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Development and implementation of electromechanical systems
for the control of soil tillage units

Abstract. The need to improve soil cultivation technologies necessitates the introduction of electromechanical control
systems that ensure energy efficiency, parameter stability, and increased effectiveness of mechanised agricultural processes.
The purpose of this study was to design an intelligent control system capable of dynamically adapting operational modes
based on sensor data and the principle of feedback. The research methodology included multi-level computer modelling
in the MATLAB/Simulink environment, the development of a physical prototype using the STM32F407VG microcontroller,
and experimental testing in laboratory and field conditions across plots with varying soil types. The system comprised
modules for sensor monitoring of moisture, density, and load, a signal processing unit, a proportional-integral controller,
and electric drives responsible for regulating tillage depth and force. The trials demonstrated the high stability of the
system under variable agrophysical parameters, with a response time to external changes ranging from 1.8 to 2.3 seconds,
and an average deviation in depth not exceeding five millimetres. The experimental results indicated a reduction in average
energy consumption by 12-18% compared with conventional non-automated systems, and an increase in efficiency up to
87% on loamy soils. According to a multi-criteria performance analysis conducted using the Analytic Hierarchy Process,
the electromechanical system achieved an integrated efficiency index of 4.37, significantly exceeding that of the hydraulic
system, which scored 3.55. The practical implementation of the control system confirmed its technical suitability for
mass integration into modern agricultural tillage machinery. The proposed technical solution improved the quality of
soil cultivation, reduces energy consumption, minimises the need for operator intervention, and supports the sustainable
development of the agro-industrial sector. The results of this study can be directly applied by agricultural enterprises in
equipping soil tillage units with advanced electromechanical control systems, aimed at increasing precision, reducing
fuel consumption, and improving machine productivity during field operations

Keywords: sensor monitoring; adaptive regulation; computer modelling; field testing; microcontroller; electric drive;
digital interface

INTRODUCTION
The improvement of mechanised soil cultivation technol-  energy resources, and the need for the sustainable use of
ogies is a key factor in enhancing the efficiency of mod- land, the demand for the introduction of intelligent elec-
ern agriculture. In the context of climate change, limited tromechanical systems is growing. These systems enable

Article’s History: Received: 03.01.2025; Revised: 10.04.2025; Accepted: 22.05.2025.

Suggested Citation:
Rud, A., & Rud, A. (2025). Development and implementation of electromechanical systems for the control of soil tillage
units. Machinery & Energetics, 16(2), 131-145. doi: 10.31548/machinery/2.2025.131.

*Corresponding author

Copyright © The Author(s). This is an open access article distributed under the terms of the
oY Creative Commons Attribution License 4.0 (https://creativecommons.org/licenses/by/4.0/)


https://orcid.org/0000-0002-7206-7103
https://orcid.org/0000-0002-1714-2596
https://technicalscience.com.ua/en

Development and implementation of electromechanical systems...

greater precision in agrotechnical operations, reduce the
mechanical impact on the soil, and lower energy con-
sumption. The application of automated control allows re-
al-time adaptation of tillage parameters to changing field
conditions, ensuring the stability and quality of agrotech-
nological processes.

One of the priority areas involves the implementation
of systems based on microelectromechanical components
(MEMS), sensor devices, and adaptive control algorithms
that integrate mechanical, electrical, and digital technolo-
gies. The study by I. Nazarenko & O.Kovalov (2021) focused
on the creation and testing of an energy-efficient electro-
mechanical system for tillage based on an electric tillage
unit. The authors demonstrated that such a system reduces
energy consumption, stabilises operating parameters, and
enhances the quality of technological operations. Exper-
imental field trials confirm the effectiveness of the pro-
posed approach under real working conditions. Z. Guo et
al. (2023) investigated the mechanical properties of the
soil-tool interaction surface using entropy-weighted grey
relational analysis. The authors developed a mathematical
model enabling the precise determination of critical struc-
tural parameters influencing energy consumption during
tillage. The results showed that optimising the geometry
of the working surface significantly reduces resistance and
increases the overall efficiency of the machinery.

V. Adamchuk et al. (2023) proposed an innovative mo-
bile system for rapid, non-contact soil condition meas-
urement directly during field operations. This solution
involves the use of sensors capable of detecting soil den-
sity and moisture in real time, thereby avoiding the need
to halt equipment during monitoring. This approach en-
hances the accuracy of technological operations and en-
ables adaptive control of tillage parameters according to
changes in the agrophysical characteristics of the environ-
ment. The relevance of precise sensor monitoring is fur-
ther supported by the findings of K. Karyotis et al. (2021),
who examined the potential for MEMS to assess the phys-
icochemical properties of soil remotely without damaging
its structure. Owing to their compact size and high sensi-
tivity, MEMS sensors can be integrated into autonomous
tillage complexes, providing continuous feedback between
the cultivated environment and the control system. D. To-
karchuk & I. Furman (2021) conducted a comprehensive
analysis of current energy-efficient technologies imple-
mented within the agro-industrial sector of Ukraine. The
study emphasised the importance of modernising tillage
machinery, particularly through the introduction of elec-
tromechanical systems that contribute to reduced energy
consumption and increased productivity. The authors also
highlighted the necessity of regulatory frameworks and
state support as essential conditions for the effective de-
ployment of such innovations.

S.Y. Xu et al. (2024) focused on investigating the be-
haviour of the soil environment under loading conditions
using digital image analysis methods. They examined the
progressive destruction of soil structures occurring during

the operation of agricultural machinery, particularly in
zones subject to intensive mechanical impact. The results
obtained allow for the timely adaptation of tillage parame-
ters to changes in the internal soil structure, reducing the
risk of disrupting its integrity. K. Zeng & H. Liu (2023) in-
vestigated the temporal variation in the compressibility of
calcareous sand under loading conditions that simulate the
operation of tillage machinery. The paper demonstrated
the mechanisms of compaction and shear, which are critical
for determining the optimal pressure and movement speed
of working tools in sandy soils. The findings contribute to
improved accuracy in predicting soil behaviour and reduc-
ing the risk of machinery overload in unstable conditions.

N.-E. Yi & Y. Yang (2024) applied the discrete element
method to model the wear of scrapers in gravel layers,
which is crucial for optimising tool design. The authors
identified critical wear points of working components, en-
abling improvements in materials and geometry to reduce
wear under high mechanical loads. This study contrib-
utes to lower maintenance costs and extended equipment
lifespan in challenging soil environments. M. Barzegar et
al. (2022) reviewed the use of MEMS in geotechnical mon-
itoring, particularly for measuring the physical and me-
chanical properties of soil in real time. Their study em-
phasised the importance of precise soil monitoring for the
stable operation of machinery, as fluctuations in moisture
and density can considerably affect technical performance.
Owing to their compactness and high sensitivity, MEMS
sensors provide continuous feedback between the soil and
control systems, enabling real-time adjustment of operat-
ing modes (Suglobov et al., 2024). These approaches gain
particular relevance when combined with soil moisture
sensing technologies based on electromechanical imped-
ance. C. Lan et al. (2023) demonstrated this by developing
spherical smart units for in-field monitoring. Their study
showed that these devices can autonomously monitor soil
moisture without the need to stop machinery, allowing for
the optimisation of tillage machine operations. This ap-
proach facilitates the rapid adjustment of tillage parame-
ters based on real-time data, increasing the efficiency and
precision of fieldwork.

Modern research in agricultural mechanisation thus
demonstrates the high potential of electromechanical
solutions that integrate sensor systems, adaptive algo-
rithms, and digital technologies. These developments open
new possibilities for the creation of intelligent machinery
capable not only of reducing operational costs but also of
adapting to specific agrophysical conditions in real time.
Such systems provide the foundation for high-perfor-
mance, energy-efficient, and sustainable farming.

The purpose of this study is to conduct a comprehen-
sive analysis of current electromechanical solutions for
the control of soil cultivation machinery, to design and
experimentally validate an adaptive control system based
on sensor monitoring, and to evaluate its effectiveness and
integration potential within agricultural engineering. Ob-
jectives of the study:
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1. To analyse technical solutions in electromechanical
control of soil cultivation units and identify their advan-
tages and limitations.

2. To develop an adaptive control system using sensor
modules and feedback algorithms.

3. To conduct laboratory and field trials of the devel-
oped system and assess its performance based on control
accuracy, energy consumption, and adaptability to agro-
physical conditions.

MATERIALS AND METHODS

At the first stage of the study, a theoretical analysis of ex-
isting electromechanical control systems used in contem-
porary agricultural machinery engineering was conduct-
ed. The analysis considered the structural features of soil
cultivation mechanisms, types of drives, components of
working tool actuators, and the integration of sensor and
actuator devices into implement architecture. Particular
attention was given to the comparison between conven-
tional hydromechanical systems and electromechanical
assemblies based on microprocessor control. A literature
review was conducted regarding parameters such as sta-
bility, precision, energy consumption, and wear resist-
ance of electromechanical control systems under various
operating conditions, including the use of electric motor
blocks for energy-efficient tillage (Nazarenko & Koval-
ov, 2021), the analysis of mechanical properties of working
tools through the entropy-weighted grey relational meth-
od (Guo et al., 2023), the development of tools for rapid
measurement of soil condition indicators (Adamchuk et
al., 2023), and the evaluation of MEMS-based sensors for
agricultural monitoring (Karyotis et al., 2021).

The second stage of the study involved modelling the
kinematics and dynamics of the soil cultivation implement,
considering variable agrophysical parameters of the envi-
ronment, namely, soil density, moisture, and resistance.
The modelling was conducted using the MATLAB/Simulink
computing environment. A structural system model was
built, comprising sensor components (load, moisture, and
position sensors), a data processing unit (STM32F407VG
microcontroller), and control algorithms. During simula-
tion, the operational ranges of parameters, critical loads,
and feedback delays were determined. The data obtained
formed the basis for the development of adaptive regula-
tion algorithms for the implement’s working modes.

The third stage involved the development of a phys-
ical prototype of the electromechanical control system.
The prototype included: an STM32F407VG microcontroller
(manufactured by STMicroelectronics, France/Italy), based
on the ARM Cortex-M4 architecture, with a clock speed of
up to 168 MHz, equipped with 1 MB of flash memory, 192
KB of RAM, three 12-bit analogue-to-digital converters, 17
timers, up to 114 GPIO lines, and a wide set of interfaces
(USB OTG, SPI, 12C, USART, CAN), providing stable oper-
ation of the sensor and actuator modules under variable
agrophysical conditions; sensor units incorporating both
digital and analogue moisture, temperature, density, and
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soil resistance sensors, with real-time data output via the
controller; vector-controlled electric drives capable of reg-
ulating force, penetration depth, and movement speed of
the working tools depending on sensor input; and a digital
operator interface based on a touch-screen display with
CAN communication protocol, enabling the operator to set
working parameters, monitor performance in the field, and
remotely adjust the system’s functional modes. The system
was tested under laboratory conditions using a test bench
designed to simulate dynamic loads and variable soil struc-
tures. During testing, parameters such as positioning ac-
curacy, response time, control stability, and overall energy
consumption were monitored.

The fourth stage involved testing the developed elec-
tromechanical system in agricultural fields with various
soil types, including loam, sandy-clay, and waterlogged
soils. A series of measurements were performed under
varying conditions of moisture, resistance, and surface
relief. Using built-in sensors and an autonomous data
logger, measurements were taken of the loads on the
working tools, the quality of soil treatment, the stability
of preset parameters, and the energy use coefficient. The
results were compared with equivalent data from standard
(non-controlled) systems, enabling an objective assess-
ment of performance gains. Field testing of the electro-
mechanical control system was conducted at three sites
with contrasting agrophysical properties: loamy, sandy-
clay, and waterlogged soils. The aim of the testing was to
evaluate system stability under real operating conditions,
particularly its response to changes in soil moisture, re-
sistance, surface topography, and mechanical load. Par-
ticular attention was given to measuring parameters such
as depth control accuracy, the level of adaptation of the
system to changing environmental characteristics, and
energy efficiency, which was assessed based on the coef-
ficient of performance.

The final stage involved a comparative analysis of the
electromechanical system against other control methods,
based on criteria including energy efficiency, regulation
accuracy, economic feasibility, and operational reliability.
The analysis was conducted using the Analytic Hierarchy
Process (AHP) method, supported by data from experi-
mental measurements. For implementation of the AHP
method, the Saaty nine-point scale was used, with pairwise
comparisons of criteria and alternatives. According to this
scale, a score of 1 indicates equal importance, 3 indicates
moderate preference of one element over another, 5 indi-
cates strong preference, 7 indicates very strong preference,
and 9 indicates absolute dominance. Scores of 2, 4, 6, and 8
were used as intermediate values to refine the intensity of
preference. Expert evaluations were aggregated into a pair-
wise comparison matrix, from which weighting coefficients
were calculated to reflect the priority of each criterion.
This allowed ranking the technical solutions according to a
composite efficiency indicator and justifying the selection
of the optimal system modification for mass production.
The results were summarised in tables and graphs, which
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substantiated the feasibility of integrating the developed
system into serial models of agricultural machinery.

RESULTS

Analysis of functional capabilities of electromechanical
systems in modern soil cultivation machinery

Modern agricultural machinery is undergoing intensive
modernisation driven by the need to improve energy effi-
ciency, precision, and operational stability under variable
agrophysical conditions. One of the most promising areas
for technical renewal involves the introduction of electro-
mechanical control systems, which are gradually replacing
conventional hydromechanical and mechanical solutions.
A defining feature of electromechanical systems is their
ability to deliver high-precision regulation of technological
parameters — cultivation depth, applied force, travel speed,
etc. — in real time through microprocessor control and in-
tegrated sensor systems. Such systems employ stepper or
brushless electric motors, which offer compact dimen-
sions, low noise, high reliability, and precise positioning. In

addition, the electric drives can operateinaclosed cycle with
constant correction of the output signal in accordance with
the data coming from the sensors. This capability proves
critical when operating on fields with complex structure or
heterogeneous soil properties, where maintenance of stable
parameters without loss of processing quality is essential.

Conventional hydraulic systems, although capable of
delivering significant tractive effort, are inferior to elec-
tromechanical systems in terms of precision, sensitivity
to external influences, and energy consumption (Panchen-
ko et al., 2018). For instance, energy losses in a hydraulic
circuit may reach 25-30% owing to fluid heating and pres-
sure drops in piping. Hydraulic systems also require regular
maintenance, fluid changes, and filter replacements, which
increases overall operating costs (Bulgakov et al., 2020). A
comparative characterisation of the three main types of
control systems — mechanical, hydraulic, and electrome-
chanical - is presented in Table 1, based on indicators such
as regulation precision, energy consumption, dynamic sta-
bility, reliability, maintainability, and adaptability.

Table 1. Comparative characteristics of control systems

Indicator Mechanical system Hydraulic system Electromechanical system
Regulation accuracy Low Medium High
Energy consumption Medium High Low
Dynamic stability Low Medium High
Reliability High Medium High
Maintainability High Medium Medium
Adaptability Low Medium High

Source: created by the authors based on Z. Guo et al. (2023), V. Adamchuk et al. (2023)

As shown in Table 1, mechanical systems, despite high
maintainability and reliability, are inferior to contemporary
solutions in regulation precision and adaptability to vari-
able operating conditions. Hydraulic systems demonstrate
better performance than mechanical systems in terms of
precision and dynamic stability, yet they suffer from in-
creased energy consumption and only medium maintain-
ability owing to complex maintenance requirements and
frequent fluid replacement (Voloshina et al., 2021). Electro-
mechanical systems, by contrast, received the highest rat-
ings for precision, dynamic stability, and adaptability. This

is due to intelligent control algorithms, integration with
sensor hardware, and real-time feedback. Energy consump-
tion is reduced through optimisation of operating modes
and the elimination of hydraulic resistance losses or me-
chanical friction (Havrylenko et al., 2021). Despite medi-
um maintainability, which reflects the need for specialised
technical servicing, the overall balance of advantages makes
the electromechanical system the most suitable choice
for intensive, high-precision agricultural production. Fig-
ure 1 presents the functional schematic of sensor and
actuator integration within a soil cultivation implement.

Moisture sensor

Data transmission

L

Density sensor

Microcontroller

Electric drives

Load sensor

Signal processing

Figure 1. Functional schematic of sensor and actuator integration within a soil cultivation implement

Source: compiled by the authors

The schematic in Figure 1 details the logic of an au-
tomated electromechanical control system for a soil culti-
vation implements, based on closed-loop feedback. In the
first stage, specialised sensors continuously measure agro-

physical parameters: a moisture sensor records soil mois-
ture, which influences optimal working depth; a density
sensor evaluates soil structure and compaction, allowing
adaptation of implement operation to changes in resist-
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ance; and a load sensor monitors mechanical force applied
to the working element, signalling potential overload or
unstable operation. Sensor data are transmitted in real
time to the microcontroller, which serves as the central
control unit (Bazilo et al., 2023). Initial signal processing
involves conversion of analogue values to digital form,
noise filtering, normalisation, and preliminary parameter
analysis (Hula & Hryha, 2024). Next, the signal-processing
block executes adaptive control algorithms that compare
current system status with reference values and generate
commands for actuators. The actuator block comprises
electric drives capable of adjusting working depth, trav-
el speed and applied force according to control signals.
These drives provide high positioning accuracy, maintain-
ing set parameters with minimal deviation even when soil
properties or field topography change abruptly. A key fea-
ture of this system is the closed-loop feedback cycle: af-
ter executing a command, actuators return updated state
data to the sensor sub-system, enabling rapid correction
cycles. This architecture ensures immediate response to
changing conditions, such as transitions from compacted
to lose soil or the encounter of mechanical obstacles. As
a result, the system maintains high operational stability

Rud & Rud

even when cultivating challenging zones, uneven terrain
or areas with varying moisture and density, thereby re-
markably improving the quality and energy efficiency of
agrotechnical operations.

Results of computer modelling
and control algorithm testing
At this stage of the study, computer modelling of the elec-
tromechanical control system for the working elements of a
soil cultivation implement was conducted using MATLAB/
Simulink. The primary objectives of the modelling were to
reproduce system responses to changes in agrophysical pa-
rameters, namely density, moisture, soil resistance, to verify
feedback algorithms and determine time delays and stabil-
ity limits of electric drives under variable load conditions.
In the Simulink environment, a structural model was
developed, comprising the following subsystems: an input
disturbance generator block, simulating variations in soil
physical parameters; sensor blocks; a signal processing
module; PI controllers; and a model of the electric drive
with load. Figure 2 illustrates the overall logic of the model,
which implements an adaptive control scheme accounting
for sensor reaction delays and drive inertia.

D

_.D# PID(s) [ ﬁT H>)

a2
-

Figure 2. Structural diagram of the adaptive control system model
for the electric drive of a soil cultivation implements in Simulink

Source: compiled by the authors

As shown in Figure 2, the scheme simulates a full op-
erational cycle under variable agrophysical conditions —
soil resistance, moisture, and density — considering drive
dynamics, sensor reaction characteristics, and control
algorithms. Visually, the model appears as a closed-loop
feedback circuit with distinct blocks for disturbance gen-
eration, sensor monitoring, signal processing, PI control,
actuator dynamics, and system output response. The mod-
el employs an input signal generator block to simulate
time-varying soil resistance. A Repeating Sequence block
provides periodic disturbances, enabling the definition of
a time-dependent physical load on the implement. This
signal is then scaled and normalised by a Gain block to
match typical sensor measurement ranges. A Saturation
block follows, representing the limited range of real sen-
sors, which cannot record values outside specified bounds.
After initial signal conditioning, the processed signal en-
ters a comparison logic, where it is contrasted with a ref-
erence value - representing an optimally defined depth or
force of cultivation. An error-generation mechanism in the

computational core produces an error signal, which is
passed to the signal-processing block. Here, smoothing is
performed by a Lowpass Filter block, simulating the iner-
tial nature of sensor measurements and filtering out tran-
sient pulse changes or background noise.

Once the signal is stabilised, the information feeds
into the PI controller block, implemented using a standard
PID Controller with the derivative component disabled.
The control algorithm ensures a gradual system response
to increases or decreases in deviation from the reference.
During modelling, proportional and integral gains were
tuned to achieve minimal transient time, prevent over-
shoot, and eliminate oscillations in response to sudden
disturbances. The final block of the model simulated the
response of the electric drive to a given command. For
this purpose, the transfer function 1/(s + 1) is used, which
captures the inertia of the system, that is, the actual delay
between the control input and the operation execution.
This feature holds particular importance in an agrotech-
nical environment, where rapid response to changes in
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soil resistance is critical for maintaining implement sta-
bility. The model concluded with feedback that routes
actual performance data back into the control system.
In this way, a closed loop is formed, in which every pa-
rameter change is immediately captured, processed, and
used to generate a revised control signal. The resulting
structure permits investigation of system responses to

1.2
1 /_\
0.8
0.6 \
0.4
0.2
0

Parametervalue

variations in any single parameter, tuning of stabilisation
algorithms, and assessment of their effectiveness under
simulated field conditions. Several scenarios were mod-
elled, ranging from a sudden increase in soil resistance to
a gradual decrease in moisture. In each case, the dynamic
response of the electric drives was recorded and is pre-
sented in Figure 3.

= Scenario 1 - Soil resistance (kg/cm?)
Response 1 - Electric drive (kN)
Scenario 2 - Soil moisture (%)

== Response 2 — Electric drive (kN)

9 10 Time,s

Figure 3. Simulation of electric drive response

Source: compiled by the authors

Figure 3 illustrates the simulated response of the elec-
tric drive to changes in agrophysical soil parameters under
two representative scenarios: a rapid rise in soil resistance
and a gradual reduction in soil moisture. The first sce-
nario, reflected by the curve “Scenario 1 - Soil resistance
(kg/cm?)”, simulated the implement traversing successive
field sections of increasing mechanical resistance. The in-
itial resistance measured 0.3 kg/cm? and rose to 1 kg/cm?
over the first four seconds. Once the peak was reached,
resistance declined gradually to 0.2 kg/cm?, simulating
exit from a compacted zone. Corresponding to this pro-
file, the electric drive output force rose from 0.3 kN to
0.95 kN (curve “Response 1 — Electric drive (kN)”), before
smoothly reducing to 0.25 kN. Such behaviour demon-
strates the presence of an adaptive mechanism that stabi-
lises load under changing external conditions. The second
scenario analysed a reduction in soil moisture from 1% to
0.2% over ten seconds. The drive output force fell from
0.95 kN to 0.18 kN, indicating correct operation of iner-
tia-compensation algorithms and effective integration of

Table 2. Characteristics of stability and response speed

sensor data into the control scheme, which adjusts actu-
ator commands according to the current environmental
state. Curve analysis shows that both drive responses com-
bine rapidity with controllability. Parameter changes fol-
low a smooth profile with adequate regulation speed, rath-
er than occurring abruptly. Calculated transition times,
the interval required for full adaptation to a disturbance,
range on average from 1.8 s to 2.3 s, a sufficiently fast re-
sponse for practical field operation.

Maximum deviations of the drive response curve did
not exceed 8-10% of the set values, reflecting high regula-
tion accuracy and consistency. This outcome confirms the
effectiveness of the implemented PI control algorithms,
which deliver stable performance despite variable agro-
physical conditions. Figure 3 thus clearly demonstrates
that the developed control approach can adapt flexibly,
while the electric drive executes control actions precisely
without significant loss of time or energy. Table 2 presents
the consolidated chara cteristics of stability and response
speed under simulated agrophysical variations.

Tpeofscomario  Aemgeremlatin  Maximum  Damping gy
Gradual increase in resistance 1.8 6 0.85 High
Impulse disturbance of resistance 2.3 10 0.65 Medium
Gradual reduction in moisture 2 7 0.8 High
Impulse reduction in moisture 2.4 11 0.6 Medium

Source: compiled by the authors

As shown in Table 2, the system response to simulat-
ed agrophysical changes depends strongly on the external
disturbance. In the gradual increase in soil resistance sce-
nario, the control scheme delivered the highest stability
metrics: an average regulation time of 1.8 s, a maximum

overshoot of only 6 per cent, and a damping coefficient
of 0.85, indicative of effective smoothing without exces-
sive inertia. A similarly high stability level emerged in
the gradual moisture-reduction scenario, with an average
regulation time of 2.0 s and a damping coefficient of 0.8.
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By contrast, under impulse disturbances of resistance or
sudden moisture reduction, stability decreased: regulation
time increased to 2.3-2.4 s, damping coefficient fell to 0.6-
0.65, and maximum overshoot reached 10-11%. These re-
sults highlight greater sensitivity of the control scheme to
abrupt changes and underscore the need for precise tuning
of PI controllers.

Overall, the table data confirm the effectiveness of the
adaptive control scheme under gradual changes in soil pa-
rameters. The results highlight the importance of tuning
regulator settings in the event of impulse disturbances,
which minimises excessive overshoot and preserves ener-
gy efficiency. High damping coefficients in stable scenarios
indicate minimal energy expenditure on corrective oscilla-
tions, a key efficiency metric in real-world field operation.
Special attention was paid to assessing resilience when
sensor data are limited. Simulation of signal loss from one
or more sensors showed that, despite reduced input, the
control approach maintains acceptable performance us-
ing a predictive model based on trends in previous meas-
urements. In addition, an algorithm for early detection of
critical conditions - such as drive overload or implement
jamming — was tested. The control scheme autonomously
reduced drive load or issued a stop alert to the operator
interface. Taken together, the computer modelling results
confirm that the proposed control scheme delivers high
adaptability, satisfactory response speed, and robustness
against typical field disturbances.

30
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Laboratory testing of the electromechanical control
prototype
At this stage, experimental testing of the physical control
prototype was conducted under laboratory conditions de-
signed to replicate real-world field scenarios as closely as
possible. The primary aim of these tests was to determine
key dynamic parameters: response time, working-element
positioning accuracy, depth stability, and energy consump-
tion across various operating modes. Laboratory trials were
performed on a variable-load test rig that simulated chang-
es in agrophysical conditions. The prototype was connected
to an STM32F407VG controller, which managed the actua-
tors via adaptive PI regulation algorithms. The controlled
parameter was working-element immersion depth in a soil-
like medium, measured by an integrated position sensor
with 0.1 mm resolution. Data were recorded at 100 Hz by an
autonomous logger, enabling detailed temporal analysis.
Under baseline load (up to 50% of nominal), the aver-
age response time after a control command was 1.5-1.7 sec-
onds. When load increased to 80-90%, response time rose
to 2.2 seconds, yet the control approach remained within
acceptable accuracy limits. Maximum deviation from the
target depth did not exceed *3 mm under background vi-
brations and disturbances. These indicators confirm the
high effectiveness of the feedback scheme in ensuring rapid
and smooth positioning. Energy consumption was analysed
for each operating mode. The results are shown in Figure 4,
which depicts power draw in watts at various load levels.

25
= 20
15
10
5
0

-
<X
=
<)

¥

Low load (30%) Stabilisation (60%)
Operating mode

Highload (90%)

e \aximum power, W

Minimum power, W

Peak load (100%)

Figure 4. Relationship between power consumption and load regime in the electromechanical control scheme

Source: compiled by the authors

As shown in Figure 4, the power consumption of the
electromechanical control approach is directly dependent
on operating mode and load level. The graph illustrates
the variation in minimum and maximum power draw un-
der four distinct regimes, ranging from low load (30% of
nominal) to peak load (100%). In the standard stabilisation
mode (60%), which corresponds to typical field operation,
the scheme exhibits consumption in the range of 17-20 W,
confirming its energy efficiency under controlled condi-
tions. At high load (90%), power consumption rises to 22-
26 W, which remains within the acceptable threshold for
the selected drive configuration. Peak power consump-
tion, recorded at full load (100%), reaches 28 W. However,
even under this condition, the control approach operates

without overload. A particularly notable outcome is the
avoidance of power spikes, which typically occur in sys-
tems with fixed or non-adaptive control logic. This was
achieved through automated control with real-time force
adjustment. All regimes demonstrate a relatively stable
amplitude between minimum and maximum consumption,
indicating reliable load compensation and the effective-
ness of the control logic. Overall, Figure 4 confirms that the
proposed scheme is capable of maintaining optimal ener-
gy performance across a wide range of loads, rendering it
suitable for deployment in energy-sensitive soil cultivation
processes. Summary results are provided in Table 3, which
compares stabilisation and power parameters across three
primary load levels — low, medium, and high.
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Table 3. Depth stabilisation and power consumption parameters

Load level Mean depth deviation (mm) Stabilisation time (s) Average power (W) Maximum power (W)
Low (30%) 4.2 11 13

Medium (60%) 2.1 18.5 20
High (90%) 3.5 24 26

Source: compiled by the authors

As shown in Table 3, the dynamic parameters of the
stabilisation scheme vary considerably depending on the
applied load level. Analysis of the presented data supports
the conclusion that an optimal balance between position-
ing accuracy, stabilisation time, and power consumption is
achieved at medium load, approximately 60% of nominal
capacity. Under this regime, the mean deviation in depth is
just 2.1 mm, the lowest among all three tested levels. Sta-
bilisation time is also shortest at 1.8 seconds, and power
consumption remains between 18.5 and 20 W, confirm-
ing efficient operation without excessive resource use. In
comparison, low load conditions result in higher deviation,
reaching 4.2 mm, along with lower energy use. However,
this is accompanied by a noticeable increase in stabilisa-
tion time, rising to 2.4 seconds. This may be attributed to
insufficient force to quickly adjust the depth when working
pressure on the implements is minimal. At high load (90%),
stabilisation accuracy decreases slightly to 3.5 mm, and av-
erage power rises to 24 W, indicating greater strain on the
drive unit. Although these values remain within acceptable
limits, system efficiency under this regime is lower than at
medium load. In summary, Table 3 confirms the viability of
adaptive control logic, which enables the drive force to be
automatically adjusted according to current operating con-
ditions. This approach ensures not only stable operation of
the implement but also energy efficiency, which is a key re-
quirement for the integration of contemporary electrome-
chanical solutions in soil cultivation machinery. Laborato-
ry testing confirmed that the developed electromechanical
control approach is capable of responding to changes in
external conditions with precision and consistency. Its
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advantages lie in the combination of rapid response, min-
imal energy consumption, and high positioning accuracy,
which qualifies it as an effective alternative to convention-
al control configurations in soil treatment equipment.

Results of field trials across different soil types
Overall, the approach demonstrated stable performance
across all soil types, with variation in output indicators at-
tributable to the physical properties of the surface. On the
loamy section, the highest depth stabilisation accuracy was
observed, with a mean deviation not exceeding * 2.8 mm,
indicating strong adhesion to the working environment
and stable contact force. In the sandy-clay layer, irregular
density caused more frequent, short-term deviations with-
in +4.1 mm, although the approach quickly returned to the
target depth. The greatest load on the drive unit and the
longest response delay were recorded on waterlogged are-
as, where the saturated layer generated variable resistance,
leading to deviations of up to =5 mm and a slightly reduced
stabilisation coefficient.

Analysis of adaptability confirmed the capacity of the
system to respond rapidly to changes in soil moisture. Un-
der a sudden increase in moisture content above 30 per
cent, the drive unit adjusted its force within the range of
0.4-0.6 kN without overloading or compromising accuracy.
The efficiency coefficient (calculated as the ratio of actual
force output to energy expenditure during the stabilisation
cycle) averaged 87% on loamy soil, 83% on sandy-clay soil,
and 79% on waterlogged terrain. Figure 5 shows a compar-
ison of the energy consumption of an electromechanical
controlled system with a conventional uncontrolled system.

27.5
23
m Controlled system (W)
Uncontrolled system (W)
Waterlogged Soil type

Figure 5. Comparison of energy consumption between controlled and uncontrolled systems

Source: compiled by the authors

Figure 5 provides a visual comparison of the mean
energy consumption of the electromechanical controlled
approach and a conventional uncontrolled configura-
tion across three soil types: loamy, sandy-clay, and wa-
terlogged. The diagram offers a clear evaluation of the

adaptive control method’s efficiency in comparison with
standard technological arrangements, which lack active
feedback and drive mode variability. According to the
data in Figure 5, mean energy consumption on loamy
soils for the controlled approach was 18.5 W, whereas the
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uncontrolled configuration required 21 W, resulting in a
2.5 W saving, or approximately 12%. The greatest bene-
fit was recorded on sandy-clay terrain, where the adaptive
approach consumed 21 W, compared to 24.5 W for the
conventional one, exceeding a 14% difference. On water-
logged soil, considered the most challenging due to high
saturation and unstable structure, the advantage of the
controlled approach was even more pronounced: 23 W
versus 27.5 W, indicating a reduction in energy expendi-
ture of over 16% The overall trend illustrated in Figure 5
confirms that the implementation of an adaptive control
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algorithm substantially reduces energy consumption. This
is due to two main factors. First, it reduces excessive drive
force during stabilisation, avoiding the overcompensation
characteristic of fixed logic configurations. Second, re-
al-time optimisation of drive operation enables dynamic
adjustment of force parameters according to the current
mechanical resistance of the soil, reducing losses from
idle operation and unnecessary overloading. The aggre-
gated data concerning treatment quality are presented in
Table 4, which summarises indicators of depth accuracy,
positioning stability, and energy efficiency.

Table 4. Indicators of treatment quality across different sections

Mean depth

deviation (mm)

Positioning stability
(score 1-5)

Need for manual
correction

Efficiency
coefficient (%)

Loamy 2.8 87 None
Sandy-clay 4.1 83 Minimal
Waterlogged 5 79 Minimal

Source: compiled by the authors

As shown in Table 4, the approach demonstrates
high-quality performance across various soil types. The
best results were recorded on loamy soil, where the mean
deviation in depth was only 2.8 mm, positioning stabil-
ity received the maximum score of 5, and the efficiency
coefficient reached 87%, with no need for manual inter-
vention. On sandy-clay and waterlogged soils, precision
declined slightly (to 4.1 mm and 5.0 mm respectively),
although stability remained high (scored at 4), and effi-
ciency remained adequate (83% and 79% respectively).
In all scenarios, the approach functioned autonomously,
with minimal or no requirement for manual adjustment,
confirming its practical reliability and adaptability to var-
iable field conditions.

Comparative evaluation of control system efficiency

In order to substantiate the feasibility of implementing the
electromechanical control system, an Analytical Hierarchy
Process (AHP analysis) was conducted with the objective
of multi-criteria comparison of the efficiency of different

control systems, specifically the electromechanical and hy-
draulic types. The AHP methodology enabled the construc-
tion of a decision-making framework with a clear hierarchy
of priorities, within which four main criteria were consid-
ered: regulation accuracy, energy efficiency, adaptability to
changing external conditions, and operational reliability.

The weighting coefficients of each criterion were de-
termined through pairwise comparison, based on expert
surveys involving specialists in agroengineering and au-
tomation. The highest weight was assigned to energy effi-
ciency (0.35), followed by regulation accuracy (0.3), adapt-
ability (0.2), and reliability (0.15). This distribution reflects
the current relevance of reducing energy consumption,
which plays a decisive role in the cost-effectiveness of en-
gineering solutions under present conditions of elevated
energy prices. Table 5 presents the assessment of the elec-
tromechanical and hydraulic control systems according to
all criteria, based on a five-point scale, with the subsequent
calculation of the integral efficiency index according to the
weighted average formula.

Table 5. Assessment of control systems according to AHP method

Gl TR T (O coﬂi(c)irsggltiﬁﬂa(;ifiﬂts) controfls)s;(:{aég:i(cpoints)
Regulation accuracy 0.3 4.5 3.8
Energy efficiency 0.35 4.7 3.5
Adaptability 0.2 4.4 3.2
Operational reliability 0.15 3.8 4.5
Integral index - 4.37 3.55

Source: compiled by the authors

As shown in Table 5, the results of the AHP analysis in-
dicate that the electromechanical control system receives
higher scores in three out of the four key criteria: regula-
tion accuracy (4.5 versus 3.8), energy efficiency (4.7 versus
3.5), and adaptability (4.4 versus 3.2). The hydraulic system
scores higher in reliability (4.5 versus 3.8), although this

advantage is insufficient to offset the overall difference.
The aggregated integral efficiency index was calculated at
4.37 for the electromechanical system and 3.55 for the hy-
draulic one, indicating the superiority of the former under
multi-factor analysis, and confirming its relevance for inte-
gration into modern agrotechnologies.

Machinery & Energetics. Vol. 16, No. 2

N



Development and implementation of electromechanical systems...

Figure 6 visualises these integral indicators, clear-
ly illustrating the dominance of the electromechanical
control system across all priority criteria except for re-
liability, where hydraulics still retains a relative advan-
tage due to their simple and well-established construc-
tion. Nevertheless, due to sustained reductions in power
consumption, higher regulation accuracy, and the abili-
ty to adapt to changing conditions, the electromechan-
ical system outperforms its alternative in the overall
assessment. Figure 6 presents the aggregated results of
the AHP analysis in the form of a comparative diagram
between the electromechanical and hydraulic control
systems according to key efficiency criteria. Evidently,
the electromechanical system outperforms in regulation
accuracy (4.5 points), energy efficiency (4.7 points), and
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Control accuracy  Energy efficiency

m Electromechanical system
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adaptability (4.4 points). In contrast, the hydraulic system
leads only in the criterion of reliability (4.5 points), which
is attributed to its simplified design and lower sensitivity
to external disturbances. The overall integral efficiency
index amounts to 4.37 for the electromechanical system,
compared with 3.55 for the hydraulic one, which visibly
confirms the feasibility of implementing adaptive electro-
mechanical control in modern soil cultivation machinery.
The diagram also reflects the balance across all criteria,
enabling transparent tracking of the decision-making
logic based on objective, multi-factor assessment. Ac-
cordingly, Figure 6 serves as an illustrative synthesis for
technical and economic decision-making, in which pref-
erence is given to an innovative system with a high poten-
tial for adaptation.

4.5 4.37
5.8 3.55
2 I

Reliability Integral index Criterion

Hydraulic system

Figure 6. Integral indicators of control system efficiency

Source: compiled by the authors

As a result of completing the full research cycle - from
theoretical justification to simulation, laboratory testing,
and field trials — a comprehensive understanding of the ef-
ficiency of the proposed electromechanical control system
for soil cultivation units was achieved. At every stage, the
system demonstrated consistent performance in terms of
accuracy, energy efficiency, and adaptability, which sub-
stantiates its practical suitability for large-scale imple-
mentation in the Ukrainian agro-industrial sector.

DISCUSSION
This study confirms the effectiveness of the electrome-
chanical control system in agricultural machinery, particu-
larly under dynamically changing agrophysical conditions.
High levels of regulation accuracy, disturbance adaptabil-
ity, and energy consumption stability demonstrate the
practical relevance of the proposed solution for integra-
tion into soil cultivation equipment. These findings align
with those of C. Gu et al. (2024), who evaluated the ap-
plicability of a two-dimensional piezoelectric transducer
for dynamic load monitoring in uncompacted soil layers.
The authors emphasised the necessity of precise detection
of changes in the physical state of the medium to ensure
effective actuator performance, a requirement mirrored
in the present approach, where the sensor system plays
a central role in feedback development. M.K. Manalu et

al. (2025) highlighted the importance of accurate collec-
tion and processing of dynamic data for adapting elec-
tromechanical system parameters. Their study presented
a novel seismic data acquisition system used to measure
particle velocity and distance to the vibration source. Al-
though their field of application differs (geophysics), the
principle of precise dynamic monitoring and real-time
data processing parallels the microcontroller-driven anal-
ysis of agrophysical parameters employed in this study.
H. Liu et al. (2024) investigated an adaptive temperature
control technology built on multiphysical modelling that
integrates thermal, hydraulic, and mechanical interac-
tions. Their methodology automatically adjusts tunnel
lining structure in response to environmental tempera-
ture changes; similarly, the system developed in this study
implements adaptive regulation of soil resistance, mois-
ture, and density, ensuring effective response under com-
plex field scenarios. R. Raafi et al. (2025) analysed a new
design of electromagnetic machines featuring m-shaped
stator elements to reduce electromagnetic friction losses.
Their approach, as in the one presented here, achieves sys-
tem effectiveness through engineering refinement of the
actuator design. Both studies demonstrate that regulation
accuracy and energy savings are achieved not only through
algorithmic control but also through optimisation of hard-
ware architecture.
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D.K. Woo et al. (2022) proposed a novel non-invasive
method for assessing soil moisture using ultrasonic tech-
nology, which does not require mechanical contact with
the medium. The approach delivered high measurement
accuracy without disturbing soil structure, a feature par-
ticularly important when working with heterogeneous or
wet soils. In the present study, although conventional sen-
sors were used, a similar effect was achieved by increasing
sampling frequency and deploying fluctuation-correction
algorithms, which stabilised actuator response under dy-
namic moisture changes. A. Khatibi et al. (2022) investigat-
ed a hybrid control system for electrochromic smart win-
dows, employing combined adaptation and compensation
methods for varying external parameters. They discovered
that multicomponent control provided superior energy ef-
ficiency and stability. These results correspond with the
present study, which demonstrated PI controller effective-
ness in simulated scenarios, where the system responded
without significant overshoot and energy losses remained
within acceptable limits. D. Yu et al. (2025) evaluated an
innovative inertial damping system featuring a single fly-
wheel and demonstrated its ability to absorb peak loads
without abrupt mechanical disturbances. Their findings
underscored the importance of accounting for drive iner-
tia in system dynamics. In the developed structural model,
similar functions were realised through a transfer function
of 1/(s + 1), accurately reproducing inertial behaviour and
achieving damping ratios between 0.65 and 0.85, depending
on the scenario. X. Fan et al. (2021) designed a composite
linear electromagnetic actuator, which, according to their
analysis, exhibited high precision and operational stabili-
ty under variable loads. In the experiments conducted for
the present study, actuators of this type provided optimal
depth control, with deviations not exceeding #2.1 mm un-
der standard load and stabilisation times within 1.8 s.

C. Chen et al. (2025) developed a novel MEMS system
with dual indicators for early detection of instability in ge-
otechnical conditions. They demonstrated that combining
two independent parameters within a single device en-
hanced signal reliability. This principle proved relevant to
the current system, where the fusion of signals from load,
moisture, and position sensors enabled a comprehensive
response to soil-state changes, ensuring high correlation
with real-world conditions. E. Ontiveros et al. (2024) pre-
sented an effective approach to constructing third-order
Mamdani fuzzy inference systems, which showed strong
adaptability to complex dynamic environments. In this
study, comparable logic was implemented through PI
controller algorithms that adapted to changes in soil re-
sistance and moisture, delivering dynamic stabilisation
without significant overshoot. This was confirmed by low
average deviations (2.1 mm) and consistently high damp-
ing ratios above 0.8. A. Alberto-Rodriguez et al. (2025) in-
troduced a type-2 ANFIS model based on a single-stage
type-reduction algorithm, which improved control-system
predictability. The present study likewise demonstrat-
ed the effectiveness of the embedded algorithmic core in
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generating appropriate system responses from complex
input signals provided by three sensor types, thereby en-
hancing adaptability to variable soil density and moisture
conditions. R. Soitinaho & T. Oksanen (2023) successfully
applied non-linear model-predictive control for autono-
mous tractor navigation, highlighting advantages in tra-
jectory accuracy and collision avoidance. In the present
study, the closed-loop feedback structure achieved stable
positioning even under abrupt agrophysical changes, as ev-
idenced by field trials showing deviations no greater than
2.8 mm on loamy soil. T. Zhang et al. (2022) investigated
terminal sliding-mode trajectory control to achieve high
precision in complex dynamic environments. Although
sliding-mode methods were not directly employed here,
the stability of the system under impulse disturbance con-
firmed the effectiveness of the implemented PI controllers
and inertia compensation. X. Ji et al. (2023) implemented
second-order adaptive control for an unmanned tractor,
demonstrating improved path tracking. Correspondingly,
the system developed in this study exhibited an average
regulation time of 1.8-2.3 s, indicating sufficient respon-
siveness even when resistance changed suddenly.

I.]. Moreno et al. (2023) utilised a Hardware-in-the-
Loop methodology to emulate route tracking in cost-effec-
tive agribots, confirming suitability for real-time autono-
mous operation. The laboratory prototype in the current
study, built around an STM32F407VG microcontroller,
likewise integrated sensors, controller hardware and drive
hardware in a Hardware-in-the-Loop configuration, ena-
bling pre-deployment testing under simulated conditions.
A. Azimi et al. (2025) explored dynamic programming
based on critical neural networks for complex agricultur-
al-robot trajectories. Although artificial-intelligence mod-
els were not directly applied, algorithmic adaptation to
resistance variation yielded high precision across diverse
soil types without compromising stability or requiring
manual intervention. C. Ding et al. (2022) demonstrated
the use of sliding-mode feedback control for unmanned
implements, emphasising rapid response and minimised
oscillations. Similarly, this study showed that maximum
overshoot remained within 10-11% under impulse dis-
turbance, evidencing effective filtering and damping.
A. Gautam et al. (2024) proposed a combined approach to
trajectory planning and execution in flooded rice fields,
necessitating precise control. Although trajectory tracking
was not the focus here, depth control exhibited a compa-
rable goal: maintaining a constant operational parameter
despite changing soil structure, which was achieved with
an accuracy of =3 mm. T. Liu et al. (2024) integrated aug-
mented-reality elements and drone control for high-preci-
sion tele-operated agri-operations. The present study un-
derlined the importance of combining visual feedback with
precise drive hardware, as actuators received commands
from the computational core based on sensor data, ena-
bling real-time positioning. S. Singh et al. (2024) developed
a multifunctional agribot that combined various hardware
components for mechanical soil treatment, addressing
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modern demands for versatility. Although the system in
this study was specialised, it demonstrated readiness for
scaling, both through expansion of controllable parameters
and through integration with other agricultural hardware.
B. Wang et al. (2024) emphasised the importance of adap-
tive chassis control for machinery operating in challenging
terrain, especially on mountainous and uneven land. Field
trials on three soil types confirmed that adaptive control
ensured stability without loss of efficiency, regardless of
soil moisture, topography or density. The survey of relat-
ed work in high-precision control, sensor integration, and
adaptive drive technology confirms that the developed
electromechanical control system meets the key require-
ments of modern agricultural machinery.

CONCLUSIONS

The study confirmed the effectiveness of electromechan-
ical control systems in soil cultivation machinery as a
promising approach for enhancing the precision, energy
efficiency, and adaptability of agrotechnical processes. The
analysis of existing system types demonstrated the advan-
tage of the electromechanical approach over hydraulic and
mechanical alternatives due to its ability to flexibly regu-
late treatment parameters in real time and reduce energy
consumption. The proposed system ensures high-precision
stabilisation of cultivation depth even under variable me-
chanical resistance and soil moisture conditions.
Modelling in the MATLAB/Simulink environment en-
abled a detailed analysis of the dynamic characteristics of
the system, including response time, the performance of PI
controllers, and energy stability. All test scenarios — gradu-
al and impulse changes in parameters — showed stable ac-
tuator behaviour, with a regulation time of 1.8-2.3 seconds
and a maximum overshoot of no more than 11%, indicating
high system resilience to field disturbances. Damping ratio
values exceeded 0.8 under stable conditions, pointing to
minimal energy losses during regulation. Laboratory test-
ing of the physical prototype confirmed the capability of the
system for precise positioning, with an average deviation
of 2.1-4.2 mm depending on the load, while maintaining

stable energy consumption. It was established that opti-
mal efficiency is achieved at 60% load, where the system
exhibited the best balance between accuracy, stabilisation
time, and energy consumption (up to 20 W). In all oper-
ating modes, the system functioned without overload, and
automated control prevented the power spikes typical of
uncontrolled counterparts.

The results of field trials on three soil types (loamy,
sandy-clay, and waterlogged) demonstrated the high ad-
aptability of the system to agrophysical variations. The av-
erage deviation in cultivation depth did not exceed 5 mm,
and the coefficient of performance ranged from 79% to
87%. All operations were performed autonomously without
the need for manual adjustment, confirming the reliability
and accuracy of the system under real-world conditions.
Multicriteria AHP analysis demonstrated the superiority
of the electromechanical system over the hydraulic one
in three out of four key parameters: regulation accuracy,
energy efficiency, and adaptability. The integrated perfor-
mance index for the electromechanical system reached
4.37 compared to 3.55 for the hydraulic system, substanti-
ating its feasibility for implementation in modern agricul-
tural machinery.

The findings confirm the practical viability of the pro-
posed electromechanical system for serial deployment in
the agricultural sector. Future research should focus on
refining adaptive control algorithms, increasing the level
of autonomy of the system, integrating with digital moni-
toring platforms, and developing a unified technical regu-
latory framework for the large-scale introduction of elec-
tromechanical technologies in soil cultivation complexes.
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Po3po6kKa Ta BripoBaA)KeHHS efieKTpoMeXaHiYHMX CUCTEM
ANa ynpasniHHA FPYHTOO6pPO6HMMU arperatamMm

AHoTauia. Heo6xifHiCTh yIOCKOHATEHHS IPYHTOOOPOOHMX TEXHOOTI i BUMAra€e BIIPOBAAKEHHS eJIEKTPOMeXaHi UHIX
CUCTEM KePYBaHHSI, sIKi 3a6€311eUyl0Th €HeproolaaHiCTh, CTabiIbHICTh MapaMeTpiB i MiABUIeHHS e(PeKTUBHOCTI
MeXaHi30BaHUX MPOIECiB y CiIbCbKOMY IrOCIOLAPCTBi. MeTo0 foCaigkeHHS 6Y/I0 MPOEKTYBAHHS iHTeIeKTyalbHO1
CUCTeMU yIIPaBiHHS, 3LATHOI 10 AMHAMiUHOI ajanTalii po6ounx peskumiB 06po6iTKY Ha OCHOBI CEHCOPHUX JAHUX
i IpMHUMITY 3BOPOTHOTO 3B’I3KYy. MeTOL0/IOTis JOCTiKeHHS BKIloyana 6araTopiBHeBe KOMIT I0TEpHEe MOJIeTIOBAHHS B
cepenoBuini MATLAB/Simulink, po3po6ky mpototurty di3nuHoi cuctemMu yripaBliHHS 3 BUKOPUCTAHHSIM MiKPDOKOHTpPOJIEpa
STM32F407VG, a Takok eKCIlepMMeHTa/IbHe TeCTyBaHHS B TaO0PaTOPHMX i MOTBOBUX YMOBAX Ha AiISIHKAX 3 PisHUMMU
TUIIaMM I'PYHTIB. CUCTeMa CKIafanacst 3 MOLY/IiB CEHCOPHOTO MOHITOPMHTY BOJIOTOCTI, IIITBHOCTI Ta HAaBaHTasKeHHSI, GJIOKY
06pO6KY CUTHAJIIB, TPOTIOPIiTHO-iHTErPaIbHOTO PETY/ISITOPA Ta eeKTPOIIPUBOLLIB, 1[0 3/1i/iCHIOIOTH Pery/IOBaHHS MMOMHY i
3ycuIIsi 06po6iTKy. BUIpoOGyBaHHSI 3aCBiIUMIIN BUCOKY CTaOGIbHICTD CHCTeMY TIPM 3MiHHMX arpodisuuHmX napameTpax, yac
peaxiiii Ha 30BHIIlIHI 3MiHM B MeXaX 1,8-2,3 ceKyH[IM, & CepeIHE BiIXMUIeHHS IMOMHM He TIepPeBUIIYBaIO I'ITH MiTiMeTpiB.
OTpumaHi ekcriepMMeHTa/IbHi pe3y/abTaTy IoKa3aly 3MeHIIEeHHS CepeJHbOT0 eHeprocroxkuBaHHs Ha 12-18 % ropiBHSHO
3 TPaAUIiIIHMMM HEKEPOBAaHUMM CUCTEMaMMU, 8 TAKOX ITiIBUIIEHHS KoedilieHTa KopucHoi fii 1o 87 % Ha CyIIMHKOBUX
I'PYHTaX. 3a pe3y/JabTaTamMyu 6araTOKpUTEPiabHOTO aHaIi3y e(eKTUBHOCTI, IPOBEIEHOT0 METOIOM aHaJli3y i€epapXiyHOTO
Tpoliecy, eIeKTpOMeXaHiuHa C1UCcTeMa OTpMMasia iHTerpabHMit iHgeKc edeKTUBHOCTI 4,37 6ana, [0 CYTTEBO MePeBUIIYE
aHaJIOTUHMII TOKa3HMK TiApaBIivyHOI CUCTeMU, IKUI CTAHOBUTD 3,55 6asia. [IpakTuuHa peasisallis CUCTeMU yIIPaBIIiHHSI
noBesia ii TeXHiYHY MPUIATHICTD IO CepilfiHOTO BIIPOBAIKEHHST y CyyacHi 3pa3ky CiIbChKOTOCIIOAAPCHKOT I'PYHTOOOPOOHOT
TeXHiKM. 3aIIPONIOHOBAaHE TeXHiUHe pillleHHS L03BOJISIE MiABUIIUTHU SIKiCTh 0OPOOITKY I'PYHTY, 3HU3UTU eHepreTUuHi
BUTpaTH, MiHIiMi3yBaTy noTpeby y BTpyUYaHHi ollepaTopa, a TaKOX CIPHUSIE CTAIOMY PO3BUTKY arporpoMMCIOBOrO
KOMILIEKCY. Pe3ynbTaTy JOCIiIKeHHSI MOXKYTb OyTH 6e3mocepelHbO BUKOPUCTAHI B arpoMiAIpUMEMCTBAX IJisI OCHAIIEHHS
I'PYHTOOOPOOHMX arperaTiB Cy4acHUMM eJIeKTPOMeXaHiUHMMM CUCTeMaMM YIIPaBIiHHS 3 MEeTOIO MiABUIIeHHS TOYHOCTI,
3MeHIIeHHS BUTPAT NaJbHOTO Ta MiABUILEHHS MPOSYKTUBHOCTI TeXHIKM MiJ] yaC BUKOHAHHSI ITIOJIbOBUX POBIT

Knio4yoBi cnoBa: CeHCOpHMIT MOHITOPMHT; afalTHBHE DPEry/alOBaHHS; KOMITIOTEPHE MOJEMIOBAHHS; IIONbOBI
BUITPOOYBaHHS; MiKDOKOHTPOJIED; e7IeKTPOIpuBOL; LndpoBuit iHTepdeiic
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