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Àâòîòðàêòîðíàÿ òåõíèêà èãðàåò âàæíóþ ðîëü â òåõíè÷åñêîì îáåñïå÷åíèè àãðîïðîìûøëåííîãî êîìïëåêñà íà 
ñîâðåìåííîì ýòàïå ðàçâèòèÿ ñåëüñêîõîçÿéñòâåííîãî ïðîèçâîäñòâà. Îñíîâíûì èñòî÷íèêîì ýíåðãèè ýòèõ ìà-
øèí ÿâëÿþòñÿ äâèãàòåëè âíóòðåííåãî ñãîðàíèÿ, íà ðàáîòó êîòîðûõ ñóùåñòâåííîå âëèÿíèå îêàçûâàþò ðàñïû-
ëèòåëè ôîðñóíîê. Âñåñòîðîííåå èçó÷åíèå êà÷åñòâåííûõ ïîêàçàòåëåé èõ ôóíêöèîíèðîâàíèÿ ïîçâîëÿåò íàéòè 
íîâûå ïðàêòè÷åñêèå è òåîðåòè÷åñêèå ðåøåíèÿ. Ïðè èññëåäîâàíèè ãèäðîäèíàìè÷åñêèõ õàðàêòåðèñòèê ðàñïûëè-
òåëåé ôîðñóíîê èñïîëüçîâàëè ðàñ÷åòíî-òåîðåòè÷åñêèé àíàëèç. Ïðè çàìåíå øòèôòîâûõ ðàñïûëèòåëåé â âèõðå-
êàìåðíîì äèçåëå íà ìíîãîñòðóéíûå áûëè âûïîëíåíû èññëåäîâàíèÿ ãèäðîäèíàìè÷åñêèõ ïîêàçàòåëåé ïðîöåññà 
âïðûñêèâàíèÿ òîïëèâà. Èñïûòûâàëèñü òðè òèïà ðàñïûëèòåëåé. Èññëåäóåìûå ðàñïûëèòåëè îòëè÷àþòñÿ äðóã îò 
äðóãà âåëè÷èíîé ïðîõîäíîãî ñå÷åíèÿ, ìàññîé èãëû, ðàçìåðàìè è ðàñïîëîæåíèåì îòâåðñòèé. Ýòî îáóñëàâëèâà-
åò ðàçëè÷íûå âåëè÷èíû äàâëåíèÿ ïîäà÷è òîïëèâà, ÷àñòîòû êîëåáàíèé èãëû ðàñïûëèòåëÿ è äðóãèõ ïàðàìåòðîâ. 
Ïîëó÷åííûå ðàñ÷åòíûå çàâèñèìîñòè ïîêàçûâàþò, ÷òî ñ óâåëè÷åíèåì ïðîõîäíîãî ñå÷åíèÿ ïðè ïîñòîÿííîì 
îñòàòî÷íîì äàâëåíèè êðèòè÷åñêîå äàâëåíèå âîëíû ïîäà÷è òîïëèâà óâåëè÷èâàåòñÿ. Òàê, ïðè îñòàòî÷íîì äàâ-
ëåíèè 3 ÌÏà êðèòè÷åñêîå äàâëåíèå âîëíû ñîñòàâëÿåò, ñîîòâåòñòâåííî, 10, 14,4, 16,7 ÌÏà äëÿ ðàñïûëèòåëåé 
òðåõ òèïîâ. Ïîâûøåíèå îñòàòî÷íîãî äàâëåíèÿ âûçûâàåò óâåëè÷åíèå êðèòè÷åñêîãî äàâëåíèÿ âîëíû ïîäà÷è. Â 
ñâÿçè ñ íåîáõîäèìîñòüþ óâåëè÷åíèÿ êðèòè÷åñêîãî äàâëåíèÿ âîëíû ïîäà÷è òîïëèâà äëÿ ìíîãîñòðóéíûõ ðàñ-
ïûëèòåëåé (ïî ñðàâíåíèþ ñ øòèôòîâûìè) ðàññìîòðèì âëèÿíèå äàâëåíèÿ çàòÿæêè ïðóæèíû ôîðñóíêè íà âðåìÿ 
çàïàçäûâàíèÿ îòêðûòèÿ èãëû. Ïðåäñòàâëåíû ðåçóëüòàòû ðàñ÷åòà çàïàçäûâàíèÿ îòêðûòèÿ èãëû ôîðñóíêè äëÿ 
øòèôòîâûõ è ìíîãîñòðóéíûõ ðàñïûëèòåëåé. Èññëåäîâàíèÿ ïîêàçûâàþò, ÷òî âåëè÷èíà çàïàçäûâàíèÿ ïîäúåìà 
èãëû ôîðñóíêè ñ ìíîãîñòðóéíûì ðàñïûëèòåëåì ïðè äàâëåíèè íà÷àëà âïðûñêèâàíèÿ Ð

ç
 = 15 ÌÏà íàèáîëåå 

áëèçêà ïî çíà÷åíèþ ê âåëè÷èíå çàïàçäûâàíèÿ äëÿ øòèôòîâîãî ðàñïûëèòåëÿ. Èòîã âûÿâèë, ÷òî âåëè÷èíà ÷àñòî-
òû ñîáñòâåííûõ êîëåáàíèé è èõ ïðîäîëæèòåëüíîñòè íåçíà÷èòåëüíî îòëè÷àþòñÿ äðóã îò äðóãà (íå áîëåå 5 %). 
Îòñþäà ìîæíî ïðåäïîëîæèòü, ÷òî ïðèìåíåíèå ýêñïåðèìåíòàëüíûõ ðàñïûëèòåëåé íå îêàæåò çíà÷èòåëüíîãî 
âëèÿíèÿ íà ðàáîòó ðàñïûëèòåëåé ñ òî÷êè çðåíèÿ âèáðàöèîííûõ õàðàêòåðèñòèê.
Êëþ÷åâûå ñëîâà: ãèäðîäèíàìè÷åñêèå õàðàêòåðèñòèêè, àíàëèç ðàñïûëèòåëåé, ðàñ÷åòíî-òåîðåòè÷åñêèé ìåòîä, 
ôîðñóíêè, äâèãàòåëü âíóòðåííåãî ñãîðàíèÿ.

The automotive and tractor machinery plays an important role in technical support of agro-industrial complex at 
the present stage of development of agricultural production. The main energy source of these vehicles are internal 
combustion engines, which work is influenced highly by spraying nozzles. A comprehensive study of the qualitative 
indicators of their functioning allowed authors to find new practical and theoretical solutions. In the study of the hy-
drodynamic characteristics of spraying nozzles, a theoretical analysis was used. When replacing bayonet sprinklers in 
the vortex chamber diesel with multi-jet, the hydrodynamic parameters of the fuel injection process were performed. 
Three types of sprays were tested. The studied sprayers differ from each other in the size of a flow section, mass of a 
needle, the sizes and a location the holes. It causes various sizes of delivery pressure of fuel, an oscillation frequency 
of a needle of the sprayer and other parameters. The received calculated dependences show that with increase in a 
flow section with a constant residual pressure critical pressure of a wave of supply of fuel increases. So with a residual 
pressure of 3 MPas critical pressure of a wave makes respectively 10, 14,4, 16,7 MPas for sprays of three types. In-
crease in residual pressure causes increase in critical pressure of a supply wave. Due to the need of increase in critical 
pressure of a fuel supply wave for multiple-jet sprayers (in comparison with bayonet) we will consider influence of 
the nozzle spring tension pressure on the needle opening delay time. Results of calculation of delay of opening of a 
needle of a nozzle for bayonet and multiple-jet sprays are presented. Studies show that the size of delay of raising of 
a needle of a nozzle with the multiple-jet spray with a pressure of the beginning of injection P

z
 = 15 mpa is closest 

to delay size for the bayonet spray. The result revealed that the frequency of natural oscillations and their duration 
slightly differ from each other (no more than 5 %). Hence it can be assumed that the use of the experimental sprayers 
will not exert the considerable impact on operation of sprayers from the point of view of vibration characteristics.
Keywords: hydrodynamic characteristics, analysis of sprays, calculated and theoretical method, nozzles, internal 
combustion engine.
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 Ââåäåíèå
Èííîâàöèîííîå ðàçâèòèå ñåëüñêîõîçÿé-

ñòâåííîãî ïðîèçâîäñòâà ïðåäïîëàãàåò ñîçäà-
íèå ñðåäñòâ òåõíè÷åñêîãî îáåñïå÷åíèÿ, îòâå-
÷àþùèõ ñîâðåìåííûì òðåáîâàíèÿì. Îäíèì 
èç êëþ÷åâûõ àñïåêòîâ â ýòîì ïëàíå ÿâëÿåòñÿ 
òðàíñïîðòíîå ñîïðîâîæäåíèå àãðîïðîìûøëåí-
íîãî êîìïëåêñà. Ïðè ñîâåðøåíñòâîâàíèè àâ-
òîòðàêòîðíîé òåõíèêè [1–6] îñîáîå âíèìàíèå 
óäåëÿåòñÿ äâèãàòåëÿì âíóòðåííåãî ñãîðàíèÿ 
êàê îñíîâíîìó èñòî÷íèêó ýíåðãèè. Êà÷åñòâî 
ðàñïûëèòåëåé ôîðñóíîê îêàçûâàþò ñóùå-
ñòâåííîå âëèÿíèå íà êà÷åñòâî ðàáîòû ÄÂÑ.

Ìàòåðèàë è ìåòîäû èññëåäîâàíèÿ
Ïðè èññëåäîâàíèè ïîêàçàòåëåé ãèäðîäèíà-

ìè÷åñêèõ õàðàêòåðèñòèê ðàñïûëèòåëåé ôîð-
ñóíîê èñïîëüçîâàëè ðàñ÷åòíî-òåîðåòè÷åñêèé 
àíàëèç.

Ðåçóëüòàòû èññëåäîâàíèÿ
Â äèçåëüíûõ äâèãàòåëÿõ ïðèìåíÿþòñÿ 

øòèôòîâûå èëè ìíîãîñòðóéíûå ðàñïûëèòåëè 
ôîðñóíîê â çàâèñèìîñòè îò ñïîñîáà ñìåñåîáðà-
çîâàíèÿ è êîíñòðóêöèè êàìåðû ñãîðàíèÿ. Áîëü-
øèíñòâî äèçåëüíûõ äâèãàòåëåé èìåþò íåðàç-
äåëåííóþ êàìåðó ñãîðàíèÿ ñ ìíîãîñòðóéíûìè 
ðàñïûëèòåëÿìè ôîðñóíîê. Ðåæå ïðèìåíÿþòñÿ 
äèçåëüíûå äâèãàòåëè ñ ðàçäåëåííûìè êàìåðà-
ìè ñãîðàíèÿ (âèõðåêàìåðíûå è ïðåäêàìåðíûå) 
ñ øòèôòîâûìè ðàñïûëèòåëÿìè.

Ïðè çàìåíå øòèôòîâûõ ðàñïûëèòåëåé â 
âèõðåêàìåðíîì äèçåëå íà ìíîãîñòðóéíûå íàìè 
áûëè âûïîëíåíû èññëåäîâàíèÿ ãèäðîäèíàìè-
÷åñêèõ ïîêàçàòåëåé ïðîöåññà âïðûñêèâàíèÿ 
òîïëèâà â ñâÿçè ñ ðàçëè÷íûìè âåëè÷èíàìè 
ðàçìåðîâ, ìàññû, ïðîõîäíîãî ñå÷åíèÿ è ðàñïî-
ëîæåíèÿ ðàñïûëèâàþùèõ îòâåðñòèé øòèôòî-
âîãî è ìíîãîñòðóéíîãî ðàñïûëèòåëåé.

Èññëåäîâàëèñü òðè òèïà ðàñïûëèòåëåé, îñ-
íîâíûå õàðàêòåðèñòèêè êîòîðûõ ïðèâåäåíû â 
òàáë. 1.

Êàê âèäíî èç òàáë. 1, èññëåäóåìûå ðàñïû-
ëèòåëè îòëè÷àþòñÿ äðóã îò äðóãà âåëè÷èíîé 
ïðîõîäíîãî ñå÷åíèÿ, ìàññîé èãëû, ðàçìåðàìè 
è ðàñïîëîæåíèåì ðàñïûëèâàþùèõ îòâåðñòèé. 
Ýòî îáóñëàâëèâàåò ðàçëè÷íûå âåëè÷èíû äàâ-
ëåíèÿ ïîäà÷è òîïëèâà, ÷àñòîòû êîëåáàíèé 
èãëû ðàñïûëèòåëÿ è äðóãèõ ïàðàìåòðîâ. Ïðî-
àíàëèçèðóåì ýòî.

Èçâåñòíî, ÷òî äëÿ êà÷åñòâåííîãî âïðûñêèâà-
íèÿ äàâëåíèå ïîäàâàåìîãî P

ò
 òîïëèâà äîëæíî 

áûòü âûøå äàâëåíèÿ òîïëèâà â ôîðñóíêå Ð
ô
 [7]: 

 
   |

ò 0 êðèò  îáð.â ÔFÐ Ð Ð Ð Ð ,  (1) 

ãäå Ð
0
 – îñòàòî÷íîå äàâëåíèå â òîïëèâîïðîâî-

äå, ÌÏà; |
 FÐ êðèò – êðèòè÷åñêîå äàâëåíèå âîëíû 

ïîäà÷è òîïëèâà, ÌÏà; Ð
îáð.â.

 – äàâëåíèå îáðàò-
íîé âîëíû, ÌÏà; Ð

ô
 – äàâëåíèå òîïëèâà â ôîð-

ñóíêå, ÌÏà.
Âåëè÷èíà îñòàòî÷íîãî äàâëåíèÿ Ð

0
 äëÿ ñî-

âðåìåííûõ òîïëèâíûõ ñèñòåì íàõîäèòñÿ â èí-
òåðâàëå 1...7 ÌÏà.

Êðèòè÷åñêîå äàâëåíèå âîëíû ïîäà÷è òîïëè-
âà |

 FÐ êðèò – ýòî îñíîâíàÿ ñîñòàâëÿþùàÿ â óðàâ-
íåíèè (1), îïðåäåëÿåìàÿ ôîðìóëîé:

| 00, 25  50,F P P P P
P

P 
    ã

êðè êò ð êð
êð

,

ãäå Ð
êð

 – êðèòè÷åñêîå çíà÷åíèå äàâëåíèÿ âîëíû 
ïîäà÷è òîïëèâà äëÿ îòêðûòîé ôîðñóíêè, ÌÏà; 
P

ã
 – äàâëåíèå ãàçîâ â öèëèíäðå, ÌÏà.
Çäåñü äàâëåíèå Ð

êð
 ðàâíî:

2 
2

2
( )0,204 fP a

q


 êð ,

ãäå μf – ýôôåêòèâíîå ïðîõîäíîå ñå÷åíèå ðàñ-
ïûëèòåëÿ, ìì2; q – ñå÷åíèå òðóáîïðîâîäà 
âûñîêîãî äàâëåíèÿ, ìì2; a – ñêîðîñòü ðàñïðî-

Òàáëèöà 1 

Îñíîâíûå õàðàêòåðèñòèêè ðàñïûëèòåëåé

 Ïàðàìåòðû ðàñïûëèòåëåé
Ìàðêà ðàñïûëèòåëÿ

ÐØ-6-2õ25 5õ0,35õ130 5õ0,4õ120

1 Îáúåì òîïëèâà â ðàñïûëèòåëå, V
p

ìì3 730 722 722

2 Êîëüöåâîå ñå÷åíèå èãëû 
(äèôôåðåíöèàëüíàÿ ïëîùàäêà),  f

è

ìì2 23,7 26,4 26,4

3 Ìàññà èãëû, m
è

ã 6 6,4 6,55

4 Ïðîõîäíîå ñå÷åíèå, μf
ð

ìì2 0,5±0,03 0,6±0,03 0,66±0,03
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ñòðàíåíèÿ âîëíû, ðàâíàÿ ñêîðîñòè ðàñïðîñòðà-
íåíèÿ çâóêà â òîïëèâå, ì/ñ;  – ïëîòíîñòü òî-
ïëèâà, êã/ì3; 

Ðàñ÷åòíûå çàâèñèìîñòè |
FP êðèò  îò îñòàòî÷íî-

ãî äàâëåíèÿ Ð
0
 è îò âåëè÷èíû ïðîõîäíîãî ñå÷å-

íèÿ ðàñïûëèòåëåé μf ïðèâåäåíû íà ðèñ. 1 è 2. 

Ðèñ. 1. Çàâèñèìîñòü êðèòè÷åñêîãî äàâëåíèÿ âîëíû 
ïîäà÷è òîïëèâà |

 FP êðèò  îò îñòàòî÷íîãî äàâëåíèÿ Ð0: 
1 – f = 0,5 ìì2; 2 – f = 0,6 ìì2; 3 – f = 0,66 ìì2

Ðèñ. 2. Çàâèñèìîñòü êðèòè÷åñêîãî äàâëåíèÿ âîëíû 
ïîäà÷è òîïëèâà |

 FP êðèò îò âåëè÷èíû ïðîõîäíîãî 
ñå÷åíèÿ ðàñïûëèòåëÿ

Ïðèâåäåííûå ðàñ÷åòíûå çàâèñèìîñòè ïî-
êàçûâàþò, ÷òî ñ óâåëè÷åíèåì ïðîõîäíîãî ñå-
÷åíèÿ ïðè ïîñòîÿííîì îñòàòî÷íîì äàâëåíèè 
êðèòè÷åñêîå äàâëåíèå âîëíû ïîäà÷è òîïëèâà 
óâåëè÷èâàåòñÿ. Òàê, ïðè îñòàòî÷íîì äàâëåíèè 
Ð

0
 = 3 ÌÏà êðèòè÷åñêîå äàâëåíèå âîëíû äëÿ 

ðàñïûëèòåëåé № 1, 2, 3 (òàáë. 1) ñîñòàâëÿåò, 
ñîîòâåòñòâåííî, 10, 14,4, 16,7 ÌÏà 

Ïîâûøåíèå îñòàòî÷íîãî äàâëåíèÿ Ð
0
 â ñâîþ 

î÷åðåäü âûçûâàåò óâåëè÷åíèå êðèòè÷åñêîãî 
äàâëåíèÿ âîëíû ïîäà÷è (ðèñ. 2).

Â ñâÿçè ñ íåîáõîäèìîñòüþ óâåëè÷åíèÿ êðè-
òè÷åñêîãî äàâëåíèÿ âîëíû ïîäà÷è òîïëèâà äëÿ 
ìíîãîñòðóéíûõ ðàñïûëèòåëåé (ïî ñðàâíåíèþ 
ñ øòèôòîâûìè) ðàññìîòðèì âëèÿíèå äàâëåíèÿ 
çàòÿæêè ïðóæèíû ôîðñóíêè íà âðåìÿ çàïàçäû-
âàíèÿ îòêðûòèÿ èãëû. 

Âðåìÿ çàïàçäûâàíèÿ îòêðûòèÿ èãëû ôîð-
ñóíêè ðàâíî:

 0 0 0
0

V C R P f
f f V E
  

 
  

è

è å å

, 

ãäå V = V
1
 + 0,5  V

2
 – îáúåì òîïëèâà, ì3; 

V
1
 – îáúåì òîïëèâà âíóòðè ôîðñóíêè, ì3; 

V
2
 – îáúåì òîïëèâà â ÒÂÄ (òîïëèâîïðîâîäå 

âûñîêîãî äàâëåíèÿ), ì3; R
0
 – ñèëà òðåíèÿ èãëû 

ôîðñóíêè â íà÷àëüíûé ìîìåíò, Í; C
0
 – ñèëà 

ïðåäâàðèòåëüíîãî ïîäæàòèÿ ïðóæèíû, Í; 
P

0
 – îñòàòî÷íîå äàâëåíèå â òîïëèâîïðîâîäå, 

Ïà; f
è
 – êîëüöåâîå ñå÷åíèå èãëû ðàñïûëèòå-

ëÿ, ì2; f
å
 – âõîäíîå ñå÷åíèå êàíàëà ôîðñóíêè, 

ì2; V
å
 – èíòåíñèâíîñòü ïîäõîäÿùåé ñêîðîñòè 

âîëíû, ì/ñ; Å – ìîäóëü óïðóãîñòè òîïëèâà, 
E = 2  109 Ïà.

Ñîîòâåòñòâóþùèé óãîë çàïàçäûâàíèÿ îò-
êðûòèÿ èãëû ôîðñóíêè ðàâåí:

0 06 n     ,

ãäå n – ÷àñòîòà âðàùåíèÿ êîëåí÷àòîãî âàëà, 
ìèí-1.

Ðåçóëüòàòû ðàñ÷åòà çàïàçäûâàíèÿ îòêðûòèÿ 
èãëû ôîðñóíêè äëÿ øòèôòîâûõ è ìíîãîñòðóé-
íûõ ðàñïûëèòåëåé ïðèâåäåíû â òàáë. 2.

Òàáëèöà 2

Ðåçóëüòàòû ðàñ÷åòà çàïàçäûâàíèÿ îòêðûòèÿ èãëû ðàñïûëèòåëÿ ôîðñóíêè

Ïàðàìåòðû Øòèôòîâûé
ÐØ-6õ2õ25

Ìíîãîñòðóéíûé

5õ0,35õ130 5õ0,4õ120

Äàâëåíèå íà÷àëà âïðûñêèâàíèÿ, Ð
3
 (ÌÏà) 13 13 15 17

Âðåìÿ çàïàçäûâàíèÿ, 
0
 (ìñ) 0,425 0,433 0,422 0,34

Óãîë çàïàçäûâàíèÿ, 
0
 (ãðàä. ÏÊâñ) 4,3 4,4 4,3 3,4
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Èç òàáë. 3 âèäíî, ÷òî âåëè÷èíà çàïàçäûâà-
íèÿ ïîäúåìà èãëû ôîðñóíêè (ìñ, ãðàä. ÏÊâ) ñ 
ìíîãîñòðóéíûì ðàñïûëèòåëåì ïðè äàâëåíèè 
íà÷àëà âïðûñêèâàíèÿ Ð

ç
 = 15 ÌÏà íàèáîëåå 

áëèçêà ïî çíà÷åíèþ ê âåëè÷èíå çàïàçäûâàíèÿ 
äëÿ øòèôòîâîãî ðàñïûëèòåëÿ.

×àñòîòà ñîáñòâåííûõ êîëåáàíèé èãëû:

1 /C m è è ,

ãäå Ñ
1 
– æåñòêîñòü ïðóæèíû; Ñ

1
 = 124 Í/ì; m

è
 – 

ìàññà èãëû ðàñïûëèòåëÿ, êã.
Ïðîäîëæèòåëüíîñòü ñîáñòâåííûõ êîëåáà-

íèé èãëû 2  è
.

Âûâîäû
Èç òàáëèöû âèäíî, ÷òî âåëè÷èíà ÷àñòîòû 

ñîáñòâåííûõ êîëåáàíèé è èõ ïðîäîëæèòåëü-
íîñòè íåçíà÷èòåëüíî îòëè÷àþòñÿ äðóã îò äðóãà 
(íå áîëåå 5 %). Îòñþäà ìîæíî ïðåäïîëîæèòü, 
÷òî ïðèìåíåíèå ýêñïåðèìåíòàëüíûõ ðàñïû-
ëèòåëåé íå îêàæåò çíà÷èòåëüíîãî âëèÿíèÿ íà 
ðàáîòó ðàñïûëèòåëåé ñ òî÷êè çðåíèÿ âèáðàöè-
îííûõ õàðàêòåðèñòèê.
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ÓÄÊ 631.354

ÝÔÔÅÊÒÈÂÍÎÑÒÜ ÏÎÂÅÐÕÍÎÑÒÍÎÉ ÎÁÐÀÁÎÒÊÈ 
ÏÎ×ÂÛ ÑÒÅÐÍÅÂÛÌ ÌÍÎÃÎÔÓÍÊÖÈÎÍÀËÜÍÛÌ 
ÊÓËÜÒÈÂÀÒÎÐÎÌ

EFFICIENCY OF SURFACE TREATMENT OF SOIL 
BY A STUBBLE MULTIFUNCTIONAL CULTIVATOR

Îáîñíîâàíî ýôôåêòèâíîå ïðèìåíåíèå ñòåðíåâîãî êóëüòèâàòîðà íà ïîâåðõíîñòíîé îáðàáîòêå ïî÷âû îäíîâðå-
ìåííî ñ âíåñåíèåì òâåðäûõ ìèíåðàëüíûõ óäîáðåíèé. Ñíèæàåòñÿ ðàñïûë ïî÷âû ïî ñðàâíåíèþ ñ äèñêîâûìè 
îðóäèÿìè â 1,5…2 ðàçà. Íà ïðèìåðå ïðåäëàãàåìîãî ìíîãîôóíêöèîíàëüíîãî ñòåðíåâîãî êóëüòèâàòîðà ñ ïðèñïî-
ñîáëåíèåì äëÿ îäíîâðåìåííîãî âíåñåíèÿ ìèíåðàëüíûõ óäîáðåíèé äîêàçàíà âîçìîæíîñòü ïðèìåíåíèÿ ôóíêöèè 
çàòðàò è ïîòåðü (çàòðàò íà âûïîëíåíèå îáúåìà ðàáîò è ïîòåðü áóäóùåãî óðîæàÿ â ñâÿçè ñ íàðóøåíèåì îïòè-
ìàëüíîé ïðîäîëæèòåëüíîñòè ðàáîò) äëÿ îïòèìèçàöèè ïðîäîëæèòåëüíîñòè ðàáîò. Ïðåäñòàâëåíà áëîê-ñõåìà 
àëãîðèòìà îïòèìèçàöèè ïàðàìåòðîâ è ðåæèìîâ ðàáîòû ìíîãîôóíêöèîíàëüíîãî ñòåðíåâîãî êóëüòèâàòîðà ïî 
êðèòåðèþ îïòèìàëüíîãî çíà÷åíèÿ êîýôôèöèåíòà èñïîëüçîâàíèÿ òÿãîâîãî óñèëèÿ çàäàííîãî òðàêòîðà ñ ó÷åòîì 
åãî òÿãîâîé õàðàêòåðèñòèêè è çàâèñèìîñòè êîýôôèöèåíòà óäåëüíîãî ñîïðîòèâëåíèÿ êóëüòèâàòîðà îò ðàáî÷åé 
ñêîðîñòè äâèæåíèÿ, ãëóáèíû îáðàáîòêè è óäåëüíîé ìàòåðèàëîåìêîñòè ñ ó÷åòîì ìàññû âíîñèìûõ óäîáðåíèé. Â 
öåëåâîé ôóíêöèè îïòèìèçàöèè ïðîäîëæèòåëüíîñòè âûïîëíÿåìîé ðàáîòû ñòîèìîñòü çàòðàò âêëþ÷àåò ýêñïëóà-
òàöèîííûå çàòðàòû íà çàäàííûé àãðåãàò äëÿ ïëàíèðóåìûõ îáúåìîâ ðàáîò. Ïðè óâåëè÷åíèè ïðîäîëæèòåëüíîñòè 
ýòèõ ðàáîò çàòðàòû ñíèæàþòñÿ, à ñòîèìîñòü ïîòåðü áóäóùåãî óðîæàÿ, íàîáîðîò, âîçðàñòàåò. Ñóììà æå ñòîè-
ìîñòè çàòðàò è ïîòåðü èìååò ýêñòðåìóì, êîòîðûé îïðåäåëÿåò îïòèìàëüíîñòü ðåøåíèÿ. Ïðèâåäåíà çàâèñèìîñòü 
ñòîèìîñòè ïîòåðü áóäóùåãî óðîæàÿ çåðíà êóêóðóçû îò ïðîäîëæèòåëüíîñòè, îáúåìà ðàáîò, çàêóïî÷íîé öåíû 
óáèðàåìîãî óðîæàÿ è èíòåíñèâíîñòè ïîòåðü çà êàæäûé äåíü íàðóøåíèÿ îïòèìàëüíîãî ñðîêà ñòåðíåâîé îáðà-
áîòêè ïî÷âû ñ îäíîâðåìåííûì âíåñåíèåì ìèíåðàëüíûõ óäîáðåíèé. Ñ ïîìîùüþ ïîëó÷åííîé ôóíêöèè çàòðàò è 
ïîòåðü óñòàíîâëåíà îïòèìàëüíàÿ ïðîäîëæèòåëüíîñòü ñòåðíåâîé îáðàáîòêè ïî÷âû ñ îäíîâðåìåííûì âíåñåíèåì 
òâåðäûõ ìèíåðàëüíûõ óäîáðåíèé íà ïðèìåðå ìàøèííî-òðàêòîðíîãî àãðåãàòà â ñîñòàâå òðàêòîðà ÌÒÇ-1221 
è ñòåðíåâîãî êóëüòèâàòîðà ÊÑÓ-3 ñ ïðèñïîñîáëåíèåì äëÿ îäíîâðåìåííîãî âíåñåíèÿ òâåðäûõ ìèíåðàëüíûõ 
óäîáðåíèé.
Êëþ÷åâûå ñëîâà: ôóíêöèÿ çàòðàò è ïîòåðü, ìíîãîôóíêöèîíàëüíûé ñòåðíåâîé êóëüòèâàòîð, çàòðàòû, ïîòåðè 
óðîæàÿ, îïòèìèçàöèÿ, ýôôåêòèâíîñòü.

The effective application of the stubble cultivator on surface tillage is justified simultaneously with the introduction 
of solid mineral fertilizers. The atomization of the soil in comparison with the disk tools decreases in 1,5...2 times. 
Using the example of the proposed multifunctional stubble cultivator with the device for simultaneous application of 
mineral fertilizers, the possibility of using the cost and loss function (the cost of carrying out the amount of work and 
the loss of the future crop due to a violation of the optimal duration of work) is proved to optimize the duration of 
work. A block diagram of the algorithm for optimizing the parameters and operating conditions of a multifunctional 
stubble cultivator is presented based on the criterion of the optimal value of the traction factor of a given tractor, tak-
ing into account its traction characteristics and the dependence of the coefficient of the resistivity of the cultivator on 
the working speed of movement, the depth of processing and the specific material consumption, with consideration 
of the mass of fertilizers applied. In the objective function of optimizing the duration of the work performed, the cost 
of the cost includes the operating costs for the specified unit for the planned scope of work. With an increase in the 
duration of these works, costs are reduced, and the cost of future crop losses, on the contrary, increases. The sum 
of costs and losses has an extremum, which determines the optimality of the solution. The dependence of the cost 
of losses of the future corn grain crop on the duration, the amount of work, the purchase price of the harvested crop 
and the intensity of losses for each day of the violation of the optimal period of stubble cultivation of the soil with 
simultaneous application of mineral fertilizers is given. With the help of the obtained cost and loss function, the op-
timum duration of stubble cultivation of the soil was established with the simultaneous introduction of solid mineral 
fertilizers using the example of the machine-tractor unit as part of the MTZ-1221 tractor and the stubble cultivator 
KSU-3 with the device for simultaneous application of solid mineral fertilizers.
Keywords: function of costs and losses, multifunctional stubble cultivator, costs, crop losses, optimization, efficiency.
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Ââåäåíèå
Ðàöèîíàëüíàÿ ñèñòåìà îáðàáîòêè ïðåäêàâ-

êàçñêèõ âûùåëî÷åííûõ ÷åðíîçåìîâ â ñî÷åòà-
íèè ñî âñïàøêîé, ïîâåðõíîñòíîé îáðàáîòêîé 
è ïðÿìûì ïîñåâîì îêàçûâàåò ñóùåñòâåííîå 
âëèÿíèå íà èõ àãðîôèçè÷åñêèå ñâîéñòâà è ïðî-
äóêòèâíîñòü âûðàùèâàåìûõ ïîëåâûõ êóëüòóð 
â çåðíîïðîïàøíîì ñåâîîáîðîòå ïðè ëó÷øèõ 
ïîêàçàòåëÿõ ýêîíîìè÷åñêîé è áèîýíåðãåòè÷å-
ñêîé ýôôåêòèâíîñòè. Äëÿ ýòîé öåëè íà Êóáàíè 
ïðèìåíÿþò îòâàëüíóþ è áåçîòâàëüíóþ âñïàø-
êó, äèñêîâûå îðóäèÿ è ñåÿëêè ïðÿìîãî ïîñåâà. 
Îäíàêî ïðèìåíåíèå äèñêîâûõ îðóäèé äëÿ ïî-
âåðõíîñòíîé îáðàáîòêè ïî÷âû íàíîñèò ñóùå-
ñòâåííûé óðîí åå ïëîäîðîäèþ. Ïîñòîÿííàÿ 
ïîâåðõíîñòíàÿ èëè ìåëêàÿ çÿáëåâàÿ îáðàáîòêà 
ïî÷âû äèñêîâûìè îðóäèÿìè ïðèâîäèò ê óâåëè-
÷åíèþ â íåé ñîäåðæàíèÿ ïûëè äî 9…11 %, ÷òî 
â 1,5…2 ðàçà áîëüøå ÷åì ïðè îòâàëüíîé è íó-
ëåâîé îáðàáîòêàõ [1]. Â ýòîé ñâÿçè äëÿ ñîõðà-
íåíèÿ áîëåå àãðîíîìè÷åñêè öåííîé ñòðóêòóðû 
ïî÷âû íåîáõîäèìî îãðàíè÷èòü èñïîëüçîâàíèå 
äèñêîâûõ îðóäèé, îñîáåííî òèïà ÁÄÒÌ. 

Äëÿ ïîâåðõíîñòíîé îáðàáîòêè ïî÷âû áîëåå 
ïðåäïî÷òèòåëüíû ñòåðíåâûå êóëüòèâàòîðû 
(ðèñ. 1), âûïóñêàåìûå îòå÷åñòâåííûì ñåëüõîç-
ìàøèíîñòðîåíèåì [2]. 

Ðèñ. 1. Ñåðèéíûé ñòåðíåâîé êóëüòèâàòîð ÊÑÓ-6 
ñîâìåñòíîãî ðîññèéñêî-ãåðìàíñêîãî ïðîèçâîäñòâà

Ýôôåêòèâíîñòü ñòåðíåâûõ êóëüòèâàòîðîâ 
ïîìèìî ñîõðàíåíèÿ ñòðóêòóðû ïî÷âû ìîæåò 
áûòü ïîâûøåíà çà ñ÷åò ñîâìåùåíèÿ íåñêîëü-
êèõ òåõíîëîãè÷åñêèõ îïåðàöèé çà îäèí ïðîõîä 
ìàøèíû ïî ïîëþ, íàïðèìåð, ñ îäíîâðåìåííûì 
âíåñåíèåì îñíîâíîãî ìèíåðàëüíîãî óäîáðåíèÿ 
ìíîãîôóíêöèîíàëüíûì êóëüòèâàòîðîì [3].

Öåëü èññëåäîâàíèÿ
Öåëüþ èññëåäîâàíèÿ ÿâëÿåòñÿ îáîñíîâàíèå 

îïòèìàëüíîé ïðîäîëæèòåëüíîñòè ïîâåðõíîñò-
íîé îáðàáîòêè ïî÷âû ñ îäíîâðåìåííûì âíåñå-
íèåì ìèíåðàëüíûõ óäîáðåíèé ïðåäëàãàåìûì 
ìíîãîôóíêöèîíàëüíûì êóëüòèâàòîðîì.

Ìàòåðèàëû è ìåòîäû èññëåäîâàíèÿ
Â êà÷åñòâå ìåòîäà èññëåäîâàíèÿ ïðèíÿòà 

ôóíêöèÿ çàòðàò è ïîòåðü, äëÿ êîòîðîé ðàçðà-
áîòàíà ìàòåìàòè÷åñêàÿ ìîäåëü è áëîê-ñõåìà 
àëãîðèòìà (ðèñ. 2) îïòèìèçàöèè ïðîäîëæè-
òåëüíîñòè ïîâåðõíîñòíîé îáðàáîòêè ïî÷âû ñ 
îäíîâðåìåííûì âíåñåíèåì ìèíåðàëüíûõ óäî-
áðåíèé ìíîãîôóíêöèîíàëüíûì êóëüòèâàòîðîì 
(ÌÔÊ). Â êà÷åñòâå ÌÔÊ íàìè ïðèíÿò ñåðèé-
íûé ñòåðíåâîé êóëüòèâàòîð ÊÑÓ-3 ñ ïðèñïîñî-
áëåíèåì äëÿ âíåñåíèÿ ìèíåðàëüíûõ óäîáðå-
íèé ê òðàêòîðó ÌÒÇ-1221 òÿãîâîãî êëàññà 2.

Â ðàñ÷åòàõ ïðèíÿòà øèðèíà çàõâàòà êóëüòè-
âàòîðà 3 ì, à äëÿ âûáîðà îïòèìàëüíîé ñêîðî-
ñòè àãðåãàòà èñïîëüçîâàíà òÿãîâàÿ õàðàêòåðè-
ñòèêà òðàêòîðà ÌÒÇ-1221 ïðè ìàêñèìàëüíîì 
òÿãîâîì ÊÏÄ.

Ïîíÿòèå ôóíêöèè «ñóììà çàòðàò è ïîòåðü» 
èçâåñòíî. Ýòî ñóììà çàòðàò íà ïðîèçâîäñòâî 
âûïîëíÿåìûõ ïîëåâûõ ðàáîò (ýêñïëóàòàöèîí-
íûõ çàòðàò) è ñòîèìîñòè ïîòåðü óðîæàÿ â ñâÿçè 
ñ íàðóøåíèåì îïòèìàëüíîé ïðîäîëæèòåëüíî-
ñòè äàííûõ ðàáîò. Ìèíèìóì ôóíêöèè îïðåäå-
ëÿåò îïòèìàëüíîå çíà÷åíèå ïðîäîëæèòåëüíî-
ñòè âûïîëíåíèÿ çàäàííîé ðàáîòû. Ïîñêîëüêó 
ïðåäëàãàåìàÿ îáðàáîòêà ñòåðíè ïðåäïîëàãàåò-
ñÿ ïåðåä çÿáëåâîé âñïàøêîé, íàïðèìåð, ïîä êó-
êóðóçó, òî ñòîèìîñòü ïîòåðü áóäóùåãî óðîæàÿ 
çåðíà êóêóðóçû áóäåò ñâÿçàíà ñ íàðóøåíèåì 
îïòèìàëüíîé ïðîäîëæèòåëüíîñòè ëóùåíèÿ 
ñòåðíè. Êàê èçâåñòíî, çàïàçäûâàíèå ñî ñðî-
êàìè îáðàáîòêè ñòåðíè çåðíîâûõ êîëîñîâûõ 
êóëüòóð íà 2…3 äíÿ ñíèæàåò óðîæàé êóëüòóð 
ñëåäóþùåãî ãîäà íà 1,5…2,5 ö/ãà [4]. 

Ñ ó÷åòîì èçëîæåííîãî, ïîñëå ïðåîáðàçîâà-
íèé ôóíêöèÿ çàòðàò è ïîòåðü Ñ

çï
 äëÿ íàøåãî 

ñëó÷àÿ èìååò âèä:
2

20,033
14
U FC z U n F

W n
 

   
 

ý
çï

÷

, 

ãäå U
ý
 – ýêñïëóàòàöèîííûå çàòðàòû íà îáðà-

áîòêó ïî÷âû è âíåñåíèå óäîáðåíèé, ðóá./ãà; F – 
îáðàáàòûâàåìàÿ ïëîùàäü, ãà; W

÷
 – ïðîèçâîäè-

òåëüíîñòü àãðåãàòà çà 1 ÷ ÷èñòîé ðàáîòû, ãà/÷; 
n – ïðîäîëæèòåëüíîñòü âûïîëíåíèÿ ðàáîòû 
â äíÿõ; z – çàêóïî÷íàÿ öåíà êóêóðóçû, ðóá./ò; 

U  – ïîòåðè óðîæàÿ èç-çà íàðóøåíèÿ ñðîêîâ, 
ò/(ãà·äåíü).

Ïðè ìîäåëèðîâàíèè çàäà÷è ïî ìèíèìàëü-
íîìó çíà÷åíèþ öåëåâîé ôóíêöèè Ñ

çï 
íàõîäÿò 

îïòèìàëüíóþ ïðîäîëæèòåëüíîñòü n ðàáîòû íà 
ëóùåíèè ñòåðíè ìíîãîôóíêöèîíàëüíûì ñòåð-
íåâûì êóëüòèâàòîðîì ñ îäíîâðåìåííûì âíåñå-
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íèåì óäîáðåíèé, êîëè÷åñòâî n
àã 

ýòèõ àãðåãàòîâ, 
îïòèìàëüíóþ ñòîèìîñòü çàòðàò Ñ

ç 
íà âûïîëíå-

íèå ðàáîò, îïòèìàëüíóþ ñòîèìîñòü ïîòåðü Ñ
ï
, 

ñâÿçàííûõ ñ íåäîáîðîì óðîæàÿ, ó÷èòûâàÿ çà-
äàííóþ ïëîùàäü F îáðàáîòêè, óðîæàé U çåðíà 
è åãî çàêóïî÷íóþ öåíó z. 

Ðåçóëüòàòû èññëåäîâàíèÿ 
è îáñóæäåíèå 
Çàâèñèìîñòü ôóíêöèè çàòðàò è ïîòåðü Ñ

çï 

ïðåäñòàâëåíà íà ðèñ. 3. Îïòèìàëüíîå åå çíà÷å-
íèå ïðèõîäèòñÿ íà 8-é äåíü âûïîëíåíèÿ ðàáîò. 
Ýòî îçíà÷àåò, ÷òî çà ýòîò ñðîê íà ïëîùàäè 

Ðèñ. 2. Áëîê-ñõåìà àëãîðèòìà îïòèìèçàöèè ïàðàìåòðîâ è ðåæèìîâ ðàáîòû ìíîãîôóíêöèîíàëüíîãî àãðåãàòà
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1000 ãà ïîñëå óáîðêè îçèìûõ êóëüòóð äîëæíû 
áûòü âíåñåíû ìèíåðàëüíûå óäîáðåíèÿ è çàäå-
ëàíû â ïî÷âó ìíîãîôóíêöèîíàëüíûì ñòåðíå-
âûì êóëüòèâàòîðîì. 

Ðèñ. 3. Çàâèñèìîñòü ôóíêöèè çàòðàò è ïîòåðü 
îò ïðîäîëæèòåëüíîñòè ïîâåðõíîñòíîé îáðàáîòêè 

ïî÷âû ñ îäíîâðåìåííûì âíåñåíèåì óäîáðåíèé ÌÔÊ

Õàðàêòåð èçìåíåíèÿ ôóíêöèè Ñ
çï 

çàòðàò è 
ïîòåðü ýêñòðåìàëüíûé. Ìèíèìóì åå íàõîäèò-
ñÿ íàä òî÷êîé ñ ìèíèìàëüíûì çíà÷åíèåì ôóíê-
öèè (ðèñ. 3). Ôóíêöèÿ ïîòåðü Ñ

ï 
ìîíîòîííî 

âîçðàñòàåò â çàâèñèìîñòè îò ïðîäîëæèòåëüíî-
ñòè n, à ôóíêöèÿ çàòðàò Ñ

ç
 óáûâàåò.

Â òàáë. 1 ïðåäñòàâëåíû çíà÷åíèÿ ñîñòàâëÿ-
þùèõ ôóíêöèè çàòðàò è ïîòåðü â çàâèñèìîñòè 
îò ïðîäîëæèòåëüíîñòè ðàáîò n.

Â òàáëèöå ïðèâåäåíû ðåçóëüòàòû ðàñ÷åòîâ 
äëÿ ïëîùàäè ïîñåâîâ F = 1000 ãà, íåäîáîðà 
óðîæàÿ U  = 0,03 ò/(ãà·äåíü), çàêóïî÷íîé öåíå 
çåðíà z = 9000 ðóá./ò, ÷àñîâîé ïðîèçâîäèòåëü-
íîñòè àãðåãàòà W

÷
 = 4,2 ãà/÷, ÷àñîâîì ðàñõîäå 

òîïëèâà òðàêòîðîì ÌÒÇ-1221 – 17,6 êã/÷ è åì-
êîñòè áóíêåðà äëÿ óäîáðåíèé V = 1 ì3 .

Ìèíèìóì ôóíêöèè çàòðàò è ïîòåðü ïðè 
n = 8 äíåé ñîñòàâèë Ñ

çï
 = 1722,6 òûñ. ðóá, ìàêñè-

ìóì ïðè n = 1 äåíü Ñ
çï

 = 9228,9 òûñ. ðóá. è ïðè 
n = 30 äíåé – Ñ

çï
 = 8328,1 òûñ. ðóá. Ôóíê-

öèÿ çàòðàò Ñ
ç
, ñîîòâåòñòâåííî, ñîñòàâèëà: 

Ñ
ç min

 = 309,1 òûñ. ðóá; Ñ
ç max

 = 9220 òûñ. ðóá, à 
ôóíêöèÿ ïîòåðü Ñ

ï
: ìèíèìóì ïðè n = 1 äåíü  –

Ñ
ï
 = 8,91 òûñ. ðóá; ìàêñèìóì ïðè n = 30 äíåé – 

Ñ
ï
 = 8019 òûñ. ðóá.
Îäíàêî ãëàâíûé ýôôåêò îò ñòåðíåâîãî ìíî-

ãîôóíêöèîíàëüíîãî êóëüòèâàòîðà – ýòî ñîõðà-
íåíèå ñòðóêòóðû ïî÷âû, ñíèæåíèå ñîäåðæàíèÿ 
â íåé ïûëåâèäíûõ ÷àñòèö ïîñëå îáðàáîòêè ïî 
ñðàâíåíèþ ñ äèñêîâûìè îðóäèÿìè. Êðîìå òîãî, 
îáåñïå÷èâàåòñÿ òàêæå ýêîíîìèÿ çàòðàò çà ñ÷åò 
ñîâìåùåíèÿ äâóõ îïåðàöèé, ðûõëåíèÿ ïî÷âû è 
âíåñåíèÿ óäîáðåíèé. 

Õàðàêòåð èçìåíåíèÿ çàâèñèìîñòè ôóíêöèè 
çàòðàò è ïîòåðü Ñ

çï
 ìíîãîôóíêöèîíàëüíîãî 

êóëüòèâàòîðà â ïðåäñòàâëåííîé ñòàòüå è ïîëó-
÷åííîé ðàíåå ïî ðåçóëüòàòàì óáîðêè çåðíà â 
ðàáîòå Ã.Ã. Ìàñëîâà [5] èìååò ýêñòðåìàëüíûé 
õàðàêòåð è ñîñòàâëÿåò âîñåìü êàëåíäàðíûõ 
äíåé.

Âûâîäû
Îáîñíîâàíî ýôôåêòèâíîå ïðèìåíåíèå ìíî-

ãîôóíêöèîíàëüíîãî ñòåðíåâîãî êóëüòèâàòîðà 
íà ïîâåðõíîñòíîé îáðàáîòêå ïî÷âû ñ îäíî-
âðåìåííûì âíåñåíèåì ìèíåðàëüíûõ óäîáðå-
íèé. Íà ïðèìåðå àãðåãàòà â ñîñòàâå òðàêòîðà 
ÌÒÇ-1221 ñ êóëüòèâàòîðîì ÊÑÓ-3 è ïðèñïîñî-
áëåíèåì äëÿ âíåñåíèÿ ìèíåðàëüíûõ óäîáðå-
íèé ñ èñïîëüçîâàíèåì ôóíêöèè çàòðàò è ïîòåðü 
ïîëó÷åíà îïòèìàëüíàÿ ïðîäîëæèòåëüíîñòü 
îáðàáîòêè ñòåðíè ñîñòàâëÿþùàÿ 8 äíåé. Ôóíê-
öèÿ çàòðàò è ïîòåðü îáëåã÷àåò ïðèíÿòèå ðå-
øåíèÿ ïðè âûáîðå àëüòåðíàòèâíûõ âàðèàíòîâ 
òåõíîëîãèé è ìàøèí.

Òàáëèöà 1

Èçìåíåíèÿ ñòîèìîñòè çàòðàò Ñç , ïîòåðü Ñï è çàòðàò è ïîòåðü Ñçï îò ïðîäîëæèòåëüíîñòè âûïîëíåíèÿ ðàáîò

Ïðîäîëæèòåëüíîñòü n 
âûïîëíåíèÿ ðàáîò, äíåé

Ñòîèìîñòü çàòðàò Ñ
ç
, 

òûñ. ðóá.
Ñòîèìîñòü ïîòåðü Ñ

ï
, 

òûñ.  ðóá.
Ñòîèìîñòü çàòðàò 

è ïîòåðü Ñ
çï

, òûñ. ðóá.

1 9220 8,91 9228,9
5 1844 222,8 2066,8

10 921,9 891,0 1812,9
15 612,8 2004,8 2617,6
20 460,9 3564,0 4024,9
25 368,8 5568,8 5937,5
30 309,1 8019,0 8328,1
8 1152,4 570,2 1722,6
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ÏÀÐÀÌÅÒÐÈ×ÅÑÊÀß ÎÏÒÈÌÈÇÀÖÈß 
ÊÐÈÂÎËÈÍÅÉÍÎÃÎ ÐÀÁÎ×ÅÃÎ ÎÐÃÀÍÀ 
ÄËß ÏÎÑËÎÉÍÎÉ ÁÅÇÎÒÂÀËÜÍÎÉ ÎÁÐÀÁÎÒÊÈ ÏÎ×ÂÛ

PARAMETRIC OPTIMIZATION OF THE CURVILINEAR 
WORKING ELEMENT FOR LAYERWISE SOIL-FREE 
TILLAGE

Äëÿ ýôôåêòèâíîãî ôóíêöèîíèðîâàíèÿ â óñëîâèÿõ íåäîñòàòî÷íîãî è íåóñòîé÷èâîãî óâëàæíåíèÿ þãà Ðîññèè ïî÷-
âîîáðàáàòûâàþùèå ìàøèíû ðàçðàáàòûâàþòñÿ íà îñíîâå áëî÷íî-ìîäóëüíîãî ïðèíöèïà ïîñòðîåíèÿ ñ ðàçëè÷íûìè 
ðàáî÷èìè îðãàíàìè ñî ñìåííûìè ýëåìåíòàìè. Âîçìîæíîñòü êîìáèíàöèè ñìåííûõ ýëåìåíòîâ çàëîæåíà â êîí-
ñòðóêöèè ðàáî÷åãî îðãàíà äëÿ ïîñëîéíîé áåçîòâàëüíîé îáðàáîòêè ïî÷âû. Äàííûé ðàáî÷èé îðãàí îñíàùàåòñÿ 
êðèâîëèíåéíûì, ïëîñêîðåçíûì ðûõëèòåëÿìè èëè ýëåìåíòàìè èç ïëàñòèêà. Êà÷åñòâåííûå ïîêàçàòåëè òåõíîëî-
ãè÷åñêîãî ïðîöåññà ïîñëîéíîé áåçîòâàëüíîé îáðàáîòêè ïî÷âû ðàáî÷åãî îðãàíà ñ êðèâîëèíåéíûì ðûõëèòåëåì 
ïî ñðàâíåíèþ ñ äðóãèìè äîñòèãàþò áîëåå âûñîêîãî óðîâíÿ: 97,4…98,5 % ôðàêöèé ðàçìåðîì äî 50 ìì; ðåçêîå 
ñíèæåíèå ñîäåðæàíèÿ ýðîçèîííî-îïàñíûõ ÷àñòèö â ïîâåðõíîñòíîì ñëîå äî 15,12…18,13 %. Çàòðàòû ýíåðãèè íà 
ôóíêöèîíèðîâàíèå ðàáî÷åãî îðãàíà ñ ýëåìåíòàìè èç ïëàñòèêà íà 6 % ìåíüøå, ÷åì ñ êðèâîëèíåéíûì ðûõëèòå-
ëåì. Öåëü èññëåäîâàíèÿ: ñíèæåíèå ýíåðãîçàòðàò çà ñ÷åò îïòèìèçàöèè ïàðàìåòðîâ ðàáî÷åãî îðãàíà ñ êðèâîëè-
íåéíûì ðûõëèòåëåì ïðè ñîõðàíåíèè êà÷åñòâà òåõíîëîãè÷åñêîãî ïðîöåññà ïîñëîéíîé áåçîòâàëüíîé îáðàáîòêè 
ïî÷âû. Ïðîâåäåíû ýêñïåðèìåíòàëüíûå èññëåäîâàíèÿ ïî òðåõôàêòîðíîìó ïëàíó Áîêñà äëÿ îïðåäåëåíèÿ ïàðàìå-
òðîâ ðàáî÷åãî îðãàíà ñ êðèâîëèíåéíûì ðûõëèòåëåì, îáåñïå÷èâàþùèì ñíèæåíèå ýíåðãîçàòðàò íà ïîñëîéíóþ 
áåçîòâàëüíóþ îáðàáîòêó ïî÷âû. Êðèòåðèåì îöåíêè âûáðàíî òÿãîâîå ñîïðîòèâëåíèå ðàáî÷åãî îðãàíà, îò êîòîðîãî 
íàïðÿìóþ çàâèñÿò ýíåðãîçàòðàòû íà âûïîëíåíèå òåõíîëîãè÷åñêîãî ïðîöåññà ïîñëîéíîé áåçîòâàëüíîé îáðàáîòêè 
ïî÷âû. Íàèáîëüøåå âëèÿíèå íà ðîñò òÿãîâîãî ñîïðîòèâëåíèÿ îêàçûâàåò óâåëè÷åíèå óãëà êðîøåíèÿ äîëîòà. Ñ 
ðîñòîì ñêîðîñòè íàáëþäàåòñÿ ñíèæåíèå òÿãîâîãî ñîïðîòèâëåíèÿ ñ ìåíüøåé èíòåíñèâíîñòüþ. Ýòî îáúÿñíÿåòñÿ 
ìåíåå ñóùåñòâåííûì âëèÿíèåì ñêîðîñòè ïåðåìåùåíèÿ ðàáî÷åãî îðãàíà íà åãî òÿãîâîå ñîïðîòèâëåíèå ïî ñðàâ-
íåíèþ ñî ñêîðîñòüþ ðàñïðîñòðàíåíèÿ âîëíû íàïðÿæåíèÿ. Ñ óâåëè÷åíèåì ãëóáèíû îáðàáîòêè ïî÷âû òÿãîâîå ñî-
ïðîòèâëåíèå âîçðàñòàåò. Ïðè ôèêñàöèè ñêîðîñòè ïåðåìåùåíèÿ ðàáî÷åãî îðãàíà íà óðîâíå 2,5 ì/ñ îïòèìàëüíîå 
çíà÷åíèå ãëóáèíû îáðàáîòêè ïî÷âû 28…29 ñì, óãëà êðîøåíèÿ äîëîòà 31…31,5 ãðàä. 
Êëþ÷åâûå ñëîâà: ïî÷âà, ðàáî÷èé îðãàí, ïîñëîéíàÿ áåçîòâàëüíàÿ îáðàáîòêà, êðèâîëèíåéíûé ðûõëèòåëü, ïàðàìå-
òðè÷åñêàÿ îïòèìèçàöèÿ.

For effective functioning in conditions of insufficient and unstable moistening of the south of Russia, tillage machines 
are developed on the basis of the block-modular construction principle with various working elements with replaceable 
elements. The possibility of a combination of replaceable elements is incorporated in the design of the working ele-
ment for layer-by-layer soil-free tillage. This working body is equipped with curved, planar rippers or plastic elements. 
Qualitative indices of the technological process of layer-by-layer soil-free tillage of the working body with a curvilinear 
ripper, in comparison with others, reach a higher level: 97,4...98,5 % of fractions up to 50 mm, a sharp decrease in the 
content of erosion-hazardous particles in the surface layer to 15,12...18,13 %. The energy consumption for the function-
ing of the working element with plastic elements is 6 % less than with the curved ripper. The purpose of the research 
øû åðó reduction of energy costs due to optimization of the parameters of the working body with a curved ripper while 
maintaining the quality of the technological process of layered soil-free tillage. Experimental studies on the three-factor 
Box plan for determining the parameters of the working body with a curvilinear ripper have been carried out, which 
ensures a reduction in energy costs for layer-by-layer soil-free tillage. The criterion for evaluation is the traction resist-
ance of the working body, on which the energy costs directly depend on the performance of the technological process 
of layer-by-layer soil-free tillage. The greatest influence on the growth of traction resistance is due to an increase in the 
crumbling bit angle of the barpoint. With increasing speed, a reduction in traction resistance with a lower intensity is 
observed. This is explained by the less significant effect of the speed of movement of the working member on its traction 
resistance in comparison with the propagation velocity of the stress wave. With an increase in the depth of cultivation of 
the soil, the traction resistance increases. When fixing the speed of moving the working element at a level of 2,5 m/s, the 
optimal value of the depth of tillage is 28...29 cm, the angle of crumbling of the bit is 31...31,5 degrees.
Keywords: soil, working element, layer-by-layer without-till treatment, curvilinear ripper, parametric optimization.
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Ââåäåíèå
Ãîñóäàðñòâåííîé ïðîãðàììîé ðàçâèòèÿ 

ñåëüñêîãî õîçÿéñòâà è ðåãóëèðîâàíèÿ ðûíêîâ 
ñåëüñêîõîçÿéñòâåííîé ïðîäóêöèè, ñûðüÿ è 
ïðîäîâîëüñòâèÿ íàìå÷åí ðÿä çàäà÷, ê êîòîðûì 
îòíîñèòñÿ âîñïðîèçâîäñòâî è ïîâûøåíèå ýô-
ôåêòèâíîñòè èñïîëüçîâàíèÿ çåìåëüíûõ ðåñóð-
ñîâ, ýêîëîãèçàöèÿ ïðîèçâîäñòâà, óâåëè÷åíèå 
îáúåìà ïðîèçâîäñòâà ïðîäóêöèè ðàñòåíèåâîä-
ñòâà íà îñíîâå ðîñòà óðîæàéíîñòè îñíîâíûõ 
âèäîâ ñ/õ êóëüòóð, îáåñïå÷åííîñòü ñåëüõîçòî-
âàðîïðîèçâîäèòåëåé ñîâðåìåííûìè âèäàìè 
ñåëüñêîõîçÿéñòâåííîé òåõíèêè, âíåäðåíèå èí-
íîâàöèîííûõ ðàçðàáîòîê òåõíîëîãèé [1–5] â 
ÀÏÊ â óñëîâèÿõ íåäîñòàòî÷íîãî è íåóñòîé÷è-
âîãî óâëàæíåíèÿ þãà Ðîññèè. 

Ýòî ïîçâîëèò îïðåäåëèòü íàïðàâëåíèÿ 
ïî ôîðìèðîâàíèþ êîìïëåêñà òåõíè÷åñêèõ 
ñðåäñòâ êà÷åñòâåííî íîâîãî ïîêîëåíèÿ [6], ïî-
çâîëÿþùèõ ïîâûñèòü ïðîèçâîäèòåëüíîñòü 
òðóäà è ýíåðãîýôôåêòèâíîñòü [7], íàäåæíîñòü 
ïðè ýêñïëóàòàöèè ìàøèí [8], óëó÷øèòü ïî-
êàçàòåëè òåõíîëîãè÷åñêîãî ïðîöåññà [9], ñîç-
äàòü áëàãîïðèÿòíûå óñëîâèÿ äëÿ ïðîèçâîäñòâà 
ñåëüñêîõîçÿéñòâåííîé ïðîäóêöèè è îáåñïå-
÷èòü åå êîíêóðåíòîñïîñîáíîñòü íà âíóòðåííåì 
è âíåøíåì ðûíêàõ. 

Âîçìîæåí ïåðåõîä îò èíòåíñèâíûõ òåõíîëî-
ãèé âîçäåëûâàíèÿ ñåëüñêîõîçÿéñòâåííûõ êóëü-
òóð íà òàê íàçûâàåìûå âûñîêèå òåõíîëîãèè, 
ðàññ÷èòàííûå íà äîñòèæåíèå óðîæàéíîñòè êóëü-
òóðû, áëèçêîé ê åå áèîëîãè÷åñêîìó ïîòåíöèàëó. 

Ðàçðàáàòûâàåìûå ïî÷âîîáðàáàòûâàþùèå 
ìàøèíû çà ñ÷åò áëî÷íî-ìîäóëüíîãî ïðèíöèïà 
ïîñòðîåíèÿ è êîìïëåêòîâàíèÿ èõ ðàçëè÷íûìè 
ðàáî÷èìè îðãàíàìè íà îñíîâå ñèíåðãèñòè÷å-
ñêîé êîìáèíàöèè ñìåííûõ ýëåìåíòîâ [10] ñïî-
ñîáíû âûïîëíÿòü òåõíîëîãè÷åñêèå îïåðàöèè 
â ðàçëè÷íûõ ïî÷âåííî-êëèìàòè÷åñêèõ óñëî-
âèÿõ, â òîì ÷èñëå â óñëîâèÿõ íåäîñòàòî÷íîãî 
è íåóñòîé÷èâîãî óâëàæíåíèÿ þæíûõ ðåãèîíîâ 
Ðîññèè. 

Âîçìîæíîñòü êîìáèíàöèè ñìåííûõ ýëåìåí-
òîâ çàëîæåíà â êîíñòðóêöèè ðàçðàáîòàííîãî 
ðàáî÷åãî îðãàíà äëÿ ïîñëîéíîé áåçîòâàëüíîé 
îáðàáîòêè ïî÷âû [11]. Ðàáî÷èé îðãàí äëÿ ïî-
ñëîéíîé áåçîòâàëüíîé îáðàáîòêè ïî÷âû îñíà-
ùàåòñÿ êðèâîëèíåéíûì, ïëîñêîðåçíûì ðûõëè-
òåëÿìè èëè ýëåìåíòàìè èç ïëàñòèêà. 

Â ðåçóëüòàòå ïðîâåäåííûõ ðàíåå èññëåäîâà-
íèé [11] óñòàíîâëåíî, ÷òî íàèìåíüøåå òÿãîâîå 
ñîïðîòèâëåíèå âîçíèêàåò ïðè ôóíêöèîíèðîâà-
íèè ðàáî÷åãî îðãàíà ñ ýëåìåíòàìè èç ïëàñòè-

êà. Ïðè ýòîì ðàçíèöà òÿãîâîãî ñîïðîòèâëåíèÿ 
(ðèñ. 1, à) è ðàáî÷åãî îðãàíà ñ êðèâîëèíåéíûì 
ðûõëèòåëåì (ðèñ. 1, á) íå ïðåâûøàåò 6 %. 

à 

á

Ðèñ. 1. Èññëåäóåìûå ðàáî÷èå îðãàíû: 
à – ñ ýëåìåíòàìè èç ïëàñòèêà; 

á – ñ ýëëèïòè÷åñêèì ðûõëèòåëåì

Îäíàêî êà÷åñòâåííûå ïîêàçàòåëè òåõíîëî-
ãè÷åñêîãî ïðîöåññà ïîñëîéíîé áåçîòâàëüíîé 
îáðàáîòêè ïî÷âû ðàáî÷åãî îðãàíà ñ êðèâîëè-
íåéíûì ðûõëèòåëåì äîñòèãàþò áîëåå âûñîêî-
ãî óðîâíÿ: 97,4...98,5 % ôðàêöèé ðàçìåðîì äî 
50 ìì; ðåçêîå ñíèæåíèå ñîäåðæàíèÿ ýðîçèîí-
íî-îïàñíûõ ÷àñòèö â ïîâåðõíîñòíîì ñëîå äî 
15,12...18,13 %. Ðàáî÷èé îðãàí ñ ýëåìåíòàìè èç 
ïëàñòèêà îáåñïå÷èâàåò ïîëó÷åíèå 82,0...84,8 % 
ôðàêöèé ðàçìåðîì äî 50 ìì è ñíèæåíèå íà 
2,95...3,41 % ñîäåðæàíèÿ ýðîçèîííî-îïàñíûõ 
÷àñòèö â ïîâåðõíîñòíîì ñëîå ïî÷âû [12].

Öåëü èññëåäîâàíèÿ
Öåëüþ èññëåäîâàíèÿ ÿâëÿåòñÿ ñíèæåíèå 

ýíåðãîçàòðàò çà ñ÷åò îïòèìèçàöèè ïàðàìåòðîâ 
ðàáî÷åãî îðãàíà ñ êðèâîëèíåéíûì ðûõëèòåëåì 



ISSN 0321-4443 Òðàêòîðû è ñåëüõîçìàøèíû, ¹ 3, 2018

Í
Î

Â
Û

Å
 Ì

À
Ø

È
Í

Û
 È

 Î
Á

Î
Ð

Ó
Ä

Î
Â

À
Í

È
Å

Ïàðõîìåíêî Ã.Ã.

14

ïðè ñîõðàíåíèè êà÷åñòâà òåõíîëîãè÷åñêîãî 
ïðîöåññà ïîñëîéíîé áåçîòâàëüíîé îáðàáîòêè 
ïî÷âû.

Ìàòåðèàëû è ìåòîäû èññëåäîâàíèÿ
Ïðîâåäåíû ýêñïåðèìåíòàëüíûå èññëåäîâà-

íèÿ ïî ïàðàìåòðè÷åñêîé îïòèìèçàöèè [13] ðà-
áî÷åãî îðãàíà ñ êðèâîëèíåéíûì ðûõëèòåëåì, 
îáåñïå÷èâàþùèì ñíèæåíèå ýíåðãîçàòðàò íà 
ïîñëîéíóþ áåçîòâàëüíóþ îáðàáîòêó ïî÷âû.

Îïòèìèçàöèÿ ïàðàìåòðîâ è ðåæèìîâ ôóíê-
öèîíèðîâàíèÿ ðàáî÷åãî îðãàíà äëÿ ïîñëîéíîé 
áåçîòâàëüíîé îáðàáîòêè ïî÷âû ïðåäóñìàòðè-
âàëà ïðîâåäåíèå ïîëåâûõ èññëåäîâàíèé. Ýêñïå-
ðèìåíòàëüíûå çíà÷åíèÿ èçìåðÿåìûõ âåëè÷èí 
ïîäâåðãàëè ñòàòèñòè÷åñêîé îáðàáîòêå â ñîîò-
âåòñòâèè ñ ÑÒÎ ÀÈÑÒ 1.17-2010 «Èñïûòàíèÿ 
ñåëüñêîõîçÿéñòâåííîé òåõíèêè è àãðîòåõíîëî-
ãèé. Ìåòîäû ñðàâíèòåëüíîé îöåíêè ñ èñïîëü-
çîâàíèåì ìíîãîôàêòîðíîãî êîððåëÿöèîííî-
ãî-ðåãðåññèâíîãî àíàëèçà»; ââåäåí 15.09.2011. 
(âçàìåí ÑÒÏ 13.046-80). 

Âàðüèðóåìûìè ôàêòîðàìè â ýêñïåðèìåíòå 
ïî òðåõôàêòîðíîìó ïëàíó Áîêñà áûëè âûáðà-
íû: ñêîðîñòü ïåðåìåùåíèÿ ðàáî÷åãî îðãàíà; 
ãëóáèíà îáðàáîòêè ïî÷âû; óãîë êðîøåíèÿ 
(âõîäà â ïî÷âó â ïîïåðå÷íî-âåðòèêàëüíîé ïëî-
ñêîñòè) äîëîòà. 

Ïðåäåëû èçìåíåíèÿ ýòèõ ôàêòîðîâ ïðåä-
ñòàâëåíû â òàáë. 1.

Óðîâíè ôàêòîðîâ âûáèðàëè òàêèì îáðàçîì, 
÷òîáû îïòèìàëüíûå èõ çíà÷åíèÿ, ðàññ÷èòàí-
íûå òåîðåòè÷åñêè è ó÷èòûâàþùèå ñóùåñòâóþ-
ùèå îãðàíè÷åíèÿ, ïîïàäàëè â öåíòð èíòåðâàëà 
âàðüèðîâàíèÿ.

Ìàêñèìàëüíûìè çíà÷åíèÿìè äëÿ ïåðâîãî 
ôàêòîðà ÿâëÿþòñÿ çíà÷åíèÿ ñêîðîñòè ïåðåìå-
ùåíèÿ ðàáî÷åãî îðãàíà îò 2 äî 3 ì/ñ, äëÿ âòîðî-
ãî ôàêòîðà – ìàêñèìàëüíîé ãëóáèíû îáðàáîòêè 
ïî÷âû îò 25 äî 35 ñì, òðåòüåãî – ìàêñèìàëüíîãî 
óãëà êðîøåíèÿ äîëîòà îò 30 äî 35 ãðàä.

Êðèòåðèåì îöåíêè (îòêëèêà) ÿâëÿåòñÿ òÿãî-
âîå óñèëèå ýíåðãîñðåäñòâà [14], çàòðà÷èâàåìîå 

Òàáëèöà 1
Ïðåäåëû èçìåíåíèÿ ôàêòîðîâ

Âàðüèðóåìûå â îïûòå ôàêòîðû Êîäèðîâàííûå îáîçíà÷åíèÿ 
ôàêòîðîâ

Ïðåäåëû èçìåíåíèÿ

–1 0 +1

Ñêîðîñòü ïåðåìåùåíèÿ ðàáî÷åãî îðãàíà, ì/ñ Õ
1

2 2,5 3

Ãëóáèíà îáðàáîòêè ïî÷âû, ñì Õ
2

25 30 35

Óãîë êðîøåíèÿ äîëîòà, ãðàä. Õ
3

30 32,5 35

Òàáëèöà 2
Ïëàí ýêñïåðèìåíòà è âûõîäíûå ïàðàìåòðû îïûòîâ

№
îïûòà

Ìàòðèöà 
ïëàíèðîâàíèÿ Íàòóðàëüíûå çíà÷åíèÿ ïåðåìåííûõ

Âûõîäíûå 
ïàðàìåòðû (òÿãîâîå 
ñîïðîòèâëåíèå), êÍÕ

1
Õ

2
Õ

3

Ñêîðîñòü 
ïåðåìåùåíèÿ 

ðàáî÷åãî îðãàíà, ì/ñ

Ãëóáèíà 
 îáðàáîòêè 
ïî÷âû, ñì

Óãîë êðîøåíèÿ 
äîëîòà, ãðàä.

1 +1 +1 0 3 35 32,5 6,5
2 +1 –1 0 3 25 32,5 7,2
3 –1 +1 0 2 35 32,5 9,1
4 –1 –1 0 2 25 32,5 7,4
5 0 0 0 2,5 30 32,5 5,2
6 +1 0 +1 3 30 35 7,2
7 +1 0 –1 3 30 30 6,3
8 –1 0 +1 2 30 35 9,1
9 –1 0 –1 2 30 30 6,9

10 0 0 0 2,5 30 32,5 8,2
11 0 +1 +1 2,5 35 35 10,1
12 0 +1 –1 2,5 35 30 7,3
13 0 –1 +1 2,5 25 35 8,1
14 0 –1 –1 2,5 25 30 7,2
15 0 0 0 2,5 30 32,5 6,3
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íà ïðåîäîëåíèå ñèëû ñîïðîòèâëåíèÿ ïî÷âû, 
äåéñòâóþùåé íà ðàáî÷èé îðãàí (òÿãîâîå ñîïðî-
òèâëåíèå ðàáî÷åãî îðãàíà). Îò âåëè÷èíû òÿãî-
âîãî ñîïðîòèâëåíèÿ íàïðÿìóþ çàâèñÿò ýíåð-
ãîçàòðàòû íà âûïîëíåíèå òåõíîëîãè÷åñêîãî 
ïðîöåññà ïîñëîéíîé áåçîòâàëüíîé îáðàáîòêè 
ïî÷âû. Ïîýòîìó íåîáõîäèìî ïîäîáðàòü ðàöèî-
íàëüíûå çíà÷åíèÿ ôàêòîðîâ, îáåñïå÷èâàþùèõ 
ìèíèìàëüíîå òÿãîâîå ñîïðîòèâëåíèå.

Ïëàí ýêñïåðèìåíòà è âûõîäíûå ïàðàìåòðû 
îïûòîâ ïðåäñòàâëåíû â òàáë. 2. 

Ðåçóëüòàòû è èõ îáñóæäåíèå
Â ðåçóëüòàòå èññëåäîâàíèé âëèÿíèÿ ñêîðî-

ñòè ïåðåìåùåíèÿ ðàáî÷åãî îðãàíà, ãëóáèíû 
îáðàáîòêè ïî÷âû, óãëà êðîøåíèÿ äîëîòà íà òÿ-
ãîâîå ñîïðîòèâëåíèå ïîëó÷åíî ðåãðåññèîííîå 
óðàâíåíèå â êîäèðîâàííûõ îáîçíà÷åíèÿõ:

Y = 2,252 – 0,663Õ
1
 + 0,378Õ

2
 + 0,85Õ

3
 – 

– 0,6Õ
1
Õ

2
 + 0,325Õ

1
Õ

3
 + 0,475Õ

2
Õ

3
 – 

– 0,092 2
1X  + 0,089 2

2X + 0,71 2
3X .

Ïðîâåðêà àäåêâàòíîñòè ìàòåìàòè÷åñêîé 
ìîäåëè ïîêàçàëà, ÷òî ïî êðèòåðèþ Ôèøåðà 
(F = 8,16 < F

òàá
 = 9,55) óðàâíåíèå ìàòåìàòè-

÷åñêîé ìîäåëè ÿâëÿåòñÿ àäåêâàòíûì. Ìîäåëü 
ïðèìåíèìà äëÿ ðåøåíèÿ íàó÷íî-èññëåäîâà-
òåëüñêèõ çàäà÷. 

Àíàëèç âëèÿíèÿ ôàêòîðîâ íà êðèòåðèé îï-
òèìèçàöèè ïî óðàâíåíèþ ðåãðåññèè âûÿâèë 
ñëåäóþùåå.

Óãîë êðîøåíèÿ äîëîòà ðàáî÷åãî îðãàíà (Õ
3
) 

îêàçûâàåò íàèáîëåå ñèëüíîå âëèÿíèå. Ýòîò 
ôàêòîð èìååò íàèáîëüøèé êîýôôèöèåíò ïðè 
Õ

3
 â óðàâíåíèè ðåãðåññèè, à çíàê «ïëþñ» ó êî-

ýôôèöèåíòà, õàðàêòåðèçóþùåãî âëèÿíèå äàí-
íîãî ôàêòîðà, óêàçûâàåò íà óâåëè÷åíèå êðèòå-
ðèÿ îïòèìèçàöèè.

Ìåíüøåå âëèÿíèå íà êðèòåðèé îïòèìèçà-
öèè îêàçûâàåò ñêîðîñòü ïåðåìåùåíèÿ ðàáî÷åãî 
îðãàíà (Õ

1
). Çíàê «ìèíóñ» ó êîýôôèöèåíòà ïðè 

Õ
1
, õàðàêòåðèçóþùåãî âëèÿíèå äàííîãî ôàêòîðà, 

óêàçûâàåò íà òî, ÷òî ñ ðîñòîì åãî çíà÷åíèÿ ïðî-
èñõîäèò óìåíüøåíèå êðèòåðèÿ îïòèìèçàöèè. 

Õàðàêòåð âëèÿíèÿ ãëóáèíû îáðàáîòêè 
ïî÷âû ðàáî÷èì îðãàíîì (Õ

2
) ïîêàçûâàåò, ÷òî ñ 

óâåëè÷åíèåì åãî çíà÷åíèÿ ïðîèñõîäèò ðîñò òÿ-
ãîâîãî ñîïðîòèâëåíèÿ.

 Âëèÿíèå ñêîðîñòè ïåðåìåùåíèÿ ðàáî÷åãî 
îðãàíà è ãëóáèíû îáðàáîòêè ïî÷âû íà èçìåíå-
íèå òÿãîâîãî ñîïðîòèâëåíèÿ ïðåäñòàâëåíî íà 
ðèñ. 2.

Ïðè ôèêñàöèè çíà÷åíèÿ óãëà âõîäà â ïî÷âó 
äîëîòà ðàáî÷åãî îðãàíà íà óðîâíå 32,5 ãðàäó-
ñà êðèòåðèé îïòèìèçàöèè ïîñëåäîâàòåëüíî 
óìåíüøàåòñÿ ñ óâåëè÷åíèåì ñêîðîñòè â ïðåäå-
ëàõ åå âàðüèðîâàíèÿ â îïûòå. Íàèìåíüøåå çíà-
÷åíèå êðèòåðèé îïòèìèçàöèè äîñòèãàåò ïðè 
ãëóáèíå îáðàáîòêè ïî÷âû îò 30 äî 31,5 ñì.

Âëèÿíèå óãëà âõîäà â ïî÷âó äîëîòà ðàáî÷åãî 
îðãàíà è ãëóáèíû îáðàáîòêè ïî÷âû íà èçìåíå-
íèå òÿãîâîãî ñîïðîòèâëåíèÿ ïðåäñòàâëåíî íà 
ðèñ. 3.

Ðèñ. 2. Ïîâåðõíîñòü îòêëèêà òÿãîâîãî ñîïðîòèâëåíèÿ 
ïðè èçìåíåíèè ãëóáèíû îáðàáîòêè ïî÷âû è ñêîðîñòè 

ðàáî÷åãî îðãàíà ñ êðèâîëèíåéíûì ðûõëèòåëåì

Ðèñ. 3. Ïîâåðõíîñòü îòêëèêà òÿãîâîãî ñîïðîòèâëåíèÿ 
ïðè èçìåíåíèè ãëóáèíû îáðàáîòêè è óãëà 

êðîøåíèÿ äîëîòà ðàáî÷åãî îðãàíà 
ñ êðèâîëèíåéíûì ðûõëèòåëåì 

Ïðè ôèêñàöèè çíà÷åíèÿ ñêîðîñòè ïåðåìåùå-
íèÿ ðàáî÷åãî îðãàíà íà óðîâíå 2,5 ì/ñ ïîëó÷å-
íî îïòèìàëüíîå çíà÷åíèå ãëóáèíû îáðàáîòêè 
ïî÷âû (îò 28 äî 29 ñì) è óãëà êðîøåíèÿ äîëîòà 
(îò 31 äî 31,5 ãðàä.). 
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Âëèÿíèå èçìåíåíèÿ óãëà âõîäà â ïî÷âó 
äîëîòà ðàáî÷åãî îðãàíà è ñêîðîñòè ïåðåìåùå-
íèÿ ðàáî÷åãî îðãàíà íà òÿãîâîå ñîïðîòèâëåíèå 
ïðåäñòàâëåíî íà ðèñ. 4.

 

Ðèñ. 4. Ïîâåðõíîñòü îòêëèêà òÿãîâîãî ñîïðîòèâëåíèÿ 
ïðè èçìåíåíèè ñêîðîñòè è óãëà âõîäà â ïî÷âó äîëîòà 

ðàáî÷åãî îðãàíà ñ êðèâîëèíåéíûì ðûõëèòåëåì 

Ïðè ôèêñàöèè çíà÷åíèÿ ãëóáèíû îáðàáîòêè 
ïî÷âû ðàáî÷èì îðãàíîì íà óðîâíå 30 ñì êðè-
òåðèé îïòèìèçàöèè ïîñëåäîâàòåëüíî óìåíü-
øàåòñÿ ñ óâåëè÷åíèåì ñêîðîñòè â ïðåäåëàõ åå 
âàðüèðîâàíèÿ â îïûòå. Íàèìåíüøåå çíà÷åíèå 
êðèòåðèé îïòèìèçàöèè äîñòèãàåò ïðè óãëå êðî-
øåíèÿ äîëîòà ðàáî÷åãî îðãàíà îò 31 äî 31,5 ãðàä. 
Îïòèìàëüíûé óãîë êðîøåíèÿ äîëîòà ðàáî÷åãî 
îðãàíà ñîñòàâëÿåò îò 31 äî 31,5 ãðàä è ïðè ãëó-
áèíå îáðàáîòêè ïî÷âû îò 28 äî 29 ñì çàôèêñèðî-
âàíî îïòèìàëüíîå òÿãîâîå ñîïðîòèâëåíèå. 

Â ðåçóëüòàòå ïðîâåäåííîãî àíàëèçà ýêñïå-
ðèìåíòàëüíûõ äàííûõ áûëî âûÿâëåíî ñíèæå-
íèå òÿãîâîãî ñîïðîòèâëåíèÿ ñ óâåëè÷åíèåì 
ñêîðîñòè, ÷òî ïîäòâåðæäàþò ïðåäûäóùèå èñ-
ñëåäîâàíèÿ [11] (ðèñ. 5). Öèôðàìè íà ðèñóíêå 
óêàçàíû çíà÷åíèÿ òÿãîâîãî ñîïðîòèâëåíèÿ.

Ñíèæåíèå òÿãîâîãî ñîïðîòèâëåíèÿ ñ óâåëè-
÷åíèåì ñêîðîñòè ìîæíî îáúÿñíèòü õàðàêòåðîì 
âçàèìîäåéñòâèÿ ðàáî÷åãî îðãàíà ñ ïî÷âîé â ñî-
îòâåòñòâèè ñ êîíñòðóêöèåé êðèâîëèíåéíûõ 
ñòîéêè è ðûõëèòåëÿ, êîòîðûå ïðè êðîøåíèè 
ïëàñòà çà ñ÷åò ôîðìû ñïîñîáñòâóþò âîçíèêíî-
âåíèþ ðàçíîíàïðàâëåííûõ äåôîðìàöèé, â òîì 
÷èñëå íàèìåíåå ýíåðãîåìêèõ (ðàñòÿæåíèÿ). 
Ïðè îïòèìàëüíîì óãëå êðîøåíèÿ íàáëþäàåò-
ñÿ äîñòàòî÷íûé ïîäïîð ïëàñòà, îòñóòñòâóåò 
ïðîöåññ ñãðóæèâàíèÿ ïî÷âû ïåðåä ðàáî÷èì 
îðãàíîì [15], ìîùíîñòü ýíåðãîñðåäñòâà íå ðàñ-
õîäóåòñÿ íà ïåðåìåùåíèå ïðèçìû âîëî÷åíèÿ, è 
òÿãîâîå ñîïðîòèâëåíèå ñíèæàåòñÿ.

Ñíèæåíèå òÿãîâîãî ñîïðîòèâëåíèÿ ñ ðîñòîì 
ñêîðîñòè ïðè áëîêèðîâàííîì ðåçàíèè, êîòî-
ðîå âîçíèêàåò ïðè âçàèìîäåéñòâèè äîëîòà ñ 
ïî÷âîé â ïîäïàõîòíîì ñëîå ïðè äîñòèæåíèè 
êðèòè÷åñêîé ãëóáèíû ðåçàíèÿ, ïîäòâåðæäåíî 
èññëåäîâàíèÿìè Â.È. Ïûíäàêà, À.Å. Íîâèêîâà. 
Ñæàòèå â óñëîâèÿõ áëîêèðîâàííîãî ðåçàíèÿ 
íîñèò öèêëè÷åñêèé õàðàêòåð, ñîïðîâîæäàþ-
ùèéñÿ ñìåùåíèåì ïëàñòà ââåðõ ïî ïîâåðõíî-
ñòè íàêëîííîãî äîëîòà. Ïðè ýòîì îò íàãðóæåí-
íûõ è ïåðåóïëîòíåííûõ ôðàãìåíòîâ ïî÷âû 
ðàñïðîñòðàíÿþòñÿ âîëíû íàïðÿæåíèé è äåôîð-
ìàöèé – ñîçäàåòñÿ âèáðàöèîííîå âîçäåéñòâèå 
íà ïî÷âó. Ñêîðîñòü ðàñïðîñòðàíåíèÿ âîëíû íà-
ïðÿæåíèÿ íàïðÿìóþ çàâèñèò îò ìîäóëÿ óïðó-
ãîñòè, êîòîðûé ïðè âûñîêîé óïëîòíåíîñòè è 
òâåðäîñòè ïîäïàõîòíûõ ñëîåâ ïî÷âû ðåçêî âîç-
ðàñòàåò è ñîèçìåðÿåòñÿ ñî ñêîðîñòüþ çâóêà. 
Ýòî îáúÿñíÿåò íåñóùåñòâåííîå âëèÿíèå ñêîðî-
ñòè ïåðåìåùåíèÿ ðàáî÷åãî îðãàíà íà åãî òÿãî-
âîå ñîïðîòèâëåíèå ïî ñðàâíåíèþ ñî ñêîðîñòüþ 
ðàñïðîñòðàíåíèÿ âîëíû íàïðÿæåíèÿ [16]. Ïðè 
âèáðàöèîííîì âîçäåéñòâèè óãîë âíóòðåííåãî 
òðåíèÿ ïåðèîäè÷åñêè ñòðåìèòñÿ ê íóëþ è ïðè 
îïðåäåëåííîì óãëå êðîøåíèÿ äîëîòà ðàáî÷å-
ãî îðãàíà ðàçðóøåíèå ïëàñòà ïðîèñõîäèò ïîä 
óãëîì ñêîëà, ñîâïàäàþùèì ñ íàïðàâëåíèåì 
íàèìåíüøåãî ñîïðîòèâëåíèÿ ïî÷âû.

Èññëåäóåìûé ðàáî÷èé îðãàí ðàçðàáîòàí íà 
îñíîâå ÷èçåëüíîãî ñ ðûõëèòåëåì äëÿ ìåëêîé 
îáðàáîòêè ïî÷âû, ðàñïîëîæåííûì â âåðõíåé 
÷àñòè ñòîéêè. Èç àíàëèçà ôîðìóëû Ãîðÿ÷êèíà 
ñëåäóåò, ÷òî ïðè óìåíüøåíèè îáðàáàòûâàåìîé 
ïëîùàäè â ïîïåðå÷íîì ñå÷åíèè ïðè èñïîëüçî-
âàíèè ÷èçåëÿ, ôóíêöèîíèðóþùåãî ñ íåäîðåçîì 

Ðèñ. 5. Ñå÷åíèå ïîâåðõíîñòè îòêëèêà ïðè èçìåíåíèè 
óãëà êðîøåíèÿ äîëîòà è ñêîðîñòè ïåðåìåùåíèÿ 
ðàáî÷åãî îðãàíà ñ ýëåìåíòàìè èç ïëàñòèêà [11]



Ïàðàìåòðè÷åñêàÿ îïòèìèçàöèÿ êðèâîëèíåéíîãî ðàáî÷åãî îðãàíà äëÿ ïîñëîéíîé áåçîòâàëüíîé îáðàáîòêè ïî÷âû

ISSN 0321-4443 Òðàêòîðû è ñåëüõîçìàøèíû, ¹ 3, 2018

Í
Î

Â
Û

Å
 Ì

À
Ø

È
Í

Û
 È

 Î
Á

Î
Ð

Ó
Ä

Î
Â

À
Í

È
Å

17

ïëàñòà ïî øèðèíå çàõâàòà ìàøèíû, à òàêæå 
ïðè èçìåíåíèè êîýôôèöèåíòîâ, õàðàêòåðèçóþ-
ùèõ ñîïðîòèâëåíèå äåôîðìàöèÿì ðàñòÿæåíèÿ, 
óâåëè÷åíèå ñêîðîñòè ðàáî÷åãî îðãàíà ñ êðè-
âîëèíåéíûìè ñòîéêîé è ðûõëèòåëåì íå ïðè-
âîäèò ê ïîâûøåíèþ òÿãîâîãî ñîïðîòèâëåíèÿ, 
à ïðè îïòèìàëüíûõ ïàðàìåòðàõ äàæå ñïîñîá-
ñòâóåò åãî ñíèæåíèþ.

Ñíèæåíèå òÿãîâîãî ñîïðîòèâëåíèÿ ïðè óâå-
ëè÷åíèè ñêîðîñòè ðàáî÷åãî îðãàíà ñ ýëåìåí-
òàìè èç ïëàñòèêà îáúÿñíÿåòñÿ óìåíüøåíèåì 
ïåðâîé ñîñòàâëÿþùåé ôîðìóëû Ãîðÿ÷êèíà çà 
ñ÷åò ïîëîæèòåëüíûõ ñâîéñòâ èñïîëüçóåìî-
ãî âûñîêîìîëåêóëÿðíîãî ïîëèýòèëåíà íèçêîé 
ïëîòíîñòè, âûðàæåííûõ â çíà÷èòåëüíîì óìåíü-
øåíèè ìàññû êîíñòðóêöèè è êîýôôèöèåíòà 
âíåøíåãî òðåíèÿ.

Ñëåäóåò îòìåòèòü, ÷òî óñëîâèÿ ïðîâåäåíèÿ 
ýêñïåðèìåíòàëüíûõ èññëåäîâàíèé [12] õàðàê-
òåðèçîâàëèñü ýêñòðåìàëüíîé òâåðäîñòüþ íà 
ãëóáèíå áîëåå 25 ñì (7,49 ÌÏà ïðè äîïóñêàå-
ìîé 4 ÌÏà). Ïîýòîìó íåîáõîäèìî ïðîäîëæèòü 
èññëåäîâàíèÿ ïðè ðàçëè÷íûõ óñëîâèÿõ ôóíê-
öèîíèðîâàíèÿ äëÿ ïîäòâåðæäåíèÿ âûäâèíó-
òîé ãèïîòåçû î ìåíåå ñóùåñòâåííîì âëèÿíèè 
ñêîðîñòè ïåðåìåùåíèÿ ðàáî÷åãî îðãàíà íà åãî 
òÿãîâîå ñîïðîòèâëåíèå (ïî ñðàâíåíèþ ñî ñêî-
ðîñòüþ ðàñïðîñòðàíåíèÿ âîëíû íàïðÿæåíèÿ).

Çàêëþ÷åíèå
Â ðåçóëüòàòå ýêñïåðèìåíòàëüíûõ èññëå-

äîâàíèé ïî òðåõôàêòîðíîìó ïëàíó Áîêñà ïî 
êðèòåðèþ ìèíèìóìà òÿãîâîãî ñîïðîòèâëåíèÿ 
îïðåäåëåíû ïàðàìåòðû ðàáî÷åãî îðãàíà ñ êðè-
âîëèíåéíûì ðûõëèòåëåì, îáåñïå÷èâàþùèì 
ñíèæåíèå ýíåðãîçàòðàò íà ïîñëîéíóþ áåçîò-
âàëüíóþ îáðàáîòêó ïî÷âû: ïðè ôèêñàöèè çíà-
÷åíèÿ ñêîðîñòè ïåðåìåùåíèÿ ðàáî÷åãî îðãàíà 
íà óðîâíå 2,5 ì/ñ ïîëó÷åíî îïòèìàëüíîå çíà÷å-
íèå ãëóáèíû îáðàáîòêè ïî÷âû (îò 28 äî 29 ñì) 
è óãëà êðîøåíèÿ äîëîòà (îò 31 äî 31,5 ãðàä.). 

Ëèòåðàòóðà
1. Ïàõîìîâ Â.È., Ðûêîâ Â.Á., Êàìáóëîâ Ñ.È. Ðå-

çóëüòàòû ñðàâíèòåëüíîé îöåíêè ìåõàíèçèðîâàí-
íûõ òåõíîëîãèé âîçäåëûâàíèÿ çåðíîâûõ êóëü-
òóð // Çåðíîâîå õîçÿéñòâî Ðîññèè. 2016. № 1. 
Ñ. 58–62.

2. Àëàáóøåâ À.Â., Ñóõàðåâ À.À., Ïîïîâ À.Ñ., Êàì-
áóëîâ Ñ.È., Í.Ã. ßíêîâñêèé, Îâñÿííèêîâà Ã.Â. 
Ìèíèìèçàöèÿ îáðàáîòêè ïî÷âû ïîä ïðîïàøíûå 
êóëüòóðû è èõ ïðîäóêòèâíîñòü // Àãðàðíàÿ íàóêà 
Åâðî-Ñåâåðî-Âîñòîêà. 2016. № 6 (55). Ñ. 30–33.

3. Ïàõîìîâ Â.È., Ðûêîâ Â.Á., Êàìáóëîâ Ñ.È., Øåâ-
÷åíêî Í.Â., Ðåâÿêèí Å.Ë. Îïûò âîçäåëûâàíèÿ 
îçèìîé ïøåíèöû â óñëîâèÿõ íåäîñòàòî÷íîãî óâ-
ëàæíåíèÿ. Ì.: Ðîñèíôîðìàãðîòåõ, 2015. 160 ñ.

4. Àëàáóøåâ À.Â., Ñóõàðåâ À.À., Ïîïîâ À.Ñ., 
Êàìáóëîâ Ñ.È., Ëîãâèíîâ À.ß. Èçìåíåíèå ïðî-
äóêòèâíîñòè ñåëüñêîõîçÿéñòâåííûõ êóëüòóð 
ïîä âîçäåéñòâèåì îäíîòèïíûõ ñïîñîáîâ îñíîâ-
íîé îáðàáîòêè ïî÷âû // Çåìëåäåëèå. 2015. № 8. 
Ñ. 25–28.

5. ßíêîâñêèé Í.Ã., Àëàáóøåâ À.Â., Æèäêîâ Ã.À., 
Êàìáóëîâ Ñ.È., Ñóõàðåâ À.À. Ñîâåðøåíñòâîâà-
íèå îñíîâíûõ ýëåìåíòîâ òåõíîëîãèè âîçäåëûâàíèÿ 
îçèìîé ïøåíèöû. Ðîñòîâ-íà-Äîíó, 2011. 174 ñ.

6. Tverdohlebov S.A., Parkhomenko G.G. Research 
of the new generation chisel plow // Mechanization 
in agriculture. 2017. № 1. Ñ. 33–36.

7. Ïàðõîìåíêî Ñ.Ã., Ïàðõîìåíêî Ã.Ã. Ïîâûøåíèå 
ýíåðãîýôôåêòèâíîñòè ìîáèëüíûõ ïî÷âîîáðàáà-
òûâàþùèõ àãðåãàòîâ // Èííîâàöèè â ñåëüñêîì õî-
çÿéñòâå. 2016. № 3 (18). Ñ. 40–47.

8. Ïàðõîìåíêî Ã.Ã., Ïàðõîìåíêî Ñ.Ã. Ïîâûøåíèå 
ýêñïëóàòàöèîííîé íàäåæíîñòè ÑÀÐ ïî÷âîîáðà-
áàòûâàþùèõ ìàøèí // Òðóäû ÃÎÑÍÈÒÈ. 2016. 
Ò. 122. Ñ. 87–91.

9. Ïàðõîìåíêî Ã.Ã., Ïàðõîìåíêî Ñ.Ã. Îïòèìèçà-
öèÿ ïîêàçàòåëåé òåõíîëîãè÷åñêèõ ïðîöåññîâ 
ñåëüñêîõîçÿéñòâåííîãî ïðîèçâîäñòâà â ðàñòåíè-
åâîäñòâå // Õðàíåíèå è ïåðåðàáîòêà çåðíà. 2017. 
№ 1 (209). Ñ. 55–60.

10. Ïàðõîìåíêî Ñ.Ã., Ïàðõîìåíêî Ã.Ã. Ìîäåëèðî-
âàíèå ñëåäÿùèõ ñèñòåì ïî÷âîîáðàáàòûâàþùèõ 
àãðåãàòîâ // Òðàêòîðû è ñåëüõîçìàøèíû. 2017. 
№ 1. Ñ. 22–31.

11. Ïàðõîìåíêî Ã.Ã., Áîæêî È.Â., Ãðîìàêîâ À.Â., 
Ïàõîìîâ Â.È. Èñïîëüçîâàíèå ïëàñòèêà â êîí-
ñòðóêöèÿõ ïî÷âîîáðàáàòûâàþùèõ ðàáî÷èõ îð-
ãàíîâ äëÿ ïîñëîéíîé áåçîòâàëüíîé îáðàáîòêè 
ïî÷âû // Òðàêòîðû è ñåëüõîçìàøèíû. 2017. № 8. 
Ñ. 8–15.

12. Ïàðõîìåíêî Ã.Ã., Ñåìåíèõèíà Þ.À., Ãðîìàêîâ 
À.Â., Áîæêî È.Â. Àíàëèç àãðîòåõíè÷åñêèõ ïî-
êàçàòåëåé ðàáî÷èõ îðãàíîâ äëÿ ïîñëîéíîé áåçîò-
âàëüíîé îáðàáîòêè ïî÷âû // Òðàêòîðû è ñåëüõîç-
ìàøèíû. 2017. № 5. Ñ. 32–38.

13. Ïàðõîìåíêî Ñ.Ã., Ïàðõîìåíêî Ã.Ã. Ïàðàìåòðè÷å-
ñêàÿ îïòèìèçàöèÿ êîìáèíèðîâàííîé ñëåäÿùå-ñè-
ëîâîé ñèñòåìû àâòîìàòè÷åñêîãî ðåãóëèðîâàíèÿ 
ïàõîòíîãî àãðåãàòà // Ïîâûøåíèå ýôôåêòèâíî-
ñòè èñïîëüçîâàíèÿ ðåñóðñîâ ïðè ïðîèçâîäñòâå 
ñåëüñêîõîçÿéñòâåííîé ïðîäóêöèè – íîâûå òåõíî-
ëîãèè è òåõíèêà íîâîãî ïîêîëåíèÿ äëÿ ðàñòåíè-
åâîäñòâà è æèâîòíîâîäñòâà: ñáîðíèê íàó÷íûõ äî-



ISSN 0321-4443 Òðàêòîðû è ñåëüõîçìàøèíû, ¹ 3, 2018

Í
Î

Â
Û

Å
 Ì

À
Ø

È
Í

Û
 È

 Î
Á

Î
Ð

Ó
Ä

Î
Â

À
Í

È
Å

Ïàðõîìåíêî Ã.Ã.

18

êëàäîâ Ìåæäóíàð. íàó÷íî-ïðàêò. êîíô. Òàìáîâ. 
2015. Ñ. 18–22. 

14. Ïàðõîìåíêî Ñ.Ã., Ïàðõîìåíêî Ã.Ã. Èçìåðåíèå 
ñèëû òÿãè íà êðþêå òðàêòîðà â àãðåãàòå ñ íàâåñ-
íîé ñåëüñêîõîçÿéñòâåííîé ìàøèíîé // Òðàêòîðû 
è ñåëüõîçìàøèíû. 2016. № 4. Ñ. 15–19.

15. Ïàðõîìåíêî Ã.Ã., Ùèðîâ Â.Í. Òåîðèÿ ãëóáîêî-
ðûõëèòåëÿ: Ðàñ÷åò âçàèìîäåéñòâèÿ ðàáî÷èõ îðãà-
íîâ ñ ïî÷âîé â çàñóøëèâûõ óñëîâèÿõ. Saarbrücken: 
LAP LAMBERT Academic Publishing, 2013. 78 ñ. 

16. Ïûíäàê Â.È., Íîâèêîâ À.Å. Ýíåðãîýôôåêòèâ-
íîñòü ãëóáîêîãî ÷èçåëåâàíèÿ ïî÷âû // Èçâåñòèÿ 
Íèæíåâîëæñêîãî àãðîóíèâåðñèòåòñêîãî êîì-
ïëåêñà. 2013. № 4 (32). Ðåæèì äîñòóïà: https://
cyberleninka.ru/article/n/energoeffektivnost-
glubokogo-chizelevaniya-pochvy (äàòà îáðàùåíèÿ 
26.01.2018).

Ref erences
1. Pahomov V.I., Rykov V.B., Kambulov S.I. The re-

sults of the comparative evaluation of mechanized 
technologies for the cultivation of cereals. Zernovoe 
hozyajstvo Rossii. 2016. No 1, pp. 58–62 (in Russ.).

2. Alabushev A.V., Suharev A.A., Popov A.S., Kam-
bulov S.I., YAnkovskij N.G., Ovsyannikova G.V. 
Minimization of soil cultivation for tilled crops 
and its productivity. Agrarnaya nauka Evro-Seve-
ro-Vostoka. 2016. No 6 (55), pp. 30–33 (in Russ.).

3. Pahomov V.I., Rykov V.B., Kambulov S.I., 
SHevchenko N.V., Revyakin E.L. Opyt vozdely-
vaniya ozimoj pshenicy v usloviyah nedostatochno-
go uvlazhneniya [The experience of cultivation of 
winter wheat in conditions of insufficient moisture]. 
Moscow: Rosinformagrotekh Publ., 2015. 160 p.

4. Alabushev A.V., Suharev A.A., Popov A.S., Kam-
bulov S.I., Logvinov A.YA. Change in the produc-
tivity of agricultural crops under the influence of the 
same type of basic tillage. Zemledelie. 2015. No 8, 
pp. 25–28 (in Russ.).

5. YAnkovskij N.G., Alabushev A.V., ZHidkov G.A., 
Kambulov S.I., Suharev A.A. Sovershenstvovanie 
osnovnyh ehlementov tekhnologii vozdelyvaniya 
ozimoj pshenicy [Improvement of the main ele-
ments of the technology of winter wheat cultiva-
tion]. Rostov-na-Donu, 2011. 174 p.

6. Tverdohlebov S.A., Parkhomenko G.G. Research 
of the new generation chisel plow. Mechanization 
in agriculture. 2017. No 1, pp. 33–36.

7. Parhomenko S.G., Parhomenko G.G. Increase in 
energy efficiency of mobile tillage units. Innovacii 
v sel’skom hozyajstve. 2016. No 3 (18), pp. 40–47 
(in Russ.).

8. Parhomenko G.G., Parhomenko S.G. Increasing 
the operational safety of systems of automatic reg-
ulation tillage machines. Trudy GOSNITI. 2016. 
Vol. 122, pp. 87–91 (in Russ.).

9. Parhomenko G.G., Parhomenko S.G. Optimization 
of indicators of technological processes of agricultur-
al production in plant growing. Hranenie i pererabot-
ka zerna. 2017. No 1 (209), pp. 55–60 (in Russ.).

10. Parhomenko S.G., Parhomenko G.G. Modeling of 
tracking systems of tillage units. Traktory i sel’hoz-
mashiny. 2017. No 1, pp. 22–31 (in Russ.).

11. Parhomenko G.G., Bozhko I.V., Gromakov A.V., 
Pahomov V.I. The use of plastics in the construction 
of soil-working tools for layer-by-layer wasteless 
tillage. Traktory i sel’hozmashiny. 2017. No 8, pp. 
8–15 (in Russ.).

12. Parhomenko G.G., Semenihina YU.A., Gromak-
ov A.V., Bozhko I.V. Analysis of agrotechnical in-
dicators of working bodies for layer-by-layer ubsur-
face tillage. Traktory i sel’hozmashiny. 2017. No 5, 
pp. 32–38 (in Russ.).

13. Parhomenko S.G., Parhomenko G.G. Parametric 
optimization of the combined tracking-power auto-
matic regulation system of arable unit. Povyshenie 
ehffektivnosti ispol’zovaniya resursov pri proiz-
vodstve sel’skohozyajstvennoj produkcii – novye 
tekhnologii i tekhnika novogo pokoleniya dlya 
rastenievodstva i zhivotnovodstva: sbornik nauch-
nyh dokladov Mezhdunar. nauchno-prakt. konf. 
[Increasing the efficiency of resource use in the 
production of agricultural products – new technol-
ogies and techniques of a new generation for crop 
production and livestock: a collection of scientific 
reports of the international scientific and practical 
conference]. Tambov. 2015, pp. 18–22 (in Russ.). 

14. Parhomenko S.G., Parhomenko G.G. Measuring 
the traction force on the tractor hook in a unit with 
a mounted agricultural machine. Traktory i sel’hoz-
mashiny. 2016. No 4, pp. 15–19 (in Russ.).

15. Parhomenko G.G., SHCHirov V.N. Teoriya 
glubokoryhlitelya: Raschyot vzaimodejstviya rab-
ochih organov s pochvoj v zasushlivyh usloviyah 
[The theory of the deep loosener: Calculation of the 
interaction of working bodies with soil in arid con-
ditions]. Saarbrücken: LAP LAMBERT Academic 
Publishing, 2013. 78 p. 

16. Pyndak V.I., Novikov A.E. Energy efficiency of 
deep chisel soil. Proceedings of Nizhnevolzhsk 
Agro-University Complex. 2013. No 4 (32) (in 
Russ.). URL: https://cyberleninka.ru/article/n/en-
ergoeffektivnost-glubokogo-chizelevaniya-pochvy 
(accessed 26.01.2018).



Îáîñíîâàíèå êîíñòðóêòèâíûõ ïàðàìåòðîâ øíåêà ïåðåìåííîãî øàãà ïðåññ-ýêñòðóäåðà 
ïðè ïîëó÷åíèè ðàññûïíîãî ïîäñîëíå÷íîãî æìûõà

ISSN 0321-4443 Òðàêòîðû è ñåëüõîçìàøèíû, ¹ 3, 2018

Í
Î

Â
Û

Å
 Ì

À
Ø

È
Í

Û
 È

 Î
Á

Î
Ð

Ó
Ä

Î
Â

À
Í

È
Å

19

ÓÄÊ 519.245.7

ÎÁÎÑÍÎÂÀÍÈÅ ÊÎÍÑÒÐÓÊÒÈÂÍÛÕ ÏÀÐÀÌÅÒÐÎÂ 
ØÍÅÊÀ ÏÅÐÅÌÅÍÍÎÃÎ ØÀÃÀ ÏÐÅÑÑ-ÝÊÑÒÐÓÄÅÐÀ 
ÏÐÈ ÏÎËÓ×ÅÍÈÈ ÐÀÑÑÛÏÍÎÃÎ ÏÎÄÑÎËÍÅ×ÍÎÃÎ 
ÆÌÛÕÀ

SUBSTANTIATION OF THE DESIGN PARAMETERS 
OF A SCREW FOR THE VARIABLE PITCH 
OF A PRESS EXTRUDER IN THE PREPARATION 
OF A LOOSE SUNFLOWER MEAL

Öåëü èññëåäîâàíèÿ – óìåíüøåíèå ýíåðãîåìêîñòè ýêñòðóäèðîâàíèÿ îòõîäîâ ñåìÿí ïîäñîëíå÷íèêà ïðè ïîëó÷å-
íèè ïîäñîëíå÷íîãî æìûõà â ðàññûïíîì âèäå íà îñíîâå ïëàíèðîâàíèÿ ìíîãîôàêòîðíîãî ýêñïåðèìåíòà. Ïåðåä 
íà÷àëîì ýêñïåðèìåíòà ôàêòîðû êîäèðîâàëè, îñóùåñòâëÿÿ ëèíåéíîå ïðåîáðàçîâàíèå ôàêòîðíîãî ïðîñòðàíñòâà ñ 
ïåðåíîñîì íà÷àëà êîîðäèíàò â öåíòð ýêñïåðèìåíòà è ââåäåíèåì íîâûõ åäèíèö èçìåðåíèÿ ïî îñÿì. Îïðåäåëÿëè 
íàòóðàëüíîå çíà÷åíèå èíòåðâàëà âàðüèðîâàíèÿ ôàêòîðà. Ñ ó÷åòîì ïðîâåäåííîãî îáçîðà ëèòåðàòóðíûõ èñòî÷-
íèêîâ, òåîðåòè÷åñêèõ èññëåäîâàíèé è íàó÷íî-òåõíè÷åñêîé èíôîðìàöèè áûëè âûáðàíû ôàêòîðû âàðüèðîâàíèÿ 
äëÿ ðàñ÷åòà ïëîòíîñòè ïîäñîëíå÷íîãî æìûõà â ðàññûïíîì âèäå, ïîëó÷åííîãî ïîñëå îáðàáîòêè îòõîäîâ ñåìÿí 
íà ïðåññ-ýêñòðóäåðå ÊÌÇ-2. Ïîñëå ðàñ÷åòà êîýôôèöèåíòîâ ðåãðåññèè áûëî ïîëó÷åíî óðàâíåíèå ðåãðåññèè, 
îïèñûâàþùåå ïëîòíîñòü ïîäñîëíå÷íîãî æìûõà â ðàññûïíîì âèäå. Ïðîâåëè èññëåäîâàíèå îäíîðîäíîñòè äèñ-
ïåðñèé ïîëó÷åííûõ îòêëèêîâ îïûòà ïî êðèòåðèþ Êîõðåíà, à òàêæå ïðîâåðèëè àäåêâàòíîñòü ïîëó÷åííîé ìà-
òåìàòè÷åñêîé ìîäåëè ñ ïîìîùüþ êðèòåðèÿ Ôèøåðà. Íà ïîëó÷åíèå ïîäñîëíå÷íîãî æìûõà â ðàññûïíîì âèäå â 
ïðåññ-ýêñòðóäåðå ÊÌÇ-2 âëèÿþò óãîë êîíóñíîñòè øíåêà, øàã âèòêà øíåêà 2-é íàâèâêè è â ìåíüøåé ñòåïåíè – 
1-é íàâèâêè, â òîì ÷èñëå ïàðíîå âçàèìîäåéñòâèå ìåæäó óãëîì êîíóñíîñòè è øàãîì âèòêà øíåêà 1-é íàâèâêè. Ïî 
ðåçóëüòàòàì ïðîâåäåííîãî òðåõôàêòîðíîãî ýêñïåðèìåíòà áûëè îïðåäåëåíû îïòèìàëüíûå êîíñòðóêòèâíûå ïàðà-
ìåòðû øíåêà ïåðåìåííîãî øàãà ïðåññ-ýêñòðóäåðà ÊÌÇ-2, êîòîðûå èìåþò ñëåäóþùèå çíà÷åíèÿ: óãîë êîíóñíîñòè 
ñîñòàâëÿåò 30°, øàã âèòêà øíåêà 2-é íàâèâêè – 28 ìì, øàã âèòêà øíåêà 1-é íàâèâêè – 36 ìì, êîòîðûå ïîçâîëÿþò 
ïîëó÷èòü ðàññûïíîé ïîäñîëíå÷íûé æìûõ ïëîòíîñòüþ 2139,4 êã/ì3 è óìåíüøèòü ýíåðãîåìêîñòü ýêñòðóäèðîâàíèÿ 
îòõîäîâ ñåìÿí ïîäñîëíå÷íèêà.
Êëþ÷åâûå ñëîâà: êîíñòðóêòèâíûå ïàðàìåòðû, øíåê ïåðåìåííîãî øàãà, ïðåññ-ýêñòðóäåð, ðàññûïíîé ïîäñîëíå÷-
íûé æìûõ, îòõîäû ñåìÿí ïîäñîëíå÷íèêà, ïëàíèðîâàíèå ýêñïåðèìåíòà, ýíåðãîåìêîñòü ýêñòðóäèðîâàíèÿ.

The purpose of the study is to reduce the energy consumption of extruding sunflower seed waste when obtaining a 
sunflower meal in loose form on the basis of planning a multifactor experiment. Before the beginning of the experiment, 
the factors were encoded by performing a linear transformation of the factor space with the transfer of the origin to the 
center of the experiment and the introduction of new units of measurement along the axes. The natural value of the factor 
variation interval was determined. Taking into account the review of literature sources, theoretical studies and scientific 
and technical information, factors of variation were chosen to calculate the density of sunflower meal in the loose form 
obtained after treating the waste of seeds on a press extruder KMZ-2. After calculating the regression coefficients, a 
regression equation was obtained describing the density of the sunflower meal in the loose form. A study was made 
of the homogeneity of the variances of the experimental responses obtained by the Cochran test, and also checked the 
adequacy of the obtained mathematical model with the help of the Fisher criterion. The angle of conicity of the screw, 
the pitch of the auger of the 2nd coiling and, to a lesser extent, the 1st coiling, including the pair interaction between the 
taper angle and the pitch of the screw of the 1st winding, influence the obtaining of the sunflower meal in loose form in 
the extruder KMZ-2. Based on the results of the three-factor experiment, the optimum design parameters of the varia-
ble-pitch screw of the KMZ-2 press-extruder were determined, which have the following values: the cone angle is 30 °, 
the pitch of the screw of the 2nd coiling is 28 mm, the pitch of the screw of the 1st coiling – 36 mm, which make it pos-
sible to obtain a loose sunflower meal with a density of 2139,4 kg / m3 and reduce the energy consumption of extruding 
sunflower seeds.
Keywords: constructive parameters, variable pitch auger, press extruder, loose sunflower meal, sunflower seed waste, 
experiment planning, energy consumption of extruding.
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 Ââåäåíèå
Äëÿ îáåñïå÷åíèÿ ïðî÷íîé êîðìîâîé áàçû 

îáùåñòâåííîãî ïîãîëîâüÿ â Êðàñíîäàðñêîì 
êðàå êðîìå îñíîâíûõ êîðìîâ òðåáóåòñÿ ïîâñå-
ìåñòíî èñïîëüçîâàòü îòõîäû ñåëüñêîãî õîçÿé-
ñòâà, â ÷àñòíîñòè îòõîäû ïîäñîëíå÷íèêà [1].

Îòõîäû ïîäñîëíå÷íèêà ïîëó÷àþò ïðè 
î÷èñòêå âîðîõà ñåìÿí ïîäñîëíå÷íèêà íà âîç-
äóøíî-ðåøåòíûõ çåðíîî÷èñòèòåëüíûõ ìàøè-
íàõ òèïà ÌÂÓ-1500 (òàáë. 1), â êîòîðûõ ñîäåð-
æàòñÿ îðãàíè÷åñêàÿ ïðèìåñü, à òàêæå áèòûå, 
ùóïëûå è îáðóøåííûå ñåìåíà [2–5]. Äàííûå 
îòõîäû êàê ðàç è èñïîëüçóþòñÿ ïðè îòêîðìå 
ñåëüõîçæèâîòíûõ â âèäå æìûõà ïîäñîëíå÷íî-
ãî [6], ïîëó÷àåìîãî íà ïðåññ-ýêñòðóäåðå òèïà 
ÊÌÇ-2 (ðèñ. 1). 

Ïðîâåäåííûé àíàëèç ýôôåêòèâíîñòè ñïîñî-
áîâ ïîäãîòîâêè êîðìîâîãî ìàòåðèàëà (ýêñòðó-
äàòà) ïîêàçàë, ÷òî íàèáîëüøèé ïðàêòè÷åñêèé 
è íàó÷íûé èíòåðåñ ïðåäñòàâëÿåò òåïëîâîé 
ñïîñîá åãî îáðàáîòêè ê ñêàðìëèâàíèþ [7].

Ïðîâåäåííûå èññëåäîâàíèÿ Â.Â. Íîâèêîâà 
óñòàíîâèëè, ÷òî â ïðîöåññå îáðàçîâàíèÿ ýêñ-
òðóäàòà ïðîèñõîäèò åãî ïåðåìåùåíèå ïî âñåé 
äëèíå ðàáî÷åé êàìåðû, îáðàçîâàííîé ïðî-
ñòðàíñòâîì ìåæäó âèòêàìè øíåêà è âíóòðåí-
íåé ïîâåðõíîñòüþ êîðïóñà, çà ñ÷åò ÷åãî ïîëó-
÷àåìàÿ ñìåñü íàãðåâàåòñÿ è óïëîòíÿåòñÿ.

Ïî ðåçóëüòàòàì ïðîâåäåííûõ òåîðåòè÷å-
ñêèõ èññëåäîâàíèé áûëî óñòàíîâëåíî, ÷òî 
øíåê äîëæåí áûòü ñ ïåðåìåííûì óìåíüøàþ-
ùèìñÿ øàãîì (ðèñ. 1) ïî ìåðå ïåðåäâèæåíèÿ 

Òàáëèöà 1

Îñíîâíûå ïîêàçàòåëè êà÷åñòâà ñîðòèðîâàíèÿ ñåìÿí ïîäñîëíå÷íèêà ñîðòà Ëàêîìêà 
íà ñåðèéíîé âîçäóøíî-ðåøåòíîé ñåìÿî÷èñòèòåëüíîé ìàøèíå ÌÂÓ-1500

Ïîêàçàòåëü
Âûõîä 

ôðàêöèè, 
%

Ñåìÿí îñíîâíîé 
êóëüòóðû, % Îòõîä, %

Ìàññà 
1000 ñåìÿí, ã

âñåãî â òîì ÷èñëå 
îáðóøåííû õ âñåãî

â òîì ÷èñëå
îðãàíè÷åñêèå 

ïðèìåñè áèòûå ùóïëûå

Èñõîäíûé 
ìàòåðèàë 92,01 1,2 7,99 6,39 0,49 1,11 90,2

1 àñïèðàöèîííûé 
êàíàë 4,6 51,05 – 49,95 49,61 0,05 0,29

2 àñïèðàöèîííûé 
êàíàë 1,9 79,98 0,02 20,02 19,74 0,04 0,24

Ñõîä ñ âåðõíåãî 
ñòàíà ðåøåòà 0,8 85,04 – 14,96 14,95 0,01 –

Ïîäñåâ âåðõíåãî 
ñòàíà ðåøåòà 5,8 56,41 1,04 43,59 28,99 0,18 14,42

Ïîäñåâ íèæíåãî 
ñòàíà ðåøåòà 3,2 78,52 0,95 21,48 19,21 0,07 2,20

Îñíîâíîé 
âûõîä 83,7 97,61 1,29 2,39 1,83 0,41 0,15 102,8

Ðèñ. 1. Øíåê ïåðåìåííîãî øàãà ïðåññ-ýêñòðóäåðà ÊÌÇ-2 [4]



Îáîñíîâàíèå êîíñòðóêòèâíûõ ïàðàìåòðîâ øíåêà ïåðåìåííîãî øàãà ïðåññ-ýêñòðóäåðà 
ïðè ïîëó÷åíèè ðàññûïíîãî ïîäñîëíå÷íîãî æìûõà

ISSN 0321-4443 Òðàêòîðû è ñåëüõîçìàøèíû, ¹ 3, 2018

Í
Î

Â
Û

Å
 Ì

À
Ø

È
Í

Û
 È

 Î
Á

Î
Ð

Ó
Ä

Î
Â

À
Í

È
Å

21

âäîëü åãî îñè îáðàáàòûâàåìîãî êîðìîâîãî ìà-
òåðèàëà (ÎÊÌ), ïðîèñõîäèò óïëîòíåíèå è ïðè-
íèìàåò ôîðìó â ñîîòâåòñòâèè ñ òðåáîâàíèÿìè 
ê ïðîöåññó [7].

Íåïîñòîÿíñòâî ôèçèêî-ìåõàíè÷åñêèõ ñâîéñòâ 
ñìåñè, ïîñòóïàþùåé íà ýêñòðóäèðîâàíèå, âû-
çûâàåò êîëåáàíèå äàâëåíèÿ âíóòðè ïðåññ-
ýêñòðóäåðà, è ïîýòîìó ïðîöåññ íåñòàáèëåí, ïî-
ëó÷àåìûé ïðîäóêò èìååò íåîäíîðîäíûé ñîñòàâ 
è ñâîéñòâà, è, êàê ñëåäñòâèå, ïîâûøåííóþ 
ýíåðãîåìêîñòü [8–10].

Öåëü èññëåäîâàíèÿ
Öåëüþ èññëåäîâàíèÿ ÿâëÿåòñÿ óìåíüøåíèå 

ýíåðãîåìêîñòè ýêñòðóäèðîâàíèÿ îòõîäîâ ñåìÿí 
ïîäñîëíå÷íèêà ïðè ïîëó÷åíèè ïîäñîëíå÷íîãî 
æìûõà â ðàññûïíîì âèäå íà îñíîâå ïëàíèðîâà-
íèÿ ìíîãîôàêòîðíîãî ýêñïåðèìåíòà.

Ìàòåðèàë è ìåòîäèêà èññëåäîâàíèÿ
Íà íà÷àëüíîì ýòàïå ðàññìîòðèì êîíñòðóê-

òèâíûå ïàðàìåòðû øíåêà ïåðåìåííîãî øàãà 
ïðåññ-ýêñòðóäåðà òèïà ÊÌÇ-2 äëÿ ïîëó÷åíèÿ 
ïîäñîëíå÷íîãî æìûõà â ðàññûïíîì âèäå.

Äëÿ ýòîãî îïðåäåëèì óãîë êîíóñíîñòè øíåêà 
(ðèñ. 1) â çàâèñèìîñòè îò åãî äèàìåòðà è äëèíû 
ïî âûðàæåíèþ, ïîëó÷åííîìó â ðàáîòå È.Å. Ïðè-
ïîðîâà [10]:

 
 
 


 

  1

tg ,
  1

zN

d d

a b z b

ê í

ãäå d
í
, d

ê
 – íà÷àëüíûé è êîíå÷íûé äèàìåòð 

øíåêà ïåðåìåííîãî øàãà, ñîîòâåòñòâåííî, ì; 
a  – êîýôôèöèåíò ïðîïîðöèîíàëüíîñòè, a > 1; 
b – øàã âèòêà øíåêà ïåðåìåííîãî øàãà, ì; 
N – ÷èñëî îáîðîòîâ øíåêà ïåðåìåííîãî øàãà; 
z – êîëè÷åñòâî âèòêîâ øíåêà ïåðåìåííîãî øàãà 
ïî äëèíå âàëà; ∆b – øèðèíà âèòêà øíåêà ïåðå-
ìåííîãî øàãà â íîðìàëüíîì ñå÷åíèè, ì. 

Øàã âèòêà îïðåäåëÿåòñÿ ïî âûðàæåíèþ [10]:

  , it a t

ãäå t
i
 – øàã i-õ âèòêîâ, ì.

Ïðè ïîâîðîòå øíåêà ïåðåìåííîãî øàãà íà 
óãîë  = 360N øàã âèòêà áóäåò:

1
N

N Nt at a b  .

Íà ñëåäóþùåì ýòàïå ñ öåëüþ îïòèìèçàöèè 
åãî êîíñòðóêòèâíûõ ïàðàìåòðîâ ïðîâåäåì ìíî-
ãîôàêòîðíûé ýêñïåðèìåíò Áîêñà-Áåíêèíà (Â

ê
), 

ïðåäñòàâëåííûé â ðàáîòå [11]. Ïåðåä íà÷àëîì 
ýêñïåðèìåíòà ôàêòîðû êîäèðîâàëè, îñóùåñò-
âëÿÿ ëèíåéíîå ïðåîáðàçîâàíèå ôàêòîðíîãî 
ïðîñòðàíñòâà ñ ïåðåíîñîì íà÷àëà êîîðäèíàò â 
öåíòð ýêñïåðèìåíòà è ââåäåíèåì íîâûõ åäèíèö 
èçìåðåíèÿ ε ïî îñÿì. Êîäèðîâàíèå ôàêòîðîâ, à 
òàêæå îïðåäåëåíèå íàòóðàëüíîãî çíà÷åíèÿ èí-
òåðâàëà èõ âàðüèðîâàíèÿ ïðîèçâîäèëèñü ïî èç-
âåñòíûì ôîðìóëàì. 

Íà îñíîâàíèè ïðîâåäåííîãî îáçîðà ëèòå-
ðàòóðíûõ èñòî÷íèêîâ, à òàêæå òåîðåòè÷åñêèõ 
èññëåäîâàíèé è íàó÷íî-òåõíè÷åñêîé èíôîðìà-

Òàáëèöà 2

Ìàòðèöà ïëàíèðîâàíèÿ ýêñïåðèìåíòà äëÿ îïðåäåëåíèÿ ïëîòíîñòè ðàññûïíîãî ïîäñîëíå÷íîãî æìûõà

№ 
îïûòà

Ôàêòîðû
Êðèòåðèé

îïòèìèçàöèè,
y

s
, êã/ì3

óãîë êîíóñíîñòè
 øíåêà (õ

1
)

øàã âèòêà øíåêà
2-é íàâèâêè (õ

2
)

øàã âèòêà øíåêà
1-é íàâèâêè (õ

3
)

óðîâåíü çíà÷åíèå 
(α), ãðàä. óðîâåíü çíà÷åíèå 

(t
2
), ìì óðîâåíü çíà÷åíèå 

(t
1
), ìì

1 +1 40 +1 36 +1 48 1800
2 +1 40 +1 36 –1 24 1960
3 –1 20 +1 36 +1 48 2110
4 –1 20 +1 36 –1 24 1890
5 +1 40 –1 20 +1 48 1850
6 +1 40 –1 20 –1 24 1950
7 –1 20 –1 20 +1 48 2120
8 –1 20 –1 20 –1 24 1840
9 0 30 0 28 +1 48 2250

10 0 30 0 28 –1 24 2280
11 +1 40 0 28 0 36 1900
12 –1 20 0 28 0 36 2000
13 0 30 +1 36 0 36 2020
14 0 30 –1 20 0 36 2010
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öèè áûëè âûáðàíû ôàêòîðû âàðüèðîâàíèÿ äëÿ 
ðàñ÷åòà ïëîòíîñòè ðàññûïíîãî ïîäñîëíå÷íîãî 
æìûõà, ïîëó÷åííîãî ïîñëå îáðàáîòêè ñåìÿí 
íà ïðåññ-ýêñòðóäåðå ÊÌÇ-2 (òàáë. 2).

Â ëèòåðàòóðíûõ èñòî÷íèêàõ ïðèâîäèò-
ñÿ îáùåå çíà÷åíèå ïëîòíîñòè ïîäñîëíå÷íîãî 
æìûõà, ïðè ýòîì çíà÷åíèå åå âåëè÷èíû â ðàñ-
ñûïíîì âèäå îòñóòñòâóåò. 

Äëÿ ïðîâåäåíèÿ ïëàíèðîâàíèÿ ýêñïåðèìåí-
òà áûëà ðàçðàáîòàíà ïðîãðàììà, ïîçâîëÿþùàÿ 
ðàññ÷èòàòü êîýôôèöèåíòû ðåãðåññèè ïîëó÷åí-
íîé ìàòåìàòè÷åñêîé ìîäåëè.

Ðåçóëüòàòû èññëåäîâàíèÿ
Ïîñëå ïðîâåäåíèÿ îïûòà, ðàñ÷åòà êîýôôè-

öèåíòîâ ðåãðåññèè ïî ñîñòàâëåííîé ïðîãðàììå 
áûëî ïîëó÷åíî óðàâíåíèå ðåãðåññèè, îïèñûâà-
þùàÿ ïëîòíîñòü ïîäñîëíå÷íîãî æìûõà â ðàñ-
ñûïíîì âèäå (êã/ì3):

 

     
   

  

1 2 3

1 2 1 3 2 3

2 2 2
1 2 3

1156,5 144 123,3 30,1

0,13 0,79 0,16

1,95 2,03 0,83 . 

sy x x x

x x x x x x

x x x

  (1)

Àíàëèç óðàâíåíèÿ (1) ïîêàçûâàåò, ÷òî íàè-
áîëüøåå âëèÿíèå íà ïëîòíîñòü ðàññûïíîãî 
ïîäñîëíå÷íîãî æìûõà ïðè îáðàáîòêå ñåìÿí â 
ïðåññ-ýêñòðóäåðå ÊÌÇ-2 îêàçûâàþò óãîë êî-
íóñíîñòè øíåêà, øàã âèòêà øíåêà 2-é íàâèâêè 
è, â ìåíüøåé ñòåïåíè, 1-é íàâèâêè, â òîì ÷èñëå 
ïàðíîå âçàèìîäåéñòâèå ìåæäó óãëîì êîíóñíî-
ñòè è øàãîì âèòêà øíåêà 1-é íàâèâêè. 

Ïðîâåëè èññëåäîâàíèå îäíîðîäíîñòè äèñ-
ïåðñèé ïîëó÷åííûõ îòêëèêîâ îïûòà ïî êðè-
òåðèþ Êîõðåíà, çíà÷åíèå êîòîðîãî ñîñòàâèëî 
G

òåîð
 = 0,2092. Ïîëó÷åííîå òåîðåòè÷åñêîå çíà-

÷åíèå êðèòåðèÿ Êîõðåíà ñðàâíèâàëè ñ òàáëè÷-
íûì G

òàáë
 = 0,3067 ïðè ÷èñëå ñòåïåíåé ñâîáîäû 

f
1
 = 6 è f

2
 = 9. Ïîñêîëüêó òåîðåòè÷åñêîå çíà÷å-

íèå êðèòåðèÿ Êîõðåíà ìåíüøå òàáëè÷íîãî, òî 
äèñïåðñèè îòêëèêîâ îïûòà îäíîðîäíû.

Àäåêâàòíîñòü ïîëó÷åííîé ìàòåìàòè÷å-
ñêîé ìîäåëè áûëà ïðîâåðåíà ñ ïîìîùüþ êðè-
òåðèÿ Ôèøåðà. Òàáëè÷íîå çíà÷åíèå êðèòåðèÿ 
Ôèøåðà ïðè 5%-ì óðîâíå çíà÷èìîñòè è ÷èñëå 
ñòåïåíåé ñâîáîäû f

1
 = 6, f

2
 = 5 è F

0,05
 = 5,0. 

Êðèòåðèé Ôèøåðà ïðè ðàñ÷åòàõ ñîñòàâèë 

Ðèñ. 2. Äâóìåðíûå ñå÷åíèÿ ïîâåðõíîñòåé çàâèñèìîñòè ïëîòíîñòè 
ðàññûïíîãî ïîäñîëíå÷íîãî æìûõà â çàâèñèìîñòè îò: 

à – óãëà êîíóñíîñòè è øàã âèòêà øíåêà 2-é íàâèâêè; á – óãëà êîíóñíîñòè 
è øàã âèòêà øíåêà 1-é íàâèâêè; â – øàãà âèòêà øíåêà 2-é è 1-é íàâèâêè



Îáîñíîâàíèå êîíñòðóêòèâíûõ ïàðàìåòðîâ øíåêà ïåðåìåííîãî øàãà ïðåññ-ýêñòðóäåðà 
ïðè ïîëó÷åíèè ðàññûïíîãî ïîäñîëíå÷íîãî æìûõà
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F
ðàñ÷

 = 3,67, òî åñòü àäåêâàòíîñòü ìàòåìàòè÷å-
ñêîé ìîäåëè ïîäòâåðæäåíà.

Äëÿ íàõîæäåíèÿ ìàêñèìóìà ôóíêöèè îò-
êëèêà ïðèðàâíÿåì ê íóëþ åå ÷àñòíûå ïðîèçâî-
äíûå è ðåøèì ïîëó÷åííóþ ñèñòåìó óðàâíåíèé 
[12]. 

Ïîäñòàâèâ ïîëó÷åííûå ðåçóëüòàòû êî-
äèðîâàííûõ çíà÷åíèé (x

1
 = –0,103; x

2
 = 0,01; 

x
3
 = –0,115) â óðàâíåíèå (1), îïðåäåëèì ìàê-

ñèìàëüíîå çíà÷åíèå ïëîòíîñòè ðàññûïíîãî 
ïîäñîëíå÷íîãî æìûõà, ïîëó÷åííîãî èç ñåìÿí 
ïîñëå îáðàáîòêè íà ïðåññ-ýêñòðóäåðå ÊÌÇ-2, 
êîòîðîå ñîñòàâèëî y

s
 = 2139,4 êã/ì3. 

Ïî ðåçóëüòàòàì îáðàáîòêè ìíîãîôàêòîðíîãî 
ýêñïåðèìåíòà äëÿ ïëîòíîñòè ðàññûïíîãî ïîä-
ñîëíå÷íîãî æìûõà áûëè ïîëó÷åíû ñëåäóþùèå 
óðàâíåíèÿ ðåãðåññèè â êàíîíè÷åñêîé ôîðìå äëÿ 
óãëà êîíóñíîñòè øíåêà è øàãà âèòêà øíåêà 2-é 
íàâèâêè, óãëà êîíóñíîñòè øíåêà è øàã âèòêà 
øíåêà 2-é íàâèâêè è øàãà âèòêà øíåêà 2-é íà-
âèâêè è øàãà âèòêà øíåêà 1-é íàâèâêè, ñîîòâåò-
ñòâåííî, ïðåäñòàâëåííûå íà ðèñ. 2:

   2 2
1 22139,4 195 130,1y X X ,

   2 2
1 32139,4 195 119,7y X X ,

   2 2
2 32139,4 130,1 119,7y X X .

Âûâîäû
1. Íà ïîëó÷åíèå ïîäñîëíå÷íîãî æìûõà â 

ðàññûïíîì âèäå â ïðåññ-ýêñòðóäåðå ÊÌÇ-2 
âëèÿþò óãîë êîíóñíîñòè øíåêà, øàã âèòêà 
øíåêà 2-é íàâèâêè è, â ìåíüøåé ñòåïåíè, 1-é 
íàâèâêè, â òîì ÷èñëå ïàðíîå âçàèìîäåéñòâèå 
ìåæäó óãëîì êîíóñíîñòè è øàãîì âèòêà øíåêà 
1-é íàâèâêè.

2. Ïî ðåçóëüòàòàì ïðîâåäåííîãî òðåõôàê-
òîðíîãî ýêñïåðèìåíòà áûëè îïðåäåëåíû îï-
òèìàëüíûå êîíñòðóêòèâíûå ïàðàìåòðû øíåêà 
ïåðåìåííîãî øàãà ïðåññ-ýêñòðóäåðà ÊÌÇ-2, 
êîòîðûå èìåþò ñëåäóþùèå çíà÷åíèÿ: óãîë êî-
íóñíîñòè ñîñòàâëÿåò 30°, øàã âèòêà øíåêà 2-é 
íàâèâêè – 28 ìì, øàã âèòêà øíåêà 1-é íàâèâ-
êè – 36 ìì, ïîçâîëÿþùèå ïîëó÷èòü ðàññûïíîé 
ïîäñîëíå÷íûé æìûõ ïëîòíîñòüþ 2139,4 êã/ì3 
è óìåíüøèòü ýíåðãîåìêîñòü ýêñòðóäèðîâàíèÿ 
îòõîäîâ ñåìÿí ïîäñîëíå÷íèêà.
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ÓÄÊ 631.171.001.5

ÏÅÐÑÏÅÊÒÈÂÛ ÐÀÇÂÈÒÈß ÑÅËÜÑÊÎÕÎÇßÉÑÒÂÅÍÍÛÕ 
ÌÎÁÈËÜÍÛÕ ÝÍÅÐÃÎÑÐÅÄÑÒÂ

PERSPECTIVE FOR THE DEVELOPMENT 
OF AGRICULTURAL MOBILE ENERGY

Ïðåäñòàâëåí àíàëèç îáåñïå÷åííîñòè ìîáèëüíûìè ýíåðãåòè÷åñêèìè ñðåäñòâàìè (ÌÝÑ) íà 1000 ãà ïàøíè â 
Ðîññèè è íåêîòîðûõ ñòðàíàõ ìèðà, ðàñêðûò ñîçäàâøèéñÿ äåôèöèò òðàêòîðîâ ïî òÿãîâûì êëàññàì è òèïó õîäî-
âûõ ñèñòåì, âûÿâëåíî ïðåîáëàäàíèå â ìàøèííîì òðàêòîðíîì ïàðêå êîëåñíûõ òðàêòîðîâ êëàññà 1,4 Áåëàðóñ 
82.1. Ïðèâåäåííûå äàííûå ñâèäåòåëüñòâóþò î ïðàêòè÷åñêîì óìåíüøåíèè îáúåìà ìàøèííî-òðàêòîðíîãî ïàðêà, 
è òðåáóåòñÿ ïðèíÿòèå ãîñóäàðñòâåííûõ ìåð ïî åãî âîññòàíîâëåíèþ. Îñîáîå âíèìàíèå îáðàùåíî íà òî, ÷òî 
ãóñåí÷íàÿ ñîñòàâëÿþùàÿ ïàðêà, èìåþùàÿ äâîéíîå íàçíà÷åíèå, äîëÿ êîòîðîé â íàñòîÿùåå âðåìÿ â îáùåì ïàðêå 
ïðèáëèæàåòñÿ ê íóëþ, êðàéíå íåïðèåìëåìà äëÿ ïî÷âåííî-êëèìàòè÷åñêèõ óñëîâèé Ðîññèè. Ïîêàçàíî, ÷òî â ñòà-
òèñòèêå ïðîäàæ òðàêòîðîâ â Ðîññèè çà ïîñëåäíèå ãîäû áîëüøóþ äîëþ ðûíêà çàíèìàåò ñåëüõîçòåõíèêà îòå÷å-
ñòâåííîãî ïðîèçâîäñòâà. Ñ 2013 ïî 2016 ãîä äîëÿ îòå÷åñòâåííûõ ïðåäïðèÿòèé â ñòîèìîñòíîì îáúåìå ïðîäàæ 
âûðîñëà ñ 22 äî 35 %. Ãëàâíûì âåêòîðîì ðàçâèòèÿ ÌÝÑ âûäåëåíû òåíäåíöèè çàìåíû êèíåìàòè÷åñêèõ ñâÿçåé 
íà èíôîðìàöèîííûå, ÿâëÿþùèåñÿ ñèñòåìíîé îñíîâîé ïðèìåíåíèÿ öèôðîâûõ òåõíîëîãèé. Ðàññìîòðåíû áëè-
æàéøàÿ ïåðñïåêòèâà âûáîðà òåõíîëîãè÷åñêîãî íàïðàâëåíèÿ îïåðåæàþùåãî ðàçâèòèÿ êîíêóðåíòîñïîñîáíûõ 
íà ìèðîâîì óðîâíå ñåëüñêîõîçÿéñòâåííûõ ìîáèëüíûõ ýíåðãåòè÷åñêèõ ñðåäñòâ è ïåðñïåêòèâà ïîèñêîâûõ ðàáîò 
ïî ñîçäàíèþ ðîáîòèçèðîâàííûõ ñåëüñêîõîçÿéñòâåííûõ ÌÝÑ. Îòìå÷åíî, ÷òî ïðèìåíåíèå èíòåãðèðîâàííûõ è 
âûñîêîòî÷íûõ ìîäåëåé âåäåíèÿ ñåëüñêîãî õîçÿéñòâà, â ò.÷. òåõíîëîãèé òî÷íîãî çåìëåäåëèÿ, ïîâûøàåò ïîòðåá-
íîñòü â àâòîìàòèçèðîâàííûõ è ðîáîòèçèðîâàííûõ ÌÝÑ. Ïîêàçàíî, ÷òî â áëèæàéøåì áóäóùåì ñåëüñêîõîçÿé-
ñòâåííûå ðîáîòû àâòîìàòèçèðóþò âñå òÿæåëûå ïîëåâûå ðàáîòû: âñïàøêó, ïîñàäêó, âíåñåíèå óäîáðåíèé, ñáîð 
è òðàíñïîðòèðîâêó óðîæàÿ è äð. è ñôîðìèðóþò íîâûé ðûíîê ÌÝÑ. 
Êëþ÷åâûå ñëîâà: ñåëüñêîõîçÿéñòâåííîå ìîáèëüíîå ýíåðãåòè÷åñêîå ñðåäñòâî, îáåñïå÷åííîñòü òðàêòîðàìè, 
ìîäåëü ýêîíîìè÷åñêîé êàòåãîðèè, òåõíîëîãè÷åñêîå íàïðàâëåíèå, óìåíüøåíèå ýêñïëóàòàöèîííîé ìàññû, ïîë-
íûé æèçíåííûé öèêë, ðîáîòèçàöèÿ, ñåëüñêîõîçÿéñòâåííîå ïðîèçâîäñòâî.

The analysis of security with the mobile power tools (MPT) on 1000 hectares of an arable land in Russia and some 
countries of the world is submitted, the created deficiency of tractors on traction classes and type of running systems 
is disclosed, the dominance in the machine tractor park of wheel tractors of a class 1,4 Belarus 82.1 is revealed. The 
provided data confirm practical decrease of volume of the machine and tractor park and demand acceptance of the 
state measures for its restitution. Special attention is paid on the fact that the caterpillar component of the park have 
dual purpose, which share in the common park approaches now over a zero level is extremely unacceptable for soil 
and climatic conditions of Russia. It is shown that in statistics of sales of tractors in Russia in recent years the larger 
share of the market is occupied by agricultural machinery of domestic production. From 2013 to 2016 the share of the 
domestic enterprises in the value of sales grew from 22 to 35 %. The main vector of development of MPT allocated 
tendencies of replacement of kinematic communications by the informational, being a systemic basis use of digital 
technologies. The near-term outlook of the choice of the technological direction of the advancing development of 
agricultural mobile power tools, competitive at world level, and the prospect of search works on creation of robotic 
agricultural MPT are considered. It is noted that applications of the integrated and high-precision models of farming, 
including technologies of precise agriculture, rises the need for the automated and robotic MPT. It is shown that in the 
near future agricultural robots will automate all hard field work: plowing, landing, application of fertilizers, collecting 
and transportation, a harvest etc. and will create basically new market of MPT.
Keywords: agricultural mobile energy equipment, tractors, model of economic category, technological direction, 
reduction of the operational mass, full life cycle, robotization, agricultural production.
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 Ââåäåíèå
Óðîâåíü îñíàùåííîñòè ñåëüñêîõîçÿéñòâåí-

íîãî ïðîèçâîäñòâà ìîáèëüíîé òåõíèêîé ÿâëÿ-
åòñÿ èíäèêàòîðîì ðàçâèòèÿ àãðîïðîìûøëåí-
íîãî êîìïëåêñà ñòðàíû. Äëÿ ñòðàí ñ ðàçâèòûì 
ñåëüñêîõîçÿéñòâåííûì ñåêòîðîì õàðàêòåðíà 
âûñîêàÿ ìåõàíèçàöèÿ òðóäà è íàñûùåííîñòü 
òåõíèêîé íà åäèíèöó ïàõîòíîé ïëîùàäè. Ïî 
äàííûì íà 2010 ãîä â Àðãåíòèíå îáåñïå÷åí-
íîñòü òðàêòîðàìè íà 1000 ãà ïàøíè ñîñòàâëÿëà 
8 åä., â Êàíàäå – 16 åä., â Ãåðìàíèè – 64 åä. Â 
Ðîññèè äàííûé ïîêàçàòåëü ñîñòàâëÿë 4 òðàêòî-
ðà íà 1000 ãà. Ýòè öèôðû ãîâîðÿò î òîì, ÷òî 
âîïðîñ íàïîëíåíèÿ ìàøèííî-òðàêòîðíîãî 
ïàðêà íåîáõîäèìîãî òÿãîâîãî êëàññà ÌÝÑ, à 
òàêæå ðàçðàáîòêè èõ ïåðñïåêòèâíûõ ìîäåëåé 
÷åðåç èçó÷åíèå ìèðîâîé òåíäåíöèè â ýòîì íà-
ïðàâëåíèè ÿâëÿåòñÿ àêòóàëüíîé çàäà÷åé îòå÷å-
ñòâåííîãî òðàêòîðîñòðîåíèÿ [1, 2, 4, 5, 6 ].

Öåëü èññëåäîâàíèÿ 
Öåëüþ èññëåäîâàíèÿ ÿâëÿåòñÿ îïðåäåëåíèå 

ìèðîâîé òåíäåíöèè ôîðìèðîâàíèÿ ìàøèí-
íî-òðàêòîðíîãî ïàðêà è ïåðñïåêòèâíûõ íà-
ïðàâëåíèé ðàçðàáîòêè ÌÝÑ, à òàêæå ïðåäïî-
÷òèòåëüíûå êîíñòðóêòèâíî-òåõíîëîãè÷åñêèå 
íàïðàâëåíèÿ äëÿ èõ äîñòèæåíèÿ.

Ìàòåðèàëû è ìåòîäû
Èñïîëüçóÿ â êà÷åñòâå èñõîäíûõ ìàòåðèàëîâ 

àêòóàëèçèðîâàííóþ áàçó äàííûõ ïî ýêñïëóàòà-
öèè ìàøèííî-òðàêòîðíîãî ïàðêà, ïðîèçâåäåí 
ðàñ÷åò äåôèöèòà òðàêòîðîâ â ñåëüñêîõîçÿéñòâåí-
íîé îðãàíèçàöèè (ÑÕÎ) â 2014 ã. (òàáë. 1).

Êàê âèäíî èç òàáëèöû, íàëè÷èå òðàêòîðîâ 
â ÑÕÎ â 2014 ã. ïî îòíîøåíèþ ê òåõíîëîãè÷å-
ñêîé ïîòðåáíîñòè â òðàêòîðàõ (ïî íîðìàòèâàì 
äëÿ 90 ìëí ãà ïàøíè) (ãóñåíè÷íûå – 5,9 òûñ. 
øò. ïðè ïîòðåáíîñòè 340 000, ÷òî ñîñòàâëÿåò 
1,5 %; êîëåñíûå – 241,4 òûñ. øò. ïðè ïîòðåáíî-
ñòè 560 000, ÷òî ñîñòàâëÿåò 43 %)

Íàëè÷èå ñåëüñêîõîçÿéñòâåííûõ òðàêòîðîâ 
â 2014 ã. ñîñòàâèëî âñåãî 247,3 òûñ. øò. (ñðåä-
íÿÿ ìîùíîñòü – 110,1 ë.ñ.). Ïîòðåáíîñòü – 
âñåãî 900,0 òûñ. øò. (ñðåäíÿÿ ìîùíîñòü – 
125 ë.ñ.). Îáùàÿ äåôèöèòíîñòü – 652,7 òûñ. øò. 
ïðè ïî÷òè 100 % íàëè÷èè êîëåñíûõ òðàêòî-
ðîâ êëàññà 1,4 (Áåëàðóñ 82.1) äëÿ ïðîãíîçíûõ 
90 ìëí ãà ïàøíè. Â ñåãîäíÿøíèõ óñëîâèÿõ îá-
ðàáîòêè â ÑÕÎ îêîëî 70 ìëí ãà ïàøíè èçáûòîê 
ýòèõ òðàêòîðîâ ñîñòàâëÿåò 25 %.

Ïðåäëàãàåìîå â ðàáîòå [1] îáúÿñíåíèå ñîêðà-
ùåíèÿ êîëè÷åñòâà òðàêòîðîâ â ïàðêå ñìåùåíè-
åì ñïðîñà â ñòîðîíó áîëåå ìîùíûõ ìàøèí, êàê 
ñëåäóåò èç ðèñ. 1, íå ïîäòâåðæäàåòñÿ.

Ïðåäñòàâëåííûå äàííûå ñâèäåòåëüñòâóþò î 
ïðàêòè÷åñêîì ñíèæåíèè ÷èñëåííîñòè ìàøèí-
íî-òðàêòîðíîãî ïàðêà, è òðåáóåòñÿ ïðèíÿòèå 
íåîáõîäèìûõ ãîñóäàðñòâåííûõ ìåð ïî åãî âîñ-
ñòàíîâëåíèþ, à èìåííî: óâåëè÷åíèå îáúåìà 
ïðîèçâîäñòâà òåõíèêè è ñóáñèäèðîâàíèå åå 
ïðèîáðåòåíèÿ ñåëüõîçïðîèçâîäèòåëÿìè, à 
òàêæå äðóãèå ìåðû. Îñîáîãî âíèìàíèÿ òðåáóåò 
óâåëè÷åíèå ÷èñëåííîñòè ãóñåíè÷íîé òåõíèêè; 
èõ äîëÿ â ïàðêå ìàøèí ìîíîòîííî ñíèæàåòñÿ è 
ïðèáëèæàåòñÿ ê íóëþ (îêîëî 2 %), ÷òî äëÿ ïî÷-
âåííî-êëèìàòè÷åñêèõ óñëîâèé Ðîññèè, ñî ñëà-
áîíåñóùèìè ãðóíòàìè, êðàéíå íåïðèåìëåìî.

Òàáëèöà 1 

Íàëè÷èå òðàêòîðîâ â ÑÕÎ â 2014 ã. ïî îòíîøåíèþ ê îïòèìàëüíîé òåõíîëîãè÷åñêîé ïîòðåáíîñòè 
â òðàêòîðàõ íà 2020 ã. (ïî íîðìàòèâàì äëÿ 90 ìëí ãà ïàøíè)

Êîëåñíûå òðàêòîðû, òûñ. øò.
Òÿãîâûé êëàññ

8 6 5 4 3 2 1,4 0,9 0,6 Âñåãî

Ïîòðåá-
íîñòü

òûñ. øò. 1,0 20,0 40,0 60,0 100,0 50,0 170,0 30,0 90,0 560,0
% îò âñåãî 0,2 3,6 7,1 11,0 18,0 9,0 30,0 5,0 16,0 100,0

Íàëè÷èå
òûñ. øò. 0,4 15,0 4,4 0 24,3 23,2 158,4 1,5 14,2 241,4
% îò ïî-

òðåáíîñòè 40,0 75,0 9,0 0 24,0 47,0 93,0 5,0 16,0 43,0

 Ãóñåíè÷íûå òðàêòîðû, òûñ. øò.

Òÿãîâûé êëàññ
8 6 5 4 3 2 Âñåãî

Ïîòðåáíîñòü
òûñ. øò. 2,0 4,0 52,0 90,0 170,0 20,0 340,0

% îò âñåãî 0,5 1,0 15,0 26,0 50,0 6,0 100,0

Íàëè÷èå
òûñ. øò. 0 0 0 0,8 4,5 0,6 5,9

% îò ïîòðåáíîñòè 0 0 0 1 3,0 3,0 1,8
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Àíàëîãè÷íàÿ ñèòóàöèÿ íàáëþäàåòñÿ â 
Ðîññèè è â ñåãìåíòå çåðíîóáîðî÷íûõ êîìáàé-
íîâ, ãäå îáåñïå÷åííîñòü ïîñåâíûõ ïëîùàäåé 
òåõíèêîé óïàëà ñ 7 åäèíèö íà 1000 ãà â 1990 ã. 
äî 3 åäèíèö â 2010 ãîäó è 2 åäèíèö â 2016 ãîäó 
(ðèñ. 1).

Îáùåå ïðîäîëæàþùèåñÿ íåâîññòàíîâëåíèå 
ðåñóðñîâ ñ 1990 ïî 2017 ã. ñîñòàâèëî ïîðÿäêà 
1,1 ìëí òðàêòîðîâ (82 %), 61,5 ìëí ãà ïàøíè 
(47 %), 6,5 ìëí ð.ì. (80 %), òî åñòü ïðîäóêòèâ-
íîñòü ñåëüñêîãî õîçÿéñòâà íèæå óðîâíÿ ïðî-
ñòîãî âîñïðîèçâîäñòâà è îáåñïå÷èâàåòñÿ çà 
ñ÷åò èñòîùåíèÿ íå ó÷èòûâàåìûõ â ñòîèìîñò-
íîì âèäå ðåñóðñîâ [1]. Ïðîãíîç ðàçâèòèÿ ïàðêà 
ìîáèëüíûõ ýíåðãîñðåäñòâ è ñåëüõîçòåõíèêè 
ïîêàçàí íà ðèñ. 2.

Ïî ñîñòîÿíèþ íà 2016 ã. ñóììàðíûé îáúåì 
ïðîèçâîäñòâà ñåëüõîçòåõíèêè â ìèðå áûë 
îöåíåí â 91 ìëðä åâðî. Ýòîò ãîä ñòàë âòîðûì, 
êîãäà ãëîáàëüíàÿ èíäóñòðèÿ ïðîèçâîäñòâà 
ñåëüñêîõîçÿéñòâåííûõ ìàøèí ïîêàçûâàåò îò-
ðèöàòåëüíûé ðåçóëüòàò ðàáîòû (â 2014 ã. ýòîò 
ïîêàçàòåëü áûë ðàâåí 101 ìëðä åâðî).

Ñòàòèñòèêà ïðîäàæ â ÐÔ çà ïîñëåäíèå ãîäû 
ïîêàçûâàåò, ÷òî áîëüøóþ äîëþ ðûíêà çàíèìà-
åò ñåëüõîçòåõíèêà îòå÷åñòâåííîãî ïðîèçâîä-
ñòâà, êîòîðàÿ ïîëó÷èëà êîíêóðåíòíûå ïðåèìó-
ùåñòâà, ñâÿçàííûå ñ ïðîèçîøåäøåé â êîíöå 
2014 ã. äåâàëüâàöèåé ðóáëÿ è âûðàçèâøèåñÿ â 
ïðîïîðöèîíàëüíî ìåíüøåì åå óäîðîæàíèè ïî 
ñðàâíåíèþ ñ çàðóáåæíûìè àíàëîãàìè. Òàê, ñ 
2013 ïî 2016 ã. äîëÿ îòå÷åñòâåííûõ ïðåäïðè-
ÿòèé â ñòîèìîñòíîì îáúåìå ïðîäàæ âûðîñëà ñ 
22 äî 35 %. Ñîîòâåòñòâåííî, äîëÿ ðîññèéñêèõ 
òðàêòîðîâ â ôèçè÷åñêîì îáúåìå ïðîäàæ âûðîñ-
ëà â òîò æå ïåðèîä ñ 2 äî 10 %.

Â äðóãîì êðóïíåéøåì ñåãìåíòå ðûíêà – 
ðûíêå çåðíîóáîðî÷íûõ êîìáàéíîâ – äîëÿ îò-
å÷åñòâåííûõ ìàøèí â ñóììàðíûõ ïðîäàæàõ 

Òàáëèöà 2 
Îöåíêà ïîêóïàòåëüíîé ñïîñîáíîñòè ÑÕÎ ïî äàííûì ãîäîâûõ îò÷åòîâ 

(ðåíòàáåëüíîñòü äîëæíà áûòü íå ìåíåå 20 %)

 Ãîäû 2008 2009 2010 2011 2012
×èñëî îðãàíèçàöèé – âñåãî, òûñ. 23,0 22,5 22,0 21,3 21,0
â òîì ÷èñëå:
– ïðèáûëüíûõ 18,0 16,2 15,6 16,7 15,9
– óáûòî÷íûõ 5,0 6,3 6,4 4,6 5,1
Óäåëüíûé âåñ ïðèáûëüíûõ îðãàíèçàöèé , % 78,3 72,1 71,0 78,2 75,7
Ðåíòàáåëüíîñòü ïî âñåé äåÿòåëüíîñòè 
(äî íàëîãîîáëîæåíèÿ, âêëþ÷àÿ ñóáñèäèè èç áþäæåòà), % 14,8 9,4 8,3 11,8 12,1

Ïîêóïàòåëüíàÿ ñïîñîáíîñòü 
êàê ïðåâûøåíèå ðåíòàáåëüíîñòè áîëåå 20 % –5,2 –10,6 –11,7 –8,2 –7,9

Ðèñ. 1. Òåíäåíöèÿ èçìåíåíèé îáåñïå÷åííîñòè 
ñåëüõîçòåõíèêîé ÐÔ, ïðèõîäÿùåéñÿ 

íà 1000 ãà ïàøíè, â øò.

Ðèñ. 2. Ïðîãíîç ðàçâèòèÿ ïàðêà ñåëüõîçòåõíèêè ÐÔ 
(ïî äàííûì Ìèíïðîìòîðãà ÐÔ)

â íàòóðàëüíîì âûðàæåíèè âûðîñëà ñ 2013 ïî 
2016 ã. ñ 52 äî 64 %.

Äëÿ âûáîðà íàïðàâëåíèé ïåðâîî÷åðåäíîãî 
ðàçâèòèÿ ïàðêà íåîáõîäèìî îöåíèòü ïîêóïà-
òåëüíóþ ñïîñîáíîñòü ÑÕÎ (òàáë. 2). Èñõîäÿ èç 
ðåêîìåíäàöèé ÂÍÈÈÝÑÕ, â ñîîòâåòñòâèè ñ 
êîòîðûìè ïîêóïàòåëüíàÿ ñïîñîáíîñòü ïîÿâëÿ-
åòñÿ ïðè ðåíòàáåëüíîñòè íå ìåíåå 20 %, â íà-
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ñòîÿùåå âðåìÿ ÑÕÎ íå ñïîñîáíû ïîëíîöåííî 
îáíîâëÿòü ïàðê, òàê êàê èõ ðåíòàáåëüíîñòü íà 
8…11 % ìåíüøå óðîâíÿ ïîêóïàòåëüíîé ñïîñîá-
íîñòè, îòðàñëü íå ÷óâñòâèòåëüíà ê òåõíè÷åñêî-
ìó ïðîãðåññó.

Ïðèâåäåííûå äàííûå ñîãëàñóþòñÿ ñ ðåàëü-
íûì ñîñòîÿíèåì òðàêòîðíîãî ïàðêà (ðèñ. 1), â 
êîòîðîì ôàêòè÷åñêè ïðèñóòñòâóåò åäèíñòâåí-
íàÿ ìîäåëü Áåëàðóñ 82.1 ñ óäåëüíîé ìîùíîñò-
íîé ñòîèìîñòüþ 10 òûñ. ðóá./ë.ñ., ÿâëÿþùåé-
ñÿ îñíîâíîé õàðàêòåðèñòèêîé ýêîíîìè÷åñêîé 
(áþäæåòíîé) êàòåãîðèè. 

Â òî æå âðåìÿ òåõíè÷åñêèé óðîâåíü îòå÷å-
ñòâåííûõ òðàêòîðîâ â öåëîì çíà÷èòåëüíî íèæå 
ëó÷øèõ çàðóáåæíûõ ìîäåëåé. Ìèðîâûå òåí-
äåíöèè ðàçâèòèÿ ÌÝÑ, â ò.÷. â ñåëüñêîì õîçÿé-
ñòâå, çàêëþ÷àþòñÿ â ïîâûøåíèè èõ ýíåðãåòè-
÷åñêîé ýôôåêòèâíîñòè è ïðîèçâîäèòåëüíîñòè. 

Âûáîð ïåðñïåêòèâíîãî ïðèîðèòåòíîãî òåõ-
íîëîãè÷åñêîãî íàïðàâëåíèÿ äîëæåí áûòü ïîä-
÷èíåí î÷åâèäíîé èäåå: íå äîãîíÿòü ðîáîòîâ, ãäå 
âñå ïðèíöèïèàëüíûå ðåøåíèÿ óæå èçâåñòíû, 
íî ñîçäàâàòü íîâîå íàïðàâëåíèå – ñíèæåíèå 
ìàññû íà íàó÷íûõ îñíîâàõ, êàê ãëàâíóþ èäåî-
ëîãèþ ïîâûøåíèÿ ýíåðãåòè÷åñêîé ýôôåêòèâ-
íîñòè è îáåñïå÷åíèÿ ýêîëîãè÷åñêîé áåçîïàñíî-
ñòè íà îñíîâå ôóíäàìåíòàëüíûõ èññëåäîâàíèé 
è íîâûõ ðåçóëüòàòàõ ïî ñîçäàíèþ âûñîêîïðî÷-
íûõ ðàì è íàáîðà (ñèñòåìû) íàóêîåìêèõ ýëå-
ìåíòîâ òàêèõ êàê: äâèãàòåëü, òðàíñìèññèÿ, 
äâèæèòåëü, ïîñò óïðàâëåíèÿ, íàâåñíàÿ ñèñòå-
ìà, îòâå÷àþùèõ ñàìûì âûñîêèì òðåáîâàíèÿì 
ïî ìàññå, ÊÏÄ, ýêîëîãè÷åñêîé áåçîïàñíîñòè è 
ñïîñîáíûõ îáåñïå÷èòü ïðîèçâîäñòâî ñáîðî÷íî-
ãî òèïà ïîëíîãî òåõíîëîãè÷åñêè íåîáõîäèìîãî 
òèïàæà ìîáèëüíûõ ýíåðãåòè÷åñêèõ ñðåäñòâ, 
êîíêóðåíòîñïîñîáíûõ íà ìèðîâîì óðîâíå.

Ïðåäñòàâëåííîå òåõíîëîãè÷åñêîå íàïðàâëå-
íèå ïîëó÷èëî ðåàëèçàöèþ ïðè ðàçðàáîòêå «Èñ-
õîäíûõ òðåáîâàíèé íà ýêîëîãè÷åñêè áåçîïàñíûå 
òðàêòîðû òÿãîâûõ êëàññîâ 1,4 è 2» (óòâåðæ-
äåíû Ìèíñåëüõîçîì Ðîññèè 27.10.2003) [2, 3]; 
ïðè ýòîì îáùåå ñíèæåíèå çàòðàò ýíåðãèè íà 
âûïîëíåíèÿ åäèíèöû ïîëåçíîé ðàáîòû ñîñòà-
âèëî 1,5...1,6 ðàçà ïî ñðàâíåíèþ ñ àíàëîãîì 
«Áåëàðóñ–1025».

Êðîìå ýòîãî ïðèíöèïèàëüíûì ìîìåíòîì 
ïðè îïðåäåëåíèè íàïðàâëåíèé ñîâðåìåííîãî 
ðàçâèòèÿ òðàêòîðíîé ïðîìûøëåííîñòè íåîá-
õîäèìî ó÷èòûâàòü íàëè÷èå ïîòðåáèòåëåé äâóõ 
òèïîâ. Äëÿ õîçÿéñòâ íàõîäÿùèõñÿ â ñîñòîÿíèè 
îòðèöàòåëüíîãî ðàçâèòèÿ, êîëè÷åñòâî êîòîðûõ 
ïðåâûøàåò 60 %, äîëæíû áûòü ðàçðàáîòàíû 

è ïîñòàâëåíû íà ïðîèçâîäñòâî ìîäåëè ýêîíî-
ìè÷åñêîé (áþäæåòíîé) êàòåãîðèè. Èìåííî íà 
íèõ ñëåäóåò íàïðàâèòü ìåðû ãîñóäàðñòâåííîé 
ïîääåðæêè. Â êà÷åñòâå âòîðîãî ïîòðåáèòåëÿ 
ñëåäóåò ðàññìàòðèâàòü ñåëüñêîõîçÿéñòâåííûå 
îðãàíèçàöèè ñ ðåíòàáåëüíîñòüþ áîëåå 30 %. 
Êîíêóðåíòîñïîñîáíîñòü ñîçäàâàåìûõ ìîäåëåé 
äîëæíà â ïîëíîé ìåðå îáåñïå÷èâàòüñÿ çà ñ÷åò 
ñíèæåíèÿ èõ ýêñïëóàòàöèîííîé ìàññû ñ äîñòè-
æåíèåì ïîêàçàòåëåé ýíåðãåòè÷åñêèõ ýòàëîíîâ 
ñ ìèíèìàëüíûìè çàòðàòàìè ýíåðãèè íà åäèíè-
öó ïîëåçíîé ðàáîòû. 

Ðåçóëüòàòû è îáñóæäåíèå
Îñíîâíûìè öåëÿìè ïðè ðàçðàáîòêå ÌÝÑ 

ÿâëÿþòñÿ: ýíåðãåòè÷åñêàÿ ýôôåêòèâíîñòü 
ìàøèí â ïîëíîì æèçíåííîì öèêëå, ýêîíîìè-
÷åñêàÿ êîíêóðåíòîñïîñîáíîñòü, à òàêæå èõ ýêî-
ëîãè÷åñêàÿ áåçîïàñíîñòü. Ïðè ýòîì èíòåãðè-
ðóþùèì ðåçóëüòàòîì ìîæåò áûòü óìåíüøåíèå 
ýêñïëóàòàöèîííîé ìàññû ÌÝÑ. Ïðåäïî÷òè-
òåëüíûìè êîíñòðóêòèâíî-òåõíîëîãè÷åñêèìè 
íàïðàâëåíèÿìè äëÿ äîñòèæåíèÿ ýòèõ öåëåé 
ÿâëÿåòñÿ: 

– ñîçäàíèå òðàêòîðîâ ðàìíîé êîíñòðóêöèè;
– îñíàùåíèå ñèñòåìàìè àâòîìàòè÷åñêîãî 

óïðàâëåíèÿ;
– èñïîëüçîâàíèå âåñà àãðåãàòèðóåìûõ 

ìàøèí â êà÷åñòâå ñöåïíîãî;
– ïîâûøåíèå òÿãîâî-ñöåïíûõ ñâîéñòâ;
– ïðèìåíåíèå ðåçèíîàðìèðîâàííûõ ãóñåíèö;
– ïîâûøåíèå òîïëèâíîé ýêîíîìè÷íîñòè 

äâèãàòåëÿ è ïðèìåíåíèå àëüòåðíàòèâíûõ âèäîâ 
òîïëèâà. 

Äëÿ îïðåäåëåíèÿ ìîäåëè òðàêòîðà ñ öåëüþ 
åå ãîñóäàðñòâåííîé ïîääåðæêè íåîáõîäèìà 
ðàçðàáîòêà êðèòåðèÿ ìîäåëè ìàøèíû áþäæåò-
íîé ýêîíîìè÷åñêîé êàòåãîðèè, êîòîðàÿ ïðè 
óäîâëåòâîðåíèè «Òåõíè÷åñêèì òðåáîâàíè-
ÿì...» èìååò ïðèâëåêàòåëüíóþ (ìèíèìàëüíóþ) 
óäåëüíóþ ýêîíîìè÷åñêóþ õàðàêòåðèñòèêó. Â 
êà÷åñòâå òàêîé äëÿ òðàêòîðîâ ïðåäëàãàåòñÿ 
ââåñòè ïîêàçàòåëü «óäåëüíàÿ ìîùíîñòíàÿ ñòî-
èìîñòü ìîäåëè» – êàê îòíîøåíèå öåíû òðàêòî-
ðà â ðóáëÿõ (êàê åäèíèöà ãîñïîääåðæêè) ê ýêñ-
ïëóàòàöèîííîé ìîùíîñòè äâèãàòåëÿ â ë.ñ.

Ïðîâåäåííûé àíàëèç ðîññèéñêîãî ðûíêà ïî-
êàçàë, ÷òî íàèáîëüøèì ñïðîñîì ïîëüçîâàëñÿ 
òðàêòîð òÿãîâîãî êëàññà 1,4 Áåëàðóñ 82.1 ñ óäåëü-
íîé ìîùíîñòíîé ñòîèìîñòüþ 10 òûñ. ðóá./ë.ñ., 
÷òî ìîæåò áûòü ïðèíÿòî ïåðâè÷íûì îðèåí-
òèðîì ýêîíîìè÷íîé (áþäæåòíîé) êàòåãîðèè 
òðàêòîðà.
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Äëÿ áîëåå ãëóáîêîãî îáîñíîâàíèÿ óðîâíÿ 
êðèòåðèÿ óäåëüíîé ìîùíîñòíîé ñòîèìîñòè 
ïî äðóãèì ìîäåëÿì íåîáõîäèìî ðàçðàáîòàòü 
ìåòîäèêó è ïðîâåñòè èññëåäîâàíèÿ âëèÿíèÿ 
îòäåëüíûõ êîìïëåêòóþùèõ óçëîâ è ñèñòåì, â 
øèðîêîì àññîðòèìåíòå ïðåäñòàâëÿåìûõ ðàç-
ðàáîò÷èêàìè êàê îïöèè, íà ýêñïëóàòàöèîííî-
òåõíîëîãè÷åñêèå, ñòîèìîñòíûå, ýíåðãåòè÷å-
ñêèå è ýêîëîãè÷åñêèå ïîêàçàòåëè òðàêòîðîâ â 
èõ ïîëíîì æèçíåííîì öèêëå. 

 Ãëàâíûì âåêòîðîì ðàçâèòèÿ ÌÝÑ íà ýëå-
ìåíòàðíîì óðîâíå ìîæíî âûäåëèòü òåíäåíöèþ 
çàìåíû êèíåìàòè÷åñêèõ ñâÿçåé íà èíôîðìàöè-
îííûå, ÿâëÿþùèåñÿ ñèñòåìíîé îñíîâîé ïðè-
ìåíåíèÿ öèôðîâûõ òåõíîëîãèé [5, 6, 7, 8, 9], â 
íàñòîÿùåå âðåìÿ íàõîäÿùèõ ñâîå âûðàæåíèå â 
ðàçðàáîòêàõ è ïðèìåíåíèè áåñïèëîòíûõ ÌÝÑ 
è ðîáîòîâ.

Ïðîãíîçèðóåòñÿ, ÷òî ïåðâûå äåéñòâóþùèå 
îáðàçöû áåñïèëîòíûõ êîìáàéíîâ è òðàêòî-
ðîâ áóäóò ñîçäàíû â Ðîññèè óæå ê 2019 ã. Ïðè 
ýòîì ñòîèìîñòü ïîäîáíîé òåõíèêè áóäåò ëèøü 
íà 15 % âûøå, ÷åì îáû÷íîé. Äîáèòüñÿ ñíèæå-
íèÿ ñòîèìîñòè òåõíèêè ïîçâîëèò ïðèåìëåìûé 
óðîâåíü ëîêàëèçàöèè ïðîèçâîäñòâà èííîâà-
öèîííûõ ñèñòåì óïðàâëåíèÿ. Óæå ñåãîäíÿ íà 
îòäåëüíûõ ôåðìàõ ìîæíî âñòðåòèòü ñåëüñêî-
õîçÿéñòâåííûõ ðîáîòîâ, íî áîëüøèíñòâî ìî-
äåëåé íàõîäÿòñÿ äàëåêî îò ìàññîâîãî ðûíêà. 
Åñëè ýòè ìîäåëè è ïðîòîòèïû ñòàíóò áîëåå 
ñîâåðøåííûìè è äîñòóïíûìè ïî öåíå, ìîæíî 
áóäåò ñ óâåðåííîñòüþ óòâåðæäàòü, ÷òî ðîáî-
òèçàöèÿ ñåëüñêîãî õîçÿéñòâà íå çàñòàâèò ñåáÿ 
îæèäàòü. 

Ïî ïðîãíîçó îðãàíèçàöèè Tractica ïðåäïîëà-
ãàåòñÿ, ÷òî îòãðóçêè ñåëüñêîõîçÿéñòâåííûõ ðî-
áîòîâ ê 2024 ã. âîçìîæíî äîñòèãíóò 594 òûñÿ÷ 
åäèíèö, è ýòî áóäåò îáåñïå÷èâàòü ãîäîâîé 
äîõîä â $74,1 ìëðä. [10]

Áåñïèëîòíûå ìîáèëüíûå ðîáîòîòåõíè÷å-
ñêèå êîìïëåêñû äëÿ òåõíîëîãèé âîçäåëûâà-
íèÿ ðàñòåíèåâîä÷åñêèõ êóëüòóð ïðåäñòàâëÿþò 
ñîáîé êîëåñíóþ èëè ãóñåíè÷íóþ ïëàòôîðìó, 
íà êîòîðîé ðàçìåùàåòñÿ ãèáðèäíàÿ ýíåðãîó-
ñòàíîâêà, àïïàðàòóðà óïðàâëåíèÿ äâèæåíèåì: 
ñåíñîðèêè è òî÷íîãî ïîçèöèîíèðîâàíèÿ, ìà-
øèííîãî çðåíèÿ, à òàêæå óïðàâëåíèÿ ðîáîòè-
çèðîâàííûìè íàâåñíûìè ðàáî÷èìè îðãàíàìè 
äëÿ âûïîëíåíèÿ òåõíîëîãè÷åñêèõ îïåðàöèé 
[11]. 

Íåïðåðûâíîå, ïàíîðàìíî-îáúåìíîå ñëåæå-
íèå çà êàæäûì ðàñòåíèåì ìîæåò îáåñïå÷èòü 
âèäåîñåòü, ñïîñîáíàÿ ðàçëè÷àòü îòäåëüíîå ðàñ-

òåíèå, ïîïàäàþùåå â ïîëå çðåíèÿ âèäåîêàìåð, 
ðàññòàâëåííûõ â îïðåäåëåííî ðàññ÷èòàííûõ 
òåõíîëîãè÷åñêèõ òî÷êàõ ñ ïðèìåíåíèåì áåñ-
ïèëîòíûõ ÌÝÑ. Âûáîðî÷íàÿ âèäåîôèêñàöèÿ 
ìîæåò ïðîèñõîäèòü äëÿ îòäåëüíûõ ðàñòåíèé ñ 
öåëüþ âûÿâëåíèÿ îòêëîíåíèé â ðàçâèòèè, ñòå-
ïåíè ñîçðåâàíèÿ, âûÿâëåíèÿ áîëåçíåé è äðóãèõ 
òåõíîëîãè÷åñêèõ öåëåé [12]. 

 Òàêèå âçàèìíî èíòåãðèðîâàííûå, âûñîêî-
òî÷íûå, âèðòóàëüíûå ìîäåëè áóäóò äîñòóï-
íû äëÿ áûñòðîãî èçó÷åíèÿ èíäèâèäóàëüíûõ 
îñîáåííîñòåé êàæäîãî ðàñòåíèÿ, îñîáåííî 
ïðè ñìåíå âèäà ìàøèííîé òåõíîëîãèè è â ñó-
òî÷íûõ, ñåçîííûõ èëè ìíîãîëåòíèõ ïðîèçâîä-
ñòâåííûõ öèêëàõ, ÷òî ïîâûñèò ïîòðåáíîñòü 
â àâòîìàòèçèðîâàííûõ è ðîáîòèçèðîâàííûõ 
ÌÝÑ.

Ñîãëàñíî ìèðîâûì òðåíäàì [11] ðàçâèòèÿ 
ñåëüñêîõîçÿéñòâåííîãî ïðîèçâîäñòâà, òåõíî-
ëîãèÿ òî÷íîãî çåìëåäåëèÿ ÿâëÿåòñÿ îäíèì 
èç ïðîðûâíûõ è ýôôåêòèâíûõ íàïðàâëåíèé. 
Ïîäúåì ïðîäóêòèâíîñòè ñåëüñêîãî õîçÿéñòâà, 
ñíèæåíèå èçäåðæåê íà ïðîèçâîäñòâî, ïîâûøå-
íèå êîíêóðåíòîñïîñîáíîñòè ñåëüõîçïðîèçâîä-
ñòâà âî ìíîãîì îïðåäåëÿþòñÿ åãî òåõíîëîãè÷å-
ñêîé ìîäåðíèçàöèåé, îñâîåíèåì èíòåíñèâíûõ 
òåõíîëîãèé, íàäåæíûì è ýôôåêòèâíûì ýíåð-
ãîîáåñïå÷åíèåì, óïðàâëåíèåì ïðîäóêöèîííûì 
ïðîöåññîì [13].

 Ê íà÷àëó ñëåäóþùåãî äåñÿòèëåòèÿ ñåëüñêî-
õîçÿéñòâåííûå ðîáîòû (àãðîáîòû) àâòîìàòèçè-
ðóþò âñå òÿæåëûå ïîëåâûå ðàáîòû: âñïàøêó, 
ïîñàäêó, ïðîïîëêó, ïîëèâ, âíåñåíèå óäîáðå-
íèé, ñáîð óðîæàÿ è ò.ä. Â ðàìêàõ ïðîãðàììû 
ìåð ïî ôîðìèðîâàíèþ ïðèíöèïèàëüíî íîâûõ 
ðûíêîâ è ñîçäàíèþ óñëîâèé äëÿ òåõíîëîãè÷å-
ñêîãî ëèäåðñòâà Ðîññèè ê 2035 ã., ðàçðàáîòàí-
íîé «Àãåíòñòâîì ñòðàòåãè÷åñêèõ èíèöèàòèâ» 
(ÀÑÈ), ïðèíÿòà èíèöèàòèâà ñîçäàíèÿ ðûíêà 
AutoNet, AeroNet è FoodNet, ïîäðàçóìåâàþ-
ùàÿ ðåàëèçàöèþ ê 2030 ã. øèðîêîìàñøòàáíîãî, 
ãëîáàëüíîãî ïðîåêòà ñåòè òðàíñïîðòíûõ ìàãè-
ñòðàëåé äëÿ áåñïèëîòíûõ ãðóçîïàññàæèðñêèõ 
ïåðåâîçîê è âûïîëíåíèÿ ñåëüõîçðàáîò. 

Âûâîäû
Ïðîâåäåííûé àíàëèç ñîñòîÿíèÿ òåíäåíöèé 

ðàçâèòèÿ ñåëüñêîõîçÿéñòâåííûõ ÌÝÑ ïîçâîëÿ-
åò çàêëþ÷èòü ñëåäóþùåå:

– ïðåäñòàâëåííûå äàííûå î íàëè÷èè 4 òðàê-
òîðîâ íà 1000 ãà ïàøíè âìåñòî îïòèìàëüíûõ 
10 òðàêòîðîâ íà 1000 ãà ïàøíè ñâèäåòåëü-
ñòâóþò î êðàéíåé íåäîñòàòî÷íîñòè ìàøèííî-
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òðàêòîðíîãî ïàðêà, ÷òî è òðåáóåò ïðèíÿòèÿ 
÷ðåçâû÷àéíûõ ãîñóäàðñòâåííûõ ìåð ïî åãî 
âîññòàíîâëåíèþ;

– àáñîëþòíîå ïðåèìóùåñòâî â ïàðêå òðàê-
òîðîâ Áåëàðóñ 82.1 ñ óäåëüíîé ìîùíîñòíîé 
ñòîèìîñòüþ 10 òûñ. ðóá./ ë.ñ. ãîâîðèò î íàñòî-
ÿòåëüíîé íåîáõîäèìîñòè ðàçðàáîòêè íàó÷íî-
îáîñíîâàííûõ òðåáîâàíèé ê ìîäåëÿì ýêîíîìè-
÷åñêîé (áþäæåòíîé) êàòåãîðèè ÌÝÑ;

– íà áëèæàéøèé ïåðèîä âûáîð ïåðñïåêòèâ-
íîãî òåõíîëîãè÷åñêîãî íàïðàâëåíèÿ îïåðåæà-
þùåãî ðàçâèòèÿ ñåëüñêîõîçÿéñòâåííûõ ÌÝÑ, 
êîíêóðåíòîñïîñîáíûõ íà ìèðîâîì ðûíêå ïî 
ýêîëîãè÷åñêîé áåçîïàñíîñòè è ýíåðãåòè÷åñêîé 
ýôôåêòèâíîñòè â ïîëíîì æèçíåííîì öèêëå, 
äîëæåí áûòü ñâÿçàí ñ óìåíüøåíèåì èõ ýêñ-
ïëóàòàöèîííîé ìàññû ïðè ïîâûøåíèè òÿãî-
âî-ñöåïíûõ ñâîéñòâ äâèæèòåëåé è àãðåãàòà â 
öåëîì;

– ïîèñêîâûå ðàáîòû ïî ðàçâèòèþ ðîáîòèçà-
öèè ñåëüñêîõîçÿéñòâåííûõ ÌÝÑ ñëåäóåò ðàñ-
ñìàòðèâàòü êàê ïîêàçàòåëü ñîâåðøåíñòâîâà-
íèÿ òåõíè÷åñêîãî óðîâíÿ îòäåëüíûõ ìîäåëåé, 
÷òî òðåáóåò ñèñòåìàòèçàöèè ïðè ðàçðàáîòêå 
òèïàæà, îïòèìàëüíîé òåõíîëîãè÷åñêîé ïî-
òðåáíîñòè è ïðîãíîçà ðàçâèòèÿ ïàðêà.  
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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



ISSN 0321-4443 Òðàêòîðû è ñåëüõîçìàøèíû, ¹ 3, 2018

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

Íåíàéäåíêî À.Ñ., Ïîääóáíûé Â.È., Âàëåêæàíèí À.È.

36

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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ÓÄÊ 631.354:33

ÂËÈßÍÈÅ ÑÊÎÐÎÑÒÈ ÏËÀÂÀÞÙÅÃÎ ÒÐÀÍÑÏÎÐÒÅÐÀ 
ÍÀ ÑÅÏÀÐÈÐÓÞÙÓÞ ÑÏÎÑÎÁÍÎÑÒÜ ÄÍÈÙÀ 
ÍÀÊËÎÍÍÎÉ ÊÀÌÅÐÛ

INFLUENCE OF THE SPEED OF THE FLOATING 
CONVEYOR ON THE SEPARATING ABILITY 
OF THE BOTTOM OF THE INCLINED CHAMBER

Ïðåäñòàâëåíû ðåçóëüòàòû ëàáîðàòîðíîãî ýêñïåðèìåíòà, ïîäòâåðæäàþùèå âîçìîæíîñòü ïðåäâàðèòåëüíîé ñå-
ïàðàöèè ñâîáîäíîãî çåðíà èç î÷åñàííîãî çåðíîâîãî âîðîõà äî åãî ïîñòóïëåíèÿ â ìîëîòèëüíóþ êàìåðó çåðíî-
óáîðî÷íîãî êîìáàéíà. Â ÷àñòíîñòè, ïðåäëîæåíî ñíàáäèòü íàêëîííóþ êàìåðó ñïåöèàëüíûì ïåðôîðèðîâàííûì 
ðåøåò÷àòûì äíèùåì, èìåþùèì ïðîäîëãîâàòûå îòâåðñòèÿ ïðÿìîóãîëüíîé ôîðìû. Âñå èññëåäîâàíèÿ ïðîèç-
âîäèëèñü íà ïøåíèöå ñîðòà Ìîñêîâñêàÿ 56. Âëàæíîñòü çåðíà ñîñòàâëÿëà ïîðÿäêà 12 %. Ñêîðîñòü äâèæåíèÿ 
ïëàâàþùåãî òðàíñïîðòåðà èìåëà øåñòü óðîâíåé âàðüèðîâàíèÿ â ïðåäåëàõ 0,5…3 ì/ñ. Óãîë íàêëîíà ýêñïåðè-
ìåíòàëüíîé óñòàíîâêè ê ãîðèçîíòó áûë ïðèíÿò ðàâíûì 45°. Ïîäà÷à î÷åñàííîãî çåðíîâîãî âîðîõà ñîñòàâëÿëà 
ïîðÿäêà 10 êã/ñ ïðè ñîäåðæàíèè â íåì 80 % ñâîáîäíîãî çåðíà. Òàê, ïî ðåçóëüòàòàì íàó÷íûõ èññëåäîâàíèé óñòà-
íîâëåíî, ïî ìåðå óâåëè÷åíèÿ ñêîðîñòè ïëàâàþùåãî òðàíñïîðòåðà êîëè÷åñòâî ñâîáîäíîãî çåðíà, ïðîøåäøåãî 
ñêâîçü îòâåðñòèÿ ðåøåò÷àòîãî äíèùà óìåíüøàåòñÿ, à êîëè÷åñòâî ñîøåäøåãî ñ íåãî çåðíà, íàîáîðîò, âîçðàñ-
òàåò. Ïðè ýòîì ìàêñèìàëüíûé ñõîä ñâîáîäíîãî çåðíà (31,3 %) ñîîòâåòñòâóåò ìàêñèìàëüíîé ñêîðîñòè ïëàâàþ-
ùåãî òðàíñïîðòåðà (3 ì/ñ). Ýòî îáóñëîâëåíî òåì, ÷òî ïðè ïðîâåäåíèè ñåðèè ýêñïåðèìåíòîâ äëèíà ñåïàðèðóþ-
ùåé ðåøåòêè îêàçàëàñü íåäîñòàòî÷íîé. Äëÿ ýòîãî ðàññìîòðåí õàðàêòåð ïðîöåññà ïðåäâàðèòåëüíîé ñåïàðàöèè 
ñâîáîäíîãî çåðíà èç î÷åñàííîãî çåðíîâîãî âîðîõà ïî äëèíå ðåøåò÷àòîãî äíèùà. Ýêñòðàïîëÿöèÿ óêàçàííîãî 
ïðîöåññà ïîêàçûâàåò, ÷òî äëèíà ðåøåò÷àòîãî äíèùà, îáåñïå÷èâàþùàÿ ïîëíîå âûäåëåíèå ñâîáîäíîãî çåðíà èç 
î÷åñàííîãî çåðíîâîãî âîðîõà, äîëæíà áûòü íå ìåíåå 1,17 ì. Ïðàêòè÷åñêîå âíåäðåíèå òàêîãî òåõíè÷åñêîãî ðå-
øåíèÿ â êîíñòðóêöèþ ñîâðåìåííîãî çåðíîóáîðî÷íîãî êîìáàéíà ïîçâîëèò óâåëè÷èòü åãî ïðîèçâîäèòåëüíîñòü 
ïðè î÷åñûâàíèè ðàñòåíèé íà êîðíþ, íàäåæíî èñêëþ÷èâ ïðè ýòîì âåðîÿòíîñòü äðîáëåíèÿ ñâîáîäíîãî çåðíà 
ðàáî÷èìè îðãàíàìè ìîëîòèëüíîãî óñòðîéñòâà.
Êëþ÷åâûå ñëîâà: çåðíîóáîðî÷íûé êîìáàéí, î÷åñ, íàêëîííàÿ êàìåðà, ðåøåò÷àòîå äíèùå, ïðåäâàðèòåëüíàÿ 
ñåïàðàöèÿ î÷åñàííîãî çåðíîâîãî âîðîõà.

The results of a laboratory experiment confirming the possibility of preliminary separation of free grain from a 
combed grain heap prior to its entry into the threshing chamber of a combine harvester are presented. In particular, 
it is proposed to provide the inclined chamber with a special perforated trellised bottom having elongated holes of 
a rectangular shape. All research was carried out on the wheat of the variety called Moscow 56. The moisture con-
tent of the grain was about 12 %. The speed of the floating conveyor had six levels of variation within the range of 
0,5 ... 3 m/s. The angle of inclination of the experimental setup to the horizon was assumed equal to 45 °. The feeding 
of the combed grain heap was about 10 kg / s with the content of 80% of free grain in it. So according to the results 
of scientific research it is established that as the speed of the floating conveyor increases, the amount of free grain of 
the grating bottom that has passed through the holes decreases, and the amount of grain that has descended from it, 
on the contrary, increases. In this case, the maximum free grain (31,3 %) corresponds to the maximum speed of the 
floating conveyor (3 m/s). This is due to the fact that during the series of experiments, the length of the separation 
grid was insufficient. For this purpose, the nature of the process of preliminary separation of free grain from the tow 
grain heap along the length of the lattice bottom is considered. Extrapolation of this process shows that the length of 
the lattice bottom, which ensures the complete liberation of free grain from the tow grain heap, should be not less than 
1,17 m. The practical implementation of such a technical solution in the construction of a modern combine harvester 
will increase its productivity when combing plants on the root, while at the same time excluding the possibility of 
crushing free grain by the working bodies of the threshing device.
Keywords: combine harvester, tow, inclined chamber, lattice bottom, preliminary separation of combed grain heap.
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Ââåäåíèå
Ïî èòîãàì 2016 ãîäà Ðîññèÿ âïåðâûå çàðàáî-

òàëà íà ýêñïîðòå ñåëüñêîõîçÿéñòâåííûõ òîâà-
ðîâ è ïðîäîâîëüñòâèÿ áîëüøå, ÷åì íà ïðîäàæå 
îðóæèÿ. Òàêèì îáðàçîì, íàøà ñòðàíà âûøëà 
íà ïåðâîå ìåñòî â ìèðå ïî ýêñïîðòó çåðíîâûõ, 
îáîãíàâ ïðè ýòîì Ñîåäèíåííûå Øòàòû Àìå-
ðèêè. Ñîãëàñíî äàííûì Ìèíèñòåðñòâà ñåëü-
ñêîãî õîçÿéñòâà, âàëîâîé ñáîð çåðíà â ñòðàíå 
ñîñòàâèë ðåêîðäíûå 120 ìèëëèîíîâ òîíí ïðè 
ñðåäíåé óðîæàéíîñòè 30 ö/ãà, à â 2017 ãîäó 
àíàëîãè÷íûé ïîêàçàòåëü åãî ïðåâûñèë è 
äîñòèã óðîâíÿ 140 ìèëëèîíîâ òîíí. Â ñâÿçè ñ 
ýòèì èçûñêàíèå òåõíè÷åñêèõ âîçìîæíîñòåé ïî 
îáåñïå÷åíèþ êà÷åñòâåííîé è ñâîåâðåìåííîé 
óáîðêè çåðíîâûõ êóëüòóð ÿâëÿåòñÿ àêòóàëüíîé 
íàó÷íîé çàäà÷åé.

Ìíîãîëåòíèå èññëåäîâàíèÿ è ïðàêòè÷åñêèé 
îïûò ñâèäåòåëüñòâóþò î òîì, ÷òî óêàçàííûì 
òðåáîâàíèÿì íàèáîëåå ïîëíî îòâå÷àåò òåõ-
íîëîãèÿ î÷åñûâàíèÿ ðàñòåíèé íà êîðíþ [1]. 
Ýòî îáóñëîâëåíî òåì, ÷òî ïðè òàêîì ñïîñîáå 
óáîðêè ñíèæàåòñÿ ïîñòóïëåíèå õëåáíîé ìàññû 
â ìîëîòèëüíîå óñòðîéñòâî. Â ðåçóëüòàòå ýòîãî 
ïðîèçâîäèòåëüíîñòü êîìáàéíà ïîâûøàåòñÿ 
â 1,5…2 ðàçà ïî ñðàâíåíèþ ñ òðàäèöèîííîé 
æàòêîé, ÷òî âëå÷åò çà ñîáîé çíà÷èòåëüíîå ñî-
êðàùåíèå ñðîêîâ ïðîâåäåíèÿ óáîðî÷íîé êàì-
ïàíèè, è êàê ñëåäñòâèå ýòîãî, óìåíüøåíèå 
ïîòåðü çåðíà îò ñàìîîñûïàíèÿ. Îäíàêî ââèäó 
òîãî, ÷òî î÷åñàííûé çåðíîâîé âîðîõ ñîäåðæèò 
äî 80 % ñâîáîäíîãî çåðíà, òî ïðè òàêîì ñïîñî-
áå óáîðêè íàáëþäàåòñÿ åãî ÷ðåçìåðíîå äðîáëå-
íèå (ïîðÿäêà 12…14 %) ðàáî÷èìè îðãàíàìè ìî-
ëîòèëêè, ÷òî îãðàíè÷èâàåò î÷åñ îò øèðîêîãî 
ïðèìåíåíèÿ [2]. 

Îäíèì èç âàðèàíòîâ ðåøåíèÿ òàêîé ïðîáëå-
ìû ñëóæèò ïðåäâàðèòåëüíàÿ ñåïàðàöèÿ ñâîáîä-
íîãî çåðíà äî åãî ïîñòóïëåíèÿ â ìîëîòèëüíóþ 
êàìåðó çåðíîóáîðî÷íîãî êîìáàéíà. Ýòî äî-
ñòèãàåòñÿ çà ñ÷åò ñíàáæåíèÿ äíèùà íàêëîííîé 
êàìåðû ñïåöèàëüíîé ñåïàðèðóþùåé ðåøåòêîé 
[3], îïòèìàëüíûìè ïàðàìåòðàìè êîòîðîé ÿâëÿ-
þòñÿ: åå äëèíà, ðàâíàÿ 0,95 ì, à òàêæå ðàçìåð 
ïðÿìîóãîëüíûõ îòâåðñòèé 160×8 ìì [4]. Ïðàê-
òè÷åñêàÿ ðåàëèçàöèÿ òàêîãî òåõíè÷åñêîãî ðå-
øåíèÿ îáåñïå÷èâàåò ìàêñèìàëüíûé ïðîõîä 
ñâîáîäíîãî çåðíà (äî 70 %), ÷òî èñêëþ÷àåò âå-
ðîÿòíîñòü åãî äðîáëåíèÿ ðàáî÷èìè îðãàíàìè 
ìîëîòèëêè è íàïðàâëÿåò ïîñëåäíåå íà î÷èñòêó, 
ìèíóÿ ìîëîòèëüíóþ êàìåðó.

Ïîñêîëüêó ïðåäâàðèòåëüíîå âûäåëåíèå ñâî-
áîäíîãî çåðíà èç î÷åñàííîãî çåðíîâîãî âîðîõà 
óäàëîñü îñóùåñòâèòü òîëüêî â ïîñëåäíèå ãîäû 
[5, 6], òî íå âñå òåõíîëîãè÷åñêèå ïàðàìåòðû 
ïðîöåññà èçó÷åíû äî êîíöà. Â ÷àñòíîñòè, íå 
èçâåñòíî âëèÿíèå ñêîðîñòè ïëàâàþùåãî òðàíñ-
ïîðòåðà íà ñåïàðèðóþùóþ ñïîñîáíîñòü äíèùà 
íàêëîííîé êàìåðû çåðíîóáîðî÷íîãî êîìáàéíà 
ïðè ðàáîòå ñ î÷åñûâàþùèì àäàïòåðîì.

Öåëü èññëåäîâàíèé
Öåëüþ èññëåäîâàíèÿ ÿâëÿåòñÿ èññëåäîâàíèå 

âëèÿíèÿ ñêîðîñòè ïëàâàþùåãî òðàíñïîðòåðà 
íà ñåïàðèðóþùóþ ñïîñîáíîñòü äíèùà íàêëîí-
íîé êàìåðû è îïðåäåëåíèå åå îïòèìàëüíûõ ïà-
ðàìåòðîâ.

Ìåòîäèêà èññëåäîâàíèé
Äëÿ èññëåäîâàíèÿ ïðîöåññà ïðåäâàðèòåëü-

íîé ñåïàðàöèè ñâîáîäíîãî çåðíà èç î÷åñàííîãî 
çåðíîâîãî âîðîõà àâòîðàìè áûëà ðàçðàáîòàíà 
ýêñïåðèìåíòàëüíàÿ óñòàíîâêà, èìèòèðóþùàÿ 
ðàáîòó ñêðåáêîâîãî ïëàâàþùåãî òðàíñïîðòåðà 
íàêëîííîé êàìåðû çåðíîóáîðî÷íîãî êîìáàéíà 
(ðèñ. 1). Îíà ñîñòîèò èç êîðïóñà 1, ñêðåáêîâî-
ãî òðàíñïîðòåðà 2, ðåøåò÷àòîãî äíèùà 3 è åì-
êîñòè 4 äëÿ ñáîðà ñâîáîäíîãî çåðíà 5. Ïðèâîä 
óñòàíîâêè îñóùåñòâëÿëñÿ îò ýëåêòðîäâèãàòå-
ëÿ 6 ïîñðåäñòâîì öåïíîé ïåðåäà÷åé 7. Ðåãó-
ëèðîâêà ñêîðîñòè òðàíñïîðòåðà âûïîëíÿëàñü 
ïðè ïîìîùè ÷àñòîòíîãî ïðåîáðàçîâàòåëÿ 8 
«Âåñïåð» Å2-8300.

Ðèñ. 1. Ñõåìà ýêñïåðèìåíòàëüíîé óñòàíîâêè
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Èññëåäîâàíèÿ ïðîèçâîäèëèñü íà ïøåíèöå 
ñîðòà «Ìîñêîâñêàÿ 56». Âëàæíîñòü çåðíà ñî-
ñòàâëÿëà ïîðÿäêà 12 % (îïðåäåëÿëàñü âåñî-
âûì ìåòîäîì â ìåæêàôåäðàëüíîé ëàáîðàòîðèè 
Áðÿíñêîãî ÃÀÓ). Ñêîðîñòü äâèæåíèÿ òðàíñ-
ïîðòåðà èìåëà øåñòü óðîâíåé âàðüèðîâàíèÿ â 
ïðåäåëàõ 0,5…3 ì/ñ. Ìàêñèìàëüíîå çíà÷åíèå 
ñêîðîñòè âûáðàíî â ñîîòâåòñòâèè ñ àíàëî-
ãè÷íûì ïàðàìåòðîì ðàáîòû áîëüøèíñòâà ñî-
âðåìåííûõ çåðíîóáîðî÷íûõ êîìáàéíîâ [7, 8]. 
Óãîë íàêëîíà ýêñïåðèìåíòàëüíîé óñòàíîâêè ê 
ãîðèçîíòó áûë ïðèíÿò ðàâíûì 45°. Ïîäà÷à î÷å-
ñàííîãî çåðíîâîãî âîðîõà ñîñòàâëÿëà 10 êã/ñ 
ïðè ñîäåðæàíèè â íåì 80 % ñâîáîäíîãî çåðíà. 
Äëèíà ñúåìíîãî ðåøåò÷àòîãî äíèùà ðàâíÿëàñü 
0,95 ì, à åå ïðÿìîóãîëüíûå îòâåðñòèÿ èìåëè 
ðàçìåðû 160×8 ìì.

Â êà÷åñòâå âûõîäíîãî ïàðàìåòðà áûëî ïðè-
íÿòî êîëè÷åñòâî ñâîáîäíîãî çåðíà ïðîøåäøå-
ãî ñêâîçü îòâåðñòèÿ ðåøåò÷àòîãî äíèùà ýêñ-
ïåðèìåíòàëüíîé óñòàíîâêè. Êàæäûé âàðèàíò 
îïûòà ïðîâåäåí ñ äåñÿòèêðàòíîé ïîâòîðíî-
ñòüþ. Òàêèì îáðàçîì, âñåãî áûëî ó÷òåíî è îá-
ðàáîòàíî 60 îïûòîâ.

Ðåçóëüòàòû èññëåäîâàíèé 
è èõ îáñóæäåíèÿ
Ïîëó÷åííûå äàííûå áûëè îáðàáîòàíû â 

ïðîãðàììàõ STATISTICA è Excel. Ïî íèì ïî-
ñòðîåí ãðàôèê (ðèñ. 2), õàðàêòåðèçóþùèé çàâè-
ñèìîñòü êîëè÷åñòâà ñâîáîäíîãî çåðíà ïðîøåä-
øåãî ñêâîçü îòâåðñòèÿ ðåøåò÷àòîãî äíèùà îò 
ñêîðîñòè ïëàâàþùåãî òðàíñïîðòåðà. Íàèáîëåå 
àäåêâàòíîé ìîäåëüþ (ñ êîýôôèöèåíòîì äåòåð-
ìèíàöèè R2 = 0,976) äëÿ íåãî ÿâëÿåòñÿ ïîëèíî-
ìèàëüíàÿ êðèâàÿ âòîðîãî ïîðÿäêà. Óðàâíåíèå 
ðåãðåññèè èìååò âèä:

25,148 4,426 99,847C v v    ,

ãäå Ñ – êîëè÷åñòâî ñâîáîäíîãî çåðíà ïðîøåä-
øåãî ñêâîçü îòâåðñòèÿ ðåøåò÷àòîãî äíèùà, %; 
v – ñêîðîñòü ïëàâàþùåãî òðàíñïîðòåðà, ì/ñ. 

Àíàëèç ïîëó÷åííîé çàâèñèìîñòè (ðèñ. 2) 
ñâèäåòåëüñòâóåò î òîì, ÷òî ïî ìåðå óâåëè÷å-
íèÿ ñêîðîñòè ïëàâàþùåãî òðàíñïîðòåðà êîëè-
÷åñòâî ñâîáîäíîãî çåðíà ïðîøåäøåãî ñêâîçü 
îòâåðñòèÿ ðåøåò÷àòîãî äíèùà óìåíüøàåòñÿ, 
à êîëè÷åñòâî ñîøåäøåãî ñ íåãî çåðíà, íàîáî-
ðîò, âîçðàñòàåò. Ïðè ýòîì ìàêñèìàëüíûé ñõîä 
ñâîáîäíîãî çåðíà (31,3 %) íàáëþäàåòñÿ ïðè 
ìàêñèìàëüíîé ñêîðîñòè ïëàâàþùåãî òðàíñ-
ïîðòåðà (3 ì/ñ) è âëå÷åò çà ñîáîé åãî ïîñòó-
ïëåíèå â ìîëîòèëüíóþ êàìåðó çåðíîóáîðî÷-

íîãî êîìáàéíà ñ ïîñëåäóþùèì äðîáëåíèåì. 
Ýòî îáóñëîâëåíî òåì, ÷òî ïðè ïðîâåäåíèè 
ñåðèè ýêñïåðèìåíòîâ ñî ñêîðîñòüþ ïëàâàþ-
ùåãî òðàíñïîðòåðà, íàõîäÿùåéñÿ â èíòåðâà-
ëå 1,0…3,0 ì/ñ, äëèíà ñåïàðèðóþùåé ðåøåòêè 
îêàçàëàñü íåäîñòàòî÷íîé. Òàêèì îáðàçîì, äëÿ 
èñêëþ÷åíèÿ ïîñòóïëåíèÿ ñâîáîäíîãî çåðíà â 
ìîëîòèëüíóþ êàìåðó çåðíîóáîðî÷íîãî êîì-
áàéíà íåîáõîäèìûì è äîñòàòî÷íûì ÿâëÿåòñÿ 
åå óâåëè÷åíèå.

Ñ öåëüþ âûÿâëåíèÿ õàðàêòåðà ïðîöåññà ñå-
ïàðàöèè ñâîáîäíîãî çåðíà èç î÷åñàííîãî çåð-
íîâîãî âîðîõà ïî äëèíå ðåøåò÷àòîãî äíèùà, 
ïðîèçâîäèëàñü ðåãèñòðàöèÿ åãî êîëè÷åñòâà íà 
÷åòûðåõ êîíòðîëüíûõ ó÷àñòêàõ (ñì. ðèñ. 2 è 
ðèñ. 3). Ïðè ýòîì çà ñòîïðîöåíòíîå êîëè÷åñòâî 
ñâîáîäíîãî çåðíà ïðèíÿòî íà÷àëî ïðîâåäåíèÿ 
ýêñïåðèìåíòà íà ìîìåíò åãî ïîñòóïëåíèÿ â 
êîðïóñ óñòàíîâêè. Ðàñ÷åò êîëè÷åñòâà ñâîáîä-
íîãî çåðíà, ïîñòóïèâøåãî íà âòîðîé êîíòðîëü-
íûé ó÷àñòîê (81 %), îïðåäåëåí ðàçíèöåé ìåæäó 
ïðåäûäóùèì çíà÷åíèåì (100 %) è êîëè÷åñòâîì 
ñâîáîäíîãî çåðíà ïðîøåäøåãî ñêâîçü îòâåð-
ñòèÿ íà ïåðâîì êîíòðîëüíîì ó÷àñòêå (19 %) 
(ðèñ. 3, å). Àíàëîãè÷íûì îáðàçîì áûëè ïîëó-
÷åíû è îñòàëüíûå çíà÷åíèÿ (62,95, 46,6 è 31,3 % 
ñîîòâåòñòâåííî).

Îöåíêà óáûâàíèÿ ñâîáîäíîãî çåðíà èç î÷å-
ñàííîãî çåðíîâîãî âîðîõà ïî äëèíå ïîâåðõíî-
ñòè ñåïàðèðîâàíèÿ (ðèñ. 3, å) ñâèäåòåëüñòâóåò 
î íàëè÷èè ðåçåðâà äëÿ ïîâûøåíèÿ ñòåïåíè 

Ðèñ. 2. Èçìåíåíèå êîëè÷åñòâà ñâîáîäíîãî çåðíà 
ïðîøåäøåãî ñêâîçü îòâåðñòèÿ ðåøåò÷àòîãî äíèùà 

â çàâèñèìîñòè îò ñêîðîñòè ïëàâàþùåãî òðàíñïîðòåðà
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Ðèñ. 3. Óáûâàíèå ñâîáîäíîãî çåðíà èç î÷åñàííîãî çåðíîâîãî âîðîõà 
ïî äëèíå ïîâåðõíîñòè ñåïàðèðîâàíèÿ ïðè ñêîðîñòè òðàíñïîðòåðà: 

à – v = 0,5 ì/ñ; á – v = 1,0 ì/ñ; â – v = 1,5 ì/ñ; ã – v = 2,0 ì/ñ; ä – v = 2,5 ì/ñ; å – v = 3,0 ì/ñ



Âëèÿíèå ñêîðîñòè ïëàâàþùåãî òðàíñïîðòåðà íà ñåïàðèðóþùóþ ñïîñîáíîñòü äíèùà íàêëîííîé êàìåðû
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ñåïàðàöèè. Ñ âûñîêîé ñòåïåíüþ âåðîÿòíîñòè 
(R2 = 0,978) ëèíèÿ òðåíäà ïðÿìîëèíåéíà è 
èìååò âèä

80,77 94,418Y L   ,

ãäå Y – òåêóùèé îñòàòîê çåðíà â âîðîõå, â ïðî-
öåíòàõ îò åå èñõîäíîé ìàññû, èìåâøåéñÿ â 
íà÷àëå ïðîöåññà ñåïàðàöèè; L – äëèíà ñåïàðè-
ðóþùåé ïîâåðõíîñòè, ì.

Ýêñòðàïîëÿöèÿ ãðàôèêà ôóíêöèè ïîêàçûâà-
åò, ÷òî äëèíà ðåøåò÷àòîãî äíèùà, îáåñïå÷èâà-
þùàÿ ïîëíîå âûäåëåíèå ñâîáîäíîãî çåðíà èç 
î÷åñàííîãî çåðíîâîãî âîðîõà, äîëæíà áûòü íå 
ìåíåå õ = 1,17 ì.

Ïî àíàëîãè÷íîé ìåòîäèêå áûëè ïîëó÷å-
íû è îñòàëüíûå çíà÷åíèÿ äëèíû ðåøåò÷àòî-
ãî äíèùà (ðèñ. 3, à, 3, ä) ïðè ðàçëè÷íîé ñêî-
ðîñòè ïëàâàþùåãî òðàíñïîðòåðà (0,5; 1,0; 1,5; 
2,0; 2,5 ì/ñ). Ïðè ýòîì äëÿ íåêîòîðûõ äàííûõ 
ôóíêöèÿ óáûâàíèÿ ñâîáîäíîãî çåðíà áûëà 
ïðåäñòàâëåíà êàê ëèíåéíàÿ ðåãðåññèÿ ñ òî÷êîé 
ðàçðûâà. Ïî íèì ïîëó÷åíà çàâèñèìîñòü äëèíû 
ñåïàðèðóþùåé ïîâåðõíîñòè íàêëîííîé êàìåðû 
çåðíîóáîðî÷íîãî êîìáàéíà îò ñêîðîñòè ïëà-
âàþùåãî òðàíñïîðòåðà (ðèñ. 4). Óðàâíåíèå ðå-
ãðåññèè ïðåäñòàâëÿåò ñîáîé ïðÿìîëèíåéíûé 
âèä (R2 = 0,984)

0,257 0,41L v  ,

ãäå L – äëèíà ñåïàðèðóþùåé ïîâåðõíîñòè, ì; 
v – ñêîðîñòü ïëàâàþùåãî òðàíñïîðòåðà, ì/ñ.

Ðèñ. 4. Çàâèñèìîñòü äëèíû ñåïàðèðóþùåé 
ïîâåðõíîñòè ýêñïåðèìåíòàëüíîé óñòàíîâêè 

îò ñêîðîñòè ïëàâàþùåãî òðàíñïîðòåðà

Ïðåäñòàâëåííûé ãðàôèê ñâèäåòåëüñòâóåò î 
òîì ÷òî, ïî ìåðå óâåëè÷åíèÿ ñêîðîñòè ïëàâà-
þùåãî òðàíñïîðòåðà äëèíà äíèùà íàêëîííîé 
êàìåðû çåðíîóáîðî÷íîãî êîìáàéíà âîçðàñòà-
åò. Òàê, ïðè óâåëè÷åíèè ñêîðîñòè ïëàâàþùåãî 
òðàíñïîðòåðà â 6 ðàç (îò 0,5 ì/ñ äî 3 ì/ñ) íåîá-
õîäèìàÿ ìèíèìàëüíàÿ äëèíà äíèùà íàêëîííîé 
êàìåðû óâåëè÷èëàñü áîëåå ÷åì â 2 ðàçà è ñîñòàâ-
ëÿåò ïîðÿäêà 1,17 ì. Òàêîå òåõíè÷åñêîå ðåøåíèå 
ìîæåò áûòü ðåàëèçîâàíî â íàêëîííîé êàìåðå 
çåðíîóáîðî÷íîãî êîìáàéíà ÊÇÑ-1218 «Ïîëåñüå 
GS-12», èìåþùåé äëèíó ïîðÿäêà 1,3 ì. 

Çàêëþ÷åíèå
Ðåçóëüòàòû ýêñïåðèìåíòà ïîçâîëÿþò ñäå-

ëàòü ñëåäóþùèå âûâîäû.
1. Ýôôåêòèâíàÿ ñåïàðàöèÿ ñâîáîäíîãî çåðíà 

èç î÷åñàííîãî çåðíîâîãî âîðîõà íà ðåøåò÷àòîì 
äíèùå íàêëîííîé êàìåðû çåðíîóáîðî÷íîãî 
êîìáàéíà âîçìîæíà.

2. Äëÿ îáåñïå÷åíèÿ ìàêñèìàëüíîé ñåïàðà-
öèè ñâîáîäíîãî çåðíà èç î÷åñàííîãî çåðíîâîãî 
âîðîõà äëèíà ðåøåò÷àòîãî äíèùà äîëæíà áûòü 
íå ìåíåå 1,17 ì.

3. Óëó÷øèòü ñåïàðàöèþ ñâîáîäíîãî çåðíà 
âîçìîæíî çà ñ÷åò áîëåå ïîëíîãî îòäåëåíèÿ 
ëåãêèõ ïðèìåñåé èç î÷åñàííîãî çåðíîâîãî 
âîðîõà íåïîñðåäñòâåííî â êîðïóñå î÷åñûâà-
þùåãî àäàïòåðà ïóòåì ñíàáæåíèÿ åãî çàäíåé 
ñòåíêè ïëàñòèí÷àòûì ñåïàðàòîðîì [9].
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ÓÄÊ 631.3.033

ÈÌÈÒÀÖÈÎÍÍÎÅ ÌÎÄÅËÈÐÎÂÀÍÈÅ 
ÎÁÚÅÌÍÎÃÎ ÃÈÄÐÎÏÐÈÂÎÄÀ

SIMULATION MODELING 
OF THE VOLUMETRIC HYDRAULIC DRIVE

Â óñòðîéñòâå ìíîæåñòâà ñîâðåìåííûõ ñåëüñêîõîçÿéñòâåííûõ ìàøèí øèðîêîå ïðèìåíåíèå ïîëó÷èë ãèäðàâ-
ëè÷åñêèé ïðèâîä ñ âîçâðàòíî-ïîñòóïàòåëüíûì äâèæåíèåì äëÿ ïîäúåìà, îïóñêàíèÿ è ïåðåìåùåíèÿ ðàáî÷èõ 
îðãàíîâ. Îäíèì èõ âàæíûõ ýòàïîâ ïðîåêòèðîâàíèÿ ãèäðàâëè÷åñêèõ ïðèâîäîâ è òðàíñìèññèé ÿâëÿåòñÿ ìîäåëè-
ðîâàíèå. Â ñâÿçè ñ òðóäîåìêîñòüþ ïðîâåäåíèÿ íàòóðíîãî ýêñïåðèìåíòà è ãðîìîçäêîñòüþ ðàñ÷åòà ìàòåìàòè-
÷åñêèõ ìîäåëåé ãèäðîñèñòåì, à òàêæå ñ ðàçâèòèåì âû÷èñëèòåëüíîé òåõíèêè, áîëüøîå ïðèìåíåíèå ïîëó÷èëî 
èìèòàöèîííîå ìîäåëèðîâàíèå. Òàêîé âèä êîìïüþòåðíîãî ìîäåëèðîâàíèÿ ïîçâîëÿåò èçó÷àòü ñëîæíûå ñèñòåìû 
íà îñíîâå ðàçðàáîòêè ìíîãîçâåííûõ ôàêòîðíûõ ìîäåëåé ñ âèçóàëèçàöèåé ÷èñëåííîãî ýêñïåðèìåíòà. Â ñòàòüå 
ïðèâîäèòñÿ ïîðÿäîê ïðîâåäåíèÿ èìèòàöèîííîãî ìîäåëèðîâàíèÿ äèíàìè÷åñêèõ ïðîöåññîâ, ïðîòåêàþùèõ â îáú-
åìíîì ãèäðîïðèâîäå. Ìîäåëü ðàçðàáîòàíà íà áàçå ñòàíäàðòíûõ áèáëèîòåê âû÷èñëèòåëüíîé ñèñòåìû MATLAB 
Simulink. Îáúåìíûé ãèäðîïðèâîä ïðåäñòàâëåí â âèäå ñòðóêòóðíîé ìîäåëè è ñîñòîèò èç âçàèìîñâÿçàííûõ 
áëîêîâ, êîòîðûå ìîäåëèðóþò íà áàçå ñèñòåì äèôôåðåíöèàëüíûõ óðàâíåíèé ðàáîòó íàñîñíîé ñòàíöèè ñ ìåõà-
íè÷åñêèì ïðèâîäîì, ïðåäîõðàíèòåëüíûé êëàïàí, çîëîòíèêîâûé òðåõñåêöèîííûé ÷åòûðåõëèíåéíûé ãèäðîðà-
ñïðåäåëèòåëü, ñèëîâîé ãèäðîöèëèíäð äâóñòîðîííåãî äåéñòâèÿ ñ íåïðîõîäíûì øòîêîì, ãèäðîáàê. Ïðè ðàñ÷åòå 
èìèòàöèîííîé ìîäåëè ó÷òåíû èçìåíåíèå ìîäóëÿ óïðóãîñòè æèäêîñòè â çàâèñèìîñòè îò äàâëåíèÿ â ãèäðîñèñòå-
ìå, ïàðàìåòðû ðàáî÷åé æèäêîñòè, æåñòêèé ñòîï ïðè äîñòèæåíèè êðàéíèõ ïîëîæåíèé øòîêîì ãèäðîöèëèíäðà, 
òðåíèå ìåæäó ïîäâèæíûìè ÷àñòÿìè â ñèëîâîì ãèäðîöèëèíäðå. Ðàçðàáîòàííàÿ ïðîãðàììà ïîçâîëÿåò íà ýòàïå 
ïðîåêòèðîâàíèÿ ñìîäåëèðîâàòü ðàáî÷èå ïðîöåññû è ïîëó÷èòü íåîáõîäèìûå äàííûå î äèíàìè÷åñêèõ ñâîéñòâàõ 
ãèäðîñèñòåìû íà âñåõ ðåæèìàõ ôóíêöèîíèðîâàíèÿ, ïðîâîäèòü äåìîíñòðàöèþ â âèäå ãðàôèêîâ è îñöèëëî-
ãðàìì, óïðîùàåò àíàëèç ïåðåõîäíûõ ïðîöåññîâ â ãèäðîñèñòåìå, à òàêæå ïîçâîëÿåò ïîäáèðàòü ðàöèîíàëüíûå 
êîíñòðóêòèâíûå ïàðàìåòðû ñîñòàâëÿþùèõ ýëåìåíòîâ îáúåìíîãî ãèäðîïðèâîäà.
Êëþ÷åâûå ñëîâà: èìèòàöèîííàÿ ìîäåëü, ãèäðîñèñòåìà, ãèäðîïðèâîä, Simulink, äàâëåíèå, ðàñõîä, ãèäðîöè-
ëèíäð, ãèäðîðàñïðåäåëèòåëü, êëàïàí.

In the design of a variety of the modern agricultural machines, the hydraulic drive with reciprocating motion for 
lifting, lowering and moving the working bodies has obtained a wide application. One of the important stages in the 
design of hydraulic drives and transmissions is a simulation. In connection with the laboriousness of carrying out 
the full-scale experiment and the cumbersome calculation of mathematical models of hydrosystems, as well as the 
development of the computing machinery, the simulation modeling has obtained a widespread usage. This type of 
computer simulation allows to investigate complex systems based on the development of multilink factor models 
with the visualization of a numerical experiment. The article presents the procedure for the simulation modeling 
of dynamic processes occurring in the volumetric hydraulic drive. The model is developed on the basis of standard 
libraries of the computing system MATLAB Simulink. The volumetric hydraulic drive is presented in the form of 
a structural model and consists of interconnected blocks that on the base of differential equations modeling the op-
eration of a pumping station with a mechanical drive, a safety valve, a three-section four-line hydraulic distributor, 
double-acting power cylinder with special rod, a hydraulic tank. During the calculation of the simulation model takes 
into account a change of the modulus of elasticity of the fluid depending on the pressure in the hydraulic system, the 
parameters of the working fluid, the stiff stop when the extreme positions are reached by the rod of the hydraulic 
cylinder, the friction between the moving parts in the power hydrocylinder. The developed program allows to simu-
late working processes at the design stage and obtain the necessary data on the dynamic properties of the hydraulic 
system in all modes of operation, to demonstrate in the form of graphs and oscillograms, to simplify the analysis of 
transient processes in the hydraulic system, and also to select the rational design parameters of constituent elements 
of the volumetric hydraulic drive.
Keywords: simulation model, hydraulic system, hydraulic drive, Simulink, pressure, flow, hydraulic cylinder, hy-
draulic distributor, valve.
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Ââåäåíèå
Â óñòðîéñòâå ìíîæåñòâà ñîâðåìåííûõ ñåëü-

ñêîõîçÿéñòâåííûõ ìàøèí øèðîêîå ïðèìåíå-
íèå ïîëó÷èë ãèäðàâëè÷åñêèé ïðèâîä ñ âîçâðàò-
íî-ïîñòóïàòåëüíûì äâèæåíèåì äëÿ ïîäúåìà, 
îïóñêàíèÿ è ïåðåìåùåíèÿ ðàáî÷èõ îðãàíîâ, 
óïðàâëåíèÿ âàðèàòîðàìè, ñèñòåìàìè àâòîìà-
òè÷åñêîãî ðåãóëèðîâàíèÿ è ò.ä. Ýòî ñâÿçàíî, 
ïðåæäå âñåãî, ñ âûñîêèì áûñòðîäåéñòâèåì ãè-
äðîñèñòåì, ïåðåäà÷åé áîëüøèõ ìîùíîñòåé ïðè 
ìàëûõ ãàáàðèòàõ, íåçàâèñèìûì ðàçìåùåíèåì 
óçëîâ è âûñîêîé òî÷íîñòüþ îòðàáîòêè ñèãíà-
ëîâ óïðàâëåíèÿ [1]. 

Íà ñåãîäíÿøíèé äåíü îäíèì èç âàæíûõ 
ýòàïîâ ïðîåêòèðîâàíèÿ ãèäðàâëè÷åñêèõ ïðè-
âîäîâ è òðàíñìèññèé ÿâëÿåòñÿ ìîäåëèðîâà-
íèå. Ñ ïîìîùüþ äàííîãî âèäà ïðîåêòèðîâàíèÿ 
ìîæíî çàäîëãî äî ñîçäàíèÿ îïûòíîãî îáðàçöà 
óñòðîéñòâà èëè ñèñòåìû ñìîäåëèðîâàòü ðàáî-
÷èå ïðîöåññû è ïîëó÷èòü íåîáõîäèìûå äàííûå 
î äèíàìè÷åñêèõ ñâîéñòâàõ ãèäðîñèñòåìû è îñî-
áåííîñòÿõ ïðîòåêàíèÿ äèíàìè÷åñêèõ ïðîöåññîâ, 
îáðàòèòü âíèìàíèå íà íàëè÷èå ñëàáûõ ìåñò â 
ãèäðîñèñòåìå, à òàêæå äî ïðîâåäåíèÿ èñïûòàíèé 
îñóùåñòâèòü îïòèìèçàöèþ ïðîåêòíîãî ðåøåíèÿ 
íà áàçå ðåçóëüòàòîâ ìàòåìàòè÷åñêîãî ìîäåëèðî-
âàíèÿ è âàðèàíòíîãî àíàëèçà [2–4]. Ìàòåìàòè÷å-
ñêîå ìîäåëèðîâàíèå ñîâðåìåííûõ òåõíè÷åñêèõ 
îáúåêòîâ è ïðîöåññîâ (ìåõàíè÷åñêèõ, ãèäðàâëè-
÷åñêèõ, ýëåêòðè÷åñêèõ è äð.) ñâÿçàíî ñ ïîñòðîå-
íèåì íà îñíîâå ðåçóëüòàòîâ ýêñïåðèìåíòàëüíûõ 
èëè òåîðåòè÷åñêèõ èññëåäîâàíèé ìîäåëåé, îáå-
ñïå÷èâàþùèõ ôîðìàëèçîâàííîå îïèñàíèå ïðî-
èçâîëüíîé ñòðóêòóðû [1, 4–9]. Íî òàêîé ïîäõîä 
îáû÷íî îãðàíè÷åí ðàññìîòðåíèåì äèíàìè÷åñêèõ 
ïðîöåññîâ, ïðîòåêàþùèõ â îòäåëüíûõ óñòðîé-
ñòâàõ è àïïàðàòàõ. Ìîäåëèðîâàíèå æå áîëåå 
ñëîæíûõ, ìíîãîñîñòàâíûõ ñèñòåì, âêëþ÷àþùèõ 
áîëüøîå êîëè÷åñòâî ýëåìåíòîâ ðàçëè÷íîãî õà-
ðàêòåðà ôóíêöèîíèðîâàíèÿ, ñòàíîâèòñÿ ãðîìîçä-
êèì, òðóäîåìêèì è òðåáóåò áîëüøîé ñòåïåíè 
àáñòðàãèðîâàíèÿ. Îäíàêî ñ ðàçâèòèåì ïðîãðàìì-
íîé è àïïàðàòíîé áàçû âû÷èñëèòåëüíîé òåõíèêè 
ïîëó÷èëî áîëüøîå ïðèìåíåíèå èìèòàöèîííîå 
êîìïüþòåðíîå ìîäåëèðîâàíèå, êîòîðîå ïîçâî-
ëÿåò èçó÷àòü ñëîæíûå ñèñòåìû íà îñíîâå ðàçðà-
áîòêè ìíîãîçâåííûõ ôàêòîðíûõ ìîäåëåé ñ âèçó-
àëèçàöèåé ÷èñëåííîãî ýêñïåðèìåíòà. Ïîýòîìó 
ðàçðàáîòêà è ïðèìåíåíèå ìåòîäîâ èìèòàöèîííî-
ãî ìîäåëèðîâàíèÿ äëÿ îïèñàíèÿ äèíàìè÷åñêèõ 
ïðîöåññîâ â ñëîæíûõ ðàçíîðîäíûõ ñèñòåìàõ, â 
òîì ÷èñëå è ãèäðàâëè÷åñêèõ, ÿâëÿåòñÿ àêòóàëü-
íîé çàäà÷åé.

Öåëü èññëåäîâàíèÿ
Öåëüþ èññëåäîâàíèÿ ÿâëÿåòñÿ ìîäåëèðî-

âàíèå îáúåìíîãî ãèäðîïðèâîäà âîçâðàòíî-ïî-
ñòóïàòåëüíîãî äâèæåíèÿ è åãî ïîñëåäóþùèé 
àíàëèç.

Ïîñòðîåíèå ìîäåëè
Äëÿ èìèòàöèîííîãî ìîäåëèðîâàíèè ãè-

äðàâëè÷åñêèõ ïðîöåññîâ ñóùåñòâóåò áîëüøîå 
êîëè÷åñòâî óíèâåðñàëüíûõ è ñïåöèàëüíûõ 
ïðîãðàììíûõ ñðåäñòâ [1, 3, 5, 10–12]. Ñðåäè 
ñèñòåì äëÿ êîìïüþòåðíîãî ìîäåëèðîâàíèÿ 
ìîæíî âûäåëèòü ìàòåìàòè÷åñêóþ ñèñòåìó 
MATLAB, îáëàäàþùóþ ìîùíûìè ñðåäñòâàìè 
äèàëîãà, ãðàôèêè è âèçóàëèçàöèè âû÷èñëåíèé. 
Ñèñòåìà MATLAB ïðåäñòàâëÿåò ñîáîé ÿçûê 
ïðîãðàììèðîâàíèÿ âûñîêîãî óðîâíÿ äëÿ ïðî-
âåäåíèÿ òåõíè÷åñêèõ âû÷èñëåíèé, ôóíêöèîíàë 
êîòîðîãî ðàñøèðÿåòñÿ áîëüøèì êîëè÷åñòâîì 
ñïåöèàëèçèðîâàííûõ áèáëèîòåê è ïàêåòîâ ïðè-
êëàäíûõ ïðîãðàìì. Ñàìûì èçâåñòíûì èç íèõ 
ÿâëÿåòñÿ ðàñøèðåíèå Simulink, êîòîðîå îáå-
ñïå÷èâàåò áëî÷íîå ñòðóêòóðíîå ìîäåëèðîâà-
íèå ðàçëè÷íûõ óñòðîéñòâ, ñèñòåì è ïðîöåññîâ 
ñ ïðèìåíåíèåì òåõíîëîãèè âèçóàëüíî-îðèåí-
òèðîâàííîãî ïðîãðàììèðîâàíèÿ.

Ðàññìîòðèì ìîäåëèðîâàíèå îáúåìíîãî ãèäðî-
ïðèâîäà âîçâðàòíî-ïîñòóïàòåëüíîãî äâèæåíèÿ 
â ïðîãðàììíîì êîìïëåêñå Simulink. Êàê ïðàâè-
ëî, òàêîé ãèäðîïðèâîä îáÿçàòåëüíî âêëþ÷àåò â 
ñåáÿ: áàê äëÿ õðàíåíèÿ ðàáî÷åé æèäêîñòè è åå 
îõëàæäåíèÿ; íàñîñ äëÿ ïîäà÷è ðàáî÷åé æèäêîñòè 
â ñèñòåìó è ñîçäàíèÿ äàâëåíèÿ; ðàçíîîáðàçíûå 
êëàïàíû (ïðåäîõðàíèòåëüíûå, ðåäóêöèîííûå, 
ïåðåëèâíûå, îáðàòíûå); èñïîëíèòåëüíûé ìåõà-
íèçì (ñèëîâîé ãèäðîöèëèíäð, ãèäðîäâèãàòåëü); 
ôèëüòð äëÿ î÷èñòêè ðàáî÷åé æèäêîñòè; ãèäðî-
ëèíèè, ñîåäèíÿþùèå ýëåìåíòû ãèäðîñèñòåìû 
ìåæäó ñîáîé. Ãèäðàâëè÷åñêàÿ ñõåìà îäíîé èç 
òàêèõ ñèñòåì ïðåäñòàâëåíà íà ðèñ. 1.

Â ðàññìàòðèâàåìîé ãèäðîñèñòåìå ìîæíî 
âûäåëèòü ñëåäóþùèå êîìïîíåíòû: áëîê ïè-
òàíèÿ ñ ïðåäîõðàíèòåëüíûì óñòðîéñòâîì; 
óïðàâëÿþùåå óñòðîéñòâî â âèäå çîëîòíèêîâî-
ãî ãèäðîðàñïðåäåëèòåëÿ; èñïîëíèòåëüíûé ìå-
õàíèçì â âèäå ãèäðîöèëèíäðà äâóñòîðîííåãî 
äåéñòâèÿ, ãèäðîáàê.

Ðàññìîòðèì ìîäåëèðîâàíèå êàæäîãî êîì-
ïîíåíòà ãèäðàâëè÷åñêîé ñèñòåìû â îòäåëü-
íîñòè. Äëÿ ýòîãî âîñïîëüçóåìñÿ áèáëèîòåêîé 
SimHydraulics, ïðåäñòàâëÿþùóþ ñîáîé îòäåëü-
íûé ïàêåò Simulink ñðåäû MATLAB, ïðåäíà-
çíà÷åííûé äëÿ ìîäåëèðîâàíèÿ ãèäðîñèñòåì. 
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Íà÷íåì ñ áëîêà ïèòàíèÿ, ôóíêöèÿ êîòîðîãî 
çàêëþ÷àåòñÿ â ñíàáæåíèè ñèñòåìû íåîáõîäè-
ìûì êîëè÷åñòâîì æèäêîñòè ïðè îïðåäåëåííîì 
äàâëåíèè. Äëÿ ìîäåëèðîâàíèÿ ðàáîòû íàñîñà 
âîñïîëüçóåìñÿ áëîêîì íàñîñà ïîñòîÿííîé 
ïîäà÷è, êîòîðûé íàõîäèòñÿ â ðàçäåëå Pumps 
and Motors áèáëèîòåêè SimHydraulics è ïðåä-
ñòàâëÿåò ñîáîé ìîäåëü íåðåãóëèðóåìîãî ðî-
òîðíîãî íàñîñà. Îñíîâíûìè ïàðàìåòðàìè äëÿ 
ýòîãî áëîêà ÿâëÿþòñÿ ðàáî÷èé îáúåì íàñîñà, 
îáúåìíûé è ïîëíûé êîýôôèöèåíòû ïîëåçíî-
ãî äåéñòâèÿ, íîìèíàëüíîå äàâëåíèå è óãëîâàÿ 
ñêîðîñòü ïðèâîäíîãî âàëà íàñîñà. Ïðè ïîñòðî-
åíèè ìîäåëè áëîêà ïèòàíèÿ íåîáõîäèìî äî-
ñòèãíóòü êîìïðîìèññà ìåæäó íàäåæíîñòüþ, 
áûñòðîäåéñòâèåì ìîäåëèðîâàíèÿ è òî÷íîñòüþ, 

ïîäðàçóìåâàÿ, ÷òî ìîäåëü äîëæíà áûòü íà-
ñòîëüêî ïðîñòà, íàñêîëüêî âîçìîæíî ñíàáäèòü 
åå ïðèåìëåìîé òî÷íîñòüþ â ïðåäåëàõ ðàáî÷åãî 
äèàïàçîíà ïåðåìåííûõ ïàðàìåòðîâ. 

Â çàâèñèìîñòè îò öåëè ìîäåëèðîâàíèÿ 
ãèäðàâëè÷åñêîé ñèñòåìû ìîæíî óïðîñòèòü 
ìîäåëü áëîêà ïèòàíèÿ áåç ïîòåðè â òî÷íîñòè. 
Îñíîâíûìè ôàêòîðàìè, êîòîðûå ðàññìàòðè-
âàþòñÿ â äàííîì ïðîöåññå, ÿâëÿåòñÿ âàðèàöèÿ 
âåëè÷èíû óãëîâîé ñêîðîñòè ïðèâîäíîãî âàëà 
íàñîñà è èçìåíåíèå àìïëèòóäû äàâëåíèÿ â ãè-
äðîñèñòåìå. Åñëè óãëîâàÿ ñêîðîñòü ïåðâè÷íîãî 
äâèãàòåëÿ îñòàåòñÿ ôàêòè÷åñêè ïîñòîÿííîé â 
òå÷åíèå ìîäåëèðóåìîãî âðåìåíè èëè èçìåíÿ-
åòñÿ íåçíà÷èòåëüíî îòíîñèòåëüíî åãî ñòàöèî-
íàðíîãî çíà÷åíèÿ, âñÿ ïîäñèñòåìà ïðèâîäíîãî 
âàëà ìîæåò áûòü çàìåíåíà èäåàëüíûì áëîêîì 
èñòî÷íèêà óãëîâîé ñêîðîñòè, âûõîä êîòîðîãî 
óñòàíîâëåí â ñòàöèîíàðíîå çíà÷åíèå, êàê ýòî 
ïîêàçûâàþò íà ðèñ. 2.

Êðîìå òîãî, â ìîäåëü äîáàâëåí áëîê, èìè-
òèðóþùèé ðàáîòó ïðåäîõðàíèòåëüíîãî êëàïà-
íà. Â íàñòðîéêàõ áëîêà óñòàíîâëåíî çíà÷åíèå 
äàâëåíèÿ 5 ÌÏà, ïðè êîòîðîì êëàïàí íà÷èíàåò 
îòêðûâàòüñÿ. 

Ðàññìîòðèì ìîäåëèðîâàíèå ðàáîòû ãèäðî-
ðàñïðåäåëèòåëÿ, ïðåäñòàâëåííîãî íà ðèñ. 3. Èç 
ðèñ. 3, à âèäíî, ÷òî â ðàññìàòðèâàåìîé ñèñòå-
ìå äëÿ óïðàâëåíèÿ ãèäðîöèëèíäðîì èñïîëü-
çóåòñÿ òðåõïîçèöèîííûé ÷åòûðåõëèíåéíûé 
ãèäðîðàñïðåäåëèòåëü. Ó òàêîãî âèäà ãèäðî-
ðàñïðåäåëèòåëÿ åñòü ÷åòûðå êðîìêè, êîòîðûå 
èçìåíÿþò ñâîå ñîïðîòèâëåíèå ïðè èçìåíåíèè 
âõîäíîãî ñèãíàëà S [13]. Äëÿ ìîäåëèðîâàíèÿ 

Ðèñ. 2. Ìîäåëèðîâàíèå áëîêà ïèòàíèÿ 

Ðèñ. 1. Ãèäðàâëè÷åñêàÿ ñõåìà 
îáúåìíîãî ãèäðîïðèâîäà
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ýòèõ êðîìîê â Simulink ïðåäóñìîòðåíî èñ-
ïîëüçîâàíèå áëîêîâ «Ðåãóëèðóåìûé äðîññåëü». 
Áëîê-ñõåìà ãèäðîðàñïðåäåëèòåëÿ ïðåäñòàâëå-
íà íà ðèñ. 4.

Ðàáîòàåò ñõåìà ñëåäóþùèì îáðàçîì. Æèä-
êîñòü ïîñòóïàåò ÷åðåç ëèíèþ âõîäà P è öèð-
êóëèðóåò ìåæäó äâóìÿ âíåøíèìè ãèäðàâ-
ëè÷åñêèìè ëèíèÿìè A è B, êîòîðûå îáû÷íî 
ñîåäèíåíû ñ ðåâåðñèâíûì ñèëîâûì ïðèâîäîì. 
Ñëèâàåòñÿ æèäêîñòü ÷åðåç ëèíèþ T. Ó áëîêà 
åñòü ÷åòûðå ãèäðàâëè÷åñêèõ ñîåäèíåíèÿ, ñîîò-
âåòñòâóþùèå âïóñêíîìó îòâåðñòèþ P, ïîðòû 
ïðèâîäà A è B, ïîðò ñëèâà T è îäíî ìàòåðèàëü-
íîå ñèãíàëüíîå ñîåäèíåíèå ïîðòà S, êîòîðûé 
óïðàâëÿåò ïîëîæåíèåì çîëîòíèêà. Áëîêè ðåãó-
ëèðóåìûõ äðîññåëåé óñòàíîâëåíû ñëåäóþùèì 

îáðàçîì: ðåãóëèðóåìûé äðîññåëü P–A íàõîäèò-
ñÿ â ïóòè P–A, ðåãóëèðóåìûé äðîññåëü P–B, 
íàõîäèòñÿ â ïóòè P–B, ðåãóëèðóåìûé äðîññåëü 
A–T íàõîäèòñÿ â ïóòè A–T, è ðåãóëèðóåìûé 
äðîññåëü B–T íàõîäèòñÿ â ïóòè B–T. Âñåìè áëî-
êàìè óïðàâëÿåò ñèãíàë ïîçèöèè, ïîñòóïàþùèé 
÷åðåç ìàòåðèàëüíûé ñèãíàëüíûé ïîðò S. Ïà-
ðàìåòðû îðèåíòàöèè äðîññåëåé â áëîê-ñõåìå 
óñòàíîâëåíû òàêèì îáðàçîì, ÷òî ïîëîæèòåëü-
íûé ñèãíàë ïîðòà S îòêðûâàåò äðîññåëè P–A è 
B–T, è çàêðûâàåò äðîññåëè P–B è A–T. 

Çàäàòü èçìåíåíèå ñîïðîòèâëåíèé äðîññå-
ëåé â çàâèñèìîñòè îò îòêðûòèÿ ìîæíî ïóòåì 
íàñòðîéêè ïàðàìåòðîâ â îêíå ñâîéñòâ ãèäðîðà-
ñïðåäåëèòåëÿ. Äëÿ ýòîãî ñëåäóåò èñïîëüçîâàòü 
áëîê ïîçèöèîííîãî ïðèâîäà. Îí ïðåäñòàâëÿ-

    

 à á

Ðèñ. 3. Ïðèíöèïèàëüíàÿ (à) è ãèäðàâëè÷åñêàÿ (á) ñõåìû çîëîòíèêîâîãî ãèäðîðàñïðåäåëèòåëÿ

Ðèñ. 4. Áëîê-ñõåìà çîëîòíèêîâîãî ãèäðîðàñïðåäåëèòåëÿ
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åò ñîáîé áëîê äëÿ èçìåíåíèÿ ïîëîæåíèÿ çà-
ïîðíî-ðåãóëèðóþùåãî ýëåìåíòà. Ïàðàìåòðû 
ìîãóò áûòü âçÿòû èç êàòàëîãîâ èëè òåõíè÷å-
ñêèõ ïàñïîðòîâ ðàçëè÷íûõ ìîäåëåé. Îñíîâíû-
ìè ïàðàìåòðàìè áëîêà ÿâëÿþòñÿ: õîä, âðåìÿ 
âêëþ÷åíèÿ è âðåìÿ îòêëþ÷åíèÿ. Ó ýòîãî áëîêà 
åñòü äâà ñèãíàëüíûõ âõîäà À è Â, ñîåäèíåííûå 
ñ ãåíåðèðóåìûì ýëåìåíòàðíûì ñèãíàëîì. Îí 
êîíôèãóðèðóåò ìàòåðèàëüíûé âõîäíîé ñèãíàë, 
êîòîðûé ìîæåò áûòü ïîäâåäåí ê ïîðòó óïðàâ-
ëåíèÿ ãèäðîðàñïðåäåëèòåëÿ. Ïðè ýòîì áëîê 
ïîçèöèîííîãî ïðèâîäà ïðåäñòàâëåí êàê èäå-
àëüíûé ïðåîáðàçîâàòåëü, ãäå âûõîä íå çàâèñèò 
îò íàãðóçêè. Âõîäíîé ñèãíàë, ïðèëîæåííûé ê 
ïîðòó À, çàñòàâëÿåò äâèãàòüñÿ èñïîëíèòåëüíûé 
ìåõàíèçì ïðèâîäà (çîëîòíèê) â ïîëîæèòåëüíîì 
íàïðàâëåíèè, à ÷òîáû ïåðåìåñòèòü åãî â îò-
ðèöàòåëüíîì íàïðàâëåíèè, íåîáõîäèìî ïîäàòü 
âõîäíîé ñèãíàë ê ïîðòó B. Ïðè ýòîì ïåðåìåùå-
íèå îñóùåñòâëÿåòñÿ òîëüêî ïðè ïîëîæèòåëü-
íûõ ñèãíàëàõ â ïîðòàõ A è B. Ãðàôèê ñìîäåëè-
ðîâàííîãî ñèãíàëà ïðåäñòàâëåí íà ðèñ. 5.

Ðèñ. 5. Ñèãíàë óïðàâëåíèÿ çîëîòíèêîì 
ãèäðîðàñïðåäåëèòåëÿ

Áëîê ïðèâîäà çîëîòíèêà ãèäðîðàñïðåäåëè-
òåëÿ ïðèâîäèòñÿ â äåéñòâèå, êîãäà âåëè÷èíà 
âõîäíîãî ñèãíàëà ïåðåñåêàåò ïîðîã 50 % íîìè-
íàëüíîãî âõîäíîãî ñèãíàëà, êîòîðûé ÿâëÿåò-

ñÿ îäíèì èç ïàðàìåòðîâ áëîêà. Ïåðåìåùåíèå 
ðàçäåëåíî ïî âðåìåíè íà òðè ôàçû: çàäåðæêà, 
ïåðåìåùåíèå ïðè ïîñòîÿííîì óñêîðåíèè è 
ïåðåìåùåíèå ïðè ïîñòîÿííîé ñêîðîñòè. Ïåðå-
ìåùåíèå ïðåêðàùàåòñÿ, êîãäà èñòåêàåò âðåìÿ 
âêëþ÷åíèÿ âûêëþ÷àòåëÿ. Â ýòîò ìîìåíò çîëîò-
íèê ãèäðîðàñïðåäåëèòåëÿ äîñòèãàåò çàäàííîé 
âåëè÷èíû õîäà. ×òîáû âîçâðàòèòü çîëîòíèê â 
íà÷àëüíîå ïîëîæåíèå, óïðàâëÿþùèé ñèãíàë 
äîëæåí áûòü îòêëþ÷åí. Îáðàòíîå ïåðåìåùå-
íèå çîëîòíèêà ãèäðîðàñïðåäåëèòåëÿ òàêæå ñî-
ñòîèò èç òðåõ ôàç: çàäåðæêà, ïåðåìåùåíèå ïðè 
ïîñòîÿííîì óñêîðåíèè è ïåðåìåùåíèå ñ ïîñòî-
ÿííîé ñêîðîñòüþ. 

Òåïåðü ðàññìîòðèì ìîäåëèðîâàíèå ñèëîâî-
ãî ìåõàíèçìà ãèäðîñèñòåìû. Ïðè ìîäåëèðîâà-
íèè îáúåìíîãî ãèäðîïðèâîäà ñèëîâûì ìåõà-
íèçìîì ïðèìåì ãèäðîöèëèíäð äâóõñòîðîííåãî 
äåéñòâèÿ. Â èìèòàöèîííîé ìîäåëè íåîáõîäè-
ìî ó÷èòûâàòü ñæèìàåìîñòü æèäêîñòè, òðåíèå 
ìåæäó ïîäâèæíûìè ÷àñòÿìè â ãèäðîöèëèíäðå, 
à òàêæå óäàð ïîðøíÿ îá óïîð ïðè äîñòèæåíèè 
êðàéíèõ ïîëîæåíèé øòîêà. Áëîê ãèäðîöèëèí-
äðîâ áåðåòñÿ â ðàçäåëå Hydraulic Cylinders.

Ìîäåëü áëîêà ãèäðîöèëèíäðà äâóõñòîðîí-
íåãî äåéñòâèÿ îñíîâàíà íà ñëåäóþùèõ äîïóùå-
íèÿõ: îòñóòñòâóþò óòå÷êè æèäêîñòè; íàãðóçêà 
íà øòîêå ãèäðîöèëèíäðà, íàïðèìåð èíåðöèÿ, 
ñöåïëåíèå, æåñòêîñòü è òàê äàëåå, ïðåíåáðå-
æèìî ìàëû. Â ñëó÷àå íåîáõîäèìîñòè ìîæíî 
ëåãêî ó÷åñòü èõ, ïîäñîåäèíÿÿ ñîîòâåòñòâó-
þùèé êîíñòðóêòèâíûé áëîê, êàê, íàïðèìåð, 
ïîêàçàíî íà ðèñ. 6. Òàê, â ìîäåëü ãèäðîöèëèí-
äðà äîáàâëåí æåñòêèé ñòîï, ïðåäñòàâëÿþùèé 
ñîáîé áëîêè êîëåáàòåëüíîãî çâåíà è äåìïôå-
ðà, êîòîðûå âñòóïàþò â ðàáîòó, êîãäà ïîðøåíü 
ãèäðîöèëèíäðà äîõîäèò äî îäíîãî èç êðàéíèõ 
ïîëîæåíèé. Êðîìå òîãî, äëÿ ìîäåëèðîâàíèÿ 
òðåíèÿ ìåæäó ïîäâèæíûìè ÷àñòÿìè â ãèäðàâ-
ëè÷åñêîì öèëèíäðå âîñïîëüçóåìñÿ áëîêîì 

Ðèñ. 6. Ìîäåëèðîâàíèå èñïîëíèòåëüíîãî ìåõàíèçìà (ñèëîâîé ãèäðîöèëèíäð)
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òðåíèÿ â ãèäðîöèëèíäðå. Ýòîò áëîê ïðåäíà-
çíà÷åí äëÿ èñïîëüçîâàíèÿ â êîìáèíàöèè ñ öè-
ëèíäðàìè îäíîñòîðîííåãî èëè äâóõñòîðîííåãî 
äåéñòâèÿ. Îí îïðåäåëÿåòñÿ ñëåäóþùèìè óðàâ-
íåíèÿìè [14]:

   [1 1 exp ]sign( )C brk v vfrF F K c v v f v     ,
 C pr cfr A BF F f p p   ,

ãäå F
C 

– ñèëà òðåíèÿ Êóëîíà; F
pr 

– ïðåäâàðè-
òåëüíàÿ íàãðóçêà; f

cfr
 – êîýôôèöèåíò òðåíèÿ 

Êóëîíà; p
À
, p

Â
 – äàâëåíèÿ â ïîðøíåâîé è øòîêî-

âîé ïîëîñòÿõ öèëèíäðà; K
brk

 – îòðûâíîé êîýô-
ôèöèåíò; ñυ – êîýôôèöèåíò; v  – îòíîñèòåëüíàÿ 
ñêîðîñòü; fυfr – êîýôôèöèåíò âÿçêîãî òðåíèÿ.

Áëîê òðåíèÿ ñîäåðæèò äâà ìåõàíè÷åñêèõ 
ïîðòà R è C, êîòîðûå ñâÿçàííû ñî øòîêîì è 
ãèëüçîé ñèëîâîãî ãèäðîöèëèíäðà, ñîîòâåò-
ñòâåííî, à òàêæå äâà ïîðòà À è B, ñîåäèíåííûõ 
ñ ïîðøíåâîé è øòîêîâîé ïîëîñòÿìè ãèäðîöè-
ëèíäðà, êàê ïîêàçàíî íà ðèñ. 6. Ñèëà òðåíèÿ F 
âñåãäà íàïðàâëåíà ïðîòèâîïîëîæíî äâèæåíèþ 
ïîðøíÿ.

Â ñðåäå MATLAB Simulink ãèäðîöèëèíäð, 
êàê è â ðåàëüíîì ìåõàíèçìå, íåîáõîäèìî çà-
êðåïèòü è íàãðóçèòü ìàññîé, êîòîðóþ îí áóäåò 
ïåðåìåùàòü. Ýòî îñóùåñòâëÿåòñÿ ââîäîì â 
ìîäåëü áëîêà «Ìàññà», êîòîðûé ñèìóëèðóåò 

íàãðóæåíèå ìàññîé 50 êã. Âñå íåîáõîäèìûå 
ýëåìåíòû äëÿ ýòîãî ìîæíî íàéòè â ðàçäåëå 
Foundation Library/Mechanical. Àáñîëþòíî 
æåñòêîå êðåïëåíèå ãèäðîöèëèíäðà ñîçäàåì 
áëîêîì Îïîðà («çåìëÿ»), êîòîðûé ñîåäèíèì ñ 
ïîðòîì Ñ ãèäðîöèëèíäðà. Ê øòîêó ïîäêëþ÷èì 
ìàññó è äåìïôåð ïóòåì ñîåäèíåíèÿ èõ áëîêîâ 
ñ ïîðòîì R ãèäðîöèëèíäðà. Ñõåìà ìîäåëè ñè-
ëîâîãî ãèäðîöèëèíäðà ïðåäñòàâëåíà íà ðèñ. 6.

Â èòîãå ñòðóêòóðíàÿ ñõåìà ðàññìàòðèâàå-
ìîãî ãèäðîïðèâîäà áóäåò âûãëÿäèò, êàê ïîêà-
çàíî íà ðèñ. 7. Â íåé ïðèñóòñòâóåò ñëåäóþùåå.

Ñâîéñòâà ðàáî÷åé æèäêîñòè, öèðêóëèðóþ-
ùåé â ðàññìàòðèâàåìîé ãèäðîñèñòåìå, ïðåä-
ñòàâëåíû óðàâíåíèÿìè, îïðåäåëÿþùèìè ôóíê-
öèîíèðîâàíèå áîëüøèíñòâà áëîêîâ ñõåìû, 
ìîäåëèðóþùèõ ãèäðàâëè÷åñêèå àïïàðàòû. Ê 
íèì îòíîñÿòñÿ òàêèå ïîêàçàòåëè, êàê êèíåìà-
òè÷åñêèé êîýôôèöèåíò âÿçêîñòè, ïëîòíîñòü, 
ìîäóëü îáúåìíîé óïðóãîñòè æèäêîñòè, îò-
íîñèòåëüíîå ñîäåðæàíèå íåðàñòâîðåííîãî 
ãàçà. Äëÿ çàäàíèÿ ñâîéñòâ ðàáî÷åé æèäêîñòè 
ê êàæäîìó îáîñîáëåííîìó ãèäðàâëè÷åñêîìó 
êîíòóðó íà ñõåìå ìîäåëèðîâàíèÿ äîëæåí áûòü 
ïîäñîåäèíåí îäèí èç áëîêîâ, ìîäåëèðóþùèõ 
ñâîéñòâà ãèäðàâëè÷åñêèõ æèäêîñòåé. Áëîê 
ñâîéñòâ ãèäðàâëè÷åñêèõ æèäêîñòåé íàõîäèò-

Ðèñ. 7. Îáùàÿ ñòðóêòóðíàÿ ìîäåëü ãèäðàâëè÷åñêîé ñèñòåìû ñ äàò÷èêàìè
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ñÿ â ðàçäåëå Hydraulic áèáëèîòåêè Foundation 
Library è ïîçâîëÿåò ÷åðåç äèàëîãîâîå îêíî íå-
ïîñðåäñòâåííî ââîäèòü îñíîâíûå ïàðàìåòðû è 
õàðàêòåðèñòèêè ðàáî÷åé æèäêîñòè [3, 12, 14]. 
Áëîê òèïîâûõ ãèäðàâëè÷åñêèõ æèäêîñòåé 
ðàñïîëàãàåòñÿ â òîé æå áèáëèîòåêå Simulink 
è ÷åðåç äèàëîãîâîå îêíî ïîçâîëÿåò âûáðàòü 
ìàðêè ðàáî÷åé æèäêîñòè, êîòîðûå ïðåäñòàâ-
ëåíû â áàçå äàííûõ âû÷èñëèòåëüíîé ñèñòå-
ìû, à òàêæå óñòàíîâèòü ðàáî÷óþ òåìïåðàòóðó 
æèäêîñòè è îòíîñèòåëüíîå ñîäåðæàíèå íåðàñ-
òâîðåííîãî ãàçà. Ïðè ýòîì çíà÷åíèÿ êèíåìà-
òè÷åñêîãî êîýôôèöèåíòà âÿçêîñòè, ïëîòíîñòè 
è ìîäóëÿ îáúåìíîé óïðóãîñòè æèäêîñòè óñòà-
íàâëèâàþòñÿ àâòîìàòè÷åñêè è îòîáðàæàþòñÿ 
â ñîîòâåòñòâóþùèõ ïîëÿõ äèàëîãîâîãî îêíà â 
êà÷åñòâå ñïðàâî÷íîé èíôîðìàöèè [14].

Â èìèòàöèîííîé ìîäåëè êàæäûé áëîê, îïðå-
äåëÿþùèé ðàáîòó ëþáîãî ãèäðàâëè÷åñêîãî ìå-
õàíèçìà, äîëæåí áûòü ñîåäèíåí â ëþáîì ìåñòå 
ñ áëîêîì «Êîí  ôèãóðàöèÿ ñðåäû» èç áèáëèîòåêè 
Utilities. Áëîê «Êîíôèãóðàöèÿ ñðåäû» îïðåäåëÿ-
åò íàñòðîéêè ïàðàìåòðîâ ðåøàòåëÿ äëÿ ìîäåëè-
ðîâàíèÿ áëî÷íîé äèàãðàììû SimHydraulics.

Äëÿ êîíòðîëÿ ðåçóëüòàòîâ ðàñ÷åòà âûâåäåì 
íà îäèí ãðàôèê ñèãíàëû î ïåðåìåùåíèè çîëîò-
íèêà ãèäðîðàñïðåäåëèòåëÿ è øòîêà ñèëîâîãî 
ãèäðîöèëèíäðà. Êðîìå òîãî, âàæíî ñëåäèòü, 
êàê èçìåíÿåòñÿ ðàñõîä ðàáî÷åé æèäêîñòè ÷åðåç 
çîëîòíèê ãèäðîðàñïðåäåëèòåëÿ è äàâëåíèå â 
ðàáî÷åé ïîëîñòè ñèëîâîãî ãèäðîöèëèíäðà. 

Äëÿ òîãî ÷òîáû íå çàãðîìîæäàòü ñòðóê-
òóðíóþ ñõåìó, âîñïîëüçóåìñÿ áëîêàìè Goto è 
From èç ðàçäåëà áèáëèîòåêè Similink – Signal 
Routing. 

Äëÿ âûâîäà ïîêàçàíèé äàâëåíèÿ â ïîðøíå-
âîé ïîëîñòè ãèäðîöèëèíäðà âîçüìåì äàò÷èê 
äàâëåíèÿ (ìàíîìåòð) è ïîäñîåäèíèì åãî ê 
ëèíèè ïîäà÷è æèäêîñòè â ïîðøíåâóþ ïîëîñòü 
ãèäðîöèëèíäðà À, à äðóãîé êîíåö ïîäñîåäèíèì 
ê áëîêó ãèäðîáàêà. Çàòåì ñèãíàë îòïðàâëÿåì 
÷åðåç êîíâåðòåð, íàñòðîåííûé íà ÌÏà íà áëîê 
Goto. 

Ïîäîáíûì îáðàçîì îáñòîèò äåëî è ñ äàò÷è-
êîì ïåðåìåùåíèÿ, êîòîðûé ðåãèñòðèðóåò äâè-
æåíèå øòîêà ãèäðîöèëèíäðà. Îäíèì êîíöîì 
ïðèñîåäèíÿåì åãî ê øòîêó R, à äðóãèì – ê áëîêó 
«Îïîðà». Êîíâåðòåð íàñòðàèâàåì íà ìåòðû. 

Äàò÷èê ðàñõîäà ðàáî÷åé æèäêîñòè íåîá-
õîäèìî âñòðîèòü â ëèíèþ ïîäà÷è æèäêîñòè â 
ïîðøíåâóþ ïîëîñòü ãèäðîöèëèíäðà À, òàêèì 
îáðàçîì, ÷òîáû âåñü ðàñõîä æèäêîñòè ïðîõî-
äèì ÷åðåç íåãî [13]. 

Ðåçóëüòàòû èññëåäîâàíèÿ 
è èõ îáñóæäåíèå
Ïðîâåäÿ ðàñ÷åò è ïðîàíàëèçèðîâàâ ïîëó-

÷åííûå èç ðèñ. 8 ãðàôèêè, ìîæíî óâèäåòü, ÷òî 
èìèòàöèîííàÿ ìîäåëü ðàáîòàåò àäåêâàòíî. 
Òàê, èç ãðàôèêîâ âèäíî, ÷òî ïðè îòêðûòèè è 
ïåðåìåùåíèè çîëîòíèêà ãèäðîðàñïðåäåëè-
òåëÿ âïðàâî (ïîçèöèÿ çîëîòíèêà íàõîäèòñÿ â 
ïîëîæèòåëüíîé çîíå ãðàôèêà ïåðåìåùåíèÿ), 
äàâëåíèå è ðàñõîä ðàáî÷åé æèäêîñòè ðåçêî 
âîçðàñòàþò, è øòîê ãèäðîöèëèíäðà íà÷è-
íàåò ïåðåìåùåíèå. Ïðè âûäâèæåíèè øòîêà 
íà 0,4 ì, äàâëåíèå èçìåíÿåòñÿ â äèàïàçîíå 
0…0,9 ÌÏà. Ïðè ýòîì â íà÷àëüíûé ìîìåíò 
âðåìåíè ðàñõîä æèäêîñòè ïîñòîÿíåí è ñîñòàâ-
ëÿåò 0,875 ë/ñ (îïðåäåëÿåòñÿ ïîäà÷åé íàñîñà). 
Ïðè äîñòèæåíèè øòîêîì êðàéíåãî ïîëîæåíèÿ 
è íàåçäå íà æåñòêèé ñòîï, äàâëåíèå âîçðàñòà-
åò äî ìàêñèìàëüíîãî çíà÷åíèÿ 5,06 ÌÏà, ÷òî 
îáóñëîâëåíî óñòàíîâêîé ïðåäîõðàíèòåëüíîãî 
êëàïàíà â ñèñòåìå, à ðàñõîä, ñîîòâåòñòâåííî, 
ïàäàåò äî íóëÿ. Øòîê ãèäðîöèëèíäðà îñòà-
íàâëèâàåòñÿ. Ïðè ýòîì íàáëþäàåòñÿ ïåðå-
õîäíûé ðåæèì, âûðàæàþùèéñÿ â íåáîëüøèõ 
êîëåáàíèÿõ ïîçèöèè øòîêà ãèäðîöèëèíäðà, 
âåëè÷èíû äàâëåíèÿ è ðàñõîäà ðàáî÷åé æèäêî-
ñòè, êîòîðûå áûñòðî çàòóõàþò. 

Ïðè ïåðåìåùåíèè çîëîòíèêà âëåâî (ïî-
çèöèÿ çîëîòíèêà íàõîäèòñÿ â îòðèöàòåëüíîé 

Ðèñ. 8. Ãðàôèêè èçìåíåíèÿ äàâëåíèÿ, ðàñõîäà 
ðàáî÷åé æèäêîñòè è ïåðåìåùåíèé øòîêà 

ãèäðîöèëèíäðà è çîëîòíèêà ãèäðîðàñïðåäåëèòåëÿ
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çîíå ãðàôèêà ïåðåìåùåíèÿ) äàâëåíèå ðåçêî 
óáûâàåò è øòîê ãèäðîöèëèíäðà íà÷èíàåò îá-
ðàòíîå äâèæåíèå. Ïðè ýòèì ðàñõîä ðàáî÷åé 
æèäêîñòè â ïåðèîä âðåìåíè 11…12,5 ñ ïîñòîÿ-
íåí è ñîñòàâëÿåò –1,15 ë/ñ, à âåëè÷èíà äàâëå-
íèÿ íàõîäèòñÿ â äèàïàçîíå 0,50…0,55 ÌÏà. Îò-
ðèöàòåëüíîå çíà÷åíèå ðàñõîäà ãîâîðèò î òîì, 
÷òî íàïðàâëåíèå äâèæåíèÿ ðàáî÷åé æèäêîñòè 
èçìåíèëîñü íà îáðàòíîå, òî åñòü æèäêîñòü èç 
ïîëîñòè ãèäðîöèëèíäðà èäåò íà ñëèâ. Ðàçíèöà 
âåëè÷èí ðàñõîäà ðàáî÷åé æèäêîñòè ïðè âûäâè-
æåíèè è óáîðêå øòîêà îáúÿñíÿåòñÿ ðàçëè÷èåì 
ïëîùàäåé ïîðøíÿ â øòîêîâîé è áåñøòîêîâîé 
ïîëîñòÿõ ãèäðîöèëèíäðà. Ïðè óáîðêå øòîêà 
ñêîðîñòü ïîðøíÿ îïðåäåëÿåòñÿ ðàñõîäîì, ïî-
ñòóïàþùèì îò íàñîñà, à êîíòðîëèðóåìûé 
ðàñõîä – ýòî ðàñõîä, âûòåñíÿåìûé èç áåñøòî-
êîâîé ïîëîñòè, òî åñòü êîíòðîëèðóåìûé ðàñõîä 
æèäêîñòè óâåëè÷èâàåòñÿ. Â ìîìåíò îñòàíîâêè 
øòîêà òàêæå íàáëþäàþòñÿ êîëåáàíèÿ ïîçèöèè 
øòîêà ãèäðîöèëèíäðà, äàâëåíèÿ è ðàñõîäà 
æèäêîñòè, êîòîðûå áûñòðî çàòóõàþò. 

Âûâîäû
Íà îñíîâå ðàçðàáîòàííîé ìîäåëè îáúåìíîãî 

ãèäðîïðèâîäà áûëè ïîñòðîåíû ãðàôèêè èçìå-
íåíèÿ äàâëåíèÿ, ðàñõîäà æèäêîñòè, ïåðåìåùå-
íèÿ øòîêà ãèäðîöèëèíäðà è çîëîòíèêà ãèäðî-
ðàñïðåäåëèòåëÿ, ïðîâåäåí àíàëèç ïåðåõîäíûõ 
ðåæèìîâ ãèäðîñèñòåìû, îïðåäåëåíû äèàïàçî-
íû âàðüèðîâàíèÿ âûáðàííûõ ôàêòîðîâ. 

Òàêèì îáðàçîì, ðàçðàáîòàíà èìèòàöèîííàÿ 
ìîäåëü îáúåìíîãî ãèäðîïðèâîäà íà áàçå ñòàí-
äàðòíûõ áèáëèîòåê âû÷èñëèòåëüíîé ñèñòåìû 
MATLAB Simulink, â êîòîðîé áûëè ó÷òåíû: 
èçìåíåíèå ìîäóëÿ óïðóãîñòè æèäêîñòè â çà-
âèñèìîñòè îò äàâëåíèÿ â ãèäðîñèñòåìå, ïàðà-
ìåòðû ðàáî÷åé æèäêîñòè, æåñòêèé ñòîï ïðè 
äîñòèæåíèè êðàéíèõ ïîëîæåíèé øòîêîì ãè-
äðîöèëèíäðà, òðåíèå ìåæäó ïîäâèæíûìè ÷à-
ñòÿìè â ñèëîâîì ãèäðîöèëèíäðå. Ïðîãðàììà 
ïîçâîëÿåò ìîäåëèðîâàòü óïðàâëÿþùèå ñèãíà-
ëû, ïîäàâàåìûå íà áëîê óïðàâëåíèÿ ïðèâîäîì, 
èìèòèðîâàòü íàãðóçêó, äåéñòâóþùóþ íà øòîê 
ãèäðîöèëèíäðà, ïðîâîäèòü äåìîíñòðàöèþ â 
âèäå ãðàôèêîâ è îñöèëëîãðàìì, óïðîùàåò 
àíàëèç ïåðåõîäíûõ ïðîöåññîâ â ãèäðîñèñòåìå, 
à òàêæå ïîçâîëÿåò ïîäáèðàòü ðàöèîíàëüíûå 
êîíñòðóêòèâíûå ïàðàìåòðû ñîñòàâëÿþùèõ 
ýëåìåíòîâ îáúåìíîãî ãèäðîïðèâîäà íà ýòàïå 
ïðîåêòèðîâàíèÿ. Êðîìå òîãî, ðàçðàáîòàííàÿ 
ìîäåëü ìîæåò ñëóæèòü áàçîé äëÿ ìîäåëèðî-
âàíèÿ áîëåå ñëîæíûõ ïî ñîñòàâó è ôóíêöèî-

íèðîâàíèþ ãèäðîñèñòåì ïóòåì äîáàâëåíèÿ äî-
ïîëíèòåëüíûõ áëîêîâ SimHydraulics è äðóãèõ 
áèáëèîòåê Simulink MATLAB.
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Î ÂËÈßÍÈÈ ÑÂÎÉÑÒÂ ÌÀÒÅÐÈÀËÎÂ, 
ÏÐÈÌÅÍßÅÌÛÕ ÄËß ÈÇÃÎÒÎÂËÅÍÈß 
ÐÀÁÎ×ÈÕ ÎÐÃÀÍÎÂ Î×ÅÑÛÂÀÞÙÅÉ ÆÀÒÊÈ, 
ÍÀ ÊÀ×ÅÑÒÂÎ ÂÛÏÎËÍßÅÌÎÃÎ ÏÐÎÖÅÑÑÀ

THE INFLUENCE OF THE PROPERTIES 
OF MATERIALS USED TO MAKE THE WORKING BODIES 
OF THE STRIPPER HEADER ON THE QUALITY 
OF THE PERFORMED PROCESS

Öåëü èññëåäîâàíèé – ðàçðàáîòêà îñíîâíûõ ïîëîæåíèé ìåòîäèêè îïðåäåëåíèÿ âëèÿíèÿ ñâîéñòâ ìàòåðèàëîâ, íà 
ïðèìåðå ñòàëè è ÑÂÌÏÝ, ïðè èõ ïðèìåíåíèè äëÿ èçãîòîâëåíèÿ èëè ïîêðûòèÿ íàðóæíîé è âíóòðåííåé ïîâåðõ-
íîñòè îáòåêàòåëÿ è î÷åñûâàþùèõ çóáüåâ æàòêè, íà êà÷åñòâî âûïîëíÿåìîãî åþ ïðîöåññà. Â ñòàòüå èñïîëüçîâàíû 
çàâèñèìîñòè è çàêîíîìåðíîñòè, ÿâëÿþùèåñÿ ñîñòàâíûìè ÷àñòÿìè ðàçðàáîòàííîé ðàíåå ìàòåìàòè÷åñêîé ìîäåëè 
ïðîöåññà î÷åñà çåðíîâûõ êóëüòóð îäíîáàðàáàííîé æàòêîé. Â ðåçóëüòàòå ðåøåíèÿ óðàâíåíèé ïîëó÷åíû äàííûå 
î íîðìàëüíîé è òàíãåíöèàëüíîé ñîñòàâëÿþùèõ ñêîðîñòè äâèæåíèÿ êîëîñà è çåðíà ïîñëå êîíòàêòà ñ èñïûòóå-
ìûìè ïîâåðõíîñòÿìè. Ïðè êîíòàêòå ñ íàðóæíîé ïîâåðõíîñòüþ îáòåêàòåëÿ îòäàåòñÿ ïðåäïî÷òåíèå ìàòåðèàëó, 
äâèæåíèå ïî êîòîðîìó ñîïðîâîæäàåòñÿ ìåíüøèì çíà÷åíèåì ñèëû òðåíèÿ. Ïðè îòñêîêå îò î÷åñûâàþùåãî çóáà è 
âíóòðåííåé ïîâåðõíîñòè îáòåêàòåëÿ ëó÷øèì ÿâëÿåòñÿ ìàòåðèàë, ñêîðîñòü îòñêîêà çåðíà îò êîòîðîãî âûøå. Çíà-
÷åíèå íîðìàëüíûõ óñèëèé, ïðèæèìàþùèõ êîëîñ îçèìîé ïøåíèöû ê êîíòàêòèðóþùåé ïîâåðõíîñòè, îïðåäåëÿëè 
íà ýêñïåðèìåíòàëüíîé óñòàíîâêå, ìîäåëèðóþùåé ïðîöåññ î÷åñà æàòêîé. Êîýôôèöèåíòû òðåíèÿ ïîêîÿ è äâèæå-
íèÿ è êîýôôèöèåíò âîññòàíîâëåíèÿ ïðè êîíòàêòå ñ ïîâåðõíîñòÿìè èç ñòàëè è ÑÂÌÏÝ êîëîñüåâ è çåðíà îçèìîé 
ïøåíèöû îïðåäåëÿëè ïðè åå âëàæíîñòè 9 %. Óñòàíîâëåíî, ïðè ñêîðîñòè æàòêè 3 ì/ñ ñèëà òðåíèÿ, ïðèæèìàþùàÿ 
êîëîñ ê íàðóæíîé ïîâåðõíîñòè îáòåêàòåëÿ èç ÑÂÌÏÝ, â 1,75 ðàçà ìåíüøå, ÷åì èç ñòàëè. Ïîñëå êîíòàêòà ñ çóáîì 
ñêîðîñòü îòñêîêà çåðíà âûøå, åñëè îí èçãîòîâëåí èç ñòàëè. Äëÿ ïðèíÿòûõ õàðàêòåðèñòèê óáèðàåìûõ ðàñòåíèé è 
ðåæèìîâ ðàáîòû æàòêè, ïðè êîíòàêòå çåðíà ñ âíóòðåííåé ïîâåðõíîñòüþ îáòåêàòåëÿ èç ÑÂÌÏÝ â ïðåäåëàõ óãëà 
òðåíèÿ, ïîòåðÿ ñêîðîñòè çåðíà ïîñëå ñîóäàðåíèÿ ìåíüøå, ÷åì ïî ñòàëè, çà èñêëþ÷åíèåì êîíòàêòà ïðè ïðÿìîì 
óäàðå. Êîìïåíñàöèÿ ñíèæåíèÿ ñêîðîñòè ïðè ïðÿìîì óäàðå î âíóòðåííþþ ïîâåðõíîñòü îáòåêàòåëÿ, âûïîëíåííîãî 
èç ÑÂÌÏÝ, ìîæåò äîñòèãàòüñÿ èçìåíåíèåì óãëà íàêëîíà î÷åñûâàþùèõ çóáüåâ íà áàðàáàíå.
Êëþ÷åâûå ñëîâà: î÷åñ, æàòêà, ìàòåðèàë ðàáî÷èõ îðãàíîâ æàòêè, çåðíîâûå êîëîñîâûå, óäàð, ýíåðãèÿ âîññòà-
íîâëåíèÿ, ïîòåðè. 

The aim of the inveatigations is to develop the main provisions of the procedure for determining the influence of 
material properties on the example of steel and ultra-high molecular weight polyethylene (UHMW PE) when they 
are used to fabricate or cover the outer and inner surfaces of the fairing and the combing teeth of the header, on the 
quality of the process performed by it. The dependencies and regularities that are integral parts of the previously de-
veloped mathematical model of the process of combing grain crops with a single-barrel header are used in the article. 
As a result of solving the equations, data on the normal and tangential components of the speed of movement of the 
ear and grain after contact with the test surfaces were obtained. Upon contact with the external surface of the fairing 
that material would be preferred which the movement along is accompanied by a lower value of the frictional force. 
During a rebound from the combing tooth and the inner surface of the fairing, the best material is the speed of rebound 
of the grain from which is higher. The value of the normal forces pressing the ear of winter wheat to the contacting 
surface was determined in an experimental plant simulating the process of combing the reaper. The coefficient of 
static friction and motion and the coefficient of recovery upon contact with the surfaces of steel and UHMW PE ears 
and winter wheat’s grains were determined at its moisture content of 9 %. It has been established that at a header 
speed of 3 m/s, the frictional force pressing the ear to the outer surface of the fairing from UHMW PE is 1,75 times 
less than on the steel. After contact with the tooth, the rebound speed of the grain is higher, if it is made of steel. 
For the accepted characteristics of the harvested plants and the operating conditions of the header, when the grains 
come into contact with the inner surface of the fairing from the UHMW PE within the friction angle, the loss of grain 
velocity after the collision is less than on the steel, with the exception of contact with direct impact. Compensation 
for the reduction in speed within a direct impact on the inner surface of the fairing which is made of UHMW PE can 
be achieved by varying the angle of inclination of the combing teeth on the drum.
Keywords: combing, header, material of the header working bodies, grain crops, impact, recovery energy, waste.
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 Ââåäåíèå
Â ïîñëåäíèå ãîäû â êîíñòðóêöèÿõ óáîðî÷-

íûõ ìàøèí íàðÿäó ñ èñïîëüçîâàíèåì ñòàëåé 
âñå áîëåå øèðîêîå ïðèìåíåíèå íàõîäÿò ìàòå-
ðèàëû èç ñâåðõâûñîêîìîëåêóëÿðíûõ ïîëèýòè-
ëåíîâ, ñóùåñòâåííî îòëè÷àþùèåñÿ îò ìåòàë-
ëîâ ôèçèêî-ìåõàíè÷åñêèìè õàðàêòåðèñòèêàìè. 
Íèçêàÿ ïëîòíîñòü ïîëèýòèëåíîâ, ñîñòàâëÿþ-
ùàÿ 0,94–1,0·10-3 êã/ì3, ìîäóëü óïðóãîñòè áîëåå 
÷åì íà äâà ïîðÿäêà íèæå, ÷åì ó ñòàëè, íèçêèé 
êîýôôèöèåíò ñóõîãî òðåíèÿ îò 0,075 äî 0,11, 
âûñîêàÿ óäàðíàÿ è êîððîçèîííàÿ ñòîéêîñòü, ïî-
âûøåííàÿ ñòîéêîñòü ê èñòèðàíèþ äåëàþò ýòè 
ìàòåðèàëû âåñüìà ïðèâëåêàòåëüíûìè êàê äëÿ 
èçãîòîâëåíèÿ èçäåëèé èç íèõ, òàê è ïðèìåíå-
íèÿ â êà÷åñòâå ïîêðûòèé. Îòäåëüíûå ñâîéñòâà 
âûñîêîìîëåêóëÿðíûõ ïîëèýòèëåíîâ, òàêèå êàê 
êîððîçèîííàÿ ñòîéêîñòü è ïîâûøåííàÿ ñòîé-
êîñòü ê èñòèðàíèþ, ïðè èõ èñïîëüçîâàíèè â 
êîíñòðóêöèè î÷åñûâàþùèõ æàòîê ÿâëÿþòñÿ, 
áåçóñëîâíî, ïîëîæèòåëüíûìè ñ òî÷êè çðåíèÿ 
óëó÷øåíèÿ êà÷åñòâà èõ ôóíêöèîíèðîâàíèÿ, 
äðóãèå òðåáóþò äåòàëüíîãî àíàëèçà. Äëÿ òîãî 
÷òîáû äàòü êîëè÷åñòâåííóþ îöåíêó âëèÿíèÿ 
îòäåëüíûõ ñâîéñòâ ìàòåðèàëîâ, ïðèìåíÿåìûõ 
â êîíñòðóêöèè î÷åñûâàþùåé æàòêè, ïðåäëîæå-
íî èñïîëüçîâàòü ðàçðàáîòàííóþ íàìè ìàòåìà-
òè÷åñêóþ ìîäåëü ïðîöåññà âçàèìîäåéñòâèÿ åå 
ðàáî÷èõ îðãàíîâ ñ óáèðàåìûìè ðàñòåíèÿìè è 
èõ êîìïîíåíòàìè, ïîëó÷åííûìè ïîñëå êîíòàê-
òà ñ î÷åñûâàþùèìè çóáüÿìè. Ïðèìåíåíèå ìå-
òîäè÷åñêèõ ïîëîæåíèé ïðîèëëþñòðèðîâàíî íà 
ïðèìåðå èñïîëüçîâàíèÿ â êîíñòðóêöèè æàòêè 
ìàòåðèàëîâ èç ñòàëè è ñâåðõâûñîêîìîëåêóëÿð-
íîãî ïîëèýòèëåíà (ÑÂÌÏÝ).

Ïðîöåññ âçàèìîäåéñòâèÿ êîëîñà ñ íàðóæíîé 
ïîâåðõíîñòüþ îáòåêàòåëÿ ðàññìîòðåí â ðÿäå 
ðàáîò [1, 2, 3]. Ïðîöåññ ñîñòîèò èç äâóõ ôàç. 
Åñëè óäàð ïðÿìîé èëè êîñîé ïðè îòêëîíåíèè 
âåêòîðà ñêîðîñòè îò íîðìàëè ê ïîâåðõíîñòè â 
ïðåäåëàõ óãëà òðåíèÿ – ïåðâàÿ ôàçà, äâèæåíèå 
êîëîñà ïî ïîâåðõíîñòè îáòåêàòåëÿ âòîðàÿ. Ñè-
òóàöèÿ ñêëàäûâàþùàÿñÿ â ïåðâîé ôàçå, ðàññìî-
òðåíà â ðàáîòå [3]. Óñòàíîâëåíî, ÷òî óáîðî÷íûé 
àãðåãàò, êîòîðûé îáîðóäîâàí î÷åñûâàþùåé 
æàòêîé, ñíàáæåííîé îáòåêàòåëåì èç ñòàëè, 
ìîæåò ðàáîòàòü áåç ïîòåðü çåðíà â ïåðâîé ôàçå 
íà ñêîðîñòÿõ äî 2–3 ì/ñ, à ñ æàòêîé, îáòåêàòåëü 
êîòîðîé èçãîòîâëåí èç ñâåðõâûñîêîìîëåêóëÿð-
íîãî ïîëèýòèëåíà ÑÂÌÏÝ, íà ñêîðîñòÿõ – äî 
3,5 ì/ñ. Â äàííîé ðàáîòå ïðèâåäåíû ðåçóëüòà-
òû èññëåäîâàíèé îá îöåíêå âëèÿíèÿ ñâîéñòâ 
ñòàëè è ÑÂÌÏÝ ïðè êîíòàêòå êîëîñà ñ íàðóæ-

íîé ïîâåðõíîñòüþ îáòåêàòåëÿ âî âòîðîé ôàçå ñ 
çóáüÿìè î÷åñûâàþùåãî áàðàáàíà è ïðîäóêòîâ 
î÷åñà ñ åãî âíóòðåííåé ïîâåðõíîñòüþ ïðè èõ 
äâèæåíèè â òðàíñïîðòèðóþùåì êàíàëå. 

Öåëü èññëåäîâàíèé 
Ðàçðàáîòêà îñíîâíûõ ïîëîæåíèé ìåòîäèêè 

îïðåäåëåíèÿ âëèÿíèÿ ñâîéñòâ ìàòåðèàëîâ, íà 
ïðèìåðå ñòàëè è ÑÂÌÏÝ, ïðè èõ ïðèìåíåíèè 
äëÿ èçãîòîâëåíèÿ èëè ïîêðûòèÿ íàðóæíîé è 
âíóòðåííåé ïîâåðõíîñòè îáòåêàòåëÿ è î÷åñû-
âàþùèõ çóáüåâ æàòêè íà êà÷åñòâî âûïîëíÿåìî-
ãî åþ ïðîöåññà. 

Ìàòåðèàëû è ìåòîäû 
Âî âòîðîé ôàçå íà êîëîñ, íåïîñðåäñòâåííî 

êîíòàêòèðóþùèé ñ ïîâåðõíîñòüþ îáòåêàòåëÿ, 
äåéñòâóþò ñèëû îò ñòîÿùèõ âïåðåäè è íàêëî-
íåííûõ ïî õîäó èì ðàñòåíèé. Ïîýòîìó òåîðå-
òè÷åñêè ðàññ÷èòàòü óñèëèå, äåéñòâóþùåå íà 
÷åøóéêè êîëîñà ïðè åãî äâèæåíèè ïî ïîâåðõ-
íîñòè îáòåêàòåëÿ, ïðàêòè÷åñêè íåâîçìîæíî. 
Èç ðàáîòû [4] ñëåäóåò, ÷òî íèæíÿÿ êðîìêà 
îáòåêàòåëÿ æàòêè äîëæíà ðàñïîëàãàòüñÿ íà 
óðîâíå êðåïëåíèÿ êîëîñà ê ñòåáëþ ðàñòåíèÿ 
ìèíèìàëüíîé âûñîòû:

 2 0 3cosh h h r l P h     îáò ö.á. , (1)

ãäå h
îáò.

, h
2
, h

ö.á.
, h

3
, l, r, P

0
 – ñîîòâåòñòâåííî, 

âûñîòà ïîëîæåíèÿ íèæíåé êðîìêè îáòåêàòå-
ëÿ, ì; äëèíà ñòåáëÿ ìèíèìàëüíîãî ïî âûñîòå 
ðàñòåíèÿ, ì; âûñîòà ïîëîæåíèÿ öåíòðà î÷åñû-
âàþùåãî áàðàáàíà îòíîñèòåëüíî ïîâåðõíîñòè 
ïîëÿ, ì; ðàññòîÿíèå ìåæäó ïîâåðõíîñòüþ ïîëÿ 
è êîíöàìè çóáüåâ áàðàáàíà (îãðàíè÷åíî ìèíè-
ìàëüíî äîïóñòèìûì çàçîðîì, èñêëþ÷àþùèì 
êîíòàêò çóáüåâ ñ ïî÷âîé), ì; äëèíà î÷åñûâàþ-
ùåãî çóáà, ì; ðàäèóñ êîðïóñà áàðàáàíà, ì; óãîë 
íàêëîíà çóáà, ðàä.

Ñëåäîâàòåëüíî, óãîë íà÷àëà î÷åñà ñ ó÷åòîì 
ÿðóñíîñòè ðàñòåíèé â ïðåäåëàõ óáèðàåìîãî 
ìàññèâà áóäåò èçìåíÿòüñÿ. Î÷åâèäíî, ÷òî ÷åì 
ìåíüøå äëèíà ñòåáëÿ ìèíèìàëüíîãî ïî âûñîòå 
ðàñòåíèÿ è áîëüøå ÿðóñíîñòü, òåì áîëüøå 
óñèëèå, ïðèæèìàþùåå êîëîñ ê îáòåêàòåëþ, à 
ìàêñèìóì áóäåò â íèæíåé åãî ÷àñòè.

Äëÿ åãî îïðåäåëåíèÿ áûëî èçãîòîâëåíî 
ñïåöèàëüíîå óñòðîéñòâî, ìîíòèðóåìîå íà ëà-
áîðàòîðíîé óñòàíîâêå, èìèòèðóþùåé ïðî-
öåññ î÷åñà çåðíîâûõ êóëüòóð îäíîáàðàáàííîé 
æàòêîé. Îáùèé âèä ëàáîðàòîðíîé óñòàíîâêè 
ïðèâåäåí â ðàáîòå [4], ñõåìà óñòðîéñòâà ïðèâå-
äåíà íà ðèñ. 1.
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Ïîâåðõíîñòü 4 ïðèñîåäèíåíà ê êîðïóñó 
îáòåêàòåëÿ 5 ñ ïîìîùüþ ïàðàëëåëîãðàììíî-
ãî ìåõàíèçìà. Äëèíà ïîâåðõíîñòè 4 âûáðàíà 
ðàâíîé ñðåäíåé äëèíå êîëîñà îçèìîé ïøåíèöû. 
Ñèãíàë ñ òåíçîìåòðè÷åñêîãî çâåíà èç àíàëîãî-
âîãî ïðåîáðàçóåòñÿ â öèôðîâîé è çàïèñûâàåòñÿ 
íà êîìïüþòåð. Òåíçîìåòðè÷åñêîå çâåíî ðàñ-
ïîëîæåíî òàê, ÷òî íà íåãî ïîñòóïàåò ñèãíàë, 
ôèêñèðóþùèé íîðìàëüíóþ ñîñòàâëÿþùóþ 
ñèëû, êîòîðàÿ ïðèæèìàåò êîëîñüÿ ðàñòåíèé ê 
ïîâåðõíîñòè îáòåêàòåëÿ. 

Ñèëà òðåíèÿ îïðåäåëèòñÿ èç âûðàæåíèÿ: 

  =  ·F P Kòð í òð. äâ. ,  (2)

ãäå P
í
 – íîðìàëüíàÿ ñîñòàâëÿþùàÿ ñèëû, ïðè-

æèìàþùåé êîëîñ ê ïîâåðõíîñòè îáòåêàòåëÿ; 
K

òð.äâ.
 – êîýôôèöèåíò òðåíèÿ äâèæåíèÿ êîëîñà 

î ïîâåðõíîñòü îáòåêàòåëÿ. 
Ïðè îïðåäåëåíèè ñòåïåíè âëèÿíèÿ ìàòå-

ðèàëà, èç êîòîðîãî èçãîòîâëåíà âíóòðåííÿÿ 

ïîâåðõíîñòü îáòåêàòåëÿ, ðàñ÷åòû âûïîëíÿëè 
ïóòåì ìîäåëèðîâàíèÿ ïðîöåññà, ðåàëèçóåìîãî 
æàòêîé íà ìàòåìàòè÷åñêîé ìîäåëè. 

Ìàòåìàòè÷åñêàÿ ìîäåëü ïðîöåññà î÷åñà 
çåðíîâûõ êóëüòóð (ðèñ. 2) ïðåäñòàâëÿåò ïî-
ñëåäîâàòåëüíóþ ñîâîêóïíîñòü àíàëèòè÷åñêèõ 
çàâèñèìîñòåé, îïèñûâàþùèõ âçàèìîäåéñòâèå 
î÷åñûâàåìûõ ðàñòåíèé ñ îáòåêàòåëåì æàòêè, 
çóáüÿìè î÷åñûâàþùåãî áàðàáàíà, ñ ïîñëåäó-
þùèì äâèæåíèåì ïîëó÷åííûõ â ðåçóëüòàòå 
î÷åñà îòäåëüíûõ êîìïîíåíòîâ î÷åñàííîãî 
âîðîõà ïî çóáó, â òðàíñïîðòèðóþùåì êàíàëå, 
à òàêæå çàâèñèìîñòè, ïîçâîëÿþùåé îïðåäå-
ëèòü ñðåäíþþ ñêîðîñòü òðàíñïîðòèðóåìîãî 
ìàòåðèàëà. Ñðåäíÿÿ ñêîðîñòü õàðàêòåðèçóåò 
ñêîðîñòü äâèæåíèÿ çåðíà ñ ó÷åòîì åãî âçàè-
ìîäåéñòâèÿ ñ äðóãèìè ïðîäóêòàìè î÷åñà, êîí-
òàêòû ñ êîòîðûìè â ïðîöåññå äâèæåíèÿ ïðè-
âîäÿò ê åå ñíèæåíèþ. Åñëè ýòà ñêîðîñòü âûøå 
ñêîðîñòè âèòàíèÿ çåðíà, òî â äàííîé òî÷êå åå 
âåêòîð íàïðàâëåí â ñòîðîíó ëîæà èíòåãðèðó-
þùåãî øíåêà. Áîëåå ïîäðîáíî î âõîäÿùèõ â 
ìàòåìàòè÷åñêóþ ìîäåëü áëîêîâ ïðèâåäåíû 
îïèñàíèÿ, ïðåäñòàâëåííûå â ðàáîòàõ [1, 4, 5, 
6, 7].

Ðèñ. 2. Ëîãè÷åñêàÿ ñõåìà ìàòåìàòè÷åñêîé ìîäåëè 
ïðîöåññà î÷åñà çåðíîâûõ êóëüòóð 

îäíîáàðàáàííîé æàòêîé

Äëÿ îöåíêè âëèÿíèÿ íà êà÷åñòâî ïðîöåññà 
î÷åñà ñâîéñòâ ñòàëè è ÑÂÌÏÝ ïðè èñïîëüçîâà-
íèè èõ äëÿ èçãîòîâëåíèÿ î÷åñûâàþùèõ çóáüåâ 
ðàññìîòðèì ñõåìó âçàèìîäåéñòâèÿ êîëîñà ðàñ-
òåíèÿ è âûäåëåííûõ èç íåãî çåðåí, ïðåäñòàâ-
ëåííóþ íà ðèñ. 3. 

Ðèñ. 1. Ñõåìà ëàáîðàòîðíîé óñòàíîâêè 
äëÿ îïðåäåëåíèÿ âåëè÷èíû óñèëèé, êîòîðûå äåéñòâóþò 

íà êîëîñ, äâèæóùèéñÿ ïî ïîâåðõíîñòè îáòåêàòåëÿ: 
1 – íåïîäâèæíîå îñíîâàíèå; 2 – òåíçîäàò÷èê; 

3 – òîëêàòåëü; 4 – êîíòàêòèðóþùàÿ ñ ðàñòåíèÿìè 
ïîâåðõíîñòü; 5 – èññëåäóåìûå ðàñòåíèÿ; 

6 – áåãóùåå ïîëå; h – âûñîòà ðàñïîëîæåíèÿ íèæíåé 
êðîìêè êîíòàêòèðóþùåé ïîâåðõíîñòè, δ – óãîë 

íàêëîíà êîíòàêòèðóþùåé ïîâåðõíîñòè; 
V

îá.
 – ñêîðîñòü äâèæåíèÿ, L

îá.
 – äëèíà 

êîíòàêòèðóþùåé ïîâåðõíîñòè îáòåêàòåëÿ; 
Í

êîë.
 – çîíà ðàñïîëîæåíèÿ êîëîñüåâ



Î âëèÿíèè ñâîéñòâ ìàòåðèàëîâ, ïðèìåíÿåìûõ äëÿ èçãîòîâëåíèÿ ðàáî÷èõ îðãàíîâ î÷åñûâàþùåé æàòêè, 
íà êà÷åñòâî âûïîëíÿåìîãî ïðîöåññà
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Ïîñëå ðàçðóøåíèÿ êîëîñà âûäåëåííîå èç 
íåãî çåðíî äîëæíî ïðèîáðåñòè ñêîðîñòü, äî-
ñòàòî÷íóþ äëÿ åãî ïåðåìåùåíèÿ ïî òðàíñïîð-
òèðóþùåìó êàíàëó è ïîïàäàíèÿ â ëîæå øíåêà.

Ó÷èòûâàÿ, ÷òî êà÷åñòâî ïðîöåññà îòäåëåíèÿ 
è ðàçðóøåíèÿ êîëîñà îöåíèâàåòñÿ ïîëó÷åííîé 
â ðåçóëüòàòå óäàðà ñêîðîñòüþ îñíîâíîé êîìïî-
íåíòû âîðîõà-çåðíà, îïðåäåëÿëè åå íîðìàëüíóþ 
è òàíãåíöèàëüíóþ ñîñòàâëÿþùèå (ñì. ðèñ. 3) 
ïî ñëåäóþùèì çàâèñèìîñòÿì [4]:

 2 0 0( 1) cos cosnV K c P V P         ê ,   (3)

  
2 0 0

0 0

sin sin( )
cos cos( ) ( 1),

V c P V P
f c P V P K

        

       
ê

ê

  (4) 

ãäå ñ – ðàññòîÿíèå îò òî÷êè êîíòàêòà çóáà ñ êî-
ëîñîì äî öåíòðà âðàùåíèÿ, ìì; Ê – êîýôôèöè-
åíò âîññòàíîâëåíèÿ [8]. 

Òàê êàê íàïðàâëåíèå ñêîðîñòè äî óäàðà ïî íå-
ïîäâèæíîìó êîëîñó è ïîñëå óäàðà ñîâïàäàþò, òî:

 

2 2

1 1

n

n

V hK
V h


 


, (5)

ãäå h
1
’, h

2
’ – âûñîòû ïàäåíèÿ è «ïîäñêîêà» çåðíà 

ïðè ýêñïåðèìåíòå, ì.
Çåðíî óäàðÿåòñÿ î çóáüÿ ÷åðåç îáëåãàþùóþ 

åãî ÷åøóéêó. Ïîñëå âûäåëåíèÿ èç êîëîñà âñëåä-
ñòâèå óäàðà çóáîì çåðíî ïðèîáðåòàåò ñêîðîñòü 
çà ñ÷åò ýíåðãèè âîññòàíîâëåíèÿ. Â âûðàæåíèè 
(3) ýòî ñîñòàâëÿþùàÿ, ðàâíàÿ ïðîèçâåäåíèþ âû-
ðàæåíèÿ â ñêîáêàõ íà êîýôôèöèåíò âîññòàíîâ-
ëåíèÿ. Íî çåðíî îòòàëêèâàåòñÿ îò çóáà, êîòîðûé 
äâèæåòñÿ â òîì æå íàïðàâëåíèè. Ýòî îòíîñè-
òåëüíîå äâèæåíèå çåðíà. Àáñîëþòíàÿ íîðìàëü-

íàÿ ñîñòàâëÿþùàÿ ñêîðîñòè äâèæåíèÿ çåðíà 
çàïèñûâàåòñÿ â âèäå âûðàæåíèÿ (3). Âûøåèçëî-
æåííîå ñïðàâåäëèâî è äëÿ âûðàæåíèÿ (4).

Åñëè óãîë íàêëîíà êîëîñà áîëüøå óãëà 
òðåíèÿ è ïðè ýòîì ïðîèçîøëî âûäåëåíèå 
çåðíà, âîçìîæíî äâèæåíèå îòäåëåííîãî îò 
êîëîñà çåðíà ïî çóáó, åñëè íåò, äâèæåíèå êîì-
ïîíåíòû âîðîõà â òðàíñïîðòèðóþùåì êàíàëå 
(ñì. ðèñ. 2). 

Î÷åâèäíî, ñ ïîçèöèé êà÷åñòâà òðàíñïîðòè-
ðîâàíèÿ çåðíà äëÿ èçãîòîâëåíèÿ çóáà ëó÷øèì 
áóäåò ìàòåðèàë, ïîñëå êîíòàêòà ñ êîòîðûì, 
çåðíî ïðèîáðåòåò áîëüøóþ ñêîðîñòü.

Ïðè äâèæåíèè çåðíà ïî òðàíñïîðòèðóþ-
ùåìó êàíàëó íàèáîëüøàÿ âåðîÿòíîñòü ñóùå-
ñòâåííîé ïîòåðè ñêîðîñòè äâèæóùèìñÿ çåðíîì 
ïðè åãî êîíòàêòå ñ âíóòðåííåé ïîâåðõíîñòüþ 
îáòåêàòåëÿ. Â äàííîì ñëó÷àå ëó÷øèì áóäåò 
òîò ìàòåðèàë, ïîñëå êîíòàêòà çåðíà ñ êîòîðûì, 
ïîòåðÿ åãî ñêîðîñòè áóäåò ìåíüøåé. Îöåíêó 
ïîòåðè ñêîðîñòè ïîñëå êîíòàêòà çåðíà ñ âíó-
òðåííåé ïîâåðõíîñòüþ îáòåêàòåëÿ îöåíèâàëè, 
îñíîâûâàÿñü íà ãèïîòåçå ñóõîãî òðåíèÿ Íüþòî-
íà [9, 10]:

 2 1 2 1( )n nV V f V V     ,  (6)

ãäå Vτ1, Vn1
, Vτ2, Vn2

 – òàíãåíöèàëüíàÿ è íîðìàëü-
íàÿ ñîñòàâëÿþùèå ñêîðîñòè çåðíà äî è ïîñëå 
óäàðà, ì/ñ; f – êîýôôèöèåíò ñóõîãî òðåíèÿ 
êîëîñà ïî çóáó.

Ñ ó÷åòîì òîãî, ÷òî íàïðàâëåíèå ñêîðîñòè äî 
óäàðà è ïîñëå óäàðà íå ñîâïàäàåò, âûðàæåíèå 
(6) ìîæåò áûòü ïðåäñòàâëåíî â âèäå: 

 2 1 1 ( 1)nV V f V K      .  (7)

Ïîäñòàâëÿÿ çíà÷åíèÿ f è K â (7)? íàõîäèì 
ìàòåðèàë, ïðè èñïîëüçîâàíèè êîòîðîãî äëÿ èç-
ãîòîâëåíèÿ âíóòðåííåé ïîâåðõíîñòè îáòåêàòå-
ëÿ ïîòåðÿ ñêîðîñòè çåðíà ïðè êîíòàêòå ñ íèì 
áóäåò ìèíèìàëüíîé. 

×èñëåííîå çíà÷åíèå ñêîðîñòè çåðíà ïîñëå 
åãî îòñêîêà îò ðàáî÷èõ îðãàíîâ æàòêè, ïðè èç-
âåñòíûõ íîðìàëüíîé è òàíãåíöèàëüíîé ñîñòàâ-
ëÿþùèõ, îïðåäåëÿåì ïî èçâåñòíîé çàâèñèìîñòè: 

 
2 2

2 2 2nV V V  .  (8)

Ðåçóëüòàòû è îáñóæäåíèå
Âî âòîðîé ôàçå êîëîñ äâèæåòñÿ ïî íàðóæíîé 

ïîâåðõíîñòè îáòåêàòåëÿ. Íàïðàâëåíèå äâèæå-
íèÿ – ïî õîäó íàêëîíà ÷åøóåê. Çíà÷åíèå êîýô-
ôèöèåíòà òðåíèÿ äâèæåíèÿ êîëîñà ïî èñïûòóå-
ìûì ïîâåðõíîñòÿì ïðèâåäåíî â òàáë. 1.

Ðèñ. 3. Ñõåìà âçàèìîäåéñòâèÿ êîëîñà ñ çóáîì, 
íàêëîíåííûì âïåðåä íà óãîë P0, êîãäà òî÷êà 

êîíòàêòà ðàñïîëîæåíà íà óäàëåíèè îò íà÷àëà çóáà
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Òàáëèöà 1

Çíà÷åíèå êîýôôèöèåíòà òðåíèÿ äâèæåíèÿ çåðíà 
è êîëîñà îçèìîé ïøåíèöû ñîðòà Äìèòðèé 

ïî ñòàëè è ÑÂÌÏÝ

Ìàòåðèàëû Çåðíî Êîëîñ (ïî õîäó 
íàêëîíà ÷åøóåê)

Ñòàëü 
øëèôîâàííàÿ 0,20 0,25

ÑÂÌÏÝ 0,17 0,18

Â òàáëèöå 2 ïðèâåäåíû ïîëó÷åííûå íà ëà-
áîðàòîðíîé óñòàíîâêå (ñì. ðèñ. 1) ñòàòèñòè÷å-
ñêèå õàðàêòåðèñòèêè íîðìàëüíîé ñîñòàâëÿþ-
ùåé, ïðèæèìàþùåé êîëîñ ê êîíòàêòèðóþùåé 
ïîâåðõíîñòè îáòåêàòåëÿ ïðè ðàçëè÷íûõ ïàðà-
ìåòðàõ ñêîðîñòè óáîðî÷íîãî àãðåãàòà. 

Âû÷èñëåííûå ïî âûðàæåíèþ (2) çíà÷åíèÿ 
ñèëû òðåíèÿ ïðè äâèæåíèè êîëîñüåâ ïî ïîâåðõ-
íîñòÿì îáòåêàòåëÿ, âûïîëíåííûì èç ÑÂÌÏÝ 
è ñòàëè ïðè ñêîðîñòÿõ äâèæåíèÿ æàòêè îò 1, äî 
3 ì/ñ ïðèâåäåíû â òàáëèöå 3.

Òàáëèöà 2

Ñòàòèñòè÷åñêèå õàðàêòåðèñòèêè íîðìàëüíîé ñîñòàâëÿþùåé, ïðèæèìàþùåé êîëîñ ê êîíòàêòèðóþùåé 
ïîâåðõíîñòè îáòåêàòåëÿ ïðè ðàçëè÷íîé ñêîðîñòè óáîðî÷íîãî àãðåãàòà

Ñêîðîñòü 
äâèæåíèÿ 

î÷åñûâàþùåãî 
àãðåãàòà, ì/ñ

Ñðåäíåå íîðìàëüíîå 
óñèëèå îò êîëîñüåâ 

ðàñòåíèé 
íà îáòåêàòåëå, Í

Äèñïåðñèÿ, 
D

Ñòàíäàðòíîå 
îòêëîíåíèå, 

σ

Êîýôôèöèåíò 
âàðèàöèè, 

, %

Îøèáêà 
ñðåäíåé, 

S

Îòíîñèòåëüíàÿ 
îøèáêà 

ñðåäíåé, S, %

1,0 6,43 0,48 0,69 11% 0,10 1,5

2,0 7,86 0,97 0,99 13% 0,14 1,8

3,0 11,75 1,16 1,08 9% 0,15 1,3

Òàáëèöà 3

Çíà÷åíèå ñèëû òðåíèÿ ïðè äâèæåíèè êîëîñüåâ 
ïî îáòåêàòåëþ ïðè ðàçíûõ ñêîðîñòÿõ äâèæåíèÿ 

îáòåêàòåëÿ è ìàòåðèàëîâ, èç êîòîðûõ îí èçãîòîâëåí

Ìàòåðèàë
F

òð.
, Í, ïðè ñêîðîñòè

1,0 ì/ñ 2,0 ì/ñ 3,0 ì/ñ

ÑÂÌÏÝ 1,16 1,42 2,12

Ñòàëü 1,61 1,97 2,94

Ïî äàííûì ðàáîòû [11] ñîðòà ïøåíèöû ïî 
ïðî÷íîñòè çàêðåïëåíèÿ ÷åøóåê íà êîëîñå ðàç-
äåëÿþò:

– íà îñûïàþùèåñÿ, âûäåðæèâàþùèå íàãðóç-
êó 2,3–4,4 Í;

– íà íåîñûïàþùèåñÿ, âûäåðæèâàþùèå íà-
ãðóçêó 5,2–7,3 Í;

– ñ òóãèì îáìîëîòîì, âûäåðæèâàþùèå íà-
ãðóçêó 12,8 Í.

Èç ïðåäñòàâëåííûõ äàííûõ âèäíî, ÷òî ïðè-
ìåíåíèå ÑÂÌÏÝ äëÿ èçãîòîâëåíèÿ ïîêðûòèÿ 
íàðóæíîé ïîâåðõíîñòè îáòåêàòåëÿ ïîçâîëèò 
èçáåæàòü ïîòåðü çåðíà ïðè äâèæåíèè êîëîñà 
ïî åãî ïîâåðõíîñòè ïðè ñêîðîñòè óáîðî÷íîãî 
àãðåãàòà 3 ì/ñ íà óáîðêå âñåõ ñîðòîâ ïøåíèöû. 
Ïðè ðàáîòå àãðåãàòà ñ æàòêîé, îáòåêàòåëü êîòî-
ðîé âûïîëíåí èç ñòàëè, åãî ñêîðîñòü íà óáîðêå 
ïøåíèöû îñûïàþùèõñÿ ñîðòîâ íå äîëæíà ïðå-
âûøàòü 2 ì/ñ. 

Ïðè êîíòàêòå êîëîñà ñ î÷åñûâàþùèì çóáîì 
ïðîèñõîäèò îòðûâ ÷åøóéêè è îäíîâðåìåííûé 
óäàð ïî âûäåëåííûì çåðíàì; ýòî ÿâëåíèå ïðî-
èñõîäèò â ëþáîé òî÷êå çóáà, åñëè óãîë íàêëî-
íà êîëîñà îò íîðìàëè ê ïîâåðõíîñòè çóáà íå 
ïðåâûøàåò óãëà òðåíèÿ. Ïðè íàêëîíå êîëîñà 
íà óãîë áîëüøå óãëà òðåíèÿ êîëîñ ñêîëüçíåò ê 
êîíöó çóáà è ñîéäåò ñ íåãî ëèáî – ê åãî íà÷àëó, 
ãäå è ïðîèçîéäåò î÷åñ. Òî åñòü î÷åñ ïðîòåêàåò 
òîëüêî ïðè ïðÿìîì èëè êîñîì óäàðå â ïðåäå-
ëàõ óãëà òðåíèÿ. Äëÿ îöåíêè âëèÿíèÿ ìàòåðè-
àëà, ïðèìåíÿåìîãî äëÿ èçãîòîâëåíèÿ çóáà, íà 
âåëè÷èíó ñîñòàâëÿþùèõ ñêîðîñòè çåðíà â êà-
÷åñòâå ïðèìåðà ïðèíÿëè ðåæèì è ïàðàìåòðû 
î÷åñûâàþùåãî áàðàáàíà, ïðèâåäåííûå â ðàáîòå 
[4]: ÷àñòîòà âðàùåíèÿ 50 ñ-1, óãîë íàêëîíà çóáà 
0,35 ðàä, β = 0,795 ðàä, ñêîðîñòü äâèæåíèÿ êîì-
áàéíà V

ê
 = 2,3 ì/ñ. Ïðè òàêîì ðåæèìå ðàáîòû 

æàòêè ÷èñëåííîå çíà÷åíèå âûðàæåíèÿ â êâà-
äðàòíûõ ñêîáêàõ â óðàâíåíèè (3) áóäåò ðàâíî 
13,67 ì/ñ. Â âûðàæåíèè (4) ïåðâîå ñëàãàåìîå 
â ñêîáêàõ ðàâíî 7,1 ì/ñ, à âòîðîå ñëàãàåìîå â 
ñêîáêàõ – 13,67 ì/ñ. Ïîñëå ïîäñòàíîâêè çíà÷å-
íèé ïîëó÷èì:

 2 13,67 ( 1)nV K   ,  (9)

 2 7,1 (13,67) ( 1)V f K     .  (10) 

Êîýôôèöèåíò âîññòàíîâëåíèÿ çåðíà îïðåäå-
ëÿëè ïî ïðàâèëó (5), ñáðàñûâàÿ åãî ñ âûñîòû íà 



Î âëèÿíèè ñâîéñòâ ìàòåðèàëîâ, ïðèìåíÿåìûõ äëÿ èçãîòîâëåíèÿ ðàáî÷èõ îðãàíîâ î÷åñûâàþùåé æàòêè, 
íà êà÷åñòâî âûïîëíÿåìîãî ïðîöåññà
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èñïûòóåìûé ìàòåðèàë. Ïðè êîíòàêòå ñî ñòàëü-
íîé ïîâåðõíîñòüþ êîýôôèöèåíò âîññòàíîâëå-
íèÿ ðàâåí 0,3, à ïðè êîíòàêòå ñ ÑÂÌÏÝ – 0,2. 
Çíà÷åíèÿ êîýôôèöèåíòà òðåíèÿ ïîêîÿ çåðíà 
è êîëîñà íà ïîâåðõíîñòè èç ñòàëè è ÑÂÌÏÝ 
ïðèâåäåíû â òàáë. 4.

Òàáëèöà 4

Çíà÷åíèÿ êîýôôèöèåíòà òðåíèÿ ïîêîÿ çåðíà 
è êîëîñà îçèìîé ïøåíèöû ñîðòà Äìèòðèé 

ïðè êîíòàêòå ñ ïîâåðõíîñòÿìè èç ñòàëè è ÑÂÌÏÝ

Ìàòåðèàë 
îáòåêàòåëÿ Çåðíî Êîëîñ

Ñòàëü 
øëèôîâàííàÿ 0,44 0,53

ÑÂÌÏÝ 0,26 0,27

Ïîñëå ïîäñòàíîâêè çíà÷åíèé êîýôôèöèåí-
òîâ âîññòàíîâëåíèÿ è êîýôôèöèåíòîâ òðåíèÿ 
ïîêîÿ â âûðàæåíèÿ (9) è (10) äëÿ çåðíà, êîíòàê-
òèðóþùåãî ñ çóáîì èçãîòîâëåííûì èç ñòàëè:

 2 1,3 13,67 17,8nV     ì/ñ;  (11) 

2 7,1 0,44 13,67(0,3 1) 14,9V       ì/ñ.  (12)

Ñêîðîñòü äâèæåíèÿ çåðíà ïîñëå ñõîäà ñ 
çóáà, âûïîëíåííîãî èç ñòàëè, îïðåäåëåííàÿ ïî 
âûðàæåíèþ (8), ñîñòàâèò 23,2 ì/ñ. 

Äëÿ çóáüåâ, èçãîòîâëåííûõ èç ÑÂÌÏÝ: 

 2 1, 2 13,67 16nV     ì/ñ;  (13) 

 2 7,1 0,26 13,67 1,2 11,4V       ì/ñ.  (14) 

Ïîñëå ïîäñòàíîâêè ïîëó÷åííûõ äàííûõ â 
óðàâíåíèå (8) ñêîðîñòü çåðíà ïîñëå îòñêîêà 
îò çóáà, âûïîëíåííîãî èç ÑÂÌÏÝ, ñîñòàâèò 
19,6 ì/ñ. Ýòî íà 17,5 % ìåíüøå, ÷åì ïðè îòñêîêå 
îò çóáà, âûïîëíåííîãî èç ñòàëè. Ïðè ñêîëüæå-
íèè êîëîñà ïî çóáó î÷åñ åãî âîçìîæåí òîëüêî 
ïðè ïåðåìåùåíèè â íà÷àëî çóáà è òàêæå òîëüêî 
â ïðåäåëàõ óãëà òðåíèÿ. 

Èç ïðèâåäåííûõ äàííûõ, ïðè ïðèíÿòûõ ïà-
ðàìåòðàõ è ðåæèìàõ î÷åñûâàþùåé æàòêè, ïðè-
ìåíåíèå î÷åñûâàþùèõ çóáüåâ, èçãîòîâëåííûõ 
èç ñòàëè, ïîçâîëÿåò ïîâûñèòü ñêîðîñòü çåðíà 
ïîñëå åãî îòñêîêà è, òåì ñàìûì, ñíèçèòü âåðî-
ÿòíîñòü åãî ïîòåðü.

Ïðè êîíòàêòå çåðíà, äâèæóùåãîñÿ ïî òðàíñ-
ïîðòèðóþùåìó êàíàëó, âíóòðåííÿÿ ïîâåðõ-
íîñòü êîòîðîãî íåïîäâèæíà, ñïðàâåäëèâî 
ïðàâèëî (6) [9, 10]. Â çàâèñèìîñòè îò íàïðàâ-
ëåíèÿ äâèæåíèÿ çåðíà ïî òðàíñïîðòèðóþùå-
ìó êàíàëó è ôîðìû åãî âíóòðåííåé ïîâåðõíî-

ñòè âîçìîæåí, íî ìåíåå âåðîÿòåí ïðÿìîé óäàð 
çåðíà î åãî íåïîäâèæíóþ ïîâåðõíîñòü, òîãäà: 

 2 1n nV K V   . (15)

Òàíãåíöèàëüíàÿ ñîñòàâëÿþùàÿ ïðè ýòîì 
ðàâíà íóëþ. 

Ïðè ïðÿìîì óäàðå, êàê âèäíî èç âûðàæå-
íèÿ (15), ñêîðîñòü çåðíà ïîñëå óäàðà ïðîïîð-
öèîíàëüíà êîýôôèöèåíòó âîññòàíîâëåíèÿ. 
Åñëè âíóòðåííÿÿ ïîâåðõíîñòü îáòåêàòåëÿ âû-
ïîëíåíà èç ñòàëè, òî ïîòåðÿ ñêîðîñòè çåðíà 
ïîñëå îòñêîêà îò íåå ñîñòàâèò 70 %, à åñëè – èç 
ÑÂÌÏÝ, òî 80 %. Ïðÿìîé óäàð, êàê ïîêàçàëè 
ðàíåå âûïîëíåííûå èññëåäîâàíèÿ, ìàëîâåðîÿ-
òåí, à èçìåíåíèå ñèòóàöèè ïðè ñëîæèâøèõñÿ 
õàðàêòåðèñòèêàõ õëåáîñòîÿ â ïîëüçó òîãî èëè 
èíîãî ìàòåðèàëà, íàïðèìåð ÑÂÌÏÝ, ìîæåò 
êîððåêòèðîâàòüñÿ èçìåíåíèåì óãëà íàêëîíà 
î÷åñûâàþùèõ çóáüåâ [12] ïóòåì ïîäñòàíîâêè 
åãî íîâûõ çíà÷åíèé â âûðàæåíèÿ (3) è (4).

Ïðè êîñîì óäàðå, êîãäà îòêëîíåíèå âåêòîðà 
ñêîðîñòè îò íîðìàëè ê ïîâåðõíîñòè êîíòàêòà íà-
õîäèòñÿ â ïðåäåëàõ óãëà òðåíèÿ â ñîîòâåòñòâèè 
ñ âûðàæåíèåì (7), â ðàñ÷åòàõ ó÷èòûâàåì êîýô-
ôèöèåíò âîññòàíîâëåíèÿ è êîýôôèöèåíò òðåíèÿ 
ïîêîÿ. Òî÷êó êîíòàêòà ñ âíóòðåííåé ïîâåðõ-
íîñòüþ îáòåêàòåëÿ ñ êîîðäèíàòàìè Õ = 0,4 ì; 
Ó = 0,2 ì è ñîñòàâëÿþùèìè ñêîðîñòè çåðíà 
V

n1
 = 16,9 ì/ñ è V1 = 13,7 ì/ñ äî êîíòàêòà ñ íåþ 

îïðåäåëèëè íà îñíîâàíèè ðàñ÷åòîâ, âûïîëíåí-
íûõ ïî ìåòîäó, êîòîðûé èçëîæåí â ðàáîòå [5].

Åñëè âíóòðåííÿÿ ïîâåðõíîñòü îáòåêàòåëÿ 
âûïîëíåíà èç ñòàëè, òî ïîñëå êîíòàêòà ñ íåþ 
òàíãåíöèàëüíàÿ è íîðìàëüíàÿ ñîñòàâëÿþùèå 
ñêîðîñòè ñîñòàâÿò:

 2 10,3 5,07n nV V    ì/ñ;  (16)

2 1 1 10, 44(0,3 1) 0,57 nV V V V        
 13,7 9,63 4,07    ì/ñ.  (17)

Òàíãåíöèàëüíàÿ è íîðìàëüíàÿ ñîñòàâëÿþ-
ùèå ñêîðîñòè çåðíà ïîñëå îòñêîêà îò âíóòðåí-
íåé ïîâåðõíîñòè îáòåêàòåëÿ, âûïîëíåííîé èç 
ÑÂÌÏÝ :

 2 10, 2 3,38n nV V    ì/ñ;  (18) 

2 1 10, 26 (0,2 1)nV V V     
1 10,312 13,7 5,27 8,43nV V       ì/ñ.  (19)

Òîãäà ïîñëå ïîäñòàíîâêè â (8) ñêîðîñòü 
îòñêîêà çåðíà îò ïîâåðõíîñòè îáòåêàòåëÿ èç 
ñòàëè ñîñòàâèò 6,5 ì/ñ, à èç ÑÂÌÏÝ – 8,5 ì/ñ. 
Ñëåäîâàòåëüíî, ñêîðîñòü îòñêîêà çåðíà ïðè 
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êîñîì óäàðå î âíóòðåííþþ ïîâåðõíîñòü îáòå-
êàòåëÿ, âûïîëíåííîãî èç ÑÂÌÏÝ, âûøå, ÷åì 
èç ñòàëè. 

Åñëè ïîñëå ïåðâîãî îòñêîêà îò âíóòðåí-
íåé ïîâåðõíîñòè îáòåêàòåëÿ ïðîèñõîäèò ïî-
âòîðíîå ñòîëêíîâåíèå çåðíà ñ íèì, òîãäà äëÿ 
îïðåäåëåíèÿ åãî ñêîðîñòè íåîáõîäèìî ïðîâî-
äèòü ðàñ÷åòû, ïîäñòàâëÿÿ â êà÷åñòâå èñõîäíûõ 
÷èñëåííûå çíà÷åíèÿ, ïîëó÷åííûå â ðåçóëüòàòå 
âû÷èñëåíèé ïî âûðàæåíèÿì (16)–(19). ×èñëåí-
íûå çíà÷åíèÿ ñêîðîñòè çåðíà ïîñëå îòñêîêà íå-
îáõîäèìî âûïîëíÿòü, ïîäñòàâëÿÿ ïîëó÷åííûå 
çíà÷åíèÿ V

n2
 è V2 â (8). 

Êàê âèäíî èç ïðèâåäåííûõ âûøå ðåçóëüòà-
òîâ âû÷èñëåíèé ïî ïðåäëîæåííîé ìåòîäèêå, 
ïðè ïðèíÿòûõ ðåæèìàõ è çîíàõ î÷åñà ïðèìåíå-
íèå ÑÂÌÏÝ öåëåñîîáðàçíî äëÿ èçãîòîâëåíèÿ 
èëè ïîêðûòèÿ íàðóæíîé è âíóòðåííåé ïîâåðõ-
íîñòè îáòåêàòåëÿ. 

Çàêëþ÷åíèå
Ïðèâåäåííûå âûøå ïðèìåðû, âûïîëíåííûå 

ñ èñïîëüçîâàíèåì îñíîâíûõ ìåòîäè÷åñêèõ ïî-
ëîæåíèé, êîòîðûå ïðåäëîæåíû äëÿ îöåíêè 
âëèÿíèÿ ñâîéñòâ ñòàëè è ÑÂÌÏÝ, ïðèìåíÿå-
ìûõ ïðè èçãîòîâëåíèè ðàáî÷èõ îðãàíîâ î÷å-
ñûâàþùåé æàòêè, ïîçâîëÿþò ñäåëàòü âûâîä î 
öåëåñîîáðàçíîñòè èñïîëüçîâàíèÿ ÑÂÌÏÝ äëÿ 
èçãîòîâëåíèÿ èëè ïîêðûòèÿ íàðóæíîé è âíó-
òðåííåé ïîâåðõíîñòè îáòåêàòåëÿ. 

Óñòàíîâëåíî, ÷òî óáîðî÷íûé àãðåãàò ñ î÷å-
ñûâàþùåé æàòêîé, ñíàáæåííîé îáòåêàòåëåì, 
êîòîðûé èçãîòîâëåí èç ñòàëè, ìîæåò ðàáîòàòü 
áåç ïîòåðü çåðíà ïðè ñêîëüæåíèè êîëîñà ïî åãî 
íàðóæíîé ïîâåðõíîñòè íà ñêîðîñòè äî 2–3 ì/ñ, 
à ñ æàòêîé, îáòåêàòåëü êîòîðîé èçãîòîâëåí 
èç ñâåðõâûñîêîìîëåêóëÿðíîãî ïîëèýòèëåíà 
(ÑÂÌÏÝ, íà ñêîðîñòè – äî 3,5 ì/ñ. 

Äëÿ ïðèíÿòûõ ïðè ðàñ÷åòàõ óñëîâèé è ðå-
æèìîâ ðàáîòû æàòêè ïðè ïðÿìîì óäàðå çåðíà î 
âíóòðåííþþ ïîâåðõíîñòü îáòåêàòåëÿ ñêîðîñòü 
åãî îòñêîêà îò ïîâåðõíîñòè, âûïîëíåííîé èç 
ñòàëè, ñíèæàåòñÿ íà 70 % , à èç ÑÂÌÏÝ – íà 
80 %. Ïðè êîñîì óäàðå ñêîðîñòü îòñêîêà çåðíà 
îò ïîâåðõíîñòè îáòåêàòåëÿ èç ñòàëè ñîñòàâèò 
6,5 ì/ñ, à èç ÑÂÌÏÝ – 9,55 ì/ñ. Ïðÿìîé óäàð, 
êàê ïîêàçàëè ðàíåå âûïîëíåííûå èññëåäîâà-
íèÿ, ìàëîâåðîÿòåí, à èçìåíåíèå ñèòóàöèè ïðè 
ñëîæèâøèõñÿ õàðàêòåðèñòèêàõ õëåáîñòîÿ â 
ïîëüçó òîãî èëè èíîãî ìàòåðèàëà, íàïðèìåð 
ÑÂÌÏÝ, ìîæåò êîððåêòèðîâàòüñÿ èçìåíåíèåì 
óãëà íàêëîíà î÷åñûâàþùèõ çóáüåâ.

Åñëè ïîñëå ïåðâîãî îòñêîêà îò âíóòðåí-
íåé ïîâåðõíîñòè îáòåêàòåëÿ ïðîèñõîäèò ïî-
âòîðíîå ñòîëêíîâåíèå çåðíà ñ íèì, òîãäà äëÿ 
îïðåäåëåíèÿ åãî ñêîðîñòè íåîáõîäèìî ïðîâî-
äèòü ðàñ÷åòû, ïîäñòàâëÿÿ â êà÷åñòâå èñõîäíûõ 
÷èñëåííûå çíà÷åíèÿ, ïîëó÷åííûå â ðåçóëüòà-
òå âû÷èñëåíèé ïî âûðàæåíèÿì (16)–(19) ëèáî 
(20)–(23) è (8). 

Êàê âèäíî èç ïðèâåäåííûõ âûøå ðåçóëüòà-
òîâ âû÷èñëåíèé ïî ïðåäëîæåííîé ìåòîäèêå, 
ïðè ïðèíÿòûõ ðåæèìàõ è çîíàõ î÷åñà ïðèìåíå-
íèå ÑÂÌÏÝ äëÿ èçãîòîâëåíèÿ èëè ïîêðûòèÿ 
íàðóæíîé è âíóòðåííåé ïîâåðõíîñòè îáòåêàòå-
ëÿ ïðåäïî÷òèòåëüíåå, ÷åì ñòàëè. Äëÿ ãàðàíòè-
ðîâàííîãî óòâåðæäåíèÿ ýòîãî âûâîäà ñëåäóåò 
ïðîâåñòè ðàñ÷åòû äëÿ âñåãî äèàïàçîíà çîíû 
î÷åñà â èíòåðâàëå îò 0 äî 1,57 ðàä è ðàçëè÷íûõ 
õàðàêòåðèñòèê õëåáîñòîÿ.
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ÓÄÊ 629.113

ÑÐÀÂÍÈÒÅËÜÍÀß ÎÖÅÍÊÀ ÝÔÔÅÊÒÈÂÍÎÑÒÈ 
ÂÈÁÐÎÇÀÙÈÒÛ ÀÊÒÈÂÍÎÉ ÑÈÑÒÅÌÛ 
ÏÎÄÐÅÑÑÎÐÈÂÀÍÈß Ñ ÏÈÄ-ÐÅÃÓËÈÐÎÂÀÍÈÅÌ

COMPARATIVE EVALUATION OF THE EFFECTIVENESS 
OF THE VIBRATION PROTECTION OF THE ACTIVE 
SUSPENSION SYSTEM WITH PID CONTROL

Ïíåâìîïîäâåñêà èñïîëüçóåòñÿ äëÿ ãàøåíèÿ âèáðàöèé è îáåñïå÷åíèÿ êîìôîðòíûõ óñëîâèé òðóäà äëÿ îïåðàòîðà 
òðàíñïîðòíîãî ñðåäñòâà. Ïðè÷èíîé ïîâûøåííîé âèáðàöèè òðàêòîðà çà÷àñòóþ ÿâëÿþòñÿ íåïðàâèëüíî 
ïîäîáðàííûå óïðóãîäåìïôèðóþùèå õàðàêòåðèñòèêè ïîäóøåê àêòèâíîé ñèñòåìû ïîäðåññîðèâàíèÿ, êîòîðûå 
íå ñïðàâëÿþòñÿ (èëè ñïðàâëÿþòñÿ êðàéíå íåýôôåêòèâíî) ñ êîëåáàíèÿìè, ïîñòóïàþùèìè îò âíåøíåãî ôîíà. 
Ïîñêîëüêó ïðîâåäåíèå ýêñïåðèìåíòà äëÿ äèíàìè÷åñêîãî àíàëèçà ïíåâìîïîäâåñêè çàíèìàåò ìíîãî âðåìåíè, 
òî äëÿ ïîëó÷åíèÿ ïàðàìåòðîâ îòêëèêà ïíåâìîïîäâåñêè èñïîëüçóþò ìàòåìàòè÷åñêèå ìîäåëè ñèñòåìû 
ïîäðåññîðèâàíèÿ òðàíñïîðòíîãî ñðåäñòâà. Â äàííîé ñòàòüå ïðèâåäåíà ñðàâíèòåëüíàÿ õàðàêòåðèñòèêà ñèñòåì 
ïîäðåññîðèâàíèÿ ñ öèëèíäðè÷åñêîé ïðóæèíîé è ëèíåéíîé ïíåâìàòè÷åñêîé ðåññîðîé â êà÷åñòâå ñèñòåìû 
ïîäðåññîðèâàíèÿ. Äëÿ ïðîâåäåíèÿ ìîäåëèðîâàíèÿ èñïîëüçîâàëñÿ ïðîãðàììíûé êîìïëåêñ Matlab/Simulink, â 
êîòîðîì íà îñíîâàíèè ðàíåå ïîëó÷åííûõ çíà÷åíèé ýêâèâàëåíòíîé æåñòêîñòè áûëà ïîñòðîåíà èìèòàöèîííàÿ 
ìîäåëü òðàêòîðà. Òàê êàê òðàêòîð â äàííîé ìîäåëè ðàññìàòðèâàåòñÿ êàê ëèíåéíàÿ ñèñòåìà, òî áûëà ðàññ÷èòàíà 
åãî ñïåêòðàëüíàÿ ôóíêöèÿ ïî ñïåêòðó âõîäíûõ ïàðàìåòðîâ íåðîâíîñòåé ïóòè è À×Õ òðàêòîðà. Ýòè ïàðàìåòðû 
èñïîëüçîâàëèñü äëÿ àíàëèçà âèáðàöèîííîãî îòêëèêà ñèñòåìû ïîäðåññîðèâàíèÿ äëÿ îöåíêè ýôôåêòèâíîñòè 
ñèñòåìû è, êàê ñëåäñòâèå, îöåíêè êîìôîðòà îïåðàòîðà. Òàêæå áûë ðåàëèçîâàí àëãîðèòì ïðîïîðöèîíàëüíî-
èíòåãðàëüíî-äèôôåðåíöèðóþùåãî (ÏÈÄ) ðåãóëèðîâàíèÿ ñèñòåìû ïîäðåññîðèâàíèÿ â ôóíêöèè âûõîäíûõ 
ïàðàìåòðîâ. Â ñðàâíèòåëüíîì èññëåäîâàíèè ïîêàçàíî, êàê ëèíåéíàÿ ìîäåëü ïíåâìàòè÷åñêîé ñèñòåìû 
ïîäðåññîðèâàíèÿ, êîíòðîëèðóåìàÿ ÏÈÄ-ðåãóëÿòîðîì, ñïîñîáíà ãàñèòü êîëåáàíèÿ, âîçíèêàþùèå îò íåðîâíîñòåé 
äîðîãè, è íàñêîëüêî îíà áîëåå ýôôåêòèâíà ÷åì ïàññèâíàÿ ñèñòåìà ïîäðåññîðèâàíèÿ òðàíñïîðòíîãî ñðåäñòâà ñ 
öèëèíäðè÷åñêîé ïðóæèíîé. Êðèòåðèåì ýôôåêòèâíîñòè â äàííîé ðàáîòå áûë ïîêàçàòåëü âûñîòû ïåðåìåùåíèÿ 
îñòîâà òðàêòîðà.
Êëþ÷åâûå ñëîâà: ñðàâíèòåëüíàÿ îöåíêà, ïíåâìîïîäâåñêà, ñèñòåìà ïîäðåññîðèâàíèÿ, ÏÈÄ-ðåãóëÿòîð.

The pneumatic suspension is used to absorb vibration and provide comfortable labor conditions for transportation 
vehicle drivers. The cause of increased vibration of the tractor, often, are incorrectly matched elastic-damping char-
acteristics of the cushions of the active suspension system, which can not cope (or cope extremely ineffectively) with 
fluctuations coming from the external background. Since the realization of an experiment for the dynamic analysis 
of pneumatic suspension takes a long time, the mathematical models of the vehicle suspension system are used to 
obtain the response parameters of the pneumatic suspension. In the given article the comparative characteristic of 
spring’s systems with a cylindrical spring and a linear pneumatic spring as a suspension system is given. To carry out 
the simulation, the Matlab/Simulink software complex was used, in which, based on the previously obtained values 
of equivalent rigidity, a simulation of the tractor was built. Since the tractor in this model is considered as a linear 
system, its spectral function was calculated from the spectrum of the input parameters of the path unevenness and the 
frequency response of the tractor. These parameters were used to analyze the vibration response of the suspension 
system to assess the effectiveness of the system and, as a result, assessment of the operator comfort. The algorithm 
of the proportional integral differentiating (PID) regulation of the suspension system was implemented depending 
on their output parameters as well. The comparative study shows how the linear model of the pneumatic suspension 
system controlled by a PID-regulator is able to suppress fluctuations arising from road roughness and whether it is 
effective than a passive suspension system for a vehicle with a coil spring. The criterion of efficiency in this work was 
the indicator of the tractor's displacement height.
Keywords: comparative assessment, air-cushion suspension, cushion system, PID-regulator.
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Ââåäåíèå
Êîíñòðóêöèÿ ñèñòåìû ïîäðåññîðèâàíèÿ 

îêàçûâàåò ïðÿìîå âëèÿíèå íà ýêñïëóàòàöè-
îííûå ñâîéñòâà òðàíñïîðòíîãî ñðåäñòâà â 
ò.÷. íà êîìôîðò îïåðàòîðà è ýôôåêòèâíîñòè 
ðàáîòû òðàíñïîðòíîãî ñðåäñòâà. Èçâåñòíî [1, 
2], ÷òî ýôôåêòèâíîñòü âîæäåíèÿ è áåçîïàñ-
íîñòü òðàíñïîðòíîãî ñðåäñòâà î÷åíü âàæíû 
è ìîãóò áûòü óñîâåðøåíñòâîâàíû ïóòåì àíà-
ëèçà ðåç óëüòàòîâ äèíàìè÷åñêîãî ìîäåëèðî-
âàíèÿ ñèñòåìû ïîäðåññîðèâàíèÿ àâòîìîáèëÿ. 
Èç-çà òîãî, ÷òî ïíåâìîïîäâåñêà ñ ýëåêòðîííûì 
óïðàâëåíèåì èìååò ðÿä íåîñïîðèìûõ ïðå-
èìóùåñòâ, òàêèõ êàê, íàïðèìåð, ðåãóëèðóåìàÿ 
æåñòêîñòü, òî ìíîãèå ïðîèçâîäèòåëè ñòàëè èñ-
ïîëüçîâàòü åå â ñâîèõ òðàíñïîðòíûõ ñðåäñòâàõ. 
Èñïîëüçîâàíèå ïíåâìàòè÷åñêîé àêòèâíîé ñè-
ñòåìû ïîäðåññîðèâàíèÿ âìåñòî ïàññèâíîé ñè-
ñòåìû ïîäðåññîðèâàíèÿ ìîæåò â çíà÷èòåëüíîé 
ñòåïåíè ñíèçèòü åãî âèáðàöèþ [3]. 

Ìåòîä èññëåäîâàíèÿ 
Èñïîëüçîâàëñÿ ìåòîä ìàòåìàòè÷åñêîãî ìî-

äåëèðîâàíèÿ ñ ïîñòðîåíèåì ìàòåìàòè÷åñêîé 
ìîäåëè â ïðîãðàììíîì êîìïëåêñå Matlab/
Simulink.

Ýêñïåðèìåíòàëüíàÿ ÷àñòü 
Ñõåìà ïíåâìîïîäâåñêè ñ óêàçàíèåì äåéñòâó-

þùèõ íà íåå ñèë [3] ïðåäñòàâëåíà íà ðèñ. 1.

Ðèñ. 1. Áëîê-ñõåìà ïíåâìîïîäâåñêè: 
P

a
 – àòìîñôåðíîå äàâëåíèå, A

1
 – ïëîùàäü 

ïîïåðå÷íîãî ñå÷åíèÿ ïîäóøêè; P
1
(t), 

V
1
(t) – äàâëåíèå è îáúåì ïîäóøêè â òåêóùèé 

ìîìåíò âðåìåíè ñîîòâåòñòâåííî; y(t), h(t), 
z(t) – ðàññòîÿíèå îò çåìëè äî ïîðøíÿ 

ïíåâìîïîäóøêè, âåëè÷èíà ðàáî÷åãî îáúåìà 
ïíåâìîïîäóøêè è êëèðåíñ ñîîòâåòñòâåííî; 

f(t) – ÷àñòîòà âèáðàöèè â òåêóùèé ìîìåíò âðåìåíè; 
m – ïîäðåññîðåííàÿ ìàññà

Íà îñíîâàíèè ñõåìû ïíåâìîïîäâåñêè, ïî-
êàçàííîé íà ðèñ. 1, áûëî âûâåäåíî óðàâíåíèå 
äâèæåíèÿ (1): 

 

 


0 0

1( ) ( ) ( ) ( )

( ( ) ( )) ( ) .

equy t k y t z t y z
m

c y t z t f t

      

   



 
 

(1)

Óðàâíåíèå ïîêàçûâàåò, êàê êîýôôèöèåíò 
äåìïôèðîâàíèÿ ïðóæèíû ñâÿçàí ñ ïëîùàäüþ 
ïîðøíÿ (A

1
), âûñîòîé ïíåâìîïðóæèíû (h

0
) è 

âíóòðåííåì äàâëåíèåì (p
1
) [4]. 

Â ýòîì óðàâíåíèè èñïîëüçóåòñÿ ýêâèâà-
ëåíòíàÿ æåñòêîñòü ïðóæèíû, ïîëó÷åííàÿ äëÿ 
ëèíåéíîé ìîäåëè ïðóæèíû [5] â ðåçóëüòàòå åå 
ëèíåàðèçàöèè îòíîñèòåëüíî öåíòðà ìàññ ñè-
ñòåìû:

1 1

0
equ

n A pk
h

 
 ,

ãäå n – ÷àñòîòà âèáðàöèè òðàíñïîðòíîãî ñðåä-
ñòâà.

Äëÿ óïðîùåíèÿ ðàñ÷ёòîâ âëèÿíèå àòìîñ-
ôåðíîãî äàâëåíèÿ è ñèëû, âîçíèêàþùèå âñëåä-
ñòâèå òåðìîäèíàìè÷åñêèõ èçìåíåíèé, íå ó÷è-
òûâàëèñü. 

Äëÿ îáåñïå÷åíèÿ êîìôîðòà ðàáîòû îïåðà-
òîðà ðåøàþùèì ôàêòîðîì ÿâëÿåòñÿ ÷àñòîòà 
âèáðàöèè òðàíñïîðòíîãî ñðåäñòâà. ×àñòîòà 
âåðòèêàëüíûõ êîëåáàíèé äîëæíà áûòü ïðèáëè-
æåíà ê ñîáñòâåííîé ÷àñòîòå ÷åëîâåêà, òî åñòü 
êîëåáàòüñÿ â ïðåäåëàõ îò 1 äî 1,6 Ãö [5–8]. Äëÿ 
äàííîé ìîäåëè òðàíñïîðòíîå ñðåäñòâî ðàññìà-
òðèâàåòñÿ êàê åäèíàÿ ñèñòåìà, è åãî ÷àñòîòà 
îïðåäåëÿåòñÿ ïî ôîðìóëå:

1
2

equk
n

m
 


.

Ñîáñòâåííàÿ ÷àñòîòà ïíåâìîïîäâåñêè â 
äàííîé ìîäåëè n = 1,53 Ãö.

Åñëè òðàíñïîðòíîå ñðåäñòâî ðàññìàòðèâà-
åòñÿ êàê ëèíåéíàÿ ñèñòåìà, òî ìîæíî ðàññ÷è-
òàòü åãî ñïåêòðàëüíóþ ôóíêöèþ ïî ñïåêòðó 
âõîäíûõ ïàðàìåòðîâ íåðîâíîñòåé ïóòè è À×Õ 
òðàíñïîðòíîãî ñðåäñòâà. Ýòè ïàðàìåòðû èñ-
ïîëüçóþòñÿ äëÿ àíàëèçà âèáðàöèîííîãî îò-
êëèêà ïàðàìåòðîâ ñèñòåìû è îöåíêè êîìôîðòà 
ðàáîòû îïåðàòîðà.

Ðåçóëüòàòû è îáñóæäåíèÿ 
Äëÿ ñîçäàíèÿ ìîäåëè ïîäâåñêè ìîãóò áûòü 

èñïîëüçîâàíû êàê óðàâíåíèÿ ñîñòîÿíèÿ, òàê 
è äèôôåðåíöèàëüíûå óðàâíåíèÿ. Â äàííîé 
ðàáîòå èñïîëüçîâàëèñü äèôôåðåíöèàëüíûå 
óðàâíåíèÿ, âûïîëíåííûå â ïðîãðàììíîé 
ñðåäå Matlab/Simulink. Ìîäåëü, ïîêàçàííàÿ 
íà ðèñ. 2, áûëà ðàçðàáîòàíà â ïðîãðàììíîé 
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ñðåäå Simulink. Íà íåé ïðåäñòàâëåíà ëèíåéíàÿ 
ìîäåëü ¼ ÷àñòè òðàíñïîðòíîãî ñðåäñòâà.

Ñ ïîìîùüþ ïðîãðàììíîãî êîìïëåêñà 
Matlab/Simulink áûëà ïîäãîòîâëåíà ïðîôèëî-
ãðàììà íåðîâíîñòåé ïóòè, ïðåäñòàâëåííàÿ íà 
ðèñ. 3.

Ïðîâåäÿ ìîäåëèðîâàíèå ðàáîòû ïàññèâíîé 
ñèñòåìû ïîäðåññîðèâàíèÿ òðàíñïîðòíîãî ñðåä-
ñòâà ñ öèëèíäðè÷åñêîé ïðóæèíîé, áûëà ïîëó-
÷åíà ïðîôèëîãðàììà ðåçóëüòèðóþùåãî ïåðå-
ìåùåíèÿ ïîäðåññîðåííîé ÷àñòè òðàíñïîðòíîãî 
ñðåäñòâà, ïðåäñòàâëåííàÿ íà ðèñ. 4. 

Ïî ñðàâíåíèþ ñ öèëèíäðè÷åñêîé ïðóæèíîé 
èñïîëüçîâàíèå â êà÷åñòâå ñèñòåìû ïîäðåññîðè-
âàíèÿ òðàíñïîðòíîãî ñðåäñòâà ïíåâìàòè÷åñêîé 
ïðóæèíû ïîçâîëÿåò óìåíüøèòü åãî âåðòèêàëü-
íûå ïåðåìåùåíèÿ ïî÷òè âäâîå (ñì. ðèñ. 5).

Ïî ðåçóëüòàòàì ïîëó÷åííûõ ïåðåìåùåíèé 
ïîäðåññîðåííîé ÷àñòè òðàíñïîðòíîãî ñðåäñòâà 
ñ ïíåâìîïîäâåñêîé â Simulink áûë ðàçðàáîòàí 
ÏÈÄ-êîíòðîëëåð. Ñõåìà ïíåâìîïîäâåñêè ñ 
ÏÈÄ-êîíòðîëëåðîì ïðåäñòàâëåíà íà ðèñ. 6.

Êîíòðîëëåð ñ ÏÈÄ-ðåãóëèðîâàíèåì îáëàäà-
åò âûñîêèì áûñòðîäåéñòâèåì è íàäåæíîñòüþ. 
Ýòèì îáúÿñíÿþòñÿ åãî ïðåèìóùåñòâà ïðè 
óïðàâëåíèè ñèñòåìîé ïîäðåññîðèâàíèÿ òðàíñ-
ïîðòíîãî ñðåäñòâà â ðåæèìå ðåàëüíîãî âðåìå-
íè. Ôîðìèðóåìûé ïðè ýòîì ñèãíàë óïðàâëåíèÿ 
èìååò âèä:

 
p l D

deu k e k edt k
dt

    , (2)

ãäå e – ñèãíàë ðàññîãëàñîâàíèÿ, k
p
 – ïðîïîðöèî-

íàëüíûé êîýôôèöèåíò, k
i
 – ïîñòîÿííàÿ èíòåãðè-

ðîâàíèÿ, k
D
 – ïîñòîÿííàÿ äèôôåðåíöèðîâàíèÿ.

Ðèñ. 2. Ìîäåëü ñèñòåìû ïîäðåññîðèâàíèÿ òðàíñïîðòíîãî ñðåäñòâà: 
m

1
, m

2
 – ìàññà ïîäðåññîðåííîé è íåïîäðåññîðåííîé ÷àñòè òðàíñïîðòíîãî ñðåäñòâà, ñîîòâåòñòâåííî; 

k
1
, k

2
 – êîýôôèöèåíò äåìïôèðîâàíèÿ ïðóæèíû ïîä m

1
 è m

2
, ñîîòâåòñòâåííî; 

b
1
, b

2
 – êîýôôèöèåíò äåìïôèðîâàíèÿ àìîðòèçàòîðà ïîä m

1
 è m

2
, ñîîòâåòñòâåííî

Ðèñ. 3. Ïðîôèëîãðàììà íåðîâíîñòè ïóòè
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Ðèñ. 4. Ïðîôèëîãðàììà ðåçóëüòèðóþùåãî ïåðåìåùåíèÿ ïîäðåññîðåííîé ÷àñòè 
òðàíñïîðòíîãî ñðåäñòâà ñ öèëèíäðè÷åñêîé ïðóæèíîé

Ðèñ. 5. Ïðîôèëîãðàììà ðåçóëüòèðóþùåãî ïåðåìåùåíèÿ ïîäðåññîðåííîé ÷àñòè 
òðàíñïîðòíîãî ñðåäñòâà ñ ïíåâìîïîäâåñêîé

Ðèñ. 6. Ïíåâìîïîäâåñêà ñ ÏÈÄ-êîíòðîëëåðîì
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Ïîëó÷åííûé â (2) ñèãíàë u îòïðàâëÿåòñÿ 
íà âõîä, îêàçûâàÿ ïðè ýòîì âîçäåéñòâèå íà ñè-
ñòåìó ïîäðåññîðèâàíèÿ. Âûõîäíîé ñèãíàë ïî-
âòîðíî îòïðàâëÿåòñÿ íà êîíòðîëëåð, êîòîðûé, 
ïðèíèìàÿ ýòîò ñèãíàë, âû÷èñëÿåò åãî ïðîèç-
âîäíóþ, ñíîâà áåðåò èíòåãðàë è îòïðàâëÿåò â 
ñèñòåìó ñêîððåêòèðîâàííûé ñèãíàë u. Ýòîò 
ïðîöåññ ïðîäîëæàåòñÿ âñå âðåìÿ, ïîêà ñèñòåìà 
àêòèâíà.

Íà ðèñ. 7 ïîêàçàíû ïîëó÷åííûå âåðòèêàëü-
íûå êîëåáàíèÿ ïîäðåññîðåííîé ÷àñòè òðàíñ-
ïîðòíîãî ñðåäñòâà ïðè èñïîëüçîâàíèè ÏÈÄ-
êîíòðîëëåðà.

Èòàê, àêòèâíîå óïðàâëåíèå ñèñòåìîé ïîäðåñ-
ñîðèâàíèÿ îáåñïå÷èâàåò çíà÷èòåëüíîå óìåíü-
øåíèå âèáðàöèé òðàíñïîðòíîãî ñðåäñòâà. 

Çàêëþ÷åíèå
Ïî äàííûì ñðàâíèòåëüíîãî ìàòåìàòè÷å-

ñêîãî ìîäåëèðîâàíèÿ áûëè îöåíåíû ñ òî÷êè 
çðåíèÿ âåðòèêàëüíûõ ïåðåìåùåíèé ïàññèâíàÿ 
ñèñòåìà ïîäðåññîðèâàíèÿ òðàíñïîðòíîãî ñðåä-
ñòâà, ïàññèâíàÿ ïíåâìîïîäâåñêà è ïíåâìîïîä-
âåñêà ñ àêòèâíûì óïðàâëåíèåì ïîñðåäñòâîì 
ÏÈÄ-êîíòðîëëåðà. Êàê âèäíî èç ïðèâåäåííûõ 
ãðàôèêîâ, íàèëó÷øèé ðåçóëüòàò ïîêàçàëà ïíåâ-
ìîïîäâåñêà ñ àêòèâíûì óïðàâëåíèåì ïîñðåä-
ñòâîì ÏÈÄ-êîíòðîëëåðà. Îíà ãîðàçäî ýôôåê-
òèâíåå ïàññèâíîé ñèñòåìû ïîäðåññîðèâàíèÿ. 
Óìåíüøåíèå âåëè÷èíû âèáðàöèè äåëàåò áîëåå 
êîìôîðòíîé ðàáîòó îïåðàòîðà è óâåëè÷èâàåò 
ñðîê ñëóæáû òðàíñïîðòíîãî ñðåäñòâà 

Èç ðåçóëüòàòîâ äèíàìè÷åñêîãî ìîäåëèðîâà-
íèÿ ïîäâåñêè âèäíî òàêæå, ÷òî äèíàìè÷åñêîå 
ìîäåëèðîâàíèå ïîäâåñêè ÿâëÿåòñÿ ýôôåêòèâ-

íûì ñïîñîáîì îöåíêè ðàáîòû ñèñòåìû ïîä-
ðåññîðèâàíèÿ. Ýòîò ìåòîä ïîçâîëÿåò ëåãêî 
èçìåíÿòü óïðóãîäåìïôèðóþùèå õàðàêòåðè-
ñòèêè ñèñòåìû ïîäðåññîðèâàíèÿ è îöåíèâàòü, 
íàñêîëüêî ïðè ýòîì èçìåíÿåòñÿ âåëè÷èíà âè-
áðàöèè ïîäðåññîðåííîé ÷àñòè òðàíñïîðòíîãî 
ñðåäñòâà.
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ÓÄÊ 629.114.2.001.4

ÈÑÏÛÒÀÍÈß ÇÀÙÈÒÍÎÃÎ ÓÑÒÐÎÉÑÒÂÀ ROPS 
ÏÐÎÌÛØËÅÍÍÎÃÎ ÒÐÀÊÒÎÐÀ Á10

TESTING OF THE PROTECTIVE DEVICE ROPS 
OF THE INDUSTRIAL TRACTOR B10

Ñîãëàñíî òðåáîâàíèÿì òåõíè÷åñêîãî ðåãëàìåíòà, âñå çàùèòíûå óñòðîéñòâà òðàêòîðíûõ àãðåãàòîâ ïîäëåæàò 
îáÿçàòåëüíîé ñåðòèôèêàöèè. Îäíèì èç îñíîâíûõ ñðåäñòâ çàùèòû îïåðàòîðà ïðè îïðîêèäûâàíèè ÿâëÿåòñÿ ñè-
ñòåìà ROPS. Ñîãëàñíî òðåáîâàíèÿì ÃÎÑÒà, ïðîâåðêà íà ñîîòâåòñòâèå çàùèòíûõ êîíñòðóêöèé ROPS äîëæ-
íà ïðîâîäèòüñÿ íà îñíîâàíèè íàòóðíûõ èñïûòàíèé. Öåëüþ èññëåäîâàíèÿ ÿâëÿëàñü îòðàáîòêà ìåòîäèêè ïðî-
âåäåíèÿ ýêñïåðèìåíòà è ïîëó÷åíèå ðåçóëüòàòà îöåíêè ñîîòâåòñòâèÿ òðåáîâàíèÿì áåçîïàñíîñòè çàùèòíîãî 
óñòðîéñòâà ROPS êàáèíû áóëüäîçåðà Á10 (Á12) ïðîèçâîäñòâà ×åëÿáèíñêîãî òðàêòîðíîãî çàâîäà. Èñïûòàíèÿ 
ïðîâîäèëèñü â Óðàëüñêîì èñïûòàòåëüíîì öåíòðå ÍÀÒÈ. Äëÿ ýòîãî èñïîëüçîâàëñÿ ñïåöèàëüíûé ñòåíä, ïî-
çâîëÿþùèé èñïûòûâàòü çàùèòíûå êàáèíû òðàêòîðîâ îáùåé ìàññîé äî 110 òîíí. Ãèäðîñèñòåìà ñòåíäà ïîçâî-
ëèëà ïðîâîäèòü ïðîöåññ áîêîâîãî íàãðóæåíèÿ ROPS ïîøàãîâî, ãäå êàæäûé øàã ñîîòâåòñòâîâàë äåôîðìàöèè 
êîíñòðóêöèè 10 ìì. Íà êàæäîì øàãå ðåãèñòðèðîâàëèñü äåéñòâóþùèå óñèëèÿ è äåôîðìàöèÿ êîíñòðóêöèè. Íà-
êîïëåííàÿ êîíñòðóêöèåé ýíåðãèÿ ðàññ÷èòûâàëàñü êàê ïëîùàäü ïîä êðèâîé çàâèñèìîñòè óñèëèÿ îò äåôîðìàöèè. 
Òðåáóåìîå ÃÎÑÒîì óñèëèå F

y
 = 212,4 êÍ áûëî äîñòèãíóòî ïðè äåôîðìàöèè 180 ìì. Îäíàêî íåäîñòàòîê íàêî-

ïëåííîé íà òîì ìîìåíò ýíåðãèè ïîòðåáîâàë ïðîäîëæåíèÿ áîêîâîãî íàãðóæåíèÿ êîíñòðóêöèè. Íåîáõîäèìàÿ ïî 
ÃÎÑÒó ýíåðãèÿ U = 40867  Äæ áûëà íàáðàíà ïðè áîêîâîé äåôîðìàöèè  = 270 ìì. Óñèëèå ïðè ýòîì ñîñòàâèëî 
F

y
 = 243 êÍ. Ïîñëå ñíÿòèÿ áîêîâîé íàãðóçêè êîíñòðóêöèÿ ïîäâåðãëàñü âåðòèêàëüíîìó ñòàòè÷åñêîìó è ïðî-

äîëüíîìó íàãðóæåíèþ. Â ïðîöåññå âñåãî ýêñïåðèìåíòà çàùèòíîãî óñòðîéñòâà ROPS ðåìîíò, èñïðàâëåíèå äå-
ôîðìàöèé è ïðèâåäåíèå êîíñòðóêöèè â ïîðÿäîê íå äîïóñêàëèñü. Ðåçóëüòàòû èñïûòàíèé êîíñòðóêöèè ROPS 
êàáèíû áóëüäîçåðà Á10 (Á12) ïîêàçàëè ñîîòâåòñòâèå òðåáîâàíèÿì ÃÎÑÒà ïî áåçîïàñíîñòè. Ïðè äåôîðìàöèè 
ROPS ïðîíèêíîâåíèå ýëåìåíòîâ çàùèòíîé êîíñòðóêöèè â çîíó îãðàíè÷åííîãî îáúåìà ðàçìåùåíèÿ âîäèòåëÿ 
íå íàáëþäàëîñü.
Êëþ÷åâûå ñëîâà: ROPS, çàùèòíîå óñòðîéñòâî, îïðîêèäûâàíèå òðàêòîðà, íàãðóæåíèå ROPS, ïîãëîùåííàÿ 
ýíåðãèÿ.

According to the requirements of the technical regulations, all protective devices of tractor units are subject to obliga-
tory certification. One of the main protection frame of the operator when overturning is the ROPS system. According 
to the requirements of State standard (GOST), the test for a compliance with protective structures ROPS should be 
carried out on the basis of full-scale tests. The aim of the investigation was to develop the experimental procedure and 
to obtain the result of the assessment of the compliance with the safety requirements of the ROPS safety device of 
the bulldozer compartment B10 (B12) manufactured by the Chelyabinsk Tractor Plant. The tests were carried out at 
the Ural Test Center NATI. For this purpose, a special stand was used, allowing to test the protective cabs of tractors 
with a total mass of up to 110 tons. For this purpose, a special test bench was used, allowing to test the protective 
cabs of tractors with a total mass up to 110 tons. The hydraulic system of the test bench allowed to carry out the 
process of lateral loading ROPS step by step, where each step corresponded to the deformation of the construction 
10 mm. At each step, the acting forces and deformation of the construction were registered. The accumulated energy 
of the construction was calculated as the area under the stress-strain curve. The required GOST force F

y
 = 212,4 kN 

was achieved with a deformation of 180 mm. However, the lack of the accumulated energy at that time required a 
continuation of the lateral loading of the construction. The required energy according to GOST U = 40867 J was 
collected during the lateral deformation  = 270 mm. The force at that was F

y
 = 243. After removing the lateral load, 

the construction was subjected to vertical static and longitudinal loading. During the whole experiment of the protec-
tive device ROPS repair, correction of deformations and bringing the construction into order were not allowed. The 
results of tests of the ROPS cab construction of bulldozer B10 (B12) have showed the compliance with the GOST 
safety requirements. During the ROPS deformation, the penetration of the elements of the protective construction 
into the zone of a limited volume of the driver's seat was not observed.
Keywords: ROPS, safety device, tractor overturning, ROPS loading, absorbed energy.
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 Àêòóàëüíîñòü
Ïðè ïåðåõîäå ê ðûíî÷íîé ýêîíîìèêå áîëü-

øèíñòâî èç äåéñòâóþùèõ ñòàíäàðòîâ, îïðå-
äåëÿþùèõ òðåáîâàíèÿ ê íàäåæíîñòè, ïðîèç-
âîäèòåëüíîñòè è ýôôåêòèâíîñòè òðàêòîðíûõ 
àãðåãàòîâ, áûëè îòìåíåíû [1]. Îáÿçàòåëüíûìè 
ê ïðèìåíåíèþ, â ñîîòâåòñòâèè ñ Ôåäåðàëüíûì 
çàêîíîì ÐÔ «Î òåõíè÷åñêîì ðåãóëèðîâàíèè» 
[2], îñòàëèñü ëèøü ñòàíäàðòû, îáåñïå÷èâàþ-
ùèå áåçîïàñíîñòü. 

Ïîñëå âõîæäåíèÿ Ðîññèè â Òàìîæåííûé 
ñîþç ñ Áåëîðóññèåé è Êàçàõñòàíîì âñòóïèë â 
äåéñòâèå òåõíè÷åñêèé ðåãëàìåíò [3], ñîãëàñíî 
êîòîðîìó îáÿçàòåëüíîé ñåðòèôèêàöèè ïîä-
ëåæàò çàùèòíûå óñòðîéñòâà âñåõ òðàêòîðíûõ 
àãðåãàòîâ. Âàæíåéøèì èç íèõ ÿâëÿåòñÿ çàùèò-
íîå óñòðîéñòâî êàáèíû òðàêòîðà ïðè îïðîêè-
äûâàíèè ROPS (roll over protective structure), 
ïðåäíàçíà÷åííîå äëÿ óìåíüøåíèÿ ðèñêà íà-
íåñåíèÿ ïîâðåæäåíèé îïåðàòîðó ïðè óñëîâèè 
ïðèìåíåíèÿ ðåìíåé áåçîïàñíîñòè [4].

Ñîãëàñíî òðåáîâàíèÿì ÃÎÑÒà, îöåíêà ñîîò-
âåòñòâèÿ çàùèòíîãî óñòðîéñòâà ROPS äîëæíà 
ïðîâîäèòüñÿ íà îñíîâå ðåçóëüòàòîâ íàòóðíîãî 
ýêñïåðèìåíòà [5]. Â ñâÿçè ñ ýòèì öåëüþ èññëå-
äîâàíèÿ ÿâëÿåòñÿ îòðàáîòêà ìåòîäèêè ïðîâåäå-
íèÿ ýêñïåðèìåíòà è ýêñïåðèìåíòàëüíàÿ îöåíêà 
ñîîòâåòñòâèÿ òðåáîâàíèÿì áåçîïàñíîñòè çàùèò-
íîé ñèñòåìû ROPS ïðîìûøëåííîãî òðàêòîðà.

Îáúåêò èñïûòàíèé è àïïàðàòóðà
Â êà÷åñòâå îáúåêòà èñïûòàíèé áûëî âûáðà-

íî çàùèòíîå óñòðîéñòâî ïðîìûøëåííîãî áóëü-
äîçåðà Á10 (Á12) ïðîèçâîäñòâà ×åëÿáèíñêîãî 
òðàêòîðíîãî çàâîäà, ïðåäñòàâëÿþùåå ñîáîé 
äâóõñòîå÷íûé (two-post) ROPS.

Ýêñïåðèìåíò ïðîâîäèëñÿ â Óðàëüñêîì èñ-
ïûòàòåëüíîì öåíòðå ÍÀÒÈ, èìåþùåì ñïå-
öèàëüíûé èñïûòàòåëüíûé ñòåíä (bedplate), 
ïîçâîëÿþùèé èñïûòûâàòü çàùèòíûå êàáèíû 
òðàêòîðîâ îáùåé ìàññîé äî 110 òîíí. Ñòåíä 
âûïîëíåí â âèäå ñèëîâîé ðàìû, óñòàíîâëåííîé 
íà æåëåçîáåòîííîì îñíîâàíèè (ðèñ. 1).

Âíóòðè ñòåíäà óñòàíàâëèâàëñÿ îáúåêò èñ-
ïûòàíèé. Íàãðóæåíèå îñóùåñòâëÿëîñü ïîñðåä-
ñòâîì âåðòèêàëüíîãî è ãîðèçîíòàëüíîãî ãè-
äðîöèëèíäðà. Ãèäðàâëè÷åñêàÿ ñèñòåìà ñòåíäà 
îáåñïå÷èâàåò ìàêñèìàëüíîå óñèëèå 2200 êÍ [6]. 

Â ïðîöåññå èñïûòàíèé âåëñÿ ïîñòîÿííûé 
êîíòðîëü íàãðóçêè è äåôîðìàöèè êîíñòðóê-
öèè, ÷òî ïîçâîëèëî âû÷èñëÿòü ïîãëîùåííóþ 
ýíåðãèþ â ïðîöåññå ýêñïåðèìåíòà. Äåôîðìà-
öèÿ êîíñòðóêöèè çàìåðÿëàñü íåïîñðåäñòâåííî 

ïî õîäó ãèäðîöèëèíäðà ñ èñïîëüçîâàíèåì èç-
ìåðèòåëüíîé ëèíåéíîé øêàëû (öåíà äåëåíèÿ 
1 ìì, ïîãðåøíîñòü ±0,5 ìì). Óñèëèå îïðåäå-
ëÿëîñü ïîñðåäñòâîì ìîíîìåòðîâ, èçìåðÿþùèõ 
äàâëåíèå â îáåèõ ïîëîñòÿõ ãèäðîöèëèíäðà (ïî-
ãðåøíîñòü ±5 %). 

Ìåòîäèêà ïðîâåäåíèÿ èñïûòàíèé 
Ñîãëàñíî ÃÎÑÒó, îáúåêò èñïûòàíèé äîëæåí 

ìîíòèðîâàòüñÿ íà ñòåíäå òàê, ÷òîáû æåñòêîñòü 
êîíñòðóêöèè áûëà ýêâèâàëåíòíà æåñòêîñòè 
ìîíòàæà íà ðàìå ìàøèíû [5]. Ïîýòîìó çàùèò-
íîå óñòðîéñòâî óñòàíàâëèâàëîñü íà êîðïóñå 
áîðòîâûõ ôðèêöèîíîâ áóëüäîçåðà è çàêðå-
ïëÿëîñü ñîîòâåòñòâåííî ðåàëüíîé óñòàíîâêå 
íà òðàêòîðå. Âíóòðè èñïûòóåìîãî çàùèòíîãî 
óñòðîéñòâà óñòàíàâëèâàëñÿ ìàíåêåí îáúåìà 
îãðàíè÷åíèÿ äåôîðìàöèè (DLV), èìèòèðóþ-
ùèé ïîëîæåíèå âîäèòåëÿ. 

Áîêîâàÿ íàãðóçêà ïðèêëàäûâàëàñü ê âåðõíåé 
÷àñòè îñíîâíûõ ýëåìåíòîâ ROPS (ðèñ. 2). Ñêî-
ðîñòü ïðèëîæåíèÿ áîêîâîãî óñèëèÿ ñîñòàâèëà 
4 ìì/ñ, ÷òî ïîçâîëèëî ñ÷èòàòü íàãðóæåíèå ñòà-
òè÷åñêèì. Íàãðóæåíèå çàùèòíîãî óñòðîéñòâà 
ïðîèçâîäèëîñü ñòóïåí÷àòî ñ øàãîì, ñîîòâåò-
ñòâóþùèì äåôîðìàöèè 10 ìì.

Âîçäåéñòâèå áîêîâîé íàãðóçêè ïðîäîëæà-
ëîñü äî òåõ ïîð, ïîêà çíà÷åíèÿ ñèëû è ýíåðãèè 

Ðèñ. 1. Èñïûòàòåëüíûé ñòåíä
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íå äîñòèãëè òðåáóåìûõ ÃÎÑÒîì óðîâíÿ. Ìè-
íèìàëüíûå çíà÷åíèÿ áîêîâîãî óñèëèÿ yF  (Í) è 
òðåáóåìîé ïîãëîùåííîé ýíåðãèè U (Äæ) îïðå-
äåëÿëèñü â çàâèñèìîñòè îò ìàññû m (êã) èñïû-
òûâàåìîé ìàøèíû [5]:

 1,270000 /10000yF m  
è  1,2513000 /10000 .U m  

Çàùèòíîå óñòðîéñòâî ROPS áóëüäîçåðà Á10 
(Á12) ìàññîé 25000m   êã ïðè áîêîâîì îïðî-
êèäûâàíèè ìàøèíû äîëæíî âûäåðæàòü óñèëèå 

210197yF   Í è ïðè ýòîì ïîãëîòèòü ýíåðãèþ 
íå ìåíåå U  = 40867 Äæ.

Ïîñëå ñíÿòèÿ áîêîâîé íàãðóçêè íà äåôîð-
ìèðóåìóþ êîíñòðóêöèþ ROPS ïðèêëàäûâàëàñü 
ñòàòè÷åñêàÿ âåðòèêàëüíàÿ íàãðóçêà zF . Ñîãëàñ-
íî ÃÎÑÒ, ìèíèìàëüíîå çíà÷åíèå âåðòèêàëüíîé 
íàãðóçêè ðàâíî:

19,6 490250 zF m  Í.

Íàãðóçêà ðàñïðåäåëÿëîñü ïî âñåé øèðèíå 
âåðõíåé ÷àñòè ñèñòåìû ROPS ñ ïîìîùüþ ïå-
ðåõîäíîãî ýëåìåíòà (LDD) (ðèñ. 3) è äëèëîñü 
5 ìèíóò.

Ïîñëå ñíÿòèÿ âåðòèêàëüíîé íàãðóçêè ê 
âåðõíèì êîíñòðóêòèâíûì ýëåìåíòàì ROPS 
ïðèêëàäûâàëàñü ïðîäîëüíàÿ íàãðóçêà xF . 
Ïðîäîëüíàÿ íàãðóçêà ïðèêëàäûâàëàñü ñçàäè â 
ìåñòå íàèáîëüøåé áëèçîñòè ê ðàñïîëîæåíèþ 
âîäèòåëÿ. Íàïðàâëåíèå íàãðóçêè – ãîðèçîí-
òàëüíî è ïàðàëëåëüíî ïðîäîëüíîé îñè ìàøèíû 
(ðèñ. 4).

Íàãðóæåíèå ïðîäîëæàëîñü äî òåõ ïîð, ïîêà 
âåëè÷èíà ñèëû íå ïðåâûñèëà ìèíèìàëüíî òðå-
áóåìûé ïî ÃÎÑÒó óðîâåíü:

 1,256000 /10000 168157 H.xF m 

Â ïðîöåññå âñåãî ýêñïåðèìåíòà çàùèòíîãî 
óñòðîéñòâà ROPS ðåìîíò, èñïðàâëåíèå äåôîð-
ìàöèé è ïðèâåäåíèå êîíñòðóêöèè â ïîðÿäîê íå 
äîïóñêàëèñü [7]. Ïîñòîÿííî ïðîâîäèëñÿ êîí-
òðîëü, ÷òîáû ýëåìåíòû êîíñòðóêöèè íå ïîïàëè 
â çîíó íàõîæäåíèÿ îïåðàòîðà (DLV). 

Ðåçóëüòàòû èñïûòàíèé 
Ðàçâèâàåìîå ãèäðîöèëèíäðîì áîêîâîå 

óñèëèå âû÷èñëÿëîñü ïî ôîðìóëå:

,yF S S  ï ï ø ø  

ãäå ,  ï ø  – çíà÷åíèÿ äàâëåíèÿ â ïîðøíåâîé 
è øòîêîâîé ïîëîñòè ñèëîâîãî ãèäðîöèëèíäðà, 

ï ø, S S  – ïëîùàäü ïîïåðå÷íîãî ñå÷åíèÿ ïîðøíÿ 
è øòîêà ñèëîâîãî ãèäðîöèëèíäðà. Ðåãèñòðèðî-
âàíèå äàâëåíèÿ ÷åðåç êàæäûå 10 ìì ïîçâîëèëè 
ïîñòðîèòü çàâèñèìîñòü áîêîâîãî óñèëèÿ yF  îò 
äåôîðìàöèè (deflection) êîíñòðóêöèè  (ðèñ. 5). 
Õàðàêòåð êðèâîé ( )yF   íàãëÿäíî ñâèäåòåëü-
ñòâóåò î íàëè÷èè ïëàñòè÷åñêèõ äåôîðìàöèé 
ïðè áîêîâîì íàãðóæåíèè. 

 Ðèñ. 2. Áîêîâîå íàãðóæåíèå ROPS Ðèñ. 3. Âåðòèêàëüíîå íàãðóæåíèå

Ðèñ. 4. Ïðîäîëüíîå íàãðóæåíèå ROPS
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Ïîëó÷åííàÿ ýêñïåðèìåíòàëüíàÿ êðèâàÿ 
( )yF    õîðîøî (ñ äîñòîâåðíîñòüþ R² = 0,9942) 

îïèñûâàåòñÿ ïîëèíîìîì âòîðîãî ïîðÿäêà: 
20,0034 1,778yF    . Ïîãëîùåííàÿ ñèñòå-

ìîé ROPS ýíåðãèÿ ñ÷èòàëàñü êàê ïëîùàäü ïîä 
êðèâîé ( )yF  :

    
  

1 1 2 1 1 2

1 1

0,5 0,5

0,5 ,
y

n n n n

U F F F

F F 

    

  

  
,

ãäå ,yi iF   – ñèëà è äåôîðìàöèÿ íà i-ì øàãå íà-
ãðóæåíèÿ.

Íåîáõîäèìîå ïî ÃÎÑÒó óñèëèå F
y
 = 212,4 êÍ 

äîñòèãíóòî êîíñòðóêöèåé ïðè äåôîðìàöèè 
180 ìì. Îäíàêî íàêîïëåííàÿ íà òîò ìîìåíò 
ýíåðãèÿ ñîñòàâèëà 22166U   Äæ âìåñòî òðå-
áóåìîé 40867U   êÄæ. 

Íåîáõîäèìàÿ ýíåðãèÿ ( 42374U   Äæ) áûëà 
íàáðàíà ïðè áîêîâîé äåôîðìàöèè  = 270 ìì. 
Óñèëèå ïðè ýòîì ñîñòàâèëî 243yF   êÍ.

Äîñòèãíóòûå óðîâíè ñèë è ýíåðãèè áåç ïðî-
íèêíîâåíèÿ ýëåìåíòîâ êîíñòðóêöèè ROPS â 
çîíó DLV â ðåçóëüòàòå ïðîâåäåííûõ èñïûòà-
íèé çàùèòíîé êàáèíû áóëüäîçåðà Á10 (Á12) 
ïðèâåäåíû â òàáëèöå.

Çàêëþ÷åíèå
Â ïðîöåññå èñïûòàíèé çàùèòíîãî óñòðîé-

ñòâà ROPS êàáèíû áóëüäîçåðà Á10 (Á12) áûëè 
äîñòèãíóòû òðåáóåìûå ÃÎÑÒ ïîêàçàòåëè ñèë 
è ýíåðãèè. Ñèñòåìà ROPS âûäåðæàëà âñå âèäû 
íàãðóæåíèÿ (áîêîâîå, âåðòèêàëüíîå è ïðî-
äîëüíîå). Ïîëó÷åííûå êîíñòðóêöèåé ïëàñòè-
÷åñêèå äåôîðìàöèè íå íàðóøèëè çîíó DLV. Â 
ðåçóëüòàòå ñäåëàíî çàêëþ÷åíèå î ñîîòâåòñòâèè 
êîíñòðóêöèè ROPS òðåáîâàíèÿ ÃÎÑÒà ïî áåç-
îïàñíîñòè êàáèíû áóëüäîçåðà Á10 (Á12) ïðè 
îïðîêèäûâàíèè. 
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Ðèñ. 5. Çàâèñèìîñòü áîêîâîãî óñèëèÿ F
y
 

îò äåôîðìàöèè  êîíñòðóêöèè ROPS

Òàáëèöà

Òðåáóåìûå è äîñòèãíóòûå óðîâíè ñèë è ýíåðãèè çàùèòíîé êîíñòðóêöèè ROPS áóëüäîçåðà Á10 (Á12)

 Ïîêàçàòåëü Òðåáîâàíèå ÃÎÑÒ Ýêñïåðèìåíòàëüíîå 
çíà÷åíèå

Áîêîâîå óñèëèå F
y
, Í 210197 243157

Ýíåðãèÿ, ïîãëîùàåìàÿ êîíñòðóêöèåé ïðè áîêîâîì 
íàãðóæåíèè U, Äæ 40867 42374

Âåðòèêàëüíîå óñèëèå F
z
, Í 490250 519900

Ïðîäîëüíîå óñèëèå F
x
, Í 168157 17380
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Óâåëè÷åíèå äîëè äëèííîãî âîëîêíà â òîâàðíîé ïðîäóêöèè ïðåäïðèÿòèé ïåðâè÷íîé ïåðåðàáîòêè òðåñòû ëüíà-
äîëãóíöà – âàæíàÿ çàäà÷à, ðåøåíèå êîòîðîé íåîáõîäèìî äëÿ ïîâûøåíèÿ ýôôåêòèâíîñòè ëüíîâîäñòâà. Áîëåå 
ïîëîâèíû ïîòåðü äëèííîãî âîëîêíà îáóñëàâëèâàåò íèçêîå êà÷åñòâî ïîäãîòîâêè ñëîÿ ëüíîòðåñòû ê ïåðåðàáîò-
êå. Òåõíîëîãè÷åñêèå ïðîöåññû ñóùåñòâóþùåé òåõíîëîãèè ïîäãîòîâêè ñëîÿ íå ìîãóò áûòü àäàïòèðîâàíû ê èç-
ìåíèâøèìñÿ ïàðàìåòðàì ñûðüÿ ïðè ðóëîííîé óáîðêå ëüíà. Â ñâÿçè ñ ýòèì âîçðîñëà àêòóàëüíîñòü ðàçðàáîòêè 
îòäåëüíûõ ïðîöåññîâ è â öåëîì íîâîé òåõíîëîãèè ïîäãîòîâêè ñëîÿ, ïîäàâàåìîãî â ìÿëüíóþ ìàøèíó ïîòî÷íîé 
ëèíèè. Îñíîâíûì òåõíîëîãè÷åñêèì ïðîöåññîì ïîäãîòîâêè ñëîÿ ÿâëÿåòñÿ åãî óòîíåíèå. Ëèíåéíàÿ ïëîòíîñòü 
èñõîäíîãî ñëîÿ âàðüèðóåòñÿ â øèðîêèõ ïðåäåëàõ. Äëÿ åå ïðèâåäåíèÿ ê òåõíîëîãè÷åñêè ðàöèîíàëüíîìó çíà÷å-
íèþ îáîðóäîâàíèå äîëæíî îáåñïå÷èâàòü ðåãóëèðîâàíèå êîýôôèöèåíòà óòîíåíèÿ. Ýòî âîçìîæíî îáåñïå÷èòü íà 
îñíîâå ïðèìåíåíèÿ êàíàëà óòîíåíèÿ ñ ðåãóëèðóåìûì ñå÷åíèåì. Äëÿ åãî îáîñíîâàíèÿ â èññëåäîâàíèÿõ áûëà 
ïîñòàâëåíà öåëü ïî îïðåäåëåíèþ âëèÿíèÿ êîíñòðóêòèâíî-òåõíîëîãè÷åñêèõ ôàêòîðîâ íà êîýôôèöèåíò óòîíå-
íèÿ ñëîÿ ëüíîòðåñòû. Èññëåäîâàíèÿ ïðîâîäèëèñü ñ èñïîëüçîâàíèåì àêòèâíûõ ýêñïåðèìåíòîâ íà ñîçäàííîì 
âî ÂÍÈÈÌË ìàêåòíîì îáðàçöå êàíàëà óòîíåíèÿ äàííîãî òèïà. Íåçàâèñèìûìè ôàêòîðàìè áûëè: ëèíåéíàÿ 
ïëîòíîñòü èñõîäíîãî ñëîÿ; ëèíåéíàÿ ñêîðîñòü ñëîÿ íà âûõîäå èç êàíàëà óòîíåíèÿ; âûñîòà êàíàëà íà âõîäå è âû-
õîäå èç íåãî. Èñïîëüçîâàíû äâà âàðèàíòà èñïîëíåíèÿ êàíàëà: èç îäíîãî òèïà çóá÷àòûõ äèñêîâ ñ ÷èñëîì çóáüåâ 
40 øò.; êîìáèíèðîâàííûé – èç äâóõ òèïîâ äèñêîâ â ðàâíîé ïðîïîðöèè ñ ÷èñëîì çóáüåâ 40 è 48 øò. Îïðåäåëåíî 
çíà÷èìîå âëèÿíèå íà êîýôôèöèåíò óòîíåíèÿ ñëîÿ âûñîò êàíàëà íà âõîäå è âûõîäå, à òàêæå ëèíåéíîé ïëîòíî-
ñòè èñõîäíîãî ñëîÿ. Ïîêàçàíà âîçìîæíîñòü ðåãóëèðîâàíèÿ êîýôôèöèåíòà óòîíåíèÿ ñëîÿ èçìåíåíèåì ñå÷åíèÿ 
êàíàëà óòîíåíèÿ. Óñòàíîâëåíî, ÷òî ÷èñëî çóáüåâ íà óòîíÿþùèõ äèñêàõ è ñòðóêòóðà êàíàëà óòîíåíèÿ îêàçûâàþò 
ñóùåñòâåííîå âëèÿíèå íå ïðîöåññ óòîíåíèÿ ñëîÿ â êàíàëàõ ñî ñâîáîäíîé ôèêñàöèåé ñòåáëåé. Ïðåäñòàâëåíû 
ìàòåìàòè÷åñêèå ìîäåëè, àäåêâàòíî îïèñûâàþùèå âëèÿíèå íà êîýôôèöèåíò óòîíåíèÿ èññëåäîâàííûõ ôàêòîðîâ. 
Ñôîðìóëèðîâàíû âûâîäû î ðàöèîíàëüíûõ ïàðàìåòðàõ êàíàëà óòîíåíèÿ ñ ðåãóëèðóåìûì ñå÷åíèåì è öåëåñîî-
áðàçíîñòè åãî ïðèìåíåíèÿ äëÿ óòîíåíèÿ ñëîÿ ëüíîòðåñòû. 
Êëþ÷åâûå ñëîâà: ëåí-äîëãóíåö, ïåðâè÷íàÿ ïåðåðàáîòêà, óòîíåíèå ñëîÿ, ëèíåéíàÿ ïëîòíîñòü, êàíàë óòîíåíèÿ, 
ðåãóëèðóåìîå ñå÷åíèå êàíàëà, êîýôôèöèåíò óòîíåíèÿ.

The rise in the proportion of long fiber in the commodity output of the primary processing enterprises of the fiber flax 
is an important task, the solution of which is necessary to increase the efficiency of the flax growing. More than half of 
the losses of long fiber cause a poor quality of preparation of a layer of flax retting to the processing. The technological 
processes of the existing layer preparation technology can not be adapted to the changed raw material parameters for 
the roll-up harvesting of the flax. In this regard, the urgency of the development of individual processes and a new 
technology in general for the preparation of a layer fed to the milling machine of the production line. The main tech-
nological process of layer preparation is its thinning. The linear density of the initial layer varies widely. To bring it to 
a technologically rational value, the equipment must provide a regulation of the coefficient of thinning. It is possible 
to provide this by using a thinning channel with adjustable cross-section. For its justification in the investigations the 
aim has been set to determine the influence of the structural and technological factors on the coefficient of thinning of 
the layer of flax. The investigations were carried out using active experiments on the prototype of this type of thinning 
channel created in VNIIML. The independent factors were: the linear density of the initial layer; linear velocity of 
the layer at the output from the thinning channel; height of the channel at the input and output from it. Two versions 
of the channel implementation are used: from one type of toothed discs with a number of teeth of 40 pieces.; com-
bined – from two types of discs in equal proportion to the number of teeth 40 and 48 pcs. A significant influence on 
the thinning coefficient of the channel height layer at the input and output, as well as the linear density of the initial 
layer is determined. The possibility of adjusting the coefficient of thinning the layer by changing the cross-section of 
the thinning channel. It is established that the number of teeth on the thinning disks and the structure of the thinning 
channel exert a significant influence on the process of thinning the layer in the channels with free fixation of the 
stems. Mathematical models that adequately describe the influence on the coefficient of thinning of the investigated 
factors are presented. Conclusions are formulated about rational parameters of the thinning channel with a controlled 
cross-section and the expediency of its application for the thinning of the layer of flax.
Keywords: flax-fiber, primary processing, layer thinning, linear density, thinning channel, adjustable channel 
cross-section, coefficient of thinning.
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 Ââåäåíèå
Íèçêàÿ äîëÿ äëèííîãî âîëîêíà â òîâàðíîé 

ïðîäóêöèè ïðåäïðèÿòèé ïåðâè÷íîé ïåðåðà-
áîòêè òðåñòû ëüíà-äîëãóíöà, íåñìîòðÿ íà ïî-
âûøåííûé ñïðîñ â äàííîì âèäå ñûðüÿ, ñóùå-
ñòâåííî ñíèæàåò ýêîíîìè÷åñêèå ïîêàçàòåëè 
ëüíÿíîé ïîäîòðàñëè àãðîïðîìûøëåííîãî êîì-
ïëåêñà [1–4]. Èç-çà ÷åãî ëüíîâîäñòâî äî íàñòî-
ÿùåãî âðåìåíè, íåñìîòðÿ íà ãîñóäàðñòâåííûå 
äîòàöèè, èìååò íèçêóþ èíâåñòèöèîííóþ ïðè-
âëåêàòåëüíîñòü.

Êàê èçâåñòíî, áîëåå ïîëîâèíû ïîòåðü äëèí-
íîãî âîëîêíà ïðè ïåðåðàáîòêå ëüíîòðåñòû îá-
óñëîâëåíî íèçêèì êà÷åñòâîì ïîäãîòîâêè ñëîÿ 
ïî ñóùåñòâóþùåé òåõíîëîãèè [5], òåõíîëîãè-
÷åñêèå ïðîöåññû êîòîðîé íå ìîãóò áûòü àäàï-
òèðîâàíû ê èçìåíèâøèìñÿ ïàðàìåòðàì ñûðüÿ 
ïðè ðóëîííîé óáîðêå ëüíà. Â ñâÿçè ñ ýòèì 
âîçðîñëà àêòóàëüíîñòü ðàçðàáîòêè îòäåëüíûõ 
ïðîöåññîâ è â öåëîì íîâîé òåõíîëîãèè ïîäãî-
òîâêè ñëîÿ, ïîäàâàåìîãî â ìÿëüíóþ ìàøèíó 
ïîòî÷íîé ëèíèè. 

Îäèí èç îñíîâíûõ òåõíîëîãè÷åñêèõ ïðî-
öåññîâ ïîäãîòîâêè ñëîÿ ëüíîòðåñòû – åãî óòî-
íåíèå. Îí ñëóæèò äëÿ ïðèâåäåíèÿ ëèíåéíîé 
ïëîòíîñòè èñõîäíîãî ñëîÿ q

1
 ê òåõíîëîãè÷åñêè 

ðàöèîíàëüíîìó çíà÷åíèþ q
2
, êîòîðîå îïðåäå-

ëÿåòñÿ ïàðàìåòðàìè ñûðüÿ è èñïîëüçóåìîãî 
îáîðóäîâàíèÿ.

Òðàíñôîðìàöèþ q
1
 → q

2
, êîòîðàÿ ôóíêöèî-

íàëüíî âûðàæàåòñÿ â âèäå q
2
 = q

1
 / k

ó
, öåëåñî-

îáðàçíî ïðîâîäèòü ñ ïðèìåíåíèåì óòîíÿþùèõ 
ìàøèí, îñíîâàííûõ íà êàíàëå óòîíåíèÿ ñî 
ñâîáîäíîé «ôèêñàöèåé» ñòåáëåé â ìåæçóáíûõ 
âïàäèíàõ óòîíÿþùèõ äèñêîâ [6]. Íà ïðàêòèêå 
çíà÷åíèå q

1
 èçìåíÿåòñÿ â øèðîêîì äèàïàçîíå, 

ïîýòîìó äëÿ îáåñïå÷åíèÿ íåîáõîäèìîãî çíà-
÷åíèÿ q

2
, ìàøèíû äîëæíû áûòü âûïîëíåíû ïî 

ñõåìå, îáåñïå÷èâàþùåé ïëàâíîå ðåãóëèðîâà-
íèå êîýôôèöèåíòà óòîíåíèÿ k

ó
. Èçâåñòíû äâà 

âàðèàíòà èñïîëíåíèÿ óòîíÿþùåé ìàøèíû, îò-
âå÷àþùåé äàííîìó êðèòåðèþ [7, 8].

Èñõîäÿ èç ýêñïëóàòàöèîííî-òåõíîëîãè÷å-
ñêîé öåëåñîîáðàçíîñòè ìîæíî óòâåðæäàòü, ÷òî 
íàèáîëåå ðàöèîíàëüíûì âàðèàíòîì èñïîëíå-
íèÿ êàíàëà óòîíåíèÿ ñ ïëàâíûì ðåãóëèðîâàíè-
åì k

ó
 ÿâëÿåòñÿ åãî èñïîëíåíèå ñ èçìåíÿåìûì 

ñå÷åíèåì. Èçìåíåíèå ñå÷åíèÿ îáåñïå÷èâàåòñÿ 
çà ñ÷åò ïåðåìåùåíèÿ â âåðòèêàëüíîé ïëîñêî-
ñòè âåðõíåãî ðÿäà çóá÷àòûõ äèñêîâ. Çà ñ÷åò 
ðåãóëèðîâàíèÿ ðàññòîÿíèÿ ìåæäó âåðõíèìè 
è íèæíèìè ðÿäàìè çóá÷àòûõ äèñêîâ – âûñîòû 
êàíàëà óòîíåíèÿ íà âõîäå h

1
 è âûõîäå h

2
 èç íåãî 

ïðîèñõîäèò èçìåíåíèå óïëîòíåíèÿ (ïëîòíî-
ñòè q) ìàòåðèàëà â çîíå åãî âçàèìîäåéñòâèÿ ñ 
óòîíÿþùèìè äèñêàìè – çîíàõ óòîíåíèÿ è ñî-
îòâåòñòâóþùåå èçìåíåíèå çíà÷åíèÿ êîýôôèöè-
åíòà óòîíåíèÿ k

ó
, êîòîðûé ñâÿçàí ñ q ñòîõàñòè-

÷åñêîé ñâÿçüþ. 
Íà òåêóùèé ïåðèîä äëÿ êàíàëà óòîíåíèÿ ñ 

ðåãóëèðóåìûì ñå÷åíèåì îòñóòñòâóþò äàííûå 
î âëèÿíèè íà k

ó 
åãî îñíîâíûõ êîíñòðóêòèâíî-

òåõíîëîãè÷åñêèõ ôàêòîðîâ, ÷òî íå ïîçâîëÿåò 
îáîñíîâàííî ïîäîéòè ê ðàçðàáîòêå óòîíÿþ-
ùåé ìàøèíû, îñíîâàííîé íà äàííîì êàíàëå 
óòîíåíèÿ. 

Öåëü èññëåäîâàíèé 
Îïðåäåëèòü âëèÿíèå êîíñòðóêòèâíî-òåõíî-

ëîãè÷åñêèõ ôàêòîðîâ íà êîýôôèöèåíò óòîíå-
íèÿ ñëîÿ ëüíîòðåñòû â êàíàëå óòîíåíèÿ ñ ðåãó-
ëèðóåìûì ñå÷åíèåì.

Ìàòåðèàëû è ìåòîäû èññëåäîâàíèé.
Èññëåäîâàíèÿ âûïîëíÿëèñü íà ìàêåòíîì 

îáðàçöå óòîíÿþùåãî àäàïòåðà (ðèñ. 1), êîòî-
ðûé áûë ðàçðàáîòàí è èçãîòîâëåí â ÔÃÁÍÓ 
ÂÍÈÈÌË. 

Îñíîâíûìè óçëàìè àäàïòåðà ÿâëÿþòñÿ äâà 
áëîêà ðåäóêòîðîâ: âåðõíèé ïîäâèæíûé áëîê 1 
è íèæíèé íåïîäâèæíûé 2, êîòîðûå óñòàíîâëåíû 
íà îáùåé ðàìå 3. Êàæäûé áëîê ñîñòîèò èç äâóõ 
îäíîòèïíûõ ìíîãîñòóïåí÷àòûõ ðåäóêòîðîâ è 
èìååò íåçàâèñèìûé ýëåêòðîïðèâîä. Ýëåêòðî-
îáîðóäîâàíèå 4 îáåñïå÷èâàåò â ðó÷íîì ðåæèìå 
ðåãóëèðîâàíèå ÷àñòîòû âðàùåíèÿ ýëåêòðîäâè-
ãàòåëåé è, ñîîòâåòñòâåííî, çóá÷àòûõ äèñêîâ 5, 
êîòîðûå îáðàçóþò êàíàë óòîíåíèÿ ñëîÿ. Äëÿ 
èçìåíåíèÿ ñå÷åíèÿ êàíàëà óòîíåíèÿ íà âõîäå è 
âûõîäå èç íåãî óñòàíîâëåí âèíòîâîé ìåõàíèçì 
6. Êîíòðîëü ïîëîæåíèÿ âåðõíåãî áëîêà ðåäóê-
òîðîâ ïðè îïóñêàíèè è ïîäúåìå îáåñïå÷èâàåòñÿ 
íîíèóñîì ñ öåíîé äåëåíèÿ 1 ìì, óñòàíîâëåííîì 
íà âèíòîâîì ìåõàíèçìå. Çà âûñîòó êàíàëà óòî-
íåíèÿ h

1
, h

2
 ïðèíÿòî ðàññòîÿíèå ìåæäó òðàåê-

òîðèÿìè äâèæåíèÿ âåðøèí çóáüåâ óòîíÿþùèõ 
äèñêîâ âåðõíåãî è íèæíåãî ðÿäîâ. Åñëè ýòè 
òðàåêòîðèè ïåðåñåêàëèñü â âåðòèêàëüíîé ïëî-
ñêîñòè, òî âûñîòó êàíàëà ïðèíèìàëè ñî çíàêîì 
ìèíóñ, åñëè íåò, òî ñî çíàêîì ïëþñ. 

Îïûòû ïðîâîäèëè â ïÿòè ïîâòîðíîñòÿõ íà 
îáåçëè÷åííîì ëüíîñûðüå ñî ñëåäóþùèìè ïî-
êàçàòåëÿìè êà÷åñòâà ïî ÃÎÑÒ 24383-89 è ÃÎÑÒ 
Ð 53143-2008 «Òðåñòà ëüíÿíàÿ. Òðåáîâàíèÿ ïðè 
çàãîòîâêàõ»: ñðåäíèé äèàìåòð ñòåáëåé 1,5 ìì; 
ãîðñòåâàÿ äëèíà 79 ñì; îòäåëÿåìîñòü 5,6 åä.



Èññëåäîâàíèå óòîíåíèÿ ñëîÿ ñòåáëåé ëüíà-äîëãóíöà â êàíàëå ñ ðåãóëèðóåìûì ñå÷åíèåì
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Åäèíè÷íûå ïðîáû ïðè ïîäà÷å â êàíàë óòî-
íåíèÿ ðàññòèëàëè ïåðïåíäèêóëÿðíî çóá÷àòûì 
äèñêàì (ïàðàëëåëüíî âàëàì çóá÷àòûõ äèñêîâ) 
íà äëèíó 250 ìì, îáåñïå÷èâàÿ çàäàííîå çíà-
÷åíèå ëèíåéíîé ïëîòíîñòè ñîîòâåòñòâóþùèì 
èçìåíåíèåì ìàññû. Äàííàÿ äëèíà ïðîáû îáú-
ÿñíÿåòñÿ, â îñíîâíîì, ñëîæíîñòüþ îáåñïå÷å-
íèÿ îäíîðîäíîñòè ñòðóêòóðû èñõîäíîãî ñëîÿ, 
êîòîðàÿ îêàçûâàåò ñóùåñòâåííîå âëèÿíèå íà 
ïðîöåññ óòîíåíèÿ. Ëèíåéíóþ ïëîòíîñòü îïðå-
äåëÿëè ïðÿìûì ìåòîäîì.

Èññëåäîâàíèÿ âûïîëíÿëèñü ïóòåì ïîñëåäî-
âàòåëüíîãî ïðîâåäåíèÿ àêòèâíûõ ýêñïåðèìåí-
òîâ. Âûáîð íåçàâèñèìûõ ôàêòîðîâ è äèàïàçîíà 
èõ èçìåíåíèÿ ïðîâåäåí íà îñíîâå àíàëèçà è 
ïðåäâàðèòåëüíûõ îïûòîâ. Â êà÷åñòâå íåçàâè-
ñèìûõ ôàêòîðîâ ïðèíÿòû: âûñîòà êàíàëà íà 
âõîäå h

1
 è âûõîäå h

2
; ñêîðîñòü äâèæåíèÿ ñëîÿ 

íà âûõîäå èç êàíàëà óòîíåíèÿ v
2
; èñõîäíàÿ ëè-

íåéíàÿ ïëîòíîñòü ñëîÿ q
1
. Êðîìå òîãî, ÷àñòü 

ýêñïåðèìåíòîâ ðàçëè÷àëàñü ñòðóêòóðîé êàíàëà 
óòîíåíèÿ. 

Â äàííîì ñëó÷àå ïîä ñòðóêòóðîé êàíàëà 
óòîíåíèÿ ïîíèìàåòñÿ åãî ôîðìèðîâàíèå 
ïî äëèíå èç ðàçëè÷íîãî íàáîðà óòîíÿþùèõ 
äèñêîâ – îäíîãî òèïà è äâóõ òèïîâ. Èçâåñòíî, 
÷òî â êàíàëàõ ñ ïîñòîÿííûì ñå÷åíèåì, äëÿ ïî-
âûøåíèÿ ýôôåêòèâíîñòè óòîíåíèÿ êàíàë ôîð-

ìèðóþò èç äâóõ òèïîðàçìåðîâ äèñêîâ [9], êîòî-
ðûå, êàê ïðàâèëî, îòëè÷àþòñÿ ÷èñëîì çóáüåâ. 
Äèñêè ñ áîëüøèì ÷èñëîì çóáüåâ ðàçìåùàþò 
íà 1/2 äëèíû êàíàëà ñî ñòîðîíû âûõîäà ìàòå-
ðèàëà. Ïðåäïîëàãàåòñÿ, ÷òî çà ñ÷åò áîëüøåãî 
÷èñëà âîçäåéñòâèé è ìåíüøåé ïëîùàäè ìåæ-
çóáíûõ âïàäèí óäàñòñÿ îáåñïå÷èòü íå òîëüêî 
ïîâûøåíèå ñòåïåíè óòîíåíèÿ ñëîÿ, íî è ñíè-
çèòü åãî âàðèàöèþ ïî ëèíåéíîé ïëîòíîñòè. 

Ñíà÷àëà ñ èñïîëüçîâàíèåì 2-óðîâíåâîãî 
ôàêòîðíîãî ýêñïåðèìåíòà èññëåäîâàíî âëèÿ-
íèÿ íà k

ó
 âûñîòû êàíàëà h

1
 è h

2
, ëèíåéíîé ïëîò-

íîñòè èñõîäíîãî ñëîÿ q
1
, è ëèíåéíîé ñêîðîñòè 

ñëîÿ íà âûõîäå èç êàíàëà óòîíåíèÿ v
2
. Èñõîä-

íûå äàííûå äëÿ ïëàíèðîâàíèÿ äàííîãî ýêñïå-
ðèìåíòà ïðåäñòàâëåíû â òàáëèöå 1. 

Çàòåì ñ èñïîëüçîâàíèåì äâóõôàêòîðíîãî 
öåíòðàëüíîãî êîìïîçèöèîííîãî ïëàíà â äâóõ 
âàðèàíòàõ ïðîâîäèëèñü èññëåäîâàíèÿ ïî îïðå-
äåëåíèþ âëèÿíèÿ íà k

ó
 ðåãóëèðóåìûõ ôàêòî-

ðîâ h
1
 è h

2
. Âàðèàíòû îòëè÷àëèñü ñòðóêòóðîé 

êàíàëà óòîíåíèÿ. Â 1-ì âàðèàíòå êàíàë áûë 
ñôîðìèðîâàí èç óòîíÿþùèõ äèñêîâ ñ ÷èñëîì 
çóáüåâ z = 40 øò., à âî 2-ì âàðèàíòå â ïåðâîé 
ïîëîâèíå êàíàëà áûëè ïðèìåíåíû äèñêè ñ 
z = 40 øò., à âî âòîðîé ñ z = 48 øò. Èñõîäíûå 
äàííûå äëÿ ïëàíèðîâàíèÿ ýêñïåðèìåíòà ïðåä-
ñòàâëåíû â òàáëèöå 2. 

           
 à á

Ðèñ. 1. Ìàêåòíûé îáðàçåö àäàïòåðà äëÿ óòîíåíèÿ ñëîÿ 
ñûðüÿ ëüíà-äîëãóíöà ñ ðåãóëèðóåìûì ñå÷åíèåì êàíàëà óòîíåíèÿ: 

à) îáùèé âèä; á) âèä íà êàíàë óòîíåíèÿ

Òàáëèöà 1
Èñõîäíûå äàííûå äëÿ 2-õ óðîâíåâîãî ýêñïåðèìåíòà

Õàðàêòåðèñòèêà 
ïëàíà

Ïåðåìåííûå ôàêòîðû

ëèíåéíàÿ ïëîòíîñòü 
q

1
, êã/ì

ëèíåéíàÿ ñêîðîñòü 
ñëîÿ v

2
, ì/ìèí

âûñîòà êàíàëà* 
íà âõîäå h

1
, ìì

âûñîòà êàíàëà 
íà âûõîäå h

2
, ìì

Âåðõíèé óðîâåíü 2,0 90,0 +2,0 –2,0

Íèæíèé óðîâåíü 1,0 50,0 –4,0 –8,0

* êàíàë âûïîëíåí èç îäíîãî òèïîðàçìåðà óòîíÿþùèõ äèñêîâ ñ ÷èñëîì çóáüåâ z = 40 øò.
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Ðåçóëüòàòû è îáñóæäåíèå
Àíàëèç äàííûõ 2-óðîâíåãî ýêñïåðèìåíòà 

ïîêàçàë, ÷òî ñòàòèñòè÷åñêè çíà÷èìîå âëèÿíèå 
íà k

ó
 îêàçûâàþò: âûñîòà êàíàëà íà âõîäå h

1
; 

âûñîòà êàíàëà íà âûõîäå h
2
 è ëèíåéíàÿ ïëîò-

íîñòü èñõîäíîãî ñëîÿ q
1
. Ýòî ïîäòâåðæäàåò 

âîçìîæíîñòü ðåãóëèðîâàíèÿ êîýôôèöèåíòà 
óòîíåíèÿ ñëîÿ èçìåíåíèåì ñå÷åíèÿ êàíàëà óòî-
íåíèÿ. Çàâèñèìîñòü k

ó
 îò h

1
 è h

2
, â îòëè÷èå îò 

çàâèñèìîñòè k
ó
 îò q

1
, íîñèò îáðàòíî ïðîïîðöè-

îíàëüíûé õàðàêòåð. Ëèíåéíàÿ ñêîðîñòü ñëîÿ 
íà âûõîäå èç êàíàëà óòîíåíèÿ v

2
, êàê è âçàèìî-

äåéñòâèÿ ôàêòîðîâ, îêàçàëèñü ñòàòèñòè÷åñêè 
íåçíà÷èìûìè. Îòñóòñòâèå çíà÷èìîãî âëèÿíèÿ 
íà âûõîäíîé ïàðàìåòð ëèíåéíîé ñêîðîñòè ñëîÿ 
v

2
 ïîäòâåðæäàåò ðàöèîíàëüíîñòü ïàðàìåòðîâ 

óòîíÿþùèõ äèñêîâ ñ z = 40 øò. è óïðîùàåò 
àëãîðèòì óïðàâëåíèÿ k

ó
, êîòîðûé â äàííîì 

ñëó÷àå îòðàæàåò ñëåäóþùàÿ çàâèñèìîñòü

 kу = 0,607 + 0,611 q1 – 0,136 h1 – 0,129 h2 . (1)

Ñóùåñòâåííîå ïðÿìî ïðîïîðöèîíàëüíîå 
âëèÿíèå íà ñòåïåíü óòîíåíèÿ ñëîÿ åãî èñ-
õîäíîé ëèíåéíîé ïëîòíîñòè, ïîêàçàííîå äëÿ 
h

1
 = –1 ìì è h

2
 = –5 ìì íà ðèñóíêå 2, îêàçûâàåò 

ïîëîæèòåëüíîå âëèÿíèå íà ïðîöåññ óòîíåíèÿ.

Ðèñ. 2. Ïîâåðõíîñòü îòêëèêà – k
ó
 = f (q1, v2)

Ïîëîæèòåëüíûé ýôôåêò k
ó
 = f (q

1
) ïðîÿâëÿ-

åòñÿ â ñíèæåíèè âàðèàöèè ëèíåéíîé ïëîòíî-
ñòè óòîíåííîãî ñëîÿ, êîòîðàÿ ÿâëÿåòñÿ îäíîé 
èç âàæíåéøèõ õàðàêòåðèñòèê êà÷åñòâà ïîäãî-
òîâêè ñëîÿ ê îáðàáîòêå. Â ñëó÷àå îòêëîíåíèÿ 

q
1 

ïî äëèíå ñëîÿ ó÷àñòêè ñëîÿ ñ ðàçëè÷íîé 
ïëîòíîñòüþ áóäóò èìåòü ðàçëè÷íóþ ñòåïåíü 
óòîíåíèÿ. Ïðè óâåëè÷åíèè èñõîäíîé ëèíåé-
íîé ïëîòíîñòè êîýôôèöèåíò óòîíåíèÿ äàííî-
ãî ó÷àñòêà áóäåò âîçðàñòàòü, à ïðè óìåíüøå-
íèè ïëîòíîñòè – ñíèæàòüñÿ. Â êîíå÷íîì èòîãå 
ýòî ïðèâîäèò ê ñíèæåíèþ âàðèàöèè ëèíåéíîé 
ïëîòíîñòè óòîíåííîãî ñëîÿ è ê ïîâûøåíèþ ýô-
ôåêòèâíîñòè ïåðâè÷íîé ïåðåðàáîòêè – ïîâû-
øåíèþ âûõîäà äëèííîãî âîëîêíà. 

Óðàâíåíèå ðåãðåññèè (1) îáúÿñíÿåò 69,7 % 
äèñïåðñèè (R2 = 69,7 %), ÷òî ìîæíî ñ÷èòàòü 
ïðèåìëåìûì â äàííîì ñëó÷àå. Â ïîñëåäóþùèõ 
îïûòàõ äëÿ ïîâûøåíèÿ òî÷íîñòè îïèñàíèÿ 
ïðîöåññà ýêñïåðèìåíòû áûëè ïðîâåäåíû ñ èñ-
ïîëüçîâàíèåì äâóõôàêòîðíîãî öåíòðàëüíîãî 
êîìïîçèöèîííîãî ïëàíà. Èõ îñíîâíîé öåëüþ 
áûëà îöåíêà âëèÿíèÿ íà óòîíåíèå ñëîÿ ñòðóê-
òóðû êàíàëà â êàíàëå ñ ðåãóëèðóåìûì ñå÷åíè-
åì. Â ðåçóëüòàòå îáðàáîòêè äàííûõ îêàçàëîñü, 
÷òî äëÿ îáîèõ âàðèàíòîâ ñòàòèñòè÷åñêè çíà-
÷èìîå âëèÿíèå íà îòêëèê îêàçûâàåò âûñîòà 
êàíàëà íà âõîäå h

1
 è âûõîäå h

2
. Äðóãèìè çíà÷è-

ìûìè ôàêòîðàìè ÿâëÿþòñÿ: â 1-ì âàðèàíòå âçà-
èìîäåéñòâèå ôàêòîðîâ h

1
 è h

2
; à âî 2-ì âàðèàí-

òå – h
1
2
 
è h

2
2. Â ðåçóëüòàòå ðàñ÷åòîâ ïîëó÷åíû 

óðàâíåíèÿ ðåãðåññèè (2) – äëÿ 1-ãî âàðèàíòà è 
(3) – äëÿ âòîðîãî, ñîîòâåòñòâåííî, ñ êîýôôè-
öèåíòàìè äåòåðìèíàöèè R2 = 84,97 % è R2  = 
72,84 %: 

 kу = 2,117 + 0,043 h1 - 0,0439 h2;  (2)

kу = 2,036 + 0,009 h1 + 0,077 h2 +
 + 0,018 h1

2 + 0,015 h2
2.  (3)

Ïîëó÷åííûå óðàâíåíèÿ ðåãðåññèè ïîêàçàíû 
ãðàôè÷åñêè íà ðèñ. 3.

Èç ãðàôèêîâ ñëåäóåò, ÷òî â 1-ì âàðèàíòå, 
ïî ñðàâíåíèþ ñî 2-ì, çàâèñèìîñòü ðåãóëèðó-
åìîãî ïîêàçàòåëÿ k

ó
 îò ðåãóëèðóþùèõ h

1
 è h

2
 

èìååò áîëåå ëèíåéíûé õàðàêòåð. Äèàïàçîí 
ðåãóëèðîâàíèÿ k

ó
 ïðè ôîðìèðîâàíèè êàíàëà 

Òàáëèöà 2 

Èñõîäíûå äàííûå äëÿ öåíòðàëüíîãî êîìïîçèöèîííîãî ïëàíà 

 Õàðàêòåðèñòèêà ïëàíà
Ïåðåìåííûå ôàêòîðû

Ïðèìå÷àíèå
h

1
, ìì h

2
, ìì

Âåðõíèé óðîâåíü +2,0 –2,0 *Ëèíåéíàÿ ïëîòíîñòü q
1
 = 1,5 êã/ì;

**Ëèíåéíàÿ ñêîðîñòü v
2
 = 60 ì/ìèí.Íèæíèé óðîâåíü –4,0 –8,0

* Çíà÷åíèå q
1 
ñîîòâåòñòâóåò ìàêñèìàëüíîé ðåêîìåíäîâàííîé ïëîòíîñòè ñëîÿ â ðóëîíå

** Çíà÷åíèå v
2
 ñîîòâåòñâóåò ñðåäíåé ñêîðîñòè ñëîÿ íà ïðàêòèêå



Èññëåäîâàíèå óòîíåíèÿ ñëîÿ ñòåáëåé ëüíà-äîëãóíöà â êàíàëå ñ ðåãóëèðóåìûì ñå÷åíèåì
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óòîíåíèÿ èç îäíîòèïíûõ óòîíÿþùèõ äèñêîâ ñ 
z = 40 øò. øèðå, ÷åì âî 2-ì âàðèàíòå ïî÷òè â 
1,9 ðàçà. Ýòî ãîâîðèò î òîì, ÷òî ÷èñëî çóáüåâ 
íà óòîíÿþùèõ äèñêàõ è ñòðóêòóðà êàíàëà óòî-
íåíèÿ, ò.å. êîìáèíèðîâàíèå èç äèñêîâ ñ ðàçëè÷-
íûì ÷èñëîì, çóáüåâ, îêàçûâàåò ñóùåñòâåííîå 
âëèÿíèå íå ïðîöåññ óòîíåíèÿ ñëîÿ â êàíàëàõ 
ñî ñâîáîäíîé ôèêñàöèåé ñòåáëåé.

Çàêëþ÷åíèå
Ïîëó÷åíû çàêîíîìåðíîñòè, îòðàæàþùèå 

ïðîöåññ óòîíåíèÿ ñëîÿ òðåñòû ëüíà-äîëãóíöà 
ïðè ñâîáîäíîé «ôèêñàöèè» ñòåáëåé â ìåæçóá-
íûõ âïàäèíàõ óòîíÿþùèõ äèñêîâ êàíàëà ñ ðå-
ãóëèðóåìûì ñå÷åíèåì.

Ïîäòâåðæäåíî, ÷òî ðåãóëèðîâàíèå ñòåïåíè 
óòîíåíèÿ ñëîÿ ìîæåò áûòü îáåñïå÷åíî ðåãóëè-
ðîâàíèåì âûñîòû ñå÷åíèÿ êàíàëà óòîíåíèÿ çà 
ñ÷åò ïåðåìåùåíèÿ âåðõíåãî ðÿäà çóá÷àòûõ óòî-
íÿþùèõ äèñêîâ â âåðòèêàëüíîé ïëîñêîñòè. 

Îáîñíîâàíà öåëåñîîáðàçíîñòü ïðèìåíå-
íèÿ îäíîãî òèïîðàçìåðà çóá÷àòûõ óòîíÿþùèõ 
äèñêîâ äëÿ ôîðìèðîâàíèÿ êàíàëà óòîíåíèÿ ñ 
ðåãóëèðóåìûì ñå÷åíèåì.
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ÐÅÇÓËÜÒÀÒÛ ÎÏÐÅÄÅËÅÍÈß ÓÑÊÎÐÅÍÈß 
È ÏÐÈÂÅÄÅÍÍÎÉ ÌÀÑÑÛ ÒÐÀÊÒÎÐÀ ÌÒÇ-80

THE RESULTS DETERMINE THE ACCELERATION 
AND THE MASS OF THE TRACTOR MTZ-80

À.Ã. ÀÐÆÅÍÎÂÑÊÈÉ, ê.ò.í.
Ñ.Â. ÀÑÀÒÓÐßÍ, ê.ò.í.
À.À. ÄÀÃËÄÈßÍ 
Ä.Ñ. ÊÎÇËÎÂ 
Å.Ð. ÙÓÑÜ 
Àçîâî-×åðíîìîðñêèé èíæåíåðíûé èíñòèòóò ÔÃÁÎÓ ÂÎ 
Äîíñêîé ÃÀÓ, Çåðíîãðàä, Ðîññèÿ, argenowski@mail.ru

Ïðîèçâîäèòåëüíîñòü ìàøèííî-òðàêòîðíûõ àãðåãàòîâ çàâèñèò îò ìíîãèõ ôàêòîðîâ è óñëîâèé ïðîèçâîäñòâà è, 
â ïåðâóþ î÷åðåäü, îò ýíåðãîåìêîñòè ïðîöåññà. Ãëàâíûì æå ïîêàçàòåëåì ýíåðãîåìêîñòè ïðîöåññà ÿâëÿåòñÿ 
òÿãîâîå ñîïðîòèâëåíèå àãðåãàòèðóåìîé ñåëüñêîõîçÿéñòâåííîé ìàøèíû. Îòñóòñòâèå ïðîñòîãî è íàäåæíîãî 
ñïîñîáà îïðåäåëåíèÿ ýòîãî ïîêàçàòåëÿ ïðèâîäèò ê ðàçíîìàðî÷íîñòè èñïîëüçóåìûõ óñòðîéñòâ, èçãîòàâëèâà-
åìûõ çà÷àñòóþ, ñâîèìè ñèëàìè, à ýòî âëå÷åò çà ñîáîé ðàçëè÷íóþ äîñòîâåðíîñòü ïîëó÷àåìûõ ðåçóëüòàòîâ. 
Ïîýòîìó ðàçðàáîòêà ñïîñîáîâ è ñðåäñòâ îïðåäåëåíèÿ òÿãîâîãî ñîïðîòèâëåíèÿ ñåëüñêîõîçÿéñòâåííûõ ìàøèí, 
ïðèåìëåìûõ íå òîëüêî äëÿ ìàøèíîèñïûòàòåëüíûõ ñòàíöèé, íî è äëÿ êîíêðåòíûõ õîçÿéñòâ, ÿâëÿåòñÿ âåñüìà 
àêòóàëüíîé çàäà÷åé è ïðåäñòàâëÿåò çíà÷èòåëüíûé èíòåðåñ. Â äàííîé ðàáîòå ïðåäëîæåí îïåðàòèâíûé ñïîñîá 
îïðåäåëåíèÿ òÿãîâîãî ñîïðîòèâëåíèÿ àãðåãàòèðóåìûõ ñåëüñêîõîçÿéñòâåííûõ ìàøèí, îñíîâàííûé íà àíàëèçå 
ïàðàìåòðîâ ïåðåõîäíûõ ðåæèìîâ ðàçãîíà ìàøèííî-òðàêòîðíûõ àãðåãàòîâ ïðè ìãíîâåííîì óâåëè÷åíèè ïîäà-
÷è òîïëèâà. Öåëüþ ðàáîòû ÿâëÿåòñÿ ðàçðàáîòêà è êîìïëåêòîâàíèå èçìåðèòåëüíî-âû÷èñëèòåëüíîãî êîìïëåêñà, 
à òàêæå ïðîâåäåíèå ýêñïåðèìåíòàëüíûõ èññëåäîâàíèé ïî îïðåäåëåíèþ çíà÷åíèé óñêîðåíèÿ òðàêòîðà è åãî 
ïðèâåäåííîé ìàññû íà îäíîé èç ïîâûøåííûõ ïåðåäà÷, ïîçâîëÿþùèõ ðåàëèçîâàòü äàííûé ñïîñîá îïðåäåëåíèÿ 
ñîïðîòèâëåíèÿ ñåëüñêîõîçÿéñòâåííûõ ìàøèí. Äëÿ ðåàëèçàöèè îñòàâëåííîé öåëè áûë ðàçðàáîòàí è ñêîìïëåê-
òîâàí èçìåðèòåëüíî-âû÷èñëèòåëüíûé êîìïëåêñ äëÿ îïðåäåëåíèÿ äèíàìè÷åñêèõ ïîêàçàòåëåé ìàøèííî-òðàêòîð-
íûõ àãðåãàòîâ, ïîñðåäñòâàì êîòîðîãî ïðè ïîìîùè çàïàòåíòîâàííûõ ìåòîäèê íà áàçå ñòàíöèè «Êèñëÿêîâñêàÿ» 
Êóùåâñêîãî ðàéîíà Êðàñíîäàðñêîãî êðàÿ áûëè ïðîâåäåíû ýêñïåðèìåíòàëüíûå èññëåäîâàíèÿ ïî îïðåäåëåíèþ 
çíà÷åíèé óñêîðåíèÿ òðàêòîðà ÌÒÇ-80 è åãî ïðèâåäåííîé ìàññû íà îäíîé èç ïîâûøåííûõ ïåðåäà÷. Ïîëó÷åííûå 
ðåçóëüòàòû ïîçâîëÿþò ðåàëèçîâàòü ïðåäëàãàåìûé ñïîñîá îïðåäåëåíèÿ òÿãîâîãî ñîïðîòèâëåíèÿ ñåëüñêîõîçÿé-
ñòâåííûõ ìàøèí.
Êëþ÷åâûå ñëîâà: òÿãîâîå ñîïðîòèâëåíèå, ñåëüñêîõîçÿéñòâåííàÿ ìàøèíà, òðàêòîð, ïåðåõîäíûé ïðîöåññ, óñêî-
ðåíèå, ïðèâåäåííàÿ ìàññà.

The performance of machine-tractor units depends on many factors and production conditions, and primarily on the 
energy intensity of the process. The main indicator of the energy intensity of the process is the traction resistance 
of the aggregated agricultural machine. The absence of a simple and reliable method for determining this indicator 
leads to the heterogeneity of the devices used, often manufactured on their own, and this entails different reliability 
of the results. Therefore, the development of methods and means of determining the traction resistance of agricultural 
machines, acceptable not only for testing stations, but also for specific farms, is very relevant and of considerable in-
terest. In this paper, we propose an operational method for determining the traction resistance of mounted agricultural 
machines, based on the analysis of parameters of transient acceleration modes of machine-tractor units with an in-
stantaneous increase in fuel flow. The aim of the work is to develop and complete the measuring and computing com-
plex, as well as to conduct experimental studies to determine the values of acceleration of the tractor and its reduced 
weight on one of the increased gears, allowing to implement this method of determining the resistance of agricultural 
machines. For the realization of left targets was developed and assembled measuring and computing complex deter-
mine the dynamic characteristics of machine-tractor units, through which with the aid of patented techniques on the 
base station «Kislyakovskaya» Kushchevskaya district of Krasnodar region was carried out experimental studies to 
determine the acceleration values of the tractor MTZ-80 and its given mass in one of the elevated gear. The obtained 
results allow to implement the proposed method for determining the traction resistance of agricultural machinery.
Keywords: traction resistance, agricultural machine, tractor, transition mode, acceleration, reduced mass.
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Âåäåíèå
Â äàííîé ðàáîòå èññëåäîâàí îïåðàòèâíûé 

ñïîñîá îïðåäåëåíèÿ òÿãîâîãî ñîïðîòèâëå-
íèÿ àãðåãàòèðóåìûõ ñåëüñêîõîçÿéñòâåííûõ 
ìàøèí, îñíîâàííûé íà àíàëèçå ïàðàìåòðîâ 
ïåðåõîäíûõ ðåæèìîâ ðàçãîíà ìàøèííî-òðàê-
òîðíûõ àãðåãàòîâ (ÌÒÀ) ïðè ìãíîâåííîì 
óâåëè÷åíèè ïîäà÷è òîïëèâà, ïðåäëîæåííûé 
Í.Â. Ùåòèíèíûì [1, 2].

Îäíàêî ó äàííîãî ñïîñîáà, íà íàø âçãëÿä, 
èìåþòñÿ ðÿä ñóùåñòâåííûõ íåäîñòàòêîâ:

– ñëîæíîñòü è òðóäîåìêîñòü îïðåäåëåíèÿ 
ïðèâåäåííîé ìàññû òðàêòîðà;

– ñëîæíîñòü è òðóäîåìêîñòü îïðåäåëåíèÿ 
óñêîðåíèÿ òðàêòîðà ÷åðåç óãëîâîå óñêîðåíèå 
êîëåí÷àòîãî âàëà äâèãàòåëÿ èç-çà áóêñîâàíèÿ 
õîäîâîãî àïïàðàòà.

Ïðîáëåìà îïðåäåëåíèÿ ïðèâåäåííîé ìàññû 
òðàêòîðà ðåøàåòñÿ òåì, ÷òî âûïîëíÿåòñÿ äî-
ïîëíèòåëüíûé ðàçãîí òðàêòîðà, äîãðóæåííîãî 
èçâåñòíîé (ýòàëîííîé) ìàññîé, ñ èçìåðåíèåì 
óãëîâîãî óñêîðåíèÿ êîëåí÷àòîãî âàëà ïðè íî-
ìèíàëüíîé ÷àñòîòå âðàùåíèÿ [3].

Ïðîáëåìû îïðåäåëåíèÿ óñêîðåíèÿ òðàêòîðà 
÷åðåç óãëîâîå óñêîðåíèå êîëåí÷àòîãî âàëà äâè-
ãàòåëÿ ñ ó÷åòîì áóêñîâàíèÿ õîäîâîãî àïïàðàòà 
ðåøàþòñÿ òåì, ÷òî ê òðàêòîðó ïðèñîåäèíÿåòñÿ 
ïóòåèçìåðèòåëüíîå êîëåñî ñ âîçìîæíîñòüþ 
ôèêñàöèè åãî óãëîâîãî óñêîðåíèÿ âî âðåìÿ ðàç-
ãîíà òðàêòîðà [4].

Ñ ó÷åòîì âûøåèçëîæåííîãî ïðåäëàãàåìûé 
ñïîñîá îïðåäåëåíèÿ ñîïðîòèâëåíèÿ ðàáî÷èõ 
ìàøèí [5] çàêëþ÷àåòñÿ â ñëåäóþùåì. Ïðè äâè-
æåíèè òðàêòîðà áåç íàãðóçêè çà ñ÷åò ñíèæåíèÿ 
ïîäà÷è òîïëèâà äîñòèãàþò ÷àñòîòû âðàùåíèÿ 
êîëåí÷àòîãî âàëà, ñîîòâåòñòâóþùåé ìàêñè-
ìàëüíîìó êðóòÿùåìó ìîìåíòó. Ìãíîâåííî 
óâåëè÷èâàþò ïîäà÷ó òîïëèâà äî ìàêñèìàëü-
íîé. Ïðè äîñòèæåíèè íîìèíàëüíîé ÷àñòîòû 
âðàùåíèÿ êîëåí÷àòîãî âàëà äâèãàòåëÿ âî âðåìÿ 
ðàçãîíà òðàêòîðà èçìåðÿåòñÿ çíà÷åíèå óãëî-
âîãî óñêîðåíèÿ ïóòåèçìåðèòåëüíîãî êîëåñà. 
Àíàëîãè÷íî èçìåðÿåòñÿ çíà÷åíèå óãëîâîãî 
óñêîðåíèÿ ïóòåèçìåðèòåëüíîãî êîëåñà ïðè ðàç-
ãîíå òðàêòîðà ñ äîïîëíèòåëüíîé (ýòàëîííîé) 
ìàññîé è ðàáî÷åé ìàøèíîé. Èç óðàâíåíèé äâè-
æåíèÿ ðàçãîíà òðàêòîðà áåç íàãðóçêè è ñ ðàáî-
÷åé ìàøèíîé îïðåäåëÿåòñÿ ñîïðîòèâëåíèå ðà-
áî÷åé ìàøèíû:

( / ) ( / )xx mP M dV dt M dV dt    ò ðàáñ  

 
( / ) ,M dV dt ñõì ðàá Í,  (1)

ãäå Ì
ò
, Ì

ñõì
 – ñîîòâåòñòâåííî, ïðèâåäåííûå 

ìàññû òðàêòîðà è ðàáî÷åé ìàøèíû, êã; (dV/dt)
õõ

, 
(dV/dt)

ðàá
 – ñîîòâåòñòâåííî, óñêîðåíèÿ òðàêòîðà 

ïðè ðàçãîíå áåç íàãðóçêè è ñ ðàáî÷åé ìàøèíîé, 
ì/ñ2.

Ïðèâåäåííàÿ ìàññà òðàêòîðà îïðåäåëÿåòñÿ 
èç óðàâíåíèé äâèæåíèÿ ðàçãîíà òðàêòîðà áåç 
íàãðóçêè è ñ ýòàëîííîé ìàññîé: 

 

(( / )
( / ) ( / )xx

M dV dt g fM
dV dt dV dt

  



ýò ýò

ò
ýò

, êã,  (2)

ãäå Ì
ýò
 – äîïîëíèòåëüíàÿ (ýòàëîííàÿ) ìàññà, 

êã; (dV/dt)
ýò

 – óñêîðåíèå òðàêòîðà ïðè ðàçãîíå ñ 
ýòàëîííîé ìàññîé, ì/ñ2; g – óñêîðåíèå ñâîáîä-
íîãî ïàäåíèÿ, ì/ñ2; f – êîýôôèöèåíò ïåðåêàòû-
âàíèÿ òðàêòîðà.

Óñêîðåíèÿ òðàêòîðà ïðè åãî ðàçãîíå áåç íà-
ãðóçêè, ñ ðàáî÷åé ìàøèíîé è ñ äîïîëíèòåëüíîé 
(ýòàëîííîé) ìàññîé ñâÿçàíû ñ ñîîòâåòñòâóþ-
ùèìè óãëîâûìè óñêîðåíèÿìè ïóòåèçìåðèòåëü-
íîãî êîëåñà ñëåäóþùèìè çàâèñèìîñòÿìè:

 ( / ) ( / )xx xxdV dt d dt r   ïê , ì/ñ2,  (3)

 
( / ) ( / )dV dt d dt r  ðàá ðàá ïê , ì/ñ2,  (4)

 ( / ) ( / )dV dt d dt r  ýò ýò ïê , ì/ñ2,  (5)

ãäå (dω/dt)
õõ

, (dω/dt)
ðàá

, (dω/dt)
ýò
 – ñîîòâåòñòâåí-

íî, óãëîâûå óñêîðåíèÿ ïóòåèçìåðèòåëüíîãî 
êîëåñà ïðè ðàçãîíå òðàêòîðà áåç íàãðóçêè, ñ 
ðàáî÷åé ìàøèíîé è ñ äîïîëíèòåëüíîé (ýòàëîí-
íîé) ìàññîé, ðàä/ñ2; r

ïê
 – ðàäèóñ ïóòåèçìåðè-

òåëüíîãî êîëåñà, ì.
Öåëüþ ðàáîòû ÿâëÿåòñÿ ðàçðàáîòêà è êîì-

ïëåêòîâàíèå èçìåðèòåëüíî-âû÷èñëèòåëüíîãî 
êîìïëåêñà, ïîçâîëÿþùåãî ðåàëèçîâàòü ïðåä-
ëàãàåìûé ñïîñîá îïðåäåëåíèÿ ñîïðîòèâëåíèÿ 
ñåëüñêîõîçÿéñòâåííûõ ìàøèí, à òàêæå ïðî-
âåäåíèå ýêñïåðèìåíòàëüíûõ èññëåäîâàíèé ïî 
îïðåäåëåíèþ çíà÷åíèé óñêîðåíèÿ òðàêòîðà è 
åãî ïðèâåäåííîé ìàññû íà îäíîé èç ïîâûøåí-
íûõ ïåðåäà÷.

Îñíîâíûå ðåçóëüòàòû èññëåäîâàíèÿ 
è èõ îáñóæäåíèå
Äëÿ ðåàëèçàöèè ïðåäëàãàåìîãî ñïîñîáà áûë 

ðàçðàáîòàí è ñêîìïëåêòîâàí èçìåðèòåëüíî-âû-
÷èñëèòåëüíûé êîìïëåêñ (ÈÂÊ) äëÿ îïðåäåëå-
íèÿ äèíàìè÷åñêèõ ïîêàçàòåëåé ÌÒÀ (ðèñ. 1, 2). 

Ýêñïåðèìåíòàëüíûå èññëåäîâàíèÿ ïî îïðå-
äåëåíèþ çíà÷åíèé óñêîðåíèÿ òðàêòîðà è åãî 
ïðèâåäåííîé ìàññû íà îäíîé èç ïîâûøåííûõ 
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ïåðåäà÷ ïðîâîäèëèñü íà áàçå ñòàíöèè «Êèñëÿ-
êîâñêàÿ» Êóùåâñêîãî ðàéîíà Êðàñíîäàðñêîãî 
êðàÿ. 

Â êà÷åñòâå îáúåêòà èññëåäîâàíèÿ â äàííîé 
ðàáîòå âûáðàí òðàêòîð ÌÒÇ-80 ñ äâèãàòåëåì 
Ä-240 (n

íîì
 = 2200 îá/ìèí). Â êà÷åñòâå íàãðó-

çî÷íîãî óñòðîéñòâà èçâåñòíîé (ýòàëîííîé) 
ìàññû èñïîëüçîâàëñÿ ïëóã ÏËÍ-3-35.

Îïðåäåëåíèå çíà÷åíèé óñêîðåíèÿ òðàêòîðà 
è åãî ïðèâåäåííîé ìàññû íà îäíîé èç ïîâûøåí-
íûõ ïåðåäà÷ ïðåäëàãàåìûì èçìåðèòåëüíî-âû-
÷èñëèòåëüíûì êîìïëåêñîì îñóùåñòâëÿëîñü â 
÷åòûðå ýòàïà. 

1. Âçâåøèâàíèå òðàêòîðà è íàãðóçî÷íîãî 
óñòðîéñòâà èçâåñòíîé ìàññû.

2. Ïîäãîòîâêà òðàêòîðà è ÈÂÊ ê ðàáîòå.
3. Çàïèñü çàêîíîìåðíîñòåé èçìåíåíèÿ óãëî-

âûõ ñêîðîñòåé è óñêîðåíèé êîëåí÷àòîãî âàëà 
äâèãàòåëÿ è ïóòåèçìåðèòåëüíîãî êîëåñà ïðè 
ðàçãîíå òðàêòîðà áåç íàãðóçêè è ñ äîïîëíè-
òåëüíîé (ýòàëîííîé) ìàññîé.

4. Îáðàáîòêà ïîëó÷åííûõ äàííûõ.
Âçâåøèâàíèå òðàêòîðà è íàãðóçî÷íîãî 

óñòðîéñòâà ïðîèçâîäèëîñü íà âåñàõ ìàðêè «Íå-
âñêèå âåñû» ñ ìàêñèìàëüíîé ìàññîé âçâåøèâà-
íèÿ äî 80 òîíí è öåíîé äåëåíèÿ 20 êã (ðèñ. 3). 
Ìàññà òðàêòîðà ñ ëþäüìè (ìåõàíèçàòîðîì è 

Ðèñ. 1. Ñõåìà èçìåðèòåëüíî-âû÷èñëèòåëüíîãî êîìïëåêñà

à   

á

Ðèñ. 2. Àïïàðàòíûå ñðåäñòâà 
èçìåðèòåëüíî-âû÷èñëèòåëüíîãî êîìïëåêñà: 
à) ïîäãîòîâêà ê ðàáîòå; á) ïðîöåññ çàïèñè 

ïàðàìåòðîâ
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îïåðàòîðîì ÈÂÊ) è îáîðóäîâàíèåì äëÿ èçìå-
ðåíèÿ ñîñòàâèëà 3400 êã (ðèñ. 3, à). Ìàññà òðàê-
òîðà ñ ëþäüìè, îáîðóäîâàíèåì äëÿ èçìåðåíèÿ è 
ïëóãîì ÏËÍ-3-35 ñîñòàâèëà 3800 êã (ðèñ. 3, á). 
Òàêèì îáðàçîì, ìàññà ïëóãà, èñïîëüçóåìîãî â 
êà÷åñòâå íàãðóçî÷íîãî óñòðîéñòâà èçâåñòíîé 
ìàññû, ñîñòàâèëà 400 êã. 

à

á

Ðèñ. 3. Âçâåøèâàíèå òðàêòîðà ÌÒÇ-80: 
à) áåç íàãðóçêè; á) ñ äîïîëíèòåëüíîé 

(ýòàëîííîé) ìàññîé

Ïîäãîòîâêà ÌÒÀ è ÈÂÊ ê ðàáîòå çàêëþ÷à-
ëîñü â ðàçâåðòûâàíèè êîìïëåêñà, ïðèñîåäèíå-
íèè ïóòåèçìåðèòåëüíîãî êîëåñà è óñòàíîâêå 
èíäóêöèîííûõ äàò÷èêîâ. Îäèí äàò÷èê (äàò÷èê 
îáîðîòîâ êîëåí÷àòîãî âàëà) óñòàíàâëèâàë-
ñÿ â ñïåöèàëüíî ïîäãîòîâëåííîå îòâåðñòèå 
Ì16x1,5 â êàðòåðå ìàõîâèêà íàïðîòèâ çóá÷àòî-
ãî âåíöà ìàõîâèêà êîëåí÷àòîãî âàëà (ðèñ. 4, à), 
âòîðîé (äàò÷èê îáîðîòîâ ïóòåèçìåðèòåëüíîãî 
êîëåñà) – íàïðîòèâ çóá÷àòîãî âåíöà øåñòåð-

íè, æåñòêî ñâÿçàííîé ñ ïóòåèçìåðèòåëüíûì 
êîëåñîì (ðèñ. 4, á). Ðàññòîÿíèå îò äàò÷èêîâ äî 
âåðøèí çóáüåâ 1–3 ìì.

à 

á

Ðèñ. 4. Ðàñïîëîæåíèå äàò÷èêîâ îáîðîòîâ: 
à) äàò÷èê îáîðîòîâ êîëåí÷àòîãî âàëà, 

á) äàò÷èê îáîðîòîâ ïóòåèçìåðèòåëüíîãî êîëåñà

Çàïèñü çàêîíîìåðíîñòåé èçìåíåíèÿ óãëîâûõ 
óñêîðåíèé êîëåí÷àòîãî âàëà äâèãàòåëÿ è ïóòå-
èçìåðèòåëüíîãî êîëåñà ïðè ðàçãîíå òðàêòîðà 
áåç íàãðóçêè è ñ äîïîëíèòåëüíîé (ýòàëîííîé) 
ìàññîé çàêëþ÷àëàñü â ôîðìèðîâàíèè ìàññèâà 
äàííûõ çíà÷åíèé ÝÄÑ, ãåíåðèðóåìûõ êàòóø-
êàìè äàò÷èêîâ îáîðîòîâ êîëåí÷àòîãî âàëà è 
ïóòåèçìåðèòåëüíîãî êîëåñà âî âðåìÿ ñîîòâåò-
ñòâóþùèõ ðàçãîíîâ òðàêòîðà. 

Çàïèñü ìàññèâà äàííûõ äëÿ îïðåäåëåíèÿ çà-
êîíîìåðíîñòåé èçìåíåíèÿ óãëîâûõ óñêîðåíèé 
êîëåí÷àòîãî âàëà äâèãàòåëÿ è ïóòåèçìåðèòåëü-
íîãî êîëåñà ïðè ðàçãîíå òðàêòîðà ïðîâîäèëàñü 
ñëåäóþùèì îáðàçîì. Ïðè äâèæåíèè òðàêòî-
ðà áåç íàãðóçêè (ðèñ. 5, à) çà ñ÷åò ñíèæåíèÿ 
ïîäà÷è òîïëèâà äîñòèãàëàñü ÷àñòîòà âðàùå-
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íèÿ êîëåí÷àòîãî âàëà, ñîîòâåòñòâóþùàÿ ìàê-
ñèìàëüíîìó êðóòÿùåìó ìîìåíòó. Ìãíîâåííî 
óâåëè÷èâàëàñü ïîäà÷à òîïëèâà äî ìàêñèìàëü-
íîé. Òðàêòîð ðàçãîíÿëñÿ, ïðè ýòîì çíà÷åíèÿ 
ÝÄÑ äàò÷èêîâ îáîðîòîâ êîëåí÷àòîãî âàëà è 
ïóòåèçìåðèòåëüíîãî êîëåñà ïîñðåäñòâîì ÀÖÏ 
ôèêñèðîâàëèñü â ïàìÿòè êîìïüþòåðà ñ ÷àñòî-
òîé, ðàâíîé ïîëîâèíå ÷àñòîòû îïðîñà (äëÿ äâóõ 
êàíàëîâ), íà êîòîðóþ ïðåäâàðèòåëüíî íàñòðàè-
âàëñÿ ÈÂÊ. Àíàëîãè÷íî ôèêñèðîâàëèñü çíà÷å-
íèÿ ÝÄÑ äàò÷èêîâ ïðè ðàçãîíå òðàêòîðà ñ íà-
âåøåííûì ïëóãîì ÏËÍ-3-35 (ðèñ. 5, á).

Ðàçãîíû òðàêòîðà îñóùåñòâëÿëèñü íà 
âîñüìîé ïîâûøåííîé ïåðåäà÷å ïî ãðóíòîâîé 
äîðîãå. Äëÿ ïîëó÷åíèÿ äîñòîâåðíûõ ðåçóëüòà-
òîâ çàïèñè ðàçãîíîâ òðàêòîðà îñóùåñòâëÿëèñü 
ñ ïÿòèêðàòíîé ïîâòîðíîñòüþ.

 Â ðåçóëüòàòå áûëè ïîëó÷åíû ôàéëû ñ äàí-
íûìè çíà÷åíèé ÝÄÑ êàòóøåê äàò÷èêîâ îáî-
ðîòîâ â êîäîâîé ôîðìå, êîòîðûå ñ ïîìîùüþ 
ïàêåòà ïðèêëàäíûõ ïðîãðàìì ÀÖÏ áûëè ïðå-
îáðàçîâàíû â öèôðîâóþ ôîðìó, äîñòóïíóþ äëÿ 
îáðàáîòêè. 

Îáðàáîòêà ïîëó÷åííûõ äàííûõ çàêëþ÷à-
ëàñü â îïðåäåëåíèè çàêîíîìåðíîñòåé èçìå-
íåíèÿ ÷àñòîòû âðàùåíèÿ êîëåí÷àòîãî âàëà 
äâèãàòåëÿ (n

êâ
 = f(t)) è óãëîâîãî óñêîðåíèÿ ïó-

òåèçìåðèòåëüíîãî êîëåñà (
ïê

 = f(t)) îò âðåìåíè 
ðàçãîíà òðàêòîðà.

Äëÿ àâòîìàòèçàöèè ïðîöåññà îáðàáîòêè 
äàííûõ èñïîëüçîâàëàñü ïðîãðàììà îáðàáîòêè 
äàííûõ â ñðåäå Turbo-Paskal [6]. Èñõîäíûìè 
äàííûìè äëÿ ïðîãðàììû ÿâëÿëèñü ôàéëû ñî 
çíà÷åíèÿìè ÝÄÑ äàò÷èêîâ â öèôðîâîé ôîðìå. 
Ïîñëå îáðàáîòêè äàííûõ ïðîãðàììà âûäàëà 

çíà÷åíèÿ, ïî êîòîðûì áûëè ïîëó÷åíû çàâè-
ñèìîñòè ÷àñòîòû âðàùåíèÿ êîëåí÷àòîãî âàëà 
äâèãàòåëÿ è óãëîâîãî óñêîðåíèÿ ïóòåèçìåðè-
òåëüíîãî êîëåñà îò âðåìåíè ðàçãîíà òðàêòîðà.

Íà ðèñ. 6 ïðåäñòàâëåíû çàâèñèìîñòè ÷àñòî-
òû âðàùåíèÿ êîëåí÷àòîãî âàëà äâèãàòåëÿ îò 
âðåìåíè ðàçãîíà òðàêòîðà áåç íàãðóçêè.

Íà ðèñ. 7 ïðåäñòàâëåíû çàâèñèìîñòè óãëî-
âîãî óñêîðåíèÿ ïóòåèçìåðèòåëüíîãî êîëåñà îò 
âðåìåíè ðàçãîíà òðàêòîðà áåç íàãðóçêè.

Ñîâìåùàÿ ðåçóëüòèðóþùèå ãðàôèêîâ çàâè-
ñèìîñòåé n

êâ
 = f(t) è 

ïê
 = f(t), áûëè îïðåäåëåíû 

çíà÷åíèÿ óãëîâûõ óñêîðåíèé ïóòåèçìåðèòåëü-
íîãî êîëåñà, ñîîòâåòñòâóþùèå íîìèíàëüíîé 
÷àñòîòå âðàùåíèÿ êîëåí÷àòîãî âàëà äâèãàòåëÿ 
ïðè ðàçãîíå òðàêòîðà áåç íàãðóçêè è ñ äîïîë-
íèòåëüíîé (ýòàëîííîé) ìàññîé. 

Íà ðèñ. 8 ïðåäñòàâëåí àëãîðèòì îïðåäåëå-
íèÿ óãëîâîãî óñêîðåíèÿ ïóòåèçìåðèòåëüíîãî 
êîëåñà, ñîîòâåòñòâóþùåãî íîìèíàëüíîé ÷àñòî-
òå âðàùåíèÿ êîëåí÷àòîãî âàëà äâèãàòåëÿ ïðè 
ðàçãîíå òðàêòîðà áåç íàãðóçêè.

Ñîãëàñíî ðèñ. 8, çíà÷åíèå óãëîâîãî óñêîðå-
íèÿ ïóòåèçìåðèòåëüíîãî êîëåñà, ñîîòâåòñòâó-
þùåãî íîìèíàëüíîé ÷àñòîòå âðàùåíèÿ êîëåí-
÷àòîãî âàëà äâèãàòåëÿ ïðè ðàçãîíå òðàêòîðà 
ÌÒÇ-80 áåç íàãðóçêè (dω/dt)

õõ
 = 6,2 ðàä/ñ2.

Àíàëîãè÷íî îïðåäåëèëè çíà÷åíèå óãëîâîãî 
óñêîðåíèÿ ïóòåèçìåðèòåëüíîãî êîëåñà, ñîîò-
âåòñòâóþùåãî íîìèíàëüíîé ÷àñòîòå âðàùåíèÿ 
êîëåí÷àòîãî âàëà äâèãàòåëÿ ïðè ðàçãîíå òðàê-
òîðà ÌÒÇ-80 ñ äîïîëíèòåëüíîé (ýòàëîííîé) 
ìàññîé (dω/dt)

ýò
 = 5,8 ðàä/ñ2.

Ñ ó÷åòîì ðàäèóñà ïóòåèçìåðèòåëüíîãî 
êîëåñà (r

ïê
 = 0,4 ì) ïî ôîðìóëàì (3) è (5) îïðå-

     

 à á

Ðèñ. 5. Ðàçãîí òðàêòîðà ÌÒÇ-80: 
à) áåç íàãðóçêè; á) ñ äîïîëíèòåëüíîé (ýòàëîííîé) ìàññîé
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Ðèñ. 6. Çàâèñèìîñòè ÷àñòîòû âðàùåíèÿ êîëåí÷àòîãî âàëà äâèãàòåëÿ 
îò âðåìåíè ðàçãîíà òðàêòîðà ÌÒÇ-80 áåç íàãðóçêè

Ðèñ. 7. Çàâèñèìîñòè óãëîâîãî óñêîðåíèÿ ïóòåèçìåðèòåëüíîãî êîëåñà 
îò âðåìåíè ðàçãîíà òðàêòîðà ÌÒÇ-80 áåç íàãðóçêè
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Ðèñ. 8. Àëãîðèòì îïðåäåëåíèÿ óãëîâîãî óñêîðåíèÿ ïóòåèçìåðèòåëüíîãî êîëåñà, ñîîòâåòñòâóþùåãî 
íîìèíàëüíîé ÷àñòîòå âðàùåíèÿ êîëåí÷àòîãî âàëà äâèãàòåëÿ ïðè ðàçãîíå òðàêòîðà ÌÒÇ-80 áåç íàãðóçêè

äåëèëè çíà÷åíèÿ óñêîðåíèé òðàêòîðà ÌÒÇ-80 
ïðè ñîîòâåòñòâóþùèõ ðàçãîíàõ: 

( / ) 6,2 0,4 2,48xxdV dt     ì/ñ2;
( / ) 5,8 0,4 2,32dV dt   ýò  ì/ñ2.

Çàòåì ïî ôîðìóëå (2) ñ ó÷åòîì ìàññû íàâå-
øåííîãî ïëóãà ÏËÍ-3-35 (Ì

ýò
 = 400 êã) è êî-

ýôôèöèåíòà ïåðåêàòûâàíèÿ êîëåñíîãî òðàêòî-
ðà ïî ãðóíòîâîé äîðîãå ( f = 0,07) îïðåäåëèëè 
ïðèâåäåííóþ ìàññó òðàêòîðà ÌÒÇ-80 íà âîñü-
ìîé ïîâûøåííîé ïåðåäà÷å:

400 2,32 9,8 0,07 5804
2,48 2,32

M   
 

ò  êã.

Çàêëþ÷åíèå
Ðàçðàáîòàííûé è ñêîìïëåêòîâàííûé èç-

ìåðèòåëüíî-âû÷èñëèòåëüíûé êîìïëåêñ äëÿ 
îïðåäåëåíèÿ äèíàìè÷åñêèõ ïîêàçàòåëåé ÌÒÀ 
è ïîëó÷åííûå ðåçóëüòàòû ïî îïðåäåëåíèþ çíà-
÷åíèé óñêîðåíèÿ òðàêòîðà è åãî ïðèâåäåííîé 
ìàññû ïîçâîëÿþò ðåàëèçîâàòü ïðåäëàãàåìûé 
ñïîñîá â óñëîâèÿõ ýêñïëóàòàöèè, ÷òî âåäåò ê 
ñíèæåíèþ òðóäîåìêîñòè îïðåäåëåíèÿ òÿãîâîãî 
ñîïðîòèâëåíèÿ ñåëüñêîõîçÿéñòâåííûõ ìàøèí.
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ÓÄÊ 621.78

ÓËÓ×ØÅÍÈÅ ÑËÓÆÅÁÍÛÕ ÑÂÎÉÑÒÂ 
ËÅÌÅØÍÎÉ ÑÒÀËÈ Ë53 ÒÅÐÌÎÓÏÐÎ×ÍÅÍÈÅÌ

IMPROVEMENT OF SERVICE PROPERTIES 
OF L53 STEEL WITH THERMAL STRENGTHENING

À.Ì. ÌÈÕÀËÜ×ÅÍÊÎÂ, ä.ò.í.
Ñ.È. ÁÓÄÊÎ, ê.ò.í.
À.À. ÞÐÅÂÀ, ê.ò.í.
Áðÿíñêèé ãîñóäàðñòâåííûé àãðàðíûé óíèâåðñèòåò, 
Áðÿíñê, Ðîññèÿ, mihalchenkov.alexandr@yandex.ru

Ïðîèçâîäñòâî îòå÷åñòâåííûõ öåëüíîìåòàëëè÷åñêèõ ëåìåõîâ, èçãîòîâëåííûõ èç ñòàëè Ë53, â ñëîæèâøåéñÿ ê 
íàñòîÿùåìó âðåìåíè ñèòóàöèè â ñåëüñêîì õîçÿéñòâå òðåáóåò íîâûõ ðåøåíèé, íàïðàâëåííûõ íà ïîâûøåíèå 
ðåñóðñà áåç ñóùåñòâåííûõ òåõíîëîãè÷åñêèõ è ýêîíîìè÷åñêèõ èçäåðæåê. Ïîòåíöèàëüíûå âîçìîæíîñòè â ýòîì 
ïëàíå êðîþòñÿ â ïðîâåäåíèè òåðìîóïðî÷íåíèÿ òàêîé ñòàëè. Îäíàêî èçâåñòíûå ðàáîòû ïî äàííîìó âîïðîñó 
íå äàþò îêîí÷àòåëüíîãî îòâåòà î âîçìîæíîñòÿõ Ë53 è îïòèìàëüíîì ðåæèìå òåðìîîáðàáîòêè ñ òî÷êè çðåíèÿ 
îáåñïå÷åíèÿ àáðàçèâíîé èçíîñîñòîéêîñòè. Ïîýòîìó öåëüþ ïðåäñòàâëÿåìûõ èññëåäîâàíèé ÿâèëîñü óëó÷øåíèå 
ñëóæåáíûõ ñâîéñòâ ñòàëè Ë53 òåðìîóïðî÷íåíèåì, âûðàæàþùååñÿ â óâåëè÷åíèè òâåðäîñòè è èçíîñîñòîéêîñòè. 
Ïðè ïðîâåäåíèè ýêñïåðèìåíòîâ îïûòíûå îáðàçöû (ñòàëü Ë53) ïîäâåðãàëèñü íàãðåâó ñ òåìïåðàòóð 720…870 Ñ 
ñ øàãîì 20 Ñ è îõëàæäåíèåì â âîäå ñ ïîñëåäóþùèì îïðåäåëåíèåì òâåðäîñòè è ñòîéêîñòè ê àáðàçèâíîìó èç-
íàøèâàíèþ. Èñïûòàíèÿ íà èçíàøèâàíèå ðåàëèçîâûâàëèñü íà óñòàíîâêå ñîáñòâåííîé êîíñòðóêöèè, ïîçâîëÿþ-
ùåé â øèðîêîì äèàïàçîíå ìåíÿòü óñëîâèÿ ýêñïåðèìåíòà. Ïîëó÷åííûå ðåçóëüòàòû óêàçûâàþò, ÷òî ïðîâåäåíèå 
òåðìîóïðî÷íåíèÿ ñ òåìïåðàòóð 840…860 Ñ ïîçâîëÿåò óâåëè÷èòü àáðàçèâíóþ èçíîñîñòîéêîñòü ñòàëè Ë53 â 
2,5…3 ðàçà, ÷òî ñâÿçàíî ñ ôàçîâûìè ïðåâðàùåíèÿìè è îáðàçîâàíèåì çàêàëî÷íûõ ñòðóêòóð. Ýêñïåðèìåíòàìè 
îïðåäåëåíû ðàöèîíàëüíûå ïàðàìåòðû ðåæèìà òåðìîóïðî÷íåíèÿ, ïîçâîëÿþùèå èñêëþ÷èòü ïðîâåäåíèå òàêîé 
äîïîëíèòåëüíîé îïåðàöèè êàê îòïóñê. Òàêèì îáðàçîì, ïðèìåíåíèå òåðìîóïðî÷íåíèÿ äëÿ îáåñïå÷åíèÿ ïîâû-
øåííîé òâåðäîñòè è ñòîéêîñòè ê âîçäåéñòâèþ àáðàçèâíîé ñðåäû (îñîáåííî ïðèìåíèòåëüíî ê ïëóæíûì ëå-
ìåõàì) ÿâëÿåòñÿ íåîáõîäèìîé òåõíîëîãè÷åñêîé îïåðàöèåé ïðè ïðîèçâîäñòâå äåòàëåé ïî÷âîîáðàáàòûâàþùèõ 
îðóäèé èç ñòàëè Ë53.
Êëþ÷åâûå ñëîâà: òåðìîîáðàáîòêà, òåðìîóïðî÷íåíèå, çàêàëêà, àáðàçèâíàÿ èçíîñîñòîéêîñòü, òâåðäîñòü, 
ñòàëü Ë53, ëåìåõ, ðåñóðñ.

The production of domestic all-metal plowshares made of steel L53, in the current situation in the agriculture, re-
quires new solutions aimed at increasing the resource without significant technological and economic costs. Potential 
opportunities in this respect lie in conducting the thermal strengthening of such steel. However, the well-known 
works on this issue do not give a definitive answer about the possibilities of L53 and the optimum mode of heat treat-
ment in terms of ensuring abrasive wear resistance. Therefore, the aim of the presented investigations was to improve 
the service properties of steel L53 by thermal strengthening, expressed in increasing hardness and wear resistance. 
During the experiments, the experimental samples (steel L53) were subjected to heating from 720…870 Ñ within 
20 Ñ and cooling in the water with the subsequent determination of hardness and abrasion resistance. The wear tests 
were implemented on the plant of its own design, which allows changing the experimental conditions within a wide 
range. The obtained results indicate that conducting thermal strengthening from temperatures 840…860 Ñ allows 
increasing the abrasive wear resistance of L53 steel by 2,5…3 times, which is connected with phase transformations 
and the formation of hardening structures. It has determined by the experiments that the rational parameters of the 
thermal strengthening regime, which make it possible to exclude such an additional operation as the abatement. 
Accordingly, the application of thermal strengthening to provide increased hardness and resistance to abrasive en-
viroment (especially with regard to plowshares) is a necessary technological operation in the production of parts of 
tillage tools made of steel L53.
Keywords: thermal treatment, thermal strengthening, hardening, abrasive wear resistance, hardness, steel L53, 
plowshare, service life.

A.M. MIHAL'CHENKOV, DSc in Engineering
S.I. BUDKO, PhD in Engineering
A.A. YUREVA, PhD in Engineering
Bryansk State Agrarian University, Bryansk, Russia Federation 
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 Ââåäåíèå
Íà÷àëî èñïîëüçîâàíèÿ ñòàëè Ë53 äëÿ èç-

ãîòîâëåíèÿ ëåìåõîâ îòíîñèòñÿ ê ïåðâîé ïîëî-
âèíå ÕÕ âåêà è ïðîäîëæàåòñÿ äî íàñòîÿùåãî 
âðåìåíè. Ïðèíÿòîå â ïðîèçâîäñòâå óïðî÷íåíèå 
ïóòåì íàïëàâêè ñëîÿ «ñîðìàéòà» íà òûëüíóþ 
ñòîðîíó ëåçâèéíîé îáëàñòè äåòàëè â îïðåäå-
ëåííîé ñòåïåíè ïîçâîëÿåò ïîâûñèòü ðåñóðñ, 
íî íå ðåøàåò ïðîáëåìû ñóùåñòâåííî. Ñîçäàâ-
øàÿñÿ ñèòóàöèÿ ïðèâåëà ê òîìó, ÷òî ðåñóðñ 
îòå÷åñòâåííûõ ëåìåõîâ çíà÷èòåëüíî óñòó-
ïàåò ðåñóðñó ëåìåõîâ èìïîðòíîãî ïðîèçâîä-
ñòâà (ïðèìåðíî â 10 ðàç) [1]. Îñîáåííî äàííîå 
îáñòîÿòåëüñòâî ïðîÿâëÿåòñÿ ïðè ïàõîòå íà 
ïî÷âàõ ñ âûñîêèì ñîäåðæàíèåì êâàðöåâîé ñî-
ñòàâëÿþùåé è âûðàæàåòñÿ â îïåðåæàþùåì 
èçíîñå íîñêà (äîëîòîîáðàçíîé îáëàñòè) ëåìåõà 
[2, 3]. Ìåæäó òåì, ïîòåíöèàëüíûå âîçìîæíî-
ñòè ïî ïîâûøåíèþ ñëóæåáíûõ ñâîéñòâ (òâåð-
äîñòè è èçíîñîñòîéêîñòè) ñòàëè Ë53 äàëåêî íå 
èñ÷åðïàíû.

Ïðåæäå âñåãî îíè êðîþòñÿ â ïðîâåäåíèè 
òåðìîóïðî÷íåíèÿ (ÒÓ). Íóæíî îòìåòèòü, ÷òî 
ïîñòóïàþùèå íà îòå÷åñòâåííûé ðûíîê ëåìåõè 
çàðóáåæíûõ êîìïàíèé â îáÿçàòåëüíîì ïîðÿäêå 
ïðîõîäÿò óïðî÷íåíèå òåðìè÷åñêîé îáðàáîò-
êîé (ÒÎ). Ïðè÷åì îíè çàêàëèâàþòñÿ ïî âñåìó 
îáúåìó â ñèëó ñïåöèôèêè ýêñïëóàòàöèè, ñâÿ-
çàííîé ñ âûñîêèì òåìïîì èçíàøèâàíèÿ [4, 5], 
êîãäà èñòèðàíèå ïîâåðõíîñòíîãî òâåðäîãî ñëîÿ 
ïðîèñõîäèò çà ñðàâíèòåëüíî íåáîëüøîé ïðîìå-
æóòîê âðåìåíè.

Ñòàëü Ë53 îòíîñèòñÿ ê ãðóïïå ñðåäíåóãëå-
ðîäèñòûõ ñòàëåé ñ êîëè÷åñòâîì óãëåðîäà 
îêîëî 0,53 %, ÷òî ïîçâîëÿåò ïðîâîäèòü çàêàëêó 
ñ ñóùåñòâåííûì ïîâûøåíèåì òâåðäîñòè, à ñëå-
äîâàòåëüíî, è ñòîéêîñòè ê àáðàçèâíîìó èçíà-
øèâàíèþ [6]. Îäíàêî â ïëàíå òåðìîóïðî÷íÿþ-
ùåé îáðàáîòêè ëåìåøíîé ñòàëè â ñïåöèàëüíîé 
ëèòåðàòóðå ñâåäåíèÿ êðàéíå ìàëî÷èñëåííû, à 
ïîðîé ïðîòèâîðå÷èâû [7]. 

Öåëü èññëåäîâàíèÿ
Öåëüþ èññëåäîâàíèÿ ÿâëÿåòñÿ ïðîâåäåíèå 

ñåðèè ýêñïåðèìåíòîâ ïî îïðåäåëåíèþ âîçìîæ-
íîñòåé ñòàëè Ë53 â àñïåêòå îáåñïå÷åíèÿ àáðà-
çèâíîé èçíîñîñòîéêîñòè ïîñëå òåðìîóïðî÷íå-
íèÿ ñ ðàçëè÷íûõ òåìïåðàòóð.

Ìåòîäèêà ïðîâåäåíèÿ ýêñïåðèìåíòà
Òåõíèêà ýêñïåðèìåíòàëüíûõ èññëåäîâàíèé 

ñîñòîÿëà èç ñëåäóþùèõ ýòàïîâ: 1 – ïîäãîòîâ-
êà îáðàçöîâ; 2 – òåðìîîáðàáîòêà; 3 – êîíòðîëü 

òâåðäîñòè ïîñëå ÒÎ; 4 – ïðîâåäåíèå èñïûòàíèé 
íà èçíàøèâàíèå.

Îáðàçöû âûðåçàëèñü èç öåëüíîìåòàëëè÷å-
ñêèõ ëåìåõîâ ðîññèéñêîãî ïðîèçâîäñòâà ïðè 
ìèíèìàëüíîì òåìïåðàòóðíîì âëèÿíèè âî èç-
áåæàíèè èçìåíåíèÿ ñâîéñòâ ìàòåðèàëà. Ïëî-
ùàäü îáðàçöîâ, ðàâíàÿ 36 ñì2, ïîçâîëÿåò â 
ïîëíîé ìåðå ðåàëèçîâûâàòüñÿ ïðîöåññàì, ïðè-
ñóùèì àáðàçèâíîìó èçíàøèâàíèþ. 

Òåðìîîáðàáîòêà ïðîâîäèëàñü ñ òåìïåðàòó-
ðîé 720…870 Ñ ñ èíòåðâàëîì â 20 Ñ è îõëàæ-
äåíèåì â âîäå.

Â êà÷åñòâå îöåíêè ìåõàíè÷åñêèõ ñâîéñòâ 
ïðèíèìàëàñü òâåðäîñòü, êîòîðàÿ èçìåðÿëàñü 
ìåòîäîì Ðîêâåëëà ïî øêàëå Ñ (HRC). Ïîñëå 
óäàëåíèÿ ñëåäîâ òåðìîîáðàáîòêè òâåðäîñòü 
êîíòðîëèðîâàëàñü íàíåñåíèåì 5 îòïå÷àòêîâ 
ïî âñåé ïëîùàäè ïîâåðõíîñòè òðåíèÿ ñ ïî-
ñëåäóþùèì âû÷èñëåíèåì ñðåäíåãî çíà÷åíèÿ. 
Êîíòðîëü HRC îñóùåñòâëÿëñÿ äî èñïûòàíèé è 
ïîñëå èõ ðåàëèçàöèè.

Èñïûòàíèå íà èçíàøèâàíèå ïðîâîäèëèñü â 
óñêîðåííîì ðåæèìå ñ èñïîëüçîâàíèåì óñòàíîâ-
êè ñîáñòâåííîé êîíñòðóêöèè, êîòîðàÿ ïîçâîëÿ-
åò â øèðîêîì äèàïàçîíå ìåíÿòü óñëîâèÿ ýêñïå-
ðèìåíòà, â òîì ÷èñëå è óãîë íàêëîíà îáðàçöà ê 
ãîðèçîíòó. Ýòî, â îïðåäåëåííîé ìåðå, èìèòèðóåò 
èçíàøèâàíèå ðåàëüíûõ äåòàëåé. Â êà÷åñòâå àáðà-
çèâíîé ñðåäû èñïîëüçîâàëñÿ ùåáåíü ñ ðàçìåðàìè 
ôðàêöèé 5…20 ìì. Âðåìÿ èñïûòàíèé 120 ìèí.

Ðåçóëüòàòû èññëåäîâàíèÿ 
è èõ îáñóæäåíèå
Óâåëè÷åíèå òåìïåðàòóðû ÒÎ ïðèâîäèò ê 

çíà÷èòåëüíîìó ðîñòó òâåðäîñòè, ÷òî ñîîòâåò-
ñòâóåò ïîëîæåíèÿì ìåòàëëîâåäåíèÿ è ñâÿçàíî 
ñ ôàçîâûìè ïðåâðàùåíèÿìè (ðèñ. 1) [8] è èçìå-
íåíèåì ñòðóêòóðû.

Â ñîîòâåòñòâèè ñ ïîëó÷åííûìè äàííûìè ìè-
íèìàëüíàÿ òâåðäîñòü (15…20 HRC) õàðàêòåðíà 
äëÿ òåðìîîáðàáîòêè ñ òåìïåðàòóðîé 720…760 Ñ 
è ïðèìåðíî ðàâíà òâåðäîñòè ìåòàëëà ëåìåõà â 
ñîñòîÿíèè ïîñòàâêè. Òàêèå òåìïåðàòóðû (t) íå 
îêàçûâàþò çàìåòíîãî âëèÿíèÿ íà èçìåíåíèå 
ñòðóêòóðíûõ ñîñòàâëÿþùèõ ñòàëè èç-çà îò-
ñóòñòâèÿ ôàçîâûõ ïðåâðàùåíèé. Ïîñëåäóþùåå 
óâåëè÷åíèå t ïðèâîäèò ê äîñòàòî÷íî ðåçêîìó 
ïîâûøåíèþ HRC, è ïðè ÒÎ ñ òåìïåðàòóðîé 
860 Ñ çíà÷åíèå òâåðäîñòè ìàêñèìàëüíî è äî-
ñòèãàåò 55…58 HRC (ðèñ. 1). Òàêèì îáðàçîì, 
ïóòåì ÒÓ ìîæíî ïîâûñèòü âåëè÷èíó òâåðäîñòè 
ñòàëè Ë53 áîëåå ÷åì â 3 ðàçà ïî ñðàâíåíèþ ñ åå 
çíà÷åíèåì ó ëåìåõîâ çàâîäñêîãî èñïîëíåíèÿ.
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Àíàëîãè÷íûé õàðàêòåð èìååò è çàâèñè-
ìîñòü ìåæäó èçíîñîñòîéêîñòüþ (ñ) è òåìïåðà-
òóðîé ÒÎ (ðèñ. 2). Òî åñòü ñòîéêîñòü ê àáðàçèâ-
íîìó èçíàøèâàíèþ çà ñ÷åò òåðìîóïðî÷íåíèÿ 
òàêæå ìîæíî ïîâûñèòü ïðèìåðíî â 2,5…3 ðàçà. 
Íàáëþäàåìûå ðàññåèâàíèå îïûòíûõ äàííûõ 
ïî èçíîñîñòîéêîñòè îáóñëîâëåííî ñëîæíîñòüþ 
ïðîöåññîâ àáðàçèâíîãî èçíàøèâàíèÿ. 

Â ïðàêòè÷åñêîì ïëàíå óâåëè÷åíèå èçíîñî-
ñòîéêîñòè ëåìåõîâ, îñîáåííî äîëîòîîáðàçíîé 
÷àñòè, ïîçâîëèò çíà÷èòåëüíî óâåëè÷èòü ðåñóðñ 
ëåìåõîâ çà ñ÷åò ñíèæåíèÿ òåìïà èçíàøèâàíèÿ 
çàãëóáëÿþùåé îáëàñòè è îáðàçîâàíèÿ ëó÷å-
âèäíîãî èçíîñà.

Äëÿ äàííîé ñòàëè è ïðèìåíÿåìîé òåðìîîá-
ðàáîòêè íå ïðîèñõîäèò ïîëíîãî ìàðòåíñèòíîãî 
ïðåâðàùåíèÿ, õîòÿ òâåðäîñòü ïðè ÒÓ ñ òåìïå-

ðàòóðîé 860 Ñ äîñòàòî÷íî áëèçêà ê òâåðäîñòè 
ýòîé ñòðóêòóðû. Êðîìå òîãî, ïðè âíèìàòåëü-
íîì ðàññìîòðåíèè ãðàôèêîâ (ðèñ. 1 è 2) îòìå-
÷àåòñÿ ïàäåíèå HRC è èçíîñîñòîéêîñòè ïðè ÒÎ 
ñ òåìïåðàòóðîé 860 Ñ, ñâÿçàííîå ñ îõðóï÷èâà-
íèåì ñòðóêòóðû, ÷òî äåëàåò íåöåëåñîîáðàçíûì 
ïðîâåäåíèå òàêîãî òåðìîóïðî÷íåíèÿ. Ïîýòîìó 
åñòü îñíîâàíèå äëÿ èñêëþ÷åíèÿ òàêîé äîïîë-
íèòåëüíîé îïåðàöèè, êàê îòïóñê. Áîëåå òîãî, 
èñõîäÿ èç èññëåäîâàíèé [9], ãäå ïîêàçàíî, ÷òî 
îïòèìàëüíàÿ òâåðäîñòü ëåìåõîâ ñîñòàâëÿåò 
îêîëî 50…53 HRC, ñëåäóåò ïðîâîäèòü çàêàëêó 
ñ òåìïåðàòóðîé 820…830 Ñ è îõëàæäåíèåì â 
âîäå, ÷òî ïîçâîëÿåò èçáåæàòü âûñîêîãî óðîâíÿ 
îñòàòî÷íûõ íàïðÿæåíèé è çíà÷èòåëüíî ñíè-
çèòü ñêëîííîñòü ñòàëè ê îáðàçîâàíèþ òðåùèí 
è ðàçðóøåíèþ áåç ïðèìåíåíèÿ îòïóñêà. 

Ðèñ. 1. Èçìåíåíèå òâåðäîñòè HRC ñòàëè Ë53 ïðè îõëàæäåíèè â âîäå ñ ðàçëè÷íûìè òåìïåðàòóðàìè

Ðèñ. 2. Âëèÿíèå òåìïåðàòóðû òåðìîîáðàáîòêè (îõëàæäåíèå â âîäå) íà èçíîñîñòîéêîñòü ñòàëè Ë53
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Ïîäòâåðæäåíèåì âûøåèçëîæåííîìó ñëóæàò 
ïîëíîìàñøòàáíûå ìíîãîëåòíèå ïîëåâûå èñïû-
òàíèÿ øòàìïîñâàðíûõ ëåìåõîâ ñ òåðìîóïðî÷-
íåííûìè äîëîòàìè, ïðîâåäåííûå ñîòðóäíèêà-
ìè Áðÿíñêîãî ÃÀÓ, êîòîðûå ïîêàçàëè âûñîêóþ 
òåõíîëîãè÷åñêóþ è ýêîíîìè÷åñêóþ ýôôåêòèâ-
íîñòü òàêèõ äåòàëåé. Ïðè ýòîì íàáëþäåíèÿìè 
óñòàíîâëåíî 100%-å îòñóòñòâèå òðåùèí, òåì 
áîëåå ðàçðóøåíèé.

Âûâîäû
1. Ïðèìåíåíèå òåðìîóïðî÷íåíèÿ äëÿ ñòàëè 

Ë53 ïîçâîëèò óâåëè÷èòü ñòîéêîñòü ê àáðàçèâ-
íîìó èçíàøèâàíèþ â 2,5…3 ðàçà.

2. Ïðè ïðîâåäåíèè óïðî÷íÿþùåé òåðìîîá-
ðàáîòêè ðåêîìåíäóåòñÿ íàãðåâ ñ òåìïåðàòóðîé 
820…830 Ñ, ÷òî ïîçâîëÿåò èñêëþ÷èòü îïåðà-
öèþ îòïóñêà.

3. Èñïîëüçîâàíèå òåðìîîáðàáîòêè äëÿ 
óëó÷øåíèÿ ñëóæåáíûõ ñâîéñòâ ñòàëè Ë53 ÿâ-
ëÿåòñÿ îáîñíîâàííîé, à ïî îòíîøåíèþ ê ïîâû-
øåíèþ èçíîñîñòîéêîñòè ëåìåõîâ, íåîáõîäèìîé 
îïåðàöèåé ïðè èõ èçãîòîâëåíèè.
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