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Abstract

This article investigates the optimization of the constructive and technological parameters of a helical rotary harrow using the
method of mathematical planning of multifactor experiments. The study aims to improve the quality of soil cultivation while
reducing energy consumption and increasing the operational efficiency of the unit. In the research, the influence of the rotational
speed of the helical toothed section, tooth diameter, tooth length, helix rise angle, and aggregate travel speed on the quality and
energy performance indicators of the rotary harrow was analyzed. The experiments were carried out based on the Plan B5
experimental design method. The lifting height of the bottom soil layer, soil crumbling degree, power consumption of the rotary
harrow, and specific draft resistance were selected as evaluation criteria. Experimental data were processed using the PLANEX
software package. The homogeneity of variance was evaluated using Cochran’s criterion, the significance of regression
coefficients was determined by Student’s criterion, and the adequacy of the developed models was verified using Fisher’s
criterion. As a result of the study, regression equations describing the relationships between the input factors and evaluation
criteria were obtained, and the optimal constructive and technological parameters of the helical rotary harrow were determined.
The obtained results demonstrate that the proposed parameter optimization improves soil cultivation quality, decreases energy
consumption, and enhances the operational efficiency of the machine unit.
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1. Introduction

High-quality soil cultivation in agriculture is one of the im- quality is considered an urgent task. In this regard, rotary har-
portant factors for increasing crop productivity and introduc- rows are distinguished by their effective implementation of
ing resource-saving technologies. Under modern conditions, soil loosening, crushing, and mixing processes. In particular,
the improvement of tillage machines aimed at preserving soil helical-toothed rotary harrows ensure a uniform effect on the
structure, reducing energy consumption, and improving tillage  soil due to the special design of their working bodies, thereby
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increasing the quality of operation and the productivity of the
unit.

The theoretical foundations of tillage machines were devel-
oped by V. P. Goryachkin, who investigated the interaction
processes between the soil and the working body [1]. In the
works of A. N. Zelenin, issues of soil resistance and energy
consumption were studied [2]. V. A. Sakun analyzed the kin-
ematic and technological parameters of rotary working bodies
[3]. A. P. Taveryan investigated the kinematic characteristics
of tillage devices with planetary drives [4].

Uzbek scientists have also carried out a number of scientific
studies on the improvement of tillage machines. In particular,
the works of D. J. Mukhamedov investigated the influence of
rotary working bodies on soil and the indicators of tillage
quality [5]. D. Abduvakhobov conducted studies on optimiz-
ing the technological parameters of tillage units and determin-
ing energy-saving operating modes [6]. In the scientific works
of Tokhtakuziev, the kinematic parameters of rotary and mill-
ing working bodies and their effect on soil crushing were an-
alyzed [7]. Q. Ismatullaev studied the constructive parameters
of tillage devices and their influence on agrotechnical indica-
tors [8].

In addition, B. M. Mirzaev carried out studies on energy-
saving constructions of combined tillage units and the param-
eters of their working bodies [9]. In the works of N. R.
Ravshanov, methods of mathematical modeling and pro-
cessing experimental results were applied to agricultural ma-
chinery [10]. F. M. Mamadaliev analyzed the process of soil
interaction with rotary working bodies and the factors affect-
ing the degree of soil crushing [11].

The method of mathematical planning of experiments is

considered an effective approach in the optimization of tech-
nical systems. In the works of V. V. Nalimov and Yu. P. Adler,
the theoretical foundations of multifactor experimental design
and methods of mathematical modeling were widely de-
scribed [12].

The analyzed scientific studies show that the issue of com-
prehensive optimization of the parameters of helical-toothed
rotary harrows based on multifactor experiments has not been
sufficiently studied. Therefore, in this research work, the in-
fluence of the rotational speed of the helical-toothed section
of the rotary harrow, tooth diameter, tooth length, helix rise
angle, and the travel speed of the unit on tillage quality and
energy performance indicators was investigated using the
method of mathematical planning of experiments.

2. Materials and Research Results

To determine the optimal values of the parameters of the
helical-toothed rotary harrow studied in theoretical and single-
factor experiments, the method of mathematical planning of
multifactor experiments was used [13-16].

To conduct the research, the rotational speed of the helical-
toothed sections of the rotary harrow, the diameter and length
of the tooth, the helix rise angle, and the travel speed of the
unit were selected as factors influencing its quality and energy
performance indicators.

Based on the above-mentioned theoretical studies and sin-
gle-factor experiments, the values of the factor levels and var-
iation intervals were determined (Table 1).

Table 1. Factors, their symbolic designations, variation intervals, and levels.

Factors

Name of Factors
Unit of Measurement

Rotational speed of the helical-

toothed section of the rotary harrow r/min
Diameter of the helical tooth Mm
Length of the helical tooth Mwm
Helix rise angle of the tooth

Unit travel speed km/h

The influencing, i.e. input factors, were coded as follows:

X1 — rotational speed of the helical-toothed section of the
rotary harrow;

X, — diameter of the helical tooth of the rotary harrow, mm;

Factor Levels

Symbolic Designation

of Factors Variation Interval

-1 0 +1
X1 50 250 300 350
X2 10 40 50 60
X3 20 160 180 200
X4 5 25 30 35
X5 1 5 6 7

X3 — length of the helical tooth of the rotary harrow, mm;
X4 —helix rise angle of the rotary harrow tooth, <
Xs —travel speed of the unit, km/h.
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Assuming that the effect of the factors on the evaluation cri-
teria is fully described by a second-order polynomial, the ex-
periments were carried out according to the Plan B5 design
[15].

In conducting the multifactor experiments, the lifting height
of the soil at the bottom of the treated layer Y (cm), the degree
of soil crumbling (Y2, %), i.e. the proportion of fractions
smaller than 25 mm, the power consumed by the rotary harrow
(Y3, kW), and the specific draft resistance (Y4, N) were ac-
cepted as evaluation criteria. The plan for conducting multi-
factor experiments and their results are given in Table 1 in the

appendix.

The data obtained in the experiments were processed using
the “PLANEX” program. In this case, Cochran’s criterion was
used to assess the homogeneity of variance, Student’s criterion
was used to assess the significance of regression coefficients,
and Fisher’s criterion was used to assess the adequacy of re-
gression models.

The experimental results were processed in the indicated
order, and the following regression equations adequately de-
scribing the evaluation criteria were obtained:
for the lifting distance of the bottom of the treated layer (cm):

Y=+4,6228-1,1139X1-0,7550X>-0,9293X3+0,4443X4+0,3665X5-0,0928X1"2-0,1490 X1 X>-
0,1598X1X3+0,0498X1X4+0,0877X1Xs5+0,3872X,"2-0,2135X2X3-0,1240X2X4-0,0610X>X5+0,1922X5"2-
0,0673X3X4+1,0006X4"2+0,1619X4X5+1,0006X5"2 1)

by the degree of soil crumbling (%):

Y=+81,5323+2,8546X1+2,2987X,-1,9991X3-0,4378X4+0,0000X5-1,5023X1"2+0,5129X1X>-1,0704 X1 X3+0,7354 X1 Xs-
0,8054X1X5-1,5024X2"2+0,8054 X2 X3+1,3604X2X4+1,0696X2X5-2,5991X3"2+0,7304X3Xs-
0,6846X3X5+1,8421X4Xs5+1,1492X5"2 (2)

by the specific power consumption of the rotary harrow (kW):

Y=+7,7048-0,7556X1+1,1072X>+0,8061X3+0,8543X4+0,7241X5+0,3717X1"2-0,1475X 1 X4-
0,0542X1X5+0,2567X2"2+0,0542X2X3+0,1554X2X4-0,2766X3"2+0,1787X3X4+0,4934X4"2+0,1417X4Xs+0,4917X:s"2  (3)

by the specific draft resistance (kN):

Y=+751,8191-9,0915X+7,4659X,+20,2356X3+12,5815X4+19,7880X5+4,0331 X1 X2+5,5652X1X3+6,3177X 1 X4-
10,5673 X1X5+10,5669X2X3+6,6402X2X4-5,5656 X2 Xs5+8,3989X3X4-8,0669X3X5+15,4186X4"2-9,0869X4X5+11,8874X:"2 (4)

It can be seen from the obtained regression equations (1)—
(4) and the graphical relationships constructed on their basis
in Figure 1 that the lifting height of the soil at the bottom of
the treated layer, the consumed specific power, and the spe-
cific draft resistance decreased with an increase in the rota-
tional speed of the helical-toothed section of the rotary harrow,
while the degree of soil crumbling increased.

It can be seen from the regression equations (1)—(4) and the
graphical relationships constructed on their basis in Figure 1
that an increase in the diameter of the helical tooth led to a
decrease in the lifting height of the soil at the bottom of the
treated layer and an increase in the other evaluation criteria.

It can be seen from the regression equations (1)—(4) and the

graphical relationships constructed on their basis in Figure 2
that with an increase in the length of the helical tooth, the lift-
ing height of the soil at the bottom of the treated layer de-
creased, the quality of soil crumbling first increased and then
decreased, while the consumed specific power and draft re-
sistance increased.

It can be seen from the regression equations (1)—(4) and the
graphical relationships constructed on their basis in Figure 3
that with an increase in the helix rise angle of the tooth, the
lifting height of the soil at the bottom of the treated layer first
decreased and then increased, while the quality of soil crum-
bling, the consumed specific power, and the draft resistance
increased.
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3. Results
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Figure 1. Effect of the rotational speed of the helical-toothed section of the rotary harrow (X1) on the criteria Yz, Y3, and Ya.
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Figure 2. Effect of the diameter of the helical tooth of the rotary harrow (X2) on the criteria Yz, Y3, and Ya.
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Figure 3. Effect of the length of the helical tooth of the rotary harrow (Xs) on the criteria Y2, Ys, and Ya.
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Figure 4. Effect of the helix rise angle of the rotary harrow tooth screw (X4) on the criteria Yz, Y3, and Ya.

In determining the values of the parameters that ensure the a PC using the “Solver” tool of the Excel program for -1, 0,
required level of work quality with low energy consumption, and 1.
the regression equations (3.58)—(3.61) were jointly solved on
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When jointly solving the regression equations, the follow-
ing conditions were adopted: criterion Y7y, i.e. the lifting height
of the soil at the bottom of the treated layer, should be greater
than 5 cm; criterion Yo, i.e. the amount of fractions smaller

than 25 mm, should not be less than 80%; criterion Y3, i.e. the
consumed energy, and criterion Y4, i.e. the specific draft re-
sistance, should have minimum values. The obtained results
are presented in Table 2.

Table 2. Optimal values of the rotary harrow parameters.

X5 X1 X2
Coded Actual. Coded Actual. Coded
1 7 0,574 328,7 0,329
0 6 0,395 319,7 -0,453
-1 5 0,307 315,3 -0,721

Thus, in order to ensure the required quality of operation
with low energy consumption at the arperate travel speeds of
5-7 km/h, the rotational speed of the helical-toothed section
of the rotary harrow should be 315-328 rpm, while the diam-
eter and length of the helical tooth should be 42.78-53.26 mm
and 163.1-166.9 mm, respectively, and the helix rise angle of
the tooth screw should be within the range of 27°31'-29°31".

At these values of the factors, the lifting height of the soil
at the bottom of the treated layer is 5.23-5.36 cm, the degree
of soil crumbling is 81.75-82.11%, the specific power con-
sumed by the rotary harrow is 5.67 kW/m, and the specific
draft resistance is 712.2-759.1 N/m.

4. Conclusions

In this study, the main constructive and technological pa-
rameters of the helical-toothed rotary harrow were optimized
using the method of mathematical planning of multifactor ex-
periments. The rotational speed of the working body, the di-
ameter and length of the tooth, the helix rise angle, and the
travel speed of the arperate were taken as factors, and their
influence on soil cultivation quality and energy performance
indicators was investigated.

The experimental results were processed using statistical
methods, reliable regression models were obtained, and the
optimal operating modes of the harrow were determined. The
obtained results are significant in that they make it possible to
ensure high-quality soil crushing, reduce energy consumption,
and increase the efficiency of the arperate.

Abbreviations

X1 Rotational Speed of the Helical-toothed Section of
the Rotary Harrow

Xz  Diameter of the Helical Tooth of the Rotary Harrow,
mm

X3 X4
Actual. Coded Actual. Coded Actual.
53,29 -0,845 163,1 -0,076 29,62
45,46 -0,715 165,6 -0,239 28,80
42,78 -0,651 166,9 -0,490 27,55

X3z Length of the Helical Tooth of the Rotary Harrow,
mm
Xas Helix Rise Angle of the Rotary Harrow Tooth
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