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Íàèáîëåå ñóùåñòâåííîé îñîáåííîñòüþ ðàáîòû ñåëüñêîõîçÿéñòâåííûõ ìàøèííî-òðàêòîðíûõ àãðåãàòîâ ÿâëÿåò-
ñÿ ñëó÷àéíûé õàðàêòåð âíåøíèõ âîçäåéñòâèé, êîòîðûé îïðåäåëÿåò èõ âûõîäíûå ïîêàçàòåëè. Îñíîâíîé çàäà÷åé 
òåîðèè ñëîæíûõ ñèñòåì ñëåäóåò ñ÷èòàòü ðàçðàáîòêó ìåòîäîâ, ïîçâîëÿþùèõ íà îñíîâå èõ ôóíêöèîíèðîâàíèÿ 
ïîëó÷åíèå õàðàêòåðèñòèê îòäåëüíûõ ýëåìåíòîâ è àíàëèçà âçàèìîäåéñòâèÿ ìåæäó ýòèìè ýëåìåíòàìè è âíåø-
íåé ñðåäîé, îïðåäåëåíèå õàðàêòåðèñòèê ñèñòåìû â öåëîì. Öåëü èññëåäîâàíèÿ – àíàëèç õàðàêòåðèñòèê âíåøíèõ 
âîçäåéñòâèé êàê ðåàêöèè íà ðàáîòó ìàøèííî-òðàêòîðíûõ àãðåãàòîâ. Ïðè ðåøåíèè ìíîãèõ çàäà÷ çåìëåäåëü÷å-
ñêîé ìåõàíèêè (èññëåäîâàíèÿ òåõíîëîãè÷åñêèõ è ïðîèçâîäñòâåííûõ ïðîöåññîâ, ïîñòðîåíèå ìîäåëåé è ñèíòåç 
ïàðàìåòðîâ ðàáî÷èõ îðãàíîâ è àãðåãàòîâ) íåîáõîäèìî ó÷èòûâàòü âíåøíèå ôàêòîðû, êîòîðûìè îáóñëàâëèâà-
þòñÿ ãëàâíûå çàêîíîìåðíîñòè ðàçëè÷íûõ ïðîöåññîâ. Ïðîöåññ ðàáîòû àãðåãàòà ìîæíî ïðåäñòàâèòü â âèäå ìíî-
æåñòâà ñîñòîÿíèé – âåêòîðîâ âûõîäíûõ âåëè÷èí: àãðîòåõíè÷åñêèõ, òåõíîëîãè÷åñêèõ, êèíåìàòè÷åñêèõ, ýíåð-
ãîñèëîâûõ è ò.ä. Ðîëü âõîäíûõ âåëè÷èí èãðàþò âíåøíèå óñëîâèÿ è óïðàâëÿþùèå âîçäåéñòâèÿ, êîòîðûå òàêæå 
îáëàäàþò îïðåäåëåííûì ìíîæåñòâîì ñîñòîÿíèé. Âíåøíèìè âîçäåéñòâèÿìè íà àãðåãàò ÿâëÿþòñÿ òåõíîëîãè÷å-
ñêèå, ýêñïëóàòàöèîííûå è êîíñòðóêòèâíûå ôàêòîðû, ê ÷èñëó êîòîðûõ ìîæíî îòíåñòè ñîïðîòèâëåíèå ïî÷âû, 
ïðîôèëü ïîâåðõíîñòè ïîëÿ, ôèçèêî-ìåõàíè÷åñêèå ñâîéñòâà îáðàáàòûâàåìîãî ìàòåðèàëà (ïëîòíîñòü ïî÷âû, 
âëàæíîñòü ïî÷âû è äð.), òåõíè÷åñêîå ñîñòîÿíèå ðàáî÷èõ îðãàíîâ ìàøèí, ãëóáèíà îáðàáîòêè. Ñ óâåëè÷åíèåì 
ñêîðîñòè äâèæåíèÿ óìåíüøàåòñÿ êîððåëÿöèîííàÿ ñâÿçü ìåæäó ñå÷åíèÿìè ñëó÷àéíîé ôóíêöèè. Ïðè óâåëè÷å-
íèè ñêîðîñòè äâèæåíèÿ çíà÷åíèÿ ñïåêòðàëüíîé ïëîòíîñòè óìåíüøàþòñÿ, à åå ìàêñèìàëüíîå çíà÷åíèå ñìåùà-
åòñÿ â ñòîðîíó áîëåå âûñîêèõ ÷àñòîò; ðàçáðîñ çíà÷åíèé ñëó÷àéíîé ôóíêöèè îòíîñèòåëüíî ìàòåìàòè÷åñêîãî 
îæèäàíèÿ óâåëè÷èâàåòñÿ ñ óâåëè÷åíèåì ñêîðîñòè àãðåãàòà; ïî êîððåëÿöèîííûì ôóíêöèÿì è ñïåêòðàëüíûì 
ïëîòíîñòÿì ìîæíî óñòàíîâèòü îñíîâíûå ïàðàìåòðû ñëó÷àéíûõ ïðîöåññîâ, äèñïåðñèè, ñðåäíèå êâàäðàòè÷åñêèå 
îòêëîíåíèÿ, ïðåîáëàäàþùèå â ïðîöåññå ÷àñòîòû è ñîîòâåòñòâóþùèå èì ïåðèîäû, ðàñïðåäåëåíèÿ äèñïåðñèé 
ïî ÷àñòîòàì, êîòîðûå íåîáõîäèìû äëÿ óñòàíîâëåíèÿ ïàðàìåòðîâ âûõîäíûõ ïîêàçàòåëåé, õàðàêòåðèçóþùèõ 
óðîâåíü ôóíêöèîíèðîâàíèÿ ñåëüñêîõîçÿéñòâåííûõ ìàøèííî-òðàêòîðíûõ àãðåãàòîâ.
Êëþ÷åâûå ñëîâà: âíåøíåå âîçäåéñòâèå, ìàøèííî-òðàêòîðíûé àãðåãàò, êîððåëÿöèîííàÿ ôóíêöèÿ, ñïåêòðàëü-
íàÿ ïëîòíîñòü, òÿãîâîå ñîïðîòèâëåíèå.

The most significant feature of the operation of agricultural machine-tractor aggregates is the random nature of ex-
ternal influences, which determines its output indices. The main task of the theory of complex systems should be 
considered the development of methods that allow on the basis of their functioning to obtain the characteristics of 
individual elements and analyze the interaction between these elements and the external environment, to determine 
the characteristics of the system as a whole. The purpose of the study is to analyze the characteristics of external influ-
ences as a reaction to the operation of machine-tractor units. When solving many problems of agricultural mechanics 
(researching technological and production processes, building models and synthesizing the parameters of working 
organs and aggregates), it is necessary to take into account the external factors that determine the main regularities 
of various processes. The process of operation of the unit can be represented in the form of a set of states - vectors 
of output quantities: agrotechnical, technological, kinematic, energy-power and so on. The role of input quantities is 
played by external conditions and control actions, which also have a certain set of states. External influences on the 
unit are technological, operational and constructive factors, the number of which include soil resistance, the surface 
profile of the field, the physical and mechanical properties of the material being processed (soil density, soil moisture, 
etc.), the technical condition of the machine working bodies, and the depth of processing. As the speed of motion 
increases, the correlation between the sections of the random function decreases. As the speed of motion increases, 
the spectral density decreases, and its maximum value shifts towards higher frequencies; spread of the values of ran-
dom function with respect to the mathematical expectation increases with increasing aggregate speed; by correlation 
functions and spectral densities, it is possible to establish the main parameters of random processes, variances, the 
mean square deviations prevailing in the frequency process and the corresponding periods, the dispersion distribu-
tions over frequencies that are necessary to establish the parameters of the output indicators characterizing the level 
of functioning of agricultural machine-tractor aggregates.
Keywords: external influence, machine-tractor unit, correlation function, spectral density, traction resistance.
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 Ââåäåíèå
Ñåëüñêîõîçÿéñòâåííûå ìàøèííî-òðàê-

òîðíûå àãðåãàòû (ÌÒÀ) ïðåäñòàâëÿþò ñîáîé 
ñëîæíûå äèíàìè÷åñêèå ñèñòåìû, ðàáîòàþùèå 
â óñëîâèÿõ èçìåíÿþùèõñÿ âíåøíèõ âîçäåé-
ñòâèé. Ðàçíîðîäíîñòü íàçíà÷åíèÿ ýëåìåíòîâ 
ýòèõ ñëîæíûõ ñèñòåì, íàëè÷èå áîëüøîãî êîëè-
÷åñòâà äåéñòâóþùèõ íà íèõ ôàêòîðîâ, ôóíêöè-
îíèðîâàíèå â ñëó÷àéíûõ óñëîâèÿõ ïðèâîäèò ê 
ðàçíîîáðàçèþ îïèñàíèÿ èõ ýëåìåíòîâ.

Îñíîâíîé çàäà÷åé òåîðèè ñëîæíûõ ñèñòåì 
ñëåäóåò ñ÷èòàòü [1–3] ðàçðàáîòêó ìåòîäîâ, ïî-
çâîëÿþùèõ íà îñíîâå èõ ôóíêöèîíèðîâàíèÿ 
ïîëó÷åíèå õàðàêòåðèñòèê îòäåëüíûõ ýëåìåíòîâ 
è àíàëèçà âçàèìîäåéñòâèÿ ìåæäó ýòèìè ýëåìåí-
òàìè è âíåøíåé ñðåäîé, îïðåäåëåíèå õàðàêòåðè-
ñòèê ñèñòåìû â öåëîì. Åäèíñòâåííûì ìåòîäîì, 
ñóùåñòâóþùèì â íàñòîÿùåå âðåìÿ è ïîçâîëÿþ-
ùèì íàõîäèòü õàðàêòåðèñòèêè ñëîæíûõ ñèñòåì, 
ÿâëÿåòñÿ ìåòîä ìàøèííîãî ìîäåëèðîâàíèÿ.

Íàèáîëåå ñóùåñòâåííîé îñîáåííîñòüþ 
ðàáîòû ñåëüñêîõîçÿéñòâåííûõ ÌÒÀ ÿâëÿåòñÿ 
ñëó÷àéíûé õàðàêòåð âíåøíèõ âîçäåéñòâèé, êî-
òîðûé îïðåäåëÿåò èõ âûõîäíûå ïîêàçàòåëè.

Âòîðîé îñîáåííîñòüþ ðàáîòû ñåëüñêîõîçÿé-
ñòâåííûõ ÌÒÀ ÿâëÿåòñÿ èõ ìíîãîìåðíîñòü, ò.å. 
íàëè÷èå âçàèìîñâÿçàííûõ âõîäíûõ è âûõîäíûõ 
ïåðåìåííûõ, ÷èñëî êîòîðûõ çàâèñèò îò òèïîâ 
àãðåãàòîâ, óñëîâèé ðàáîòû è äð. Ñëîæíîñòü èçó-
÷åíèÿ òàêèõ ñèñòåì ñîñòîèò â òîì, ÷òî êàæäîå 
âõîäíîå âîçäåéñòâèå ìîæåò îêàçûâàòü âëèÿíèå 
íà íåñêîëüêî âûõîäíûõ ïîêàçàòåëåé.

Òðåòüåé îñîáåííîñòüþ ñåëüñêîõîçÿéñòâåí-
íûõ ÌÒÀ ÿâëÿåòñÿ âàðèàòèâíîñòü èõ ïàðàìå-
òðîâ âî âðåìåíè, ÷òî èçìåíÿåò çàêîíîìåðíîñòè 
âíåøíèõ âîçäåéñòâèé íà íèõ, à ñëåäîâàòåëüíî, 
è íà âûõîäíûå ïîêàçàòåëè.

Ê îñîáåííîñòÿì ôóíêöèîíèðîâàíèÿ ñåëü-
ñêîõîçÿéñòâåííûõ ÌÒÀ ñëåäóåò îòíåñòè è òî, 
÷òî íàèáîëåå ïîëíóþ è äîñòîâåðíóþ èíôîðìà-
öèþ î ðåàëüíûõ ñèòóàöèÿõ èõ ðàáîòû ìîæíî 
ïîëó÷èòü â ðåçóëüòàòå ïðîâåäåíèÿ ýêñïåðè-
ìåíòîâ. Íî íèêàêîå ìíîæåñòâî ðåàëèçàöèé 
ñëó÷àéíîãî ïðîöåññà íå ìîæåò äàòü èñ÷åðïûâà-
þùóþ èíôîðìàöèþ î ïðîöåññå, òàê êàê êîëè-
÷åñòâî ðåàëèçàöèé âñåãäà îãðàíè÷åííî [4, 5]. 
Ïîýòîìó ðåàëüíî âñÿêàÿ ñòàòèñòè÷åñêàÿ õàðàê-
òåðèñòèêà, ïîëó÷åííàÿ àïïàðàòóðíûì ïóòåì, 
îòëè÷àåòñÿ îò âåðîÿòíîñòíîé (òåîðåòè÷åñêîé). 
Íàéäåííóþ ñòàòèñòè÷åñêóþ õàðàêòåðèñòè-
êó ïðèíèìàþò çà âåðîÿòíîñòíóþ è íàçíà÷àþò 
îöåíêè, ò.å. âñåãäà èìååòñÿ íåêîòîðàÿ äîëÿ 
îøèáîê. 

Öåëü èññëåäîâàíèÿ
Öåëüþ èññëåäîâàíèÿ ÿâëÿåòñÿ àíàëèç õà-

ðàêòåðèñòèê âíåøíèõ âîçäåéñòâèé êàê ðåàêöèè 
íà ðàáîòó ÌÒÀ.

Ìàòåðèàëû è ìåòîäû
Ïðè ðåøåíèè ìíîãèõ çàäà÷ çåìëåäåëü÷å-

ñêîé ìåõàíèêè (èññëåäîâàíèÿ òåõíîëîãè÷åñêèõ 
è ïðîèçâîäñòâåííûõ ïðîöåññîâ, ïîñòðîåíèå 
ìîäåëåé è ñèíòåç ïàðàìåòðîâ ðàáî÷èõ îðãàíîâ 
è àãðåãàòîâ) íåîáõîäèìî ó÷èòûâàòü âíåøíèå 
ôàêòîðû, êîòîðûìè îáóñëàâëèâàþòñÿ ãëàâíûå 
çàêîíîìåðíîñòè ðàçëè÷íûõ ïðîöåññîâ. Âñå 
òåõíîëîãè÷åñêèå, ýêñïëóàòàöèîííûå è òåõ-
íèêî-ýêîíîìè÷åñêèå ïàðàìåòðû, ñâÿçàííûå ñ 
óñëîâèÿìè ðàáîòû àãðåãàòîâ, îòíîñÿòñÿ ê êà-
òåãîðèè ñëó÷àéíûõ: ê ìíîãîìåðíûì ñëó÷àé-
íûì âåëè÷èíàì (ïðè èçó÷åíèè ñòàòè÷åñêèõ ìî-
äåëåé) è ñëó÷àéíûì ôóíêöèÿì (ïðè èçó÷åíèè 
äèíàìèêè ïðîöåññîâ). Ïðè ýòîì âîçíèêàåò íå-
îáõîäèìîñòü ñòàòèñòè÷åñêîãî îïèñàíèÿ õàðàê-
òåðèñòèê âíåøíèõ óñëîâèé è ïðîöåññîâ [6].

Ïðîöåññ ðàáîòû àãðåãàòà ìîæíî ïðåäñòàâèòü 
â âèäå ìíîæåñòâà ñîñòîÿíèé – âåêòîðîâ âûõîä-
íûõ âåëè÷èí: àãðîòåõíè÷åñêèõ, òåõíîëîãè÷å-
ñêèõ, êèíåìàòè÷åñêèõ, ýíåðãî-ñèëîâûõ è ò.ä. 
Ðîëü âõîäíûõ âåëè÷èí èãðàþò âíåøíèå óñëîâèÿ 
è óïðàâëÿþùèå âîçäåéñòâèÿ, êîòîðûå òàêæå îá-
ëàäàþò îïðåäåëåííûì ìíîæåñòâîì ñîñòîÿíèé. 

Ïðè ýòîì, â ëþáîé ìîìåíò âðåìåíè íà äî-
ñòàòî÷íî áîëüøîì ïî÷âåííîì ìàññèâå ìîæíî 
îòûñêàòü áîëüøîå ÷èñëî îãðàíè÷åííûõ ïî ðàç-
ìåðàì ó÷àñòêîâ ñî ñòàòèñòè÷åñêè èçîòðîïíû-
ìè àãðîòåõíè÷åñêèìè è ôèçè÷åñêèìè õàðàêòå-
ðèñòèêàìè, îáåñïå÷èâàþùèìè îïðåäåëåííóþ 
îäíîðîäíîñòü ðàçëè÷íûõ ïîêàçàòåëåé ìàøèíû. 
Àíàëîãè÷íî ïðåäñòàâëåíèÿì ñòàòèñòè÷åñêîé 
ôèçèêè [7] ëèíåéíûé l

i
 è âðåìåííîé 

i
 ìàñøòàáû 

ýòèõ ó÷àñòêîâ (
i 
– âðåìÿ, â òå÷åíèå êîòîðîãî ñî-

õðàíÿåòñÿ ñòàöèîíàðíîå ñîñòîÿíèå ôèçè÷åñêèõ 
ïàðàìåòðîâ èëè ïîêàçàòåëåé ðàáîòû) áóäóò õà-
ðàêòåðèçîâàòü ñòàöèîíàðíóþ ìèêðîñòðóêòóðó 
ïðîöåññà, ñòàòèñòè÷åñêèå ïàðàìåòðû êîòîðîé 
íå çàâèñÿò îò âðåìåíè. Òîãäà íåñòàöèîíàðíûé 
ïðîöåññ êàê ñëó÷àéíûé ïîòîê ìîæíî òðàêòî-
âàòü êàê íåêîòîðûé êâàçèñòàöèîíàðíûé ñèãíàë, 
îáëàäàþùèé ðÿäîì õàðàêòåðíûõ ñòàöèîíàðíûõ 
ñòðóêòóð, êîòîðûå ñâÿçàíû ñ âðåìåííûì åãî 
ìàñøòàáîì è ñêà÷êîì ñìåíÿþò äðóã äðóãà.

Ðåçóëüòàòû è îáñóæäåíèÿ
Âíåøíèìè âîçäåéñòâèÿìè íà àãðåãàò ÿâ-

ëÿþòñÿ òåõíîëîãè÷åñêèå, ýêñïëóàòàöèîííûå 
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è êîíñòðóêòèâíûå ôàêòîðû, ê ÷èñëó êîòîðûõ 
ìîæíî îòíåñòè ñîïðîòèâëåíèå ïî÷âû, ïðîôèëü 
ïîâåðõíîñòè ïîëÿ, ôèçèêî-ìåõàíè÷åñêèå ñâîé-
ñòâà îáðàáàòûâàåìîãî ìàòåðèàëà (ïëîòíîñòü 
ïî÷âû, âëàæíîñòü ïî÷âû è äð.), òåõíè÷åñêîå ñî-
ñòîÿíèå ðàáî÷èõ îðãàíîâ ìàøèí, ãëóáèíó îá-
ðàáîòêè è ò.ä.

Èç ÷èñëà âõîäíûõ âîçäåéñòâèé íà ÌÒÀ 
ìíîãèå èññëåäîâàòåëè âûäåëÿþò òÿãîâîå ñî-
ïðîòèâëåíèå è ïðîôèëü ïîâåðõíîñòè ïîëÿ, òàê 
êàê îíè ñóùåñòâåííî âëèÿþò íà ðàáîòó ñåëü-
ñêîõîçÿéñòâåííûõ àãðåãàòîâ, ñíèæàþò ñòà-
áèëüíîñòü âûïîëíÿåìûõ òåõíîëîãè÷åñêèõ ïðî-
öåññîâ, èçìåíÿþò êîëåáàíèÿ ìàøèí, âëèÿþò 
íà íàäåæíîñòü èõ ðàáîòû, ïîâûøàþò äèíàìè÷-
íîñòü ïðîöåññîâ.

Íà ðèñ. 1 è 2 ïðåäñòàâëåíû ôðàãìåíòû èç-
ìåíåíèÿ òÿãîâîãî ñîïðîòèâëåíèÿ àãðåãàòîâ 
íà áàçå òðàêòîðà Ò-150 íà ïàõîòå íà ãëóáèíó 
20…22 ñì è íà ïîñåâå çåðíîâûõ êóëüòóð ïðè 
ñêîðîñòè äâèæåíèÿ ñîîòâåòñòâåííî 2 è 2,5 ì/ñ.

Èç ðèñóíêîâ âèäíî, ÷òî êàæäàÿ ðåàëèçàöèÿ 
èçìåíÿåòñÿ â îïðåäåëåííûõ ïðåäåëàõ è èìååò 
âïîëíå îïðåäåëåííîå ñðåäíåå çíà÷åíèå. Âî 
ìíîãèõ ïðàêòè÷åñêèõ ñëó÷àÿõ (íàïðèìåð, äëÿ 
îïðåäåëåíèÿ âîçìîæíîñòåé àãðåãàòèðîâàíèÿ 
ñ ðàçëè÷íûìè òèïàìè ÌÒÀ) ýòèõ ÷èñëîâûõ 
õàðàêòåðèñòèê âïîëíå äîñòàòî÷íî äëÿ îöåíêè 
àãðåãàòà.

Îäíàêî èçâåñòíî [5, 8–11], ÷òî íàèáîëåå ïîë-
íûìè, èñ÷åðïûâàþùèìè õàðàêòåðèñòèêàìè 
ñëó÷àéíûõ ÿâëåíèé ÿâëÿþòñÿ çàêîíû èõ ðàñ-
ïðåäåëåíèé, êîððåëÿöèîííûå ôóíêöèè è ñïåê-
òðàëüíûå ïëîòíîñòè.

Íà ðèñ. 3 è 4 ïðèâåäåíû ïëîòíîñòè ðàñïðå-
äåëåíèÿ òÿãîâîãî ñîïðîòèâëåíèÿ àãðåãàòîâ íà 
áàçå òðàêòîðà Ò-150 è èõ äèíàìèêà â çàâèñèìî-
ñòè îò ðåæèìîâ ðàáîòû ÌÒÀ.

Âûðàâíèâàíèå ýìïèðè÷åñêèõ ÷àñòîò ýêñ-
ïåðèìåíòàëüíûõ äàííûõ ïðîâîäèëîñü ñ ïîìî-
ùüþ çàêîíà íîðìàëüíîãî ðàñïðåäåëåíèÿ:

 

2
1

2

( )
( ) ( 2 ) exp ,

2
x

x

x

x m
f x   

     
  (1)

ãäå 
x
 – ñðåäíåêâàäðàòè÷åñêîå îòêëîíåíèå ñëó-

÷àéíîé âåëè÷èíû; m
x
 – ìàòåìàòè÷åñêîå îæèäà-

íèå ñëó÷àéíîé âåëè÷èíû.
Àíàëèç ðèñ. 3 è 4 ïîêàçûâàåò, ÷òî ïðè 

èçìåíåíèè ñêîðîñòè äâèæåíèÿ àãðåãàòà 
Ò-150 + ÏËÏ 6-35 îò 2,0 äî 2,79 ì/ñ èçìåíÿ-
þòñÿ âåðîÿòíîñòíûå õàðàêòåðèñòèêè òÿãîâî-
ãî ñîïðîòèâëåíèÿ. Ìàòåìàòè÷åñêîå îæèäà-
íèå óâåëè÷èâàåòñÿ îò 24,4 äî 31,2 êÍ, èëè íà 

29 %. Ïðè ýòîì òåìï èçìåíåíèÿ òÿãîâîãî ñî-
ïðîòèâëåíèÿ àãðåãàòà ñîñòàâëÿåò îêîëî 9 % 
íà êàæäûé êèëîìåòð óâåëè÷åíèÿ ñêîðîñòè. 
Çíà÷èòåëüíî óâåëè÷èâàåòñÿ ðàçáðîñ òÿãîâî-
ãî ñîïðîòèâëåíèÿ. Òàê, ñðåäíåêâàäðàòè÷åñêîå 
îòêëîíåíèå óâåëè÷èâàåòñÿ îò 4,54 êÍ ïðè ñêî-
ðîñòè 2,0 ì/ñ  äî 6,80 êÍ ïðè ñêîðîñòè 2,84 ì/ñ. 

Ðèñ. 1. Ôðàãìåíò èçìåíåíèÿ òÿãîâîãî ñîïðîòèâëåíèÿ 
ïëóãà (Ò-150+ÏËÏ-6-35)

Ðèñ. 2. Ôðàãìåíò èçìåíåíèÿ òÿãîâîãî ñîïðîòèâëåíèÿ 
ñåÿëêè (Ò-150+ÇÑÇ-3,6)

Ðèñ. 3. Ïëîòíîñòü ðàñïðåäåëåíèÿ 
òÿãîâîãî ñîïðîòèâëåíèÿ ïëóãà

Ðèñ. 4. Èçìåíåíèå ïëîòíîñòè ðàñïðåäåëåíèÿ 
òÿãîâîãî ñîïðîòèâëåíèÿ ïîñåâíîãî àãðåãàòà
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Ïðè ýòîì êîýôôèöèåíò âàðèàöèè èçìåíÿåòñÿ â 
ïðåäåëàõ 18,0…22,0 %.

Íà ïîñåâå (àãðåãàò Ò-150+3ÑÇ-3,6) ñêîðîñòü 
äâèæåíèÿ èçìåíÿëàñü îò 2,5 äî 3,48 ì/ñ. Îáùèå 
çàêîíîìåðíîñòè äèíàìèêè ïàðàìåòðîâ ðàñ-
ïðåäåëåíèÿ òÿãîâîãî ñîïðîòèâëåíèÿ òàêèå æå, 
êàê è íà ïàõîòå, ò.å. ñ óâåëè÷åíèåì ñêîðîñòè 
äâèæåíèÿ àãðåãàòà óâåëè÷èâàåòñÿ òÿãîâîå ñî-
ïðîòèâëåíèå è åãî ðàçáðîñ îòíîñèòåëüíî ìà-
òåìàòè÷åñêîãî îæèäàíèÿ. Òàê, ìàòåìàòè÷åñêîå 
îæèäàíèå èçìåíÿåòñÿ â ïðåäåëàõ 20,1…23,4 êÍ, 
ñðåäíåêâàäðàòè÷åñêîå îòêëîíåíèå – â ïðåäåëàõ 
3,1…3,84 êÍ. Ïðèðîñò òÿãîâîãî ñîïðîòèâëåíèÿ 
íà êàæäûé êèëîìåòð ñêîðîñòè ñîñòàâëÿåò 4,6 
%. Êîýôôèöèåíò âàðèàöèè óâåëè÷èâàåòñÿ íå-
çíà÷èòåëüíî è ñîñòàâëÿåò 14…16 %.

Êîððåëÿöèîííûå ôóíêöèè òÿãîâîãî ñîïðî-
òèâëåíèÿ ïàõîòíîãî è ïîñåâíîãî àãðåãàòîâ 
ïðèâåäåíû íà ðèñ. 5 è 6.

Êðèâûå êîððåëÿöèîííûõ ôóíêöèé, ïîñòðî-
åííûõ ïî ýêñïåðèìåíòàëüíûì äàííûì, èìåþò 
ïåðèîäè÷åñêèå ñîñòàâëÿþùèå, ïîýòîìó äëÿ èõ 
àïïðîêñèìàöèè âûáðàíî âûðàæåíèå, èìåþùåå 
â ñâîåì ñîñòàâå ïåðèîäè÷åñêóþ ôóíêöèþ:

 ( ) cos ,x xK D e     (2)

ãäå  – êîýôôèöèåíò, õàðàêòåðèçóþùèé èíòåí-
ñèâíîñòü çàòóõàíèÿ êîððåëÿöèîííîé ôóíêöèè; 
 – êîýôôèöèåíò, õàðàêòåðèçóþùèé ñðåäíþþ 

÷àñòîòó ïåðèîäè÷åñêîé ñîñòàâëÿþùåé ñëó÷àé-
íîãî ïðîöåññà; D

x
 – äèñïåðñèÿ ñëó÷àéíîãî ïðî-

öåññà. 
Êîýôôèöèåíòû  è  îïðåäåëÿëèñü ïî ñëå-

äóþùèì çàâèñèìîñòÿì [12, 13]:

  
ê2
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,  (3)

ãäå 
ê
 – äëèòåëüíîñòü êîððåëÿöèîííîé ñâÿçè 

(àáñöèññà ïåðâîãî ïåðåñå÷åíèÿ êðèâîé êîððå-
ëÿöèîííîé ôóíêöèè ñ îñüþ àáñöèññ); 

1
, R

x
(

1
) – 

àáñöèññà è çíà÷åíèå ïåðâîãî ìèíèìóìà êîððå-
ëÿöèîííîé ôóíêöèè.

Àíàëèç õàðàêòåðà èçìåíåíèÿ ïîëó÷åííûõ 
êðèâûõ êîððåëÿöèîííûõ ôóíêöèé ïîêàçûâàåò, 
÷òî ðåæèìû ðàáîòû àãðåãàòà îêàçûâàþò ñóùå-
ñòâåííîå âëèÿíèå íà ïàðàìåòðû êîððåëÿöèîí-
íûõ ôóíêöèé.

Òàê äèñïåðñèÿ ñëó÷àéíîãî ïðîöåññà, êîòî-
ðàÿ ðàâíà êîððåëÿöèîííîé ôóíêöèè ïðè  = 0, ñ 
óâåëè÷åíèåì ñêîðîñòè äâèæåíèÿ óâåëè÷èâàåò-
ñÿ íà ïàõîòå ñ 20,6 êÍ2 (ïðè ñêîðîñòè äâèæåíèÿ 
àãðåãàòà 2,0 ì/ñ) äî 46,2 êÍ2 (ïðè ñêîðîñòè äâè-
æåíèÿ àãðåãàòà 2,8 ì/ñ), ÷òî ñîñòàâëÿåò 224 %. 
Íà ïîñåâå ýòè ïîêàçàòåëè ñîîòâåòñòâåííî 
ðàâíû 10,2 êÍ2 (ïðè ñêîðîñòè äâèæåíèÿ 3,2 ì/ñ) 
è 14,75 êÍ2 (ïðè ñêîðîñòè äâèæåíèÿ 3,84 ì/ñ), 
óâåëè÷åíèå íà 45 %.

Äèíàìè÷íîñòü ïðîöåññà ñ óâåëè÷åíèåì 
ñêîðîñòè äâèæåíèÿ òîæå óâåëè÷èâàåòñÿ, î 
÷åì ìîæíî ñóäèòü ïî âðåìåíè êîððåëÿöèîí-
íîé ñâÿçè ìåæäó ñå÷åíèÿìè êîððåëÿöèîííîé 
ôóíêöèè. Òàê, íà ïàõîòå âðåìÿ êîððåëÿöèîííîé 
ñâÿçè ïðè ñêîðîñòè äâèæåíèÿ 2,8 ì/ñ ñîñòàâëÿåò 
0,30 ñ, à ïðè ñêîðîñòè äâèæåíèÿ 2,0 ì/ñ – 0,42 ñ. 
Ýòè æå ïîêàçàòåëè íà ïîñåâå ñîîòâåòñòâåííî 
ðàâíû 0,27. (ïðè ñêîðîñòè äâèæåíèÿ 3,48 ì/ñ) è 
0,38 (ïðè ñêîðîñòè äâèæåíèÿ 2,5 ì/ñ).

Èçìåíåíèå ñïåêòðàëüíûõ õàðàêòåðèñòèê 
òÿãîâîãî ñîïðîòèâëåíèÿ ïàõîòíûõ è ïîñåâíûõ 
àãðåãàòîâ ïîêàçàíî íà ðèñ. 7 è 8. 

Ñïåêòðàëüíûå ïëîòíîñòè áûëè ïîëó÷åíû 
ïóòåì ôóíêöèîíàëüíîãî ïðåîáðàçîâàíèÿ êîð-
ðåëÿöèîííîé ôóíêöèè (2) ïî Ôóðüå, â ðåçóëü-
òàòå êîòîðîãî ïîëó÷åíà ñëåäóþùàÿ ôîðìóëà 
äëÿ èõ îïðåäåëåíèÿ:

 

2 2 2

2 2 2 2 2

2
( ) ,

( ) 4xS
    

  
      

  (4)

ãäå  – ÷àñòîòà.
Àíàëèç êðèâûõ ñïåêòðàëüíûõ ïëîòíîñòåé 

èçìåíåíèÿ òÿãîâîãî ñîïðîòèâëåíèÿ ïàõîòíûõ 
è ïîñåâíûõ àãðåãàòîâ â çàâèñèìîñòè îò ñêîðî-

Ðèñ. 5. Êîððåëÿöèîííûå ôóíêöèè 
òÿãîâîãî ñîïðîòèâëåíèÿ ïëóãà

Ðèñ. 6. Êîððåëÿöèîííûå ôóíêöèè 
òÿãîâîãî ñîïðîòèâëåíèÿ ïîñåâíîãî àãðåãàòà
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ñòè äâèæåíèÿ ÌÒÀ ïîêàçûâàåò, ÷òî ñ óâåëè÷å-
íèåì ñêîðîñòè äâèæåíèÿ çíà÷åíèå ñïåêòðàëü-
íîé ïëîòíîñòè óìåíüøàåòñÿ, à åå ìàêñèìóì 
ñìåùàåòñÿ â ñòîðîíó áîëåå âûñîêèõ ÷àñòîò. 
Òàê, íà ïàõîòå ïðè ñêîðîñòè äâèæåíèÿ 2,0 ì/ñ 
ìàêñèìóì ñïåêòðàëüíîé ïëîòíîñòè ñîîòâåò-
ñòâóåò ÷àñòîòå 4,95 ñ-1, à ïðè ñêîðîñòè äâèæå-
íèÿ 2,8 ì/ñ – 7,21 ñ-1. Íà ïîñåâå ýòè ïîêàçàòå-
ëè ñîîòâåòñòâåííî ðàâíû 6,1 ñ-1 (ïðè ñêîðîñòè 
äâèæåíèÿ 2,5 ì/ñ) è 7,9 ñ-1 (ïðè ñêîðîñòè äâè-
æåíèÿ 3,48 ì/ñ). ×àñòîòà ñðåçà ñïåêòðàëüíîé 
ïëîòíîñòè äëÿ îáîèõ ñëó÷àåâ ïî÷òè îäèíà-
êîâà è ñîñòàâëÿåò 14...15 ñ-1, à ÷àñòîòû, êîòî-
ðûì ñîîòâåòñòâóåò íàèáîëüøàÿ ñïåêòðàëüíàÿ 
ïëîòíîñòü, èçìåíÿþòñÿ â ïðåäåëàõ: íà ïàõîòå 
5…7 ñ-1, íà ïîñåâå 6…8 ñ-1. Îñíîâíàÿ äîëÿ äèñ-
ïåðñèé íà ïàõîòå ïðè ñêîðîñòè äâèæåíèÿ 
2,0 ì/ñ ïðèõîäèòñÿ íà äèàïàçîí ÷àñòîò 4…6 ñ-1, 
ïðè ñêîðîñòè äâèæåíèÿ 2,8 ì/ñ – íà äèàïàçîí 
5,5…8,8 ñ-1. Òàêèì îáðàçîì, ïðè ïîâûøåíèè ñêî-
ðîñòè äâèæåíèÿ ñïåêòðàëüíàÿ ïëîòíîñòü ñòà-
íîâèòñÿ øèðå, êîððåëÿöèîííàÿ ôóíêöèÿ ïðè 
ýòîì èìååò ìåíüøåå âðåìÿ êîððåëÿöèîííîé 
ñâÿçè ìåæäó ñå÷åíèÿìè.

Ñëåäîâàòåëüíî, ñ óâåëè÷åíèåì ñêîðîñòè 
äâèæåíèÿ ñëó÷àéíàÿ ñîñòàâëÿþùàÿ ïðîöåññà 
óñèëèâàåòñÿ. Òàêîé æå õàðàêòåð ïðîòåêàíèÿ 
èìååò ñïåêòðàëüíàÿ ïëîòíîñòü òÿãîâîãî ñîïðî-
òèâëåíèÿ ïîñåâíîãî àãðåãàòà.

Ïåðèîä êîëåáàíèé ñëó÷àéíîé ôóíêöèè, êî-
òîðûé ñîîòâåòñòâóåò ìàêñèìàëüíûì çíà÷åíèÿì 
ñïåêòðàëüíîé ïëîòíîñòè, ìîæíî îïðåäåëèòü 
ïî ôîðìóëå T = 2/. Íà ïàõîòå ïðè ñêîðîñòè 
äâèæåíèÿ àãðåãàòà 2,0 ì/ñ ýòîò ïåðèîä ñîñòàâ-
ëÿåò 1,26 ñ, à ïðè ñêîðîñòè äâèæåíèÿ àãðåãàòà 
2,8 ì/ñ – 0,86 ñ. Íà ïîñåâå ýòè ïîêàçàòåëè ñîîò-
âåòñòâåííî ðàâíû 1,03 ñ (ïðè ñêîðîñòè 2,5 ì/ñ) 
è 0,79 ñ (ïðè ñêîðîñòè 3,5 ì/ñ). Òàêèì îáðàçîì, 
c óâåëè÷åíèåì ñêîðîñòè äâèæåíèÿ ïåðèîä êî-
ëåáàíèé óìåíüøàåòñÿ.

Îñíîâíûå âåðîÿòíîñòíûå õàðàêòåðèñòèêè 
ïðîôèëÿ ïîâåðõíîñòè ñòåðíè â çàâèñèìîñòè îò 
ñêîðîñòè äâèæåíèÿ ïðèâåäåíû íà ðèñ. 9–11.

Õàðàêòåðèñòèêàìè ïðîôèëÿ ïîâåðõíîñòè 
ñòåðíè, îáðàáîòàííîé ïðîòèâîýðîçèéíûìè ìà-
øèíàìè, ÿâëÿþòñÿ âûñîòà íåðîâíîñòåé, äëèíà 

Ðèñ. 7. Èçìåíåíèå ñïåêòðàëüíîé ïëîòíîñòè íà ïàõîòå

Ðèñ. 8. Èçìåíåíèå ñïåêòðàëüíîé ïëîòíîñòè 
òÿãîâîãî ñîïðîòèâëåíèÿ ïîñåâíîãî àãðåãàòà

Ðèñ. 9. Ïëîòíîñòü ðàñïðåäåëåíèÿ 
âûñîòû íåðîâíîñòåé ïîâåðõíîñòè ñòåðíè

Ðèñ. 10. Êîððåëÿöèîííûå ôóíêöèè 
ïðîôèëÿ ïîâåðõíîñòè ñòåðíè

Ðèñ. 11. Ñïåêòðàëüíûå ïëîòíîñòè 
ïðîôèëÿ ïîâåðõíîñòè ñòåðíè
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íåðîâíîñòåé, à òàêæå ïàðàìåòðû êîððåëÿöèîí-
íûõ ôóíêöèé è ñïåêòðàëüíûõ õàðàêòåðèñòèê. 
Õàðàêòåð ïðîòåêàíèÿ ïðèâåäåííûõ õàðàêòåðè-
ñòèê çíà÷èòåëüíî ìåíÿåòñÿ ñ èçìåíåíèåì ñêî-
ðîñòè äâèæåíèÿ àãðåãàòà. Àðãóìåíòîì êîððå-
ëÿöèîííîé ôóíêöèè ÿâëÿåòñÿ äëèíà.

Ñïåêòðàëüíàÿ ïëîòíîñòü ñ óâåëè÷åíèåì 
ñêîðîñòè äâèæåíèÿ óìåíüøàåòñÿ, à åå ìàêñè-
ìàëüíîå çíà÷åíèå ñìåùàåòñÿ â ñòîðîíó áîëåå 
âûñîêèõ ÷àñòîò.

Ïðè ýòîì, îñíîâíîé ñïåêòð äèñïåðñèé ïðè 
ñêîðîñòè äâèæåíèÿ 1,7 ì/ñ çàêëþ÷åí â äèàïà-
çîíå ÷àñòîò 6…8 ñ-1, à ïðè ñêîðîñòè äâèæåíèÿ 
4,1 ì/ñ – â äèàïàçîíå 8…2 ñ-1. Äëèíà, ñîîòâåò-
ñòâóþùàÿ ìàêñèìàëüíîìó çíà÷åíèþ ñïåêòðàëü-
íîé ïëîòíîñòè (L = 2/), ïðè ñêîðîñòè äâèæå-
íèÿ 1,7 ì/ñ ðàâíà 0,9 ì, à ïðè ñêîðîñòè äâèæåíèÿ 
4,1 ì/ñ – 0,66 ì. Ýòè ðàçìåðû ñðàâíèìû ñ ãàáà-
ðèòàìè ðàáî÷èõ îðãàíîâ ìàøèí è äëèíîé îïîð-
íîé ïîâåðõíîñòè îïîðíûõ êîëåñ, ñëåäîâàòåëüíî, 
ïðîôèëü ïîâåðõíîñòè ïîëÿ áóäåò âûçûâàòü èí-
òåíñèâíûå âîçäåéñòâèÿ íà ÌÒÀ. Âûñîòà íåðîâ-
íîñòåé ìîæåò áûòü óñòàíîâëåíà èç êîððåëÿöè-
îííîé ôóíêöèè êàê 6

h
 = 5,76 ñì (ïðè ñêîðîñòè 

1,7 ì/ñ) è 6
h
 = 7,62 ñì (ïðè ñêîðîñòè 4,1 ì/ñ). 

Ïðè ýòîì ñðåäíåêâàäðàòè÷åñêîå îòêëîíåíèå 
îïðåäåëÿåòñÿ êàê êîðåíü êâàäðàòíûé èç çíà÷å-
íèé êîððåëÿöèîííîé ôóíêöèè ïðè íóëåâîì çíà-
÷åíèè àðãóìåíòà.

Âûâîäû
Àíàëèçèðóÿ îáùèå çàêîíîìåðíîñòè âíåø-

íèõ âîçäåéñòâèé, ìîæíî ñäåëàòü ñëåäóþùèå 
âûâîäû:

– ðåæèìû ðàáîòû ÌÒÀ îêàçûâàþò ñóùå-
ñòâåííîå âëèÿíèå íà ïàðàìåòðû âõîäíûõ âîç-
äåéñòâèé;

– ñ óâåëè÷åíèåì ñêîðîñòè äâèæåíèÿ óìåíü-
øàåòñÿ êîððåëÿöèîííàÿ ñâÿçü ìåæäó ñå÷åíèÿ-
ìè ñëó÷àéíîé ôóíêöèè;

– ïðè óâåëè÷åíèè ñêîðîñòè äâèæåíèÿ çíà÷å-
íèÿ ñïåêòðàëüíîé ïëîòíîñòè óìåíüøàþòñÿ, à 
åå ìàêñèìàëüíîå çíà÷åíèå ñìåùàåòñÿ â ñòîðî-
íó áîëåå âûñîêèõ ÷àñòîò;

– ðàçáðîñ çíà÷åíèé ñëó÷àéíîé ôóíêöèè îò-
íîñèòåëüíî ìàòåìàòè÷åñêîãî îæèäàíèÿ óâåëè-
÷èâàåòñÿ ñ óâåëè÷åíèåì ñêîðîñòè àãðåãàòà; 

– ïî êîððåëÿöèîííûì ôóíêöèÿì è ñïåêò-
ðàëüíûì ïëîòíîñòÿì ìîæíî óñòàíîâèòü îñ-
íîâíûå ïàðàìåòðû ñëó÷àéíûõ ïðîöåññîâ, äèñ-
ïåðñèè, ñðåäíåêâàäðàòè÷åñêèå îòêëîíåíèÿ, 
ïðåîáëàäàþùèå â ïðîöåññå ÷àñòîòû è ñîîò-
âåòñòâóþùèå èì ïåðèîäû, ðàñïðåäåëåíèÿ äèñ-

ïåðñèé ïî ÷àñòîòàì è äð., êîòîðûå íåîáõîäèìû 
äëÿ óñòàíîâëåíèÿ ïàðàìåòðîâ âûõîäíûõ ïîêà-
çàòåëåé, õàðàêòåðèçóþùèõ óðîâåíü ôóíêöèî-
íèðîâàíèÿ ñåëüñêîõîçÿéñòâåííûõ ÌÒÀ.

Ëèòåðàòóðà
1. Êàìáóëîâ Ñ.È. Ìåõàíèêî-òåõíîëîãè÷åñêèå 

îñíîâû ïîâûøåíèÿ óðîâíÿ ôóíêöèîíèðîâàíèÿ 
ñåëüñêîõîçÿéñòâåííûõ àãðåãàòîâ. Ðîñòîâ í/Ä: 
Èçä-âî ÎÎÎ «Òåððà Ïðèíò», 2006. 304 ñ.

2. Êàëàøíèêîâ Â.Â. Ñëîæíûå ñèñòåìû è ìåòîäû èõ 
àíàëèçà. Ì.: Çíàíèå, 1980. 63 ñ.

3. Áóñëåíêî Í. Ï. Ìîäåëèðîâàíèå ñëîæíûõ ñèñòåì. 
Ì.: Íàóêà, 1978. 400 ñ.

4. Ìèðñêèé Ã.ß. Õàðàêòåðèñòèêè ñòîõàñòè÷åñêîé 
âçàèìîñâÿçè è èõ èçìåðåíèÿ. Ì.: Ýíåðãîèçäàò, 
1982. 319 ñ.

5. Ëóðüå À.Á. Ñòàòèñòè÷åñêàÿ äèíàìèêà ñåëüñêîõî-
çÿéñòâåííûõ àãðåãàòîâ. Ë.: Êîëîñ, 1981. 382 ñ.

6. Ïîãîðåëûé Ë.Â. Ñèñòåìíûé ïðèíöèï ïðîãíîçè-
ðîâàíèÿ òèïàæà ñâåêëîóáîðî÷íûõ ìàøèí // Ìå-
õàíèçàöèÿ è ýëåêòðèôèêàöèÿ ñîöèàëèñòè÷åñêîãî 
ñåëüñêîãî õîçÿéñòâà. 1971. № 11. Ñ. 45–50.

7. Áîãîëþáîâ Í.Í. Ïðîáëåìû äèíàìè÷åñêîé òåîðèè 
â ñòàòèñòè÷åñêîé ôèçèêå. Ì.: Ãîñòåõèçäàò, 1946. 
232 ñ.

8. Àãååâ Ë.Å. Îñíîâû ðàñ÷åòà îïòèìàëüíûõ è äîïó-
ñêàåìûõ ðåæèìîâ ðàáîòû ìàøèííî-òðàêòîðíûõ 
àãðåãàòîâ. Ë.: Êîëîñ, 1978. 295 ñ.

9. Èîôèíîâ Ñ.À. Ýêñïëóàòàöèÿ ìàøèííî-òðàêòîð-
íûõ àãðåãàòîâ. Ì.: Êîëîñ, 1974. 475 ñ.

10. Ãìóðìàí Â.Å. Òåîðèÿ âåðîÿòíîñòåé è ìàòåìàòè÷å-
ñêàÿ ñòàòèñòèêà. Ì.: Âûñøàÿ øêîëà, 1977. 478 ñ.

11. Âåíòöåëü Å.Ñ. Òåîðèÿ âåðîÿòíîñòåé. Ì.: Íàóêà, 
1969. 572 ñ.

12. Êåðáåð Â.Í. Ïîâûøåíèå óðîâíÿ ôóíêöèîíè-
ðîâàíèÿ ñåëüñêîõîçÿéñòâåííûõ àãðåãàòîâ íà 
îñíîâå èõ ìîäåëèðîâàíèÿ: äèñ. … ä-ðà òåõí. íàóê. 
Ñ-Ïåòåðáóðã, 1993. 435 ñ.

13. Ðîâíûé È.Â., Áîðçîâ Í.À., Ðîâíàÿ Ì.È. Èññëåäî-
âàíèå õàðàêòåðà íåðîâíîñòåé ïîâåðõíîñòè ïîëÿ â 
çàâèñèìîñòè îò ðåæèìîâ ðàáîòû ïðîòèâîýðîçèé-
íûõ îðóäèé // Âîïðîñû ìåõàíèçàöèè ñåëüñêîõî-
çÿéñòâåííîãî ïðîèçâîäñòâà Ñåâåðíîãî Êàçàõñòà-
íà. Ñáîðíèê íàó÷íûõ ðàáîò ÖèëèíÍÈÈÌÝÑÕ. 
Âûïóñê III. Àëìà-Àòà: Êàéíàð, 1976. Ñ. 64–72. 

References
1. Kambulov S.I. Mekhaniko-tekhnologicheskie 

osnovy povysheniya urovnya funktsionirovaniya 
sel’skokhozyaystvennykh agregatov [Mechan-
ic-technological basis for increasing the level of 
functioning of agricultural units]. Rostov n/D: 



Õàðàêòåðèñòèêà âíåøíèõ âîçäåéñòâèé íà ðàáîòó ìàøèííî-òðàêòîðíûõ àãðåãàòîâ

ISSN 0321-4443 Òðàêòîðû è ñåëüõîçìàøèíû, ¹ 9, 2017

Ò
Å

Î
Ð

È
ß

, 
Ê

Î
Í

Ñ
Ò

Ð
Ó

È
Ð

Î
Â

À
Í

È
Å

, 
È

Ñ
Ï

Û
Ò

À
Í

È
ß

51

Izd-vo OOO «Terra Print» Publ., 2006. 304 p.
2. Kalashnikov V.V. Slozhnye sistemy i metody ikh 

analiza [Complex systems and methods for their 
analysis]. Moscow: Znanie Publ., 1980. 63 p.

3. Buslenko N.P. Modelirovanie slozhnykh system 
[Modeling of complex systems]. Moscow: Nauka 
Publ., 1978. 400 p.

4. Mirskiy G.Ya. Kharakteristiki stokhasticheskoy 
vzaimosvyazi i ikh izmereniya [Characteristics of 
stochastic relationships and their measurement]. 
Moscow: Energoizdat Publ., 1982. 319 p.

5. Lur’e A.B. Statisticheskaya dinamika sel’skok-
hozyaystvennykh agregatov [Statistical dynamics 
of agricultural aggregates]. Leningrad: Kolos Publ., 
1981. 382 p.

6. Pogorelyy L.V. System principle of forecasting the 
type of beet harvesters. Mekhanizatsiya, i elektri-
fikatsiya sotsialisticheskogo sel’skogo khozyaystva. 
1971. No 11, pp. 45–50 (in Russ.).

7. Bogolyubov N.N. Problemy dinamicheskoy teorii 
v statisticheskoy fizike [Problems of dynamical 
theory in statistical physics]. Moscow: Gostekhiz-
dat Publ., 1946. 232 p.

8. Ageev L.E. Osnovy rascheta optimal’nykh i dopus-
kaemykh rezhimov raboty mashinno-traktornykh 
agregatov [Basics of calculating the optimal and ac-
ceptable modes of operation of machine and tractor 
units]. Leningrad: Kolos Publ., 1978. 295 p.

9. Iofinov S.A. Ekspluatatsiya mashinno-traktornykh 
agregatov [Operation of machine and tractor units]. 
Moscow: Kolos Publ., 1974. 475 p.

10. Gmurman V.E. Teoriya veroyatnostey i matem-
aticheskaya statistika [Theory of probability and 
mathematical statistics]. Moscow: Vysshaya shkola 
Publ., 1977. 478 p.

11. Venttsel’ E.S. Teoriya veroyatnostey [Theory of 
probability]. Moscow: Nauka Publ., 1969. 572 p.

12. Kerber V.N. Povyshenie urovnya funktsionirovani-
ya sel’skokhozyaystvennykh agregatov na osnove 
ikh modelirovaniya: dis. … d-ra tekhn. nauk [In-
creasing the level of functioning of agricultural 
units on the basis of their modeling: dissertation for 
degree of Doctor of Technical Sciences]. S-Peter-
burg, 1993. 435 p.

13. Rovnyy I.V., Borzov N.A., Rovnaya M.I. Investi-
gation of the nature of the unevenness of the surface 
of the field, depending on the operation modes of 
the erosion control tools. Voprosy mekhanizatsii 
sel’skokhozyaystvennogo proizvodstva Severnogo 
Kazakhstana. Sbornik nauchnykh rabot Tsilin-
NIIMESKh [Questions of mechanization of agricul-
tural production in Northern Kazakhstan. Collection 
of scientific papers of Scientific Research Institute 
of Mechanization and Electrification of Agriculture 
of the North-West]. Vypusk III. Alma-Ata: Kay-nar, 
1976, pp. 64–72 (in Russ.).




