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Abstract. Modern agriculture requires introduction of rational, energy-saving and environmentally friendly 

agricultural technologies. Methods and tools that allow studying machines and units when they move, without 

stopping the implementation of agricultural operations, are of particular interest to scientists in recent years. 

Performing technological operations, agricultural units are exposed to various forces. The action of forces on the 

unit is both stochastic and different in nature. The study of the processes of motion of agricultural units under the 

action of forces is one the most important tasks when studying the dynamics of the unit of various purposes. The 

dynamics of the unit must be considered in the process of simultaneous interaction of all its components. The 

mobile agricultural unit in its dynamic aspect is represented by a mechanical system, the parts of which are 

connected by rigid and elastic connections between them. This entire mechanical system during technological 

operations performs both translational and rotational motion in the plane of the field. To study the dynamics of 

agricultural units, the university staff developed a registration and measurement system based on accelerometers. 

The system enables experimental measurement of accelerations in three planes. The sensors are attached to the 

unit, do not disturb its structure and show the dynamics of acceleration in real time. Based on the results of the 

experiment, a special program processes the signal and shows the dynamics of the agricultural unit operating 

parameters. In the process of rectilinear motion, the unit and all components have the same kinematic parameters. 

Angular displacements occur when turning, skidding or diverting an agricultural unit, and then its different points 

will have different values of linear and angular velocities and accelerations. 
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Introduction 

In recent years, the intensification of scientific and technological progress in agricultural production 

has been especially felt, and we see this in the examples of mechanized processes that are inextricably 

linked with the qualitative development of agricultural mechanics. 

Realization of technological operations by a mobile agricultural unit is associated with energy costs. 

This energy is spent on the performance of the technological operation and the dynamic processes that 

occur in the “tractor – agricultural implement – soil” system [1]. 

When determining the traction and energy assessment of agricultural units (traction force, traction 

power, movement resistance force) according to the static traction characteristic, which is based on 

dynamometers and strain gauges, it is notable for its highly laborious, and for some agricultural units its 

application is difficult to implement [2]. 

The traction characteristics of tractors in farms engaged in crop production have decisive 

importance in the process of acquisition and use of a machine-tractor unit (MTU). The stochastic 

influence of external factors during the interaction of the working bodies of machines with the processed 

medium (soil, plants) and movers with the field surface determines the nature of the movement of the 

unit’s individual points. This movement characterizes to a large extent the quality of many tillage 

operations (ploughing, inter-row cultivation, etc.). Many scientists, who are dealing with the dynamics 

of agricultural units, increase the time of the technological operation and disturb the design of 

agricultural units [3; 4]. Computer modelling of the process operations is now a common practice, as 

are the trajectories of machines and units [5; 6]. 

We propose a measuring and recording system that allows to study and monitor the parameters of 

agricultural machinery and units online. 

Materials and methods 

The study of the characteristics of the agricultural unit’s movement under the action of forces is one 

of the most important tasks in the study of the dynamics of units designed for carrying out various 

agrotechnical operations. A mobile agricultural unit in a dynamic sense is a dynamic system, the parts 
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of which are interconnected by rigid and elastic links. The dynamics of the aggregate must be considered 

as a system in which all its constituent parts interact simultaneously. This entire dynamic system, when 

carrying out technological operations, realizes both translational and rotational motion on the field plane 

[7]. 

Agricultural units operate in conditions of constantly changing numerous external factors. For 

mobile agricultural units, such factors are the physical and mechanical properties of the soil (moisture, 

density, mechanical composition, etc.), field surface roughness, plant properties (yield, pollution, etc.), 

changes in the mass of the unit during the technological process, as well as energy costs required for 

tillage and movement of the unit [8]. The method for assessing the dynamic (traction, energy) 

characteristics of tractors and cars, which determines the possible speed of tractors and cars on roads 

with different rolling resistance, is comprehensively considered in the work “Fundamentals of the theory 

and calculation of a tractor and a car” by D.A. Chudakov [9]. The problem of such research is the need 

to intervene in the design of the unit and increase the time to perform the agro-technological operation. 

When considering the movement of a unit, it is necessary to take into account the action of forces 

and how these forces affect the dynamics of the machine. One of the ways to determine the loads acting 

on an agricultural unit is the method of partial accelerations [10]. This method allows to measure 

parameters in real time and reduce the cost of research.  

a) 

 

b)

  

Fig. 1. Agricultural tillage unit New Holland T 8. 390 + DHM-8.0 (modernized disc harrow):  

a – general view of the unit; b – design scheme 

Results and discussion 

To further determine the dynamic indicators, it is necessary to draw up an equation for the power 

balance of the unit, taking into account the majority of energy costs in the process of carrying out 

agrotechnical operations 

 
 NNNNNNN jf

n

e

D

P −−−−= .  (1) 

where Ne
n – effective engine power, kW; 

 Nη – mechanical losses in transmission, Nη
 = Ne

n (1 – ηM), kW; 

 Nδ – for skidding of driving wheels, 
100


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n

eNN =  , kW; 

 Nf – to overcome swing resistance, f
GV

N f
6.3

=  , kW; 

 Nα – to overcome lifting, 
1006.3

iGV
N =

 , kW; 

 Nj – to change the speed of the machine-tractor unit, kW; 

We will calculate the traction and energy indicators of the selected tillage unit New 

Holland T 8.390 + DHM-8.0 using known static data. 

We will determine the engine power that it can realize when carrying out an agrotechnical operation, 

based on the technical characteristics [11; 12]. The dependence of acceleration on the force action is 

straightforward. As a result of this dependence, we conclude that the greater the force, the greater the 

acceleration with which the agricultural unit begins to move during the transition process (acceleration 

or deceleration) [13]. 
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After substituting all the components in (1) and transformations, we determine the dynamic power 
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where ηM – mechanical efficiency of power transmission, (for wheeled tractors ηM = 0.91…0.92); 

δ – skid of tractor movers, % (for wheeled tractors 4K2 permissible skid δD = 18%, 4К4 

δD = 15%; 

 G – tractor operating weight, kN; 

 f – coefficient of rolling resistance of tractor movers;  

 V – speed of the agricultural unit, km·h-1;  

 i – field slope, %. 

At the beginning of the technological operation by the unit, during acceleration, the maximum 

engine power is realized. After carrying out the transformations, we proceed to determination of 

dynamic indicators by measuring accelerations. The initial increase in power provides the appearance 

of linear acceleration  
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which becomes an indicator of the unit’s dynamics, 
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where  ηPTO – tractor PTO efficiency; 

 α – field slope angle, degree;  

 ηtt – tractor transmission efficiency. 

When analyzing the resulting equation, we conclude that the acceleration is directly proportional to 

the traction force T that is transmitted to the driving wheels from the engine, and it is inversely 

proportional to the weight of the mobile agricultural unit. 

To determine the traction force by static parameters, we use the well-known formula [13] 

 

1V

N
T e= . (4)

 

where Ne – effective engine power, kW; 
 η – tractor transmission efficiency; 

 V1 – tractor speed.
 

The determination of the static resistance force of a disk agricultural implement will be carried out 

according to the formula proposed in [14] 

 ( )( )2coscossin2 vkDaanfGR  +−+= . (5) 

The proposed methodology makes it possible to conduct dynamic tests of agricultural units at lower 

cost, without interfering with the design of the unit, in on-line mode, to more effectively providing the 

configuration and operation of agricultural machinery [10]. 

At the same time, ζ(t), η(t) – are coordinates of the attachment point of the agricultural implement 

to the tractor, ψ1(t) and ψ2(t) – accordingly, the rotation angles of the tractor and the implement relative 

to the OX axis of the fixed coordinate system. The plane-parallel motion of a rigid body can be 

represented as such that it consists of a translational motion defined by a certain point (in our case, the 

connection point of the implement and the tractor with coordinates ζ(t) and η(t)), as well as rotational 

motion around this point [10], which is described by a change in the angle of rotation of the tractor ψ1(t) 

relative to the axis OХ (see Fig. 1, b). Acceleration components are measured using a measuring and 

registration complex relative to a fixed coordinate system in which the movement of an agricultural unit 

is considered. 
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For such a case, the acceleration of any point of the aggregate can be represented as a geometric 

sum of three accelerations [5] 

 
cbо aaaa


++=м

,  (6) 

where  
оa


 – translational acceleration at a point О; 

 
ba


 – rotational acceleration; 

 
ca


 – centrifugal acceleration.  

From the formulated equation and the dynamic scheme of the unit, we see that the acceleration 
оa


 

is represented by the components, .,   == o

y

o

x aa  

Centrifugal acceleration is directed along a straight line that connects the points of installation of 

sensors and fixation of the unit, and its value 

 2

1 =ca  ,  (7) 

where  ρ – distance between the installation points of the sensors and fixing of the unit. 

Rotational acceleration 
ba


 is directed along a straight line perpendicular to the straight line, which 

connects the points of installation of the sensors and the attachment of the unit 

 
1b  =a .  (8) 

For the dynamic model (Fig. 1, b), we will compose a system of equations that describes the 

movement of the unit under the action of various forces 
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where  Tr = Tl = 0.5T – tractor traction force;  

 Wr1 = Wl1 = W1, Wr2 = Wl2 = W2 – rolling resistance force;  

 R = Rx, RY = αR – agricultural implement resistance force;  

 m = m1 + m2 – weight of the agricultural unit.  

For this system of equations, the moments of inertia J1 = b1
2m1 were determined for the tractor and 

the agricultural tillage tool – J2 = b2
2m2 2

2

22 mbJ = . 

To apply the method of partial accelerations, it is necessary to linearize the system of equations (9). 

Let us make the assumption that the traction forces on the driving wheels of the tractor are equal to each 

other and the rolling resistance forces of the wheels are also equal. 

Thus, the first equation (9) has a standard form for using the partial acceleration method. Indeed, 

the value   is a component of the acceleration vector of the unit in the longitudinal direction, and m is 

its total mass. Then it is possible to write 
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For this equation  

 
m

T
Т =   

will be the partial acceleration that occurs during the acceleration of the agricultural unit in the case of 

absence of any forces other than the traction force T. 

The value  
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m

W
K −=  

represents the partial acceleration of the tractor under the action of only the rolling resistance force on 

the tractor wheels. 

For the case when there is no traction force on the drive wheels, the rolling resistance force  
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will be as the partial acceleration of the unit under the action of the resistance forces of the agricultural 

implement. 

After the assumptions made, using partial accelerations, we write the equation of motion of the 

aggregate in the form 

 
RKT   ++=  .  (10) 

The presence of a measuring and registration complex [11], which provides the measurement and 

processing of longitudinal linear accelerations (Fig. 2), allows us using the developed methodology [5] 

and determining the forces acting on the agricultural unit as a function of time. 

The calculation of the dynamics of the tractor traction force, taking into account the forces of rolling 

resistance of the wheels, was carried out according to the presented formula 
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Change of the traction force in the course of work is of an oscillating nature, which is confirmed by 

the graphs (Fig.3) based on the experimental measurements and theoretical calculations.  

The resistance forces of an agricultural tool are determined taking into account the experimental 

data on the dynamics of accelerations. 
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where  γ – proportionality factor of the acceleration components; 

 Rx and Ry – components of the resistance force of an agricultural implement. 

Graphs of the values of static calculations and experimental measurements are shown in Fig. 3. 
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Fig. 2. Array of experimental data of the 

measuring and registration complex obtained 

during the agrotechnical operation  

Fig. 3. Dynamics of the tractor traction force 

and resistance force of the tillage implement 

New Holland Т 8.390 + DHM-8.0 

As a result of the analysis of the calculations and the graphs, the following conclusions can be made: 

using the obtained formulas, it is possible to determine the traction force of the tractor, as well as the 

drag force of the agricultural implement as a function of time. At the same time, the graph shows 

calculated according to static data Ta
st and calculated Ta

d using the proposed method of partial 

accelerations. The graphs which were made confirm the fluctuations in the resistance force of the soil-

cultivating tool over the entire length of the rut, theoretically substantiated by previous researchers. 

Conclusions 

Tracking changes in the acceleration of an agricultural unit allows to control changes in the 

dynamics of its work and stability during agrotechnical operations. 

Experimentally measured components of acceleration are an effective tool of solving the modified 

challenge of dynamics – determining the rower characteristics in the process of flat-parallel movement 

of the agricultural unit. 

The obtained characteristics of the unsteady process of the work of tillage units can be used by 

modeling loads during agrotechnical operations for various purposes. The static maximum theoretically 

calculated thrust force is Ta
st = 97.61 kN, and the thrust force variations calculated using the new 

methodology are within Ta
d = 87...92 kN, which is about 92% of the maximum static force.  
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