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ABSTRACT

Analytical relations for determining the headland width when making T-turns by a machine-tractor unit with a
mounted machine on an irregularly-shaped field have been specified. Five types of T-turns are described in
two variants — open turn and closed turn. Each of these is done in two directions of movement. A total of 20
variants of the turns are described. The method for determining the headland width of a specific machine-
tractor unit consisting of a tractor and mounted row seeder is demonstrated. For each type of turn the headland
width is determined according to the angle between the direction of movement of the agricultural unit and the
field border. A range of angle modification from 10° to 90° is adopted. The analysis shows that for obtaining
minimum headland width closed turns in the left to right direction of movement should not be made. The
smallest theoretical headland width is when making a closed T-turn with arch-shaped backward movement and
left-to-right direction of movement on the field. When using T-turns with an arch-shaped backward movement
and T-turns with straight-ahead movement when entering the headland, the actual headland width is the same
(6 m) regardless of the type and direction of the turn.

PE3IOME

lMocoyeHu ca aHanuMUuYyHU 3a8UcUMOCMU 3a onpedersisiHe Ha WupodYuHama Ha usuyama 3a 3asusaHe rnpu
usebpweaHe Ha 2bb08UOHU 3aeou Om MallUHHO-MPAaKmMopPeH agpeaam C HasecHa MauwuHa 8 rose C
HenpasunHa gopma. PasanedaHu ca nem suda 2bb608UOHU 3a8ou 6 08a apuaHma — OmeopeH 3asoli u
3ameopeH 3aeol. Bceku om msix ce usebpwea 8 08e HarpaesneHuss Ha 0suxeHue. Obwo ca onucaHu 20
eapuaHma Ha 3aeou. [JeMoHcmpupaHa e MmemooOukama 3a onpedesisHe Ha Wupo4yuHama Ha usuuama 3a
3asueaHe 3a KOHKpemeH MalwUuHHO-MPaKImMopeH azpeaam CbCMaseH oOm mpakmop U HagecHa pedosa cesisika.
3a sceku s8ud 3aeol e onpederieHa WuUpo4UHama Ha usuyama 3a 3agugaHe 8 3ag8UCUMOCM om babfia MEX0y
rnocokama Ha 0suxeHue Ha 3eMelerickusi azpez2am U epaHuuyama Ha rnonemo. [puem e Ouana3oH Ha
usmMeHeHue Ha bebsia om 10° do 90°. AHanu3bm rnokasea, Yye 3a rorfydasaHe Ha MUHUMasHa WUPOYUHa Ha
usuyama 3a 3asusaHe mpsibea 0a ce u38bPLIBAM 3aMBOPEHU 3a80U C HarpassieHUe Ha 08UXXEHUEe OMJIsi8o
HaodsicHo. Hal-marnka meopemuyHa WwupoYyuHa Ha uguuama 3a 3agueaHe uma npu u3ebpuieaHe Ha 3ameopeH
ebbosudeH 3asoli ¢ Ob2oobpaseH 3a0eH x00 U HarpasieHUe Ha 08UXXeHUe 1o rnosiemo omsisieo HadsicHo. [pu
u3rosizeaHe Ha ebbo8UOHU 3a8ou ¢ Ob2oobpaseH 3adeH x00 u 2bb0o8UdHU 3a80U C rPasosIUHeeH X00 rpu
Haesnu3aHe 8 ugulama 3a 3asusaHe, delicmeumeriHama WwupoYyuHa Ha uguyama 3a 3asusaHe e eOHaksa (6
m) He3asucuMo om eudbm U 10COKama Ha U38bpuieaHe Ha 3agosi.

INTRODUCTION

The turns made by the machine-tractor units in the field are a determining factor for the efficiency of
the performed technological operation (Trendafilov, 2021). They have the greatest share among the non-
working moves of the machine-tractor unit (Sabelhaus et al., 2013). In a study by Bochtis and Sorensen, it has
been established that turns represent 5.27 % and 6.48 % of the total distance covered by the machine-
tractor unit (Bochtis et al., 2009).
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The way of movement of the machine-tractor units and the type of turns made depends on the shape
of the field as well. It is usually accepted that the field has a rectangular shape and in great part of the literature,
the shape of turns is presented in fields with rectangular (regular) shape (Trendafilov, 2021). In practice, great
part of the fields is with shapes different from rectangular. Thus results in change of the shape of turns and
their lengths as well as the width of the headland needed for making turns at the ends of the field.

Most often machine-tractor units with mounted machines make T-turns in the headland. According to
some authors reversing turns reduce the headland width (Cariou et al., 2010). The headland width depends
on the type of machine and its geometrical and kinematic properties. Due to that reason, the use of different
machines with the same working width may require different headland widths (Hameed et al, 2010). The shape
and length of turns in the headland change depending on the angle between the direction of movement of the
machine-tractor unit when doing the working move and the field border. With a different value of that angle
turns will have different lengths and will require different headland widths (Trendafilov, 2020; Trendafilov 2021
a, b; Trendafilov, 2022 a, b). These sources give dependencies for determining the headland width and the
length of the non-working move when making various T-turns.

In order to minimize the time for making turns and servicing the machine on the field (loading and
unloading materials and yield), orientation (the angle) of moves, the sequence of making the moves and the
types of turns between them have to be optimized. The angle between the direction of the working moves and
the field border influence the number and length of moves of the machine-tractor unit, the number of turns and
the positions where the unit can be serviced (Spekken de Bruin, 2013).

Trajectory optimization in the headland can be made by using calculation methods. The minimum
needed headland width when making turns is calculated. The needed headland width for the minimum time to
make the turn is determined (Tu, 2013).

Existing navigation systems and automatic turning systems make it possible for the unit to follow
various optimal models of movement. Various algorithms for optimizing the way of movement and planning
the route of the units can be added to modern navigation systems (Bochtis and Vougioukas, 2008). The type
of turn can be selected automatically and its parameters can be determined depending on the information
about the headland obtained from the navigation system and the type of unit (Freyberger and Jahns, 2000).
Such a system of movement in the headland can be successfully connected to a device that performs repetitive
actions on the machine-tractor unit (for example, towbar control, power take-off shaft, hydraulic valves), which
allows fully automated turns of the units (Cariou et al, 2010). Making automatic turns will allow the operator to
focus more on the operation itself (Freyberger and Jahns, 2000). When making a turn at the end of the field,
wheels slip, which impairs the ability to follow a predetermined trajectory. The incorporation of a slip
assessment mechanism leads to an increase in the accuracy of the control system (Bayar et al., 2016).

The objective of the present article is to make a comparative analysis of the headland width when
making various T-turns in an irregularly shaped field and to justify the choice of a type of turn and its direction
in the field to ensure a minimum headland width.

MATERIALS AND METHODS

Five types of T-turns made by the machine-tractor unit are discussed:

- T-turns with straight reverse movement parallel to the field border;

- T-turns with straight reverse movement not parallel to the field border;

- T-turns with arcuate reverse movement;

- T-turns with straight movement upon entering the headland;

- T-turns with straight movement upon exiting the headland.

Each of the turns is in two variants — open and closed and is made in two directions — left to right and
right to left. Table 1 contains the analytical dependencies for calculating each of the turns (Trendafilov, 2020;
Trendafilov 2021 a, b; Trendafilov, 2022 a, b). Designations in the formulas are given in Fig. 1 and mean the
following:

a is the angle between the direction of movement and the field border;

H — the longitudinal base of the tractor;

la — the kinematic length of the unit;

M — the tractor track;

B — the working width of the unit;
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R — the radius of the turn for the unit;

O — the centre of the respective curvilinear movement within the turn;

B — the central angle of the respective curvilinear movement;

E — the minimum headland width;

E’ — the headland width limited by the tractor wheels.

When working conditions do not allow the unit to enter the field when making a turn in order not to
damage the plants, for example when working in perennials and row crops, the headland width is E’. If there
are no such restrictions, the headland has minimum width E. Headland width E’is in some types of turns only.

To compare the headland width in various turns, calculations have been made for the specific
machine-tractor unit consisting of Lamborghini Sprint 674-75 tractor and Gaspardo M300 seeder (Figure 2).
The unit has the following parameters: working width B = 3 m; kinematic length la = 3.1 m; radius of the turn
R = 2 m; longitudinal base of the tractor H = 2.25 m and track M = 1.34 m. Some authors agree that the field
has a headland when the angle between the direction of movement and the field border is greater than 10°
(Aurbacher and Dabbert, 2009). According to other authors a headland is not needed when the angle is less
than 15° (Oksanen, 2007). For the experiment, a range of change for the a angle from 10° to 90° has been
adopted. Since there are no restrictions for entering the field about the specific unit, calculations have been
made for headland width E. The results are presented through diagrams.

Fig. 2 — Machine-tractor unit with mounted row seeder
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Table 1

Analytical dependencies for determining the headland width when making T-turns in an irregularly-shaped field

(Trendafilov, 2020; Trendafilov 2021 a, b; Trendafilov, 2022 a, b)

Name of D|rect|or1 of Dependence for determining the headland width
the turn | execution
1 2 3
T-turns with straight reverse movement parallel to the field border
left  |E =(R+0.5B) cosa -1, -sina +R+0.5M @
open to right
turns ‘?\\
e
fght |E =(R+0.5B) cosa +1, -sina + R +0.5M @
to left
AN
f;.\h
closed left
turns to right
N
/7 E is determined by dependence (2)
4ol
/Y
right
to left
| .
g E is determined by dependence (1)
I'+"' ."l'."\
i
T-turns with straight reverse movement not parallel to the field border
leftto  |E —(R+0.5B)cosa +(R+0.5M )cos (B, —a) -1, -sin &)
open right ( )eosa+( Jeos(f—a)-l, sina
turns
- 2R+B
where f, =tan™ B 4
\\TH““‘-H a
/,—- tana -
A \} when o > tan-[ 2R+ H-sin 5, 5)
H -cos g, +2l,

E =(0.5M +R)cos(a— S3,)+H -sin(a— A3,)+(0.5B—R)-cosa +1, -sin o ©)
right _ _ .o _ . )
ot |E = (R+0.5B)cosar+(R+0.5M )eos(B, —a)+H-sin(B, - a)+1, -sin

N .| 2rR+B
;’\ where 3, =tan™ B (8)
AR
tana
and when 4 > tan™ B 9
21,
2R+B
_ -1
B, =180+ tan B (10)
—=2l,
tana
E' =M -cos(f, —a)+H sin(f, —a)+2R-cosa+2l, -sina (11)
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left _ _ . Qi .S 12)
dosed | ot |E (0.5M —R)cos(a + ,)+ H -sin(a+ 5,)+1, -sin a +(0.5B + R)cos o
turns
/ﬁ\‘ where B, =tan™ ;R—_B (13)
AT +21
MY tana  °
l.+./12+(2R-B)B
when & > tan_l a \/ aZR(_ B ) (14)
E=H-sin(a+p)+l,-sina+(05B +R)cosa—(0.5M +R)-cos(er + 3,) (15)
E =M -cos(a+B)+H -sin(a+p)+ (2R- B)sm @+ p) (26)
sin 3,
when condition (14) is fulfilled for angle a
. . (2R-B)sin(a + f,)
E'=H-sin(a+p)+ n LM -cos(a+ f3,) an
Jant | E=05(M +B)cosa+(H +1, Jsina (8)
with increasing angle a
,A\ﬁ E=(R+0.5B)cosa 1, -sin @ —(R+0.5M )cos(a + 53, ) (19)
where i, =tan ™| —=" 2 (20)
+21,
tan
when condition (9) is fulfilled for angle a
4, =180+ tan ™ ER—‘B (21)
]
tana
when & > tanl(lﬁ (22)
E=(0.5B—R)cosa +1, -sin o —(0.5B+R)cas(e + 3, )—H -sin(er + 3,) (23)
E=(R+05B)cosax+H -sina+(R+0.5M )cos(a + 3, )+ H -sin(ar + 5, (24)
with increasing angle a
E=2R-cosax—2l, -sina—M-cos(a+f,)+H-sin(a+45,) (25)
T-turns with arcuate reverse movement
open | oot |E= (R+0.5M )cos(ex + 3, )+(0.5B+R)cosa +1,, -sin (26)
turns a B
-\k'l'_.f where [3, =COS [ﬁ) (27)
."I \". I'I"Pf -1 B
when & > tan ﬁ (28)
M * B M 2 2 -
E=|B+R-———|cosa+|I| +|—-0.5N4R*-B* [sihna
4R * 4R (29)
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M-B
05B+R-05M - ———
when & > tan_l M 4R (30)
H —(4R—O.5j\/4R2 —B?
E is determined by dependence (18)
a>tan™ 8 (31)
when
V4R? -B? -2l
E is determined by dependence (6)
B
+ 21
where S, =cos™ 2R+ BB —tan™ —tagéer 5 (32)
+ 21,
4Rcos| tant| AN
2R+ B
Jont - \E=0.5M -cos(a + )+ H -sin(ar+ )+ (L5B+R)cosa -1, -sina—R-cos(f, —ar) &9
4 B
o - where f3, = CO0S 1(ﬁj (34)
\ .-"r / "'.,_ B
when angle @ > tan™ (35)
(\/4R2 ~-B® + ZIJ
E is determined by dependence (12)
B f—
where B, = cos 2R+B +tan’| fana (36)
B Py 2R+ B
4R.cos| tant| AN °
2R+ B
when o > 90 — ,31 37)
E is determined by dependence (15)
eft |E =(R+0.5M )cosa +cos(a + A,)) (38)
ctlosed to right where 1 is determined by dependence (34)
urns
when « >tanl[LJ (39)
| V4R? -B? +H
" |E=(R+0.5M )cosa +H -sin & —(R—0.5M )cos(e + 3,) (40)
when condition (37) is fulfilled for angle a
E=(R+0.5M)cosa +H -sina—(R+0.5M )cos(a + 3, (1)
when condition (31) is fulfilled for angle a
R+0.5M . .
E=——"""(R-cosa+l -sina)+H sin(a+p) @)
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where ﬂl =cos™

+ 21
1| tana

2R-B

2R —tan

+ 21,
1| tfaha

2R-B

4R -cos| tan

=]

.|a

M —

(R+0.5M )cos g3, +

-1
when & > tan M

(R+0.5M )sin 5, —

E is determined by dependence (15)

(43)

(44)

right
to left

E is determined by dependence (18)
R—0.5M —(R+0.5M )cos 3,)

Af (
when & > fan [ H + 21, —(R+0.5M )sin 4,
E=(R+05B)cosa—(R+05M )cas(a+ 3,)-1, -sina

|

1| tana
2R—-B

2R-B

By
1| taha
2R-B

—tan

where ﬁ?, — Cos’l

4R -cos| tan

R—-0.5M +H -sin g,
| +H-cos g,

when & > tan™ 05M 1,

a

E is determined by dependence (6)

A

2R—-B 1| tfah o
B _21, 2R—-—B
41| tana
2R—-B

where
+ tan

B, =cos™

4R - cos| tan

(45)

(46)

(47)

(48)

(49)

(50)

E' =(R+0.5M )cosa +cos(a + A3,))+H(sin a +sin(a + 3,))

where ,6’2 is determined by dependence (27)
when a for angle a condition is met (35)

=(R+0.5M Ycos —cos(B, — )+ H(sin & +sin (5, — )

where ﬂl is determined by dependence (49)

£

(51)

movement upon entering the headland

left
open
turns

T-turns with straight

E is determined by dependence (26)
where [5’2 is determined by dependence (27)

when condition (28) is fulfilled for angle a
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igh
e M -B (05M —RW4R? -B? | .
\_ E=|B+R-———|cosa+|I|, + sina (52)
— 4R 2R
LN
I "“ﬁ 0.5M —1.SB—R+N‘|1'|;3
when o > tan™ (53)
2 2
2 M V4R? —B?(0.5M —2R)
2R
E-= (\/4R2 ~B*+H- Ia)sin a+05M -B)cosa (54)
oo |E=(VaR? ~B? +H -1, Jsin @+ (05M +15B)cosx (55)
Y E :[0.58+ M4éB+R+O.5Mjc03a+[H +[0.5+2/|—Rj 4R2—szsina (56)
left to right | E is determined by dependence (38), (39), (40) and (41)
closed
turns AL R_ M-B
A 4 4R
.|, | when a >tan M (57)
M } (o.s—mj\/mz -B% -1,
E is determined by dependence (54)
right .
et |E=[R+B+M B cosq+| VAR _B?[ 05+ -1, [sina (58)
4R 4R
WA R—0.58-05M + M B
&k hen O > tan! 4R (59)
when
(0.5—2’#}/4# ~B?+H
E is determined by dependence (55)
T-turns with straight movement upon exiting the headland
Ie_ft . o7 n2 “R? .
open | tomght 1F _|R+0.5M +05B+ MB VIR =B st [M+0.5j\/4R2 8- 1B ing (60)
4R 2R 4R 2R
S/ M-.-B H+v4R*-B?
N R-B+ +
' - 4R 2R
when &> AN ——g M (61)
—— 41, —| ——-0.5M [V4R? - B?
' 2R 4R
E= (\/4R2 ~-B?+ Ia)sin o +(1.5B+0.5M )cos (62)
right 2 o2 R2 .
toleft g _|M:B o HVAR =B losas Qﬂa—(M—O.S}MRZ—BZ sin a ©3)
4R 2R 2R 4R
\'\_ when condition (37) is fulfilled for angle a (81 is determined by dependence (34))
4 M-B Hv4R*-B? H-B M
1 E=|R- - coSa + —+Ia+(—+0.5) 4R*-B’ [sina (64)
1 4R 2R 2R 4R
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_M:B HV4R*-P’

4R 2R

(0.5—Mj\/4R2 _gr_HB
4R 2R
E= (\/4R2 ~B? + Ia)sin a+0.5(M —B)cos o (66)

R ~0.5M +0.5B ©5)

when o> tan{[

Ie_ft 2 o2 R2 _ .
cosed | toright |p_| HVAR =B g o M'B c05a+(£0.5+Mj\/4R2—Bz+Ia—ﬂjsina ©7)
N 2R 4R 4R 2R
- V4R?-B®> M-B
‘ W/ H R + IR +R-0.5B-0.5M
when & > tan - (68)
FEZRB+(0.5—L':/F'J\/4R2 - B’

E is determined by dependence (62)

right E is determined by dependence (18)

when @ > tanl( B j (69)
J4R? -B? —H

N\ E= (\/4R2 —-B?+ Ia)sin a—0.5(B—M)cosa (70)

W/ M\ |E‘is determined by dependence (50)
when o > 90 — ,32

[4p?2 _R? . .
E =| R+05M +0.SB+H 4§R : —NA[RB COSa+(H+%—(O.S—2A—R)V4Rz—82]sma

when condition (69) is fulfilled for angle a

/ 2 2
£ <[ R+05M —05B+ 4ZR 8 _NzllRB cosm[%Jr[O.Ser—R]\MRz—BZJSina (73)

(71)

(72)

RESULTS

The studied machine-tractor unit has greater kinematic length and a smaller turning radius compared
to the unit for which the formulas in Table 1 have been derived. Therefore, not all of the stated dependencies
are used to determine the headland width for some of the turns, and for some it is necessary to introduce new
dependencies, listed below.

- For ,Open T-turn with straight reverse movement parallel to the field border — left-to-right
movement” and ,,Closed T-turn with straight reverse turn parallel to the field border — right-to-left movement”

In an angle determined by dependence (22) the headland is limited on the left side of the machine
upon its entering the headland.

The headland width in this case is determined by the dependence:

E=(0.5B-R)cosa+1, -sin @+ R+0.5M (74)

- For ,Open T-turn with arcuate reverse movement — left to right movement”
Dependence (29) is not used. In case of small a angle dependence (26) is used and in angle:

0.5B+R—0.5M + M-B
a>tan™ 4R (75)

H +[2/F|{+0.5j\/4R2 - B?

The headland width is determined by dependence (18).
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- For ,Open T-turn with arcuate reverse movement — right to left movement”

The result by formula (36) is £, =0° with angle:

a=tan™ (76)

-B
VAR?—B? -2,
In case of a bigger angle the headland width is determined again by dependence (12), in which

S, =0". Dependence (15) is not used.

- For ,Open T-turn with straight movement upon entering the headland — left to right movement”

In this case there is no straight movement upon the unit's entering the headland and its width is
determined by dependence (18). In case of an angle determined by dependence (75) the headland width is
determined by dependence (54).

- For,Open T-turn with straight movement upon entering the headland — right to left movement”

The length of the straight movement before the turn becomes 0 in an angle determined by dependence
(76). In greater values for the angle, the headland is restricted from the side of the field to the left side of the
unit entering the headland, while the headland width is determined by dependence (18).

The actual headland width should be greater than the theoretical width calculated according to the
stated dependences, and it should be a multiple of the working width of the machine (3 m), i.e. it can be 3, 6,
9and 12 m.

Fig. 3 and fig. 4 present the results from calculations about the different types of turns.

m m

10 with straight reverse with straight reverse
movement parallel to 10 movement parallel o

the field border the field border

8 . .
—ith straight reverse 8 —ith straight reverse
movement not parallel movement not parallel
6 to the field border < to the field border
\ / ——Vith arcuate reverse )k ~~ —yith arcuate reverse
s movement movement

with straight movement
upon entering the 2

with straight
movement upon

headland .
entering the headland
0 _ =Vith straight movement 0 ) .
0 10 20 30 40 50 60 70 80 90 100 ﬁggglzmmg the 0 10 20 30 40 50 60 70 80 90 100 ° —:’\/nlg:[::;?r?{l:lpon
exiting the headland
a) b)

Fig. 3 — Headland width depending on the angle between the direction of movement of the machine-tractor unit
and the field border when making open T-turns and movement in the field:
a) left to right; b) right to left

The following is seen through them:
- T-turn with straight reverse movement parallel to the field border
The headland has the smallest and equal width when making an open turn with left-to-right movement and

a closed turn with right to left movement. In these cases the actual headland width will be equal to two working
widths of the unit, i.e. at 6 m, whilst in the other two cases it will be greater — 9 m.

- T-turns with straight reverse movement not parallel to the field border

With these turns, the headland width is smaller when making an open turn with left-to-right movement
and a closed turn with right-to-left movement. Both variants should only be used at a smaller angle between
the direction of movement and the field border to ensure an actual headland width of 6 m for the specific unit.

- T-turns with arcuate reverse movement

With this turn the theoretical headland width is the smallest compared to all others when it is closed
and the movement in the field is from left to right. For the specific unit, the actual headland width is 6 m,
regardless of the type and direction of this turn.

- T-turns with straight movement upon entering the headland
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The same applies to this type of turns as to the T-turn with arcuate movement. The figures show that
in many cases the headland width in both turns is the same.

- T-turns with straight movement upon exiting the headland

The headland width is the smallest when making a closed turn from right to left. Only in this case the
actual headland width is 6 m for the entire range of change of the angle between the direction of movement
and the field border. In the other three cases, such a headland width will be present either in very small or very
large values of the angle.

f Wilh srightraverse m -
1 movement paralel to the 0 with straight reverse
field border movement parallel to
the field border
0 it sraight reveree 10 , ,
movement not parallelto —with straight reverse
B the field border 8 movement not parallel

to the field border

§ ==\t arcuate reverse 6 .
mayvement —ith arcuate reverse

movement

With straiqht mavement

2 Upon enteringthe 2 with straigtht
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Fig. 4 — Headland width depending on the angle between the direction of movement of the machine-tractor unit
and the field border when making closed T-turns and movement in the field:
a) left to right; b) right to left

CONCLUSIONS

New dependencies have been derived and the theory for determining the headland width in an
irregularly-shaped field when making T-turns by a machine-tractor unit is supplemented.

It has been established that in order to obtain the minimum headland width, closed turns with a direction
of movement from left to right should be made.

It has been proven that the theoretical headland width is the smallest when making a closed T-turn with
arcuate reverse movement and direction of movement in the field from left to right.

When using T-turns with arcuate reverse movement and T-turns with straight movement upon entering
the headland, the actual headland width is the same (6 m) regardless of the type and direction of the turn.

Further work plans include determining the length of the studied turns and experimental verification of
the theoretical model. The obtained dependencies can be used for creating an algorithm for choice of a turn
with minimum length and headland at given parameters of the unit depending on the angle between the
direction of movement and the field border.
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