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ABSTRACT 

Modeling the process of accumulation of kinetic energy in the elastic elements of a dynamic tillage working part 

and changing its constructive parameters is an urgent issue, since it allows to develop new efficient tillage working parts 

endowed with the property of dynamism. The aim of the research is to develop mathematical models of the process of 

accumulation of kinetic energy and changes in the constructive parameters of dynamic tillage working parts. The object of 

research is a dynamic arrow-shaped tillage working part with a capture width of 330 mm for surface tillage to a depth of 14 

cm. The subject of research is the regularities of the process of accumulating kinetic energy in elastic elements and changes 

in the constructive parameters of a dynamic tillage working part. The research was carried out using methods of 

mathematical modeling based on the study of physical laws that occur during soil cultivation; experimental research on 

energy assessment of tillage working parts, analysis and generalization of experimental data. The scientific novelty of the 

paper is represented by mathematical models of the process of accumulating kinetic energy and changing constructive 

parameters of a dynamic tillage working part. Mathematical models and graphic interpretation of the dependences of the 

axial force on the elastic element, the traction resistance of the dynamic working part, the average value of the width of 

capture on the speed of movement of the dynamic working part are presented in this paper. In particular, it was found that 

under the specific conditions of experiments with an increase in the speed of operation from 1.94 to 3.61 m / s, the average 

value of the width of capture of a dynamic tillage working part decreases from 306.90 to 300.50 mm. At rest, the dynamic 

soil tillage implement has a working width of 330 mm. The meaning of the swath width of a dynamic tillage working body, 

depending on the characteristics of the soil and the speed of movement, fluctuates within certain limits set by design 

parameters and is a random value. The statistical standard error of the sample mean value of the traction resistance and the 

speed of movement of the dynamic working body, respectively, varied in the range of 0.094 - 0.0167 kN and 0.012 - 0.032 

m/s. 
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INTRODUCTION 

Modeling the technological operation of soil 

cultivation, the process of energy accumulation in the 

elastic elements of the structure of dynamic tillage 

working parts, as well as changes in their constructive 

parameters, taking into account the fluctuations in the 

speed of their movement, is an urgent issue, since it allows 

to predict the efficiency of functioning in various soil 

conditions. 

The introduction of information and digital 

technologies in crop production requires the development 

of calculation algorithms and computer programs based on 

mathematical models of various production processes. 

Mobile agricultural units (ACU), which include tillage 

machines and working parts, are objects of management. 

The developed information systems should provide high 

technical and economic indicators of the ACU [1, 2]. 

Under operational conditions, the energy, 

technical, economic and agrotechnical indicators of tillage 

machines are unstable and vary within wide limits under 

the influence of the internal and external environment of 

the ACU. Numerous researches of scientists have 

developed deterministic and probabilistic mathematical 

models of the processes occurring in the systems of 

energetic (tractors) and technological modules 

(agricultural machines), as an example, we can cite the 

works [3-5]. The proposed systems of mathematical 

models serve as a scientific basis for calculating and 

optimizing the operating modes of various ACU. 

It is necessary to have probabilistic mathematical 

models in developing new innovative soil-cultivating 

working parts, endowed with the property of dynamism, in 

order to predict the limits of change in the working width 

of a dynamic working part, the magnitude of the axial 

displacement of its elastic elements and the accumulation 

of kinetic energy in them 

The following were chosen as constraints set by 

agrotechnical requirements [6] on the process of surface 

tillage: unevenness of working depth and field surface, 

ridgeiness of the field surface after processing, as well as 

the degree of soil loosening, which depend to a greater 

extent on the speed of movement of tillage implements, 

when modeling the technological operation of soil 

cultivation, the process of energy accumulation in the 
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elastic elements of the structure of dynamic tillage 

working parts, as well as changes in their constructive 

parameters. 

 

MATERIALS AND METHODS 

During the research, methods of mathematical 

modeling, energy assessment of tillage working parts, 

analysis and generalization of experimental data were 

used. 

The purpose of the research is to obtain 

probabilistic mathematical models of the effect of speed 

on the energy and constructive parameters of a dynamic 

tillage working part during its operation. 

The object of research was a dynamic arrow-

shaped tillage working part with a capture width of 330 

mm for continuous surface tillage of various types of soils 

to a depth of 15 cm. 

In the process of experimental studies, a dynamic 

soil-cultivating working part [7] on a rigid stand was used 

(Figure-1). 

 

 
 

Figure-1. Dynamic soil tillage working part [7] on a 

rigid stand. 

 

The tensometric method was used to determine 

the value of the axial displacement of the elastic element 

of the dynamic working part. The location of the strain 

gauge and the design scheme for determining the value of 

the axial displacement of the elastic element of the 

dynamic working part are shown in Figure-2. 

 

 
1 - headboard 65 mm wide,; 2 - stand; 3 - elastic element (strip 60 X 6.0 steel 65G); 4 - tensometric gauge sensor 

of the lancet position; 5 - point of attachment of the lancet part; M1, L1 - coordinates of the point Kc of 

attachment of thelancet part in the M-L coordinate system, mm. 
 

Figure-2. Calculation scheme for determining the vibration parameters of the lancet part of a 

dynamic working part The energy assessment of a dynamic tillage working part was carried 

out using a measuring and information complex MIC-IAEP (Figure-3). 
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Figure-3. Measuring information complex MIC-IAEP 

with the MTZ-920 tractor during experimental research. 

 

The main vibration parameters of the elastic 

element, where the pointed part of the dynamic working 

body is attached, are the value of the axial displacement 

and the vibration frequency of point 5 (Figure-2). 

In the process of experimental research, the 

values of the total traction resistance were recorded, as 

well as the axial displacement of the elastic element of the 

dynamic working part at various speed and load modes of 

its operation. 

The duration of measurements of the values of 

indicators is not less than 20 seconds with a steady mode 

of movement of the MIC with 3-fold repetition for each 

mode of operation of the tillage working part. The 

following parameters are fixed with the help of the 

measuring and information system IP 264: 

-  the number of impulses of the path sensor per one 

second Inc, imp. 

-  the number of impulses of the path sensor for the 

experiment, In imp. 

-  the duration of the experiment, T s. 

-  the instantaneous value of the channels of the 

force sensor and the position sensor of point 5 

(Figure-2) of dynamic working part. 

 

Experimental researches were carried out under 

the following conditions: 

-  soil type - sod-medium podzolic. Soil - medium 

loamy (light loamy) on moraine loam; 

-  relief, hail - 1-2; 

-  ridge surface of the field, cm - 3-4; 

-  soil hardness before processing in a layer of 5-20 

cm  0.85 - 1.0 MPa; 

-  soil moisture in layer 0 - 10 cm is 13.5%, in the 

10 - 20 cm layer is 16.8%. 

 

We have substantiated the constructive 

parameters of a dynamic tillage working part [8]. The 

active frontal area of a dynamic tillage working part [7] at 

rest is 0.0144 m2. When a dynamic tillage working part 

operates in a soil environment, its active frontal area can 

vary within *dtwp 0,0134 0,0144F   m2, depending on 

the density and hardness of the soil, as well as the speed 

and load modes of its operation. 

The questions of the influence of vibrations of 

elastic elements of the structure of a dynamic tillage 

working part on the probabilistic characteristics of its 

traction resistance were researched theoretically and 

experimentally [9]. 

The experimental data were processed according 

to the method described in [10]. When processing the 

experimental data, the statistical standard error of the 

sample mean value of the traction resistance of the unit 

with dynamic and non-dynamic working parts was 

established according to the formula [11]: 

 

R
уS

n




 
 

where R  is the standard deviation of the traction 

resistance of the tillage machine, kN; 

n is sample size. 

The statistical standard error yS  of the sample 

mean value of the traction resistance of dynamic tillage 

working implements varied in the range of 0.094 - 0.0167 

kN. 

The standard error of the sample mean value yS  

of the speed of movement of the dynamic working part 

varied in the range of 0.012 - 0.032 m/s. 

 

RESULTS AND DISCUSSIONS 

Based on the fact that the developed dynamic 

tillage working parts are a complex dynamic system with 

many elastic elements that provide vibrations of structural 

elements within certain specified limits and their normal 

functioning when performing a technological operation, 

we will initially consider the procedure for calculating the 

axial displacement of an elastic element, which depends 

on the magnitude of the axial force on the elastic element. 

Probabilistic mathematical model of axial movement of an 

elastic element of a dynamic tillage working body: 

The axial movement of the elastic element can be 

determined by the formula: 

 

0

ocP



                                                                          (1) 
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where ocP is the axial force on the elastic elements of the 

dynamic working body. kN; 

 is rigidity of the elastic element of the dynamic 

working body, kN / cm. 

Experimental data obtained in the process of 

experimental researches of dynamic tillage working parts 

indicate that fluctuations in the traction resistance of a 

dynamic tillage working part, as well as the axial force on 

its elastic elements, obey the normal law 

 

1 2 2( ) ( 2 ) ( ) / (2 )R ехр R Ra p a а р       
  

,  (2) 

 

where aR  is the mathematical expectation (or average 

value) of the traction resistance, kN; p  is a root mean 

square traction resistance of a dynamic tillage working 

part, kN. 

The distribution density of the axial force on the 

elastic elements of a dynamic tillage part is identical to (2) 

and determined from the formula: 

 

1 2 2( ) ( 2 ) ( ) / (2 )
осос ос

p рР ехр Р Р       
  

, (3) 

 

where
ос

Р is the mathematical expectation (or average 

value) of the axial force on the elastic element of the 

dynamic working part, kN; 

p is the root mean square of the axial force on the elastic 

element of the dynamic tillage working part, kN 

In the general case, to calculate the mathematical 

expectation of the desired function У , using expression 

(1), the following relation is applied: 

 

( ) ( ) ( ) ,Y Y Y dY f x x dx 

 

 

  
                           

(4) 

 

where ( ) ( ) /Y x dx dY  is the probability 

distribution density of the random variable Y; 

 ( )x is the density of the probability 

distribution of the random variable x (argument); 

( )f x is deterministic function, dependence of the 

required function on the argument x in the absence of 

oscillation. 

The axial force on the elastic element осР , 

which is a function of the speed of movement and the 

depth of tillage, is approximated by a parabolic function: 

 
2( )f x x Bx  ,                                                               (5) 

 

which has been established experimentally. 

This character of the pattern of change is also 

established for the axial force осР  on the elastic element 

of the dynamic working part. 

The dependence of the axial force on the elastic 

element on the speed of movement of the dynamic 

working body is shown at Figure-4. 

 

 
 

Figure-4. Graphic interpretation of the dependence of the 

axial force осР  on the elastic element on the speed pV   

of movement of the dynamic working part. 

 

Taking into account formulas (3), (4) and (5) with 

1( )pp vt V V     we have: 
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Where 

2 2 22 2 2 22 ; 0; 2t t te dt t e dt t e dt 
  

  

  

          

are definite integrals. 

Since pv vp
V v    after the appropriate 

transformations from (6) we get: 

 
2 2(1 )

oc
p p vp

P V B V v                                                (7) 

 

where pV  is a mathematical expectation (or average value) 

of the speed of movement of the dynamic working part; 

max .max
oc

pB P V  is an angular coefficient (Figure-1); 

v p
v  is a coefficient of variation of the speed of movement 

of the dynamic working part. 

For example, the dependence of the traction 

resistance of a dynamic working part on a speed of its 

movement is shown at Figure-5. 

 

 
 

Figure-5. Dependence of the average value of the traction 

resistance of a dynamic tillage working part on the  

speed of its movement. 

Taking into account expressions (1) and (7), the 

mathematical model of the axial displacement of the 

elastic element 0  (cm) of a dynamic tillage working part 

looks like this: 

 
21 2

0 [ (1 )]p p vp
V B V v      ,                                   (8) 

 

Probabilistic mathematical model for determining 

the value of the total kinetic energy in all elastic elements 

of a dynamic tillage working part during its operation: 

The value of the total kinetic energy in all elastic 

elements of the dynamic working part during its operation 

can be determined by the formula [12,13,14]: 

 

2
1 2 30,5 ( )k oc oc oc

c pE V P P P     ,                                   (9) 

 

Where 

pV
 

 is a moving speed of the dynamic working part, 

m / s; 

1
ocP

 
is an axial force on the left elastic element of the 

dynamic working part, kN; 

2
ocP

 
is an axial force on the right elastic element of the 

dynamic working part, kN; 

3
ocP

 
is an axial force on the elastic element of the 

energy storage-transmitting device of the 

dynamic working part, kN. 

 

Changes in axial forces 1
ocP , 2

ocP  and 3
ocP of 

dynamic working part have the same pattern, which is 

shown in Figure-2 and approximated by formula (5). 

Taking into account expressions (2) - (5) and (9), the 

mathematical expectation of the total kinetic energy in all 

elastic elements of a dynamic working part during its 

operation can be determined by the formula: 

 
2 2 22 2 2 2

1 2 30,5 {[( (1 )] [ (1 )] [ (1 )]}
k
c p p p p p pp v v vp p p

E V V B V v V B V v V B V v            ,                                                (10) 

 

where

1 1max .max 2 2max .max 3 3max .max, ,oc oc oc
p p pB P V B P V B P V  

are angular coefficients (Figure-4); 

It should be noted that the values of the angular 

coefficients B1, B2, and B3 in expressions (8) and (10) 

change at different depths of soil cultivation. 

Probabilistic mathematical model for determining 

the swath width of a dynamic tillage working part from the 

speed of its movement: 

The width of capture of a dynamic working part, 

which is a function of the random argument of the speed 

of its movement, is approximated by a straight line 

(Figure-6): 

 

( )p p b b pb f V A B V    , при 
доп

p pV V                  (11) 
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Figure-6. Scheme for determining the degree of change in 

the working width of a dynamic tillage working part. 

 

Taking into account expressions (4) and (6) for 

the width of capture of a dynamic working part, we find: 

 
2( )

22 21
(A )

2

V V pp

v
p pb b p
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b B V e dV


 

 






   
     (12) 

 

Changing the variable replacement 

1( )pp vt V V     and taking into account the 

transformations performed in formula (6), we have: 

 

p pb b b vb A B V B                                                (13) 

 

Since pv vp
V v   , after the appropriate 

transformations from (6), we obtain a probabilistic 

mathematical model for determining the mathematical 

expectation of the width of capture pb  (cm) of a dynamic 

tillage working part from the speed of its movement pV : 

 

(1 )pp b b vp
b A B V v     ,                                         (14) 

 

where b poA b  is a constant value (Figure-6); 

2
max( ) /p po p pB b b V   is angular coefficient 

(Figure-6). 

According to the results of the energy assessment 

of dynamic tillage working bodies in the fields at the 

experimental base "Krasnaya Slavyanka" IAEP - branch of 

the Federal State Budgetary Scientific Institution FNATS 

VIM (soil type - sod-medium podzolic, soil - medium 

loamy (light loamy) on moraine loam), a regularity of 

changes in the average value of the width pb  of tillage 

working part on the speed of its movement pV  was 

established (Figure-7). 

 

 
 

Figure -7. Dependence of the average value of the working width pb of a dynamic 

tillage working part on the speed of its movement pV
. 

 

In the specific conditions of conducting 

experiments on the experimental base "Krasnaya 

Slavyanka" IAEP - a branch of the Federal State 

Budgetary Scientific Institution FNATS VIM with an 

increase in the speed of operation from 1.94 to 3.61 m / s, 

the average value of the swath width pb  of a dynamic 
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tillage working part decreased from 306.90 to 300, 50 mm. 

At rest, the dynamic soil tillage implement has a working 

width of 330 mm. The value of the working width of a 

dynamic tillage working part, depending on the 

characteristics of the soil and the speed of movement, 

fluctuates within certain limits set by design parameters 

and is a random value. 

 

CONCLUSIONS AND RECOMMENDATIONS 

The developed mathematical models (7), (8), (10) 

and (14) expand theoretical and practical knowledge on 

predicting the accumulation of kinetic energy in elastic 

elements of a dynamic tillage working part and changes in 

its constructive parameters depending on the probabilistic 

character of the speed of its movement speed. This will 

allow to select rational constructive parameters and 

rational operating modes of dynamic tillage working parts. 

Mathematical models show that the value of the axial 

displacement of the elastic element and the kinetic energy 

accumulated in it, as well as the working width, at a fixed 

value of the depth of tillage, is mainly influenced by the 

speed of movement of the dynamic tillage working part. 
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