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ABSTRACT

Increasing the productivity of machine tractor units when cultivating the field is achieved by reducing the work
time, which usually relates to seeking the shortest path of the unit in the field. Reducing the length of headland
turns, which account for the largest proportion of the unit non-working moves, will result in higher productivity
as well as less soil compaction in the headland. The article presents an algorithm for selection of a turn in the
headland of a field of irregular shape. Existing theoretical correlations have been used to determine the length
of the non-working move and the headland width when making T-turns. The selection of a turn is made on the
basis of the minimum length of the non-working move, after which the width of the needed headland for the
selected turn is calculated. This algorithm can be added to the on-board computer of the unit thus providing a
more efficient way of moving, automatically generating a headland and following the trajectory of the selected
turn by the unit.

PE3IOME

lMosuwasaHemo Ha npou3dgodumesniHocmma Ha MawUHHO-MpakmopHume azpesamu rnpu obpabomka Ha
rnosemo ce usebpliea 4Ype3 HamarsieaHe Ha epememo 3a paboma, Koemo OBUKHOBEHO ce ceexda 00
mbpceHe Ha Hal-Kkpamkusi Mbm Ha agpea2ama 8 riosiemo. HamanseaHemo Ha Ob/ixuHama Ha 3agoume 8 Kpasi
Ha rosemo, Koumo ca ¢ Hal-205am 051 om HepabomHume xodogee Ha agpez2ama, uje dosede Jo Mo-sucoka
rpou3sodumesIHOCM, KaKmo U Mo-MaJsiko yrTbmHsieaHe Ha rno4eama 6 usuyama 3a 3agusaHe. B cmamusima
e npedcmaseH anzopumbM 3a u3bop Ha 3aeol 8 usuyama 3a 3asueaHe Ha r1osfie ¢ HerpasusiHa ¢ghopma.
M3rion3eaHu ca cbwecmsysawju meopemuyYyHU 3asucumMocmu 3a onpedesnigHe Ha Ob/DKUHama Ha
HepabomHus x00 U Ha Wupo4yuHama Ha usuyama 3a 3asusaHe fpu u3ebpluigaHe Ha 2b608UOHU 3asou.
U36opbm Ha 3aeoli ce npasu Ha basza MUHUMaHa Ob/IKUHa Ha HepabomHus x00, cried Koemo 3a u3bpaHus
3aeoli ce onpedenia wupoyuHama Ha Heobxodumama 3a u3ebpweaHemo My usuya 3a 3asusaHe. To3u
aneopumsbm Moxe 0a 6b0e dobageH 8 bopdo8UST KOMMIOMBbP Ha agpez2ama u da ocuaypu no-echekKmueeH
HayuH Ha 08UXeHUe, asmoMamu4yHO 2eHepUpaHe Ha usuua 3a 3agusaHe U criedgaHe Ha mpaekmopusima Ha
u3bpaHusi 3agoli om agpezama.

INTRODUCTION

The application of information technologies in agriculture allows to achieve complete automation of the
operations performed by the agricultural machinery depending on the working conditions, as well as automatic
guidance of the machine tractor units along certain trajectories in the field. These technologies enable the
development of fully autonomous units that will be the basis for remote controlled agricultural production in the
future (Freyberger and Jahns, 2000). Autonomous units must be able to make decisions about the way of their
movement in the field depending on the specific conditions so as to achieve high efficiency of the operations
performed.

320


mailto:krasimir.trendafilov@trakia-uni.bg

Vol. 70, No. 2 / 2023 INMATEH - Agricultural Engineering

To increase the efficiency of performing the mechanized operations, it is necessary to minimize the
processing time, which is usually done by seeking the shortest path travelled by the machine tractor unit in the
field. Kroulik et al. present an algorithm to search for the shortest path of movement in the field by choosing
among 180 directions with a step of 1 degree. According to this algorithm, the shortest path is found, but the
final decision is made by the farmer depending on the characteristics of the field. The optimization of the
trajectory of the machine tractor unit results in reduction in the total length of the travelled path, where the
greatest change is in the length of the non-working moves (Kroulik et al., 2018). When optimizing the direction
of movement in a field of irregular shape not only the size and shape of the field have to be taken into
consideration, but also slope, soil conditions, point of entry into the field, and other constraints. The direction
in which the ratio between working and non-working moves is the greatest is considered to be the optimum
one (Chyba et al., 2013).

An increase in efficiency is usually achieved by reducing the number and length of non-working moves.
They mainly include the turns made at the end of the field and the moves to load the units. Jin and Tang
propose an algorithm to search for the minimum number of turns in the field by determining the direction of
movement. With a shuttle mode of movement, the algorithm reduces the number of turns by 16% and the time
for making them by 25% (Jin and Tang, 2010). Other authors propose an algorithm that can be used to
determine the headland points in fields of different shape. The principle is to measure the angle between each
field border and the direction of movement. If the angle is greater than 10 degrees, that edge of the field is
assumed to have a headland (Aurbacher and Dabbert, 2009). According to other authors, the headland is not
needed when the angle is below 15 degrees (Oksanen, 2018).

The optimization of non-working moves is reduced to minimizing their length in the automatic generation
of the moves (Sabelhaus et al., 2013). Algorithms used for minimization of the turns must be able to
automatically determine the way of turning in the headland and the parameters of the turn depending on the
data received from the navigation system about the position of the unit, the headland and the type of unit
(Freyberger and Jahns, 2000; Oksanen, 2018).

There are different methods for determining the way travelled when making a turn, but the most
commonly used is a geometric method, where the turn is represented using straight sections and curved
sections of constant radius (Backman et al., 2015). In the computational methods, the trajectory of movement
is presented as equations of spirals, clothoids, etc. in combination with simple shapes, but the complex
calculations to create the required shape of the turn make these methods more difficult to apply (Khan et al.,
2017). Backman et al. present an algorithm for generating a trajectory in the headland using arcs of variable
curvature to transition between arcs of constant radius and/or straight lines. This algorithm is suitable for real-
time use, as an average computation time of 0.36 s per turn has been achieved (Backman et al., 2015).

Hameed et al. used a method for geometric presentation of the field, which provides a map on which
operative planning of the mechanized operations can be put in place. This method is supplied with methods
for optimization of the unit's mode of movement. The little time required for calculation makes it possible to
use the method in real time for fully automated agricultural units (Hameed et al., 2010). Usually, existing
algorithms for optimization do not include changing the width of the headland for different direction of
movement. Yatskul et al. proposed an algorithm for determining the width of the headland that allows adding
trajectories to replicate the drivers’ behaviour. This allows for a 7.5% reduction of the headland width compared
to the actual field measurement and a 5.1% reduction of the largest width of the pear-shaped turn (Yatskul et
al., 2014).

The headland width as well as the time to make the turn should be minimal. Tu uses a method to
calculate the minimum required headland width depending on the angle it makes with the perpendicular to the
direction of movement of the unit. The required headland width at the minimum time to make a turn is thus
determined (Tu, 2013).

Automatic turning will allow the operator to focus more on performing the relevant technological
operation (Freyberger and Jahns, 2000). Existing navigation systems for automatic turning make it possible
for the machine tractor unit to follow different optimal movement patterns. Various algorithms can be added to
modern navigation systems to optimize the mode of movement and plan the route of the units (Bochtis and
Vougioukas, 2008). Such a system for movement in the headland can be successfully coupled with a device
performing repetitive actions on the machine tractor unit (e.g. towbar control, PTO, hydraulic valves), allowing
for full automation of operations (Cariou et al., 2010 a, b).
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The objective of the present paper is to propose an algorithm for selecting a trajectory for movement
when making a T-turn in a field of irregular shape and determine the headland width, to be applied in automatic
control systems of agricultural units.

MATERIALS AND METHODS

The algorithm for selection of a turn has been developed for five types of T-turns made by machine
tractor units. Each turn is in two variants - open and closed and is performed in two directions - from left to
right and from right to left. A total of 20 turns have been described as shown in Table 1. The turns have been
created by a geometric method using lines and arcs of circles of equal radius.

Table 1
Types of T-turns
Type and direction of execution
N fthet Open turns Closed turns
ame ot the turn left right left right
to right to left to right to left
T-turns with straight-line backward move parallel to ~ Ay -y \L..‘
the field border > P g e ]
I .."|"f / ,-T'\. l,r'}-.\_ \'-\. ."ll 4-" J.'IAI'\
I
T-turns with straight-line backward move not N -
parallel to the field border /* ) ( SN
\{,’ "llr f'l’\\.
e
T-turns with arc-shaped backward move 7 \“-7' “t ~,
i \‘.-' W | |
>’ W f"\. {% “x}/'
T-turns with straight-line move upon entering the . Al
headland 7 Y ™
i 1 ¥
_|"I \"'. .".I‘ll.-" w." _."l \ "'n, "'\ I l'l,.};" ,-"l '.\
N N
T-turns with straight-line move upon exiting the | \\ / e ~
headland .7' |
" vl

To develop the algorithm, the analytical correlations for determining the length of T-turns and the
headland width have been used as described in (Trendafilov and Tihanov, 2022 a, b). A geometric method
was used in the modeling of the turns, where the turn is represented by straight sections and curved sections
of constant radius.

Input parameters are: the angle between the direction of movement and the field border (a); working
width of the machine tractor unit (B); the kinematic length of the machine tractor unit (la); the turn radius of the
machine tractor unit (R); the tractor wheel track (M); the longitudinal base of the tractor (H).
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Figure 1 presents a diagram of one of the T-turns. The other designations on the figure are: the headland
width (E); the beginning of the turn (point A); the end of the turn (point B); the centre of the corresponding
curvilinear movement within the turn (point O1 and point Oz); the rectilinear idle move length (lg) when entering
the headland.

The output parameters of the algorithm are: type of turn, length of the non-working move (I»), headland
width. The length of the non-working move in the headland is the sum of the length of the turn (Ir - the distance
between point A and point B) and the length of the rectilinear non-working move lg before or after making the
turn. The criterion for the selection of a turn is the minimum length of the non-working move. For the selected
turn, the actual headland width (E) and the number (k) of the unit moves required to handle it, which is a
multiple of the working width of the machine tractor unit, have to be calculated.

Fig. 1 — Diagram of an open T-turn

RESULTS

Figure 2 presents the block diagram of the algorithm, comprising the following steps:

1. Setting the input parameters: a, B, la, R, M and H.

2. Determining the idle move length when the machine tractor unit makes turns on a field of irregular
shape and saving the obtained lengths in a database I» with 20 elements and indices from 0 to 19 according to
the set formulas (Fig. 3 - subalgorithm No. 1).

3. Finding the index of the first minimal element of the database In.

4. Calculating the whole part when dividing the index by 5. The resulting values determine the variant
and direction of the turn (0 - open from left to right, 1 — open from right to left, 2 — closed from left to right, 3 —
closed from right to left).

5. Calculating the remainder when dividing the index by an integer of 5. The resulting values determine
the type of T-turn (0 — T-turn with a rectilinear reverse move parallel to the field border, 1 — T-turn with a
rectilinear reverse move not parallel to the field border, 2 — T-turn with an arched reverse move, 3 — T-turn with
a rectilinear move upon entering the headland, 4 — T-turn with a rectilinear move upon leaving the headland).

6. Visualization of the type of T-turn that corresponds to the index of the first minimal element (Fig. 4 -
subalgorithm No. 2).

7. Determining the number of moves of the unit and the headland width (Fig. 5 - subalgorithm No. 3).
The block diagram for subalgorithm No. 1 (Fig. 3) presents the calculation of the length of the non-working
move in an open T-turn with a rectilinear reverse move parallel to the field border when moving from left to
right. The lengths of the other turns are calculated according to the analytical correlations described in
(Trendafilov and Tihanov, 2022 b).
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Fig. 2 — Block diagram of an algorithm for selection of a turn
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Fig. 3—Block diagram of subalgorithm No. 1 for calculating the length of the non-working

move when making a turn
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The block diagram for subalgorithm No. 2 (Fig. 4) visualizes the selected turn of minimum length, and

INMATEH - Agricultural Engineering

according to its number, the corresponding graphic image from Table 1 is presented.

The block diagram for subalgorithm No. 3 (Fig. 5) defines the number of moves k and the headland
width for an open T-turn with a rectilinear reverse move parallel to the field border when traveling from left to
right. The widths of the other turns are calculated according to the analytical correlations described in
(Trendafilov and Tihanov, 2022 a). The number of moves has to be the smallest integer greater than or equal
to the quotient of the theoretical headland width (E) and the working width of the machine tractor unit (B). The
actual headland width is calculated as the product of the specified number of moves and the working width of

the machine tractor unit.
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Fig. 4 — Block diagram of subalgorithm No. 2 for visualization of the selected turn
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Fig. 5 — Block diagram of subalgorithm No. 3 for headland width and number of moves in it

CONCLUSIONS

An algorithm has been developed for selection of a turn in the headland of a field of irregular shape
based on existing theoretical correlations for determining the length of 5 types of turns with a total of 20 variants
of their execution. The selection of a is made on the basis of the minimum length of the non-working move,
after which the headland width necessary for its execution is determined for the selected turn. The algorithm
includes multiple subalgorithms, and in this case only subalgorithms for determining the non-working move
and the headland width in one of the 20 types of turns have been demonstrated. This algorithm can be added
to the on-board computer of the machine tractor unit and based on the characteristics of the unit and the angle
between the direction of movement and the field border to determine the turn with the smallest length of the
non-working move, visualize it on the screen and determine the width of the needed headland. This will allow
the operator to use the most efficient way of movement, and when combined with the navigation system, the
trajectory of the unit in the headland could be generated and followed. For this purpose, it is necessary to
develop a computer program based on the presented algorithm, which is the subject of future work.
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