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Abstract: High-quality cutting of beet heads during harvesting reduces the loss of sugar-bearing
upper parts of root crops. One of the ways to ensure high quality cutting is to scientifically substantiate
the parameters of the machine that harvests the sugar beet leaves; this machine is front-mounted
on the tractor’s attachment mechanism. Theoretical calculations established the following. A front-
mounted beet topper machine with damping coefficient and the moment of inertia parameters that
vary from 0.35 to 1.35 kN s m−1 and from 3000 to 3500 kg m2, respectively, is invariant to the
influence of external disturbances in the form of vertical vibrations of the field’s longitudinal profile.
These vibrations vary in frequency from 0 to 40 s−1 according to the harmonic function. Setting
the tyres stiffness coefficient value of the leaves harvester support-feeler wheels at 315 kN m−1 is
characterized by a desirable decrease (up to 41.2%) of the dynamic system’s amplitude–frequency
values characteristics when the system is subjected to an external disturbance. With this value of tyre
stiffness coefficient, the tyre inflation pressure should not exceed 0.125 MPa.

Keywords: sugar beet; leaves; amplitude–frequency characteristic; phase–frequency characteristic;
stiffness; damping coefficients

1. Introduction

Recent research as well as technological and production tests show that sugar beet root
tops, which were previously used primarily as an organic fertilizer, can be a raw material
for biogas production [1,2]. Therefore, its harvesting and transportation is an important
task in the field of agricultural mechanization [3,4]. In addition, high-quality cutting of
the sugar beet root collar reduces the loss of sugar-bearing upper parts; this significantly
increases the yield of beet raw material, and therefore the sugar yield, from each hectare
of crops [5,6].

In recent years, the most widespread method of harvesting the beet heads in many
beet-growing countries has been the multistage. During this stage, the entire mass of
the leaves is cut and then harvested in a transport vehicle. Next, the beet root collars
are cleaned or trimmed (or both are done simultaneously, using different tools) from the
leaves’ remains [7,8].

These operations are carried out sequentially. Since leaves harvesting occurs before
beet roots are pulled up, the topping tools must be front-mounted on a power vehicle (a
tractor or front part of the composition). Topping tools can be independent agricultural
machines or topper modules of a beet harvester [9].

However, experimental studies have established that the front-mounted leaves har-
vester makes oscillatory movements throughout the operative process in an area that is
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determined by: (i) the relief of the field surface; (ii) the tractor forward speed; (iii) the
location of the feeler wheels relative to the machine’s suspension system; and so on. The
suspension system of the beet leaves harvester causes oscillation of the machine in the
vertical plane during the operative conditions. This affects the quality of the technological
process itself, i.e., the uniform cutting and collection of the leaves from the collar of root
crops along the entire working width of the machine without significant losses [10].

Despite the wide distribution and use of front-mounted beet leaves harvester modules,
fundamental analytical studies of their oscillatory motion over irregular soil surfaces
are practically absent. Bulgakov et al. [11] presented a theoretical study of a tractor-
mounted beet harvester’s oscillations using the original Lagrange equations of the 2nd kind.
However, this work does not consider all the forces acting on this dynamic system, so the
obtained mathematical model of its motion does not adequately describe the real process.
In addition, this problem considers a system that consists of two differential equations with
respect to two generalized coordinates, even though the problem can be solved accurately
enough using only one such coordinate.

Applying the same methodology as in [12], it is possible to build a more accurate
mathematical model of the machine’s motion over an uneven ground surface. This makes it
possible to study the influence of construction parameters on the considered motion along
the rows of sugar beet roots.

The authors have developed a new universal machine that performs the technological
process using the principle of a mower-shredder, which is front-mounted on a wheeled
aggregating tractor. This machine uses a rotary cutting unit. The articulated cutting knives
mounted on the drive drum have an arc shape; they rotate in the longitudinal-vertical plane
and are supported by feeler wheels, providing cutting of the leaves’ main mass across the
working width of the machine [13–16]. The green mass collected from the entire working
width is loaded into the body of the nearby moving vehicle.

The harvesting efficiency of this type of leaves harvester is strongly affected by the
motion stability of its rotor cutting unit in the longitudinal-vertical plane, the capability
of its feeler to determine the unevenness of the soil surface in its working width, and the
parameters of the tractor connection mechanism, among others [17]. This paper aims to
study the dynamics of the front-mounted beet leaves harvester built by authors through
an ad hoc mathematical model to assess the influence of the structural and kinematic
parameters on the oscillations in the machine’s longitudinal-vertical plane during its
technological process. Several factors create significant fluctuations in the considered
dynamic system and degrade the quality of the technological process: the unevenness of
the soil surface, which is traversed by the leaves harvester’s supporting wheels; the high
speed of translational motion; and the presence of the pneumatic tyres that serve as guiding
wheels. For the first time, we have built a universal mathematical model that links all these
parameters with the dynamic characteristics of this system.

2. Materials and Methods
2.1. The Developed Front-Mounted Beet Leaves Harvester

Figure 1 shows the general view of the leaves harvesting machine conceived and built
by the authors as well as its structural and technological scheme. The machine’s rotor
makes a continuous cut and feeds the collected technological mass into the body of the
accompanying vehicle; this includes bundles and leaves from the beet roots as well as
plants that are present on the beet plantation during harvesting.
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Figure 1. Front-mounted beet leaves harvester equipped with a rotary cutting unit linked to an
aggregate tractor: (a), general view; (b), structural and technological scheme. I, wheeled rowing
tractor; II, front-mounted beet leaves harvester: 1, frame; 2, connecting device; 3, feeler wheel;
4, rotary leaves cutting device; 5, transport device; 6, discharge chute; 7, drive shaft.

The technological process of harvesting sugar beet leaves is carried out in the following
way. During the motion of the wheeled aggregating tractor I in the inter-rows of sugar beet
root crops, the feeler wheels (3 in Figure 1) of the picker machine II, which are located in
the front part of the frame (1 in Figure 1), set the rotor (4 in Figure 1) to the required cutting
height. The rotor’s knives have an arc-shaped form and are installed on a cylindrical surface
along the length of the rotor using hinges (4 in Figure 1) to ensure overlap on the entire
working width of the machine. The knives rotate at a high frequency, ensuring excellent
quality cutting of the entire crop mass. The absolute speed of arc knives blades reaches from
20 to 25 m s−1, and for mowing other thick-stemmed crops, from 40 to 50 m·s−1 [16,18].

The leaves mass that is cut by the rotor’s arc-shaped knives (4 in Figure 1) moves to
the upper part of the casing, where it falls on the screw conveyor. The conveyor moves
the cut mass to the machine’s back section, where the transport device (5 in Figure 1) uses
the chute (6 in Figure 1) to unload it into the vehicle’s body and then further on to the
harvesting unit. The shaft that connects to the aggregating tractor I’s front power take-off
drives the leaves harvesting machine (7 in Figure 1). The front-mounted leaves harvesting
machine II is linked to aggregating tractor I by a three-point hitch device (2 in Figure 1).
The final technological process of leaves harvesting takes place when the collars of the root
crops are cleaned of leaf residues by a cleaner installed behind the tractor and equipped
with a vertical drive shaft.

The article discusses the dynamics of motion for this front-mounted beet leaves
harvester with roots that were sown in 0.45 m rows. The harvester was aggregated to
an MTZ-82 tractor, and the rear wheels were equipped with 15.5R38 tyres. Since the
width of the tyres’ profiles was 0.394 m, they fitted into the indicated row spacing of the
beets. The wheel track of the specified tractor was then 1.8 m, allowing for 4 rows of
beets placed between the wheels (4 × 0.45 = 1.8 m). With an even number of rows of the
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harvested crop placed between the tractor’s wheels, the system was symmetrically linked
to the leaves harvester.

2.2. Theoretical Premises

To determine the influence of the structural and kinematic parameters of the front-
mounted leaves harvesting machine on the oscillations in the longitudinal-vertical plane of
the string cutting apparatus, it is necessary to build its mathematical model in the form of
the corresponding differential equations. To do this, an equivalent scheme of this leaves
harvesting unit was first drawn up (Figure 2).
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Figure 2. Equivalent scheme of leaves harvesting machine attached to the front of the
aggregating tractor.

As you can see from the diagram in Figure 2, the machine is connected to the tractor
(not shown in the diagram) with the two lower (PK) and one upper (DM) connecting rods
of its front linkage. During operation of this harvesting unit, the rods are in an unlocked
position. This allows the front-mounted pick-up leaves harvester to feel the irregularities
in the soil profile by means of its support wheels moving between the rows of sugar beet
crops. Consequently, the support wheels act as feeler wheels, i.e., they ensure that the rotor
cutter bar is positioned at the required height above the ground level.

The authors consider that both feeler wheels, even though they are in two different
rows of sugar beet crops, move in the same ground conditions. Furthermore, the placement
of the leaves unloading mechanism on the left side means that the leaves harvester has only
one geometric nonlinearity. To balance the effect of the weight force of this mechanism,
an appropriate ballast weight was installed on the right side of the machine. As a result,
the leaves harvester’s left and right feeler wheels support the same vertical load. The
irregularities of the agricultural soil surface can be represented in the form of the following
harmonic function [19,20]:

h = ho· sin
2π·x

l1
= ho· sin

2π·V·t
l1

, (1)

where, regarding Figure 2:

h [m]: soil surface irregularity current ordinate.
ho [m]: amplitude of oscillations (step) of soil surface unevenness.
l1 [m]: the period of oscillations (step) of soil surface i unevenness.
x = V·t [m]: the current abscissa of soil surface unevenness.
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V [m s−1] is the forward speed of the leaves harvester.

Based on the assumed equality of motion conditions of both feeler wheels, we denote
them in the equivalent scheme as one wheel and express it as one equivalent elastic-
damping model, having total stiffness coefficients 2c and damping 2µ.

The harvester is influenced by the following external forces in the longitudinal-vertical plane:

• the normal N and tangential F = f ·N ground reactions, applied at the point of contact
A of the feeler wheel with an uneven soil surface (f is the resistance factor of the feeler
wheel rolling over the ground surface);

• the weight G of the front-mounted pick-up leaves harvester applied in its centre of gravity;
• the resistance reaction Rk of the rotary cutter bar to cutting the leaves.

In the presence of irregularities in the longitudinal profile of the field, the harvester
makes angular oscillations under the influence of these external forces relative to the “centre
of instantaneous rotation” of the aggregating tractor’s attached mechanism, which is in
the point O (Figure 2). The measure of this rotation is the angle ϕ, which is the only
independent (generalized) coordinate of motion of the considered dynamic system, i.e., a
frontally aggregated leaves harvesting machine.

The key technical parameters of the developed beet leaves harvester are
reported in Table 1 [18].

Table 1. Main technical parameters of the front-mounted beet leaves harvester.

Index Unit Value

Machine weight with haulm (G) N 9300
Operating forward speed (V) m·s−1 2.2–2.5

Performance ha·h−1 1.08–1.35
Beet leaves harvester inertia moment (Ioy) kg·m2 3250

Tyres for support feeler wheels - 7.50R16
Radius for support feeler wheels m 0.365

Inflation pressure of the support feeler wheels tyres MPa 0.125
Stiffness coefficient (c) of the support feeler wheels tyres kN·m−1 315

Damping coefficient (µ) of the support feeler wheels tyres kN·s·m−1 0.85
Rotor radius of the leaves cutter m 0.30

Distance from the machine suspension axis to the axis of the
support feeler wheels (L) m 4.3

Distance from the machine suspension axis to the centre of
gravity (L-l) m 3.0

Soil profile fluctuation amplitude (h0) m 0.01–0.03
Soil profile unevenness step (l1) m 0.70

The values of the coefficients c and µ have been taken from the reference books
pertinent to the tyres (7.50R16) mounted on the wheels of the beet leaves harvester. The
values of the linear parameters have been obtained by direct measurement on the prototype
machine with an error of ±1 cm. In the mathematical model, these values have been
conditionally taken as average, then increased or decreased by an acceptable value.

The inertia moment (Ioy) of the beet leaves harvester has been assessed based on a
completely acceptable assumption that it is a rectangle near the longitudinal-vertical plane
The mass M has been determined by weighing the prototype machine by means of a DPU-2
dynamometer (Lviv, Ukraine), having a measurement error of ±20 kg.

2.3. Mathematical Model

To obtain the law of change of the angle ϕ in analytical form, let us apply differential
equations in the Lagrangian form of the second kind [21]:

d
dt

(
∂T
∂

.
ϕ

)
− ∂T

∂ϕ
= Qϕ −

∂P
∂ϕ
− ∂R

∂
.
ϕ

, (2)
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where:

T: kinetic energy of the considered dynamic system.
Qϕ: generalized force.
P: potential energy of the system.
R: dissipative function (Rayleigh function).
ϕ: generalized coordinate.
.
ϕ: the generalized speed.

The kinetic energy T of the dynamic system under consideration is determined as
follows [21–23]:

T =
Ioy·

.
ϕ

2

2
, (3)

where Ioy is the moment of inertia of the leaves machine relative to the axis Oy, perpendicu-
lar to the longitudinal-vertical plane zOx and passing through the point O, kg·m2.

Using expression (3), we find that:

∂T
∂ϕ

= 0;
d
dt

(
∂T
∂

.
ϕ

)
= Ioy·

..
ϕ. (4)

The potential energy of this dynamic system is formed by the work of the elastic forces
of the supporting (feeler) wheels of the leaves harvester. In essence, this work is a function
of the deflections of the wheels’ tyres. In analytical terms, the specified deflections can
be represented by the difference between the amplitudes z of vertical oscillations of the
wheels’ centres (point B in Figure 2) and the longitudinal profile of the field (h): i.e., (z− h).

Considering the above, the expression for calculating the potential energy of vibrations
of the leaves harvester is as follows [24]:

P =
2·c·(z− h)2

2
= c·(z− h)2. (5)

In the presence of the angle α (see Figure 2), the value of which can be considered
small with sufficient accuracy for practice, the ordinate z is determined as follows:

z = (L + r· sin α)·ϕ = (L + r·α)·ϕ = L·ϕ + r·α·ϕ. (6)

We emphasized above that the parameters α and ϕ are small quantities (α ≤ ≈12◦;
ϕ ≤ ≈10◦). It is quite clear that their product will have an even smaller value, which,
without any harm, can be neglected. Taking this into account, we obtain:

z = L·ϕ;
.
z = L· .

ϕ. (7)

Taking Equations (7) into account, Equation (5) is as follows:

P = c·(L·ϕ− h)2 = c·
(

L2·ϕ2 − 2·L·ϕ·h + h2
)

. (8)

The partial derivative of function (8) with respect to the parameter ϕ has the form:

∂P
∂ϕ

= 2c·L2·ϕ− 2c·L·h. (9)

The dissipative function R of the considered dynamic system is determined in a similar
way [21,24]:

R =
2·µ·

( .
z−

.
h
)2

2
= µ·

( .
z−

.
h
)2

. (10)
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Substituting Equations (7) into Equation (10), we finally obtain:

R = µ·
(

L2· .
ϕ

2 − 2·L· .
ϕ·

.
h +

.
h

2
)

. (11)

The partial derivative of this function with respect to the parameter
.
ϕ will be as follows:

∂R
∂

.
ϕ
= 2µ·L2· .

ϕ− 2µ·L·
.
h. (12)

Next, let us determine the generalized force Qϕ considering the generalized coordinate
ϕ. For this purpose, let us first determine the elementary work of active forces δAϕ (in this
case these are the moments of forces) on a possible displacement δϕ. As a result, we have
the following expression [21]:

δAϕ = N·BS·δϕ− F·TO·δϕ− Rk·lo·δϕ− G·l·δϕ, (13)

where BS, TO, lo, l are, respectively, the arms of the forces N, F, Rk and G relative to the
point O (Figure 2).

From Equation (13), we find that the generalized force Qϕ equals:

Qϕ =
δAϕ

δϕ
= N·BS− F·TO− Rk·lo − G·l. (14)

If the arms lo and l are constant during the motion of the harvester, the arms BS and
TO are functions of the variable angle α (see Figure 2). The latter, in turn, is organically
related to the function of vertical oscillations of the longitudinal field profile according to
Equation (1). If we differentiate Equation (1) by the parameter x, we obtain:

dh
dx

=
2π·ho

l1
· cos

2π·V·t
l1

= tan α. (15)

From Equation (15), according to the basic concepts of higher mathematics regarding
the geometric essence of the derivative of a function [11], we have:

α = arctg
(

2π·ho

l1
· cos

2π·V·t
l1

)
. (16)

The analysis of the scheme of Figure 2 shows that the arm BS = L· cos α. Considering
the smallness of the angle α, according to which cos α ∼= 1, we finally accept that BS = L.

The arm TO (Figure 2) is the sum of two segments: TO = TS + SO.
As TS = r, and SO = L· sin α = L·α, then finally we obtain:

TO = r + L·α. (17)

Considering the above, Equation (14) is as follows:

Qϕ = N·[L− f ·(r + L·α)]− Rk·lo − G·l. (18)

After substituting Equations (4), (9), (12) and (14) into the original Equation (2) and car-
rying out the corresponding transformations, we obtain the following differential equation
for the rotations of the leaves harvesting machine in the longitudinal-vertical plane:

A2·
..
ϕ + A1·

.
ϕ + A0·ϕ = B1·

.
h + Bo·h + C, (19)

with the following positions:
A2 = Ioy, (20a)
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A1 = 2µ·L2, (21b)

A0 = 2c·L2 (22c)

B1 = 2µ·L, (23d)

B0 = 2c·L, (24e)

C = N·[L− f · (r + L·α)]− Rk·lo − G·l
= arctg

(
2π·ho

l1
· cos 2π·V·t

l1

) (25f)

For further analysis of the derived differential equation, we carry out the transition
from a relatively complex differential form to a simple algebraic form of its representation.
To do this, we apply the well-known differentiation operator S = d

dt [25]. Considering this
S operator, the differential Equation (19) has the following form:

(A2·s2 + A1·s + A0)·ϕ(t) = (B1·s + Bo)·h(t) + C·1(t), (26)

or
D2(s)ϕ(t) = D1(s)h(t) + C·1(t). (27)

Structurally, this equation, reflecting the behaviour of the studied dynamic system,
has two input and one output variables. The output variable is the angle of rotation ϕ(t) of
the frontal mower in the longitudinal-vertical plane relative to the point O (Figure 2). The
internal nature of this initial parameter (i.e., the angle ϕ) is formed by an operator of the
following form:

D2(s) = A2·s2 + A1·s + A0 (28)

The first of the input variables is represented by vertical fluctuations of the longitudinal
profile of the field h(t), which acts on the dynamic system through the transmission link
described by the following operator:

D1(s) = B1·s + B0 (29)

The second external influence is a unit step function 1(t) of the discrete change in each
of the parameters of the coefficient C [see Equation (19)].

Since the resulting differential Equations (20) or (21) are linear, the superposition
principle is valid with respect to them. According to this principle, the effect of input
influences on the response of a dynamic system can be analysed separately. Taking this
into account, first, let us consider the functioning process of the front-end leaves harvesting
machine under the influence of fluctuations in the longitudinal profile of the track h(t). In
an analytical form, this process appears as follows [21]:

D2(s)ϕ(t) = D1(s)h(t). (30)

It is known [26] that the nature of the transformation of the input parameters for a
particular dynamic system into the output is determined by the corresponding transfer
function [W(s)]. For this case, it is as follows [21]:

W(s) =
D1(s)
D2(s)

=
B1·s + Bo

A2·s2 + A1·s + Ao
. (31)

The transfer function (25) is used to calculate the amplitude– and phase–frequency
characteristics of the operation of the frontal picker under the influence of the vertical
fluctuations of the field’s longitudinal profile. The algorithm for such a calculation is
presented quite objectively in [21,27].

We emphasize that the input influence h(t) is inherently perturbative. The ideal
amplitude–frequency characteristics of the dynamical system when it reproduces such
influence should be equal to zero, and the phase–frequency characteristics should be
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directed to infinity [26]. This fact determines the vector of further theoretical research,
which should have the following nature: parameters of the dynamic system under which
its amplitude–frequency characteristics are as close as possible to zero and phase–frequency
characteristics to infinity, and which are the most rational (that is, desirable).

3. Results and Discussion

The values of coefficients A2, A1, Ao, B1 and Bo of transfer function (25) are determined
by the following construction parameters c, µ, L and Ioy (see Equation (19)). In theoretical
research we considered the following values: c in the range from 115 kN m−1 to 515 kN m−1;
µ in the range from 0.35 kN s m−1 to 1.35 kN s m−1; L in the range from 3.8 m to 4.8 m; Ioy
in the range from 3000 to 3500 kg m2. These values have been conditionally taken based on
the corresponding ones reported in Table 1, then increased or decreased by an acceptable
value. Furthermore, for the simulation, we have considered the oscillations frequency
range to be 0–40 s−1 as 40 s−1 was the highest value we located when examining long term
(more than 10 years) measurements of fluctuations carried out in the longitudinal profile of
fields with sugar beet roots.

It follows from the analysis of the calculation results that, at frequencies of external
perturbation from 0 to 20 s−1 change in the parameters µ and Ioy in the above ranges of
their values do not practically affect the corresponding amplitude–frequency and phase–
frequency characteristics of this dynamic system. In the frequency interval from 20 to 40 s−1,
there is some qualitative difference between the corresponding frequency characteristics.
However, the quantitative insignificance of this difference allows us to formulate the
following conclusion: the front harvester with the values of parameters µ and Ioy, which
range from 0.35 to 1.35 kN s m−1 and from 3000 to 3500 kg m2, respectively, is invariant to
the influence of external vertical vibrations of the agricultural background’s longitudinal
profile, changing in the frequency range from 0 to 40 s−1 by the harmonic law (1).

On the other hand, the change in values of the stiffness coefficient (c) of the tyres
of the harvester’s supporting and feeler wheels has a significant effect on the frequency
characteristics of this dynamic system in the process of its response to the input disturbance.
In the case where c = 115 kN m−1, we have the worst amplitude–frequency characteristic
(curve 1 in Figure 3). Not only it is farthest from zero, but it also has an unwanted resonant
peak at frequency 36 s−1.
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Increasing the stiffness coefficient of tyres of the topper harvester’s support feeler
wheels to 315 kN m−1 is characterized by a sharp enough desirable decrease in the
amplitude–frequency characteristics of this dynamic system (curve 2 in Figure 3). At
the frequency of 36 s−1, this decrease is 41.2%. This result is quite logical since the increase
in the stiffness of the wheel tyres is accompanied by a simultaneous decrease in their
elastic properties. The smaller the wheel tyres elastic properties, the lower the machine’s
propensity to effects from its own vertical vibrations.

At a further increase of the coefficient c value by 200 kN m−1, the estimated amplitude–
frequency response also decreases (curve 3 in Figure 3). At the same time, the intensity of
this process significantly decreases. Taking this into account, it can be stated that there is no
need to take the value of coefficient c of tyre stiffness of the leaves harvester feeler wheels
higher than 315 kN m−1.

We consider how this can be used in practice. The tyre stiffness factor can be calculated
by the following equation [28,29]:

c = 2πρt·
√

rc·ro, (32)

where:

ρt [Pa] is the inflation pressure in the tyre.
ro [m] is the free radius of an unloaded tyre.
rc [m] is the radius of the tyre in its cross section.

The front harvester is equipped with feeler wheels that are fitted with 7.50R16, tyres,
for which ro = 0.365 m, and rc = 0.440 m. Taking this into account, from Equation (26), we
find that the inflation pressure in these tyres should be at the level of 0.125 MPa.

In contrast to the amplitude–frequency characteristics, the phase–frequency charac-
teristics of the picker as a dynamic system deteriorate with an increase in the stiffness
coefficient c of the tyres of its wheels. For proof, we consider the following results of
mathematical modelling. Under the condition that c = 115 kN m−1, and the frequency of
oscillations of external disturbance is 20 s−1, the considered phase–frequency characteristic
of the dynamic system reaches a value of −3.2◦ or −0.06 rad. (curve 1 in Figure 4). In fact,
these numerical values quantify the actual delay in the mower harvester’s response to the
disturbing influence. At a disturbance frequency of 20 s−1 the delay is 0.06:20 = 0.003 s.
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At the same time, when increasing the coefficient c up to 515 kN m−1 at the same
frequency of oscillations of disturbing impact, the phase–frequency characteristic of this
dynamic system decreases to the mark −0.1◦ or −0.002 rad (curve 3 in Figure 4). The
delay of the harvester’s reaction to the perturbation drops to almost zero. It follows
that for the desired increase in the phase shift when the dynamic system determines the
disturbance in the form of vertical fluctuations of the agricultural background’s longitudinal
profile, the value of the stiffness factor of the harvester’s tyres should be at the level of
115 kN m−1. Note that this conclusion is diametrically opposed to the amplitude–frequency
characteristics considered above.

As a result, we should consider the fact that the character of the amplitude frequency
response of the dynamic system to the disturbing action is more important, and therefore
more determinative, than the phase factor. Taking this into account, to ensure the acceptable
character of the harvester’s response to vertical fluctuations of the field’s longitudinal
profile, the value of the coefficient c of its tyre feeler wheels’ stiffness should be at the level
of 315 kN m−1.

As for such a construction parameter as L (see Figure 2), an increase in its value by 1 m
(from 3.8 to 4.8 m) leads to the desired change in the amplitude–frequency characteristic of
the studied dynamic system (Figure 5).
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First, these frequency characteristics gradually decrease. This means that the dynamic
system becomes less sensitive (that is, more resistant) to external disturbance. The logic of
such a result is as follows. From the point of view of theoretical mechanics, the parameter
L is nothing but the combined length of a physical pendulum, which is conventionally a
picker machine. At the same time, it is known [30] that the larger the value of this length,
the more stable the dynamic system is in the process of its functioning.

Secondly, the resonance peaks of the obtained amplitude–frequency characteristics
are shifted towards higher frequencies of external disturbing oscillations. The higher the
disturbance frequency, the smaller, as a rule, the dispersion of its oscillations [27], and,
therefore, the amplitude of the angular oscillations of the picker.

Thirdly, under the condition that the value of the parameter L is equal to 4.8 m, the
amplitude–frequency response of the dynamic system in the considered frequency range
from 0 to 40 s−1 does not have an undesirable resonance peak at all (curve 3 in Figure 5).
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The character of changes in the phase–frequency characteristics of the leaves harvester
when increasing the value of the parameter L is diametrically opposite to the dynamics
of the amplitude–frequency characteristics considered above. The greatest delay in the
response of this dynamic system to an external disturbance occurs when L = 3.8 m, and the
smallest when the value of L is the greatest and is 4.8 m (Figure 6).
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At the same time, a significant difference between the obtained phase–frequency
characteristics takes place at the frequencies of external perturbation oscillations greater
than 25 s−1. As is known, this frequency interval [27] is characterized by sufficiently small
values of the dispersion of the longitudinal field profile’s vertical oscillations. Taking this
into account, we can state that the real effect of changing the construction parameter L
has no significant influence on the value of the delay in the response of the frontal mower
to the action of the external disturbance in the form of vertical oscillations of the field’s
longitudinal profile.

The decisive moment when choosing the value of this parameter is the amplitude–
frequency characteristics of the picker. According to the analysis, as emphasized above, it
is desirable to set the value of L as large as possible. In practice, this can be achieved by
attaching the harvester to the tractor in such a way that the angle between the connecting
rods MD and DP (see Figure 2) is as large as possible. It should be kept in mind that the
value of the DP parameter should in any case be greater than the value of the MK parameter,
i.e., the shortest distance between the attachment points of the central and lower links of
its front linkage to the tractor. When DP = MK, the DM and PK rods are parallel to each
other. The front machine is therefore lifted into the transport position without turning it in
the longitudinal-vertical plane, which is an undesirable result from the point of view of
aggregating any machine/implement. The variant DP < MK is not acceptable at all as it
makes lifting the front machine into the transport position impossible [31–33].

4. Conclusions

Theoretical studies have established that the front-mounted leaves harvester linked to
a wheeled tractor is not affected by external perturbation or vibrations in the vertical plane
if these change in frequency from 0 to 40 s−1 under the harmonic law (1), and if the values
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of parameters concerning the damping factor µ and moment of inertia Ioy of the harvester
change from 0.35 to 1.35 kN s m−1 and from 3000 to 3500 kg m2, respectively.

The influence of the external perturbations can be controlled by setting the value of
the coefficient c of the tyre stiffness of the harvester feeler wheels at 315 kN m−1. This value
allows the desired reduction (to 41.2%) of values of the amplitude–frequency characteristics
of the dynamic system to be obtained. At such a value of coefficient c of tyre stiffness, their
inflation pressure should not exceed 0.125 MPa.

For a satisfactory trend of the amplitude–frequency characteristics of the harvester as
a dynamic system under external perturbations, the value of the constructive parameter L,
which is the distance from the axis of its feeler wheels to the instantaneous centre of rotation
of the entire harvester, must be as large as possible. A limiting factor in this case is the
connection of the leaves harvester to the tractor through the three point hitch attachment,
which makes it impossible to arrange the central and lower connecting rods in parallel.

The new theory developed in this paper can be successfully used in the study and
design of a large typology of agricultural implements connected to tractors, such as haulm
harvesters, front-mounted mowers, front-mounted harvesters, front-mounted crop residue
choppers, and so on. Using the method of mathematical modelling developed in this
article, it is possible to design these machines with any number of rows and any kinematic,
energy and design indicators. Ultimately, the developed theory makes it possible to carry
out numerical simulation of oscillatory processes of many agricultural implements front-
mounted to wheeled or tracked tractors.
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