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Abstract: When harvesting cereals and fodder grasses, a two-phase method is often used. This
process is carried out using trailed and suspended collecting units. The former are asymmetrical and
often pose problems regarding the stability of their movement in the horizontal plane. In practice,
suspended harvesting units with a front-mounted header are becoming more and more widely used.
The disadvantage of their use is that the soil is exposed after passing through the space between the
swaths of the mown crop. This is followed by an intense loss of moisture. In order to eliminate this
shortcoming, a collecting unit was proposed, consisting of a tractor with a front attachment and a
disc harrow mounted at the rear. An appropriate mathematical model was developed to justify the
scheme and parameters of such a unit. In this case, this model is used to assess the controllability
of the movement of the dynamic system under the influence of control action in the form of the
angular rotation of the tractor’s steered wheels. As a result of mathematical modelling, it was found
that satisfactory controllability of the movement of the harvesting units can be ensured by acting
on the tractor’s driven wheels with a frequency of 0-1 s~! and a working speed of close to 3 m-s~ 1.
In this case, it is desirable to set the deflection resistance coefficient of the rear tyres of the tractor
(and therefore, the air pressure in them) to a smaller value, and that of the front tyres to a larger
value. This helps both to improve the movement controllability of the harvesting unit and to reduce
its energy consumption by an average of 6.75%. The emissivity of selected harmful chemicals and
particulates emitted by the harvesting unit, depending on the fuel burned, was also examined. The
way in which the use of the harvesting unit affects the reduction of emissions of harmful compounds
into the atmosphere was also revealed.

Keywords: two-phase harvesting method; energy saving header; disc harrow; amplitude frequency
characteristic; phase frequency characteristic; crop plants

1. Introduction

The Earth’s limited natural resources, climate change, and the issue of providing
food for an increasing human population with limited access to water and arable land are
the main challenges faced by modern agriculture [1-3]. For many years, the concept of
sustainable agriculture has appeared in the nomenclature. This term refers to all measures
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that reduce the environmental impact of agriculture, which are intended to enable a more
efficient and environmentally friendly use of resources, such as soil, land, water, agricultural
machinery, plant protection products, seeds, fertilisers, or energy, while maintaining the
profitability of agricultural production and its social acceptance [4,5].

Sustainable agriculture is a trade-off that offers to reduce the negative impact on the
environment and the climate while sustaining an adequate production scale and main-
taining the financial stability of the farms. The sustainable farm management model does
not guarantee an increase in profits here and now, but allows for the economic stability
of agricultural activity over a longer period of time. This is extremely important in terms
of the model’s resilience to all crises affecting both local and global economies. The im-
plementation of the concept of sustainable agricultural production requires a number of
organisational and technological adaptations, specifically the basic elements of technology,
such as fertility, fertilisers, and plant protection [6,7].

Climate change brings increasingly unpredictable and extreme weather, and farmers
find it difficult to adapt to these new climatic conditions [8,9]. An increasing number of
European legislators claim that the development of genetically modified supercrops may
be a way to ensure food security. The research aims to modify such crops to require less
water, fewer pesticides and fertilizers, and to be more resilient to climate change [10,11].
The EU has some of the strictest regulations in the world for the approval of GM crops, and
the development of GMOs (genetically modified organisms) remains a contentious issue
among both governments and citizens [12,13].

The primary objective of every producer in the traditional (classical) management
system was to maximise profit, while sometimes ignoring the principles of good agricultural
practice, which is the basis of sustainable agriculture [14,15]. The current knowledge and
skills make it possible to achieve these goals by applying integrated agricultural production
technologies in accordance with the principles of sustainable agriculture [16,17].

The growing demand for high-quality plant products and changing customer require-
ments motivate farms to change, specialize, and increasingly use modern solutions and
equipment. Thanks to these innovations, the harvest is much more abundant, and the work
is less tiring and more effective [18]. The elements of agrotechnics in regards to plough
technology, such as tillage, fertilization, and care, are both energy- and time-consuming [19].
For many years, in the scientific community and among farmers, there has been a debate
over whether classic plough or no-till cultivation, or perhaps even direct sowing, is better.
It is impossible to unequivocally determine which cultivation technology is better. Any
method is good and effective if it delivers the intended results and savings. Therefore, in
modern agriculture, new technologies, machinery, GSP satellite navigation, modern plant
protection products, and fertilisers are introduced, which reduce costs. The choice of an
arable farming system depends on the size of the farm, the physicochemical and biological
properties of the soil, the landscape, the climate, the crop, and of course, the approach of
the farmer and the degree to which he wants to use modern technologies [20].

Of all the known methods of harvesting crops, two are currently used most often:
single-phase and two-phase harvesting. Studies show that there are both advantages and
disadvantages to harvesting rapeseed [21] and other crops [22]. In this regard, the prevailing
climatic conditions determine the methods of choice in a particular geographical area.

The two-phase method of harvesting is widely used when mowing cereal crops, forage
grasses, and rapeseed. For this process, trailed and mounted harvesting units are used. The
former consists of a tractor with a trailed header asymmetrically placed on the right [23-25].
One of the significant problems with using such units is their reduced stability of movement
in the horizontal plane [26]. Studies have shown [27] that this fact has a corresponding
effect on the quality of the harvesting process.

Mounted units are equipped with front headers, which are joined to a self-propelled
power device (combine, tractor), both symmetrically and asymmetrically. In a symmetrical
harvesting unit [28-31], the crop swath is located between the wheels of the left and right
sides of the self-propelled vehicle.
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When a cut crop swath forms to the left or right of a front-mounted header, the latter
is usually attached to the self-propelled vehicle asymmetrically [22,32,33]. However, its
transverse displacement usually does not cause problems with the stability of the harvesting
unit’s horizontal movement. After the latter’s passage, the stubble of the harvested crop
remains. To avoid moisture loss and achieve weed control, most often, after 2-3 days, the
stubble is crushed by disc cultivators (harrows) during the subsequent tillage to a depth of
5-7 cm.

Crushing the harvested crop stubble is not carried out using the no-till technology.
Moreover, in its inter-rows, there is a non-grain portion of the crop. As a result, this con-
tributes to increased soil moisture infiltration and other positive effects [34]. In some cases,
the stubble remains intact throughout the winter, contributing to the effective retention of
snow in the fields [35].

Nevertheless, it should be noted that under arid soil and climatic conditions, a delay in
chopping the stubble of a harvested crop, even of only 2-3 days, can lead to significant losses
of soil moisture. At the same time, according to field studies, the timely implementation of
this technological operation makes it possible to ensure moisture conservation in the soil
within 2-6 mm [36]. Moreover, its subsequent accumulation increases significantly when
the stubble is crushed simultaneously with its mowing.

Soil moisture can be defined in many ways. The International Hydrological Dictionary
describes it as water contained in the aeration zone above the groundwater table, together
with water vapor present in the soil pores [37,38].

Soil water resources are a major topic of research interest. All processes that take
place in the soil are strongly linked to its moisture, and therefore, the measurement of
water content in the soil is one of the most important problems in agrotechnology and
issues related to the formation of optimal conditions for the growth and development of
plants [39,40].

The changing hydrological situation of the world and the ongoing work on the assess-
ment of soil water resources have led to rapid progress in the development of measurement
methods. Starting with the traditional thermogravimetric method, commonly called “dry-
ing”, the development of measurement methods has led to more advanced techniques,
which include: TDR (time domain reflectometry), FDR (frequency domain reflectometry),
as well as capacitance, neutron, or electrometric (resistance) measurement. The choice
of a suitable method for monitoring soil moisture is determined primarily by features
such as high measurement accuracy, the possibility of continuous measurements in many
places simultaneously, non-destructive characteristics, and a relatively low cost of mea-
suring equipment. Methods based on electrostatic conductivity phenomena are becoming
increasingly popular for field measurements [41].

The physical state of the soil depends on natural and anthropogenic factors that con-
tribute to changing the state of soil density. Soil penetration resistance is a valuable indicator
of soil mechanical resistance during plant root growth. Soil penetration resistance largely
depends on the method of cultivation. Penetration resistance also depends, to a significant
extent, on soil moisture; therefore, in order to assess the impact of different cultivation
methods on soil mechanical resistance, it is necessary to determine the relationship between
moisture and soil penetration resistance, taking into account the agrotechnical practices
used and the cultivation methods shaping the structure and state of soil compaction [42].

There are known attempts to implement this technological technique as unit in a
combined harvester and a trailed cultivator [43]. But the latter’s presence significantly
complicates the reverse movement of such a harvesting unit when manoeuvring on the
headland. Moreover, the motion dynamics of such a dynamic system have not been studied,
which is why neither its diagram nor its design parameters are substantiated.

It should be noted that unsatisfactory unit controllability is clearly associated with
increased fuel consumption. The related increased energy consumption requires the iden-
tification of ways to reduce it. However, practically no studies reflect the influence of
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the units’ movement controllability (including that required during harvesting) on fuel
consumption (and, therefore, energy).

Our experience tells us that the front harvester and rear tillage machine must be
mounted. At the same time, if the first machine (header) should possess only a fixed device,
then the second apparatus (harrow, cultivator) can include both a fixed and an articulated
joint in a horizontal plane with a self-propelled vehicle. The latter can be equipped with
both front- and rear-steered wheels. However, an appropriate mathematical formula is
needed to theoretically study such a unit’'s movement dynamics. Since it is currently
missing, the aim of this article is: (i) to design a mathematical model of the combined
harvesting unit’s horizontal movement; (ii) to assess the unit movement controllability,
based on a self-propelled vehicle with a front-mounted header and a soil-cultivating
machine mounted at the rear; (iii) to assess the influence of the harvesting unit’s movement
controllability on its energy consumption.

2. Theoretical Premises

In practice, two diagrams of a harvesting unit are possible: a straight-path tractor, and
a front header with a rear-mounted disc harrow. According to the first of these diagrams,
the tractor (following the example of a combine) has rear-steered wheels. Technically, this
is achieved by setting it to reverse. According to the second diagram, the tractor moves
in a straight line with front-steered wheels (Figure 1). In both diagrams of the harvesting
unit, the disc harrow is mounted with the possibility of its independent rotation in the
horizontal plane relative to the tractor at the certain angle g (Figure 1).

Figure 1. Diagram of forces acting on the harvesting unit with a straight-path tractor.

In moving at a constant velocity V,, the unit deviates from the initial position under
the influence of random factors and carries out relative movement. The essence of the
latter is as follows. The tractor rotates in the YOX plane around a vertical axis that passes
through the tractor’s gravity centre with the header (point S). The measurement of this
rotation is the angle ¢. In turn, point S moves along the OX axis, which is characterized by
a corresponding change in the abscissa X; = OS (see Figure 1).
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The mathematical model of the harvesting unit movement in the operator recording
form is as follows:

Ki1-Xs(p) + Ki2-@(p) + Ki3-B(p) = Fir-a(p) + Fi2-Rp(p);
Ko1-Xs(p) + Koz ¢(p) + Koz-B(p) = Far-a(p) + Faa- f2(p); 1)
Ks1-Xs(p) + Ka2-9(p) + Kaz-B(p) = Fz1-a(p),

where:

Ki1 = Ap-p? + Apa-p; An = M,

Kip = A1z-p+ Awg; Ap = (ka +ky + Pfa — Fb) Vo L

?3 = 215? _ Ars = [ (ko + Pra) (L= b) + (Fy — ky)b| Vi !
21 = AP At = — AoV, -

Ky = Ay -p? + Agp-p + Aps; AM _p arter

Koz = Ags; A15 L

K31 = Azep; 2=Jos ’ 2To1

Kug — Aupop 4 Ass; Az = [ (ka+ Ppa ) (L= 6)% + (ky — )% | Vi

K33 = Az1-p* + Aspp + Ass; Ay = —AVo;

F11 = fll = ka; A24 = A13;

Fip=Fp=1; Ags = —Pr(b+12);

fi2 = Ry; Azt = Jm ;

By = for = (L —b)ks; Az = (kk + Pfk)'lz'V7] ;

f22 = Ryr(b+le) = Ree Asz = (kk+Pfk) I i

F1=0;

Ass = Ass; Azy = (kk + Pfk) (L=b+L)LV,

p = d/dt — Laplace operator. Asg = —As3 Vil

The equations system (1) includes the following parameters (see Figure 1): Ry and R,
are the forces of the header traction resistance, kN; F, is the tractor’s gross traction, kN; Pfa
is the tractor’s front wheels rolling resistance, kN; P, and Py are the disk harrow’s draft
and rolling resistance forces, respectively, kN; T,, T},, and T} are lateral forces, kN; d,, ,
and Jy are the yaw angles, rad; M, is the tractor mass and header, kg; J, is the tractor and
header inertia moment, kg~m2 ; Jm is the disk harrow inertia moment, kg-m2 ; ka, kp, and kg
are the coefficients of resistance to tyre yaw of the front and rear tractor wheels, as well
as the wheels of the disc harrow, respectively, kN-rad~1; L is the tractor’s wheelbase, m;
b is the longitudinal coordinate of the tractor’s mass centre, m; A is the displacement of the
header symmetry axis relative to that of the tractor symmetry, m; I, is the distance from
the header cutting mechanism to the axis of the tractor’s front wheels, m; I, is the distance
from the axis of the tractor’s rear wheels to the point of attachment of the disc harrow, m; [,
is the disk harrow trailer length, m [44].

The mathematical model (1) was used to calculate the amplitude (AFC) and phase
(PFC) frequency characteristics. When responding to a control signal, the ideal AFCs of
a dynamic system should be equal to 1, and the ideal PFCs should be equal to 0. In the
case of a dynamic system responding to a disturbance, the ideal PFCs should be equal to
0, and the ideal PFCs should tend to oo [44]. Considering this, the modelling algorithm
selected the harvesting MTU parameters at which its real AFCs and PFCs are as close to
ideal as possible.

3. Materials

Any mathematical model is an object of research only after it has been tested for
adequacy. In this paper, the objective of such a procedure was to compare the theoretical
A¢(w) and the experimental A,(w) amplitude—frequency characteristics of the tractor
heading angle ¢ oscillations (as an output value) when the harvesting unit is in use,
working out the input control action in the form of the angle « oscillations with frequency
w. As practice shows, this parameter’s valid range equals 0-5 s !
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To calculate the theoretical AFC, the corresponding transfer function [Wy,(p)] is
needed. In this study, it is expressed by the ratio of the tractor heading angle ¢ amplitude
to the amplitude of its steered wheel turn angle («):

Kin Fii Ky
Ky1 B Ky
D K31 F31 Ks3
W = LA s
w(P) =D K1 Kip Kz )
Ky1 Ky Kpz
K31 Kz Kz

where Dy, is the determinant describing the angle ¢ changing process under the influence
of angle &; D is the main determinant of the equation system (1).

Based on the obtained transfer function (2), the theoretical amplitude—frequency
characteristic of the harvesting unit was calculated in the Mathcad 15 software environment.
The values of the parameters included in Equation (2) were as follows: M, = 9800 kg;
Ja = 53,550 kg-m?; Jm = 3800 kg-m?; Py, = 5 kN; P = 0.7 kN; F, = 12.6 kN; P, = 7.5 kN;
L=286m;b=1.0m;; =1.1m; [ =2.0m.

As a physical object of research, a harvesting unit was taken, with the following
composition: an HTZ-16131 tractor, a ZHVN-6B mounted header, and a BDN-3 mounted
disc harrow. The specified tractor and the additional machines were manufactured in
Ukraine. The header was fixed relative to the tractor in a horizontal plane, and the disc
harrow was connected with the ability to turn at an angle of f = £8°, relative to the tractor.

The field with winter wheat stubble was divided into sites 250 m long. The harvesting
unit was accelerated for the first 50 m of each site. For the remaining 200 m, the operating
movement was carried out at a speed that was calculated by the formula: V, = 200-+!
(m-s~1). To measure the unit movement time in the scoring site (t), a KHP PC3860 electronic
stopwatch (China) was used. The error of its readings did not exceed £0.01 s.

During the experimental studies, the tractor’s heading angle (¢) and the turning angle
of its steering wheels («) were recorded. To record the ¢ parameter, a Gy-521 MPU-6050
gyroscope (China) was used, and to record parameter «, a variable resistor CP-3A (Ukraine)
with a resistance of 470 Ohm was used. The gyroscope was placed along the tractor’s
symmetry axis at a distance b from the axis of its rear wheels (see Figure 1). The CP-3A
sensor was placed on the left front wheel of the tractor.

Electrical signals from the gyroscope and resistor were recorded onto a microCD
using an Arduino UNO device (Italy). The data obtained in this case was used to calculate
standard deviations and normalized spectral densities of the oscillations ¢ and & parameters
in Mathcad 15.0.

The experimental AFC of the harvester unit was determined using the following

equation [45]:
Acw) = 21/ 32 &)

where 0, Sy—standard deviation (+grad) and normalized spectral density (s) angle «
oscillations; ¢, Sp—standard deviation (+grad) and normalized spectral density (s) angle
¢ oscillations.

Before beginning the experimental studies, a number of parameters and indicators
were determined in triplicate. The bulk density (g-cm~%) and humidity (%) of the soil in
the 0-10 cm layer were measured using the methodology, instruments, and equipment
described in detail in Ref. [46].

The determination of the height of the winter wheat plants (and then their stubble) was
carried out using a 1 m long ruler, with a measurement error of £0.5 cm. The measurement
points for these parameters (no less than 300) were located along the field diagonal, with
an interval of 0.5 m between them.
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To determine the density of weeds in the field (g-m~?2) and the yield of winter wheat
(ton-ha—1), a wooden frame with an area of 1 m? was used. During the measurement
process, the frame was also placed along the field diagonal. However, the measurement
step for these parameters was 10 m, and their number was 30. The cut winter wheat plants
within each frame were threshed by hand. The resulting mass of grains (m;, g) was weighed
on an Axis AD 200 electronic scale (Poland), with an error of 0.001 g. The wheat yield
(U, ton-ha—1) was calculated using the formula: U = 21-321 m;/3000. To calculate weed
density (W), the formula W = Z?gl m; /30 was used.

The tillage depth with a disc harrow was measured using a specially designed de-
vice based on an HC-SR04 ultrasonic sensor (China) connected to an Arduino Uno. The
number of measurements with this device in each of the three repetitions was 300, and
the measurement step was 0.2 m. The error in measuring the tillage depth did not exceed
0.5 cm.

DFM 100B (Belarus) sensors, with a measurement error of no more than 1%, were used
to measure the tractor’s fuel consumption per unit of time. The readings of these sensors in
litres were converted to kg. To do this, the fuel density was measured with a DenDi density
meter (LEMIS Baltic) before conducting the field experiments. The measurement error with
this device did not exceed 0.001 g-cm?.

The tractor steering wheel’s angular turn velocity was recorded, while the fuel con-
sumption was measured. For this purpose, we used the BOSH LWS steering-angle sensor,
which transmits its data via the CAN bus.

Additionally, the unit was equipped with a MAHA—MPM-4 particulate emission
sensor, which allowed for measuring the mass concentration of these particles in the exhaust
gases of the tested collecting unit. The experimental data allowed for a comparison of the
exhaust emissions of the analysed harvesting unit with an emission model based on the
data contained in the European directive regarding permissible exhaust emissions from
non-road vehicles and exhaust emissions from combine harvesters [47-49].

Additionally, the impact of burned diesel oil on the emission level of particulate matter
was examined. For this purpose, the physicochemical properties of the diesel oils used were
tested in the laboratory, and then the emissivity of particulate matter was examined during
the operation of the harvesting unit in the model field described above. For further analysis,
data from the sensor were taken at uniform speed, ensuring maximum controllability,
with front and rear tyre pressure ensuring the lowest fuel consumption. Data containing
information on the emissivity and composition of exhaust gases during engine start-up and
throughout the acceleration of the harvesting unit to the desired experimentally determined
speed were rejected. It should be emphasized that the BF6M1013E engine of the HTZ-16131
tractor was not in the trade-in phase during the field experiments, but had reached an
average service life.

The theoretical determination of fuel consumption by the analysed harvesting unit
should take into account many aspects, including ambient temperature, atmospheric pres-
sure, substrate parameters, total unit weight, power, and others [50-53]. This article focuses
on determining the impact of front and rear tyre pressure on fuel consumption. A gen-
eralised linear model was built based on the experimental measurements. It should be
emphasized that during the measurement of pressure in the wheels of the harvesting
unit, other parameters affecting fuel consumption were kept at the same level [54-56].
Two extreme values, determined experimentally and after carrying out optimization cal-
culations aimed at maximizing controllability while minimizing fuel consumption, were
adopted for the model. The initial tyre pressure took into account the load on individual
axles of the analysed harvesting unit. It should be emphasized that due to the mass dis-
tribution (front axle: 5000 kg + 1065 kg; rear axle: 3260 kg + 475 kg), taking into account
the surface parameters and the optimal speed of 3 km/h for the steering of the system, the
pressure in the front and rear wheels was experimentally determined with values other
than those recommended by the manufacturer of the HTZ—16,131 tractor.
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4. Results and Discussion
4.1. Checking the Mathematical Model for Adequacy

The conditions for conducting experimental studies of the harvesting unit are pre-
sented in Table 1.

Table 1. Characteristics of the experimental winter wheat site.

Index Value
Soil moisture in 0-10 cm layer (%) 14.2
Soil bulk density in the 0-10 cm (g-m~3) layer 1.26
Winter wheat yield (ton-ha~1) 4.08
Mean plant height (m) 0.68
Weed density (g‘m_z) 16.8
Wheat stubble height (cm) 14.8
Stubble disc depth (cm) 8.6

As the analysis of experimental data showed, the oscillation spectrum of the tractor’s
steered wheels’ rotation angle during the execution of the functional movement by the har-
vesting unit is of low-frequency (Figure 2). The main variance spectrum of this parameter
is concentrated in the frequency range of 0-2 s~! (0-0.3 Hz), and its standard deviation is
£1.10 grad. The variance of the tractor’s heading angle oscillations is concentrated practi-
cally in the same frequency range (Figure 3). The standard fluctuation of this parameter is
somewhat lower and is equal to 0.95 grad.

0.36
0.32
0.28
0.24

0.2
0.16
0.12

0.08

Normalized spectral density (s)

0.04

0
0 05 1 15 2 25 3 35 4 45 5

Frequency (s™)
Figure 2. Normalized spectral density of the angle « oscillations.

4.2. Results of Mathematical Modelling

Further calculation of the experimental AFC using Formula (3) and its comparison
with the theoretical results showed that in almost the entire frequency range (0-5s~!) of
the input signal oscillations (angle «), the greatest discrepancy between the theoretical
and experimental data does not exceed 10% (Figure 4). This result indicates the adequacy
of the developed mathematical model, justifying its use for the reliable evaluation of the
unit design and parameters for mowing agricultural crops while simultaneously chopping
their stubble.
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Figure 3. Normalized spectral density of the angle ¢ oscillations.
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Figure 4. Theoretical (1) and experimental (2) AFC for determining the tractor’s steered wheel
rotation angle for the harvesting unit.

As a result of mathematical modelling, it was found that the nature of the control
action determined by the dynamic system—in the form of the considered harvesting
unit, along with the direct course of the tractor and the articulated conjunction of the
disc harrow—depends on its velocity (Figure 5). As the value of V, approaches 3 m-s~!
(curve 2), it more accurately responds to the control action. In the frequency interval
of the latter 0-1 s~!, the AFC of the harvesting unit is much closer to the perfect value
(curve 4).
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Figure 5. AFC for determining the tractor’s steering wheel rotation angle of the harvesting unit at
different values of the operating velocity: 1—2 m-s~!; 2—3 m-s~!; 3—4 m-s~!; 4—perfect AFC.

At the same time, at the velocity of its movement at the level of 4 m-s~! in the same
frequency range of the angle & oscillations, there is an overshoot by the dynamic system
of the control action. At a value of w close to zero, the action (overshoot) reaches 30%
(curve 3), which is an undesirable result.

However, we obtained unsatisfactory AFC at the velocity of the harvesting unit
operating movement at the level of 2 m-s~! in the entire frequency range of the input signal
(Figure 5, curve 1). Its nature indicates the presence of under-regulation in the dynamic
system. This is manifested in the low accuracy of its response to the rotation angle of the
tractor’s steered wheels.

The velocity of processing the input action by the dynamic system when changing the
harvesting unit movement mode is characterized by its trend. Namely, an increase in the
value of V, leads to a decrease in the reaction delay of the dynamic system to the tractor’s
steered wheel rotation angle. Graphically, this is expressed in the rise of PFC in the entire
range of these parameter fluctuations (Figure 6). But in quantitative terms, the growth of
these phase-frequency characteristics is insignificant.

In connection with the above, in natural (field) operating conditions, it is advisable to
keep the movement velocity of such a harvesting unit at a level of 3 m-s~!. The intensity
(frequency) of the impact on the tractor’s steering wheel should be as low as possible,
within the range of 0-1 s~!. As a result, as follows from the analysis of Figures 5 and 6,
with an acceptable delay, the dynamic system will respond accurately enough to the control
action in the form of the steered wheel rotation angle of the self-propelled vehicle (in this
case, the tractor).

Next, we consider the dependence of the considered unit movement controllability on
the resistance coefficients to the yaw of the tractor’s front and rear tyres (k, and k). Their
values were calculated from the equation in Ref. [46]:

2
ka(ky) = 145- [1.75,’5 - 12.7(%) } 0w b @)

where h—track depth after tractor passing, m; D, b—diameter of the wheel and the width
of its tyres respectively, m; p,,—tyre air pressure, MPa.
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PFC (grad)
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Figure 6. PFC for determining the tractor’s steering wheel rotation angle by the harvesting unit at
1

different values of the operating velocity: 1—2 m-s~1; 2—3 m-s~1;3—4 m-s~ 1.

The analysis of dependence (4) shows that practically the only parameter whose
change does not affect the tractor’s design is py. For the tractor’s rear wheels, the value of
this parameter was taken to equal 0.10, 0.12, and 0.14 MPa. These pressures corresponded
to the following values of the coefficient kj: 66, 80, and 94 kN-rad—1.

Calculations have established that the effect of changing the air pressure in the tractor’s
rear wheel tyres (and hence, the coefficient kj) on the AFC determined by the considered
dynamic control system depends on its frequency. At w = 0-1.5s~!; an increase in the value
of kj, causes a decrease in the corresponding AFCs (Figure 7). Theoretically, this indicates a
deterioration in the harvesting unit movement controllability.

1
0.9
0.8

0.7

AFC

0.6

0.5

0.4
2

0.3
0 05 1 15 2 25 3 35 4 45 5

Frequency (s™")

Figure 7. AFC for determining the different values of resistance coefficients for the tyre yaw of the
tractor’s rear wheels of the harvesting unit (k;): 1—66 kN-rad~1; 2—80 kN-rad ~1; 3—94 kN-rad 1.
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The opposite situation occurs for the rotation angle oscillation frequency of the tractor’s
steered wheels w > 1.5 s71. Namely, an increase in the value of kj leads to a slight but
desirable increase in the amplitude—frequency characteristics.

The phase shift behaves quite unambiguously over the entire range of the input
action oscillation frequency (the tractor’s steered wheel rotation angle). Increasing the yaw
coefficient value of the tractor’s rear wheels contributes to the desired reduction (i.e., lift)
of the respective PFCs (Figure 8).

0

-10

PFC (grad)
5 0w 0N
o (@] o

v
o

-60

-70

-80

0 05 1 15 2 25 3 35 4 45 5
Frequency (s™)

Figure 8. PFC for determining different values of resistance for the coefficient tyre yaw of the
harvesting unit tractor’s rear wheels (k;): 1—66 kN-rad—1; 2—80 kN-rad ~1; 3—94 kN-rad 1.

The air pressure in the tractor’s front wheel tyres was changed from 0.12 to 0.16 MPa.
This corresponded to the values of the yaw resistance coefficient k, ranging 99 to 131 kN-rad 1.
Calculations have established that increasing this parameter improves the controllability of the
movement of the harvesting unit. In the range of the angle « oscillation frequencies 0-1 s~
at k, = 131 kN-rad !, the AFC of the dynamic system, when it processes the input signal, is
generally close to perfect (curve 3, Figure 9).

Let us consider how the results of theoretical studies on the controllability of the
movement of the harvesting unit are consistent with its fuel energy consumption. It has
been experimentally established that setting the air pressure in the tractor’s rear tyres to
0.14 and even 0.12 MPa reduces the controllability of the harvesting unit. To track the
trajectory of its previous pass, in this case, the driver, was forced to increase the steering
wheel speed to 2.0 s~1. When the harvesting unit travelled with an air pressure of 0.10 MPa
in the rear tractor tyres, the steering wheel rotation speed did not exceed 1.0 s~ .

As a result, an increase in the air pressure in the tyres of the unit’s rear wheels led
to an increase in hourly fuel consumption (curve 1, Figure 10). When the value of the py
parameter changed from 0.10 to 0.14 MPa, this increase amounted to 1.10 kg-h~!, which is
equivalent to an increase in energy of 50.5 MJ-h~1, or 6.8%.

We noted above that the air pressure in the tyre determines the value of its yaw
resistance coefficient. It follows that to improve motion controllability and reduce energy
consumption by the harvesting unit, it is advisable to set the value of the k;, parameter
lower. As noted above, in practice, this is realized by setting a lower air pressure in the
tractor’s rear wheel tyres.
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Figure 9. AFC for determining different values of resistance for the coefficient of the tyre yaw of the
harvesting unit’s tractor’s front wheels (k;): 1—99 kN-rad—1; 2—115 kN-rad~!; 3—131 kN-rad 1;
4—perfect AFC.
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Figure 10. Dependence of fuel consumption on air pressure in the rear (1) and front (2) tyres of the
tractor wheels.

When changing the air pressure in the tractor’s front wheel tyres, a diametrically
opposite result was obtained. Namely, an increase in the p, parameter from 0.12 to
0.16 MPa led to an improvement in the controllability of the harvesting unit. This was
manifested in a reduction in the driver’s steering wheel speed from 1.90 to 0.95 s~ 1. At
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the same time, the unit’s fuel consumption decreased from 17.20 to 16.05 kg-h~! (curve 2,
Figure 10). Regarding energy consumption, the reduction is 57.5 MJ-h~!, or 6.7%.

Considering the above relationship between the air pressure in the tyres and the coef-
ficient of resistance to its yaw (k;), it is advisable to set the ka parameter value higher
to improve the movement controllability and reduce the energy consumption of the
harvesting unit.

Considering the above relationship between the air pressure in the tyres and the
coefficient of resistance to its yaw (k,), it is advisable to set the ka parameter value
large to improve the movement controllability and reduce the energy consumption of
the harvesting unit.

In order to build a generalised model, a measurement decomposition table was used
(Table 2).

Table 2. Characteristics of the pressure measurements.

No. Pa Pb Measurement
1 1 1 17.3
2 1 2 17.1
3 2 1 16.05
4 2 2 16.8

Where: p;, = 1—the minimum value of tyre pressure in the front wheels adopted in
experimental tests, i.e., 0.12 MPa; p, = 2—the maximum value of tyre pressure in the front
wheels adopted in the tests, i.e., 0.16 MPa, p, = 1—the minimum value of tyre pressure in
the rear wheels adopted in experimental tests, i.e., 0.1 MPa; p, = 2—the maximum value
of tyre pressure in the rear wheels adopted in the tests, i.e., 0.14 MPa. The grand average
was Yaog = 16.81.

The linear model showing the influence of tyre pressure on fuel consumption, deter-
mined on the basis of the experimental data, is as follows:

0.39 ~0.14 024 —0.24
Y(par py) = 1681+ pa {—0.39} +pb[ 0.14 } +p“ph[—o.z3 024 ] ©)

where: p,—tyre pressure in the front wheels; p,—tyre pressure in the rear wheels. The

]/(pa, Pb) unit is [l%g} )

Using the harvesting unit’s carbon footprint calculator, the carbon footprint values
were calculated for variable fuel consumption values, leaving the remaining values the
same. The results show that reducing the pressure from 0.14 MPa to 0.1 MPa in the rear
tyres reduces the carbon footprint by 4.2 kg CO, eq/h. However, increasing the pressure in
the front tyres also reduces the carbon footprint by 4.2 kg CO; eq/h.

Then, calculations were performed for the exhaust emission of the HTZ-16131 tractor
powered by the BF6M1013E engine, with a maximum power of 137 kW (Table 3). The
methods for calculating emissions for agricultural machinery, in accordance with the Tier 2
and Tier 3 methodology, which include fuel consumption, engine power, operating time,
and emission factors, are presented below in Tables 4-8 [57].

Table 3. Technical data for the engine of the tested tractor.

Tested Object (BF6M1013E) Parameter
Stroke (travel) volume [dm?3] 7.2
Number and arrangement of cylinders [-] 6, inline
Maximum power [kW] 137 at 2300 rpm
Maximum torque [Nm] 720 at 1400 rpm
Exhaust gas treatment systems DOC

Homologation standard Stage I
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Table 4. Overview of EU directive requirements relevant for control of emissions from diesel-fuelled

non-road machinery.

Stage IT Engine Size co voc NO, VOC + NO, PM Tractor
ase kW] [g/kWh] [g/kWh] [g/kWh] [g/kWh] [g/kWh] actors
EU Directive = Implement. Date
E 130 < P < 560 35 1 6 - 0.2 2000/25 1/72002

Table 5. Tier 2 emission factors.

Fuel NFR Sector Pollutant Units Technology Stage II
BC g/ton fuel 482
CHy g/ton fuel 29
CcO g/ton fuel 6104
CO, g/ton fuel 3160
N,O g/ton fuel 138
Diesel Agriculture NH;j; g/ton fuel 8
NMVOC g/ton fuel 1181
NOy g/ton fuel 20,612
PM10 g/ton fuel 624
PM2.5 g/ton fuel 624
TSP g/ton fuel 624

Table 6. Baseline emission factors and fuel consumption (FC) for diesel NRMM [g/kWh].

Engine Power Technology

kW) Level NOy vocC CHy4 CcO N,O NH; PM PM10 PM2.5 BC FC
130 < P < 560 Stage II 52 0.3 0.007 15 0.035 0.002 0.1 0.1 0.1 0.07 250
- Stage V 0.4 0.13 0.003 15 0.035 0.002 0.015 0.015 0.015 0.002 250
Table 7. Deterioration factors for diesel machinery relative to average engine life time.
Emission Level NOy VOC CcO TSP
Stage I 0.009 0.034 0.101 0.473
Stage IIIA, I1IB, IV, V 0.008 0.027 0.151 0.473
Table 8. Transient operation adjustment factors for diesel engines in non-road machines.
Technology Level Load Load Factor NOy vocC co TSP FC
High >0.45 0.95 1.05 1.53 1.23 1.01
Stage II and prior Middle 025 <LF <045 1.025 1.67 2.05 1.6 1.095
Low <0.25 1.1 2.29 2.57 1.97 1.18

In order to theoretically determine exhaust emission depending on the type of fuel

and the level of engine production technology.

The generic algorithm for calculating emissions for agriculture machinery using the

Tier 2 methodology, as suggested in Ref. [57], is as follows:

Ei = Z FC]',t X EFi,j,t
j ot

75
1

where: E;"mass of emissions of pollutant

(6)

during the inventory period; FC; ;—fuel consump-

tion of fuel type “j” by equipment category C and of technology type “t”; EF, ; ;—average
emission factor for pollutant “i” for fuel type “j” for equipment category C and of technology
type “t”. i—pollutant type; j—fuel type (diesel); —off-road equipment technology (Stage II).

In essence, this involves subdividing the diesel consumption, as fuel type j, used by the
NFR sectors in the second summation in the (1) algorithm, is equal to the single term, i.e.,

)
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The Tier 2 methods outlined in the section above uses fuel statistics, multiplied by
technology-specific emission factors. However, this method can be difficult to undertake
because fuel consumption data are often not available at the required level of detail. There-
fore, in this study, more detailed Tier 3 methodology is employed. This methodology uses
hours of operation as the main activity data and is primarily based on the US-EPA method
for estimating off-road emissions (US-EPA 1991). The Tier 3 method presented here has
been updated and includes detailed fuel consumption and emission information taken, to
a large extent, from the German TREMOD NRMM model.

The algorithm used in the Tier 3 methodology is as follows:

E =N x HRS x P x (1+ DFA) x LFA X EFpage 8)
where: E—mass of emissions of pollutant “i” during the inventory period; N—number
of engines (units); HRS—annual hours of use; P—engine size (kW); DFA—deterioration
factor adjustment; LFA—load factor adjustment; EFp,s.—base emission factor (g/kWh)
(this is, for each pollutant, a function of the technology levels and the power output).

Up to Stage II: The EFs for fuel consumption and NOy, VOC, CO, and TSP emissions
for technology levels up to and including Stage II are reported in the TREMOD NRMM
model (IFEU 2004). These are based on measured data from a range of different studies
and data suggested from literature reviews [58].

Deterioration factor adjustments for diesel (DFA):

DFp = %DFMZ )
where K—engine age (between 0 and average life time); LT—average lifetime; y—engine-
size class; z—technology level.

The load adjustment factors are presented in Table 8.

The diesel fuel recommended by the manufacturer, HTZ-16131, with a BFE6M1013E
engine (technical data is presented in Table 3) was used for the tests, i.e., GOST 305-82 class
L with a sulphur mass fraction of up to 0.2%. Table 9 below presents the most important
parameters of diesel oil.

Table 9. Physicochemical properties of diesel fuel GOST 305-82 (2013) class L.

Indicator Name Value for GOST 305-82, Class L
Cetane number not less than: 45
Factional composition:
Up to 50% is distilled at a temperature of °C, not higher than: 280
A total of 95% is distilled at a temperature of °C, not higher than: 360
Kinematic viscosity at 20° (mm?/s): 3.0-6.0
Mass fraction of sulphur, %, not more than:
Typel 0.2
Type I 0.05
The actual soot concentration in mg per 100 cm?® of fuel, not more than: 40
mg KOH per 100 cm? of fuel, not more than: 5
Iodine number, g of iodine per 100 g of fuel, not more than: 6
Residue after incineration [%], not more than: 0.01
Degree of coking, 10% residue, %, not more than: 0.20
Filterability factor, not more than: 3
Density at 20 °C, kg/ mS3, not more than: 860
Ignition point [°C]: 56
Water content: No data available

Due to the low environmental class of diesel oil GOST 305-82 (2013)—K?2, verva-on
premium diesel oil (class B0) was also used for testing (Table 10).
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Table 10. Physical and chemical properties of diesel oil: verva-on premium (class B0), provided by
the manufacturer, and results of laboratory tests of the second fuel used for exhaust emission tests

of the harvesting unit, carried out in accordance with the methodology described in the relevant
standards [59-70].

Indicator Name Verva-on Premium (Class B0) GOST 305-82 (Class L)
Cetane number not less than: 52.6 (test method PN-EN ISO 5165) 51 (test method PN-EN ISO 5165)
Factional composition:
Up to 65% is distilled at a temperature of °C, 250 250
not higher than: 350 (test method PN-EN ISO 3405) 350 (test method PN-EN ISO 3405)
minimum 5% to a temperature of °C: Max. 360 Max. 360
95% is distilled to a temperature of °C:
Kinematic viscosity at 40° (mm?/s): 2.0-4.5 (test method PN-EN ISO 3104) 2.15 (test method PN-EN ISO 3104)
Sulphur content [mg/kgl: Max. 10 (test method as per PN-EN ISO 20846, 8.8 (test method as per PN-EN ISO 20846,
p &/ xel: PN-EN ISO 20884) PN-EN ISO 20884)
Residue after incineration [%], not more than: 0.01 (test method PN-EN ISO 6245) 0.01 (test method PN-EN ISO 6245)
Residue after coking in 10% of the 0.30 (test method PN-EN ISO 10370) 0.27 (test method PN-EN ISO 10370)
distilled residue:
. 820-845 (test method as per PN-EN ISO 12185, 833.6 (test method as per PN-EN ISO 12185,
o 3.
Density at 15 °C, kg/m": PN-EN ISO 3675) PN-EN ISO 3675)
Ignition temperature [°C]: Minimum 56 (test method PN-EN ISO 2719) 61 (test method PN-EN ISO 2719)
Water content mg/kg/%: Max. 200/0.02 (test method PN-EN ISO 12937) 22 (test method PN-EN ISO 12937)

Using the Tier 2 model, the exhaust gas emission coefficients were calculated for
individual values of fuel consumption experimentally measured under actual operating
conditions of the harvesting unit. Then, the decrease in emissivity for the individual
harmful substances due to energy savings related to the change in the pressure in the tyres
of the harvesting unit’s road wheels was calculated, which is presented in the graph in
Figure 11. Additionally, the impact of the type of diesel fuel burned on the change in the
emissivity of the harvesting unit was also examined. The suggestion that changing the
diesel fuel resulted in an additional reduction in fuel consumption by approximately 3.5%
was also experimentally tested. This change is directly related to the physicochemical
properties of diesel fuels, mainly the cetane number and the ignition temperature.

1.8
1.6
1.4
1.2
1.0

0.8

Emission [g/kWh]

0.6
0.4

0.2

BC HC, N,O NH3 NMVOC PM10 PM2.5
Verva-on Premium (class BO) GOST 305-82, class L

Figure 11. Reduction in the values of selected emission factors [g/kWh] related to changes in tyre
pressure and the type of diesel fuel used.

Using the model included in the standard in Ref. [57], the emission intensity coeffi-
cients of selected harmful substances was determined in kilograms per year.
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It should be emphasized that in accordance with the operational life of agricul-
tural tractors, their annual hourly working time is approximately 480 h. By performing
two agrotechnical operations during one tractor run, we are able to reduce the annual work-
ing time by up to 180 h (assuming the distance of equipment storage from the workplace to
be 1 km and a large area of the cultivated field).

Figure 12 shows that the use of an agricultural unit in the form of the analysed harvest-
ing unit reduces the annual emission of particulate matter (PM) by as much as 11.624 kg
(Figure 12b), while reducing the annual number of working hours from 480 to 300. When
the annual hourly working time is reduced by 80 h, then the emission of particulate matter
in the exhaust gases will decrease by 5.166 kg. A high emission reduction value was
achieved, i.e., carbon monoxide (CO) by 194.806 kg; NOx by 153.024 kg (Figure 12a). It
should be emphasized that the determined values do not take into account fuel consump-
tion under the given operating conditions and the physicochemical properties of burned
diesel oil. They are determined based on the power of the driving unit, the number of
operating hours per year, and the level of technology at which the power supply unit was
manufactured. Therefore, based on the Tier 2 model, the value in kilograms of annual
particulate matter (PM) emissions was calculated for 300, 400, and 480 h of operation per
year, respectively, assuming the lowest experimentally obtained fuel consumption and the
use of Verva-on Premium diesel oil. The results are presented in Figure 13.

500 —
M 300h

400h
480h

B
o
o

w

o

o
|

Emission (kg)

N

o

o
|

100 -~ —

NOx HC co

(@)

é

400h

Emission (kg)
=
(9]

=
o
|

(b)

Figure 12. Weight content emitted into the atmosphere along with exhaust gases: (a) NOy, HC, CO;
(b) PM assuming 300 h, 400 h, and 480 h of annual operation.
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Figure 13. The PM weight content emitted into the atmosphere along with exhaust gases is assumed,
taking into account the lowest fuel consumption and the use of Verva-on Premium diesel oil for 300 h,
400 h, and 480 h of annual operation.

5. Conclusions

In this article, optimisation was performed to minimise fuel consumption while
maintaining maximum controllability of the analysed harvest unit. Reduced rear tyre
pressure and increased front tyre pressure have been experimentally proven to reduce fuel
consumption by 1.1 kg-h~!, on average. On the basis of experimental data obtained under
field conditions, a linear model of the effect of tyre pressure on fuel consumption was
constructed. In addition, a harvesting unit carrying out two agrotechnical processes during
a single tractor run reduces the hourly annual working time by up to 180 h (assuming the
storage distance of the equipment from the workplace to be up to 1 km and a large arable
field area). It has been experimentally proven that a change in diesel fuel resulted in an
additional reduction in fuel consumption of about 3.5%. This change is directly related to
the physicochemical properties of diesel oils, mainly the cetane number and the ignition
temperature. It has been shown that by reducing the annual number of working hours
resulting from the use of the harvesting unit, the annual emissions of particulate matter
(PM) are reduced by 11.624 kg, i.e., carbon monoxide (CO) by 194.806 kg and NOy by
153.024 kg.
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