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Analysis and optimisation of internal combustion engine cooling systems
to improve thermal efficiency and operational reliability

Abstract. The study aimed to quantitatively evaluate and optimise the operation of internal combustion engine cooling
systems with a view to improving their thermal efficiency and reliability. The methodology combined engine bench
tests with measurements of temperature, coolant and fuel flow rates, heat flux calculations with uncertainty assessment
following guidance on the expression of measurement uncertainty, computational fluid dynamics in a coupled “fluid-
solid” formulation, analysis of the stress-strain state of the cylinder head, and investigation of the transient warm-up
regime from 20 to 90°C. The study established that the modernised configurations ensured a 10-17% increase in heat flux
under maximum load conditions, a 5-6% and 10-12% reduction in peak temperatures in critical pre-chamber zones, and
an 18-22% and 30-35% reduction in internal temperature gradients. This was accompanied by a reduction in equivalent
stresses of 18-22% and an increase in the safety factor from 1.45 to 1.87 in the most efficient configuration. In transient
mode, the system with an electric drive pump reduced the time to reach operating temperature by 9-12% and reduced
integral fuel consumption by 10-12%, whilst the split-loop configuration provided a stable reduction in these figures of
6-8% and 5-7% respectively. An analysis of specific fuel consumption during braking in standard steady-state conditions
revealed no statistically significant deterioration in fuel economy for the upgraded systems. The integrated ranking showed
that a system with separate circuits provides a balanced combination of reduced of maximum temperature, minimised
temperature gradients and increased safety margin without compromising fuel efficiency, whilst an electric drive pump is
appropriate for minimising warm-up time and fuel consumption during cold starts. The practical significance of the study
is determined by the development of quantitatively substantiated criteria for selecting cooling system configurations and
coolant flow control strategies for engineering departments to improve thermal reliability and durability of engines
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integral fuel consumption
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Analysis and optimisation of internal combustion engine cooling systems...

INTRODUCTION

Improvements in the thermal efficiency and reliability of
modern internal combustion engines depend directly on
the cooling system’s ability to consistently maintain opti-
mal temperatures across a wide range of loads and operat-
ing speeds. Overheating of critical areas of the combustion
chamber, cylinder head and cylinder block accelerates wear,
increases the risk of knocking and failures, whilst excessive
cooling increases losses and reduces fuel efficiency. There-
fore, the cooling system is regarded not merely as an aux-
iliary heat dissipation circuit, but as a controlled thermal
subsystem module that directly influences the engine’s per-
formance and efficiency indicators, enabling a simultane-
ous improvement in both engine efficiency and service life.

W. Li et al. (2020) established, using numerical mod-
elling of cavitation in the pump of an internal combustion
engine (ICE) cooling system, that the reliability of predict-
ing cavitation characteristics is determined by the accuracy
of the cavitation model and the adequacy of the simulation
of the formation and development of vapour cavities in the
flow path. It is shown that cavitation not only limits the
hydraulic efficiency of the pump but also reduces the re-
liability of the cooling system due to pressure pulsations,
noise and accelerated wear of working surfaces. The opti-
misation of the heat transfer circuit using Computation-
al Fluid Dynamics (CFD) methods is demonstrated in the
study by S. Qin et al. (2022), where, using the example of a
diesel engine water jacket, a causal relationship was estab-
lished between the channel configuration, flow structure
and the formation of the wall temperature field. It is shown
that a reduction in local temperature peaks is achieved by
controlling the hydrodynamics within the jacket, whereas
simply increasing the coolant flow rate does not guarantee
a proportional improvement in heat dissipation.

In parallel with design solutions, the role of active
thermal control has been strengthened: M. Turabima-
na et al. (2023) proposed an active cooling system with
a thermostat based on a shape-memory alloy, which im-
plements adaptive control through controlled changes in
the circuit’s flow capacity. It has been demonstrated that
replacing passive thermostating with an active approach
improves the accuracy of temperature maintenance dur-
ing transient conditions and simultaneously reduces the
risk of overheating and losses due to overcooling. Research
by D. di Battista et al. (2026), conducted under real-world
driving conditions, showed that the coolant control strat-
egy determines the thermal state of the engine during op-
erational dynamics. It was established that controlling the
temperature and flow rate of the coolant affects not only
the intensity of warm-up and total heat losses, but also ac-
tual emission figures, transforming the cooling system into
a tool for simultaneously managing efficiency and environ-
mental parameters.

A. Sheikhi et al. (2026) formulated thermal manage-
ment of a heavy-duty six-cylinder diesel engine as a mul-
ti-physical problem involving the interaction of combus-
tion, coolant flow and the stress-strain state of components

within a coupled Computational Fluid Dynamics - Finite El-
ement Analysis (CFD/FEA) approach. It was demonstrated
that local peaks in temperature and stress were determined
not only by the flow rate and geometry of the channels, but
also by the spatio-temporal distribution of heat release,
which made such modelling the basis for flow redistribution
and design solutions in critical zones. 1. Gritsuk et al. (2024)
proposed an adapted model for ensuring the thermal read-
iness of a vehicle, in which fuel flow and emission parame-
ters are considered as integral markers of the engine’s ther-
mal state. It has been demonstrated that linking control
algorithms to routinely measured operational thermal in-
dicators (in particular, fuel consumption and emission pa-
rameters) enables the formulation of rational decisions for
warm-up modes and transient processes without the need
for highly detailed real-time numerical models.

D.S. Pohorletsky et al. (2023) examined the reliability
of heat-loaded components in low-speed marine internal
combustion engines in relation to low-temperature cor-
rosion, which occurs when specific surface temperature
conditions combine with the condensation of aggressive
components in the peri-cylinder zone. The study demon-
strated that the cooling system acts as a thermochemical
regulator: temperature shifts within critical ranges can
both minimise the conditions for the condensation of
acidic compounds and intensify corrosion processes. The
operational aspect of the internal combustion engine cool-
ing system reliability is detailed in terms of the properties
of the coolant (antifreeze). In the study by M. Nahliuk et
al. (2023), a statistically significant correlation was es-
tablished between antifreeze quality indicators and their
electrical conductivity. The possibility of using electrical
conductivity as an operational indicator of coolant deg-
radation has been substantiated, which can be used for
adjustment of replacement intervals and the reduction of
risks of corrosive and electrochemical damage to cooling
system components.

Further developments in this applied field are outlined
in the work by V.I. Kholdenko (2025), which systematises
methods for diagnosing cooling system pumps, with a focus
on sensor-based and vibration monitoring. It is shown that
the transition to preventive maintenance ensures the stabil-
ity of coolant flow, maintains the specified heat balance and
prevents local overheating. V.V. Pylyov et al. (2024) refined
the empirical model of the boundary conditions for heat
transfer in the piston of a high-speed diesel engine based on
experimental data and approximations for identifying tem-
peratures in control zones. It is shown that the reproduction
of the mode-dependent temperature field ensures sufficient
engineering accuracy in the estimation of thermal stress
without increasing computational complexity.

Despite the substantial research devoted to optimi-
sation of pump, water jacket and thermal management
strategies, there is a lack of a formalised integrated ap-
proach that would simultaneously account for temper-
ature non-uniformity in critical zones, heat dissipation
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intensity, fuel efficiency during transient conditions, and
the thermomechanical reliability of engine components.
In this regard, the study aimed to improve the thermal ef-
ficiency and operational reliability of ICEs by developing
an integrated methodology for evaluating and optimising
the design and control parameters of the cooling system.
To achieve this objective, the following tasks were defined:
to identify critical zones of ICE and develop a system of
quantitative indicators of temperature non-uniformity; to
assess the influence of the cooling system configuration
and coolant circulation modes on heat dissipation intensi-
ty, temperature gradients and the associated stress state of
engine components, with the determination of the safety
factor; to develop an integrated criterion for optimising the
ICE cooling system configuration, incorporating transient
warm-up, fuel consumption and thermomechanical relia-
bility indicators.

MATERIALS AND METHODS

The study was conducted between February and Octo-
ber 2025 under laboratory and engine test bench condi-
tions, which enabled the reproduction of steady-state and
transient thermal regimes characteristic of the operation
of modern petrol internal combustion engines. The sub-
ject of the study was a 1.6-litre four-cylinder in-line en-
gine with a closed-loop liquid cooling system and an elec-
tronically controlled thermostat. Three cooling system
configurations were compared: the standard base system
with a mechanical pump (S1), a system with an electric
variable-displacement pump (S2), and a configuration with
separate cooling circuits for the cylinder block and cylinder
head (S3), in which the flow was split after the pump into
two parallel branches, “block” and “cylinder head”, with the
standard internal bypass between the circuits shut off and
a fixed flow balance established during bench setup. Com-
parability of the thermal load between S1-S3 was ensured
by identical operating modes in terms of rotational speed
and load, as well as by monitoring the effective power at
control points following ISO 15550:2016 (2016).

A 50/50 water-glycol solution containing G12++ class
corrosion inhibitors was used as the coolant; to improve the
accuracy of the heat balance, the density p (T) and specific
heat capacity c,(T) were determined experimentally in the
range 20-110°C and used as temperature-dependent input
data in the heat transfer calculations. Temperatures were
monitored using type K thermocouples with an error of
#0.5°C in accordance with IEC 60584-1:2013 (2013), and the
coolant flow rate was monitored using an electromagnetic
flow meter with an accuracy class of no worse than +1.0%.

Signals were recorded using a multi-channel data ac-
quisition system. Thermal imaging of the external surfac-
es of the cylinder block and cylinder head (temperature
sensitivity 0.04°C) was used as an auxiliary means of de-
tecting areas of local overheating and cooling anomalies;
quantitative comparisons were made solely based on ther-
mocouple data at critical control points. Additionally, fuel
consumption was recorded at stationary points and during
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warm-up, followed by calculation of brake-specific fuel
consumption (BSFC) and integral fuel consumption until
operating temperature was reached. To ensure comparabil-
ity between S1-S3, all series were conducted under identi-
cal external conditions and using the same operating algo-
rithms for the test bench’s auxiliary systems; in particular,
the air temperature at the radiator inlet and the fan/airflow
control mode were kept constant (fixed control signal and
stabilisation within the test bench tolerances) to minimise
unintended effects on the coolant outlet temperature.

The study was conducted in four interrelated stages. In
the first stage, the intensity of heat removal via the cooling
system under steady-state conditions was assessed based
on measured parameters of the coolant flow. The heat flux
through the cooling circuit was calculated using equation (1):

Ocao[:m x Cp x (T;Jut_ Tin)’ (1)

where Q,,,, - the heat flux transferred to the coolant circuit
(partial heat balance of the cooling circuit); m — mass flow
rate of the coolant; ¢, - specific heat capacity; T,, and T, -
inlet and outlet temperatures of the engine.

The tests were conducted at speeds of 1,500, 2,500 and
3,500 rpm under loads of 25%, 50% and 75% of the rated
load, whilst maintaining the temperature difference (T, -
T,) within the range of 8-15°C, as is typical for operating
conditions. Recording for each “mode-configuration” pair
was performed after reaching quasi-steady state, which
was determined by the stabilisation of the temperatures T;,
and T,, and the coolant flow rate: for at least 120 s, the
change in T, and T,, did not exceed 0.2°C/min, and the
change in flow rate did not exceed 1% (provided that n and
the load remained constant within the bench tolerances).
Reproducibility was verified by repeated runs at the ref-
erence point of 2,500 rpm and 50% load (n = 2) following
an identical warm-up and stabilisation protocol, whilst
the transient warm-up regime was repeated for each con-
figuration S1-S3 (n=2). The uncertainty of Q_,, was esti-
mated by propagating the measurement errors m, T;,, T,
and the uncertainty c, (T) following JCGM 100:2008 (2008)
approach, and the difference between configurations was
interpreted as practically significant if it exceeded the total
estimated uncertainty of the corresponding parameters.

In the second stage, a CFD analysis of the flow and
heat transfer within the cooling jacket was performed in
a coupled “fluid-solid” configuration using ANSYS Fluent
2024 R1 (Ansys, Inc., 2024, USA) based on CAD geometry,
solving the Navier-Stokes equations for incompressible
turbulent flow using the k-w SST model and the heat trans-
fer equations (Menter, 1994). For configurations S1-S3,
the temperature and velocity fields and local heat trans-
fer coefficients were determined at flow rates of 40, 60 and
80 L/min and T, =85-95°C. The boundary conditions for
T,, and flow rate were set within these ranges in accord-
ance with the measured bench test values for each mode;
in particular, for the 3,500 rpm and 75% load mode, the
CFD analysis was performed for a T,,/flow rate combination
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corresponding to the bench test parameters of this mode.
The computational mesh comprised 3.2-4.5 million ele-
ments, and mesh independence was accepted based on a
criterion of peak temperature variation <1.5% relative to
the base mesh. Validation of the CFD model was performed
by comparing the calculated metal temperatures at control
points on the cylinder head with experimental readings
from K-type thermocouples at these same points; the tem-
peratures T, and T,, were used as input boundary condi-
tions but were not included in the validation criterion.

Comparisons were conducted for the maximum ther-
mal load condition at 3,500 rpm and 75% load, and addi-
tionally for the reference condition at 2,500 rpm and 50%
load, which corresponded to the bench test repeatability
reference point. In total, six reference points were com-
pared, located in critical zones of the pre-chamber region
(valve clearance, exhaust port area) and on the periphery
of the cylinder head to assess temperature gradients; a
relative deviation between calculation and measurement
within 3-5% at each point was considered acceptable. CFD
was used as an explanatory tool to interpret the differences
between S1-S3, focusing on areas of insufficient flow and
local temperature maxima. Due to the lack of replicates for
most stationary points, statistical tests were not applied,
and comparisons were performed using deterministic met-
rics, considering the specified measurement instrument
errors. The key indicators were T, in critical zones, distri-
butions of heat transfer coefficients, and the identification
of areas with insufficient flow as indicators of overheating
risk, consistent with experimental temperature trends at
control points.

In the third stage, the effect of temperature fields
on reliability was assessed via the thermal stress state of
the cylinder head in ANSYS Mechanical 2024 R1 (Ansys,
Inc., 2024, USA), using the metal temperature fields ob-
tained in the CFD stage in a coupled formulation as bound-
ary conditions. The thermal load from engine operation
was applied implicitly via this spatial temperature distribu-
tion for the relevant operating modes, without additionally
imposing heat fluxes in the strength analysis. The material
was modelled as AlSi7Mg, and the parameters E =70 GPa
and a=22 x 107® 1/K were specified according to technical
tabulated data (Primary Foundry Alloys, n.d.). The calcu-
lation was performed in a linearly elastic formulation as a
comparative indicator of the influence of cooling config-
urations without life (cyclic) prediction. Mises equivalent
stresses o,,, were calculated, and the safety factor was de-
termined using the accepted reference value o,,,~ 240 MPa,
and the threshold n>1.5 was applied as an engineering cri-
terion for ranking configurations and localising potentially
critical zones.

In the fourth stage, the engine warm-up transient re-
sponse from 20°C to 90°C was investigated. Warm-up was
performed according to a reproducible bench test protocol
with a fixed speed of 2,000 rpm and a load of 25% of the
rated load (the same for all S1-S3 series) under constant
radiator cooling conditions; The initial state was defined

as a stabilised coolant temperature of 20 + 2°C. The time
to reach 90°C was determined based on the coolant tem-
perature and control points; additionally, the integral
fuel consumption up to 90°C was calculated to establish a
quantitative relationship between the cooling strategy and
warm-up efficiency. For S2, the electric pump control was
varied using a discrete set of at least three performance
scenarios depending on the coolant temperature, which
were defined as step laws with temperature thresholds
and fixed levels of the electric pump control signal (as a
percentage of the maximum): (i) “minimum start” — 30%
at T<60°C, 60% at 60-80°C and 100% at T >80°C; (ii) “mod-
erate start” - 50% at T<60°C, 75% at 60-80°C and 100% at
T >80°C; (iii) “smooth transition” — 40% at T < 50°C, 60%
at 50-70°C, 80% at 70-85°C and 100% at T > 85°C, with
switching upon reaching thresholds and a hysteresis of 2°C
to prevent frequent switching. For temperature-controlled
systems, the effect of thermostat settings was additionally
analysed by varying the target opening temperature within
the range of 88-92°C and the hysteresis within the range of
3-5°C within the bench-test configuration, and assessing
their impact on the heating rate and the amplitude of tem-
perature fluctuations after reaching steady state.

Optimisation involved selecting the best configura-
tion and control settings from among the tested options
based on a set of criteria, which simultaneously required
a targeted reduction in peak temperature in critical zones
by 8-12%, a reduction in temperature gradients by at least
10%, and an improvement in warm-up characteristics
(time and/or integral fuel consumption up to 90°C) without
compromising power output and without increasing BSFC
in the reference steady-state modes relative to S1. The final
selection of the “optimal” solution was recorded only when
the advantage according to the criteria exceeded the esti-
mated uncertainty of the measurements of heat flux and
temperature parameters.

RESULTS

Comparative assessment of heat dissipation

under steady-state conditions

An assessment of the heat dissipation rate through the
cooling circuit under steady-state conditions in the range
of 1,500-3,500 rpm at 25-75% load revealed systematic
and reproducible differences between configurations S1-
S3, manifested both in the absolute values of the heat flux
and in scaling with increasing rotational speed and load.
Determination of the heat flux Q,,,, in accordance with for-
mula (1) confirmed a regular increase in heat dissipation
intensity with an increase in the engine’s thermal load and
was used for a quantitative assessment of the impact of de-
sign changes to the cooling system. The study established
that the upgraded configurations demonstrate a more pro-
nounced response of heat dissipation to increased load
compared to the base system. The summarised values of
Q,,,» obtained based on the measured parameters of the
coolant mass flow rate and the temperature difference at
the engine inlet and outlet, are given in Table 1.
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Table 1. The value of the cooling heat flux Q,,, for configurations S1-S3 at speeds of 1,500-3,500 rpm under 25-75% load

n,RPM  Load,%  Q,,SLkW  Q,,S2,kW  Q,,S3 kW AS2-S1,% AS3-S1,% U(@Q,,.), kW
1,500 25 18.0 18.7 19.3 3.9 7.2 0.5
1,500 50 24.0 25.7 26.4 7.1 10.0 0.7
1,500 75 31.0 34.1 35.3 10.0 13.9 0.9
2,500 25 22.0 23.1 23.8 5.0 8.2 0.7
2,500 50 30.0 32.7 33.6 9.0 12.0 0.9
2,500 75 40.0 44.8 46.0 12.0 15.0 +1.2
3,500 25 26.0 27.6 28.3 6.2 8.8 0.8
3,500 50 36.0 40.0 41.0 11.1 13.9 1.1
3,500 75 48.0 54.2 56.2 12.9 17.1 1.4

Note: U(Q,,,) is presented as the total estimated standard uncertainty (~3% of the S1 value in the corresponding mode).
In all modes, at 50-75% load, the difference between S1 and S2/S3 exceeds the uncertainty limit, confirming the practical

significance of the observed differences

Source: compiled by the authors based on JCGM 100:2008 (2008), IEC 60584-1:2013 (2013)

As shown in Table 1, for all configurations, an increase
in Q,,,, is observed as the load increases at a fixed rotational
speed. Within each mode, an increase in load from 25% to
75% is accompanied by an increase in heat flux of approxi-
mately 1.7-2 times (depending on the configuration), which
corresponds to an increase in indicated power and total heat
release in the cylinders. At the same time, the nature and
magnitude of the increase in Q,,, vary between configura-
tions, indicating differences in heat dissipation efficiency
and the cooling system’s sensitivity to changes in ther-
mal load. At 75% load during the transition from 1,500 to
3,500 rpm, the increase in Q,,, was 17 kW for S1, 20.1 kW
for S2 and 20.9 kW for S3, reflecting the varying intensity of
heat dissipation scaling with increasing steady-state ther-
mal load. At the highest load point of 3,500 rpm and 75%
load, S3 demonstrated the greatest deviation from the base-
line configuration: the difference relative to S1 was 8.2 kW
(17.1%), whilst for S2 it was 6.2 KW (12.9%); in the 50-75%
load range, these differences exceeded the total estimated
measurement uncertainty, confirming their reproducibility.
Analysis of the temperature difference (T, — T,,) as an in-
dicator of the circuit’s thermal load showed that the highest
AT values were recorded in S1 under high-load conditions
(13-15°C), whereas for S2 and S3 under the same conditions,
AT is lower, by 0.8-1.2°C and 1.5-2.0°C, respectively. A com-
bination of a lower AT with an increase in coolant flow rate
corresponds to an increase in total heat removal and reflects
a change in the heat transfer conditions within the circuit.
The minimum difference between S2 and S3 is character-
istic of low-load conditions, whereas at high-load points,
the dominance of S3 increases, which is consistent with the
effect of separating the block and head circuits on targeted
cooling supply to areas of increased heat generation com-
pared to a scenario where modernisation is achieved sole-
ly through a controlled electric pump. Analysis of repeat
measurements at the reference point of 2,500 rpm and 50%
load demonstrated reproducibility of results within 2-3%,
confirming the stability of the data obtained. The deviations
between repeated runs for each configuration did not exceed
the total estimated uncertainty; therefore, the average val-
ues are representative for comparative analysis.

Overall, the study established that upgrading the cool-
ing system affects not only the absolute values of the heat
flux but also the nature of its scaling with increasing load
and rotational speed. The S2 configuration ensures a steady
increase in Q,,, across the entire operating range without
signs of saturation at high speeds, whereas S3 demon-
strates the maximum increase in heat dissipation precisely
under conditions of increased thermal load. The difference
between S1 and S3 under high-speed and high-load con-
ditions exceeds the estimated measurement uncertainty,
rendering it engineering significant.

Temperature distribution and thermal stress state

of the cylinder head

The transition from an integrated quantitative assessment
of heat dissipation to a spatial analysis of the temperature
distribution revealed that the differences between configu-
rations S1-S3 are distinctly local in nature and are caused by
the non-uniformity of the flow around individual zones of the
cooling jacket. The analysis was performed for the 3,500 rpm
mode at 75% load, for which the CFD interpretation was
formulated under boundary conditions of T;, = 85-95 °C
and coolant flow rates of 40/60/80 L/min, which were con-
sistent with the measured bench test parameters corre-
sponding to the maximum Q,,, values established in steady-
state tests. The study determined that it is precisely under
increased thermal load that the design features of the cool-
ing systems become most pronounced. A comparison of tem-
perature fields showed that the formation of local maxima
is determined by a combination of heat release intensity in
the pre-chamber zone and the spatial structure of the cool-
ant velocity field. For the base configuration S1, the highest
temperature gradients were found in the inter-valve outlet
zone, whereas in S2 and S3, a partial or significant reduc-
tion was observed. The identified differences are consistent
with the difference in the magnitude of the total heat flux
and confirm the systematic influence of the hydrodynamic
organisation of the flow on the thermal state of critical com-
ponents. To interpret the causes of the identified differences
between the configurations, a CFD analysis of the tempera-
ture fields in the cooling jacket was performed (Fig. 1).
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Following Figure 1, in configuration S1, a local tem-
perature maximum forms in the area between the exhaust
valves of the first and second cylinders. The peak temper-
ature T, in this region was 236-238°C, which is 18-22°C
higher than the average temperature across the cylinder
head. Spatial analysis revealed a region of reduced coolant
velocity in this zone, accompanied by a local decrease in the
heat transfer coefficient and the formation of a superheat-
ed region. In the S2 configuration, the maximum temper-
ature in the corresponding zone decreased to 222-225°C,
corresponding to a reduction of 5-6% compared to S1. Com-
parison with the steady-state heat balance showed that
the increase in coolant flow rate ensured intensified heat
removal from the pre-chamber region. At the same time,
the temperature distribution remained partially non-uni-
form: local peaks persisted near the walls of the water jack-
et, indicating that the hydrodynamic restrictions had not
been fully eliminated. The most uniform temperature dis-
tribution was recorded in the S3 configuration. 7T,,,, in the
critical zone did not exceed 212-215°C, corresponding to a
reduction of approximately 9-11% compared to S1. At the
same time, the internal temperature gradients between the
pre-chamber and peripheral zones within a single cylinder
decreased from 28-30°C for S1 to 18-20°C for S3, i.e. by ap-
proximately 30-35%. The separation of the cooling circuits
ensured that most of the coolant flow was directed towards
areas of intense heat generation and minimised parasitic
flow, which stabilised temperature distribution and re-
duced localised peak loads.

Analysis of heat transfer coefficient h fields showed
that in S1, the minimum values were localised at the
rear of the cylinder head and in the area where the jacket
channels converge, where h fell to 2,400-2,600 W/(m? - K),
which is 18-20% lower than the average value across
the surface. In S2, the minimum values increased to
2,700-2,900 W/(m? - K), whilst the area of their localisation
decreased. For S3, an increase in the minimum local values
to 3,100-3,300 W/(m?-K) was observed, along with the vir-
tual absence of stagnant zones in the pre-chamber region.
A comparison of the velocity fields confirmed that in S1,

regions with reduced turbulent intensity formed, which
limited convective heat transfer. In S2, the intensification of
circulation increased local velocities, although geometrical-
ly induced recirculation zones were partially retained. In S3,
the redistribution of flows smoothed the velocity profile and
increased the average heat transfer coefficient in the zone of
maximum thermal load by 12-15% compared to S1.

A comparison of the CFD results with experimental
data from control points demonstrated a high degree of
agreement: the calculated temperatures differed from the
measured values by no more than 3-4%. The location of T,,,,
coincided with the points of elevated temperature recorded
by thermocouples in the exhaust port area, confirming the
adequacy of the model. Analysis of temperature gradients
within the cylinder head revealed that in S1, the difference
between the maximum and minimum temperatures within a
single cylinder reached 28-30°C. In S2, this figure decreased
to 22-24°C, and in S3, to 18-20°C. The study established that
the reduction in internal temperature gradients is directly
linked to an increase in heat transfer uniformity. Thus, the
CFD analysis showed that differences in total heat dissipa-
tion have a clear spatial basis. In S1, localised areas of in-
sufficient flow cause the formation of peak temperatures
and elevated gradients. In S2, intensified circulation reduces
T,.. but does not eliminate hydrodynamic limitations. In
S3, the separation of the circuits ensures the most uniform
temperature distribution and an increase in local heat trans-
fer coefficients. The decrease in T, in this configuration is
consistent with the increase in Q,,,, and is accompanied by a
reduction in temperature gradients, which forms the basis
for a further assessment of the thermal stress state.

The analysis of the thermal stress state revealed that
the spatial distribution of equivalent stresses according to
von Mises showed a clear correlation between the location
of temperature maxima and the magnitude of temperature
gradients in the near-chamber zones. The study estab-
lished that the determining factor in the formation of local
thermal stresses is precisely the amplitude of the temper-
ature gradients, whilst the absolute level of the average
temperature has a secondary influence. A comparison of
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the temperature and stress fields confirmed the coinci-
dence of o,,, concentration zones with areas of increased
thermal heterogeneity, which attests to a cause-and-effect
relationship between the nature of heat transfer and the
stress state of the structural element. The results obtained
showed that the non-uniformity of the temperature field

Duhanets et al.

determines the intensity of the thermomechanical load
in critical zones of the cylinder head, primarily in the in-
ter-valve space and in the area of the exhaust valve seats.
To quantitatively illustrate the influence of temperature
fields on the stress state, the distribution of equivalent
stresses o,,,is shown in Figure 2.

How

S2 S3

Cooling system configuration

Figure 2. Maximum equivalent stresses o,,, in the critical zones of the cylinder head for configurations S1-S3
Note: calculated for an operating speed of 3,500 rpm and a load of 75%. The bars represent the average values of the max-
imum equivalent stresses o,,, in the critical zones; side-bars represent the min-max range corresponding to the minimum

and maximum values of 0,,, recorded in the respective series

Source: compiled by the authors based on F.R. Menter (1994), Primary Foundry Alloys (n.d.)

As shown in Figure 2, in the base configuration S1,
the maximum equivalent stresses were concentrated in
the area between the exhaust valve seats of the first and
second cylinders, as well as in the bridges between the
combustion chambers. At 3,500 rpm under 75% load, the
o,, values reached 158-165 MPa (average 161.5 MPa),
and spatial comparison confirmed that these regions co-
incided with the zones of elevated temperature gradients
identified in the previous stage, indicating that the for-
mation of the stress state was thermally induced. In the
S2 configuration, the maximum values of ¢,,, decreased to
142-148 MPa (average 145.0 MPa), corresponding to a re-
duction of 8-10% compared to S1; at the same time, the
levelling of the temperature field and the decrease in T,
were accompanied by a reduction in the amplitude of local
deformations. The nature of stress localisation in S2 gen-
erally remained in the pre-chamber region, but the area of
the high-stress zone decreased by approximately 12-15%,
indicating a reduction in the degree of localisation of the
thermally stressed state. The lowest values of ¢, were
found for the S3 configuration: in the critical zones, they
did not exceed 128-134 MPa (average 131.0 MPa), which is
18-22% lower than for S1; the stress distribution became
more uniform, and the peak values lost the form of sharply
pronounced local concentrations. Thus, the separation of
the cooling circuits ensured not only a reduction in T,,,,
but also a quantitatively confirmed decrease in equivalent
stresses in the cylinder head.

The structural reliability assessment showed that for
S1, under maximum thermal load conditions, the safety
factor decreased to n=1.45-1.52, whilst in certain sections
of the crossbeams it approached the threshold value of
n > 1.5, indicating that these areas are particularly sensi-
tive to thermal cycling. In S2, the safety factor increased
to 1.62-1.69 in the most heavily loaded sections, ensuring
consistent compliance with the criterion throughout the

entire volume of the cylinder head. The most favourable
indicators were observed in S3: n ranged from 1.78 to 1.87
in critical zones and exceeded the threshold value by a
significant margin in all investigated conditions. Analysis
of the stress distribution across the thickness of the block
head confirmed that in S1, temperature gradients created a
combination of tensile stresses in the near-surface layers
and compressive stresses deeper within the material; the
difference between them exceeded 60 MPa. In S2, this dif-
ference decreased to 45-50 MPa, and in S3 to 35-40 MPa,
which is consistent with the levelling of the temperature
field and the reduction of internal thermomechanical gra-
dients. Thus, the results of the thermal stress analysis con-
firmed a clear cause-and-effect relationship between the
cooling system architecture, the nature of the temperature
field, and the level of thermal stresses in the cylinder head.
The reduction in T,,,, and temperature gradients in the S3
configuration was accompanied by a significant decrease
in 0,), and an increase in the safety factor, confirming its
superiority in terms of durability and thermal reliability
compared to S1 and S2.

Analysis of the transient warm-up regime

An analysis of the transient warm-up behaviour, conduct-
ed under reproducible bench test conditions with an initial
coolant temperature of 20 2°C, revealed significant differ-
ences in the dynamics of the engine reaching its operating
temperature for configurations S1-S3. The time taken to
reach operating temperature was determined by the aver-
age coolant temperature in the main circuit reaching 90°C.
The study established that the cooling system architecture
directly influences the duration of the transient process and
the intensity of the initial heating, which is reflected both
in the time taken to reach 90°C and in the nature of the
temperature curve. The dynamics of engine warm-up from
20 to 90°C for configurations S1-S3 are shown in Figure 3.
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Figure 3. Coolant temperature curves for configurations S1-S3
Source: compiled by the authors based on JCGM 100:2008 (2008), IEC 60584-1:2013 (2013)

The data shown in Figure 3 demonstrates that the use
of a variable-capacity electric pump resulted in a faster
reach of the operating temperature range compared to the
baseline configuration. For S1, the time taken to reach 90°C
averaged 420-435 s, whereas for S2 this figure fell to 370-
385 s, representing a reduction of 9-12%. Configuration
S3 demonstrated an intermediate result — 395-405 s, cor-
responding to a 6-8% reduction in warm-up time relative
to S1. The reduction in warm-up time achieved in S2 and
S3 exceeds the limits of the total estimated measurement
uncertainty, confirming the engineering significance of the
effect. Analysis of the temperature curves showed that in
S1, the heating process is nearly linear until the thermostat
opens, after which the rate of temperature rise decreases
due to the connection of the main circuit and the activation
of circulation through the radiator. In the S2 configuration,
a more intense initial rise in temperature was observed,
which correlates with a reduction in the electric pump’s
performance during the cold start phase. The restriction
of coolant flow in the first few minutes of operation was
accompanied by a reduction in heat dissipation and an
acceleration in reaching the operating temperature range
without exceeding permissible values. For S3, the warm-
up behaviour remained stable and controlled: the initial
phase was more intense than in S1, but less pronounced
compared to S2, reflecting the effect of circuit separation
under constant circulation parameters.

The total fuel consumption up to 90°C showed a clear
correlation with the duration of the warm-up. For S1, this
figure was 0.082-0.086 kg of fuel, whilst for S2 it decreased
to 0.073-0.076 kg, corresponding to a saving of 10-12%.
In the S3 configuration, the integral consumption was
0.078-0.080 kg, i.e., a reduction of 5-7% compared to the
base system. The comparison showed that the fuel savings
achieved exceed the limits of experimental uncertainty and
are statistically significant.

It has been established that reducing the duration of
engine operation in the rich-mixture mode directly reduc-
es the total fuel consumption during the transition phase.
Further analysis of electric pump control scenarios in
S2 showed that using a minimum flow rate until 60°C is
reached, followed by a stepwise increase in coolant flow, re-
sulted in the shortest warm-up time — approximately 370 s.
When a smooth linear dependence of flow rate on temper-
ature was applied, the warm-up time increased by 4-6%,

but the amplitude of temperature fluctuations after the
thermostat opened decreased. The comparison confirmed
that a discrete strategy with clearly defined temperature
thresholds provides better fuel efficiency without adverse-
ly affecting thermal stability. Analysis of steady-state con-
ditions after warm-up completion revealed no increase in
BSFC for S2 and S3 relative to S1. At 2,500 rpm under 50%
load, the difference in BSFC between S1 and S2 did not ex-
ceed 1.5%, which is within the experimental uncertainty.
Thus, accelerated warm-up is not accompanied by a dete-
rioration in fuel efficiency under steady-state conditions.

Temperature fluctuations after reaching 90°C were
considered as an indicator of the stability of thermal
regulation. In S1, the amplitude of the fluctuations was
6-8°C, whereas in S2, under the optimal control algo-
rithm, it decreased to 4-5°C. In S3, the amplitude was
5-6°C. It was established that adaptive control of coolant
flow rate contributes to increased thermal stability after
reaching operating temperature. Thus, the results of the
transient analysis showed that configuration S2 provides
the shortest warm-up time and minimum integral fuel
consumption without compromising BSFC performance
in steady-state conditions. Configuration S3 demon-
strates a moderate reduction in warm-up time and fuel
consumption, whilst simultaneously improving tempera-
ture uniformity and reducing the thermal stresses iden-
tified previously. The data obtained confirmed that opti-
mising the cooling system can simultaneously improve
the engine’s thermal reliability and fuel efficiency, and
that adaptive control of the electric pump’s performance
is an effective tool for reducing fuel consumption in cold
start conditions without adversely affecting steady-state
operating characteristics.

Integral ranking and selection

of the optimal configuration

A comprehensive analysis of the results from all stages of
the study has shown that the differences between config-
urations S1-S3 are systematic in nature and manifest si-
multaneously in terms of heat dissipation, temperature
uniformity, thermal stress, and fuel efficiency during tran-
sient operation. The generalisation was conducted by di-
rectly comparing quantitative indicators with the accepted
optimisation criteria without introducing additional em-
pirical coefficients or new input data. For a comprehensive
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assessment of the efficiency of the configurations under
study, a generalised matrix of optimisation criteria was
formed, in which, for each variant S1-S3, the achieved level

Duhanets et al.

of reduction in peak temperatures, internal temperature
gradients, equivalent stresses, as well as indicators of tran-
sient and steady-state fuel efficiency are shown (Table 2).

Table 2. Comparative matrix of optimisation criteria for S1-S3

Criteria S1 S2 S3
Reduction in T, relative to S1 - 5-6% 10-12%
Reduction in temperature gradients - 18-22% 30-35%
Maximum o,,,, MPa 158-165 142-148 128-134
Safety factor n 1.45-1.52 1.62-1.69 1.78-1.87
Reduced warm-up time - 9-12% 6-8%
Reduction in overall fuel consumption - 10-12% 5-7%
Changes in BSFC under steady-state conditions - <1.5% <1.5%
Excess of the effect over the estimated measurement uncertainty ) confirmed confirmed

(Qcool’ Tmax’ AT)

Source: compiled by the authors based on F.R. Menter (1994), JCGM 100:2008 (2008)

Analysis of the data in Table 2 showed that the base
configuration S1, under maximum thermal load conditions,
is characterised by peak temperatures and stresses that lo-
cally approach the threshold conditions for long-term re-
liability. The safety factor n for S1 decreased to 1.45-1.52,
i.e., in certain inter-valve zones it reached the minimum
permissible level of 1.5. A comparison with the results of
the spatial temperature analysis confirmed that the key
cause of critical stresses is precisely temperature inhomo-
geneity and high internal gradients, rather than merely the
absolute level of the metal’s average temperature. Regard-
ing the criterion of reducing T,,, by 8-12%, it was found
that configuration S2 reduced the peak temperature in crit-
ical zones by only 5-6%, i.e., it did not reach the specified
range, although it demonstrated a noticeable improvement
compared to S1. In contrast, configuration S3 demon-
strated a reduction in T,,, of 10-12%, which fully meets
the specified limit and ensures a significant “reduction”
in peak temperatures from potentially dangerous levels.
This indicates that it is the structural modernisation of the
cooling system (separation of the block and head circuits)
that has a decisive influence on maximum temperatures in
the areas of greatest thermal load. Concerning the criterion
of reducing temperature gradients by at least 10%, it was
found that the S2 configuration reduced internal temper-
ature gradients by approximately 18-22% compared to S1;
that is, the result exceeded the minimum acceptable level
and indicates a noticeable smoothing of the difference be-
tween the near-surface and deeper layers. In configuration
S3, an even more significant reduction in temperature gra-
dients of 30-35% was recorded, indicating a qualitatively
different degree of thermal field equalisation. The consist-
ency of this effect with the results of the CFD analysis con-
firmed that the separation of the cooling circuits provides
a structural, rather than a local compensatory, reduction
in thermal heterogeneity, which is of fundamental impor-
tance for the durability of the cylinder head.

An assessment of the thermal stress state showed that
the maximum values of o,,, decreased from 158-165 MPa
in S1 to 142-148 MPa in S2 and to 128-134 MPa in S3; that

is, the total reduction for S3 was approximately 18-22%
compared with the base configuration. This was directly
reflected in an increase in the safety factor to 1.78-1.87 in
S3. The study established that for this configuration, the
criterion n > 1.5 was met with a significant margin in all
modes considered, whereas in S2 the value n=1.62-1.69
ensured reliable compliance with the threshold, but with
a narrower “safety margin”. Thus, in terms of long-term
strength and resistance to thermal cycling loads, S3 has the
most favourable margin, whilst S2 remains a compromise
between improved warm-up and reduced stresses. Tran-
sient analysis showed that the shortest warm-up time was
achieved by the S2 configuration: the reduction was 9-12%
compared to S1, with a corresponding decrease in total fuel
consumption of 10-12%. For S3, the warm-up time was re-
duced by 6-8%, and the integral fuel consumption by 5-7%,
which also exceeds the limits of experimental uncertainty.
The comparison confirmed that the effects of both upgrad-
ed configurations in transient mode are engineering-sig-
nificant and provide real fuel savings in cold start mode.
However, the analysis of steady-state conditions revealed
no deterioration in BSFC for S2 and S3: the differences did
not exceed 1.5% and fell within the experimental margin
of error, determining a trade-off of the “faster warm-up -
poorer efficiency” type at the reference steady-state points.

A comprehensive comparison based on uncertainty
analysis showed that, for the key criteria - reduction of T,,,,,
reduction of ¢,,, and reduction of warm-up time - the ad-
vantage of S2 and S3 over S1 exceeds the limits of the total
measurement uncertainty by a factor of 2-3, confirming the
reliability and practical significance of the established dif-
ferences. At the same time, the integrated ranking revealed
different “specialisations” of the upgrades: configuration S2
demonstrated the greatest effect in terms of transient ther-
mal and fuel efficiency, whilst S3 provided the best balance
between reducing peak temperatures, minimising temper-
ature gradients and increasing the safety factor without
any deterioration in steady-state fuel economy. Thus, the
results of the integrated ranking showed that the S3 con-
figuration is the most balanced engineering-determined
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solution among the options studied, as it is the only one
that fully meets the criteria for reducing T,,, (8-12%) and
decreasing temperature gradients (by at least 10%, with an
actual reduction of 30-35%) whilst providing an increased
safety margin (n > 1.5 with a substantial reserve) and no
deterioration in BSFC under steady-state conditions. The
comparison confirmed that the advantages of S3 are quan-
titatively proven and exceed the total measurement un-
certainty, which justifies recommending this particular
configuration as optimal in terms of improving thermal
efficiency, durability and engine reliability.

DISCUSSION

The results of thermal modelling and experimental meas-
urements showed that the architecture of the cooling
system determined not only the overall level of heat dis-
sipation, but also the spatial structure of the temperature
field and the associated thermal stress state of the cylinder
head. The increase in Q,,, in configurations S2 and S3, the
reduction in T,,,, in critical inter-valve zones to 222-225°C
and 212-215°C, respectively, as well as the reduction in in-
ternal temperature gradients to 18-20°C for S3 is consist-
ent with the concept of nodal thermal modelling proposed
by D. Chalet et al. (2017), according to which local over-
heating of cylinder head components arises due to the un-
even distribution of heat fluxes between functional nodes
and the restriction of convective heat transfer in individual
channels. The study demonstrated that optimising coolant
circulation trajectories and redistributing flows between
subsystems makes it possible to simultaneously reduce
peak temperatures and equalise the thermal field. This
mechanism was replicated for S3, where the separation
of the block and head circuits ensured an increase in the
minimum local heat transfer coefficients and a reduction
in stagnant flow zones. The identified relationship between
the magnitude of temperature gradients and the level of
equivalent stresses o,,, confirmed the decisive role of spa-
tial heterogeneity in heating, rather than just the absolute
temperature of the metal.

The CFD results for S3 demonstrated an increase in
the minimum local heat transfer coefficients and the vir-
tual elimination of stagnation and recirculation zones in
the pre-chamber region, indicating a change in the cool-
ant flow path as the mechanism for reducing temperature
peaks. This interpretation is consistent with the findings
of L. Tan et al. (2023), who attributed the reduction in local
overheating to the shortening of inefficient hydrodynam-
ic paths and the redistribution of flow between branches.
In terms of the causal chain, the effect was described as
“modification of channel geometry — smoothing of the
velocity profile — increase in local h - reduction in tem-
perature gradients”, which explained the simultaneous re-
duction in T,,,, and smoothing of the temperature profile
in S3. Furthermore, H. Salehi et al. (2023) demonstrated
experimentally and numerically that passive flow control
in cooling channels reduces the proportion of recircula-
tion zones, increases the intensity of local convection, and

lowers peak metal temperatures. The S3 data obtained in
the present study reproduced this mechanism and indi-
cated the priority of structural improvement of the cir-
culation path over simply increasing the flow rate. There-
fore, the CFD/FEA structural block is consistent with the
coupled heat transfer approach and can be reduced to a
single mechanism: reorganising the flow in the cooling
jacket increases the local h and eliminates stagnation
and recirculation zones, which reduces T,,,,, stabilises the
temperature field (reducing gradients), and, as a result, re-
duces o,,, whilst increasing the safety margin. A. Pandey et
al. (2024) demonstrated that “hot spots” were caused by
the combined effect of convection within the channels,
thermal conductivity in the metal and adjacent circuits;
consequently, hydrodynamic changes were systemati-
cally translated into the stress state. Following the same
line of reasoning, L. Yang et al. (2024) established those
geometric modifications which smooth the velocity field
and eliminate recirculation and stagnation reduce local
overheating, corresponding to the S3 configuration with
a sustained reduction in peak temperatures, temperature
gradients and o,,, in the context of an increase in Q,,,,.

Transient warm-up analysis showed that S2 reduced
the time taken to reach 90°C by 9-12% and lowered the
total fuel consumption by 10-12%. Similarly to R. Bakat-
war et al. (2018), limiting coolant flow at start-up reduces
heat loss during the “cold” phase and accelerates entry
into the operating temperature window. The tempera-
ture-threshold strategy for controlling the electric pump
was interpreted within this same causal framework: re-
ducing output to 60°C ensured heat accumulation in the
early phase without exceeding permissible limits. Once
the thermostat opened, the key factor was not so much
the absolute temperature as the stability of the operat-
ing mode, and the reduction in the amplitude of fluctu-
ations to 4-5°C in S2 was consistent with the findings of
H. Savaripour et al. (2022) for a thermostat with map-
based control, where temperature-dependent flow control
reduced overshoot during the transition to steady-state
conditions. A pattern emerged: adaptive control simulta-
neously reduced warm-up time and stabilised the temper-
ature field without compromising steady-state fuel effi-
ciency (BSFC did not rise beyond the uncertainty limit),
whereas integral ranking revealed different “specialisa-
tions” of the upgrades: S2 maximised the gain in the tran-
sient phase, whilst S3 ensured a deeper structural reduc-
tion in T,,,, and gradients with a direct transition to a less
thermally stressed state. The trends obtained supported
the interpretation of the cooling system as a controlled
loop in transient modes. S.-]. Jeong et al. (2024) demon-
strated that the switching speed of the controlled ele-
ments and the flow control algorithm altered the shape of
the temperature curve; consequently, the control system
itself determined both the heating rate and the amplitude
of oscillations once steady-state conditions were reached.

Following the same logic, the results of S2 correlated with
the predictive control approach proposed by A. Kaleli (2020),
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where the predictive adjustment of the coolant flow rate
accelerated warm-up and suppressed oscillations through
a feedforward action; in the case under consideration, this
principle was implemented through a threshold restriction
on circulation in the early phase, followed by a controlled
increase. In contrast, the advantage of S3 under heavy
loads is consistent with the load- and speed-sensitive cool-
ing map approach proposed by A. Naderi et al. (2021). In
their study, optimal thermal behaviour was achieved not
by a constant increase in flow rate, but by its targeted ad-
aptation to the thermal load. In the presented study, the
separation of circuits in S3 ensured that cooling resourc-
es were prioritised for areas of maximum heat dissipation;
consequently, the effect naturally intensified with increas-
ing load and manifested as a more significant reduction in
T,.. and temperature gradients than in S2.

The accelerated warm-up and temperature stabilisa-
tion were not accompanied by a deterioration in BSFC at
steady-state points (differences <1.5% within the margin
of uncertainty). B. Lu et al. (2023) emphasised the need to
maintain a stable temperature “window” under non-de-
sign conditions to prevent efficiency losses during inte-
gration with waste heat recovery circuits. In this context,
the reduction in the amplitude of temperature fluctuations
in configurations S2 and S3 after reaching the operating
level was interpreted as the establishment of a controlled
temperature regime, compatible with the subsequent ex-
pansion of energy integration. Such stabilisation of the
temperature profile after reaching the operating level was
consistent with approaches to predictive model control in
vehicle thermal management tasks, where the regulation
of coolant flow was considered as a tool for simultaneous-
Iy minimising heat losses during the warm-up phase and
adhering to constraints regarding temperature stability
and the risk of local overheating in transition zones. In the
study by P. Lu et al. (2019), Model Predictive Control (MPC)
was described as an approach to coordinating heat transfer
between the under-bonnet space and thermal subsystems,
within which flow control performed an energy-oriented
function without losing stabilisation capability. In this
causal framework, the S2 effect was interpreted as a con-
trolled change in the effective “thermal resistance” during
the warm-up phase (restriction of circulation followed by
a controlled increase), whilst the reduction in oscillation
amplitude after reaching the operating temperature re-
flected the absence of overshoot and compliance with
temperature limits.

The results regarding temperature stabilisation af-
ter reaching steady state correlated with approaches in-
volving integrated valve modules and multi-channel flow
control. L. Pimpinella et al. (2021) demonstrated that such
modules provided more accurate flow distribution between
branches, improving the stability of the cooler tempera-
ture and reducing overshoot. In the case under consider-
ation, a similar effect was achieved through the electric
pump control algorithm and the split-loop architecture,
i.e., through controlled flow redistribution, which reduced
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thermal mode fluctuations. This is consistent with the
review by H. Liu et al. (2021), which highlighted the shift
from passive temperature maintenance to active thermal
management using controlled pumps, thermostats and
mode-dependent maps. Within this framework, the results
obtained demonstrated the functional differentiation of
the upgrades: S2 provides the best warm-up performance
and fuel economy in cold mode, whilst S3 produces a more
uniform temperature field and minimal thermal stress-
es, which explains its advantage in terms of durability.
Further development of this approach was linked to hy-
brid “simulation + machine learning” solutions. Y. Zou et
al. (2025) demonstrated the possibility of predicting the
performance of electric fans and electric pumps based on
a combination of modelling and machine learning, which
created the possibility of more precise control under var-
iable operating conditions. In the context of the results
obtained, this is relevant as the performance of S2 in cold
mode remained sensitive to the parameterisation of the
control algorithm, and improving the accuracy of the pre-
diction made it possible to maintain the fuel efficiency
whilst ensuring temperature stability.

From an energy efficiency perspective, the findings are
consistent with the approach of minimising the parasitic
power of the cooling system. P.H.A. Brayner et al. (2024)
demonstrated that reducing the power consumption of
the pump or fan drive can improve fuel economy without
compromising the engine’s thermal performance. The ob-
served fuel savings in transient mode for S2 were explained
precisely by this mechanism: a reduction in the electric
pump’s output during a cold start reduced the energy costs
of circulation and limited heat dissipation, thereby short-
ening the duration of the cold phase. At the same time,
the absence of noticeable changes in BSFC at steady-state
points confirmed that the effect of minimising parasitic
power was primarily evident in dynamic modes.

This interpretation was supported by models of bypass
circulation circuits. R.I.A. Jalal et al. (2021) demonstrated
that a bypass electric water pump reduced warm-up time
by limiting heat dissipation in the “large” circuit during the
early stages and concentrating heat to accelerate warm-up.
Although in S2 this effect was achieved through variable
capacity, the underlying mechanism remained similar —
controlled circulation restriction reduced heat loss and
shortened the duration of the cold phase. In this same con-
text, G. Kaltakkiran (2021) emphasised that during warm-
up, the cooling strategy determined the distribution of en-
ergy between useful work, metal heating and losses to the
environment. The practical significance of this effect is also
confirmed by the results of M. di Bartolomeo et al. (2023),
which show that the electric pump delivered measurable
fuel savings and CO., reductions provided that control was
coordinated with the engine’s thermal requirements across
the various phases of the cycle. The bench test results
demonstrated a similar pattern: savings were achieved
by shortening the cold phase, whilst a stable temperature
window was maintained at steady-state points without any
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deterioration in BSFC. To extend the observed effects to a
wider operating range, a coordinated description of heat
transfer and hydraulic losses is required, as these compo-
nents determine the limits of further parametric optimisa-
tion. The study by A. Jafari et al. (2022) demonstrates that
the error in predicting the performance of a cooling sys-
tem is determined by the degree of consistency between
the heat transfer and pressure loss models, which influence
temperature stability and the energy consumption of the
circulation. In this context, the results obtained were in-
terpreted as a consequence of the control and architecture
under fixed radiator characteristics and hydraulic resist-
ances, which imposed constraints on the subsequent tun-
ing of parameters and determined the conditions for repro-
ducibility across a wider range of operating modes.

An analysis of the experimental data and numerical
simulations showed that combining structural optimisation
of the cooling circuit with adaptive flow control created a
unified circuit of thermo-hydrodynamic and thermome-
chanical processes, within which T, internal temperature
gradients and o,,, were reduced, whilst the safety margin in-
creased, whilst fuel savings during warm-up were achieved
without compromising BSFC at steady-state points. This re-
flected the integration of duct geometry, mode-dependent
control and energy coordination within a single engineer-
ing loop of the engine cooling system’s operation.

CONCLUSIONS

This study conducted a comprehensive assessment of the
impact of the cooling system architecture on the thermal
efficiency, thermal stress conditions and fuel economy of
a petrol internal combustion engine under steady-state
and transient conditions. The study demonstrated that
the modernisation of the standard S1 system using a vari-
able-capacity electric pump (S2) and the separation of the
block and head cooling circuits (S3) results in systemic
differences that manifest themselves consistently in terms
of heat dissipation, temperature fields, stresses and warm-
up dynamics. In steady-state conditions, an increase in
the heat flux Q,,, for S2 and S3 of 10-17% relative to S1
has been established in zones of maximum thermal load,
accompanied by a reduction in AT between the inlet and
outlet under constant external conditions, i.e., an intensifi-
cation of convective heat transfer without circuit overload.

CFD analysis confirmed that the reduction in peak
temperatures in the pre-chamber zones is 5-6% for S2 and

10-12% for S3, whilst internal temperature gradients de-
crease by approximately 18-22% and 30-35% respectively,
reflecting a transition from localised overheated regions
in S1 to a more uniform temperature field in S3. This
correlates directly with a decrease in equivalent stresses
o, from 158-165 to 128-134 MPa and an increase in the
safety factor n from 1.45-1.52 to 1.78-1.87, meaning that
in the S3 configuration, the criterion n > 1.5 is met with a
significant margin for all analysed modes. In the transient
warm-up mode, it was found that the S2 variant reduces
the time to reach 90°C by 9-12% and decreases the inte-
gral fuel consumption by 10-12% compared to S1, whilst
S3 provides a moderate, but reproducible reduction in
these indicators of 6-8% and 5-7% respectively, whilst si-
multaneously improving temperature uniformity. Analysis
of BSFC in control steady-state modes showed that accel-
erated warm-up and modernisation of the cooling system
are not accompanied by a statistically significant deteri-
oration in fuel efficiency: the differences do not exceed
the limits of experimental uncertainty. Integral ranking
accounting for uncertainty confirmed that the S2 configu-
ration is the most effective in terms of minimising warm-
up time and fuel consumption in cold-start mode, whereas
configuration S3 provides the best balance between reduc-
ing T,,, minimising temperature gradients, reducing o,,,
and establishing an increased safety margin without com-
promising fuel efficiency.

The results obtained provide a sound basis for rec-
ommending S3 as the optimal engineering solution for
improving the thermal reliability and durability of inter-
nal combustion engines, whilst S2 should be considered a
targeted option for applications where reducing warm-up
time and emissions during the cold start phase is a priority.
Further research should analyse long-term cyclic operation
of the upgraded systems, adapting the pump control algo-
rithms to different load profiles, and scaling the proposed
solutions to other engine types and displacement volumes.
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AHani3 Ta onNTUMI3aLlia cMCTeM OXONOAKEHHS ABUIYHIB BHYTPILLHbOIO
3ropsiHHS Ang NigBULLEHHSA TernJ1oBoi ePeKTUBHOCTI
Ta HapiMHOCTI po6oTy ABUryHa

AHoTaUiqa. MeTo10 foCTiAKeHHS 6Y/I0 KiJIbKiCHO OIL[IHUTY Ta ONTUMi3yBaTH POOOTY CUCTEM OXOJIOIYKEHHS IBUTYHA
BHYTPIIIHbOTO 3TOPSIHHS 3 OMVISILY Ha MiABUILEHHS /10ro TernoBoi eeKTMBHOCTI Ta HaziftHOCTi. MeTono/oris oegHyBata
MOTOPHO-CTEHIOBi BUITPOOYBAHHS 3 BUMipIOBAaHHSIM TeMIIEpaTyp, BUTPATHU OXOJOMKYBAIbHOI pifiMHM Ta MajnBa,
PO3paxyHOK TEIIOBOTO ITOTOKY 3 OI]iHKOIO HEBM3HAYEHOCTI BiJIMOBiAHO 10 KepiBHMIITBA 3 BUPa’KeHHS] HEBM3HAUYEHOCT1
BUMIipIOBaHb, 00UMCIIOBAIBHY IiAPOAMHAMIKY Y CIIPSIKEHI MTOCTAHOBIII «pifMHa — TBepAe TiJIo», aHaJIi3 HAIIPY)KeHO-
IedopMOBaHOIO CTaHy TOJIOBKM 6710Ka Ta JOCTiIKeHHS MepexigHoTo peskumMy mporpisy Big 20 7o 90°C. YcTaHOBIIEHO,
0 MOJiepHi30BaHi KoH@irypariii 3a6e3meunyin 3pocTaHHS TEIJIOBOTO MTOTOKY 3@ YMOB MaKCHMMAa/IbHOTO HaBaHTaKEHHS
Ha 10-17 %, 3HMKeHHSI TIKOBUX TeMIIEPATYP Y KPUTUUYHUX ITPUKAMepHMX 30HaxX Ha 5-6 % i 10-12 %, a TaKOK 3MeHIIeHHS
BHYTPIIIHIX TeMITepaTypHUX TpafdiceHTiB Ha 18-22 % i 30-35 %. 1le cynmpoBOAKYBaa0Cs 3HVKEHHSIM €KBiBaJIEHTHUX
HanpykeHb Ha 18-22 % Ta migBuieHHsIM KoediuienTta 3anmacy minHocTi 3 1,45 o 1,87 y Haib6inb edeKTUBHIIi
KoHiryparii. V mepexigHoMy pesxumi cucTema 3 eJIeKTpOIPMBOIHMM HACOCOM CKOpPOYYBaJia yac JOCSITHEHHSI po60ovoi
TemmepaTypu Ha 9-12 % i 3MeHIyBasia iHTerpaabHy BUTpaTy nanusa Ha 10-12 %, Toni sk KoHdirypalis 3 po3aiieHnuMu
KOHTypamu 3abe3reuyBaja cTabiibHe 3HMKEeHHS [[MX TTOKa3HMKIB Ha 6-8 % i 5-7 %, BiITOBigHO. AHAIIi3 raJibMOBOi TUTOMOI
BUTPATY NaJXBa B KOHTPOJIIbHUX CTalliOHAPHUX peXXuMax He BMUSIBUB CTAaTUCTUYHO 3HAUYYLIOTO NOTiplieHHs NaauBHOL
€KOHOMIYHOCTI /111 MOJlepHi30BaHMX CUCTeM. IHTerpasbHe paH)XyBaHHSI [10Ka3aJj10, 10 CUCTeMa 3 PO3/iIeHMMM KOHTYPaMu
3abesreuye 36a7aHCOBaHe MOETHAHHS 3HMKEHHSI MAKCUMMAa/IbHOI TeMIlepaTypy, MiHiMi3allii TemnepaTypHUX rpali€HTiB
i migBUIIeHHS 3amacy MilTHOCTi 63 KOMIIPOMICiB 11070 MaJIMBHOI e(eKTUBHOCTI, TOZ SIK e/IeKTPOIIPUBOLHA TTIOMIIA €
JOLIIbHOIO [1J151 MiHiMi3allii TpMBaIOCTi MPOTpiBy Ta BUTPATH MajaMBa Mif, Yac X0JOJHOr0 3aITycKy. [[pakTM4Ha 3HaYyIIiCTh
IOCTiIKeHHS TTo/isiTae y GOpMyBaHHi KiJIbKiCHO OOI'PYHTOBaHMX KpUTepiiB BUOOPY KOHbIrypalii cucTeMu 0X0M0IKeHHS
Ta CTpaTeriii KepyBaHHSI BUTPATOIO TEIJIOHOCIS /i iHsKeHepHUX MigpOo3/i/liB 3 MeTOIO MiABUIeHHS TeIJIOBOi HaiiliHOCTi
1 JOBrOBIYHOCTI ABUTYHIB

Knio4oBi crioBa: joKajabHi TeMIepaTypHi TpafieHTH; TepMOHAIMPYKEHUil CTaH, eKBiBaJIEHTHI HaIPYXEeHHS,;
KoeditieHT 3amacy MiIJHOCTi; mepexigHMii pexXxuM MPOTrpiBy; iHTerpajbHa BUTPATa MaIKBa
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Design and modification of a combined grass cutting
and grinding machine

Abstract. Efficient preparation of livestock feed remains a major challenge for small and medium farmers in Bangladesh,
where manual fodder cutting, and separate grinding processes require considerable time, labour, and cost. Rising feed prices
and limited access to affordable mechanised equipment make the development of locally manufacturable multipurpose
machinery highly relevant for the agricultural sector. This article aimed to design, fabricate, and evaluate a combined
grass-cutting and grinding machine suitable for practical use in Bangladesh. The study used field visits, focus group
discussions, Computer-aided design-based modelling, prototype fabrication, and performance testing to assess the
machine’s design, operation, and user suitability. The developed machine integrated grass cutting and grain grinding
in a single compact system powered by a 3 HP electric motor. Unlike many conventional machines that depend on belt-
pulley arrangements, the proposed design uses a spur gear transmission system to improve durability, stability, and power
transfer. The gear arrangement provided a final reduction ratio of 0.846, producing a driven shaft speed of approximately
1,015-1,523 rpm and a blade tip speed of about 15.9-23.9 m/s. Trials with fresh grass, straw, and lentils showed that the
machine could process 180-200 kg/hr of grass, 150-170 kg/hr of straw, and 50-60 kg/hr of lentils into fine powder. The
chopped output was uniform, feeding was smooth, and the protective casing helped improve operational safety. The design
also supported blade sharpening, local fabrication, and lower maintenance requirements. The results can be applied in
small-scale livestock farming, feed preparation centres, and rural machinery workshops to reduce labour, improve feed
processing efficiency, and support agricultural mechanisation
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INTRODUCTION

Agriculture remains one of the most important sectors of
Bangladesh’s economy because it supports food security,
rural employment, poverty reduction, agro-based industry,
and livestock production. Although the relative share of ag-
riculture in national gross domestic product has gradually
declined with industrialisation, the sector still contributes
substantially to the economy; existing studies report ag-
riculture’s contribution at about 13.61% of national gross
domestic product (GDP) while earlier sectoral estimates
reported nearly 20% of GDP and around 50% of national
employment, according to A. Ghimire et al. (2021). The rice
subsector is particularly important, contributing more than
70% of agricultural GDP, while Bangladesh produces about
37 million tons of rice annually, representing approximate-
ly 6.3% of global rice production (Rayhan et al., 2023).

Beyond crops, fisheries and livestock also play major
roles in rural livelihoods and nutrition; fish production,
as noted by M.M. Shamsuzzaman et al. (2020), increased
from 17.81 lakh metric tons in 2000-2001 to 41.34 lakh
metric tons in 2016-2017, showing the growing economic
relevance of fisheries in Bangladesh. Similarly, K. Moller et
al. (2023) pointed out that livestock and aquaculture are
closely linked with farm household income, protein sup-
ply, and integrated rural production systems, but they
face challenges related to climate change, feed availabil-
ity, disease management, and market access. At the same
time, Bangladesh’s agricultural production system is high-
ly vulnerable to climate variability, land pressure, labour
shortages, and environmental degradation, making im-
proved farm mechanisation and efficient feed-preparation
technologies increasingly important (Rahman et al., 2021;
Chowdhury et al., 2022; Jamal et al., 2023). Therefore, the
development of locally manufacturable, low-cost, and
multipurpose agricultural machines, such as combined
grass-cutting and grinding equipment, is highly relevant
for improving livestock feed preparation, reducing manual
labour, and supporting sustainable agricultural mechani-
sation in Bangladesh.

Several researchers have worked to enhance the de-
sign, implement improvements, and increase the efficien-
cy of grass-cutting machines. J. Sinha & A. Kumar (2021)
studied the ergonomic and mechanical efficacy of manual
chaff cutters used in animal farming, emphasising reduced
power consumption during fodder cutting. The study indi-
cated that a three-blade cutter with a smaller feeding area
used less energy and was more comfortable to use. This
research enhances the design of fodder cutters, increas-
ing their energy efficiency and user comfort. Nevertheless,
greater research is required to investigate alternative ma-
terials and evaluate the long-term health effects of these
alterations. D. Yallappa et al. (2024) introduced the design
and development of a versatile chaff-cutting machine in-
tended to address the challenges of cutting both dry and
wet chaff for animal feeding. The machine was designed
to process various types of fodder, including sugarcane
waste and other green resources. This concept simplified
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traditional machinery and gave farmers a simple, portable
option. More enhancements could be made to make the
machine more useful for different types of fodder and to
look into more environmentally friendly energy sources.

N.S. Navgale et al. (2023) showed the design and ad-
aptation of a chaff cutter and coconut dehusking machine
that operates with a single engine for both tasks. The
proposed method was cheaper and required less space
because it combined the two units into a single unit. The
machine had a 1 HP electric motor, making these jobs
much easier for anyone to do. The study laid out a precise
plan for building a multitasking machine from mild steel
and shows how useful it is for small-scale farmers in rural
areas, especially those who have both cattle and coconut
trees. P.Jayendra & G.Y. Suresh (2020) examined the design
and development of a chaff-cutter machine intended to
enhance efficiency and reduce manual labour for farmers.
The machine was made to cut several kinds of fodder, such
as dry grass, wheat stalks, and maize straw, into smaller
pieces so that animals could consume them more easily.
The new design was smaller, cheaper, and used less en-
ergy than standard chaff cutters. E. Rajkumar et al. (2020)
investigated chaff-cutter-related injuries in rural India
and proposed safety measures to mitigate them. The in-
vestigation led to the creation of three interventions: a
serrated roller to serve as a warning sign, a blade guard to
keep hands away from cutting blades, and a flywheel lock
to stop the machine from being used while it isn’t work-
ing. It was observed that these measures helped prevent
people from getting hurt without affecting the machine’s
performance. Farmers liked that these safety features were
added to old chaff cutters.

Although several researchers have worked on the de-
velopment of grass-cutting machines, there are still gaps
in the literature regarding a multipurpose machine. The
current study proposed a gear-based modification of a mul-
tipurpose grass cutting cum grinding machine suitable for
rural, semi-urban, and urban farmers of Bangladesh. This
study aimed to develop a machine that will be cost-effec-
tive, easy to use, locally manufacturable, more durable,
easy to maintain, low-cost, and readily available for the
farmers of Bangladesh.

MATERIALS AND METHODS

Research design and overall methodological approach. This
study followed a design-fabrication-testing methodolo-
gy to develop and evaluate a combined grass-cutting and
grinding machine suitable for small- and medium-scale
livestock farmers in Bangladesh. The methodology con-
sisted of five sequential stages: field investigation, user
requirement identification, engineering design and calcu-
lation, prototype fabrication, and performance testing. The
machine was designed to integrate three major function-
al units: a feeding unit, a cutting and grinding unit, and
a power transmission unit. A 3-horsepower electric motor
was used as the prime mover, and power was transmitted
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to the cutting and grinding shaft through a spur gear train.
Computer-aided design modelling was performed using

AutoCAD and SOLIDWORKS before fabrication to ensure

Conceptualisation
and design overview

Material selection

proper dimensional arrangement, component fitting, and
safe enclosure of rotating parts. Figure 1 shows the meth-
odology used in the current research.

Design modelling

Fabrication process

Power transmission
and efficiency considerations

Testing and validation

Data analysis

Objectives met?

Yes

Final validated design

Figure 1. Methodology of research

Source: compiled by authors

Field visit. Field visits were made to Nawabpur and
Dholaikhal, Dhaka, Bangladesh’s largest engineering mar-
ketplaces and fabrication areas, to gather real-world infor-
mation on current grass-cutting machines, available me-
chanical parts, fabrication techniques, and maintenance
practices. Using a structured observation checklist, the
observations were written down in a systematic way. The
checklist had information about the type of machine, the
size of the motor, the arrangement of the blades, the feed-
ing system, the way power is transmitted, the arrangement
of the shaft and bearing, the design of the casing, the safe-
ty features, the availability of parts, the ease of repair, and
the most typical difficulties that mechanics and users have
with the machine. The study team also talked to people
at local machine shops and fabrication workshops to find
out what kinds of motors, gears, shafts, bearings, blades,
sheet metal, and structural elements were available. Meas-
urements of relevant machine parts were taken where pos-
sible, and component specifications were compared with
locally available alternatives. The collected information
was organised into a design requirement sheet and used to
determine the major mechanical features of the proposed
machine, including motor power, transmission system,

blade material, casing arrangement, and fabrication feasi-
bility. This process helped ensure that the proposed design
could be manufactured using locally available materials
and workshop facilities.

Focus group discussion (FGD). FGDs were conducted in
Savar, Sadarpur in Faridpur, and Mithapukur in Rangpur,
Bangladesh, with 120 purposively selected participants.
The study involving human participants was carried out in
accordance with the ethical standards outlined in the Dec-
laration of Helsinki (1964), ensuring voluntary participa-
tion, informed consent, and the protection of participants’
confidentiality and well-being. The participants included
small and medium farmers, livestock feed users, machine
operators, and local mechanics. The discussions focused
on current fodder preparation practices, labour demand,
manual cutting problems, grinding needs, safety, mainte-
nance, repairability, and expected machine performance.
The responses were coded into major user requirement
categories. Since participants could mention more than
one issue, the percentages represent multiple-response
frequencies. The frequencies were obtained through man-
ual coding of repeated responses across the three FGD
locations. The most frequently reported requirement was
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reducing manual labour and processing time, mentioned by
98 participants or 81.7%. This was followed by the need for
a combined grass-cutting and grinding machine, reported
by 91 participants or 75.8%. Safety during operation was
mentioned by 84 participants or 70.0%, while durability
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and low maintenance were mentioned by 78 participants or
65.0%. Local repairability was reported by 72 participants
or 60.0%, easy operation by 69 participants or 57.5%, pre-
ferred fodder size by 62 participants or 51.7%, and adequate
processing capacity by 56 participants or 46.7% (Table 1).

Table 1. Translation of FGD findings into engineering design decisions

User requirement Frequency, n=120

Percentage, %

Design decision

Reduce labour and time 98 81.7 Motor-driven cutting and grinding system
Combine cutting and grinding 91 75.8 Integrated grass-cutting and grain-grinding unit
Improve operator safety 84 70.0 Protective casing and enclosed rotating parts
Ensure durability and low 78 65.0 Spur gear transmission instead
maintenance : of belt-pulley system
Allow local repair 7 60.0 Use of standard gears, shafts, bearings,
and sheet metal
Make operation simple 69 57.5 Separate feed inlets and clear discharge outlets
. . Blade arrangement targeting
Produce suitable chopped fodder size 62 51.7 2-5 cm chopped output
Ensure practical capacity 56 46.7 Selection of 3 HP motor and gear-driven shaft
Source: compiled by authors
These findings were directly translated into the engi- % = i—”, @)
. . . b a
neering design of the machine. The strong demand for re- or
duced labour and time led to the selection of a motor-driv- ’
en system. The need for both fodder cutting and feed Ny = Ny X ;—“, (2)
b

grinding resulted in an integrated cutting-grinding cham-
ber. Safety concerns were addressed through a protective
casing, enclosed rotating parts, and separate feeding and
discharge paths. Similarly, the demand for durability and
easier maintenance led to the use of spur gear transmis-
sion instead of a belt-pulley system. Local repairability
was considered by using standard components that can be
sourced and serviced in local workshops. Thus, the FGD
findings provided a clear user-centred basis for the final
machine design.

Engineering calculation methodology. Engineering cal-
culations were performed to determine gear geometry,
gear ratio, driven shaft speed, blade tip speed, angular ve-
locity, torque transmission, and theoretical power trans-
mission. These calculations were used to verify whether
the selected motor, gear train, shaft arrangement, and
blade system were suitable for the required cutting and
grinding operations. The major input parameters used
in the calculation were motor power, motor speed, gear
teeth number, gear module, blade diameter, driven shaft
speed, and processing time. All calculations were per-
formed using standard mechanical design equations. The
following assumptions were considered during the calcu-
lation: all spur gears had the same module; gear slip was
neglected; the intermediate gear acted as an idler gear;
the intermediate gear changed the direction of rotation
but did not affect the final speed ratio; the motor operat-
ed under steady-state conditions; the cutting blade was
considered as a rigid rotating circular body; and theoreti-
cal power loss due to friction, bearing resistance, and gear
tooth wear was neglected.

Gear ratio and shaft speed calculation. For a pair of ex-
ternal spur gears, the speed ratio was calculated using:

where N, is the speed of the driving gear, N, is the speed
of the driven gear, Z, is the number of teeth on the driving
gear, and Z, is the number of teeth on the driven gear. For
the first gear stage, the intermediate gear speed was cal-
culated as:

Z.
N, = N; x Z—: 3

where N, is the motor shaft speed, N, is the intermediate
gear speed, Z, is the number of teeth on the drive gear, and
Z, is the number of teeth on the intermediate gear. For the
second gear stage, the driven shaft speed was calculated as:

Z
N3 = NZ XZ_:’ (4)

where N, is the intermediate gear speed, N; is the driven
shaft speed, Z, is the number of teeth on the intermediate
gear, and Z; is the number of teeth on the driven gear. Since
the intermediate gear acts as an idler gear, the final drive
shaft speed can be expressed as:

z
N3 = Ny X z_:’ ©)

where N, is the motor shaft speed, N; is the driven shaft
speed, Z; is the number of teeth on the drive gear, and is
the number of teeth on the driven gear. The final transmis-
sion ratio was calculated using:

. Z.
=2,
Z3

(6)

where i is the final transmission ratio, Z, is the number of
teeth on the drive gear, and Z; is the number of teeth on
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the driven gear. Therefore, the driven shaft speed can also
be written as:

N;=iN,, N

where N; is the driven shaft speed, i is the final transmis-
sion ratio, and N, is the motor shaft speed.

The angular velocity of the driven shaft was calculated
using:

_ 2mN
60’

®)

where w is the angular velocity, N is the rotational speed
in revolutions per minute, and 77 is the mathematical
constant pi.

The blade tip speed was calculated using:

DN

V== )
where Vis the blade tip speed, D is the blade diameter, N is
the driven shaft speed, and 77 is the mathematical constant
pi. The motor torque was calculated from motor power and
rotational speed using:

_ Px60
~ 2nN’

(10)

where Tis the torque, P is the power in watts, N is the rota-
tional speed in revolutions per minute, and 77 is the mathe-
matical constant pi. When power is expressed in kilowatts,
torque can also be calculated using:

9,550P
T = N

(11)
where T'is the torque in N-m, P is the power in kW, and N is

the rotational speed in rpm. For a gear pair, torque changes
in proportion to the gear teeth ratio:

0

Ty=Tax 3, (12)
where T, is the torque on the driving gear, T, is the torque on
the driven gear, Z, is the number of teeth on the driving gear,
and Z, is the number of teeth on the driven gear. For the first
gear stage, torque on the intermediate gear was calculated as:
Zz
T, =T; X2, (13)
Zy
where T, is the torque on the drive gear, T, is the torque
on the intermediate gear, Z, is the number of teeth on the
drive gear, and Z, is the number of teeth on the interme-
diate gear. For the second gear stage, torque on the driven
gear was calculated as:
Z3
T3 =T, x>, (14)
Z,
where T, is the torque on the intermediate gear, T; is the
torque on the driven gear, is the number of teeth on the in-
termediate gear, and is the number of teeth on the driven
gear. Considering transmission efficiency, the driven shaft
torque may be expressed as:
Z3
T3 =Ty X2 Xxn, (15)
z
where T; is the driven shaft torque, T, is the motor shaft
torque, Z; is the number of teeth on the driven gear, Z, is

the number of teeth on the drive gear, and 7 is the trans-
mission efficiency.

RESULTS AND DISCUSSION
Modelling of the grass cutting machine. The 3D model is de-
veloped in SOLIDWORKS. Different parts of the machine
are numbered as shown in Figure 2, and their names are
listed in Table 2. Figure 2. (a, b) schematic diagram, (c)
right side view, and (d) front side view of the model

Figure 2. (a, b) schematic diagram, (c) right side view, and (d) front side view of the model

Source: compiled by authors
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Table 2. Chaff cutter components

1. Grass feed inlet

12. Outlet 1 (grain powder)

2. Upper casing

13. Drive gear

3. Electric motor base

14. Intermediate gear shaft base

4. Grain inlet hopper

15. Grass cutter blade

5. Circular Blade

16. Cutter blade nut and bolt

6.Base

17. Electric motor

7. Lower casing

18. Grinder hammer

8. Frame

19. Grinder hammer holder

9. Cutter Roller Gear (Driven Gear)

20. Intermediate gear shaft

10. Casing Hinge

21. Outlet 2 (dry fodder)

11. Intermediate gear

22. Bearing house and bearing

Source: compiled by authors

Each component was modelled in 2D using AutoCAD
for better understanding (Fig. 3). Details of each part are de-
scribed as follows. Grass cutter blade and grinder hammer hold-
er. This part is a combination of a grass cutting blade, a grass
cutting blade holder, nuts and bolts, and a grinder hammer

ISOMETRIC VIEW

FRONT SIDE VIEW

RIGHT SIDE VIEW

holder shaft. First, on top of the blade holder, grass-cutting
blades are placed with nuts and bolts. In the centre, the main
shaft is located, and the grinder hammer shaft is arrayed
around the main shaft at an equal distance. At the end of the
hammer shaft, bolts are used to secure the whole set.

<3
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Figure 3. Grass cutting blades and grinder hammer set

Source: compiled by authors

Grass cutting blade holder. To secure cutting blades,
this part is used, along with nuts and bolts to hold the
blades in place (Fig. 4). These blades can be removed from

the holder for sharpening using the nuts and bolts. In-
cluding that the main shaft and grinder hammer shaft are
attached to this part.
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Figure 4. Grass cutting blade holder

Source: compiled by authors

Grass cutting blade. The grass-cutting blade (Fig. 5)
performs the primary chopping of fresh grass and straw. Its
functional role is to convert long fodder into smaller pieces
suitable for livestock feeding and mixing. The blade also
affects feeding resistance, cut length, power requirement,
and output uniformity. The blade diameter used in the ma-
chine is 300 mm. The driven shaft speed is approximately
1015-1523 rpm, producing a blade tip speed of about 15.9-
23.9 m/s. The blade material is high-carbon steel.

3.00

High-carbon steel was selected because the blade is
exposed to repeated impact, abrasive contact with grass/
straw, and edge wear. This material provides better hardness
and edge retention than ordinary mild steel. The removable
bolted arrangement was selected so that the blades can be
sharpened or replaced without replacing the complete blade
holder. The blade interacts with the grass feed inlet, blade
holder, main shaft, bearing housing, and outlet for chopped
grass. Its alignment and balance are critical because imbal-
ance can increase vibration and bearing load.

£10.09

110.00

Figure 5. Grass cutting blades

Source: compiled by authors

Blades holding nuts & bolts. These nuts & bolts (Fig. 6)
are used to hold the cutting blade with the holder in place.

Circular blade. The circular blade (Fig. 7) assists in cut-
ting and grinding, especially for grain or harder feed mate-
rials. Its role is to create additional shearing and size-reduc-
tion action inside the processing chamber. It improves the
machine’s multifunctionality by allowing the same shaft
assembly to support both fodder cutting and grain grinding.

FRONT SIDE VIEW

RIGHT SIDE VIEW

21000
?11.00

Key design parameters include diameter, thickness, tooth
or edge geometry, material, mounting diameter, and clear-
ance from the casing. High-carbon steel is justified because
grinding and cutting create abrasive wear. A circular blade is
preferred because it provides continuous rotational cutting
action and distributes cutting load around the blade cir-
cumference. It interacts with the main shaft, grinder ham-
mer, grain hopper, casing, and powder outlet.
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Figure 6. Nuts and bolts of the machine

Source: compiled by authors
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Figure 7. Circular blades used in the machine
Source: compiled by authors

Bearing house and bearing. This part (Fig. 8) holds parts together with the driven gear. It is the most impor-
the main shaft, grass-cutting blades, circular blades, and tant component that transfers the power from the gear to
grinder hammers. It also helps to rotate all the cutting the cutting parts and holds all the parts in place.
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Figure 8. Bearing housing and bearing
Source: compiled by authors

Grain inlet hopper. This part (Fig. 9) is made of a thin  ic speed into the grinding or cutting chamber. Generally,
metal sheet that holds and circulates grain at a specif-  gravity is used to send the grain into the grinding chamber.
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Figure 9. Grain inlet hopper
Source: compiled by authors
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The top casing and the feed inlet. It prevents the spread
of feeding materials outside and protects people from

500

152.00

144.64

50.01

127.19

FRONT SIDE VIEW

injury from the rotating parts. The feed inlet, as well as the
grain inlet hopper, is attached to it (Fig. 10).

RIGHT SIDE VIEW

Figure 10. Top casing & feed inlet

Source: compiled by authors

Base, frame and motor base. Basically, this part holds
all other parts in place in an order and also provides the
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necessary support for the cutting and grinding process
(Fig. 11).
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Figure 11. Frame and base

Source: compiled by authors
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Power transmission. In this chaff cutter, there are 3
spur gears that transmit the power needed for cutting
and grinding grass & grain (Table 3). There is a drive gear
attached directly to the motor, then the intermediate

Table 3. Specification of the gear

Hossain et al.

gear, which is attached to a shaft that runs to the frame.
After that, there is a driven gear directly connected to
the main shaft. These gears mesh with each other to
form a gear train.

. . Outside dia / _ .
Teeth Z ?ltCh dia Addendum dia  Clearance = 0.157 m (mm) Dedendum =m + Dedel.ldum circle /
d=mZ (mm) clearance (mm) Root dia d-2b (mm)
d+2 m (mm)
Driven gear (3) 65 208 214.4 0.502 3.702 200.6
Intermediate 5 288 294.4 0.502 3.702 280.6
gear (2)
Drive gear (1) 55 176 182.4 0.502 3.702 168.6

Source: compiled by authors

Gear ratio:
Stage 1:
Ny =Ny x5
stage 2:
Nariven = N2 X g-
Combine:

55
Nariven = Nmotor X o5 Vmotor % 0.846.
Final reduction ratio: 0.846.
Required RPM from the motor. In this chaff cutter ma-
chine, a 3 hp electric motor is used. The motor’s rpm can be
regulated from 1,200 to 1,800 rpm using an inverter.

Shaft rpm at 1,200 rpm motor:
Niven=0.846 x1,200=1,015 rpm.
At 1,800 rpm motor:

N ien=0.846x1,800=1,523 RPM.
Shaft speed ranges from 1015 to 1523 rpm.
Blade tip speed:
Blade diameter is 300 mm, thus the tip speed will be
V=nDN/60.

At 1,015 RPM:
V=15.9 m/s. At 1,523 RPM:

V=23.9 m/s.

Blade tip speed range:
15.9-23.9 m/s.

This is ideal for efficient cutting.
Torque at driven gear:

Motor power=3 HP=2,238 W
Gear train:
Motor - 55T - 90T (intermediate) —» 65T (driven).

Overall ratio:
55
Nariven = Nmotor X 5 0.846Nmotor-

Case 1: At 1,200 RPM Motor

Torque at Motor Shaft (55T Gear)

Formula:

9,550P 9,550%2.238
T =——T =
motor 1200

~ Tmotor = 17.8 Nm Torque
on 55T gear=17.8 Nm

Torque on 90T Intermediate Gear

Torque increases proportional to gear ratio:

Tog = Ts5 X % =17.8 X 1.636 = 29.1Nm Torque on 90T
gear=29.1 Nm.

Torque on 65T Driven Gear

Second stage:

Tgs = Top X % =29.1 x 0.722 = 21.0Nm Torque on 65T
gear (Drum shaft)=21 Nm.

Case 2: At 1,800 RPM Motor
Motor Torque (55T):

T= %T = 11.9 Nm Torque on 55T=11.9 Nm
Torque on 90T Gear

Ty,=11.9%1.636=19.5 Nm Torque on 65T Gear (Driven):
T,=19.5x0.722=14.1 Nm.
The final torque summary is shown in Table 4.

Key attributes of the designed model are summarised
in Table 5.

Table 4. Final torque summary

Gear Teeth Torque at 1,200 rpm Torque at 1,800 rpm
Motor gear 55 17.8 Nm 11.9 Nm
Intermediate gear 90 29.1 Nm 19.5 Nm
Driven gear 65 21.0 Nm 14.1 Nm

Source: compiled by authors
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Table 5. Summary of the key attributes

Attribute
Primary functions

Value (from report)

Chaff/grass cutting (wet +dry) + grain grinding

Notes / derived value
Multipurpose intent is explicit.

Motor power 3hp

The report uses 3 HP ~ 2.24 kW.

Motor speed control 1,200-1,800 rpm via “inverter”

Variable speed is a key differentiator.

Transmission Spur gears (drive, idler, driven)

Tooth counts: drive 55T, idler 90T, driven 65T.

Reduction ratio 0.846 (final reduction ratio)

Used to compute driven shaft speed.

Driven shaft speed ~1,015-1,523 rpm

Derived: 0.846 x 1,200=1,015 rpm;
0.846x 1,800~ 1,523 rpm.

Blade diameter 300 mm (0.30 m) Used for tip-speed estimate.

. . 1o, Derived: V=mDN/60, D=0.30 m,
Tip speed (derived) 15.9-23.9 m/s N=1,015-1,523 rpm.
Reported torque ~21.0 Nm @ 1,200 rpm motor; ~14.1 Nm

(driven gear) @ 1,800 rpm motor

Values appear in the report’s computed table.

Blade material

High carbon steel (for grass blade and circular blade) Durability-positive.

Source: compiled by authors

Manufacturing. The production stage confirmed that it
was possible to turn the CAD-based design into a working
prototype. The main result of the fabrication was that the
proposed integrated layout, which included the feeding unit,
cutting and grinding chamber, spur gear transmission, mo-
tor base, frame, bearing support, and protective casing, could
be put together without changing how the designed model
worked. But the final prototype was afflicted by a number of
production limitations. Standard sizing for shafts, bearings,
sheet metal, and gears meant that during fabrication, only
small changes needed to be made to the mounting positions
and casing clearances. These changes didn’t change how the
machine worked; they merely made sure that the motor gear,
intermediate gear, and driving gear were all in the right place.

Keeping the gear meshing and shaft alignment correct
was the most important manufacturing problem. Because
the machine has a spur gear transmission system instead of a
belt-pulley system, slight mistakes in positioning could make
vibrations, noise, and tooth wear worse. To lower this dan-
ger, the motor base and intermediate gear shaft support were
changed during assembly to keep the 55-tooth drive gear,
90-tooth intermediate gear, and 65-tooth driven gear in sta-
ble contact with each other. The made-up gear configuration
kept the planned transmission function and supported the
calculated driven shaft speed range of about 1,015-1,523 rpm.

There was also an important result that had to do
with the cutting and grinding chamber. The shell had to

be close enough to the 300 mm rotating blade to keep ma-
terials from moving around inside the chamber, but it also
had to be far enough away to let the blade move freely. To
avoid blade contact, vibration, and material leakage, the
space between the blade path and the casing was verified
during fabrication. Using high-carbon steel for the cutting
and circular blades made the prototype more resistant
to wear, which is significant because these parts will be
hit and scraped by grass, straw, and grains again and over
again. The bolted blade configuration also made it easier
to keep up with because the blades can be taken off for
sharpening or replacement.

The built frame and base were strong enough to hold
the motor, gear train, casing, and rotating assembly. Any
little differences between the model and the built structure
were mostly due to cutting, welding, and bending sheet
metal by hand. Before the final assembly, local grinding,
slot correction, and re-alignment were used to fix these
differences. The protective case also made the created pro-
totype safer by covering the revolving cutting and grinding
parts. In general, the manufacturing stage showed that the
design can be made with workshop tools that are available
in the area. However, it also showed that gear alignment,
shaft concentricity, blade clearance, and casing rigidity are
the most important factors for keeping performance, du-
rability, and safe operation. The manufacturing process is
demostrated on Figure 12.

Figure 12. Illustration of the manufacturing process

Source: taken by authors
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Manufactured model. The manufactured prototype
confirmed that the designed system could integrate grass
cutting and grain grinding within one machine structure.
The completed model included the grass feed inlet, grain
inlet hopper, cutting blade, circular blade, grinder hammer,
frame, motor base, bearing housing, protective casing, and
spur gear transmission system. The 3 HP motor and gear
train produced an estimated driven shaft speed of approx-
imately 1,015-1,523 rpm, with a blade tip speed of about
15.9-23.9 m/s and driven gear torque of about 21.0 N-m
at 1,200 rpm and 14.1 N-m at 1,800 rpm. These calculat-
ed values indicate that the fabricated power transmission
system was suitable for rotating the combined cutting and
grinding assembly under the selected operating range.

The performance of the manufactured model was
verified through trial operation using fresh grass, straw,
and lentils. As shown in Table 5, the machine processed
fresh grass at 180-200 kg/hr and produced chopped ma-
terial of 2-5 cm. For straw, the measured throughput was
150-170 kg/hr with a similar cut size of 2-5 c¢cm, although
the feeding rate was slightly lower because of the drier ma-
terial condition. In the grinding test, lentils were processed
at 50-60 kg/hr and produced fine particles below 2 mm. The
trial observations also showed smooth feeding and uniform

Hossain et al.

chopping for fresh grass, consistent cutting for straw, and
uniform grinding without clogging for lentils. These results
provide direct evidence that the manufactured prototype
can process both fodder and grain-type material under the
tested conditions.

The safety features of the manufactured model were
evaluated through design verification and operational ob-
servation during the trial. The cutting and grinding ele-
ments were enclosed by a protective casing, and separate
feeding and discharge paths were provided for grass, grain
powder, and chopped material. During the test operation,
the casing prevented direct exposure to the rotating blade
and hammer assembly, while the outlets allowed processed
material to leave the chamber without manual contact with
the cutting zone. However, no quantitative safety test, such
as failure rate measurement, operator risk scoring, vibra-
tion level, noise level, or long-duration reliability testing,
was conducted. Therefore, the result should be interpreted
as validation of incorporated safety features during pro-
totype operation, not as a full safety certification. Further
testing is required to measure energy consumption, vibra-
tion, noise, blade wear, and long-term failure rate under
continuous operating conditions. The final manufacture of
the machine is presented on Figure 13.

Figure 13. Final manufacture of a multipurpose grass cutting machine

Source: taken by authors

Trial of the machine. The test findings showed that the
prototype that was made could chop fodder and grind grain
in the conditions that were evaluated. Three materials were
tested: lentils, fresh grass, and straw. Table 5 shows the re-
sults in terms of throughput, output size, and operation-
al observations. The machine had the highest throughput
for fresh grass, which was between 180 and 200 kg/hr. The
chopped output size was around 2-5 cm, which means that
the cutting mechanism made fodder that was about the
same size, which is good for making feed for animals. Dur-
ing the fresh grass testing, the feed entrance, blade config-
uration, and discharge path were all in the right places for
soft green fodder, which meant that feeding went smoothly.

The throughput for straw dropped to 150-170 kg/hr, but
the cut size stayed the same at about 2-5 cm. The reduced
throughput compared to fresh grass is because straw is drier
and stiffer, which makes it harder to chop and less smooth

to feed. But the output stayed the same, which means that
the cutting blade and rotating shaft assembly could handle
dry food without too much trouble. The machine-made fine
particles smaller than 2 mm and processed 50 to 60 kilo-
gram of lentils per hour. This result proves that the proto-
type can grind things up and that the hammer and circular
blade configuration can turn grain-type materials into pow-
der. During the lentil trial, there were no clogs, which means
that the grain inlet, grinding chamber, and powder output
all worked well together under the specified environment.
Overall, the trial results, shown on Figure 14, reveal that
the machine cut fresh grass better than straw in terms of
throughput. The grinding operation had a lower throughput
since it needed to reduce the size of the particles more finely.
The test also showed that one prototype could use the same
motor-driven system to treat both long, fibrous feed and
grain-like material. The testing did not, however, contain
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any quantitative measurements of energy use, vibration,
noise level, blade wear, or failure rate over a long period of

Feed Intput

Feed Output

time. So, the results should be seen as early prototype vali-
dation rather than full performance certification.

Figure 14. Illustration of the input and output of the feed

Source: taken by authors

The results demonstrate that the machine worked dif-
ferently based on the type of input material and the sort of
processing operation that was needed. Fresh grass had the
highest throughput of all the materials evaluated, ranging
from 180 to 200 kg/hr. This means that the cutting device
worked best while it was cutting soft, wet feed. The fresh
grass came out in pieces that were 2 to 5 cm long, which
showed that the blade arrangement could make chopped
fodder that was quite uniform and good for feeding live-
stock. The throughput for straw dropped to 150-170 kg/hr,
but the output size stayed in the same 2-5 cm range. The
average throughput for straw was around 16% lower than
that of fresh grass. The drier and stiffer structure of straw
makes it harder to cut and slows down the feeding of mate-
rials. This is why the amount of straw has gone decreased.
But the machine nevertheless made cuts of the same size,
which means that the cutting blade and shaft assembly
could handle both green and dry feed materials in the con-
ditions that were tested.

The grinding test with lentils had a reduced throughput
of 50-60 kg/hr and a particle size of less than 2 mm. This

decreased capacity is predicted because grinding needs to
break things down into smaller pieces than just chopping.
You simply need to chop grass and straw into little pieces,
but you need to break lentils into small pieces, which means
the circular blade and grinder hammer need to touch them
more. The fact that there was no clogging during the lentil
trial shows that the grain input, grinding chamber, and pow-
der exit were set up correctly for the material that was tested.
In general, Table 5 shows that the prototype can do more
than one thing. The machine was able to cut more fodder
than it could grind grain, but it was still able to do both jobs.
The results also show that the same motor-driven system
may handle materials with varying textures and processing
needs. The table, on the other hand, just shows throughput,
output size, and basic operating observations. For a more
thorough performance assessment, subsequent testing must
encompass energy consumption, cutting efficiency, grinding
efficiency, vibration, noise level, blade wear, and long-term
operational stability. So, the results in Table 6 should be
seen as a first step in proving that the prototype works, not
as a full test of its long-term engineering reliability.

Table 6. Summary of the trial results

Material Throughput (kg/hr) Cut/Particle Size Observations
Fresh Grass 180-200 2-5cm Smooth feeding, uniform chopping
Straw 150-170 2-5cm Slightly slower due to dryness; consistent cut
Lentils 50-60 Fine powder (<2 mm) Uniform grinding; no clogging

Source: compiled by authors

The results of the present study demonstrate that
the developed combined grass-cutting and grinding ma-
chine can perform two feed-preparation operations with-
in a single mechanical system. The prototype successfully

processed fresh grass, straw, and lentils, producing a
throughput of 180-200 kg/hr for fresh grass, 150-170 kg/hr
for straw, and 50-60 kg/hr for lentil grinding. The results
also showed that the machine produced relatively uniform
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chopped material of 2-5 cm and fine ground particles below
2 mm for lentils. These findings indicate that the proposed
machine is suitable for handling both soft green fodder and
comparatively dry or hard feed materials. The use of a 3 HP
electric motor, spur gear transmission, removable cutting
blades, grinder hammers, and protective casing contribut-
ed to the stable operation of the system.

The findings of this study are partly consistent with
the work of J. Sinha & A. Kumar (2021), who examined the
ergonomic and mechanical performance of fodder cutters
by changing the number of blades and feeding throat ge-
ometry. They showed that blade arrangement and feeding
design strongly influence cutting efficiency and user com-
fort. The present study also confirms the importance of
blade arrangement and feeding stability, as smooth feed-
ing was observed during the trial with fresh grass. How-
ever, J. Sinha & A. Kumar mainly focused on ergonomic
improvement of manual fodder cutters, whereas the pres-
ent study developed a powered multipurpose machine that
integrates both cutting and grinding operations. N. Sank-
pal et al. (2017) worked on the design and modification of
chaff cutter machines to improve cutting efficiency and
reduce manual effort. Their study emphasized machine
modification for better usability, which is also reflected in
the current design. The common point between their work
and the present study is the intention to reduce labour and
improve fodder-cutting performance. However, the pres-
ent study differs by introducing a gear-based transmission
system and an additional grinding function, while N. Sank-
pal et al. mainly focused on chaff-cutting improvement.

A. Kumar et al. (2013), M. Yadaw (2015) and M. Ham-
mad (2019) designed and modelled a portable and safe chaff
cutter machine, giving importance to compactness and op-
erator safety. The present study supports this safety-ori-
ented approach by including a protective casing around
the cutting and grinding parts. Both studies recognise
that exposed rotating components create operational risk.
However, Hammad’s work was mainly centred on portabili-
ty and safe cutting, while the present research extends the
design concept by combining grass cutting and grain grind-
ing in one machine. S.M.S. Kumar et al. (2025) developed a
chaff cutter using an AISI-1019 blade and focused on blade
strength, cutting ability, and fabrication. Their work is re-
lated to the present study because blade durability is also
an important design consideration here. In this research,
high-carbon steel was selected for the grass-cutting and
circular blades to improve wear resistance and service life.
The difference is that S.M.S. Kumar et al. concentrated more
on blade material and cutting structure, whereas the pres-
ent study considered the whole machine system, including
power transmission, grinding mechanism, casing, and local
manufacturability. M.P. Patil et al. (2019) designed a flex-
ible chaff-cutting machine capable of handling different
types of fodder materials. Their work is comparable with
the present study because both machines aim to process
more than one type of agricultural material. The trial re-
sults of the present prototype with fresh grass and straw
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show that it can handle materials of different texture and
moisture condition. However, M.P. Patil et al. focused main-
ly on flexibility in cutting, while the present study adds a
grinding unit, making the machine more multifunctional
for feed preparation.

D. Yallappa et al. (2024) evaluated a power-operated
chaff cutter for selected fodder crops and considered perfor-
mance parameters such as cutting efficiency and through-
put. Their study is closely related to the present research
because both works tested machine performance using
fodder materials. The present machine showed a through-
put of 180-200 kg/hr for fresh grass and 150-170 kg/hr
for straw, which indicates practical applicability for small-
and medium-scale farms. However, D. Yallappa et al. fo-
cused on performance evaluation of a chaff cutter, whereas
the present study includes design, modelling, fabrication,
and performance testing of a combined cutting and grind-
ing machine. N.S. Navgale et al. (2023) developed a mod-
ified machine that combined chaff cutting and coconut
dehusking using a single motor. Their work demonstrated
that multiple agricultural operations can be integrated into
one compact system. The present research follows a sim-
ilar multifunctional design philosophy, but the function-
al combination is different. Instead of combining cutting
with dehusking, this study combines grass cutting with
grain grinding, which is more directly related to livestock
feed preparation. Therefore, the present machine address-
es a different user requirement and is more suitable for
farmers who need both chopped fodder and ground feed
ingredients. D.V. Nimbalkar (2018) and D.V. Nimabalkar et
al. (2018) designed a low-cost lightweight chaff cutter cum
grinder for small-scale farmers. Their work is one of the
closest to the present study because both machines com-
bine cutting and grinding functions. The common finding
is that a combined machine can reduce the need for sep-
arate equipment and simplify feed preparation. However,
the present study differs by using a spur gear transmis-
sion system instead of depending mainly on convention-
al belt-pulley arrangements. This gear-based design is
expected to provide better durability, more stable power
transmission, and reduced maintenance requirements.

Overall, comparison with previous studies shows that
many researchers have addressed individual aspects of
fodder-processing machinery, such as ergonomics, blade
design, portability, safety, flexibility, and cutting perfor-
mance. The present study contributes by integrating these
concerns into a single locally manufacturable machine with
both grass-cutting and grinding capacity. Its main techni-
cal distinction is the use of a gear-based power transmis-
sion system with a 3 HP motor, which produced a driven
shaft speed range of approximately 1,015-1,523 rpm and
supported effective cutting and grinding operation. The
study also demonstrates that practical design decisions
based on field visits, user feedback, component availa-
bility, and engineering calculation can lead to a machine
suitable for local agricultural conditions. However, further
testing with a wider range of fodder crops, longer operating
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periods, power consumption measurement, noise assess-
ment, and blade wear analysis would be necessary to vali-
date long-term reliability and commercial readiness.

CONCLUSIONS

The purpose of this study was achieved through the de-
sign, fabrication, and preliminary testing of a combined
grass-cutting and grinding machine for livestock feed
preparation. The developed prototype successfully in-
tegrated two major feed-processing operations- fodder
cutting and grain grinding, within a single motor-driven
mechanical system. The use of a 3 HP electric motor, spur
gear power transmission, cutting blades, grinder hammers,
separate feeding paths, and protective casing demonstrat-
ed that the proposed design can operate as a practical mul-
tipurpose machine under the tested conditions.

The review of relevant literature showed that previous
studies mainly focused on individual aspects of chaff cutter
development, such as ergonomic improvement, blade con-
figuration, portability, safety, low-cost fabrication, and per-
formance evaluation. However, limited attention was given
to an integrated machine capable of both grass cutting and
grain grinding with a durable gear-based transmission sys-
tem. The concept of a combined feed-preparation machine
is important because grass cutting and grinding are relat-
ed but mechanically different processes: cutting requires
controlled shearing of fibrous material, while grinding re-
quires impact and repeated size reduction of harder feed
materials. This study addressed both functions through a
combined cutting and grinding chamber.

The results of prototype testing confirmed the func-
tional performance of the machine. The machine processed
fresh grass at 180-200 kg/hr with an output size of 2-5 c¢m,
straw at 150-170 kg/hr with a similar cut size, and lentils
at 50-60 kg/hr with particle size below 2 mm. These results

indicate that the machine performed better for soft green
fodder than for dry straw, while the grinding operation nat-
urally produced lower throughput because finer size reduc-
tion was required. The protective casing, enclosed rotating
assembly, and separate outlets also contributed to safer
operation during the trial.

The novelty and practical value of this work lie in
the development of a locally manufacturable combined
machine using spur gear transmission instead of a con-
ventional belt-pulley system. This design can reduce the
need for separate cutting and grinding machines and may
support small and medium-scale livestock farmers in feed
preparation. Further research should include long-dura-
tion performance testing, measurement of energy con-
sumption, vibration, noise level, blade wear, gear wear, and
failure rate. Future studies should also test the machine
with different fodder crops and grain types, optimise blade
and hammer geometry, and conduct a detailed safety and
reliability assessment before commercial production.
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KoHcTpyKuia Ta Moaudikauis KoM6iHoOBaHOI
TpaBoOpi3a/ibHO-NOAPI6GHIOBANIbHOI MaLUUHMU

AHoTauiqa. EdekTrBHe TPUrOTYBaHHS KOPMY s XyI06M 3a/IMIIIA€THCSI CEPII03HOI0 MPOGIEMOIO IJIST MaIuX Ta CEPEeIHIX
depmepiB y BaHrnazert, ge pyuyHe pizaHHS KOPMY Ta OKpeMe BUMKOHAHHSI MTPOIeciB MoApiOHeHHST XapaKTepU3YIOThCS
3HAYHMMU BUTPATaMU yacy, TPYLOBUX pecypciB i hiHaHCOBMX 3aTpat. 3pOCTaHHS I[iH Ha KOPMM Ta 0OMeKeHMIT JOCTYII
IO TOCTYITHOT'O MeXaHi30BaHOTro 06/afHAHHS POOJISITh PO3PO6KY 6araToIliIbOBOi TEXHIKM MiClIeBOTr0 BUPOOHUIITBA
HaJI3BMYAITHO aKTyaIbHOIO IJISI CiTbChKOTOCIIONAPCHKOTO CeKTOPY. MeTolo 1jiei cTaTTi 6y/I0 CIIPOEKTYBATH, BUTOTOBUTHU
Ta OL[iHUTY KOMOGIiHOBaHY MAIIMHY AJIsI CKOLTYBaHHS Ta MOAPiIOHEHHS TPaBU, MPUIATHY /IS IPAKTUUYHOTO BUKOPUCTAHHS
B Banrnagen. V noctiskeHHI BUKOPUCTOBYBAINCS TIOJIbOBI BUi3AM, CIIIKYBaHHS 3 (OKYC-TPYIIOI0, MOJIE/TIOBAHHS Ha
OCHOBi aBTOMaTM30BaHOTO MMPOEKTYBAHHSI, BUTOTOBIEHHS TPOTOTHUITY Ta BUTIPOOYBAHHS MIPOAYKTUBHOCTI /1T OL[iHKA
KOHCTPYKIIii, eKcrulyaTaliii Ta MpuAaTHOCTI MallMHM 151 KopucTyBayda. Po3pobiieHa MalyHa 06’efHYE€ CKOIIYBaHHS
TpPaBU Ta MOIAPiIOGHEHHSI 3epHA B €AVHI KOMIIAKTHi CUCTeMi, 1[0 SKUBUTHCS BifI €7IeKTPOJBUTYHA MOTYKHICTIO 3 K.c. Ha
BiIMiHYy BiJ 6araThox TpagMULIiifHMX MaIINH, SIKi 3a/1eXKaTh BiJj peMiHHO-IIKiBHOI C1CTeMM, 3alIPOIIOHOBAHA KOHCTPYKILis
BMKODPMCTOBYE CUCTEMY Tlepefavi 3 IVIIHAPUYHUMM 3y6UacTUMM KolecaMu JIsl TiABUIL@HHS TOBrOBIUHOCTI, CTabiTbHOCTI
Ta repefavi MOTY)KHOCTi. 3y6uacTa KOHCTPYKIis 3a6e31euye KiHileBe repenaBaibHe uncio 0,846, o 3abe3neuye MBUIKICTb
BelleHOTO Basa nmpuban3Ho 1015-1523 06/xB Ta MIBMUIKICT KiHUMKA Jie3a pubian3Ho 15,9-23,9 m/c. BumpobyBaHHS 3i
CBI)XKOIO TPaBOIO, COJIOMOIO Ta COUEBUIIEIO ITOKA3AJIM, 1[0 MalIMHa Moske repepobssiti 180-200 kr/rox TpaBu, 150-170 kr/ro,
cosomu Ta 50-60 Kr/Tof coueBmIli Ha APi6GHMIT TOpOIIOK. [Tonpi6HeHMIT MaTepian 6yB piBHOMipHMM, TToJava — IJIABHOIO,
a 3aXMCHMI KOXKYX AOMOMIT MigBUIINTY O6e3MeKy eKkcrutyartallii. KOHCTpyKIlis TakoX 3a6e3reuye 3aTOUYBaHHS €3,
MiclieBe BUPOOHUIITBO Ta HMKYi BUMOT'M 4,0 TEXHIYHOTO 06CTYyroByBaHHs. Pe3ynbTaTi MOKYTh 6yTM 3aCTOCOBAHI B
IpibHOMAaCIITAOHOMY TBAPUMHHUIITBI, LIEeHTPaxX MPUTOTYBAHHSI KOPMiB Ta MaiiCTePHSIX Ci/TbCbKOI TeXHIKM JIJIs1 3MeHILeHHSI
TPYIO3aTpar, miABUIIeHHS eeKTUBHOCTI TepepobKy KOPMIB Ta MiATPUMKM MeXaHi3allii CiIbCbKOTO rocrogapcTsa
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Economic efficiency of the Net Billing model for solar power plants in the
private sector of Ukraine (using houses of 120-200 m?2 as an example)

Abstract. The rapid transformation of the Ukrainian energy sector and the persistent trend towards rising electricity
prices for domestic consumers have created an urgent need for homeowners to find ways to achieve energy independence.
The purpose of the study was to comprehensively evaluate the economic efficiency of solar systems running the Net
Billing model for middle-class households. The study was based on simulation modelling of hourly generation and
consumption balances using methods of mathematical analysis and calculation of NPV indicators. The dynamics of return
on capital expenditures within three different energy consumption strategies was investigated, which determined the
critical impact of the own consumption coefficient on the financial viability of a solar project. A consistent correlation
has been identified between profitability and the integration of lithium-iron-phosphate batteries with a capacity of ten
kilowatt-hours, which provide an optimal balance between the initial investment and the ability to fully cover evening
peak loads in households. It was established that when using active demand management algorithms, the real return
period of invested funds was reduced to six whole and nine tenths of a year, which meets the criteria for high investment
attractiveness. Technical and economic aspects such as annual physical degradation of photovoltaic panels and operating
costs were analysed, which proved the preservation of a positive net present value of the asset throughout the entire
twenty-five-year life cycle. It has been concluded that switching to a self-generation system, provided a high SCR level is
achieved, provides the homeowner with total savings, and a net financial benefit of over USD 32 thousand. The developed
recommendations will become the basis for developers and project companies in the technical substantiation of the
construction of autonomous systems in Ukraine

Keywords: prosumerism; energy independence; return on investment; decentralised generation; battery energy storage
systems; demand management; photovoltaic systems

INTRODUCTION

As of 2025, the issue of energy independence of private radically changed the financial logic of investing in renew-
households in Ukraine has become critical due to the need  able energy facilities. For owners of houses with an area of
to decentralise the energy system and increase its resist-  120-200 m?, there is an urgent need to review approaches
ance to external factors. The transformation of the regu-  to choosing equipment capacity and energy consumption
latory framework, in particular, the transition from a in-  algorithms. The importance of investigating this topic was
centive-based “green” tariff to the Net Billing model, has  conditioned by the lack of clear application models that
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would consider current prices for solar power plant (SPP)
components and new rules for interaction with the market.
Scientific substantiation of the parameters of such systems
determined ways to avoid inefficient distribution of capital
in conditions of limited financial resources. The develop-
ment of accurate economic forecasts for the private hous-
ing segment has become a basic condition for further scal-
ing of distributed generation in the country. That is why
the study of this issue was identified as a priority area for
ensuring the energy sustainability of communities.

The current state of scientific knowledge in the field
of decentralised energy is characterised by an active search
for optimal models of interaction between prosumers and
the general network in the conditions of energy transition.
M. Trela & A. Dubel (2022) investigated such an aspect
of the topic as the economic efficiency of investment in
photovoltaic systems when changing government support
mechanisms. Their study concluded that the transition
from the Net Metering model to Net Billing in Poland lead
to an increase in the payback period of projects, but en-
courages households to install battery energy storage sys-
tems to increase self-consumption.

The issue of integrating prosumers into the struc-
ture of smart grids was the focus of O.V. Kyrylenko’s re-
search (2022). The researcher pointed out that the de-
velopment of the Smart Grid concept combined with the
active participation of private consumers is critical for
ensuring the sustainability of the Ukrainian energy system
in the context of military and post-war challenges. These
results show that the decentralisation of generation is be-
coming not only an economic, but also a security factor. In
the joint study by S.P. Denysiuk & D.G. Derevianko (2021)
analysed the functioning of microgrids and Demand Side
Management methods. The researchers concluded that the
active involvement of prosumers in load balancing through
flexible consumption mechanisms can significantly reduce
peak network loads.

P. Benalcazar et al. (2025) conducted a comparative
analysis of energy surplus compensation models in de-
veloping countries. The researchers stressed that the Net
Billing model is more financially balanced for distribution
system operators, since it considers the market value of
electricity in real time, as opposed to quantitative account-
ing in Net Metering. The economic substantiation of solar
stations in the residential sector of Ukraine based on cur-
rent development scenarios was investigated by T. Kurba-
tova et al. (2024). The researchers found that despite high
capital expenditures (CAPEX), the installation of hybrid
SPPs remains profitable due to the projected increase in
electricity prices for the population and the possibility of
selling surpluses through the self-production mechanism.
R. Luthander et al. (2015) in their paper systematised in
detail the technical and economic mechanisms for increas-
ing the level of own solar energy consumption in the res-
idential sector. The researchers concluded that the use of
intelligent demand management and local accumulation
systems can significantly increase the financial stability of

prosumer projects in the context of changing regulatory
market models.

J. Fan & H. Zhou (2023) investigated the optimisation
aspect of hybrid systems involving PV panels and battery
packs. They concluded that the use of intelligent charge/
discharge control algorithms can increase the energy in-
dependence of households by up to 70-80%. L. Smiech et
al. (2025) did not address the technical aspects of grid
connection; instead, they focused on the socio-economic
impact of renewable energy sources on household living
standards. It was this optics of the study that determined
their conclusions, which consisted in the fact that the de-
velopment of prosumerism is an effective tool for combat-
ing energy poverty and contributes to the decarbonisation
of the economy at the level of individual consumers.

U. Pysmenna et al. (2023) in their study analysed in de-
tail the current state of the Ukrainian energy market and the
barriers that small renewable energy producers face when
trying to integrate. The researchers argued that the trans-
formation of market conditions and the transition to new
models of interaction requires not only technical re-equip-
ment of microgeneration facilities, but also the creation of
clear, transparent institutional rules for stimulating active
consumers. Technical aspects of voltage regulation and
the use of accumulation systems to stabilise network pa-
rameters were considered by M.Z. Zgurovets & M.M. Ku-
lyk (2023). The researchers concluded that the mass in-
stallation of inverter systems requires the introduction of
automated control systems at the level of local transformer
substations. Ensuring the proper quality of electrical ener-
gy at the connection points of prosumers is important for
optimising the operating modes of distributed microgen-
eration systems. In particular, the study by V.G. Yagup &
K.V. Yagup (2024) proposed a new analytical method for de-
termining the conditions for full reactive power compensa-
tion in power supply systems. The researchers proved that
mathematically accurate regulation of the power balance
allows minimising energy losses in the network, which is
critical when designing local generation nodes that work in
parallel with a centralised system. M. Kabir et al. (2021) fo-
cused on the techno-economic analysis of housing systems
in different climatic zones. Their results confirmed that the
performance of Net Billing models is critically dependent
on the difference between the purchase and sale price of
energy, which requires careful planning of battery capacity.

The purpose of the study was to determine the param-
eters of economic efficiency and payback periods of hy-
brid solar power plants for private homes with an area of
120-200 m? in the context of the transition of the Ukraini-
an energy market to the Net Billing model. To achieve this
goal, the following tasks were defined:

1) hourly profiles of electricity generation and con-
sumption were modelled for the selected type of facilities
based on seasonal fluctuations;

2) key financial indicators of the project (NPV, LCOE,
DPP) were calculated under various scenarios of state tariff
dynamics;
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3) practical algorithm for optimising own consump-
tion (SCR) has been developed to increase the return on
investment in solar generation.

MATERIALS AND METHODS

The methodology was constructed based on simulation mod-
elling of hourly energy balances and household financial
flows over the 25-year project life cycle. To ensure reproduci-
bility of the results, the MS Excel software suite was used with
the developed algorithm for calculating the net present value
(NPV) and payback period. The PVGIS insolation database
(SARAH2) was used to simulate solar generation. In contrast
to the simplified average annual methods, the calculation
was performed for specific coordinates of the central region
of Ukraine (50.45°N, 30.52°E). Simulation parameters includ-
ed: the installed power of the 10 KW array, the use of Tier-
1 monocrystalline modules with an efficiency of more than
21%, an azimuth of 0° (south orientation) and an angle of
inclination of 35°. System losses were recorded at 14% to ac-
count for cable resistance and degradation of inverter equip-
ment (PVGIS, n.d.). Modelling of the consumption profile was
performed for a typical house with an area of 160 m?. The
annual electricity consumption of 6,500 kWh was justified
based on averaged data for households with air conditioning
systems and pumping equipment. To construct hourly load
profiles, assumptions were made regarding the typical be-
haviour of a four-person household: the presence of morning
(07:00-09:00) and evening (18:00-22:00) peaks in energy con-
sumption, which correlates with studies on the technical and
economic prospects of residential systems (Kabir et al., 2021).

Economic parameters were determined based on mar-
ket indicators as of 2025. Specific CAPEX in the amount

Bilas & Yaras

of 950 USD/kW were determined based on the results of
an analysis of commercial offers of leading installers in
Ukraine, including the cost of equipment, logistics, and
installation. Annual tariff growth and decarbonisation
scenarios were adopted based on forecast models for the
development of the electricity sector of Ukraine until 2035
(Sotnyk et al., 2024).

Special attention was paid to the 10 kWh battery ener-
gy storage system (BESS) model. The BESS algorithm was
based on Self-Consumption Priority, and technical optimi-
sation of DC/AC equipment considered loss minimisation,
based on I. Buratynskyi & T. Nechaieva (2022): surplus
generation was primarily used to charge batteries, and af-
ter reaching 100% charge, it was exported to the network
using the Net Billing model. The discharge of the drives
was programmed for evening peak periods with a depth-
of-discharge (DoD) limit of up to 90% to ensure battery life
for 15 years.

To increase scientific reliability, a Sensitivity Analy-
sis of key conclusions before changing the input data was
performed. The influence of the variability of tariff growth
rates (range 5-20%) and the cost of BESS on the payback
period of the project was modelled. Validation of the de-
veloped model was carried out by comparing the calculat-
ed forecasts with the actual data of the generation of the
operating SPP with a capacity of 10 kW in the Kyiv Oblast
for 2024, where the root-mean-square deviation was less
than 5%. The total generation of the system in the first year
of operation was 11,450 kWh. The model (Table 1) consid-
ers the linear degradation of photomodules at the level of
0.5% per year, which leads to a decrease in annual output
to 10,076 kWh for the 25 year of operation.

Table 1. Output parameters
Object characteristics and source data. A model of a private house corresponding

to the characteristics of the middle class in Ukraine has been selected for the calculations

Total area of the item

160 m? (median value for the range 120-200 m?)

Annual electricity consumption

6,500 kWh (basic level, including operation of air conditioning systems,

pumping equipment, and household appliances)

Geographical location

Central region of Ukraine (coordinates
for calculating insolation according to PVGIS data)

Discount rate (r)

10% (for calculating NPV)

Tariff growth forecast

15% annually

Capital expenditure (CAPEX)

USD 950 per 1 kW of installed capacity
(including the cost of battery systems)

Technical parameters of the system. To ensure energy independence and efficient operation within the Net Billing model,

a hybrid configuration of a solar power plant has been chosen
Photovoltaic field (P,,)

10 kW (Tier-1 monocrystalline panels with efficiency >2.1%)

Inverter equipment

Hybrid three-phase inverter with a rated power of 10 kW

Battery energy storage system (BESS)

LiFePO4 battery pack with a capacity of 10 kWh

Array orientation

South-facing, with an angle of 35° to the horizon

Power degradation

0.5% per year for the service life (25 years)

Modelling scenarios. Cost-effectiveness of Net Billing is critically dependent

on the energy consumption strategy. Study modelled three scenarios

“Passive” script (Baseline)

Household does not change its consumption habits. Main loads fall
on the morning and evening. SCR is minimal (approximately 25-30%)

“Load Shifting” script

Use of Smart Home elements to transfer the operation of energy-
intensive appliances (washing machines, boilers, irrigation systems)
to peak generation hours (11:00-15:00). Expected SCR - 40-45%
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Continued Table 1.

Modelling scenarios. Cost-effectiveness of Net Billing is critically dependent

on the energy consumption strategy. Study modelled three scenarios

Integration of algorithms for priority battery charging and discharging

BESS optimised script

during evening consumption peaks. This allows maximising the use
of own energy and minimising purchases from the network.

Target SCR - 60-70%

Source: developed by the authors

The mathematical model of energy balance has the fol-
lowing form. The dynamics of energy distribution within a
household is described by the instantaneous balance equa-
tion for each hour t:

Eyen ()= By (0 + Egryr (0 + B (0, 1)
where: E_,, (t) - volume of SPP generation; E (t) - volume
of instantaneous self-consumption by the house; E . (t) -
energy directed to charge the storage device; E,,, (1) -
surplus exported to the external network. The efficiency
of using own generation was determined by the self con-
sumption ratio (SCR):

8760 .
SCR = 2L (Esc®+Eais(D) @)

AR Egen( ’

where E (t) — volume (amount) of electrical energy dis-
charged from the battery (BESS) at a particular time t, kWh.
Net Billing economic algorithm. Cash credit (C,,) for ex-
cess energy transferred to the grid, it is calculated using
the equation:

Chp = Z?:l (Esurplus,i X (PDAM,i - Ctrans))’ (3)
where: Pp,, ; — hourly price on the day-ahead market
(DAM); C,,,, — tariff for transmission and distribution ser-

vices. Financial evaluation criteria. The NPV method was
used to determine investment attractiveness:

CF,
(1+n)t

NPV = ¥1, — CAPEX. )

Simple payback period (PBP) is defined as:

CAPEX

i ®)
where S, — annual savings, and OPEX - operating ex-
penses (1% of CAPEX).

RESULTS AND DISCUSSION

Based on simulation modelling of hourly generation pro-
files for a 10-kilowatt SPP and the energy consumption of a

160 m? household, data on the energy balance and financial
performance were obtained. The calculations were made
considering the annual degradation of the equipment and
operating costs for its maintenance. Energy balance ac-
counting for degradation. In the course of the study, the
annual generation of a 10 kW SPP was calculated for the
entire project life cycle (25 years). To verify the model, ab-
solute output values were set: in the first year of operation,
the generation was 11,450 kWh, and in the twenty-fifth
year, considering the cumulative effect of degradation, this
indicator decreased to 10,076 kWh.

A linear model of productivity reduction of 0.5% per
year was selected based on an analysis of the life cycle of
photovoltaic systems in the residential sector (Kurbato-
va et al., 2024), which meets the industry standards of the
power conservation guarantee. Degradation was integrat-
ed into the hourly model by applying a reduction factor to
the baseline generation profile obtained through PVGIS for
each subsequent calculation year. Seasonal fluctuations in
insolation were considered automatically through the use
of historical SARAH2 data series, which helped to maintain
arealistic output amplitude in winter and summer periods.

The procedure for obtaining scenario indicators (Ta-
ble 1) was implemented by iteratively comparing hourly
generation values (E,, ,) and consumption (E, )- SCR
was calculated as the ratio of the integral sum of the com-
bined graphs to the total amount of energy produced for
the year. Export volumes were defined as a positive differ-
ence between generation and consumption at moments of
excess, considered the state of charge of BESS for the cor-
responding scenario.

The reliability of the simulation was confirmed by
comparing the results with empirical monitoring data of
real objects. It was found that the root mean square er-
ror (RMSE) for the annual figures did not exceed 4.5%.
The variability of the results within £3% was conditioned
by possible deviations of meteorological conditions from
the average values, which was considered acceptable for
strategic financial planning (PVGIS, n.d.). The energy
distribution for the three load management scenarios is
shown in Table 2.

Table 2. Energy indicators of SPP according to scenarios (1% year of operation)

Indicator

Scenario 1 (Baseline)

Scenario 2 (Load Shifting) Scenario 3 (BESS Optimised)

Self-consumption ratio (SCR) 26% 42% 68%
Volume of substituted energy 2.977 kWh 4.809 KWh 7786 KWh
from the grid ’ ’ ’
Export to the network (Net Credit) 8,473 kWh 6,641 kWh 3,664 kWh

Source: compiled by the authors
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The economic efficiency of the project was assessed
by constructing a detailed cash flows model for the
25-year life cycle of the SPP. To ensure transparency of NPV
calculations and payback period, annual revenue tables
were developed, which considered the combination of sav-
ings from replacing own consumption and accrued loans
for energy exports to the grid using the Net Billing model.
To reflect the real cost of capital, changes in the value of
money over time were considered through a discount rate
of 10%, which was applied separately from the rate of tar-
iff growth. This approach distinguished between financial
risks and long-term market development scenarios (Sot-
nyk et al., 2024). Substantiation of the baseline scenario of
tariff growth at the level of 15% annually for the first five
years was made based on analysis of the capacity deficit in
the Ukrainian energy system and obligations to bring pric-
es to market-based levels. For alternative scenarios, con-
servative (5% growth) and optimistic (20% growth) options
were considered.

The formation of DAM price indicators, which are the
basis for Net Billing, was implemented through the use of

Bilas & Yaras

weighted average hourly prices for 2024. To consider mar-
ket volatility, a stochastic coefficient of fluctuations within
+7% was introduced into the model, which allowed simu-
lating market instability and its impact on the volume of
funds on a special prosumer account. Operating expenses
(OPEX) were set at 1% of CAPEX annually, which covered
the costs of insurance, monitoring, and planned deprecia-
tion of components.

Equipment degradation (0.5% per year) was integrated
into financial calculations as a reduction factor to the gen-
eration volumes of each subsequent year. This automati-
cally resulted in a reduction in the monetary equivalent of
savings in each period, which was crucial for accurately de-
termining the discounted payback period (DPP). Analysis
of the sensitivity of the results to changes in key parame-
ters showed that the most significant impact on NPV was
the change in initial capital investment and the volatility
of DAM prices (Kurbatova et al., 2024). In particular, a 10%
change in the value of BESS resulted in a 0.6-year shift in
the payback period in Scenario 3. Table 3 shows the gener-
alised financial indicators obtained as a result of modelling.

Table 3. Financial performance indicators of the project according to scenarios

Indicator Scenario 1 (Passive) Scenario 2 (Active) Scenario 3 (BESS Optimised)
Net present value (NPV), USD 8,450 14,200 20,850
Simple payback period (PBP), years 9.4 8.2 6.9
Discounted payback period (DPP), years 12.8 10.4 8.6
Profitability index (PI) 1.89 2.49 3.19

Source: compiled by the authors

Impact of physical wear and tear on the project life cy-
cle. In the course of the study, the technical and econom-
ic stability of the project to physical wear and tear of the
main components of the SPP was assessed over a 25-year
period. The substantiation for the rate of degradation of
photovoltaic panels was based on the technical specifica-
tions of Tier-1 modules, in particular, Longi Solar and Jinko
Solar, which guarantee a reduction in power by no more
than 1-2% in the first year (due to the LID effect) and by
0.4-0.55% annually in subsequent periods. Degradation
was integrated into the financial model as a reduction fac-
tor (k,,) which directly reduced the volume of annual gen-
eration (E, (1)), and hence the volume of cash flows from
the replacement of energy consumption and exports. It was
found that cumulative degradation of the panels amount-
ing to 12.5% by the end of their life cycle resulted in a 6.8%
reduction in the project’s NPV compared with an idealised
model that did not include depreciation, confirming the
importance of considering technical factors when calculat-
ing the payback period.

Special attention was paid to BESS based on LiFePO4
batteries. The assumption of their wear was formed on the
basis of the cyclic resource indicator (6,000 cycles at DoD
of 80-90%). In the conditions of frequent power outages,
which was typical for the Ukrainian energy system in the
period 2022-2024, the non-linearity of the wear process
was considered. An additional operating intensity factor

was added to the model (Zgurovets & Kulyk, 2023), which
simulated accelerated capacity loss due to daily deep cy-
cling. It was found that with intensive operation of drives,
their impact on network stability and payback requires the
use of automatic load management systems. As noted by
C. Scott et al. (2023), efficient operation of energy storage
facilities in the residential sector requires accurate predic-
tive data on insolation. The implementation of such intel-
ligent algorithms in the control algorithms of the system
developed by US allows preventing premature battery wear
(BESS) and ensuring maximum financial benefits within
the Net Billing model. This correlates with the finding of
L.V. Blinov et al. (2022), according to which local accumu-
lation and demand management on the consumer side
are key tools for minimising the negative impact of solar
generation on voltage stability in distribution nodes. The
high self-consumption ratio (SCR=68%) calculated in the
third scenario demonstrates that the integration of a BESS
helps to relieve excess technical pressure on the distribu-
tion network’s transformer equipment during peak genera-
tion hours. The need to consider clear mathematical modes
when charging and discharging BESS within the proposed
control algorithm is consistent with the general principles
of optimising energy flows. As demonstrated by V.G. Yagup
& K.V. Yagup (2024), the use of analytical methods for cal-
culating compensation parameters in local networks allows
achieving maximum system stability with minimal active
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power losses. In the context of this research, accurate SCR
scenario modelling provided a similar effect of minimising
unbalances at the prosumer-external network interface. To
assess the worst-case scenarios, conditions of accelerated
equipment wear were modelled (panel degradation of 0.7%
and BESS failure in the 8™ year) (Kurbatova et al., 2024).
This resulted in DPP in Scenario 3 for 1.4 years. Analysis of
the sensitivity of economic indicators showed that the pro-
ject’s NPV is more sensitive to the rate of BESS degradation
than to the loss of photomodule power, since the cost of
the accumulation system accounts for a significant share
of CAPEX, and its functionality critically affects the SCR.

As of 2025, it has been proven that the use of intelligent
monitoring systems and optimal charge/discharge modes
has minimised the impact of nonlinear wear, ensuring the
financial viability of the project even in scenarios with in-
creased load on the power grid. Without the establishment
of SPP, with the current tariff and its annual growth of
15%, the total household electricity costs for 25 years will
amount to more than USD 45,000. The implementation of
the Net Billing system in Scenario 3 allows not only to fully
recoup the investment, but also to provide a total net profit
(in the form of savings and loans) of USD 32,000 for the
entire period of operation.

The study helped to comprehensively assess the trans-
formation of the economic landscape for private solar en-
ergy producers in Ukraine in the context of the transition
to the Net Billing model. The results confirmed the hypoth-
esis that the financial stability of prosumer projects in the
new regulatory environment has shifted from maximising
total generation to maximising SCR. The central scientif-
ic contribution of this paper is to prove that the SCR co-
efficient is a dynamic result of simulation modelling, and
not a static assumption. The above values (26%, 42%, and
68%) were obtained by hourly calculation of energy bal-
ances for various scenarios of household behaviour and
technical equipment. The choice of a scenario approach for
evaluating SCR indicators (26%, 42%, and 68%) is consist-
ent with current methodological approaches in the field
of construction and energy modelling. As noted by X. Liu
& Z. Gou (2025), a multi-strategic scenario analysis is the
most appropriate tool for accounting for consumption and
generation uncertainty in the housing sector. The model
of interaction of a hybrid SPP with a heat pump developed
by the authors confirms their conclusions: the differentia-
tion of scenarios allows clearly distinguishing between the
technical and economic effects of implementing BESS ac-
cumulation systems under different operating conditions.
The base value of 26% in the passive scenario reflects the
natural level of combining generation and consumption
graphs for a house of 160 m?, which is an objective result of
modelling, considering the absence of residents during the
day and peak loads in the evening. The results of technical
and economic modelling obtained confirmed the conclu-
sions of A. Ordénez et al. (2022) that the cost-effectiveness
of prosumer under Net Billing conditions critically depends
on the load profile and the ability of the system to store

energy. Unlike Net-Metering, where energy volumes are
physically balanced 1:1, the Net-Billing model at a low
level of own consumption (as in our first scenario with
SCR=26%) significantly extends the return on investment
due to the difference between the purchase rates and the
sale price of the surplus. This proves the need to integrate
solutions such as BESS to achieve acceptable financial per-
formance. The SCR range of 42% in the second scenario was
the result of the introduction of Demand Side Management
(DSM), which indicates a significant potential for consumer
behavioural adaptation, while the highest level (68%) was
achieved only with the integration of BESS, which allowed
the accumulation of surplus daily generation. The validity
of these ranges was confirmed by their compliance with the
real load profiles of modern energy-efficient homes, where
a significant share of energy is spent on life support sys-
tems that work in the background regardless of the pres-
ence of a person.

It is important to detail the mechanism by which SCR
is converted to financial performance in the Net Billing
model. This model creates a two-tier energy valuation sys-
tem: a unit of energy consumed locally is valued at the full
retail rate due to the avoidance of purchase costs, while an
exported unit is compensated only at the DAM price less
transmission and distribution costs. Since the retail tariff
for the population in Ukraine includes a significant in-
frastructure component, the cost of own consumption is
45-60% higher than the monetary equivalent of exports.
The analysis showed that every percentage increase in
SCR leads to a disproportionate increase in NPV. This is
because a high SCR protects the investor from the price
gap between buying and selling energy. Based on the sim-
ulation results, it was found that increasing the SCR from
26% to 68% reduces DPP by 4.2 years, which makes energy
storage technologies a key financial instrument, and not
just a technical addition. It is important to emphasise that
achieving a high SCR level (68%) in the third scenario is not
a purely financial result, but rather indicates a deep tech-
nical synergy between photovoltaic and the heat pump. In
this architecture, the building begins to function as an en-
ergy damper: using the inertia capacity of enclosing struc-
tures, the system “shifts” the peaks of heat consumption
by hours of maximum solar insolation. This allows turning
excess generation into a cheap thermal resource, minimis-
ing exports to the grid during periods of low DAM prices.
This approach makes the Net Billing model not just an ac-
counting mechanism, but an incentive for creating intel-
ligent local systems where each generated kWh is used as
efficiently as possible within the consumption circuit.

The issue of transition from incentive tariffs to market
mechanisms is covered in detail in the paper by M. Trela &
A. Dubel (2022). Analysing the experience of Poland, the
authors noted that the introduction of Net Billing reduced
the financial attractiveness of SPP due to the extension of
payback. The current results partially confirm this: for pas-
sive consumers, the payback period is close to ten years.
However, in the Ukrainian reality, due to the high dynamics
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of tariff growth, payback remains acceptable for the mid-
dle class. This is conditioned by the energy vulnerability of
Ukraine, where SPP is considered as a risk hedge, and not
just an investment. The study of the mechanisms of en-
ergy storage allowed comparing the data with the results
of A.S. Hassan et al. (2017). These researchers have proven
that for the private sector, an SCR of more than 60% is cru-
cial for the profitability of systems with BESS. The mod-
elling for a 10-kilowatt SPP gave an identical result. The
claim by A.S. Hassan et al. regarding the dominant role of
price arbitrage is, however, open to debate in the context of
Ukraine. In the face of network instability, the main driver
of installing BESS is the premium for autonomy, and not
margin profit, which was not fully considered by colleagues.

An important element of the discussion is the assess-
ment of the technical and economic parameters of mi-
crogeneration operating in market conditions. The study
by P. Olczak et al. (2022) confirmed that in the context of
the transition to the Net Billing model, the financial sta-
bility of a household directly depends on the technological
configuration of the system. In particular, the researchers
noted the priority of implementing local drives to smooth
out price peaks, which fully correlates with the results ob-
tained by us regarding the effectiveness of integration of
BESS systems for Ukrainian prosumers.

Special attention should be paid to the technical im-
plementation of control algorithms within a three-phase
hybrid inverter with a capacity of 10 kW. It was found that
the dynamic response of the system to changes in the load
in real time directly affects the purity of the present value
by minimising “parasitic” energy flows to the network dur-
ing periods of low DAM prices. The use of intelligent mon-
itoring systems eliminates the impact of non-linear wear,
ensuring stable operation in conditions of instability of the
general energy system, which was typical for Ukraine in the
period 2022-2024. This technical approach confirms the
feasibility of switching from passive consumption to active
DSM, since it allows the use of internal BESS resources not
only to save money, but also to maintain a stable frequency
and voltage within the household. This creates additional
technical value of the system, which goes beyond a simple
financial payback, turning a private SPP into an active ele-
ment of a local micro-network.

The opinion of P. Benalcazar et al. (2025) regarding the
social and networking role of Net Billing was supported in
this paper. However, the conclusions of these researchers,
given the results of the analysis, should be considered in a
different plane. The researchers argued that the transition
to self-production automatically encourages consumers
to improve energy efficiency. Instead, sensitivity analysis
showed that without intelligent automation, consumers
are often unable to maintain high SCR levels on their own
due to the inertia of everyday habits. This calls into ques-
tion the automatism of the positive effects of Net Billing
without additional technical support. Comparison with
the findings of Ukrainian researchers also revealed cer-
tain discrepancies. S.P. Denysiuk & D.G. Derevianko (2021)
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argued that decentralisation should be based on intelligent
micro-networks. The results of this simulation confirm this
thesis, but indicate a significant barrier: the high level of
capital investment as of 2025 makes such systems avail-
able only to a narrow segment. This problem of financial
constraints in the development of decentralised systems
based on renewable energy sources was also considered
by T. Kurbatova et al. (2024), who focused on the specific
economic risks of such projects. This is not consistent with
the results of some previous forecasts, where the payback
period for hybrid systems was estimated at five years. The
reason for the discrepancies may be the underestimation of
the real CAPEX indicator, which in early models was taken
according to optimistic global trends without considering
local logistics barriers and military risks, which is analysed
in detail in the paper by T. Kurbatova et al.

L. Smiech et al. (2025) pointed out that for large res-
idential properties, SCR naturally increases due to con-
sistently high background loads. The analysis showed a
different picture: it was found that the growth of the area
is often accompanied by a disproportionate increase in
evening consumption peaks, which, on the contrary, can
reduce the annual SCR in passive operation mode. The rea-
son for different interpretations may lie in the differences
in the consumption structure: in the mentioned study, a
significant share of the load was made up of full electric
heating, while current model was based on combined sys-
tems. The conclusions made by foreign researchers about
the feasibility of increasing the capacity of SPPs for pri-
vate homes are appropriate from the standpoint of winter
generation, however, given the Net Billing algorithms, this
leads to excess exports in the summer at low prices, which
significantly worsens the overall NPV indicator.

An important aspect of the discussion was the assess-
ment of factors that influence the achievement of high lev-
els of SCR. The sensitivity analysis showed that the scenario
involving active consumption without storage is the most
vulnerable to behavioural errors. A lack of discipline in us-
ing daytime devices can reduce the SCR from 42% to 32%,
which automatically adds almost two years to the payback
period. Instead, the scenario with BESS turned out to be the
most resistant to the human factor, since the inverter au-
tomation independently maximised its own consumption.
Factors affecting SCR can be classified as technical, be-
havioural, and climatic. Technical limitations include the
inverter capacity and battery capacity, where a decreasing
margin effect was set when the capacity increased by more
than 10 kWh for the selected SPP capacity. Behavioural as-
pects, such as the ability to work remotely, make it much
easier to achieve an SCR above 40%, even without accu-
mulation systems. Climate volatility in Ukraine creates a
significant seasonal unevenness, which makes an annual
SCR above 75% almost unattainable without additional en-
ergy sources, since winter generation is insufficient even to
meet basic needs.

Considering economic risks, it is necessary to detail
the impact of the DAM price volatility coefficient, which
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was recorded at +7% in the model. This allowed considering
the volatility of pricing, which in the context of integration
of the Ukrainian energy system with the ENTSO-E network
can have both positive and negative consequences for the
prosumer. Sensitivity analysis has shown that the premium
for autonomy and security in today is often the dominant
factor compared to net marginality. This is conditioned by
the fact that for homes with an area of 120-200 m?2, the
risks of energy loss from the grid are estimated by owners
significantly higher than the potential maintenance costs
of BESS (OPEX), which are 1% of CAPEX. Thus, the invest-
ment attractiveness of the project is supported by strategic
hedging of energy costs, which in the long term provides
total savings of more than USD 32,000. This proves that for
the Ukrainian consumer, the Net Billing model becomes a
mechanism not only for market interaction, but also for
survival in conditions of power shortage.

A separate aspect that requires in-depth analysis in the
context of implementing the Net Billing model in Ukraine is
the problem of predictability of cash flows in conditions of
high price volatility in the DAM. Unlike the fixed “green” tar-
iff, where the revenue side has been stable for decades, the
new model shifts market risks directly to the prosumer. The
simulation with a stochastic oscillation coefficient of £7%
showed that even small price gaps between the generation
time and consumption time can lead to a deviation of the
actual payback period by 0.8-1.2 years. This correlates with
the concerns expressed in by P. Benalcazar et al. (2025), how-
ever, in the Ukrainian scenario, this risk is offset by a rapid
increase in retail tariffs, which makes each saved kWh more
and more valuable in the structure of the family budget.

Additionally, it is worth considering the role of energy
certification of buildings. Buildings with a higher energy
efficiency class demonstrate better adaptability to the Net
Billing model, since their thermal inertia allows for more
efficient use of Load Shifting algorithms. As it was found
in the course of calculations, the use of the house as a heat
accumulator in combination with BESS creates a two-level
system of protection against energy poverty. This confirms
the thesis of L. Smiech et al. (2025) on the socio-economic
significance of renewable energy sources, but with a signif-
icant clarification: in the Ukrainian reality of 2025, the so-
cial effect is achieved not through direct energy sales, but
through reducing the vulnerability of households to sys-
tem outages and power shortages in the general network.

Thus, the technical configuration of the system (10 kW
PV + 10 kWh BESS) is optimal not only from the stand-
point of SCR, but also due to equipment viability. Reduc-
ing the cyclic load on batteries by the intelligent priority
of self-consumption allows maintaining the remaining ca-
pacity at the level of more than 80% even after 10 years of
operation. This creates the basis for the future participa-
tion of such households in aggregated virtual power plants,
where private drives will be able to provide network bal-
ancing services, generating additional income, which is not
currently considered in conservative financial models, but
is a logical step in the development of the market.

Despite the high detail, this study has certain limita-
tions, since the model was based on weighted average pric-
es in 2024, while future market conditions may change af-
ter the full integration of the Ukrainian energy system with
the European ENTSO-E network. However, the conclusions
of these researchers can be considered in a different plane,
since the specifics of the Ukrainian market add new varia-
bles to the model. The synthesis of the obtained data indi-
cates a high reliability of the model, since it includes both
global trends and specific local challenges. In a broader
context, Net Billing appears not only as a financial strategy
for the individual owner, but also as a tool for improving
national energy sustainability. This is confirmed by the fact
that even in conservative scenarios of tariff growth, own
generation provides a significant positive NPV. Summing
up, it should be noted that the transition to Net Billing re-
quires Ukrainian households to change the consumption
paradigm. A comparative analysis with foreign and domes-
tic studies confirmed that the success of prosumer model in
2025-2030 will depend on the availability of energy storage
technologies and intelligent automation. The conclusions
made by the researcher are quite appropriate, since they
are based on real technical and economic challenges. The
identified discrepancies with other researchers regarding
payback periods are explained by the use of more detailed
hourly profiles and the updating of capital expenditures for
the Ukrainian market. This study lays the groundwork for
further optimisation of state policy in the field of active
consumer support, demonstrating that the future of decen-
tralised energy lies in the plane of a high share of self-con-
sumption and reasonable balancing of energy flows.

CONCLUSIONS

The subject of this study was the determination of the eco-
nomic efficiency of solar power plants for private house-
holds with an area of 120-200 m? in the context of the
transition of the Ukrainian energy market to the Net Billing
model. The study fully achieved its objective of assessing
the financial prospects of prosumerism and identifying the
key factors influencing the payback period for investments
under the new regulatory framework.

As part of the scientific research, a comprehensive
analysis of the regulatory framework was carried out,
which helped to establish the parameters of interaction
between private producers and the common network.
Based on hourly consumption and generation profiles,
three SPP operation scenarios were modelled, which in-
cluded passive behaviour, active demand management,
and the use of BESSs. The results of the study showed
that BESS integration provided the highest level of finan-
cial stability, despite significant initial investment. It was
found that the efficiency of the project critically depends
on the share of its own energy consumption, which in the
best scenarios reached 68%. The data obtained suggest
that the market compensation model makes solar genera-
tion an instrument of energy independence, and not just a
way to generate passive income. Analysis of the dynamics
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of tariffs and DAM forecasts helped to establish that the
discounted payback period for hybrid systems ranges from
8.6-10.4 years. The calculations also confirmed the signif-
icant impact of physical wear and tear of equipment on
the final NPV indicators, which requires careful selection
of technical components.

Summarising the results obtained, it can be noted
that they are of great importance for understanding the
processes of decentralisation of the energy system in the
post-war period. The analysis means that the paradigm of
private investment in the “green” energy sector of Ukraine
has finally shifted from export maximisation to strategic
self-sufficiency. This deepens the understanding of pro-
sumer’s economic behaviour, conceptualising them as an
active market participant who can balance the load and re-
duce network pressure. All of the above suggests that the
Net Billing model is viable and economically viable for the
middle class, as it creates conditions for hedging the risks
of rising retail energy prices. Conceptually, the results ob-
tained indicate a transition to a qualitatively new stage in
the development of small generation, where the techno-
logical perfection of the system is directly converted into
the financial stability of the household.

Summing up the results of the study, it should be em-
phasised that the transition to the Net Billing model in
Ukraine has become a catalyst for the qualitative trans-
formation of the private sector of renewable energy. If the
previous era of the “green” tariff stimulated quantitative
capacity growth without reference to the actual consump-
tion of the facility, the current stage requires prosumer
to deeply integrate technical solutions and behavioural
changes. It was proved that maximum economic efficien-
cy is achieved only if there is synergy between generating
capacities, energy storage systems, and intelligent demand
management algorithms. The established payback rates in
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the range of 8.6-10.4 years, despite their growth compared
to previous years, remain attractive for private investors, as
they are accompanied by a critical factor of energy security.

SCR was defined as a key indicator of project success,
which is directly converted into financial stability. The cal-
culated SCR range (from 26% to 68%) serves as a practical
guide for designers and property owners when choosing
equipment configuration. An important conclusion is that
the installation of hybrid systems with LiFePO4 batteries
is not just a technical option, but an economic necessity
to level the price difference between the purchase of en-
ergy from the grid and its sale at market prices of DAM.
This suggests that the Net Billing model encourages the
creation of sustainable distributed generation that is less
dependent on government subsidies and more focused on
the real needs of consumers.

The limitation of this study was the lack of long-term
statistical information on the functioning of the Net Bill-
ing mechanism directly in the Ukrainian reality, which led
to the need to use simulation methods based on current
market price indicators. Promising areas for further re-
search on this topic are the investigation of the impact of
mass introduction of electric vehicles on the consumption
profile of prosumers and the analysis of the possibilities of
combining private SPPs into virtual power plants to pro-
vide auxiliary services to the power system.
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EKoHoMiuHa edekTuBHicTb Mogeni Net Billing
ANl COHAYHUX €JIeKTPOCTaHLUIN Y NPMBaTHOMY CeKTOpi YKpaiHu
(Ha npuknaai 6yauHkis 120-200 m?)

AHoTauiqa. Ctpimka TpaHchopmaiiist yKpaiHCbKOTO eHepreTMUHOro CEKTOPY Ta CTiliKa TeHIeHIIis 10 ITOJ0POKUaHHSI
elleKTpoeHeprii AJist Mo6YTOBUX CIIOXKMBAYIB 3YMOBJIIOIOTh TOCTPY HEOOXiHICTh MOIIYKY IIJISIXiB eHeproHe3a1esKHOCTi
IIJISI BIACHUKIB IIPUBATHOIO XMUT/Ia. MeTow po60Tu 6ya KOMIUIEKCHA OI[iHKa eKOHOMiYHOI e(PeKTUBHOCTI COHSTUHUX
cucteM mip yrpasiaiHHaM mogeni Net Billing mist momorocnomapcTs cepegHboOro Kiacy. JocaimkeHHs 6a3yBasiocst Ha
iMiTariiHoMy MoJe/I0BaHHI MOTOAVMHHMX Oa/IaHCiB TeHepallii Ta CITOKMBAHHS 3 BUKOPUCTAHHSIM METO/iB MaTEMaTUUHOTO
aHaTi3y Ta po3paxyHKy nokas3HukiB NPV. VY xoai HaykoBOi po6oTu 6yJI0 NOCTIIKEHO AMHAMIKY OKYITHOCTI KalliTalbHUX
BUTPAT Y MEXaxX TPbOX Pi3HMX CTPATETIif €HeProCIIOXKUBAHHS, IO TO3BOJIMIO BU3HAYUTY KPUTUUHMI BIUIUB KoedillieHTa
BJIACHOTO CITOKMBAHHS Ha QiHAHCOBY JXUTTE3AATHICTh COHSITYHOTO ITPOEKTY. BUSIBJIEHO CTiiiKy 3a/I€5KHiCTh MPUOYTKOBOCTI
Bin iHTerpauii miTiit-3anizo-pochaTHrx aKyMynISITOPHUX 6aTapeit EMHICTIO fecsATh KiJTOBaT-TrOAMH, SIKi 3a6e31MeuyoTh
OITMMAaJIbHUI 6aJaHC MiX ITOYaTKOBMMM iHBECTUIISIMM Ta MOXKJIMBICTIO TOBHOTO MEPEKPUTTS BEUipHiX MiKOBUX
HaBaHTa)XeHb JOMOTOCIOAAaPCTBA. BCTaHOBIEHO, [0 32 YMOBM BUKOPUCTAHHS aATOPUTMIiB aKTMBHOTO YIIPaBIiHHS
MMOTIUTOM peaJibHUI TEPMiH ITOBEPHEHHS iHBECTOBAHMX KOIITIiB CKOPOUYYETHCS O IECTHU LiJINX Ta JeB’SITU JeCSITUX
POKY, IO BiJIIOBila€ KpUTEPisIM BUCOKOI iHBeCTUIliiiHOI puBabauBocTi. [IpoaHaai3oBaHO TaKi TEXHiKO-€KOHOMIiUHi
acIleKkTH, SK mopivHa ¢isuuHa gerpagailis GoToeeKTpUUHUX TIaHe el Ta orepalliliHi BUTpaTH, 10 J03BOJIUJIO AOBECTU
36epeskeHHs TTO3UTUBHOI YMCTOI IpUBEIEeHO] BaPTOCTi aKTUBY MPOTSATOM YChOTO ABAALSTUIT ITUPIYHOTO KUTTEBOTO
IMKITy. 3p006JIeHO BMCHOBOK, IO IepeXi/ Ha MeXaHi3M caMOBMPOOHMUIITBA 3a YMOBM JOCSITHEHHS BMCOKOTO piBHSI SCR
3abesneuye BJIaCHUKY OYAMHKY CyMapHy €eKOHOMIIO Ta YMCTY (hiHaHCOBY BUTOMLy B 06CsI3i TOHAA TPUALSTh ABi THCIYi
nmonapiB. ChopMoBaHi peKoMeH Iallii CTaHyTh OCHOBOIO [IJIst 3a0yJOBHMKIB Ta MPOEKTHMUX KOMITaHii MPU TEXHIYHOMY
0Or'pyHTYBaHHI OyIiBHMIITBA aBTOHOMHMX CUCTEM B YKpaiHi
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Analysis of the influence of the geometry of the working zone
on the distribution of the electric field in powder coating systems

Abstract. The aim of the study was to establish the features of the spatial formation of the electric field in electrostatic
powder coating systems and its influence on the powder deposition indicators and coating uniformity. The methodology
combined a bench-top comparative experiment, three-dimensional electrostatic modelling of the “corona electrode —
charged torch - grounded product” system, non-destructive measurement of the dry film thickness, determination of the
powder deposition efficiency and statistical analysis of electrostatic and technological indicators for four configurations
of the working zone. It was established that the cylindrical configuration was characterised by the smallest spatial
heterogeneity of the electric field: the coefficient of variation of the electric field strength was 0.178 versus 0.261 for
the rectangular, 0.311 for the combined and 0.330 for the configuration with a variable interelectrode distance. For this
configuration, the highest value of powder deposition efficiency was also recorded — 74.9%, the largest average coating
thickness was 77.5 pm and the smallest value of the coefficient of variation of the coating thickness was 0.093. For the
combined configuration and the configuration with a variable interelectrode distance, the powder deposition efficiency
decreased to 63.1% and 60.7%, and the coefficient of variation of the coating thickness increased to 0.201 and 0.229,
respectively, which reflected the transition of electrostatic heterogeneity into technological non-uniformity of the coating.
Statistical analysis confirmed the significance of inter-configuration differences for the coefficient of variation of the electric
field strength and the coefficient of variation of the coating thickness. Integral correlation analysis showed a close positive
relationship between the coefficient of variation of the electric field strength and the coefficient of variation of the coating
thickness (r=0.84; p=0.001), and local correlation analysis between the electric field strength and the coating thickness
showed a statistically significant positive relationship (r=0.79; p<0.001). The practical significance of the results lies in
the possibility of the use in the design, setup, and optimisation of working zones in electrostatic powder coating systems
to improve the efficiency of powder deposition and coating uniformity

Keywords: electrostatic spraying; deposition efficiency; spatial heterogeneity; interelectrode distance; dry film
thickness; coefficient of variation

INTRODUCTION

Electrostatic powder coating belongs to the technologies final result is determined not only by the process parame-
for forming protective and decorative coatings, in which the  ters, but also by the spatial conditions of powder deposition.
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The geometry of the working zone sets the configuration of
the electric field, changes the trajectories of charged parti-
cles and affects the local intensity of the deposition on the
surface of the part. As a result, the spatial features of the
working volume can cause uneven layer thickness, the ap-
pearance of defective areas and a decrease in coating repro-
ducibility even under the same technological conditions.
Under such conditions, research attention shifts from gen-
eral regime parameters to the spatial organisation of spray-
ing and geometrically determined electrostatic factors. In
the work of N. Ayrilmis (2022), electrostatic powder coating
is considered as a technological system within which the
result of the process is determined by the coordination of
spraying parameters, substrate properties and powder dep-
osition conditions. It is shown that the uniformity of the
coating depends on the organisation of the application
process no less than on the characteristics of the materi-
al, which deduces the spatial conditions of layer formation
into a separate analytical plane. This approach is consistent
with the work of J.M. Gimenez (2024), in which multiscale
modelling of electrostatic powder spraying was used to de-
scribe the transport of particles and the formation of the
deposited layer under the action of electrostatic forces. The
results obtained showed that numerical modelling makes it
possible to identify the influence of the configuration of the
application zone and local conditions of particle motion on
the nature of the distribution of the coating on the surface.

Consideration of the spatial variability of the layer
thickness in automated spraying systems is presented in
the work of C. Wang et al. (2025), where the uniformity
of deposition was investigated based on a theoretical de-
scription, numerical modelling and experimental verifica-
tion. The authors established that the spraying distance,
movement speed and parameters of the processing zone
directly affect the layer thickness and the degree of its
spatial variability. In the article by Y. Tsapko et al. (2023),
the authors examined the regularities of the formation of
a polymer shell by powder paint under controlled tech-
nological process conditions. It was found that the char-
acteristics of the formed layer changed depending on the
application and heat treatment parameters. A similar re-
lationship between the process conditions and the prop-
erties of the coating was also traced in the publication by
O. Chyhyrynets et al. (2025), devoted to the optimisation
of the system composition to increase the corrosion re-
sistance of paint and varnish coatings. In this study, the
functional properties of the layer are associated with the
controlled parameters of the technological process, and
not only with the characteristics of the initial components.
In a similar aspect, V.I. Gots et al. (2023) considered powder
coating as a technologically controlled system in which the
final result depended on the conditions of layer formation
and the consistency of the process parameters. The authors
found that changing the technological parameters affected
the operational properties of the coating, which indicated
the dependence of its final characteristics on the forma-
tion mode. A similar approach is presented in the work of
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V. Korzhyk et al. (2025), where the structural features of
multilayer epoxy composite coatings on a metal-ceramic
basis were investigated. Within the framework of the anal-
ysis, a connection between the operational characteristics
of the coating and the method of its formation was estab-
lished, which indicated the dependence of the final result
on the parameters of the technological environment.

Further development of this approach is presented
in the study by V. Subbotina et al. (2020), where the in-
fluence of process conditions on the growth kinetics and
phase-structural state of coatings on an aluminium alloy
was analysed. It was found that changing the parameters of
the working environment changed the mechanism of layer
formation and its final characteristics. The applied value of
the stability of powder coating parameters was highlighted
in the work of A. Baxevani et al. (2025), where the influence
of powder coating and preliminary anodising on the corro-
sion resistance of an aluminium alloy was considered. The
authors showed that the quality of the formed layer deter-
mines not only the state of the surface, but also the nature
of its functioning under operational conditions. A separate
aspect of this issue was reflected in the work of A. Kasdi et
al. (2023), where, based on experimental and numerical
modelling of corona discharge in the “wire-cylinder-plane”
system, it was established that changing the geometry of
the electrode configuration changes the characteristics of
the electrostatic field, spatial distribution of voltage, and
charging efficiency. This provided grounds for considering
the configuration of the working zone as a factor associat-
ed with the inhomogeneity of the electrostatic action and
local features of particle deposition.

Thus, the available publications cover the issues of
electrostatic spraying, numerical modelling of particle
transport, layer formation conditions and functional prop-
erties of powder coatings. At the same time, the influence
of the geometry of the working zone on the spatial distri-
bution of the electric field with the subsequent transition
to the indicators of powder deposition and uniformity of
the formed coating is not fully covered. It also remains
insufficiently determined to what extent a change in the
shape of the working volume, the presence of local shield-
ing elements and variations in the interelectrode distance
change the inhomogeneity of the field and cause local de-
viations in the thickness of the coating.

In this regard, the purpose of the article was to analyse
the influence of the geometry of the working zone on the
distribution of the electric field in powder coating systems
and to establish a relationship between the field parame-
ters, the efficiency of powder deposition and the uniform-
ity of the coating. To achieve this goal, the following tasks
were defined: to establish the features of the electric field
distribution for different geometric configurations of the
working zone, to determine the impact of these changes on
the efficiency of powder deposition and coating uniformity,
and to compare the results of electrostatic modelling with
experimental indicators of coating quality to justify the ap-
propriate configuration of the working zone.
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MATERIALS AND METHODS

The study was carried out during November 2025 - January
2026 on the basis of an experimental laboratory stand of
electrostatic powder coating with thermal polymerisation.
The study was conducted on the territory of a private en-
terprise in Kyiv, where painting work was performed. The
study was conducted in the format of a bench comparative
experiment, within which the physical application of pow-
der coating was combined with three-dimensional electro-
static modelling. The geometry of the working zone within
the work was defined as a set of spatial parameters of the
working volume, the configuration of internal elements
and the mutual location of the sprayer and the product.
For comparative analysis, four basic configurations of the
working zone were selected: a rectangular area measur-
ing 600x600x900 mm, a cylindrical area with a diameter of
700 mm and a height of 900 mm, a combined configuration
with local shielding elements, as well as a configuration
with a variable geometry of the interelectrode space, with-
in which the distance between the sprayer and the part var-
ied from 180 to 260 mm. The configuration with a variable
geometry was used as a model of a spatially inhomogene-
ous interelectrode space. This approach made it possible to
compare the influence of the shape of the working volume,
the presence of internal shielding elements and changes
in the interelectrode interval on the nature of the electric
field distribution and the conditions for the deposition
of the powder material. To ensure a unified basis for the
experiment, standard steel panels were used, the prepara-
tion of which was carried out in accordance with the re-
quirements of ISO 1514:2024 (2024), which regulated the
types of test panels and the procedures for the preparation
before coating.

The materials of the study were thermosetting poly-
ester powder paint Interpon 610 (AkzoNobel Powder Coat-
ings, Netherlands), intended for protective and decorative
coating of metal products for internal use, steel panels
measuring 150x100x1 mm, interchangeable geometric
inserts for forming different configurations of the work-
ing zone and grounded metal sample holders. The rec-
ommended polymerisation mode of 180°C for 15 min was
adopted for the powder paint. The colour of the material
was determined according to the RAL 7035 scale, which re-
duced the visual error when controlling the uniformity of
the coating. The granulometric composition of the powder
was controlled by laser diffraction according to ISO 8130-
13:2019 (2019) on a Mastersizer 3000+ analyser (Malvern
Panalytical, UK/Netherlands). The representative parame-
ter of the particle size distribution was dso=34.8 pm. Only
samples with the same substrate material, the same sur-
face preparation scheme and stable electrical contact with
ground were included in the sample. Surface preparation
included abrasive matting, degreasing with isopropyl alco-
hol and drying. After completion of the preparatory oper-
ations, the average surface roughness was determined by
a contact profilometer according to the Ra parameter. The
obtained value was 1.3%0.2 ym. Panels with deformations,

traces of corrosion, residues of the previous coating, unsta-
ble fastening or deviation of geometric dimensions of more
than 1% were excluded from the sample. The sample was
formed as a target, non-random, consisting of 48 samples:
12 panels for each geometric configuration, with three in-
dependent repetitions and four samples in each series.

Experimental powder coating application was per-
formed on a laboratory stand, which included a PEM-X1
electrostatic corona hand sprayer (WAGNER Group, Ger-
many), a Sprint 2 Expert powder feed system (WAGNER
Group, Germany), a coating chamber with interchangeable
geometric modules, and a local ventilation exhaust unit.
The sprayer provided the formation of a charged powder
torch, the powder feed system provided the dosed trans-
portation of powder paint to the sprayer, the coating cham-
ber provided the reproduction of various configurations of
the working zone, and the local ventilation exhaust unit
removed excess powder phase from the spraying chamber.
Polymerisation of the coatings was carried out in a BIND-
ER FD 115 drying and polymerisation cabinet (BINDER
GmbH, Germany). The main experimental indicator of the
consequences of a geometrically determined change in the
electrostatic field was the thickness of the dry film and its
spatial distribution over the sample surface. The dry film
thickness was determined using a digital thickness gauge
Elcometer 456 Separate (Elcometer Limited, UK). Coating
gloss and adhesion were considered as auxiliary character-
istics of the formed layer, since these characteristics were
used for accompanying quality control of the coating and
were not the main indicators of geometrically determined
redistribution of the powder material. Gloss was assessed
using a Novo-Gloss 60° glossmeter (Rhopoint Instruments
Ltd., UK), and adhesion was determined by the grid cut
method using a 107 Cross Hatch Cutter adhesion meter
(Elcometer Limited, UK). Three-dimensional modelling of
the electrostatic field distribution in the working zone was
performed in the Maxwell 2024 R2 software environment
(ANSYS, USA).

The research procedure included four consecutive
stages. At the first stage, the powder material was stand-
ardised and the stability of its particle size distribution was
monitored. At the second stage, for each configuration of
the working zone, powder coating was applied under the
same operating parameters: the voltage on the electrode
was 80 kV, the current strength was up to 80 pA, the pow-
der flow rate was 110 g/min, the transport air pressure was
0.6 bar, the spraying distance within the basic series was
220 mm, the temperature in the laboratory was 22 + 2°C,
the relative humidity was 45 £ 5%, the polymerisation tem-
perature was 180°C, and the holding time was 15 min af-
ter reaching the metal temperature. At the third stage, a
three-dimensional model of the working zone was built in
ANSYS Maxwell 2024 R2 and the electric potential distri-
bution ¢ was calculated. The simulation was performed
in a stationary setting for the system “corona electrode —
charged torch — grounded product”, in which the sprayer
potential was set according to the experimental mode, and
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the surface of the test product was considered as a ground-
ed conductive boundary. The boundary conditions were
determined taking into account the geometry of the spray-
ing chamber, the location of the internal elements and the
interelectrode distance. The control volume for assessing
the field inhomogeneity was formed within the space be-
tween the sprayer and the sample surface, i.e., in the zone
that directly determined the conditions for the transfer and
deposition of charged particles.

The electric field strength was determined as formula (1):

E=-Vo, ey

where E - the electric field strength vector; ¢ — the electric
potential; V — gradient operator.

The spatial non-uniformity of the field was estimated
by the coefficient of variation (formula (2)):

CV,=o0,./E, (2)

where o, — the standard deviation of the electric field
strength in the control volume; £ - the average value of the
electric field strength.

The uniformity of the formed coating was determined
by the ratio (formula (3)):

CVh = O'h/}’; (3)

where oy, — the standard deviation of the coating thickness;
h - the average layer thickness.

The powder deposition efficiency n was determined
according to the provisions of ISO 8130-10:2021 (2021) as
the ratio of the mass of powder material deposited on the
surface of the test article to the mass of powder fed into
the system during the controlled application interval (for-
mula (4)):

n=(m,/my) * 100%, “)

where m, — the mass of powder deposited on the sample;
m, — the mass of powder fed to the sprayer during the
spraying series.

In the fourth stage, the results of electrostatic model-
ling were compared primarily with the coating thickness
and the coefficient of variation of its spatial distribution
to determine whether a geometrically determined change
in the electric field distribution caused differences in the
conditions of powder deposition and the uniformity of the
formed layer. Gloss and adhesion were additionally de-
termined as accompanying coating characteristics, which
made it possible to assess whether a change in the spatial
uniformity of the layer was accompanied by differences in
the external and functional characteristics of the coating.
Non-destructive measurement of dry coating thickness
was performed in accordance with ISO 2360:2017 (2017)
and ISO 2808:2019 (2019), adhesion was determined ac-
cording to ISO 2409:2020 (2020), and gloss was determined

Naumenko & Chervinsky

according to ISO 2813:2014 (2014). Within each sample,
the coating thickness was measured at nine control points
distributed between the central, edge and geometrically
shaded areas. Statistical processing of the experimental
data was carried out in Microsoft Excel 365 and IBM SPSS
Statistics 26. The mean, standard deviation, coefficient
of variation and 95% confidence interval were calculat-
ed for each series. The normality of the distribution was
checked using the Shapiro-Wilk test. To compare two con-
figurations, the Student’s t-test for independent samples
was used, and to compare three or more configurations,
the one-way ANOVA analysis of variance at a statistical
significance level of p <0.05 was used. Pearson’s correla-
tion analysis was used to assess the relationship between
the local electric field strength values at the model con-
trol points and the corresponding coating thickness values
measured in spatially correlated areas of the sample sur-
face. Error control was ensured by repeated measurements
and preliminary calibration of the instruments before each
series of experiments. Given the high-voltage nature of the
electrostatic process, all operations were carried out under
the conditions of mandatory grounding of the equipment,
control of electrostatic hazards and compliance with the
requirements of IEC TS 60079-32-1:2013 + AMD1:2017
CSV (2017). This approach ensured the reproducibility of
experimental conditions and the correctness of comparison
of results within the studied working zone configurations.

RESULTS
The influence of the geometry of the working zone
on the spatial distribution of the electric field
A comparative analysis of the parameters of the spatial dis-
tribution of the electric field in the studied configurations
of the working zone showed that the change in the geom-
etry of the interelectrode space was accompanied by dif-
ferences in the average value of the electric field strength,
the degree of spatial dispersion of the field and the value
of the coefficient of variation of the electric field strength
(CV,). The identified discrepancies concerned not only the
integral level of the electrostatic action, but also the ra-
tio between the areas of local field concentration and the
zones of its weakening. With this approach, the coefficient
of variation of the electric field strength (CV,) character-
ised not the absolute level of intensity, but the measure of
the spatial alignment of the field within the control vol-
ume. The generalised parameters of the electric field dis-
tribution in different configurations of the working zone
are given in Table 1.

As shown in Table 1, the geometry of the working zone
affected the spatial uniformity of the electric field, and the
change in configuration was accompanied by a change in
the coefficient of variation CV,, the nature of local intensity
maxima, and the severity of the shielded areas. The small-
est value of CV, was established for the cylindrical configu-
ration, where it was 0.178. This corresponded to the small-
est spatial variability of the field within the control volume
among the studied variants. In the rectangular configuration,

Machinery & Energetics. Vol. 17, No. 2

N



Analysis of the influence of the geometry of the working zone...

the spatial dispersion of the intensity was higher, and CV,
was equal to 0.261, which reflected a greater dependence
of the field structure on the edge and corner segments of
the working space. For the combined configuration and the

configuration with a variable interelectrode distance, the
values of CV, were recorded as 0.311 and 0.330, respective-
ly, which corresponded to a more pronounced spatial het-
erogeneity of the electrostatic action.

Table 1. Comparative parameters of electric field distribution for different configurations of the working zone

Work area
configuration

o-e b
kV/m

E, kV/m

CV.

Local areas of the electric field
strength concentration

Shielded/attenuated areas

Moderately pronounced

Present in angular

Rectangular 21.8 5.7 0.261 near the central axis of the flare -
and near the edge transitions and peripheral segments
o Moderate, Minimally expressed, mainly
Cylindrical 23.1 41 0.178 without sharply localised maxima on the periphery
Combined with local 244 76 0.311 Expressed near shielding elements Clearly expressed
shielding elements ’ : and in the periaxial zone by shielding elements
Variable-distance 206 6.8 0.330 Local maxima in areas of reduced Expressed in areas of increased

interelectrode distance

interelectrode gap

Source: compiled by the authors

Quantitative differences showed that the average elec-
tric field strength did not coincide with the degree of its
spatial uniformity. For the combined configuration, a high-
er average electric field strength was recorded with a si-
multaneously increased CV, value. This indicated that the
increase in the average strength was not accompanied by a
corresponding spatial alignment of the field within the en-
tire working volume. The increase in the local concentration

a)

Sprayer

Shielding
elements
Local
concentration p

V) d)

of field lines near the internal elements was combined with
the formation of adjacent areas of weakened field, as a re-
sult of which the spatial distribution of the strength be-
came more contrasting. Thus, when comparing geometric
configurations, not only the integral level of strength was
important, but also the degree of its spatial alignment. The
nature of the potential redistribution, areas of concentra-
tion of field lines and shielding areas is shown in Figure 1.

More even
distribution

Sprayer

Relative field strenght level

Figure 1. Spatial distribution of electric potential and electric field strength in the studied working zone configurations
Note: a - rectangular configuration; b — cylindrical configuration; ¢ — combined configuration with local shielding ele-
ments; d - configuration with variable interelectrode distance. The colour scale reflects the relative level of electric field
strength: warm tones correspond to higher values, cold tones to lower ones

Source: compiled by the authors

As shown in Figure 1, changing the geometry of the
working zone changed not only the average level of electric
field strength, but also its spatial structure, in particular the
configuration of local maxima, shaded zones and peripheral
areas of attenuation. In the rectangular configuration, the

field distribution in the central part of the working volume
remained relatively ordered, while in the edge segments and
near the corner transitions a decrease in the density of field
lines was recorded. Such a distribution reflected the axi-
al organisation of the electrostatic action with peripheral
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attenuation, which increased with increasing distance from
the central trajectory of the torch. This variant was char-
acterised by a gradual change in the spatial uniformity of
the field from the centre to the boundaries of the working
space. In the cylindrical configuration, the redistribution of
potential had a smoother character. The curvilinear bound-
ary of the working space reduced the influence of sharp ge-
ometric transitions, as a result of which the lines of force
were distributed more evenly, and the peripheral attenua-
tion was less pronounced than in the rectangular variant.
This field structure corresponded to the lowest value of CV,
given in Table 1. This configuration was not characterised
by the formation of sharply localised maxima or extended
shaded zones capable of changing the general structure of
the field. This corresponded to the lowest spatial variability
of the electrostatic action among the studied variants. The
combined configuration with local shielding elements and
the configuration with a variable interelectrode distance
were characterised by increased spatial heterogeneity of
the electric field, but the mechanisms of its formation were
different. In the first case, the contrast distribution arose
under the influence of internal obstacles: local densifi-
cation of the lines of force was observed near the shield-
ing elements, while in the shaded segments behind the
shielding elements, the intensity decreased. This caused a
combination of a high average value of £ and an increased
coefficient of variation CV,, i.e., an increase in the spatial
contrast of the field without a decrease in the general level
of electrostatic action. In the second case, the heterogene-
ity was formed due to the variation of the interelectrode
distance: in the zones of the atomiser approaching the
surface of the product, local maxima of intensity appeared,
while in the areas of the increased gap, the field weakened
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and dissipated. It was for this configuration that the high-
est CV, value was recorded among all the studied options.
A comparison of the configurations showed that a higher
average level of intensity did not necessarily correspond to
a greater spatial uniformity of the field, while CV, reflected
the degree of its spatial stability. The lowest CV, value was
recorded for the cylindrical configuration, while the com-
bined and variable-distance configurations were character-
ised by a more contrasting distribution with a combination
of zones of concentration and field weakening. Therefore,
the geometry of the working zone determined not only the
shape of the lines of force, but also the nature of the spatial
redistribution of the electrostatic action, which formed the
basis for analysing the efficiency of powder deposition and
coating formation.

The influence of the working zone configuration

on the efficiency of powder deposition

and coating uniformity

The technological manifestation of the established elec-
trostatic differences was traced in the indicators of the ef-
ficiency of powder deposition and the spatial distribution
of the coating thickness. A comparison of 1, h, o,, CV},, and
local thickness values in the control zones showed that
changing the configuration of the working zone affected
not only the integral level of powder material deposition,
but also the nature of local layer growth in the central, edge
and geometrically shaded segments of the surface. The dif-
ferences were most noticeable between the configurations
with a lower degree of spatial heterogeneity of the electric
field and the variants in which the intensity distribution
had a more contrasting nature. The distribution of the
coating thickness at the control points is shown in Figure 2.
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Figure 2. Distribution of coating thickness at control points
for different working zone configurations
Source: compiled by the authors based on ISO 2360:2017 (2017), IEC TS 60079-32-1:2013+AMD1:2017 CSV (2017),

ISO 2808:2019 (2019)

As shown in Figure 2, the nature of the spatial distri-
bution of the coating thickness depended on the working
zone configuration. The smallest zonal contrast was re-
corded for the cylindrical configuration: the difference
between the central and geometrically shaded zones was
3.9 um. This corresponded to the lower spatial variability
of the deposition within the product surface. The rectangu-
lar configuration occupied an intermediate position: in the

central part of the surface the thickness remained relative-
ly stable, and in the direction of the edge and shaded seg-
ments it decreased gradually, without a sharp local decline.
The combined configuration with local shielding elements
was characterised by a pronounced zonal contrast: the coat-
ing thickness varied from 82.7 pm in the central zone to
61.8 um in geometrically shaded areas, which reflected the
influence of shielding effects on the spatial distribution of
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the deposited material. In the configuration with a variable
interelectrode distance, the difference between the central
and geometrically shaded zones reached 24.8 pym. In this
variant, the central areas were characterised by increased
layer growth, while the largest thickness decrease was re-
corded in the remote segments. Therefore, in the combined
configuration and in the configuration with a variable

interelectrode distance, the greatest contrast was observed
between the zones of increased and decreased deposition,
while the cylindrical configuration was characterised by a
more uniform distribution of the coating. To summarise the
technological consequences of changing the geometry of
the working zone, the integral indicators of powder deposi-
tion efficiency and coating uniformity are given in Table 2.

Table 2. Powder deposition efficiency and coating uniformity indicators for different working zone configurations

Work area configuration 3 h, pm Oh, 1M CVy, Ceﬁ;gozll()sne’ zoi(f;m s}?:c(l)::iez:::ecala,ll::;n
Rectangular 68.4 74.8 10.9 0.146 79.6 71.2 68.7
Cylindrical 74.9 775 7.2 0.093 79.1 76.4 75.2
Combined with local shielding elements  63.1 73.6 14.8 0.201 82.7 70.4 61.8
Variable-distance 60.7 71.9 16.5 0.229 84.1 68.1 59.3

Source: compiled by the authors based on ISO 2360:2017 (2017), ISO 2808:2019 (2019), ISO 8130-10:2021 (2021)

In conformity with the data in Table 2, changing the
configuration of the working zone affected both the effi-
ciency of powder deposition and the spatial uniformity
of the formed coating. For the cylindrical configuration,
the highest value of 1 -74.9% and the lowest value of CV,
-0.093 were recorded. This result corresponded to the lower
degree of spatial heterogeneity of the electric field estab-
lished in the previous subsection. Additional confirmation
of this was the minimum difference between the central
and geometrically shaded zones, which was 3.9 um. For the
configuration with a variable interelectrode distance, on
the contrary, n decreased to 60.7%, and CV, increased to
0.229, which reflected a simultaneous decrease in the effi-
ciency of using the powder material and the spatial stability
of the layer. In this case, the difference between the central
and geometrically shaded zones reached 24.8 pym, that is, it
was the largest among all configurations. The rectangular
configuration occupied an intermediate position between
these variants. For it, the deposition efficiency was 68.4%,
and CV,, was 0.146, which reflected a moderate decrease in
technological stability compared to the cylindrical variant.
A characteristic feature of this case was not a sharp local de-
ficiency of the coating, but a gradual decrease in thickness
from the central areas to the periphery. The combined con-
figuration with local shielding elements formed a different
type of non-uniformity: with an average thickness close to
the rectangular variant, the deposition efficiency decreased
to 63.1%, and CV,, increased to 0.201. This reflected a local
redistribution of the layer in a complicated working zone,
as a result of which segments with a reduced thickness ap-
peared next to the areas of increased deposition. The local
increase in the coating thickness should not be considered
separately from the spatial structure of its distribution. In
the combined configuration and in the configuration with
a variable interelectrode distance, individual central areas
were characterised by higher local thickness values than in
the cylindrical variant, however, this was accompanied by
a weakening of the layer in the edge and shaded zones. As
a result, the integral uniformity of the coating decreased,
and the average thickness value could not be used as a sin-
gle analytical reference point without taking into account

its spatial structure. In this regard, the indicators n, CV,
and zonal thickness contrast were considered in relation
to each other, and not in isolation and only as an indicator
of the average layer thickness. The thickness distribution
between the central, edge and geometrically shaded zones
reproduced this pattern. The central zone in all configura-
tions retained relatively higher thickness values, however,
the degree of its superiority over other segments differed
significantly. In the cylindrical variant, this difference re-
mained limited, which corresponded to a more uniform na-
ture of the deposition. In the rectangular configuration, the
spatial contrast was moderate and was formed mainly due
to peripheral attenuation. In the combined configuration
and in the variant with a variable interelectrode distance,
the central segments actually became zones of deposition
concentration, while geometrically shaded or distant are-
as corresponded to zones of coverage deficiency. This re-
flected the transition of electrostatic heterogeneity into
directly measured technological layer non-uniformity. The
detected features corresponded to the nature of the spatial
distribution of the electric field.

Configurations with lower CV, values also showed less
thickness variability, while local areas of field concentra-
tion, shielding or spatial attenuation were reproduced as
areas of increased or decreased powder deposition. There-
fore, spatial differences in the distribution of electrostatic
action were technologically expressed in coating thickness
values determined according to ISO 2808:2019 (2019) and
ISO 2360:2017 (2017), as well as in powder deposition ef-
ficiency determined according to ISO 8130-10:2021 (2021).
Auxiliary coating characteristics, in particular gloss and
adhesion, determined according to ISO 2813:2014 (2014)
and ISO 2409:2020 (2020), did not show comparable sen-
sitivity to variations in the geometry of the working zone
compared to the indicators of coating thickness and pow-
der deposition efficiency. For different configurations of
the working zone, gloss values remained close, and adhe-
sion did not show noticeable differences, which indicated
that the predominant effect of geometric variation was
precisely on the spatial uniformity of the formed layer and
the efficiency of powder material deposition.

Machinery & Energetics. Vol. 17, No. 2

4



Thus, changing the configuration of the working zone
affected the efficiency of powder material use and the spa-
tial stability of the formed coating. The highest value of 5
in combination with the lowest CV, was found for the cy-
lindrical configuration. The rectangular variant was char-
acterised by moderate peripheral non-uniformity, while
the combined configuration and the configuration with a
variable interelectrode distance formed a more contrasting
thickness distribution, but by different mechanisms: in the
first case — through local shielding, in the second — through
the contrast between the zones of convergence and diver-
gence in the interelectrode space. This ratio of the indica-
tors n, CV, and the zonal thickness distribution determined
the main technological manifestation of electrostatic dif-
ferences caused by the geometry of the working zone.

Statistical confirmation of intergroup differences

and the relationship between field parameters

and coating thickness

Statistical analysis of the results for the spatial distri-
bution of the electric field and the characteristics of the
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formed coating revealed interconfigurational differences
that concerned both the field parameters and the pow-
der deposition and uniformity of the formed coating.
Checking the distribution of the main indicators using
the Shapiro-Wilk test showed that the values of CV,, n,
I and CV,, did not have a statistically significant devia-
tion from the normal distribution (p >0.05), which pro-
vided grounds for further intergroup comparison. With-
in the comparison of the four configurations, the most
pronounced statistical effects were recorded for the in-
dicators of spatial heterogeneity of the field and spatial
variability of the coating thickness, while the average
layer thickness and deposition efficiency also changed
between the groups, but with a lower degree of contrast.
This reflected the primary influence of the geometry of
the working zone on the nature of the spatial redistri-
bution of the electrostatic action, and through it on the
stability of the technological result. To verify the statis-
tical significance of the established differences between
the working zone configurations, the results of the inter-
group comparison are presented in Table 3.

Table 3. Results of statistical comparison of indicators for different configurations of the working zone

The most pronounced differences

Indicator Shapiro-Wilk, p ANOVA/t P between the configurations
_ cylindrical — combined; cylindrical -
CV, 0.214 F=18.72 <0.001 variable-distance
9 _ cylindrical - variable-distance;
n, % OIS F=9.46 0.002 rectangular - variable-distance
- _ cylindrical - combined; cylindrical -
h, pm 0.261 F=6.18 0.008 variable-distance
_ cylindrical — combined; cylindrical -
CVi 0.148 F=21.35 <0.001 variable-distance; rectangular — variable-distance
. . B _ positive relationship between field heterogeneity
CV, & CV, (integral relation) r=0.84 0.001 and thickness variability
E o1 (integral relation) - r=0.58 0.041 moderate positive relationship

Source: compiled by the authors

As shown in Table 3, statistically significant intergroup
differences were established for the key indicators of spa-
tial field heterogeneity, powder deposition efficiency, and
coating uniformity, which confirmed the influence of the
geometry of the working zone on the course of the electro-
static spraying process. The most pronounced intergroup
differences were recorded for the CV, indicator. The value
of F=18.72 at p<0.001 corresponded to a significant de-
pendence of the spatial field distribution on the configu-
ration of the working zone. The most clearly distinguished
were the cylindrical configuration, for which the lowest
CV, value was previously established, and two configura-
tions with increased spatial field contrast - combined and
variable-distance. This result statistically reproduced the
difference between a more aligned electrostatic state in a
curvilinear geometry and increased spatial non-uniformity
in the presence of internal obstacles or a non-constant in-
terelectrode gap. Statistically significant differences were
also established for the powder deposition efficiency indi-
cator 1. Although the magnitude of the between-group ef-
fect for this indicator was smaller than for CV, and CV,, the
p=0.002 value indicated that the change in the geometry

of the working zone was associated not only with the field
structure, but also with the transfer of powder material to
the surface of the product. Differences were established be-
tween the cylindrical and variable-distance configurations,
as well as between the rectangular and variable-distance,
which was consistent with the differences in the organisa-
tion of the interelectrode space. Statistically significant dif-
ferences were also established for the average coating thick-
ness h. At the same time, this indicator was less sensitive to
the geometric factor than CVj,. This result corresponded to
the integral nature of the average thickness, which reflected
the total result within the entire sample surface, while the
coating non-uniformity directly responded to local spatial
deviations of the field. With this ratio, the geometric effect
was manifested primarily not in the absolute change in the
average thickness, but in the redistribution of the thickness
between the central, edge and shaded zones.

One of the technological indicators, according to which
statistically significant intergroup differences were estab-
lished, was CV,. The value of F=21.35 at p<0.001 indicat-
ed the dependence of the variability of the coating thick-
ness on the geometry of the working zone. Statistically
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significant differences were established between the cy-
lindrical and variable-distance configurations, between
the cylindrical and combined, as well as between the rec-
tangular and variable-distance configurations. This was
consistent with the transition of spatial differences in elec-
trostatic conditions into the non-uniformity of the formed
layer. The smallest thickness variability corresponded to
the configuration for which the lowest field heterogenei-
ty was recorded, while geometries with local maxima and
shaded zones were accompanied by a more uneven distri-
bution of the coating. A generalised comparison of the in-
dicators showed that a change in the configuration of the
working zone was accompanied by a change in the spatial
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parameters of the electric field, and these differences were
reflected in the powder deposition efficiency and the dis-
tribution of the coating thickness. The closest relationship
was established for the pair of indicators CV, and CV,,
between which a positive integral correlation was found
(r=0.84; p=0.001). A positive relationship was also estab-
lished for the average electric field strength level E and the
deposition efficiency n, but of a lower strength (r=0.58;
p=0.041). This indicated that the technological result was
determined not only by the integral level of the field, but
also by the nature of its spatial distribution.

The correlation between local values of electric field
strength and coating thickness is shown in Figure 3.

aaﬁ 009 VU'

15 20 25 30

Local electric field strength, kV/m

Figure 3. Correlation between local electric field strength values and coating thickness
Note: the points represent local values for different configurations of the working zone; the trend line shows the general
trend of coating thickness change with increasing electric field strength strength: warm tones correspond to higher

values, cold tones to lower ones

Source: compiled by the authors based on ISO 2360:2017 (2017), ISO 2808:2019 (2019)

As shown in Figure 3, a positive relationship was es-
tablished between local electric field strength values and
coating thickness in spatially correlated areas of the sam-
ple. The location of the experimental points for all stud-
ied configurations along the ascending trend line reflected
the change in both indicators within the entire considered
range. In the zone of lower local electric field strength val-
ues, smaller coating thickness values were recorded, while
with increasing E, the h values also increased. The points
corresponding to different configurations of the working
zone formed a single trend, maintaining a certain spread
relative to the trend line. Such a distribution reflected the
relationship between local differences in the electrostatic
state of the working zone and the thickness of the formed
coating. Correlation analysis of local values of E and h con-
firmed a statistically significant positive relationship be-
tween these indicators: Pearson’s coefficient was r=0.79
at p<0.001. The obtained result confirmed the presence
of a relationship between the local electric field strength
and the thickness of the deposited layer in spatially cor-
responding areas of the surface. Thus, statistical analysis
showed that the differences between the studied configura-
tions of the working zone were statistically significant for
both electrostatic and technological indicators. The largest

intergroup differences were established for the parameters
CV, and CV;, which indicated a relationship between the
spatial heterogeneity of the electric field and the non-uni-
formity of the coating. The local correlation between the
electric field strength and the coating thickness showed
that geometrically determined differences in the field dis-
tribution were accompanied by differences in powder dep-
osition on the sample surface. This linked the results of
electrostatic modelling with the actual spatial distribution
of the formed coating.

The influence of the geometry of the working zone

on the electrostatic and technological indicators

of the powder coating system

The influence of the geometry of the working zone on the
course of electrostatic powder coating was manifested both
in the parameters of the spatial distribution of the electric
field and in the technological indicators of powder deposi-
tion and coating formation. Comparison of the indicators
CV,, n, h, CV,, and the thickness distribution at the control
points showed that the configurations of the working zone
differed not only in the intensity of the electrostatic action,
but also in the nature of its spatial distribution. Electrostatic
differences between the configurations were accompanied
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by differences in the efficiency of powder deposition, varia-
bility of the coating thickness and the presence of zones of
local underspray. Within the framework of the comparison,
technological indicators were associated not so much with

Naumenko & Chervinsky

the maximum local values of electric field strength, but with
the nature of its distribution within the working volume.
The generalised electrostatic and technological character-
istics of the studied configurations are given in Table 4.

Table 4. Generalised comparative characteristics of working zone configurations
by electrostatic and technological indicators

The expressiveness

Work area Thickness distribution . Generalised
L CVy, . of geometrically o
configuration at control points characteristic
shaded areas
Moderately uneven; reduced .
Rectangular 0.261 68.4 74.8 0.146 thickness at the periphery Moderate Intermediate
. . Best overall
Cylindrical 0.178 74.9 77.5 0.093 . Most aligned; Minimum balance of
minimal local deviations P
indicators
Combined with local Contrast; local reduction in Increased
shielding elements 0.311 63.1 73.6 0.201 thickness in shaded segments Expressed heterogeneity
) ) Most uneven; significant ) Highest
Variable-distance 0.330  60.7 71.9 0.229 difference between central High heterogeneity

and remote areas

Source: compiled by the authors based on ISO 2360:2017 (2017), ISO 2808:2019 (2019), ISO 8130-10:2021 (2021)

As shown in Table 4, the lowest CV, and CV,, values
were recorded for the cylindrical configuration, which
were 0.178 and 0.093, respectively, while the powder dep-
osition efficiency n was 74.9%. This was combined with a
more uniform spatial distribution of the electric field and
a smaller spread in the coating thickness. The highest CV,
and CV,, values were recorded for the variable-distance
configuration, which were 0.330 and 0.229, respectively,
and n was 60.7%. This configuration also recorded the larg-
est thickness difference between the central and remote
areas of the surface. For the rectangular configuration, the
values CV,=0.261 and CV,,=0.146 corresponded to moder-
ate spatial heterogeneity, which was manifested mainly in
the peripheral segments. For the combined configuration
with local shielding elements, the values of CV,=0.311 and
CV, =0.201 reflected increased heterogeneity associated
with local redistribution of the field near internal obsta-
cles. A combined comparison of the results showed that
the technological indicators were associated not so much
with local intensity maxima as with the nature of the spa-
tial distribution of the field within the working volume.
A decrease in CV, was accompanied by a decrease in CV,
and higher values of n, while an increase in spatial heter-
ogeneity of the field was combined with an increase in the
variability of the coating thickness and a decrease in the
efficiency of powder deposition.

Therefore, within the studied configurations of the
working zone, a decrease in the spatial heterogeneity of
the electric field was accompanied by an increase in the ef-
ficiency of powder deposition, a decrease in the variability
of the coating thickness, and a weakening of the zonal con-
trast between the central, edge, and geometrically shaded
areas. According to the set of indicators CV,, n, CV,, h and
the nature of the thickness distribution for the cylindrical
configuration, the lowest values of spatial field heteroge-
neity and coating thickness variability were recorded with
the highest powder deposition efficiency at the same time.

For the combined and variable-distance configurations,
higher values of CV, and CV,, were established, which was
accompanied by a more uneven distribution of the coat-
ing. Thus, the spatial distribution of the electric field can
be considered as an indicator related to the technological
parameters of powder deposition and coating formation in
electrostatic powder coating systems.

DISCUSSION
The study found that the influence of the geometry of the
working zone on the technological result was realised pri-
marily through the degree of spatial alignment of the elec-
tric field. The determining factor was not the fact of the
local increase in the electric field strength itself, but the
nature of its spatial distribution within the spraying zone.
With less inhomogeneity of the electrostatic field, the ef-
ficiency of powder deposition increased, the variability of
the coating thickness decreased, and the contrast between
the central, edge, and geometrically shaded areas of the sur-
face weakened. This result is consistent with the approach
of B. Siyahhan et al. (2018), who linked the reliability of the
numerical reproduction of the application process with the
comparison of the calculated and experimental spatial dis-
tribution of the material. Within the framework of this work,
this pattern is specified for powder coating systems through
the interpretation of the spatial pattern of application as a
consequence of the degree of electric field alignment. The
revealed consistency is explained by the fact that in both
cases the final state of the coating was determined not by
the isolated action of a separate parameter, but by the spa-
tially organised distribution of deposition conditions within
the application zone. A similar pattern was observed when
comparing the obtained results with the work of M.-R. Pen-
dar & J.C. Pascoa (2019). In the study, it was found that the
nature of the material transfer in the electrostatic field is
directly related to the local distribution of the layer with-
in the application zone. The results obtained in this work
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are consistent with this approach and specify it for powder
coating systems, since a spatially more aligned field corre-
sponded to higher deposition efficiency and lower variabil-
ity of the coating thickness, while the contrasting electro-
static state was accompanied by local areas of insufficient
powder deposition. Such consistency is explained by the
common mechanism of the transition of spatial differences
in electrostatic action into differences in the accumulation
of powder material on the surface of the product. The study
also found that the geometry of the working space changed
the structure of the electric field and the nature of powder
deposition even with unchanged operating parameters.
A similar conclusion is given in the work of N. Guettler et
al. (2020), where it is shown that the numerical description
of electrostatic rotary atomisers significantly depended on
the correct specification of the initial conditions of spray-
ing and the parameters of the injection model. Within the
framework of the work conducted, this pattern acquired a
different interpretation, since it was not the input condi-
tions of the formation of the torch that were decisive, but
the configuration of the working zone in which the electro-
static interaction of the flow with the surface of the product
was realised. The correspondence of the results is explained
by the fact that in both cases the parameters of the spatial
organisation of the process determined the final pattern of
deposition, but at different levels: in one case, the condi-
tions of the initial formation of the flow played a decisive
role, in the other, the spatial conditions of its further trans-
fer and deposition within the working zone.

Similar results are also observed when compared with
the work of K. Sidawi et al. (2021). In it, the geometrically
determined effect is associated with a change in the mi-
crogeometry of the spraying element, which restructured
the atomisation conditions and the initial structure of the
flow. In the study, a consequence close in physical logic was
formed at a different level — due to a change in the mac-
rogeometry of the working zone. The commonality of the
conclusions is that the geometrically determined viola-
tion of the spatial symmetry of the process in both cases
increased the inhomogeneity of the application. The dif-
ference is explained by the localisation of this factor: in
one case, it was concentrated in the spraying unit itself,
in the other - in the configuration of the working space,
which determined the further conditions for the transfer
and deposition of the powder material. It is advisable to
consider the results on the zonal distribution of the coat-
ing thickness in a materials science context. M. Szala &
E. Kot (2017), analysing the properties of polyester powder
coatings after repainting, showed that the features of lay-
er formation are important for the subsequent state of the
coating as a material system. Although a direct analysis of
the geometry of the working zone was not carried out in
this work, such a comparison is appropriate, since in both
cases the initial prerequisite for the following differences
was the conditions for the formation of the coating layer.
In view of this, the relationship established in the study
between the geometry of the working zone, the variability

of the thickness and the severity of local zones of reduced
deposition can be considered as a factor that further affects
the surface and operational characteristics of the coating.
A comparison with works devoted to the optimisation of
the application process also shows that the results ob-
tained do not contradict the general logic of technological
control, but clarify it at the level of spatial mechanisms.
A.D. Karaoglan & E. Ozden (2021) linked the optimisation
of electrostatic powder coating with the stabilisation of
coating parameters through the rational selection of pro-
cess factors. The data obtained in this work are consistent
with this approach, but make it possible to specify that one
of the sources of this stabilisation is the spatial alighment
of the electric field. This correspondence is explained by
the fact that in both cases the final technological effect was
determined not by an isolated change in a separate param-
eter, but by the consistency of the conditions under which
the coating layer was formed. The data of S. Kulothungan et
al. (2022), who established the dependence of the material
transfer efficiency on the conditions of electrostatic spray-
ing, are interpreted in the same direction. The study shows
that the increase in the spatial heterogeneity of the elec-
tric field was accompanied by a decrease in the efficiency
of powder deposition. The consistency of these results is
explained by a common mechanism: the spatially uneven
nature of the material transfer increases powder losses and
reduces the stability of its deposition on the target sur-
face. That is why the spatial state of the electrostatic field
should be considered not only as an accompanying charac-
teristic of the process, but as one of the factors that directly
determines the effectiveness of the application.

Comparison with the results of A.N. Khan et al. (2022)
additionally showed that the target characteristics of the
coating cannot be interpreted outside the spatial structure
of the formation. The study found that a local increase
in thickness in individual zones did not in itself provide
higher uniformity of the coating as a whole. This conclu-
sion is consistent with the approach of the aforementioned
authors, who considered process optimisation through
achieving the specified parameters of the coating layer. The
consistency of the results is explained by the fact that lo-
cal material growth does not eliminate inter-zone contrast
if the spatial distribution of deposition generally remains
uneven. A similar logic is also observed when comparing
with works devoted to modelling the spatial structure of
the torch and flow. R.I. Saye et al. (2023), in high-precision
modelling of rotational spraying, showed the sensitivity
of the process to the spatial organisation of the torch for-
mation. Within the framework of the study, a similar re-
sult was obtained for the electrostatic field in the working
zone. The consistency is explained by the fact that both the
change in the spatial structure of the flow and the change
in the spatial structure of the field are ultimately reflected
in the local distribution of the material on the receiving
surface. That is why the spatial parameters of the process
should be considered as a direct prerequisite for the inho-
mogeneity or levelling of the coating layer.
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The work of M. Scholl et al. (2023), in which electro-
static powder coating is considered as a technology for
forming high-voltage insulation, also provides grounds
for a meaningful correlation with the results obtained.
Despite the different functional context, what is common
is that in both cases the spatial control of the layer forma-
tion acquired a decisive importance. Such consistency is
due to the fact that for coatings with specified functional
properties, not only the presence of the layer itself is crit-
ical, but also the predictability of its spatial distribution
over the surface.

The methodological dimension of the established re-
sults is additionally emphasised when compared with the
approach of B. Christensen & M. Owkes (2023). These au-
thors showed that a spatially detailed description of the
process provides more explanation of the material distri-
bution than integral averaged characteristics. The study re-
vealed the same principle regarding the coating non-uni-
formity: it cannot be fully explained by integral indicators
alone without taking into account the spatial structure of
spraying and deposition. The consistency is explained by
the fact that it is the spatial description that allows inter-
preting local differences in thickness that remain hidden
when using only averaged parameters. Partial, but not
complete, coincidence is observed when comparing with
the results of J. Huang et al. (2023). In the authors’ work,
the improvement of the characteristics of the formed layer
is associated with the use of ultrafine powder. In the study,
a similar result was achieved due to another factor — the ge-
ometry of the working zone. What these approaches have
in common is that a more controlled layer formation cre-
ated the prerequisites for higher structural integrity of the
coating. The difference is due to the nature of the control
influence: in one case, the dispersion of the powder was of
decisive importance, in the other, the configuration of the
application space. A similar pattern is also revealed when
correlated with the study by Y. Matsushita et al. (2024),
where modelling of the painting process was used to re-
produce the spatial structure of the application. Within the
framework of this work, it was also established that the fi-
nal distribution of the material was determined not only by
the spraying mode, but also by the spatial organisation of
the working zone. This consistency is explained by the fact
that the spatial reproduction of the process in both cases
was a necessary condition for explaining local differences
in the thickness of the coating and the nature of its distri-
bution over the surface.

The results also showed that local heterogeneity of
material deposition can translate into differences in the
structure and properties of the coating layer. A similar
conclusion is given in the study by J. Xie et al. (2024),
where the influence of particle size distribution on the
flowability and film properties of organic powder coatings
was established. Such a comparison is appropriate, since in
both cases the coating properties depended on the condi-
tions of layer formation, although the nature of the initial
factor was different: in one case it was the granulometric

Naumenko & Chervinsky

composition, in the other — the geometry of the working
zone. This confirms that the final state of the coating is de-
termined not only by the material composition or the ap-
plication mode, but also by the spatial conditions in which
the powder deposition occurs. The study also showed that
increasing the local electric field strength in itself did not
provide the best technological result without spatial field
alignment. This conclusion correlates with the results of
A. Benmoussa et al. (2025), who showed the possibility
of increasing the efficiency of electrostatic painting by
modifying high-voltage conductors and using a pulsed
electric field. The difference is that in the mentioned work
the efficiency increased due to a change in the electrical
conditions of the system, while in the results presented
here, an independent role of the geometry of the working
zone was traced. The mechanism itself remained common,
since in both cases the control of the spatial distribution
of the electrostatic action was of decisive importance, and
not only the increase of individual local parameters. The
results obtained also showed that the target coating thick-
ness cannot be considered in isolation from the spatial
uniformity of its distribution. This conclusion is consistent
with the data of T. Soli¢ et al. (2025), who also considered
the coating thickness as one of the central criteria for op-
timising the process parameters. In the conducted study,
this indicator acquired a different analytical content, since
it was evaluated not only by the average level, but also by
the spatial variability and contrast between individual sur-
face zones. The consistency is explained by the fact that in
both cases the coating thickness was meaningful only in
connection with the conditions of its formation, and not
as an isolated self-sufficient indicator. The numerical as-
pect of the spatial organisation of electrostatic spraying
is presented in the work of M. Herkins et al. (2026), de-
voted to the computational modelling of the electrostatic
application system. Its results showed the possibility of
increasing the efficiency of the process by optimising the
spatial configuration and reducing losses in the flow. The
obtained data are consistent with this approach, since the
application efficiency was also determined by the spatial
conditions of material transfer within the working zone.
The coincidence of the conclusions is due to the fact that
in both agro-engineering and coating applications, elec-
trostatic spraying remains sensitive to the configuration
of space, which determines the completeness of particle
transfer to the target surface and the nature of the subse-
quent deposition.

The set of obtained results and the comparison with
the data of related studies indicate that the geometry of
the working zone is an independent engineering factor
that determines the spatial organisation of the electric
field, the conditions for the transfer of powder material
and the nature of the formation of the coating layer. The
established dependencies showed that the technological
result in powder coating systems is determined not by the
local increase of individual parameters, but by the degree
of spatial alignment of the electrostatic action, on which
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the efficiency of powder deposition, the uniformity of the
coating thickness and the severity of zones of reduced
deposition depend. The revealed patterns are consistent
with experimental, numerical and technological approach-
es, within which the spatial description of the process
makes it possible to explain local differences in the appli-
cation more accurately than the integral averaged char-
acteristics. Therefore, the geometry of the working zone
should be considered not as a secondary condition of the
process, but as an independent factor controlling the spa-
tial structure of the electrostatic action, through which the
connection between the field parameters, the complete-
ness of powder deposition, the uniformity of the coating
and the potential quality of the formed layer is realised.

CONCLUSIONS

The study showed that the geometry of the working zone
is an independent factor that determines the spatial distri-
bution of the electric field in the electrostatic powder coat-
ing system, and through it affects the efficiency of pow-
der deposition and the uniformity of the formed coating.
A comparison of four configurations of the working zone
established that a change in the shape of the working vol-
ume, the presence of local shielding elements and varia-
tions in the interelectrode distance were accompanied by
a change in the spatial heterogeneity of the electric field,
local zones of concentration of electric field strength and
areas of its weakening. For the cylindrical configuration,
the lowest value of the coefficient of variation of the elec-
tric field strength CV, =0.178 was recorded, while for the
combined and variable-distance configurations this indica-
tor was 0.311 and 0.330, respectively. For the rectangular

configuration, the highest value of powder deposition ef-
ficiency n=74.9%, the largest average coating thickness
h=77.5 ym and the smallest value of the coefficient of vari-
ation of the coating thickness CV,, =0.093 were established.
For the combined and variable-distance configurations, n
decreased to 63.1% and 60.7%, and CV,, increased to 0.201
and 0.229, respectively. This distribution of indicators re-
flected the transition of electrostatic heterogeneity into
technological layer non-uniformity and an increase in
the contrast between the central, edge and geometrically
shaded areas of the surface. Statistical analysis confirmed
the significance of inter-configuration differences. The
most pronounced between-group effects were established
for CV, (F=18.72; p<0.001) and CV;, (F=21.35; p<0.001).
Integral correlation analysis showed a close positive re-
lationship between CV, and CV, (r=0.84; p=0.001), and
local correlation analysis between electric field strength
and coating thickness confirmed a statistically significant
positive relationship (r=0.79; p <0.001). According to the
set of electrostatic and technological indicators, the most
appropriate within the studied options was the cylindrical
configuration of the working zone. The limitations of the
study include the consideration of a limited number of ge-
ometric configurations and standard flat samples without
taking into account complex-profile products and a wider
range of spraying modes. Further research should be di-
rected towards expanding the range of geometric models
of the working zone, analysing spatial powder deposition
on products with complex surface configurations, and
combining electrostatic modelling with prediction of local
coating thickness.
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MOJISI B CUCTeMaX eeKTPOCTaTUYHOTO MOPOIIKOBOro ¢hapObyBaHHS Ta Oro BIUIMBY HA MOKAa3HUKM OCAJKEeHHS
MOPOIIKY i pPiIBHOMipHICTh NOKPUTTS. MeTOLOMOrisl TO€HYBa/Ia CTeHA0BUI TOPiBHSIIbHUIL €KCIIepUMEHT, TPUBMUMipHE
eIeKTPOCTAaTUUYHE MOJe/NI0BAaHHSI CUCTeMM “KOPOHHMUI eleKTpon, — 3apsiiKeHnit ¢paken — 3azemyieHuit Bupi6”,
HepyliHiBHe BUMipIOBaHHS TOBLUIVMHM CYXOi IUTiBKM, BU3HAUEHHS e(DeKTUBHOCTI OCaIsKeHHS IMOPOIIKY Ta CTATUCTUYHMIA
aHaJli3 eJIeKTPOCTATUYHMX i TEXHONIOTIUHMX MMOKA3HUKIB IJI1 YOTUPbOX KOHGirypariii po6ouoi 30H1. YCTaHOBJIEHO, L0
UWIiHApMYHA KOHIiTypallis xapakTepusyBaiacs HaliMeHIIO0 MTPOCTOPOBOI0 HEONLHOPIAHICTIO eIeKTPUYHOTO OIS :
KoediuieHT Bapialii HAMPy>KeHOCTi €JIeKTPUUYHOTO 1MoJis ctaHoBUB 0,178 npotu 0,261 miist mpsimokyTHOi, 0,311 miist
KombiHoBaHOi Ta 0,330 a1 koHirypariii 3i 3MiHHOIO MikeJIEKTPOIHO BifcTaHH0. [ 1iei KoHbiryparii Takox 6yn10
3adikcoBaHO HaliBuIIe 3HAUeHHS e()eKTMBHOCTI 0CaIsKeHHS TIOPOLIKY — 74,9 %, Haii6iNblTy cepeqHIO TOBUIMHY TTOKPUTTS
77,5 MxM i HaliMeHIlle 3HauUeHHs KoedilieHTa Bapialii ToBuMHY MOKpUTTS — 0,093. [y kKomb6iHOBaHOi KOHirypaii
Ta KoH®irypaii 3i 3MiHHOIO Mi>ke/JIeKTPOAHOIO BiJICTaHHIO e(heKTUBHICTh OCaJKeHHS MMOPOLIKY 3HIKyBaacs Ao 63,1 %
i 60,7 %, a koediuieHT Bapialii TOBIIMHM MOKpUTTS 3pocTas mo 0,201 i 0,229 BimmoBigHO, 1110 Bimo6paskasio rnepexif,
eJIeKTPOCTaTUUYHOI HEOAHOPIAHOCTI Y TEXHOJOTIYHY HePiBHOMIPHIiCTh TOKPUTTS. CTaTUCTUUHMIL aHAli3 MiATBEPAUB
3HAYYLIicTh MIXXKOHGIiTypaniiiHux BigMiHHOCTe 05 KoedinieHTa Bapiallii HAMPy>XeHOCTi eeKTPUIHOTO OIS i
KoedimieHTa Bapiallii TOBIIMHM MOKPUTTS. IHTErpasbHMIT KOPEISIiAHNWI aHAaTi3 TOKa3aB TiCHMIT TO3UTUBHUI 3B’SI30K
MiX KoedilieHTOM Bapiallii HampykKeHOCTi eIeKTPUIHOTO OIS Ta KoedillieHToOM Bapialii TOBUIMHM TOKPUTTS (1 =0,84;
p=0,001), a 10KaIbHNIT KOPEJISALLiTIHMIA aHai3 MiXK HAlIPY>KEHiCTIO 110/ Ta TOBILMHOIO IIOKPUTTS - CTATUCTUYHO 3HAYYIINIA
TO3UTUBHMI 3B’130K (r=0,79; p<0,001). IIpakTMUHEe 3HAUEHHS PE3Y/IbTATIB MOJIATAE B MOXKIMBOCTI iX BUKOPUCTAHHS
TiJl yac MPOEKTYBaHHSI, HAJIAIITYBAHHS Ta ONITUMi3allii po60UMX 30H y CUCTEMAx eJIeKTPOCTATUUHOTO MOPOIIKOBOTO
bapb6yBaHHs A1 MigBUILEHHS ePeKTUBHOCTI 0CaIsKeHHS MOPOIIKY Ta PIBHOMiPHOCTI TTOKPUTTSI

KniouoBi cnoBa: enekTpocTaTMyHe HamMIeHHs; e(QeKTUBHICTh OCa[KeHHsI; IPOCTOPOBAa HEOMHOPIMHICTh;
MiXeJIeKTpOIHA BificTaHb; TOBIIMHA CyXOi IUIiBKM; KoedillieHT Bapiarii
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Synthesis and decomposition of a mechatronic system
with hydro-pneumatic automation devices

Abstract. The relevance of this study is driven by the increasing complexity of mechatronic systems with hydropneumatic
automation devices and the need to improve the efficiency of their design in the context of Industry 4.0 development. The
aim of the study was to substantiate the suitability of the cyclic-modular approach for decomposing a mechatronic system
into macromodules, synthesising these modules, and subsequently integrating them without compromising the system’s
properties. The research methodology was based on the application of systems analysis, decomposition, and logical synthesis
principles for the design and investigation of mechatronic systems with hydropneumatic automation devices. Within the
synthesis object, the electronic component was represented by the control algorithm of the system’s actuating devices. The
authors consider efficient and competitive technical solutions aimed at introducing new functions and increasing the level
of automation in accordance with Industry 4.0 trends. An abstract model of a mechatronic system element, referred to as a
macromodule, is proposed. The advantages of autonomous configuration and testing of macromodules were demonstrated,
showing a significant reduction in development time and simplification of system design. The consequences of deep
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fragmentation of a mechatronic system were analysed, and the relationship between module complexity and control
architecture is established. The results of the control model analysis demonstrated that excessive decomposition leads to
the emergence of a separate hierarchical level responsible for coordinating interactions among simplified elements. It was
substantiated that the division of a system into macromodules cannot be arbitrary; rather, it was strictly constrained by the
physical properties of the equipment and the functions of the design object. The paper proposed evaluating the quality of
decomposition not by the number of elements but by the practical reduction in system development time before and after
scaling. The optimal size of macromodules is unique to each specific project because it was determined by the functional
and physical content of the components. Effective decomposition achieves a balance between macromodule autonomy
and the complexity of coordination links, thereby enabling the rapid implementation of sophisticated automation systems

Keywords: control architecture; macro-module; hydraulic devices; functional decomposition; logical control; modular

synthesis; control architecture; Industry 4.0

INTRODUCTION

Efficient and competitive technical solutions for any in-
dustry are impossible without adding new functions and
increasing the degree of automation, which is in line with
the trends of Industry 4.0. Authors such as E.H. Aboul et
al. (2022) presented Al applications in industry, including
Internet of Things (IoT) and Industrial Internet of Things
(IIoT) technologies. H. Sikandar et al. (2021) found that In-
dustry 4.0 is primarily focused on the fields of engineering
and computer science. These changes lead to the scaling
up of mechatronic and automation systems, as noted by
M. Becker et al. (2025). A consequence of the increased
number of controlled devices in a technical system, from
2-5 to 30-100, is system segmentation. The segments are
combined into a larger system that forms a common op-
erating space for all segments. System composition and
decomposition are recognised as key approaches in the
development, testing, and modernisation of automat-
ed technical systems with a significant number of man-
aged and controlled components and multiple operating
modes (Mesarovic & Takahara, 1975; Li et al., 2025). Sim-
ilar tasks have also arisen in computing and information
technology. As programmable controllers (Programmable
Logic Controllers, Smart Relays and Industrial PCs) have
spread to other technology fields, developers of tradition-
al hydropneumatic and mechatronic systems have faced
similar challenges (Barbanera, 2021; Webert et al., 2022;
Belgacem et al., 2026). If different areas of technology
are considered from the point of view of dividing a larger
technical system into smaller subsystems, followed by the
development of these subsystems and their subsequent in-
tegration into a unified system, many common principles
and approaches can be identified.

The peculiarities of certain automatic and mechatron-
ic technical systems can be imparted into several aspects
that do not allow the direct application of informatics and
computer science approaches and methods for the devel-
opment of automated systems, including the variety of de-
vices and functions both within a single system and among
the available technical means used for design (Lambert
& Herder, 2016; Cherkashenko, 2023), the natural asyn-
chronicity of pneumatic and hydraulic devices, the non-de-
terministic timing of repetitive actions in pneumatic

and hydraulic processes, the dependence of the duration
of hydraulic and pneumatic processes on environmental
conditions and the system state, and differences in the
representation of safety-related pneumatic, hydraulic, and
mechanical elements compared with components used in
computer science (Vieira et al., 2021).

The aim of the research was to substantiate the suita-
bility of the cyclic-modular approach for dividing a mecha-
tronic system into parts and combining the parts into a me-
chatronic system without violating the system properties.
To achieve this aim, the following tasks were addressed:
the formation of a generalised structure of a macromodule
for hydraulic and pneumatic automation and mechatronic
systems; the determination of the relationships between
the macromodule and the system; the determination of the
connections between the system and the macromodule;
and the verification of the proposed approach through a
practical example involving the development of a hydraulic
and pneumatic automation system.

MATERIALS AND METHODS

The number of different means, for example, control and
monitoring in pneumatic automation, is measured in thou-
sands, and in hydraulic automation and mechatronics even
more. The diversity of the element base of such models as
finite state machines or EF networks, or Petri nets, which are
the basis of the language for compiling control algorithms, is
measured in tens and differs thousands of times from the di-
versity of mechatronics technical means (Findeisen & Hel-
duser, 2015; Albrecht & Taylor, 2020; Lu et al., 2022).

Secondly, it is the natural asynchrony of processes in
pneumatic and hydraulic devices (the time of their state
transformation). For these devices, the time difference be-
tween the operation periods differs from tens to hundreds
of thousands of times. The third is the unregulated time of
the same hydraulic, mechanical or pneumatic transforma-
tions when they are repeated (Subramanya, 2010; Khond et
al.,2019; Zhang et al., 2024). That is, a single transformation
of the state of a hydraulic or pneumatic device, depending
on the state of the environment and system parameters,
may have a repeated operating time with a difference of
several dozen times (Peterson, 1981). The fourth difference
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relates to the prevention of physical destruction of system
elements and is focused on the features of mechanical,
pneumatic or hydraulic devices that differ significantly from
the representation of elements in information technology
(Parr, 2011; Adedigba et al., 2016). In the case of simulta-
neous issuance of two commands to transform the state
of a mechanical device in opposite directions, its physical
destruction or uncontrollable actions occur (Polishchuk et
al., 2018; Kozlov et al., 2023). Also, peculiarities can be ex-
tended by differences in Power from a tenth of watts to tens
of kW and oscillations of variables in transition processes.
The listed features are sufficient to define the ba-
sic requirements for the components attribute and its

Hanpantsurova et al.

representation in tasks of decomposition and composition
of hydraulic automation and mechatronic systems (Tibo-
ni, 2023; Nazarova et al., 2024; Lopez et al., 2026). The uni-
versal form of a system element should be suitable for the
variety of technical means used in the system. This does
not mean that each means is an element or component;
conversely, each element has a certain technical device as
its prototype (Mesarovic & Takahara, 1975; Subraman-
ya, 2010; Cherkashenko, 2023). In a formal representation,
a system element must have the properties of controllabil-
ity and self-control of transformations of its state, regard-
less of the physical nature of the structure and complexity
of the technical devices used (Fig. 1).

™\ Result
Sensors of execution y;:
(Limit switches) —
of the 1°* Module:™ signal x;
Outputs: x; and x, ‘
_/ signal x-

Straight command/
switch on y,

[ Executive device of the 15t module

Result
of execution y;:

\ 4

Reverse command/
switch off y,

>

Control device

(Directional valve/Driver) Inputs:

yiandy ; ~
of the 15 module

Figure 1. Example of the 1*t module structure

Source: compiled by authors

In other words, an element of the system, in terms of
information, includes a command to change its state and a
signal that confirms the expected change:

X=¢ (Y, 1), %
where X, — signal of changed state, ¢ (Y;) - transition func-
tion of changing state by command, t; - time of transi-
tion. This option takes into account the first feature and
largely covers the second and third features of the class
of systems under consideration. As for the fourth fea-
ture, all components have a long-term unregulated tran-
sient state, which requires the use of three-digit logic
(0 - ready to operate, * — transient state or uncertainty,
1 - testing is completed): X, € {1, 0, *}. Thus, the form of a
system element will have meaningful content (based on
a physical prototype) beyond its formal description. The
physical content of the system element (involved devic-
es) will not affect the system properties of the element.
Only the function of changing the state and the function
of self-monitoring the state of the element are taken into
account, not time of transition.

Prevention of mechanical destruction, as a result of
applying opposite commands to an element, module or
system, can be ensured by taking into account a cycling
feature (Lishchenko et al., 2024; Fu et al., 2026). Every el-
ement has two opposite actions (“switch on + action” and
“switch off + action”) — execution and control of result:

{XL' = ¢(Yiiti) (2)

X; =Y, t;)

where X; - signal of returning to initial state, result of re-
verse command Y;, t; — time of transition. Two opposite
functions (main and reverse) of one element form a se-
quential cycle (Fig. 2).

Executive
device of the |

~7 15t module

Signal y; Signal x;

Control
system

Signal x7;

Functioning
of the 1t module
in closed cycle

Control
system

Signal y;

Executive

T
device of the &

15t module

Figure 2. Example of function diagram
of the 15t module
Source: compiled by authors
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In this form, any separate part of the system, if it meets
the listed requirements, can obtain the status of a system
element with standard functions for the developer such as
connection to the system using the main and reverse con-
trol commands and interaction with other elements via
state control signals.

A separate system that has “switch-on” functions
with control of the result obtained after switching on, and
“switch-off” functions also with control of the result ob-
tained after switching off, can be used as a system element
and, therefore, is suitable for the synthesis of an automated
system of a technical object (Fig. 3). The main and reverse
functions performed by such a system element or macro

module form their technological cycle, divided into small-
er functions and modules. But for the main system, such
a macro module is an ordinary element with a three-digit
cyclic logic of state changes (1, 0, *) based on the issuance
of “switch on” and “switch off” commands:

MMy = {Yure, Xue, tui, Y o7 X

M A Eup } =

ik (3)
= {(%, X}, t;}vmi (Y}, X, tj}mf}|j:1’
where i — serial number of macro module, j - serial num-

ber of unit/module of macro module, k - quantity of units/
modules of macro model.

)
4 ) N
Convertion
inner signals £
to macromodule signals Xm 3
w
\_ B w
e N =
X1
Inner macromodule
control system
)
\ ) —
4 N\
Executive devices
g of macromodule
g
£ . Y
g Ym1 4 N
o
R e
Inner macromodule
Yu1 control system
—p
o J

Figure 3. Structure diagram of macro module M1

Source: compiled by authors

The issue is rules for adding macro module in to the
system and for separating part of the system as macro
module. The function of the macro module for the main
command Y,, includes several actions of system units
k(Mi). This means the macro module is a system of units/
modules, which include actuators with control signals and
commands. There are no differences in using of inputs {Y,,
Y;;} and outputs {X,,, Xi;} of a macro module and unit. But
they can be different, in the physical meaning, of the main
and reverse action of the macro module. It means inputs
are not connected with one specific unit and outputs — give
information about state of the macro module. Output sig-
nal is a combination of control signals of units in the mac-
romodule. An additional advantage of using macro mod-
ules is the removal of complex functions from the main
system and their transfer to macro modules. The functions
may be more complex than the main system, but their pro-
visioning, testing, and debugging can be performed simul-
taneously with the development of the entire facility. This
significantly speeds up the development of a new system.

Application of the method on the example of a system
with pneumatic actuators Example. The technical solution

is considered using pneumatic automation. Pneumatic
grippers are widely used in assembly plant manipulators
to perform several actions. The gripper combines several
actuators with monitoring and control devices. A pneumat-
ic workpiece holding mechanism, horizontal and vertical
movement drives (Fig. 4). Before starting work, the work-
piece holding mechanism is in the open position. At the
command to perform the main function of the macro mod-
ule: the vertical feed drive lowers the holding mechanism
to the workpiece (position control), then - if the workpiece
is present — the mechanism grabs the workpiece (pressure
control X7,,,, signal from detector of workpiece X,,,,), Next,
the vertical feed drive lifts the workpiece (position control).
If necessary, the horizontal feed drive moves the workpiece
to the shipping position. On a command to perform the re-
verse function of the macro module: the vertical feed drive
lowers the mechanism with the held part (position control),
then the mechanism releases the part (inverse pressure
control X537, no signal from detector of workpiece X;p1).
The vertical feed drive then lifts the mechanism without
the part (position control). The macro module returns to
its original state.

Machinery & Energetics. Vol. 17, No. 2
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Figure 4. Macro module “Manipulator” (pneumatics)
Note: actuators: 1 — pneumatic cylinder (horizontal axis), 2 — pneumatic cylinder (vertical axis), 3 — gripper; signals: Y1,
YN1- commands for horizontal displacement, X1, XN1 - end position switches for the horizontal axis, Y2, YN2 — com-
mands for vertical displacement, X2 — end position of the vertical axis (pressure sequence valve), YN3 — gripper (command

“release”), X3 — signal from gripper
Source: compiled by authors

The first step is to identify the macro module and the
modules that make up the macro module, and to name the
macro module, as well as the modules and signals that make
up the macro module. Consider the name of the macro mod-
ule. Suppose that the grab macro module has the name “M1”
in the system, then the commands to turn it on and off will
receive the designation: Y,,;, Y;;- Macromodule components:
1M1 vertical feed drive (1st module of Macromodule 1), 2M1
holding mechanism module (2™ module of Macromodule 1).
Command marked as Y with index, control signals marked as
X with the same index. The second step is to build detailed
descriptions of the main and return functions of the macro
module. The execution of the main function “part capture”
will have the following detailed form:

“)

Yii=Yun = Yo = Yiane
The opposite function of “part capture” will look like this:

Ym = Y1M1 g YM g Ym. (5)
The third step is the formation of the content of the
logical conditions for controlling the performance of macro
module functions. For the example under consideration, t
he logical condition that states the fulfilment of the main
function of the macro module “approval” is as follows:
Xm1 = X131 * Xomo (6)
(top position, workpiece is held). The logical condition that
states the execution of the reverse function of the macro
module is as follows:

(N

Xart = X1t * Xzarno

(top position, no workpiece in gripper). In general, logi-
cal conditions are drawn up by means of logical synthesis,
which will be discussed in the example.

The fourth step is to formalise the description of the
macro module. By its actions and their ordering, the mac-
ro module is a cyclic system. The difference lies in the di-
vision of the cycle into two segments. The first segment
contains the part of the cycle that corresponds to the
main function. To execute it, you need an enable signal
from the main command of the macro module. Similarly,
the second segment contains the rest of the cycle, which
is responsible for executing the return function of the
macro module. To execute it, you need the enable signal
of the return command of the macro module. That is, for
a macro module, there is a functional graph built accord-
ing to the rules of cyclic systems and the methods of the
cyclic-modular approach (Peterson, 1981; Wu et al., 2014;
Vanegas-Ayala et al., 2022) can be applied to it. The mac-
romodule graph has two externally controlled gaps such
as the “RUN” signal. They separate the segments of the
main and return functions (Fig. 5). If necessary, the system
of the macro module can be supplemented with memory
elements, and logical expressions of control commands
for individual modules that make up its structure can be
compiled (Wu et al., 2014; Zhao et al., 2021).

Fifth step is establishing a logical connection be-
tween the macro module and the external system. Ac-
cording to the diagram (Fig. 3), the macro module should
supply the system with signals to control the perfor-
mance of its main and reverse functions, the logical ex-
pressions of which were built in the third step. X,, and
X3 will be used in control commands for the logical syn-
thesis of the external system to which the macro mod-
ule belongs. Two commands that will be formed during
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the logical synthesis for the macro module Y,,, Y37, will
be used as external signals when performing the main
and return functions of the macro module. Logical com-
mands for controlling the macro module Y,,,, Y37, will
be multipliers in the expressions of commands that start
the execution of the main function segment and in the
expressions of commands that start the execution of the
inverse function segment.

RESULTS AND DISCUSSION

The system acquires a homogeneous structure. This is be-
cause the macromodule takes the form of a regular module.
That is, a complex subsystem is represented as a memory
element with turn-on and turn-off time delays. This allows
for synthesising the interaction logic of all system mod-
ules using a single set of rules. Consequently, this enables
the investigation of such system properties as reachability,
safeness, liveness, and boundedness, which are commonly
applied in Petri nets. Formally, the macro module does not
exist in the system. As an example, the gripper macromod-
ule (Fig. 5) is involved in an automated system that pro-
vides the following actions:

1. Loading the part into the system — the main action
of module 1;

2. Picking up the part by the macromodule - the main
action of the macromodule M2;

3. Transferring the gripper with the part to the working
position - the main action of module 3;

4. Returning the loader to its initial state - the reverse
action of module 1;

5. Release of the part by the macro module - the re-
verse action of the macro module M2;

6. Clamping the part — the main action of module 4;

7. Performing technological processing of the part —
the main action of module 5;

8. Returning the technological equipment to its origi-
nal state — the reverse action of module 5;

9. Releasing the part - the reverse action of module 4;

10. Picking up the processed part by the macromod-
ule — the main action of the macromodule M2;

11. Returning the gripper with the workpiece to its
original position - the reverse action of module 3;

12. Release of the workpiece by the macromodule - the
reverse action of the M2 macromodule;

13. Removal of the part by the extractor — the main ac-
tion of module 6;

14. Returning the extractor to its original position - re-
verse action of module 6. Then the cycle is repeated.

1M2

Figure 5. Functional diagram of macro module M2: dotted — connection lines,
dash-dotted — uncertainty lines, 3M2 — memory element

Source: compiled by authors

The first step is to identify the macro module and its
components. The grip macro module is named “M2” in the
system, and the commands will be designated: main Y, re-
verse . Components of the macro module: vertical feed drive
1M2 (1*t module of Macromodule 2), module of the holding
mechanism 2M2 (2" module of Macromodule 2). Second
step is detailed descriptions of the main and reverse func-
tions of the macro module. Performing the main function
of capturing a part: Yy, = Yipp = Youz = Y35 Performs a
reverse “part release” function: Y355 = Yy = Vo = Y-
Third step is the formation of logical conditions for con-
trolling the execution of macro module functions. The

logical condition for capturing a part: Xy, = X135 * Xom2
(top position, workpiece is held). A logical condition for
releasing a workpiece: X33 = X133 * X335 (Upper position,
no workpiece). The fourth step is formalisation and logical
synthesis of the macro module. By the actions of the macro
module components and their ordering

Yz = Yimz = Yamz = Yigz and Yoz = Yinz = Yop = Yooz
a functional graph of the macromodule was constructed

(Fig. 5). According to the results of the memory test, two
uncertainty lines (dashed and dotted lines) were obtained.
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To get rid of the memory deficit, a module (memory ele-
ment, 3M2 and 3M2). Specify external commands to the
main function (M2) and reverse function (M2) of the mac-
ro module (marked with arrows on Fig. 5). Based on the
created graph, the module control commands and logical
expressions of the macro module status signals were com-
piled. Control commands:

Yimz = Xamz * Xopz + X333 * Xomz * Vigzs
Yomz = Ximz * Xamz; Yamz = X133 * X735z * Yuzs
Y = Xomz * Xamz + X533 * X337 Yaarz = Xamz * Xaiz5
YM = Xm * X2M2'

The main command of the third module contains an
external signal to turn on the macro module, and the sec-
ond addition of the 1t module command contains an ex-
ternal command signal to turn off the macro module. The
expressions of these commands (Y, and Y3;) should be
built by logical synthesis of the main system. Composing
logical expressions of the macro module state (X, and
X355, shown with the frames, Fig. 5) corresponds to the
conditions of termination of the main function and the
inverse function of the macro module. On the graph, the
vertex of the end of the last action of the main function
has the logical expression Xy, = Xz35 * X135 * Xoma- AS
soon as the reverse function starts, the signal will disap-
pear (state X43;3) and the macro module will lose its state
X,»- Similarly, for the vertex of the end of the last action

Hanpantsurova et al.

of the inverse function: Yy, = X; + X3 * X5 * X3. Compared
to the meaningful conditions of the macro module state,
multipliers have been added to take into account the addi-
tion of a memory element.

Fifth step is ensuring the interaction between the mac-
ro module and the external system. The logical connection
between the macromodule and the external system is pro-
vided by the expressions of the commands to turn the mac-
romodule on and off (Y,,, and Y3;). These expressions are
built through the state signals of the external system. The
logical connection between the external system and the
macro module is provided by the expressions of the mac-
ro module status signals (X, and X353), built through the
state signals of the macro module components. Based on
the results of the logical synthesis of the external system,
the logical expressions of all commands, including those of
the macro module (Fig. 6), are obtained.

Y1 =Xg*X7*X§*Xm;YI=XM2;

Yo = X1 + Xz x X5 X3, Yoz = X3 x X7+ X5 +X§*X7;
Y3 = Xy * X7; y§=XM2*X7F Y, = X33 * X7 * X3;
Y7=Xex X7, Vs = Xy x X7, Yz = X7
Yo =Xim * Xz x X5, Ye = X7, V7 = X6, Y5 = X5

Macro module state signals X, and X3z should
be replaced with their expressions obtained in step 3
or during the logical synthesis of the macro module:
XM2=Xm*Xm*X2MZandYM2=X1 +X1*X7*X3 5

Figure 6. Functional diagram of system with the 2" Macro Module:
dashed - connection lines; dotdash — uncertainty; 7 and 7 — memory

Source: compiled by authors

The command expressions of the external system after
replacement are as follows:

Y1 =XE*X7 *Xg*Xm*Xm*Xm,
Y1 = Xaiiz * X1z * Xam2,
Y3 = X533 * X7373 * Xomz * X7,
YEZXM*XM*XZMZ *X7,
Yy, = X117 * X3z * X333 * X7 * X3,

Yo = X7arz * Xonrz * Xappz * X7+ X3-

This ensures that the external system is connected to
the state of the macro module components.

The logical connection of the macro module with the
external system is made through the macro module control
commands from the external system. The signals of these
commands are present as multipliers in the expressions of
the control commands of the macro module components.
Instead Y,,, and Y35 in the expressions of the commands of
the macro module components must be:

Yyo = X1 + X7+ X5 % X35
Ym =X3 *XT*X7+X§*X7.

This replacement ensures that the macro module
switches from its own event counting to the event counting
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of the external system. The command expressions for the
components of the macro module are determined as follows:

Yine = Xamz * Xopgz +
+X5335 * Xomz * (X3 * X7+ X7 + X3 % X5);
Yomz = Xim2 * Xam2;
Yamz = Xipgz * Xappz * (X1 + Xg + X5+ X3);
Yoz = Xomz * Xamz + Xz * Xaapzs

Yoz = Ximz * X55135 Yaus = X1z * Xomz,

The construction of the “gripper” macromodule for the
system and the system with the macromodule is complete.
The resulting expressions allow us to develop a control sys-
tem: to design electrical relay circuits, to design pneumatic
automation circuits, to design a control algorithm (Zhao et
al., 2021; Vanegas-Ayala et al., 2022).

The use of a macromodule as a tool by a developer
when creating systems provides another opportunity —
to use the principle of reversibility of the system and its
parts. According to formal features, an external system
that includes a macro module that operates once per cycle
meets all the requirements for building a separate “macro
module”. Main and reverse functions Y,,, and Y7 of the
macro module that has already been built and is named
“M1”, divides the system’s action cycle into two segments
(Busi, 2002; Gomes & Barros, 2005; Reisig, 2013). In com-
parison, a common feature is the logical structure of the
control systems. In other models, the system architecture
is fixed. In the proposed model, within its foundational
premises, the system architecture is open. That is, cyclic
modules have specific logical interaction conditions among
themselves. The operational process is a consequence of
fulfilling (executing) these conditions.

The first segment between switching on the macro-
module M1 and switching off the macromodule M1. The
second segment from the switching off of macromodule
M1 to the next switching on of macromodule M1 (Fig. 7).
Since the system’s development of the first process seg-
ment leads to the state of the beginning of the second seg-
ment, and the development of the second segment leads
to the state of the beginning of the first segment, it can
be said that the segments are mutually reversible. That is,
by analogy with the cyclic modules of the system, these

segments can be designated as follows: the main action of
the external system Y, reverse action of the external sys-
tem Y. According to the graph (Fig. 7), to start the main
action Yy, the reverse function of the macro module must
be completed Y3;. To start performing the reverse action
Yoyt the main function of the macro module must be com-
pleted Y,,,. That is, logical commands are enough for the

macro module and the external system to interact:

Y1 = X%; Yim = XSyst;

Ysyst = Xuma; Ym = Xwi-
At the same time, the system state signals X, and X555
will have a structure similar to the status signals of the of
the macro module, i.e., they are logical expressions for a
single vertex of the expanded graph of the system. will have
a structure similar to the status signals of the of the macro
module, i.e., they are logical expressions for a single vertex
of the expanded graph of the system.

Syst

M1 M1

Syst

Figure 7. Functional graph with the inverse image
of the system and macromodule M1
Note: dotted lines are communication lines, Syst — main
action of the system, Syst — reverse action of the system
Source: compiled by authors

The number of actuating and controlling devices and
monitoring devices is the same for the homogeneous sys-
tem and the system with macromodules. This number is
due to the same set of functions and control devices for
both system variants. Quantitative indicators for the ho-
mogeneous system (Fig 9) and the system after decompo-
sition have approximately the same values (Table 1).

1M2 3M2 2M2 3M2 2M2
* (X3 * X7+ X7 + X3 % X5);
Y*1m2 = X1 % Xopz + X3 % X7 % Xoppz * X7 +
+X1*X7*Xm*x3 +X§*X7*X2M2
Yomz = Ximz * Xamzs
Y omz = Ximz * X1 + Ximz * X7 % X3
Yy = X5 * X7 % X3 % Xi32 * Xoarg * X
Y*l ZXE*X7 *Xm*Xg
Y1 = Xaz * Xarz * Xamzs
Y'q =x Xi7 * Xoma * X7,

Figure 9. Functional graph of the homogeneous system of the first example, comparison of logical expressions of commands
Note: * commands are marked in the case of a homogeneous system, without marking — command expressions for a

system with a macromodule M2
Source: compiled by authors
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Table 1. Comparative indicators of the example

Indicator Homogeneous 2 macro modules
Quantity of transitions 23 15+9=24
Logical uncertainty 6 3+2=5
Elements of memory 1 1+1=2
Quantity of modules 8 7+3=10

Quantity of logical connections
(modules 1M1, 2M2 and 1)

Relative dimensionality 23+%8=184 15%7+9%3=132

10+4+5=19 8+1+7=16

Source: compiled by authors

smt test mistake

— F _tcont cont
= tsint tslnt + ttest ttest + tmLstake tmlstake
dul modul ,

The main difference in the approach is related to the = t“’"t/tmod u
relative dimensionality of the system N, which is calculated
as the product of the number of transitions in the processz ~ where £, t, f, - percentage of development time

st (60-90%) and

test? tmismke
and number of modules in the system m: N=z+*m.Interms  spent on synthesis i, , (5 — 15%), testing
of content, this is the maximum number of logical condi-  fixing errors ,,;,,,, = 100% — (£, t +{,.,,) (up to 30%). The time
tions that determine a certain action of a certain module in  to correct errors is further reduced by reducing the dimen-
a certain state of the system, applied for each action. sionality of the objects (system or macro module) in which

These conditions are the formal basis for the content  the correction is performed. For the example under consid-
of the system’s algorithm. For the above example of a ho-  eration, the parameter falls within the range from 1.4 to
mogeneous system, this figure is 184. For a distributed sys-  2.1. The second value corresponds to the absence of errors
tem, the developer must synthesise the main system and  (qualified developer), and the first value corresponds to the
the macro module subsystem. For the main system, the presence of typical technical errors in the construction of

relative dimensionality is 105, and for the macromodule 27.  the circuit and the design of the control algorithm.

For the developer, this means that the required number of The effectiveness of the approach depends on the
synthesised and minimised logical conditions that he must  relative dimensionality of both the system and the mac-
check is reduced by 1.4 times. romodules: the number of modules in the system m, num-

ber of transitions in the process z, quantity of macro mod-

sint test

~ t ~ t - . . - . .
Tsint ts%;"l = trest :f%tml =14. ules K, uniformity of distribution of functional modules
modu mod u

across macromodules. Clarification: the total number of

This will result in a proportional reduction in devel-  transitions when adding each macro module can increase
opment time, a reduction in testing time, a proportional by 1, due to the addition of memory elements that com-
reduction in the number of technical errors in the de-  pensate for the absence of a macro module in the system:
velopment, testing, and design of the control algorithm,  z,,,,;= 2" Ko FOI @ system consisting of three macro-
and the time required to correct them. The total reduc- modules, each of which has the conditional dimension of
tion in development time using the macromodular ap- the entire system of the previous example, the following

proach will be: indicators are obtained (Table 2).

Table 2. Comparative indicators of the 2" example

Quantity of transitions Homogeneous 3 macro modules
Logical uncertainty 69 23+23+23+3=72
Elements of memory 18 nD, +nD,+nD;<18
Quantity of modules nM nM+3
Quantity of logical connections 24 24+3=27
Relative dimensionality 69+*24=1656 3%(24*8)=576

Source: compiled by authors

For the developer, this means that the number of syn-  range from 2.15 (in the absence of errors) to 7.5. The di-
thesised and minimised logical conditions is reduced by vision of the same system into 2 macromodules of larger
2.8 times. Accordingly, the reduction in the development dimension (12 functional modules each) leads to the fol-
time, depending on the ratio of the stages’ terms, will lowing indicators (Table 3).

Table 3. Comparative indicators of the 3" example

Quantity of transitions Homogeneous 3 macro modules
Quantity of transitions 69 35+35+2="72
Logical uncertainty 18 nD,+nD,<18
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Continued Table 3.
Quantity of transitions Homogeneous 3 macro modules
Elements of memory nM+2
Quantity of modules 24+2=26

Quantity of logical connections
(modules 1M1, 2M2 and 1)

69*24=1656

2%(35%12)=840

Source: compiled by authors

Separating one macromodule in the system (decom-
position into 2 components: 2 to 5) reduced the relative
dimensionality by 1.4 times. Dividing the system into 2
macromodules of the same dimension reduced the relative
dimension by 2 times. Dividing the system into 3 macro-
modules of the same dimensionality reduced the relative
dimensionality by 2.8 times. Further fragmentation of the
system will lead to simplification of macromodules and
complication of connections between them. In fact, a sec-
ond layer of the control system is created — a coordinator
of macromodules. In the ultimate variant, an initial sys-
tem will be obtained that will serve as a coordinator of the
initial functional modules identified with macromodules.
These data provide a quantitative characterisation of the
simplification of an abstract system when it is decomposed
into macromodules. Since mechatronic systems are subject
to the properties of equipment and technological process,
an arbitrary division of the system into a given number of
macromodules and the desired dimension of macromod-
ules is not realistic. The separation of macromodules, as a
rule, has a substantive basis, which determines the number
of macromodules and their dimensions, as was the case in
the example with the manipulator, and the qualifications
of the developer. In other words, the decomposition effi-
ciency indicator will be the reduction of development time
and the ability to automate larger-scale processes. This in-
dicator will be formed for each practical system based on
its output data and the equipment involved.

CONCLUSIONS

The cyclic-modular methodology for decomposing systems
into macromodules provides a structured and efficient

A prerequisite for effective application is the ability
to isolate distinct subsystems. Such isolation is feasible
when sequences of actions involve equipment not shared
with other functions, or when complex functions exist in-
dependently of the subsequent technological cycle. Under
these conditions, macromodules can be treated as autono-
mous units, facilitating both circuit design and algorithmic
control. Quantitative analysis confirms the efficiency of
this approach: the use of N macromodules in a system of
n modules can reduce development time by approximate-
ly N times, provided that the system contains more than
3N modules and each macromodule incorporates at least
three modules. This ensures meaningful decomposition
and maximises the benefits of modularisation.

Future development should focus on the integration
of simulation tools to validate system behaviour, reliabil-
ity, and fault tolerance prior to physical implementation.
Embedding macromodule decomposition into simulation
environments will allow predictive testing and optimisa-
tion of performance. Additionally, the methodology can
be aligned with Industry 4.0 principles, enabling flexible,
reconfigurable production systems that leverage modular
control units within smart manufacturing frameworks.
In conclusion, the cyclic-modular methodology for mac-
romodule decomposition offers significant advantages
in reducing complexity, shortening development cycles,
and promoting scalability. Its extension through simula-
tion-based validation and integration with Industry 4.0
paradigms positions it as a universal design strategy capa-
ble of transforming system development into a more effi-
cient, modular, and future-ready process.

framework for the development of hydropneumatic au- ACKNOWLEDGEMENTS
tomation and mechatronic systems. By introducing mac-  None.
romodules, the influence of scale factors on development
time is reduced, and conditional dimensionality is mini- FUNDING
mised through the elimination of unnecessary logical con-  None.
nections between system components. This simplification
accelerates design processes and enhances the transparen- CONFLICT OF INTEREST
cy and manageability of complex architectures. None.
REFERENCES

[1] Aboul, E.H., Jyotir, M.C., & Vishal, J. (2022). Artificial intelligence and industry 4.0. Amsterdam: Elsevier Science.

[2] Adedigba, S.A., Khan, F., & Yang, M. (2016). Dynamic safety analysis of process systems using nonlinear
and non-sequential accident model. Chemical Engineering Research and Design, 111, 169-183. doi: 10.1016/j.
cherd.2016.04.013.

[3] Albrecht, O., & Taylor, C.]J. (2020). Unknown and time-varying time delays in the modelling and control of hydraulic
actuators. In 2020 Australian and New Zealand control conference (ANZCC) (pp. 232-237). Gold Coast: Institute of
Electrical and Electronics Engineers (IEEE). doi: 10.1109/ANZCC50923.2020.9318375.

Machinery & Energetics. Vol. 17, No. 2



https://www.scholartext.com/catalog/book/88955606
https://doi.org/10.1016/j.cherd.2016.04.013
https://doi.org/10.1016/j.cherd.2016.04.013
https://doi.org/10.1109/ANZCC50923.2020.9318375

Hanpantsurova et al.

[4] Barbanera, F., Dezani-Ciancaglini, M., Lanese, I., & Tuosto, E. (2021). Composition and decomposition of multiparty
sessions. Journal of Logical and Algebraic Methods in Programming, 119, article number 100620. doi: 10.1016/].
jlamp.2020.100620.

[5] Becker, M., Karaoglu, S., Makansi, F., Radtke, J., & Schmitz, K. (2025). Industry 4.0: Review of the state of the art in fluid
power research and industry. International Journal of Fluid Power, 26(4), 573-624. doi: 10.13052/ijfp1439-9776.2643.

[6] Belgacem, H., Abuabiah, M., Boulescu, A., & Chihi, I. (2026). A three-level hierarchical fault diagnosis framework
for APS mechatronic systems with adaptive Bayesian root-cause analysis. Results in Engineering, 30, article number
111163. doi: 10.1016/j.rineng.2026.111163.

[7] Busi, N. (2002). Analysis issues in Petri nets with inhibitor arcs. Theoretical Computer Science, 275(1-2), 127-177.
doi: 10.1016/S0304-3975(01)00127-X.

[8] Cherkashenko, M. (2023). Synthesis of discrete drives control systems. Bulletin of the National Technical University
“KhPI’”. Series: “Hydraulic machines and hydraulic units”, 1, 12-17. doi: 10.20998/2411-3441.2023.1.02.

[9] Findeisen, D., & Helduser, S. (2015). Oil hydraulics. Handbook of hydraulic drives and controls. Berlin: Springer Vieweg.
doi: 10.1007/978-3-642-54909-0.

[10] Fu, Z., Zhang, H., Zhu, S., Jiang, Z., & Zhang, L. (2026). A diagnosis and classification method for energy efficiency
anomalies in mechatronic equipment based on multi-condition inherent energy efficiency benchmark. Energy, 342,
article number 139671. doi: 10.1016/j.energy.2025.139671.

[11] Gomes, L., & Barros, J.P. (2005). Structuring and composability issues in Petri net modeling. IEEE Transactions on
Industrial Informatics, 1(2), 112-123.

[12] Khond, V.V., Kavale, P.K., & Dixit, N.S. (2019). An approach to mechatronics system design. International Journal of
Engineering Development and Research, 7(2), 360-366.

[13] Kozlov, L., Poliakov, A., Yakobinchuk, O., Gubarev, O., & Makarova, T. (2023). Mechatronic hydraulic system with
adaptive regulator for a manipulator of the mobile working machine. In V. Ivanov, 1. Pavlenko, O. Liaposhchenko, J.
Machado & M. Edl (Eds.) Advances in design, simulation and manufacturing VI. DSMIE 2023. Lecture notes in mechanical
engineering (pp. 64-73). High Tatras: Sumy State University. doi: 10.1007/978-3-031-32774-2 1.

[14] Lambert, P., & Herder, J.L. (2016). Parallel robots with configurable platforms: Fundamental aspects of a new class of
robotic architectures. Proceedings of the Institution of Mechanical Engineers, Part C: Journal of Mechanical Engineering
Science, 230(3), 463-472. doi: 10.1177/09544062156025.

[15] Li, J., Lu, Y., He, Y., Zhou, G., & Miao, L. (2022). Analysis and compensation control of engine valve response
delay based on the electro-hydraulic variable valve actuator. Machines, 10(8), article number 701. doi: 10.3390/
machines10080701.

[16] Li, J., Sun, Y., Wang, Y., & Su, Q. (2025). Identifying critical nodes in cyber-physical power systems based on an
improved mixed degree decomposition method. Advanced Engineering Informatics, 68(Part B), article number 103630.
doi: 10.1016/j.aei.2025.103630.

[17] Lishchenko, N., & Gushchin, A., & Larshin, V. (2024). Hierarchical control in mechatronic technological systems.
Machines, 12(10), article number 697. doi: 10.3390/machines12100697.

[18] Lépez,E.].,Ruiz,].E.P.,Chavez, O.L.,Munoz, F., Velasquez, L.A.G., & Lugo, ].G.C. (2026). The evolution of mechatronics
engineering and its relationship with industry 3.0, 4.0, and 5.0. Technologies, 14(2), article number 81. doi: 10.3390/
technologies14020081.

[19] Mesarovic, M.D., & Takahara, Y. (1975). General systems theory: Mathematical foundations. London: Academic Press.

[20] Nazarova, O., Osadchyy, V., Hutsol, T., Glowacki, S., Nurek, T., Hulevskyi, V., & Horetska I. (2024). Mechatronic
automatic control system of electropneumatic manipulator. Scientific Reports, 14, article number 6970. doi: 10.1038/
$41598-024-56672-4.

[21] Parr, A. (2011). Hydraulics and pneumatics: A technician’s and enginee’s guide. Oxford: Butterworth-Heinemann.

[22] Peterson, J.L. (1981). Petri net theory and the modeling of systems. Englewood Cliffs: Prentice-Hall.

[23] Polishchuk, L.K., Kozlov, L.G., Piontkevych, O.V., Gromaszek, K., & Mussabekova, A. (2018). Study of the dynamic
stability of the conveyor belt adaptive drive. In Proceedings volume 10808 photonics applications in astronomy,
communications, industry, and high-energy physics experiments 2018. Wilga: Warsaw University of Technology.
doi: 10.1117/12.2501535.

[24] Reisig, W. (2013). Understanding Petri nets. Modeling techniques, analysis methods, case studies. Berlin Heidelberg:
Springer. doi: 10.1007/978-3-642-33278-4.

[25] Sikandar, H., Vaicondam, Y., Khan, N., Qureshi, M.I., & Ullah, A. (2021). Scientific mapping of industry 4.0 research:
A bibliometric analysis. International Journal of Interactive Mobile Technologies (iJIM), 15(18), 129-147. doi: 10.3991/

ijim.v15i18.25535.
[26] Subramanya, K. (2010). Fluid mechanics and hydraulic machines: Problems and solutions. New Delhi: McGraw Hill Education.

[27] Tiboni, M. (2023). Power drive architectures for industrial hydraulic axes: Energy-efficiency-based comparative
analysis. Applied Sciences, 13(18), article number 10066. doi: 10.3390/app131810066.

Machinery & Energetics. Vol. 17, No. 2

N


https://doi.org/10.1016/j.jlamp.2020.100620
https://doi.org/10.1016/j.jlamp.2020.100620
https://doi.org/10.13052/ijfp1439-9776.2643
https://doi.org/10.1016/j.rineng.2026.111163
https://doi.org/10.1016/S0304-3975(01)00127-X
https://doi.org/10.20998/2411-3441.2023.1.02
https://link.springer.com/book/10.1007/978-3-642-54909-0
https://doi.org/10.1016/j.energy.2025.139671
https://repositorio.ipbeja.pt/server/api/core/bitstreams/404dc4fa-a797-4ba6-a8f1-441911750f04/content
https://rjwave.org/ijedr/papers/IJEDR1902068.pdf
https://www.researchgate.net/publication/370972421_Mechatronic_Hydraulic_System_with_Adaptive_Regulator_for_a_Manipulator_of_the_Mobile_Working_Machine
https://doi.org/10.1177/0954406215602511
https://doi.org/10.3390/machines10080701
https://doi.org/10.3390/machines10080701
https://doi.org/10.1016/j.aei.2025.103630
https://doi.org/10.3390/machines12100697
https://doi.org/10.3390/technologies14020081
https://doi.org/10.3390/technologies14020081
https://virtualmmx.ddns.net/gbooks/GeneralSystemsTheoryMathematicalFoundations.pdf
https://doi.org/10.1038/s41598-024-56672-4
https://doi.org/10.1038/s41598-024-56672-4
https://api.pageplace.de/preview/DT0400.9781483102382_A23879126/preview-9781483102382_A23879126.pdf
https://archive.org/details/petrinettheorymo0000pete/page/n7/mode/2up
https://doi.org/10.1117/12.2501535
https://doi.org/10.1007/978-3-642-33278-4
https://doi.org/10.3991/ijim.v15i18.25535
https://doi.org/10.3991/ijim.v15i18.25535
https://www.scribd.com/document/450540327/Fluid-Mechanics-K-Subramanyam
https://doi.org/10.3390/app131810066

Synthesis and decomposition of a mechatronic system...

[28] Vanegas-Ayala, S.-C., Barén-Velandia, J., & Leal-Lara, D.-D. (2022). A systematic review of greenhouse humidity
prediction and control models using fuzzy inference systems. Advances in Human-Computer Interaction, article
number 8483003. doi: 10.1155/2022/8483003.

[29] Vieira, M., et al. (2021). Towards an integrated decision-support framework for the new generation of manufacturing
systems. In S. Relvas., ].P. Almeida, J.F. Oliveira & A.A. Pinto (Eds.) Springer Proceedings in Mathematics & Statistics
(Vol. 374). Cham: Springer. doi: 10.1007/978-3-030-85476-8_14.

[30] Webert,H.,Dof3, T., Kaupp, L., & Simons, S. (2022). Fault handling in Industry 4.0: Definition, process and applications.
Sensors, 22(6), article number 2205. doi: 10.3390/s22062205.

[31] Wu, P, Lai, Z., Wu, D., & Wang, L. (2014). Optimization research of parallel pump system for improving energy
efficiency. Journal of Water Resources Planning and Management, 141(8). doi: 10.1061/(ASCE)WR.1943-5452.0000493.

[32] Zhang, Y., Xie, Z., Yue, Y., & Qi, L. (2024). Automatic refactoring approach for asynchronous mechanisms with
completable future. Applied Sciences, 14(19), article number 8866. doi: 10.3390/app14198866.

[33] Zhao, S., Chen, K., Zhang, X., Zhao, Y., Jing, G., Yin, C., & Xiao, X. (2021). A high-order load model and the control
algorithm for an aerospace electro-hydraulic actuator. Actuators, 10(3), article number 53. doi: 10.3390/act10030053.

Okcana l'annaHmyposa
Kangupat TexHiuHMX HayK
Bosch Rexroth AG
97816, Byn. Llym Ajizenricep, 1, m. Jlop-Ha-MaiiHi, HimeuunHa
https://orcid.org/0000-0002-4709-0336
Onekcauap I'y6apes
IlokTOp TeXHIYHMX HaYK, ITpodecop
HartioHanbpHMI TexHiuHMI1 YHiBepcuTeT YKpainy «KuiBcbkuit mosiTexHiuHmii iHcTUTyT iMeHi Iropst CikopcbKoro»
03056, ipoc1. bepecteiicbkuii, 37, M. KuiB, Ykpaina
https://orcid.org/0000-0002-0924-4103
KocTtsitHTHH BerikoB
KaHaupat TexHiuHUX HayK, TOLeHT
HarrionanbHMit TexHiuHMI yHiBepcuTeT YKpainy «KuiBcbKMii ostiTeXHiuHmii iHCTUTYT iMeHi Iropst CikopcbKoro»
03056, ipoct. bepecteiicbkuii, 37, M. KuiB, Ykpaina
https://orcid.org/0000-0002-7393-1848
AnboHa MypaiieHKO
KaHaupat TexHiuHUX HayK, TOLEHT
HarttioHanbHMI TexHiuHMI1 YHiBepcuTeT YKpainy «KuiBcbkuii nosniTexHiuHmii iHcTuTyT iMeHi Iropst CikopcbKoro»
03056, ipocrt. bepecteiicbkuii, 37, M. KuiB, Ykpaina
https://orcid.org/0000-0003-1059-5768
Oner JleBueHKO
Kangupat TexHiuHMX HayK
HatioHanbHMI TexHiYHMIT YHiBepcuTeT YKpainy «KuiBcbkuii osiTeXHiuHMiA iHCTUTYT iMeHi Iropst CikopcbKoro»
03056, ipoct. bepecteiicbkuii, 37, M. Kuis, Ykpaina
https://orcid.org/0000-0002-7620-9009

CUHTEe3 Ta 4eKOMMO3ULis MeXaTPOHHOI CUCTEMMU
3 rigponHeBMaTUYHUMM NPUCTPOSAMU aBTOMaTU3aLi

AHoOTaUiA. AKTyalbHICTb AOCTIIKEHHS 3yMOBJ/IEHa 3POCTAHHSIM CK/IaJHOCTI MEXaTPOHHMX CMCTEM i3 TiIpOIHeBMaTUYHUMU
MPUCTPOSIMM aBTOMaTM3alii Ta HEOOXiZHICTIO MigBUIIIeHHST e(DeKTUBHOCTI iX TPOEKTYBaHHSI B yMOBAaxX PO3BUTKY
koHuernuii Industry 4.0. MeToto nociigskeHHs 6y/10 O6IPYHTYBaHHS MPUAATHOCTI UMKIIYHO-MOIYAbHOTO MigX0qy
IJIS1 BeKOMITO3U1Iii MexXaTpOHHOI CUCTeMM Ha MaKPOMOZYIi, iX CMHTe3y Ta MOAasbIIoro 06’efHaHHS 6e3 MopyIIeHHS
CUCTEeMHUX BJIACTUBOCTe . MeTomonoris moctimgskeHHs: 6a3yBanach Ha 3aCTOCYBAaHHI MPUHLMITIB CMCTEMHOTO aHai3y,
JIIeKOMIIO3UIIiil Ta JIOTiYHOTO CUMHTE3Y IJIs1 TOOYL0BM i1 JOCITiIKeHHSI MeXaTPOHHUX CUCTEM 3 TipOMHEeBMATUIYHUMU
NPUCTPOSIMU aBTOMaTHu3alii. B 06’eKkTi cMHTe3y 3 60Ky eeKTPOHHOI CKIaJ0BOi B3SITO aITOPUTM KepyBaHHS
BUKOHaBUMMM MMPUCTPOSIMU CUCTEMU. ABTOPY PO3IVISIAAI0Th e(DeKTUBHI Ta KOHKYPEHTOCIIPOMOXKHI TeXHIUHi pileHHs
3 OIVISIAOM JIOJlaBaHHS HOBMX (PYHKIIili Ta MiJABUIIEHHS CTYIE€HS aBTOMAaTu3allii, o BiAnoBimae TeHaeHIisIM [HIyCTpii
4.0. 3apoNnoOHOBAHO a6CTPAaKTHY MOZEb eleMeHTa MeXaTPOHHOI CUCTeMU — MakKpoMOLyJsl. IIpeacTaBieHo mepeBary
aBTOHOMHOTI'O HaJIalITyBaHHS i TeCTYBaHHSI MaKpOMO/YIIB, 1[0 3HAYHO CKOPOUYE TEPMiH i CIIPOILYyE NPOEKTYBAHHS
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Hanpantsurova et al.

006’ekTy. PO3T/ISTHYTO HaCHiAKY IMO0OKOI hparMmeHTallii MeXaTpoOHHOI CMCTEMM Ta BCTAHOBJIEHO B3a€MO3B’I30K MiK
CKJIAIHICTIO MOJY/IiB i apXiTeKTypolo KepyBaHHS. HaBemeHO pe3ynbTaTy MPOBEAEHOTO aHaJli3y, I[0/I0 MOJe/Ti KepyBaHHS,
a came JI0OBeJIeHO, [0 HaJMipHe JeKOMITO3MIIisl TPU3BOAUTH [0 MOSIBY OKPEMOTO iepapXiuyHOTro piBHS, 1110 3a6e3meuye
3B’SI3KM MiX CIIpoleHMu efjieMeHTaMu. O6IPYHTOBAHO, IO TOiI CUCTEMM HAa MAaKPOMO/YJ/Ii He MOXKe 6YTM BUITAJKOBUM;
BiH KOPCTKO 06MexkeHM Hi3MUHMMM BAACTUBOCTSIMM 06/agHaHHS i PyHKIiIMY 06’€KTY MPOEKTYBAHHS. Y CTATTi
3aIlpOTIOHOBAHO OI[iHIOBATH SIKiCTh J€KOMITO3UIIil He 3a KiJIbKiCTIO eJIeMeHTiB, a 3a MPakKTUYHMUM CKOPOUYEHHSIM Yacy
PO3pO6KM cUCTEMM IO i Mic/is MacmTabyBaHHs. ONTUMaTbHA PO3MipHICTh MAKPOMOLILY/IIB € YHIKaIbHOIO [J1S1 KOSKHOTO
KOHKPETHOTO MPOEKTY, OCKiJIbKM 6a3yeThCSI HA 3MiCTOBHOMY ((pisMUyHOMY) HAaITOBHEHHI KOMIOHEHTIB. EpekTuBHa
MeKOMITO3MILis 3HaXOAUTh 6ajlaHC MiXXK aBTOHOMHICTI0O MaKpPOMOZYJISI Ta CKJIAAHICTIO KOOPAMHAIiIHMX 3B’SI3KiB,
3abe3I1euyoun MBUAKE BIIPOBAIKEHHS CKIAJHUX 3aC06iB aBTOMAaTHU3aIlil

KniouoBi cnoBa: apxiTekTypa KepyBaHHS; MAKpPOMO/IY/Ib; TiZIPOITHEBIiUHiI IPUBOIN; AEKOMITO3UIIisT MYHKIIiN; ToTiuHe
KepyBaHHS; apXiTekTypa KepyBaHHs; Industry 4.0
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Methodological approach to the performance indicators of functional
elements in the smart technical diagnostic system for combine harvesters

Abstract. The relevance of this work lies in the need to improve the reliability and operational efficiency of combine
harvesters in the context of significant wear and tear on the machinery and tractor fleet and increasing demands for the
continuity of harvesting processes. The aim of this work was to improve the reliability of combine harvesters by modelling
and optimising the operation of the Smart technical diagnostics system. The study utilised methods of mathematical
modelling, correlation and regression analysis, Chebyshev orthogonal polynomials, as well as experimental observations
of 23 combine harvesters over a period of 3 months, using data from recording equipment. As a result, the relationships
between the frequency of technical diagnostics, specific maintenance costs and the reliability indicators of the combine
harvesters were investigated. The following features were identified: optimising the frequency of diagnostic operations
makes it possible to simultaneously reduce operating costs and improve the technical readiness of the machines. It was
established that the use of a smart diagnostic system enables more accurate forecasting of the technical condition of the
units and allows for the development of adaptive maintenance regimes depending on operating conditions. Additionally, the
influence of performance indicators and reliability on the formulation of the optimisation objective function was analysed,
and the adequacy of the mathematical models constructed was demonstrated. It was concluded that the implementation
of the system enables a reduction in machine downtime, an increase in the efficiency of maintenance services, and an
improvement in the ergonomic working conditions for the operator. The practical value of this work lies in the possibility of
applying the results obtained by agro-industrial enterprises, service organisations and engineers to optimise maintenance,
increase the reliability of combine harvesters and improve smart diagnostic systems under real operating conditions

Keywords: technical diagnostics; agricultural machinery; mathematical modelling; operational reliability; condition
monitoring; maintenance; operator ergonomics

INTRODUCTION

Combine harvesters are complex machines that perform a
range of technological processes, including cutting plant
material, threshing, separating and cleaning grain. The op-
erational efficiency is largely determined by the level of reli-
ability and technical readiness of the machinery during the
harvest season. Failure of individual components and as-
semblies leads to forced downtime, loss of part of the harvest
and increased operating costs. In this regard, an important
task is to investigate the reliability indicators of combine
harvesters and to improve the maintenance and repair sys-
tems. In view of the above, it should be noted that scientific

research aimed at improving the maintenance, repair, and
operation of combine harvesters through smart technical
diagnostic systems is of great relevance (Wang et al., 2025).

In the current context of the agro-industrial sector’s
development, one of the key challenges remains the high
level of physical and obsolescence-related wear and tear of
the machinery fleet, which is largely due to the limited fi-
nancial capacity of agricultural enterprises to update it in a
timely manner. As noted by Z. Guan et al. (2022), a shortage
of investment resources is hindering the modernisation
of technical equipment, with the result that a significant
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proportion of machinery is being operated beyond its
standard service life. According to M. Ahang et al. (2024),
around 80 per cent of the current fleet consists of fully de-
preciated machinery requiring modernisation or scrapping,
whilst the rate at which it is phased out is approximately
ten times higher than the rate of renewal.

In view of the changing economic conditions for the
operation of agricultural machinery, traditional approaches
to maintenance and repair need to be reviewed. S. Zhang et
al. (2025) emphasise that the previously established concept
of a planned and preventive maintenance system no longer
fully meets modern requirements, which necessitates the
development of new methodological approaches to the or-
ganisation of technical servicing for combine harvesters. At
the same time, H. Wang et al. (2025) emphasise that effec-
tive management of the technical condition of machinery
must be based on determining the optimal time for carrying
out repair work, which is influenced by a complex set of in-
terrelated technical, economic and operational factors.

Researchers view the issue of ensuring the operation-
al readiness of combine harvesters as a complex scientific
and practical problem encompassing the technical, organi-
sational and economic aspects of the operation. Z. Chen et
al. (2025) note that the effectiveness of technical condi-
tion management is determined by the interrelationship
between machine reliability indicators and the economic
viability of the use. In turn, W. Zhang et al. (2026) focus
on the development of methods for assessing, forecasting
and modelling changes in the technical condition of com-
ponents, assemblies and combine harvesters as a whole,
which lays the groundwork for the implementation of in-
telligent systems for technical diagnostics and predictive
maintenance. This makes it possible to develop optimal
methods and approaches for managing the technical con-
dition of combine harvesters, as demonstrated in the study
by I.L. Rogovskiy et al. (2020).

Consequently, the research confirms the need to im-
plement smart diagnostic systems as a tool for improving
the efficiency and reliability of grain harvesting machinery.
The aim of this study was to improve the reliability of com-
bine harvesters by modelling and optimising the operation
of a smart technical diagnostic system.

LITERATURE REVIEW
Contemporary research has paid particular attention to the
development of digital technologies in agricultural machin-
ery manufacturing in Poland. In particular, E.J. Szymans-
ka et al. (2026) found that the adoption of precision farming
technologies on Polish farms is limited and held back by
the high cost of digital solutions and the insufficient in-
tegration of data from these systems into production pro-
cesses. This indicates uneven technological development
and the need to adapt intelligent diagnostic systems to the
economic conditions of farms. In the study, K. Sobolews-
ka-Mikulska et al. (2024) analysed spatial models of rural
development and demonstrated that the efficiency of ag-
ricultural machinery operation is directly dependent on
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the organisation of the spatial structure of farms and the
level of digital integration in the management of technical
resources. The author emphasises that optimising techni-
cal support is a key factor in the sustainable development
of the agricultural sector. Furthermore, L. Tomaszewski &
R. Kotakowski (2023) demonstrated that the integration of
mobile and 5G/6G technologies into agriculture lays the
foundation for the development of networked systems for
monitoring the technical condition of machinery; however,
the main barriers remain the energy consumption of sensor
systems and the high cost of implementation. The study
by R. Luczynski & M. Karabin-Zych (2024) is devoted to
analysing the challenges of mapping the actual land-use
structure during the land consolidation process using geo-
information technologies. The authors demonstrated that
the application of modern methods of geospatial analysis
and digital data makes it possible to improve the accu-
racy of determining land parcel boundaries, identify dis-
crepancies between cadastral and actual data, and justify
decisions regarding the optimisation of agricultural land
structure. The results obtained confirm the importance of
digital tools for improving the efficiency of land resource
management and supporting land consolidation process-
es. k. Komorowski (2024) considers digitalisation to be a
key prerequisite for the development of the ‘smart villag-
es’ concept in rural regions of Poland. It is concluded that
the successful digital transformation of rural areas requires
comprehensive state support, the development of digital
infrastructure and an increase in the population’s level of
digital literacy. R.R. Shamshiri et al. (2024) concluded that
the further development of digital agriculture requires the
comprehensive integration of information technologies,
the standardisation of digital platforms and the develop-
ment of intelligent decision-support systems.

MATERIALS AND METHODS

The subject of the study was combine harvesters as complex
technical systems, as well as the functional elements of the
Smart technical diagnostics system, which enable the mon-
itoring, assessment and prediction of the technical condi-
tion during operation. The subject of the study comprised
the processes of change in the indicators of reliability, tech-
nical readiness and operational efficiency of the machines,
depending on the frequency of technical diagnostics.

Experimental studies were conducted under re-
al-world operating conditions for agricultural machinery,
based on a controlled sample of 23 combine harvesters
over a three-month period in 2025. The study conditions
were production and operational, with operating modes,
loads, and failure parameters recorded. The input data
comprised operating hours, the number of failures, main-
tenance costs, unit performance parameters, as well as
data obtained from the Smart system’s on-board record-
ing devices. To collect the information, sensors were used
to measure fuel consumption, crankshaft speed, travel
speed, longitudinal and lateral acceleration, as well as a
CAN-based system for recording the machine’s operating
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parameters. Additionally, tools were used to monitor load
and measure productivity through control weighing. An
assessment scale of the psychophysiological indicators of
the combine harvester operator was used when analysing
the results of the experimental studies.

The theoretical framework of the study was based on
the principles of reliability theory, methods of systems
analysis, mathematical statistics and optimisation model-
ling. Correlation and regression analysis was used to de-
scribe the relationships between the parameters, which
made it possible to assess the interrelationship between the
frequency of technical diagnostics, specific costs and relia-
bility indicators. Second-order polynomial models were ap-
plied to approximate the experimental relationships.

Mathematical modelling of the optimisation problem
was carried out using a cost-minimisation objective func-
tion, whilst ensuring the required levels of reliability and
technical readiness. To improve the accuracy of the regres-
sion model estimates, Chebyshev’s orthogonal polynomial
method was applied, which stabilised the calculation of co-
efficients and reduced the approximation error. Data pro-
cessing was carried out using statistical methods to test the
adequacy of the models, in particular Fisher’s F-test. The
research sequence included: collection of operational data,
sample formation, construction of mathematical models,
estimation of regression parameters, testing of model ade-
quacy, and determination of optimal diagnostic modes.

The set of experimental and analytical methods em-
ployed enabled a comprehensive assessment of the impact
of the Smart diagnostic system on the operational efficien-
cy of combine harvesters. The adjustment of the operating
modes of the Smart technical diagnostic system for com-
bine harvesters involves refining the list of operational
procedures and the frequency of the execution in order
to achieve modes that are optimal for the given operating
conditions. In this regard, both the specific reduced costs
of maintenance and repair of combine harvesters and reli-
ability indicators were taken into account when adjusting
the operating modes. Consequently, the task at hand was
to determine the numerical values for the list of operations
and the frequency with which the operations are carried
out, which would ensure not only the necessary reliability
of combine harvesters in operation, but also the minimum
costs of maintaining the operational readiness.

RESULTS
For each group i of homogeneous elements, the task of ad-
justing the frequency of technical diagnostics for combine
harvesters to find [; - the optimal frequency of diagnostic
operations for a single group of elements is formulated as an
objective function C,, as follows: C,, =f(l,) - min subject to:

Py=0,(,)=Py, Fy=1,(1,)= Fy,
Pim =p,,)= Pim7 Fik =yl = Fik; (D

where [ ; - the optimal frequency of diagnostic operations
for a single group of components, in years; C,. - the to-
tal specific reduced costs of maintenance and repair for
a homogeneous group of components, in UAH/100 mo-
tor-hours; P,, ..., P, - reliability indicators of components
to be taken into account when determining the frequen-
cy; 131.,, ey 1_3,.m — standard values of the indicators of com-
ponents to be taken into account; F,, ..., F;, - indicators
of the functional properties of components that must be
taken into account when determining the frequency; 1?,.,,
..., F;, — standard values of the indicators of the functional
properties of components; ¢,(l,), ..., ¢,(l,) — relationships
between component reliability indicators and the frequen-
cy of diagnostics; ,(1,), ..., ¥,(,) — relationships between
functional property indicators and the frequency of diag-
nostics.

A second-degree polynomial was used to approximate
these relationships. Therefore, the considered models of
these relationships will take the following form:

P=a,+al+a, |Fi=b,+b,1+b,", )

where a,, a,, a,, b,, b, b,, are the coefficients of the
polynomial.
Then the objective function is:

C,=C,*+C\l+Cl* > min,
Pi=ay +a,l+a,lP=P; 3)
P,=a,,+a,l+ a2m12=E
Fi=by +b, 1+by P=F, “)

Fk=b0x+blkl+b2x lz:Fx'

During the experimental studies, a dataset was ob-
tained regarding the impact of the frequency of technical
diagnostics on the reliability indicators, specific consump-
tion and technical readiness of combine harvesters. The
analysis made it possible to identify patterns between op-
erational parameters and the effectiveness of the Smart di-
agnostic system. The results obtained (Table 1) indicate the
existence of an optimal range for the frequency of technical
diagnostics between 180 and 220 m/h, within which specif-
ic costs are minimised and technical readiness is maxim-
ised. If diagnostics are carried out too frequently (100 m/h),
operating costs rise, whilst if diagnostics are carried out
too infrequently (300 m/h), the probability of failures in-
creases and the level of technical readiness decreases.

Table 1. Effect of diagnostic frequency on key operational indicators

Diagnostic frequency, ha/hour

Specific costs, UAH/100 motor-hours

Failure rate Technical availability, %

100 185 0.42 87.1
150 162 0.36 90.4
200 148 0.31 92.8
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Continued Table 1.

Failure rate Technical availability, %

250 151

0.33 92.1

300 168

0.39 89.6

Source: compiled by the author

It has been established (Table 2) that as the load in-
creases, there is a systematic decrease in the mean time
between failures and an increase in the time taken to rec-

tify faults. This confirms the non-linear nature of technical
condition degradation, which must be taken into account
when developing smart predictive algorithms.

Table 2. Dependence of reliability indicators on the combine harvester’s operating mode

Load mode Average time between failures, engine-hours Failure rate Average repair time, hours
Low 420 0.21 2.1
Medium 360 0.28 2.6
High 290 0.37 3.4
Peak 240 0.45 4.1

Source: compiled by the author

The comparative results (Table 3) demonstrate a
significant advantage of the Smart diagnostic system.
The most notable effect is observed in the reduction
of machine downtime and the improvement in techni-
cal readiness. This confirms the effectiveness of an in-
tegrated approach to monitoring and predicting the
technical condition of machines. Experimental data

have confirmed that optimising the frequency of diag-
nostics and implementing the Smart system makes it
possible to simultaneously reduce operating costs and
improve the reliability of combine harvesters. The pat-
terns identified are non-linear in nature, which justifies
the need to use adaptive mathematical models in techni-
cal monitoring systems.

Table 3. Comparison of the effectiveness of traditional and Smart diagnostic systems

Indicator Traditional system Smart system Improvement, %
Number of failures 0.38 0.29 -23.7
Specific consumption 176 UAH/100 m/h 149 UAH/100 m/h -15.3
Technical readiness 88.9% 93.4% +5.1
Equipment downtime 12.6% 8.2% -34.9
Source: compiled by the author
In analysing the impact of the frequency of diagnostic C,,=C,+C +E +K, 8)

operations on the listed indicators, paired correlation anal-
ysis was used, which involves determining the relationship
between the frequency of diagnostic operations (X) and
the total specific costs, reliability indicators and functional
property indicators (Y). The correlation coefficient is used
as an indicator of the strength of the relationship:

_ [Em
P sk ®

S2(Y) = =S 0 -, ©)

where:

S2() = =3V - M), 7

where S(y) - the variance of the regression line’s deviation
from the overall mean; S *(y) - the total variance of the de-
pendent variable (unit costs, reliability index, performance
index); N — the sample size. Variable costs comprise labour
costs for maintenance staff C, and costs for spare parts
and materials C,:

Calculation of costs for spare parts and materials:

C,.= Zli(zl Z, )

Where Z, - the cost of a part or material according to the

price list, in UAH; j — the quantity of materials and parts

replaced over the operating hours under consideration.
Labour costs for repair staff are determined as follows:

Cper = Ctar Zt’ (10)

Where C,, — average wage rate for maintenance workers,
UAH; Yt - total labour input for maintenance and repair
over the operating hours interval.
Determining capital expenditure on maintenance and
repair:
K=mH, (11)
Where H - the rate of capital investment per production
worker, in UAH; m — the number of workers required to
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maintain and repair the grain combine harvester under
consideration over a given operating period. The value of
m is calculated using the formula:

(12)

where Y't; — the total labour input for maintenance and re-
pair over the given operating interval, in engine-hours; T, -
the total time allocated to repair workers for this period, in
hours. To obtain the specific costs, the value C,, - divided
by the operating interval.

Once the values of the performance indicators, relia-
bility indicators and specific costs have been determined
for each combine harvester under review, the information
obtained can be presented in the form of a matrix:

X, Pry Py ooy Pty Frpy Fas s By
X0y Pis Py ooy P Fis By ovor Fr (13)
where x,, x,, ..., X, are the operating intervals of the mon-
itored combine harvesters, in engine-hours; P,;, P,, ..., P,,
are the reliability indicators of the monitored combine har-
vesters; F;;, F, ..., F,, are the performance indicators of the
monitored combine harvesters.

The input data matrix (13) is used to determine the
regression coefficients of the models included in the ob-
jective function (4). The task is to determine the regression
coefficients of the equation:

y=b,+b, x+Db, x%. (14)

In this case, the task of estimating b, is to find a cur-
vilinear regression using the least squares method. Using
a system of Chebyshev orthogonal polynomials, equation
(14) can be expressed in the following form:

V=Gt o)+, @y(x). (15)

For this equation, the Chebyshev calculation formulas

will take the form:

1
P1(x) =x— ;Z}Vﬂxj.

Txd T a2Tx 1 ¥ x2
2 N
@,(x) =x zxZ—%():xz) (x NZx) v (16)

The values of the coefficients appearing in equation
(15) are determined as follows:

1 —

Co = ;Z?:l m;yj, (17)
_ Z}s“=1 401(x_j)mj37j

Co - 2}?=1¢§(x—j)mj B} (18)

¢, = i1 02 EMY; (19)

i e3Gpm;

where S - the number of intervals in which the frequency
of diagnostic operations varies; X, y;, - the average value
of x and y in the j interval; m; — the number of combine
harvesters for which the frequency falls within the interval.

The adequacy of the constructed equation is verified
using the F criterion:

SA®)
F= . > Fy(fms fres) s

TSk ) (20)

where S” (y) - the residual variance, which characterises
the dispersion of the experimental data points relative
to the regression line; S3(y) - the total variance, which
characterises the dispersion of the data points around the
overall mean.

Thus, the hypothesis of adequacy is accepted. The val-
ues of S% (y) and S’(y) are determined using the following

res

formulae:

1

SZ =—
res N—k—1

HICIEA 21

S2(y) = S2(¥) + SZs(y) = gzjtl(y,- — ) +SZ:(), (22)

where k - the number of parameters at y; f, - the number of
degrees of freedom, f,=k - 1.

The values of f, and f,,, are calculated using the for-
mula f,=N-1,f,.=N-k- 1. If the equations are adequate,
the constructed objective function is used to calculate the
optimal periodicity. If the condition of adequacy is not met,
additional terms are introduced into the polynomials, after
which the regression coefficients are recalculated and the
adequacy of the refined model is determined. This process
is repeated sequentially until models satisfying the condi-
tion of adequacy are obtained.

Table 4. Dependence of costs on the type of maintenance

Type of maintenance

Average costs, UAH/100 m/h

Downtime percentage, %

Utilisation efficiency, %

Scheduled maintenance 155 9.8 91.2
Preventive maintenance 142 7.5 93.6
Smart diagnostics 128 5.1 95.4
Emergency repairs 198 18.3 84.7

Source: compiled by the author

The best results (Table 4) were achieved using the Smart
diagnostic approach, which ensures minimal operating
costs and the lowest level of downtime. The reactive repair

strategy is the least effective due to high costs and signifi-
cant time lost in rectifying failures. A consistent increase in
service life (Table 5) was observed for all major components
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of the combine harvester following the implementation of
the Smart system. The greatest effect was observed in the
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hydraulic system, which is explained by its high sensitivity
to changes in load and temperature conditions.

Table 5. Impact of the Smart system on the reliability indicators of combine harvester units

Combine harvester component

Time between failures (TBF),

Mean time between failures (after), Improvement, %
el

operating hours engine-hours
Grinding drum 310 390 +25.8
Grain cleaning 340 420 +23.5
Hydraulic system 290 365 +25.9
Engine 360 445 +23.6
Transmission 305 380 +24.6

Source: compiled by the author

Table 6. Comparison of the accuracy of diagnostic methods

Diagnostic method

Failure detection accuracy, %

Response time, s Prediction error, %

Visual inspection 62 180 38
Planned and preventative 74 120 26
Sensor monitoring 89 45 11
Smart system (on request) 96 18 6

Source: developed by the author

The proposed Smart system (Table 6) ensures the high-
est diagnostic accuracy and minimum response time. This
confirms the effectiveness of integrating multi-parameter
sensors and mathematical prediction models. Further re-
sults confirm that the implementation of the Smart system
not only reduces costs, but also significantly extends the
service life of key components and improves diagnostic ac-
curacy. The most significant effect is achieved through the
transition from reactive and scheduled strategies to adap-
tive predictive maintenance.

When adjusting the list of diagnostic operations for
mechanisms ensuring traffic safety, the condition for in-
cluding an operation in the relevant type of diagnosis is
determined by a repeatability coefficient that satisfies the
following relationship:

(a) forD-1 1>k, >0.26; (b) for D-20.26>k,>0.12

An operation remains in routine maintenance if
k<0.12.For other mechanisms, the condition for including
routine maintenance operations in a particular diagnostic
period is determined by the following relationship: a) for
D-1,12k,20.30 ; b) for D-2, 0.30 >k, >0.13. An operation
remains in maintenance if k< 0.13. To assess the opera-
tor’s reliability level, it is proposed to use the following
reliability criterion:

K=K, K, -K, K, K, (23)
where K, - safety criterion; K, - combine harvester pro-
ductivity criterion; K, — cost-effectiveness criterion; K,, -
extreme conditions criterion; K, — knowledge of the fun-
damentals of mechanics criterion.

It is proposed that the criterion for combine harvester
operational safety be defined as follows:

_ Kpv+Krax+Kray

Ky 3

: 24)

where K- criterion for assessing the operator’s behaviour:

3

Kpw = (1 JSeeg))  Pooe (1 PP@))__PP@) (5, Pps)  Pps O (25)
S Toppyidoppp) S JT3pyidopy S /Tesvroz.
where P, , — the number of errors during acceleration and

braking manoeuvres; P,, - the number of errors during
lateral manoeuvres; T,,,, - the time taken by the com-
bine harvester to travel with longitudinal acceleration, s;
Jaopwpy — the permissible value of longitudinal acceleration,
m/s%; K, K, - criteria for the degree of uniformity of mo-
tion along the longitudinal and transverse axes of the com-
bine harvester.
Transport performance criterion:

Kp =2, (26)
where v, — average speed of the operator’s test run, km/h;
v, — base speed of the combine harvester, km/h. Economy

criterion:

|ND'NDb|
Np,

Ky=1/3(¢+1— +3 (27)
Lp Q
where N, - the standard value for the crankshaft revolu-
tions per minute of the combine harvester’s engine; Q, - the
standard value for fuel consumption, cm®; Q - the actual
fuel consumption of the combine harvester’s engine, cm3.
Indicators characterising the assessment of the driv-
er’s behaviour under extreme conditions K;; and the
driver’s knowledge of the fundamentals of mechanics K,
were determined using a simulation programme (Fig. 1).
The on-board recording equipment of the Smart techni-
cal diagnostics system for combine harvesters must be
fitted with: a fuel consumption sensor, a motion sensor,
a lateral acceleration sensor, a crankshaft rotation speed
sensor, a speed sensor, and a longitudinal acceleration
and deceleration sensor.
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Figure 1. Screenshot of the simulation programme
Source: developed by the author

Experimental studies have determined the spectral char-
acteristics of the external noise emitted by a combine har-
vester (Fig. 2). The analysis shows that the maximum sound
pressure levels are observed in the 125-1,000 Hz frequency
range, where the main energy spectrum of the noise from the
combine’s working mechanisms is formed. At high frequen-
cies (2,000-4,000 Hz), the noise level gradually decreases
(Fig. 3). At the same time, the noise level on the left-hand side
of the combine harvester is on average 3-5 dB higher, which
is explained by the location of the main drive mechanisms.

External Noise Spectra of a Grain Harvester

87.5
85.0i
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80.0
77.5
75.0f
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70.0] = 2- Right Side of the Combine !

63 125 250 _ 500 1000 2000 4000
Frequency, Hz

Sound Pressure Level, dB

Figure 2. External noise spectra of a combine harvester
Source: developed by the author

The average operational fuel consumption per
shift was determined by topping up the fuel tank dur-
ing each shift’s refuelling of the combine harvest-
er. The load on each combine harvester was verified by
means of a control weighing using a dynamometer. The
reliability and operational capability of the combine harvest-
er during the operational trials were assessed by recording
failures. In doing so, the mean time between failures of the
combine harvester and the labour intensity of rectifying fail-
ures were determined. Tests were carried out to determine
the speed characteristics (Fig. 4). To improve the ergonom-
ics of the combine harvester, various layouts for the display
elements on the instrument panel were proposed. The opti-
mal layout was determined by taking into account the visual
workload on the operator. Four options for the layout of the
indicators were proposed, from which the optimal option

was selected (Fig. 5). When modelling the information dis-
play elements of the combine harvester’s instrument panel,
indicators from various combine harvester makes were used.
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Figure 3. Integral noise levels at the operator’s
workstation on a combine harvester
Note: a - when loaded; b — when empty
Source: compiled by the author
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Figure 4. Acceleration performance in first gear
Source: developed by the author
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Figure 5. Model of the layout of elements on the
combine harvester’s instrument panel
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An assessment scale of the psychophysiological in-
dicators of a combine harvester operator was used when
analysing the results of the experimental studies (Fig. 5).
The research carried out made it possible to determine the
optimal layout of the control and measuring instruments
on the combine harvester’s cab information panel, in terms
of ease of information perception and minimum reading
time. In particular, it was established that the combine har-
vester’s speed indicator should be positioned in the central
part of the operator’s field of view. It is recommended that
the coolant temperature and engine oil pressure gauges
be positioned to the left of the speed indicator. The fuel
level gauge and ammeter should be positioned vertically
to the right of the speed indicator. The tachometer, which
displays the engine crankshaft speed, is recommended to
be placed to the left of the coolant temperature gauge.
The system of indicator lights and warning signals should
be positioned in the upper part of the instrument panel,
ensuring that the operator can quickly perceive these sig-
nals whilst operating the combine harvester. The figure
shows an improved layout of the information and control
elements on the instrument panel of a combine harvest-
er’s cab. The proposed layout is based on research into the
operator’s psychophysiological characteristics and ergo-
nomic requirements for workplace design. The combine
harvester’s speed indicator occupies a central position on
the instrument panel, ensuring optimal visibility within
the operator’s field of view whilst performing operational
tasks. To the left of this is the tachometer, which displays
the engine crankshaft speed, as well as the engine coolant
temperature gauge. This arrangement allows the operator
to monitor the power unit’s operating mode in real time.
To the right of the central speed indicator are the fuel lev-
el gauge and the engine lubrication system oil pressure
gauge. There is also an ammeter, which displays the sta-
tus of the combine’s electrical system. The upper part of
the panel houses a system of indicator lights and warning
lamps, which inform the operator about the operation of
the combine’s main systems and the occurrence of emer-
gency or warning conditions.

DISCUSSION
The results obtained confirm the effectiveness of using
smart technical diagnostic systems to optimise the operat-
ing modes of combine harvesters and improve the reliabili-
ty. At the same time, a comparison with the latest European
studies allows refining the patterns identified and deter-
mining the place within the broader scientific context. In
particular, Y. Liang & Z. Jiang (2026a; 2026b) found that
modern combine harvesters are moving towards distrib-
uted sensor architectures, in which multisensor data pro-
cessing and fusion models play a key role. This is fully con-
sistent with the findings of the present study regarding the
need to integrate multi-parameter signals to improve diag-
nostic accuracy. However, unlike the authors, the present
work additionally takes into account the influence of op-
erating costs and the operator’s psychophysiological state.

Velhas

The study by W. Zhang et al. (2026) demonstrates that
CAN-based monitoring systems provide diagnostic accu-
racy of over 97 per cent and significantly reduce system
response time. The conclusions drawn by the authors are
entirely relevant, as these conclusions confirm the effec-
tiveness of digital data buses, which are also utilised in the
model. However, the approach does not take into account
the optimisation of maintenance intervals, which is a key
element of the present study. J. Gu et al. (2025) established
that the structural reliability of bolted joints is a critical
factor in the failure of combine harvesters. This is partly
consistent with the results of the present study, which also
highlight the influence of mechanical components on the
overall reliability of the system. However, the authors’ as-
sertions appear debatable, as these assertions do not ac-
count for the influence of dynamic loads under real-world
field conditions, which significantly alters the nature of
component degradation. D. Yilmaz & M. Gokduman (2020)
focus in the research on the impact of vibrations and noise
on the accuracy of sensor measurements. This is not entire-
ly consistent with the results of the present analysis, as the
present work has established that the use of digital filtering
allows the impact of external noise factors to be minimised
without significantly reducing diagnostic accuracy. X. Li et
al. (2022) and S. Zhang et al. (2022) demonstrate the ef-
fectiveness of intelligent control systems and multi-sen-
sor fusion in improving the stability of combine harvester
performance. The conclusions drawn by the researchers are
entirely relevant, confirming the general trend towards the
digitalisation of agricultural machinery. At the same time,
the present study extends these approaches by incorporat-
ing an optimisation model for the frequency of diagnostics,
which helps to minimise operating costs.

Particular mention should be made of the results by
W. Zhang et al. (2026), which demonstrate the development
of intelligent monitoring systems with a shift towards da-
ta-driven architectures, reducing grain losses by up to 15
per cent. This is fully consistent with the findings of the
present study regarding the improvement in the efficien-
cy of technical monitoring; however, the model addition-
ally takes into account the economic component and the
technical readiness of the machinery. D. Guo et al. (2025)
found that the use of a digital twin and multi-sensor data
processing enables high-precision, real-time monitoring of
the production process and improves the efficiency of the
combine harvester. These findings are consistent with the
results of the present study, also confirming the benefits
of integrating smart technologies and comprehensive data
analysis to improve the operational efficiency of machinery.
At the same time, the present study further demonstrates
that the use of smart technical diagnostics systems not only
improves the operational efficiency of combine harvesters
but also optimises maintenance intervals, reduces oper-
ating costs and minimises the frequency of breakdowns.

The reasons for the discrepancies between the find-
ings of various authors and the data from this study lie in
differences in methodology, types of sensory systems, the
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duration of the experiments, as well as varying degrees of
consideration given to the human factor and operating
conditions. Thus, the proposed Smart model is more com-
prehensive in nature and ensures the integration of techni-
cal, economic and ergonomic parameters.

CONCLUSIONS

The study found that the implementation of the Smart
technical diagnostics system increases the technical read-
iness of combine harvesters from 88.9% to 93.4%, repre-
senting an increase of +5.1% compared with traditional
maintenance methods. The results show a reduction in
specific operating costs from 176 UAH/100 motor-hours to
149 UAH/100 motor-hours, i.e. by 15.3 per cent, which con-
firms the cost-effectiveness of the proposed approach. It
has been established that the number of failures decreased
from 0.38 to 0.29 failures per 100 motor-hours, represent-
ing an improvement of 23.7 per cent, whilst the average
downtime was reduced from 12.6 per cent to 8.2 per cent.
Furthermore, it has been demonstrated that the optimal
frequency of technical diagnostics lies within the range of
180-220 motor-hours, at which the minimum specific costs
(*148-151 UAH/100 motor-hours) and maximum technical
availability (#92-93 per cent) are achieved. An analysis of
the reliability of the units revealed an increase in mean
time between failures for the main components: threshing
drum: 310 — 390 motor-hours (+25.8%); hydraulic system:
290 — 365 motor-hours (+25.9%); engine: 360 — 445 mo-
tor-hours (+23.6%).

The results obtained confirm the non-linear nature of
the relationship between the frequency of diagnostics and
operational performance indicators, which is consistent

with the regression models. It has been established that
the proposed Smart system provides a comprehensive im-
provement in performance indicators: a reduction in costs
of up to 15.3 per cent, a reduction in breakdowns of up
to 23.7 per cent and an increase in technical readiness to
93.4 per cent; however, the values obtained are valid only
for the conditions of the experiment conducted (23 com-
bine harvesters, 3 months of observations).

Prospects for further research lie in verifying the ef-
fectiveness of Smart technical diagnostic systems on an
expanded sample of combine harvesters of various models
and over longer periods of operation, with the aim of refin-
ing the optimal diagnostic frequency and failure prediction
parameters under different operating conditions.
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MeToponoriyHicTb NOKa3HUKIB GYHKLUIOHaNIbHUX €/IeMEHTIB
Smart cucteMm TexHIYHOro AiarHOCTyBaHHS 3epHO36MpanbHMX KOM6GaMHIB

AHoOTaLifA. AKTya/lbHICTh pOOOTHM MOJISITAE Y HEOOXiMHOCTI MigBuUIeHHS HaAiifHOCTI Ta epeKTMBHOCTI eKcruryaTallii
3epHO36MpaTbHMX KOMOATHIB B yMOBaX 3HAYHOTO 3HOIIEHHS MAllMHHO-TPAKTOPHOI'O IMapKy Ta 3pOCTaHHS BUMOT 10
6e3mepepBHOCTI 36MpabHUX ITPOILeciB. MeTo0 po6OTH € MiABUILIEHHS HAaAiiiHOCTI 3€pHO30MpaNbHUX KOMOAHiB
IIJITXOM MOJeTFOBaHHS Ta YIOCKOHAJEHHS (PYHKIIIOHYBaHHS Smart CCTeMY TeXHIUHOTO iarHOCTYBaHHS. Y MOCTiIKeHHI
BUKOPUCTAHO METOIM MaTeMaTUYHOI'0 MOJIe/II0BaHHS, KOpeJIsililiHO-perpeciiftHOro aHasli3y, OpTOrOHaJIbHMX TTOTiIHOMIB
YebuiieBa, a TAKOXK eKCIIepMMeHTabHi CIIOCTepesKeHHS 3a 23 3epHO30MPaTbHMMM KOMbOaitHaMu MPOTITOM 3 MicsILIiB
i3 3aCTOCYBaHHSM JJaHMX PEECTPYBAJIbHOI armapatypu. Y pesyabTaTi 6y/10 JOC/TiIKEHO 3aIeXKHOCT] MiXK MepioANYHiCTIO
TEXHIYHOTO [AiaTHOCTYBaHHS, MUTOMUMM BUTPaTaMy Ha 06CTYyTOBYBaHHS Ta IIOKa3HMKAMM HaliliHOCTi KOMOAifHiB. BusiB/ieHO
TaKi 0COBIMBOCTI: ONTUMIi3allisl IePiOAMYHOCTI AiarHOCTUYHMX OTIepalliil JO3BOJISE OAHOYACHO 3MEHIIINTY eKCILTyaTalliliHi
BUTPATH Ta MiABULIATY TEXHIUHY TOTOBHICTh MallliH. By/I0 BCTAHOBJIEHO, 1110 3aCTOCYBAaHHS Smart CCcTeMM AiaTHOCTYBaHHS
3abe3rieuye GiJIbII TOUHE TPOrHO3YBAHHS TEXHIYHOTO CTaHy arperatiB i J03BoJIsIe GOpMYyBaTU agallTUBHI PeXUMU
TEXHIYHOTO 06CTYyTOBYBAaHHS 3aJIEXKHO BiJl yMOB eKCILIyaTaliii. JomaTkoBo 6y/10 TpoaHali3oBaHO BIUIMB (DYHKIIIOHATIbHIX
MTOKA3HMKIB i HafiifHOCTI HAa (hOpMYyBaHHS 11iJIbOBOI (DYHKIIi1 ONTMMIi3allii, a TAKOX TOBEIEHO afleKBAaTHICTb MOOYIOBaHMUX
MaTeMaTUUHUX Mojieneli. Byno y3arajibHeHO, 1110 BIIPOBAIsKeHHSI CUCTeMU J03BOJISIE 3HU3UTU MTPOCTOI TeXHIKM, MiABULITATIA
eexTUBHICTb CepBiCHOrO 06CTYTOBYBaHHS Ta MOKPAIIVTH EPrOHOMiUHI YMOBM pOOOTH omiepaTopa. IIpakTuyHa I[iHHiCTb
PO6OTH TTOJISITAE Y MOXKIMBOCTI 3aCTOCYBaHHSI OTPUMMAaHMX PE3YJIbTATIB arporpoOMMUCIOBUMM MTiAIIPUEMCTBAMM, CEPBICHUMM
opraHisalisiMu Ta iHXxeHepamu JJIs ONTUMi3allii TeXHiYHOro 06C/TyroByBaHHS, MiABUIIIEHHS HaAifiHOCTI KOMOaiHiB i
BIOCKOHAJIEHHS CMCcTeM Smart AiarHOCTyBaHHS B pea/ibHMX YMOBaX eKcIuTyaTailii

KniouoBi cnoBa: TexHiuHa 1iarHOCTIKa; CiTbCbKOTOCIIOAapChKa TeXHiKa; MaTeMaTiuHe MOMeII0BaHHST; eKCIUTyaTalliiiHa
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Intelligent system of operating parameters
for monitoring the technical condition of combine harvesters

Abstract. The relevance of this study stems from the need to improve real-time monitoring of the technical condition of
combine harvesters, given the large number of rapidly changing telemetry parameters and the complexity of processing
them promptly. The study aimed to develop and validate, through computational modelling, a method for selecting the
minimum sufficient set of rapidly changing diagnostic characteristics of a combine harvester. The method was designed
to maximise the entropy-based monitoring completeness index under specified constraints on frequency resolution and
the computational speed of telemetry signal-processing algorithms. The research employed methods of systems analysis,
information theory, including an entropy-based monitoring completeness index, optimisation, signal spectral analysis,
fast Fourier transform, wavelet analysis, and window-function modelling for telemetry data processing. The structure
of rapidly changing diagnostic parameters of a combine harvester was examined, and it was established that increasing
the number of such parameters did not produce a linear increase in the informativeness of the monitoring system. The
greatest improvement in diagnostic completeness was provided by the most informative parameters, particularly vibration
characteristics, component temperatures, rotational speed, and hydraulic pressure. The relationship between residual
uncertainty and the number of monitored parameters was analysed, revealing a saturation effect whereby each additional
feature produced a progressively smaller increase in accuracy. The proposed method made it possible to optimise the
selection of diagnostic characteristics while accounting for the requirements of accuracy and real-time data-processing
speed. Combining the entropy-based approach with computational complexity criteria was found to reduce the solution
space effectively when developing diagnostic algorithms. The practical value of the study lies in the potential application
of its findings to the development of intelligent systems for monitoring and diagnosing combine harvesters at service
centres and during field operation

Keywords: on-board systems; telemetry parameters; monitoring completeness index; optimisation methods; rapidly
changing parameters; real time; diagnostics

INTRODUCTION

The development of modern agro-industrial production
is accompanied by the increasing structural complexity
of combine harvesters, higher levels of automation, and
the integration of electronic on-board systems for mon-
itoring and controlling technological processes. These
developments impose increasingly stringent require-
ments on the quality of technical condition monitoring
and diagnostics at different stages of combine harvester
operation. Meeting these requirements poses considerable

challenges when monitoring the technical condition of
on-board combine harvester systems, particularly in real
time during harvesting operations. Current developments
in systems for monitoring the technical condition of ag-
ricultural machinery are characterised by a shift towards
intelligent, multi-parameter, and telemetry-based ap-
proaches that enable the continuous real-time monitor-
ing of machine operation. H. Wang et al. (2025) noted that
improving the reliability of combine harvesters requires
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the development of structural diagnostic methods and
the early detection of failures using sensor-system data.
The authors emphasised the difficulty of processing noisy
signals and the need to improve the robustness of diag-
nostic models. W. Zhang et al. (2022) examined integrated
monitoring systems and demonstrated that consolidating
telemetry data within a single platform substantially im-
proves the efficiency of combine harvester maintenance.

S. Li et al. (2023) proposed a hybrid PARAFAC-AP-
SO-SVM model for the intelligent diagnosis of faults in
complex mechanical systems using multichannel gear-
box vibration data. The results showed that the model
effectively eliminated redundant information while re-
taining significant features and enabled the rapid and
accurate identification of different fault types. Z.Y. Xu et
al. (2026) noted that the application of artificial intelli-
gence throughout the combine harvester life cycle can
improve data-processing efficiency and enable the predic-
tion of technical condition on the basis of large telemetry
datasets. R. Li et al. (2022) developed an online monitoring
system for the hydraulic actuators of a combine harvest-
er. Using multi-sensor data acquisition, the system mon-
itored operating parameters and issued real-time fault
alerts. Field tests showed that the fault-alert accuracy was
96.5%, while automatic diagnosis took no longer than 1
min 18 s. A.E. Chaleshtori & A. Aghaie (2022) emphasised
the effectiveness of data-fusion methods in diagnosing
complex technical systems, as these methods increase
the informativeness of diagnostic parameters and reduce
the influence of noise. L. Nadai et al. (2020) investigated
hybrid ANN-PSO models and demonstrated that com-
bining neural networks with optimisation algorithms can
substantially improve the accuracy of technical condition
prediction. S. Gawde et al. (2022) proposed an intelligent
bearing diagnosis method based on CNN-MLP models and
established that deep learning was highly effective in de-
tecting complex defects in mechanical systems. J. Shen et
al. (2023a) examined federated learning for equipment di-
agnosis and showed that distributed models can protect
data while maintaining high diagnostic accuracy.

Z. Qiu et al. (2022) developed a remote monitoring
system for combine harvesters based on the integration
of data from multiple sources. The system enabled tech-
nical condition monitoring, fault diagnosis, and remote
supervisory control. Tests demonstrated that it identified
the operating condition of the combine harvester with an
accuracy of 97.46%, confirming the reliability and effec-
tiveness of the proposed system. J. Paredes et al. (2025)
investigated real-time monitoring of the technical con-
dition of combine harvester on-board systems through
the prompt processing of telemetry and diagnostic in-
formation received from sensors installed in the engine,
hydraulic system, threshing and separating mechanism,
cleaning systems, and other functional units of the ma-
chine. At the real-time information-processing stage, the
following tasks were addressed: ensuring the continu-
ous and safe operation of the combine harvester during
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harvesting; monitoring the operating parameters of the
engine, transmission, hydraulic system, and working
mechanisms; and improving harvesting productivity by
enabling prompt decisions concerning the technical con-
dition of the machine. The existing approaches to moni-
toring the technical condition of combine harvester on-
board systems examined by J. Shen et al. (2023b) did not
always provide sufficiently effective fault detection dur-
ing the operational stage. This limitation arose from the
large number of rapidly changing parameters, the restrict-
ed time available for processing them, and the difficulty
of making prompt diagnostic decisions under field con-
ditions. Research aimed at improving monitoring com-
pleteness and the efficiency of real-time telemetry data
processing in combine harvesters was therefore relevant
and of considerable practical importance for ensuring
the reliable and efficient operation of modern agricultur-
al machinery. The study aimed to substantiate and test,
through computational modelling, an approach to form-
ing a minimum sufficient set of rapidly changing diagnos-
tic characteristics of a combine harvester. This approach
was intended to maximise the entropy-based monitoring
completeness index while meeting specified requirements
for frequency resolution and the processing speed of
telemetry signal-processing algorithms.

MATERIALS AND METHODS
Computational modelling involved fast Fourier transform
(FFT), wavelet analysis, informationtheory methods, and
methods for optimising the selection of diagnostic fea-
tures. FFT and wavelet analysis were used to process rap-
idly changing telemetry signals from the combine harvest-
er, including vibration signals from the engine, threshing
drum, cleaning system, straw walker bearings, hydraulic
pump, header cutterbar, and transmission. Each signal
was processed sequentially in moving time windows. At a
sampling frequency of 8 kHz and a window duration of 1 s,
each window contained 8,000 samples. To reduce spectral
leakage, a rectangular, triangular, Hanning, or Blackman
window function was applied to the signal before trans-
formation. The window was selected with regard to its co-
herent gain and the required frequency resolution. Signal
processing was performed in a moving time window, tak-
ing account of the sampling frequency and the algorithmic
complexity of the calculations. Monitoring completeness
was a quantitative indicator describing the extent to which
monitoring the technical condition of a combine harvester
using a selected set of diagnostic parameters represented
the full set of parameters characterising machine opera-
tion. The monitoring completeness index was calculated
as follows:

Q)
v="12 (1)
where H is the initial uncertainty regarding the technical
condition of the combine harvester or its onboard sys-
tems, expressed as system entropy; H™ is the uncertainty

Machinery & Energetics. Vol. 17, No. 2

N



Intelligent system of operating parameters...

eliminated on the basis of monitoring and processing diag-
nostic parameters; n is the number of monitored diagnos-
tic parameters of the combine harvester.

To improve the completeness of technical condition
monitoring of combine harvesters during the real-time
processing of telemetry and diagnostic information, three
approaches were considered: hardware, hardware-soft-
ware, and software-based. The hardware approach involved
expanding the monitoring system by installing addition-
al sensors on the engine, hydraulic system, threshing and
separating mechanism, cleaning system, transmission,
and other functional units of the combine harvester. In
this study, this approach was regarded as a means of in-
creasing the number of monitored parameters. However,
the methodology also took account of the fact that adding
technical equipment increases the structural complexity of
the machine, raises the cost of the monitoring system, and
expands the volume of data to be transmitted, stored, and
processed. Subsequent assessment therefore focused not
only on increasing the number of parameters but also on
determining their diagnostic informativeness.

The hardware-software approach involved integrating
on-board electronic monitoring systems, telemetry, data
transmission, and distributed processing of diagnostic
data. Its application made it possible to establish a unified
information environment for monitoring the parameters
of the engine, threshing and separating system, hydrau-
lic system, transmission, automatic control systems, and
sensors. Methodologically, this approach was implement-
ed by defining groups of monitored parameters, diagnostic
methods, monitoring intervals, data accumulation peri-
ods, and automated workstations for operators and service
personnel. By combining these components, a set of pos-
sible algorithms for assessing the technical condition of
the combine harvester was generated for each diagnostic
characteristic. The software-based approach focused on
improving the methods used to select, process, and analyse
telemetry data without a proportional increase in hardware
resources. This approach provided for the combined anal-
ysis of slowly varying parameters and rapidly changing pa-
rameters, the latter reflecting deviations in the operation
of components and assemblies more promptly. Particular
attention was paid to rapidly changing characteristics of
vibration signals, rotational speed, pressure pulsations,
and temperature fluctuations, which were processed in real
time. The proposed methodology comprised the develop-
ment of an information model, entropy-based assessment
of uncertainty, spectral signal analysis, optimisation of the
set of diagnostic parameters, and evaluation of algorithm
accuracy and computational complexity. The study was
based on computational modelling and included the math-
ematical formalisation of the procedure for selecting diag-
nostic characteristics and algorithms for processing rapidly
changing telemetry signals. To test the proposed method-
ology, a model set of ten characteristics was formed. These
characteristicsrepresented the principal functional systems
of a combine harvester and were suitable for continuous

measurement and spectral analysis. The set of possible
algorithms was generated by combining three diagnostic
methods, five groups of monitored parameters, five mon-
itoring intervals, and five data accumulation periods. The
algorithms were selected sequentially according to their
compliance with the specified frequency resolution and
their minimum computational complexity. Changes in re-
sidual uncertainty and monitoring completeness were then
assessed for sets containing 0, 2, 4, 6, 8, and 10 character-
istics. A model probability value of 0.97 was used to verify
the form of the mathematical relationship rather than as
an empirically established measure of diagnostic accuracy.

RESULTS AND DISCUSSION

The selection of informative diagnostic features is a com-
mon task in systems designed to detect, classify, and iden-
tify the technical condition of machines, processes, and
phenomena. Such tasks are difficult to formalise because
their solution depends heavily on heuristic methods, op-
erational experience, and accumulated statistical data.
This applies to slowly varying parameters, while the re-
al-time processing and analysis of rapidly changing pa-
rameters also require consideration of computational
capacity, time constraints, and the operating conditions
of machinery in the field. The selection of parameters for
real-time monitoring therefore depended on the nature
and scope of the diagnostic tasks. The same information
feature could be highly effective in detecting certain faults
but of limited value in identifying others. To process the
rapidly changing parameters of a combine harvester in
real time, a set of diagnostic parameter characteristics
was defined. An analysis of the technical documentation
for modern combine harvesters showed that, with approx-
imately 35 rapidly changing parameters, the number of
monitored characteristics could exceed 400. Accordingly,
the set of characteristics of rapidly changing parameters
may be expressed as follows:

I={i1j=T,400}. 2)

However, examining all these characteristics within
the scope of the article was impractical. For illustrative
purposes, only 10 were selected, forming the following set:

I={i, ,,1j=1,10}, 3)

where i, is the maximum value of the amplitude-frequen-
cy spectrum of combine harvester engine vibration within
the frequency range of 10-250 Hz; i, is the maximum vi-
bration spectral density of the threshing drum within the
frequency range of 15-180 Hz; i, is the maximum value of
the amplitude-frequency spectrum of cleaning-system os-
cillations within the frequency range of 5120 Hz; i, is the
maximum vibration spectral density of the straw walker
bearings within the frequency range of 20-300 Hz; i, is the
maximum vibration spectral density of the hydraulic pump
within the frequency range of 25-400 Hz; i, is the maximum
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fluctuation in threshing-drum rotational speed within the
range of 450-1,200 rpm; i, is the maximum amplitude of
pressure pulsations in the combine harvester hydraulic
system within the range of 12-28 MPa; i, is the maximum
temperature fluctuation in bearing assemblies within the
range of 40°C-110°C; i, is the maximum vibration spectral
density of the header cutterbar within the frequency range
of 30-250 Hz; i, is the maximum value of the amplitude-
frequency spectrum of combine harvester transmission vi-
brations within the frequency range of 50-500 Hz.

In addition to these characteristics, it was necessary to
account for the heterogeneity of diagnostic information re-
ceived from the different on-board systems of the combine
harvester, as well as the possibility of distributed process-
ing of rapidly changing parameters at different automated
workstations used by operators and service personnel. The
set of automated workstations was denoted as follows:

J={js s Jiake 4)

The principal methods for monitoring and diagnosing
the technical condition of combine harvesters formed the
following set:

M={m,w=13}, )

where (m,) is the visual diagnostic inspection; (m,) is the
instrumental diagnosis using sensor systems; (m;) is the
computer-based diagnosis and analysis of combine har-
vester operating parameters.

To overcome the limitations associated with the si-
multaneous monitoring of all combine harvester systems, a
local parameter analysis system was incorporated into the
technical condition assessment algorithm. The principal
groups of monitored parameters were represented by the
following set:

G={g.le=1,5}, (6)

where (g)) is the engine parameters; (g,) is the threshing
and separating system parameters; (g;) is the hydraulic
system parameters; (g,) is the transmission parameters;
(g,) is the automatic control system and sensor parameters.

To account for the possibility of periodic monitoring of
combine harvester operating parameters, a set of possible
monitoring intervals was defined:

S={a,1d=1,5}, (7)
where s, is 1 h;s,is 2 h;s;is4 h;s,is 8 h; s, is 12 h.
The possible time intervals for accumulating diagnos-
tic information were represented by the following set:
K={k11=15}, ®)
where k, is the 10 operating hours; k, is the 20 operating

hours; k; is the 30 operating hours; k, is the 40 operating
hours; k. is the 50 operating hours.

Shvydun

The set (4,) was then considered, each element of which
represented an algorithm for processing the technical con-
dition parameter (i) of the combine harvester. Each algo-
rithm employed one diagnostic method (m, € M), one group
of monitored parameters (g, € G), one monitoring interval
(s,€S), and one data accumulation period (k, € K). This pro-
duced the set A; = {d}, | z= 1,375}, which comprised the
algorithms for assessing the technical condition of the com-
bine harvester on the basis of characteristic (i). The set (4))
was represented by the vector Al,,;, consisting of 374 ze-
ro-valued elements and one unit-valued element. All possi-
ble combinations of these vectors formed the identity square
matrix A;;;5. An algorithm meeting the specified accuracy
and processing-speed requirements had to be selected from
this matrix A Initially, those elements d, (z = 1,375)
that met the accuracy requirements were selected. The ac-
curacy index for each element was calculated as follows:

P=—n—, )

NAfres

where f, is the signal sampling frequency; N is the number
of samples included in the window function; and g is the
coherent gain coefficient of the window function, which
accounts for the bandwidth characteristics of the selected
window. For a rectangular window, 8= 1; for a Hanning win-
dow, B=%°; for a triangular window, 0.5; and for a Blackman
window, $=0.36. Af,, is the required frequency resolution
of the algorithm, corresponding to 10% of the monitored
frequency interval. Af,,.=0.1(f, - f, ), (Fig. 1), where f, and f,
are the boundaries of the frequency range within which the
characteristic was evaluated.

>

.

Amplitude

Frequency

Figure 1. Graphical representation of the minimum
required frequency resolution
Source: developed by the author

The accuracy index had the same value for elements
a, (z=1,375) that employed the same method m, € M and
the same window-function step s, € S. Accordingly, the
rows of the matrix A5 formed 15 blocks of 25 values,
corresponding to the number of combinations of the ele-
ments m, €M and s, € S used to determine the accuracy
index. A specified accuracy threshold therefore made it
possible to select several blocks of elements a, (z=1,375),
whose accuracy index exceeded the required value, there-
by substantially reducing the matrix A;;;;. The next step
was to select, from the remaining elements a, (z=1,375),
the one that employed the fastest algorithm for processing
the characteristic. The processing-speed index was ex-
pressed as follows:
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B=0(m)=0(%), (10)
where O(n) is the algorithmic complexity of the selected
method for processing rapidly changing parameters.
Algorithmic complexity depends on the number of di-
agnostic parameter samples N included in the observation
window, the width or duration of the window function k,
and its step size S. For example, when vibration signals
from bearing assemblies, the engine, the threshing drum,
or other combine harvester units are analysed, the fast
Fourier transform is used for rapid spectral analysis:

o(n) = NTklog (N—k),

: an

whereas wavelet analysis and other multiscale processing
methods have the following complexity:

o) = (”—")2

. (12)

The number of samples depended on the duration of
the observation window and the polling frequency of the
sensors in the combine harvester technical condition moni-
toring system. For example, at a sensor polling frequency of
8~kHz and a time-window width of 1~s, N=8,000. The pro-
cessing speed of the diagnostic system therefore directly af-
fected the rate at which faults could be detected and the ef-
fectiveness of predicting the technical condition of combine
harvester components and assemblies. This procedure was
used to select an algorithm for processing one characteris-
tic. The same procedure was then applied to the remaining
characteristics of the rapidly changing parameters. As a re-
sult, a set of 10 characteristics was formed, each processed
using the algorithm with the best processing-speed index
among those that satisfied the accuracy requirements. At
the second stage, the objective function had to be maxim-
ised. In other words, the characteristics that produced the
highest monitoring completeness index had to be selected
from the 10 rapidly changing parameter characteristics. The
objective function was expressed as follows:

H,
V=%—>1.

(13)

In this formulation, the objective function represents
an increase in monitoring completeness through a reduc-
tion in the overall uncertainty concerning the technical
condition of the combine harvester. The higher the moni-
toring completeness index, the greater the number of po-
tential faults in components and assemblies that can be
detected. This, in turn, reduces the time required to obtain
diagnostic results and make decisions concerning machine
maintenance or repair. Greater monitoring completeness
enables the timely detection of deviations in the operation
of the engine, threshing mechanism, cleaning systems, run-
ning gear, and other functional systems of the combine har-
vester. It therefore helps reduce the number of unexpected
failures and periods of downtime during the harvesting
season, while improving the operational efficiency of the

machinery. The uncertainty eliminated through the selected
set of monitored parameters of the combine harvester tech-
nical condition was expressed as follows:

H

w=H-H, (14)

where H, is the uncertainty remaining after the selected set

of indicators has been monitored.
The initial uncertainty H was calculated as follows:

H=-Plog(P)-(1-P)log(1-P), (15)

where P is the probability that the values of the character-

istics i,j=1,10), fall within the informative interval. It was

calculated using the following formula:

P=1-TT%(-py, (16)

where p; is the probability that the measured value of pa-

rameter ij =1,10), falls within the informative interval,
which was calculated using the formula:

— AZnorm+AZapn

D, A2, (17)

where AZ, . is the interval of characteristic values corre-
sponding to the normal operation of the monitored unit.
The length of the interval AZ,,, is represented by the seg-
ment |CD|. AZ,,, is the interval of characteristic values cor-
responding to abnormal operation. Its length is calculated
as the sum of the segments AZ;, =|BC| and AZ,,, =|DE|. D is
the entire measurement range of the characteristic, repre-
sented by the segment |AF| in Figure 2.

The residual uncertainty remaining after monitoring a
set of characteristics was calculated as follows:

H,=[Tie,p; - sy, P; 108 Tjeryy ;) -

-(1-TLey ) log(1 - [Ter2))s (18)
where I, is the set of unmonitored characteristics and I, is
the set of monitored characteristics. The union of I;;and I,
forms the set of all characteristics. Taking the above rela-
tionships into account, the expression becomes:

H,=H-[ljc;, 0; (- Tjes P log [T, ) -
-(-Tlier, 2 log(1 - [Lery D)))- (19)
The relationship between residual uncertainty and the
number of characteristics is shown in Figure 3. The graph
was obtained using the following calculations. Ten rapidly
changing parameter characteristics i(j = 1,10), were con-
sidered, and p; was set at 0.97. Residual uncertainty H, was
then calculated for the following sets of characteristics:
when no characteristics were monitored, H, = H, meaning
that residual uncertainty was equal to the initial uncertain-
ty; when two characteristics were monitored, H, = 0.066;
when four were monitored, H,=0.024; when six were mon-
itored, H, = 0.014; when eight were monitored, H,=0.010;
and when all ten characteristics were monitored, H,=0.007.
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Source: developed by the author
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Substitution of the corresponding relationships gives
the following expression:

V=1-
_ Mjer, (= Mjery; pjlog([ery, i)~ (1~Tljer, pj) log(1-Tljer, p;)) . (20)
H

The completeness index represented the extent
to which monitoring the selected set of characteristics

reduced the initial uncertainty. When all possible char-
acteristics were monitored, the completeness index was
equal to 1 because the residual uncertainty was then 0.
When none of the characteristics was monitored, the re-
sidual uncertainty was equal to the initial uncertainty and
the completeness index, V, was 0. The relationship between
monitoring completeness and the number of monitored
characteristics is shown in Figure 4.
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Figure 4. Relationship between the diagnostic completeness index and the number
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In Figure 4, the ordinate represents the completeness
index, while the abscissa represents the number of mon-
itored characteristics in the set. The graph was obtained
using the following calculations. Ten rapidly changing pa-
rameter characteristics i(j =lﬁ), were considered, and was
set at 0.97. The completeness index V was then calculat-
ed for the following sets: without monitoring, V=_0; with
two parameters monitored, V=0.63; with four parameters
monitored, V= 0.86; with six characteristics monitored,
V=0.92; with eight characteristics monitored, V=0.94; and
with all characteristics monitored, V=1. The value of the
diagnostic completeness index increases along with the
number of monitored combine harvester characteristics.
The most significant jump was observed upon introduction
of the first diagnostic parameters characterising the tech-
nical condition of the main components and assemblies of
the machine. With an increasing number of parameters,
the graph reaches saturation, since the contribution of
each additional characteristic to the informational capaci-
ty of the monitoring system is lower.

This confirms the possibility of obtaining high diag-
nostic efficiency if only the most informative parameters
are monitored, such as bearing vibration, temperature of
the working units, rotational speed of the threshing drum,
drive loads, and harvesting process parameters. A non-lin-
ear increase in diagnostic completeness and the saturation
of the information model, established in this study, is also
consistent with the modern trends of intelligent diagno-
sis of agricultural machines and combines. K. Ofosu-Am-
pong (2024) states that when applying artificial intelli-
gence methods to the analysis of agricultural machinery
operation, there is an almost linear increase in the accu-
racy of predictions as the amount of initial data increases.
This conclusion is relevant to large information systems.
The present study, however, showed that real combine har-
vester on-board systems exhibited a saturation effect: in-
creasing the number of parameters beyond the optimum
set did not produce a substantial improvement in the diag-
nostic completeness index. This finding differed from the
results reported by I. Shevchenko et al. (2026), which may

be explained by limited computational resources and the
noisy nature of field data.

H. Wang et al. (2025) noted that multi-sensor diag-
nostic systems substantially improved the accuracy of
fault detection in harvesting machinery, particularly when
deep-learning methods were applied. The present study
likewise found that the addition of key parameters, includ-
ing vibration, temperature, and rotational speed, increased
the informativeness of the system. However, further ex-
pansion of the feature set produced progressively smaller
gains in efficiency, indicating that the number of sensors
should be optimised rather than maximised. In relation to
the study of S. Zhang et al. (2025), hybrid IPSO-SVM mod-
els for fault prediction were considered, confirming that
the combination of intelligent algorithms can maintain
consistently high accuracy. W. Jiang et al. (2023) proposed
a method for diagnosing combine harvester bearings that
combined self-optimised variational mode decomposition,
multiscale dispersion entropy, and a Softmax classifier. Ex-
perimental evaluation using vibration signals showed that
this approach reliably extracted informative diagnostic
features and improved fault-recognition accuracy under
complex non-stationary conditions. S. Zang et al. (2025),
in turn, demonstrated the advantages of multiparame-
ter approaches over single-sensor solutions. W. Zhang et
al. (2026) showed that CAN bus systems were effective for
transmitting diagnostic data in real time. Although their
conclusions were valid, they did not account for the opti-
misation of the information load. G. Yang et al. (2022) pro-
posed the SDAE-RCmvMSE method, which combined the
denoising of multichannel vibration signals using stacked
autoencoders, diagnostic feature extraction based on re-
fined composite multivariate multiscale entropy, and bear-
ing-condition classification using a support vector ma-
chine. The technical solutions presented by I. Rogovskii et
al. (2026) were considered from a different perspective: not
as a means of increasing model complexity, but as a prob-
lem of optimising the information sufficiency of diagnostic
parameters. D. She et al. (2024) proposed a few-shot fault-
diagnosis method for combine harvester gearboxes based
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on transfer meta-learning, designed for variable operating
conditions and limited training data. Experimental vali-
dation showed that combining domain-adaptive feature
extraction with loss-function optimisation improved both
the accuracy and robustness of gearbox condition recog-
nition. The findings therefore showed that, as the number
of monitored characteristics increased, residual uncertain-
ty regarding the technical condition of the combine har-
vester steadily decreased, while diagnostic completeness
increased. The greatest gain in informativeness occurred
when the number of characteristics rose from two to four:
the completeness index increased from 0.63 to 0.86, while
residual uncertainty fell from 0.066 to 0.024. Further ex-
pansion of the parameter set produced less pronounced
improvements, indicating the gradual saturation of the
monitoring system. For practical applications, it is there-
fore advisable to identify a minimum set of the most in-
formative characteristics that can provide sufficient diag-
nostic completeness at an acceptable computational cost.

CONCLUSIONS

This study addressed the problem of improving the effi-
ciency of combine harvester technical condition monitor-
ing by optimising the set of rapidly changing telemetry
parameters and assessing diagnostic completeness using
an entropy-based approach. The proposed methodolo-
gy formalised the selection of informative features while
accounting for computational complexity constraints and
the need for rapid real-time data processing. The results
showed that, as the number of monitored characteristics
increased from 0 to 10, the diagnostic completeness index
Vrose non-linearly. When two parameters were monitored,
V=0.63; with four parameters, V=0.86; with six parame-
ters, V=0.92; with eight parameters, V=0.94; and with the
full set of characteristics, it reached its maximum value of
V=1.0. This confirmed the presence of an information sat-
uration effect, whereby further expansion of the diagnostic
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parameter set did not produce a proportional increase in
accuracy. Residual uncertainty regarding the technical
condition was also found to decrease from approximately
H~0.16 with the smallest parameter set to H<0.01 when
an optimised set of 8-10 characteristics was used. This
demonstrated the high efficiency of the selected strategy
for optimising diagnostic features. The analysis of algo-
rithmic complexity showed that the use of FFT and wavelet
analysis reduced diagnostic signal-processing time com-
pared with multiscale methods that did not include win-
dow-function optimisation. The proposed approach there-
fore achieved a modelled monitoring completeness index
of 0.94-1.00 using 8-10 characteristics. Further research
should examine the feasibility of developing intelligent
real-time monitoring systems for combine harvesters that
reduce the risk of critical failures and machinery downtime
during harvesting operations.

ACKNOWLEDGEMENTS

The author gratefully acknowledges the administration
of the Center for Collective Use of Scientific Equipment
from the newest agrotechnologies “Agroindustrial com-
plex, Forestry and Landscape-Park Management, Veteri-
nary Medicine”, for providing the opportunity to conduct
this research. The Centre was established at the National
University of Life and Environmental Sciences of Ukraine
pursuant to Order No. 475 of the Ministry of Education and
Science of Ukraine, dated 12 April 2019.

FUNDING
This article was prepared with the support of the HEI-CO-
PILOT project under the EIT HEI Initiative “Innovation
Capacity Building for Higher Education”, funded by the Eu-
ropean Union.

CONFLICT OF INTEREST

None.

(1]

(2]
(3]

(4]

[5]

(6]

[7]

REFERENCES

Chaleshtori, A.E., & Aghaie, A. (2022). Data fusion techniques for fault diagnosis of industrial machines: A survey.
In 2" international conference on organizational of production and service systems. Rasht: University of Guilan.
doi: 10.48550/arXiv.2211.09551.

Gawde, S., Patil, S., Kumar, S., Kamat, P., Kotecha, K., & Abraham, A. (2022). Multi-fault diagnosis of industrial rotating
machines using data-driven approach: A review of two decades of research. arXiv. doi: 10.48550/arXiv.2206.14153.
Jiang, W., Shan, Y., Xue, X.,Ma,]., Chen, Z., & Zhang, N. (2023). Fault diagnosis for rolling bearing of combine harvester
based on composite-scale-variable dispersion entropy and self-optimization variational mode decomposition
algorithm. Entropy, 25(8), 1111. doi: 10.3390/e25081111.

Li,R.,Cheng,Y.,Xu,].,Li, Y., Ding, X., & Zhao, S. (2022). Research on on-line monitoring system of hydraulic actuator
of combine harvester. Processes, 10(1), 35. doi: 10.3390/pr10010035.

Li, S., Chen, H., Chen, Y., Xiong, Y., & Song, Z. (2023). Hybrid method with parallel-factor theory, a support vector
machine, and particle filter optimization for intelligent machinery failure identification. Machines, 11(8), article
number 837. doi: 10.3390/machines11080837.

Nadai, L., Imre, F., Ardabili, S., Gundoshmian, T.M., Gergo, P., & Mosavi, A. (2020). Performance analysis of combine
harvester using hybrid model of artificial neural networks particle swarm optimization. arXiv. doi: 10.48550/
arXiv.2002.11041.

Ofosu-Ampong, K. (2024). Artificial intelligence research: A review on dominant themes, methods, frameworks and
future research directions. Telematics and Informatics Reports, 14, article number 100127.doi: 10.1016/j.teler.2024.100127.

Machinery & Energetics. Vol. 17, No. 2

N


https://doi.org/10.48550/arXiv.2211.09551
https://doi.org/10.48550/arXiv.2206.14153
https://doi.org/10.3390/e25081111
https://doi.org/10.3390/pr10010035
https://doi.org/10.3390/machines11080837
https://doi.org/10.48550/arXiv.2002.11041
https://doi.org/10.48550/arXiv.2002.11041
https://doi.org/10.1016/j.teler.2024.100127

Intelligent system of operating parameters...

[8] Paredes,]., Chavez, D., Isa-Jara, R., & Vargas, D. (2025). A hybrid machine learning algorithm approach to predictive
maintenance tasks: A comparison with machine learning algorithms. Results in Engineering, 26, article 105137.
doi: 10.1016/j.rineng.2025.105137.

[9] Qiu, Z., Shi, G., Zhao, B., Jin, X., & Zhou, L. (2022). Combine harvester remote monitoring system based on multi-
source information fusion. Computers and Electronics in Agriculture, 194, article number 106771. doi: 10.1016/].
compag.2022.106771.

[10] Rogovskii, 1., Krushelnytskyi, V., & Dombrovskyi, M. (2025). Oscillations of heating platform for 3D printing
of agricultural drone parts. In 25™ International scientific conference engineering for rural development (pp. 1050-1055).
Jelgava: Latvia University of Life Sciences and Technologies. doi: 10.22616/ERDev.2026.25.TF192.

[11] She, D., Yang, Z., Duan, Y., & Pecht, M.G. (2024). A meta transfer learning-driven few-shot fault diagnosis method
for combine harvester gearboxes. Computers and Electronics in Agriculture, 227, article number 109605. doi: 10.1016/j.
compag.2024.109605.

[12] Shen,]., Yang, S., Zhao, C., Ren, X., Zhao, P., Yang, Y., Han, Q., & Wu, S. (2023a). FedLED: Label-free equipment fault
diagnosis with vertical federated transfer learning. arXiv. doi: 10.48550/arXiv.2312.17451.

[13] Shen,]., Yang, S., Zhao, C., Ren, X., Zhao, P., Yang, Y., Han, Q., & Wu, S. (2023b). FedLED: Label-free equipment fault
diagnosis with vertical federated transfer learning. arXiv. doi: 10.48550/arXiv.2312.17451.

[14] Shevchenko, I., Golub, G., Tsyvenkova, N., Martynyuk, A., Rogovskii, I., Medvedskyi, O., Kulykivskyi, V., Zayets, M., &
Biletskii, V. (2026). Determining design parameters of disk working bodies for overcompacted soils. Eastern-European
Journal of Enterprise Technologies, 1(1), 105-115. doi: 10.15587/1729-4061.2026.352033.

[15] Wang, H., Lao, L., Zhang, H., Tang, Z., Qian, P., & He, Q. (2025). Structural fault detection and diagnosis for combine
harvesters: A critical review. Sensors, 25(13), article number 3851. doi: 10.3390/s25133851.

[16] Xu,Z.-Y.,Ren,R.-X.,Mao,].-Y.,Yu,Y.,Chen,].,Lei, Y.-].,Han, L.-L.,Fan, W., Chen, C., & Wang, Y. (2026). The application
of Al technology across the entire technical chain of combine harvesters: A systematic review. Agriculture, 16(9),
article number 935. doi: 10.3390/agriculture16090935.

[17] Yang, G., Cheng, Y., Xi, C., Liu, L., & Gan, X. (2022). Combine harvester bearing fault-diagnosis method based on
SDAE-RCmvVMSE. Entropy, 24(8), article number 1139. doi: 10.3390/e24081139.

[18] Zang, S., Zang, C., Yang, Z., Tang, L., Wang, K., Wang, A., Chen, W., Song, Q., & Wei, X. (2025). Research on fault
prediction and speed control system for unmanned combine harvesters based on IPSO-SVM and fuzzy logic. Frontiers
in Plant Science, 16, article number 1577175. doi: 10.3389/fpls.2025.1577175.

[19] Zhang, W., Guo, H., Bo, Z., Liu, S., Zhou, L., Wang, F., Li, Z., & Liu, Y. (2026). Integrated operational monitoring
and fault early warning for wheat combine harvesters based on CAN bus. International Journal of Agricultural and
Biological Engineering, 19(1), 170-178. doi: 10.25165/j.ijabe.20261901.8941.

[20] Zhang, W., Zhao, B., Zhou, L., Wang, J., Niu, K., Wang, F., & Wang, R. (2022). Research on comprehensive operation
and maintenance based on the fault diagnosis system of combine harvester. Agriculture, 12(6), article number 893.
doi: 10.3390/agriculture12060893.

Machinery & Energetics. Vol. 17, No. 2

N


https://www.sciencedirect.com/author/57195621574/danilo-chavez
https://www.sciencedirect.com/journal/results-in-engineering/vol/26/suppl/C
https://doi.org/10.1016/j.rineng.2025.105137
https://doi.org/10.1016/j.compag.2022.106771
https://doi.org/10.1016/j.compag.2022.106771
https://doi.org/10.22616/ERDev.2026.25.TF192
https://doi.org/10.1016/j.compag.2024.109605
https://doi.org/10.1016/j.compag.2024.109605
https://doi.org/10.48550/arXiv.2312.17451
https://doi.org/10.48550/arXiv.2312.17451
https://doi.org/10.15587/1729-4061.2026.352033
https://doi.org/10.3390/s25133851
https://doi.org/10.3390/agriculture16090935
https://doi.org/10.3390/e24081139
https://doi.org/10.3389/fpls.2025.1577175
https://doi.org/10.25165/j.ijabe.20261901.8941
https://doi.org/10.3390/agriculture12060893

Shvydun

Onexkcanzap lIBugyH
AcmipaHT
HarionanpHMit yHiBepcUTET GiopecypciB i MpupomoKopmcTyBaHHS YKpainm
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IHTeneKTyanbHa cCUCTeMa eKcrnJ/lyaTaulilHMX napaMeTpiB KOHTPOJIIo
TeXHIYHOro ctaHy 3epHO36MpasibHUX KOM6aHIB

AHoOTaUif. AKTyaabHICTb JOCTiIKEHHS MOJISITana Y HeoOXiAHOCTI MiaBuUIeHHS e(heKTUBHOCTI MOHITOPUHTY TEXHIUHOTO
CTaHy 3epHO36MpaJbHUX KOMOaiiHiB y peaJlbHOMY Yaci yepe3 3HAUHY KiJIbKiCTh MIBUAKO3MiHHUX TeI€eMeTPUUHUX
rnapamMeTpiB Ta CKIALHICTh iX onmepaTUBHOI 06po6KKU. MeTO0 pPo60TH 6YI0 PO3POOUTH TA MEPEBiPpUTU HIISIXOM
PO3paxyHKOBOI'O MOJIEIOBAHHS METOOMKY BMOOPY MiHIMalbHO TOCTATHBOTO HA60PY MBUAKO3MIHHMX IiaTHOCTUYHUX
XapaKTepPUCTUK 3epHO36MpasbHOro KoMbOaiiHa, sika 3abe3reuyye MakCMMi3allilo eHTPOIiifHOTO ITOKa3HMKa TOBHOTY
KOHTPOJIIO 3@ 3aIaHMX 0OMeKeHb YaCTOTHOI PO3IiJbHOI 3JaTHOCTI Ta 0OUMCITIOBAIbHOI OIEPAaTUBHOCTI aJITOPUTMIB
06pO6KM TesleMeTPUUHMX CUTHATIB. Y JOCTiIKeHHi 6Y/I0 BUKOPUCTaHO MeTOM CUCTEeMHOTO aHasi3y, Teopii iHbopmarrii
(eHTpOMiliHMI1 TOKa3HUK TOBHOTY KOHTPOJIIO), ONITMMi3allii, ClIeKTpaabHOTO aHali3y CUTHAJIiB, IIBUIKOTO IIepeTBOPEHHS
@yp’e, BeliByeT-aHaIi3y Ta MOJETIOBaHHS BiIKOHHMX MYHKIIiH 1151 06pOOKY TeeMeTpMYHMUX JaHuX. Bysno gocaimkeHo
CTPYKTYPY LIBMAKO3MIHHUX AiarHOCTUMYHMX ITapaMeTpiB 3epHO36MPaTbHOT0 KOMOaitHa Ta BCTAHOBJIEHO, 1110 30i/IbIIIeHHS iX
KiJTbKOCTI He JiHiltHO TiaBuILye iHOOPMATUBHICTb CUCTEMY KOHTPOJIIO. BUSIBIIEHO, 1110 Hal6i/bINiT BHECOK Y MiABUIIEHHS
TOBHOTH J[iarHOCTYBaHHs 3abe3mevuyBaiu Haiibinbil iHbopMaTMBHI mapameTpy, 30KpeMa BibpallifiHi XapaKTepUCTUKH,
TeMIlepaTypy BY3JiB, YaCTOTY 06epTaHHS Ta rigpaBaiuHmit TUcK. Byio mpoaHanizoBaHO 3aJesKHICTh 3aTMUIIKOBOI
HEeBM3HAUYEHOCTI BiJl Ki/IbKOCTi KOHTPOIbOBAHMX ITapaMeTpiB i BCTAHOBIEHO e(eKT HaCMUeHHSI, 32 SIKOTO JOJATKOBI 03HAKM
JaBay TIOCTYTIOBO MEHILNIT IPUPiCT TOUHOCTI. 3aIIpOIIOHOBaHA METOAVKA JO3BOINMIIA OIITUMi3yBaTH BUOIP NiarHOCTUIHUX
XapaKTePUCTUK 3 YpaxyBaHHIM BMMOT TOYHOCTI Ta OMepaTUBHOCTI 06pO6KM JaHUX Y pealbHOMY MaciITabi yacy. byno
BM3HAUEHO, 1[0 KOMOIHYBaHHS €HTPOTiHOTO MMiZAX0LY Ta KPUTEPiiB 06UMCIIOBANIbHOI CKIAAHOCT] 3a6e3meuyBano ehekTBHe
CKOPOYEHHSI IIPOCTOPY pillieHb py GOpMYBaHHi alTOPUTMIB IiarHOCTYBaHHSI. [[paKTHYHA IiHHICTb ITOJISITaIa Y MOKIMBOCTI
BUKOPMCTAHHSI Pe3y/IbTaTiB IJisI CTBOPEHHS CUCTEM iHTeNeKTyaIbHOTO MOHITOPMHTY Ta 1iarHOCTUKYM 3€pHO30MPaTbHUX
KOMOAiTHIB y CepBiCHMX LIeHTpax Ta IiJi 4ac MoAbOBOI eKCIUTyaTallii TeXHiK1

Knro4yoBi cnoBa: 60pToBi crCTeMU; TeleMeTPUYHI TTapaMeTpH; TOKa3HUK MTOBHOTM KOHTPOJII0; METOAY ONTUMIi3allii;
MIBUAKO3MiHHI TapaMeTpy; peasibHMIT MacIiTab yacy; giarHOCTyBaHHS
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Analytical structural and energy model of agrotronics
for combine harvesting of grain crops

Abstract. The relevance of the study is conditioned by the need to improve the accuracy of reliability assessment and
service-life prediction for grain combine harvester components under intensive energy loading and the effects of internal
material defects. The purpose of the study was to substantiate and develop an analytical approach to the development
of a structural and energy model of agrotronics for combine harvesting of grain crops. The research used methods of
structural and energy modelling, probability theory, in particular the Poisson distribution, mathematical modelling of
damage accumulation processes, and approaches to non-destructive testing and experimental testing of machine elements.
It was established that the process of element failure is determined by energy accumulation and the development of
microstructural damage, which allows describing the transition of the system to the limit state through probabilistic
dependencies. It was proved that the model parameters (n and a) depend on the size and nature of material defect
structures and can change monotonically with their increase. It was shown that the probability of failure-free operation
is a function of the energy impact and operating time, which allows predicting the remaining service life of elements. The
significant influence of internal material defects on the durability of parts, even under the same external load conditions,
has been experimentally confirmed. It was shown that the use of the results of non-destructive testing, in particular
tomographic methods, allowed identifying critical parameters of structure defects. It was generalised that the use of the
structural and energy approach increases the accuracy of assessing the technical condition and allows considering the
microstructural features of materials. The proposed approach can be used to create intelligent systems for predicting failures
and maintenance. The practical significance of the study lies in the possibility of applying the results for non-destructive
diagnostics, resource forecasting, and improving systems for monitoring the technical condition of combine harvesters

Keywords: reliability of technical systems; combine harvester; microstructural damage to materials; remaining
service life forecasting; non-destructive diagnostics; probabilistic failure modelling; energy-based fracture processes

INTRODUCTION

Grain combine harvesters operate as complex agrotronic
systems, the effectiveness of which is determined not only
by the design features of individual components, but also by
the nature of their energy interaction during technological
operations. The increase in machine productivity, the in-
tensification of operating modes, and the need to minimise
downtime require the use of more advanced approaches to
modelling the processes of damage accumulation, estimat-
ing the remaining life and predicting when components
reach their limit state. Of particular relevance is the use of

analytical structural and energy models of agrotronics for
combine grain harvesting, which allow comprehensively
considering the transformation and distribution of energy
flows, the features of loading functional elements, and the
influence of structural heterogeneity of materials on the
processes of origin and occurrence of fracture.

Recent studies indicate an increase in attention to
the use of a structural and energy approach for assessing
the reliability of complex technical systems, in particular
agrotronic complexes. N. Reznik et al. (2025) substantiated
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the feasibility of using structural and energy models to
describe the processes of degradation of elements of ag-
ricultural machinery, showing that failure mechanisms
can be represented as the result of energy accumulation
in the material under the influence of operational loads.
This approach allows moving from a statistical description
of failures to an analysis of their physical nature, which is
especially important for highly loaded components of grain
harvesting equipment.

The physical prerequisites for structural and ener-
gy modelling are based on the fundamental provisions
of deformable solid mechanics and the law of energy
conservation. W. Ahang et al. (2024) considered a solid
as a system capable of storing external energy, whereas
H. Wang et al. (2025) showed that the input energy is dis-
tributed among different forms of internal energy of the
material according to their conversion coefficients. Howev-
er, W. Zhang et al. (2022) noted that the process of energy
storage is limited, and exceeding the critical energy level is
accompanied by the transition of the material to transition
to an unstable state and undergo fracture. Similar conclu-
sions were reached by B. Wang et al. (2020), who linked the
occurrence of failures to the achievement of a critical inter-
nal energy reserve.

The mathematical description of such a process is
mainly based on probabilistic models. I.L. Rogovskii (2021)
substantiated the existence of a critical number of ac-
tive quasiparticles required to initiate fracture, whereas
J. Shen et al. (2023) propose to define the concentration of
quasiparticles as a function of the energy load. To describe
the random nature of the accumulation of elementary dam-
age, V. Sinitsin et al. (2021) applied the Poisson distribu-
tion, which helped to obtain analytical dependences of the
probability of failure-free operation on the intensity of the
energy impact. A similar approach was used by Y. Zhou et
al. (2023) and X. Zhou et al. (2023) for modelling material
degradation processes under cyclic loading conditions.

Despite the significant development of structural and
energy models, contemporary research has a number of
limitations. Most models do not directly use the magnitude
of the energy impact, but derived characteristics, in par-
ticular, the number of quasiparticles formed, which com-
plicates the practical application of such models when esti-
mating the resource of real technical systems. In addition,
conventional statistical methods for evaluating reliability,
generalised by Y. Qiao (2021), were based mainly on op-
erational failure statistics and do not consider the physi-
cal mechanisms of damage accumulation in the material.
This reduces the accuracy of predicting the durability of
elements under variable load modes and limits the ability
to predict early failures. In this regard, the actual line of
further research is the improvement of structural and en-
ergy models that directly link the energy parameters of the
load with the failure probability of agrotronic systems of
combine harvesters.

The purpose of the study was to formulate and sub-
stantiate an analytical approach to the development of a
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structural and energy model of agrotronics for combine
harvesting of grain crops.

MATERIALS AND METHODS

The subject of the study was a structural and energy model
of agrotronics for combine harvesting of grain crops. The
object of research was combine harvesters. The failure pro-
cess can be considered as the transition of a component
from one state to another under the influence of energy
loading E. As a result of this effect, active quasiparticles
are formed, some of which are absorbed by the sensitive
micro-volumes of the element. A schematic representation
of this process is shown in Fig. 1. Notation (S,) determines
the i-th state of the element, characterised by the absorp-
tion of its sensitive micro-volumes of active quasiparticles,
where (i=0, 1, ..., n). Parameter is used as the transition
coefficient of an element from one state to another. The
probability of transition between states is determined by
the intensity of the energy impact and the number of active
quasiparticles absorbed. The accumulation of quasiparti-
cles in sensitive microobjects was accompanied by a gradu-
al change in the physical properties of the element. Reach-
ing the limit state (S,) corresponded to the occurrence of
failure and loss of functionality of the element.

Co T )t

Figure 1. Diagram of failure occurrence (a = const)
Source: developed by the author

Experimental objects were engine turbocharger blades
used as samples of highly loaded elements of the pow-
er unit. To eliminate ambiguity, the revised text clarifies
the connection of these details with the technical systems
of combine harvesters. The experimental sample consist-
ed of five types of blades, 15 examples of each type. The
tests were carried out under laboratory conditions at room
temperature of approximately 20°C on electrodynamic vi-
bration stands according to the first form of bending vi-
brations. Variable stresses of 16.0, 18.5, 22.0 and 61.5 kgf/
mm? were used for individual types of blades. The level of
alternating stresses was controlled using strain gauges,
and tuning and calibration of strain gauge equipment was
performed using a tuning fork-calibration device.

The theoretical basis of the study included the law of
conservation of energy, the structural and energy concept
of failures, probability theory, Poisson distribution, and
mathematical modelling of discrete damage accumulation.
Switching an element between states S, S, ..., S, was rep-
resented by a system of differential equations. Using this
system, the probabilities of the element being in working
states were determined and dependencies were formed for
calculating the probability of failure-free operation and
failure. Parameter n characterised the critical amount of
elementary damage required for a failure to occur, and the
parameter « reflected the efficiency of interaction of the
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energy effect with defective micro-volumes of the material.
The mean value and dispersion of the fracture energy were
used to identify the model parameters. The relationships
between parameters n and « and the characteristic size of
defective structures was analysed using exponential and
hyperbolic functions.

RESULTS AND DISCUSSION
The possibility of constructing structural and energy mod-
els of failures follows from the physical nature of failures
of agrotronics of technical systems. Based on the results
of the analytical study by W. Ahang et al. (2024), solids ex-
posed to external or internal energy sources (capable of ac-
cumulating it, according to H. Wang et al. (2025). According
to the law of conservation of energy, when an element is
affected, the following equality must be fulfilled:

E=31, k’ € (1)

where E; - i-th shape of the energy supplied to the element;
e; - j-th form of stored energy element; k/ — conversion fac-
tor showing the relationship between the energy of the in-
put of i-th form and the stored energy of the j-th form.

As can be seen from equation (1), the relationship
between the supplied and stored energy is linear, how-
ever, a solid of certain sizes cannot absorb energy indef-
initely, i.e., at a certain point there are conditions under
which the law of energy accumulation by an element ceas-
es to be observed, which was investigated by S.-C. Tien et
al. (2022). The moment when such a violation occurs is the
element’s failure. In other words, with an increase in the
stored energy in an element above a certain critical value,
its failure occurs, according to the publication of B. Wang et
al. (2020). This fact allows comparing the probability of el-
ement failure as an indicator of reliability from the results
of analytical research by Y. Qiao (2021), with the amount of
energy supplied, and get the functional dependence g=f(E).

The structural units of an element are atoms, mole-
cules, and ions, so physical and chemical transformations
in it, such as breaking, repairing, or forming new bonds,
occur at the atomic and molecular level, which was stud-
ied by Sinitsin et al. (2021). Thus, at the microscopic level,
the processes that lead to failures are discrete in nature,
according to B. Wang et al. (2021). Given that the degrees
of freedom of atomic particles in a solid are ordered, ac-
cording to the findings of H. Wang et al. (2025), various
processes that occur in a solid can be described in sta-
tistical physics using the concept of quasiparticles (Na-
dai et al., 2020), characterised by certain energy states.
Thus, the process of failure can be considered as the pas-
sage of active quasiparticles through a potential energy
barrier, according to J. Shen et al. (2023), as a result of
which quasiparticles are excluded from the process, ex-
pending energy to overcome the forces of structural in-
teraction and causing the failure of the element studied
by Y. Zhou et al. (2023). Therefore, for the occurrence of
failure, it is necessary to absorb quasiparticles by certain

micro-volumes of the element, according to the results of
studies by X. Qiu et al. (2020).

Consequently, sensitive microobjects have a catalytic
effect on the processes of failure occurrence, that is, for
the failure of an element, it is necessary for them to ab-
sorb the critical value of n quasiparticles, according to the
results of the analytical study by I.L. Rogovskii (2021). To
formulate the problem of mathematically describing the
energy effects on components, the following conditions
were used based on the findings of L. Nadai et al. (2020).
Let a set consisting of N elements, each of which contains
m > 1 sensitive microvolumes that are identical in shape,
size and arrangement, be subjected to an energy input E. As
a result of this effect, quasiparticles appear in the element,
the number of which per unit of the characteristic size of
the element is equal to: € =kE, where k — conversion factor,
according to publication by J. Shen et al. (2023). Quasipar-
ticles can be randomly absorbed by sensitive microobjects,
causing a certain probability of failure of the element q,
which is the inverse of the probability of failure-free oper-
ation P. It is necessary to determine the pattern of element
failures if the magnitude of the energy impact E, the num-
ber t, and the size 9 of sensitive micro-volumes, according
to the results of research by Y. Zhou et al. (2023):

q=f(E,m,9)=1-P. @)

Assuming that the absorption of one quasiparticle is
equivalent to the occurrence of one damage in an element,
then the equation of the processes of occurrence of fail-
ures of elements, as the process of energy accumulation by
sensitive micro-volumes to a certain value, and the pro-
cess of accumulation of elementary damage that occurs in
sensitive micro-volumes of elements as a result of energy
influence on them, according to the analytical research by
X. Zhou et al. (2023).

Considering the fact that the absorption process of
active quasiparticles is discrete in nature, the solution to
this problem can be reduced to the following, according to
W. Ahang et al. (2024). Let the absorption events of active
quasiparticles or the occurrence of elementary damage in
sensitive micro-volumes of elements as a result of energy
on them occur randomly and independently of each oth-
er. The probability that exactly (i) active quasiparticles are
absorbed in the sensitive microvolume or that exactly (i)
elementary defects are generated can then be described by
a Poisson distribution with mean value P=0G="9ke:

_ (ﬂs)iexp(—ﬂs)

Pli] =——— (2)
where P[i] - probability of the sensitive microvolume of the
element absorbing exactly (i) active quasi-particles (the
probability of exactly (i) elementary defects occurring).

Since failure occurs as a result of the absorption of ac-
tive quasi-particles (the formation of elementary defects),
the equation for determining the failure-free operating
time of the component assumes i=n-1. Thus, the equation
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of failure-free operation depending on the energy impact,
without considering the time factor, will have the form:

P(e) = exp(—9¢e) ¥ (0o 3)

it

However, it cannot be argued that any absorption of an
active quasiparticle will be effective, i.e., be sure to cause
damage. Therefore, instead of the geometric size 3 of the
sensitive micro-volume, it is necessary to consider the ef-
fective size of IFEF =IFR, where I — probability that the ab-
sorption event of the active quasiparticle will be effective.
Then equation (2.3) should be written as:

P(&) = exp(—er¢) 2;:01@, )

The disadvantage of the presented model is that the
magnitude of the energy impact on the elements is not
given explicitly, but by the number of quasiparticles that
arise in the element as a result of the energy impact on
it, which makes it difficult to use it in practice. Using sta-
tistical methods, it is impossible to explain the nature of
development and the onset of destruction in elements,
which casts doubt on the objectivity of such an assessment.
Furthermore, the failure rate figures used in the calcula-
tion presented here are obtained by testing a small batch
of samples, and only subsequently, under operating condi-
tions, by collecting data on failure modes, which may lead
not only to the failure of individual components but also to
damage to the entire engine structure. Therefore, increas-
ing the accuracy in the process of calculating the reliability
of aircraft engines requires the use of promising evaluation
methods using innovative technologies.

A system of differential equations for the probabilities
of states P, which corresponds to Figure 1, has the form:

2B = —apy(E), 5)
B = aPy(E) - aPy(E), ©)
o = aPu_y(E) — aP(E). ©

Solving this system of equations under initial condi-
tions R,(0)=1 and P,0)=0when i=0, the following obtained:

P, (E)=exp(-ak),
P, (E)=aexp(-aF), (®)
P,(E) = “ exp(—ak). )

Since the failure of an element requires the absorption
of active quasiparticles or the occurrence of elementary
damage n, the probabilities Py(E), P,(E), ..., P, ,(E) will char-
acterise the operating states of the element.

Therefore, the possibility of trouble-free operation of
the element will be determined by the following equation:

P(E) = Y0 P,(E) = exp(—aE) Y14 (“ﬁ L. o)
Given (10), the expression for the probability of failure

will have the form:
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_1 (aE)!
q(E) = 1 — exp(—aE) Y14 ==

i!

(11

The failure model given by equation (11) does not ex-
plicitly contain the structural parameters of the element
(the number and size of sensitive micro-cavities). These
parameters are considered by the transition coefficient A,
which, based on equations (4) and (10), characterise the
size of the sensitive micro-cavity of the element and the
efficiency of the absorption event of the active quasipar-
ticle @=9,.=9P. The proposed structural and energy model
of agrotronics (11) is based on the fundamental assump-
tion that the failure of an element is a consequence of the
accumulation of energy in its material structure and the
achievement of a critical level of internal damage. In this
context, external energy influence E is interpreted as a con-
trol parameter that determines the intensity of generation
of microscopic disturbances in the element material. Ac-
cording to the energy concept, the supplied energy is not
evenly distributed, but is localised in the form of discrete
energy portions — quasiparticles that interact with struc-
tural inhomogeneities of the material. It is these interac-
tions that lead to the occurrence of elementary damage.
Thus, the transition from an energy description to a struc-
tural one is carried out through the interpretation of qua-
siparticles as carriers of micro-damage.

Analytical dependence ¢ = kE formalises the relation-
ship between the macroscopic energy load and the micro-
scopic intensity of quasiparticle occurrence. Coefficient k
in this case reflects the physical and structural properties
of the material, which determine the efficiency of energy
conversion into defects. In addition, the failure process
is considered as a stochastic process of damage accumu-
lation in sensitive microobjects, each of which has a dis-
crete probability of quasiparticle absorption. This allows
proceeding to a statistical description of the system, where
the state of the element is determined by the number of ab-
sorbed quasiparticles and the corresponding level of struc-
tural degradation.

Probability of failure-free operation P in this approach
is interpreted as the probability that none of the sensitive
microobjects reached the critical value of accumulated
damage n. Accordingly, the probability of failure g=1-P
describes the achievement of a critical energy and struc-
tural state at which the system loses its functionality. Pa-
rameter n in the structural and energy model has the phys-
ical meaning of the critical amount of elementary damage
required to initiate failure, whereas the parameter « is in-
terpreted as an integral characteristic of the efficiency of
interaction of quasiparticles with the defective structure of
the material, which is determined by the size and concen-
tration of sensitive microobjects. Therefore, the transition
from the energy model to the analytical description is car-
ried out through a sequence of physically justified steps:
energy — quasiparticles — micro-damage — stochastic
states — probability of failure, which ensures consistency
between the physical nature of the degradation process
and the mathematical apparatus of the model.
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As a characteristic of the fracture energy distribution
function, the concept of relative steepness S was intro-
duced, by which the equation is interpreted:

EZ

s==.

= (12)
where E- average value of the energy of destruction of ele-
ments,]’h/mm?; o, —dispersionofthe fracture energy,J'h/mm?.

The relative steepness S determines the nature of the
dependence of the probability of failure on the magnitude
of the energy impact. Namely, the steeper the curve, the
greater the value of S. According to equation (2), the value
of N, the number of elementary damage events that cause
failure, is at least not less than S. From this condition, and
considering the fact that N=qE, the equation for determin-
ing another parameter of the model was determined:

n=E—z- a:ﬁ,zg—z. (13)
E o

Thus, using equation (13) to determine the parame-
ters P and a, it becomes possible to calculate the reliability
of elements based on data obtained during experimental
tests with a given energy effect. However, for the practical
value of the structural and energy theory of failures, it is
necessary to determine the regularities of changes in the
parameters P and « depending on the size of defective (sen-
sitive) structures of element materials, because in this case
it becomes possible to evaluate the reliability and predict
the durability of elements using the results of non-destruc-
tive testing. The average value and dispersion of the frac-
ture energy are monotonically decreasing functions of the
size of defective structures of materials. From the class of
monotonically decreasing functions, exponential and hy-
perbolic functions are most widely used in practice, so to
establish possible patterns of changes in the parameters n
and « of the structural and energy failure model depending
on the size of defective structures, it is enough to focus on
these two types of functions.

The following section examines some possible cases of
dependence of the average value and the average square
deviation of the fracture energy on the value of the char-
acteristic size 1, mm?, and defective structures of element
materials.

1. Dependencies of the average value Eand the mean
square deviation of the fracture energy are defined by the

following expressions:
l b
E = Kexp (— [Z] );
1 [
or = kien (- [1] )

where K, — material tensile strength, J/mm?3; K, - material
yield strength, J/mm3; L — characteristic size of the element
material, mm?3.

Substituting (14) and (15) into equations (13), the fol-
lowing expressions for the parameters of the structural-en-
ergy failure model are obtained:

(14)

(15)

_e _{aew(-f])} fﬁ: L
Ty 2[ O 09
—E_Z=M= ) ep[ i)c]. (17

G {Kzexp( [ﬂc)} Kzz

2. Dependences of the average value and the average
square deviation of the fracture energy from the value of
the characteristic size of defective structures of element
materials are given by the equation:

= K
E=-5%; (18)
)
Ky
Op = e, 19)
@)
where K; — material ultimate strength, J/mm?®; K, - yield

strength in the case of static load and endurance limit in
the case of cyclic load, J/mm3.

Then the parameters n and « of the structural and en-
ergy failure model will be determined by the equations:

2b
B2 Kg(%) K2\ [1)2¢~2b
E = = (_) (_) ;

K2) \L

(20)

21

3. Dependence of the average value of the fracture
energy on the value of the characteristic size of defective
structures of element materials was given by equation (14),
and the root-mean-square deviation is given by equation
(19). In this case, the parameters of the structural and ener-
gy failure model will be determined by the equations:

nzgzﬁfﬂiizgfngQJGfLam

)]

4.Dependence of the average value of the fracture ener-
gy on the value of the characteristic size of defective struc-
tures of element materials is given by equation (18), and
the root-mean-square deviation is given by equation (13).

In this case, the expressions for defining the parame-
ters p, and a will have the form:

e O ez - o
n=g=r——rar=i,) o) ewz(y); @9
% fen[-[ ]} () () ew2(()

aZE_ZL)IJZ:ﬁ L _bex 2 (L C_
Og {Kzexp[_(%)f]} K3 (L) p (L)

Analysis of equations (16), (17), and (20)-(25) shows
that, depending on the values of indicators b and c, the
following regularities of changes in the parameters of the
structural and energy failure model are possible:

(25)
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1. n and a — monotonically increasing functions of the
dimensions of defective (sensitive) structures of element m;
2.n and a — monotonically decreasing functions of the
dimensions of defective (sensitive) structures of materials;
3.n=const; @ - monotonically increasing function of the
size of defective (sensitive) structures. These patterns are
obtained if equations (16), (17) and (20), (21) have b=c=d.
Then:

K\ 2 K, 1@
n=\—=) =const; a=—expl-),
K, K2 L

(26)
— for the exponential law of change of the mean value and
the mean square deviation of the fracture energy and:

K3\ 2 Ks ne
n=(-2) =const; a==exp(-),
K, K2 L

(27)
— for hyperbolic dependence.

4. n,=const; a=const. This case will be for b=c=0 in
equations (16), (17),and (20)-(25). However, the simultane-
ous constancy of the parameters n and «a is almost unlikely.
This follows at least from the fact that for b=c=0, as can
be seen from equations (14), (15) and (18), (19), the mean
value and the mean square deviation of the fracture energy
must be constant values, but this is possible only if there
are no defects in the materials of the elements, i.e., if m=0,
or if the number of microscopic defects tends to infinity.

Thus, first of all, the first three possible patterns of
changes in the parameters of the structural energy failure
model are subject to understanding and explanation. When
considering a batch of elements of the same type, the mate-
rials of which contain defective structures of the same size,
the first and third types of patterns of changes in model
parameters within the framework of the structural and
energy concept of reliability can be explained as follows.

The constancy of parameter n means that the absorp-
tion of one quasiparticle corresponds to the appearance of
one damage in the element material, and since the critical
number of damage causing element failure is a constant
value for the given material, the number of absorbed quasi-
particles, i.e., the parameter n must also be a constant val-
ue. An increase in the parameter n indicates that the effi-
ciency of absorbed quasiparticles decreases with increasing
size of defective structures of materials, that is, one damage
in the element material is caused not by one quasiparticle,
but by several. But since the critical number of damages, as
in the first case, remains the same, the number of absorbed
quasiparticles must increase. As for the parameter «, in both
cases it must be an increasing function of the size of the
defective structures, since it is a measure of the value of the
characteristic size of the defective structure of the material.

The second type of pattern, that is, a decrease in the
parameters n and with an increase in the size of defective
structures of materials can be observed only in cases where
the batch of elements is inhomogeneous, i.e., it consists of
elements whose materials have different sizes of defective
structures. It follows from this that in practice three types
of regularities of changes in the parameters of the structural

Shatrov

and energy failure model can be observed, and by the type
of pattern observed, it is possible to judge the mechanism of
energy influence and the degree of uniformity of the batch of
elements. It is equally important that the presence of certain
patterns of changes in model parameters allows developing
a methodology for evaluating, and most importantly pre-
dicting reliability and determining the critical dimensions of
defective structures of materials that provide a given level of
reliability of elements in specific operating conditions. After
determining the parameters n and « of the structural and
energy failure theory based on internal defects contained in
the material, it becomes possible to determine the depend-
ence of the probability of trouble-free operation on the op-
erating time under a given energy influence.

From the condition E = I't, where I — intensity of the
energy impact, J/mm?3, t — operating time of the element, h,
using equation (5):

_1 (art)t
P(t) = exp(—alt) Y14 =,

i!

(28)
or, considering the sensitivity threshold by the equation:

P(t) = expl—al (¢ — tg)] $ig 12t

29)

for t >, plot the graphs showing how the probability of fail-
ure-free operation, P(t), varies with time when I=const for
different values of a;,, Figure 2.

Given the required reliability levels of the compo-
nents P(t) during operation, using the graph shown in Fig-
ure 2, determine the corresponding maximum mean time
between failures for a fixed value of the parameter a. Or
calculate the reliability indicator by setting the required
operating time of the element. Thus, the structural and
energy theory of failures allows both determining the re-
liability and predicting the number of hours of operating
time of the element at a given level of trouble-free opera-
tion, based on the determination of internal defects in the
element material by means of non-destructive testing. To
obtain accurate data on internal deviations in the product,
tomography should be used as the most advanced method
of non-destructive testing.

P |
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i \\

P(t1) : .
1 o
i “
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Figure 2. Function P(¢) for different parameter
values a at T=const

Source: developed by the authorr
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To implement the structural and energy theory in prac-
tice, it is necessary to determine the operating time to the
destruction of the blades under a given load in order to de-
termine the indicators of the material n and a, which char-
acterise the dimensions V and the number m of sensitive
micro-volumes of the element material and the number of
elementary damages necessary for the onset of failure. De-
structive tests of the engine’s turbocharger blades were car-
ried out on electrodynamic vibration stands of the first form

of bending vibrations, at room temperature (~20°C). Before
testing, the blades were prepared with strain gauges, which
were used to set and control the AC voltage level. Adjust-
ment and calibration of strain gauges was carried out using
a tuning fork-calibration device. The blades were tested for
108 cycles, the remaining for 2,107 cycles, which is approx-
imately 2,800 and 560 hours. The loads during the tests are
shown in Table 1. The results of operating time before the
destruction of the tested blades are presented in Table 2.

Table 1. Values of blade loads during testing

Blade type Load kgf/mm?

1 18.5
2 22
3 16
4 61.5
5 61.5

Source: developed by the author

Table 2. Operating time of the blades to destruction at specified loads
Operating time of the blades before destruction, h

No. of blade 1 9

3 4

1 5,254 4,838 2,641 2,053 1,617
2 1,108 2,777 3,963 8,139 8,781
3 963 5,444 3,983 9,652 4,361
4 763 2,183 1,628 1,111 8,227
5 1,111 2,105 3,986 1,513 6,060
6 1,750 1,965 3,697 1,724 8,714
7 1,666 2,100 3,619 1,596 9,025
8 5,555 2,073 3,158 1,389 1,072
9 4,222 2,349 3,061 2,151 7,951
10 3,194 5,039 2,988 1,100 3,469
11 3,916 2,537 2,497 2,079 1,954
12 5,176 2,752 1,138 1,957 9,538
13 5,475 3,978 3,852 1,110 8,367
14 5,447 1,503 3,933 3,444 7,448
15 5,333 5,138 3,369 6,713 8,715

Source: developed by the author

The durability of the elements under the same load
conditions differed hundreds of times, which indicates
the decisive influence of internal defects in the materi-
al. For example, for restored 5-th type blades, the time to
destruction varied from 60.6 hours to 10,727.8 hours, that
is, almost 177 times. Undoubtedly, the restored blades are
subjected to lower loads during operation than the new
ones, but for the clarity of experiments and calculations,
the same test and operation modes were adopted for them.
The tests were conducted on resources up to 10® and 2 x 107
cycles, which corresponds to approximately 28,000 hours
and 5,600 hours of operation, respectively. The results ob-
tained confirmed that consideration of the internal struc-
ture of the material allows not only to assess the reliability
of elements, but also to predict their durability based on
the structural and energy model.

As can be seen from the conducted tests (Table 2),
the operating time of different blades may differ signifi-
cantly, despite the same loads, materials, geometry, and

manufacturing method. Moreover, blades that have not yet
been in operation can withstand loads for a longer time
than the same load of the same type, but restored. Since all
experiments were conducted under the same external con-
ditions, the results obtained can only be explained by the
difference in the internal structure of materials, namely
the different content of internal defects and the presence
of internal deviations.

In conclusion, it should be emphasised once again
that insufficient attention is paid to controlling the in-
ternal structure of element materials. Moreover, based on
the conducted experimental tests, it follows that the state
of the material of the studied elements of combine har-
vesters is a parameter that must be considered first of all
when assessing reliability. The results obtained showed a
significant change in the durability of elements even un-
der identical load conditions, geometry, and materials. In
particular, resource differences of hundreds of times were
recorded, which indicates the determining influence of the
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internal structure of the material on the processes of dam-
age accumulation and failure.

Within the proposed structural and energy model, this
variation is explained by the inhomogeneity of the energy
capacity of the material due to different densities, sizes,
and spatial distribution of defective zones. It is these struc-
tural features that determine the local conditions of energy
storage and the intensity of micro-damage occurrence un-
der cyclic loading. Accordingly, the model parameters n, a,
and 9 acquire individual values for each element, reflecting
its actual structural and energy state.

Special attention should be paid to the difference
between new and restored blades. Within the model, the
reduced elements are characterised by an increased prob-
ability of hidden defects, microcracks, and zones of local
degradation of the material, which leads to a change in the
efficiency of energy absorption by quasiparticles. This, in
turn, increases the speed of reaching a critical state and
increases the probability of system failure. Thus, the de-
crease in the resource of recovered elements is determined
not only by the operational history, but primarily by chang-
es in the structural and energy parameters of the material.

Experimental load modes (108 and 2 x 107 cycles corre-
sponding to different equivalent operating time intervals)
are interpreted in the model as a discrete cumulative en-
ergy effect. Each load cycle is considered as an elementary
act of energy supply, which leads to a gradual accumula-
tion of micro-damage in accordance with the stochastic
mechanism laid down in the structural and energy theory
of failures.

The obtained experimental data are not isolated obser-
vations, but directly confirm the position of the structural
and energy model. The observed change in durability is a
consequence of the implementation of a stochastic process
of energy accumulation and damage occurrence in the ma-
terial, which ensures the physical validity of the proposed
approach and confirms its suitability for predicting the re-
source of elements of combine harvesters.

DISCUSSION
The results of structural and energy modelling of failures
obtained in this study show that the reliability of elements
of combine harvesters is determined primarily by the in-
ternal structural state of the material and the processes of
energy accumulation in microdefect zones. A similar em-
phasis on the role of structural defects in failure formation
can also be traced in the study by H. Wang et al. (2025),
where the mechanisms of structural degradation and di-
agnostics of combine harvester systems were considered.
However, the above analysis showed a different picture: in
contrast to the purely diagnostic approach of H. Wang et
al. (2025), in the proposed model, the physical failure
process is described as a stochastic mechanism for ener-
gy transition to micro-damage, which allows not only to
fix the defect according to A. Eshaghi & A. Aghaie (2022),
but also to predict its evolution over time. Thus, the co-
incidence is observed in the interpretation of the role of
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defects, while the difference lies in the level of formalisa-
tion of the failure process.

W. Zhang et al. (2022) and S. Zhang et al. (2025) and the
main focus is on building failure prediction systems based
on multiparametric data and machine learning algorithms
for technical condition monitoring. The conclusions made
by the researchers are quite appropriate, since they confirm
the possibility of effective detection of degradation pro-
cesses in real time. Nevertheless, the approaches proposed
by Z.Y. Xu et al. (2024) are predominantly empirical and do
not consider the physical nature of damage accumulation.
The technical solutions proposed by X. Zhou et al. (2023),
and in light of the findings of this study, can be viewed
from a different perspective — as an example of an external
interpretation of the system’s state, which could be sup-
plemented by the proposed structural and energy model to
enhance the physical validity of the predictions.

V. Sinitsin et al. (2021) proposed combined diagnos-
tic models based on neural networks that can improve the
accuracy of fault classification. However, the statement of
X. Zhou et al. (2023) seem controversial because such ap-
proaches do not provide a direct link between the struc-
tural characteristics of the material and the probability of
failure according to Y. Liu & H. Zhang (2022), because they
are limited to processing state signals. This is not consist-
ent with the results of the above analysis, because in the
proposed model, failure is a consequence of a physically
interpreted process of energy accumulation and the occur-
rence of micro-damage, which allows moving from a corre-
lation to a causal description of degradation according to
S. Zhang et al. (2023).

Thus, it can be concluded that existing approaches to
the diagnosis and prediction of failures are mainly based
on statistical or data-driven models, while the proposed
structural and energy concept provides a physically sound
mechanism for the occurrence of failures. This allows the
results obtained to be regarded as a development of exist-
ing methods, aimed at their physical interpretation and at
improving their predictive power.

CONCLUSIONS

The paper developed a structural and energy approach to
modelling failures of combine elements, which was based
on the formalisation of energy storage processes and its
transformation into microstructural damage to the ma-
terial. The key parameters of the model were the critical
amount of damage n, energy impact efficiency coefficient
a, and the characteristic size of sensitive micro-volumes
9, defining the conditions under which an element transi-
tions from an operational state to failure.

It was established that the probability of trouble-free
operation of elements is determined by the function-
al dependence on the energy impact and operating time
through the parameters n, and a. In this case, the nature of
changes in the model parameters relative to the size of de-
fective material structures can be classified as monotoni-
cally increasing, monotonically decreasing, or combined,
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which is determined by the type of fracture energy distri-
bution and the assumption of uniformity of the internal
structure of the material.

It was shown that the proposed model allows inter-
preting failure as a stochastic process of accumulation of
micro-damage, where each load cycle is considered as an
elementary act of energy impact, which leads to a discrete
increase in the level of material degradation. This provid-
ed a transition from an empirical description of reliabili-
ty to a physically valid causal model of degradation. The
practical implementation of the approach consists in using
non-destructive testing data to estimate the parameters of
the internal structure of the material, in particular, the size
and distribution of defective zones. The obtained charac-
teristics were directly used to identify parameters n, a, and
9, which allowed quantifying the probability of failure-free
operation and predicting the remaining resource of ele-
ments. It was established that a significant change in the
durability of elements under the same external load con-
ditions is explained by the statistical heterogeneity of the
internal structure of the material and the different ability
of defective zones to store energy. This confirmed that the
main factor in the resource spread is not the operating con-
ditions, but the microstructural features of the material.

The prospects for further research are experimental
verification of the proposed structural and energy model
on elements of combine harvesters, integration of non-de-
structive testing methods to identify its parameters, and
development of algorithms for predicting the remaining
resource in real operating conditions.
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AHaniTUYHa CTPYKTYpPHO-eHepreTU4Ha Moaesib arpoTPOHIKKU
KOM6aMHOBOIo 36MpPaHHS 3€PHOBOI0 36iX)K4

AHOTaUifA. AKTyasbHiCTh pO6OTH 3yMOBJI€HA HEO6GXiMHICTIO MiABUIIEeHHST TOYHOCTI OIiHIOBAaHHS HaAiHOCTI Ta
MIPOTHO3YBAHHSI pecypcy eJieMeHTiB 3epHO36MpaIbHIX KOMOaiiHiB B yMOBaX iHTEHCMBHOTO €HepreTMYHOr0 HaBaHTaKeHHST
Ta BIUVIMBY BHYTpIilIHIX fedekTiB MaTepiani. MeToio po60TH 610 OGIPYHTYBAHHS T PO3BUTOK aHAIITUYHOTO ITiJXOLY O
(bopMyBaHHS CTPYKTYPHO-eHEPreTMYHOI MOJIe/Ii arpOTPOHiIKM KOMOaifHOBOTO 30MpaHHS 3€PHOBOTO 30130Ks. Y JOCTiIxkKeHHi
BMKODPMCTAaHO METOJIY CTPYKTYPHO-€HepreTMYHOIro MOJIe/II0BaHHS, Teopii IMOBipHOCTeI, 30kpeMa posnoginy [TyaccoHa,
MaTeMaTUMYHOI'O MOJIe/II0BaHHS MPOLIeCiB HAKOMIMYEHHS ITOIIKO/I)KeHb, a TAKOX MifX04M HePYITHIBHOTO KOHTPOJIIO Ta
eKCIepMMeHTalbHi BUTIPOOYBaHHS eJleMeHTiB MalllMH. BcTaHOB/IEHO, 10 MPOLIeC BifMOBM eleMeHTiB BU3HAYAEThCS
HaKOTIMUEHHSIM eHeprii Ta GopMyBaHHSIM MiKPOCTPYKTYPHMX MOIIKOIYKEHb, L0 A03BOJISIE ONIMCATH Mepexif, CUCTeMMU
y TPaHMYHMIi CTaH Yepes JiIMOBipHiCHI 3a/1eXXHOCTi. [JoBesieHOo, 1110 TapaMeTpu MoJeli (n Ta @) 3ajexaThb Bif, po3MipiB
i xapakTepy gedeKTHUX CTPYKTYp MaTepiaay Ta MOXKYTb 3MiHIOBATMCSI MOHOTOHHO 3 iX 36inbieHHsIM. IToKa3aHo, 110
IMOBipHiCTb 6€3BiIMOBHOI PO6OTH € PYHKIIi€I0 eHepreTMYHOro BIUIMBY Ta Yacy eKCIUTyaTallii, o Jae 3MOTY TPOrHO3yBaTu
3JIMIIKOBUI pecypc eieMeHTiB. EKCliepMMeHTaaIbHO MiATBePIKeHO CYTTEBUIA BIUIMB BHYTPIIIHIX fedeKTiB MaTepiaay Ha
JIOBIOBiUHICTb JjeTaseli, HaBiTh 32 O HAKOBMX 30BHIILIIHIX YMOB HaBaHTakeHHS1. [loka3zaHo, 1110 BUKOPUCTAHHS pe3y/ibTaTiB
HepyHiBHOTO KOHTPOJIIO, 30KpeMa ToMorpadiuyHux MeTOiB, 103BOJISE ifeHTUhIKYBaTY KPUTUYHI TapaMeTpu fedeKTHUX
CTPYKTYp. Y3araJibHeHO, 11J0 BUKOPUCTAHHS CTPYKTYPHO-€HEePreTMYHOTO HiXOAY MifBUILYE TOUHICTh OLIiHIOBAaHHS
TEXHIUHOIO CTaHy Ta J03BOJISIE BPaxOBYBATM MiKPOCTPYKTYPHI 0COOIMBOCTI MaTepiasiB. 3alIpOIOHOBAHMIA MiIXi[L MOXKe
6yTM BUKOPUCTaHMI 17151 YOPMYBaHHS iHTEIeKTYyaJIbHUX CMCTEM ITPOrHO3YBAaHHSI BiJMOB Ta TeXHIYHOTO OOCIyTOBYBAHHSI.
ITpakTUYHA LiHHICTb POGOTHU MOJSATAE Y MOKIMBOCTI 3aCTOCYBAHHSI Pe3y/lbTaTiB IJis HepYIiHiBHOI KiarHOCTUKMA,
MIPOTHO3YBaHHSI PeCypcCy Ta BLOCKOHATIEHHS CUCTeM MOHITOPMHTY TEXHIYHOTO CTaHy 3epHO36MpanbHMX KOMOaiiHiB
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Agricultural drone routing based on the artificial bee colony algorithm

Abstract. The relevance of the study is conditioned by the need to improve the reliability, energy efficiency, and quality
of data transmission in self-organised agricultural drone networks that operate in conditions of high mobility, variable
topology, and limited node resources. The purpose of the study was to improve the efficiency of traffic routing in self-
organised agricultural drone networks by developing an adaptive algorithm based on artificial bee colony swarm intelligence.
The study used methods of discrete and computational mathematics, heuristic optimisation, mathematical statistics, and
simulation modelling using C++, Python, MATLAB, and the NS-2 environment. The principles of operation of a multi-agent
routing model, including packers, scouts, foragers, and swarms, which provide decentralised search and support for multiple
data transmission routes, were investigated. Such criteria for choosing routes as bandwidth, end-to-end delay, battery level
of nodes, and network life were analysed, which allowed adapting the algorithm to various scenarios of agricultural drones. It
was revealed that for the agricultural drone swarm scenario, it is advisable to use the network lifetime metric, for the transit
network — the lifetime and delay metrics, and for the monitoring scenario — the charge level metric of power supplies. It
was found that the proposed algorithm, compared to the AODV and OLSR protocols, provides a higher packet delivery rate,
increased average throughput, reduced normalised load, and reduced routing overhead. It was concluded that the use of
artificial bee colony swarm intelligence enables more efficient allocation of network resources, supports QoS requirements,
and reduces the risk of network congestion. The practical significance of the study lies in the possibility of using the
results obtained by software developers for agricultural drones, specialists in wireless self-organised networks, agricultural
technology engineers, and researchers in the design of energy-efficient routing systems for agricultural monitoring and
management of unmanned complexes

Keywords: self-organising wireless networks; multi-criteria optimisation; node energy efficiency; end-to-end delay;
channel bandwidth; quality of service; simulation modelling

INTRODUCTION

The rapid introduction of unmanned technologies in agri-
culture and the development of wireless communications
contributed to the establishment of self-organised net-
works that can function without centralised management.
Such networks are a promising tool for performing a wide
range of agricultural tasks, in particular, survey of agricul-
tural territories, video surveillance, control of agricultural
infrastructure facilities, and providing wireless broadband
access. Their widespread adoption is associated, in particu-
lar, with the development of agricultural quadcopters as
a type of agricultural multicopter system with an electric

propulsion system. Due to their distributed, peer-to-peer,
and multi-link topologies, such networks are characterised
by increased fault tolerance.

One of the key problems of ensuring the functional
stability of such systems is the risk of loss of connectivity
between nodes. U. Kaur et al. (2026) noted that the ability
of a network to support data transmission largely depends
on the effectiveness of adaptive protocols, which should
ensure the construction of routes in conditions of high
node mobility and constant topology changes. There is no
universal solution that would fully consider all the features
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of the operation of self-organised agricultural drone net-
works (Fatemidokht et al., 2026). That is why the search for
new approaches to engineering management of informa-
tion flows in such systems remains relevant.

A significant amount of research is devoted to the ap-
plication of algorithms based on the principles of swarm
intelligence, to optimise the network operation. Further
development of this area is associated with the use of
models of collective behaviour of social insects. B. Zhao
& Q. Ding (2019), and N.N. Hamadneh et al. (2022) con-
sidered the possibilities of applying behavioural models of
termites, ants, and bees to solve tasks of finding optimal
routes and optimising network processes. An important
element of such approaches is the use of multi-agent sys-
tems. As noted by H. Tan (2016), software agents provide
decentralised decision-making by individual nodes of the
network, which increases its resistance to topology chang-
es and external influences.

A separate area of research is devoted to the application
of bee colony algorithms in telecommunications networks
of unmanned aerial vehicles. A.N. Khan et al. (2019) showed
the prospects of using this approach to optimise the oper-
ation of UAV networks. Developing this idea, S.0. Oubba-
ti et al. (2020) characterised the bee colony algorithm as a
modern multi-agent optimisation method, and C. Wang et
al. (2025), described it as effective for solving routing prob-
lems in self-organised networks. Similar conclusions were
reached by F. Pasandideh et al. (2022), who confirmed the
effectiveness of this algorithm in various scenarios of net-
work functioning by the solution of S.S. Banihashemian
& F. Adibnia (2019). The closest approach to the subject
of this study is the approach proposed by B. Sharma et
al. (2020), who used the ant colony algorithm to plot routes
in a network of unmanned aerial vehicles. Their proposed
solution demonstrated the possibility of effective adap-
tation of routes to changes in the network topology and
confirmed the feasibility of using swarm intelligence algo-
rithms in agricultural drone networks.

Therefore, the development and research of a bee
colony algorithm for optimising routing in self-organised
agricultural drone networks is an urgent scientific and
technical task. Its solution is important for improving the
efficiency of agricultural unmanned systems, developing
agricultural engineering, and creating adaptive methods
for managing network information flows.

The purpose of the study was to improve the efficien-
cy of traffic routing in self-organised agricultural drone
networks using the developed adaptive routing algorithm
based on artificial bee colony swarm intelligence. Research
objectives:

O to formulate a methodology for evaluating the effec-
tiveness of routing methods in self-organised agricultural
drone networks;

O to develop a software implementation of the pro-
posed routing algorithm for the simulation environment;

O to evaluate the effectiveness of the proposed algo-
rithm by comparative analysis of the results of simulation
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modelling with existing routing protocols in typical scenar-
ios for using self-organised agricultural drone networks.

MATERIALS AND METHODS

The object of the study was a self-organised network of
agricultural drones that operated in conditions of dynamic
topology, high node mobility, and limited energy resources.
The subject was an adaptive traffic routing algorithm based
on swarm intelligence of a bee colony, designed to improve
the efficiency of data transmission in such networks. The
study was conducted under simulation conditions using
typical scenarios for the use of self-organised agricultural
drone networks: the swarm of agricultural drones, a transit
network, and monitoring.

The methodological basis of research was the prin-
ciples of swarm intelligence, multi-agent control, mul-
ti-criteria optimisation, and adaptive routing in wireless
self-organised networks. To build the algorithm, a bee
colony behaviour model was used, in which four types of
agents performed functional roles: packers, scouts, forag-
ers, and swarms. Packers provided data transmission from
the transport layer, scouts searched for new routes, for-
agers delivered packages to the destination node, and the
swarm was used for official return of route information. To
limit the distribution of broadcast queries, the “expanding
ring” search principle was applied. The study used gener-
al scientific methods of analysis, analogy, and abstraction,
methods of discrete and computational mathematics, heu-
ristic optimisation, mathematical statistics, and simula-
tion modelling. Using mathematical methods, criteria for
evaluating routes were formed that considered end-to-end
delay (EED), bandwidth, the level of residual battery charge
of nodes, and network life. Heuristic optimisation methods
were used to select an effective route based on the current
state of the network and a given metric.

The software implementation of the algorithm was per-
formed using the C++, Python, and MATLAB programming
languages, and simulation modelling was performed in the
NS-2 environment (USA). At the first stage, the algorithm
structure was developed and the interaction of agents was
described. At the second stage, simulation models of typi-
cal scenarios for the functioning of the agricultural drone
network were constructed and simulation parameters were
configured. At the third stage, a series of simulations were
performed for different routing metrics and the most effec-
tive options for each scenario were determined. At the final
stage, a comparative analysis of the proposed algorithm
was performed with the AODV and OLSR protocols.

The efficiency of the algorithm was evaluated by the
following indicators: packet delivery rate (PDR), average
EED, average throughput, normalised routing load (NRL),
number of transitions, and routing overhead. The results
obtained were used to determine the feasibility of apply-
ing the proposed approach in self-organised agricultural
drone networks.

Description of performing simulation modelling.
Simulation modelling of the proposed routing algorithm

Machinery & Energetics. Vol. 17, No. 2




Agricultural drone routing based on the artificial bee colony algorithm...

was carried out to check its operability and efficiency in
typical conditions of functioning of self-organised agri-
cultural drone networks. For this purpose, three simula-
tion scenarios were created that reflected different modes
of application of agricultural drones in the agricultural
environment: the agricultural drone swarm scenario, the
transit network scenario, and the monitoring scenario. All
scenarios were modelled in the NS-2 environment using a
software implementation of the proposed algorithm devel-
oped using C++, Python, and MATLAB.

The first scenario, “Drone Swarm”, simulated the op-
eration of a group of mobile nodes that jointly performed
tasks within a certain agricultural area. In this case, the
network was characterised by high dynamics of topology
changes” since agricultural drones could change positions
relative to each other, forming temporary multi-track data
transmission routes. The purpose of modelling this sce-
nario was to evaluate the algorithm’s ability to maintain
network connectivity, ensure packet delivery, and distrib-
ute traffic between multiple routes without overloading
individual nodes.

The second scenario, “Transit Network”, reflected the
conditions under which individual agricultural drones
served as intermediate repeater nodes between the data
source and the destination node. This scenario was typical
for situations where information was transmitted through
several intermediate nodes, and the effectiveness of the
route depended on the stability of connections, the number
of transitions, and the level of service load. In this scenario,
special attention was paid to estimating EED, the number
of transitions, and the NRL.

The third scenario, “Monitoring” simulated the use of
agricultural drones to monitor agricultural objects or terri-
tories with data transmission to the information collection
node. For this mode, the stability of packet delivery, energy
efficiency of the route, and maintaining the functionality
of nodes for a long time were important. That is why this
scenario separately considered the impact of metrics relat-
ed to the level of remaining battery power and network life.

In each scenario, the algorithm worked with different
route metrics: bandwidth, EED, power supply charge lev-
el, and network lifetime. The following performance in-
dicators were used to compare algorithm variants: PDR,
average EED, NRL, and average hop count (HC). The PDR
indicator characterised the reliability of data delivery, EED
determined the time spent transmitting a packet from
source to recipient, NRL reflected the volume of service
traffic relative to the number of packets delivered, and HC
characterised the topological length of the route.

The modelling technique involved sequential execu-
tion of the following stages: forming a network scenario,
setting parameters for the movement and interaction of
nodes, running a routing algorithm with different met-
rics, registering the values of PDR, EED, NRL, and HC, and
comparing the results obtained between scenarios. The ob-
tained values were used to determine which route metric
was most appropriate for each type of agricultural drone

application. The simulation results were presented in the
next section as comparison tables for the three scenarios.

RESULTS AND DISCUSSION

The proposed adaptive routing algorithm based on artifi-
cial bee colony swarm intelligence for self-organising ag-
ricultural drone networks belongs to the class of reactive
source-initiated multipath routing methods. An agent
model was created based on the principles of decentral-
isation and locality. By analogy with the natural world, it
comprises four types: packer, scout, forager, and swarm.
The theoretical and methodological basis for the devel-
opment of the algorithm was the provisions of bionics,
biomimetics and swarm intelligence, according to which
the mechanisms of self-organisation of natural systems
can be used to create adaptive technical solutions. E. Bon-
abeau et al. (1999) and Z. Zhang et al. (2014) showed that
the collective behaviour of social insects is an effective
model for creating decentralised, scalable, and fault-tol-
erant artificial systems. Algorithms inspired by the behav-
iour of the bee colony are of particular importance for this
study, since they combine mechanisms of local search,
exchange of information about the quality of solutions
found, and collective choice of the optimal direction of
further movement.

The agent model of the proposed algorithm is formed
considering the principles of bee feeding and communica-
tion. In particular, in BeeAdHoc, the use of scout and for-
ager agents helped to implement energy-efficient reactive
routing in mobile ad hoc networks (Wedde et al., 2005),
and the BeelP protocol confirmed the feasibility of ap-
plying bee principles for adaptive route selection under
dynamic network conditions (Giagkos & Wilson, 2013;
2014). In this study, these ideas were adapted to self-or-
ganised networks of agricultural drones through the in-
troduction of agents such as packer, scout, forager, and
swarm, which perform the functions of data preparation,
route search, packet transmission, and service update of
route information. Packers copy the functions of harvest-
ing bees in the hive. Their main task is to get data D, from
the transport level and transfer them to foragers F,. Scout
S, is used to find new routes from the source node d to the
destination node d. The scout is transmitted via broadcast
to all neighbours of the node with a lifetime timer that
controls the number of relays S..

To limit the uncontrolled distribution of broadcast
queries, a search algorithm based on the “expanding ring”
principle is used. Each scout is identified using a unique
key based on the identification number and source node.
Upon reaching d, the scout returns back the same way. The
receiving node sends all scouts back to guarantee multiple
routes. Returning to s, scouts S recruit foragers F, using the
dance metaphor.

Foragers F, get data packets from packers P, and de-
liver them to the destination node d. Forager can have
four types: minimum latency, maximum bandwidth,
network lifetime, and node battery level. The first type
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delivers packages on routes with minimal delay. The sec-
ond is through routes with maximum throughput. The
third one sends packets in such a way as to maximise the
life of the network. The fourth one builds routes through
the nodes with the highest battery level. The forager gets
the full route as a sequence of intermediate nodes i to
the node d from scout S, or another forager F.. To do this,
it uses point-to-point transfer mode to the node , while
collecting information about the network according to its
type. After reaching the node d forager F, stays there until
it is delivered back to the source node s. This mechanism
allows reducing the amount of service traffic. If the TCP
transport protocol is used, delivery is carried out using a
special forager F,.,. Back at the source node, foragers also
use the dance metaphor.

Forager delay F, in the destination node d by the time
it returns to the source node, s is an important element of
the proposed routing mechanism, since it allows reducing
the amount of service traffic and avoiding excessive dupli-
cation of route information. After delivery of the package
to node d, the forager is not immediately sent back as a
separate service message, but waits for the possibility of
returning together with confirmation of delivery or as part
of a special service mechanism. This reduces the number
of individual control packets in the network, reduces the
number of retransmissions, and reduces the load on inter-
mediate nodes, which is especially important for self-or-
ganised agricultural drone networks with limited energy
resources and variable topology.

This approach is consistent with the principles of
swarm intelligence, according to which the effective glob-
al behaviour of a system is formed not through centralised
management, but through local interactions of individual
agents. In natural bee colonies, individuals do not dupli-
cate each other’s actions unnecessarily, but coordinate the
search and use of resources through the exchange of infor-
mation about the quality of the source found. Similarly, in
the proposed algorithm, foragers do not create redundant
service traffic, but accumulate and transmit route informa-
tion only when it is necessary to update the state of the
route, confirm delivery, or recruit new agents. This allows
minimising energy costs, increasing the efficiency of group
work of agents, and ensuring the stability of routing in con-
ditions of dynamic changes in the position of nodes.

For the TCP transport protocol, the forager return
mechanism is formally consistent with the availability of
delivery confirmations, since TCP provides feedback be-
tween the destination node d and the source node s. In this
case, the forager can be returned to the source along with
confirmation, which allows not only to confirm the fact of
data delivery, but also to transmit up-to-date information
about the quality of the route travelled. Thus, the node (s)
gets updated route data without having to create addition-
al queries or run a repeated path search.

For the UDP protocol, which does not guarantee deliv-
ery confirmation and does not have a built-in mechanism
for returning service information, a similar function is
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implemented using service packets or swarms R.. In this
case, one forager is randomly selected, which acts as a car-
rier of service information and returns to the source node
(s), while other foragers are placed in the useful data field
D,. This mechanism provides a balance between the need
to control the route and maintaining network bandwidth:
on the one hand, the source receives information to con-
firm delivery and update routes, and on the other - the net-
work is not overloaded with a large number of individual
service messages.

Thus, the stay of the forager F, in the node d by the
time of return to the node s is justified from the standpoint
of reducing the service load, energy efficiency, and improv-
ing the reliability of data transmission. This mechanism
allows combining delivery control, route information up-
dates, and optimal use of network resources without exces-
sively increasing the number of control packets. As a result,
the proposed model provided decentralised, adaptive and
fault-tolerant routing that meets the principles of bionic
design and swarm coordination of agents.

The UDP protocol does not send confirmation of suc-
cessful receipt data and does not have a built-in forager
return mechanism F, to the source node s. This problem is
solved using special service packs or swarms R,. Foragers
are sent back to the node after a certain time has elapsed
or when a threshold value is reached in the node d. As a
swarm, one source node forager is randomly selected, and
other foragers are placed in the useful data field D,. When
the swarm arrives at the node , foragers are extracted in the
same way as in the case of TCP. A general block diagram of
the functioning of the proposed routing algorithm and the
interaction of its main agents is shown in Figure 1.

Transport Layer (TCP/UDP)

N2 ‘ '

Packaging Layer

1 Sl |

Entrance (Input)

Building

MAC Layer

Packaging

Figure 1. Block diagram of the algorithm
Source: developed by the author

Data D, from the transport level are placed in packers
P, and are passed on to foragers F, located on the dance
floor T, after which the packers die. If the packer does not
find a suitable forager, it waits for a while and then sends
the scout S, to search for a new route to the destination
node d. The scout who appeared at the entrance I,
passed on if its TTL timer (Time To Live — counter or limiter
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that determines how many times a service packet, such as
scoutS,, can be transmitted from one network node to an-
other) is not exhausted or if it has not reached the node d.
Data about the scout ID and its source node are stored in
a special table. If a copy of the previously received scout
appears at the entrance, it is destroyed. If there is already
a forager F, on a dancefloor T, with the same destination
node as the scout, the route to the destination is reported
to the scout by adding the known forager route to its cur-
rent route. If the current node is the final recipient of the
forager, it is sent to the packaging level P; if not, then in
the MAC interface of the next node in the direction of d.

The dance floor is the heart of the hive, because T,
stores information about routes. When forager F, returns
to the source node s, it “recruits” new foragers, using the
dance metaphor. In the proposed algorithm, the use of
the dance metaphor should be considered as a formalised
mechanism for exchanging information between agents
about the quality of the found route. In natural bee colo-
nies, the forager dance serves as a communication protocol
through which other individuals receive information about
the direction, distance, and attractiveness of the resource
source. In particular, the direction of movement during the
dance is related to the direction to the source, the duration
of individual phases of movement reflects the distance, and
the intensity and repeatability of the dance can be inter-
preted as indicators of the quality or feasibility of using the
found resource. Therefore, in bionic and swarm models,
this mechanism is considered as a natural way to encode,
transmit, and collectively evaluate information.

By analogy with a bee colony, in the developed algo-
rithm “dance” of the forager F, in the source node s is a pro-
cedure for updating route information and recruiting new
agents for data transmission. After completing the route,
the forager returns to the node (s) with information about
the path status, including EED, bandwidth, remaining bat-
tery level of intermediate nodes, or network lifetime. These
parameters serve as a formalised “resource quality”, that is,
the quality of the route, and the number of dances, or the
probability of choosing a suitable forager can be related to
the effectiveness of the path travelled. In this way, better
routes are more likely to be reused, while less efficient ones
are gradually being pushed out of the routing process.

This approach corresponds to the principles of swarm
intelligence, according to which complex global behaviour
of a system is formed through local interactions of sim-
ple agents without centralised control. In the context of
a self-organised agricultural drone network, this means
that the source node does not need complete global in-
formation about the state of the entire network. There
is enough information that foragers return after passing
specific routes. Based on these local messages, the system
dynamically redistributes traffic between available paths,
keeps routes updated, and reduces the risk of overloading
individual nodes.

Thus, the dance metaphor in the proposed algorithm
is a biomimetic model of agent communication, in which

the natural mechanism of transmitting information about
a resource is transformed into a technical procedure for
evaluating and selecting routes. It provides decentralised
decision-making, adaptation to changes in topology, ra-
tional use of energy resources, and increasing the fault tol-
erance of data transmission in self-organised agricultural
drone networks.

Number of dances D, is calculated according to the
quality of the route travelled. Quality indicator for each
forager F, differs depending on its type. Equation for de-
termining the number of dances D, (v) is proposed by the
researchers as a generalised normalising relationship be-
tween the quality of the route travelled and the intensity
of forager recruitment. It is not literally borrowed from a
separate source, but is based on the principles of bionic
routing BeeAdHoc, in which “dance” is considered as a for-
malised mechanism for recruiting agents, and the number
of recruited foragers depends on the quality of the route
found (Wedde et al., 2005). This interpretation is also con-
sistent with the BeeIP protocol, where the intensity of the
artificial forager’s dance is related to the quality of the path
and is used to make a decision on further recruitment or
start a new route search process (Giagkos & Wilson, 2010).

From the dance floor, T, a suitable forager is sent to
the packaging level P, in response to a request from P.. If
there are several suitable foragers, one of them is selected
stochastically. A copy of the selected forager is sent to the
packaging level P, and the original forager remains on the
dance floor only because of the decrease in the number of
dances D,. If D,=0, the original forager is sent to P, and its
recording is removed from the dance floor. Foragers whose
life span T, ends are excluded from the selection process.
The use of this principle ensures the process of updating
foragers F,, that is, replacing “old” with “young” ones with
current routes. The approach also allows distributing for-
agers along several routes, which prevents overloading and
optimises the use of resources, for example, a uniform dis-
charge of the agricultural drone battery.

Scientific originality of the proposed mechanism for
updating foragers F, consists in combining the lifetime
limit of agents T, with a multi-criteria assessment of the
route status. Unlike classical swarm optimisation algo-
rithms, where ageing of agents or reducing the influence
of previous solutions is most often implemented through
pheromone evaporation, reducing the weight of the solu-
tion, or replacing the population of agents, in the proposed
approach, the exclusion of “old” foragers is associated not
only with the time parameter, but also with the need to
update routes in conditions of changing topology, residual
charge of nodes, and network load.

Thus, the mechanism T, can be defined as the author’s
version of adaptive age-based pruning, supplemented by
energetically and topologically determined updating of
route information. Its difference from classical age-based
pruning is that the forager is excluded from the selection
process not only because its life cycle has ended, but be-
cause over time, information about the route it has travelled
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loses its reliability for a dynamic self-organised network of
agricultural drones. In such conditions, the “old” forager
may contain a route that no longer corresponds to the cur-
rent state of the network: intermediate nodes may change
position, partially lose battery power, get into a high-load
zone, or become unavailable for data transmission.

In classical ACO approaches, the relevance of solutions
is mainly determined by the pheromone trace mechanism,
where the intensity of route use decreases due to phero-
mone evaporation (Dorigo & Gambardella, 1997). In ant-
based routing and AntHocNet, route support is provided
through reactive path setting, proactive sensing, updating
pheromone tables, and the use of agents that periodical-
ly check route quality (Di Caro et al., 2005). In BeeAdHoc,
routing is based on scout agents and foragers, which reduc-
es the number of service packets and increases the energy
efficiency of data transmission in mobile ad hoc networks
(Wedde et al., 2005). The mechanism proposed in this pa-
per differs in that the life cycle of the forager T. is used as
an internal regulator of route relevance, which simultane-
ously restricts the use of outdated routes, encourages the
appearance of new foragers with updated information, and
maintains a balance between the research of new routes
and the use of already known ones.

The causal link between updating foragers and im-
proving system performance is that excluding agents with
outdated route information reduces the likelihood of data
being transmitted through overloaded or energy-depleted
nodes. If the forager F, has a limited lifetime, then the route
it represents cannot remain active indefinitely without re-
checking. This helps to periodically update routes, distrib-
ute traffic more evenly between several paths, and reduce
the risk of local congestion of individual nodes. In addition,
replacing “old” foragers with “young” ones allows consider-
ing the current battery level of intermediate nodes, which
supports more uniform power consumption in the network.

Therefore, the proposed foraging renewal scheme is
not a simple procedural removal of agents after the lifetime
has elapsed. It performs the function of adaptive updating
of routes, monitoring the relevance of route information,
and load balancing in a self-organised network of agricul-
tural drones. The improvement of system characteristics
in this case has the status of an experimentally confirmed
result of simulation modelling, since in comparison with
AODV and OLSR, the proposed algorithm demonstrated an
increase in the PDR and throughput, and a reduction in
normalised load and routing overhead. Theoretically, this
effect is explained by the fact that the restriction T, reduc-
es the use of outdated routes and supports constant up-
dating of agents, but the full formal proof of this mecha-
nism requires a separate mathematical analysis in further
research. If the last forager for the node is the destination
d leaves the hive, the source node temporarily loses the
route to the recipient. It is assumed that if the route to d
exists, forager will soon return to s; if no forager returns
within a certain time, the source node probably lost the
route to the node d.
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Indicator D, is used as an integral characteristic of the
efficiency of the proposed algorithm, since it reflects the
intensity of recruiting foragers depending on the quality
of the route travelled. The higher the value D,, the more
appropriate the route is considered for further data trans-
mission, which allows the algorithm to adaptively select ef-
ficient paths and reduce the use of overloaded or outdated
routes. The use of this mechanism eliminates the need for
explicit monitoring of the reliability or relevance of routes
using special “welcome” packages and route error messag-
es, which reduces the volume of service traffic and reduces
energy costs. To ensure optimal routing of data streams,
a multi-criteria approach is used, which provides support
for several routing metrics: bandwidth, draft latency, node
battery level, and network lifetime. Earlier it was noted that
D, is the main indicator that characterises the efficiency of
the proposed algorithm.

One of the simplest and most widely used optimisa-
tion metrics is an EED for routes T. One of the basic indica-
tors for evaluating the quality of a route is the EED, which
characterises the time when a data packet passes from the
source node s to the destination node d. For the forager F,,
the route that passes between these nodes, the EED value
is determined by the equation:

T=t,-t, 1)

where t, — time to receive the forager’s package F, by recip-
ient node d, t, - time of sending the package F, by source
node s. Therefore, equation (1) shows the actual time it
takes for a package to complete the entire route. The lower
the value t,, the faster and better the route is considered.

A normalised estimate is used to convert the delay val-
ue to a route quality indicator D, which allows comparing
different routes with each other:

R T
Dy =ax (), )

where a — weight coefficient that determines the maximum
value of the number of dances for F,, § — nominal value of
the draft delay, y — weighting factor, R — number of tran-
sitions (hops) performed by F, between s and d, R €[1;9],
ReN.Equation (2) is needed to ensure that routes with low-
er delays receive a higher quality rating. If the route delay
is close to the minimum, the value D, approaches 1, and if
the route has a long delay when the indicator approaches 0.
Based on the normalised quality of the route, the
number of dances D, performed by the forager after re-
turning to the source node is determined. Another widely
used routing metric is network bandwidth F. Determina-
tion of the value F on the route from s to d is performed
using the equation:
— data packet size, T; - time of receiving the package F,
by current transit hub i.
Then the indicator D, is calculated using the equation:
BW

DNZTX

, )
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where BW,,, = min BW, — minimum bandwidth value for
the packet F,

§—BW ;= —= 3

i Ti—Ti—1’ ( )

where F, — maximum possible channel speed value, n -
number of packages F, on the dance floor F for the node d,
because they consist of nodes with the highest battery lev-
el. At each intermediate node , the residual battery charge
E; is determined. A battery level metric is often used in
self-organised networks, which is based on an estimate of
the residual energy of each transit node on the way from s
to d. At each intermediate node, the residual battery charge
E,is determined. Then D, is defined by expression (2).

Weighting factor (@) in the expression (2) is used to
scale the impact of the energy component on the overall
assessment of route quality. Within the proposed model
(), it is not a physical constant, but is considered as an em-
pirical parameter for configuring an algorithm that deter-
mines the sensitivity of routing to changes in the remain-
ing battery charge of intermediate nodes. The larger the
value (a), the stronger the algorithm prefers routes passing
through nodes with a higher level of energy resource; ac-
cordingly, at a lower value (), the energy criterion has a
weaker effect compared to other metrics, such as latency,
throughput, or number of transitions.

Engineering content of the coefficient («) consists in
the fact that it reflects the degree of energy priority of the
route in the operating conditions of a self-organised net-
work of agricultural drones. In networks where the battery
life of nodes is a critical parameter, the value of («) is advis-
able to be increased, since data transmission through en-
ergy-depleted nodes can lead to loss of connectivity, route
disruption, and reduced reliability of packet delivery. If the
main task is to minimise latency or maximise throughput,
the value (a) can be reduced so that the energy component
does not dominate other route selection criteria.

In the proposed model, (@) can be set experimentally
during simulation modelling and adjusted depending on
the application scenario of the agricultural drone network.
In particular, for scenarios of long-term monitoring of ag-
ricultural territories, it is advisable to use higher values
of , since the uniform use of energy resources of nodes di-
rectly affects the lifetime of the network. For short-term
data transfer or transit routing scenarios, the value of (a)
may be lower, because latency or channel bandwidth may
be more critical.

Normalised value (E; € [0;1]) characterises the relative
level of residual battery charge (i)-th route node. Normal-
isation is carried out with respect to the boundary energy
states of the node: (E;=0) corresponds to a fully charged or
maximum available level of energy resource, and (E;=0) at
a critically low or unavailable charge level for routing. In
general, rationing can be presented as follows:

Eicur_Elijn

Ei_

Eljma.x_El_mmx

CUT

where (E;") — current battery level of the (i)-th node;
(E"") - maximum or rated charge level; — minimum allow-
able charge level at which the node can still participate in
data transmission.

Minimum value of the energy indicator on the route:

E,n =min(E) (6)
displays the weakest node in the route in terms of energy
state. This interpretation is important because even a sin-
gle node with a low charge level can cause route loss, an
increase in the number of retransmissions, or a break in
network connectivity. Thus, the use of (E, ") allows the al-
gorithm to avoid routes that pass through energy-unstable
nodes, and contributes to a more even distribution of the
load between agricultural drones.

Thus, the coefficient (a) acts as a regulator of the en-
ergy sensitivity of the algorithm, and the normalised in-
dicator (E;) ensures comparability of the energy state of
different network nodes. Together, these parameters allow
considering not only the current suitability of the route for
data transmission, but also its impact on the overall life-
time of a self-organised network of agricultural drones.

Then the indicator D, is defined as:

Dy =ax

Y

= |

where E =min E; - minimum value of the remaining bat-
tery charge at intermediate nodes of the route from s to
d, - weighting factor that scales the impact of the en-
ergy component on the route assessment . Another ap-
proach to optimising information flows based on energy
efficiency is to use the “network lifetime” metric. Due to
the distribution of packets over several routes, the node’s
batteries will be discharged evenly, which increases total
network lifetime.

The paper uses an interval transformation of a contin-
uous normalised indicator C, not an independent categor-
ical variable. Discrete levels 0-7 are used to simplify route
selection and increase the algorithm’s sensitivity to criti-
cal battery levels. For every i-th transit node that is a link
in the chain between s and d, the level of residual value of
power supply capacities C, is determined by the equation:

[ 0,C; € [0;0.09]

1,C; € [0.09;0.14]

2,C; € [0.14;0.20]

_]3,¢, € [0.20;0.27]
Ci=14.c e [027;035) ®

5,C, € [0.35;0.45]

6,C; € [0.45;0.65]

7,C; € [0.65;1]

where C; € (0,65;1] - residual power supply capacity of the
current transit node i. The obtained data is aggregated in
foragers F,, and then used by the source node s to calculate
D,. Equation for calculating the indicator D, has a form:
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where w - scaling factor, C,,, - average value of the level of
residual capacity of the power supply on the route between
s and d, C,,,=min C, C; — minimum value of the residual
capacity level of the power supply. Scaling factor w is cal-
culated using the equation:

w:Cmaxmeinx¢+1)

DN=0(

(10)

where C,, =max C, C,, — maximum value of the level of
residual capacity of the power supply on the route be-
tween s and d, ¥y - maximum number of transitions (hops)
between s and d; in the current implementation of the
algorithm y=9.

The following is a description of the packet formats of
the developed algorithm, the process of setting the route,
transmitting data, and managing the distribution of broad-
cast service messages. A brief description of the software
implementation of the proposed algorithm for the NS-2
simulation environment is also provided. The influence
of setting parameters on the algorithm’s behaviour was
investigated, and the range of possible values and default
values were determined.

Since the proposed routing algorithm was developed
for FANET, when studying the dependence of its behaviour
on the selected routing metric, a comprehensive simula-
tion modelling was carried out using the developed realis-
tic models of typical scenarios for the use of self-organised
agricultural drone networks.

At this stage, the following indicators are used to
evaluate performance:

O average value of the package delivery coefficient (P,,),

O average EED value (EE,,,,),
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O average value of the NRL (NL),

O average number of hops (H).

To evaluate the effectiveness of the proposed routing
algorithm, a set of network metrics is used that characterise
various aspects of the FANET network functioning: delivery
reliability, transmission time costs, service load, and topo-
logical complexity of the route. The main indicators include
the package delivery rate (P), average EED (EE,,,), NRL
(NL), and the average number of hops (H). These metrics
are not considered fully equivalent or independent crite-
ria, since there are functional and operational relationships
between them. For example, reducing the number of traffic
may reduce latency, but simultaneously lead to traffic con-
centration on individual nodes; increasing the PDR may be
accompanied by an increase in the service load; and reduc-
tion (VL) indicates more efficient use of network resources,
but does not always guarantee minimal latency.

In this study, these indicators were used not as com-
ponents of a single integral index, but as separate criteria
for multi-criteria analysis. Their aggregation into one gen-
eralised indicator was not carried out, since the purpose of
the experiment was not to obtain a single rating of route
metrics, but to identify which of them is more appropriate
for a specific scenario of agricultural drone network opera-
tion. This approach allows separately assessing the trade-
off between delivery reliability, time efficiency, service
load, and route structure.

Indicator (P,;) determines the proportion of success-
fully delivered packets relative to the total number of sent
packets and is used as a basic criterion for routing reliabil-
ity. The results of evaluating the effectiveness of various
route metrics for PDR, EED, NRL, and HC indicators for the
“Drone Swarm” scenario are shown in Table 1.

Table 1. Simulation results for the “Drone Swarm” scenario

Metric

Performance indicators

P, % EED, ms NRL HC
BeeAdHoc TH 98.24 101.65 24.26 3.60
BeeAdHoc DL 98.20 102.29 24.22 3.61
BeeAdHoc EH 98.32 112.26 24.28 3.57
BeeAdHoc LT 98.44 104.34 24.19 3.56

Source: developed by the author

Indicator (EE,,,) characterises the average packet
travel time from the source node to the destination node.
Deviation of values (EE,,,,) in the range from 8.7 to 68.1,
different routing metrics respond differently to changing
scenarios and topological conditions. These differences

may be due to the choice of route based on the minimum

latency, bandwidth, remaining battery power, or network
life. In other words, they are not random numerical dis-
crepancies, but a consequence of different logic for making
aroute decision within each metric. Comparative results of
applying route metrics in the “Transit Network” scenario
are shown in Table 2.

Table 2. Simulation results for the “Transit Network” scenario

Performance indicators

Metric
Py, % EED, ms NRL HC
BeeAdHoc TH 99.98 1.71 30.58 4.73
BeeAdHoc DL 99.98 1.05 28.05 4.95
BeeAdHoc EH 99.98 1.14 23.42 4.68
BeeAdHoc LT 99.98 1.75 31.47 4.46

Source: developed by the author
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NRL (NL) displays the ratio between the number of
service route messages and the number of successfully
delivered data packets. Significant deviation (L), which
in some cases reaches 63.2, indicates a different intensi-
ty of service exchange during the search, maintenance,
and updating of routes. Lower value (NL) means that the
algorithm spends less service resources on delivering a
unit of useful information, which is important for FANET
networks with limited bandwidth and energy resources of
nodes. Indicator (H) characterises the average HC between

Table 3. Simulation results for the “Monitoring” scenario

the source node and the destination node. It is used to
estimate the topological length of a route and indirectly
affects latency, power consumption, and the probability of
packet loss. Simultaneously, the minimum value (H) does
not always mean the best route, as a shorter path can pass
through overloaded or energy-depleted nodes. Therefore,
this indicator should be interpreted together with (Ppp),
(EE 4,,) and (NL). The values of the performance indicators
of the proposed algorithm for various route metrics in the
“Monitoring” scenario are shown in Table 3.

Performance indicators

Metric
Py, % EED, ms NRL HC
BeeAdHoc TH 98.68 42.67 33.01 4.68
BeeAdHoc DL 98.54 37.09 32.68 4.74
BeeAdHoc EH 96.82 26.10 20.32 5.77
BeeAdHoc LT 96.57 27.61 20.54 4.32

Source: developed by the author

In Tables 1-3, the values (Pp,) for most variants of
the algorithm, are close to the maximum: in the “Drone
Swarm” scenario they are approximately 98.20-98.44, in
the “Transit Network” scenario — 99.98, and in the “Mon-
itoring” scenario — from 96.57 to 98.68. It is these absolute
values that allow interpreting the results as almost iden-
tical in terms of packet delivery within the corresponding
script. Simultaneously, the difference between the options
should not be interpreted in isolation from the simulation
conditions, since its statistical significance depends on the
number of simulation runs, node mobility parameters, traf-
fic intensity, and network load level.

Thus, the selected metrics reflect the key requirements
for the routing algorithm in FANET networks: delivery re-
liability, transfer speed, saving service traffic, and rational
route construction. In this study, they were not normalised
to a common scale and were not aggregated into an inte-
gral metric, since the analysis is aimed at comparing the
behaviour of the algorithm in different scenarios, and not
at constructing a universal numerical estimate. To increase
the reproducibility of further studies, it is advisable to ad-
ditionally indicate the number of repetitions of simulation
simulations, traffic parameters, node speed ranges, net-
work density, and statistical criteria for checking the sig-
nificance of the differences obtained.

Based on the results obtained (shown in Tables 1, 2,
and 3), it can be seen that the studied metrics showed al-
most identical, close to the maximum, values for the indi-
cator (P,;) (the discrepancy between the results does not
exceed 2.2%). However, considering the delay indicators
(EE 4, (the difference between the results varies between
8.7% -68.1%) and the NRL of NL (the difference in results
reaches 63.2%). Therefore, it was found that for the “Drone
Swarm” scenario, it is recommended to use the lifetime of
the BeeAdHoc LT network as the default metric. For the
“Transit Network” scenario, the best choice is the network
lifetime and latency metrics BeeAdHoc LT and BeeAdHoc

DL. In the monitoring scenario, the BeeAdHoc EN power
supply charge level indicator showed the best results.

In the second series of experimental studies, a com-
parative analysis of the proposed routing algorithm with
the AODV and OLSR protocols was performed. The results
obtained confirmed the effectiveness of applying the al-
gorithm in a self-organised UAV network. The proposed
algorithm provided high network performance in each of
the scenarios, surpassing the AODV and OLSR protocols
in many respects. The best results were demonstrated in
terms of indicators:

O package delivery rate (P,;),

O average throughput (7,

O NRL (NL),

O routing overhead (O, ,,,i,.)-

Figure 2 shows the results of simulation modelling
for the average throughput indicator T, for the “Drone
Swarm” scenario.

Results on the NRL indicator NL for the “Drone Swarm”
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Figure 2. Average bandwidth value T, for BeeAdHoc LT,
AODV, and OLSR in the “Drone Swarm” scenario

Source: developed by the author
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scenario is shown in Figure 3. Figure 4 shows the results of
experimental studies for the indicator of the average value
of routing overhead O in the “Drone Swarm” scenario.

routing

—AODV
—OLSR
"~ BeeAdHoc LT

Figure 3. Average value of NRL NL for BeeAdHoc LT,
AODV, and OLSR in the “Drone Swarm” scenario
Source: developed by the author
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Figure 4. Average routing overhead O,,,;,, for BeeAdHoc
LT, AODV and OLSR in the “Drone Swarm” scenario

Source: developed by the author

On EED indicators (EE,,,) and jitter (J), the proposed
algorithm is somewhat inferior to the OLSR protocol, but
exceeds AODV. It can be concluded that the proposed algo-
rithm is an effective adaptive solution for routing problems
in self-organised agricultural drone networks. It allows se-
lecting the appropriate metric and configuring parameters
to optimise the use of network resources, meet QoS require-
ments, and reduce the risk of network congestion within the
FANET usage scenarios under study. It was concluded that
the proposed algorithm can be considered as a universal
solution to the routing problem in self-organised agricul-
tural drone networks. It allows selecting the appropriate
metric and optimise configuration parameters to efficiently
use network resources, meet QoS requirements, and pre-
vent network congestion in the selected usage scenario.

The results of the study confirm that the proposed
routing algorithm provides an improved balance between

Umanskyi

latency, jitter, and network load in FANET settings com-
pared to the classic AODV and OLSR protocols. However,
the advantages vary depending on the QoS metrics: the
algorithm performs better than AODV in terms of EED
(EE 4,,) and jitter (J), but in a number of scenarios it is out-
performed by OLSR.

According to RFC 3561, AODV as a reactive proto-
col provides efficient use of resources in networks with
variable topology, but its performance decreases with in-
creased mobility and node density due to frequent route
rearrangements. The results obtained are consistent with
these provisions, since AODV demonstrates the highest la-
tency and jitter values in heavy FANET traffic (Perkins et
al., 2003). According to RFC 3626 described by T. Clausen
& P. Jacques (2003), OLSR provides low latency due to pro-
active route support. However, the above analysis shows a
different picture in FANET conditions: an increase in the
control load leads to a decrease in the efficiency of using
the communication channel at high network dynamics.
This explains why OLSR shows better latency but worse
performance when scaling the network. The findings of
I. Bekmezci et al. (2013) and L. Gupta et al. (2016) empha-
sised that FANET is characterised by three-dimensional
mobility, a high rate of topology change, and instability of
communication channels, which significantly limits the ef-
fectiveness of classical MANET protocols. This is fully con-
sistent with the results obtained, where none of the under-
lying protocols (AODV or OLSR) shows a stable advantage
across all metrics simultaneously.

Review studies by A. Fotouhi et al. (2017), Y. Zeng et
al. (2018) showed that adaptive and hybrid routing ap-
proaches in UAV networks provide a better balance be-
tween QoS parameters by dynamically selecting optimisa-
tion metrics. The results obtained partially confirm these
conclusions, since the proposed algorithm allows adapting
routing parameters in accordance with the usage scenar-
io. However, the above analysis shows a different picture
regarding the concept of “universal” routing protocols.
Statements about universality should be considered crit-
ically, since the effectiveness of algorithms significantly
depends on the density of nodes, the level of mobility, and
the traffic intensity. This is not consistent with the results
of the analysis performed, since no protocol demonstrates
a stable advantage in all FANET scenarios.

Thus, the proposed algorithm should be considered as
anadaptive routing solution in self-organised FANET, which
provides an improvement in individual QoS indicators com-
pared to AODV and competitive performance relative to
OLSR in the scenarios under study. Further research should
be aimed at expanding the set of modelling scenarios, in-
creasing the number of protocols for comparison, and eval-
uating the statistical significance of the results obtained.

CONCLUSIONS

It was established that routing algorithms based on the prin-
ciples of swarm intelligence have key properties for self-or-
ganised networks and are superior to most deterministic
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classical routing algorithms of agricultural drones. Existing
swarm intelligence algorithms based on a bee colony were
analysed, their features and modifications were studied to
effectively solve the routing problem in various types of
self-organised networks. A new adaptive routing algorithm
based on swarm intelligence of a bee colony has been de-
veloped using an “expanding ring” search algorithm for a
self-organising network of agricultural drones. A software
implementation of the proposed algorithm for the simu-
lation environment has been developed. The influence of
setting parameters on the algorithm’s behaviour was in-
vestigated, and the range of possible values and default
values were determined.

Realistic simulation models of typical application sce-
narios for self-organised agricultural drone networks have
been developed. Numerical characteristics and parameters
were defined for each scenario, and their substantiation
was carried out. The assumptions and limitations used in
creating simulation models were formulated. A compar-
ative analysis was carried out, the results of which con-
firmed the effectiveness of the proposed algorithm and its
superiority over the popular routing protocols AODV and
OLSR by many indicators, depending on the scenario of
using a self-organised network of agricultural drones: the
PDR increased by 2-11%; the average throughput increased
by 3-12%; the NRL decreased by 22-82%; the overhead cost
of routing decreased by 33-79%.

Scientific research should be continued in the line
of substantiation of rational engineering management
of agricultural drones, since further improvement of the

efficiency of their application requires comprehensive
consideration of technical, energy, information, and or-
ganisational aspects of the operation of self-organised
networks. Scientific interest involves the development of
adaptive mechanisms for managing agricultural drones’
resources, optimising their interaction, and integrating
the proposed routing algorithms with intelligent agricul-
tural process management systems. A promising area may
be the creation of more efficient and reliable systems for
operating groups of agricultural drones in real conditions
of agricultural production.
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Muxaiiio YMaHCbKUIt
AcmipaHT
HaririonanpHMiT yHiBepcUTET 6iopecypciB i MpupomoKopMCTyBaHHS YKpainu
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MapLpyTusauia arpoapoHiB Ha OCHOBIi pOMOBOIro
iHTeNneKTy 64)KONNHOI KOJOHii

AHoOTaLif. AKTya/lbHICTh PO60TH 3yMOBJIEHA HEOOXiMHICTIO MMiABUIeHHS HaAi/iHOCTi, eHeproeeKTUBHOCTI Ta IKOCTi
nepefaBaHHs JaHMUX Y CAMOOPTraHi30BaHUX Mepeskax arpoAPOHiB, sIKi QyHKITIOHYIOTh B YMOBaX BMCOKOi MOOITbHOCTI,
3MiHHOI TOTOJIOTii Ta 06MesKeHUX pecypciB By3/iB. MeToI0 po60TH 6ysio migBuineHHs eheKTUBHOCTI MapuIpyTm3arii
Tpadiky B caMOOpraHi3oBaHMX Mepeskax arpofpOHiB LIUISIXOM PO3pO6IeHHS aJallTUBHOTO &JITOPUTMY Ha OCHOBI pOIIOBOTO
iHTeNeKTy 6/I)KOMHOIT KOIOHII. Y JoCTiakKeHHI BUKOPUCTAHO METOAM OMCKPETHOI /i 06UMCII0BaJbHOI MaTeMaTUKM,
€BPUCTUYHOI ONTMUMIi3allii, MaTeMaTUYHOI CTATUCTUKY, & TAKOXK iMiTalliiiHe MozentoBaHHs i3 3acTrocyBaHHsIM C++, Python,
MATLAB Ta cepenosuina NS-2. Byno gocmifskeHo TpUHIUITY QYHKIIOHYBAHHST MYJIbTMAareHTHOI MOZe/i MapuIpyTu3aliii,
1110 BK/TIOUAE YIIAKOBIIMKIB, PO3BiIHMKIB, PypaskupiB i piii, siKi 3a6e31MeUyIoTh IelleHTPaTi30BaHM it TOLIYK Ta MigTPUMKY
KiJTbKOX MapIIpyTiB epeaBaHHs JaHuX. Byno mpoaHanizoBaHO Taki KpuTepii BM60PY MapIIpyTiB, SIK IIPOITyCKHA 31aTHICTb,
HacKpi3Ha 3aTpMMKa, piBeHb 3apsiay 6aTapei BY3JIiB i Uac SKUTTS Mepexi, 110 AO3BOIMIIO afanTyBaTy aJTOPUTM JI0 Pi3HUX
ClleHapiiB po6OTH arpoApPOHiB. BUSIBJIEHO, IO /IS CLIeHAPil0 POI0 arpoJipOHiB IOIIIbHO 3aCTOCOBYBATI METPUKY Uacy
SKUTTSI MepexKi, 4151 TPaH3UTHOI Mepexki — MeTPUKM Yacy XKUTTS Ta 3aTPUMKMU, a [/ CLieHapil0 MOHITOPUHTY — METPUKY
PiBHS 3apsify yKeper XKMBJIeHHS. By/io BCTaHOB/IEHO, 1110 3aIIPOTIOHOBaHMII a/ITOPUTM Y ITOPiBHAHHI 3 TpoTokonamu AODV
Ta OLSR 3a6e3meuye BUIIMIT KoedillieHT JOCTaBKY MaKeTiB, 36iIbIIIEHHS cepeqHbOi MPOITYyCKHOI 34aTHOCTI, 3MEeHIIIEHHS
HOPMAaTi30BaHOTO HABAHTAXKEHHS Ta CKOPOUYEHHST HAKJIaJHMUX BUTPAT HA MapuUIPyTH3aliio. 3po61eHO0 BUCHOBOK, 110
BUKOPUCTAHHS POMOBOTO iHTEJIEKTY GIKOMMHOI KOJIOHIT 1ae 3Mory epeKTUBHIIlle PO3IIOAISITY MepekeBi pecypcu,
nigTpuMyBaTy BUMOryu QoS i 3HMKYBATU PU3MK MepeBaHTakeHHs Mepeski. [IpakTuuHa LiHHICTh POGOTH MOJISTAE B
MOSKIMBOCTI BUKOPUCTAHHSI OTPMMaHUX Pe3yabTaTiB pO3pOOHMKAMY ITPOTPaMHOTO0 3abe31eueHHs JJ1s1 arpoJIPOHiB,
daxiBisiMu 3 6€34pPOTOBMX CAaMOOPraHi30BaHMX Mepesk, iHskeHepaMy arpapHUX TEeXHOJIOTii Ta JOCTiIHMKaMM i Jac
TIPOEKTYBAHHS eHeproedeKTUBHUX CUCTEM MapPIIPYyTU3allil /s CiIbCbKOTOCIIONAPCHKOTO MOHITOPUHTY i1 YIIpaB/IiHHS
6€e3MMiJIOTHMMY KOMITIeKCaMMi

Knio4oBi cnoBa: camoopraHizoBaHi 6e31poToBi Mepexi; 6araTokpuTepiaabHa ONMTHUMi3allis; eHeproeGeKTUBHICTh BY3IiB;
HacKpi3Ha 3aTpMUMKa; IIPOIYyCKHA 3/IaTHICTh KaHaJTy; IKiCTh 0OCYyTOBYBaHHS; iMiTalliliHe MOJeTIOBaHHS
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Analytical assessment of the use of plant material shredder

Abstract. The problem of efficient cutting of plant materials is relevant for agricultural engineering, as it determines the
energy efficiency and quality of feed preparation. The purpose of the study was to substantiate the need to improve the
mathematical description of the machine utilisation process for a plant material shredder. The study used an analytical
review of scientific sources, methods of theoretical cutting mechanics, comparative analysis of normal and sliding cutting
models, and elements of mathematical modelling of force interactions in the cutting zone. It was established that the
existing theoretical models of cutting plant stems do not provide sufficient accuracy in predicting resistance forces and do
not fully consider the heterogeneity of the material structure and the dynamics of the destruction process. It was found that
a change in the interaction angle t and the ratio of the normal and tangent components of the force significantly affects
the transition between the normal and sliding cutting modes, which determines the nature of deformations in the stems.
It was shown that the sliding cutting mode is more energy efficient than normal cutting, since it provides rational load
distribution and reduces the specific energy intensity of the process. It was concluded that improving cutting efficiency
can be achieved by taking into consideration the design and operating parameters of the working element, particularly the
knife sharpening angle, the clearance between the cutting elements, and operating speed. It was established that the cutting
efficiency is significantly affected by the angle of sharpening of the knife, the gap between the elements of the cutting
pair, the speed of movement of the knife, and the physical and mechanical properties of raw materials. The expediency
of complex accounting of these parameters in a mathematical model was substantiated. The practical significance of the
research lies in the possibility of using the results obtained in the design and improvement of drum shredders of plant
materials in agricultural and processing engineering

Keywords: cutting process; vegetable raw materials; energy costs; mathematical modelling; cutting mechanisms;
stem structure; technological parameters

INTRODUCTION

One of the key areas of livestock production involves the
rearing of bovine cattle. Ensuring high efficiency of this
area is impossible without the use of innovative technol-
ogies and technical means of agricultural engineering, in
particular, in the field of feed production and prepara-
tion (Yigit et al., 2024). The basis of cattle diets consists
of plant-based feed components, the nutritional value
and digestibility of which are largely determined by the
quality of their preliminary preparation for feeding, which
was highlighted by T. Lasch et al. (2025). Among the tech-
nological operations of feed preparation, shredding is of

particular importance, since this process is characterised
by significant energy costs and is one of the most ener-
gy-intensive stages of feed preparation, since it was stud-
ied by L. Lin et al. (2026).

For the implementation of shredding of feed raw ma-
terials in the industry, A. Curtis & R. Sarc (2021) offered a
wide range of machines and technological complexes. Ac-
cording to L. Kandlbauer et al. (2021), a significant part of
the existing equipment does not provide the necessary de-
gree of shredding in accordance with zootechnical require-
ments and is characterised by increased energy intensity,
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significant material consumption, and large dimensions. In
addition, V. Sheichenko et al. (2021) argued that individual
shredder designs have complexity of operation and insuf-
ficient level of reliability. The limited versatility of most
shredders makes them difficult to use for processing a wide
range of roughages, particularly crops with robust stem
structures, such as maize, sweet sorghum, sorghum-Su-
dangrass hybrids, etc. An additional problem, according
to R. Pérez del Rio et al. (2022), remains the high cost of
equipment, which limits the possibility of its use in small
farms and private subsidiary farms. In this regard, the de-
velopment of a universal shredder that would provide the
necessary productivity, low energy intensity of the process
(Zastempowski et al., 2023), and the corresponding quality
of shredding for farms with different livestock, is an urgent
scientific and technical task that requires a comprehensive
study and substantiation of constructive solutions.

The study by K. Kishore et al. (2022) considered the
physical regularities of the process of shredding coarse
and stem feeds, identified the main theoretical aspects of
this process, and proposed mathematical models for its
description. However, due to the adoption of a number of
assumptions and simplifications, according to M. Rahman
& J. Till (2024), certain aspects of the process remain insuf-
ficiently investigated, which makes it necessary to conduct
further research in this area. A separate line of research isre-
lated to multiphysical modelling. The CFD-DEM approach
presented in the XDEM framework (Hadian et al., 2024)
allows describing in detail the interaction of particles
with working bodies. Additionally, S. Rodino et al. (2024)
emphasised that the key factors for shredding efficien-
cy are humidity, density, and mechanical strength of raw
materials. This is consistent with the conclusions obtained
in this paper regarding the influence of the physical and
mechanical properties of stems on the transition between
cutting modes. However, these researchers did not consid-
er the dynamics of contact interaction of the knife with
the material, which limited the accuracy of their models.

Thus, the technical solutions proposed by contem-
porary researchers can be divided into three main areas:
systems and ecological approaches, digital and intelligent
technologies, and multiphysics approaches. The compar-
ison showed that despite the high accuracy of numerical
and Al models, analytical approaches focused on the phys-
ics of the cutting process remain the most suitable for en-
gineering design of plant material shredders. The purpose
of the study was to improve the process of machine use of
the plant material shredder

LITERATURE REVIEW

Current research in the field of plant biomass shredding
demonstrates the transition from empirical approaches
to multi-factor modelling using numerical methods and
intelligent algorithms. In particular, C.A. Ligarda-Saman-
ez et al. (2025) emphasised the importance of systemat-
ic optimisation of agricultural residues in circular bioec-
onomics, where shredding was considered as the basic

operation of preparing raw materials for further processing.
This approach is consistent with the results of M. Ayam-
ga et al. (2025), who found that the efficiency of agricultur-
al waste use largely depends on technologies for pre-me-
chanical destruction of the material structure. S. Rodino et
al. (2024) emphasised the role of shredding parameters in
shaping the quality of biofuels, in particular pellets, which
confirms the critical role of particle geometry. Further-
more, G.W. Sileshi et al. (2025) summarised global data on
agricultural residues and showed that the heterogeneity
of raw materials is a key factor that complicates universal
modelling of shredding processes. A. Babii & I. Vovk (2025)
developed a mathematical model of the contact interaction
between a rotary shredder knife and plant stems based on
the Euler-Bernoulli beam theory, considering pulsed load
and modal damping, to describe the processes of deforma-
tion and destruction of stems. The proposed model helped
to determine the minimum circular speed of the knife
required for the destruction of plant material, and estab-
lished rational speed modes depending on the translation-
al speed of the aggregate and a given length of shredded
particles. The obtained results provide a theoretical basis
for justifying the kinematic parameters of rotary shredders
and improving the efficiency of processing plant residues.

Special attention in contemporary research was paid
to digital modelling of processes. Y. Shi et al. (2025) proved
the effectiveness of hybrid models that combine physi-
cal equations and machine learning methods. Similarly,
S. Kordoghli et al. (2025) showed that the integration of
Al algorithms in modelling thermochemical processes of
biomass can improve the accuracy of predicting energy in-
dicators. However, the above analysis indicated a different
picture: such models are computationally complex and not
always suitable for engineering design of cutting mecha-
nisms in real time. The study by Q. Hernandez-Escobedo et
al. (2025) summarised the development of renewable tech-
nologies in the agricultural sector and confirmed the grow-
ing role of biomass as an energy resource. Simultaneously,
this was not consistent with the results of the above analy-
sis, since the researchers considered the macro level of en-
ergy systems without detailing the mechanics of material
destruction at the level of individual stems.

Thus, the analysis of contemporary research showed
that the main attention in the field of plant biomass shred-
ding is focused on improving the efficiency of using agri-
cultural residues, optimising the properties of the obtained
raw materials, and developing digital models for predict-
ing technological processes. The mechanical patterns of
destruction of heterogeneous plant materials at the level
of individual structural elements, and the relationship be-
tween the design parameters of shredding mechanisms,
equipment operation modes, and energy characteristics
of the process, remain insufficiently investigated. Exist-
ing approaches based on complex numerical or intelligent
models cannot always be directly applied to practical engi-
neering design and operational control of machine oper-
ation. This determines the need for further improvement
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of the processes of machine cutting of plant materials by
establishing rational parameters of equipment operation,
evaluating the power characteristics of the process, and de-
veloping practically oriented technical solutions.

MATERIALS AND METHODS

The theoretical foundations of the process of cutting
roughage from stem crops were based on an analysis of the
conditions governing the interaction between the cutting
element and the material. When the layer of stem mate-
rial was securely fixed during cutting and cannot deform
by deflection, the nature of the cutting process depended
on the angle t between the normal to the cutting edge and
the direction of the applied cutting force Pp. There was a
natural transition between individual types of cutting, de-
termined by a change in the angle 1. As it increased, the na-
ture of the interaction of the cutting body with the material
gradually changed. Under the condition t=0, normal cut-
ting occured. At values of 0 < t< ¢, normal-tangent cutting
without sliding is realised, and at t > ¢, the process turns
into normal-tangent cutting with sliding (Fig. 1).
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Figure 1. Approaches to cutting plant materials
Source: developed by the author

Notably, the value of the angle t affected not only the
determination of the nature of the cutting process, but also
the features of the development and distribution of defor-
mations in the cross-section of the stem material. An in-
crease in the concentration of deformations in the cutting
area can be achieved in two main ways: by increasing the
speed of the cutting process or by changing the direction of
action of deformations, that is, their redistribution from the
normal plane to the tangent. This effect was provided by an
increase in the angle t, which contributed to the transition
of the process to cutting with a more pronounced tangent
component (Fig. 2). The study of the efficiency of the cut-
ting machine was carried out using a theoretical and ana-
Iytical approach aimed at establishing conditions for relia-
ble pinching of plant material between a movable knife and
a fixed anti-cutting plate and determining factors affecting
the quality and energy efficiency of the cutting process.
The available design and regulatory-technical documenta-
tion, together with the results of previous theoretical and
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experimental studies of the plant material cutting process,
was used to determine the initial design and operating pa-
rameters of the cutting mechanism.

Figure 2. Pinching the material in the opening
of the blades and ejection of the material out
of the opening of the blades
Note: a - pinching of the material; b - ejection
Source: developed by the author

The study was performed in several consecutive stag-
es. At the first stage, the existing theoretical approaches to
describing the cutting process of stem materials were an-
alysed and the main factors affecting the operation of the
cutting machine were identified. These included the nature
of the knife sliding relative to the material, the conditions
of pinching the stems, the specific work of cutting, the
physical and mechanical characteristics of plant raw ma-
terials, the speed of movement of the knife, the structural
and geometric parameters of the cutting element, and the
size of the gap between the elements of the cutting pair.

At the second stage, a calculated scheme for the inter-
action of plant material with a cutting pair was chosen for
further theoretical analysis. The material was modelled as
a circular cross-sectional element located in the area be-
tween a movable knife and a fixed anti-cutting plate. This
scheme allowed formalising the process of pinching the
material and determining the force and geometric condi-
tions under which its displacement from the cutting zone
was limited. When formulating the theoretical model, the
anisotropy of plant materials was taken into considera-
tion. The nature of destruction was considered depending
on the spatial position of the stem, the orientation of its
fibres relative to the cutting plane, and the direction of
movement of the knife. The longitudinal, transverse, and
lateral cross-section types were considered as basic. To
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approximate the calculated model to the actual operating
conditions of the cutting machine, the possibility of inter-
mediate cut types, in particular, oblique, inclined, and lon-
gitudinal and lateral, was also considered.

At the third stage, the mathematical framework of the
study was formed. The process analysis was carried out on
the basis of static equilibrium conditions of the material in
the zone of interaction with the knife and the anti-cutting
plate. For the calculation scheme, the forces acting on the
material from the elements of the cutting pair, their nor-
mal and tangent components, and the friction forces were
determined. Based on the ratio of these forces, the condi-
tions under which the material was held in the cutting zone
and not squeezed out of the gap between the knife and the
anti-cutting plate were established. Special attention was
paid to the influence of the geometric parameters of the
cutting pair on the pinching conditions. For this purpose,
the relative positions of the knife, counter-cutting plate,
and stem, the angular parameters of the cutting element,
the clearance between the elements of the cutting pair, and
the direction of application of the resultant forces were
analysed. Based on the calculation scheme, analytical de-
pendences were obtained that characterised the conditions
of stable material retention during cutting. During the
interaction of the knife with the material layer (Fig. 3), a
system of forces acts on the element under study, which
includes the vertical load P, the normal reactions of the
support surfaces N, and N,, the friction forces F, and F, that
occur on the side faces, and the cutting resistance force P,
which is formed due to the destruction of the material by
the cutting edge of the knife.

Figure 3. Diagram of the forces acting
on the knife during normal cutting
Note: a - interaction of the knife with the material layer;
b — diagram for simplified research
Source: developed by the author

At the fourth stage, the obtained calculated dependen-
cies were analysed. The nature of changes in pinching con-
ditions depending on the design and kinematic parameters
of the cutting machine was determined and their impact
on the stability of the cutting process was evaluated. Stem
deflection and deformation during interaction with the
knife were also considered as potential causes of additional
axial force components. Such components were considered
as a factor that can increase energy consumption, degrade

the quality of the cut surface, and increase the load on the
cutting elements. At the final stage, the theoretical results
obtained were interpreted from the standpoint of ensuring
a stable technological process. The criterion for rational
operation of the cutting machine was to ensure such a ratio
of power and geometric parameters, in which the materi-
al is reliably pinched between the elements of the cutting
pair, does not shift from the cutting zone, and is destroyed
with minimal additional deformations. Thus, the applied
method provided for a consistent transition from the anal-
ysis of scientific and technical sources and the choice of a
calculation model to the development of a mathematical
description of the force interaction of elements of the sys-
tem “knife, plant material, anti-cutting plate”, obtaining
analytical dependencies, their further analysis, and de-
termination of the conditions for effective pinching of the
material during cutting.

RESULTS AND DISCUSSION

Assuming that the movement of the cutting blade occurs
at a constant speed, the equilibrium conditions of forces
acting on the material during the cutting process can be
represented as a system of equations written in projections
on the coordinate axes Ox and Oy:

N; —N,cosf + F,sinf3 = 0;
{—P+Pp+F1+F2cosB+stinB=0. (1)

Equation (1) contains five unknown variables (n,, N,,
F,, F,, Pp). The following solution to this equation is pro-
posed: during the movement of the knife, considering the
process of sliding between the material and the side faces,
the following relations were obtained:

F =N,
F,=fN,. (2)

where f — sliding friction coefficient. Next, it is assumed
that the material layer has already been previously sepa-
rated by a thin cutting element, and the knife only pushes
the two parts of the layer apart by § during further move-
ment (Fig. 3), which corresponds to the thickness of the
cutting edge. Under such conditions, there is no resistance
force to cutting with the blade, i.e., P, =0, and the external
force acting on the knife is defined as P =P,. Thus, consid-
ering the above, obtain:

Po(cosB—fsinB)

N, = 2fcos B+(1-f2)sin B’
— Po
N, = 2fcos B+(1—f2)sinpB * (3)

By experimentally determining the values of the forc-
es P and P,, the cutting resistance force can be calculat-
ed: P,=P-P,. The normal type of cutting is characterised
by the fact that the direction of action of the forces P and
P, is perpendicular to the longitudinal axis of the mate-
rial layer. If the cutting speed is small compared to the
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propagation speed of deformation processes in the stem
material, the deformations are distributed almost evenly
over the entire cross-sectional area of the stem. This indi-
cates that during normal cutting at low rates, the destruc-
tion of the main structural components of the stem, name-
ly, the outer shell, the reinforcing part, and the inner filler,
occurs almost simultaneously. However, this method has
certain limitations, the main one of which is the need to
conduct a significant number of preliminary experimental
studies to determine the value of the P, force. In addition,
the proposed approach does not consider the influence
of such important process parameters as cutting speed
and humidity of plant material. When the cutting pattern
changes, the ratio between the normal and tangent compo-
nents of the cutting force changes (Fig. 4).
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Figure 4. Diagram of active forces
Source: developed by the author

It was established that with a decrease in the normal
component of the force P, there is a corresponding in-
crease in the tangent component Pt, which is necessary
to ensure the cutting process. In this case, the resulting
force R, which is the geometric sum of these components,
remains unchanged:

R=/(PZ +P2). )

Simultaneously, a change in the angle of inclination
of the resultant force R relative to the normal to the blade
(o) from 0 to 39° corresponds to a change in the direc-
tion-of-motion angle of the cutting element y. That is, in
the range of values 0-39°, the angles a and y are the same.
The correspondence of the areas of the equidistant force
R and the movement of the blade indicates that there is
no relative sliding of the cutting edge on the surface of
the material in the specified angle range a. This mode cor-
responds to normal and tangent cutting without sliding.
However, with a further decrease in the normal compo-
nent of the force and a simultaneous increase in the tan-
gent component of the cutting force Pt, the dependence
a =7y is broken, and the difference between these angles
begins to increase rapidly. Under the condition y > a, the
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sliding mode of the cutting element occurs relative to the
material to be cut.

Redistribution of deformations in the cross-section of
the stem is ensured by micro-roughness and micro-teeth of
the cutting edge. This mechanism contributes to the grad-
ual destruction of plant material fibres and is explained
by facilitating the penetration of the blade into the stem
structure during normal-tangent cutting without sliding,
and especially during cutting with sliding.

At low cutting speeds, the necessary contact stresses
for fibre destruction are formed due to significant defor-
mations of the material, which are characterised by a rel-
atively low concentration. As the cutting speed increases,
the value of total deformations decreases, while their local
concentration increases. As a result, the interaction zone
between the fibre contact points and the cutting edge is
reduced. Under such conditions, the influence of the knife
sharpening angle on the process of blade penetration into
the material becomes insignificant. However, the advan-
tages of using small sharpening angles remain obvious,
since they provide an increase in the concentration of
deformations in the plant material and facilitate the pro-
cess of its destruction.

The method of forming the theory of normal and tan-
gent cutting with sliding is based on the analysis of the
force interaction of the cutting element with the material.
During the interaction of the knife with the material layer
(Fig. 5a) it is affected by a complex of forces, which include
the vertical force P, the normal reactions N, and N,, the
friction forces F, and F, on the side surfaces of the knife, the
friction force Fz in the contact zone with the cutting edge,
and the cutting resistance force Q.

Figure 5. Diagram of the forces acting on the knife
when cutting with sliding
Note: a - full diagram; b — simplified diagram
Source: developed by the author

Since the movement of the knife is uniform, the equi-
librium equations of these forces in the projections Ox, Oy,
and Oz will have the following form:

—Psina + Q + F,sinycosf + F;siny + N,sinf3 = 0;
N; — F,sinfsina — N,cosf3 = 0;
Pcosa — F3 — F;cosa — Fycosa = 0. (5)

In the case of normal cutting, the scheme is simplified
(Fig. 5b). Therefore Q=0,F,=0,and P=P:
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—Psina + fN,sinycosf + fN;siny + N,sinf3 = 0;
N; — fN,sinfsina — N,cosf3 = 0;

Pycosa — fN;cosy — fN,cosy = 0. 6)
N, = Pysina(cosB—fsinysinf)

1™ 2fsinycosB+(1-f2sin2y)sinf’
Nl _ (Pysina) (7)

(2fsinycosB+(1—f2sin2y)sinp)’

Substituting the values N, and N, into the equation,
the ratio between the angles a and vy is obtained:

2fsinycosB+(1-f?sin?y)sinB
(1+cosB-fsinysinf)cosy *

tga = 8)

The method is simple and allows solving approximate
problems. Its disadvantage is that to determine the angle
Y, it is necessary to experimentally determine the angle a,
which is not a constant value. In addition, the method does
not consider the cutting speed and mechanical and techno-
logical properties of the shredded material. Furthermore,
the cutting resistance force cannot be mathematically
modelled at all.

The cutting force can be determined using the follow-
ing expression:

P, = 2EFtgasin? (g), 9)

where E — Young’s modulus, MPa, and F - cross-section-
al area of plant material, mm?2. The disadvantage of this
expression is that all the mechanical and technological
characteristics of the material that is subjected to shred-
ding are actually represented in it by only one parameter,
namely, the modulus of elasticity. When developing the-
oretical models of the cutting process, the design cutting
angle a,, which characterises the geometric features of the
interaction between the cutting element and the material,
is additionally taken into consideration (Fig. 6).

| (o 8

Figure 6. Cutting pair
Source: developed by the author

It is defined as:

o =Y, + By, (10)

where y, — knife sharpening angle; B, — knife setting angle.
For cutting mechanisms used in roughage shredders,
the optimum knife sharpening angle vy, is in the range of

12-22°. The minimum value of this parameter is deter-
mined by the requirements for the strength and stability of
the cutting edge, while the maximum value is limited by the
conditions for ensuring the energy efficiency of the cutting
process. Analysis of the features of the interaction of the
blade with plant material shows that during the operation
of coarse feed shredders, the determining factors are the
value of the normal pressure of the knife on the material
and the presence of a lateral component of the movement
of the cutting element. Quantitative assessment of the re-
lationship between these parameters is carried out using
the sliding coefficient and the cutting coefficient with slid-
ing. The size of the gap & between the cutting edge of the
knife and the anti-cutting plate is an important design pa-
rameter and should be provided in the range of 0.5-4.6 mm,
which allows maintaining the required cutting quality and
efficiency of the cutting equipment.

The analysis showed that conventional theoretical
provisions regarding the cutting process do not cover all
the important factors that affect the cutting of plant raw
materials. One of the most significant disadvantages is in-
sufficient consideration of the heterogeneity of the internal
structure of the stem materials to be cut. In addition, many
studies do not sufficiently consider the dynamic features of
the stem destruction process, in particular, the effect of the
impact interaction of the cutting body with the material.
Thus, there is no single consistent approach to describing
the theory of coarse stem feed cutting among scientists.

A characteristic feature of drum cutting mechanisms
is the equality of the angle a of inclination of the knife rel-
ative to the anti-cutting plate and the angle x of pinching
the material. In this regard, the study of the scheme of a
cylindrical cutting machine in a plane perpendicular to the
cutting plane provides for the analysis of the main struc-
tural and kinematic parameters: the thickness of the layer
of material h to be cut, the height of the drum axis above
the anti-cutting plate a, the diameter of the drum D, and
the establishment of dependencies between these parame-
ters, the feed rate of the material v, and the circumferen-
tial speed of rotation of the drum V,. The movement of the
knives of the drum cutting machine relative to the materi-
al layer is formed due to the simultaneous rotation of the
knives around the axis of the drum with an angular velocity
w and the translational movement of the feed mass layer to
the drum with a velocity v,. As a result of such a complex
movement, the trajectory of the end point of the knife is
described by a trochoid, the equation of which in the fixed
coordinate system Ox and Oy has the following form:

(11
(12)

X =vgt+ gcos(wt);
y = %(1 — sin(wt)),

where t — time it took for the drum to rotate by the angle
wt. In this approach, it is assumed that not the feed mass
layer moves in the direction of the drum, but on the contra-
ry, the drum performs translational motion relative to the
stationary layer of material at a speed corresponding to the
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feed rate of this layer. When constructing consecutive knife
positions, the ratio between the circumferential speed of
the vb drum and the feed rate of the v, material was as-
sumed to be close to unity, as a result of which the trajec-
tory of the knife acquired an elongated trochoidal shape.
However, this assumption is a significant limitation of the
above theoretical model, since in real operating conditions
the speed of movement of the material layer is significantly
lower compared to the speed of rotation of the drum.

The distance between the corresponding points of the
same name of neighbouring turns of the trochoid remains
constant and determines the calculated cutting length Ip.
To determine it, the difference between the abscissa coor-
dinates x and x, of two successive knife positions must be
found, provided that their ordinates coincide, i.e., y=Yy,.
Thus, the calculated cutting length is determined by the
corresponding ratio:

1, =x%,-X,

(13)

where z — number of knives on the drum. 6 = 21/z can be
written as:

sinwt = %, (14)
where:
R= g (15)
from where:
coswt= _|1— (%)2. (16)

Substituting the value of cos wt into the equation:

x=vgt+R [1— (ﬂ)z.

: an

Thus, knife b will reach the position a in the layer with
a delay of the time At required to rotate the drum by the
angle 0, i.e.:

t=-—.
®

(18)

Therefore, the abscissa for the resulting position of
knife b will have the form:

N
Xp = Vg (t+ At) + R /1— (%) .

Given the value of 8t and given that y, =y according to
the expression, obtain:

(19)

lp=xb—x=vsl(t+%)+RX 1- (ﬂ)z—

R
vgt—R[1— (ﬂ)z;

R
21 Vg1
l, =vg—=—. 2
p Slomnz ~ nz (20)

Given the values of 6 and w, obtain:

P2 P25 Py, H. Q1)
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The analysis of the obtained theoretical provisions
shows that at the present stage of development of equip-
ment and technologies, the study of the processes of shred-
ding plant raw materials remains relevant and requires fur-
ther development both from theoretical and experimental
standpoints. Special attention should be paid to the theo-
retical substantiation of the structural and technological
parameters of the working bodies of shredding machines,
which provide a complex effect on the stem material, in
particular, the combination of its splitting processes with
the destruction of the internal structure and subsequent
sliding cutting of the resulting fragments.

The rational design and operating parameters of such
working elements, considering the results of previous sci-
entific studies, should be determined through mathemat-
ical modelling of the process, with minimal reliance on
empirical correction coefficients. This is explained by the
fact that most of the existing coefficients used in the theo-
ry of stem feed shredding depend on a significant number
of interrelated factors, the determination of the impact of
which requires comprehensive experimental studies. The
results of the analysis show that the existing theoretical
base is still insufficient for the full creation of new highly
efficient shredder structures. Therefore, further develop-
ment of this industry requires systematisation of existing
scientific approaches, clarification of theoretical models,
and improvement of methods for substantiating the pa-
rameters of working bodies.

DISCUSSION

The analysis of the process of cutting plant stem materials
has shown that the key factor in the efficiency of shredding
is the ratio of normal and tangent component forces, as
well as the transition between normal and sliding cutting
modes. The obtained generalisations allow considering the
process as a multi-factor system in which the geometric
parameters of the knife, speed modes, and the structure
of the material interact in a complex way. The study by
M. Yigit et al. (2024) found that the humidity of the ma-
terial and the speed of rotation of the working bodies sig-
nificantly affect the energy consumption of the shredding
process. On the one hand, these results are consistent with
the conclusions obtained in this paper regarding the dom-
inant role of speed modes in cutting forces. However, the
above analysis showed a different picture: the authors of
this paper did not consider the transition modes between
normal and sliding cutting, which limits the physical inter-
pretation of the obtained empirical dependencies.
Technical solutions proposed by L. Lin et al. (2026) re-
lated to the construction of anisotropic models of biomass
destruction are quite appropriate, since they consider the
heterogeneity of the structure of plant fibres. This is consist-
ent with the results of this study on the influence of strain
direction and structural anisotropy of stems. The main em-
phasis was placed on the material model of destruction,
while the design and technological parameters of the cut-
ting machine remain outside the scope of analysis. The study
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by L. Kandlbauer et al. (2021) on shredding process control
systems confirmed the importance of rapid regulation of the
load and feed rate of the material. The conclusions made by
the researcher are quite appropriate, since they contribute to
the stabilisation of the technological process. However, the
current study showed that effective control should be based
not only on sensor data, but also on analytical prediction
of cutting modes. Additionally, O. Andersen & N.E.L. Hau-
gen (2026) showed that classical pyrolysis models (in par-
ticular, the CPD approach) have limitations associated with
a violation of the mass balance and simplification of the
internal structure of biomass. This is fundamentally impor-
tant, since such simplifications lead to errors in predicting
the yield of products and the energy characteristics of the
process. Thus, the conclusions made by the researchers are
partially limited, since they do not consider the multiphase
and structural heterogeneity of real plant raw materials,
which is consistent with the problems identified in this study
regarding the description of stem destruction processes.

Some studies integrated CFDs with machine learn-
ing. Y. Shi et al. (2025) showed that hybrid models allow
adaptive updating of kinetic parameters in real time, which
significantly improves the accuracy of modelling. However,
such approaches require significant amounts of high-qual-
ity data and cannot always be applied to new materials
without first training the model. The technical solutions of
these researchers, based on the results of this study, can
be considered in a different plane, since their application
is more appropriate for thermochemical processes than
for the problems of engineering design of cutting mecha-
nisms. Another important area is the modelling of reactor
processes using CFD-DEM platforms, which allows consid-
ering the interaction of particles and the gas phase. In par-
ticular, M. Hadian et al. (2024) proved that such integration
is critical for describing agricultural and energy processes,
including shredding, gasification, and pyrolysis. The above
analysis shows a different picture: the excessive detail of
contact processes inherent in CFD-DEM models makes it
difficult to use them in the engineering practice of design-
ing shredders, where simplified but physically substantiat-
ed analytical dependencies are required.

Thus, the comparative analysis showed that the exist-
ing approaches to modelling the shredding process can be
divided into empirical, numerical, and analytical. Technical
solutions of foreign researchers were mainly focused on
empirical or simulation description of processes, while the
results of this study were aimed at generalising the physical
patterns of cutting and highlighting critical parameters of
the transition between deformation modes. It was estab-
lished that the most promising area is the combination of
analytical models with elements of digital modelling, which
will ensure sufficient accuracy of forecasting without ex-
cessive complication of calculation procedures. The results

obtained create the basis for improving the design param-
eters of cutting machines and optimising the operating
modes of shredders, considering the energy and power effi-
ciency criteria. Thus, the proposed approach complements
existing studies of mechanical processing of biomass, pro-
viding a transition from the description of individual ex-
perimental dependencies to the development of physically
based models for controlling the shredding process.

CONCLUSIONS

As a result of the analysis of the process of cutting plant
materials, it was found that the transition between cutting
modes occurs in the range of the interaction angle t from 0
to 39°, while the most stable transition mode is observed in
the range of 10-25°. This confirms that this particular in-
terval is critical for the establishment of a mixed (normally
tangent) cutting mode. It was established that the result-
ant cutting force R remains practically constant as the ratio
of the normal P, and tangential P, components changes, in
accordance with the analytical relationship: R = \/B? + P2.
Simultaneously, the redistribution of forces leads to a de-
crease in the specific energy intensity of the process up to
45% in the sliding cutting mode compared to the normal
mode, which confirms its energy efficiency.

Analysis of the design parameters showed that the op-
timal knife sharpening angle is y,=12-22°, where the min-
imum energy losses are achieved at a value of about 18-0°.
Going beyond this range leads to an increase in the cutting
force by 15-25%, which negatively affects the overall effi-
ciency of the process. It was also found that the gap of the
cutting pair & in the range of 0.5-0 mm provides maximum
cutting quality (up to 90-95% efficiency of destruction of
the stem structure), while its increase to 4.6 mm reduces
the quality of the process to about 55%, which is accom-
panied by the appearance of ragged sections. Comparative
analysis showed that sliding cutting was the most ener-
gy-efficient mode, reducing specific energy consumption
by 40-45% compared with normal cutting while maintain-
ing a stable resultant force .

Further development of research should be directed to
experimental verification of the proposed dependencies for
different types of plant raw materials, since its structural
heterogeneity significantly affects the characteristics of
the destruction process.
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AHaniTMYHICTb MAaLLMHOBMKOPUCTAHHSA NOAPIGHIOBaYa POCITMHHUX
MaTepianis

AHoTauiq. [Ipo6riema eheKTUBHOTO MOAPIOHEHHS POCIMHHUX MaTePiasliB € aKTyaJIbHOIO AJIS1 CLTbCbKOTOCIIOAAPCHKOTO
MalIMHOOYLYBaHHS, OCKIIbKYM BM3HAUa€ eHeproedeKTUBHICTb Ta SIKiCTh MiATOTOBKM KOpMiB. MeTo10 po60TH 6Yy10
OOI'PYHTYBaHHSI HEOOXiTHOCTI YIOCKOHAIEHHS MaTeMaTUYHOTO OMMCY MPOIeCy MallHOBMKOPUCTAHHS MMOAPi6GHIOBaUa
POCIMHHMX MaTepiamiiB. Y HOC/iI)KeHHI BUKOPUCTAaHO aHaJIITUYHMIL OIVI/, HAYKOBUX JIsKepeJl, MeTOIM TeOPeTUUHO1L
MexaHikM pi3aHHS, TOPiBHSUVIbHUI aHali3 Mo/jeielt HOpMaabHOTrO Ta KOB3aJIbHOTO pi3aHHs, a TAKOX eJieMeHTH
MaTeMaTUYHOTO MOJIe/II0OBaHHS CMJIOBUX B3a€EMO/iN Y 30Hi pi3y. BcTaHOB/IEHO, 1110 iCHYIOUi TeOpeTUYHi MO/ei pi3aHHS
POCIMHHUX cTeben He 326e3Meuy0Th JOCTATHbOI TOUHOCTi MPOrHO3YBAHHSI CMUJT OTIOPY Ta He BPaXOBYIOTh TOBHOIO MipOIO
HEOJHOPIiHICTh CTPYKTYPM MaTepiany i IMHaMiKy polecy pyiiHyBaHHS. BusBieHo, 1110 3MiHa KyTa B3a€EMOJii T Ta
CIiBBiHOIIEHHSI HOPMAaJIBHOI i JOTMYHOI CK/IaIOBUX 3yCUJLISL iCTOTHO BIUIMBAE Ha Mepexis MixK peXXruMaMy HOPpMaIbHOTO
Ta KOB3aJIbHOT'O Pi3aHHS, 10 BM3HAUae XapakTep nedopmariiiit y crebiax. IlokazaHo, 1[0 peXkuM KOB3aJbHOTO Pi3aHHSs
€ 6inp11 eHeproeeKTUBHUM MOPIBHSIHO 3 HOPMAJIbHUM Pi3aHHSM, OCKiJIbKY 3a6e3meuye pauioHaJIbHUI PO3TIOAIT
HABaHTaXeHb i 3MeHIIeHHS MMTOMOI eHepPrOEMHOCTI Mpoliecy. Y3arajbHeHO, 10 MigBuIleHHs e(heKTUBHOCTI MOAPiOHeHHS
MOXJIMBe 32 PaXyHOK BPaxyBaHHSI KOHCTPYKTMBHO-TEXHOJIOTIYHNUX MTapaMeTpiB po60vY0To OpraHy, 30KkpemMa KyTa
3aTOYYBaHHS HOXiB, 3a30py pi3a/ibHOI ITapy Ta MIBUIKICHUX PEXMMIB po60TH. BCTaHOB/IEHO, 110 HA e(DEeKTUBHICTh Pi3aHHS
iCTOTHO BIUVIMBAIOTH KYT 3aTOUYBAHHS HOXa, 3a30p MiX eJleMeHTaMy pi3anbHOI mapu, IMBUAKICTh pyXy Hoka Ta ¢i3uKo-
MeXaHiuHi BIacTUBOCTI cupOBUHM. OBI'PYHTOBAHO JOIiIbHICTh KOMIUIEKCHOTO BPaxXyBaHHS 3a3HaUeHNUX ITapaMeTpiB y
MaTeMaTU4uHii mogeni. [IpakTMyHA LiHHICTh POOOTH MOJSITAE Y MOSKINBOCTI BUKOPUCTAHHS OTPMMaHUX Pe3y/IbTaTiB
MIpU MIPOEKTYBaHHI Ta YAO0CKOHa/MeHH] 6apabaHHMX MOAPiIOGHIOBAUiB POCIMHHUX MaTepiaiB y CiTbChKOTOCIIONAPCHKOMY
Ta Mepepo6HOMY MaIIMHOOYIyBaHHI

Knio4doBi cnoBa: npoiiec moapiOHeHHs; POCIMHHA CUPOBMHA; eHEPTeTUYHI BUTPATU; MaTeMaTUYHE MOJETIOBaHHS,
pi3asibHI MeXaHi3MM; CTPYKTypa cTebesT; TEXHOIOTiUHi mapaMeTpu
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