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Abstract. A mathematical model of oscillations of a mobile energy means
(MEM) is presented and investigated. The proposed MEM oscillation
model makes it possible to determine the positions of the MEM center of
mass points in various situations on a support base (agrophone) with a
different microprofile. Differential equations have been compiled for
computer simulation. The solution of differential equations describing the
oscillations of the MEM during its movement in a compound with
attachments, as well as a computational experiment-simulation modeling
were performed in the software complexes Mathcad and MATLAB
Simulink. The initial data used are the mass-dimensional and elastic-
damping properties of the structural elements of the MEM, based on the
TK-3-180 tractor, obtained by calculation and experiment and a real
support base (agrophone) with a known micro- and macro profile. The
model makes it possible to study the dynamic processes of the oscillatory
system “Support base (agrophone) — running system — machine frame with
attachments — cab”. The results of computer simulation modeling are
presented — graphs showing fluctuations of sprung and unsprung masses of
MEM when moving on different backgrounds.

1 Introduction

The choice of methods for modeling multi-mass oscillatory systems of agricultural mobile
power equipment is based on the choice of efficiency criteria when creating adaptive
running systems.

Real complex systems can be investigated using two types of mathematical models:
analytical and simulation. In analytical models, the behavior of complex systems is
recorded in the form of some functional relations or logical conditions. However,
phenomena in complex systems are so complex and diverse that analytical models become
too rough an approximation to reality, therefore, simulation modeling (SM) should be used.
In SM, the behavior of system components is described by the choice of algorithms that
implement situations that arise in a real system. Mathematical modeling is used to describe
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and study real processes and phenomena using mathematical models. This makes it possible
to simplify complex systems, identify patterns and predict the behavior of the system in
various conditions.

An analytical model is a mathematical model that can be solved analytically, that is,
using formulas and equations. It allows you to get an accurate solution and a deeper
understanding of the system, but can only be applied in cases where the system has an
analytical solution.

A simulation model is a mathematical model that is used to simulate a real system on a
computer. It allows you to experiment with the system in various conditions to determine
its behavior and identify possible problems or improvements. The simulation model can be
applied in cases where an analytical solution is impossible or too difficult.

The dynamics of the tractor is actually always oscillatory, estimated by the intensity of
vertical, longitudinal and angular vibrations of the sprung masses and depends not only on
the basic design parameters of the engine, transmission, suspension, tires, but also on the
parameters of the running system.

In this paper, the relevance of the problem of increasing the efficiency of the adaptive
tractor springing system is substantiated, one of the stages of solving which is an adequate
simulation model.

Based on this, the purpose of this work is to determine the parameters of structural
elements that take into account the probabilistic nature of functioning, structural features of
varieties of adaptive springing system (ASS) for their study. To achieve this goal, it is
necessary to solve the following tasks:

1. To conduct an analytical review of the work on the calculation of the parameters of the
oscillation cycle, the formation and evaluation of the performance of the ASS.

2. Selection of the formation modeling method.

3. Development of a mathematical model of the ASS.

The development of a mathematical model includes the development of a design
scheme, dynamic oscillations of the MEM with attached technological equipment on the
front and rear axles [1]. The design scheme includes the masses of the bridges (front and
rear), the skeleton of the mobile power equipment, the masses of the cab and the masses of
technological attachments, also stiffness and damping properties are included in the design
scheme. The damping and elastic characteristics of the springing of the front axle (which
has a pneumatic cushion as an elastic element), the rear axle, the tires of the front and rear
axles, and the springing of the cab are also taken into account. Based on the results of
solving systems of differential equations that make up a mathematical simulation model of
a dynamic system, we obtain mass displacements and natural frequencies of the oscillatory
system. In the future, this mathematical model will be included in the general software and
algorithmic complex for determining control actions for the MEM springing system. The
ASS implies operational control of the stiffness and damping properties of the springing
element (air cushion) during the movement of the MEM.

2 Review of works on the research topic

There are many studies devoted to the dynamics of the movement of agricultural MEM.
The authors of the work [1] developed a dynamic model of the power transmission,
analyzed the processes of gear shifting and developed coordinated strategies for managing
these processes with the replacement of several clutches during tractor field work. The
reduction of dynamic loads on suspension and power transmission elements has a positive
effect on the reliability of the entire tractor, which is confirmed by studies [2-4.]. Effective
interaction of the chassis of the machine with the ground surface also helps to increase
productivity and reduce fuel consumption [5-8].
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Papers [9-11] are devoted to the issue of modeling dynamic processes of mobile
machines. In them, the authors considered the formation of the basic operational properties
of mobile wheeled vehicles, developed software tools and methods for determining the
parameters of the suspension elements during bench tests, including tests of mobile
equipment with an electronic control system [12,13].

A large number of studies have been conducted to study and create an effective system
for springing mobile machines [14,15]. In these works, the authors investigated the effect of
vibrations with a wide spectrum of the frequency range. They made the adjustment so as to
ensure the smooth running of the mobile vehicle under the required driving conditions.
According to the authors, this largely depends on the dynamic behavior of the car body,
which is subjected to a combination of vertical, longitudinal-angular and transverse-angular
vibrations during operation. It is possible to reduce these fluctuations by using special
structural elements of the suspension [16-20].

The conducted review shows the relevance of research in the field of reducing the
vibration load of MEM and mobile machines operating in heavy field and road conditions.

3 Methods

To model the oscillations of the MEM, the authors use an equivalent calculation scheme of
the oscillatory system, which is described in detail, for example, in [21-24]. The equivalent
system of vibrations of the MEM during its movement is reduced to a system with
concentrated masses connected to elastic elements without mass, including the elasticity of
the suspension and shock absorbers structural elements. The equivalent oscillation system
also takes into account the damping characteristics of the masses and compounds. As
external disturbing factors of the dynamic system, the impact from the support surface is
taken. Since in some cases the attachments have rigid connections with the skeleton of the
MEM, its mass is summed up with the mass of the frame.

4 Results

The object of the simulation is the ASS springing system adopted tractor traction class 3
“Agromash TK-3-180”. The tractor has a classic layout scheme, is designed to perform
technological work in soil-climatic zones with a temperate climate for basic and pre-sowing
tillage (plowing, non-fall loosening, harrowing, continuous cultivation), sowing of grain,
harvesting and transport operations, stubble peeling and soil disking, fertilization, snow
retention, moisture closure, etc. other works in the unit with mounted, semi-mounted and
trailed machines and tools.

The MEM oscillation system is shown in Figure 1. To expand the understanding of the
dynamic characteristics of the system, we have introduced an additional rear axle springing
system into the design scheme. A rod sprayer of herbicides and pesticides weighing 750 kg
was used as attachments.
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Fig. 1. Design scheme of the oscillating system of the tractor

When compiling this system, mathematical models from the theory of tractor movement
were used [21-23], the following designations were introduced:

Csy — front tire stiffness coefficient; C,, — rear tire stiffness coefficient; €, — front
suspension stiffness coefficient; C,, — rear suspension stiffness coefficient; C,, — cab
suspension stiffness coefficient; m; — front axle weight; m, — rear axle weight; m; — the
weight of the frame; m, — the weight of the cab; ms — the weight of the attachments;
Cs; — damping coefficient of the front tire; s, — damping coefficient of the rear tire; k,; —
damping coefficient of the front axle springing system; k,, — damping coefficient of the
rear axle springing system; k;, — damping coefficient of the cab springing system; ks —
damping coefficient of the attachment springing system; J; — moment of inertia of the
tractor frame; a — distance from the center of mass of the tractor to the front axle; b — the
distance from the center of mass of the tractor to the rear axle; [, — the distance from the
attachment point of the front axle springing system to the frame to the center of mass; I, —
the distance from the attachment point of the rear axle springing system to the frame to the
center of mass; [y — the distance from the upper point of the attachment point of the cab
springing system to the center of mass of the tractor; I — the distance from the center of
mass of the cab to the center of mass of the tractor.

The variables in the system are the following values of mass displacement: Zi, Z,, Zs,
Zs.

A mathematical model of a 4-mass dynamic system, taking into account the springing
of the front and rear axles, is given below:

mlz_:lz_Gl_Fsl‘*'Fpl

MyZy, = —Gy — Fop + Fpp

M3Zy = —Gs + Fyy + Fpy + Fry — G, (1)
L3 =G ra—Fy-a—Fylc—Gy b+ Fgy b+ Fy-lp+Gy-ly—Frylg

MyZy = =Gy + Fy

where
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Fg3 =2C51(Zy — q1) + stl(Zl - 41)
F, =2C,(Z, — q2) + stz(ZZ - QZ)
Fpl = Cpl(zc - Zl) + kpl(Zc - Zl)
Fpo =Cpo(Zg — Z3) + kpp(Zg — Z,)

Fia = Cia(Zp — Z3) + ko (Zg — Z3) @)
Z.= Z3+ap;
Zg= Z3+bes
Zg = Z3+ 1z,

Changing the coordinates of the microprofile. Accordingly, under the front and rear
wheels of the tractor have the following dependencies [18]:

q, =1-H11 -sin(27zm +l-H12 -sin(ZE-&
2 S, 2 S,
q, =1-H21 -sin(Zﬂ& +l-H22 -sin(27z-M
2 S, 2 S5,

Hi1, Hi» — the value of the mathematical expectation of the height of the irregularities of
the longitudinal profile of the support base under the front wheels of the tractor;

H»1, Hy — the value of the mathematical expectation of the height of the irregularities of
the longitudinal profile of the support base under the rear wheels of the tractor;

S11, Si2 — the value of the mathematical expectation of the length of the profile irregularity
under the front wheels of the tractor;

S51, S22 — the value of the mathematical expectation of the length of the profile irregularity
under the rear wheels of the tractor;

x(t) — the value of the track coordinate of the profile under the tractor wheels.

Quantitative characteristics of the microprofile of roads and fields are determined by us on
specific backgrounds of technological agricultural operations.

The load (elastic) characteristics of the pneumatic element of the ASS are shown in Figure
2 (on the left — rebound, on the right — compression). The characteristic is used as input data
for simulation modeling of dynamic processes.

41

19
18
b
16
15
12
13

38 -34 -30 -26 -22 -18 <14 -10 -6 -2 0 2 6 10 14 18 22 26 30

Fig. 2. Load characteristic of the pneumatic element

With the help of MATLAB Simulink and Mathcad software complexes, calculations of
the dynamic characteristics of the oscillatory system were carried out according to the
above calculation scheme (Figure 1).
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5 Discussion

The graph of the dependence of the microprofile of the support base, obtained by formulas
(3) and (4), on the longitudinal coordinate is shown in Fig. 3.
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Fig. 3. Changing the coordinate of the micro profile of the support base

Figures 4 and 5 show the results of simulation modeling — vertical and angular
movements of the masses of the MEM during movement.
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Fig. 4. Vertical movements of the masses of the MEM during its movement, respectively: a) — zi; b)
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Fig. 5. Angular displacement of the center of mass of the sprung mass (skeleton) of the mobile energy
vehicle during its movement

6 Conclusion

1. The presented mathematical simulation model of MEM oscillations makes it possible to
determine the magnitude of the movements of the oscillating masses of various tractor
masses.

2. The results of computer simulation modeling (Fig. 4, 5) clearly demonstrate the
fluctuations of the masses of the energy medium when it moves along an uneven support
base. The center of mass of the sprung mass of the power vehicle (skeleton) is vibro-loaded
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less (moving z3) than the sprung masses of the front (moving z;) and rear (moving z,) axles,
this indicates the effectiveness of the applied springing system.

3. The presented model of dynamic vibrations of the MEM during movement can be used
to develop optimal elastic-damping characteristics of the ASS in order to reduce the
vibration load of the MEM structural elements when performing agricultural work.
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