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Optimization of the parameters of
tillage units
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Serhii Pohorilyi’, Maciej Kubori®?®, Iryna Horetska®?, Jakub Gajda® & Sylwester Tabor®

Among the many methods and techniques for optimizing the soil-cultivating unit parameters, the
method of Lagrange multipliers occupies a special place. In this article, the Lagrange method is used

to develop analytical dependencies that make it possible to determine the optimal values of the
operating width and operating speed of tillage (ploughing and cultivating) units at a set value of tractor
engine power and the linear nature of the dependence of its slipping on traction force. As a result, it
was found that the decreasing intensity in the ploughing unit operating width ( B) with an increase in
the plough’s specific resistance coefficient ( K;) is practically independent of the ploughing depth ( k).
When changing the value of this parameter in the range of 0.22-0.30 m, increasing the value of the K
coefficient from 50 to 65 kN m~2 requires reducing the value of parameter B by 23%. The maximum
performance of the tractor with the plough occurs at the minimum possible values of the K, h

and V parameters. This result is achieved by increasing the ploughing unit operating width. At the
same time, the maximum performance of the tractor with the cultivator is achieved at the maximum
possible values of the K, (3.6 kN m-!)and V (3.0 ms~1) parameters and amounts to 8.6 ha h™.
Compared to the option for the minimum values of the K (3.0 kN m~)and V (2.0 m s~!) parameters,
this is 28.4% more.

Keywords Performance, Operating width, Operating velocity, Power engine, Tillage depth, Lagrange
function, Lagrange multipliers

Machine-tractor units (MTU) are the technical base for the practical implementation of agricultural cultivation
technology. Among their characteristics, one of the most important is performance ( W). Essentially, this
indicator is a function of such MTU parameters as its operating width ( B) and the operating movement velocity
(V),thatis, W = f(B;V).

It should be noted that this function does not have an optimum. Moreover, there is an opposite relationship
between B and V parameters. Its essence is that with the same power load of the tractor engine, an increase
in the unit movement velocity is possible with a certain reduction in its operating width and vice versa. All this
creates difficulties in determining such values of B and V parameters that ensure the fulfilment of the condition
W = f(B;V) — max. The machine-tractor unit performance decreases with non-optimal values of the V
and B parameters. And this causes the following negative consequences. First of all, this is due to the specific
fuel consumption ( G's, kg h™1), which is determined from the equation: G5 = G¢/W, where G, is the MTU
fuel consumption for 1 h of its operation, kg h™!. From this, we see that the lower the W value, the undesirable
greater the G indicator value is. Secondly, with a small value of W, the duration of agricultural technological
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operations increases. When sowing agricultural crops, this is associated with a decrease in their yield. Thirdly,
low MTU productivity due to the incorrect choice of the V and B parameters values leads to an undesirable
increase in operating costs.

To the above, we add that the unit’s movement velocity and operating width determine the required tractor
engine power ( Ne). But the function N. = f (B; V) also does not have an extremum, while the value of the
parameter N is always limited. As a result, the task arises of increasing the machine-tractor unit performance
(W) with limited values of both the tractor engine power ( N.) and the B and V parameters. In other words, it
is necessary to search for the conditional optimum of the function W under certain restrictions.

At the moment, many solutions to such problems have been developed. For example, the study' used statistical
models to predict the probability of the cultivators working parts’ failure-free operation. Their operating time (in
hours) and power load coefficients were selected as optimization criteria.

The Pontryagin minimization principle was used to optimize the fuel energy consumption of a tractor as
part of a ploughing unit?. In this case, the control variable was the engine power, which determines the MTU
performance. Applying this optimization method provided no less than 9% fuel energy savings for ploughing
MTU.

Optimization of the sowing unit parameters was carried out by>. The following optimization criteria were
adopted: (1) energy costs, taking into account the expected losses of agricultural crop yield; (2) minimum CO?
emissions into the atmosphere; (3) minimum fuel consumption by the unit per 1 ha; (4) maximum performance
of the seeding MTU; (5) maximum traction efficiency of the tractor. In the research process, the weight of
the tractor, the unit’s operating speed, the seeder’s working width and its coefficient of specific resistance were
optimized. A similar optimization problem was solved concerning a ploughing unit*.

Many studies are devoted to optimizing the parameters of soil-cultivating units using the theory of planning
a full factorial experiment. In this case, machines with passive® and active working parts® were considered. The
optimization criteria were the specified soil density level and the tillage machine’s minimum traction resistance.

In addition to statistical, simulation and other models, economic and statistical models are used to optimize
the parameters of tillage units’. The optimization parameter is the operating performance (W) of these MTUs.
However, the increase in parameter W is carried out by improving the organization of sowing crops. For this, the
authors use a particular coefficient that reflects the degree to which the unit uses its working time.

In the study?, the minimum energy cost was the target function for optimizing the unit’s parameters for
sowing row crops. Notably, the optimal values of the unit’s operating width and operating speed are selected
classically - using the tractor’s traction characteristics.

Rarely used in soil cultivation, but a rather complex method of smoothed particle hydrodynamics (known
as the SPH method) was used to optimize the parameters of a unit operating in a semi-fluid soil environment®.
Studies devoted to the parameters optimization of dynamic systems using a particle swarm are of particular
interest!®. A rather original problem of minimizing/maximizing the costs of opportunistic maintenance of a
dynamic system to optimize its operational reliability is solved in'!.

Recently, attempts have been made to optimize the parameters of tillage units using the theory of artificial
neural networks!>!%. Despite some effectiveness, this method has a significant drawback. Like the method of
planning a full factorial experiment, it is based on the principles of a “black box”. This approach to solving the
problem does not allow us to reveal its internal nature due to the lack of an appropriate mathematical description.

One example of the classic use of developed theoretical dependencies to optimize the parameters of a
ploughing unit is the research conducted by'. In this work, the author solved the issue of increasing the MTU
performance by using the world-famous formula for plough traction resistance developed by V.P. Goryachkin.
As a result of research, it has been established that an increase in the W parameter at constant engine power
( Ne) is advisable due to an increase not in the ploughing unit movement velocity ( V') but in its operating width
(B).

The above-listed scientific works have the following main shortcomings. First, almost all of them do not
allow for effective solutions to optimization problems that require direct connection with several constraints
(especially nonlinear ones) in the form of equalities. This is important, especially when separate considerations
of such constraints do not solve the problem. Secondly, the optimization methods listed above are not flexible
enough to solve minimization and maximization problems. Thirdly, many optimization methods do not have a
clear enough mathematical basis that allows one to obtain a solution using the first partial derivative, which is
the basis for proving the existence of an optimum.

It should be noted that the Lagrange multiplier method is free from almost all of these shortcomings in
optimizing the parameters of soil-cultivating units'>-!”. It can be applied to a wide range of optimization problems,
including problems with equalities and/or inequalities in constraints. Lagrange multipliers help transform an
optimization problem’s conditions into constraints, simplifying finding an extremum. Since this method leads to
solving equations consisting of equations for partial derivatives concerning variables and equations for Lagrange
multipliers, it is simpler than working with the original system of conditions. Moreover, the Lagrange multiplier
method works well for problems that may be irregular. They have discontinuous gradients or other features that
can cause difficulties for other optimization methods. Finally, this method considers several constraints, making
it suitable for solving complex problems with multiple conditions.

An example of a relatively effective application of the Lagrange method is studies devoted to solving the
problem of optimizing tractor transmission parameters!®-2!. However, the techniques used in these works are
not suitable for solving the problem of optimizing the design parameters of a soil-cultivating unit in general and
a ploughing unit in particular.

In the work??, the Lagrange method was used to determine the optimal values of the sowing unit movement
velocity and operating width at a constant value of the tractor engine power. The disadvantages of the results
presented in this article include the following. Firstly, the analytical dependencies do not allow the optimal

Scientific Reports |

(2025) 15:10074 | https://doi.org/10.1038/s41598-025-94769-6 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

values of the V' and B parameters for a ploughing unit to be chosen. Secondly, the process of tractor slipping
is described by a nonlinear relationship. And this, in our opinion?, is an inadequate result. Thirdly, the article’s
materials are limited only to analytical dependencies. There is absolutely no practical use of them. This does
not allow us to evaluate the obtained patterns quantitatively or even qualitatively within the Lagrange method
framework.

In connection with the above, this article aims to use the Lagrange method to develop analytical dependencies
that make it possible to determine the optimal values of the tilling units operating width and operating velocity
at a set value of tractor engine power and the linear nature of the dependence of its slipping on traction force.
This formulation of the problem is new. First of all, it concerns the adoption of a limitation in the form of a linear
dependence of the tractor wheels slippage on the traction force developed by it. Such a limitation is directly
related to the established level of the tractor engine power. The developed method for determining the optimal
parameters of soil-cultivating units will fill the gap that was admitted in previous studies related to the use of the
Lagrange method.

Theoretical premises
The ploughs’ specific resistance coefficient is measured in kN m~2 for ploughing units. For other soil-cultivating
machine-tractor units, the value of the specific resistance coefficient of their working devices has the dimension
kN m™!. Considering this, we take two machine-tractor units as objects of research: (1) ploughing and (2) unit
for continuous soil cultivation.

First of all, let’s look at the ploughing unit. The Lagrange function ( F') for our problem looks like this

F=W+X- N, (1)

where A - Lagrange multiplier.
The performance of a ploughing MTU can be defined as follows:

W =036-B- V. @)

The coefficient 0.36 in formula (2) indicates that the plough operating width ( B) is in m, and the ploughing
unit’s movement velocity (V) isin m s~
The tractor engine power value is determined from the well-known equation:

_ (Ks-B-htf G) V
Ne = T, ass) (3)

here K, - plough's specific resistance coefficient (kN m~2); h - ploughing depth (m); f - rolling resistance
coefficient; G - tractor’s operating weight (kN); 7 , - tractor transmission efficiency; d - tractor’s slipping.

Our research has established?>?* that the maximum permissible tractor slip should not exceed 15%. The
dependence of this indicator on traction force is linear:

Ks- B-h
6 = b ————— 4
a-+ e , (4)
where a, b - approximation coefficients.
Taking into account dependence (4), Eq. (3) takes the form:
_ (Ks'B-ht+f G)- V-G
Ne = ny¢ [G(l—a)—b- Kg- B-h]* (5)

A necessary condition for the existence of the Lagrange function extreme value is the equality to zero of its
partial derivatives concerning the controlled parameters (thatis, B and V'):

OF _ aW N
= = = + - L= }
3% H 8% ' (6)
2 e —
a8 = o5 TN 5E =
From the system of Eq. (6), it follows that the problem consists of solving the next two equations:
aw ow
PEax =0 A =0 | @)
aVv a B
Having eliminated the Lagrange multiplier A from the system of Eq. (7), we obtain the following:
aw ow
7 zyg = 801\]139 . (8)
A% 9B
Further research is to find the partial derivatives included in Eq. (8). They look like this:
ow _
9W —0.36- B. 9)
3
g =036- V. (10)

Scientific Reports|  (2025) 15:10074 | https://doi.org/10.1038/s41598-025-94769-6 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

ON. _  (Ks B-h+f G) G
9V — . [C-a)—b K. B A" (11)
O Ne __ K K4 (K2+Kj- B)
o B =V [K3+Ié4<B - (K3+K4-g)2 } (12)

In Egs. (9)-(12) the following notations are used:
Ki=K, - h-G Ke=f-G Ks=n,- G- (1—-a); Kai=n, Ks-b-h
Substituting partial derivatives from (9)-(12) into (8), after transformations we finally obtain:

Cs- B+Cy- B>+C1- B+C =0, (13)
where
Cs=K2 1 b G
Co=—(Ks-h-G)? (1—a);
Ci=-Ks-h-b- f-G* (1—-a);
C=G" f-(1-a)’.
Cubic Eq. (13) is an analytical relationship that allows you to determine the optimal value of the plough operating
width ( B). Next, given the ploughing unit’s movement velocity value ( V'), from Eq. (5), you can determine the
required value of the tractor engine power ( N¢). The resulting values of the B, V, and N. parameters will
ensure that the ploughing unit obtains maximum performance ( W).
It should be noted that if, for a plough, the coefficient of specific traction resistance K has the dimension

kN m~2, then for other tillage machines it is measured in kN m~!. In this case, the equation for determining the
tractor engine power will be different:

_ (K¢ B+f-G) V-G
Ne = o @tz %o B (14)

Following this, the coefficients of Eq. (13) will also be different:

Cy=K3. b?. G

C:=— (K- G- (1-a);
Ci=-K.-b- f-G* (1—a);
C=G* f-(1-a).

Otherwise, the algorithm for determining the B, V, and NN, parameters are the same as for the ploughing unit.

Materials and methods
Experimental units
Two machine-tractor units were taken as physical research objects: ploughing and cultivating. The first consists
of the KhTZ-17,021 tractor (Ukraine) and the five-furrow-mounted plough PLN-5-35 (Fig. 1).

The cultivator unit consisted of the same tractor and the KRN-8.4 cultivator, designed for soil cultivation to
a depth of 0.08-0.12 m (Fig. 2).

Brief technical characteristics of both units are given in Table 1.

Test conditions

To theoretically analyze dependence (13), you need to know the values of its parameters. This applies to the
tractor slip approximation coefficients @ and b, as well as the specific resistance coeflicients of the plough and
cultivator ( K).

Experimental determination of these parameters values was carried out in the conditions of the south of
Ukraine (46050'56" north latitude, 35021'55” east longitude, altitude: 37 m). The ploughing unit was studied
in the summer on the stubble of winter wheat, and the cultivator unit - the following spring on the background
processing ploughed in the fall. Before conducting the research, soil density and moisture were determined. For
a ploughing unit, these parameters were determined in a layer of 0-30 cm and for a cultivator MTU - in a layer
of 0-12 cm. Instruments and methods of their use for determining soil density and moisture are described in
detail in the article?.

Methodology for determining approximation coefficients a and B
To find the approximation coefficients a and b, the ploughing unit was used (Fig. 1). It is convenient to present
Eq. (4) in the following form:

§=a+b- BeBh—gip. Zd=atb. ¢, (15)

where P; - plough’s traction resistance (kN); ¢ - tractor’s net traction coefficient.
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Fig. 1. Ploughing machine-tractor unit.

Fig. 2. Soil cultivation machine-tractor unit.

During field tests, the traction resistance of the plough ( P;) was changed by varying the ploughing depth
from 0.14 to 0.30 m with an interval of 0.04 m. This parameter was measured with a unique device (Fig. 3). The
method of its use is described in the article?.

The plough operating width after each pass of the ploughing unit was determined as follows. Fifty pegs were
installed perpendicular to the furrow wall of the previous MTU pass at a distance L with a step of 1 m (Fig. 4).
After passing the ploughing unit using a Dnipro-M Multi Fix (Ukraine) tape measure, the h; distance from each
peg to the newly formed furrow was measured with an error of +0.5 cm.

As a result, the mean value of the MTU operating width was calculated using the formula:

50
50 (L—h,)

_ i=1 i 16
B=faim i (16)
The plough had a unique movable frame to measure its traction resistance. A sensor with four foil strain gauge
resistors with a nominal value of 200 Ohms each, assembled into a measuring bridge, was installed on this frame
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Tractor KhTZ-17,021, 4WD
Operating weight (kN) 81.5

Power engine BF6M1013E (kW) | 132

Wheelbase (m) 2.86

Wheel track (m) 1.86

Wheels 23.1R26/16.9R38
Nominal net traction (kN) 40

Plough PLN-5-35
Operating width (m) 1.75

Operating weight (kN) 9.0

Number bottoms 5

Bottom width (m) 0.35

Cultivator KRN-8.4
Operating width (m) 8.4

Operating weight (kN) 19.8

Number working sweeps 13x3=39
Tillage depth (m) 0.08-0.12

Table 1. Technical characteristics of tillage MTUs.

Fig. 3. Device for measuring soil tillage depth: 1—Arduino Uno; 2—support; 3—measuring probe.

(Fig. 5). In each experiment, the electrical signal from the sensor was fed to one of the analogue inputs of the
Arduino Uno (Italy) for at least 60 s. It was recorded onto a microCD with an interval of 0.1 s using an HW-125
(Chine) adapter.

The data obtained this way was used to calculate the mean value of the plough traction resistance ( Py). By
dividing the resulting P, value by the tractor’s operating weight ( ), the required value of the tractor’s net
traction coefficient (¢ ) was obtained. The parameter G value was determined by weighing the KhTZ-17,021
tractor five times on an OKS-10t-XZC2 (Ukraine) crane scale with a measurement error of +5 kg.

Tractor wheel slip was calculated using the formula’:

§ =12 (17)

np Vi !

where n,, V, - wheels revolutions (s™!) and moving velocity (m s™!) of the tractor without net traction; np, V,
- revolutions of the tractor wheels and the velocity of its movement under net traction.

They were equipped with special devices to determine the tractor wheels’ revolutions. Each device had 2
Y213 (Chine) normally open sealed contacts and 2 magnets (Fig. 6).

The response time of these hermetic contacts is 0.45 ms. Electrical signals from the hermetic contacts were
sent to another analogue input of the Arduino Uno. After appropriate digital processing, they were recorded on
microSD as wheel velocity values.
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Fig. 4. Diagram for determining plough operating width: (mm) - furrow trajectory of the previous pass of the
ploughing MTU; (- - -) - furrow trajectory after the recorded passage of the MTU.

Fig. 5. Installing a sensor on the plough for measuring its traction resistance.

During the field research, the ploughing unit movement velocity was measured simultaneously by recording
the plough’s traction resistance and the tractor wheels’ revolutions on Arduino Uno. To carry out these
measurements, a field with winter wheat stubble was divided into sites, each 250 m long. On the first 25 m,
the MTU was accelerated. Over the next 200 m, the P; and n, (n,) parameters were recorded. At the same
time, the time ( ¢, s) for the unit to pass the test site was recorded. For this purpose, we used an XL-009 (Chine)
electronic stopwatch with a measurement accuracy of 0.01 s. The unit movement velocity (m s™!) was calculated
using the formula V}, (V) = 200/%.

After MTU was stopped, the ploughing depth (h) and the plough operating width (B) were measured. The
method for determining these parameters is described above. All described measurements were carried out in
two replicates.

After calculating the tractor’s net traction and slipping coefficient values, a graphical dependence § = f (¢)
was built in Microsoft Excel. As a result of approximating it with a straight line, the values of the a and b
coefficients were obtained, which were subsequently used for theoretical studies. The confidence interval for the
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Fig. 6. Installing a sensor for measuring tractor wheel speed.

14.1 1.78 14.7 0.18 9.0 58.6
18.2 1.78 19.6 0.24 11.0 60.5
22.4 1.77 23.6 0.29 11.8 59.5
26.0 1.76 27.7 0.34 13.8 60.5
30.2 1.76 32.8 0.40 15.0 61.7

Table 2. Ploughing unit’s traction performance.

dependence § = f (¢ ) was calculated with a confidence probability of 95% using the Data Analysis Toolpak
in Excel package.

Methodology for determining the values of the coefficient K
The plough resistivity coefficient (kN m~2) was calculated using the formula:
P,
K s — ﬁ . (18)
The values of ploughing depth ( 2) and the PLN-5-35 plough operating width ( B), as well as its resulting traction
resistance ( Py), were determined according to the method described above. The values of the coefficient K,
obtained as a result of calculations were used for theoretical studies of the Eq. (13).

To calculate the specific resistance coefficient (kN m™!) of the KRN-8.4 cultivator (Fig. 2), we used the
following equation:

K, =L (19)

The traction resistance of this machine was determined using the same strain sensor (Fig. 5) used in the study
of the ploughing unit.

The depth of tillage with the KRN-8.4 cultivator carried out in the spring on the field after ploughing the
winter wheat stubble was kept approximately constant at 0.10 m. The cultivator unit movement velocity was at
the level recommended for use in the conditions of southern Ukraine - 2.3-2.5m s™ ..

The operating width of the KRN-8.4 cultivator was measured according to the method described in the
previous section. The determination of this parameter (as well as traction resistance) was repeated five times.

Results and discussion

Ploughing machine-tractor unit

The ploughing unit was researched on a field whose humidity in the 0-30 cm layer was 15.8%, and the bulk
density was 1.29 g cm™3. The results of field studies show (Table 2) that when the ploughing depth changed

within 0.14-0.30 m, the mean value of the PLN-5-35 plough traction resistance was changed from 14.7 to 32.8
kN.
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The wheel slip of the KhTZ-17,021 tractor did not exceed 15%. As a result, the tractor’s net traction coeflicient
took values from 0.18 to 0.40. Presentation of the dependence § = f (¢ ) in graphical form showed that it is
satisfactorily approximated with a straight line 6 = 0.04 4 0.27- ¢ (Fig.7).

Two facts evidence this. The first is a reasonably high value of the determination coefficient ( R = 0.987).
The second evidentiary fact is that the outspread of tractor slip values relative to the direct approximation does
not exceed the boundaries of the confidence range constructed for a statistical significance level of 0.05. From
the equation of the linear dependence of the tractor slipping on its net traction coefficient, the approximation
coefficient values are equal: a =0.04 and b=0.27.

The plough’s specific resistance coefficient values were determined using the data in Table 2 and formula (16).
Calculations established that the parameter K value varied from 58.6 to 61.7 kN m~2 (Table 2). A similar range
of changes in this parameter (46-66 kN m~2) was obtained in studies*.

To conduct theoretical studies, we have adopted the following range of parameter changes - K, = 50-65
kN m~2 Calculations show that the greater the value of this parameter, the smaller the plough design operating
width should be (Fig. 8).

on the value of its specific resistance coefficient.

In this case, the following regularity takes place: the intensity of this process (that is, a decrease in B parameter
with an increase in Ks parameter) does not depend on the ploughing depth. For any value of ploughing depth
considered in the study from 0.22 to 0.30 m, an increase in the plough’s specific traction resistance from 50 to 65
kN m~2 requires a reduction in the plough operating width by 23%.

Almost the same pattern appears in another process. It is associated with a change in the plough operating
width when the ploughing depth changes. As follows from the analysis of the calculated data, an increase in the
value of h parameter from 0.22 to 0.30 m causes a decrease in the value of B parameter by 26.6% (Fig. 9). And
this level practically does not depend on the value of the plough specific traction resistance coeflicient, which
varies in the range of 50-65 kN m~2.

Taking into account the variability of the K, h and V values, we will consider three options for their
combinations: option A - the minimum values of these parameters; option B - mean values; option C - maximum
values. Next, for each of these options, using formulas (2), (4), (5) and (13), we calculate the plough operating
width ( B), the tractor engine power ( IV) and the slipping of its wheels ( § ), the productivity of the ploughing
unit ( W).

Analysis of the results obtained shows that with minimum values of the K, h and V parameters, the
ploughing unit consisting of the KhTZ-17,021 tractor and PLN-5-35 plough has a maximum performance equal
to 1.75 ha h™! (Table 3, option A). However, it was achieved not by increasing the movement velocity but by
increasing the plough operating width to 2.43 m. This trend entirely coincides with what is outlined in the
article?s-%,

The minimum operating performance of this MTU, equal to 1.48 ha h™! (Table 3, option C), was obtained
with maximum values of the K, h and V parameters. In this case, the required tractor engine power is 1.5
times greater than in option A. This is important since the maximum values of the K, hand V parameters are
more realistic in practice than the minimum or even mean values (option B, Table 3).

0.16

0.15 - 5=0.04 +0.27'¢ a7z
RZ = 0.987 y i

Slipping ()
© © o o
= [ - =
= N w H
13 1 1 1

0.1 1

0.09 +

0.08 T T T T T 1
0.16 0.2 024 028 032 036 04
Coefficient of net traction (¢)

Fig. 7. Dependence of tractor wheel slip from its net traction coefficient.
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MTU studies as part of the KhTZ-17,021 tractor and the KRN-8.4 cultivator (Fig. 2) were carried out on a
field ploughed in the fall harrowed before cultivation. The mean soil moisture in the 0-10 cm layer was 20.4%,
and the bulk density was 1.12 g cm~>. The field cultivation depth varied within 11.1+0.3 cm. The cultivator
operating width was 8.5+0.1 m. At the unit moving velocity at 2.4 m s~!, the mean value of the cultivator
traction resistance was 27.2 kN. As a result, it was found that the specific resistance coefficient KRN-8.4 K =
3.2 kN m™L. In similar studies?, the value of this coefficient was obtained at a level of 4 kN m~1. Considering this,
in theoretical studies, the K; parameter was varied within the range of 3.0-3.6 kN m~ 1

We used Eq. (13) for theoretical calculations with coefficient values in which the dimension of the machine’s
specific traction is presented as kN m™!. The rolling resistance coefficient ( f) value was taken constant and
equalled 0.14. According to our data, this parameter’s particular value is typical in southern Ukraine during

spring soil cultivation, with a humidity of 18-22% and density not exceeding 1.25 g cm™>.
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Value
Parameter A B C
K¢ (kNm™2) |50.0 |57.5 | 65.0
h (m) 0.22 [0.26 |0.30
V (msh) 20 |25 [3.0
B (m) 243 |1.79 | 1.37
Ne (kW) 90 |112 |135
W (hah™1) 1.75 | 1.61 | 1.48
5 (%) 12.8

Table 3. Calculations results of indicators for a ploughing unit.
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Fig. 10. Dependence of cultivator working width from its specific resistance.

Value
Parameter A B C
Ks(kNm™) |30 |33 3.6

V (ms1) 20 |25 |3.0

B (m) 9.6 |87 |80
Ne (kW) 100 | 125 | 150
W (hah!) |67 |78 |86
5 (%) 13.5

Table 4. Calculation results for a cultivator unit.

As for the parameter G and the a and b approximation coeflicients, their values were the same as in the
calculations of the ploughing unit.

From the analysis of the calculated data, it follows that an increase in the value of the cultivator resistance
coeficient from 3.0 to 3.6 kN m™! causes a decrease in its operating width from 9.6 to 8.0 m, that is, by 16.7%
(Fig. 10). In principle, the function B = f (K) is nonlinear. However, for the accepted values of the cultivator
resistivity coeflicient (3.0-3.6 KN m™), its linear interpretation is quite suitable.

As in the plough case, we will consider three possible combinations of K and V parameter values (Table 4).

Analysis of the data obtained shows that, in contrast to the ploughing unit, the highest performance of the
KhTZ-17,021 tractor with the KRN-8.4 cultivator (8.6 ha h™!) occurs at the maximum values of the K and V'
parameters (option C, Table 4). Compared to option A, the increase in W parameter is 28.4%. Moreover, it was
achieved by increasing not the unit operating width but the operating velocity of its movement. In this case, an
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increase in the value of V' parameter by 50% (from 2 to 3 m s™!) covered the decrease in the cultivator operating
width (from 9.6 to 8.0 m) by 16.7%.

Conclusions

Based on the use of Lagrange multipliers and the linear nature of the dependence of the tractor slipping on the
traction force it develops, equations have been developed that make it possible to determine the optimal values
of the machine operating width for ploughing and moldless tillage. Having specified the soil-cultivating units’
movement velocity ( V'), these equations make it possible to calculate the tractor engine power that ensures
maximum performance of the MTUs.

The decreased intensity in the ploughing unit operating width ( B) with an increase in the plough specific
coeflicient resistance ( K) is practically independent of the ploughing depth ( &). When changing the value of
this parameter in the range of 0.22-0.30 m, increasing the K coefficient value from 50 to 65 kN m~2 requires
reducing the value of parameter B by 23%.

The maximum performance of the tractor with the plough occurs at the minimum possible values of the K,
hand V parameters. This result is achieved by increasing the ploughing unit operating width. At the same time,
the maximum performance of the tractor with the cultivator is achieved at the maximum possible values of the
K, and V parameters and is equal to 8.6 ha h™!. Compared to the option for the minimum values of the K
and V parameters, this is 28.4% more.

A further research direction is using neural networks to implement a machine learning algorithm for a tillage
unit to make a decision to maximize its performance. The initial parameters in this case can be soil moisture and
soil bulk density, the depth of its processing, the dynamics of changes in the tillage machine specific resistance
coefficient, etc.

Data availability
The datasets used and analysed during the current study available from the corresponding author on reasonable
request.
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