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OPERATIONS

The article presents a theoretical investigation of the
influence of design and technological parameters of precision
agriculture equipment on the quality of technological operations.
The main parameters determining machine performance are
analysed, including positioning accuracy, operating speed,
working width, actuator response time, geometric arrangement of
working elements and metering accuracy. Particular attention is
paid to the interaction between the navigation system, control
system, actuator and working element, since operation quality
depends on their coordinated performance. Analytical
relationships are derived for spatial delay, transverse displacement
of outer working elements, overlap and skip coefficients, and a
comprehensive quality index. Numerical modelling is used to
establish the effect of travel speed and actuator response time on
spatial delay and the influence of heading-angle error and machine
geometry on transverse displacement. The results show that
increasing travel speed causes a proportional increase in spatial
delay when actuator response time remains unchanged. Even
small heading-angle errors can cause considerable displacement
of outer working elements as the distance from the centre of
rotation increases. A multi-criteria approach to assessing operation
quality is proposed, taking into account positioning error, spatial
delay, overlaps, skips and deviation of the actual application rate
from the prescribed value. The proposed relationships can be used
to substantiate design parameters, operating modes and control-
system settings of precision agriculture equipment. The results
may be applied to seeding, fertiliser application and spraying
machines to reduce technological losses, improve treatment
uniformity, optimise resource consumption and increase the
efficiency of mechanised agricultural production.

Keywords: precision agriculture, technical equipment,
design and technological parameters, technological operation,
positioning accuracy, automatic control, operating speed, spatial
delay, overlap, skips, variable-rate application, quality index.

agricultural
increasing

spatially referenced data on field conditions and
automated control of operational processes.

requirements for the productivity of machine-tractor
units, the rational use of material resources and the
quality of technological operations. One of the most
promising approaches to improving the efficiency of
mechanised processes is the implementation of
precision agriculture technologies, which rely on
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The quality of technological operations is
largely determined by the accuracy of machine
movement, the stability of the operating parameters
of working elements, and the ability of the technical
system to respond promptly to changes in the
technological task. The application of satellite
navigation systems, automatic guidance systems,
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variable-rate
it possible to
optimise the
materials and

section control systems and
application technologies makes
reduce skips and overlaps,
consumption of technological
increase machine productivity [1].

At the same time, improving the accuracy
of an individual technical component does not
always result in a proportional improvement in the
overall quality of the technological operation. High
positioning accuracy cannot compensate for a
significant response time of an actuator, while an
increase in operating speed may lead to greater
spatial delay in the control system. Similarly,
increasing the working width of an agricultural unit
improves its productivity but simultaneously
imposes more stringent requirements on
positioning accuracy and control performance [2].

Thus, an important scientific and practical
task is to determine the nature of the influence of
the design and technological parameters of
precision agriculture equipment on the quality
indicators of technological operations and to
establish the conditions for their rational
combination in order to ensure the high efficiency of
mechanised agricultural processes.

Review of recent research and
publications. The development of precision
agriculture technologies has been accompanied by
the continuous improvement of technical systems
for navigation, automatic control and monitoring of
technological processes. A considerable body of
research has focused on determining the accuracy
of GNSS positioning for agricultural machinery and
assessing the impact of navigation errors on the
trajectories of machine-tractor units [3].

Studies have established that the
application of high-precision satellite positioning
systems, particularly RTK technologies, can
significantly reduce the lateral deviation of an
agricultural unit from its prescribed trajectory. This
is especially important when performing operations
involving a large number of repeated passes, where
even minor positioning errors may accumulate in
the form of overlaps or skips [1, 3].

However, the accuracy of the navigation
system is only one of the factors determining the
quality of unit operation. The actual position of the
working elements is influenced by the design
parameters of the machine, including the distance
between the positioning point and the working
element, the working width, the geometric
parameters of the unit, the type of connection to the
power unit and the characteristics of the running
gear. Operating speed is another important
technological factor: an increase in speed improves
productivity but simultaneously increases the
requirements for the response speed of automatic
control systems [4, 5].

Actuation  systems  are
characterised by a time delay between

inherently
the
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generation of a control command and the actual
change in the operating mode of the working
element. Consequently, an increase in travel speed
while maintaining a constant response time results
in a proportional increase in spatial delay. Variable-
rate application systems and automatic section
control systems are particularly sensitive to this
effect [5, 8, 9].

The reviewed research findings indicate
that the quality of a technological operation is
determined by the complex interaction of the
navigation, control and actuation subsystems.
Nevertheless, a comprehensive theoretical
assessment of the influence of design and
technological parameters on spatial accuracy and
quality indicators still requires further development.

Research Objective and Tasks. The
objective of this study is to investigate theoretically
the influence of the design and technological
parameters of precision agriculture equipment on
the quality of technological operations and to
identify the main factors that determine the spatial
accuracy of machine-tractor units.

To achieve this objective, the following
tasks are set:

1. to formalise the main design and
technological parameters affecting operation
quality;

2. to derive analytical relationships for
spatial delay, transverse displacement and
overlap/skip coefficients;

3. to introduce a comprehensive quality
index that integrates positioning error, spatial delay,
overlaps, skips and rate deviation;

4. to perform numerical modelling and
construct illustrative tables and graphs for typical
operating conditions.

Materials and methods.

The quality of a technological operation
performed by precision agriculture equipment is
determined by a combination of design and
technological parameters. The principal parameters
include:

- positioning accuracy (GNSS / RTK);

- operating travel speed;

- working width;

- actuator response time;

- structural arrangement of the working
elements relative to the positioning and control
points;

- parameters of the working elements;

-accuracy of technological material
metering.

The interaction between these factors can
be represented by the sequential chain:

positioning system — control system —
actuator — working element — technological result.

The spatial position of the agricultural unit
is determined by the navigation system. Deviations
of the actual coordinates from the prescribed
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coordinates result in a displacement of the
trajectory of the working elements. The absolute
positioning error can be expressed as:
Ap = JAx? + Ay?, (D)
where Ax and Ay are the errors in
determining the position along the longitudinal and
transverse axes, respectively.

For technological operations involving
multiple parallel passes, the transverse component
Ay is of primary importance: it directly determines
the width of untreated strips or the extent of
repeated treatment (Fig. 1).
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Fig. 1. Effect of lateral positioning error
on overlap / skip width

o

Operating speed is one of the key
technological parameters. Increasing the operating
speed results in higher theoretical productivity:

W=01-B-V, @)

where W is the theoretical productivity,

ha/h; B is the working width, m; V is the travel
speed, km/h.

However, an increase in V simultaneously
increases the requirements for automatic control
systems and actuators. The spatial delay (the
distance travelled during the response time of the
actuation system) is given by:

L.=V  —%

where L; is the spatial delay, m; V is the
travel speed, km/h; t; is the actuator response time,
s.

For example, at a response time tr =2 s and
a travel speed of 6 km/h the spatial delay is
approximately 3.33 m; at 12 km/h it increases to
6.67 m. Therefore, any increase in productivity
achieved by raising travel speed must be
accompanied by a corresponding reduction in
actuator response time (Fig. 2 and Fig. 3).
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Fig. 2. Spatial delay as a function of
travel speed and response time
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Fig. 3. Spatial delay at different travel
speeds (tr=1.5 s)

The working width directly determines the
productivity of the agricultural unit. At the same
time, for units with a large working width even a
small angular or transverse deviation may result in
a significant displacement of the outermost working
elements [6].

If the agricultural unit rotates through an
angle 0 relative to the intended heading, the
transverse displacement of a working element
located at a distance L from the instantaneous
centre of rotation can be approximated as:

Ay = L -sinf = L -6 4)

Consequently, the structural arrangement
of the working elements relative to the control point
and the geometric parameters of the unit must be
taken into account when designing automatic
guidance systems (Fig. 4).
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Fig. 4. Transverse displacement of an
outer working element versus heading-angle
error
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Of particular importance is the distance
between the GNSS receiver antenna, the control point
and the working element. The structural configuration
of the agricultural unit should therefore account for the
geometric relationship between:

— the positioning point (antenna);

— the centre of rotation of the machine;

— the control point;

— the working elements.

This is especially critical for trailed and semi-trailed
implements, in which the working elements may be
located at a considerable distance from the
attachment point to the tractor [9].

One of the most informative indicators of the
performance quality of precision agriculture
equipment is the extent of overlaps and skips. The
overlap coefficient can be defined as:

So
Ko = (§> 100 %, )
and the skip coefficient as:
Ss
K, = (§> 100 %, 6)

where S, is the overlap area, S; is the skip
area and S is the total treated area.

An increase in overlaps results in excessive
consumption of seeds, fertilisers or plant-protection
products, whereas skips may adversely affect the
technological outcome and the uniformity of field
treatment. The optimal operating mode is therefore
the one that minimises the sum Ko + K [10]. lllustrative
dependencies of the coefficients on travel speed are
shown in Fig. 5.
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Fig. 5. Overlap and skip coefficients versus
travel speed (illustrative model)
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Based on the factors considered above, the
quality of a technological operation can be assessed
by means of a comprehensive indicator that integrates
the principal sources of error:

Q = f(4p,Ls Ko, K5, Aq), (7)

where Ap is the positioning error; L is the

spatial delay; Ko and K are the overlap and skip

coefficients; Aq is the relative deviation of the actual
application rate from the prescribed rate.

A convenient normalised form (higher values
correspond to better quality) is:

—a-Ap — B-Ls —
= 100 - ex < )
¢ Py (Ko + K9 - 8- 14q]

(8)

where a, B, y, & are positive weighting
coefficients that reflect the relative importance of each
error source for a given technological operation. The
resulting quality surface (Fig. 6) clearly shows that
high quality can be maintained only within a limited
region of low positioning error and moderate travel
speed.
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Fig. 6. Comprehensive quality

versus positioning error and travel speed

nclusions.
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To llustrate the derived relationships,
numerical calculations were performed for a typical
range of operating conditions. Table 1 presents the
spatial delay for different combinations of travel speed
and actuator response time.

Table 1
Spatial delay Lg (m) as a function of travel speed and response time

V,km/h\t, s 0.5 1.0 1.5 2.0 2.5

6 0.83 1.67 2.50 3.33 4.17

8 1.11 2.22 3.33 4.44 5.56

10 1.39 2.78 4.17 5.56 6.94

12 1.67 3.33 5.00 6.67 8.33

14 1.94 3.89 5.83 7.78 9.72

16 2.22 4.44 6.67 8.89 11.11
Table 2 illustrates  the transverse different heading-angle errors and distances from

displacement of the outermost working element for

82

the centre of rotation.
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Table 2
Transverse displacement Ay (cm) of an outer working element
0,deg\L, m 2 4 6 8

0.5 1.7 3.5 5.2 7.0
1.0 3.5 7.0 10.5 14.0
15 5.2 10.5 15.7 20.9
2.0 7.0 14.0 20.9 27.9
3.0 10.5 20.9 31.4 41.9
5.0 174 34.9 52.3 69.8

working widths can produce transverse coefficients of the quality index for specific

displacements of several tens of centimetres, which
are comparable to or larger than typical RTK
positioning errors. Consequently, geometric
configuration and guidance-system tuning must be
considered jointly with navigation accuracy.

The analysis shows that improving the quality
of technological operations cannot be achieved by
optimising a single parameter in isolation. High
positioning accuracy is necessary but not sufficient;
it must be matched by an adequately fast actuation
system and a geometrically favourable
arrangement of working elements. Likewise, any
increase in travel speed or working width must be
accompanied by a corresponding improvement in
response time and trajectory stability.

A practical design and setting rule can be
formulated as follows: the product of travel speed
and response time (i.e. the spatial delay L) should
not exceed a prescribed technological tolerance
Ltol that depends on the required application
accuracy and the characteristics of the working
element. Simultaneously, the expected transverse
displacement L-@max should remain within the
same tolerance band.

Conclusions. 1. The quality of technological
operations performed by precision agriculture
equipment is determined by the complex interaction
of positioning accuracy, operating speed, working
width, actuator response time and the geometric
arrangement of working elements.

2. Analytical expressions for spatial delay
(Ls = V'1/3.6), transverse displacement (Ay = L-sin
0) and overlap/skip coefficients have been derived,
providing a quantitative basis for assessing the
influence of each parameter.

3. A comprehensive quality index Q that
integrates positioning error, spatial delay, overlaps,
skips and rate deviation has been proposed,
enabling a shift from single-parameter evaluation to
system-level assessment of the “navigation—
control-actuator-working element” chain.

4. Numerical modelling confirms that spatial
delay and transverse displacement grow rapidly
with increasing speed and working width,
respectively; therefore any productivity gain must
be accompanied by improved response time and
guidance accuracy.

5. Further research should focus on
experimental identification of the weighting
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operations (seeding, fertiliser application, spraying)
and on the integration of the proposed relationships
into on-board decision-support systems.
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AOCNIAXXKEHHA BNJINBY KOHCTPYKTUBHO-
TEXHONOIMN4YHUX NAPAMETPIB TEXHIYHUX
3ACOBIB TOYHOIO 3EMJIEPOECTBA HA
AKICTb BUKOHAHHA TEXHOJOMNM4YHUX
OMEPALIA

Y cmammi npedcmasneHO meopemu4He
00CiOKeHHs ernusy KOHCMPYKMUBHO-
MeXxHOI02iYHUX rnapaMmempie MmexHiYHUX 3acobie
moyHo20 3emsiepobcmea Ha SIKiCmb BUKOHaHHS

MeXxXHOI02i4YHUX ornepauyid. lNpoaHanizogaHo
OCHOBHi napamempu, wo 8uU3Ha4Yaromhp
epekmusHicmb ~ pobomu  MawuH,  30Kpema

MOYHiCMb 03UUjOHY8aHHS, PObOYY wWeUdKiCMb,
WUpUHy 3axeamy, 4ac peakuil BUKOHag4uUx
MexaHismie, 2eomempuyHe po3mauiysaHHs
poboyux enemMeHmie | mMOYHiCMb OO3y8aHHS.

Ocobnusy ysaey nipudineHo 83aemodii HagizauiliHOI

cucmemu, cucmeMmu KepyeaHHsl, B8UKOHag4o20
MexaHi3amMy ma pobo4o20 opaaHy, OCKiflbKU SKICMb
BUKOHaHHSI ornepauii 3anexumsp 8i0 y3200XKeHocmi

IxHbOI  pobomu. OmpumaHo aHanimuy4Hi
3anexHocmi  Onsi  BU3HA4YEHHS  [POCMopo8oi
3ampumMKu, MOMepeyHo20 3MIUEHHS  KpaUHiX

poboyux enemeHmis, KoeiyieHmig rnepekpumms
ma rporiycKie, a makoX KOMIM/IEKCHO20 oKa3HUKa
sskocmi. 3a 00MOMO20r0 YUCesIbHO20 MOOEsTH08aHHS
8CMAaHOBIIEHO 8r1/1U8 Weudkocmi pyxy ma 4acy
peakuii 8UKOHag4020 MexaHi3aMy Ha fpocmoposy
3ampuMKy, a makoX ernjue rnoxubku Kypcoeozo
Kyma U 2eoMempu4HUX rapamempie MawuHu Ha

Ne 3 (122) Bibpauii e mexHiyi
2026 ma mexHorsog2isix
rnonepeyHe  3MiWeHHs  pobodux  esieMeHmis.

Pesynbmamu nokasyromb, Wo 3i 36ifibWeHHIM
weudkocmi pyxy 3a HE3MIHHO20 4Yacy peakuil
BUKOHaB84Y020 MexaHi3My npocmopose 3arli3HeHHS
3pocmae nponopuitiHo. Hasimb He3Ha4yHi NoXubKu
KypCco8020 Kyma MOXYmb CAPUHUHAMU Cymmeege
3MilleHHS1  KpalHix poboyux enemeHmie  3i
36inbweHHsAM ix gidcmaHi 8i0 yeHmpa rnogopomy.
3anponoHosaHo 6azamokpumepianbHull ridxié 0o
OUIHIOBaHHSI SIKOCMI BUKOHAHHS MEXHOM02iHHUX

onepauid, akul gpaxosye noxubky
MO3UUiOHY8aHHSH, npocmoposy 3ampumKy,
nepekpummsi,  [POMYycKU  ma  B8iOXUNEHHS
akmu4yHOi HOPMU 8HECEHHs1 8i0 3adaHo20

3HaYeHHs. 3anporoHosaHi 3anexHocmi MOXymb
6bymu  sukopucmaHi  Ons 0brpyHmMyeaHHs
KOHCMPYKMUBHUX napamempie, pexumie pobomu
ma HanawmyeaHb CUCMEM Kepy8aHHST MEXHIYHUX
3acobie moyHo2o 3emnepobecmea. OmpumaHi
pe3ynbmamu MOXymbe 6ymu 3acmocoeaHi 0ns
MOCIBHUX MawuH, MawuH 0519 8HeCeHHs1 3obpus i

obripuckysadie 3 mMemoro 3MEHWEHHS
MeXxHO02i4YHUX empam, nid8uUWEHHS
pigHoMipHOCMI 06pobimky, onmumisauji
B8UKOpUCMaHHSA  pecypcie  ma  Mi08UWEHHS
eghekmusHocmi MexaHi308aH020

CinbcbKo2ocnodapcbKkoeo supobHuUumea.

Knroyoei cnoea: moyHe 3emnepobecmeo,
MmexHiyHi 3acobu, KOHCMPYKMUBHO-MEXHOMO02iYHI
napamempu, mexHosoziyHa onepauisi, mo4yHicme
MO3UUIOHYBaHHS,  asmoMamu4yHe  KepyBaHHS,
poboya weudkicmb, npPocmoposa 3ampuMka,
nepekpummsi,  pPOMycKuU, dugbepeHuyjitiogaHe
BHECEHHS, MOKa3HUK SIKOCM.
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