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Abstract. Row and industrial crops in the overall structure of crop production occupy a significant share. A special
role is assigned to the production of root and tuber crops. A distinctive feature of the technology of cultivation of
root and tuber crops is that before or during harvesting the tops are removed. The article presents the results of
experimental studies to substantiate and assess the effect of the kinematic operating mode of a rotary topper
chopper on the completeness of removing the tops of root and tuber crops. As the factors determining the
percentage of completeness of haulm removal, the rotor speed and the speed of the haulm chopper were chosen.
These factors, along with the diameter of the cross-section of the working element, have the greatest influence on
the quality of the implementation of the technological process of grinding the tops of potatoes with the
simultaneous destruction of the larvae of the Colorado potato beetle. During the experiments, the methodology of
the mathematical theory of planning experiments was used. To process the experimental results, we used the
software developed by the authors in the Visual Basic for Aplications language in the MS Excel environment.
With the help of the constructed mathematical model, the optimization problem was solved and the values of the
operating parameters of the topper chopper were determined, which ensure the maximum percentage of the
completeness of the haulm removal. The values of the operating parameters of the topper chopper, at which the
highest percentage of haulm removal is achieved, turned out to be as follows: rotor speed - 1750.340 min; speed
of movement of the unit - 2.922 m-s™,

Keywords: tops, root crops, rotary toppers, full-factor experiment plan, optimization problem.

Introduction

The demand for ecological products grown using the technology of minimal chemical treatments is
growing from year to year [1; 2]. Crop productivity is the result of the interaction of many factors and
conditions, the most important of which are: soil fertility, plant nature, soil and climatic conditions and
mechanized tillage technology [3-5].

The justification of the technology and complex of machines for potato cultivation must be based
on the condition of the technical base and workforce management, soil and climatic conditions, the
financial situation of the economy and considering of the requirements for soil treatment, crop rotation,
seed material, its preparation, planting and care during the growing season and a number of other
organizational and technological problems [6-8].

A distinctive feature of the technology of cultivation of root and tuber crops is that before or during
harvesting the tops are removed [9-11]. Removing the tops facilitates harvesting, promotes better
maturation of potato tubers, reduces the possibility of transferring fungal and viral diseases of root crops,
which reduces the sensitivity of the latter to mechanical damage and loss of production during long-
term storage [12-13].

The existing machines Bargam, Structural, Grimme, BDM either cannot ensure the performance of
work in accordance with agrotechnical requirements, or are energy-intensive and expensive. In this
regard, it seems promising to develop rotary working bodies of a cable type, which ensure the required
quality of removal and crushing of the tops of root and tuber crops and reduce energy consumption for
the operation, simplify the drive of the working bodies and the metal consumption of the machine
structure as a whole [14-16].

The work solved the problem of selecting the operating modes of the topper, which ensure the
highest percentage of removal of the tops of root and tuber crops.

Materials and methods

The creation of a complex of machines for energy-saving technologies and their maintenance in
good condition by choosing the optimal strategy for technical service is one of the priority directions of
scientific activity of the Kazan State Agrarian University. As part of this activity, a rotary chopper of
root and tuber tops was developed, which is shown in Figure 1 [17; 18].
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Fig. 1. General view of the rotary topper for root and tuber crops: 1 — frame, 2 — linkage
mechanism; 3 — support wheel; 4 — fixing bracket; 5 — slot; 6 — an adjusting bar; 7 — hydraulic motor;
8 — vertical shaft; 9 — rotor; 10 — work item

In order to determine the most rational parameters of work, it was decided to make a mathematical
model of the dependence of the completeness of the removal of tops from the rotor speed and the speed
of movement of the topper. These factors, along with the diameter of the cross-section of the working
element, have the greatest impact on the quality of the implementation of the technological process of
grinding the tops of potatoes, with the simultaneous destruction of the larvae of the Colorado potato
beetle. The impact force on the haulm depends on the speed and diameter of the working element, which
affects the quality of its crushing and the completeness of removal. The diameter of the working element
was selected earlier in laboratory tests on the soil canal of the Kazan State Agrarian University,
therefore, when conducting field experiments, its value was taken equal to d = 0.006 m. The choice of
the speed of the unit is also important, since its incorrect value leads either to a decrease in productivity,
or to a deterioration in the quality of work.

The evenness of the field, the uniformity of the height of the beds, the contamination of the field,
as well as the physical and mechanical properties of the soil, are also important in removing the tops. In
this case, we will assume that all technological operations during the cultivation of potatoes were carried
out efficiently and on time, therefore the values of the above indicators are at the required level. The
potatoes were harvested using a separate method, so the cutting height of the tops was within 5 cm.

It was decided to choose the type of relationship between the completeness of the haulm removal
(response z), the rotor rotation speed and the speed of the haulm chopper (factors x” and y’) in the form
of a quadratic polynomial. Since, as stated in [19], second-order polynomial models allow solving the
absolute majority of engineering problems in material science and technology, as a result of which they
can be considered basic for engineering practice. That is, the relationship between the response z and
the factors x” and y” was sought in the form:

L=py+ B X'+, y'+ﬂ11-x'2 + By yl2 +B, X"y +e. (1)

In the course of the experiments, the values of the factor x” varied in the range from 540 min to
2000 min, and the factor y’ in the range from 2.5 m-s™ to 4.3 m-s. The rotor speed in the experiments
was limited to the accepted values, since its lower values do not allow chopping the tops of potatoes,
which is confirmed by the research of scientists in this area, and large values lead to excessive power
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consumption of the power plant, which is confirmed by the results of the tests carried out at the Volga
machine testing station [20]. The forward speed of the unit varied within the specified limits in
accordance with the generally accepted values of this indicator used in the implementation of
technological operations of mowing, crushing and removing the tops of potatoes. During the experiment,
the surface of the plot was in good condition, the tops were green, well-developed, erect with a closed
crown.

As a plan for the experiments, a plan of a full-factor experiment was chosen with a variation of each
factor at three levels. A total of nine experiments in the plan: 9 = 32, in addition to these experiments in
the center of the plan, two additional experiments were carried out to calculate the variance of the
reproducibility of the experiments. The choice of this design for conducting experiments was due to the
fact that it has a fairly good efficiency in all criteria (D, A, E, Q-optimality) and is used in cases where
there are no strict resource constraints. It has a sufficiently high redundancy of experiments: to obtain
estimates of the six parameters of the model (1), nine experiments are performed, which allows to obtain
statistically reliable conclusions. The planning matrix and the results of the experiments to substantiate
and assess the effect of the kinematic operating mode of the rotary topper chopper on the completeness
of the haulm removal are presented in Table 1.

Table 1
Planning matrix and experiment results
Rotor rotation speed, Topper movement speed, Percentage of
Experiment min* m-s? haulm removal, %

X’ X Y’ Y Z
1 540 -1 2.5 -1 58
2 2000 +1 2.5 -1 98
3 540 -1 4.3 +1 23
4 2000 +1 4.3 +1 80
5 540 -1 3.4 0 52
6 2000 +1 3.4 0 96
7 1270 0 2.5 -1 92
8 1270 0 4.3 +1 70
9 1270 0 3.4 0 90
10 1270 0 3.4 0 89
11 1270 0 3.4 0 91

Here x and y are coded values of factors x> and y’. They are expressed through the natural values of
the factors according to the formulas:

2:(X - X,,) o
(X;nax_xr'nin),

B 2-(Y'—Yclp) )

- (Yr;mx _Yr;ﬂn),

where  x’mig = (X’min + X’max)/z, Y’ mid = (y,min + y,max)lz; X’min, Y min, X max Y max — Mean values in
physical terms of factors x” and y’, respectively;
X’ miny Y min, X max Y max — Minimum and maximum values of factors x” and y’ in physical
units, respectively.

By substituting the values of the factors x* and y’ into formulas (2) and (3), it is easy to make sure
that the values of the coded factors x and y vary in the range from -1 to + 1.

Results and discussion

As a result of processing the experimental data (Table 2), using special software written in the
Visual Basic for Aplications language in the MS Excel environment, the following mathematical model
was obtained in coded variables:
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Z=by+b -x+b,-y+b, - x*+b,, - y*+b, -x-y= @
90.0526+23.5-x-12.5-y—-16.1316- x?—9.1316- y2 +4.25-X-y

Table 2
Experimental data processing results

Experiment | X | Y | X2 | Y2 | XY | Zexp | Zcalc Ei Ai Abs(Ai)
1 1] -1 ] 1 1 1 58 | 58.03947 | -0.03947 | -0.06806 | 0.068058
2 1 |1-1] 1 1 -1 98 |96.53947 | 1.460526 | 1.490333 | 1.490333
3 11 1 1 -1 23 | 24.53947 | -1.53947 | -6.69336 | 6.693364
4 111 1 1 1 80 | 80.03947 | -0.03947 | -0.04934 | 0.049342
5 110 1 0 0 52 |50.42105 | 1.578947 | 3.036437 | 3.036437
6 110 1 0 0 96 | 97.42105 | -1.42105 | -1.48026 | 1.480263
7 0O|-1]0 1 0 92 |93.42105 | -1.42105 | -1.54462 | 1.544622
8 0|1 0 1 0 70 | 68.42105 | 1.578947 | 2.255639 | 2.255639
9 00 0 0 0 90 |90.05263 | -0.05263 | -0.05848 | 0.05848

10 00 0 0 0 89 |90.05263 | -1.05263 | -1.18273 | 1.182732
11 010 0 0 0 91 |90.05263 | 0.947368 | 1.041064 | 1.041064

From where, Srepr = 2, Amig = 1.852949.

The calculated values of the Student’s criterion for the coefficients are presented in Table 3.

Table 3
Calculated values of the Student’s test for the coefficients

Coefficient to ty to ti1 t2 to
Student’s criterion | 135.0789 | 35.25 18.75 24.19737 | 13.69737 6.375
Significant coefficients of the mathematical model are presented in Table 4.

Table 4
Significant coefficients of the mathematical model
Coefficient Bo B, B> Bu B2 Bi2
Coefficient value 90.05263 23.5 -12.5 -16.1316 | -9.13158 4.25

The calculated value of the Fisher coefficient is Fcac = 0.70634.

All coefficients in model (4) are significant, since the calculated values of the Student’s criterion
for them are greater than the critical value of the Studen’s criterion for the significance level a = 0.05
and the degree of freedom number p=n (m-1) =9 1) t;r =t (0.05;9) = 2.262. The model is adequate
since Fcac = 0.706; and the critical value of the Fisher criterion for the significance level o = 0.05 and
the number of degrees of freedom ki=n-1=9-6=3; kx=n (m-1)=9 (2-1)=9 is Fu=F
(0.05;3;9) = 3.900 and Fcarc < Fer. Model (4) is also adequate according to the criterion of the average
relative error, since Amia = 1.853% < 10%. Model (4) is adequate according to two criteria, therefore,
with a sufficient degree of reliability, it can be used to predict the values of the response z for the values
of the factors x and y from their ranges of variation, but not found in the plan matrix. Also, model (4)
can be used to solve the optimization problem.

The optimization problem is formulated as follows: to select such values of the rotor speed and the
speed of the topper that provide the maximum percentage of haulm removal. The mathematical
formulation of this problem is as follows:

F(x,y)=(90.0526+23.5-x-12.5-y-16.1316- x> —9.1316- y* +4.25-X - y) > max . 5)
where —-1<x<1,-1<y<1.

The equation (5) is a conditional nonlinear programming problem. Its solution by the conjugate
gradient method in conjunction with the penalty function method [21], using the “Search for a solution”
add-in of the MS Excel spreadsheet processor, leads to the following result:

Xt =0.658, Y, =—0.531 wherein F (X, Yo, ) =101.109%.
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Indirectly, the correctness of the solution to the optimization problem (5) is confirmed in Figure 2,
which shows the surface of the dependence F (x, y).
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Fig. 2. Graph z = F(x, y) of the dependence of complete removal of the haulm from the speed of
movement and the rotational speed of the haulm chopper

As it can be seen from the result of solving the problem, the percentage of haulm removal is
101.109%, which is not physically realizable. The explanation for this is the following: the model
predicts the percentage of haulm removal is not absolutely accurate — the maximum model error at the
plan points is ~2.0%. As it can be seen from the data in Table 1, approximately the same error is observed
in the accuracy of the reproduction of the experiments in the centre of the plan. Therefore, taking this
into account, we take the percentage of tops removal at equal to ~100%. To determine the natural values
of the operating parameters at which the greatest percentage of haulm removal is achieved, we will use
formula (2). From it we obtain expressions for finding the natural values of the parameters through their
coded values:

. . X . .
Xonm = ch + oznm . (Xmax - Xmin) ’ (6)

ytlmm = ycp + yoznm ’ (y;nax - ymm) (7)

Substituting the values X, =0.658; y,, =—0.531 in formulas (6) and (7), we find:

T 0.658 .
X =g + - (K~ Xp) =1270.000-+ == (2000.000 - 540.000) =1750.340;
Vi =Yg + y;p‘ (Yo — y;nin)=3.400+@ (4.300—2.500) =2.922.

Conclusions

The natural values of the operating parameters of the topper chopper, at which the highest
percentage of haulm removal, equal to approximately 100%, is achieved, turned out to be as follows:
Xopt = 1750.340 mint; Yo =2.922 m-s. The constructed mathematical model reproduces the
experimental data quite accurately, which makes it possible to use it in further research.
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