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Ìåòîäîì ïëàíèðîâàíèÿ äâóõôàêòîðíîãî ýêñïåðèìåíòà îáîñíîâàíû îïòèìàëüíûå ïàðàìåòðû è ðåæèì ðàáîòû 
ñïèðàëüíî-âèíòîâîãî êàòêà äëÿ ïðèêàòûâàíèÿ ïî÷âû ñ öåëüþ ñîçäàíèÿ åå îïòèìàëüíîé ïëîòíîñòè â ïîñåâíîì 
ñëîå, îáåñïå÷èâàþùåé äðóæíûå âñõîäû âûñåÿííûõ ñåìÿí êóëüòóðíûõ ðàñòåíèé è èõ óñòîé÷èâîå ðàçâèòèå. Èñ-
ñëåäîâàíèÿ âûïîëíåíû ñ èñïîëüçîâàíèåì ïîëîæåíèé òåîðèè ïëàíèðîâàíèÿ ýêñïåðèìåíòà è îñíîâíûõ ìåòîäîâ 
èçìåðåíèé, ðåãëàìåíòèðîâàííûõ íîðìàòèâíîé äîêóìåíòàöèåé. Êîëè÷åñòâåííûìè ôàêòîðàìè ìàòåìàòè÷åñêîãî 
ìåòîäà ïëàíèðîâàíèÿ ÿâëÿþòñÿ êîíñòðóêòèâíûå ïàðàìåòðû è ðåæèìû ðàáîòû ïðèêàòûâàþùåãî êàòêà. Äëÿ èõ 
îïòèìèçàöèè èñïîëüçîâàëè Â

ê
 (ïëàí), à â êà÷åñòâå êðèòåðèÿ îïòèìèçàöèè (îòêëèêà) ïðèíÿòà ïëîòíîñòü ïî÷âû 

â ïðèêàòàííîì ñëîå, êîòîðàÿ çàâèñèò îò âåëè÷èíû áàëëàñòíîãî ãðóçà, çàêðåïëåííîãî íà ðàìå êàòêà, è ðàáî÷åé 
ñêîðîñòè äâèæåíèÿ àãðåãàòà. Óðîâíè âàðüèðîâàíèÿ ôàêòîðîâ âûáðàíû òàê, ÷òîáû èõ îïòèìàëüíûå çíà÷åíèÿ, 
ðàññ÷èòàííûå òåîðåòè÷åñêè, ïîïàäàëè â öåíòð èíòåðâàëà âàðüèðîâàíèÿ. Èñïîëüçóÿ ïîëó÷åííûå óðàâíåíèÿ ðå-
ãðåññèè â êàíîíè÷åñêîé ôîðìå, ïîëó÷èëè ãèïåðïîâåðõíîñòè çàâèñèìîñòè ïëîòíîñòè ïî÷âû â ïîñåâíîì ñëîå 
îò ðàáî÷åé ñêîðîñòè àãðåãàòà è áàëëàñòíîãî ãðóçà, à òàêæå çàâèñèìîñòè äâóìåðíûõ ñå÷åíèé ïëîòíîñòè ïî÷âû. 
Öåíòð ýêñïåðèìåíòà ëåæèò â ïðåäåëàõ îáëàñòè ýêñïåðèìåíòà. Ïîëó÷åíî çíà÷åíèå îïòèìàëüíîé ïëîòíîñòè ïî-
÷âû â ïîñåâíîì ñëîå – 1,25 ã/ñì3 ïðè ðàáî÷åé ñêîðîñòè àãðåãàòà 7,6 êì/÷ è âåëè÷èíû áàëëàñòíîãî ãðóçà 42,4 êã.
Êëþ÷åâûå ñëîâà: ïëàíèðîâàíèå ýêñïåðèìåíòà, ïîâåðõíîñòü îòêëèêà, äâóìåðíûå ñå÷åíèÿ, öåíòð ïëàíà, ôàêòî-
ðû, óðàâíåíèå ðåãðåññèè, ïëîòíîñòü ïî÷âû.

The method of planning a two-factor experiment substantiates the optimal parameters and operation mode of the 
spiral-helical roller for compacting the soil in order to create its optimum density in the sowing layer, which ensures 
friendly shoots of the sown seeds of cultivated plants and their sustainable development. The studies were carried out 
using the provisions of the experiment planning theory and the main measurement methods written in the regulatory 
documentation. The quantitative factors of the mathematical planning method are the design parameters and operat-
ing modes of the press roller. The V

ê
 (plan) was used for its optimization, and the density of the soil in the rolled layer 

was taken as the optimization criterion (response), which depends on the size of the ballast weight attached to the 
frame of the roller and the operating speed of the unit. The levels of variation of the factors are chosen so that their 
optimal values, calculated theoretically, fall into the center of the interval of variation. Using the obtained regression 
equations in canonical form, we obtained hypersurfaces of dependence of soil density in the sowing layer on the 
operating speed of the aggregate and ballast weights, as well as dependencies of two-dimensional sections of soil 
density. The center of the experiment lies within the scope of the experiment. The value of the optimum density of 
the soil in the sowing layer of 1,25 g/ñm3  at a working speed of the unit of 7,6 km/h and a ballast weight of 42,4 kg 
was obtained.
Keywords: experiment planning, response surface, two-dimensional sections, center of the plan, factors, regression 
equation, soil density.
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 Ââåäåíèå
Ðàçâèòèå ñîâðåìåííîé ñåëüñêîõîçÿéñòâåííîé 

òåõíèêè è åå òåõíè÷åñêèé óðîâåíü òåñíî ñâÿçà-
íû ñ îïòèìèçàöèåé ïðîèçâîäñòâåííûõ ïðîöåñ-
ñîâ, âûïîëíÿåìûõ ìàøèíàìè, à òàêæå èõ ïàðà-
ìåòðîâ è ðåæèìîâ ðàáîòû. Äëÿ ïîëó÷åíèÿ ýòèõ 
çíà÷åíèé èñïîëüçóþò ìàòåìàòè÷åñêèå ìåòîäû 
ïëàíèðîâàíèÿ ýêñïåðèìåíòîâ, êîòîðûå ïîçâîëÿ-
þò ñóùåñòâåííî ïîâûøàòü ýôôåêòèâíîñòü ýêñ-
ïåðèìåíòàëüíûõ èññëåäîâàíèé è ðàçðàáîòîê. 
Ïëàíèðîâàíèå ýêñïåðèìåíòà ïîçâîëÿåò áîëåå 
÷åì â òðè ðàçà ñîêðàòèòü ñðîêè èññëåäîâàíèé, 
çàòðàòû íà èõ ïðîâåäåíèå è ïîâûñèòü äîñòîâåð-
íîñòü ïîëó÷åííûõ ðåçóëüòàòîâ. 

Öåëü ðàáîòû
Îïòèìèçèðîâàòü ìåòîäîì ïëàíèðîâàíèÿ ýêñ-

ïåðèìåíòà êîíñòðóêòèâíûå è ðåæèìíûå ïàðà-
ìåòðû ïðèêàòûâàþùåãî ñïèðàëüíî-âèíòîâîãî 
êàòêà äëÿ ïðèêàòûâàíèÿ ïî÷âû ïîñëå ïîñåâà 
çåðíîâûõ, êîëîñîâûõ êóëüòóð. Çàäà÷à ïðèêàòû-
âàþùåãî êàòêà – ñîçäàòü îïòèìàëüíóþ ïëîò-
íîñòü ïî÷âû â ïîñåâíîì ñëîå, ÷òîáû îáåñïå÷èòü 
áëàãîïðèÿòíûå óñëîâèÿ äëÿ âñõîäîâ ñåìÿí ñåëü-
õîçêóëüòóð è ïîñëåäóþùåãî ðàçâèòèÿ ðàñòåíèé 
[1]. Ïðåäëàãàåìûé íàìè êàòîê èñïîëüçóåòñÿ â 
ñîñòàâå ìíîãîôóíêöèîíàëüíîãî ïîñåâíîãî àãðå-
ãàòà, îáåñïå÷èâàÿ çà îäèí ïðîõîä àãðåãàòà âíåñå-
íèå óäîáðåíèé, ïîñåâ ñåìÿí è ïðèêàòûâàíèå [2]. 
Òàêîå ñîâìåùåíèå òåõíîëîãè÷åñêèõ îïåðàöèé, 
áåññïîðíî, îáåñïå÷èò âûñîêóþ ýôôåêòèâíîñòü 
ïî ñðàâíåíèþ ñ îäíîîïåðàöèîííûìè ìàøèíàìè.

Ìàòåðèàëû è ìåòîäû
Äëÿ îïòèìèçàöèè êîíñòðóêòèâíûõ è ðå-

æèìíûõ ïàðàìåòðîâ ïðèêàòûâàþùåãî ñïè-
ðàëüíî-âèíòîâîãî êàòêà èñïîëüçîâàëñÿ ìåòîä 
ýêñïåðèìåíòàëüíîãî èññëåäîâàíèÿ, èçâåñòíûé 
êàê Â

ê
 (ïëàí). Ïðè ýòîì èçó÷àëîñü âëèÿíèå 

äâóõ ôàêòîðîâ è ôèêñèðîâàëè èõ çíà÷åíèå íà 
îïòèìàëüíûõ óðîâíÿõ. Ôàêòîðû, èíòåðâàëû è 
óðîâíè âàðüèðîâàíèÿ ïðåäñòàâëåíû â òàáë. 1.

Â êà÷åñòâå êðèòåðèÿ îïòèìèçàöèè (îòêëè-
êà) ïðèíÿòà ïëîòíîñòü ïî÷âû â ïðèêàòàííîì 
ñëîå, êîòîðàÿ çàâèñèò îò áàëëàñòíîãî ãðóçà íà 

ðàìå êàòêà è ðàáî÷åé ñêîðîñòè äâèæåíèÿ àãðå-
ãàòà ïðè îïðåäåëåííîé âëàæíîñòè ïî÷âû.

Óðîâíè ôàêòîðîâ âûáðàëè òàêèì îáðàçîì, 
÷òîáû îïòèìàëüíûå èõ çíà÷åíèÿ, ðàññ÷èòàí-
íûå òåîðåòè÷åñêè èëè ñ ó÷åòîì ñóùåñòâóþ-
ùèõ îãðàíè÷åíèé, ïîïàäàëè â öåíòð èíòåðâàëà 
âàðüèðîâàíèÿ.

Ìàêñèìàëüíûì çíà÷åíèåì ïåðâîãî ôàêòîðà 
ÿâëÿëîñü çíà÷åíèå ðàáî÷åé ñêîðîñòè äâèæåíèÿ 
àãðåãàòà V

p
 = 12 êì/÷, ìèíèìàëüíûì – 4 êì/÷, 

ñðåäíèì – 8 êì/÷, ÷òî è ñîîòâåòñòâîâàëî èí-
òåðâàëó âàðüèðîâàíèÿ ñêîðîñòè â öåíòðå 
ïëàíà, ðàâíîìó 4 êì/÷.

Ìàêñèìàëüíûì çíà÷åíèåì âòîðîãî ôàêòîðà 
ÿâëÿëîñü çíà÷åíèå áàëëàñòíîãî ãðóçà íà ðàìå 
êàòêà G = 60 êã, êîòîðîå ñíèæàëîñü äî ìèíè-
ìàëüíîãî – 20 êã; ñðåäíåå çíà÷åíèå ñîñòàâèëî 
40 êã, ÷òî òàêæå ñîîòâåòñòâîâàëî èíòåðâàëó 
âàðüèðîâàíèÿ â öåíòðå ïëàíà, ðàâíîãî 20 êã.

Äðóãèå êîíñòðóêòèâíûå óïðàâëÿåìûå ôàê-
òîðû ïðèêàòûâàþùåãî êàòêà â ðàáîòå íå èñ-
ïîëüçîâàëèñü, òàê êàê îíè íå ÿâëÿþòñÿ îïðåäå-
ëÿþùèìè äëÿ êà÷åñòâåííîãî ïðèêàòûâàíèÿ.

Ìàòðèöà ïëàíèðîâàíèÿ ýêñïåðèìåíòà ïðåä-
ñòàâëåíà â òàáë. 2.

Ïîðÿäîê ïðîâåäåíèÿ îïûòà âûïîëíÿëñÿ ñî-
ãëàñíî òàáëèöå ñëó÷àéíûõ ÷èñåë. Ðåçóëüòàòû 
ýêñïåðèìåíòàëüíûõ èññëåäîâàíèé ïî îïðåäå-
ëåíèþ êà÷åñòâåííûõ ïîêàçàòåëåé è îïòèìèçà-
öèè ïàðàìåòðîâ ïðîöåññà îáðàáàòûâàëè ïî èç-
âåñòíûì ìåòîäèêàì [3, 4].

Ðåçóëüòàòû è îáñóæäåíèÿ
Ïîñëå ìàòåìàòè÷åñêîé îáðàáîòêè ýêñïå-

ðèìåíòàëüíûõ äàííûõ ïîëó÷èëè ñëåäóþùèå 
óðàâíåíèÿ ðåãðåññèè ñ äåéñòâèòåëüíûìè êîýô-
ôèöèåíòàìè:

 

1 1 2 2 12 1 2
2 2

11 1 22 2

0

,

Y D D X D X D X X

D X D X

    

 
  (1)

ãäå D
0
 = 0,463; D

1
 = –0,14; D

2
 = 0,062; D

12
 = 5 · 10–4; 

D
11

 = 7,813 · 10–3; D
22

 = 7,75 · 10–4 – äåéñòâèòåëü-
íûå çíà÷åíèÿ êîýôôèöèåíòîâ óðàâíåíèÿ ðå-
ãðåññèè.

Öåíòð ïëàíà: Õ
1
 = 8 êì/÷, à Õ

2
 = 40 êì/÷.

Òàáëèöà 1 
Ôàêòîðû, èíòåðâàëû è óðîâíè âàðüèðîâàíèÿ

 Ôàêòîðû Êîäèðîâàííûé èíòåðâàë Óðîâíè âàðüèðîâàíèÿ
Óðîâíè ôàêòîðîâ

–1 0 +1
Ñêîðîñòü äâèæåíèÿ 

àãðåãàòà V, êì/÷ x
1

4 4 8 12

Äîïîëíèòåëüíûé ãðóç x
2 20 20 40 60
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Ïîñëå ïðåîáðàçîâàíèÿ äåéñòâèòåëüíûõ çíà-
÷åíèé êîýôôèöèåíòîâ óðàâíåíèÿ ðåãðåññèè â 
íîðìàëèçîâàííûå, ó÷èòûâàÿ óðàâíåíèÿ ïåðå-
âîäà, ïîëó÷èì:

 

1 1
1

1

ox xx 



;  (2)

 

2 2
2

2

ox xx 



;  (3)

íîðìàëèçîâàííûå çíà÷åíèÿ êîýôôèöèåíòîâ 
óðàâíåíèÿ ðåãðåññèè áóäóò:

b
o
 = 1,243; b

1
 = 0,020; b

2
 = 0,080; 

b
12

 = 0,040; b
11

 = 0,125; b
22

 = 0,310.

Ïîñëå ðàñ÷åòà êîýôôèöèåíòîâ ïðîâåðÿëè 
ãèïîòåçó îá èõ ñòàòèñòè÷åñêîé çíà÷èìîñòè ïî 
êðèòåðèþ Ñòúþäåíòà. Âñå êîýôôèöèåíòû óðàâ-
íåíèÿ ðåãðåññèè îêàçàëèñü ñòàòèñòè÷åñêè çíà-
÷èìûìè.

Óðàâíåíèå ðåãðåññèè ñ íîðìàëèçîâàííûìè 
êîýôôèöèåíòàìè ïðèìåò âèä:

 

1 2 12
2 2
1 2

1,243 0,020 0,080 0,040

0,125 0, .310

y x x x

x x

    

 
  (4)

Ïðîâåðêó àäåêâàòíîñòè ïîëó÷åííîãî óðàâ-
íåíèÿ ïðîâåëè ïî êðèòåðèþ Ôèøåðà, ñðàâíè-
âàÿ ïîëó÷åííîå çíà÷åíèå ñ òàáëè÷íûì, îíî íå 
ïðåâûøàåò åãî. Äèñïåðñèþ îïûòà îïðåäåëè-
ëè èç äîïîëíèòåëüíî ïðîâåäåííûõ îïûòîâ â 
öåíòðå ïëàíà – â êîëè÷åñòâå ïÿòè.

F
p
 < F

t
, 1,065 < 6,04.

Äëÿ íàõîæäåíèÿ îïòèìàëüíûõ çíà÷åíèé èñ-
ñëåäóåìûõ ôàêòîðîâ íàéäåì ÷àñòíûå ïðîèçâî-
äíûå óðàâíåíèÿ (4) ïî ôàêòîðàì:

 

1
2 1

1

1
1 2

2

0,02 0,04 0,25

0,08 0,04 0,62 .

dy x x
dx
dy x x
dx

   

   


 (5)

Ðåøàÿ ñèñòåìó ëèíåéíûõ óðàâíåíèé, íàõî-
äèì êîîðäèíàòû öåíòðà ïîâåðõíîñòè îòêëèêà.

õ
1
 = 0,1; õ

2
 = 0,123.

Ïîâåðõíîñòü èçó÷àëè ñ ïîìîùüþ äâóìåð-
íûõ ñå÷åíèé äëÿ áîëåå äåòàëüíîãî ïðåäñòàâëå-
íèÿ î ïîâåðõíîñòè îòêëèêà âáëèçè öåíòðà.

Ïîäñòàâëÿÿ íàéäåííûå çíà÷åíèÿ õ
1
 è õ

2
 â 

óðàâíåíèå (4), îïðåäåëÿåì çíà÷åíèå ïàðàìåòðà 
îïòèìèçàöèè â öåíòðå ïîâåðõíîñòè îòêëèêà: 
Y

0
 = 1,25.
Óãîë ïîâîðîòà îñåé ðàâåí 2,63 ãðàäóñà, ò.å. 

óðàâíåíèå (4) íå èìååò ïàðíûõ âçàèìîäåé-
ñòâèé, à êîýôôèöèåíòû ðåãðåññèè â êàíîíè÷å-
ñêîé ôîðìå ðàâíû Â

11
 = 0,126; Â

22
 = –0,311.

Èíâàðèàíòû: J
1
 = –0,158; J

2
 = –0,185.

Óðàâíåíèå ðåãðåññèè â êàíîíè÷åñêîé ôîðìå:

 
2 2
1 11,25 0,126 0,311Y X X   . (6)

Êîýôôèöèåíòû êàíîíè÷åñêîãî óðàâíåíèÿ 
ðåãðåññèè èìåþò ðàçíûå çíàêè, ïîâåðõíîñòü 
îòêëèêè ÿâëÿåòñÿ ãèïåðáîëè÷åñêèì ïàðàáîëî-
èäîì, à öåíòð ôèãóðû íàçûâàåòñÿ ñåäëîì, èëè 
ìèíèìàêñîì.

Ïîñëå ïîäñòàíîâêè ðàçëè÷íûõ çíà÷åíèé 
îòêëèêà Y â êàíîíè÷åñêîå óðàâíåíèå (6) áûëî 
ïîëó÷åíî ñåìåéñòâî ñîïðÿæåííûõ èçîëèíèé 
(ðèñ. 1 è 2).

Íà ðèñ. 3 ïðåäñòàâëåíû ïîâåðõíîñòè îòêëè-
êà â çàâèñèìîñòè îò ñêîðîñòè äâèæåíèÿ àãðå-
ãàòà è áàëëàñòíîãî ãðóçà, øêàëû â íàòóðàëü-
íûõ åäèíèöàõ: à) ãðàôèê ôóíêöèè P = f(G V

p
); 

á) ãðàôèê ôóíêöèè P = f(V
p
G).

Öåíòð ýêñïåðèìåíòà ëåæèò â ïðåäåëàõ îá-
ëàñòè ýêñïåðèìåíòà.

Îïòèìàëüíàÿ ïëîòíîñòü ïî÷âû â ñåìåííîì 
ëîæå ïðè ïîñåâå îçèìîé ïøåíèöû áóäåò ðàâíà 
1,25 ïðè ñêîðîñòè äâèæåíèÿ àãðåãàòà 7,6 êì/÷ è 
áàëëàñòíîì ãðóçå 42,4 êã.

Òàáëèöà 2 
Ìàòðèöà ïëàíèðîâàíèÿ ýêñïåðèìåíòà

№ опыта
Факторы Отклик

Vp, км/ч G, кг x1 x2 P, г/cм3

1 12 60 +1 +1 1,22
ПФЭ2 4 60 –1 +1 1,11

3 12 20 +1 –1 0,96
4 4 20 –1 –1 1,01
5 12 40 +1 0 1,41

Звездные точки6 4 40 –1 0 1,36
7 8 60 0 +1 1,04
8 8 20 0 –1 0,86
9 8 40 0 0 Центр плана
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Âûâîäû
Íà îñíîâàíèè îïòèìèçàöèè ïàðàìåòðîâ è 

ðåæèìîâ ðàáîòû ñïèðàëüíî-âèíòîâîãî êàòêà 
ìåòîäîì ïëàíèðîâàíèÿ äâóõôàêòîðíîãî ýêñïå-
ðèìåíòà óñòàíîâëåíî, ÷òî öåíòð ýêñïåðèìåíòà 
ëåæèò â ïðåäåëàõ îáëàñòè ýêñïåðèìåíòà; îïòè-
ìàëüíîå çíà÷åíèå ïëîòíîñòè ïî÷âû â ïîñåâíîì 
ñëîå ïðè ïðèêàòûâàíèè ïîñåâîâ îçèìîé ïøå-
íèöû ñîñòàâèëî 1,25 ã/ñì3 ïðè ðàáî÷åé ñêîðî-
ñòè äâèæåíèÿ àãðåãàòà 7,6 êì/÷ è áàëëàñòíîì 
ãðóçå íà ðàìå ïðèêàòûâàþùåãî êàòêà 42,4 êã.
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