäðàâëè÷åñêîãî öèëèíäðà ïðè äâèæåíèè êîìáàéíà ñ âêëþ÷åííîé 
ñèñòåìîé ñòàáèëèçàöèè ïî ãðóíòîâîé äîðîãå è àñôàëüòîáåòîíó ñ ðàçëè÷íûìè ñêîðîñòÿìè. Ïðèâåäåíà îöåíêà 
ýôôåêòèâíîñòè ðàçðàáîòêè. Ñôîðìóëèðîâàíû óñëîâèÿ ìîäåðíèçàöèè ñóùåñòâóþùåãî ïîêîëåíèÿ êîìáàéíîâ 
äëÿ èõ îñíàùåíèÿ ïðåäëîæåííîé ñèñòåìîé ñòàáèëèçàöèè. Ñôîðìóëèðîâàíû âûâîäû è îïðåäåëåíû íàïðàâëå-
íèÿ äàëüíåéøèõ èññëåäîâàíèé.
Êëþ÷åâûå ñëîâà: êîðìîóáîðî÷íûé êîìáàéí, ïëàâíîñòü õîäà, ñòàáèëèçàöèÿ äâèæåíèÿ, ýôôåêòèâíîñòü, ðàáî-
òîñïîñîáíîñòü, ñèñòåìà óïðàâëåíèÿ, àëãîðèòì, ðàñ÷åòíàÿ ñõåìà.
Äëÿ öèòèðîâàíèÿ: Ñèðîòèí Ï.Â. Ñèíòåç ñèñòåìû èíåðöèîííîé äèíàìè÷åñêîé ñòàáèëèçàöèè ñ óïðàâëåíèåì 
ïî íàáîðó ïàðàìåòðîâ, èçìåðÿåìûõ íà áîðòó ñàìîõîäíîé ìàøèíû // Òðàêòîðû è ñåëüõîçìàøèíû. 2021. № 1. 
Ñ. 29–39. DOI: 10.31992/0321-4443-2021-1-29-39.

The work is devoted to the development of the direction of inertial dynamic damping and stabilization of self-pro-
pelled transport and technological machines with a mounted working body. The necessity and possibility of improv-
ing the previously developed control equations for the stabilization system has been substantiated. The description of 
the approach for the synthesis of the control system is given and the application of integral criteria for the formation 
of requirements for the transient processes of the control system is substantiated. A model of optimal control is pro-
posed, for providing the information field of which a set of parameters measured on board the self-propelled vehicle 
is determined. The algorithm of the control system is adaptive, automatically reconfiguring the gain in the system 
depending on the change in its inertial parameters. 
On the example of the kinematic diagram of the drive by the mobility of the adapter of a modern forage harvester, a 
design diagram is presented for recalculating the values of the required stabilizing moments into the force developed 
by a hydraulic cylinder or other executive drive. The requirements for the information field of the stabilization system 
are given in the form of a set of measured parameters, the range of their measurements, the locations of the sensors 
and the permissible measurement errors. A set of criteria for the effectiveness and efficiency of the stabilization 
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system is proposed. On the basis of numerical experiments, the values of the tuning coefficients of the stabilization 
system were selected and the transient processes of changes in the angles of the longitudinal inclination and the 
longitudinal angular velocity of the body were constructed under a single shock loading of the machine. It is shown 
that the proposed approach provides asymptotic stability of the considered oscillatory system. In order to assess the 
performance on the basis of simulation modeling, oscillograms of changes in the angles of rotation of the adapter and 
the forces on the rod of the hydraulic cylinder when the combine moves with the stabilization system turned on on a 
dirt road and asphalt concrete at different speeds are constructed. The evaluation of the development efficiency is giv-
en. The conditions for the modernization of the existing generation of combines for their equipping with the proposed 
stabilization system are formulated. Conclusions are formulated and directions for further research are determined.
Keywords: forage harvester, smooth running, motion stabilization, efficiency, working capacity, control system, 
algorithm, design scheme.
Cite as: Sirotin P.V. Synthesis of a system of inertial dynamic stabilization with control according to a set of pa-
rameters measured on board a self-propelled vehicle. Traktory i sel’khozmashiny. 2021. No 1, pp. 29–39 (in Russ.). 
DOI: 10.31992/0321-4443-2021-1-29-39.

 Ââåäåíèå
Îäíèìè èç íàèáîëåå ýíåðãîåìêèõ òðàíñ-

ïîðòíî-òåõíîëîãè÷åñêèõ ìàøèí ñîâðåìåí-
íîãî àãðàðíî-ïðîìûøëåííîãî êîìïëåêñà 
ÿâëÿþòñÿ çåðíîóáîðî÷íûå êîìáàéíû (ÇÓÊ) 
è êîðìîóáîðî÷íûå êîìáàéíû (ÊÓÊ), ïðîèç-
âîäèòåëüíîñòü è ýôôåêòèâíîñòü êîòîðûõ ñó-
ùåñòâåííî âëèÿåò íà êà÷åñòâî è ñòîèìîñòü 
êîíå÷íûõ ïðîäóêòîâ ïèòàíèÿ. Âûÿâëåííûå 
ðàíåå îñîáåííîñòè êîíñòðóêöèè è êîìïîíîâ-
êè ÇÓÊ è ÊÓÊ îáóñëàâëèâàþò äåéñòâóþùèå 
íà íèõ ñèëîâûå è êèíåìàòè÷åñêèå âîçìóùå-
íèÿ øèðîêîãî ÷àñòîòíîãî äèàïàçîíà [1−3]. 
Â ñâÿçè ñ ýòèì äëÿ áîëüøèíñòâà ñîâðåìåííûõ 
ìàøèí è ìàøèí íîâîãî ïîêîëåíèÿ òðåáóåòñÿ 
ðàçðàáîòêà íàó÷íî-îáîñíîâàííûõ òåõíè÷å-
ñêèõ ðåøåíèé ïî âèáðîçàùèòå êîíñòðóêöèè 
è îïåðàòîðîâ. Îäíèì èç âàðèàíòîâ ïîâûøåíèÿ 
ïëàâíîñòè õîäà, ñíèæåíèÿ âèáðîíàãðóæåí-
íîñòè îïåðàòîðîâ ñóùåñòâóþùåãî ïîêîëåíèÿ 
ÇÓÊ è ÊÓÊ ÿâëÿåòñÿ ïðèìåíåíèå ñèñòåì äè-
íàìè÷åñêîé ñòàáèëèçàöèè çà ñ÷åò îáåñïå-
÷åíèÿ ïîäâèæíîñòè àäàïòåðà îòíîñèòåëüíî 
êîðïóñà ïðè äâèæåíèè [4, 5]. Îäíàêî ýôôåê-
òèâíîñòü, ðàáîòîñïîñîáíîñòü, ýêîíîìè÷åñêàÿ 
öåëåñîîáðàçíîñòü ïðåäëîæåííîé èíòåëëåêòó-
àëüíîé ñèñòåìû ïðåäîïðåäåëÿåò çàëîæåííûå 
â åå îñíîâó àëãîðèòì è çàêîíû óïðàâëåíèÿ, 
êîòîðûå äîëæíû îòâå÷àòü êîìïëåêñó êðèòå-
ðèåâ è ñîîòâåòñòâîâàòü òåêóùåìó óðîâíþ 
òåõíèêè. Ñ ó÷åòîì èçëîæåííîãî ðàçðàáîòêà, 
èññëåäîâàíèå è ñîâåðøåíñòâîâàíèå àëãîðèò-
ìîâ óïðàâëåíèÿ ñèñòåìàìè ñòàáèëèçàöèè äâè-
æåíèÿ ÿâëÿåòñÿ âàæíîé íàó÷íî-òåõíè÷åñêîé 
çàäà÷åé, ðåøåíèå êîòîðîé îáåñïå÷èâàåò ñåëü-
ñêîõîçÿéñòâåííîé òåõíèêå òðåáóåìûé óðî-
âåíü ñâîéñòâ, ñîîòâåòñòâóþùèõ ñîâðåìåííûì 
óñëîâèÿì âåäåíèÿ ýôôåêòèâíîãî è ýêîëîãè÷å-
ñêè áåçîïàñíîãî àãðîõîçÿéñòâà [5].

Â ðàáîòå Ï.Â. Ñèðîòèíà [6] ïîëó÷åíî âûðà-
æåíèå äëÿ îïòèìàëüíîãî óïðàâëåíèÿ ïðîïîð-
öèîíàëüíî-äèôôåðåíöèàëüíûì ðåãóëÿòîðîì 
ñèñòåìû ñòàáèëèçàöèè äâèæåíèÿ ñàìîõîäíûõ 
êîìáàéíîâ. Â ñëó÷àå ïðåäñòàâëåíèÿ çàêîíà 
óïðàâëåíèÿ â íà÷àëüíûõ ïåðåìåííûõ äèíàìè-
÷åñêèé ñòàáèëèçèðóþùèé ìîìåíò  ïðåäëîæåíî 
îïðåäåëÿòü êàê [6]:

 1 2( ) ( ) ,C CM J C J C M     äñ ê+àä ê+àä ñò  (1)

ãäå J
ê+àä

 – ìîìåíò èíåðöèè êîðïóñà ñ àäàïòåðîì 
îòíîñèòåëüíî öåíòðà ìàññ ÊÓÊ; 1 3 4C    , 

2 3 4C      – êîýôôèöèåíòû óñèëåíèÿ;  –
ñèìâîë ïðèðàùåíèÿ ôàçîâîé ïåðåìåííîé 
çà âðåìÿ dt; M

ñò
 = m

àä
g (Õ

À
 – Õ

Î
) – ñòàòè÷åñêèé 

ìîìåíò îò âåñà àäàïòåðà; m
àä

 – ìàññà àäàïòå-
ðà; Õ

À
, Õ

Î
 – ïðîäîëüíûå êîîðäèíàòû òî÷åê 

À è Î (ðèñ. 1) â ñâÿçàííîé ñ öåíòðîì ìàññ êîð-
ïóñà ñèñòåìå êîîðäèíàò ïåðåä íà÷àëîì äâèæå-
íèÿ, ñîîòâåòñòâåííî; 

3
, 

4
 – êîðíè õàðàêòåðè-

ñòè÷åñêîãî óðàâíåíèÿ.
Âûðàæåíèå (1) äëÿ îïòèìàëüíîãî óïðàâëå-

íèÿ ÿâëÿåòñÿ îñíîâàíèåì äëÿ ïîñòðîåíèÿ ñè-
ñòåìû óïðàâëåíèÿ íà îñíîâå ïðîïîðöèîíàëü-
íî-äèôôåðåíöèàëüíîãî ðåãóëÿòîðà, îäíàêî 
èñïîëüçîâàíèå â êà÷åñòâå îäíîé èç ôàçîâûõ êî-
îðäèíàò óãëà íàêëîíà êîðïóñà 

Ñ
 ÿâëÿåòñÿ ïðî-

áëåìàòè÷íûì ïî ñëåäóþùèìè ïðè÷èíàì:
– èçìåðåíèå óãëà 

Ñ
 íàêëîíà êîðïóñà ïðåä-

ñòàâëÿåò îïðåäåëåííûå òðóäíîñòè, â îòëè÷èå 
îò èçìåðåíèÿ óãëîâîé ñêîðîñòè 

Ñ
 êîðïóñà;

– â ñëó÷àå äâèæåíèÿ êîìáàéíà íà ïîäúåì 
èëè ñïóñê ïîÿâëÿåòñÿ ïîñòîÿííàÿ ñîñòàâëÿþ-
ùàÿ óãëà íàêëîíà êîðïóñà, ÷òî ìîæåò ïðèâåñòè 
ê íåíóæíîìó ïîâîðîòó àäàïòåðà.

Öåëü èññëåäîâàíèé
Ðàçðàáîòêà ïðèíöèïîâ è òåîðåòè÷åñêîãî 

îáîñíîâàíèÿ ñèñòåìû èíåðöèîííîé äèíàìè-
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÷åñêîé ñòàáèëèçàöèè äâèæåíèÿ, ðàáîòàþùåé 
íà îñíîâå óðàâíåíèé îïòèìàëüíîãî óïðàâëå-
íèÿ ïî íàáîðó ôàçîâûõ ïåðåìåííûõ, èçìåðå-
íèå êîòîðûõ âîçìîæíî íà áîðòó ÇÓÊ è ÊÓÊ, 
à òàêæå îáîñíîâàíèå òðåáîâàíèé ê èíôîðìàöè-
îííîìó ïîëþ, îöåíêå ðàáîòîñïîñîáíîñòè è ýô-
ôåêòèâíîñòè ðàçðàáîòêè.

Ìàòåðèàëû è ìåòîäû
Ñèíòåç ñèñòåìû ñòàáèëèçàöèè äâèæåíèÿ 

ñ îïòèìàëüíûì óïðàâëåíèåì îñíîâàí íà ïðè-
ìåíåíèè êâàäðàòè÷íîãî èíòåãðàëüíîãî êðè-
òåðèÿ, ñîäåðæàùåãî êîîðäèíàòû îáúåêòà 
è ïàðàìåòðû ñèñòåìû óïðàâëåíèÿ [7]. Èñïîëü-
çîâàíèå èíòåãðàëüíûõ êðèòåðèåâ, â ÷àñòíîñòè 
êâàäðàòè÷íûõ ôóíêöèîíàëîâ, ïîçâîëÿåò îïðå-
äåëèòü òðåáîâàíèÿ ê ïåðåõîäíûì ïðîöåññàì 
ñèñòåìû óïðàâëåíèÿ çàäàíèåì çíà÷åíèé íå-
áîëüøîãî ÷èñëà èõ âåñîâûõ êîýôôèöèåíòîâ, 
ïðàêòè÷åñêè ïðîèçâîëüíûé âûáîð êîòîðûõ 
îáåñïå÷èâàåò ôóíäàìåíòàëüíîå ñâîéñòâî ñèí-
òåçèðóåìîé ñèñòåìû − åå àñèìïòîòè÷åñêóþ 
óñòîé÷èâîñòü [7].

Äëÿ õàðàêòåðèñòèêè èññëåäóåìîãî êëàññà 
îáúåêòîâ óïðàâëåíèÿ ñôîðìóëèðîâàíî òðå-
áîâàíèå ê èõ æåëàåìîìó äâèæåíèþ, îáóñëîâ-
ëåííîå îáùèìè òåõíîëîãè÷åñêèìè è ýêîíî-
ìè÷åñêèìè êðèòåðèÿìè ôóíêöèîíèðîâàíèÿ 
ðåàëüíîãî îáúåêòà. Â êà÷åñòâå îïòèìèçè-
ðóåìîãî ôóíêöèîíàëà (êðèòåðèÿ êà÷åñòâà) 
èíòåãðàëüíîãî òèïà ïðèíÿòû âûõîäíûå ïå-
ðåìåííûå [8], òàêèå êàê ñïåêòðàëüíàÿ ïëîò-
íîñòü óãëîâ ïðîäîëüíîãî íàêëîíà êîðïóñà 
è âèáðîíàãðóæåííîñòü ðàáî÷åãî ìåñòà îïåðà-
òîðà, ñîîòâåòñòâóþùèå òðåáóåìîìó óðîâíþ 
ïëàâíîñòè õîäà è âèáðîíàãðóæåííîñòè êîì-
áàéíîâ [2, 3]. 

Ïîñêîëüêó èç-çà îñîáåííîñòåé êîìïîíîâ-
êè è êîëåáàíèé ïðè äâèæåíèè êîìáàéíîâ [1, 2] 
êîðïóñ èìååò îòíîñèòåëüíî ìàëûå óãëû îòêëî-
íåíèÿ, òî ìîäåëü åãî ïðîäîëüíî-óãëîâîãî äâè-
æåíèÿ ïðåäñòàâëåíà ëèíåàðèçîâàííîé (ðèñ. 1). 
Äëÿ àíàëèçà ðàññìîòðåíà äèíàìè÷åñêàÿ 
ìîäåëü ÊÓÊ, âêëþ÷àþùàÿ ïîäâèæíóþ ñîñòàâ-
íóþ ÷àñòü 1 â âèäå àäàïòåðà, ãèäðîöèëèíäð 2, 
êîðïóñ 3. Øàðíèðû O, N è Ê îáåñïå÷èâàþò 
ïîäâèæíîñòü àäàïòåðà 1 îòíîñèòåëüíî êîð-
ïóñà 3. Êàê ïîêàçàíî â ðàáîòå [6], òðåáóåìûé 
äèíàìè÷åñêèé ñòàáèëèçèðóþùèé ìîìåíò Ì

äñ
 

ôîðìèðóåòñÿ ïóòåì ïðèíóäèòåëüíîãî ïîâîðî-
òà àäàïòåðà 1 îòíîñèòåëüíî êîðïóñà 3 íà óãîë 
φ

0 
ñ òðåáóåìîé óãëîâîé ñêîðîñòüþ ω

0
 (ðèñ. 1). 

Îöåíêà ðàáîòîñïîñîáíîñòè ñèñòåìû ñòà-
áèëèçàöèè äâèæåíèÿ è îïòèìàëüíîãî çàêîíà 
åå óïðàâëåíèÿ ïðîâåäåíà íà îñíîâå ðàíåå 
ðàçðàáîòàííîé è âåðèôèöèðîâàííîé àâòîðîì 
ìàòåìàòè÷åñêîé è èìèòàöèîííîé ìîäåëè äâè-
æåíèÿ ÇÓÊ è ÊÓÊ [9, 10]. Â êà÷åñòâå êðèòå-
ðèÿ ðàáîòîñïîñîáíîñòè ïðèíÿòû àìïëèòóäà 
óãëîâ ïîâîðîòà àäàïòåðà îòíîñèòåëüíî êîð-
ïóñà è òðåáóåìûå ñèëû íà øòîêå ãèäðîöè-
ëèíäðà, ÷òî îáóñëîâëåíî ãåîìåòðè÷åñêèìè 
îãðàíè÷åíèÿìè è äàâëåíèåì ãèäðàâëè÷åñêîé 
ñèñòåìû ñóùåñòâóþùåãî ïîêîëåíèÿ êîìáàé-
íîâ. Îöåíêà ýôôåêòèâíîñòè ñèñòåìû ñòàáèëè-
çàöèè ïðîâåäåíà ïóòåì ñðàâíåíèÿ êèíåìàòè-
÷åñêèõ è äèíàìè÷åñêèõ ïàðàìåòðîâ äâèæåíèÿ 
ÊÓÊ ïðè âêëþ÷åííîé ñèñòåìå ñòàáèëèçàöèè 
è áåç íåå ïî ñëåäóþùèì ïàðàìåòðàì: ïðîäîë-
æèòåëüíîñòü ïåðåõîäíîãî ïðîöåññà óãëîâûõ 
êîëåáàíèé êîðïóñà ïðè åãî óäàðíîì íàãðóæå-
íèè; ñïåêòðàëüíàÿ ïëîòíîñòü óãëîâ ïðîäîëü-
íîãî íàêëîíà êîðïóñà S(ω); âèáðîíàãðóæåí-
íîñòü ðàáî÷åãî ìåñòà.

Ðèñ. 1. Ñõåìà ðàáîòû ñèñòåìû ñòàáèëèçàöèè êîðïóñà ñàìîõîäíîé ìàøèíû

Fig. 1. Scheme of operation of the self-propelled vehicle body stabilization system
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Ðåçóëüòàòû è îáñóæäåíèå
Äëÿ äîñòèæåíèÿ ïîñòàâëåííîé öåëè ïðåäëà-

ãàåòñÿ èñêëþ÷èòü èç óðàâíåíèÿ îïòèìàëüíîãî 
óïðàâëåíèÿ (1) ôàçîâóþ ïåðåìåííóþ φ

Ñ
. Òîãäà 

ïîëó÷èì:

  2 .CCM J M  äñ ê+àä ñò  (2)

Óïðàâëåíèå ñèñòåìîé ñòàáèëèçàöèè íà îñ -
íîâå óðàâíåíèÿ (2) èìååò íåäîñòàòîê, çàêëþ-
÷àþùèéñÿ â òîì, ÷òî ôàçîâàÿ ïåðåìåííàÿ  
íå ÿâëÿåòñÿ óïðàâëÿåìîé. Ñòàáèëèçàöèÿ ÒÒÌ 
îñóùåñòâëÿåòñÿ çà ñ÷åò ïîâîðîòà àäàïòåðà 
îòíîñèòåëüíî ïîïåðå÷íîé îñè, ïðîõîäÿùåé 
÷åðåç òî÷êó Î (ñì. ðèñ. 1), ò.å. óïðàâëÿåìûìè 
ôàçîâûìè ïåðåìåííûìè ÿâëÿþòñÿ 

Î
 è 

Î
. 

Äëÿ ïåðåõîäà â ìîäåëè óïðàâëåíèÿ (2) ê ýòèì 
ôàçîâûì ïåðåìåííûì çàïèøåì âûðàæåíèå 
äëÿ Ì

äñ
:

  ,O OM J  äñ àä


ãäå 
2

OJ J m AO  àä àä àä – ìîìåíò èíåðöèè 
àäàïòåðà îòíîñèòåëüíî ïîïåðå÷íîé îñè, ïðî-
õîäÿùåé ÷åðåç òî÷êó Î; O  – ïðèðàùåíèå 
óãëîâîãî óñêîðåíèÿ àäàïòåðà ïðè âðàùåíèè îò-
íîñèòåëüíî ïîïåðå÷íîé îñè, ïðîõîäÿùåé ÷åðåç 
òî÷êó Î.

Òîãäà ìîæíî çàïèñàòü:

 

O
C O O

J
K

J
      àä

ê+àä

   , (3)

ãäå K – ïåðåìåííûé êîýôôèöèåíò óñèëåíèÿ ðå-
ãóëÿòîðà.

Ïðîèíòåãðèðóåì ïî âðåìåíè ëåâóþ 
è ïðàâóþ ÷àñòè óðàâíåíèÿ (3):

 1 1

;
i i

i i

t t

C O
t t

dt K dt
 

       
(4)

,C OK   

ãäå 1i it t t    – èíòåðâàë ðåãóëèðîâàíèÿ.
Äëÿ óïðàâëåíèÿ ïîâîðîòîì àäàïòåðà 

â ìîìåíò âðåìåíè t
i
 çà ñ÷åò ïðèëîæåíèÿ ê íåìó 

M
äñ

(t
i
) âîñïîëüçóåìñÿ ïðîïîðöèîíàëüíî-äèôôå-

ðåíöèàëüíûì ðåãóëÿòîðîì âèäà:

 
   

 
3 4 ;O i

i O i

d t
M t C t C

dt
    äñ  

       ,O i O i O it t t   çàä   (5)

ãäå C
3
, C

4
 – êîýôôèöèåíòû óñèëåíèÿ ðåãóëÿòî-

ðà; 
Oçàä

(t
i
) – çàäàííîå çíà÷åíèå óãëà ïîâîðîòà 

àäàïòåðà (óñòàâêà); 
O
(t

i
) – ôàêòè÷åñêîå òåêó-

ùåå çíà÷åíèå óãëà ïîâîðîòà àäàïòåðà.

Çíà÷åíèå óñòàâêè 
O
(t

i
) ñ ó÷åòîì âûðàæåíèé 

(2) è (4) îïðåäåëèì êàê:

 
     1 2

1
O i O i Ct t C t

K     çàä , (6)

ãäå  – çíà÷åíèå óãëà ïîâîðîòà àäàïòåðà â êîíöå 
ïðåäûäóùåãî òàêòà óïðàâëåíèÿ; t = t

i
 – t

i–1 
– 

èíòåðâàë âðåìåíè óïðàâëåíèÿ.
Îêîí÷àòåëüíî îïòèìàëüíîå óïðàâëåíèå (5) 

äëÿ M
äñ

 ñ ó÷åòîì (6) ïðèìåò âèä: 

     

   

3 1 2

1 2

4

1

1

.

i O i C

O i C

M t C t C t
K

d t C t
KC
dt





       
 

      

äñ

(7)

Â óðàâíåíèè îïòèìàëüíîãî óïðàâëåíèÿ (7) 
ïåðåìåííûé êîýôôèöèåíò óñèëåíèÿ ðåãóëÿòî-
ðà  çàâèñèò îò èçìåíåíèÿ ìîìåíòà èíåðöèè ñè-
ñòåìû «êîðïóñ ÊÓÊ – àäàïòåð» ïðè ïîâîðîòå 
àäàïòåðà. Òàêèì îáðàçîì, ìîæíî êîíñòàòèðî-
âàòü, ÷òî àëãîðèòì ðàáîòû ñèñòåìû óïðàâëå-
íèÿ ñòàáèëèçàöèåé êîðïóñà êîìáàéíà ÿâëÿåòñÿ 
àäàïòèâíûì, àâòîìàòè÷åñêè ïåðåíàñòðàèâàþ-
ùèì óñèëåíèå â ñèñòåìå â çàâèñèìîñòè îò èç-
ìåíåíèÿ åå èíåðöèîííûõ ïàðàìåòðîâ [7, 8]. 

Äëÿ ïåðåñ÷åòà çíà÷åíèÿ ìîìåíòà äèíàìè-
÷åñêîé ñòàáèëèçàöèè M

äñ
 â ñèëó Ð

ö
, ðàçâèâàå-

ìóþ ãèäðîöèëèíäðîì, âîñïîëüçóåìñÿ ðàñ÷åò-
íîé ñõåìîé, ñîîòâåòñòâóþùåé êèíåìàòè÷åñêîé 
ñõåìå ñèñòåìû ïîäúåìà è îïóñêàíèÿ àäàïòåðà 
ÊÓÊ RSM 2650 (ðèñ. 2).

Âåëè÷èíà ñòàáèëèçèðóþùåãî ìîìåíòà 
îïðåäåëÿåòñÿ ñèëîé, ðàçâèâàåìîé ãèäðîöèëèí-

Ðèñ. 2. Ðàñ÷åòíàÿ ñõåìà äëÿ îïðåäåëåíèÿ ñèëû, 
ðàçâèâàåìîé ãèäðîöèëèíäðîì

Fig. 2. Design scheme for determining the force 
developed by the hydraulic cylinder
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äðîì è ãåîìåòðè÷åñêèìè ïàðàìåòðàìè ïîäâå-
ñêè àäàïòåðà: 

 cos ;M P OF P ON  äñ ö ö  (8)

arctg arctgO N N K

N O N K

Z Z Z Z
X X X X

 
  

 
,

ãäå Z
O
, Z

N
, Z

K
 – âåðòèêàëüíûå êîîðäèíàòû 

òî÷åê O, N, K, ñîîòâåòñòâåííî; X
O
, X

N
, X

K
 – ãî-

ðèçîíòàëüíûå êîîðäèíàòû òî÷åê O, N, K, ñîîò-
âåòñòâåííî. Ñèëà Ð

ö
 ÿâëÿåòñÿ óïðàâëÿþùèì 

âîçäåéñòâèåì, ïîäëåæàùèì îïðåäåëåíèþ. 
Îêîí÷àòåëüíî ïîëó÷èì:

 

 
0,5 .

cos
M M

P
ON


 


äñ ñò

ö  (9)

Çíà÷åíèÿ êîýôôèöèåíòîâ C
2
, C

3
 è C

4
 

â óïðàâëåíèè (7) îïðåäåëÿþò íà îñíîâàíèè 
òðåáîâàíèé ê âðåìåíè çàòóõàíèÿ è âèäó ïåðå-
õîäíîãî ïðîöåññà â ñèñòåìå, à òàêæå âðåìåíè 
ïåðåðåãóëèðîâàíèÿ. 

Òðåáîâàíèÿ ê èíôîðìàöèîííîìó ïîëþ, îáå-
ñïå÷èâàþùåìó ðàáîòó ñèñòåìû ñòàáèëèçàöèè 
ÊÓÊ, îïðåäåëÿþòñÿ ñîñòàâîì ïàðàìåòðîâ, 
êîòîðûå íåîáõîäèìî çàìåðÿòü íà áîðòó ÊÓÊ 
äëÿ îáåñïå÷åíèÿ ðàáîòû ñèñòåìû. Â òàáëèöå 
ïðåäñòàâëåíû èçìåðÿåìûå ïàðàìåòðû è îáî-
ñíîâàííûå ñ ïîìîùüþ ïðîâåäåííûõ ÷èñëåííûõ 
ýêñïåðèìåíòîâ èõ äîïóñòèìûå îòíîñèòåëüíûå 
ïîãðåøíîñòè èçìåðåíèé. Ñëåäóåò îòìåòèòü, 
÷òî äëÿ îöåíêè ïàðàìåòðà «äåéñòâóþùàÿ âåëè-
÷èíà óãëà ïîâîðîòà àäàïòåðà» ñóùåñòâóþùåå 
ïîêîëåíèå êîìáàéíîâ, â ò.÷. îòå÷åñòâåííîãî 
ïðîèçâîäñòâà, îñíàùàþòñÿ ñîîòâåòñòâóþùèìè 
äàò÷èêàìè ñ áåñêîíòàêòíûì ïðèíöèïîì çàìå-
ðîâ, èìåþùèìè ðàçðåøàþùóþ ñïîñîáíîñòüþ 
äî 0,1. Òàêèì îáðàçîì, äëÿ ðåàëèçàöèè ïðåä-
ëîæåííîé ñèñòåìû íà ñóùåñòâóþùåì ïîêîëå-
íèè ÊÓÊ åå òðåáóåòñÿ äîîñíàñòèòü äàò÷èêàìè 
îöåíêè 

Ñ
 è ðåãóëÿòîðîì, êîòîðûé íåîáõîäèì 

äëÿ óïðàâëåíèÿ ïîòîêàìè æèäêîñòè îò íàñîñà 
â äâóõñòîðîííèå ãèäðîöèëèíäðû ïîäúåìà-îïó-
ñêàíèÿ àäàïòåðà. 

Íà îñíîâå ÷èñëåííûõ ýêñïåðèìåíòîâ 
áûëè ïîäîáðàíû ñëåäóþùèå çíà÷åíèÿ êîýô-
ôèöèåíòîâ óðàâíåíèÿ (7): C

2
 = –0,5 Í/ðàä; 

C
3
 = –5 · 107 Í/ðàä; C

4
 = –100 Íñ/ðàä. Íà ðèñ. 3 

ïîêàçàí âèä ïåðåõîäíîãî ïðîöåññà äëÿ óãëà 
ïðîäîëüíîãî íàêëîíà è ïðîäîëüíîé óãëîâîé 
ñêîðîñòè êîðïóñà äëÿ óêàçàííûõ çíà÷åíèé êî-
ýôôèöèåíòîâ. Ïðèâåäåííûé âèä ïåðåõîäíûõ 
ïðîöåññîâ ÿâëÿåòñÿ óäîâëåòâîðèòåëüíûì. 
Êàê âèäíî èç ðèñ. 3, ïðèíÿòûå çíà÷åíèÿ êî-
ýôôèöèåíòîâ C

2
–C

4
 îáåñïå÷èâàþò ãàøåíèå 

êîëåáàíèé êîðïóñà çà äâà ïåðèîäà êîëåáàíèé, 
ïðîäîëæàþùèõñÿ 1,2–1,3 ñ, ÷òî äëÿ ñèñòåì 
èíåðöèîííîãî äèíàìè÷åñêîãî ãàøåíèÿ ÿâëÿåò-
ñÿ äîñòàòî÷íî âûñîêèì ïîêàçàòåëåì [11].

 

à 

á

Ðèñ. 3. Âèä ïåðåõîäíîãî ïðîöåññà 
äëÿ óãëà ïðîäîëüíîãî íàêëîíà (à) è ïðîäîëüíîé 

óãëîâîé ñêîðîñòè (á) êîðïóñà 

Fig. 3. The type of transient process for the caster 
angle (a) and longitudinal angular velocity (b) 

of the body

Òàáëèöà

Ñîñòàâ èçìåðÿåìûõ ïàðàìåòðîâ äëÿ ñèñòåìû ñòàáèëèçàöèè ÊÓÊ

Table. Composition of the measured parameters for the forage harvester stabilization system

Ïàðàìåòðû Äèàïàçîí
èçìåðåíèé

Ìåñòî 
èçìåðåíèÿ

Ïîãðåøíîñòü 
èçìåðåíèé, %

Äåéñòâóþùàÿ âåëè÷èíà óãëîâîé ñêîðîñòè 
ïðîäîëüíî-óãëîâûõ êîëåáàíèé êîðïóñà ÊÓÊ,  ãðàä/ñ +45 öåíòð òÿæåñòè 

êîðïóñà ÊÓÊ 1

Äåéñòâóþùàÿ âåëè÷èíà óãëà ïîâîðîòà àäàïòåðà, ãðàä +38 îñü âðàùåíèÿ 
àäàïòåðà 0,5
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Íà ïîñòðîåííûõ ãðàôèêàõ ñïåêòðàëüíîé 
ïëîòíîñòè óãëîâ ïðîäîëüíîãî íàêëîíà êîðïóñà 
ÊÓÊ ïðè ïðÿìîëèíåéíîì äâèæåíèè ïî àñôàëü-
òîáåòîííîìó øîññå (ðèñ. 4) è ãðóíòîâîé äîðîãå 
(ðèñ. 5) âèäíû õàðàêòåðíûå ìîäû êîëåáàíèé 
êîìáàéíà íà ïíåâìàòè÷åñêèõ øèíàõ [12], èí-
òåíñèâíîñòü êîòîðûõ ïðîïîðöèîíàëüíà ñêîðî-
ñòè äâèæåíèÿ. 

Ïðè äâèæåíèè ÊÓÊ ïî àñôàëüòîáåòîííîìó 
øîññå (ðèñ. 4) ñèñòåìà ñòàáèëèçàöèè äâèæå-
íèÿ, ðàáîòàþùàÿ ïî ïðåäëîæåííîìó óïðàâ-
ëåíèþ, ïîêàçàëà íàèáîëüøóþ ýôôåêòèâíîñòü 
ïðè ñêîðîñòè 5 è 15 êì/÷. Íà ñêîðîñòè 10 êì/÷, 
êàê è â ñëó÷àå äâèæåíèÿ ïî ãðóíòîâîé äîðîãå 
ñî ñêîðîñòüþ 5 êì/÷, ïðè ñðàáàòûâàíèè ñè-
ñòåìû ñòàáèëèçàöèè îñíîâíàÿ äåéñòâóþùàÿ 

ãàðìîíèêà äåëèòñÿ íà äâå, èç êîòîðûõ íèçêî÷à-
ñòîòíàÿ, êàê ïîêàçàíî ðàíåå [12], ñîîòâåòñòâóåò 
âåðòèêàëüíûì ëèíåéíûì ïåðåìåùåíèÿì êîð-
ïóñà íà ïíåâìàòè÷åñêèõ øèíàõ. Íàèìåíüøóþ 
ýôôåêòèâíîñòü ñèñòåìà èíåðöèîííîãî ãàøåíèÿ 
èìååò ïðè ñêîðîñòè äâèæåíèÿ 20 êì/÷, ÷òî îáó-
ñëàâëèâàåò íåîáõîäèìîñòü èññëåäîâàíèÿ è îï-
òèìèçàöèè òðåáîâàíèé ê áûñòðîäåéñòâèþ.

Ïðè äâèæåíèè ïî ãðóíòîâîé äîðîãå ñî ñêî-
ðîñòüþ 5 êì/÷ âêëþ÷åíèå ñèñòåìû ñòàáèëè-
çàöèè ïðèâîäèò ê ïîäàâëåíèþ è ðàçäåëåíèþ 
îñíîâíîé ãàðìîíèêè íà äâå, óðîâåíü êîòîðûõ 
íå ïðåâûøàåò 50 % îò èñõîäíîé. Íà ñêîðî-
ñòè 10 êì/÷ (ðèñ. 5, á) ñòàáèëèçàöèÿ êîðïóñà 
ïî ïðåäëîæåííîìó àëãîðèòìó ïîçâîëÿåò ñíè-
çèòü ïèêîâûå çíà÷åíèÿ ïàðàìåòðà êîëåáàíèé 

     
 à á 

     
 â ã

Ðèñ. 4. Ñïåêòðàëüíûå ïëîòíîñòè óãëîâ ïðîäîëüíîãî íàêëîíà êîðïóñà ÊÓÊ 
ïðè äâèæåíèè ïî àñôàëüòîáåòîííîìó øîññå ñî ñêîðîñòüþ: 

à – 5 êì/÷; á – 10 êì/÷: â – 15 êì/÷; ã – 20 êì/÷

Fig. 4. Spectral densities of the longitudinal tilt angles of the forage harvester body when driving along 
an asphalt-concrete highway at a speed: a – 5 km/h; b – 10 km/h; c – 15 km/h; d – 20 km/h

     
 à á

Ðèñ. 5. Ñïåêòðàëüíûå ïëîòíîñòè óãëîâ ïðîäîëüíîãî íàêëîíà êîðïóñà ÊÓÊ 
ïðè äâèæåíèè ïî ãðóíòîâîé äîðîãå ñî ñêîðîñòüþ: 

à – 5 êì/÷; á – 10 êì/÷

Fig. 5. Spectral densities of the longitudinal tilt angles of the forage harvester body 
when driving on a dirt road at a speed: a – 5 km/h; b – 10 km/h
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 à á

     
 â ã 

Ðèñ. 6. Äåéñòâóþùèå óðîâíè âåðòèêàëüíûõ âèáðîóñêîðåíèé â êàáèíå îïåðàòîðà ÊÓÊ 
ïðè äâèæåíèè ïî àñôàëüòîáåòîííîìó øîññå ñî ñêîðîñòüþ: 

à – 5 êì/÷; á – 10 êì/÷; â – 15 êì/÷; ã – 20 êì/÷

Fig. 6. The effective levels of vertical vibration accelerations in the forage harvester operator’s cabine 
when driving on an asphalt concrete highway at a speed: a – 5 km/h; 

b – 10 km/h; c – 15 km/h; d – 20 km/h

íà 125 %. Ïðè ýòîì ÷àñòîòà îñíîâíîé ìîäû êî-
ëåáàíèé êîðïóñà ïðàêòè÷åñêè íå ìåíÿåòñÿ.

Â ðåçóëüòàòå èìèòàöèîííîãî ìîäåëèðîâà-
íèÿ îòìå÷åíî, ÷òî ðàáîòà ñèñòåìû ñòàáèëè-
çàöèè òàêæå ñíèæàåò âèáðîíàãðóæåííîñòü 
ðàáî÷åãî ìåñòà âî âñåì íîðìèðóåìîì ÷àñòîò-
íîì äèàïàçîíå è íà âñåõ èññëåäóåìûõ â äàííîé 
ðàáîòå ðåæèìàõ äâèæåíèÿ (ðèñ. 6, 7). Â ñëó÷àå 
äâèæåíèÿ ïî àñôàëüòîáåòîííîìó øîññå ýôôåê-
òèâíîñòü ñèñòåìû ñòàáèëèçàöèè â ÷àñòè âèáðî-
íàãðóæåííîñòè ðàáî÷åãî ìåñòà (ðèñ. 6) èìååò 
ïðÿìóþ ñâÿçü ñ ïàðàìåòðîì S(ω) äëÿ ñîîòâåò-
ñòâóþùåãî ðåæèìà äâèæåíèÿ (ñì. ðèñ. 4). Íàè-
áîëüøèé ýôôåêò â ÷àñòè âèáðîíàãðóæåííîñòè 
îòìå÷åí ïðè ñêîðîñòè 5 è 15 êì/÷. Íà ýòèõ ðåæè-
ìàõ ñíèæåíèå âèáðîíàãðóæåííîñòè ïî îòäåëü-
íûì îêòàâàì ñîñòàâëÿåò 4–8,4 äÁ (ðèñ. 7 à, â). 
Ïðè äâèæåíèè ïî ãðóíòîâîé äîðîãå ñî ñêîðî-
ñòüþ 5 êì/÷ ñòàáèëèçàöèÿ êîðïóñà îáåñïå÷è-

âàåò ñíèæåíèå âèáðàöèè â ïåðâîé, ÷åòâåðòîé 
è ïÿòîé îêòàâàõ îò 1,6 äî 2,6 äÁ, à âî âòîðîé 
è òðåòüåé îêòàâàõ – äî 4,2–4,3 äÁ. Íà ñêîðî-
ñòè 10 êì/÷ ýôôåêò îò ñèñòåìû ñòàáèëèçàöèè 
ïî âñåì îêòàâàì ñîñòàâëÿåò 1,3–1,9 äÁ. 

 Äëÿ îöåíêè ðàáîòîñïîñîáíîñòè ïðîâåäåíû 
èìèòàöèîííûå èñïûòàíèÿ, â ðåçóëüòàòå êîòî-
ðûõ ïîëó÷åíû è ñîïîñòàâëåíû âðåìåííûå ðå-
àëèçàöèè óãëîâ ïîâîðîòà àäàïòåðà îòíîñèòåëü-
íî êîðïóñà (ðèñ. 8, 9), ðåàëèçàöèÿ ñèë íà øòîêå 
ãèäðîöèëèíäðà (ðèñ. 10, 11) ïðè äâèæåíèè 
ÊÓÊ ïî àñôàëüòîáåòîííîìó øîññå (ðèñ. 8, 10), 
ïî ãðóíòîâîé äîðîãå (ðèñ. 9, 11). 

Îäíèì èç îïðåäåëÿþùèõ ïîêàçàòåëåé, 
ïîäòâåðæäàþùèõ ðàáîòîñïîñîáíîñòü ñïîñî-
áà èíåðöèîííîé äèíàìè÷åñêîé ñòàáèëèçàöèè 
äâèæåíèÿ íà ïðèìåðå ÊÓÊ, ÿâëÿåòñÿ äèàïàçîí 
óãëîâ ïîâîðîòà àäàïòåðà îòíîñèòåëüíî êîð-
ïóñà ïðè ðàáîòå ñèñòåìû. Äàííûé ïàðàìåòð 
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 à á 

Ðèñ. 7. Äåéñòâóþùèå óðîâíè âåðòèêàëüíûõ âèáðîóñêîðåíèé â êàáèíå îïåðàòîðà ÊÓÊ 
ïðè äâèæåíèè ïî ãðóíòîâîé äîðîãå ñî ñêîðîñòüþ: 

à – 5 êì/÷; á – 10 êì/÷
Fig. 7. The effective levels of vertical vibration accelerations in the forage harvester operator’s cabine 

when driving on a dirt road at a speed: a – 5 km/h; b – 10 km/h

     
 à á 

     
 â ã

Ðèñ. 8. Âðåìåííûå ðåàëèçàöèè óãëîâ ïîâîðîòà àäàïòåðà âîêðóã îñè âðàùåíèÿ ïðè äâèæåíèè 
ïî àñôàëüòîáåòîííîìó øîññå ñ âêëþ÷åííîé ñèñòåìîé ñòàáèëèçàöèè: 

à – 5 êì/÷; á – 10 êì/÷; â – 15 êì/÷; ã – 20 êì/÷
Fig. 8. Time realizations of the angles of rotation of the adapter around the axis of rotation 

when driving on an asphalt-concrete highway with the stabilization system turned on: 
a – 5 km/h; b – 10 km/h; c – 15 km/h; d – 20 km/h

     
 à á

Ðèñ. 9. Âðåìåííûå ðåàëèçàöèè óãëîâ ïîâîðîòà àäàïòåðà âîêðóã îñè âðàùåíèÿ 
ïðè äâèæåíèè ïî ãðóíòîâîé äîðîãå ñ âêëþ÷åííîé ñèñòåìîé ñòàáèëèçàöèè: 

à – 5 êì/÷; á – 10 êì/÷
Fig. 9. Time realizations of the angles of rotation of the adapter around the axis of rotation 

when driving on a dirt road with the stabilization system turned on: a – 5 km/h; b – 10 km/h
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îãðàíè÷åí õîäîì ãèäðîöèëèíäðîâ ñèñòåìû 
ïîäúåìà è îïóñêàíèÿ àäàïòåðà, à òàêæå íåäî-
ïóñòèìîñòüþ êîíòàêòà êîëåáëþùåãîñÿ àäàï-
òåðà ñ îïîðíîé ïîâåðõíîñòüþ èëè êîðïóñîì 
ÊÓÊ. Íà ïðåäñòàâëåííûõ îñöèëëîãðàììàõ 
âèäíî, ÷òî âî âñåõ èññëåäóåìûõ ðåæèìàõ óãîë 
ðàçìàõà àäàïòåðà ñîñòàâëÿåò äî 12° (ðèñ. 8, 9), 
÷òî ÿâëÿåòñÿ äîïóñòèìîé âåëè÷èíîé, óäîâëåò-
âîðÿþùåé îáîçíà÷åííûì âûøå îãðàíè÷åíèÿì. 
Ïðè äâèæåíèè ïî àñôàëüòîáåòîíó ïî ìåðå óâå-
ëè÷åíèÿ ñêîðîñòè ñ 5 äî 20 êì/÷ óãîë ðàçìàõà 
óâåëè÷èâàåòñÿ ñ 2,5 äî 12° (ðèñ. 8). Â ñëó÷àå 
äâèæåíèÿ ÊÓÊ ïî ãðóíòîâîé äîðîãå ñî ñêîðî-
ñòüþ 5 è 10 êì/÷ óãîë ðàçìàõà àäàïòåðà ñîñòàâ-
ëÿë 6 è 9° ñîîòâåòñòâåííî (ðèñ. 9). Áîëüøèé 
óãîë ðàçìàõà àäàïòåðà ïðè äâèæåíèè ïî àñ-

ôàëüòîáåòîíó ìîæíî îáúÿñíèòü îòëè÷èåì ãåî-
ìåòðè÷åñêèõ õàðàêòåðèñòèê äîðîã â ÷àñòè êðè-
âèçíû è äëèíû íåðîâíîñòåé.

 Îñíîâíûì ïàðàìåòðîì, îïðåäåëÿþùèì òðå-
áîâàíèÿ ê ãèäðàâëè÷åñêîìó ïðèâîäó ñèñòåìû 
ñòàáèëèçàöèè, ÿâëÿþòñÿ ñèëû íà øòîêå ãèäðî-
öèëèíäðîâ. Âåëè÷èíà P

ö
 è èíòåíñèâíîñòü åå 

èçìåíåíèÿ âî ìíîãîì îïðåäåëÿåò òðåáîâàíèÿ 
ê ãèäðàâëè÷åñêîìó ïðèâîäó â ÷àñòè áûñòðî-
äåéñòâèÿ, ðàáî÷åãî è íîìèíàëüíîãî äàâëåíèÿ, 
ïðîèçâîäèòåëüíîñòè è äð. Íà ïðåäñòàâëåí-
íûõ îñöèëëîãðàììàõ P

ö
(t) èçìåíåíèå P

ö
 ïðî-

èñõîäèò îòíîñèòåëüíî óñèëèÿ îêîëî 1,0·105
 
Í, 

îáóñëîâëåííîãî äåéñòâèåì ñòàòè÷åñêîãî âåñà 
àäàïòåðà. Ïðè äâèæåíèè ïî àñôàëüòîáåòîííî-
ìó øîññå (ðèñ. 10) óñèëèÿ íà øòîêå ïðîïîðöè-

    
 à á 

     
 â ã

Ðèñ. 10. Âðåìåííûå ðåàëèçàöèè ñèë íà øòîêå ãèäðîöèëèíäðà ïðè äâèæåíèè 
ïî àñôàëüòîáåòîííîìó øîññå ñ âêëþ÷åííîé ñèñòåìîé ñòàáèëèçàöèè: 

à – 5 êì/÷; á – 10 êì/÷; â – 15 êì/÷; ã – 20 êì/÷

Ðèñ. 10. Time realizations of forces on the hydraulic cylinder rod when driving on an asphalt-concrete 
highway with the stabilization system turned on: a – 5 km/h; b – 10 km/h; c – 15 km/h; d – 20 km/h

     
 à á

Ðèñ. 11. Âðåìåííûå ðåàëèçàöèè ñèë íà øòîêå ãèäðîöèëèíäðà ïðè äâèæåíèè 
ïî ãðóíòîâîé äîðîãå ñ âêëþ÷åííîé ñèñòåìîé ñòàáèëèçàöèè: 

à – 5 êì/÷; á – 10 êì/÷

Fig. 11. Time realizations of forces on the hydraulic cylinder rod when driving on a dirt road 
with the stabilization system turned on: a – 5 km/h; b – 10 km/h
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îíàëüíû ñêîðîñòè äâèæåíèÿ: òàê, åñëè ïðè ñêî-
ðîñòè 5 êì/÷ ìàêñèìàëüíîå óñèëèå ñîñòàâëÿëî 
äî 1,1·105

 
Í, òî íà ñêîðîñòè 20 êì/÷ – äî 2,5·105

 
Í, 

à â îòäåëüíûõ ìîìåíòàõ – äî 3,0·105
 
Í. 

Ïðè äâèæåíèè ïî ãðóíòîâîé äîðîãå (ðèñ. 11) 
ðàñ÷åòíûå óñèëèÿ íà ãèäðîöèëèíäðå ñîñòàâ-
ëÿëè 1,5−2,2·105

 
Í, à â îòäåëüíûõ ìîìåíòàõ – 

äî 2,6·105
 
Í.

Òàêèì îáðàçîì, â ñëó÷àå ïðèìåíåíèÿ â êà÷å-
ñòâå èñïîëíèòåëüíîãî ïðèâîäà äâóõ ãèäðîöè-
ëèíäðîâ îò êàæäîãî èç íèõ òðåáóåòñÿ ðåàëèçà-
öèÿ äî 1,5·105

 
Í (15 òñ). Êîíñòðóêöèÿ êîìáàéíîâ 

ñóùåñòâóþùåãî ïîêîëåíèÿ ïðåäïîëàãàåò ïðè-
ìåíåíèå ãèäðàâëè÷åñêîé ñèñòåìû ñ íîìèíàëü-
íûì äàâëåíèåì 16 ÌÏà, ìàêñèìàëüíûì äàâ-
ëåíèåì 21 ÌÏà, ïðè ýòîì äèàìåòð ïîðøíåâîé 
ïîëîñòè ãèäðîöèëèíäðà ñîñòàâëÿåò 80 ìì, 
à øòîêîâîé – 70 ìì. Ìàêñèìàëüíîå óñèëèå, 
ðåàëèçóåìîå ãèäðîöèëèíäðàìè êîìáàéíîâ ñó-
ùåñòâóþùåãî ïîêîëåíèÿ, ñîñòàâëÿåò 10,55 òñ, 
÷åãî íåäîñòàòî÷íî äëÿ óäîâëåòâîðåíèÿ òðå-
áîâàíèÿ ðàáîòîñïîñîáíîñòè ñèñòåìû ñòàáè-
ëèçàöèè. Ðåàëèçàöèÿ ïðåäëîæåííîé ñèñòåìû 
òðåáóåò ëèáî èçìåíåíèÿ ïàðàìåòðîâ ãèäðî-
öèëèíäðîâ, ëèáî èçìåíåíèÿ íîìèíàëüíîãî 
äàâëåíèÿ ãèäðîñèñòåìû. Äëÿ îáîñíîâàíèÿ íà-
ïðàâëåíèé ìîäåðíèçàöèè ÊÓÊ íåîáõîäèìî 
ïðîâåäåíèå äîïîëíèòåëüíûõ ÷èñëåííûõ ýêñïå-
ðèìåíòîâ.

Âûÿâëåííîå ãàøåíèå ïðîäîëüíî-óãëîâûõ êî-
ëåáàíèé êîðïóñà ñíèæàåò ðàñêà÷èâàíèå êàáèíû, 
÷òî ïîçâîëÿåò ïðèìåíèòü âèáðîèçîëÿòîðû 
ñ ïîíèæåííîé óãëîâîé è áîêîâîé æåñòêîñòüþ 
è óëó÷øèòü âèáðîàêóñòè÷åñêóþ çàùèòó ðàáî÷å-
ãî ìåñòà îïåðàòîðà îò äåéñòâèÿ ñðåäíå- è âûñî-
êî÷àñòîòíûõ âèáðàöèîííûõ íàãðóçîê ñî ñòîðî-
íû òåõíîëîãè÷åñêèõ è ðàáî÷èõ îðãàíîâ. 

Âûâîäû
1. Ðàçðàáîòàí àëãîðèòì ðàáîòû ñèñòåìû 

èíåðöèîííîé äèíàìè÷åñêîé ñòàáèëèçàöèè, ïî-
çâîëÿþùåé çà ñ÷åò ïðèíóäèòåëüíûõ ïîâîðîòîâ 
íàâåñíîãî ðàáî÷åãî îðãàíà óìåíüøèòü ïðî-
äîëüíî-óãëîâûå êîëåáàíèÿ ñàìîõîäíûõ ìàøèí. 
Àëãîðèòì óïðàâëåíèÿ ñèñòåìîé ñòàáèëèçàöèè 
êîðïóñà êîìáàéíà ÿâëÿåòñÿ àäàïòèâíûì, àâ-
òîìàòè÷åñêè ïåðåíàñòðàèâàþùèì âåëè÷èíó 
ñòàáèëèçèðóþùåãî ìîìåíòà â çàâèñèìîñòè 
îò èçìåíåíèÿ èíåðöèîííûõ ïàðàìåòðîâ êîëå-
áàòåëüíîé ñèñòåìû. 

2. Îáîñíîâàíû òðåáîâàíèÿ ê èíôîðìàöèîí-
íîìó ïîëþ, îáåñïå÷èâàþùåìó ðàáîòó ñèñòå-
ìû èíåðöèîííîé äèíàìè÷åñêîé ñòàáèëèçàöèè 

êîìáàéíîâ. Âûäåëåííîå èíôîðìàöèîííîå ïîëå 
÷àñòè÷íî îáåñïå÷èâàåòñÿ êîíñòðóêöèåé ñóùå-
ñòâóþùåãî ïîêîëåíèÿ ìàøèí. Äëÿ îáåñïå÷å-
íèÿ ðàáîòîñïîñîáíîñòè ñèñòåìû ñòàáèëèçàöèè 
êîìáàéíû ïîêîëåíèÿ äîëæíû áûòü äîîñíàùå-
íû äàò÷èêàìè îöåíêè ïðîäîëüíî-óãëîâîé ñêî-
ðîñòè êîðïóñà.

3. Ìåòîäàìè èìèòàöèîííîãî ìîäåëèðîâà-
íèÿ äâèæåíèÿ ÊÓÊ óñòàíîâëåíî, ÷òî ñèñòåìà 
èíåðöèîííîé äèíàìè÷åñêîé ñòàáèëèçàöèè, ðà-
áîòàþùàÿ íà îñíîâå ïðåäëîæåííûõ óðàâíåíèé, 
èìååò âûñîêóþ ýôôåêòèâíîñòü êàê â ÷àñòè 
ñòàáèëèçàöèè êîëåáàíèé êîðïóñà, òàê â ÷àñòè 
âèáðîíàãðóæåííîñòè ðàáî÷åãî ìåñòà. Äîñòèã-
íóòûå óðîâíè ïàðàìåòðîâ ïëàâíîñòè õîäà êîì-
áàéíà ïîçâîëÿþò ïåðåñìîòðåòü ïîäõîäû ïðî-
åêòèðîâàíèÿ ñèñòåì ïîäðåññîðèâàíèÿ êàáèíû.

4. Íà îñíîâå ïðîâåäåííîé îöåíêè ðàáîòî-
ñïîñîáíîñòè ñèñòåìû ñòàáèëèçàöèè íà ïðè-
ìåðå ÊÓÊ ïîêàçàíî, ÷òî ãåîìåòðè÷åñêèå òðå-
áîâàíèÿ îáåñïå÷åíèÿ ïîäâèæíîñòè àäàïòåðà 
îòíîñèòåëüíî êîðïóñà îáåñïå÷èâàþòñÿ. Òðåáî-
âàíèÿ ðàáîòîñïîñîáíîñòè ïî óñëîâèþ ðàçâèâà-
åìûõ ãèäðîöèëèíäðîì óñèëèé íà ñóùåñòâóþ-
ùåì ïîêîëåíèè ñåðèéíûõ ìàøèíû âûïîëíèòü 
âîçìîæíî, äëÿ ÷åãî ïîòðåáóþòñÿ êîíñòðóêòèâ-
íûå èçìåíåíèÿ ãèäðîñèñòåìû.

Ëèòåðàòóðà
1. Sirotin P.V., Sapegin A.G., Zlenko S.V. Experi-

mental studies of ride quality of self-propelled com-
bine harvester // XIV International Scientific-Tech-
nical Conference “Dynamic of Technical Systems” 
(DTS-2018). September 12–14, 2018. Rostov-on-
Don, Russian Federation,: MATEC Web of Confer-
ences Volume 226 (2018), 2018.

2. Ñèðîòèí Ï.Â., Ñàïåãèí À.Ã., Çëåíêî Ñ.Â. Ýêñïå-
ðèìåíòàëüíàÿ îöåíêà ïëàâíîñòè õîäà ñàìîõîäíî-
ãî êîðìîóáîðî÷íîãî êîìáàéíà // Òðóäû ÍÀÌÈ. 
2017. № 4 (271) Ñ. 67−74.

3. Ñèðîòèí Ï.Â., Ëåáåäèíñêèé È.Þ., Êðàâ÷åíêî Â.Â. 
Àíàëèç âèáðîàêóñòè÷åñêîé íàãðóæåííîñòè ðàáî÷å-
ãî ìåñòà îïåðàòîðîâ çåðíîóáîðî÷íûõ êîìáàéíîâ // 
Ñîâðåìåííûå íàóêîåìêèå òåõíîëîãèè. Ðåãèîíàëü-
íîå ïðèëîæåíèå. 2018. № 1 (53). Ñ. 113−121.

4. Æèëåéêèí Ì.Ì., Ñèðîòèí Ï.Â. Ñïîñîá ñòàáè-
ëèçàöèè äâèæåíèÿ ñàìîõîäíûõ òðàíñïîðòíî-
òåõíîëîãè÷åñêèõ ìàøèí: ïàòåíò íà èçîáðåòå-
íèå № 2708404. Ðîññèéñêàÿ Ôåäåðàöèÿ. Îïóáë. 
06.12.2019, Áþë. № 34. 

5. Ñèðîòèí Ï.Â. Îáîñíîâàíèå è ðàçðàáîòêà ñïîñîáà 
ñòàáèëèçàöèè äâèæåíèÿ çåðíî- è êîðìîóáîðî÷-
íûõ êîìáàéíîâ íà îñíîâå ïðèíöèïà èíåðöèàëü-



Sirotin P.V. 
Synthesis of a system of inertial dynamic stabilization with control according 

to a set of parameters measured on board a self-propelled vehicle

ISSN 0321-4443 Tractors and Agricultural Machinery, No 1, 2021

N
E

W
 M

A
C

H
IN

E
S

 A
N

D
 E

Q
U

IP
M

E
N

T

39

íîãî äèíàìè÷åñêîãî ãàøåíèÿ // Òðàêòîðû è ñåëü-
õîçìàøèíû. 2020. № 2. Ñ. 56–64.

6. Ñèðîòèí Ï.Â. Ñèíòåç çàêîíà îïòèìàëüíîãî óïðàâ-
ëåíèÿ ñèñòåìîé àêòèâíîé äèíàìè÷åñêîé ñòàáèëè-
çàöèè äâèæåíèÿ ñàìîõîäíîé ìàøèíû ñ íàâåñíûì 
ðàáî÷èì îðãàíîì // Òðàêòîðû è ñåëüõîçìàøèíû. 
2020. № 5. Ñ. 5−12. DOI: 10.31992/0321-4443-
2020-5-5-12.

7. Àíäðþùåíêî Â.À. Òåîðèÿ ñèñòåì àâòîìàòè÷å-
ñêîãî óïðàâëåíèÿ: ó÷åá. ïîñîáèå. Ë.: Èçä.-âî Ëå-
íèíãðàäñêîãî óíèâåðñèòåòà, 1990. 256 ñ.

8. Èâàíîâ Â.À., Ôàëäèí Ô.Â. Òåîðèÿ îïòèìàëüíûõ 
ñèñòåì àâòîìàòè÷åñêîãî óïðàâëåíèÿ. Ì.: Íàóêà, 
1981. 336 ñ.

9. Æèëåéêèí Ì.Ì., Ñèðîòèí Ï.Â. Èññëåäîâàíèå 
äèíàìèêè äâèæåíèÿ çåðíî- è êîðìîóáîðî÷íûõ 
êîìáàéíîâ ìåòîäàìè ìàòåìàòè÷åñêîãî è èìèòà-
öèîííîãî ìîäåëèðîâàíèÿ // Òðàêòîðû è ñåëüõîç-
ìàøèíû. 2019. № 1. Ñ. 53−59.

10. Ñèðîòèí Ï.Â., Æèëåéêèí Ì.Ì., Ñàïåãèí À.Ã. 
Èññëåäîâàíèå äèíàìèêè äâèæåíèÿ ñàìîõîäíûõ 
êîðìîóáîðî÷íûõ êîìáàéíîâ ìåòîäàìè èìèòàöè-
îííîãî ìîäåëèðîâàíèÿ // Îäèííàäöàòàÿ Âñåðîñ-
ñèéñêàÿ êîíôåðåíöèÿ ìîëîäûõ ó÷åíûõ è ñïåöè-
àëèñòîâ (ñ ìåæäóíàðîäíûì ó÷àñòèåì) «Áóäóùåå 
ìàøèíîñòðîåíèÿ Ðîññèè»: ñáîðíèê äîêëàäîâ. 
24–27 ñåíòÿáðÿ 2018 ã. / Ñîþçìàøèíîñòðîèòå-
ëåé Ðîññèè, Ìîñêîâñêèé ãîñóäàðñòâåííûé òåõ-
íè÷åñêèé óíèâåðñèòåò èìåíè Í.Ý. Áàóìàíà. Ì: 
Èçä-âî ÌÃÒÓ èì. Í.Ý. Áàóìàíà, 2018. 842 c. 

11. ×åëîìåé Â.Ì. Âèáðàöèÿ â òåõíèêå: ñïðàâî÷íèê. 
Â 6-òè ò. / ðåä. ñîâåò: Â.Í. ×åëîìåé (ïðåä.). Ì.: 
Ìàøèíîñòðîåíèå, 1981. Ò. 6. Çàùèòà îò âèáðàöèè 
è óäàðîâ / ïîä ðåä. Ê.Â. Ôðîëîâà. 1981. 456 ñ.

References
1. Sirotin P.V., Sapegin A.G., Zlenko S.V. Experi-

mental studies of ride quality of self-propelled com-
bine harvester // XIV International Scientific-Tech-
nical Conference “Dynamic of Technical Systems” 
(DTS-2018). September 12–14, 2018. Rostov-on-
Don, Russian Federation: MATEC Web of Confer-
ences Volume 226 (2018). 2018.

2. Sirotin P.V., Sapegin A.G., Zlenko S.V. Exper-
imental evaluation of the smooth running of a 
self-propelled forage harvester. Trudy NAMI. 2017. 
No 4 (271), pp. 67−74 (In Russ.).

3. Sirotin P.V., Lebedinskiy I.YU., Kravchenko V.V. 
Analysis of vibroacoustic loading of the workplace 
of combine harvester operators. Sovremenn·yye nau-
koyemkiye tekhnologii. Regional’noye prilozheniye. 
2018. No 1 (53), pp. 113−121 (In Russ.).

4. Patent RF 2019104661, 19.02.2019. Sposob stabili-
zatsii dvizheniya samokhodnykh transportno-tekh-
nologicheskikh mashin [A method for stabilizing 
the movement of self-propelled transport and tech-
nological machines]. Patent Rossii No 2 708 404. 
2019. Byul. No 34. Zhileykin M.M., Sirotin P.V.

5. Sirotin P.V. Justification and development of a 
method for stabilizing the movement of grain and 
forage harvesters based on the principle of inertial 
dynamic damping. Traktory i sel’khozmashiny. 
2020. No 2, pp. 56–64 (In Russ.).

6. Sirotin P.V. Synthesis of the law of optimal control 
of the system of active dynamic stabilization of the 
movement of a self-propelled vehicle with a mount-
ed working body. Traktory i sel’khozmashiny. 2020. 
No 5, pp. 5−12 (In Russ.). DOI: 10.31992/0321-
4443-2020-5-5-12.

7. Andryushchenko V.A. Teoriya sistem avtomatich-
eskogo upravleniya [Theory of automatic control 
systems]: ucheb. posobiye. Leningrad: Izd.-vo Len-
ingradskogo universiteta Publ., 1990. 256 p.

8. Ivanov V.A., Faldin F.V. Teoriya optimal’nykh 
sistem avtomaticheskogo upravleniya [Theory 
of optimal automatic control systems]. Moscow: 
Nauka Publ., 1981. 336 p.

9. Zhileykin M.M., Sirotin P.V. Investigation of the 
dynamics of movement of grain and forage har-
vesters by methods of mathematical and simulation 
modeling. Traktory i sel’khozmashiny. 2019. No 1, 
pp. 53−59 (In Russ.).

10. Sirotin P.V., Zhileykin M.M., Sapegin A.G. Study 
of the dynamics of movement of self-propelled 
forage harvesters using simulation methods. Od-
innadtsataya Vserossiyskaya konferentsiya molo-
dykh uchenykh i spetsialistov (s mezhdunarodnym 
uchastiyem) «Budushcheye mashinostroyeniya 
RossiI» : sbornik dokladov. 24–27 sentyabrya 2018 
g. Soyuz mashinostroiteley Rossii [Eleventh 
All-Russian Conference of Young Scientists and 
Specialists (with International Participation) “The 
Future of Russian Mechanical Engineering”: col-
lection of reports. September 24–27, 2018. Russian 
Engineering Union], Moskovskiy gosudarstvennyy 
tekhnicheskiy universitet imeni N.E. Baumana. 
Moscow: Izd-vo MGTU im. N.E. Baumana Publ., 
2018. 842 p. 

11. Chelomey V.M. Vibratsiya v tekhnike: Spravochnik 
[Vibration in machinery: Reference book]. V 6-ti t. / 
Red. sovet: V.N. Chelomey (pred.). Moscow: 
Mashinostroyeniye Publ., 1981. Vol. 6. Zashchita 
ot vibratsii i udarov [Vibration and shock protec-
tion] / Pod red. K.V. Frolova. 1981. 456 p.


