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ABSTRACT: Precision tillage has great potential. The result of tillage operations can be improved 

depending on the optimal solution of construction working bodies and technological parameters of 

cultivating, which, in addition, can be adapted to the tillage technology depending on the local agro-

climatic conditions. 

The article presents the results of the synthesis of the system of adaptive control of soil 

cultivation by creating a complex technological system with modeling of the structural-matrix 

schemes and on-stream technological influences of working bodies of machines and external agro-

climatic conditions on the agrophysical state of the soil. 

The research methods are matrix methods of analysis of structural schemes of technological 

process control systems; system-analog modeling of tillage control systems; structural analysis and 

synthesis of technological changes in agrophysical indicators of soil tillage. 

The main results are the structural diagram of the on-stream adaptive control system of the 

tillage unit for the requirements of precise agriculture; matrix diagram of the imaging and generalized 

system of equations of on-stream adaptive control of working bodies of tillage machines; system-

analog model of the machine-tractor unit with the adaptive control system of working bodies. 

 

KEYWORDS: tillage control machines, adaptive control, matrix modeling, matrix imaging, 
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INTRODUCTION 

It is generally known that one of the significant disadvantages of the development of modern technological processes is the 

aspect of thinking associated with the use of construction positions that have already been used. Modern concepts in the development 

of tillage technologies are the processes of implementing control of the modes of operation of tillage machines and till bodies in 

conditions of risk and uncertainty of functional loads from the surrounding environment (Laurentiu, V., et al., 2017). The 

methodology for solving diverse problems of quality and efficiency in tillage should take into account a significant number of factors 

and be presented in an accessible form for the response of working bodies of tillage machines. 

In generally mechanical tillage is changing the ratio of solid part, which subsequently affects physico-chemical, biological 

and heat-mass conversion processes (Voytyuk D.G., et al., 2012; Lobb D.A., et al., 2008). The main soil quality indicators of tillage 

are bulk density and coefficient of structure (DSTU 4362:2004, 2005). Crushing of soil depends on the granulometric composition, 

water content, constructions parameters of working bodies cultivating, as well as the speed (Lobb D.A., et al., 2008). 

Local innovation, in such cases would be an adaptive control system aimed at implementing compromise solution have 

been proposed in particular: obtaining high quality tillage according to Agro Technological Electronic Requirements (ATER), 

support the estimated yield level; optimal costs of materials and funds for the process of soil preparation achieved transitional and 

atypical modes of operation; minimum deviation from ATER requirements due to unforeseen and accidental violations of operating 

conditions of tillage machines. 

It is also known (Kravchuk V.I., 2005; Techen, Anja-Kristina & Helming, K. 2017; Zavhorodnii A.F. et al., 2004; Kravchuk 

V.I. Baranov G.L. 2001; Kravchuk V.I. Baranov G.L. 2002) that in the development and calculation of automated tillage control 

systems, there is a specific task for manipulating the working bodies of machines. The main difficulties are associated with the lack 

of necessary on-stream information about the state of agrophysical soil parameters. The main information for the adaptive control 
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system must be obtained dynamically in the process of tillage of the entire adaptive system in on-stream cultivation, which is not 

well studied. 

The purpose of the study: is the development of on-stream adaptive control of the processes of tillage machines on the basis 

of the synthesis of a complex technological system with subsequent modeling of flow changes and their dynamic effect on working 

bodies. 

Task of the study: is develop an algorithm, system-analog model, matrix structure and a generalized system of equations of 

on-stream adaptive control system of the working bodies of the machine-tractor unit. 

 

MATERIALS AND METHODS 

Empirical studies, generalization and classification of technologically significant agrophysical parameters of soil condition. 

 Analog and structural modeling based on the similarity of physical nature phenomena to obtain a block diagram, structural 

matrix and a mathematical equation for the on-stream tillage control system. 

 The development of the adaptive control system of the working bodies of tillage machines can be based on methods of 

automatic change of the phase state of the soil. The development of theories of automatic regulation (TAR) led to the display of 

systems in the form of structural diagrams with the designation of transfer functions characterizing links or their groups. By default, 

the views are in expanded (Fig. 1) and compact (Fig. 2) forms. 

 
х0 – input parameters; х1 – control parameters; х2 – output parameters;  

х3 – deviation parameters; W1 – control body; W2 – control object;  

W3 – computing means. 

Fig. 1 - Structural diagram of an automatic control system in expanded form (Shatikhin L.G., 1991). 

 

Transfer functions for direct W1, W2, and reverse object W3 characterize the conversion of input parameters x0 to output values x2 

passing in on-stream and can be written as the ratio of two operator polynomials (Shatikhin L.G., 1991): 
𝑥2(𝑠)

𝑥0(𝑠)
= 𝑊(𝑠) =

𝑅(𝑠)

𝑄(𝑠)
 ,     (1) 

where, Q (s) – native dynamic object operator; R(s) – operator of communication between dynamic objects; s – Laplace 

complex variable. 

The equation for the transfer function: 

Ф(𝑠) =
𝑊1∙𝑊2

1−𝑊1 ∙ 𝑊2∙(−𝑊3)
,     (2) 

According to control systems and their internal processes for dynamic objects are closed, it is advisable to use in compact forms 

(Fig. 2). 

 
Fig. 2 - Diagram of an automatic control system in folded form (Shatikhin L.G., 1991). 

 

The equation for x2 output parameters determined by x1 input is: 

𝑥2 = Ф(𝑠) ∙ 𝑥0,     (3) 

or: 

𝑥2 =
𝑊1𝑊2

1+𝑊1 𝑊2𝑊3
∙ 𝑥0 .    (4) 
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For a transfer function with dynamic object operators: 

𝑊 (𝑠) =
𝑅(𝑠)

𝑄(𝑠)
,     (5) 

 

Without taking into account the Laplace transform operators, the equation of the initial parameters: 

𝑥2 =

𝑅1
𝑄1

 ∙ 
𝑅2
𝑄2

1 + 
𝑅1
𝑄1

 ∙ 
𝑅2
𝑄2

 ∙ 
𝑅3
𝑄3

 ,     (6) 

or 

𝑥2 =
𝑅1 ∙ 𝑅2 ∙𝑄3 

𝑄1 ∙ 𝑄2 ∙ 𝑄3 + 𝑅1∙𝑅2∙𝑅3
 .    (7) 

In the expanded form of the record, the independent parameters of the adaptive control system (Fig. 1) could be represented 

by a system of equations: 

𝑥1 = 𝑊1(𝑥0 + 𝑥3);
𝑥2 = 𝑊2 ∙ 𝑥1;          
𝑥3 = −𝑊3 ∙ 𝑥2;      

}     (8) 

The structure diagram (Fig. 1) can be depicted as a structural matrix in which the signs of diagonal coefficients on the left 

side will be opposite to the signs of coefficients of a conventional matrix or main determinant (Steven H., 2011). 

The first step to creating a structural matrix is to build a rectangular grid with the quantity of segments n2 when n – is the 

number of equations in the system. On the right side, set independent variables (in this case, one). Variables are marked in writing 

order above each column (in this case, one). Variables are marked in writing order above each column, (in this case, x1, x2, x3). On 

the main diagonal on the left are the coefficients of independent variables (in this case, units). In each row in segments, the 

coefficients of equations from the right side of the system are indicated under the corresponding variables. Coefficients are written 

with such signs as they have in the system of equations. To form a structural matrix, transfer functions are first written, which can 

be further converted into link and link operators with corresponding indices (Fig. 3). 

 
Fig. 3 - Structure Matrix Transformation diagram. 

 

For determining variable x2 we are using the Kramer equation. System of equations (8) in ordered form: 

1 ∙ 𝑥1 + 0 ∙  𝑥2 − 𝑊1 ∙ 𝑥3 = 𝑊1𝑥0;
−𝑊2 ∙ 𝑥1 + 1 ∙  𝑥2 + 0 ∙  𝑥3 = 0;   

0 ∙ 𝑥1 + 𝑊3 ∙ 𝑥2  + 1 ∙ 𝑥3 = 0;
}   (9) 

Provided that the main determinant of the system is not equal to zero, the system has the following solutions: 

𝑥2 =
∆2

∆
∙ 𝑥0,     (10) 

∆ = |
1 0 −𝑊1

−𝑊2 1 0
0 𝑊3 1

| = 1 + 𝑊1𝑊2𝑊3 ;  (11) 

∆2 = |
1 𝑊1 −𝑊1

−𝑊2 0 0
0 0 1

| = 𝑊1𝑊2 .   (12) 

Solution for x2 which coincides with equation (4): 

𝑥2 =
𝑊1𝑊2

1+𝑊1 𝑊2𝑊3
∙ 𝑥0.    (13) 

The method of constructing an adaptive soil treatment system by synthesizing a structural diagram allows you to perform 

conceptual design on a matrix field, which can be basic for writing a cybernetic and mathematical model depending on the level of 

detail. 

The coordination of patterns of functioning of working bodies of agricultural machines, for technological processes of 

changing the phase state of the soil, is the basis for the construction of high-quality systems for adaptive control of tillage processes. 
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RESULTS 

The development of the adaptive processing control system was carried out by synthesizing technological processes for 

changing the phase state of the soil through the coordination of elementary actions of the working organs on the soil. 

The basis for structuring the system is a complex idea of the corresponding number of typical tasks, between which there 

are no or no relationships established (Walsham, Geoff and Han, Chun-Kwong, 1990; Zolghadri Marc at all, 2013). The complexity 

of structuring can be reduced by analyzing the problem, evaluating it and developing an algorithmic complex with subsequent 

decision-making on the synthesis of adaptive systems. 

The study of the on-stream adaptation of tillage machines in order to solve the problems of qualitative and effective tillage 

was carried out on the basis of the development of aspects of technological changes, system analysis, and modeling by the method 

of structural matrix (Shatikhin L.G. 1990). 

The sequence of elementary actions is formed in the form of a control algorithm (Fig. 4) based on an agro-technological 

electronic map (ATER) with a determined sequence of operations. 

There are also confirmations (Ivanuita M.V., 2015; Lobb D.A., 2008; Zavhorodnii A.F. at all 2004, Saleh A. At all, 1997) 

that the main requirements for the development of modern tillage machines, regardless of the conditions of a priori uncertainty and 

operating conditions, should provide high-quality indicators of tillage. The conditions of a priori uncertainty refer to the change in 

the grain size distribution of the soil, bulk density, and structure as input parameters depending on the agro-climatic location of the 

treated area. 

Obviously, that improving the quality of tillage can be improved by a streaming system for adapting tillage machines based 

on the ATER task. (Kravchuk V.I. Baranov G.L. 2001; Lobb D.A., 2008; Zavhorodnii A.F., at all 2004; Semyonov A. at all 2021). 

The flow adaptation algorithm of the machine-tractor unit can be formalized under the influence of a set of control actions 

on the actuators, taking into account the signals of external sensors and commands coming from the measuring devices. 

 
Fig. 4 - Algorithm of the tillage adaptation. 

 

Therefore, the main component of the adaptive multifactor system is the system-analog model of the machine-tractor unit 

with elements of on-stream adaptation of the working bodies of tillage machines (Fig. 5). This model can be typical for agricultural 

units in the diagram "ATER - Information Control Means (ICM) - Tractor - Soil Processing Unit - Working Body - Control Means 

- ICM" taking into account the control actions of U and the values of deviations  in  agrophysical parameters. 

 
U (t) - control parameter data (V(t) – specified tractor speed; h(t) – cultivation depth);  
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Va (t)– operating speed; (t) - values of deviations of agrophysical parameters; R(t) - traction resistance of the unit;  (t) – soil water 

content; 𝜌(t) – bulk density of soil; KS (t) - soil structural coefficient; M (t) - GPS coordinates;  (t) - actual speed of the unit. 

Fig. 5 - System-analog model of a machine-tractor unit with tillage machines adaptation. 

 

Detail of the on-stream adaptive control system of the working elements of the unit is determined by structural diagrams 

(Fig. 6), modeling the control process of soil agrophysical indicators. 

 
Figure 6 - Block diagram of adaptive control system (unfolded form). 

 

Before starting operation, the system sets the process parameters for tillage specified in ATER x0 (0, КS.0, V, h0, ) and 

GPS coordinates are necessary to determine the type of soil. During processing, the system analyzes the currently defined parameters 

x4 (bulk density 𝜌, soil structural coefficient KS, actual speed of the unit , cultivation depth h and soil water content ), calculate 

deviations , sets and set control parameters U which form initial soil agrophysical parameters х4. External disturbances x3 are 

physical composition, water content, and actual speed (Fig.7). 

 
Fig. 7 - Schematic of the multi-dimensional tillage control system (compact form). 

 

To develop a structural matrix, the studied set is composed of objects expressed by the matrix coefficients of a system of 

linear equations. The names of such objects are identified as a sequence of indexes reflecting the topological properties of matrix 

elements (Shatikhin L.G., 2010). 

The angular arrows in the blocks show the links between the regulators in accordance with the block diagram of the closed 

control cycle. Double arrows - control actions requiring energy impact on actuators. 

By replacing the angular arrows with the corresponding coefficients of the coordinate matrix (Fig. 8) the flow control 

system can be expressed by matrix equations: 

 
Fig. 8 - Diagram of structural matrix transformations 

 

In the expanded recording form, independent parameters of the adaptive control system (Fig. 8) can be represented by a 

system of equations: 
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𝑥1 = 𝑊1(𝑥0 + 𝑥5);   
𝑥2 = 𝑊2 ∙ 𝑥1 ;            
𝑥4 = 𝑊3(𝑥2 + 𝑥3);   
𝑥5 =  −𝑊4 ∙ 𝑥4.          

}      (14) 

A system of equations (14) in ordered form for applying Cramer's method: 

1 ∙ 𝑥1 + 0 ∙  𝑥2 + 0 ∙ 𝑥4 + 𝑊1 ∙ 𝑥5 = 𝑊1𝑥0;     
𝑊2 ∙ 𝑥1 + 1 ∙  𝑥2 + 0 ∙  𝑥4  + 0 ∙ 𝑥5 = 0;               

0 ∙ 𝑥1 + 𝑊3 ∙ 𝑥2  + 1 ∙ 𝑥4 + 0 ∙ 𝑥5 = 𝑊3 ∙ 𝑥3;  
0 ∙ 𝑥1 + 0 ∙ 𝑥2 − 𝑊4 ∙ 𝑥4 + 1 ∙ 𝑥5 = 0.           

}    (15) 

Main determinant: 

 ∆ = |

1 0 0 𝑊1

𝑊2 1 0 0

0
0

𝑊3

0

1
−𝑊4

0
1

| = 1 + 𝑊1𝑊2𝑊3𝑊4 ; (16) 

Provided that if the main determinant of the system is non-zero, the system has the following solutions: 

𝑥4 =
∆4

∆
∙ 𝑥0,      (17) 

Determinant 4: 

 ∆4 = |

1 0 𝑊1 𝑊1

𝑊2 1 0 0
0
0

𝑊3

0
𝑊3

0
0
1

| =  𝑊3(1 − 𝑊1𝑊2); (18) 

The solved equation for the coordinates of problem x4 will be: 

𝑥4 =
𝑊3(1−𝑊1𝑊2)

1+𝑊1 𝑊2𝑊3
∙ 𝑥0.     (19) 

 

To study the mathematical model, it is necessary to investigate the functions and parameters of control and external 

conditions that can describe the technological processes of tillage. Methods of such studies should be based on research for invariant 

systems the main task of which is to establish dependencies for the existing ways of adaptation of the systems depending on 

coordinates and external conditions x3. 

 

DISCUSSION 

Research noted that one of the significant drawbacks of the development of modern technological processes is the defined 

traditional way of thinking associated with the use of design schemes that have already been used. Modern ways of developing 

tillage technologies are processes of implementation of progressive directions by modes of operation of tillage machines and 

working bodies in conditions of risks and uncertainty of functional loads from the surrounding environment (Walsham at all, 1990; 

Zolghadri Marc at all 2013; Williams, P John., 2000; Ucgul M, Chang C-L. 2023). 

Coordination of the patterns of functioning of the working bodies of agricultural machines, which are characteristic for 

technological processes of changing the soil phase, makes it possible to build high-quality control systems and develop systems for 

on-stream adaptive control of soil processing (Zybarev, Y.N., Fomin, D.S. 2020). 

There are also confirmations (Voytyuk D.G. at all, 2015; Lobb D.A. 2008, Ivanuita M.V. 2015) that the main requirements 

for the development of modern tillage machines, regardless of the conditions of unspecified uncertainty and operating conditions, 

should provide high-quality indicators of tillage. The conditions of unspecified uncertainty refer to the change in the grain size 

distribution of the soil, density, and structure as input parameters depending on the agro-climatic location of the treated area. 

Obviously, (Kravchuk V.I. Baranov G.L., 2001; Semyonov Aleksey 2021; Qu Y, Pan C, Guo H., 2021; Han Q, Siddique KHM, Li 

F 2018) improving the quality of tillage can be improved by the flow system of guaranteed adaptive control of the working processes 

of tillage machines based on the ATER task. The proposed model of cultivation is based on the use of synthesized matrix control 

forms with on-stream determination of grain size distribution, soil water content, and density. 

The method of matrix images made it possible to depict the system of guaranteed adaptive control in the form of block 

matrices and made it possible to establish connections between the agrophysical and structural parameters of the process of tillage. 

 

CONCLUSIONS 

The development of a system of on-stream adaptive control of a machine-tractor unit using the methods of automatic control theories 

made it possible to coordinate an algorithm, a system-analog model, a matrix diagram, and a generalized system of equations with 

the agro-technical requirements of tillage. 

The matrix image method allows you to display the adaptation system in the form of block matrices and establish models of 

connections between the agrophysical, structural, and technological parameters of the working organs of tillage machines. 
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