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Abstract

The increase in electricity demand and the need for renewable energy are driving the rapid adoption of distributed
generation sources, where photovoltaic (PV) generation holds a leading position. While PV systems convert free
sunlight into electrical energy, their sensitivity to weather variations and lack of inertia limit widespread application
without auxiliary energy storage systems. The variable nature of output power caused by dynamic solar radiation
intensity changes is one of the main challenges for PV. In weak electrical grids, PV output power changes could
significantly affect voltage levels, leading to electromagnetic compatibility issues and compromising the stability of
generation sources and consumers. This paper focuses on studying short-time intensive solar irradiance changes the
impact on a PV-rich medium voltage grid. Using the MATLAB/Simulink environment the rapid solar irradiance
changes have been modeled to examine output PV power changes and the resulting voltage changes in the point of
common coupling, depending on the control mode applied by the PV inverter.
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1. Introduction

While integrating new solar power plants into the existing grids, severe problems could arise due to photovoltaic
(PV) output power changes. The dense cloud cover movement is one of the key weather factors. A sudden decrease in
solar irradiation on the panels leads to a sharp drop in the PV output power and a voltage reduction at the point of
common coupling (PCC). Conversely, overvoltage conditions appear under high power from PV and decreased PCC
load. Such voltage changes could negatively impact consumers, particularly constant power load consumers, who
restore their previous consumption level by increasing the current. This is especially dangerous for consumers, such as
induction motors, as a voltage reduction leads to a decreased electromagnetic torque, potentially causing their
disconnection from the grid, increased reactive power consumption, and the risk of voltage collapse.

2. Analysis of publications and research

Early studies on the integration of PV into the power grids [1]-[4] examine the dynamic response of photovoltaic
generation systems to rapid changes in solar irradiance under high solar penetration conditions. The authors found that
the voltage levels at the PCCs experience significant deviations during the sharp irradiance change periods if PV
inverters are not equipped with reactive power control features. These studies also established that with an increasing
level of PV penetration, the amplitude of such voltage changes grows substantially. The simulated impact of rapid solar
radiation changes on the distribution grid shows that PV power variations pose a potential threat to voltage stability due
to the rapid decrease in generated power, delays in transformer on-load tap changer (OLTC) operation, and dynamic
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loads — particularly induction motors — which significantly affect operational stability. The authors emphasize that
equipping inverters with reactive power control features brings a positive impact on power quality and voltage stability.

Recent studies focus on inverter control systems improvements for PV power plants [5], [6], particularly the
application of smart inverters with extended reactive power control capabilities during the nighttime [7] and the
implementation of grid-support functions during voltage sags and LVRT [8]. Some studies analyze dynamic stability
and short-term voltage changes caused by cloud transients, load fluctuations, and fault conditions at the PCC [9], [10].
Other studies are devoted to the long-term PV operational stability research [11], [12], where the authors demonstrate
that existing PV control techniques have several drawbacks in long-term voltage control efficiency and propose
improved systems to address these issues.

3. Goal of the paper

The purpose of this research is to model the impact of the rapid solar irradiance changes on grid voltages under
the different inverter control modes applied to the PV power plant; to analyze voltage changes caused by changes in
the active power of PV; and to create a parameterized computer model for further research.

4. Initial data

The studied medium voltage (MV) power system diagram with a PV plant, which consists of panels themselves
and inverters, and is connected to the external power grid via a 25 km 35 kV overhead transmission line, is shown in
Fig. 1. All components of the power plant are connected to the 10 kV buses of a transformer with a rated power of
10 MVA. Local consumers are also connected to the 10 kV buses of the transformer. These buses are the point of
common coupling (PCC) for all elements of the system.

110 kV
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<4+— =
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Fig. 1. Schematic diagram of the studied power system.

5. Modeling the inverter control processes

The MATLAB/Simulink environment was used for modeling. To model the power transformers’ operation,
catalog data and the "Three-Phase Transformer (Two Windings)" and "Three-Phase Transformer (Three Windings)"
blocks were used; the parameters for the power transformers are provided in Table 1. The electrical connection between
the Point of Common Coupling (PCC) transformer and the main system is established by an overhead power
transmission line. The transmission line was modeled based on the catalog data for the AS-70/11 conductor and
implemented using the "Three-Phase Series RLC Branch" block; the parameters for the transmission line are presented
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in Table 2. To create the load at the PCC and at the beginning of the line, the "Three-Phase Series RLC Load" block

was used; the parameters for the load are given in Table 3.

Table 1. Power transformer parameters.

Name of parameter Tl T2 T3
Apparent power S, MVA 25 10 5
Winding 1 voltage V1, kV 115 38.5 10
Winding 2 voltage V2, kV 38.5 10.5 0.7
Winding 3 voltage V3, kV 11 - 0.7
Winding 1 R, p.u. 0.00375 | 0.00375 | 0.00465
Winding 2 R, p.u. 0.001343 | 0.00375 0.0093
Winding 3 R, p.u. 0.0081 - 0.0093
Winding 1 L, p.u. 0.04 0.04 0.0375
Winding 2 L, p.u. 0 0.04 0.075
Winding 3 L, p.u. 0.0675 - 0.075
Magnetization resistance, Rm, p.u. 806 690 544
Magnetization inductance, Lm, p.u. 145 127 114

Table 2. Power transmission lines parameters.

Name of parameter Value
Length, km 25
RO, Ohms 0.306
X0, Ohms 0.444

Table 3. Load parameters.

Name of parameter Value
P, MW 5
Qi, MVar 0.5
Pyec, MW 9.5
Qpec, MVar 1

The “PV Array” block was used to model the set of photovoltaic panels, connected in series to achieve desired
voltage and in parallel for desired current, allowing simulation of output power change by causing incoming solar
irradiance and temperature changes. The key parameters of the PV array are shown in Table 4. The “Three-Level NPC
Converter” was chosen to model DC to AC converter, the inverter parameters are shown in Table 5. The low pass filter

parameters are presented in Table 6.

Table 4. PV panels parameters.

Name of parameter

Value

Module data

Solar GS-420KR3

Maximum power, W 420.0526
Open-circuit voltage Vo, V 60.65
Short-circuit current I, A 9.12
Voltage at maximum power point Vi, V. 48.73
Current at maximum power point Ly, A 8.62
Temperature coefficient of V., %/deg. C -0.36
Temperature coefficient of I, %/deg. C 0.05

Parallel / Sequential

2 x 31s150p
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Table 5. Inverter parameters.

Name of parameter Value
Model type Average model U ref controller
Diode on-state resistance, Ohms 0.001
Diode snubber resistance, Ohms le6
Diode snubber capacitance, F inf
Diode forward voltage, V le-3
DC side snubber resistance, Ohms inf

Table 6. Low pass filter parameters.

Name of parameter Value
L1, mH 150
L2, mH 150
C, uF 500

The inverter control system is implemented based on a phase-locked loop (PLL), achieving inverter voltage
synchronization with the measured voltage signal at the point of common coupling (PCC). While the inverter mimics
the voltage, the operating modes are controlled by current. To simplify the inverter control system tuning,
synchronization with an ideal voltage source has been used, which eliminates undesirable distortions of control signals
caused by grid synchronization deviations. The PV system functional diagram is shown in Fig. 2.
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Fig. 2. Functional diagram of the PV system.

The control system was modeled based on Kirchhoff’s voltage law for the inverter — filter inductance — filter
capacitor loop in the complex-vector form of current and voltage values in the dg0 coordinate system:

Uy = U, + jwLy Ty, (1)

= . . 3 . . - . .
where U,,, is an inverter output voltage vector; U, is a capacitor voltage vector; I, is a vector of current from inverter
toward filter; L, is a filter inductance.

By decomposing the vectors (1) into their real and imaginary parts for each vector, the following expression is
obtained:

Uinvd +jUinvq = (Ucd +chq) +ij1(Iinvd +j1invq)' (2)

where Up,y, ¢ is a d-axis component of the inverter voltage; U;p, 4 is a g-axis component of the inverter voltage; U, 4 is
a d-axis component of the filter capacitor voltage; U, , is a g-axis component of the filter capacitor voltage; I;ny ¢ is @
d-axis component of the inverter current; I;,,, 4 is a g-axis component of the inverter current.

For convenient application in the control system, they have been converted into a system of equations grouped by
the values in the real plane and the imaginary plane:
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{ Urera = Uca — Wlilinyg; 3)

jUrefq = chq + jwlLiliny g-

To introduce the reference current values liny g ref and iy, g rep into the system of equations (3), proportional—
integral (PI) controllers outputs (uq p;, Uq pr) are used, representing the operation of PI controller for the corresponding

currents. Thus, the inverter control system takes the form of two control loops — the d-axis current control loop and the
g-axis current control loop:
{ Uinv dref = Ug pr (Iinvd ref Iinvd ) - lelinvq + Ucd; (4)
Uimi qref = uq PI (Iinvq ref — Iinvq ) + lelinvd + Uc q’

where ug p; is output signal of PI controller for d-axis current; ug, p; is output signal of PI controller for g-axis
current; Ijyy, g e is reference current in d-axis; lin, q e is reference current in g-axis.

D-q axes currents PI controllers’ outputs:

t

ugp(t) = Kp (Iinvdref(t) = linpa (t)) + Kij(; (linvdref(r) - Iinvd(T)) dr; (5)

quI(t) = Kp (Iinvqref(t) - Iinvq (t)) + Kifo (linvqref(r) - Iinvq(T)) dr, (6)

where K, is the proportional gain of the PI controller; K; is the integral gain of the PI controller; 7 is the integration
variable.

Since Ujpy, ¢ and Upp,, 4 are large magnitude values, they must be normalized for use in the control systems:

{ Upwm dref = Uiny dref/(Udc/z); )

Upmw qref = Uinvqref/(Udc/z):

where Uy,ywm darefs Upmw qrer are the reference voltage in d-q axes used for PWM generator control; Uy, is the DC
bus voltage.

Since the variation of solar irradiance directly affects the generated active power, the reference current I, g rer
value must be carefully adjusted to obtain the maximum power from the solar panels on the one hand, and to maintain

the system stability on the other. The d-axis current control equation takes the form of the PI controller output by
continuously tracking the difference between the solar panel voltage and reference voltage:

Iinvdref = Upy PI(Upv ref — Upv)' )]

where Up,, rer is the reference voltage of the PV panels; U,,, is the measured voltage of the PV panels; u,,, p; is the
output signal of PI controller of PV voltage.

PV voltage PI controller output:

t

s 1(8) = Ky (U rer© = Upn©) 4 Ki | (U ey () = Uy @) ©

where K, is the proportional gain of the PI controller; K; is the integral gain of the PI controller; 7 is integration variable.

To model various techniques of reactive power control, the reference current value Iy, ¢ -y Should be continuously
adjusted by the control system as a function  reacting to external parameters
change depending on the specified reactive power control mode, Iinyqref = f (@) for constant power factor or

Liny gref = f(UpCC) for Volt Var control.
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To mimic the solar irradiance changes, the results of [13] were used. According to the source, the most probable
ramp rate of solar irradiance during dense moving clouds lies in the range of [— 200 ... + 200] (W /m?)/s. The solar
irradiance variations over 240 seconds used for further modeling are shown in Fig. 3.
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Fig. 3. Solar irradiance variation.

To configure the control system for constant power factor mode the PI controller has been used, which
continuously adjusts the g-axis inverter current:

Iinvqref =Uypr (Pgridtg((pref) - Qgrid)t (10)

where tg(¢@yf) is a desired power factor for the control system to maintain; Q4,4 is a measured value of inverter output
reactive power injected into the grid; Py,;q is a measured value of inverter output reactive power injected into the grid;
Uy, py is the output signal of power factor PI controller.

Power factor PI controller output:

u(p PI (t) = Kp (Pgrid (t) tg((pref(t)) - Qgrid (t)) + Ki JO (Pgrid(T) tg((pref (T)) - Qgrid (T)) dr ’ (11)

where K, is the proportional gain of the PI controller; K; is the integral gain of the PI controller; 7 is integration variable.

Depending on the selected reactive power control technique, a different voltage profile and amplitude of the
voltage changes will be observed at the PCC. This is because modern PV inverters are capable not only of converting
DC into AC, but also of operating as dynamically controlled devices, generating or consuming reactive power.

Fig.4 presents the simulation results to demonstrate the operating conditions of the PV inverter with a unity power
factor. In this case, the inverter generates only active power, while its reactive power equals zero (Fig. 4,a). Fig. 4,c
demonstrates the current component along the q-axis, which corresponds to reactive power, is adjusted by the control
system (10) to maintain the inverter’s output reactive power, whereas the d-axis component varies according to changes
in solar irradiance (8). In this operating mode, the voltage at the PCC (Fig. 4,b) increases proportionally to the changes
in active power generation. This phenomenon is explained by the fact that the power flow from the PV inverters to the
grid reduces the voltage drop across the transmission line impedance, resulting in a voltage increase at PCC.

For comparison, Fig. 5 shows the system controls reactive power maintaining a fixed inductive power factor
(cospiny, = 0.95). In this case, in addition to active power generation coming from PV, the inverter consumes reactive
power from the grid proportionally to the specified power factor. This is shown in Fig. 5,c, where the current component
along the g-axis has a negative value. Fig. 5,b demonstrates voltage changes are significantly lower compared to the
operating mode with cosg;,, = 1. This mode serves as an effective method for preventing overvoltage, particularly
during periods of peak solar activity and low local demand.
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Fig. 4. Simulation results of the constant power factor cosg;,;, = 1 reactive power control mode.
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Fig. 5. Simulation results of the constant power factor cosg;,,, = 0.95 (inductive) reactive power control mode.

Fig. 6 displays the simulation results for the operating mode with a capacitive power factor, in which the inverter
generates reactive power proportionally to the generated active power. In Fig. 6,c, the current along the g-axis has the
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opposite direction and a greater amplitude compared to the inductive mode, which makes it an amplifier of voltage
deviations during the active power generation changes caused by irradiance variations.
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Fig. 6. Simulation results of the constant power factor cosg;,,, = —0.95 (capacitive) reactive power control mode.

By analyzing the plots presented in Fig. 4, Fig. 5 and Fig. 6, the common pattern of reactive power control in PV
power plants with a constant reactive power factor has been identified and confirmed — a reduction of the amount of
reactive power generated into the grid leads to a decrease of voltage changes in the PCC connection with electrical
grid [14].

However, this control mode does not provide an adaptive response to variations in grid parameters and does not
allow the inverters to maintain the voltage within a specified range, which restricts its application in the grids with a
high share of distributed generation.

To implement the Volt Var reactive power control mode, a PI controller was used, whose output adjusts the
inverter current magnitude along the g-axis based on measured and reference voltages at the PCC buses:

Iinvqref = uvpcc PI (Uref pcc — Upcc)» (12)

where Uy.f pcc is the reference value of the voltage to maintain at the PCC; U . is the measured value of the voltage
at the PCC; Uy p; is the voltage PI controller output.

Voltage PI controller output:

Uypcc PI (t) = Kp(Uref pcc(t) - Upcc(t)) + Kif (Uref pcc(T) - Upcc(T)) dT' (13)

where K, is the proportional gain of the PI controller; K; is the integral gain of the PI controller; 7 is integration variable.

The simulation results of PV operating in the PCC voltage support mode is presented in Fig. 7. The variations of
PV output power shown in Fig. 7,a indicate that the reactive power increases inversely proportionally to the changes in
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active power, thereby compensating the variations in solar irradiance. While output power remains the same, Fig. 7,5
demonstrates a stabilized voltage level at the PCC achieved solely through Volt Var reactive power control technique.
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Fig. 7. Simulation results of the Volt Var voltage support reactive power control mode (Upcc rep = 1.04).

6. Conclusion

In this study, a control system for a photovoltaic (PV) inverter was modeled, and a comparative analysis was
conducted on reactive power control techniques for the PV plant integrated into a medium-voltage grid. The abrupt
variations in solar irradiance, causing PV output power changes, were considered as a key factor in voltage changes.
Results indicate that in grids featuring a substantial proportion of PV generation, power changes induced by the
irradiance changes can cause significant voltage changes at the point of common coupling (PCC). The profiles of the
voltage changes at PCC were examined depending on the reactive power control technique. The results show that
inverters equipped with the reactive power control features are also effective support devices, maintaining voltage
within predefined bounds.

Findings reveal that when incorporating PV power plants into suitably designed grids, voltage control can be
performed without the use of expensive energy storage systems, utilizing only the reactive power capabilities of PV
inverters. This underscores the role of PV power plants as a grid support asset, especially in scenarios with elevated
renewable energy penetration.
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MogaenrBaHHs NpoueciB KepyBaHHA 1 POTOCJIEKTPUYHUX CTAHIIH

Oner Makcumyk

Hayionanvuuii ynigepcumem «Jlvgiecoka nonimexuixay, eyn. C. banoepu, 12, m. Jlvsis, Yrpaina

AHoOTAaNis

30UIbIICHAS TIONMUTY HAa CNEKTPOCHEPTril0 Ta MOoTpeda B BiTHOBIIOBAHIM EHEPrii CIPHUAIOTH MIBHIKOMY
BIPOBAKEHHIO JDKEpEJ PO3IOJIICHOT0 TeHepYBaHHs, Cepell SIKMX COHAYHA SHepreTHKa 3aliMae IpOBiJHE Micle.
DoTOENEKTPUYHI CUCTEMH TIEPETBOPIOIOTH €HEPTil0 COHSYHOIO CBITJIA HAa EJNEKTPUUYHY, HPOTE YyTIMBICTH IO 3MIiH
MOTOJTHUX YMOB OOMEXKYE TX MIHPOKE 3aCTOCYBaHHs 0€3 JOMOMDKHUX CHCTEM eHepro3zoepexerns. OIHIE 3 TOJOBHUX
mpo0JIeM Mig 9ac eKCIuTyaTarii pOTOeIeKTPIUYHIX ITaHeIel € 3MIHHUH XapakTep BUXITHOT MOTYKHOCTI, CIPUYUHCHHAN
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Abstract

The paper presents a comprehensive analysis of the application of trapezoidal weirs coupled with automated
measurement systems for the precise determination of seepage flow rates through earth dams at hydroelectric power
plants. A key focus is placed on the hydraulic operating modes of these weirs, particularly the distinction between non-
submerged and submerged conditions. The paper details the results of extensive laboratory studies conducted to
quantify the impact of submergence on the discharge capacity of trapezoidal weirs. These experiments led to the
derivation of a submergence coefficient, which is crucial for correcting standard discharge formulas. The findings
demonstrate that neglecting this coefficient can lead to significant overestimation of actual flow rates, with errors
exceeding 457%. The study proposes a refined formula and a corresponding graphical relationship to ensure accurate
seepage monitoring, thereby enhancing the operational safety of hydraulic structures.

Keywords: trapezoidal weirs; laboratory studies; submergence coefficient; discharge capacity; measurement
automation.

1. Use of weirs at hydropower plants in Ukraine

In the construction of hydroelectric power plants, earth dams are fundamental structures used to create a hydraulic
head. A critical and inherent characteristic of these embankments is the presence of seepage through the dam's body
and foundation. According to the U.S. Bureau of Reclamation's Water Measurement Manual [ 1], the diligent monitoring
of this seepage is not merely a procedural task but a cornerstone of dam safety and operational integrity. Uncontrolled
or excessive seepage can lead to internal erosion (piping), which compromises the structural stability of the dam and
poses a significant risk. Consequently, continuous monitoring is conducted through a network of instruments and
observations, tracking key parameters such as soil strength, the position of the phreatic surface (depression curve),
seepage velocities, and hydraulic gradients.

To manage and quantify seepage, dams are equipped with special drainage systems designed to intercept and safely
divert percolating water. These systems often include internal pipe drains, inspection wells, and collection channels. A
crucial aspect of this monitoring program is the accurate measurement of the seepage flow rate at various points within
the drainage network. For this purpose, various hydraulic measurement devices are employed, among which weirs are
one of the most reliable and widely accepted solutions, as detailed by Ackers et al. in Weirs and Flumes for Flow
Measurement [2].

For measuring flow in open, non-pressurized channels, thin-plate weirs offer a simple, cost-effective, and accurate
method. These structures function by forcing the flow over a crest of a specific shape, creating a direct relationship
between the upstream water depth (head) and the discharge. According to their geometry, weirs are classified as
rectangular, triangular (V-notch), and trapezoidal, among others (Fig. 1) [3]. The trapezoidal weir, particularly the
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Cipolletti type with sides sloped at 1 horizontal to 4 vertical, is highlighted in the Water Measurement Manual as a
standard design that automatically compensates for end contractions. Due to their reliability and robust performance,
both trapezoidal and triangular weirs are the most commonly utilized types in field and laboratory settings for hydraulic
measurements.

L g 2

'l 2

d) e

Fig. 1. Types of weirs for non-pressurized flows by cross-sectional shape: a) — rectangular, b) — triangular, ¢) — trapezoidal,
d) — circular, e) — parabolic (where: UWL is upstream water level; H is the head on the weir crest; P is the weir crest height; b is
the crest width; 0 is the angle of the V-notch; a is the angle of the side slope; od is the diameter)

2. Types of hydraulic regimes for trapezoidal weirs

By the type of hydraulic regime, weirs are divided into submerged and non-submerged (free-flow) [4]. In the
presence of a subcritical flow, a thin-plate weir is considered non-submerged if the downstream water level is below
the weir crest elevation (Fig. 2). In laboratory settings, weirs are arranged to always operate in a non-submerged mode.
In field conditions, efforts are also made to install weirs so that they are non-submerged. The water discharge through
a non-submerged symmetric trapezoidal weir can be found using the following formula [5],[6]:

Q =my(b+08tana H)H,/2gH, (1)

where H is the head on the weir crest; my is the weir discharge coefficient; b is the crest width; g is the acceleration due
to gravity; a is the angle between the vertical and the side of the trapezoid. Here, H and b are expressed in meters, g in
m/s?, and the discharge O in m*/s.

If the crest width b and head H are expressed in meters, and we assume mq = 0.42, m, = 0.25 for a trapezoidal thin-
plate weir with an angle a = 14°, and g = 9.81 m/s?, the formula (1) takes the following form for discharge O in m*/s:

Q =1.86(b + 0.2H)H /2. )

The calculated discharge values Q, according to formula (2), are presented in Table 1.

The head on the weir crest is measured using sensors, and the discharge is then determined from this head. It must
be emphasized that formulas (1), (2), and consequently the results of automatic measurements, are valid only for a non-
submerged weir, where the downstream water level (|[DWL) is below the crest elevation (Fig. 2,a),
L DWL < weir crest.

In the case of a submerged weir (Fig. 2,b), 1 DWL > | weir crest, the weir is submerged, and formulas (1), (2)
contain a certain error due to not accounting for the effect of submergence. The magnitude of this error depends on the
degree of submergence, and formulas (1) and (2) significantly overestimate the actual discharge value.
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Table 1. Discharge values Q for a trapezoidal weir according to formula (2) with m; = 0.42,
my, =0.25,g=9.81 m/s?, b=0.4 m.

H 0 H 0 H 0 H 0
m m?/s m m?/s m m?/s m m?/s
0.05 0.009 0.14 0.042 0.26 0.111 0.44 0.265
0.06 0.011 0.15 0.046 0.28 0.126 0.46 0.286
0.07 0.014 0.16 0.051 0.30 0.141 0.48 0.307
0.08 0.018 0.17 0.057 0.32 0.156 0.50 0.329
0.09 0.021 0.18 0.062 0.34 0.173 0.60 0.450
0.10 0.025 0.19 0.067 0.36 0.190 0.70 0.588
0.11 0.029 0.20 0.073 0.38 0.207 0.80 0.745
0.12 0.033 0.22 0.085 0.40 0.226 0.90 0.921
0.13 0.037 0.24 0.098 0.42 0.245 1.00 1.116
ypstream ypstream
* water level i water level downsiream
————— f { water level
N downsfream R 7
e wafer level - —— s e
4 (et -
Q| wer ;x Q| wer r
crest crest )
/ HAALAL AR KA / S P A A
a) b)
Fig. 2. Scheme of unsubmerged (a) and submerged (b) trapezoidal weir.
3. Laboratory investigation of the submergence effect
Formula (2), taking into account the effect of submergence, will take the below form:
3
Q = 1.86(b + 0.2H)a,H /2, 3)

where o is the submergence coefficient.

Using a symmetric trapezoidal weir with a crest width » = 0.4 m and an angle of inclination of the side relative to
the vertical o = 14°, and an automated measurement system, a hydraulic modeling of the operation of trapezoidal weirs
in a submerged mode was carried out in the laboratory conditions in the following way.

e The level of weir crest was measured as 20.09 mm.

o The water discharge Q4 was supplied to the flume and measured by a triangular weir located at the beginning of
laboratory setup.

e The submerged regime was simulated in the downstream of the trapezoidal weir by means of different types of
gates.

o The upstream water level (JUWL) and downstream water level (|DWL) were measured after the steady flow
was formed in the flume.

e The depth downstream the weir was increased several times for the same water discharge in the flume Qa. For
each depth, the new values of [UWL and |DWL were measured.

e The water discharge Qs was changed and all operations were repeated.

e Based on measured data the head H, submerged depth A of trapezoidal weir and the flow water rate by formula
(2) Oy were calculated.

¢ To find the influence from submerged depth on values of water flow rate the difference between the values Op
and Qs was found.



Roman Zaichuk

112

The results of determining the submergence coefficient are presented in Table 2. Furthermore, there is a
comparison of the actual discharge value with the theoretical one, which does not account for the influence of the
submergence coefficient.

Table 2. Experimental values of s for a trapezoidal weir.

dgsﬁziée Head on Theoretical [;:t\;i:;i?rz;f
(from - Submergence Submergence discharge .
triangular trapezmdal depth, hs, cm coefficient, (formula (2)) theoretlcal
. weir, H, cm hy/H discharge,
weir), O, os Op, dm’/s AO, %
dm?/s
1 2 3 4 5 6 7
5.00 44 0.2 0.045 0.7125 7.02 40.36
13.67 20.5 20 0.976 0.1796 76.13 456.95
14.8 14 0.946 0.3005 45.50 232.81
11.6 10.5 0.905 0.4396 31.10 127.50
7 1.9 0.271 0.9585 14.26 433
30.01 24.7 23.7 0.960 0.2925 102.61 241.92
24.1 23.5 0.975 0.3043 98.63 228.66
24 22.8 0.950 0.3063 97.97 226.47
22 20.7 0.941 0.3522 85.22 183.96
14.7 10.7 0.728 0.6667 45.01 50.00
12.9 7 0.543 0.8178 36.69 22.27
11.4 0.8 0.070 0.9914 30.27 0.86
4075 26.6 25.7 0.966 0.3524 115.64 183.79
26.4 25.1 0.951 0.3567 114.24 180.35
24.9 23.1 0.928 0.3920 103.95 155.10
19.7 15.5 0.787 0.5702 71.46 75.37
16 9 0.563 0.7924 51.43 26.20
15.2 6.5 0.428 0.8590 47.44 16.42
14.5 2 0.138 0.9249 44.06 8.12
50.61 28.6 26.9 0.941 0.3891 130.07 157.00
27.3 24.4 0.894 0.4196 120.61 138.31
254 21.4 0.843 0.4715 107.34 112.09
23 17.4 0.757 0.5531 91.50 80.80
19.7 10 0.508 0.7082 71.46 41.20
18.1 4.7 0.260 0.8101 62.48 23.45
17.7 4 0.226 0.8392 60.31 19.16

Table 2 shows that if the influence of the submergence coefficient is not considered, the calculated discharge
values using formula (2) will far exceed the actual values. The largest deviation is observed at low flow rates, reaching
over 400%. Based on the data from Table 2, a graph of the relationship o5 = f(hs/H) is plotted and compared with
other experimental curves (Fig. 3).
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Fig. 3. Graph for determining the submergence coefficient a; = f(hs/H): o — experimentally obtained values of the submergence
coefficient; - - - — submergence coefficient values according to Pavlovsky M.M. [8]; — - — — submergence coefficient values
according to TUIN MES [8].

Thus, the general curve a5 = f (hg/H) for trapezoidal weirs is shown in Fig. 4, and the values of the submergence
coefficient are given in Table 3.

1,0
0,9
0,8
0,7
0,6
05
< 04
03
0,2
0,1
0,0

00 01 02 03 04 05 06 07 08 09 10

Fig. 4. Curve g5 = f(hs/H) for trapezoidal weirs with a crest width b = 0.4 m.

Table 3. Submergence coefficient values for trapezoidal weirs with crest width 5=0.4 m
and side slope angle 0=14°.

hyH Os hyH O

1.0 0.000 0.5 0.8
0.95 0.23 0.45 0.83
0.9 0.38 0.4 0.86
0.85 0.47 0.35 0.88
0.8 0.54 0.3 0.9
0.75 0.6 0.25 0.92
0.7 0.66 0.2 0.94
0.65 0.7 0.15 0.95
0.6 0.73 0.1 0.96
0.55 0.77 0.05 0.97
- - 0 1.000

Taking into account the performed calculations and the obtained results, the final dependencies for determining
the discharge capacity of trapezoidal weirs can be defined on the basis of formula (3).
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4. Conclusion

The performed research demonstrates that operating trapezoidal weirs in a submerged mode without accounting
for the submergence effect leads to significant errors in discharge measurement, reaching up to 457% in the considered
range. To obtain reliable data, it is imperative to use the derived submergence coefficient 6,. The study recommends
determining the discharge on trapezoidal weirs with a crest width of b = 0.4 m using the corrected formula (3), where
the submergence coefficient can be determined from the proposed experimental curve o=f(hy/H). This methodology
requires measuring water depths both upstream and downstream of the weirs, but provides a crucial improvement in
the accuracy of seepage monitoring for earth dams.
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Bukopucranus Tpaneui€eBUJIHMX BOAOMIpPIB IJisl BU3HAYEHHS QLIbTpaliiHUX
BUTPAT 3eMJISSHUX rpedesib
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AHoTaNIis

3abe3neueHHs Oe3nevHoi eKcIulyaralii IiJjpoeIeKTpOCTaHLid BUMara€ TOYHOI'O MOHITOPHHTY (iabTpamiitHux
NpOLECiB Yy 3eMISIHUX Tpebnsx. Y CTarTi Npe/CTaBIeHO KOMIUIEKCHHI aHai3 3acTOCYBaHHS TpalelieBHIHUX
BOJIOMIpiB, OCHAIIIEHUX aBTOMATH30BaHUMHU CHCTEMaMH BUMIPIOBAHHS, IK €(EKTHBHOTO iIHCTPYMEHTY [UI BU3HAYCHHS
¢hinpTpamiiHUX BHUTpAT. JleTambHO pPO3TIAHYTO TiAPABIIYHI pPEXMMH pPOOOTH BOAOMIpPIB, 30KpeMa PO3KPUTO
BIIMIHHOCTI MK HE3aHypeHHMM Ta 3aHypeHHUM cTaHoM. OCHOBHY yBary MpHWAIJIEHO pe3yibTaTaM JlabopaTopHHX
JIOCJTIIKEHb, IPOBEAECHUX 3 METOIO KiJIbKICHOI OIIHKM BIUIMBY ITATOIUICHHS Ha MPOIYCKHY 3JaTHICTh BojgoMipiB. Ha
OCHOBI EKCIIEPUMEHTAIbHUX JaHUX OyJI0 BUBEACHO KOEQIIiEHT MiATOIJICHHS, MO0 € KJIIYOBUM s KOPEKIIii
CTaH/IapPTHHUX PO3PaxyHKOBUX (opMyil. JlociiKeHHsI JOBOWTS, 110 IrHOPYBaHHs LOTO KOe(illieHTa MPU3BOJHUTH /10
3HAYHOTO 3aBHIICHHS pealbHUX 3HAueHb BHUTPAaTH 3 IOXMOKOI0, IO Moxke nepesuiryBatd 457%. Y crarti
3aMpPOTIOHOBAHO yJIOCKOHANIeHY (OpMyJly Ta BiAMOBiqHY TpadiuHy 3aleXHICTh I 3a0e3MeueHHsT TOYHOTO
MOHITOPHHTY, IO CYTTEBO ITiIBHUIIY€ HAXIHHICTH KOHTPOJIIO 32 CTAHOM TiIPOTEXHIYHUX CIIOPYIL.

Karouosi cioBa: TparneuieBUIHI BOZOMIpH; 1a00paTOPHI AOCITIDKEHHS; KOSDILiEHT MiJTOIUICHHS; POIyCKHA
3[aTHICTh; aBTOMATH3aLlisi BUMIpIOBaHb; QUIbTPaLiliHi BTpaTH.



ENERGY ENGINEERING AND CONTROL SYSTEMS

Volume 11, Number 2, 2025 115

Public Priorities for the Post-War Reconstruction of Ukraine’s Energy Sector

Olena Savchenko®”, Khrystyna Kozak?, Vasyl Zhelykh“, Omar Al-Hafith¢,
Joao Alencastro®, Olugbenga Oladinrin®, Ademola Akinbami®

“Lviv Polytechnic National University, 12, S. Bandery St., Lviv, 79013, Ukraine
bServices Design Solutions LTD, Hembry House, Pynes Hill, Exeter, EX2 5SE, Great Britain
“University of Plymouth, Roland Levinsky St., 302, Plymouth, PL4 84A, Great Britain

Received: October 12, 2025. Revised: November 25, 2025.  Accepted: December 02, 2025.

© 2025 The Authors. Published by Lviv Polytechnic National University. This is an open access paper under the
Creative Commons Attribution Non-Commercial 4.0 International (CC BY-NC) license.

Abstract

The Russian invasion of Ukraine has resulted in the large-scale destruction of many cities across the country.
Although the war has not yet ended, there will come a time when the conflict concludes, and reconstruction efforts
will begin. Global experiences show that the first step in preparing for post-war reconstruction is to assess the level of
destruction. Additionally, it is essential to understand people’s needs and priorities. Otherwise, reconstruction
activities may fail to address the existing challenges and actual needs of local communities. This study aims to
explore post-war reconstruction priorities of Ukrainians, with special focus on the energy sector and particularly the
district heating facilities. During hostilities, a significant part of Ukraine’s energy infrastructure was damaged or
destroyed, which will be an essential sector in the recovery of other sectors. Research work involved undertaking an
online survey with questions focusing on Ukrainians’ assessment of the importance of the reconstruction of the
energy sector. A total of 420 people from different regions of Ukraine, different age groups and professional
backgrounds participated in the survey. Results show that a significant number of Ukrainian citizens have a high level
of energy awareness. Thus, when asked what measure of post-war reconstruction of the energy sector they consider of
high importance, 64% of respondents chose the answer “Reconstruction using energy-saving construction
technologies and energy-efficient engineering systems, even if it takes more time”. Furthermore, 32% of respondents
are ready to pay more for district heating services if alternative energy sources are used to generate heat.

Keywords: online survey; energy infrastructure; district heating systems; post-war reconstruction; priorities;
alternative energy sources.

1. Introduction

Ukraine’s energy system has been under a constant wave of targeted Russian attacks since February 2022. The
Russian Federation has occupied more than 18 GW of electricity-generating capacity, including Europe’s largest
facility, the Zaporizhzhia nuclear power plant (NPP). The Kakhovka and Dniprovska hydropower plants (HPPs), as
well as the Zmiivska and Trypilska thermal power plants (TPPs), were completely destroyed. Private thermal power
plants suffered critical damage (over 80%), including Ladyzhynska, Burshtynska, Dobrotvirska, Kurakhivska,
Kryvyi Rih and Prydniprovska TPPs. In addition, all oil refineries on the territory of Ukraine were destroyed [1].
Nevertheless, with international support, the Ukrainian government managed to restore 3 GW by installing more
power generating equipment and making repairs to damaged energy infrastructure. Consumers, mainly businesses,
installed distributed generation facilities throughout the country, mainly gas engines, gas turbines and cogeneration

* Corresponding author. Email address: olena.o.savchenko@lpnu.ua

This paper should be cited as: O. Savchenko, K. Kozak, V. Zhelykh, O. Al-Hafith, J. Alencastro, O. Oladinrin, A.
Akinbami. (2025). Public priorities for the post-war reconstruction of Ukraine’s energy sector. Energy Engineering
and Control Systems, Vol. 11, No. 2, pp. 115 — 123. https://doi.org/10.23939/jeecs2025.02.115



116  O. Savchenko, K. Kozak, V. Zhelykh, O. Al-Hafith, J. Alencastro, O. Oladinrin, A. Akinbami

units. Thus, by the end of 2024, almost 1 GW of additional power was generated for domestic needs, which allowed
reducing the load on the power system. In addition, measures are in place in Ukraine to limit energy consumption for
industry, business and ordinary consumers, and calls for energy conservation do not cease even on days with stable
power supply. To provide additional electricity, the capacity of electricity imports from the EU increased from
1.7 GW to 2.1 GW by December 1, 2024 [2].

District heating systems are an integral part of the country's energy infrastructure. And ensuring energy security
in the field of district heating is an important step towards sustainable development and prosperity of the country.
However, district heating systems have also suffered significant damage from shelling. Thus, as of April 2024, 10
thermal power plants were completely destroyed and another 15 were damaged in the territories where hostilities are
underway. For example, the destroyed Kremenchuk Combined Heat and Power plant (CHP) (Poltava region) covered
about 70% of the city's needs, that is, about 180 thousand residents, who could have been left without heat and hot
water for the entire heating season if not for timely repair work. In addition, according to preliminary data, 863 boiler
houses were partially damaged or completely destroyed as a result of the fighting, most of them in Kharkiv, Kyiv,
Chernihiv, Donetsk and Mykolaiv regions. Also, 183 central substations were partially damaged or completely
destroyed, and over 355 kilometres of heating networks were beyond repair [3]. A final assessment of the total
damage will only be possible after the end of hostilities, but it is already necessary to consider strategies for
rebuilding energy infrastructure, particularly district heating systems.

2. Analysis of recent research

The ways of restoration of Ukraine in the post-war period are a relevant object of research by both Ukrainian and
foreign scientists. According to Farenyuk et al. [4], the national priority is to provide housing for people of Ukraine
who have lost their homes or have been forced to leave them. This is due to the fact that the largest share in the total
loss caused by the Russian military invasion of Ukraine is damage and destruction of residential buildings. As of the
end of 2024, these losses amounted to 35.3% of the total, and the total area of damaged and destroyed buildings is 9%
of the total area of the housing stock of Ukraine [4]. For the rapid restoration of housing stock, they propose to use the
method of large-panel construction, which allows reducing the time of construction, reduce the amount of
construction waste, improving the quality of structures through the production of elements in factory conditions.
Nazarenko O. at al. [5] suggest that the reconstruction of housing in the post-war years should be carried out on the
principles of biosphere compatibility, namely using building materials, which in their composition and characteristics
contribute to the minimization of the use of natural resources, do not harm the environment.

In the reconstruction of the industrial sector Deineka et al. [6] see the priorities of the restoration of mechanical
engineering and the defense-industrial complex, as well as enterprises of metallurgical, food, chemical,
pharmaceutical and woodworking industries, as well as the development of new fields of activity, such as bio- and
nanotechnology. The authors [7] consider the transport sector of Ukraine to be one of the most vulnerable sectors of
the economy, since its enterprises are in many cases goals for attacks. The authors emphasize the unconditional
priority of the post-war reconstruction of the transport sector and offer a comprehensive approach to financing,
investing and restoring the transport sector of Ukraine. Simakhova considers the main aspects of the post-war
socialization of the Ukrainian economy. She identifies eight aspects: rehabilitation and social support for victims and
veterans, employment of the unemployed population, migration processes and return of citizens, education and
professional training, social justice and reduction of inequality, health care reform, environmental transformation [ 8].

The energy sector of Ukraine also suffered significant damage, as mentioned above. Therefore, many studies are
devoted to determining the steps and priorities of its post-war reconstruction. So Grand and Svionik [9] have
identified eight priority tasks to strengthen the country's energy security: increase in energy production for import
substitution; creation of strategic reserves of coal, nuclear fuel, oil and gas; diversification of sources of supply of
energy resources; development of alternative energy; ensuring the autonomous operation of the united power system
of Ukraine on the basis of the development of energy infrastructure; deepening of Ukraine's international cooperation
with partner countries in the field of energy security; providing cybersecurity of energy infrastructure; improvement
of the system of state regulation and management of the energy sphere of the state. Sirenko et al. [10], to improve the
situation in the energy sector of Ukraine, distinguish the following directions: development of renewable energy,
improvement of energy efficiency of components of the power system, modernization of energy infrastructure,
promotion of distributed generation, reforming the energy sector. Savchenko proposes the stages of achieving the
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energy efficiency of centralized heat supply systems both during modernization and in the construction of new
centralized heat supply systems, in particular in the post-war reconstruction of Ukraine [11].

The complexity of modernization and restoration of the district heating system of Ukraine is related to the
existing condition of facilities of thermal power sector. Thus, most thermal networks and heat generating installations
were built in the 1970s and 1980s. Therefore, the main problem of existing district heating systems is the long service
life of its equipment, from which the inefficient use of energy resources and significant heat losses from the pipelines
of thermal networks.

Since the 2000s, heat-generating enterprises have been implementing measures to modernize district heating
systems. The first step in energy savings was the use of pre-isolated polyurethane pipelines during repairs of the
existing thermal network. Further steps in the modernization of heating systems included mandatory metering of heat
energy and the installation of individual heat points at heat energy consumers. According to the requirements of the
Law of Ukraine “On Commercial Accounting of Heat Energy and Water Supply”, it is prohibited to connect
residential and non-residential buildings to external engineering networks without installing commercial accounting
units in them, in particular heat and hot water meters. In Lviv, as of 2021, 98% of houses have house heat meters
[12]. Installing individual substations at consumers requires significant capital costs, but to be able to regulate heat
supply and save on heat energy bills, consumers can independently look for investors or attract credit funds. For
example, in Lviv, 409 individual heat points were installed with funds from the European Bank for Reconstruction
and Development from 2019 to 2022. The project covered the entire Sykhiv microdistrict, including residential
buildings, schools, and clinics [13]. As of 2022, Lvivteploenergo had 522 individual heat points, which is almost 30%
of the buildings served.

After the full-scale invasion of the Russian Federation into Ukraine, the use of cogeneration plants for the
simultaneous generation of electric and thermal energy of individual structures was increased. The procedure for the
construction or placement of cogeneration plants for the period of martial law was simplified in accordance with the
resolution of the Cabinet of Ministers of Ukraine dated May 14, 2024 No. 547. Thus, the construction and placement
of gas piston and gas turbine plants with a capacity of 1 MW and more is carried out without the need to obtain a
number of permits that are required in peacetime. This allows significantly reducing the time for preparation for
construction and responding faster to energy challenges.

Many solutions for using alternative energy sources as energy resources in district heating systems are at the
stage of scientific developments. For example, [14] describes the possibility of using wood waste from a
woodworking enterprise to produce generator gas, which can then be used to produce thermal energy in a boiler
house. The authors of [15] propose using the heat of wastewater to obtain thermal energy. There is also the possibility
of using geothermal waters in heating systems. Depending on their composition, they can either be directly fed into
the heating system or used to heat the heat carrier of the heating system in an intermediate heat exchanger [16].

In the European Union countries, 4th generation district heating systems (4GDH) are currently being actively
promoted and gradually implemented, the main requirements for which are the use of alternative energy sources for
heat generation, the use of low-temperature coolant, equipment for heat accumulation, pre-insulated pipelines, heat
metering devices, and devices for regulating the release of thermal energy [17].

Therefore, in the post-war reconstruction to increase the energy efficiency of the heat and power sector, the main
concept should be geared towards designing new infrastructure using new technologies in compliance with the
indicators of the 4th generation heat supply system and the requirements for “efficient district heating”. It is clear that
most of the proposed measures require significant capital investments and can be postponed in time, so it is important
to find out the opinion of Ukrainian citizens, which measures during the reconstruction of district heating systems are
a priority for them.

In Ukraine, studies have been conducted that touched the reconstruction, including the energy sector. Thus, in
2023, a sociological research was conducted by the Info sapiens research agency by the Transparency International
Ukraine to identify the fears of Ukrainians in reconstruction, as well as to identify approaches and their priorities [18],
[19]. The survey received 1012 citizens and business representatives. According to 77% of citizens and 81% of
business representatives, corruption is one of the main problems in Ukraine. The main principles of reconstruction,
according to the vast majority of respondents, should be: decentralization of funds, early strategy of reconstruction of
Ukraine, transparency and openness of rebuilding, attracting citizens and business, quality of work as a priority.
Regarding the sector of the reconstruction, 45 % of respondents called the restoration of critical infrastructure. After
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that, the housing is significant for Ukrainians, for those who lost it, the demining of territories, the restoration of work
of hospitals, schools, kindergartens, adaptation of the military to a peaceful life.

In February 2025, Rating Sociological Group conducted a national survey "Energy Situation in Ukraine
expectations, challenges and prospects", the results of which were information about how Ukrainians see: they see the
situation with energy in general, evaluate the power of power in the energy sphere [20]. The sample included 1200
respondents. Regarding the authorities’, measures to improve the energy situation in Ukraine, respondents noted the
restoration of destroyed energy (48%), strengthening of protection of energy (38%), raising funds and energy
equipment from international partners (37%). 69% of respondents consider the actions of the authorities to improve
the situation in energy effective, ineffective actions of the authorities consider 25%.

The cited studies have not identified the opinion of the population of Ukraine on measures to restore the thermal
power sector, in particular the district heating systems.

3. Aim of work

The aim of this study is to identify the main priorities of Ukrainian citizens in the post-war reconstruction of
district heating systems. This was achieved through an online survey conducted as part of the project by conducting
an online survey, which took place as part of the project "Russian-Ukrainian War — Assessment of the Level of
Destruction in the Affected Cities of Ukraine".

4. Methodology

In order to evaluate the extent of destruction, as well as the determination of priorities in citizens of Ukraine in
the post-war reconstruction, a research project "Russian-Ukrainian War — Assessment of the Level of Destruction in
the Affected Cities of Ukraine" was conducted. The results of the research should ensure that the post-war
reconstruction efforts align with the priority needs of a particular community. To achieve this goal, a methodology
was used on the basis of a survey, which gives priority to broad cover, representativeness and feasibility in difficult
conditions. The survey questionnaires were distributed and collected electronically, adhering to recommended
practices for remote survey administration. This research approach has proven effective in previous studies,
addressing the practical challenges posed by Ukraine's unstable conditions and enabling engagement with respondents
across diverse regions [21], [22]. The survey form was produced with help of JISC, a non-profit organization from the
United Kingdom that provides IT services and digital resources to support research (Fig. 1). The results of this survey
will be able to help develop a strategic reconstruction plan of Ukraine in the future.

4. NoBo€HHe BiAHOBNEHHA eHepreTUYHOro CeKTopy:

Post-war reconstruction of the energy sector:

4.1. Ha Bawwy AymKy, OCHOBHMMM 3ax0Aamu NOBOEHHOI Biabyaosu € (Byab nacka, o6epitb 1 BiANoBiAp):
In your opinion, what is the reconstruction priority in the energy sector from the three options below (choose one option, please):

1. IlIBuaka peKOHCTPYKILs Ulst 3a0e3MeyeHHs KHTIOM Ta poboToro JTtojieit 6e3 BNpoBaKeHHS EI
cncproxﬁcpira}olmx Ta HU3bKOBYTJICIICBHX TEXHOJIOT .
(Rapid reconstruction aiming to provide housing and jobs for people without introducing energy-saving and low carbon
technologies).

2. PeKOHCTpYKIisl 3 BUKOPHCTAHHAM eHEepro30epiralounux TeXHOJOriH Oy 1iBHULTBA Ta [:I
eHeproepeKTHBHUX IHKEHEPHUX CHCTEMH, HaBiTh AKIIIO Le 3aiiMe Ginbie yacy.

Fig. 1. Fragment of an online survey form.

Participation in the survey was voluntary for respondents. Even after starting to answer the questions, the
respondent could refuse to fill out the survey form and not send their answers at any time. The survey also took into
account the principles of confidentiality, so it did not involve the collection of any information that could be used to
identify the participants. Before starting the data collection work, the created survey received ethical approval from a
leading research institution.
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The survey consisted of an introduction and three groups of questions. The introduction described the purpose
and objectives of the study, the ethical interpretation of the participants’ responses, and the requirements for the
confidentiality of the results obtained. The first group of questions concerned some personal data of the survey
participants, in particular, it was necessary to provide information about the place of residence before the start of the
full-scale Russian invasion of Ukraine and during the survey, the age and field of activity of the survey participant, as
well as the level of destruction of the settlement during the hostilities. The second group of questions concerned the
primary needs and priorities of the post-war period for the inhabitants of Ukraine. Respondents were asked to identify
their first, second, and third priorities for post-war reconstruction from seven options, including demining or
rebuilding energy infrastructure, housing, healthcare facilities, education, transport infrastructure, or preserving and
restoring cultural heritage sites. The third group of questions concerned post-war reconstruction of the energy sector.
All questions used a multiple-choice format, which allowed for the collection of structured quantitative data. In
addition, an open-ended question was offered, which allowed respondents to express their own opinion, different
from the proposed answers. The online questionnaire was designed so that the respondent would spend no more than
10 minutes on its processing. Ethical approval was obtained from a leading research institution before the start of
data collection. Recognizing the importance of cultural and linguistic relevance, the survey was conducted in
Ukrainian.

To ensure the reliability of the results obtained, the required sample size was established based on the number of
adult Ukrainians, which, according to IMF data, was estimated at approximately 26.2 million people in 2023. The
standard sample size formula for proportions [23] was used to calculate the required sample size:

n=(2p-(1-p)d, (1)

where n is the required sample size; z is the value of the normal deviation corresponding to the desired level of
confidence; p is the expected proportion of the population that exhibits the characteristic of interest; d is the margin of
error.

At a confidence level of 95%, an expected population proportion of p = 50% and a standard error of d = 5%, the
required sample size is 384 residents. Existing studies show that the average response rate in online surveys is 44.1%
[23]. In addition, the results obtained may contain certain shortcomings, for example, the absence of some responses.
Therefore, it was decided to distribute 2000 questionnaires, which guaranteed that even after taking into account the
outflow of poor-quality questionnaires, the required sample size was met, which increased to 420 respondents.

An important task of the survey was to collect questionnaires from as many settlements in Ukraine as possible
and, if possible, to cover all regions. People in Ukraine are distrustful of various surveys and therefore very often
ignore them. In addition, part of the territory of Ukraine is under temporary occupation, which prevents direct
communication with residents. The survey was conducted during May — July 2024, after another massive shelling of
rear settlements, which also contributed to the indifference of the population to the proposed survey.

The invitation to participate in the survey was carried out using a link to an online survey form, which was
distributed through social media platforms, professional and personal circles of acquaintances of the project co-
authors. On social networks, you could get answers from refugees, people from temporarily occupied territories, and
territories where active hostilities were taking place. The professional circle of communication of the co-authors
included employees of construction educational institutions, companies for the design, sale and installation of
equipment for heat and gas supply and ventilation systems, and students of construction specialties.

This paper will present the respondents' answers that relate only to the reconstruction of the energy sector.
Information on the damage caused by the war and citizens' priorities in post-war reconstruction will be provided in
the authors' subsequent publications.

5. Research results

420 people from different regions of Ukraine took part in the survey. Age distribution of participants: 45% were
aged 18 to 30, 24% — from 31 to 40, 20% — from 41 to 50, and 11% were over 51. As for the field of activity, 60% of
participants reported that they were working, 5% — pensioners, 27% — students, and 8% — unemployed. Of the
surveyed respondents, 65% stated that they did not leave their places of residence due to the war, 10% stated that they
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were internally displaced persons in their regions, 1% of participants indicated that they were refugees abroad, 24%
did not answer the question about their current place of residence. The geographical location of respondents before
the full-scale Russian invasion of Ukraine: 29% of participants were from Lviv, 11% from Kyiv, 5% from Poltava,
3% from Odesa, 3% from Kharkiv, and 49% from approximately ninety cities and towns throughout Ukraine. As for
the first priority in post-war reconstruction, approximately 42.7% of participants indicated the reconstruction of
energy infrastructure as the main priority, and another 34.7% put it in second place. That is, 77.4% of respondents
noted that energy infrastructure, namely electricity, heat, and water in their homes, was extremely important in their
lives.

To determine how it is possible to restore the energy infrastructure two questions were proposed. The first
question “In your opinion, the main measures of post-war reconstruction are:” had three answers: 1 — “Rapid
reconstruction to provide people with housing and work without the introduction of energy-saving and low-carbon
technologies”, 2 — “Reconstruction using energy-saving construction technologies and energy-efficient engineering
systems, even if it takes more time”, 3 — “Rapid reconstruction of the housing sector without energy-saving
measures, but using energy-saving construction technologies and energy-efficient engineering systems for
infrastructure facilities”. Figure 2 illustrates the preferences of Ukrainian residents regarding post-war reconstruction
of the energy sector.

Rapid reconstruction to
provide housing and jobs
for people without
introducing energy-saving
nd low carbon

Rapid reconstruction of the

residential sector without energy-

saving measures, but with the N

use of energy-saving construction

technologies and energy-efficient 20%

engineering systems for
infrastructure facilities.

Reconstruction using
energy-saving construc-
tion technologies and
energy-efficient
engineering systems,
even if it takes longer.

Fig. 2. People's priorities for rebuilding the energy sector

As can be seen from Fig. 2, the majority of respondents (64%) indicated that reconstruction should prioritize the
use of energy-saving construction technologies and energy-efficient engineering systems, even if it takes more time.
A smaller proportion (20%) supported rapid reconstruction of the residential sector without focusing on energy-
saving measures but still incorporating energy-efficient infrastructure. Only 16% preferred rapid reconstruction aimed
at providing housing and jobs for people without prioritizing energy-saving or low-carbon solutions. These results
suggest that a significant portion of Ukrainian citizens value long-term energy efficiency over speed in reconstruction.
One possible explanation for the relatively low selection of the rapid reconstruction option is that many respondents
may not have been immediately affected by housing loss or destruction during the hostilities, allowing them to
prioritize sustainability rather than urgent shelter needs.

The second question in the third group was worded “Are you willing to pay more for district heating services
if...” Respondents were offered five answers: 1 — “Imported natural gas will not be used as fuel”, 2 — “Greenhouse
gas emissions will be reduced”, 3 — “Renewable and/or alternative energy sources will be used (wood waste,
agricultural waste, household waste, biogas, etc.)”, 4 — “Not willing to pay more for district heating services”, 5 — “I
have an individual heating system” (Fig. 3).
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Imported natural gas is not used as fuel.

Greenhouse gas emissions will

Individual heating system.
& sy decrease.

Renewable and/or alternative

Not willing to pay more for energy sources will be used.

district heating services.

Fig. 3. Respondents' attitude towards increasing the cost of district heating services.

According to the survey data presented in Fig. 3, more than 30% of respondents are not willing to pay more for
district heating services, reflecting a notable level of price sensitivity. Among the 76% of participants who currently
use district heating, this equates to almost 40% who are unwilling to support a tariff increase. However, there is also a
considerable portion of the population open to change. 46% of respondents expressed willingness to accept higher
heating tariffs provided certain conditions are met. The most widely supported reason for a potential price increase is
the transition to renewable and/or alternative energy sources, with 32% of respondents prioritizing this option. Other
motivations include reducing greenhouse gas emissions (8%) and minimizing reliance on imported natural gas (6%).
Interestingly, 24% of respondents favor individual heating systems over district heating, signaling a desire for greater
autonomy or efficiency in energy use.

The results of the study provide new insights into people’s priorities in the reconstruction of the energy sector, in
particular district heating systems, which can help in developing an adaptive reconstruction plan for the country. The
results obtained are largely consistent with people’s priorities presented in the literature. The survey showed that 64%
of Ukrainians are ready to wait for the post-war reconstruction of district heating systems, provided that energy-
saving construction methods and energy-efficient engineering solutions are implemented. In addition, the data
obtained indicate that, although there is resistance to the increase in heating costs, a significant part of the population
(32%) is ready to invest in sustainable energy solutions. These results highlight the critical role that renewable energy
sources play in the reconstruction of the energy infrastructure, in particular district heating systems, and the energy
independence of Ukraine. However, the results of the study demonstrate some differences in the views of the
population regarding the priorities for the reconstruction of the energy sector, which also need to be taken into
account to meet the needs of local communities in the country.

6. Conclusion

The article presents and analyzes the results of an online survey conducted as part of the project “Russian-
Ukrainian War — Assessment of the Level of Destruction in the Affected Cities of Ukraine” which aimed to identify
to determine the main priorities of Ukrainian citizens in the post-war reconstruction of energy facilities and directly of
district heating systems. The survey consisted of an introduction and three groups of questions, with the third group
addressing the restoration of the energy sector after the war.

For the reliability of the results of the online survey, the required sample size was established, namely 420
questionnaires, the value of which was determined based on the number of adult Ukrainians. According to the survey
results, 42.7% of respondents indicated that the first priority in post-war reconstruction for them is the restoration of
energy infrastructure. This indicates the extreme importance for citizens of energy infrastructure, which allows them
to maintain heat and electricity in their homes and have stable job.
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When asked what measure of post-war reconstruction of the energy sector they consider the main one, 64% of
respondents chose the answer "Reconstruction using energy-saving construction technologies and energy-efficient
engineering systems, even if it takes more time" 32% of respondents are willing to pay more for district heating
services if alternative energy sources are used for the production of thermal energy. Analysis of the responses
received indicates the energy awareness of a significant number of Ukrainian citizens who understand the importance
of the energy sector for the national economy. Notably, their readiness to support the transition to alternative energy
sources — even at personal financial cost — signals a collective commitment to achieving greater energy independence
and sustainability in the post-war period.
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Abstract

The work presents the development and investigation in MATLAB of a model of an autonomous self-excited
induction generator with a rotor circuit inverter for a wind turbine. The system employs a scalar-controlled inverter
with an independent power supply, and the nonlinear magnetization curve of the induction generator is taken into
account. Voltage and frequency regulation are separated. The developed model made it possible to study the self-
excitation mode for different rotor supply frequencies. During the simulation of the self-excitation process of the
autonomous induction generator, it was found that the optimal parameters for stable self-excitation were achieved at a
rotor frequency of 1.8 Hz and a rotor supply voltage of 20 V. The study also examined the effect of applying an active-
inductive load and the system’s response to changes in the drive shaft speed. When a 40% load of the rated value was
connected, a slight voltage drop accompanied by an increase in the rotor phase current was recorded; however, the
system remained stable without the need for additional control measures. By increasing the inverter voltage, the
generator terminal voltage was restored to its initial level. When the drive shaft speed was suddenly reduced by 10%, a
minor voltage decrease and a corresponding increase in rotor current were also observed. This mode remained stable,
and the voltage and frequency were successfully leveled again by means of the inverter.

Keywords: model; autonomous induction generator with a wound rotor; inverter; wind turbine.

1. Definition of the problem to be solved

At present, the growing penetration of renewable and distributed energy sources requires the development of reliable
and efficient generator systems capable of operating in variable-speed regimes. Among the existing solutions,
asynchronous (induction) generators remain attractive due to their simple construction, robustness, low cost, and reduced
maintenance requirements. However, their performance under non-standard operating conditions, especially in variable-
speed applications, is significantly affected by the control method applied to the rotor circuit. The use of power electronic
converters, particularly an inverter connected to the phase rotor winding, makes it possible to control the generator’s
electromagnetic processes, improve efficiency, and provide stable operation under different load conditions.

Despite the practical significance, comprehensive studies of such systems are still limited. A key challenge is the
nonlinear interaction between the machine, the inverter, and the grid or autonomous load. Analytical approaches are
often insufficient to capture all transient processes and parameter variations. Therefore, simulation tools are essential
for analyzing dynamic behavior and verifying control algorithms. MATLAB Simulink, and in particular the
SimPowerSystems (Simpower) library, provides a flexible environment for accurate modeling of electrical machines
and power electronic interfaces.
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Developing a reliable model of an induction generator with a rotor-side inverter allows for the investigation of
steady-state and transient modes, evaluation of energy efficiency, assessment of control strategies, and prediction of
stability margins. Such research is highly relevant for modern energy systems, including wind power plants, microgrids,
and autonomous energy complexes, where flexible and efficient generation sources are required.

2. Analysis of the recent publications and research works on the problem

Over the past three decades, a significant number of studies have appeared in periodical literature and conference
proceedings devoted to grid-connected and stand-alone doubly-fed induction generators (DFIGs), their modeling,
excitation methods, conversion schemes, and control strategies — ranging from classical theoretical works to modern
experimental investigations and MATLAB/Simulink-based developments. Below is a detailed review of key sources
selected to build the foundation for modeling an autonomous generator and its associated conversion and control
systems.

In [1], an experimental analysis of a self-excited induction generator (SEIG) for small autonomous applications is
presented. The authors systematically investigated the influence of three critical parameters — excitation capacitance,
load and frequency (speed) — on the electrical characteristics of the SEIG. The practical experiments and measurement
results in this work are highly valuable for validating MATLAB/Simulink models, as they demonstrate how real
nonlinearities and condition variations affect generator behavior and highlight the need for experimental verification of
simulation models.

In [2], an “impedance reshaping” approach for DFIG systems is proposed, focused on compensating rotor current
dynamics to influence system behavior. This study is important for understanding how controlled inverters and their
regulators interact with rotor mechanics and how these interactions should be considered when designing stable
configurations for stand-alone operation or during mode transitions.

In [3], the issue of capacitor voltage synchronization in systems where a wind generator fully supplies power
through an inverter is considered. The work demonstrates a synchronization control approach and analyzes transient
and fault conditions, which are directly relevant to stand-alone systems with fully electronic interfaces where reactive
power control and voltage matching are key.

Reference [4] presents a classical review of DFIGs for wind energy systems. The authors emphasized the
advantages of a bidirectional converter in the rotor circuit for independent control of active and reactive power and
discussed both grid-connected and stand-alone operation capabilities. This work often serves as a theoretical foundation
for designing systems with rotor-side inverters.

Reference [5] proposed a detailed model and control strategy for a DFIG, including stand-alone modes under
different load conditions. This work is valuable as a methodological resource for building Simulink models with
detailed state equations and analysis of excitation and reactive power compensation.

In [6], the dynamic behavior of DFIGs during three-phase voltage dips is analyzed. The results are important for
evaluating stand-alone system performance under severe disturbances and for designing protection and recovery
strategies.

In [7], the authors presented a real-time analysis of voltage and frequency regulation for a small 2.2 kW SEIG with
a dual-loop control structure. The work demonstrates a practical control architecture for a small autonomous system
and provides testing scenarios for evaluating transient responses under load conditions.

In [8], a closed-loop ramp-comparison current regulator for an induction machine with a PWM voltage-source
inverter is proposed. Although this study concerns motor control, its current control methodology and analysis of PI
regulators in closed loops are applicable to controlling a rotor-side inverter in generator systems and help in selecting
appropriate current regulation and protection algorithms.

The review shows that the referenced sources cover a wide range of aspects — from classical DFIG architectures
and theoretical foundations to modern experimental and simulation implementations of SEIG and DFIG systems with
high-performance inverters.

Thus, the necessity of developing a model of an induction generator with a rotor circuit inverter in
MATLAB/SimPower Systems can be summarized as follows. First, it provides realistic reproduction of physical
processes. The SimPower Systems-based model is not limited to transfer functions or simplified equations but directly
simulates electrical and mechanical subsystems (windings, inverter, load, excitation source). This makes it possible to
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account for magnetic saturation, nonlinear losses, harmonics, and transient effects that cannot be adequately described
by linear transfer functions. Second, the integration of the inverter in the rotor circuit enables independent control of
active and reactive power in stand-alone operation. Modeling this subsystem in Simulink allows the study of: the
influence of various control algorithms; output voltage and current quality (THD, frequency stability); behavior under
variable speeds and loads; and the effectiveness of protection algorithms during fault conditions.
Third, it enables analysis of the less-studied stand-alone operation mode. Unlike grid-connected operation, stand-alone
mode requires the generator to independently maintain voltage and frequency without a “stiff” grid source. The
SimPower Systems model allows investigation of self-excitation conditions, load-change stability, as well as power
and stability limits of the system.

3. Formulation of the goal of the paper

The combination of an induction generator with an inverter in the phase rotor circuit and modeling in SimPower
Systems makes it possible to integrate the classical theory of electrical machines with modern approaches to power
conversion technology. This enables the study of operating modes that are difficult to describe analytically, such as
harmonic interactions, fast transients, and the influence of control algorithms on real-time stability. MATLAB/Simulink
allows for rapid adjustment of machine parameters, excitation circuits, inverter structures and load configurations —
something that is practically impossible in a real experiment.

The objective of this work is to develop and investigate in MATLAB a model of a stand-alone induction generator
with an inverter in the phase rotor circuit and self-excitation for a wind power installation. The study involves using a
two-level inverter with independent power supply and taking into account the nonlinear magnetization curve of the
induction generator. In addition, it is necessary to design an active-inductive load block, as well as a voltage regulator
of inverter type in the rotor circuit with adjustable transistor firing angle. The investigation should be carried out in
self-excitation mode for different rotor supply frequencies. Besides the self-excitation mode from the rotor side at
various frequencies, it is also necessary to study the effect of applying an active-inductive load and the system's response
to changes in the drive shaft speed.

4. Model Development and Investigation.

The first stage of constructing the MATLAB model of a stand-alone induction generator with self-excitation and
an inverter involves selecting and configuring the main generator parameters. Figure 1 shows the induction generator
along with data acquisition channels used to monitor key characteristics. This model enables the recording and analysis
of parameters such as rotor speed, electromagnetic torque, as well as stator and rotor currents, and the active and reactive
power of each individual phase. The figure also illustrates how measurement blocks are integrated into phase A, clearly
showing the connection method and data acquisition process. The collected data provide the ability to monitor and
adjust the generator’s performance, allowing subsequent optimization of the self-excitation process and rotor inverter
frequency to ensure stable output voltage.

A 37 kW induction machine was chosen as the main component for modeling. All technical characteristics of this
machine were predetermined, allowing for accurate tuning and calibration of the model. Detailed parameterization
includes entering such parameters as rated voltage, frequency, number of poles, stator and rotor winding resistances
and inductances, as well as other characteristics that determine the dynamic behavior of the machine during operation.
This approach allows the model to closely approximate real operating conditions and ensures correct generator
performance during start-up, self-excitation, and subsequent loaded operation.

The main feature of the stand-alone induction generator (IG) model is the inclusion of the nonlinear magnetization
characteristic, shown in Fig. 2. This characteristic is crucial for accurately reproducing generator operation, as it reflects
the real physical properties of the materials used in its construction and directly influences the electromagnetic processes
within the machine.

At the next stage, a model of a three-phase active—inductive load was built, allowing the simulation of various
operating modes that affect the terminals of the stand-alone IG. This model makes it possible to simulate both purely
active loads and combined active—inductive types. Additionally, it provides the ability to connect the load at a specific
moment in time using electronic switches that emulate ideal transistors. The diagram shown in Fig. 1 presents the
structure of the three-phase active—inductive load with a delayed connection function, enabling control over the timing
of load connection to the system. The active resistance in the system is 10 €, and the load inductance is 0.001 H, which
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corresponds to an impedance of 0.314 Q at the network frequency of 50 Hz. This approach allows for optimal load
adjustment, providing effective simulation of various operating modes of the stand-alone generator.

The study implements scalar control of the induction generator through the rotor circuit. The scalar control module
of the induction generator is based on maintaining a constant voltage-to-frequency ratio (¥/for V/Hz). The scalar control
module determines the voltage applied to the rotor based on the specified reference frequency f;. The calculation is
performed using the following equation:

Vn=Vmin *
Vs = (m) s = fain) + Vinins (1)

where V, is rated inverter output voltage; V,,;, is minimum inverter output voltage; f,,;, is minimum frequency; f, is
rated frequency.
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Fig. 1. Model of the stand-alone induction generator with self-excitation and an inverter in the phase rotor circuit.
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The scalar control module uses voltage components in a stationary coordinate system. It then computes the phase
voltages by performing an inverse Clarke transformation. The inverter is assigned the required frequency f;, which is
used to obtain the desired voltage value in accordance with the V/fprinciple. The calculated voltage is then transformed
into the o—f coordinates. The next step is the conversion from the orthogonal a—f coordinate system to the three-phase
abc system, implemented through the inverse Clarke transformation.
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Fig. 2. Nonlinear magnetization curve for the 37 kW induction generator.

The next step after voltage transformation is the generation of a pulse-width modulation (PWM) signal. For this
purpose, a specialized PWM generator must be designed. It functions as a three-phase, two-level PWM generator that
forms the output signals used to control the inverter. The main task of the PWM generator is to manage the switching
of the keys in the three-phase, two-level inverter (also known as a power converter). It determines the switching
moments of the transistors based on the input control signals. In addition, the generator forms three sinusoidal reference
voltages, each corresponding to one phase of the system. One of the key input parameters is the DC bus voltage, which
affects the system’s stability. At the output, the PWM generator produces six pulse signals used to control the power
transistors of the inverter. Corresponding modulation signals are also generated to shape the desired output
characteristics.

A specialized module is used to generate the pulse signals for transistor control. This module receives as input the
formed three-phase voltage system V., as well as the rectified DC voltage V4., which can come either from a rectifier
or from a battery. To determine the precise switching instants of the transistors, the module uses an integrated MATLAB
function that allows for accurate synchronization of the power switches, thereby maximizing the overall efficiency of
the conversion system. This method not only provides voltage level control but also optimizes transistor operation,
reducing energy losses and increasing the converter’s efficiency. As a result, thermal stress on the power components

is minimized, ensuring more stable system operation.

Based on the obtained values for the switching periods, the PWM control module generates gating pulse signals
for each of the six inverter power transistors. These pulses determine the exact on/off instants of the transistors, ensuring
proper operation of the three-phase inverter. This approach enables precise control of switching processes, allowing the
inverter output voltage and current levels to be maintained within the desired limits. Such precise control is essential to
guarantee the stable and efficient operation of the induction generator or any connected load. The method also
contributes to improved energy efficiency and reduced thermal losses, positively affecting the overall system

performance.
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Fig. 1 presents the schematic diagram of the power inverter, which includes six high-power transistors. This block
can be powered either from a three-phase independent rectifier or from a DC battery with a rated voltage of 560 V. This
voltage level corresponds to the rectified output voltage generated by a three-phase bridge rectifier. The inverter,
powered by a DC voltage source, acts as the key component for converting the DC voltage supplied by the battery or
rectifier into a three-phase AC voltage. This enables effective control of the output voltage at the generator terminals
and maintains stability under varying load conditions.

Fig. 1 also shows the complete MATLAB model of a household stand-alone induction generator with a phase-
wound rotor and self-excitation provided by an inverter in the rotor circuit. The model integrates all the necessary
components to ensure reliable power generation and voltage regulation for domestic consumers.

This integrated MATLAB model makes it possible to analyze in detail the operation of the stand-alone induction
generator under various operating conditions. In particular, the model allows investigation of the influence of different
load types on the generator’s performance, evaluating voltage and frequency stability under changes in the active and
inductive components of the load. It also enables the analysis of the reactive power compensation system implemented
through the rotor-circuit inverter, which maintains the required level of reactive power for optimal generator operation.
Thanks to the MATLAB simulation environment, it becomes possible to perform in-depth studies of system dynamics,
transient responses, and steady-state performance with high precision.

Advantages of modeling in MATLAB. Creating such a model in MATLAB environment allows one to: conduct
multiple simulations of different operating scenarios without the need for physical equipment, significantly reducing
research costs; optimize system settings by analyzing generator behavior under various parameter values, thereby
improving system efficiency; study the effect of the inverter on reactive power stability, which enables timely detection
and correction of possible instabilities under real operating conditions.

For a detailed analysis of the operation of a household autonomous self-excited induction generator with an
inverter in the rotor circuit, modeling was carried out based on the developed model. The simulation was performed in
MATLAB environment to evaluate system performance under different load conditions and parameters. The purpose
of the study was to examine the dynamic characteristics and verify the stability of the system under real operating loads.

The first scenario under investigation is the self-excitation mode. In this mode, the induction generator achieves
self-excitation through the use of an inverter connected to the rotor circuit. The rotor circuit voltage frequency is
1.8 Hz, and the inverter voltage is 20 V. The drive shaft rotates at a constant speed of 157 rad/s.

To better understand the dynamics of self-excitation and the stability of the autonomous generator, a series of
graphs were constructed to illustrate the transient processes of the system’s main electrical parameters. Figure 3,a shows
the transient graph of the instantaneous values of the phase voltage of the induction generator in phase A during the
self-excitation process. This graph illustrates how the voltage rises during the transient state and reaches a stable value
of 310 V in instantaneous values. Figure 3,b presents the transient process of the reactive power in phase A of the stator.
Figure 3,c shows the transient process of the active power in phase A. Figure 3,d depicts the dynamics of the
electromagnetic torque of the induction generator in the self-excitation mode. Figure 3,e presents the transient process
of the phase current in the rotor, phase A. Measuring the current in the rotor circuit is important for understanding the
influence of the inverter on the generator’s operation under self-excitation conditions. Figure 3,f shows how the
instantaneous value of the inverter output phase voltage in phase A changes during the self-excitation process.

Thus, during the study, the optimal self-excitation mode was determined — it occurs when the inverter operating
frequency in the rotor circuit is set to 1.8 Hz, which ensures the required voltage levels at the stator terminals. The
inverter voltage is 20 V. The reactive power is not drawn from the stator side.

In the no-load mode, the generator receives reactive power from the rotor and consumes a small amount of active
power that compensates for its internal losses, including friction and cooling. In this state, the electromagnetic torque
is minimal since there is no mechanical load on the shaft. As a result, the power factor is low because most of the energy
corresponds to the reactive component.
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Fig. 3. System diagrams in the self-excitation mode for a rotor circuit voltage frequency of 1.8 Hz.

The next stage of the study involves modeling the operation of the autonomous induction generator under
a sudden load application. This mode is critical for assessing the reliability and adaptability of the system to real-time
load variations. The simulation was performed for a time interval between 2 and 3 seconds, during which an additional
load is connected to the generator.

In this scenario, the rotational speed of the drive shaft is set to 157 rad/s and remains stable throughout the load
application. The inverter frequency in the rotor circuit is maintained at 1.8 Hz, ensuring the necessary voltage level
during the self-excitation process. The inverter voltage is 20 V. Despite the system being subjected to significant loading
between 2 and 3 seconds, the drive shaft speed remains unchanged. At 2.5 seconds, the inverter voltage increases to 22
V to raise the terminal voltage to its nominal value. The 0.5-second delay in increasing the inverter voltage is due to
the need to analyze the natural stability of the system.

Figure 4,a shows the transient graph of the instantaneous values of the phase voltage of the induction generator in
phase A for the time interval from 0 to 3.5 s. Figure 4,b presents the transient process of active power in phase A. Figure
4,c depicts the dynamics of the electromagnetic torque of the induction generator. Figure 4,d illustrates the transient
process of the rotor phase current in phase A. Figure 4,e shows how the instantaneous value of the inverter output phase
voltage in phase A changes. Figure 4,/ presents the waveform of the instantaneous phase voltage values in phase A for
the time interval from 3.4 to 3.46 s.
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Fig. 4. System diagrams in the load connection mode.

In the load connection mode, a slight voltage drop accompanied by an increase in phase current was recorded
(Figure 4,a); however, the system remained stable without the need for additional control measures. By increasing the
inverter voltage, the generator terminal voltage parameters were restored to their initial level.

This simulation demonstrates the ability of the autonomous induction generator to maintain stable operation during
sudden load changes under the condition of independent inverter supply, even for an open-loop system. As a result, the
generator retains self-excitation stability, which is crucial for ensuring efficient and uninterrupted power supply to
consumers. The obtained results make it possible to evaluate the generator's performance under various operating
scenarios and confirm the feasibility of using an autonomous generator for supplying power to household and industrial
loads under unstable conditions.

The next stage of the study involves simulating the operation of the autonomous induction generator under
a sudden 10% reduction in the drive shaft speed. This mode is also critical for evaluating the reliability and
adaptability of the system to real-time variations. The simulation was conducted for the time interval from 2 to 3.5 s.

The inverter operating frequency in the rotor circuit was set to 1.8 Hz to ensure the required self-excitation
conditions. The inverter voltage was 20 V. In this mode, as before, the generator relied solely on the inverter for self-
excitation. At 2 seconds, the rotational speed of the drive shaft abruptly decreased by 10%, reaching 141.37 rad/s. At
2.5 seconds, the inverter voltage was increased to 53 V to restore the generator terminal voltage to its nominal level.
The 0.5-second delay in increasing the inverter voltage was introduced to analyze the natural stability of the system.
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This simulation demonstrates the ability of the autonomous induction generator to maintain stable operation under
sudden variations in the drive shaft speed, provided the inverter is independently powered, even in an open-loop
configuration. Hence, the generator retains self-excitation stability, ensuring effective and continuous power supply.
The obtained results confirm the correct system configuration for stable self-excitation and readiness for further

experiments under various operating modes. Stable generation of reactive power ensures voltage maintenance within
acceptable limits, even under changing load and drive speed conditions.

Figure 5,a shows the transient graph of the instantaneous values of the phase voltage of the induction generator in
phase A for the time interval from 0 to 3.5 s. Figure 5,b presents the transient process of active power in phase A. Figure
5,c depicts the dynamics of the electromagnetic torque of the induction generator. Figure 5,d illustrates the transient
process of the rotor phase current in phase A. Figure 5,e shows how the instantaneous value of the inverter output phase

voltage in phase A changes. Figure 5,/ presents the waveform of the instantaneous phase voltage values in phase A for
the time interval from 3.4 to 3.46 s.
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Fig. 5. System diagrams under a sudden speed reduction mode.

When the motor speed was reduced, a slight decrease in voltage and an increase in current were also observed.
The system remained stable, and the voltage was restored by the inverter. This simulation confirms the ability of the

autonomous induction generator to maintain stable operation during sharp variations in the drive shaft speed under
independent inverter supply, even for an open-loop system.
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The results indicate that the system configuration ensures stable self-excitation and readiness for further studies.
The stable generation of reactive power maintains the voltage within permissible limits, even under variable load and
drive speed conditions.

5. Conclusion

In this work, a MATLAB-based model of an autonomous induction generator with a rotor circuit inverter and self-
excitation for a wind turbine application was developed and investigated. Voltage and frequency regulation are
separated. The implementation of a two-level inverter with an independent DC supply and consideration of the
nonlinear magnetization curve of the induction generator significantly improved the model’s accuracy.

The developed model enabled the study of self-excitation behavior at different rotor supply frequencies. During
the simulation of the self-excitation process, it was found that optimal parameters for stable operation were achieved at
a rotor frequency of 1.8 Hz and an inverter voltage of 20 V. As a result, the generator terminal voltage reached 310 V
(instantaneous), corresponding to 220 V RMS, which ensures reliable system operation.

The study also investigated the impact of active—inductive load application and the system response to drive shaft
speed variations. In the load connection mode (40% of nominal load), a slight voltage drop and an increase in rotor
phase current were observed, but the system remained stable without additional regulation. By increasing the inverter
voltage, the generator terminal voltage parameters were restored to their nominal levels. Under a sudden 10% reduction
of drive shaft speed, a minor voltage decrease and a current increase were recorded, yet the voltage was again stabilized
by the inverter.

The developed model serves as a universal tool for: designing autonomous power sources (wind, diesel, or hybrid
systems); optimizing control systems for rotor inverters; educational demonstration of induction generator principles
for students and engineers.

Developing such a model is crucial for the design of autonomous power supply systems, especially under variable
load conditions or in remote areas where connection to the centralized grid is not possible. This approach enables further
optimization of system parameters and testing of different operating scenarios in autonomous mode. Therefore, the
created model of the autonomous induction generator provides the ability to simulate and analyze its behavior under
variable load conditions while ensuring accurate and efficient control of output voltage and frequency.
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Po3pob6ienns ta nociaigkennss B MATLAB moaesii aBTOHOMHOT O
ACHHXPOHHOI0 reHepaTopa 3 iHBEPTOPOM Y KOJIi poTopa JJisl BiTPOBOI
YCTAHOBKH

bornan Konuak, Aunpiit Manmiok, Irop J{3r06a, Irop ba6iit

Hayionanvuuii ynigepcumem «Jlvgiecoka nonimexunixay, eyn. C. banoepu, 12, Jlvgis, 79013, Vrpaina

AHoTanis

B po6oTi po3pobnena Ta nocnimkena B MATLAB Monens aBTOHOMHOT'O aCHHXPOHHOTO I'€HEpaTopa 3 iIHBEPTOPOM
y Koii (azHOrOo poTOopa Ta camMo30y/DKEHHSIM U1 BITPOBOI YCTaHOBKH. B cmcremi 3acTocoBaHWid iHBEpTOp 3i
CKaJSIPHUM KEpyBaHHSIM Ta HE3QIC)KHUM J>KUBJICHHSM, a TaKO)K BpaxoBaHA HeJNiHIHA KpUBa HaMarHiuyBaHHS
ACHHXPOHHOTO TeHeparopa. PeryoBaHHs HalpyTH Ta 4acTOTH po3niieHe. Po3pobieHa Moaens 103BOIMIA TPOBECTH
JOCTIIKCHHS. B PEXKUMI caMO30yKCHHS Ui PI3HUX YacTOT JKUBJICHHS POTOpa. Y XOJi MOJCIIOBAHHS IPOIECY
caMo030y/UKEHHS aBTOHOMHOTO ACHHXPOHHOTO TeHEpaTopa OyJi0 BCTaHOBICHO, IO ONTHMAalbHI MapamMeTpu I
CTablILHOTO caM030Y/KeHHS Jocsiraiiucs mpu yactoti poropa 1,8 'y Ta Hanpy3i xkuBneHHs poropa 20 B. B pobori
3IiIICHEHO IOCIHIIKCHHS BIUIMBY HAKHAY AaKTUBHO-IHAYKTHBHOT'O HABAaHTa)KCHHS Ta PEAKIil0 CHCTEMH Ha 3MiHY
MIBUAKOCTI MPUBOJHOTO Baja. Y pEeXUMI MiAKItoueHHs HaBaHTaxeHHS 40 % BiJ HOMIHANIBHOTO 3HA4YeHHs OyIo
3a(hikcOBaHO HEBEMKE 3HI)KECHHS HAIIPYTH Pa30M 31 3pOCTaHHAM (pasHOTO CTPYMY POTOpa, OAHAK CHCTEMA 3aJIMIIAIaCs
cTabinpHOIO Oe3 mOoTpeOM B JOJATKOBHX 3ac0o0ax peryJroBaHHs. 3a JOMOMOTOK MiJBHINCHHS HAIPYTH iHBEPTOpPA
IapaMeTpH HalpyTu Ha 3aTHCKadax TeHeparopa Oy IMOBEpHYTI A0 MOYAaTKOBOro piBHs. IIpu panToBoMy 3HM)KEHHI
MIBUAKOCTI IPUBOAHOTO Basia Ha 10 % TakoXk CHOCTEpirajocs He3HaYyHe 3MEHIICHHS HAIPYTH Ta 301IbIICHHS CTPyMY
portopa. Lle#t pexxum reHeparop NMpOHIIOB cTaOiIbHO, a HANpPyTy i YacTOTy 3HOBY BJQJIOCS BHPIBHATH 3aBASKH
iHBEpTOPY.

Kaiouosi cioBa: Mmozenp; aBTOHOMHMH acHMHXpPOHHHI TeHeparop 3 (ha3HMM pOTOpOM; iHBEpTOp; BiTpOBa
yCTaHOBKa.
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Abstract

This paper substantiates the feasibility and advisability of developing a new express method of diagnosing the
state of diesel engines of combat boats based on the analysis of readings through on-board instruments of the
information system for controlling and monitoring the boat’s powerplant. This express method will enable combat
boats’ (ships’) crews to employ the predictive maintenance of shipboard mechanisms to promptly identify
degradation processes during their operation and minimize the risk of unexpected failures (breakdowns) while
performing the combat missions. The essence of the new method lies in constructing a model of diagnosing shipboard
machinery based on the analysis of empirical criteria for the rates of change of the current values of the determining
parameters in singled-out time ranges during engines heating-up. As a result of full-scale tests, the determining
parameters were defined and their limiting normalized rates of change were established, exceeding which could lead
to emergency situations.

Keywords: shipboard diesel engine; determining parameter; heating-up mode; current values.

1. Statement of the problem in general

The introduction of martial law in Ukraine has not changed the requirements for the operation, maintenance, and
repair of ships and their technical equipment. On the contrary, it has imposed additional burdens on the technical
operation of the ships and boats of the Ukrainian Navy. At the same time, the conditions for ensuring and maintaining
the established technical readiness of the ships and boats have changed. Specifically, the processes for ensuring the
trouble-free operation of technical equipment and their timely maintenance have become more complex, and the
capabilities of the ship repair and technical support system have deteriorated. Consequently, the requirements placed
upon ships’ (boats’) crews have increased in terms of their specialized training, their ability to make sound decisions
and fully perform their duties in difficult conditions, their ability to learn from positive and negative experiences, and
their ability to incorporate these lessons into their work.

Under complicated combat conditions of operation, any failure or malfunction of the ship’s (boat’s) emergency
alarm and control systems in combination with the insufficient level of crew’s training in the maintenance of
powerplants leads to delays in taking timely and adequate measures of responding to changes in technical state of
shipboard machinery The crew’s insufficient knowledge regarding the methods and techniques for localizing and
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repairing combat and emergency damage of technical equipment can lead to serious consequences, including the loss
of combat capability by the ship (boat), a death threat to the members of the crew, and, in extreme cases, the wreck of
the ship (boat).

In everyday situations, the cost of a belated detection of the values deviation of determining parameters from
normalized values or an operational error by crew during the working of a modern ship’s (boat’s) technical equipment
can be very high as well. Accidents can reach such a scale that moderating their consequences will require
significantly greater effort and financial expenditures than simply the direct costs of restoring the technical resources
and operability of such equipment. In world shipping practice, global environmental disasters as well as serious
political consequences by reason of accidents at sea have taken place.

An analysis of technical failures on Ukrainian Navy ships (boats) shows that these failures most often occur as a
result of influence of two common factors: (1) design and technological drawbacks (due both to the exhaustion of
technical resources and to imperfections in the processes of scheduled inspection and restoration); (2) the
accompanying human factor.

The main causes of breakdowns on ships (boats) of the Ukrainian Navy are as follows:

1) The obsolete and exhausted service life of a significant portion of the technical equipment, including
equipment received as part of the logistical support.

2) Discrepancy within the chemical compositions of oils, lubricants, and process liquids in comparison with the
established reference standards of the manufacturer.

3) Lack of spare parts, special tools, and instruments.

4) Abridged quantity of hours for performing the maintenance of shipboard machinery, and as a result, a low
level of quality of work performed by the maintenance and repair department personnel.

5) A low level of quality of repair work and maintenance of watercraft in state-owned and private enterprises
(companies).

6) Irregularity of ships’ (boats’) goings to sea, which leads to the crews losing their practical skills in operating
shipboard technical equipment.

7) A low level of quality of incoming inspection of fuels, lubricants, and process liquids by crews.

8) Limited access to modern technical diagnostic tools and their use, as well as an insufficient number of
instruments (including auxiliary ones) for technical monitoring.

9) Limited use of nondestructive express diagnostic methods and insufficient qualifications (technical
awareness) of crews to carry out routine monitoring and prompt diagnostics of the technical state of
shipboard machinery on the high sea.

Thus, the search for ways to further improve the operation of the ships’ (boats’) powerplants of the Ukrainian
Navy under the martial law regime, in particular routine monitoring of the technical state, as well as forecasting and
preventing possible failures of marine diesel engines, is an extremely pressing problem given the transition of the
Ukrainian Navy to NATO standards for the operation of military equipment.

2. Analysis of recent research and publications

Ensuring the serviceability, reliability, and safe operation of ships (boats) requires the introduction of effective
diagnostic tools, among which nondestructive testing (NDT) methods play a leading role. During the operation of
technical equipment on the high sea, when maintenance is carried out in limited space and time conditions, and access
to specialized laboratories is limited, the correct choice of NDT method becomes a serious condition that directly
affects the operability of shipboard machinery.

When deciding on an NDT method for technical diagnostics of machinery, based on ship-repair practice, the
following five key areas should be taken into account:

1) Analysis of the physical nature of the defect or property being tested, during which the type of object (hull
parts, shafts, gearboxes, pipelines, welds, etc.) and the nature of possible damage as typical for the marine
environment (cracks, corrosion, delamination, decompaction, etc.) are determined.
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2) Knowledge of the physical principles underlying a specific NDT method. This is necessary to determine the
capabilities and limitations when testing steel, aluminum, composite, or anti-corrosion coated objects to be
diagnosed.

3) Evaluation of the interaction of a testing medium with the material of a part (assembly). For example,
ultrasonic methods require the use of a wetting medium, which may be unacceptable for certain types of
ship’s equipment (electronics, high-precision components).

4) Analysis of the technical potential of the equipment, the measurement capabilities, and the reliability of the
results obtained, taking into account the conditions on shipboard: vibration background, temperature
conditions, spatial restrictions of the engine room, the presence of electromagnetic interference, etc.

5) Taking account of regulatory, economic, financial, organizational, and logistical factors for the feasibility of
using a specific NDT method, which is related to the cost of maintenance, the speed of inspections, the
requirements of marine classification societies (IACS, ABS, DNV, BV, etc.), as well as compliance with
environmental requirements (including during stays in port or at anchor).

For example, ultrasonic or magnetic particle testing methods can be used to detect cracks in main engine
crankshaft and connecting rod components, such as the crankshaft or connecting rods. Ultrasonic thickness testing is
used to check for erosion and corrosion damage in cylinder liner walls, water jackets, or bores. In each of these cases,
it is necessary to take into account not only the compliance of an NDT method with the physical characteristics of the
object being tested, but also the internal operating conditions of the engine (high temperatures, limited access to
components, the presence of lubricant residues, and the possibility of performing the testing without dismantling the
components) and external ones (exposure to seawater, high salinity, and corrosive activity).

It should be noted that the equipment sensitivity values specified by manufacturers in their data sheets and
operating instructions may differ from the actual parameters under operating conditions of a ship (boat) during a real
combat situation. That is the reason why the competence of the personnel performing the testing and adherence to
standardized testing procedures are of particular importance.

Thus, the optimization of NDT methods in the maintenance of ships (boats) of the Ukrainian Navy should be
based on a deep understanding of physical, technological, and operational factors, which will ultimately allow not
only the timely detection of defects and the prevention of emergency situations, but also ensure full compliance with
the requirements of international standards for their operation.

It is clear that reliability evaluation of technically complex objects (machinery and their components) using NDT
methods plays a significant role both when designing and manufacturing, and when operating and maintaining them.
Currently, about a dozen different NDT methods are used: electrical, radio-wave, thermal, acoustic, vibroacoustic,
optical, with penetrants, eddy-current, magnetic, radiative. All the NDT methods are categorized by their areas of
application, as each has certain technical limitations [1].

At the present time, in the theory of technical diagnostics in relation to shipboard machinery, three groups of
methods have received the greatest distribution: (1) the methods of diagnosing by the parameters of working
processes (based on determining the technical state of machinery through monitoring the dynamics of changes in their
operating parameters); (2) the methods of diagnosing by the parameters of accompanying processes, which indirectly
affect the operation of technical equipment (based on the analysis of the indicators of thermal field, noise,
vibroacoustics, etc.); (3) the methods of diagnosing by structural (geometric) parameters, which directly characterize
the technical state of the units and assemblies of powerplant (based on the evaluation of objective geometric
parameters (gaps, backlashes, free plays, displacements, etc.) [2], [3].

Diagnostic objectives, the means and methods for measuring diagnostic parameters, and the physical nature of
the processes underlying the operation of the units and components being diagnosed are key factors when choosing a
method for diagnosing the technical state of shipboard machinery. For example, when performing a standard
technical diagnostics of individual systems and components of a marine diesel engine, as well as its diagnostics as a
single unit of equipment, a good deal of diagnostic operations must be performed, which ultimately leads to
significant time losses and, therefore, such a diagnostics is lengthy and ineffective.

It is clear that the solution of the problem of early warning of a high probability of failure, whether it is a single
complex mechanical system (diesel engine, gearbox, generator, etc.) or individual simple components (injector,
bearing, valve, etc.), depends on the availability of possibility to conduct a prompt evaluation of their technical state
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during operation. One of the key factors that can be singled out among others affecting the reliability of a component
(or a mechanism) during operation is the quality level of current monitoring its technical state, which is conducted in
the course of its intensive working.

In recent years, several innovations have become known in global practice for the technical diagnostics of
complex systems—some enterprises (companies) have introduced so-called deep learning models in production,
which ultimately increase the service life of these systems [4]. In dozens of countries, predictive maintenance systems
are being added to production, which is associated with the implementation of the so-called smart factory at the
Industry 4.0 level [5], [6]. Also highly reasonable is the attempt by Chinese researchers to create standard databases
for diagnosing the malfunctions (failures) of technical equipment in order to prevent repetition of their research [7].

According to paper [8], the authors investigated a method for improving the efficiency of parametric diagnostics
of marine engines based on the analysis of indicator diagrams and heat release characteristics. The method for
diagnosing the quality of the combustion process in a marine internal combustion engine is based on measuring the
pressure within cylinder as a function of the crankshaft angle (CA) during engine operation under typical operating
conditions. The resulting indicator diagrams allow one to determine a number of indicator parameters (maximum
combustion pressure, pressure at the beginning and end of combustion, average indicator pressure, etc.), the analysis
of changes in which enables one to identify deviations in the operation of systems that form the combustion process,
in particular the fuel injection system, the gas exchange system, and the “piston—piston rings—cylinder” assembly. The
advantages of this method are its non-invasiveness (no need to stop the engine), as well as the speed of obtaining
results and the ability to directly evaluate the technical state of the engine’s functional systems based on physically
substantiated indicators of the combustion process.

According to paper [9], the use of new-generation high-performance microcontrollers with wireless interfaces
and integrated analog-to-digital converters (given their low overall power consumption) makes it possible to solve the
problem of comprehensive diagnostics of marine diesel engines. And this, in turn, makes it possible to develop a
portable system for technical diagnostics of the parameters of marine engines, which operates in real time. Such a
system can be installed on well-known devices with Android or iOS mobile platforms, which receive information
from sensors via Bluetooth system, after which they perform the necessary calculations and display diagrams and data
(in real time). The proposed system uses a combination of a gas pressure sensor in the working cylinder and a
vibroacoustic sensor, which expands the diagnostic capabilities of marine diesel engines in operating conditions. The
presented method allows one to calculate the irregularity indicators of engine working in real time and introduces the
integral CII criterion for evaluating the stability of operating cycles, thereby ensuring an accurate determination of the
indicated power and providing a possibility of optimizing the settings of engine systems during operation.

Recently, there has been a clear trend in the modernization of marine technical equipment toward the active
introduction of artificial intelligence into control and monitoring systems for shipboard machinery. The use of modern
machine learning and big data processing technologies significantly improves the reliability of statistical information
on the technical state of a ship’s powerplant and auxiliary systems. And this, in turn, minimizes the probability of
errors when evaluating the parameters of equipment working and ensures the timely detection of process deviations
from standard operating modes. For a ship’s tending squad, such intelligent solutions become decision support tools
that reduce the complexity of understanding complex technical processes and contribute to the transition of the ships’
(boats’) crews from a reactive approach to the tending of shipboard machinery (i.e., passively responding to external
events occurring with machinery) to a proactive approach (i.e., anticipating the failures of machinery in advance
through predictive maintenance). In other words, a crew of a modern ship (boat) must have the ability to fully
understand technical faults that unexpectedly arise during the operation of shipboard machinery on the high sea, and
be able to use their knowledge to take further measures to operate the ship in accordance with the objective reality of
the current state of the mechanisms.

In paper [10], the researchers described a new model of artificial intelligence based on a multi-scale attention
transformer (MSAT) that can automatically detect faults in marine diesel engines by sensor data (e.g., cylinder
pressure). Its unique feature is that it simultaneously recognizes fine signal details (local variations) and the overall
picture of engine working (global dependencies). To ensure fast and accurate training of the model, they used an
improved optimization algorithm. The testing showed very good results—the model correctly identifies faults even in
the presence of significant interference (noise). The study substantiates the advisability of the integration of MSAT
into on-board control and monitoring systems of marine engines as a decision support tool for predictive maintenance
of ships’ powerplants. And this means that such an approach can be applied directly on shipboard to continuously
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monitor the technical state of an engine and to provide early prevention of potential faults. The authors of this study
believe that for developing an express method for diagnosing the diesel engines of fast-moving surface platforms, the
method based on the parameters of accompanying processes is the most practicable.

According to paper [11], a passive thermal monitoring method based on the study of bearing heating rates was
proposed for the prompt evaluation of the technical state of rolling bearings. A distinctive feature of this approach is
the evaluation of the technical state of friction assemblies using the empirical criterion of heating rate as an indirect
criterion of bearing operability by thermal state. This paper also took into account the results of bench tests [12],
during the analysis of which the issue of shifting the period of prompt evaluation was examined in detail when
starting up a unit (mechanism).

Under the conditions of combat operations, the problem of conducting the prompt diagnostics of shipboard
diesel engines is particularly pressing. The intensive operation of ships and boats of the Ukrainian Navy at near-
maximum operating modes occurs amid active enemy’s counteraction and is accompanied by significant physical and
psycho-emotional exhaustion of crews. Under such conditions, the known diagnostic methods used, including those
based on empirical criteria of accompanying processes (heating rate when shifting the period of prompt evaluation
when starting up the units), do not provide complete and reliable information about the actual technical state of the
engine precisely at the moment of starting up, as the most critical and vulnerable mode of its operation. And this, in
turn, creates the risk of hidden failures and sudden breakdowns, which directly impacts the combat readiness and
survivability of ships (boats) [13].

One of the key prerequisites for ensuring the trouble-free operation of the main and auxiliary mechanisms of
ships’ powerplants during combat and special missions is effective current technical monitoring of critical operating
parameters of engines and auxiliary equipment. The possession of reliable information about current changes in the
values of these parameters in real time allows the crew to quickly respond to changes in the technical state of the
powerplant, duly identify the initial signs of hidden defects and monitor degradation processes, as well as duly warn
the maintenance and repair department about potential threats. Based on the data received from the crew, maintenance
and repair department specialists can organize unscheduled diagnostic measures (using special instruments and tools)
and, based on an analysis of the current values of the measured parameters, make substantiated decisions about the
need for unscheduled maintenance or repair of specific assemblies (parts) of the powerplant.

The implementation of express methods of diagnostics based on the analysis of data through the digital display
panels of on-board instruments will ensure the timely forestalling of emergency situations while ships are on the high
sea. Given the crew's limited access to information about the technical state of shipboard machinery, and having only
data coming from standard on-board control and monitoring systems, it is advisable to create an algorithm for the
crew's actions and a database with a formalized description of procedures in the event of situations where, during
technical diagnostics, an excessive increase in the rate of degradation processes occurs (by extremely high values of
the determining parameters). This requires a clear determination of diagnostics objectives, formalization of
monitoring procedures, optimization of the selection of critical parameters and establishment of standards for
indicators characterizing the oncoming of the technical state of the powerplant to the critical one, as well as taking
account of distinction in the use of a direct or indirect mode of measuring the values of the determining parameters.

In paper [14], we described the development of an express method for predicting the development of degradation
processes based on a series of full-scale experiments to determine the most informative parameters for the prompt
evaluation of the technical state of the diesel engines of boats’ powerplants, the values of which vary over time. Using
an improved diagnostic technique based on an empirical criterion for the rate of change of determining parameters
over a fixed period of time, particularly during the unit heating-up stage, we analyzed data obtained through on-board
instruments of the control and monitoring system. This made it possible to establish intermediate values for the rate of
change of operating parameters and determine ways to obtain the boundary limits of critical values. As a result of the
conducted research, we made a substantiated conclusion that nearing these limits indicates an increased probability of
loss of operability of the shipboard diesel engine, which, in turn, increases the risk of the ship (boat) losing her
capability to perform combat missions.

Taking into account the aforesaid, there is a need to develop a relatively easy-to-use and physically
understandable (for ship’s crew) express method of diagnosing the actual technical state of the engine, which allows
for the advantages and disadvantages of other methods and provides crews with an effective tool for promptly
evaluating the operability of powerplants in real time. Such a method must be technologically simple when
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introducing, be adaptable to standard technical instruments for measuring the parameters being monitored, ensure
rapid acquisition of diagnostic data, and also minimize the influence of human error. Its use will significantly improve
the effectiveness of decision-making by the crew under complicated operating conditions (including combat
operations), when the combat readiness and survivability of a ship (boat) depend on the failure resistance and timely
response to malfunctions.

3. The goal and tasks of the study

The goal of the study is to develop a new express method of diagnosing the technical state of diesel engines of
powerplants on shipboard of high-speed combat boats of the Ukrainian Navy directly at the initial stage of engines
working, in particular during their heating-up.

Practical application of the new express method by the crews of ships (boats) must ensure the timely detection of
early signs of degradation processes in the functional systems of engines, which will enable one to take preventative
measures and, consequently, to stave off probable failures in the future. At a later time, this will significantly reduce the
probability of operability loss by ships’ (boats”) powerplants during combat missions on the high sea and will lay the
foundation for implementing the concept of predictive maintenance (i.e., maintenance based on actual technical state)
into the operational practices of the Ukrainian Navy.

According to paper [14], the model of the express method of diagnosing is based on the evaluation and analysis of
the indicators generated by the on-board instruments of the control and monitoring system (with the shifting of period
of the prompt evaluation during the engine startup stage and singled-out phases of its heating-up). Taking into account
the results of full-scale experimental tests, which were conducted on shipboard diesel engines, and the conclusions
from the analysis of the interdependence of the parameters of the on-board instruments of the control and monitoring
system, as well as the forecast of the possibility of obtaining the boundary limits of critical values, the following
scientific research tasks can be defined that require fulfillment:

1) Calculation of critical values of determining parameters, nearing which increases the probability of loss of
engine operability and reduces the combat capability of the ship (boat), taking into account the dynamics of
changes during engine startup in heating-up mode.

2) Obtaining confirmation of the specified normalized critical values of determining parameters and the rates of
their change within specific time intervals through full-scale experiments on existing diesel engines of ships’
powerplants.

3) Development of a new express method of diagnosing the technical state of diesel engines based on the
readings through on-board instruments of the control and monitoring system of ship’s powerplant, with the
possibility of using the method as an auxiliary monitoring tool between scheduled maintenance dates.

4. Materials and methods of the conducted study

Modern military ships and boats are equipped with on-board electronic control and monitoring of the technical
state of shipboard machinery with different degrees of informativeness and diagnostic capabilities. Large-
displacement ships (frigates, corvettes) are equipped with complicated systems that enable their crews to diagnose the
individual mechanisms, autonomous engine groups and the entire propulsion system of the ship (Fig. 1). These
systems are distinguished by a wide range of monitoring functions and diagnostic parameters, which is ensured, in
particular, by the use of modern diagnostic technologies: sensors and instruments, on-board information and control
panels (ECU, EMU, EIM), data collection, storage and display systems (MTS, LOP, LOSDE/GT), software for
diagnostic and analysis system, communication and integration modules (CCG, PIMs), information support tools for
ships’ tending squads [15] with the corresponding visualization of data transmitted to the digital display panel of
control and monitoring of the ship’s powerplant (Fig. 2).

However, the excessive complexity of up-to-date electronic control and monitoring systems for shipboard
machinery, the high cost of their installation and operation, the need for specialized training for ships’ tending squads,
as well as limited access to spare parts and a small number of maintenance and repair centers, pose significant
limitations to their effective use, especially on small military boats of the Ukrainian Navy. In connection with this,
there is a need to introduce simpler, more reliable, and more cost-effective control and monitoring systems that
provide a sufficient level of monitoring and diagnostics of the technical state of ship machinery, and thereby
simplifying tending and reducing operating costs on small vessels.
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Fig. 1. Modular hardware for monitoring and diagnostics of modern diesel engines (MTU Co.).
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Fig. 2. Visualization of current values of determining parameters on the digital display panel.

Currently, small combat and specialized self-propelled marine and river platforms (boats, launches, inflatable
boats, etc.) utilize relatively simple control and monitoring systems of powerplants working, which provide the data
transmission of minimum necessary but supremely important operating parameters of the main and auxiliary diesel
engines to the digital display panels of on-board instruments. The values of these operating parameters indicate the
current technical state of the shipboard machinery of powerplant in various operating modes (Fig. 3).

Caterpillar’s CAT18 ACERT engines, which were the subject of research in paper [14], exemplify the
application of simplified information systems on marine vessels. These engines are equipped with the ADEM A3
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control system, which provides a sufficient degree of integration of control, protection, and technical state monitoring
functions. The system also supports the functions of diagnostics and fault codes display via the Cat Electronic
Technician (ET) interface.
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| 26.6

Fig. 3. Types of digital display panels of on-board instruments for controlling and monitoring the powerplant.

The disadvantage of this information system is that the specialists of maintenance and repair department can gain
access to information on the state of the machinery only after the ships’ return to their home ports. On the high sea,
only the ship’s (boat’s) crew members are present, and they are not sufficiently trained in analyzing and deciphering
the coded monitoring results from the ECU (electronic control unit). In addition, in cases where only generally
accepted maintenance schedules are in effect on ships, the specialists (of maintenance and repair department) retrieve
information from the ECU at fairly long intervals (according to the schedule), or after an emergency situation not
provided for by the maintenance schedule has already occurred. It is at preventing and reducing to zero the risk of
such unforeseen emergencies on the high sea that the implementation of the new express method is aimed.

At the same time, simple control and monitoring systems of ship’s powerplant have certain advantages: (1) the
use of simple systems makes it possible to reduce acquisition and maintenance costs, which is critical for military
boats with limited funding; (2) reduced complexity of the systems simplifies the procedures of diagnostics and repair,
which, in turn, reduces downtime and dependence on specialized personnel; (3) the use of standard components and
techniques provides easier access to spare parts and maintenance.

Therefore, adapting simplified on-board electronic control and monitoring systems, such as the CATI18
ACERT™ engine monitoring systems, can be an effective solution for small military boats, which will provide the
necessary level of monitoring and diagnostics while reducing the costs and moderating the complexity of
maintenance as a whole.

5. Presentation of the main material

As part of the ongoing research, the values of the determining parameters that change their values during the
operation of the ship’s powerplant in various operating modes with a measurement interval of 3 minutes have already
been calculated [14].

Lubricating oil pressure measurements were conducted using a Caterpillar 304-5668 type stationary sensor
(Sensor GP-Pressure), which is designed for continuous monitoring of pressure in the lubrication system of a C18
series marine diesel engine. The sensor converts mechanical oil pressure into a standardized electrical signal
transmitted to the ECM for indicating and diagnosing the technical state of the system. This sensor has a sealed
housing with a threaded connection; it is resistant to vibration and high temperatures, and its operating range of 0—1.8
MPa and fast response time of 520 ms ensure instantaneous detection of pressure changes during engine operation
and timely activation of automatic protection systems.

Coolant temperature measurements were taken using a Caterpillar 256 6453 type stationary resistive sensor,
which is applied on Caterpillar C18 marine diesel engines. The sensor changes its resistance depending on the coolant
temperature, transmitting a signal to the ECM to accurately determine the engine temperature, to diagnose and protect
the system. This sensor’s operating range is 86—99 °C; when the temperature reaches 106 °C, an alarm is activated,
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preventing overheating. The sensor’s response time is 20—100 ms, allowing the ECM to instantly monitor coolant
temperature changes and maintain the safe operating mode of engine.

The time interval was recorded using a FLOTT FS 8200 digital stopwatch, a high-precision instrument with an
accuracy rating of +0.01 s. It has a three-line LCD display and memory for 200 readings, which enables one to
simultaneously measure and record the current values of all the determining parameters of working engine. The
stopwatch ensured reliability under real-world operating conditions, while its resolution and accuracy rating enabled
us to precisely monitor the time during experimental measurements of diesel engine operating parameters, in
particular when recording rapid changes in operating modes and evaluating the dynamics of powerplant performance.

A preliminary analysis of experimental data showed that the starting mode of heating-up of diesel engine (at no
load) is the most informative for forecasting its overall technical state and early detection of faults. This operating
mode makes it possible to effectively evaluate the state of engine at the expense of the clearly expressed dynamics of
key parameters. On the basis of these circumstances, the following indicators were selected for prompt diagnostics,
directly reflecting the thermal and mechanical stress of the engine: (1) coolant temperature (Coolant Temp); (2) oil
pressure (Oil Pres); (3) fuel consumption (Fuel Rate). Changes in these three parameters over time during engine
heating-up are noticeable indicators, which makes it possible not only to analyze the current state, but also forecast
the onset or acceleration of degradation processes, as well as anticipate potential faults before their critical
manifestation in the form of a breakdown. This methodology formed the basis for developing an express method as
the basic platform for a system for monitoring the current technical state of engines.

Based on experimental data obtained during engines operation in the starting mode of heating-up (the phase of
regular heating-up), graphical dependencies were constructed by criteria of the rates of change of the current values of
the determining parameters of diesel engines working over time (for two main starboard diesel engines of two boats).
These graphical dependencies are presented in Figures 4-7, where the different colors of the jogged lines and the
corresponding numbers correspond to the quantity of measurements (tests) performed on two combat boats.
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Fig. 7. Boat No. 2: Rate of change in the values of coolant temperature in the heating-up mode of engine.

Further research into the starting mode of the diesel engine showed that, under identical constant loads and
rotation speeds of the drive shaft of the engine, the regularities of change in the operating parameters take place,
especially the thermal indicator. The cooling mode efficiency of the diesel engine, as a key thermal indicator, has a
direct impact on the strength and deformation characteristics of its components, as well as on the quality of
lubrication of friction surfaces. Insufficient removal of heat (overheating state) significantly reduces the tensile
strength of materials, especially in thermally stressed areas (cylinder heads, pistons, and cylinder liners). This can
lead to thermal fatigue, plastic deformation, and, ultimately, breakup of components. An elevated temperature in the
cooling system, manifested as engine overheating, is extremely dangerous for the lubrication system and can lead to
rapid degradation and sudden failure. At the same time, excessive cooling (low operating temperature) increases
engine oil viscosity, which impairs pumpability and lubrication efficiency, increases hydrodynamic friction, and
accelerates corrosive wear. Optimal thermal conditions make possible maintaining the necessary oil viscosity to form
a strong oil film, and thus minimize friction and wear, and prevent material degradation and structural changes that
are critical to engine longevity.

From the moment of starting diesel engines, three time phases of their thermal state can be distinguished: (1) the
phase of uneven (chaotic) heating-up; (2) the phase of regular heating-up; (3) the phase of stabilized heating-up.
During these phases, changes in the above-mentioned determining parameters (the most informative) occur. From an
analysis of the graphical dependencies of the current values of the parameters of diesel engines in the starting mode of
heating-up without load (i.e., from the moment of starting a "cold" engine to the phase of stabilized heating-up), it
was determined that the main changes in the parameters occur up to the 11" min. of engine operation, which makes it
possible to predict engine failure with sufficient probability and quickness, which means to anticipate an imminent
emergency situation at the very initial stage of the operation of the ship’s powerplant.

Moreover, it can be visually determined that after engine startup, from the first to the fourth minute of operation,
a disordered change in all operating parameters is observed, characterized by instability in the thermal and
mechanical load conditions on the engine. This time interval is not taken into account when analyzing changes in the
values of the determining parameters (for diagnostics).

Between the 4" and 11" min. of engine operation, regular surges take place, and changes in operating parameters
have corresponding peak zones, corresponding to a transient state during the increase in operating parameter values.
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This phase of engine operation is the most informative (and valuable) component, which is of immediate interest in
our study.

The final phase (the 3™ one), from the 11" min. onward, is characterized by a steady increase in operating
parameters and indicates stabilization of the engine’s operating process. This period of time is also not taken into
account when analyzing changes in the values of the determining parameters (for diagnostics).

Further research into the graphical dependencies of the rates of change of oil pressure and coolant temperature
parameters within the main diesel engines and analysis of the results showed that the maximum values of these rates
in the time interval from the 4" to the 11" min. can be adopted as normalized values for the express method of
diagnosing technically faultless engines. All other values of the determining parameters (rates of change of oil
pressure and coolant temperature) that exceed the established normalized values can be considered as critical ones for
main diesel engines, and which are associated with accelerated degradation processes during the period between
scheduled maintenances.

To normalize the critical values of the defining parameters, it is quite appropriate to proceed from the reliability
coefficient set by the manufacturer separately for each component of the engine system (lubrication system, coolant
system, fuel system). In the technical and operational documentation for CAT18 ACERT engines, which are
produced by the famous American company Caterpillar Inc. [16], the minimum and maximum permissible values of
the main operating parameters for each separate system are defined. Therefore, to select determining parameters, the
excess of which will indicate a deviation from normal operation and signal the presence of a fault, one can use the
technical instructions given in Table 1 from the manufacturer.

Table 1. Performance Analysis Report (PAR) data during sea trials (system format) for diesel engine C18 DITASWACTESTSPEC
371-7544 EFFS/NJLE05142ADVPWR 1135 BHP (840 BKW) @ 2300 RPMPERFREFEMO0260.

Code Number Check Parameter | Nominal Value Unit

Circulating Water System (of Cooling System)

922 Circulating water inlet temperature (from cooler) Max. 92 °C
921 Circulating water pressure from cooling system Min. Note 1 kPa
933 Circulating water inlet temperature (to cooling system) Max. 103 °C
901 Circulating water outlet temperature (before regulator) Max. 103 °C
918 Circulating water outlet pressure (before regulator) Min. Note 1 kPa
902 Circulating water temperature (after water pump) Max. 103 °C

Delta T Circulating water (outlet—inlet) Max. 10 °C

Lubrication System
914 Oil pressure at low idle Max. 600 kPa
914 Oil pressure at low idle Min. 100 kPa
914 Oil pressure at full load Max. 600 kPa
914 Oil pressure at full load Min. 275 kPa
927 Oil filter inlet pressure Min. Note 15 kPa
928 Oil filter outlet pressure Min. Note 15 kPa
Heat Removal
Overall Cooling System (see Note 5) Max. 556 kJ/min
Notes
Note 1 This value is based on an external limitation that is not known during engine manufacturing.
This datum is subject to determination during sea trials by a certified expert.
Note 5 Size the system so that the overload factor is 5 %.
Note 15 The pressure drop must not exceed 35 kPa across the filter and housing at rated speed.

The first significant parameter for diagnostics is lubricating oil pressure. The Performance Analysis Report
(PAR) during sea trials for a diesel engine contains Note 15 at the very bottom line, which states that at rated speed,
the pressure drop across the filter and housing must not exceed 35 kPa. Thus, we have a permissible critical value for
the rate of oil pressure change when measured in the time interval from the 4™ to the 11" min., which corresponds to
the phase of regular rate of change of the first determining parameter, when the oil pressure difference for a faultless
engine must not exceed P/A¢ < 35 kPa/min. Therefore, the ratio of pressure changes in fixed time intervals should be
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adopted as the first determining parameter for diagnosing diesel engines, which we have laid down as the basis for
constructing a model of our new express method.

The second important parameter for diagnostics is the temperature of the fluid in the circulating water system,
along with the overall cooling system. The well-known formula for calculating the amount of heat (Q) required to
change the temperature of a body is as follows:

Q =c-m-AT [K]], (1

where c is specific heat capacity of the body [coolant] (in kJ/(kg - °C) or kJ/(kg - K)); m is the mass of the body; AT is
the change in temperature (in °C or K) as the difference between the initial and final temperatures.

Formula (1) allows us to calculate the quantity of heat required to heat or cool a body of a certain mass with a
certain specific heat capacity by a certain number of degrees.

Furthermore, the line for Heat Removal of the PAR form states "Overall Cooling System (see Note 5)" and also
indicates a maximum value of 556 kJ/min (i.e., maximum heat removal capacity). According to Note 5, the overall
cooling system must be sized to provide a 5% overload factor. This is an indicator of the permissible difference in
loading when extracting the amount of thermal energy with time (heat removal capacity), and therefore, we have the
following condition for the operability of the overall cooling system (i.e, the normalized heat removal capacity):

AQ = W < 556 [k]/min] , @)

where Q;, is the amount of thermal energy that the fluid has in the system at the engine inlet (kJ); Qo is the amount
of thermal energy that the fluid has in the system at the engine outlet (kJ); Af is the time interval (duration) of
measurement (min).

According to data of the PAR form for the Circulating Water System (of Cooling System), the maximum
circulating water temperatures are 92°C at the inlet (from the cooler) and 103°C after the water pump. The maximum
temperature difference AT of the circulating water (outlet—inlet) is 10°C. Therefore, the permissible critical value for
the circulating water temperature difference is A7 < 10°C. However, the overall cooling system is quite inertial, and
therefore such a difference will be characteristic for long-term monitoring of changes in the absolute value of
temperature.

It is quite obvious that for a short-term prompt diagnostic interval of 7 minutes (from the 4th to the 11" min.),
the derivative of the temperature parameter function with time A7/A¢ (°C/min) will be more informative, rather than
its absolute final value AT (°C). On this basis, the second determining parameter for diagnosing diesel engines should
be the rate of change of the difference in the temperature of the circulating water in the measurement time interval,
which we have laid down as the basis for constructing a model of our new express method.

To clearly define the permissible critical value of the rate of temperature change, it is appropriate to start from
the permissible overload factor of the circulation system of 5% and the maximum temperature of the circulating water
(after the water pump) of 103 °C, and assign the permissible critical value of the change in temperature difference
with time as 5% of 103 °C, i.e., the difference between the measured temperature values in the time interval from the
4" to the 11" min., which corresponds to the phase of regular heating-up of the faultless engine, must meet the
condition A7/At < 4.9 °C/min.

Thus, based on the readings (current values) through the on-board instruments of the ship’s powerplant control
and monitoring system and the analysis of these readings, we propose a constructed model of our new express method
for diagnosing diesel engines at the initial stage of their heating-up from the 4% to the 11" min., taking into account
the monitoring of two determining parameters at fixed time intervals:

1) Change in oil pressure AP/At <35 kPa/min.
2) Change in the temperature difference of the circulating water in the cooling system A7/At <4.9 °C/min.

Based on the information received from the tending squad regarding two determining parameters and normalized
criteria, the ship’s captain makes a substantiated decision on the possibility of the ship’s going to sea to carry out a
combat mission or notifies the maintenance and repair department of the presence of a fault, which sends authorized
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specialists (with specialized equipment and tools) to the ship to find the defective assembly (part) and eliminate the
fault by conducting unscheduled maintenance or repair.

The express method being proposed for diagnostics is very simple to use. During the initial heating-up mode of
the diesel engines, the ship’s tending squad record the current values and the difference in lubrication pressure (AP)
every minute (A?) for 7 minutes, starting from the 4™ to the 11" min., and compare them with the normalized value
AP/At < 35 kPa/min. The current values and the difference in temperature of the circulating water in the cooling
system AT are similarly recorded and compared with the normalized value AT/At < 4.9 °C/min. Based on the
information received from the tending squad regarding two determining parameters and normalized criteria, the ship’s
captain makes a substantiated decision on the possibility of the ship’s going to sea to carry out a combat mission or
notifies the maintenance and repair department of the presence of a fault, which sends authorized specialists (with
specialized equipment and tools) to the ship to find the defective assembly (part) and eliminate the fault by
conducting unscheduled maintenance or repair.

It is quite obvious that the process of measuring current values, calculating and comparing the results being
obtained with the normalized critical values of the determining parameters should preferably be automated using
mobile devices (tablet, cellphone, etc.) in order to avoid subjective influence (human factor) on the final results of
diagnostics, so we will continue research work in this direction.

As a visual example, it is worth demonstrating the application of the express method being proposed for
diagnosing two diesel engines from different boats using empirical data (see Fig. 4—7) for two determining parameters
(oil pressure change and circulating water temperature difference in the cooling system). Based on the analysis of the
constructed graphical dependencies, several substantiated conclusions can be drawn.

According to ten test measurements of two diesel engines, which were carried out at different times of day and
under different ambient temperature values, they did not exceed the permissible normalized values for the
determining parameter of oil pressure change with time, namely:

¢ Engine #1 has maximum values within the range of AP/At =24-32 = <35 kPa/min (Fig. 4).
¢ Engine #2 has maximum values within the range of AP/At = 12-20 = < 35 kPa/min (Fig. 6).

A similar situation was observed in test measurements of changes in the temperature difference of the circulating
water with time, namely:

e Engine #1 has maximum values within the range of AT/At = 2-3 = <4.9 °C/min (Fig. 5).
¢ Engine #2 has maximum values within the range of AT/At =2 = < 4.9 °C/min (Fig. 7).

During the comparative analysis of identical experimental diesel engines, for which the first scheduled
maintenance period is set at 3,000 hours of operation time, the following was established: main diesel engine #1 with
a total operation time of 2,236 hours, which was confirmed by the data of digital display panel of the electronic
control unit of the boat’s powerplant parameters (photo recording of the "Engine Hours" indicator at the 2,236 hours
mark), the service life of which was approaching the first scheduled maintenance, was characterized by a more
deteriorated technical state than that of engine #2 due to its operation time of 2,236 hours. In turn, main diesel engine
#2 with a total operation time of 3,112 hours, which was confirmed by the data of digital display panel (photo
recording of the "Engine Hours" indicator at the 3,112 hours mark), 112 hours of which were operated after the
scheduled maintenance, having reached the 3,000 hours mark, showed a better technical state than engine #1.

The conducted comparison of the current technical states of identical diesel engines with different operating
hours "before" and "after" maintenance has confirmed the effectiveness of the new express method being proposed of
prompt diagnostics, which makes it possible to quickly evaluate the current technical condition of a ship’s powerplant
in a short period of 7 minutes (from the 4™ to the 11" min.) and can serve as an indicator of confirmation of the fact of
maintenance fulfillment and the level of its quality. The foregoing example clearly demonstrates the practical value of
the new express method for crew members as well as specialists of maintenance and repair department as an
additional tool for monitoring changes in the current state of engines, which provides a high degree of technical
informativeness during the interim period between the dates of conducting scheduled maintenance.

6. Conclusion

Monitoring the temperature of the circulating water in the cooling system and the lubricating oil pressure is a
mandatory and critical requirement for the operation of a shipboard main diesel engine. Deviations from the nominal
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values of these parameters have a very direct impact on thermal stability, lubrication reliability, fuel efficiency, and
the service life of the unit as a whole. A belated detection of deviations in these determining parameters from the
normalized values, as well as ignoring such deviations, may lead to unpredictable emergency situations, such as a
sudden shutdown (failure, damage) of the ship’s powerplant.

Other operational parameters (related to the air intake system, fuel system, exhaust system, engine speed and
power, fuel physicochemical properties, etc.) are not critical to the engine's ongoing operation, as changes in these
parameters do not result in its unlooked-for shutdown. In this case, if necessary, the ship (boat) can suspend the
execution of her combat mission and return to the home port to carry out urgent troubleshooting of these systems by
force of the authorized maintenance and repair department.

The express method being proposed should be considered as an auxiliary source for the prompt evaluation of
current information, which makes it possible to improve interaction between a ship’s (boat’s) crew and the
maintenance and repair department regarding the current technical state of engines and making appropriate decisions
on the possibility of further safe operation of the ship (boat) or the pressing need for performing the unscheduled
maintenance and, consequently, her time-urgent return to the home port. In a sense, the constructed model of our
express method acts as a kind of "safety net" against unexpected failures, which in practice makes it possible to
prevent emergency situations and reduce the risk of sudden breakdowns of the shipboard mechanisms to zero.

The implementation of this express method significantly increases the responsibility of maintenance and repair
departments, since the results of their troubleshooting and work as a whole can be quickly verified in practice, which
ultimately contributes to an increase in the combat readiness of the ship (boat) before going to sea.
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3aCTOCYBaHHS eKCIpec-MeTOay AiarHOCTUKHM TeXHIYHOr0 CTaHy
CYAHOBMX IH3eJIbHUX JIBUT'YHIB
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AHoTanis

VY wmifi cTarTi OOTPYHTOBYETHCSA TEXHIYHA MOXIIHUBICTH Ta JOIUIBHICTh PO3POOKH HOBOT'O EKCIIPEC-METOIY
JIarHOCTUKU CTaHy AM3ENBHUX JBUI'YHIB OOHOBMX KaTepiB Ha OCHOBI aHajl3y IOKa3aHb OOPTOBHMX IPUJIAMIIB
iHopMaliiHOT CHCTeMH KepyBaHHS Ta CTEKEHHS 332 CHJIOBOKO YCTAHOBKOIO Karepa. Lleil excrpec-MeTon 103BOJIUTH
eKinmakxaM 0o0ioBMX KaTepiB (KOpabiliB) BHKOPHCTOBYBATH MPOTHO3HE OOCIYrOBYBaHHS CYAHOBHX MEXaHI3MIB I
IIBUJIKOTO BUSIBIICHHS JerpajalliifHUX MPOLECIB MiJ Yac eKcIUlyaTaiii Ta MiHiMi3amii pU3uKy HemepeadadeHux
BiIMOB (TIOJIOMOK) TpW BHKOHaHHI OoHOBUX 3aBaaHb. CyTh HOBOrO METOAY MoJsirae B TOOyIOBI Mopedi
JIarHOCTYBaHHS CYJHOBOTO MAITMHHOTO OOJaTHAHHSA Ha OCHOBI aHAaJTi3y eMIIpHYHUX KPHUTEPiiB MIBUIKOCTEH 3MiHU
NOTOYHMX 3HAYCHb BHU3HAYAIBHHX MapaMeTpiB y BHIUICHUX YacOBUX Jialla30Hax MiJ 4ac MporpiBy ABUIYHiB. B
pe3yabTaTi HATYpPHUX BHIPOOYBaHb OyJaM BH3HAYCHI BH3HAYAlbHI MapaMeTpH Ta BCTAHOBICHI X TIpaHHYHI
HOpMaTi30BaHi MBUIKOCTI 3MiHH, IEPEBUIICHHS SIKUX MOXE MIPU3BECTH 10 aBAPIHHUX CUTYAIIii.

KoaiouoBi ciioBa: cyjHOBHI TU3eNbHUI JBUTYH; BU3HAYAIBHUN ITapaMeTp; PEXKUM IPOTpiBY; MOTOUHI 3HAUYEHHS.
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Abstract

The paper presents research results on the application of infrared thermography for diagnostics of machines and
devices in railway infrastructure. The theoretical foundations based on Fourier’s heat conduction equation are outlined
and the principles of designing an automated diagnostic system using thermal cameras, a data processing server, and
machine learning algorithms are described. Examples of thermograms and graphs illustrate the detection of defects in
cable connections, rail joints and turnout drives. Experimental studies confirmed that infrared diagnostics ensure high
accuracy, speed and reliability in detecting hidden faults that remain unnoticed by traditional inspection methods. An
economic analysis demonstrated a reduction in maintenance costs by up to 65% and a 67% decrease in train
downtime. The obtained results prove the feasibility and effectiveness of implementing infrared thermographic
systems in the maintenance practice of Ukrainian railways to enhance operational safety and optimize maintenance
expenses.

Keywords: infrared thermography; railway infrastructure; diagnostics; non-destructive testing; thermal imaging
camera.

1. Introduction

Infrared thermography (IRT) is a modern non-destructive testing (NDT) method that allows for the evaluation of
surface temperature fields of objects in a non-contact manner. Its application in railway transport includes the
diagnostics of turnout mechanisms, cable connections, rail joints, and signaling and interlocking (S&C) equipment.

In Ukraine, the relevance of this approach is determined by the high wear of infrastructure, the frequency of
failures, and the insufficient level of automation in diagnostics [1], [2], [6]. The main purpose of implementing IRT is
the timely detection of defects, reduction of emergency situations and optimization of maintenance costs.

International experience demonstrates that in the Federal Republic of Germany (Deutsche Bahn), infrared control
is actively used to prevent overheating in drives and transformers; in Japan (JR East) — to monitor cable routes and
high-speed switch mechanisms; and in the United States (Amtrak, BNSF) — to inspect the contact network and power
cabinets [4], [8].

2. Analysis of literature and regulatory documents

The topic of infrared thermography is actively covered in international journals. In the Sensors journal, several
review papers have been published that systematize the methods of passive and active thermography [6]. Infrared
Physics & Technology presents studies on new algorithms for processing infrared camera signals [2]. IEEE
Transactions on Instrumentation and Measurement highlights examples of practical applications in transport
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infrastructure [4], [5]. Additionally, standards such as ISO 18434-1, ISO 18436-7, and ASTM E1933 define the
requirements for camera calibration, emissivity measurement, and interpretation of results [9], [10].
3. Purpose of the study

The main objective of implementing IRT is the timely detection of defects, reduction of emergency situations,
and optimization of maintenance costs. The method combines speed, safety and high accuracy in identifying hidden
defects, making it a promising tool for integration into automated control systems.

4. Theoretical background

The theoretical basis of infrared thermography is the Fourier heat conduction equation [1], [7]:

g =-) grad(7), (1

where ¢ is the heat flux vector; A is the thermal conductivity coefficient; grad(7) is the temperature gradient.

For railway elements (rail joints, cable connections), overheating can be estimated using the simplified
formula [1], [7]:

AT=(P-R-t)/(m - c), 2)

where [ is the current; R is the contact resistance; ¢ is time; m is the material mass; c is the heat capacity.

Figure 1 shows an example of temperature field distribution modeling in a node with increased contact
resistance.

105

y, cm
Temperature, °C

Fig. 1. Temperature field distribution.

5. Methodology

The proposed methodology involves constructing an automated diagnostic system consisting of a thermal
imager, a preprocessing unit, a server, and machine-learning algorithms (see Table 1). The general workflow of the
system is illustrated in Figure 2.
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| Capture IR image |

| Preprocessing |

| Feature extraction |

| Classification/Alarm |

Fig. 2. Algorithm of the diagnostic system operation.

Table 1. Equipment used in the diagnostic system

Component Model / Characteristics

Thermal imager FLIR E95, 464%348 pixels, range —20...+650 °C
Optical lens 42° FOV

Server Intel Xeon, 32 GB RAM, SSD 1 TB

Software MATLAB, Python (OpenCV, TensorFlow)

6. Research results

3

2
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o
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Fig. 3. Thermogram of cable connection.
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Experimental measurements have demonstrated the effectiveness of infrared diagnostics for various objects of

railway infrastructure. The obtained thermograms make it possible to detect hidden defects that cannot be identified
using traditional methods.

In the thermogram (Fig. 3), localized areas of increased temperature can be observed, indicating the presence of
thermal anomalies in the investigated unit. The maximum temperature in the center of the area reaches approximately
100 °C, while the peripheral region has a temperature of about 30 °C.

The color scale on the right illustrates the temperature range from 20 °C (violet tones) to 100 °C (yellow tones).
The X-axis represents the geometric position of the element (mm), and the Y-axis shows the height coordinate (mm).
Thus, the figure reflects the spatial temperature distribution on the surface of the object.
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In the thermogram, local overheating zones are visible, indicating increased contact resistance or insulation
defects. Such areas are potentially hazardous and may lead to equipment failures.

The temperature—time dependence for the control point is shown in Fig. 4.

From the graph, it is evident that the temperature changes cyclically: during the first 20 minutes, heating up to
approximately 40 °C is observed, followed by cooling down to about 15 °C, and then a subsequent rise again.

35
30F

25t

Temperature, °C

1 1 1 1 1 1

0 10 20 30 40 50 60
Time, min

Fig. 4. Temperature vs time dependency during operational testing.

The temperature—time graph shows a gradual increase in the average temperature level with superimposed
fluctuations. This indicates the presence of both periodic loads and a long-term trend toward overheating. A
comparison of parameters for different objects is presented in Table 2.

Table 2. Comparison of parameters for different objects.

Object Normal temperature, °C Anomaly temperature, °C Comment
Turnout mechanism up to 40 60-80 Drive overheating
Cable connection up to 35 55-70 Poor contact
Rail joint up to 45 65-85 Increased resistance

7. Economic Effect

The results of the economic analysis are given in Table 3, and the graphical representation of the cost difference
is shown in Fig. 5.

Economic analysis demonstrates a significant difference between traditional diagnostic methods and the

implementation of infrared control [1], [2], [4]. Inspection costs are reduced by 2—3 times, while additional savings
are achieved through decreased train downtime and fewer emergency repairs.

Table 3. Comparison of diagnostic methods and cost savings.

Parameter Traditional methods IR diagnostics Savings
Average inspection cost per o
object (UAH) 2000 700 65 %
Inspection time per object ~ 3 hours 10-20 min -
Repair cost per object (UAH) ~ 50 000 ~20 000 60 %
Train downtime due to failures ~120 ~40 —67%
(hours / year)
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As shown in Table 3, the application of infrared diagnostics makes it possible to reduce the average inspection

costs per object by 65%, decrease rolling stock downtime by more than 67%, and lower repair expenses by over 60%,

providing a significant economic effect from the implementation of the method.

240+
220
200+
Traditional methods

180+ Thermal imaging diagnostics

160+

Expenses of operation

i n 1

3
Years of operation

Fig. 5. Comparison of expenses of traditional methods and IR diagnostics.

8. Conclusion

This research substantiates the feasibility of using infrared thermography for the diagnostics of railway

infrastructure elements. A methodology for developing an automated monitoring system has been proposed,

experimental studies have been conducted, and an economic analysis has been performed.

[10]

Key findings:

¢ IR diagnostics provides high accuracy and speed in defect detection;

e The use of an automated system reduces maintenance and repair costs by 2—3 times;
e Implementation of the system enhances train safety and minimizes downtime;

e The results correspond to the international experience and can be adapted to Ukrainian conditions.
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IndpauepBona Tepmorpadisi 19 JiarHOCTUKHU eJIEMEHTIB
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AHoTaNisn

B cratTi mpeacTaBiIeHo pe3yNbTaTH JOCHTIKEHHS eEeKTHBHOCTI 3aCTOCYBaHHS iH(ppadepBoHOI TepMorpadii At
JIarHOCTUKM MAaIlMH 1 TPHUCTPOIB 3ali3HHYHOI iH(pacTpykTypu. PO3KpHTO TEOpeTWdHi OCHOBH METOAY, IO
0a3yroTeCs Ha PIBHAHHI TEIUIONPOBiAHOCTI DPyp’e Ta OMHMCAHO NPUHIMIK TOOYIOBH aBTOMATH30BAaHOI CHCTEMH
KOHTPOJIIO 3 BHUKOPHMCTaHHSM TEIUIOBI3IMHUX Kamep, CEPBEPHOI0 MOIYJsi OOpOOKM Ta ajrOpUTMIB MAalIMHHOTO
HaBuaHHA. HaBeneno mpukiamud TepmorpaM i rpadikiB, sKi LTIOCTPYIOTH poOOTY CHCTEMH i Yac BUSBICHHS
neeKTiB y KabenmbHUX 3 €THAHHAX, PEHKOBHX CTHKaX 1 CTpinoyHHX nepeBogax. [IpoBeneHO eKkcHepHMEHTaNbHI
JOCIHIJDKEHHS, PE3yJbTaTH SIKMX MIATBEPAMIM, IO iH(ppauepBOHA-IiarHOCTHKa 3a0e3neyye BHCOKY TOYHICTb,
MIBUAKICT, OOCTEXKEHHS Ta BHSBJICHHA TNPUXOBAaHMX MAE(EKTiB, HEJOCTYNMHHX Uil TPAAUIIHHUX METO/IB.
ExoHOMIUHMI aHaNi3 3aCBiTYMB 3HIKCHHS BUTpPAT Ha OOCIYroBYBaHHS 10 65 % i CKOpPOUYEHHS IPOCTOIB MOI3/IB Ha
67 %. OrpumaHi pe3ynbTaTH JOBOISATH JOLUIBHICT BIPOBAPKEHHS 1H(QpauepBOHUX-TEXHOJOTIH y TNPAaKTUKY
TEXHIYHOT0 00CIIyTrOBYBaHHS YKPATHCHKUX 3aJ1i3HHIIb.

KuarouoBi ciaoBa: iH(ppauepBoHa TepMorpadis; 3ali3HUYHA IHPPACTPYKTypa; HiarHOCTHKA, HEPYyHHIBHHMA
KOHTPOJIb; TEIUIOBI3iiiHAa Kamepa.
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Abstract

This paper presents the development and validation of a fuzzy control model with automated rule base
generation for artillery system actuators in game simulators. The proposed model integrates a bioinspired
optimization mechanism based on the ant colony algorithm, enabling the automatic synthesis of efficient rule bases
without relying on expert knowledge. This approach ensures adaptability and autonomy under uncertain conditions
and provides logical transparency, allowing detailed analysis of control strategies. The model can be employed to
simulate the decision-making behavior of virtual allies or adversaries, representing their different skill levels by
adjusting reference models and objective functions at the design stage, thereby enhancing the realism in combat
scenarios simulation. Experimental studies conducted on the example of an electric drive simulation model
responsible for artillery mount barrel elevation demonstrated the superiority of the fuzzy model over a traditional PD
controller in terms of robustness, efficiency and accuracy. The methodology presented in this paper can also be
applied to hydraulic and other types of actuators.

Keywords: game simulators; artillery systems; fuzzy control model; rule base generation; actuator model.

1. Introduction

In the context of twenty-first century warfare, the rapid proliferation of unmanned aerial vehicles (UAVs) has
profoundly transformed reconnaissance, surveillance, and precision strike capabilities. Nevertheless, artillery
continues to occupy a central role as one of the most decisive instruments of firepower on the battlefield [1]. Its
capacity to deliver sustained, large-scale, and comparatively cost-effective destructive force ensures that it remains
indispensable for neutralizing enemy positions, disrupting logistical lines, and providing both offensive and defensive
support. Unlike UAVs, which often depend on sophisticated communication infrastructures and are vulnerable to
electronic countermeasures, artillery systems maintain their relevance through robustness, operational reliability, and
their ability to operate effectively in a wide range of tactical and operational conditions [2].

At the same time, modern high-intensity, technologically advanced combat environments impose exacting
demands on artillery employment that transcend traditional paradigms of massed fire [3]. Contemporary operations
require pinpoint engagement of threat elements with minimal ammunition expenditure, a significant reduction in
time-to-target and in the duration of exposure within firing positions, and the capacity to sustain high sortie rates
under contested, degraded conditions. These operational imperatives, compounded by accelerated fatigue and
premature wear of mechanical, electromechanical, and electronic subsystems, render conventional, manually tuned
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procedures insufficient. Accordingly, there is an urgent need for novel algorithmic frameworks and mathematical
models that provide real-time control, adaptive correction, and predictive diagnostics at multiple hierarchical levels:
from sensors, actuators, and individual weapon components to coordinated fire units, batteries, and integrated fire-
support systems. Such methods must reconcile stringent constraints on lethality, survivability, and logistical economy
while enabling autonomous or semi-autonomous decision-support that is robust to uncertainty, component
degradation, and adversarial interference.

A similar tendency can be observed in the field of game simulators development [4]. The demand for achieving
maximum realism in the operation of combat vehicles, including artillery systems, under complex and rapidly
changing conditions necessitates the application of sophisticated mathematical models and control algorithms.
Conventional simplified approaches are no longer adequate to capture the dynamic and uncertain nature of modern
battlefield processes. At the same time, the growing role of training, decision support, and operational analysis within
virtual environments increases the requirements for accuracy, adaptability, and intelligence in simulation models. In
this context, the application of intelligent control models and techniques, encompassing adaptive, data-driven and
knowledge-based approaches, emerges as one of the most promising directions [5]. The search for effective
approaches to building such models, particularly those based on fuzzy logic and capable of generating and refining
rule bases, constitutes the subject of the present study.

2. Literature sources analysis

Contemporary scientific research offers a wide spectrum of advanced computational approaches, mathematical
models, and information technologies designed to enhance the precision of artillery fire, improve the prediction of
projectile trajectories, and increase the overall reliability of operation, alongside other critical performance
characteristics of artillery systems [6], [7]. At the same time, considerable progress has been achieved in the field of
verification methodologies, which now make it possible to assess and diagnose the required properties of virtually all
essential subsystems of artillery mounts and complexes, ranging from projectiles, charges, and munitions to the
supporting logistical infrastructures, across every crucial stage of their life cycle [8], [9]. Furthermore, a significant
portion of these methods and models has found successful application in the domain of game-based simulation, where
they serve to improve realism and fidelity of virtual representations of artillery processes [10] — [12].

For example, the article [10] examines the tactical use of artillery in counter-amphibious operations across both
deep- and shallow-water conditions, with a focus on game-based scenario modeling. Using mathematical models
grounded in Markov chains and complementary simulation techniques, the study explores the balance between
sustained fire support, resource efficiency, and artillery survivability. Several tactical approaches are analyzed,
including ammunition-saving strategies, rapid neutralization methods, and hybrid solutions that adapt to specific
battlefield conditions. The results demonstrate the advantages of the mixed method, which ensures operational
flexibility and higher effectiveness in countering amphibious assaults.

In turn, the study [11] addresses the critical issue of artillery ammunition quality in modern warfare, with
insights drawn from recent conflict experiences. The study develops optimized acceptance sampling algorithms that
balance inspection efficiency, resource constraints, and operational reliability, taking into account the impracticality
of full inspection. By tailoring sampling plans to different types of artillery missions, the approach ensures both high-
quality munitions for destructive fire and efficient use of resources for suppressive operations. The results
demonstrate that such strategies not only enhance safety and readiness in real combat but can also be effectively
integrated into game-based simulations for greater realism.

The work [12] explores the gap between visual realism and limited scripting in military-themed computer games,
focusing on artillery modeling in ARMA 3. The study introduces a shot verification method based on recording
projectile flight times at control points and constructing parabolic approximations to predict impact accuracy.
Simulation results show that this approach effectively compensates for random disturbances, reducing firing time and
ammunition use compared to traditional ranging shots. The findings highlight the potential of integrating advanced
artillery verification methods into game simulators for enhanced realism and tactical depth.

At the same time, modern scientific literature devotes comparatively little attention to a rather specific yet
critical problem, namely, the control of individual actuators in artillery mounts to ensure precise aiming under the
influence of uncertain and variable disturbances. Intensive operational regimes, premature wear, mechanical defects,
and environmental factors such as overheating, strong winds, or electromagnetic interference can all lead to
significant variations in drive parameters. These fluctuations undermine the effectiveness of conventional control
systems with rigidly defined settings, ultimately reducing the accuracy and speed of barrel guidance. The resulting
degradation manifests in longer mission execution times, prolonged exposure in firing positions, and increased
probable circular error. To address these challenges, a number of studies have proposed the application of fuzzy
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control models, which have demonstrated the ability to improve both precision and responsiveness of aiming
mechanisms [13] — [15]. This methodology also holds considerable promise for game simulators, as the mathematical
apparatus of fuzzy logic provides a means of emulating human reasoning and integrating experiential knowledge into
the operation of a virtual ally or adversary.

Nevertheless, the issue of generating a reliable fuzzy rule base remains largely unresolved: expert knowledge is
not always available, its correct application may be limited, and manual rule formulation is susceptible to subjective
bias and errors. In light of this, the present paper proposes an automated approach to rule base generation using a
bioinspired optimization algorithm for the fuzzy control models of artillery systems’ actuators in game simulators.
Such a solution enables the simulator to emulate the presence of an experienced operator, while the ability to adjust
the optimization objective function further allows the modeling of varying skill levels of virtual counterparts.

3. Objective and tasks of the research

The central objective of this research is the development of a fuzzy control model with automated rule base
generation for the artillery systems’ actuators within game simulation environments. In pursuit of this objective, the
study sets out to address several key tasks: 1) the conceptual design of the fuzzy control model’s structure; 2) the
creation of an automated mechanism for rule base formation utilizing a bioinspired optimization algorithm; and 3) the
experimental validation and performance assessment of the proposed fuzzy control model.

4. Model and methods

Basic aspects of constructing a fuzzy control model for artillery mount actuators. The principal tasks amenable
to resolution with the proposed fuzzy-control architecture are the closed-loop regulation of gun-barrel elevation and
the precise steering of azimuth during target engagement. To enact automatic regulation of either angular degree of
freedom, the controller must be supplied with a commanded setpoint (e.g., desired elevation) and the corresponding
instantaneous feedback measurement. The demanded setpoint is ordinarily computed by the fire-control subsystem on
the basis of embedded ballistic models, which obtain target coordinates, the current emplacement position,
atmospheric and environmental data, and other mission-relevant inputs. The actual angular state in physical mounts is
obtained from position transducers (encoders, resolvers, etc.), whereas in a game simulation environment it is
produced by the simulation model of the studied drive.

For generation of the control signal, the fuzzy regulator model operates on the angular error (the difference between
commanded and measured angle) and on selected time derivatives or integrals of that error. A review of typical barrel-
drive dynamics shows that these subsystems behave as non-self-stabilizing, predominantly integrating plants.
Accordingly, effective closed-loop performance can be achieved using the error and its first time derivative alone.
Introducing the error integral as an additional input seldom yields commensurate gains in positioning accuracy for such
integrating objects, yet it can create undesirable phenomena — most notably integrator windup and degraded transient
stability — unless additional anti-windup measures are implemented. Likewise, inclusion of higher-order derivatives
amplifies sensitivity to measurement noise and imposes onerous requirements on filtering and signal conditioning.
Therefore, a parsimonious input set comprising the angular error and its first derivative provides a pragmatic balance
between control precision and robustness for both physical installations and their simulator counterparts. Therefore, the
chosen control architecture will achieve significant efficiency and is quite simple to implement.

For the fuzzy inference engine, the Mamdani approach is the most appropriate choice, as it provides a high degree
of interpretability and logical transparency [16]. This property is particularly valuable in game simulation environments,
where clarity of decision-making is essential for modeling the behavior of virtual allies and adversaries. The Mamdani
inference enables the construction of an explicit rule base expressed in the familiar “If-Then” format, where the
consequents are formulated in terms of linguistic values assigned to the output variable. For example, for a model of
fuzzy control of the barrel elevation angle ¢, the rules of the rule base can be defined as follows:

de
IF “g, = 4" AND d_: =B,” THEN “u, =C,”, (1)

where g, is the angle ¢ control error; u, is the calculated control signal; A4; is the i-th linguistic term from the set of

terms for control error g,, i€ {1,...,1 }; B; is the j-th linguistic term from the set of terms for error’s derivative

max

deoldt, j€{l,..., ju | Ckis the k-th linguistic term from the set of terms for control signal ug, k €{1,...,k,, } .

°*2 "¥max
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In this scheme, the number of rules and the structure of their antecedents are determined by the chosen linguistic
partitions (the numbers imax and jmax) of the input variables, namely, the control error g, and its time derivative de,/dt
[16]. These partitions can be defined at the initial design stage, which makes the subsequent formulation of the rule
base a matter of assigning the most appropriate consequent to each input combination. The diversity of possible
consequents depends directly on the number of linguistic terms kmax introduced for the output variable u,, also
specified in advance. A finer partitioning with a larger number of terms yields greater flexibility and the potential for
more sophisticated control strategies. However, it also increases the computational burden and complicates the
synthesis process. Conversely, a minimal set of terms simplifies both design and implementation but limits
smoothness and adaptability in control responses. Thus, effective model construction requires a balanced
compromise, ensuring sufficient expressiveness without imposing excessive complexity on the rule base and its real-
time execution.

For the automated synthesis of a fuzzy rule base, the generation mechanism must incorporate several essential
stages: 1) the initial creation of the rules antecedents, 2) the assignment of valid consequents to every generated rule,
and 3) the evaluation of the correctness and efficiency of the constructed rule base. The formation of the rules
antecedents at the first stage can be performed in a straightforward manner by systematically enumerating all possible
combinations of the linguistic terms selected for the input variables during the preliminary design phase [16].

The more challenging task lies in assigning suitable consequents to each rule. This can be formulated as a
discrete optimization problem, where the set of consequents constitutes the vector of parameters to be optimized [16].
To solve this problem effectively, it is proposed to employ a computationally efficient bioinspired optimization
algorithm, capable of navigating the discrete solution space and identifying the most appropriate consequents [17].

The quality of the resulting rule base must then be rigorously evaluated. This requires the definition of an
objective function that quantifies the proximity of the control performance obtained from the fuzzy model to the
desired performance characteristics. To ensure a comprehensive assessment, it is advisable to compare the examined
control system with a reference model, which embodies the target properties such as accuracy, response speed, and
stability. The chosen objective function simultaneously serves as a fitness function within the optimization process,
being evaluated at each iteration of the bioinspired algorithm. Consequently, once the algorithm converges to a
predefined optimal value of this fitness function, the synthesized rule base can be considered sufficiently effective,
containing the most appropriate consequents for all generated rules [17].

Building upon the considerations outlined above, it is now possible to address the first key task of this research,
namely the development of structure for the fuzzy control model intended for the actuators of artillery mounts.

Structure of the fuzzy control model for artillery mount actuators. Fig. 1 illustrates the structural framework of
the fuzzy control model with automated rule base generation for artillery system actuators. The adopted designations
and symbols are explained as follows: FCM is the fuzzy control model; FB is the fuzzification block; RB is the rule
base; DFB is the defuzzification block; FIB is the fuzzy inference block; AGG, ACT, and ACC are the operators that
perform aggregation, activation and accumulation procedures, respectively; MARBG is the mechanism of automated
rule base generation; AGB is the antecedents generation block; CGB is the consequents generation block; RM is the
reference model; OFCB is the objective function calculation block; BOA is the bioinspired optimization algorithm;
SMAAM is the simulation model of the actuator of the artillery mount; DMB is the disturbance modeling block; @4
and . are the desired and current values of the actuator lifting (rotation) angle; €, is the angle control error; de,/dt is
the error’s derivative; u, is the FCM output signal; A, Bs, and C, are the vectors of linguistic terms used for the
variables &, dey/dt, and uy, respectively; Xa and Xc are the vectors of RB antecedents and consequents; ¢, is the RM
output; E, is the mismatch between the output of the reference model and the current value of the angle (Ey = ¢m — ¢c);
J, 1s the value of the objective function; AP is the vector of changes in the parameters of the actuator model under the
action of parametric disturbances; A is the change in angle under the action of coordinate disturbances.

In this framework, different types of actuator models, such as electric, hydraulic, or electrohydraulic drives, can
be employed as SMAAM, each with its own degree of detail and complexity, depending on the fidelity required in the
game simulator environments. To simplify the representation of external and internal disturbances, a dedicated DMB
is incorporated. This block enables the emulation of various forms of uncertainty, ranging from parametric variations
(vector AP) to fluctuations in the instantaneous coordinate (A¢). For practical reasons, the control system's main
feedback is organized with a coefficient equal to one, ensuring clarity and ease of modeling.
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Fig. 1. Structure of the fuzzy control model with automated rule base generation for the artillery systems’ actuators.

The FCM itself follows the classical Mamdani-type inference structure, encompassing all essential stages:
fuzzification, aggregation, activation, accumulation, and defuzzification. Its rule base consists of conventional "If-
Then" rules that connect antecedents with corresponding consequents. To automate the creation of this RB, a
specialized mechanism for automated rule base generation is introduced, which is examined in detail below.

Mechanism of automated rule base generation utilizing a bioinspired optimization algorithm. The MARBG
process unfolds in four distinct stages. The first stage is preliminary, where essential parameter adjustments and
preparatory settings are carried out to ensure correct operation of the subsequent stages. The second stage focuses on
generating rule antecedents, while the third stage addresses the generation of corresponding consequents, formulated
as a discrete optimization task. Finally, the fourth stage, considered optional, is dedicated to fine-tuning the resulting
model, allowing further enhancement of its quality indicators when required. This last step can be omitted if the
system already demonstrates satisfactory performance.

Next, a detailed examination of each of the four stages is provided, with particular attention to their functional
roles and interrelations within the overall mechanism.

Stage 1. Initial preparatory procedures. At the initial stage, a set of preparatory procedures must be carried out,
without which the process of automated rule base generation cannot be initiated. First and foremost, it is necessary to
define the linguistic terms for the two input variables ¢, and dey/dt of the fuzzy control model and for its output
variable u,. Based on established methodological recommendations, the number of terms for input variables should
generally range from three to seven, while for the output variable it is advisable to select between five and nine terms
[18]. Once this choice has been made, the corresponding membership function forms are specified. The most
commonly used and practically suitable options include Gaussian, triangular, or trapezoidal functions, depending on
the desired trade-off between computational efficiency and approximation accuracy [19].

At the same stage, the selection of operators for the core inference procedures must be carried out. Typically, the
"min" operator is employed for aggregation and activation, the "max" operator for accumulation, and the centroid
method (center of gravity) for defuzzification, ensuring both transparency and interpretability of the inference process
[19]. Additionally, normalizing coefficients are introduced (not shown in Fig. 1) in order to transform all input and
output variables into relative units. For convenience, these coefficients are usually defined as the inverse of the
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maximum possible values of the corresponding variables [20]. Only after completing all these preliminary steps does
it become possible to proceed to the subsequent stages, which involve the direct automated generation of the fuzzy
rule base.

Stage 2. Generation of rule antecedents. The generation of rule antecedents is carried out in a fully automated
manner by means of the AGB module, which operates on the previously defined vectors of linguistic terms A. and By
for the input variables. At this stage, the structural framework of the rules as well as their antecedents vector X, are
constructed by systematically generating all possible unique combinations of the selected terms, thereby ensuring
complete coverage of the input space. As a result, the total number of rules is explicitly determined as the product of
the number of linguistic terms associated with the first and second input variables. Once this exhaustive set of
antecedents has been established, the process naturally advances to the subsequent stage, namely, the automated
generation of appropriate consequents for each rule.

Stage 3. Generation of rule consequents. The automated generation of rule consequents is performed by the
CGB module, which integrates a reference model, a comparison unit, an objective function evaluation block, and a
bioinspired optimization algorithm. Within this framework, the entire set of consequents is represented as a vector Xc
of unknown parameters, thereby transforming the task into a discrete optimization problem. The dimensionality of
this vector is equal to the total number of rules in the rule base, while each element of the vector is constrained to take
values only from the set of linguistic terms C, defined for the output variable.

For solving this optimization problem, the ant colony algorithm is proposed as an effective bioinspired method,
all the details of which, as well as the features of application for rule base optimization are described in [17]. In this
context, each iteration of the algorithm simulates the movement of artificial ants across a graph, where the nodes
correspond to individual rules of the fuzzy rule base, and the edges represent the potential consequents associated
with these rules. The search for the optimal solution is equivalent to identifying the shortest path in this graph, which
corresponds to the most suitable vector of consequents yielding the minimal value of the objective function J,. During
the iterative process, the algorithm consistently performs its key operations: traversal of nodes and edges by the ants,
deposition of pheromone on the edges, as well as its evaporation and subsequent renewal, gradually decreasing the
value of the objective function J,, ensuring convergence toward the optimal rule configuration. Before running the
algorithm, it is also necessary to set the specific values of all its parameters as well as the desired value of the
objective function Jyq, which serves as the benchmark to be approached throughout the optimization process [17].

In classical shortest-path problems addressed by the ant colony algorithm, the objective function is typically
represented as the simple sum of traversed edges. In the present case, however, the situation is far more complex, as
the optimization process is tightly coupled with the dynamic performance of the control system under investigation.
The first critical step involves selecting an appropriate reference model against which the dynamic characteristics of
the fuzzy-controlled system will be compared. Since, in the case of controlling the elevation (or rotational) angle of
the gun barrel, the optimal transient response is characterized by an aperiodic nature (without overshoot or
oscillations) and by the fastest possible settling time, it is appropriate to adopt transfer function (2) as the RM of the
executive mechanism.
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where trM is the desired time constant for the control process.

It is important to emphasize that, at this stage, by carefully selecting the type of reference model, tuning its
parameters, and prescribing the desired value of the objective function, one can flexibly regulate the emulated
proficiency level of the virtual operator. Consequently, depending on the intended scenario, whether high, medium, or
low expertise, different forms of reference models, along with adjusted parameter values and objective function
thresholds, can be employed to reproduce varying degrees of virtual control skill.

At the same time, specific considerations must be made for the modeling of the actuator itself. For instance, in
the case of an electric drive, the generalized transfer function (3) can be employed as a representative model for
carrying out the calculations.



Fuzzy Control Model with Automated Rule Base Generation for Artillery Systems in Game ... 163

KED

2 b
s (TEmS FTppys + 1)

Wep = 3)

where Tep1 and Tep; are the drive time constants; Kep is the drive gain.

To ensure the synthesis of a complete rule base capable of maintaining robust control performance under diverse
conditions, it is essential to conduct simulations across a wide spectrum of operational scenarios. This includes
transitions between different initial and final angular positions in both directions, exposure to various types of
disturbances (step, impulse, and periodic), as well as systematic parameter variations across iterations. For example,
with respect to the time constant tep1, the DMB module modifies its value at the beginning of each simulation run in
accordance with expression (4), thereby introducing variability into the process and ensuring that the resulting fuzzy
control model retains its effectiveness under uncertain and dynamically changing conditions.

Tepr = Tepio T e (n)5117rEDl (”) = rand[_151]7 4)

where tepio is the initial value of the time constant tepi; 7epi is the random number in the range from — 1 to 1 for the
time constant tgp; at iteration #; d.; is the maximum deviation of the time constant Tep;.

Other parameters of the model should be changed in a similar manner.

With regard to the objective function J,, its evaluation at each iteration must be performed on the basis of the
deviation £, between the models’ outputs, computed in accordance with expression (5).

2
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where fmax is the total time of all simulations in different modes in one iteration; k; and k, are the weighting
coefficients for the corresponding derivatives of Eq.

Incorporating not only the deviation E, itself but also its first and second derivatives makes it possible to
penalize oscillatory behavior in the transient process, thereby ensuring smoother and more stable system dynamics.

Once the optimization procedure converges to the best vector of consequents Xc and this solution is embedded
into the fuzzy model, the construction of the rule base can be considered complete. At this point, the methodology
advances to the final stage of the proposed approach.

Stage 4. Optional fine-tuning procedures. At the final stage, the optimization focuses on refining the parameters
of the linguistic terms together with the adjustment of the normalizing coefficients, aiming to enhance the precision
and overall efficiency of the control process. This procedure is applied selectively — only when the achieved quality
indicators of the model require further improvement. If the system already exhibits stable and satisfactory
performance, this step should be omitted.

Conversely, should the results remain inadequate even after completing all stages, including this one, it becomes
necessary to return to the initial stage (Stage 1) in order to revise the fundamental settings, such as the number and
configuration of linguistic terms, the choice of membership functions, or the selection of fuzzy inference operators.

Thus, the mechanism of automated rule base generation is formed, and the second of the key tasks of this study
is solved. Proceeding further, we address the third key task, which involves carrying out a series of computational
experiments aimed at substantiating the effectiveness and practical applicability of the proposed fuzzy control model.

5. Experiments

To evaluate the performance of the proposed fuzzy control model with automated rule base generation, a set of
computational experiments was carried out in this study. The experiments were implemented on the basis of a
simulation model of the gun barrel elevation electric drive, described by basic transfer function (6), which is suitable
for using in game simulator environments.



164 Oleksiy Kozlov, Oleksiy Maksymov, Maksym Maksymov, Ruslan Riaboshapka

1.5
W, = .
. 5(02157+4.35+1)

(6)

In the course of simulation, both during the automated rule base generation and in subsequent verification
experiments, the parameters of the considered transfer function were systematically varied according to the scheme
analogous to formula (4). The maximum deviation & for each parameter reached up to 50% of its nominal value.
Additionally, the model incorporated the influence of coordinate disturbances of different types, thereby ensuring a
more comprehensive assessment of the control system’s robustness under diverse operating conditions.

In the course of synthesizing the fuzzy control model, the initial stage involved the definition of linguistic
variables. Specifically, five terms (BN, SN, Z, SP, BP) were assigned to each input variable (g, and dey/df), while
seven terms (VBN, BN, SN, Z, SP, BP, VBP) were chosen for the output variable u,. All linguistic terms were
represented using triangular membership functions, whose vertices were arranged to guarantee an even partitioning of
the full operational interval for all the variables. This configuration provides uniform coverage of the working
domain, thereby ensuring consistency and accuracy in subsequent stages of fuzzy inference and rule base generation.
Moreover, the "min" operator was employed for aggregation and activation, the "max" operator for accumulation, and
the centroid method for defuzzification.

At the second stage of synthesis, the system automatically generated all possible unique pairwise combinations
of the linguistic terms corresponding to the two input variables. As a result, a complete set of 25 distinct combinations
was obtained, each of which served as the antecedent for one rule within the fuzzy knowledge base.

At the third stage, the consequents for each of the 25 previously generated rules were determined through the
application of the ant colony optimization algorithm, configured with the following parameters: colony size — 25 ants;
the number of elite ants — 15; pheromone deposition coefficient p = 0.5; weighting parameters a = 2, f = I;
pheromone quantity factor Q = 12. The optimization process was guided by the objective function defined in
expression (5). To emulate the behavior of a highly skilled virtual opponent or ally, the desired value of the objective
function was set to 10, while expression (2) with a time constant trm = 0.5 s was adopted as the reference model. As a
result of the optimization process, by the 73rd iteration an efficient rule base was obtained, for which the value of the
objective function reached 8.064, i.c., below the predetermined threshold. The generated rule base, reflecting the most
effective set of consequents for all formed rules, is presented in Table 1.

Table 1. Generated rule base of the fuzzy control model for the artillery system’s actuator.

Linguistic terms for the angle error g,
BN SN Z SP BP
Li .. BN VBN VBN BN BP VBP
Inguistic

terms for the SN VBN VBN SN BP VBP
derivative of

the angle z VBN BN z BP VBP

error de,/dt SP VBN BN SP VBP VBP

BP VBN BN BP VBP VBP

Since at the third stage the achieved value of the objective function was already lower than the specified threshold,
the fourth stage of refinement was not applied in this study. To confirm the efficiency of the developed fuzzy control
model, a set of transient response graphs is presented, illustrating its operation under various conditions. For comparative
analysis, a conventional PD controller was also employed, with its coefficients optimized through parametric tuning by
the gradient method, using the same reference model and objective function as in the proposed approach. The obtained
coefficient values of the PD controller were K, = 2.13 and Kq= 3.42. However, unlike the fuzzy model, the classical
controller demonstrated substantially inferior performance, achieving only a minimal objective function value of 54.56,
which is several times higher than the threshold and the result of the proposed solution.

Fig. 2 presents the transient response curves corresponding to the processes of barrel elevation and depression,
obtained under the conditions defined by the parameters of transfer function (6). In this experiment, the simulations
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were performed without the influence of coordinate disturbances, thereby allowing a clearer assessment of the
intrinsic dynamic characteristics of the control system.

Fig. 2. Transient response curves corresponding to the processes of barrel (a) elevation from 20° to 65° and (b) depression from
70° to 35° for: 1 — RM; 2 — proposed FCM; 3 — PD controller.

Subsequently, Fig. 3 illustrates the transient responses of gun barrel elevation obtained using the model
parameters defined by transfer function (6), this time under the influence of step-type coordinate disturbances. These
results make it possible to evaluate the robustness of the proposed fuzzy control model in conditions where sudden
external perturbations affect the dynamics of the actuator. In Fig. 3, the step disturbances began to act at a time of 5 s.

Fig. 3. Transient response curves at barrel elevation from 20° to 65° under the action of (a) positive step disturbance of +5° and
(b) negative step disturbance of —8° for: 1 — proposed FCM; 2 — PD controller.

In turn, Fig. 4 presents the transient responses of the gun barrel elevation and lowering when time constants of
the system model are increased by 50% and the gain is reduced by 50% relative to the nominal values defined in
transfer function (6). This experiment demonstrates the adaptability of the proposed fuzzy control model to significant
parametric variations, thereby confirming its effectiveness under conditions of pronounced model uncertainty.

Moreover, Fig. 5 presents the transient responses of the gun barrel elevation and lowering when time constants
of the system model are reduced by 50% and the gain is increased by 50% relative to the nominal values of the
transfer function (6). This experiment also demonstrates the adaptability of the proposed fuzzy control model to
parametric disturbances.
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Fig. 4. Transient response curves at increasing time constants by 50% and reducing gain by 50% for the processes of barrel
(a) elevation from 20° to 65° and (b) depression from 70° to 35° for: 1 — proposed FCM; 2 — PD controller.
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Fig. 5. Transient response curves at reducing time constants by 50% and increasing gain by 50% for the processes of barrel
(a) elevation from 20° to 65° and (b) depression from 70° to 35° for: 1 — proposed FCM; 2 — PD controller.

Furthermore, in order to explicitly demonstrate the robustness characteristics of the synthesized fuzzy control model,
Table 2 summarizes the outcomes of a series of computational experiments performed under variations of the actuator
simulation model parameters. In particular, the table reports the response time # and overshoot ¢ values obtained for
different parameter configurations, since these indicators represent the most essential criteria for evaluating the quality and
reliability of the control process. For brevity, Table 2 provides only the results of simulations for upward barrel movement,
as in the case of lowering, the quality indicators were consistently superior across all experimental conditions.

Table 2. Results of computational experiments performed under variations of the actuator simulation model parameters.

. . o Quality indicators for PD
Experiment Parameters of the actuator simulation model Quality indicators for FCM controller
number

TeD1, S TED2, S Kep t, S 6, % t, S c, %
1 0.21 43 1.5 1.81 0 3.87 0.615
2 0.315 6.45 0.75 2.26 2.615 10.02 8.77

3 0.105 2.15 225 1.56 0 4.45 0
4 0.217 32 1 1.69 0 4.21 0.32
5 0.3 5.7 0.9 2.08 0 8.24 6.08

As follows from the data presented in Table 2, the fuzzy control model demonstrates a high degree of robustness
to parameter variations of the actuator simulation model. Even under the most unfavorable conditions (when the time
constants were increased by 50% and the transmission coefficient was reduced by half) the system response time
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increased by only 25%, with a minor overshoot of 2.615%. In all other scenarios, the performance degradation was
negligible, and overshoot remained absent, confirming the stability and reliability of the proposed model. By contrast,
the traditional PD controller exhibited substantially inferior performance: in the worst case, the response time nearly
tripled and overshoot reached almost 9%, which poses a serious risk in practical artillery guidance scenarios.
Moreover, the PD-based system handled step coordinate disturbances far less effectively (Fig. 3).

The obtained results convincingly demonstrate the high efficiency of the proposed fuzzy model in controlling the
actuators of artillery mounts within game simulator environments. These findings validate the adequacy of the
developed approach and its ability to ensure both stability and robustness under varying operating conditions.
Consequently, the third and final research task is successfully solved.

6. Conclusion

In this study, a fuzzy control model with automated rule base generation for artillery system actuators in game
simulators has been developed and comprehensively investigated. The proposed architecture incorporates a
mechanism for automated rule base synthesis based on a bioinspired optimization approach, namely the ant colony
algorithm, which enables the construction of highly efficient rule bases even in the absence of expert knowledge or
under conditions where manual rule formulation is impractical or error-prone. This feature ensures adaptability and
autonomy of the control system, making it particularly valuable in complex and uncertain environments.

The model demonstrates considerable potential for application in game simulators, where it can be employed to
emulate the decision-making logic of virtual allies or adversaries, thereby enhancing the realism of simulated combat
scenarios. By adjusting the parameters of the reference model and the objective function during the optimization
process, it becomes possible to reproduce different levels of operator proficiency, ranging from novice to expert. This
property also highlights the model’s value as a training tool, as it allows operators to observe and analyze effective
control strategies in diverse tactical situations. Unlike neural network—based player models, fuzzy models possess
high degree of logical transparency, enabling direct study and analysis of their control strategies.

Experimental validation, carried out on the example of an electric drive simulation model responsible for artillery
barrel elevation, confirmed the practical effectiveness of the approach. When benchmarked against a traditional PD
controller, the proposed fuzzy model exhibited superior performance, maintaining robustness under random parameter
variations of the drive model as well as under the influence of external disturbances. These results confirm the high
efficiency, adaptability, and resilience of the developed model in comparison to conventional control solutions.

Finally, it should be emphasized that the scope of application of the presented model is not limited to electric
drives. With appropriate adaptation of simulation models, the proposed fuzzy control model can be effectively
extended to other types of artillery actuators, including hydraulic and electrohydraulic systems, thereby broadening its
relevance and applicability to a wide range of technical and simulation environments.
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Mogenb HEYITKOIr0 KepyBaHHS 3 aBTOMAaTH30BAHOI0 I'eHepalicio 0a3u nmpaBuIl
JJIS1 APTHJIEPIHCHKUX CUCTEM B irPOBUX CUMYJIATOPAX
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AHoTanis

Y nmaHii cTaTTi MpEACTaBIeHO pPO3pOOKYy Ta BamiJaIlif0 HEYITKOI MOJENI KepyBaHHS 3 aBTOMATHU30BAHOIO
reHeparji€lo 0a3w TpaBWi /I BHKOHABYMX MEXaHI3MIB apTWIIEPIACEKUX CHCTEM Yy ITPOBHX CHMYJISTOpax.
3ampornoHoBaHa MOJIENb IHTETrpye Oi0IHCIIpOBAaHMK MEXaHi3M ONTHMIi3allii Ha OCHOBI AJITOPUTMY MYpPAIINHOI KOJIOHII,
110 JIO3BOJISIE aBTOMATUYHO CHHTE3YBaTH e()eKTHBHI 0a3y MpaBwil Oe3 BUKOPHCTAHHS EKCIIEPTHUX 3HaHb. Takuid miaxin
3a0e3nedye aJaNTHBHICTh Ta aBTOHOMHICTH 3a HEBHU3HAYCHMX YMOB, a TaKOX JEMOHCTPYE JIOTiYHY IPO30pPICTh, II0
JIO3BOJISIE TETAILHO aHAi3yBaTH CTpaTerii kepyBaHHs. Mojens Moke OyTH BHKOPHCTaHA JIJISl CUMYJISIINA TTOBEIiHKH
NPUHHATTS pillleHb BIPTYaJbHUMH COIO3HMKaMH a00 NPOTHBHMKAMH, IIPEICTABISIOUM iXHI pi3Hi piBHI KBamidikamii
IUIIXOM KOPHI'YBaHHS €TJTOHHHMX MOJeNeil Ta HiboBMX (DYHKILIH Ha cTajil MPOEKTYBaHHS, IO MiJBHIIYE peayisM y
MOJICITIOBaHHI 0OHOBHX cIieHapiiB. ExcriepuMeHTanbHi JOCHTIKSHHS, TPOBENEHI Ha MPUKJIAIl IMiTariiHOi Mojerni
SJIEKTPOIIPUBOAY MiJIOMY CTBOJIA apTHJIEPIHCHKOI YCTAHOBKH, INMPOJEMOHCTPYBAJIM IepeBary HEeUiTKoi Moneni Haj
TpanuniitanM [1/1-koHTposiepoM 3 TOYKH 30py poOacTHOCTI, eeKTUBHOCTI Ta TOYHOCTI. [IpeacTaBieHa MeToooris
TaK0X MOXe OyTH 3aCTOCOBaHA YIS TiPaBIiYHUX Ta IHIIAX THIIB BUKOHABYHX MEXaHI3MiB.

KuiouoBi cioBa: irpoBi CUMYJISTOPH; apTHIIEPIHChKI CHCTEMH; HEYiTKa MOJENb KepyBaHHS; TeHepallis 0a3u
MPaBUJI, MOJIC)Ib BUKOHABYMX MEXaHI3MIB.
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Abstract

The paper investigates the influence of optimization methods on the efficiency of an extremal control system based
on acoustic anomaly detection. The proposed system can detect abnormal equipment operating modes by analyzing
sound characteristics and automatically adapting control parameters to new operating conditions. Using mathematical
modeling, the operation of the system with different optimization algorithms (gradient descent, Momentum, Nesterov
and RMSProp) was studied. The results show that RMSProp provides the fastest transition to steady state (103 s) with
minimal overshoot (3%), but there are significant oscillations in the control signal. Classic gradient descent
demonstrates an acceptable stabilization time (123 s) with moderate overshoot (23%). The Momentum and Nesterov
methods are characterized by the longest settling time (173 and 160 s, respectively). The study confirms the feasibility
of using extremal control systems with adaptive optimization to improve the reliability and efficiency of technological
equipment under variable operating conditions.

Keywords: intelligent control system; optimization; mathematical modeling; transient process.

1. Definition of the problem to be solved

Today, in the synthesis and operation of automatic control systems, it is extremely important to consider the
technical and operational condition of equipment, as its state directly affects the characteristics of technological processes
occurring in the equipment. An example of equipment condition change can be the wear of bearings in rotating
mechanisms, which causes additional load on the motor or other system components. Such changes cause alterations in
the equipment sound, which can be recorded using a microphone and subsequently used as a trigger for reconfiguring the
control system. The sound of equipment operation may not always directly depend on the equipment condition; it can
change during operation under incorrect or atypical operating conditions, for example, overloading of a transport conveyor
or feeding harder material into a crusher. Atypical operating conditions, in turn, affect the accuracy of the mathematical
description of the control object, on the basis of which the synthesis and study of control systems take place.

Currently, there are various methods for determining equipment condition, namely: acoustic, visual, vibration
analysis, and analysis using sensor arrays. The application of acoustic anomaly detection approaches allows for the
analysis of the current technical and operational state of equipment based on audio data. This approach has a number
of advantages, namely:

o relative affordability of sensors for data collection;
o possibility of use in hard-to-reach places and under difficult conditions.

* Corresponding author. Email address: aasavula@gmail.com

This paper should be cited as: A. Savula, A. Korotynskyi. (2025). Study of the influence of optimization methods on
the efficiency of an extremal control system based on acoustic anomaly detection. Energy Engineering and Control
Systems, Vol. 11, No. 2, pp. 169 — 176. https://doi.org/10.23939/jeecs2025.02.169
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The application of the obtained technical and operational state of equipment allows for the identification of
anomalous operating modes, which may be new technological regimes, for example, when the load on a motor changes
and its characteristic operating sound changes, or potentially emergency situations. Therefore, when a new equipment
operating mode is detected, it is necessary to reconfigure the controller according to the system's capabilities to reduce
the risk of emergency situations or to return the equipment to a steady-state operating mode.

This work proposes a novel approach to building an extremal control system for solving the problem described
above. The fundamental novelty of the proposed system lies in the use of an acoustic sensor unit for detecting an
extremal point — the moment of entry into the control optimization algorithm. Unlike traditional approaches, where
optimization occurs continuously or on a fixed schedule, the proposed system autonomously makes decisions about the
need for reconfiguration based on acoustic data, which significantly reduces computational load and ensures rapid
adaptation to changes in the technological object. The practical value of this approach lies in the ability to detect
anomalies early and automatically trigger the control optimization procedure only when it is truly necessary, which is
critically important for industrial systems with limited computational resources and strict response time requirements.
However, for effective application of the proposed control system, it is necessary to conduct a series of studies, one of
which is the investigation of the influence of optimization methods on the effectiveness of the proposed approach.

2. Analysis of the recent publications and research works on the problem

The article by Haoqian Wang et al. [1] is devoted to the study of stochastic optimization acceleration for Deep
Neural Networks, with a special focus on the theoretical analysis of SGD-Momentum and Nesterov’s accelerated
gradient methods. The work consists of a mathematical investigation into the stability mechanisms of these algorithms
and an evaluation of their convergence properties. The key scientific contribution is the identification and formalization
of the "overshoot" phenomenon inherent in momentum-based approaches. The authors prove that because Momentum
and Nesterov methods rely on the accumulation of historical gradients to accelerate training, they inevitably suffer from
oscillatory behavior where parameters exceed their optimal target values. This discovery highlights a critical limitation
in these standard algorithms: the reliance on past error information, while beneficial for speed, can destabilize the
optimization path when the gradient direction changes rapidly. The authors further characterize Nesterov’s method as
a specific variation that applies a higher gain to the current gradient compared to classical Momentum, explaining its
distinct convergence behavior.

The dissertation by Olle Trollberg and Elling W. Jacobsen [2] is devoted to the study of extremal control methods
with a special focus on the problem of multiple solutions and convergence speed. The work consists of two main parts
and contains both theoretical research and practical applications. The key scientific contribution is the identification
and investigation of the problem of multiple stationary solutions. The authors prove that even with a convex objective
function, the classical ESC method can have multiple stationary points. This discovery refutes previous assumptions
about the uniqueness of the solution when the conditions of existence and stability are met. Stationary solutions are
characterized by a condition for local phase shift of the process, which can be satisfied at points not related to optimality.
The authors show that the observed multiplicity of solutions is related to a certain type of bifurcation and provide
conditions for their existence. Using the example of the CANON biochemical reactor process, it is demonstrated that
the conditions for phase shift can be satisfied at operating points that are completely unrelated to optimal ones, which
can lead to suboptimal system performance. Greedy ESC, a modification of the method for systems with multiscale
dynamics, is considered separately. By optimizing only the fast dynamics of the system, significant performance
improvements can be achieved while reducing computational complexity.

In the article Vytautas Kaminskas, Kestutis Sidlauskas and Ceslovas Tallat-Kelp$a [3] examined a class of
dynamic systems in which linear dynamic elements are combined with nonlinear static characteristics, and the output
is distorted by random disturbances. Typical examples are fuel combustion and steam condensation processes at thermal
power plants. The problem addressed in the article was the constant change in extreme characteristics due to equipment
aging, surface contamination and uncontrollable factors. Therefore, a mechanism for automatic adaptation to changes
in the system is needed. To solve this problem, the concept of self-tuning control was applied, which combines
continuous parameter identification and control synthesis based on current estimates. The implementation includes an
optimal predictor that forecasts the future output several steps ahead by decomposing the transfer function of
disturbances using the Wiener-Hopf method into future (unpredictable) and past (known) components. The synthesis
of the controller is based on the equality of the predicted and desired values, which gives a nonlinear equation with a
square root. Periodic sign change before the root provides excitation of the system to improve identification. Constraints
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are taken into account by projecting the control to the admissible region. Identification uses a recursive least squares
method in a component-by-component version. Prediction error updates parameter estimates through a covariance
matrix without storing data history. A forgetting factor allows slow parameter changes to be tracked, giving more weight
to fresh data.

An analysis of existing approaches shows that gradient-based optimization methods are most often used to solve
extremal control problems due to their relative simplicity of implementation, low computational requirements, and
ability to operate in real time. However, the literature presents various modifications of gradient methods—from
classical gradient descent to adaptive algorithms with inertia (Momentum, Nesterov) and methods with adaptive
learning rates (RMSProp, Adam). Each of these methods has specific features of convergence, noise resistance, and
speed, which critically affect the efficiency of the control system in the context of anomaly detection. Therefore, it is
advisable to investigate the possibility of using gradient-like optimization methods in control systems based on acoustic
anomaly detection.

3. Formulation of the goal of the paper

The purpose of this work is to study the influence of optimization methods on the efficiency of an extremal control
system based on acoustic anomaly detection. To achieve this goal, an experiment using mathematical modeling methods
is proposed. The work will involve mathematical modeling of the operation of an extremal control system under
identical conditions, using various optimization methods, namely: gradient-like, momentum, Nesterov, RMSProp.

4. Presentation and discussion of the research results
4.1. Description of the conditions for conducting the experiment

The experiment was conducted using mathematical modeling methods, which are described by a first-order
differential equation:

—=-a-y+b-u, (1)

where y is the output variable of the system; u is the control input; b is the amplification coefficient of the control input.

This model is typical for a wide class of technical systems, including thermal processes, hydraulic systems, and
electrical circuits with capacitive loads.

Anomaly generation model

To simulate the occurrence of defects in the system, a stochastic model based on a normal (Gaussian) distribution
was used:

§(t) ~ N(u, 0%, 2)

where u is the mathematical expectation; g2 is the variance of the random variable.

The choice of the normal distribution is justified by its ability to adequately describe the accumulation of small
independent random effects, which corresponds to the nature of most technical malfunctions.

Experiment parameters

The parameters that were used for simulation are presented in Table 1. It includes simulation time, expected system
output value and control value.

Table 1. Parameters of the experiment.

Parameter Value
Simulation duration t€[0;200] s
Number of discretization points 1000
Anomaly occurrence time 100 s
Target output value (y_target) 1.0
Initial control value (u_init) 0.5
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The experimental study was conducted in five stages:

Stage 1. Simulation. The system functioned with nominal parameters (a = 0.5, b = 0.5). The adaptive controller
learning rate was 1pormar = 0.01. This allowed for obtaining the reference characteristics of the transient process and
achieving a steady state.

Stage 2. Activation of the anomaly generator. At a defined moment in time, an additive disturbance was
introduced into the system to model the occurrence of a defect. The intensity and nature of the disturbance were
determined by the parameters of a Gaussian distribution

Stage 3. Anomaly detection. Monitoring of the output variable y(t) was performed, and the deviation from the
target value Y.qrger = 1.0 was recorded. An anomaly was considered detected when the error exceeded the limits of

the allowable band +2%.

Stage 4. Transition to a new steady state. The adaptive controller automatically adjusted the control input u(t)
to compensate for the changes in system parameters and return the output to the target value.

Stage 5. Analysis of the obtained results. For each optimization algorithm, the transient process quality indicators
were calculated:

e settling time;
e overshoot;
o steady-state error.

The modeling time was 200 seconds. During the specified modeling period, an anomaly event was simulated,
after which the control optimization procedure was launched. An extremal control system based on control
optimization, using a gradient-like adaptation law [4], is considered as the basic control system solution:

u(t+1) =u(t) + n(ytarget —y(). 3)

The error, i.e. deviation from the current setpoint (Yiqrger — ¥(t)) was used as the optimization criterion. The
paper investigates the operation of the proposed control system based on the following optimization methods: the
gradient-like optimization algorithm, the Momentum method, Nesterov (Nesterov Accelerated Gradient) method and
RMSProp.

A gradient-like optimization algorithm, in particular gradient descent, is a first-order iterative method for finding
the local minimum of a function. The principle of operation is that at each iteration, the gradient of the function at the
current point is calculated, after which a step is taken in the direction opposite to the gradient, which contributes to a
decrease in the value of the function.

The Momentum method [5] adds inertia to gradient descent. It considers not only the current gradient, but also the
accumulated previous direction of movement (velocity). This allows you to speed up movement in stable directions and
reduce fluctuations during optimization, especially in narrow “valleys” of the loss function.

Nesterov (Nesterov Accelerated Gradient) [6] is an improvement on Momentum and estimates the future position
in advance to make more “far-sighted” steps. The key idea is to first move by inertia (as in Momentum) and then adjust
the step based on the new gradient value at the point where inertia “leads.” This provides faster and more stable
convergence, especially in convex optimization:

RMSProp (Root Mean Squared Propagation) [7] is an adaptive optimization method that applies different learning
rates for each parameter. It uses a moving average of past gradients, which avoids overly small or large steps and
stabilizes learning even in tasks with “noisy” or sparse gradients.

4.2. Results of the basic solution

Figure 1 shows the results of the acoustic anomaly detection system. In the figure, during the first 100 seconds,
the probability of an anomaly in the equipment's operating mode does not exceed 0.2 (20%). After 100 seconds, the
flaw detection system detected an anomaly. Since the anomaly is not peak, it is decided that this is a new operating
mode, and the control optimization procedure for the new mode is started. After adaptation is complete, the current
operating mode is accepted as the new nominal mode, which is why after 110 seconds, the probability of an anomaly
is again below the threshold value.
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Fig. 1. Graph showing the probability of an audio-based defect.

Figure 2 shows a graph of the deviation from the set value. The time to reach a steady state is approximately 50—
60 seconds. After 100 seconds, there is a short-term jump in the error, indicating the presence of an anomaly that
requires optimization of the object control under new conditions. In this case, optimization is performed using the
gradient descent method. The error after 150 seconds is almost zero, which indicates effective optimization and the
ability of the system to adapt.

4. Optimization: error from target y=1
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Fig. 2. Graph of deviation from the set value.

The results of the proposed system are shown in Figure 3. The adaptive system quickly reaches the target level
y=1 and maintains it with high accuracy. When an anomaly occurs, there is a short-term overshoot with an amplitude
of about 0.2 and damped oscillations. Thanks to its adaptive properties, the output stabilizes and returns to the set value.
This indicates the stability of the system and its ability to compensate for disturbances.
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2. System output
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Fig. 3. Transition process of the proposed control system.

4.3. Study of the impact of quality criteria on the efficiency

Figure 4 shows a comparison of the performance of different optimizers in this system. All methods quickly reduce
the absolute error to a level close to the target but differ in their response dynamics. RMSProp demonstrates the fastest
error reduction and the smallest fluctuations after an anomaly, while Momentum and Nesterov have more pronounced
overshoots. Conventional gradient descent (GD) stabilizes more slowly but provides relatively smooth dynamics. In
general, all algorithms can return the system within the stabilization threshold (£2%), which, in our case, is reaching a
steady state, but the effectiveness of their response to perturbations varies significantly.

Absolute error |y - y_target|: comparison of optimizers
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Fig. 4. Transition process of the proposed control system

Figure 5 shows a comparison of control signals obtained using different optimizers. In the initial phase, all methods
gradually increase the control influence, but RMSProp forms more pronounced fluctuations even before the anomaly
occurs. After the disturbance (t=100 s), GD, Momentum, and Nesterov provide a smoother response with gradual
attenuation of fluctuations, while RMSProp exhibits significant high-frequency fluctuations, indicating its less stable
behavior. In conclusion, it can be noted that classical methods (GD, Momentum, Nesterov) provide more stable and
predictable control, while RMSProp is fast but unstable in its response to external influences. Figure 6 shows the system
output when using different optimization methods. All optimizers achieve the target level, but the dynamics differ.
RMSProp reaches steady state faster than other methods, but its response is accompanied by slight fluctuations.
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Fig. 5. Control signal. Fig. 6. Comparison of system output.

A comparative description is provided in Table 2. This table shows the time that system needs to reach steady
state, the overshoot and the system error across different optimization methods.

Table 2. Optimization methods comparison.

Method Time, s Overshoot, % Steady state error
GD 122.7 22.7 2.05e-05
Momentum 172.7 27.2 0.0069
Nesterov 160.3 26.7 0.0043
RMSProp 103.5 2.9 1.908e-05

5. Conclusion

The extremal control systems using optimization methods have shown high efficiency in achieving and
maintaining target values. Despite the presence of disturbances and anomalies, the system stably restores the steady
state and keeps the output within the acceptable error threshold. This confirms the feasibility of applying such
approaches in real technical objects, where it is important to ensure stability and quick response to changing conditions.

RMSProp demonstrated the best results: minimum time to reach the stabilization threshold (~103 s), very low
overshoot percentage (~3%), and virtually no error in steady state. This indicates its high stability and suitability for
use in systems of this type. However, this optimization method leads to significant oscillatory processes, which can
result in excessive load on the actuator. Gradient Descent (GD) showed acceptable stabilization time (~123 s) and
insignificant steady state error, but has a significant overshoot (~23%). It provides relatively smooth dynamics, but is
inferior to RMSProp in terms of speed and stability. Momentum and Nesterov are characterized by the longest settling
times (173 and 160 seconds) and higher overshoot percentages (~27%), making them less effective for high-speed
systems. They also guarantee low steady-state error, so they can be useful in conditions where a longer transition process
is acceptable.

References

[11] Wang, H., Luo, Y., An, W., Sun, Q., Xu, J., & Zhang, L. (2020). PID controller-based stochastic optimization acceleration for deep neural
networks. /IEEE Transactions on Neural Networks and Learning Systems, 31(12), 5079-5091.
https://doi.org/10.1109/TNNLS.2019.2963066.

[2]  Trollberg, O. (2017). On Real-Time Optimization using Extremum Seeking Control and Economic Model Predictive Control. Doctoral thesis,
KTH Royal Institute of Technology.

[3] Kaminskas V, Sidlauskas K, Tallat-Kelpsa C. (1991). Constrained self-tuning control of stochastic extremal systems. Informatica: An
International Journal of Computing and Informatics. 2(1):33-52. doi:10.3233/INF-1991-2102.

[4] Mareels, I. M. Y., Anderson, B. D. O., Bitmead, R. R., Bodson, M., & Sastry, S. S. (1987). Revisiting the MIT rule for adaptive control.
IFAC Proceedings Volumes, 20(2), 161-166. https://doi.org/10.1016/S1474-6670(17)55954-6

[51 Goh, G. (2017). Why momentum really works. Distill. https://doi.org/10.23915/distill.00006



https://doi.org/10.1109/TNNLS.2019.2963066
https://doi.org/10.1016/S1474-6670(17)55954-6
https://doi.org/10.23915/distill.00006

176 Andrii Savula, Anton Korotynskyi

[6] Alexandre d’Aspremont, Damien Scieur and Adrien Taylor. (2021). Acceleration Methods. Foundations and Trends® in Optimization, Vol.
5: No. 1-2, pp. 1-245. http://dx.doi.org/10.1561/2400000036

[7] Dauphin, Y., Vries, H., Chung, J., & Bengio, Y. (2015). Equilibrated adaptive learning rates for non-convex optimization. arXiv.
https://arxiv.org/abs/1502.04390

[8]  Saad-Falcon, A., Howard, C., Romberg, J., Allen, K. (2024). Level set methods for gradient-free optimization of metasurface arrays. Scientific
Reports, 14, 16674. doi: 10.1038/s41598-024-67142-2.

JocigkeHHsI BILIMBY METOAIB ONTUMI3allil HA eeKTHBHICTH €KCTPEeMAJIbHOL
CHCTEMH KepPyBaHHS HA OCHOBI ayaianbHOI 1edeKToCKOomil

Amnnpiit CaByna, AuToH KopoTHHCHKUI

Hayionanvnuii mexniunuil ynigepcumem Yrpainu «Kuigcoxuti nonimexuiunuii incmumym imeni leopsa Cikopcbkozo»,
bBepecmeticoxuti npocnexm, 37, Kuis, 03056, Ykpaina

AHoOTaNis

VY po0oTi AOCTIIKY€EThCS BIUIMB METOMIB ONTUMI3allii Ha e(peKTUBHICTh EKCTPEMANIbHOI CHCTEMH KepyBaHHS Ha
OCHOBI ayZiambHOI Je(eKTOCKOMmii. 3ampormoHOBaHAa CHCTEMa 3/JaTHa BHABISTH aHOMANBHI PEXUMH poOOTH
o0JiaiHaHHS IUIIXOM aHaJi3y 3BYKOBHX XapaKTEPHUCTHK Ta aBTOMATHYHO aJlalTyBaTH MapaMeTpH KepyBaHHS ITiJ] HOBI
YMOBHM eKcIutyaraiii. MeTo1oM MaTeMaTHYHOTO MOJICITIOBAHHSI IOCII/PKEHO POOOTY CHCTEMH 3 PI3HUMU arOPUTMaMHU
omnTUMI3allii: TpamieHTHUM cmyckoMm, Momentum, Nesterov Ta RMSProp. Pesynpratin mokasyiors, mo RMSProp
3a0e3nedye HaHIIBUAIINH BUXi Ha ycTaneHud pexnM (103 cexyHnu) 3 MiHIMaIbHIM nepeperymoBaHHasaM (3%), mpote
CYNPOBO/IKYETHCSI 3HAYHUMHU KOJIMBAHHSIMHU KEpyluoro curhainy. KiacuuHuil rpaJi€eHTHHIl CIIyCK JE€MOHCTpYE
NpUIHATHAHN Yac cTabinizanii (123 cexynan) 3 noMipHUM niepeperyiioBantsam (23%). Meronu Momentum ta Nesterov
XapaKTepU3yIOThCS HAWIOBIINM YacoM BcTaHoBIeHHA (173 Ta 160 cekyHn BinmoBimHO). JOoCHiKeHHS TATBEPIKYE
JIOLIbHICTh 3aCTOCYBaHHS E€KCTPEMAbHUX CHUCTEM KEepyBaHHs 3 aJalTHBHOK ONTHUMI3ALI€l0 Ul IiJABHIICHHS
HaJiitHOCTI Ta e(heKTHBHOCTI pOOOTH TEXHOJIOTTYHOTO 00JIaJIHAHHS B yMOBAaX 3MIHHHX PEKHUMIB €KCILTyaTallii.

Kuro4uoBi ciioBa: iHTeNeKTyalbHA CHCTeMa KepyBaHHS, ONTHMI3allis, MaTeMaTHYHEe MOICIIOBAHHS;, TICpeXiTHIH
mpoIiec.
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Abstract

The paper is devoted to the study of the relationship between the vibration accelerometer signal and the fill level
of a ball mill. It was established that there is a direct correlation between the vibration level of the front support of the
mill drum and the amount of material being ground in the mill. A low vibration level corresponds to a high fill level
of the mill. Two methods of processing the vibration accelerometer signal to obtain a fill level signal using a moving
window are proposed. In the first method, the frequency spectrum is built and the maximum is determined in a
specific frequency range. The second method consists in calculating the integral of the modulus of the vibration
acceleration signal during the time of the moving window. The operation of each method is demonstrated based on
the experimental data of vibration acceleration signals during the work of two ball mills at operating conditions.

Keywords: ball mill; vibration acceleration signal; frequency spectrum; moving window; experimental data; fill
level.

1. Introduction

A ball mill is a complex control object, since there are mechanical, heat exchange and aerodynamic processes
taking place in it with a large number of interrelated parameters. The main production characteristic of the mill is its
productivity, namely the amount of ground material per time unit. The productivity of the mill depends on the fill
level, i.e. the amount of material in the mill drum during grinding.

For reliable and efficient operation of a ball mill, it is very important to maintain the fill level at an optimal
value, since too low a fill level leads to inefficient use of energy consumed by the mill, as well as to rapid wear of the
internal armor of the mill [1]. Too high a fill level leads to a blockage of the mill, when a large amount of material
rotates in the drum with the balls, but there is no grinding process in the mill. This is an emergency situation when the
mill should be stopped in order to clean it and restart it. This situation can be prevented by measuring the fill level
and maintaining it at an optimal value. Therefore, measuring the fill level is an extremely important process for
ensuring reliable and efficient operation of a ball mill.

There are no direct methods for measuring the fill level of the mill, so indirect measurement methods are used in
practice, namely, determining the fill level based on the vibration acceleration signal or the acoustic signal of the mill
operation. In addition, during the operation of the ball mill other parameters are also measured, i.e. the air mixture
temperature at the mill outlet, the differential pressure across the mill drum and the active power consumed by the mill
electric drive. These parameters are used to control the mill operation, as well as to protect against emergency situations.

* Corresponding author. Email address: vasyl.v.lymych@lpnu.ua

This paper should be cited as: V. Lymych, V. Zagraj. (2025). Definition of fill level of ball mill based on vibration
acceleration signal. Energy Engineering and Control Systems, Vol. 11, No. 2, pp. 177 - 186.
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2. Goal of the paper

The goal of this paper is to analyze the vibration acceleration signals during the operation of ball drum mills
under operating conditions and also to present the methods for processing these signals to determine the variation of
the fill level of the mill (filling with the material) with a constant amount of ball charge.

3. Analysis of recent publications

Studies of the acoustic signals of ball mills, as well as vibration acceleration signals during ball mill operation,
are presented in publications [2]-[9]. In [2], a method for processing the acoustic signals for determining the grinding
fineness of calcined alumina in a small ball mill is presented. In [3], [4], the acoustic signals of a ball mill for
different fill levels and rotation speeds are analyzed using a sound signal model and the discrete element method. In
[5], the results of processing the acoustic signal of the mill using machine learning models are presented.

Since the acoustic signal, besides the useful information, often contains additional noise and sounds from other
equipment, a more effective signal for determining the fill level of the mill is the vibration acceleration signal. In [6],
a method for collecting and processing vibration signals using sensors installed on the outer surface of the mill drum,
as well as on the supports of the front and rear bearings of the mill drum is presented. In [7], a method for
determining the characteristics of the ground material based on the vibration accelerometer signal installed on the
surface of the mill drum is presented. In [8], a method for determining the mill load based on the vibration
accelerometer signal using the Adaptive Chirp Mode Decomposition (ACMD) method and the Standardized Variable
Distance Classifier (SVD) method is presented. And in work [9], a method of processing the signal from an
accelerometer using a Hampel filter to eliminate noise, as well as Fast Fourier Transformation (FFT) to construct the
spectral density (PSD).

In the publications mentioned above, a great deal of attention is paid to the processing of signals from the

operation of ball mills in laboratory conditions and there are no results of signal analysis in operating conditions.

4. Presentation of research results

4.1. Analysis and processing of vibration acceleration signal for the first mill

The vibration acceleration signals were recorded using a sound card for two ball mills under operating conditions.
ABC117-03 vibration accelerometer was installed on the front support of the mill. The parameters of the recorded
vibration acceleration signal file for the first mill are as follows:

File name: Mill 1.wav
File size: 64.9 MB
Bit rate: 1536 kbit/s
Sample rate: 96000
Total samples: 34028800
Duration: 354.4667 s
Bits per sample: 16

The vibration acceleration signal was imported into Matlab using the “audioread” command [10]. The results are
presented in Fig. 1.
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Fig. 1. Imported vibration acceleration signal.
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Fig. 1 shows that in the first part of the recorded signal the amplitude is smaller than in the second part of the
signal. This means that the fill level of the mill with material is higher for the first part of the recorded signal, and in
the second part the fill level (the amount of material in the mill) decreases.

To process the vibration acceleration signal, it is proposed to use a moving window. The signal within the
moving window is processed with application of the following two methods:

e fast Fourier transform;
¢ integral of the modulus of the vibration acceleration.

We need to select the size of the moving window to process the signal. The technique for defining the optimal
size of a moving window is presented in [11]. As a result of applying this technique to the signal from the file
“Mill_1.wav”, it was found that the optimal value of the moving window size is 400 ms. The window movement step
is chosen to be 200 ms.

According to the first method of the vibration acceleration signal processing, the frequency spectrum was built
for each position of the moving window with application of “fft” command [12]. The result of building the frequency
spectra for the first five positions of the moving window is presented in Fig. 2.
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Fig. 2. Beginning of the vibration acceleration signal and the first five frequency spectra.

We can see from Fig.2 that the frequency spectrum has several ranges where there is useful signal. These are the
following ranges: from 200 to 500 Hz, from 750 to 1100 Hz and from 1300 to 2000 Hz. To determine the vibration
level using the first method, the maximum of the frequency spectrum in the frequency range from 750 Hz to 1100 Hz
was selected.

Variation of the vibration level according to the first method of the vibration acceleration signal processing with
application of the moving window is presented in Fig. 3. The obtained values were smoothed using a moving average
filter (causal) with a smoothing window size of 20 s, which contained 101 samples of the vibration level signal. The
delay of the smoothed vibration level signal with respect to the non-smoothed signal is 10 s. A causal filter was
chosen to smooth the signal, since this type of filter can be used to process the vibration acceleration signal in real
time.
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Fig. 3. Variation of the vibration level defined by the first method
(maximum of the frequency spectrum in the frequency range from 750 Hz to 1100 Hz).

To calculate the variation of the fill level of the mill on the basis of the vibration level (smoothed), the following
assumptions were made: the fill level signal starts at the value of 90%; the fill level signal decreases to the minimum

value of 60%. Calculation of the fill level was made by means of the following formula:

(xo—x)-Ay
max(x)—xg

y= +}’0’

)

where y is the fill level of the mill; x is the vibration level (smoothed); xo =0.0038 is the initial value of the vibration

level; Ay = 30 is the range of fill level variation; yo = 90 is the initial value of the fill level.

The result of defining the fill level of the mill on the basis of the vibration acceleration signal with application of
the first method is presented in Fig. 4. This figure shows that from the beginning to 200 s, the amplitude of the
vibration acceleration signal and the fill level of the mill remain approximately at a constant value. Between 200 s and
320 s, the vibration acceleration amplitude increases, and the fill level decreases. After 320 s, the vibration

acceleration amplitude decreases, and the fill level increases.
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Fig. 4. Vibration acceleration signal and variation of fill level of mill defined by the first method.
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Now we will apply the second method of the vibration acceleration signal processing, i.e. the integral of the
modulus of the vibration acceleration over the duration of the moving window. The window size is again taken to be
400 ms, the window movement step is 200 ms.

For each position of the moving window, the integral of the modulus of the vibration acceleration signal was
calculated using the “cumtrapz” command [13]. The result of calculating the variation of the integral for the first five
positions of the moving window is presented in Fig. 5.
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Fig. 5. Beginning of the vibration acceleration signal and variation of the integral for the first five positions of the moving window.

Variation of the vibration level defined by the second method is shown in Fig. 6. The obtained values were
smoothed using a moving average filter (causal) with a smoothing window size of 20 s, which contained 101 samples
of the vibration level signal. The delay of the smoothed vibration level is 10 s with respect to the non-smoothed
vibration level.
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Fig. 6. Variation of the vibration level defined by the second method
(integral of the modulus of the vibration acceleration).

To calculate the variation of the fill level based on the second method, the same assumptions were made as for
the first method (initial value of the fill level is 90% and minimum value of the fill level is 60%). Formula (1) was
used for calculation. The value of xo was taken equal to 590. The result of defining the fill level of the mill on the
basis of the vibration acceleration signal with application of the second method is presented in Fig.7.
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Fig. 7. Vibration acceleration signal and variation of fill level of mill defined by the second method.

We can see from Fig. 7 that from the beginning to 200 s, the amplitude of the vibration acceleration signal and
the fill level of the mill remain approximately at a constant value. Between 200 s and 320 s, the vibration acceleration
amplitude increases, and the fill level decreases. After 320 s, the vibration acceleration amplitude decreases, and the
fill level increases.

Based on the comparison of the fill level signal obtained by the second method with the signal obtained by the
first method, it can be concluded that the signal obtained by the second method (Fig. 7) is smoother than the signal
obtained by the first method (Fig. 4).

4.2. Analysis and processing of vibration acceleration signal for the second mill

Now we will analyze and process the vibration acceleration signal for the second ball mill. The parameters of the
recorded vibration acceleration signal file for the second mill are as follows:

File name: Mill 2.wav
File size: 77.2 MB
Bit rate: 1536 kbit/s
Sample rate: 96000
Total samples: 40500480
Duration: 421.8800 s

Bits per sample: 16

The file “Mill_2.wav” was processed in the same way as the file “Mill_1.wav”. The size of the moving window
was set to be 400 ms, the window step was 200 ms. According to the first method of signal processing, the maximum
of the frequency spectrum was calculated in the frequency range from 950 Hz to 1800 Hz. The values of the vibration
level were smoothed using a moving average filter (causal) with a smoothing window size of 20 s. The following
assumptions were made to calculate the variation of the fill level: the fill level signal starts at the value of 80%; the
fill level signal decreases to the minimum value of 10%.

The calculation of the fill level signal with application of the first method (maximum of the frequency spectrum
in the frequency range from 950 Hz to 1800 Hz) was made using formula (1), where the following values of constants
were taken: xo = 0.0045, Ay = 70, yo = 80. The results of processing “Mill 2.wav” file with application of the first
method are presented in Figures 8 — 11.
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(maximum of the frequency spectrum in the frequency range from 750 Hz to 1100 Hz).
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Fig. 11. Vibration acceleration signal and variation of fill level of mill defined by the first method.

The calculation of the fill level signal by the second method (integral of the modulus of the vibration
acceleration signal over the time of the moving window) was made using formula (1), where the following values of
constants were taken: xo = 885, Ay = 70, yo = 80. The result of processing “Mill_2.wav” file by the second method is
presented in Fig. 12.
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Fig. 12. Vibration acceleration signal and variation of fill level of mill defined by the second method.

Based on the comparison of the results obtained by the first and the second method, for the second mill we can
draw a similar conclusion as for the first mill: the fill level signal obtained by the second method (Fig. 12) is smoother
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than the signal obtained by the first method (Fig. 11). By comparing the results for files “Mill 1.wav” and
“Mill_2.wav”, the following conclusions can be made:

o the frequency spectra of the signals in these files are slightly different, therefore, for the file “Mill 1.wav” the
maximum was calculated in the frequency range from 750 Hz to 1100 Hz, and for the file “Mill 2.wav” — in
the frequency range from 950 Hz to 1800 Hz;

o the initial value of the amplitude in the file “Mill 1.wav” is slightly smaller than that in the file “Mill 2.wav”,
therefore the initial fill level for the first mill was set to a higher value than for the second mill;

o the increase in the amplitude of the vibration acceleration signal in the file “Mill 1.wav” is less significant
than in the file “Mill 2.wav”, therefore the fill level signal for the file “Mill 1.wav” changes by a smaller
amount than for the file “Mill 2.wav”.

5. Conclusion

As a result of the study, it was found that the vibration level of the front support of the ball mill is directly
correlated with the amount of material being ground in the mill. The higher the vibration level, the less material is in
the mill and vice versa. Two methods with application of a moving window are proposed to process the vibration
acceleration signal during the operation of the ball mill. The first method consists in building the frequency spectrum
using the fast Fourier transform and subsequent determination of the maximum in a specific frequency range. The
second method consists in calculating the integral of the modulus of the vibration acceleration signal during the time
of the moving window.

Based on the experimental data for two ball mills, each of the two proposed methods was tested. The results
show that the fill level signal obtained by the second method is smoother than the signal obtained by the first method.
In addition, it should be noted that to obtain the fill level signal by the second method, less computational resources of
the controller are needed than for the signal obtained by the first method, since the calculation of the integral of the
modulus of vibration acceleration is a simpler algorithm than building the frequency spectrum with subsequent
determination of the maximum in a specific frequency range.
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Bu3zHa4yeHHsI piBHSI HATIOBHEHHS KYJILOBOr0 6apadaHHOr0 MJIMHA
HA OCHOBI CUTHAJIY BiOpONpPUCKOpPEHHS
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AHoTanis

CrarTs TpHCBSUEHA MOCTIDKCHHIO 3B’S3Ky MK CHTHaJlOM BiOpoakcerepoMmerpa Ta piBHEM HAIOBHEHHS
KyJIbOBOTO Oapa0aHHOTO MIIMHA PO3METIOBAHMM MarepiaoM. BcTaHOBiIEHO, IO € TpsMa KOPEJIMist MK piBHEM
BiOpauii nepenHbOi OMOPH MJIMHA Ta KUIBKICTIO Marepiaiy, IO PO3MENOEThCs Y MinHI. Hu3bkuid piBeHb BiOparii
BIANOBia€ BHUCOKOMY pIiBHIO HAIlOBHCHHS MJIMHA. 3alpoOIIOHOBAHO JBa CIOCOOM OMNpAIOBaHHS CUTHAIY
BiOpoakcenepoMeTpa IUisl OTPUMaHHS CHTHAILYy PiBHS HAIIOBHEHHS i3 3aCTOCYBaHHSAM PYXOMOTO BiKHA. Y INepIIOMYy
Croco0i BUKOHYEThCS MOOYZOBa YAacCTOTHOTO CIIEKTPY Ta BU3HAYEHHS MaKCUMyMy B IEBHOMY Jiana3oHi 4acTOT.
Jpyruii cnocib nosisrae y po3paxyHKy IHTerpaisa MOJYJs CUTHAIIy BiOpOIIPHCKOPEHHS 3a 4ac PyXOMOro BiKHA.
IIponeMoHCTPOBaHO POOOTY KOXKHOTO CIIOCOOY Ha OCHOBI €KCIICPUMEHTAJBHUX JaHHX CHTHANIB BiOPONPHCKOPEHHS
mix yac poOOTH IBOX KyJILOBUX 0apaOaHHHUX MIIMHIB.

KoaiouoBi ciioBa: kynboBuit 6apabaHHHUN MIIMH; CUTHAJ BIOPOIIPUCKOPEHHS; YACTOTHUH CIIEKTP; PyXOMe BIKHO;
eKCIICpUMCHTANBHI JaHi; PiBeHb HATIOBHCHHS.
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Abstract

The gas produced from the well under high pressure is fed to a complex preparation unit, where solid impurities
and water are removed. Purified natural gas contains valuable components such as condensate, as well as heavy
hydrocarbons, butane and propane. To extract associated components from gas (condensate and heavy hydrocarbons)
low-temperature separation is used. The temperature regime in the separator is maintained by the energy of the
compressed gas. When the gas passes through the throttle, due to the Joule-Thomson effect, the pressure and
temperature decrease. The technological regime in the separator is provided by the single-loop automatic control
systems for pressure and condensate level control. As shown by the studies carried out by the authors of the paper, the
low-temperature separation as a control object is characterized by internal cross-links. Their presence significantly
reduces the efficiency of single-loop control systems. To improve the quality of the control process, an autonomous
control system for the low-temperature separation process was synthesized. A cross-coupling compensator was
included in the control circuit of such a system, resulting in two independent single-loop automatic control systems.
Based on the developed mathematical model, the transfer function of the compensator is synthesized and a method for
determining the parameters of PI controllers is developed. The essence of the method is that on the complex plane of
the roots of the characteristic equation, the positions of the roots are determined, which should ensure the desired quality
of the control process. The placement of the roots is selected from the condition of the minimum of the generalized
quadratic criterion of the quality of the control process.

Keywords: low-temperature separation; mathematical model; autonomous system; compensator; PI controller;
quadratic criterion.

1. Introduction

In the case when the gas extracted from the well under high pressure enters the pre-treatment unit, then low-
temperature separation (LTS) is used to separate the condensate from the gas. The decrease in gas temperature, which
is below the dew point, occurs due to adiabatic expansion of the gas (Thomson-Joule effect). The effectiveness of the
LTS process depends on the degree of compliance with the technological regulations, which are implemented by means
of automation. The main technological parameters that affect the technological process are the temperature in the
separator, the condensate level and the gas pressure in the low-temperature separator.

The analysis of the dynamic properties of the LTS process showed that there are cross-links between the input and
output values. The presence of cross-links significantly complicates the automatic control process, since changing the
task on the first control channel will cause an undesirable change in the output value on the second channel. A similar
negative event will occur when changing the input value on the second input of the separator control system.

* Corresponding author. Email address: ihor4698@gmail.com

This paper should be cited as: M. Horbiychuk, I. Yednak. (2025). Synthesis of automatic control system for low-
temperature separator. Energy Engineering and Control Systems, Vol. 11, No. 2, pp. 187 — 198.
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The quality of the low-temperature separator control process can be significantly improved by compensating for
cross-coupling in some way. One possible way to eliminate the negative impact of cross-coupling is to use the
autonomous control method.

2. Analysis of literature sources

The current state of automation of technological processes is characterized by the widespread introduction of
microprocessor technology for the implementation of complex control algorithms that were inaccessible to traditional
automation tools, with the help of which single-loop automatic control systems were implemented. In this regard, the
interest of both scientists and practitioners in methods of automatic control of multidimensional objects, which are quite
common in oil and gas production, petrochemical, metallurgical, chemical and other industries, has increased.

The use of single-loop systems for automatic control of complex multidimensional objects did not provide the
desired quality indicators of the control process [1]. With the advent of microprocessor control tools that can implement
complex control algorithms, new methods for controlling multidimensional objects were developed. Such methods
should be divided into two groups. The first of them is the synthesis of control systems in the state space; the second is
the synthesis in the frequency domain.

The first group consists of methods of analytical design of regulators (modal control [2], Riccati method [2], [4] —
[6], H* optimization [2]). The second group includes analytical synthesis of automatic control systems and separation
of control loops [9] (autonomous control). Systems synthesized using methods of analytical controller design,
H>optimization and modal control are static systems in which control errors are nonzero.

The method of analytical synthesis of automatic control systems assumes that the transfer function of the control
device is the ratio of two polynomials. The synthesis of such a system is carried out under the condition that the specified
location of the zeros and poles of the system is achieved and the necessary indicators of the quality of the control
process are provided. The control device synthesized in this way can have a high order of the transfer function. In [4]
an example of the synthesis of a control device for an object with a third-order transfer function is given. As a result, a
control device is obtained, the transfer function of which is of the sixth order, which significantly complicates the
structure of a controller suitable for implementing such a transfer function.

Almost all methods of synthesis of control systems for multidimensional objects solve the problem of finding the
so-called consistency matrix, the purpose of which is to compensate for cross-connections, which makes it possible to
improve the qualitative and quantitative indicators of the control process.

The aim of the work is to synthesize an autonomous control system for the LTS process to increase the efficiency
of condensate separation from produced gas from the well. To achieve the goal, it was necessary to solve the following
tasks:

e synthesize a cross-coupling compensator and determine the parameters of its matrix transfer function.

o for the two obtained independent control loops, find the PI controller tuning parameters and evaluate the quality
of the low-temperature separator control process.

3. Synthesis of cross-link compensator

The synthesis of an autonomous control system involves the inclusion of a cross-coupling compensator with the
transmission circuit in the control loop W,,(p) (Fig. 1). The matrix transfer function of the controller W, (p) is a
diagonal matrix whose elements are the transfer functions of the controllers. The matrix transfer function of the system,
which is depicted in Fig. 1, will be as follows:

Wy, @) = (1 + W@) W), (1)

where W (p) = Wy, (p)W,q (p) W, (p) is the matrix transfer function of the open system; W, (p)is the matrix transfer
function of the low-temperature separator.
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@@%iwumf¥%@)iwumjﬁl

Fig. 1. Block diagram of an autonomous control system.

In [1] it is shown that the matrix transfer function for the low-temperature separator problem is as follows:
M/yu = (Ip - A)_lBa

aiz blz]
where A = [a21 azz [b21 b22 .

p—-
1_
Since (Ip — A)~ = 1o [ —a21 p—ay

—Qq2b;1 (p — azz)bi; — ag3by;

. 2
(® — a11)byr (P — ay11)byy — Az1 by, @

W) = 705 [

The elements of the matrix transfer function (2) determine the dynamic properties of the transmission channels of
the effects of input quantities on the outputs of the object. Therefore,

(p) = wi (p) wi(p)
yu wo1(p) wa (@)

by1p—aqi1ba1,

a bi2p—(azzb12+aq2b )
where wi (p) = — 2228, wy, (p) = epCnbisteinbn) () = bup-inba,
b (a11b22+az1b12).
Wy, (p) = 2P a12(z§ 21012 ; A(p) = p2 —(ag1 + az)p + a1a;; — a12a;;1.

For the control system to be autonomous, it is necessary to have a diagonal transfer matrix of the open system. It
is known that the sum and product of diagonal matrices also give a diagonal matrix, and the operation of inverting a
diagonal matrix also generates a diagonal matrix. Indeed, if the matrix W (p)is diagonal, then the matrix will also be
diagonal W,,,,, (p).

It was assumed that W,;(p)is a diagonal matrix. For the matrix W (p)to be also diagonal, the following condition
must be met [2]:

yu(p)VVeq (p) = diagh] u(p)

where diagW,,,, (p)is the diagonal matrix obtained from the matrix W), (p)after zeroing off-diagonal elements.

From the last equation we find
Weq(0) = Wy (p)diaghy, (p). 3)

Formula (3) defines the matrix transfer function of the compensator and shows that the value W,, (p) depends only
on the matrix transfer function of the object.

Let us calculate the matrix transfer function of the compensator. First, we find

1 wa () —wip(p)

Wy (p) = 2w ® [—wy () Wiy (D)
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where 4,,(p) = wi1 (PIW2, () — wi(PIW,1 (p); diagW,, (p) = [Wll(P) sz(p)]'

Then

() = 1 [ W22 (P) _W12(P)] . [W11(P)

@ l=wy () wis () sz(p)]'

After multiplying the matrices, we get

(p) _ 1 [Wn(P)sz(P) —wi2(P)wy2 (p) . )

w® l=wi 1 (PIwy1(p) Wi (@)W (P)

From the matrix equation (4) we find the transfer functions of individual signal transmission channels from the
compensator input to its output, i.e.

(eq) _ W11(P)W22(p) (eq) _ wi2(@wa(p),
Wit ) ==, 0 @) ="

PIwi4( )
WZ(iQ) (p) = — wa1(®)w11(p (eq) (p) =

(eq)
Ay (p) Wll (p)

Let's find the order of the compensator's transfer functions. To do this, we write the object's transfer functions in
. . _rij(® . (eq) (eq) r11(@)r22(),
the  following  form:  w;;(p) = ap) b= 1,2 Then  wi%() =wysP(p) = " (p) e
1 T12(P)‘fzz(17) (eq) (p)  T121(@)r11 (@)
 aw®) 4%(p) Aw(p) 4%(p)

W12q)(P)

Since 4, (p) = 3305 (111 (P)722 () = 12 ()71 (). then

(P)r22(P) (P)122(P) @)r11(p)
Wi () = wys? (p) = TR (50 (p) = — DEBTLE, 00 (p) = BT 5)

where D(p) = 111 ()122(p) — 112(P) 7121 (D).
Thus, the order of the transfer functions of the compensator is determined by the order of the products of the
polynomials 1;; (p) 1y (), i, ), k, | € {1,2}. Since the order of each of the polynomials ;;(p) is not more than one, the

order of the product of two polynomials 7;;(p)7y,; (p) does not exceed number two. The analysis allows us to state that
for each transfer function W(eq)(p) i,j = 1,2 the condition M < N is satisfied. Here M is the order of the polynomial

of the numerator and N is the order of the polynomial of the denominator of the corresponding transfer function. Then
the condition of the physical implementation of the cross-coupling compensator is satisfied.

For the transfer functions of the cross-coupling compensator, we have the following values: M = 1 for WlfQ) (»),

wiD (p) and w? (p); M = 2 for we? (p); N = 2 for all transfer functions w( DV(p),i,j=12.

Conducted research [1] on modeling the NTS process as an automatic control object made it possible to obtain the
following transfer functions:

0.1106

. 0.2484p+12.27
p2+49.42p+0.8282°

p2+49.42p+0.8282°

wi(p) = w2 (p) =

1994p+36.05
p2+49.42p+0.8282’

4.396p+289.9
P2+49.42p+0.8282"

wy1(p) = Wy (p) =

So, we have: 11 (p) = 0.1106; r;,(p) = 0.2484p + 12.27; r,,(p) = 1994p + 36.05;
155 (p) = 4.396p + 289.9.
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Using software developed in the Matlab environment, the transfer functions of the cross-coupling compensator
were obtained, i.e.

0.9812'10_3p+0.064—711.

W(eq)( )= 0.2204-10"2p2+0.2543p+7.1811
p2+49.42p+0.8282 12 p) =

(eq) _ 0.4451p+0.0080462
2 ) W21 (P) -
pP“+49.42p+0.8282

p2+49.42p+0.8282 "

wisP (@) = wi? (p) =

Let us now find the transfer function of the closed-loop automatic control system of the LTS process, considering
the transfer function of the compensator (3). To do this, first we find the transfer function of the open-loop system

W(p) = diagW,, (p)We (p).
We substitute W (p) into formula (1). As a result, we obtain
-1
Wyuy @) = (1 + diagWy, (0)We(p))  diagWy, (0)Wer ().

The resulting matrix equation in expanded form will be as follows:

1+ wy, W () 0 ] [wn(p)wfi” @) 0
D(p)

Wy, (p) = [ .
Y 0 1+ wyy (D)W 0 w2 ()W (p)

After performing the operations of rotating the diagonal matrix and multiplying the matrices, we obtain

W11(P)W§01[) (p) 0
14wy (P)Wﬁl) ()
Wy, (p) =
yid 0 wo, WP (p)
1w, (WS (p)

Thus, we obtained the matrix transfer function of the closed-loop system, which is diagonal, which means that the
two-dimensional system can be considered as two independent systems with the following transfer functions:

(d)
(yu) — Wll(p)w11 (p) . 6
et ® 1+W11(Z’)W$)(P)’ ©)
(©)
(pu) WZZ(p)sz (p)
=227 722 L/ 7
oz (P) 14wz ()WY (D) )

Since the transfer functions wi1(p) and wax(p) of the object (separator) are known, the synthesis of an autonomous
control system is reduced to determining the transfer function of the compensator, choosing the control law (PI or PID
law) and determining the tuning parameters for the regulators.

4. Calculation of the tuning parameters for the regulators of the autonomous control system

For the first and second control loops, we will choose PI control laws

(1) (1)

1 C, 'p+C.
Wi (p) = 2L ®)
c@prc®
w5 (p) = - )

where C(gi), Cl(i) are the controller settings (i = 1, 2).
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In formulas (6) and (7) the transfer functions of the object are known. Considering the transfer functions of the
regulators of the first and second circuits (8) and (9), we write the transfer function of the closed-loop system for the
first and second circuits

bV cprpPc®

(yw)
w. = 10
1 (p) p3+a1p2+(b§1)Cél)+a2)p+b§1)cl(1)’ ( )

b P2+ PP bP PypapPc®
T P I O NN P IR O O

w3 (p) = (1

The parameters for setting the controllers will be determined by the combined method [7], [8], the essence of
which is that on the p -plane (on the plane of poles) certain values of the poles in the left part of the p -plane are selected
to achieve the desired properties of the automatic control system.

Vieta's theorem establishes the relationship between the roots of the characteristic equation of the system and its
coefficients. Since for the first and second circuits the characteristic equations of the closed system have the same orders
(n=3), we will have [7]:

( p1tp:tp3= _Z_:’
PiDz + Pabs + Pabs =, (12)
as
P1P2P3 = T

The coefficients of the characteristic equation for the first circuit are as follows: a, =1, af) =a,
0,’;1) = az + b](_l)Cél), (Zgl) = b](_l)Cl(l), Where bil) = a12b21, a1 = _(a11 + azz), a2 = a11a22 - a12a21. FOI‘ the
second circuit: @y = 1, (xgz) = béz)Cl(z) + bl(z)(,‘éz) +a,, agz) = bl(Z)Cl(Z).

Since @y = 1, we have the following system of equations for the first circuit:

p1t D2 TPz = —ay,
P1P2 + P13 + D2P3 = a3,

P1D2P3 = —a3.
Let the roots of the characteristic equation of the first circuit be as follows: p; = —my +j{i, p, = —m; — j{;.
From the first equation of the system of equations (12) we find p; = —(p; + p3) — ;. Considering the values of

p; and p,we have p; = 2m; — ail) .

Considering the value of p3, the second and the third equation of system (12) will take the following form:

nf +{f — 2m (2 — ail)) = aél)’

1 1
(% + ) 2ny — a) = —alV.

Let us determine the degree of oscillation of the first circuit of the system y; = i—l From the last equality we find
1

{; = m; 4. Considering the values of {;, ail), aél)and aél), we will have

mir, — 2m (2 —ay) = bfl)Cél) + a,,

nir (2m —a;) = _bfl)cl(l),

where r; = u? + 1.
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From the resulting system of equations, we find

1
cP = (T = 2m (21 — a1) — ay), (13
1
1
Cl(l) = —Frrlzrl(ZTQ - al)a (14)
1

Where b](_l) = a12b21.
Therefore, the tuning parameters of the primary circuit regulator will be calculated using formulas (13) and (14),
which are functions of the real part of the roots p,and p,

For the stability of a closed system, the condition p; < 0 must be fulfilled or considering the value of p; we will have

o<m<%. (15)

In addition to condition (15), it is necessary that the PI controller tuning parameters be positive numbers, i.e.
c”>0andcM > 0.

Now we will find the tuning parameters of the PI controller as a function of the real part m,of the characteristic

equation of the second closed loop. We have

2
p1+p2+p3=—a§ ),

2
P1P2 + P1D3 + D2P3 = a§ )'

2
P1P2P3 = —aé )-

, . :
where py = —T, + j(o3 P2 = —Tp — o5y = n_z

From the first equation of the obtained system of equations we find p; = 2m, — aiz). Considering the value of

aiz) we have

ps = 2m, —a; — bP¢?, (16)

If we now consider the roots of the characteristic equation p;, p, and the root p;, which is determined by formula

(16), and the values of aéz)and a?(,z), we obtain the following result:

{(anb((f) _ bl(z))céz) _ bSZ)cfz) =a, —mi(r, —4) — 2m,a,, (17

”%TZbSZ)CéZ) - b£2)c1(2) =, (21, — ay),

where béz) = byy; bfz) = ay1b1; — ay1byy; 1y = P2 + 1.

The system of linear algebraic equations (17) can be represented in the following form:

() () (18)

2 2
[ché ) +X12C1( ) = q1
X21Cg ~ t X2261 " = qa.

From (18) we find

C"( ) X X129
2 2241 1242 (] 9)
2 1192 21491 (20)
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p® — p®,

where y;; = 2m,b, bl(z);

s X12 = —bé sX21 = 7Tz’”zbé ),Xzz =
Q1 = @y — w5 (1r; — 4) — 2mpay; @ = Wi (21, — @1); A = X11X22 — X12X21-
The stability of the second circuit of the autonomous control system will occur when the following conditions are

met: Céz) >0, Cl(z) > 0 and p; < 0. From formula (16) we find that
0 <, <2 (ay+bPCeD). 1)

Therefore, for both the first and second circuits, the tuning parameters of the PI controllers are functions of the
real part myand m, the roots p;and p,.

The values of m;and m, shall be defined in such a way that the generalized integral criterion takes a minimum
value. Therefore, we will minimize

] = J, (2(0) + 2% (D)) dt, (22)

where £(t) is the amount of inconsistency (control error); T is a constant value that determines the influence of the
component £2(t) on the quality of the control process.

We can rewrite criterion (22) in the following form:
J =]+ 7%, (23)

where J; = fom g2(t)dt; J, = fooo £2(t)dt.

The values of the components J;and J,can be calculated using tables [7] if the transfer functions of the control
error and its derivative with respect to the controller task are known.

The control error transfer function for the first loop was calculated using the following formula:

D —
W ») = 1 +W(1) .

where Wo(sl)(p) is the transfer function of the open system.

Considering formula (6), we can write (1) (p) = Wll(p)w(el) (p). Considering the values of
b . cDppc® .
wi(p) = 0 +a() @ and Wl(f )(p) 2 —1 we obtain
®_ 2, 1) (€]

W(l)(p) (ag "p“+ay "ptay )p (24)

ONERMO) z+(a(1)+b(1) IONOROL

With a single step input u, () (Fig. 1), the Laplace representation of the control error will be as follows:

app®+aip+a,

@) 2, (1) (1) (25)

p3+ay p?+ay ‘ptag

EN ) = pa

where a( )

= ao = 1.
Now we find the Laplace representation of the derivative of the control error: Egl) (p) = L[£(t)].

Since L[£(t)] = pEM(p) — £(0), then, using the theorem on the initial value of the function, we obtain:
£(0) = limpE® = 1.
p—»oo
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Considering the found value of £(0), we obtain

Ez(l)(p) _ Bop*+B1p+B> (26)

D53 +aDp2+aprall)’

where By = 0; By = —=bVcSV; g, = —bPc V.

For the second circuit, using the same algorithm, we determined the Laplace representation of the control error
and its derivative. Therefore,

@) _ agp®+aip+ta,
Ey @310 D p?+aPpra® 27

2) _ P +91p+¢2
ES : 28
@03 +aPp24aPprald (28)

2 2
where(p0=a1—a§ ),(p1=a2—a§ )»‘Pz— aé )

The analysis of formulas (24) — (28) shows that the difference between the polynomials of the numerators and

denominators is equal to one. Therefore, using the known values of E(l) E(l) i = 1,2 from the table in [7], for the first

circuit we find:

D _ My (1) ® 1 2,1 (D

N1 = a0a2 + (a? - 2apa)ay ay ” +azay ay ), (29)
1 1 1 1 1 1 1
$=2§M?+@—wmmﬂw 2aVal, (30)
@@ 1) (1 @@
D = 26Ma®(@Wa® — e®a®), 31)
Since S, = 0, then
1 1 1 1 1
,E,g = p2aPalP + p2alPa®. (32)
For the second control circuit we find
15123 = aoagz) @ 4 (a? — 2a0a2)a(§2)a§2) + azaéz)aiz), (33)
2 2) (2 2) (2 2) (2
5= ¢Oa§ 0P + (97 — 20005)aPal + p3aPa®, (34)
(2) — zao 2)(a(2) (2 aéz)aéz)). (35)

Formulas (27) — (35) determine the generalized quadratic criterion for both the first and second control loops,
which we present in the following form:

JO = mu” 29y, =12 (36)

The analysis of formulas (27) — (35) shows that the generalized quadratic criterion (36) for both the first and second
control loops is a function of the position of the roots P;and P,on the p -plane, which is determined by the values of
mand 1,

Let us set the following problem: find such values of 7, and 1, that minimize the generalized quadratic criteria J %
and J@, that is

min o JO@m), i =12, (37)

<IT; <
Ty "STWisSTy

(1) (2)

where T, , are the beginning and end of the interval of the local minimum of the functions ] (r;), i = 1,2.
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The interval of the local minimum of the functions /(1r;) is chosen based on the stability requirement of the
control system, which is determined by the conditions Cél) > 0 and Cl(L) > 0,i = 1,2, as well as relations (15) and (26).

Using the developed method, software was created in the Matlab environment, with the help of which graphs of
the dependences J™(1;) and /@ (r,) were constructed (Fig. 2).

7 T T T i T T 7

Iy
@
S

___——f/

02 0.25 03 0.35 04 045 05 ' 0.2 0.25 0.3 0.35 04 045 05

Fig. 2. Dependence graphs of /(P (1r;) and ] (11,).

From the graphs (Fig. 2) we found the intervals of local minima m; € [0.3; 0.45] and &, € [0.3; 0.45], which
contain the minima of the functions /¥ (x}) and J® (i,). The solution of problem (37) gave the following results:
i = 0.38389, JV(7}) = 2.5007; w3 = 0.3880, J@ () = 2.5071. The values of 7 and 7} made it possible to
determine the optimal tuning parameters Cl(i) and Céi), i = 1,2 of the PI controllers for the first control loop according
to formulas (13), (14) and for the second control loop according to formulas (19), (20) (Table 1).

To assess the quality of the control process, using formulas (10) and (11), graphs of transient processes were

constructed for the first and second control loops (Fig. 3), from which the quality indicators of the control process were
determined (Table 1).

038 ———T—T T T = 0.14
03+ 1 012+
0.25f 0.1
&
= 02 g 0.08
e O
Z 015 < 0.06
0.1 0.04
0.05 | ] 0.02 |
0 -_ 0 : : : :
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
t,s t,s

Fig. 3. Transient processes for the first and second control loops.

Table 1. Results of calculations of PI controller tuning parameters and control process quality indicators for the first and second
control loops.

Co Cl tc,S O',%

First circuit 12.901 5.0406 15.6 0

Second circuit 0.33871 0.13233 10.6 0
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The calculation of the controller tuning parameters and the quality indicators of the control process were performed
using software developed in the Matlab environment. Thus, the obtained indicators of the quality of the control process
are satisfactory, since there is no overshoot in both the first and second circuits, and the control time is 15.6 and 10.6 s,
respectively.

5. Presentation and discussion of research results

As a result of mathematical modeling of the low-temperature separation process as an object of automatic control,
it was established that there are cross-links between control actions and output values (pressure and liquid level in the
separator). The presence of cross-links reduces the efficiency of single-loop systems for automatic control of the low-
temperature separation process.

The synthesized compensator makes it possible to eliminate cross-coupling and obtain two single-loop
independent automatic control systems with PI regulators.

The tuning parameters of the PI controllers of both the first and second control loops of the autonomous system
are determined using the developed method of placing the roots of the characteristic equations on the complex p -plane,
provided that the stability and minimum of the generalized quadratic control criterion are ensured.

Computer simulation of the autonomous system for automatic control of the low-temperature separation process
confirmed the high quality of the control process. There is no overshoot in the system. The control time is 15.6 s for
the first circuit and 10.6 s for the second one.

The direction of future research will be aimed at determining the structure of the cross-coupling compensator with
the aim of its implementation on industrial microprocessor automation equipment.

6. Conclusion

The transfer functions of the cross-link compensator are determined, based on the condition that the matrix transfer
function of the closed-loop control system must be diagonal. This condition makes it possible to "eliminate" cross-links
and obtain two independent control loops with respect to the task influences.

A method for determining the tuning parameters of PI controllers of an autonomous control system for the low-
temperature separation process by placing the roots of the characteristic equation on the p-plane has been developed.
The choice of the placement of the roots of the characteristic equations of closed-loop systems of the first and second
control loops was carried out by minimizing the generalized quadratic criterion of the quality of the control process and
under the condition of the stability of the autonomous control system.

Based on the software developed in Matlab environment, the PI controller tuning parameters were calculated

(using the combined method) and quality indicators of the control process were defined. There is no overshoot in the
system. The control time is 15.6 s for the first circuit and 10.6 s for the second one.
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CuHTe3 aBTOMATHYHOI CHCTEMH KepPyBaHHS
HH3bKOTEMIIEPATYPHHUM CEeNapaTopoM

Muxaiino ['op6iitayk, Irop € gHax

léano-@pankiecvruil HAYIOHATLHUL MEXHIYHUL YHIGepCUmem Hagmu i 2azy,
eyn. Kapnamcoka, 15, m. Isano-@panxiecek, Yrpaina, 76019

AHoTanis

JoOyTmii Ta3 i3 CBEPAJOBHUHU I BUCOKHM THCKOM IOCTYIIAa€ Ha YCTAaHOBKY KOMIUICKCHOI ITiITOTOBKH, 1€
BinOyBa€ThCS BHIIYUCHHS TBEPAHUX IOMIMIOK i Boxu. OUHINEHWH NMPUPOAHUI Ta3 Mae y CBOEMY CKJali Taki I[iHHI
KOMIIOHEHTH SIK KOHJIGHCAT, a TaKOXX BaXXKi ByrJeBOAHI OyTaH i mpomaH. [[yis BuilydeHHs i3 ra3y HOIMYTHHX
KOMIIOHCHTiB  (KOHJIEHCAaTy 1 BaXXKHX BYIJICBOIHIB) BHKOPHCTOBYIOTH HH3BKOTEMIICPATYPHY CeIapalilo
TemmepaTypHuii pexxuM B cenapatopi MiATPUMYETHCS 38 paxXyHOK €Hepril CTUCHeHOro ra3y. [Ipu nmpoxomKeHHi razy
yepes Jpoceib BHAcHIok edekry /xoynsa-ToMcoHa BiiOyBaeThCs 3HWIKEHHS TUCKY 1 TemriepaTypu. TeXHOIoriYHuit
PeXKHM B cermaparopi 3a0e3MnedyeThcsi OJHOKOHTYPHUMHM CHUCTEMaMH aBTOMATHYHOTO KEPYBaHHS — TUCKY 1 PIBHS
KOHJIeHcaTy. Sk Mokasajiu IOCIIJDKEHHsS, BUKOHAHI aBTOPaMH CTAaTTi, HUI3bKOTEMIEPATypHill cenapaiii sk 00’exra
KepyBaHHs MPUTAMaHHi BHYTPIIlHI MepeXpecHi 3B A3KU. X HasBHICTh 3HAYHO 3HUKYE (PEKTUBHICTh OJTHOKOHTYPHHX
CHCTEM KepyBaHHS. 3 METOIO MiJIBHUILIEHHS SKOCTI Ipoliecy KepyBaHHS B poOOTI CHHTE30BaHa aBTOHOMHA CHUCTEMa
KepyBaHHS IIPOLIECOM HH3BKOTEMIEepaTypHOl cemapamii. Y KOHTYp KepyBaHHS Takol CHCTEMH BKJIFOYCHHH
KOMIIGHCATOp NEpeXpecHUX 3B’S3KiB, BHACTIZOK YOr0 OTPUMAaNd JBI HE3aJeXHI OJHOKOHTYpPHI CHCTEMH
AaBTOMAaTHYHOTO KepyBaHHs. Ha OCHOBiI po3po0ieHOi MareMaTW4HOI MOJEi CHHTE30BaHA MepenaBajibHa (YHKIIiS
KOMIIEHCaTopa Ta po3poOyieHWi MeTon Bu3HaueHHs napamerpiB Ill-perymsropiB. CyTe MeTody y TOMy, LIO Ha
KOMIUICKCHIM IDIOMMHI KOPEHIB XapaKTePUCTHYHOTO DPIBHAHHS BU3HAYAETHCSA IOJOXKCHHS KOPEHIB, SKi TOBHHHI
3a0e3neunTH OakaHy SIKICTh TIpoliecy KepyBaHHsA. Po3MillleHHsT KOpEHIB BHOHMpaeTbCs i3 yYMOBH MiHIMyMy
y3arajlbHEHOT0 KBaJPaTHYHOTO KPUTEPIIO SKOCTI MPOILIECY KEPyBaHHSL.

Kuro4oBi c10Ba: HU3BKOTEMIIEpaTypHa Cenaparliis; MaTeMaTHIHa MOJENb; aBTOHOMHA CHCTEMA; KOMIIEHCATOD;
[TI-perynsiTop; KBagpaTHIHUN KPUTEPIi.
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Abstract

The paper analyzes developments in the field of environmental parameter monitoring using microcontrollers and
Internet of Things technologies, with results that justify the use of ESP8266 microcontroller. A monitoring system for
microclimate parameters (temperature, humidity and atmospheric air pressure) in smart homes and industrial
premises based on ESP8266 microcontroller has been developed, which demonstrated its effectiveness through a
combination of hardware and software tools. The integration of BMP280 and AHT10 sensors ensured the accurate
measurement of temperature, humidity and atmospheric air pressure. The asynchronous web server integrated into the
ESP8266 allows for displaying the results as interactive, real-time graphs. In the developed system, users access data
directly from the local network, ensuring functionality even without Internet access. Furthermore, the cost of the
hardware (ESP8266 controller, BMP280 and AHT10 sensors) remains minimal, making the system accessible for
widespread use. The implementation of a user notification system via WhatsApp Messenger using CallMeBot service
became an important addition, allowing for the prompt notification of users about exceeding parameter limit values,
even without logging into the web application. This approach increases the level of automation, convenience and
reliability of microclimate control, making the system suitable for a wide range of tasks in domestic and industrial
applications.

Keywords: microclimate parameters; smart home; monitoring system; microcontroller; Internet of Things; web
application.

1. Definition of the problem to be solved

In the modern world, there is a rapidly growing interest in process automation across all spheres of human
activity. In particular, the task of automating parameter monitoring in industrial and residential premises often arises.
This task is relevant for production facilities in the food and processing industries, pharmaceutical manufacturing,
warehouses, greenhouses, server rooms, and smart homes. In such environments, even a slight error in temperature,
humidity or atmospheric pressure can lead to reduced product quality, spoilage of goods, disruption of technological
processes or discomfort for people.

Internet of Things (IoT) technologies are widely used for remote monitoring of parameters in industrial and
residential premises, enabling the creation of intelligent systems for collecting, transmitting, and processing data in
real time. One of the most popular solutions in this field is ESP8266 microcontroller, which combines low cost,
compact size, and a built-in Wi-Fi module. Thanks to these advantages, it is widely used for building wireless sensor
networks, home automation, environmental monitoring, and many other tasks. The platform is supported in the
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Arduino IDE development environment, which significantly simplifies firmware writing, and the ability to use the
LittleFS file system allows for the implementation of an autonomous web server without the need for external
hosting. Combining ESP8266 with BMP280 barometric-temperature sensor and AHT10 humidity sensor provides the
capability to measure microclimate parameters — temperature, barometric pressure, humidity — and transmit them in
real time to a web interface. The use of standard web technologies (HTML, CSS, JavaScript) along with the
Highcharts library ensures convenient and interactive visualization of the measured data, allowing the user to
dynamically select graphs, adjust the update period and monitor instantaneous values. This approach not only
demonstrates the practical capabilities of ESP8266 in the IoT sphere but also creates a flexible, adaptive, and easily
scalable system for further development and application in automating processes in daily life and industry.

2. Analysis of recent publications and research

In recent years, many developments and studies have been carried out in the field of environmental parameter
monitoring using ESP8266 microcontrollers and IoT technologies, which indicates a steady trend towards the use of
inexpensive and compact solutions for real-time data collection and processing.

Publication [1] presents an algorithm for the functioning of a monitoring system for technological process
parameters based on mobile communication networks. Publication [2] develops the concept of a "smart system" for
monitoring and protecting power equipment, which allows for timely response to dangerous parameter deviations.
These works present monitoring systems developed based on programmable logic controllers, communication
modules, and HMI tools from leading automation manufacturers. The disadvantage of the presented systems is the
high cost of equipment, software, and, consequently, these monitoring systems themselves.

Publication [3] proposes a portable IoT station for measuring temperature, humidity, pressure, and air quality
indicators based on ESP8266 microcontroller with AHT10 and BMP280 sensors. A similar approach is used in publication
[4], which developed a system for monitoring air pollution in urban conditions using ESP8266, ensuring real-time
data transmission to a server. The disadvantage of both approaches is the dependence on external servers or cloud
services, which reduces the system's autonomy and complicates its use in conditions of unstable Internet connection.

Publication [6] presents a portable sensor node for robotic systems, which can integrate ESP8266 or ESP32 with
many environmental sensors. The authors in publications [7] and [8] emphasize the role of IoT solutions in the "smart
city" concept, where monitoring atmospheric parameters is a basic element of infrastructure management.

Publications [9]-[11] propose architectures for low-cost systems for environmental monitoring using ESP8266,
Arduino, and cloud platforms. The authors in publications [13], [15], and [17] demonstrate practical skills in using
IoT devices for data collection and analysis, which confirms the high level of interest in creating accessible solutions
in this area.

Publications [16], [18] and [19] examine advanced approaches to forecasting and the educational use of IoT
monitoring systems, indicating their potential for practical implementation. Publication [21] compares ESP8266 with
other popular platforms (Arduino, Raspberry Pi), confirming its advantages in building compact and wireless systems.

In general, the review shows that ESP8266 remains one of the most promising solutions for implementing IoT
environmental monitoring systems due to its low cost, support for wireless data transmission and ease of
programming in the Arduino IDE environment. The task of developing IoT monitoring systems for each specific
application remains relevant, as it provides the opportunity to develop simple and inexpensive monitoring systems
with a set of functions adapted specifically for that application.

3. Purpose of the work

The purpose of this article is to create a prototype of an IoT monitoring system for microclimate parameters
based on ESP8266 microcontroller, which ensures sensor integration, autonomous data collection and processing,
organization of access to results via a built-in web server, and the possibility of their further visualization and
analysis. The work involves creating the hardware part, developing software in the Arduino IDE environment and
implementing a web interface for the operational display of environmental parameter dynamics.

4. Development and testing of the monitoring system

ESP8266 (WEMOS D1 mini module) microcontroller serves as the central component of the developed
hardware—software environmental-parameter monitoring system. In addition to the built-in microcontroller, this
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module contains a flash-memory chip for program storage of 1, 2 or 4 MB and a CP2104 interface chip for converting
the USB control signal to UART. The ESP8266 microcontroller has no built in on-chip non-volatile user memory;
program execution is performed from external ROM through dynamic loading of required program fragments into the
instruction cache. The ESP8266 consists of a 32-bit Tensilica Xtensa L106 processor with a clock frequency of up to
80 MHz, a Wi-Fi 802.11 b/g/n module, 14 input/output pins, SPI, I2C, I2S and UART interfaces, and a 10-bit ADC.
General view and pin assignment of the ESP8266 microcontroller (WEMOS D1 mini module) are presented in Fig. 1.

Digital sensors BMP280 and AHT10 are connected to the ESP8266 (WEMOS D1 mini) to measure ambient
temperature, barometric pressure and humidity. Both sensors are placed on the same board. The connection diagram
of the board with BMP280 and AHT10 sensors to the microcontroller is presented in Fig. 2.

B rover BN ono BN crio B UART -\, PWM
B soc BN s B 2c Control

a) b)

Fig. 1. ESP8266 microcontroller (WEMOS D1 mini module) with CP2104 converter:
(a) general view; (b) pin assignment of the microcontroller.

Fig. 2. Connection diagram of BMP280 and AHT10 sensors to WEMOS D1 mini module via the two-wire I2C interface.

These sensors offer significant advantages at low cost. The measurement error for BMP280 is about =1 hPa for
pressure and +1 °C for temperature; for AHT10 the relative humidity error is only +2 % RH. Both sensors feature low
power consumption, fast response, and compact size, and are connected to the board through the I?C bus. Such a
hardware combination ensures compactness and low cost of the solution. Thanks to the Wi-Fi module integrated on
the ESP8266 board, wireless communication is provided, allowing implementation of an autonomous local web
server for remote access to the measured values within a single local network. The LittleFS file system is used to
store web-interface files (HTML/CSS/JS), enabling frontend hosting directly on the controller without any external
servers or hosting services.
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A functional algorithm of the monitoring system based on WEMOS D1 mini module has been developed,
including the following steps (see Fig. 3). At the initial stage, network parameters (SSID and Wi-Fi password) are
initialized, followed by mounting of the LittleFS file system that stores web pages and configuration files. Next, the
I2C interface is initialized and the functionality of BMP280 and AHT10 sensors is checked to ensure correct
measurement of temperature, humidity and barometric pressure. ESP8266 connects to the Wi-Fi network, obtains a
local IP address, and launches an asynchronous web server based on the AsyncWebServer and LittleFS libraries,
which enables user interaction through a web browser. After the web interface is started, initial limit values of the
parameters are set; they can be adjusted in a dedicated settings section. The microcontroller periodically reads data
from BMP280 and AHT10 sensors, compares them with the preset limit values, and updates the values on the web
interface in real time. If any parameter exceeds the permissible range, the system automatically sends a notification to
WhatsApp via the CallMeBot API, which improves responsiveness and user awareness of critical environmental
changes. This algorithm ensures autonomous operation of the device, continuous data acquisition, and reliable
information delivery through a user-friendly web interface and mobile application.

The software implementation of the functional algorithm was performed in the Arduino IDE environment using
the ESPAsyncWebServer, ESPAsyncTCP and LittleFS libraries, as well as sensor drivers such as Adafruit BMP280
and Thinary AHT10. During initialization, the serial port is launched for diagnostics, the LittleFS file system is
mounted, the I?C interface is initialized and sensor availability is checked, followed by connection to Wi-Fi and
startup of an asynchronous HTTP server. After a successful connection, the controller outputs to the serial monitor
the local IP address at which the web interface can be accessed (see Fig. 4).

Initialize SSID and Set initial limit values of
password parameters
! T
Mount the LittleFs file Waiting for the update
system period to change

7 Y

Read data from BMP280

e a
Initialize I12C interface and check BMP280 and AHT10 sensors

interface

v

and AHT10 sensors Update data on web

A

Connect to Wi-Fi network

The parameter value
is above the

Update data on web
+ interface

WhatsApp

allowable limit

Yes Send notification via

i
Start web server

(AsyncWebServer + LittleFS)

Fig. 3. Block diagram of ESP8266 microcontroller functional algorithm.
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Connecting to WiF1i..
Connecting to WiE

onnecting to WiFi

Fig. 4. Obtaining a local IP address to access the web page.

The process of establishing Wi-Fi connection and reading the local IP address is implemented using
WiFi.begin(ssid, password) and while (WiFi.status() != WL CONNECTED) instructions in the controller program.

The asynchronous web server defines routes for the main page (/), for individual trend pages (/temp, /hum, /pres,
/all) and for API endpoints returning current parameter values in plain-text format (/temperature, /humidity,
/pressure). This enables the web server to perform periodic AJAX requests at specified intervals and retrieve updated
data for trend plotting. An example of an API endpoint that returns the temperature value as unformatted data is:

server.on("/temperature", HTTP_GET, [](AsyncWebServerRequest *request){
request->send_P(200, "text/plain", readBMP28@Temperature().c_str());

s

Sensor-reading functions include validation of measurements: if a NaN value is received or no response is
detected, an error message is displayed in the Serial Monitor and an empty string or error message is returned to the
HTTP request. This minimizes incorrect readings and helps to diagnose hardware issues during debugging. If a sensor
(such as BMP280) is not initialized, the controller's operation is blocked to prevent further errors.

The user web application interface is implemented entirely with HTML/CSS/JavaScript and stored as files on the
controller's flash memory formatted with the LittleFS file system, ensuring autonomous operation. On the main page,
the user can select a window to monitor a specific parameter, view all parameters simultaneously, or open a settings
page to adjust limit values (Fig. 5).

Choose parameter

Change the limit values

Fig. 5. Main page of the user web application.

Each trend page contains an interactive chart built with the Highcharts library, a field showing the current
parameter value, a slider to set the update period (1 to 10 s), and a confirmation button to apply changes. When the
page loads, the program automatically sets a timer that executes an AJAX call to the corresponding API endpoint
every N seconds. The update period is user-defined. Each received value is displayed both on the chart and in the
instant value field. Fig. 6 shows the examples of web-application windows displaying temperature, humidity, and air-
pressure changes, each with its own instant value field, update-interval slider and "Confirm interval change" button.
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Temperature (C)
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Current pressure:
961.81 hPa

Fig. 6. Web-application windows for monitoring: (a) temperature; (b) humidity; (c) air pressure.
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To save the graph data after page reloads, the browser's built-in localStorage mechanism is used, allowing
storage of trend point arrays in JSON format and restoration upon reload. Thus, the user can view measurement
history without continuous connection to a server or database.

For the page displaying all the graphs, createChart(...) set of functions has been implemented to standardize
appearance and behavior. Data updates are handled by a timer responsible for temperature, humidity and pressure,
while the update period for all three parameters is controlled by a single slider element (Fig. 7).
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— Back

Fig. 7. Monitoring window of all parameters at initial update period of 5 s.

To enhance responsiveness to critical environmental changes, the developed system includes an alert algorithm
via WhatsApp messenger. This feature complements the local web interface and enables the user to receive
notifications of exceeded limit values of temperature, humidity and pressure directly on a smartphone, even without
local-network access. The functionality is implemented through the CallMeBot API, which sends HTTP requests
from ESP8266 microcontroller. sendWhatsAppMessage() function forms the request based on the current Wi-Fi
connection status and message content.

Within the controller program, the loop() cycle periodically reads data from BMP280 and AHT10, analyzes them
and automatically generates WhatsApp alerts when set limit values are exceeded (see Fig. 8). This allows the user to
respond promptly to parameter errors without opening the web application.

To set limit values, the user can open the "Change the limit values" page in the browser (see Fig. 9) and adjust
them as needed.

The update periods for the bot and AJAX frontend updates should be selected conservatively to avoid connection
interruptions. It is also important to keep the token and chat id confidential and test the system with an active Internet
connection, since WhatsApp notifications function only online.
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A\ Warning! Current temperature is: 30.0 °C 555

A\ Warning! Current humidity is: 84.5% 4515

4 The humidity is now within acceptable limits: 70.5 %

1232
4 The temperature is now within acceptable
limits: 26.9 °C 12:23

b)

Fig. 8. Example of messages in Arduino IDE Serial Monitor (@) and in WhatsApp messenger (b) when limit values are checked.

Configuration of limit values

Temperature (°C):
Humidity (%):

Pressure (hPa): | 1015

B Save new limit values
« Back

Fig. 9. Configuration of parameters limit values in the browser window.

During the work, the sensor initialization and data validity were verified, Wi-Fi connection and web interface
availability were checked, the update period behavior was evaluated at different intervals (1-10 s) and system
stability was assessed under moderate load with multiple LAN clients. It was found that at a 5-second update interval
the system operates stably: charts update correctly, and current values are displayed with two decimal places
accuracy. When the update period is changed, timers are restarted and frontend behavior is adjusted accordingly. At
the minimum polling interval (1 s) and with many simultaneous clients, occasional chart-point skips or increased
server response latency may occur.

Both the controller firmware and frontend include basic data-validation mechanisms: check of NaN, control of
trend-series length, and limits of maximum message-buffer size. Use of the asynchronous web server
(AsyncWebServer) prevents blocking of the main loop and enables parallel request handling, improving multitasking
and allowing simultaneous operation of multiple browser tabs within one local network.
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Integration of the WhatsApp bot significantly expanded the functionality of the developed monitoring
system: it provides real-time remote alerts on out-of-range temperature, humidity and pressure, allows querying
of current values, and enables dynamic limit values adjustment without re-flashing the controller. This
communication method improves operational convenience and reaction speed while reducing the need for
constant web-interface monitoring.

A comparison was made between the developed monitoring system and those presented in other publications.
For example, publication [1] proposed an algorithm for generating and sending SMS messages about technological-
process status implemented in a PLC program — a solution aimed at integration with existing automation systems
using mobile networks for operator notification. Publication [2] describes a smart system for monitoring and
protecting energy equipment based on a distributed PLC SIMATIC S7-1200 architecture with message-queue
algorithms and SCADA/HMI integration. Both systems offer good industrial scalability but require complex and
costly hardware and qualified personnel.

Publication [3] presents a portable station for measuring temperature, humidity, pressure and air quality based on
NodeMCU ESP8266. However, its implementation is limited to simple data reading and server transmission, unlike
the system proposed here, which provides an interactive web interface with flexible update period settings and real-
time visualization, significantly improving functionality.

A similar approach is in publication [4], where an air-pollution monitoring system for urban environments is
developed, but its architecture depends on an external data-processing server. In contrast, the implementation
presented here, based on ESP8266 with the LittleFS file system, ensures complete autonomy: the web interface is
hosted directly on the microcontroller, eliminating the need for external hosting.

Table 1. Comparison results of microclimate parameter monitoring systems.

Source Advantages of the proposed system Disadvantages Brief description
1) Integration with PLC and SCADA,; Monitoring system for
[1] Shaleva et al., 2) Use of mobile networks for 1) Implementation complexity; technological process
2021 notifications; 2) High system cost. parameters using mobile
3) Focus on industrial applications. communication networks.

1) Scalability;
2) Application in industrial energy Smart system for monitoring

[2] Shaleva et al., 1) Implementation complexity;

systems; . technological parameters and

2022 . . . 2) High . R R
0 3) Integration capability with ) High system cost protecting energy equipment.

SCADA/HMI.
1) Limited web interface .
. . . Portable environmental

[3] Aashiq et al., 2023 1) Compactness; functionality, including lack of arameter monitoring station

4 ? 2) Portability. trend charts and update-frequency p J

. based on ESP8266.
settings.

1) Real-time data transmission to the
[4] Gueye et al., 2024 | server;
2) Suitable for urban environments.

1) Dependence on external server | Air-pollution monitoring
and Internet access. system.

. . . 1 i for local
1) Integration with robotic platforms; ) Not intended for loca

Al-Ok 1. isualization; P 1 fi -
[6] Al-Okby et al., 2) Support for ESP8266/ESP32 and visual 1z;I1tlonv, . . ortable sensor node for robot
2024 . 2) Requires integration with other | based monitoring systems.
various sensors. systems

1) Focus on scalability and urban
[7] Anjali & Sukhada, | applications;
2022 2) Integration into the smart city

1) High architectural complexity;

ToT-based itori t
2) Dependence on external 01-basec monitormg system

for smart city applications.

. services.
environment.
[91-[11] Gupt'a etal., 1) Depe.n(%ence on Internet IoT-based monitoring systems
2019; Patil & 1) Low hardware cost; connectivity; usine ESP8266 and Arduino
Deshmukh, 2018; 2) Ease of implementation. 2) Reduced reliability in case of g

Shah & Memon, 2020 network failure. with cloud data transmission.
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Publications [9]-[11] proposed low-cost models for environmental monitoring using ESP8266, Arduino and
cloud platforms. Their main drawback is dependence on stable Internet connections and third-party services. In the
proposed system, the user accesses data directly from the local network, ensuring operation even without Internet
access. At the same time, the hardware cost (ESP8266 controller and BMP280/AHT10 sensors) remains minimal,
making the system affordable for a wide range of applications — from educational projects to domestic and industrial
use. This implementation demonstrates an efficient practical approach for building an autonomous ESP8266-based
monitoring system combining simple hardware, flexible software architecture, and an intuitive web interface with
interactive visualization. The developed system is suitable for educational laboratories, household microclimate
control, IoT prototyping, and small local applications, and can serve as a foundation for further scaling to industrial or
scientific tasks with additional data-collection and storage integration. The results of the comparison of the analyzed
monitoring system characteristics are presented in Table 1.

5. Conclusion

The developed environmental parameter monitoring system based on ESP8266 microcontroller has demonstrated
its effectiveness through the combination of hardware and software tools to create an affordable and reliable solution.
The integration of BMP280 and AHTI10 sensors ensured accurate measurement of temperature, humidity, and
atmospheric pressure, while the built-in asynchronous web server enables real-time visualization of results as
interactive graphs. An important enhancement of the system is the implementation of a user notification mechanism
via the WhatsApp messenger using the CallMeBot service, which allows prompt alerts when limit values are
exceeded — even without accessing the web application. This approach increases the level of automation,
convenience, and safety of microclimate control, making the system suitable for a wide range of applications.

In the proposed system, the user can access the data directly from the local network, ensuring operability even in
the absence of Internet connection. At the same time, the hardware cost (ESP8266 controller and BMP280 and
AHTI10 sensors) remains minimal, making the system accessible for broad use — from educational projects to
household and industrial applications. The developed system is suitable for educational laboratories, household
microclimate monitoring, prototyping of small-scale IoT applications and can also serve as a foundation for further
scaling to industrial or research tasks through additional integration with data collection and storage services.
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Cucrema Biga1eHOr0 MOHITOPMHTY IApaAMeTPiB MIKPOKJIIMATY A5
PO3YMHOr0 OyIMHKY Ta BUPOOHUYHX NMPUMIILIEHb HA OCHOBI
MikpokoHTpoJiepa ESP8266

[TaBno Ckibenb, @enip Mariko, Irop [lemkis

Hayionanvuuii ynieepcumem «Jlvgiscoxa nonimexuixay, eyia. C. Bandepu, 12, Jlvsis, 79013, Ykpaina

AHoOTAaNis

VY crarTi BUKOHAaHO aHali3 po3poOOK y cdepi MOHITOPUHIY NapaMeTpiB HAaBKOJMIIHBOTO CEPeJOBHINA i3
3aCTOCYBaHHSAM MIKPOKOHTPOJIEpPIB Ta TexHouoriii IHTepHery peded, 3a pe3yiabTaTaMH SKOTO OOIPYHTOBAHO
3acTocyBaHHA MikpokoHTpoiepa ESP8266. Po3pobneHO cucTeMy MOHITOPHHTY MapaMeTpiB  MIKPOKIIMAaTy
(TemmepatypH, BOJIOTOCTI Ta aTMOC(EPHOTO TUCKY TOBITPsI) Y PO3YMHOMY OYJIMHKY Ta BUPOOHHYHX MPUMILIEHHAX Ha
6a3i mikpokonTpoiepa ESP8266, skxa mnpomemoHCTpyBana e(EKTHBHICTh 3aBIJKM IIO€JHAHHIO amapaTHUX i
nporpamMHuX 3aco0iB. IHTerparis cencopiB BMP280 ta AHT10 3a0e3neunsa To4yHEe BHUMIPIOBAHHS TEMIIEPaTypH,
BOJIOTOCTI Ta aTMOC(EpHOro THUCKY, a iHTerpoBanHuil B ESP8266 acuuxponnuii web-cepBep no3Boisie BimoOpaxaTu
pe3yabTaTH y BHTIIAAL IHTEPaKTHUBHHUX TIpadikiB y peanbHOMY 4aci. Y po3poOiieHid cHcTeMi KOPHUCTYBad OTPHMYE
JOCTYII JIO JJAHUX HampsiMy 3 JIOKaJbHOI MEpexi, 10 rapaHTye Npane3JaTHICTh HaBiTh 3a BiJCYTHOCTI JOCTYIY /O
Inrepuery. Ilpu npomy BapricTh amaparHoi yactuHu (kKoHTposep ESP8266 i cencopu BMP280 ta AHTI10)
3aJIMIIAETHCS  MIHIMAIBHOIO, IO POOUTH CHCTEMY JOCTYHHOK JUIs MIMPOKOTO BHKOPUCTaHHS. BaxiuBum
JIOTIOBHEHHSIM CTajJi0 BIPOBA/DKEHHS CHUCTEMH CIOBIlllEHh KOpHCTyBada uepe3 MeceHmkep WhatsApp i3
BUKOpHUCTaHHsIM cepBicy CallMeBot, mo namno 3Mory omepaTHBHO iHGOpMYyBaTH KOpPHCTyBaua IPO HEPEBUIICHHS
TpaHNYHUX 3HAYEHb IapaMeTpiB HaBiTh 0e3 Bxoay y web-momarok. Takuii miaxin miABHINye piBeHb aBTOMAaTH3AIlil,
3PYYHOCTI Ta HAAIMHOCTI KOHTPOJIO MIKpOKIIMATy, POOISYH CHUCTEMY NPHUAATHOIO IS IIMPOKOTO KOJa 3aaad y
noOyTi Ta IPOMHUCIIOBOCTI.

Kuaro4doBi cioBa: mapameTpu MIKpOKIIMATy; pO3yMHHI OyIWHOK, CHCTEMa MOHITOPHHTY; MIKPOKOHTPOJIED;
[aTEepHET pedeii; web-10aaToK.
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Abstract

Autonomous navigation of unmanned aerial vehicles (UAVs) in unstructured industrial environments remains
challenging due to irregular geometry, dynamic obstacles and sensor uncertainty. Classical Simultaneous Localization
and Mapping (SLAM) systems, though geometrically consistent, often fail under poor initialization, textureless areas
or reflective surfaces. To overcome these issues, this work proposes a hybrid transformer-geometric framework that
fuses learned scene priors with keyframe-based SLAM. A TinyViT encoder and lightweight multi-task decoder jointly
estimate inverse depth, surface normals and semantic segmentation, providing dense geometric and semantic cues that
stabilize localization and mapping. These priors are incorporated into the SLAM optimization to enhance convergence,
reject dynamic objects and improve relocalization. The system operates near real-time (~1 FPS) on a Raspberry Pi 5
CPU, suitable for keyframe-level inference. Experiments show robust localization and consistent mapping in cluttered,
reflective and dynamic industrial scenes, confirming that transformer-based dense perception effectively complements
classical SLAM for resource-efficient UAV navigation.

Keywords: UAV robust control; computer vision; SLAM; transformer-based neural network; autonomous
navigation; 3D environment understanding.

1. Introduction

Autonomous navigation of unmanned aerial vehicles (UAVs) i.e. quadcopters in unstructured industrial
environments remains a vital task for modern mobile robotics. In such settings, the surrounding scene is typically
characterized by irregular geometry, varying illumination, dynamic obstacles and sensor noise. These factors lead to
incomplete or inconsistent sensory data, making real-time localization, mapping, and trajectory planning highly
uncertain. Moreover, the limited computational resources available on embedded systems further constrain the use of
computationally intensive algorithms for reliable navigation.

Conventional Simultaneous Localization and Mapping (SLAM) methods, though widely used, remain limited when
applied to stochastic and unstructured environments. Traditional feature-based or keyframe-based SLAM approaches rely
heavily on precise initial conditions and accurate sensor calibration. Without sufficiently accurate initialization, the
optimization problem behind SLAM may diverge or converge to suboptimal local minima. Furthermore, these methods
typically assume static or near-static environments, while industrial spaces often contain reflective, transparent or dynamic
objects that produce unstable key-points and degrade the quality of the generated map. As a result, the robustness and
reliability of autonomous navigation are significantly reduced under real-world conditions.
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To address these challenges, recent developments in neural scene understanding offer a promising alternative.
Transformer-based neural architectures demonstrate exceptional capabilities when capturing long-range dependencies
and global spatial relationships in both two-dimensional and three-dimensional data. Unlike convolutional networks,
transformers process visual information through self-attention mechanisms, enabling them to model context and
uncertainty across the entire visual field. This property is extremely beneficial for unstructured scenes, where local
geometric cues alone are insufficient for reliable understanding and further autonomous navigation.

In this work, we propose a transformer-based approach for predicting 3D scene parameters — such as depth, surface
normal orientation, semantic segmentation, and object class distributions — directly from visual observations. The
predicted scene structure serves as a prior for keyframe-based SLAM, providing an informed initialization that improves
convergence stability and reduces localization errors. Additionally, semantic segmentation allows the system to exclude
points associated with reflective or dynamically moving objects from the optimization process, preventing instability
in pose estimation. When trained on large-scale datasets encompassing diverse visual contexts, including segmentation
supervision derived from EfficientSAM, the model demonstrates robust generalization across a wide range of industrial
environments and illumination conditions.

The integration of transformer-based scene prediction with traditional SLAM approaches enables a hybrid navigation
framework that combines the interpretability of geometric methods with deep learning adaptiveness. Such a hybrid approach
enhances localization robustness, reduces computational overhead and enables more efficient decision-making for
autonomous quadcopter control in stochastic and dynamically changing unstructured industrial environments.

2. Analysis of related works

Autonomous UAV navigation in unstructured and visually challenging industrial environments lies at the
convergence of geometric SLAM, learning-based perception, and resource-constrained onboard control. Classical
geometric SLAM-both key-frame and feature-based pipelines (e.g., ORB-style systems, direct dense methods)-remains
widely used due to well-understood models of camera geometry, principled optimization, and interpretability. However,
such systems exhibit characteristic failure modes under real-world conditions: poor or ambiguous initialization,
reflective or transparent surfaces, dynamic obstacles, or high sensor noise [1], [2]. Critically, bundle adjustment and
pose-graph optimization depend on reasonably accurate initial poses and reliable correspondences. When these
prerequisites are violated, the resulting non-linear optimization may diverge or converge to incorrect local minima,
producing tracking dropouts or severely distorted maps [2], [3].

To alleviate these limitations of purely geometric pipelines, a second class of approaches augments SLAM with
learned priors. These hybrid geometric-neural methods integrate compact depth codes, CNN-based dense prediction
models, or latent scene representations into the optimization loop [3], [4]. By providing coarse but globally consistent
scene structure, such priors improve robustness in weakly textured or ambiguous regions and regularize dense mapping.
Yet the majority of these approaches still rely on convolutional backbones or low-dimensional latent codes, which
inherently limit the ability to model long-range spatial dependencies and global context — an important aspect of
complex industrial scenes with clutter, large structures, and variable lighting.

A third category, neural SLAM and neural-implicit mapping, replaces explicit geometric representations with
learned continuous fields. Neural radiance field (NeRF)-inspired methods, neural implicit mapping (e.g., NICE-SLAM)
and end-to-end learned tracking-mapping architectures [5], [6] can recover high-fidelity scene geometry and
demonstrate resilience to noise or partial observations. Nevertheless, because these systems typically maintain dense
neural fields or multi-level feature grids, they suffer from scalability constraints and are difficult to deploy on resource-
limited UAV platforms that require strict real-time guarantees. Although hierarchical latent grids and local implicit
representations partially mitigate this overhead, integrating these dense neural structures with real-time control
pipelines and onboard estimation remains an open challenge [7].

A more recent lineage of SLAM-relevant research investigates transformer-based perception and multimodal
fusion as a means to enhance mapping inputs. Vision Transformers (ViTs), hierarchical variants such as Swin, as well
as transformer-based dense predictors and point-cloud transformers (e.g., DPT, Point Transformer) demonstrate strong
global reasoning capabilities for depth estimation, surface normal prediction, and semantic segmentation [8]-[11].
Furthermore, multimodal transformers-such as BEV/3D fusion models (e.g., BEVFormer, TransFusion)-leverage
global cross-attention to align heterogeneous inputs (RGB, depth, LiDAR, inertial cues) and temporal information,
which directly aligns with UAV sensing conditions under calibration uncertainty [12]. For tasks central to SLAM,
transformer-augmented depth and segmentation networks (e.g., AdaBins, DPT, BinsFormer) provide improved
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accuracy and uncertainty estimation, while large pre-trained models such as SAM and EfficientSAM supply reliable
masks that enable filtering of dynamic or reflective objects during geometric optimization [13]-[16].

Finally, learned optimization frameworks represent a distinct category that reinterprets tracking and mapping as
differentiable iterative refinement. Systems such as DROID-SLAM show that learned, recurrent update rules can
improve resilience to poor initialization and reduce catastrophic failures without fully replacing the geometric pipeline
[16]. These frameworks highlight an emerging direction: using learned modules not as end-to-end replacements, but as
components that supply robust priors or corrections to traditional SLAM optimization.

Across these SLAM paradigms-geometric, hybrid geometric—neural, neural-implicit, transformer-based
perception, and learned optimization — emerges a common insight: geometric SLAM remains efficient, explainable,
and suited to real-time UAV deployment, but its performance degrades in visually challenging conditions; meanwhile,
fully neural alternatives offer richer scene understanding but often impose prohibitive computational and scalability
costs. This motivates a balanced strategy in which learning contributes high-level global scene priors while geometric
optimization maintains accuracy and real-time reliability. The approach proposed in this work follows precisely this
principle: a transformer-based dense perception module is executed only on keyframes to predict depth, surface
normals, semantic masks, and uncertainty maps, which then provide informed initialization and robust correspondence
selection for a conventional key-frame SLAM backend. By restricting learned inference to keyframes and leveraging
segmentation-aware rejection of unstable points, the system preserves the efficiency and interpretability of geometric
SLAM while substantially improving convergence stability and robustness in industrial UAV environments
characterized by reflective materials, dynamic objects and variable lighting.

3. Algorithms and methods

This section outlines the proposed hybrid perception and mapping framework, which integrates transformer-based
dense prediction with traditional keyframe-based SLAM for robust autonomous navigation in unstructured industrial
environments. The overall system comprises a lightweight transformer encoder-decoder network for multi-task scene
understanding and a tightly coupled SLAM module that exploits the predicted geometric and semantic priors to improve
localization stability and mapping fidelity.

3.1. Overview

In this work, we propose a hybrid perception and mapping framework designed for autonomous UAV navigation
in unstructured industrial environments. The framework leverages a transformer-based encoder-decoder architecture to
generate dense predictions of inverse depth, surface normals, and semantic segmentation from monocular RGB inputs.
These dense priors are subsequently integrated into a keyframe-based VIO backend to enhance robustness and reduce
the risk of divergence during bundle adjustment. The high-level architecture is depicted in Fig. 1. A TinyViT backbone
serves as the lightweight visual encoder, providing multi-scale features to a multi-head decoder.

TinyViT Backbone 2 '
In;iu-t“R_GB e Multi-head Decoder

Dense predictions
— —— —
Inverse depth Head i Surface Normals Head [ Semantic segmentation Head

Conv up -> regression : Conw up -> normalize L2 1 Conv up -> softmax (C classes)

IMU data = VIO pipeline

Nx3 Sparse, Keyframe based

Fig. 1. High-level architecture of the proposed framework.
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The decoder outputs three complementary modalities:

1) Inverse depth maps, providing scene geometry cues even in textureless regions.

2) Surface normals, enforcing local geometric consistency.

3) Semantic segmentation masks, facilitating the rejection of dynamic or reflective surfaces.

The predicted outputs are fused into the SLAM module to guide pose-graph optimization and improve convergence
reliability.

3.2. TinyViT backbone and decoder design

The TinyViT backbone [1] was selected for its balance between representational capacity and computational
efficiency, enabling deployment on resource-constrained UAV hardware. It processes monocular RGB images to
extract hierarchical feature representations at multiple spatial resolutions.

The decoder, shown in Fig. 2, adopts a multi-task structure with three dedicated output branches for inverse depth,
surface normals, and semantic segmentation. Each branch employs convolutional upsampling with skip connections
from the corresponding TinyViT layers, thereby maintaining high-resolution spatial information while minimizing
computational cost.

Input RGB

HxWx3

.

Tiny\ViT Backbone

Multiscale feature

T

TinyWIT decoder ———»  Unet-like decoder
Dense positional Semantic segmentation Head | Inverse depth Head Surface Normals Head
embeddings Conv up -> softmax (C classes) Conv up -> regression Conv up -> normalize L2

extracrion

Fig. 2. Transformer-based network architecture.

This design enables joint optimization across complementary geometric and semantic cues, which has been shown
to improve prediction stability and cross-task consistency in dense scene understanding.

3.3. Data and training

The model is trained on widely used 3D perception datasets that provide synchronized RGB, depth, normal, and
semantic labels:

e NYUv2 [17]: indoor scenes with dense depth and semantic labels.
e ScanNet [18]: large-scale indoor scans with rich geometry and object classes.

e TUM-RGBD [19]: sequences suitable for evaluating SLAM performance in dynamic and cluttered
environments.

To improve generalization, data augmentations include random cropping, photometric distortion, and horizontal
flipping. The total loss function is defined as:

L= Adeepth + AnLnormals + AsLsegmentation > (1)

where Lgepep, is the L1 loss on inverse depth; Lygpmais is the cosine distance between predicted and ground-truth
normals; Lgegmentation 18 the standard cross-entropy loss; Ag, Ap, Ag are the weights (they are tuned empirically to
balance geometric and semantic supervision).
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3.4. Integration with SLAM

The integration between the transformer-based predictor and the geometric SLAM module is central to the
proposed system. The predicted priors are incorporated at multiple stages of the SLAM pipeline:

1) Depth and normal priors are used to initialize 3D landmarks in each keyframe, providing improved geometric
consistency for bundle adjustment.

2) Segmentation masks filter out features corresponding to reflective, transparent, or dynamic objects (e.g.,
machinery in motion or operator presence), preventing them from corrupting the optimization process.

3) Uncertainty weighting is introduced by leveraging per-pixel confidence maps from the network to modulate
residuals in the optimization objective, effectively guiding the solver toward reliable measurements.

4) Pose refinement employs a modified cost function:
E =Ziwilln(MI?, (2)

where w; are confidence weights derived from the neural priors; 1;(T) are photometric and geometric residuals.

By combining learned priors with geometric optimization, the hybrid system achieves improved convergence from
poor initial conditions, enhanced map consistency, and increased robustness in the presence of environmental
uncertainty. An illustration of the fused predictions-depth, normals, and segmentation is shown in Fig. 3, highlighting
how geometric and semantic cues complement each other to produce reliable scene representations even under
challenging lighting and cluttered conditions.

d)

Fig. 3. Example predictions from the multi-task decoder: (a) input RGB image, (b) inverse-depth map, (c¢) surface-normal map,
and (d) semantic segmentation.
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3.5. Computational considerations

The proposed architecture is designed with the computational limitations of embedded onboard systems in mind.
In particular, the entire inference pipeline is capable of running on a Raspberry Pi 5 using CPU-only processing, without
the need for any dedicated GPU accelerator. Despite the modest computational resources, the transformer-based
predictor achieves an average throughput of approximately one frame per second.

Although this frame rate might appear low compared to high-performance computing setups, it remains entirely
adequate for the target application. The model is invoked exclusively on keyframes, primarily during relocalization or
loop-closure events within the SLAM pipeline — operations that typically occur at a temporal frequency close to one
second. Consequently, the computational burden imposed by the neural predictor does not hinder real-time navigation
or control.

The TinyViT encoder ensures efficient feature extraction through a compact hybrid convolution-attention design,
while the multi-task decoder reuses shared feature hierarchies to minimize redundant computation across depth, normal
and segmentation outputs. As a result, the overall system maintains a favorable trade-off between semantic richness,
geometric reliability, and energy efficiency, enabling practical onboard deployment on resource-constrained aerial
platforms.

4. Conclusion

This paper introduced a hybrid perception-localization framework designed for UAV navigation in unstructured
industrial environments, where classical geometric SLAM systems often fail due to poor initialization, textureless
regions, reflective surfaces or dynamic elements. By combining a lightweight transformer-based encoder (TinyViT)
with a shared multi-task decoder predicting inverse depth, surface normals and semantic segmentation, the proposed
method provides rich geometric and semantic priors that guide and stabilize subsequent keyframe-based SLAM
optimization.

Unlike purely geometric pipelines, the presented system maintains reliable localization even under partial
occlusions, illumination changes or non-Lambertian surfaces — conditions common in industrial halls, workshops or
storage areas. The learned priors supply accurate depth and normal structure in regions where visual features are sparse,
while segmentation enables selective rejection of unstable or dynamic regions during bundle adjustment. This synergy
between learned perception and geometric optimization significantly enhances map consistency, pose convergence, and
relocalization reliability.

Despite being executed on a low-power embedded platform (Raspberry Pi 5, CPU-only), the neural module
achieves approximately 1 frame per second, which is fully sufficient given its role in keyframe-level correction rather
than per-frame tracking. This makes the overall system practical for onboard deployment, satisfying real-time
constraints while preserving robustness and interpretability.

In summary, the proposed hybrid approach demonstrates that combining transformer-based dense perception with
traditional SLAM backends enables robust localization in highly unstructured, cluttered and noisy environments,
bridging the gap between data-driven scene understanding and precise geometric mapping. This line of research opens
the way toward fully autonomous UAV systems capable of long-term, stable operation in complex industrial scenarios
without dependence on external infrastructure or high-end hardware.
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Heiipomepeska TpancgopmMepHOro Tumy aJjsi po6acTHOr0 po3yMiHHSA
TPUBUMIPHOT0 IPOMMCJIOBOIO Cepel0oBUILA B aBTOHOMHMX cucTtemax BITJIA

Onexkciit Kyukin, Aprem Ca3oHos, Ipuna Uepenancbka, AHaTomnii XKyueHko

Hayionanvuuii mexuiunuii ynigepcumem Yxpainu « Kuigcoxuui nonimexuiynuil incmumym imeni leopsi Cikopcvko2oy,
npocn. Ilepemoeu, 37, m. Kuis, 03056, Ykpaina

AHoTanisa

ABTOHOMHa HaBiraiisi OesmioTHux JitaneHux anapartiB (BIIJIA) B HecTpyKTypOBaHHX IPOMHUCIOBHX
CepellOBUINAX 3aMINAETBCS CKIAJHUM 3aBJIaHHSAM uepe3 HEperyJsipHy TI'€OMETpilo, IUHaMIuHI MEepelikoau Ta
HEBM3HAUCHICTh CEHCOpPHMX JaHmX. Kmacmuni cucremn SLAM, mompu TeoMEeTpHYHY Yy3TOJDKEHICTh, YacTo
BUSIBJISIFOTBCS HECTIMKMMU 32 YMOB TIOTaHOT iHIIiai3a1lii, BIICYTHOCTI TEKCTYpH a00 HasIBHOCTI BiI3epKaTIOBAIILHUX
noBepxoHb. 11106 momonmaTtw 1i 0OMeXeHHs, Y poOOTi 3alpONOHOBAHO TiOPUIHUI TpaHC(HOPMEPHO-TEOMETPUIHUI
MiAXiA, SKAH TMOo€IHy€e HaBUYAIbHI anpiopHi ySIBIEHHA ceHH 3 KiodoBuM SLAM-konBeepom. Enkonep TinyViT Ta
JIETKOBAaroBMi MYJIbTH3aIlauHUM JIEKOJIEp CHIJIBHO OIIHIOIOTH 3BOPOTHY IMTMOMHY, HOpMalli HOBEPXHi Ta CEMAaHTUYHY
CerMeHTalio, (HOpMYyIOUH T'YCTi TE€OMETPHUYHI i CEMaHTHYHI MiIKa3KH, IO CTAaOUTi3yIOTh JIOKadi3amio i moOymoBy
kaptu. Li anpiopHi AaHi iHTErpyOTHCS B onTuMizalito SLAM ais nmpuckopeHHs 301KHOCTI, BIIKUIaHHS JUHAMIYHUX
00’€eKTIB Ta NOKpalleHHs penokanizanii. CucreMa npaiioe Maixe B peansHoMmy 4aci (~1 FPS) na CPU Raspberry Pi 5,
mo pobutk ii mpuaTHOIO Ui MOKaJpoBoro iHdepeHcy. ExcriepuMeHTH AEMOHCTPYIOTH CTiMKy JIOKalizaliio Ta
KOHCUCTEHTHE KapTorpadyBaHHs Yy 3axapalleHWX, BiII3epKaTIOBAILHUX 1 JAMHAMIYHUX TPOMHCIOBUX CIICHAX,
MiATBEP/KYIOUM, IO TpaHCGOpMEpHa TyCTHHHA Iepuentis e(eKTHBHO [ONOBHIOE KiacuyHuii SLAM s
pecypcoorianaoi Hairamii BITJTIA.

KurouoBi cioBa: pobactae kepyBanHs BITJIA; xomm’totepumii 3ip; SLAM; HelipoHHa Mepeka Ha OCHOBI
TpaHcopMepa; aBTOHOMHA HaBirallis; TPUBUMIpHE PO3yMIHHSI CepeIOBHUIIIA.
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Abstract

This study presents an integrated approach to energy certification and quality control of ventilation systems in
modern construction, emphasizing the role of energy efficiency in building performance. The research investigates
current methods for evaluating ventilation effectiveness, compliance with energy standards, and the impact of system
design on indoor environmental quality. Comprehensive analysis of regulatory frameworks and practical assessment
techniques highlights the interconnection between certification processes and construction quality management. Case
studies illustrate how systematic monitoring and optimization of ventilation systems can reduce energy consumption
while maintaining comfort for people in the building. The findings provide a foundation for improving energy
certification protocols and quality assurance practices, promoting sustainable construction strategies, and supporting
the development of high-performance, energy-efficient buildings.

Keywords: energy certification; quality control; ventilation systems; energy efficiency; modern construction;
sustainable buildings; performance assessment.

1. Introduction

The construction sector is undergoing a significant transformation driven by the growing need for energy
efficiency, environmental sustainability, and enhanced indoor environmental quality. Modern buildings are expected
not only to minimize energy consumption but also to maintain optimal air quality, thermal comfort, and operational
reliability. Ventilation systems play a crucial role in achieving these objectives, as they directly influence indoor air
circulation, pollutant removal, and energy demand. Energy certification has emerged as a critical instrument to
evaluate the performance of buildings and ensure compliance with increasingly stringent energy regulations. This
process involves the systematic assessment of building energy use, insulation effectiveness, and the operational
efficiency of mechanical systems, including ventilation. Despite the recognized importance of energy certification,
challenges persist in integrating these assessments with comprehensive quality control mechanisms during
construction. Ensuring that ventilation systems meet both design specifications and functional performance
requirements is essential for achieving sustainable building objectives. This study adopts an integrated approach,
combining energy certification protocols with rigorous quality control measures to enhance the effectiveness of
ventilation systems in modern construction. By analyzing regulatory frameworks, practical implementation strategies,
and case studies of contemporary projects, the research highlights the interdependence between certification processes

* Corresponding author. Email address: science.yurii.burda@gmail.com
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Engineering and Control Systems, Vol. 11, No. 2, pp. 79 — 84. https://doi.org/10.23939/jeecs2025.02.079



&0 Oleksandr Pryimak, Yurii Burda, Thor Redko, Yurii Pivnenko, Oleksandr Gvozdetskii

and quality management practices. The findings provide evidence that a systematic approach to energy evaluation and
performance monitoring can lead to substantial reductions in energy consumption while maintaining occupant
comfort and safety. This research contributes to the development of strategies for optimizing ventilation systems,
improving building energy performance, and supporting the advancement of sustainable construction practices in line
with global energy efficiency standards.

2. Analysis of recent research and publications

Recent studies highlight the growing importance of integrating thermodynamic and thermophysical analyses into
the design and operation of heat and gas supply systems, as well as ventilation networks, to achieve higher energy
efficiency and operational reliability. Comprehensive monographs have established theoretical foundations for
understanding the complex interactions within these systems, emphasizing the necessity of systematic engineering
solutions for modern buildings [1]. Research on coal-fired power plants has focused on peak-shaving strategies,
flexible carbon capture, and wastewater treatment to optimize energy consumption while maintaining environmental
compliance [2]. The enhancement of operational flexibility through multi-scale utilization of turbine energy storage
further demonstrates the potential for energy-efficient management [3]. Investigations into near-critical fluid
behaviors under parameter scaling and chemically reactive flows underline the critical role of accurate
thermophysical characterization in modeling and system optimization [4], [5].

In the context of ventilation, intelligent control strategies have been explored using neural networks and non-
dimensional modeling to regulate airflow and indoor temperature effectively [6], [7]. Additionally, the economic
evaluation of energy efficiency measures and the implementation of renewable technologies has been facilitated by
artificial intelligence, providing a data-driven framework for sustainable construction practices [8]. Combined heat
and power units have been analyzed to improve operational flexibility while simultaneously supplying electricity and
two-pressure steam, emphasizing the significance of integrated system design [9]. Advanced studies on
thermophysical properties of material systems provide essential data for improving heat exchange components in
building services engineering [10]. Collectively, these studies demonstrate a trend towards holistic approaches that
couple theoretical, computational, and practical methodologies to optimize energy performance, ventilation quality,
and sustainability in modern construction.

Furthermore, the drive for sustainability is materializing through the assessment of regional renewable resources,
such as the prospects for geothermal energy development [11]. These initiatives are complemented by foundational
research aimed at enhancing the performance of essential building services, including methods for improving the
energy efficiency of heating systems [12].

3. Goal and task setting

The primary goal of this study is to develop an integrated approach to energy certification and quality control of
ventilation systems in modern construction, aiming to enhance building energy performance, ensure optimal indoor
environmental conditions, and promote sustainability. Achieving this goal requires a holistic understanding of the
interconnections between system design, operational efficiency, and regulatory compliance.

The tasks of the research include analyzing current methods of energy certification and quality control, evaluating
the performance of ventilation systems through practical and theoretical assessment, and identifying key indicators that
influence energy efficiency and occupant comfort. Additionally, the study aims to propose strategies for optimizing
system design and management, integrating advanced technologies and monitoring tools to ensure consistent compliance
with energy standards. The paper seeks to provide actionable recommendations that support sustainable construction
practices and improve the overall effectiveness of energy management within modern buildings.

4. The main part of the study

In modern construction, the concepts of energy certification and quality control are fundamental for ensuring the
efficiency, reliability, and sustainability of building systems. Energy certification can be defined as a structured
evaluation process that quantifies a building’s energy performance, including the efficiency of its structural
components, insulation, and mechanical systems such as heating, cooling, and ventilation. This process establishes
benchmarks for energy consumption, identifies areas of inefficiency, and provides guidance for optimizing energy
use, thereby supporting compliance with regulatory standards and sustainability objectives.
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Quality control in construction refers to the systematic procedures implemented to verify that design
specifications, materials, and installation practices meet established performance standards. It ensures that building
systems, particularly ventilation and HVAC networks, operate as intended, delivering adequate indoor air quality,
thermal comfort, and energy efficiency. This process encompasses continuous monitoring, testing, and validation at
multiple stages of construction, from material selection to system commissioning.

The investigation of energy certification and quality control has become increasingly critical in contemporary
construction due to rising energy costs, stricter regulatory requirements, and the growing emphasis on sustainable
urban development. Effective implementation of these processes enables the reduction of energy consumption,
mitigation of environmental impacts, and improvement of occupant comfort and health. Technical analysis and
research in these areas allow engineers and designers to develop optimized solutions for energy-efficient buildings,
ensuring that ventilation and other building systems function reliably under variable operational conditions.

Energy conservation plays a pivotal role in the design, operation, and management of modern ventilation
systems. Ventilation is one of the most energy-intensive components of building operation, as it involves the
continuous movement, heating, or cooling of air to maintain indoor air quality and thermal comfort. Implementing
energy-saving strategies within these systems directly impacts overall building efficiency, reducing operational costs
and environmental footprint.

Modern energy-efficient ventilation systems incorporate advanced technologies such as variable air volume (VAV)
control, heat recovery ventilators (HRV), energy recovery systems, and intelligent sensors that regulate airflow according to
occupancy and indoor environmental conditions. By optimizing air distribution, minimizing unnecessary airflow, and
recovering energy from exhaust air, these systems significantly reduce electricity and heating demands.

Moreover, energy conservation in ventilation systems contributes to sustainable building performance by
lowering greenhouse gas emissions and supporting compliance with energy standards and certification requirements.
It enhances the reliability of mechanical systems, prolongs equipment lifespan, and improves indoor comfort levels
without compromising air quality. Research and practical implementation of energy-saving measures in ventilation
are therefore essential for achieving high-performance, cost-effective, and environmentally responsible building
operation in contemporary construction.

An integrated approach to energy certification of buildings involves the comprehensive assessment of all factors
influencing a building’s energy performance, combining theoretical analysis, practical evaluation, and regulatory
compliance into a unified framework. Unlike traditional energy audits, which often focus on isolated components or
systems, the integrated approach considers the building as a complex, interdependent system in which structural
elements, insulation, heating, cooling, and ventilation collectively determine energy efficiency.

This methodology begins with a detailed evaluation of architectural and structural characteristics, including
thermal insulation, glazing, and orientation, which directly affect heat transfer and energy demand. Mechanical
systems, particularly ventilation and HVAC networks, are analyzed for their operational efficiency, airflow
distribution, and control strategies.

Adopting an integrated energy certification strategy is increasingly essential in contemporary construction, as it
aligns with global sustainability objectives, facilitates compliance with stringent energy codes, and provides a
scientific basis for improving the energy management and operational reliability of modern buildings. (Table 1).

Table 1. Influence of ventilation system parameters on building energy efficiency.

Parameter Unit Value Range Impact on Energy Efficiency
Heat transfer coefficient of ductwork W/m?-K 0.5-2.0 Higher coefficient reduces heat losses
Efficiency of heat recovery unit % 60-90 Higher efficiency decreases
heating/cooling demand
Average air flow rate m*/h 500 — 2000 Increased flow can raise energy
consumption
Supply air temperature °C 15-25 Higher temperature reduces heating
requirements
Supply air humidity % 40 -60 Optimal humidity enhances indoor
comfort

Air changes per hour (ACH) ACH 1-6 Higher ACH may increase energy use
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This table illustrates the relationship between different ventilation system parameters and their impact on

building energy efficiency. It demonstrates how variations in each parameter influence overall energy consumption
and indoor comfort.

Table 2 presents a set of experimental nonlinear data illustrating the interdependent behavior of key ventilation
system parameters and their impact on building energy efficiency. The heat transfer coefficient of ductwork reflects
thermal losses in the ventilation network, while the heat recovery efficiency indicates the proportion of energy

reclaimed from exhaust air to precondition incoming supply air. The average air flow rate represents the volume of
ventilated air necessary to maintain indoor air quality and thermal comfort. (Table 2).

Table 2. Experimental data of ventilation system parameters and energy efficiency.

No. Heat Transfer Coefficient Heat Recovery Average Air Flow Rate
(W/m?*K) Efficiency (%) (m*/h)
1 0.5 60 520
2 0.7 65 680
3 0.9 70 850
4 1.1 72 1020
5 1.3 75 1180
6 1.5 78 1350
7 1.7 81 1530
8 1.8 84 1700

This table presents experimental nonlinear data for three key ventilation system parameters: heat transfer
coefficient of ductwork, heat recovery efficiency, and average air flow rate. The values illustrate how variations in
duct insulation and heat recovery performance correlate with changes in airflow, showing a nonlinear trend. These
data points can be used to analyze energy efficiency, as improvements in heat recovery efficiency and optimization of

duct characteristics affect the required airflow to maintain comfort, thus reducing or increasing energy consumption
depending on system tuning.

Below is the 3D graph illustrating the nonlinear relationship between ventilation system parameters and building

energy efficiency, showing how the heat transfer coefficient, heat recovery efficiency, and average air flow rate
interact to influence energy consumption (Fig. 1).

Average Air Flow Rate (mi/h) =-14467 4537-11286,96187x+573,2472°y-2163,6916"x"x
+230,0738"%"y-5,5904*y*y

B = 1000
B < 500

B < -500
[1<=-1500
1 < -2500
B < -3500
= o Il <-4500

(i) BYTA O 0 SRR
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Fig. 1. Nonlinear interaction of ventilation system parameters affecting energy efficiency.



Integrated Approach to Energy Certification and Quality Control of Microclimate Formation in ... 83

The 3D graph also includes a fitted regression surface that models the nonlinear relationship among the three
parameters. This regression equation represents how changes in the heat transfer coefficient and heat recovery
efficiency influence the required average air flow rate, providing a predictive tool for estimating energy consumption
under varying ventilation system configurations. The surface highlights the complex, nonlinear interactions between
duct thermal performance, heat recovery, and airflow, allowing engineers to optimize system design and operational
efficiency.

5. Conclusion

The conducted study demonstrates the critical role of energy certification and quality control in modern
ventilation systems and building energy efficiency. Analysis of the first table, which presents key ventilation
parameters and their general influence on energy consumption, indicates that optimizing the heat transfer coefficient
of ductwork, heat recovery efficiency, and airflow characteristics is essential for minimizing energy losses while
maintaining indoor comfort. The data highlights that even small improvements in duct insulation or recovery
efficiency can lead to significant reductions in energy demand.

The second table, containing experimental nonlinear data, provides a more precise and quantitative
understanding of these interactions. The observed nonlinear relationships among the heat transfer coefficient, heat
recovery efficiency, and average air flow rate confirm that energy efficiency cannot be addressed through isolated
adjustments of individual parameters. Instead, a holistic, integrated approach is necessary to predict and control
energy consumption accurately. The regression surface derived from these data serves as a predictive tool for
estimating system performance under varying operational conditions.

Overall, the results of this study emphasize that energy-efficient ventilation design requires simultaneous
consideration of multiple interdependent parameters. Implementing integrated energy certification practices and
continuous quality control allows for optimized airflow, reduced operational costs, and improved environmental
performance. These findings provide actionable insights for engineers and designers, supporting sustainable building
practices and ensuring compliance with contemporary energy standards.
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AHoTanisa

VY craTTi NpencTaBICHO IHTETPOBAHMM MiNXiJ /O EHEpreTHYHOro cepTH(]IKyBaHHS Ta KOHTPOJIO SKOCTI
BEHTWILILIHUX CHUCTEM y Cy4acHOMY OyIiBHMITBI, IO MiJKPECIIOE POJIb €HeproeeKTHBHOCTI y 3abe3neueHHi
eKCIUTyaTallifHuX XapaKTepUCTHK OyxiBenb. JlOCHIIPKEHO Cy4YacHI METONH OINHKH e(QEKTHBHOCTI BEHTHIIALIT,
BIAMOBITHOCTI EHEPreTMYHUM CTaHAapTaM Ta BIUIMB KOHCTPYKTMBHHUX pIIIEHb Ha BHYTPIIIHE CEPEOBHIIEC
npuMinieHs. KoMIuiekcHnit aHani3 HOPMaTHBHO-NIPABOBUX BHMOT' Ta MPAKTHYHHUX METOMIB KOHTPOJIIO JAEMOHCTPYE
B32€EMO3B’ 30K MDXK MpoliecaMu cepTUdikaiii Ta yrpaiiHHS sKicTio OyaiBHUITBA. Ha npukiazii cyuyacHUX MPOEKTIiB
MOKA3aHO, 1[0 CUCTEMATHYHHHA MOHITOPHHT 1 ONTHMI3allisl BEHTWIALIHHIX CHCTEM JI03BOJIIIOTH 3HAYHO 3MEHIINUTH
€HeprocoXKMBaHHs, BOAHOYAC 3a0e3neuyroun KoMopT Ta Oesneky nepeOyBaHHs Jtozeil y OyniBmsx. Otpumani
pe3yJbTaTH CTBOPIOIOTH HAyKOBY OCHOBY MJIsI BJIOCKOHQJICHHS NPOLEAYpP CHEPreTHYHOro cepTu(iKyBaHHA Ta
KOHTPOJIIO SIKOCTi, CHPUSIOTH BIPOBA/DKEHHIO CTIMKHMX OyIIBENIbHUX CTparerii Ta pPO3BUTKY BHCOKOE()EKTUBHHX
€HEeproomaHUX CIOPYI.

KarouoBi  cioBa:  eHeprermuHe — cepTudiKyBaHHS;  KOHTPOJb  SIKOCTI;  BEHTWIALIHHI  CHCTEMU;
eHeproepeKTHBHICTh; CydacHe OyIIBHHUIITBO; CTiHKi OyiBIIi; OLliHKA €(EKTUBHOCTI.
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Abstract

The paper considers filtration equipment used for coolant purification in WWER-1000 reactors, which plays an
important role in providing an optimal water-chemical regime, reducing radioactive contamination of equipment and
extending the service life of reactor components. The operating features of ion-exchange filters are investigated and
directions for their modernization are determined. The design and characteristics of cation exchange filters are analyzed
and key factors affecting their efficiency are highlighted, including the replacement of ion-exchange resins and
optimization of the regeneration process. A comparative analysis of nuclear-grade ion-exchange resins, such as Lewatit
MonoPlus S 108 H, Purolite® NRW100 and DIAION™ SKNI, is carried out, and their suitability for cation exchange
filters modernization is evaluated. Cation exchange filter parameters are calculated for different ion-exchange resins,
such as operational exchange capacity, intervals between regenerations and acid amount for filter regeneration. It was
determined that Lewatit MonoPlus is the optimal resin for cation exchange filters due to its higher exchange capacity
(2 g-eq/L), longer intervals between regenerations (22 regenerations per year) and lower cost.

Keywords: WWER-1000 reactor; coolant; purification system; cation exchange filter; regeneration; ion exchange

resin.

1. Definition of the problem to be solved

Nowadays, nuclear power units with WWER-1000 reactors play an important role in electricity production in
Ukraine. The efficiency and safety of their operation largely depend on providing an optimal water-chemical regime. The
primary circuit of the power unit, where the coolant circulates, operates under conditions of high temperature and pressure,
as well as ionizing radiation, which creates significant technical challenges, including corrosion of structural materials,
wear of mechanical equipment, formation of deposits in the core, damage to fuel rod cladding, and contamination of reactor
systems [1], [2]. Consequently, the urgent tasks are preventing corrosion, minimizing the radioactive deposits, and
ensuring the stable reactor performance. The water-chemical regime solves these challenges while reducing radiation
exposure to personnel by limiting the formation of radioactive aerosols and deposits. This simplifies equipment
maintenance, lowers radiation doses, minimizes radioactive emissions, and supports environmental protection [3], [4].

At Ukrainian nuclear power plants with WWER-1000 reactors, a mildly alkaline, reducing, ammonia-potassium
water-chemical regime with boric acid regulation is used. The water in WWER reactors serves a dual purpose: it acts
as a coolant, transferring heat from the reactor core, and as a neutron moderator for nuclear fission reactions. Boric acid
(HsBO:s) is used to ensure reactor controllability. The acid content in the coolant depends on the core neutron physical
characteristics. The primary reagent for maintaining the required pH level in the primary circuit is potassium hydroxide
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(KOH), which creates a mildly alkaline medium to minimize corrosion of the primary circuit metal. To establish a
reducing medium, ammonia (NHs) is added to the coolant to provide an optimal content of dissolved hydrogen, which
appears as a result of its radiolytic decomposition. This helps suppress the formation of radiolytic oxygen and prevents
corrosion of stainless steel [3]-[6]. Consequently, the feedwater for the primary circuit is prepared by deionization,
degassing and removing residual oxygen by dosing hydrazine hydrate (N-Ha-H-0).

Special attention is given to providing the concentration of corrosive impurities (oxygen, chloride, fluoride, and
sulfate ions) below permissible levels. Reactor water treatment systems SVO-1 and SVO-2 are used to purify the coolant
from dispersed corrosion products and radionuclides, and to promptly adjust the water-chemical regime parameters in
case of deviations from specified values [3]. These systems must be appropriately designed and operated to ensure
effective coolant purification.

2. Analysis of recent publications and research works on the problem

Issues related to preventing corrosion in primary circuit equipment and coolant treatment are the subject of
numerous studies [5]-[12]. Significant attention is given to the system for purifying the organized leakages and
blowdown water from the primary circuit of WWER-1000 reactors, as well as improving the performance of its main
components — ion-exchange filters, which are responsible for deep removal of dissolved ionic impurities, elimination
of excess alkalinity, and some colloidal and finely dispersed suspended solids [6]-[8].

The productivity of the coolant purification system, i.e., the volume of coolant flowing through the filters per time
unit, typically amounts to only a few percent of the total coolant flow through the reactor core. A portion of the coolant
flow, known as blowdown, is continuously or periodically removed from the primary circuit, passes through cooling
and filtration systems, and then the purified coolant is returned to the circuit. According to [6], [13], the nominal
productivity of the purification system can vary in the range from 10 to 30 m*/h, allowing a flexible response to changes
in coolant quality and purification needs [6], [13].

The efficiency of the purification process is evaluated by purification coefficients, which indicate how many times
the content of a specific impurity decreases after passing through the filtering element. For modern ion-exchange filters,
these coefficients can reach 90-99% or higher for most dissolved ionic impurities. The efficiency of mechanical filters
depends on their design and is characterized by the minimum particle size they can retain with high effectiveness [13].

Ion-exchange resins and other filtering materials sorb and accumulate significant amounts of radionuclides during
operation. These are primarily corrosion activation products from structural materials (Co-58, Co-60, Mn-54, Fe-59)
and fission products from nuclear fuel that may enter the coolant (Cs-137, I-131) [9], [12]. High levels of accumulated
activity require the implementation and strict adherence to special radiation safety measures during all stages of system
operation, maintenance, and especially during the replacement of spent filtering materials [1].

Radioactive substances accumulated on the filters generate heat due to radioactive decay. This residual heat release
can significantly heat ion-exchange resins and other filtering materials, particularly when coolant flow stops through
the filter or during their unloading. Therefore, resins must be heat-resistant, or systems and procedures must be provided
to ensure their cooling [9].

Spent ion-exchange resins and mechanical filter elements are classified as radioactive waste. Their collection,
transportation, processing, conditioning, and long-term storage or disposal must be carried out according to the special
procedures and regulatory requirements to minimize impacts on personnel and the environment [1], [11].

Over time, as power units are operated and because of the increased requirements and safety standards for coolant
purification efficiency, the reactor purification systems need modernization. Equipment is physically aging, while water
treatment and purification technologies continue to develop [8], [9]. Therefore, this article is devoted to analyzing the
current state of ion-exchange materials and justifying directions for ion-exchange filter modernization, which are the
key elements of purification systems.

3. Formulation of the goal of the paper

The aim of this study is to determine the directions for modernizing ion-exchange filters of the coolant purification
system of the WWER-1000 reactor, conduct a comparative analysis of known nuclear-grade cation resins, and calculate
the parameters of cation exchange filters when using different types of resins.
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4. Presentation and discussion of research results

4.1. Directions for ion-exchange filters modernization

An ion-exchange filter is a vertical cylindrical apparatus made from corrosion-resistant materials, designed for
purifying the coolant from impurities (Fig. 1). The main components of the filter are the housing, upper and lower
drainage-distribution devices (typically made as perforated plates or slotted caps), a layer of ion-exchange resin, loading
and unloading hatches for fresh and spent resin, nozzles for inlet and outlet water, regeneration reagents, and air release,
as well as devices for monitoring the quality of purified water and the resin characteristics. The drainage-distribution
devices ensure uniform water flow distribution through the resin layer and prevent the loss of resin particles from the
filter [13].
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Fig. 1. Longitudinal cross-section of a cation exchange filter.

Contaminated water is fed into the filter's upper part, flows downward through the layer of ion-exchange resin
where the ion-exchange process occurs, and purified water is removed from the filter's lower part. The type and
properties of the ion-exchange resin and the filtration rate are the key factors influencing purification efficiency and
filter cycle duration. The purification system at Ukrainian NPP uses nuclear-grade cation exchange resin
AMBERLITE™ IRN77 H, which looks like translucent amber-colored spherical granules, and the strongly basic
polystyrene gel anion exchange resin AMBERLITE™ IRN78 in hydroxyl form, which looks like gray spherical
granules [14].

When the exchange capacity of the resin is exhausted, i.e., it becomes saturated with absorbed ions and can no
longer effectively purify water, it should be regenerated or replaced. Regeneration is the restoration of the resin's
exchange capacity by treating it with solutions of appropriate reagents. For example, cation resins in H* form are
regenerated using hydrochloric acid (HCI) or sulfuric acid (H2SOx) solutions [9]. For ion-exchange filters in the primary
circuit of WWER-1000 nuclear power plants, when the reagent is already exhausted and no longer suitable for
regeneration, the spent resin is entirely replaced with fresh resin. The spent resin is solid radioactive waste that must be
sent for specialized processing and disposal.

The efficiency of ion-exchange filters, particularly the duration of the filter cycle (the period of filter operation
between regenerations or resin replacements), depends on several factors. The most significant factors are the properties
of the ion-exchange resin, such as its type, exchange capacity, wear degree, and presence of contaminants; the content
of impurities in the inlet water (higher impurity concentrations lead to faster resin exhaustion); coolant temperature
(high temperatures can cause resin thermal degradation and reduce its exchange capacity); water flow rate (high flow
rates may result in incomplete ion exchange due to insufficient contact time, while low flow rates may lead to inefficient
use of the filter volume); coolant pH (affects the dissociation degree of the resin's ionogenic groups and the form of
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certain impurities in the solution); the presence of suspended solids and organic compounds (these can mechanically
contaminate the resin layer, coat granules and block access to ionogenic groups, which reduces efficiency and increases
hydraulic resistance); radiation impact (can cause resin degradation, structural changes and decrease in the exchange
capacity and mechanical strength) [13], [15].

The authors analyzed known examples of ion-exchange filter modernization and innovations in water treatment,
identifying the following key proposals.

e Introduction of new ion-exchange materials and multilayer loading: development, testing, and implementation
of modern ion-exchange resins with improved characteristics, such as higher exchange capacity, enhanced selectivity
for specific ions (e.g., cobalt or cesium ions), better mechanical strength, and greater thermal and radiation resistance
[16]-[19]. This would extend the filter life and reduce the volume of liquid radioactive waste.

o Improvement of filter design: extending filter life by using more durable materials for the housing and its
components; optimizing the internal filter structure to improve coolant flow hydrodynamics. This includes developing
and applying more efficient drainage-distribution systems that ensure uniform flow distribution across the filter's cross-
section and prevent the formation of stagnant zones or channels that reduce the efficiency of the resin layer [8], [9].

o Improvement of control, management, and diagnostic systems: implementing modern measuring technologies
and automated control systems, including filters with integrated sensors that enable real-time monitoring of their
operation and prediction of resource exhaustion. This allows for more precise and timely control of water-chemical
regime parameters, the condition of filtering materials (e.g., exhaustion degree), and more effective control of the
purification system [5], [9].

e Optimization of blowdown-feedwater system for the primary circuit: research for determining the optimal
operating modes for the blowdown-feedwater system, which provides the required coolant quality while reducing the
volume of blowdown water. This helps reduce the amount of liquid radioactive waste [9], [13].

4.2. Calculation of cation filter parameters using different ion-exchange resins

The authors have analyzed modern nuclear-grade ion-exchange resins, such as Lewatit® MonoPlus S 108 H,
Purolite® NRW100, and DIAION™ SKNI1, including their physicochemical properties and potential application in
cation filters [17]-[19]. A comparative analysis of the physicochemical properties of nuclear-grade ion-exchange resins
is presented in Table 1.

Table 1. Characteristics of ion-exchange resins.

AMBERLITE™ Lewatit MonoPlus S .
1 ™
Parameter Unit IRN77 H 108 H Purolite® NRW100 DIAION™ SKN1
Uniformity coefficient - <1.2 1.05(+/- 0.05) 1.1(+/- 0.05) 1.2(+/- 0.05)
. <0.3(0.2%)
.65(+/- 0. B8(+/-0. I(+/-0.
Average granule diameter mm > 1.180 (3%) 0.65(+/- 0.05) 0.8(+/- 0.05) 0.7(+/- 0.05)
Total exchange capacity g-eq/L >1.9 2.0 1.8 1.7
Maximum water content % 49-55 47-53 45-50 54
Maximum operating oC 120 120 120 120
temperature
Specific acid amount for geq/L 6.21 5 6 4
regeneration
Operating flow rate m?/hour <60 <60 <40 <40

Lewatit MonoPlus S 108 H is a strong-acid cation exchange resin that is universal for water demineralization at
industrial steam generators and purification systems, and for mixed filters combined with anionites. It provides low
organic carbon content and resistance to oxidation, which is especially important for the nuclear industry. Thanks to its
specialized manufacturing process, the resin exhibits exceptional chemical, osmotic, and mechanical stability, ensuring
low leaching even at high temperatures, in the presence of oxidants, or during external regeneration [17].

Purolite® NRW100 is a strong-acid cation exchange resin with exceptional chemical and mechanical stability,
which ensures its durability under challenging conditions, such as high temperatures or oxidant impact. Its
monodisperse structure with minimal content of fine particles reduces hydraulic resistance and promotes uniform
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regenerant flow, thereby improving the efficiency of hydrochloric acid during regeneration. Its resistance to oxidation
and low leaching level make it suitable for nuclear industry applications [18].

DIAION™ SKNI1 is a strong-acid cation exchange resin specifically developed for the nuclear industry,
particularly for coolant purification, radioactive waste processing, and purification of spent fuel storage pool systems,
where high purity and low organic carbon content are necessary. The resin is chemically and mechanically stable at
high temperatures and radiation. The resin's exchange capacity loss is only 2—5% per year with proper operation, making
it cost-effective for long-term use [19].

The authors calculated the cation exchange filter parameters for different resins, including operational exchange
capacity, duration between regenerations and acid amount for regeneration. The results of the filter parameter
calculations using AMBERLITE™ IRN77 H, Lewatit MonoPlus S 108 H, Purolite® NRW100, and DIAION™ SKN|1
resins are presented in Table 2. The formulas in Table 2 use the following labeling: D is the filter diameter; /4 is the
height of the filtration zone; kris the coefficient of ionite filling with H* ions; E; is the total exchange capacity; W is the
coefficient of ion filling; dio, is the resin grain diameter; C.. is the average total cation concentration in the resin; ke is
the regeneration efficiency coefficient; k- is the coefficient of incomplete utilization of the protective layer; Hyy is the
water hardness before the filter; H,is the water hardness after the filter; n;ris the number of ion-exchange filters; W, is
the specific acid amount.

Table 2. Parameters of cation exchange filters for different ion-exchange resins.

Parameter Formula AMBERLITE' | Lewatit Mono Purolite® DIAION™
™ IRN77 H Plus S 108 H NRW100 SKN1
. n2
Filter surface area, m? f= il 4D 0.785 0.785 0.785 0.785
Total volume of cation
exchanger in the filter, m? Vear =f+h 0.942 0.942 0.942 0.942
Height of the protective hyr = 011" WOS - d2 10g(Cpar) 0.0754 0.088 0.134 0.103

filtration layer, m

Equilibrium exchange

capacity, % E,=(1—k)E, 1881 1900 1782 1649

Working exchange Ry
capacity, E=5 E, = ke E, - (1 —(1-ky) T) 1647.18 1652.5 1512.95 1423.6
< (Hyp — Hyp) - 10324
Number of regenerations n= Q ( bf af) 22,572 25 2457 26.12
per year Vear Nif Ey
Duration between r=2 16.17 16.22 14.859 13.98
regenerations, days n
i E, W,V
Acid amount for Q, = ~a Teat 621 6.23 8.555 5367
regeneration, kg a 1000

Comparative analysis of the operational exchange capacity (Fig. 2), the duration between regenerations (Fig. 3),
and the acid amount for regeneration for different cation exchange resins (Fig. 4) is presented below.
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Fig. 2. Operational exchange capacity of cation resins. Fig. 3. Duration between regenerations for cation resins in days.
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Fig. 4. Acid amount for regeneration of cation resins.
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Analyzing the calculation results, the authors have concluded that the Lewatit® MonoPlus S 108 H resin offers
advantages over the AMBERLITE™ [RN77 H resin, as it has a higher operational exchange capacity and a longer
duration between regenerations.

Therefore, additional studies were conducted for the cation resin Lewatit® MonoPlus S 108 H. For this resin, the
authors have analyzed the impact of the filter diameter within the range of 0.7 to 1.2 m on the filter's operational
parameters. The calculation results are presented in Figures 5 and 6.

Based on the calculation results, the following conclusions were made:

e Increasing the filter diameter reduces the time between regenerations, increases acid consumption per
regeneration, and requires modifications to the existing filter design, which is economically unfeasible.

e Increasing the height of the ion-exchange layer in the filter increases the resin's operational exchange capacity,
positively affecting its productivity and efficiency; however, the costs for regenerating such a filter increase
slightly. Therefore, for decisions regarding filter modernization, an additional economic analysis is necessary,
considering the cost of acid amount for regeneration and the total expenses associated with modifying the filter
design.
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Fig. 5. Dependence of the number of regenerations on filter diameter.  Fig. 6. Dependence of acid amount for regeneration on filter diameter.

The authors also analyzed the impact of the operational filtration height within the range of 0.8 to 1.5 m on the
filter's characteristics. The calculation results are presented in Figures 7 — 9.
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Fig. 9. Dependence of acid amount for regeneration on the height of the working filter zone.

5. Conclusion

The paper presents the operational features of ion-exchange filters used for purifying the coolant of the primary
circuit of the WWER-1000 reactor, which play an essential role in enhancing the efficiency, safety, and cost-
effectiveness of nuclear power plant operation. The directions for cation exchange filters modernization have been
determined: using new ion-exchange resins; multilayer loading; reducing the volume of radioactive waste through
optimized regeneration; using filters that do not require regeneration; extending the filters' service life by using more
durable materials for housings and components; optimizing hydrodynamic regimes; implementing automated control
and remote management systems, etc.

The nuclear-grade ion-exchange resins, such as Lewatit® MonoPlus S 108 H, Purolite® NRW100, and DIAION™
SKNI1, were analyzed, including their physicochemical properties and potential for filter modernization. Cation exchange
filter parameters, including operational exchange capacity, duration between regenerations, and acid amount for
regeneration, were calculated. It was determined that the Lewatit® MonoPlus S 108 H resin provides a higher exchange
capacity (2 g-eq/L), a longer duration between regenerations (22 regenerations per year), and a lower cost, making it
suitable for replacing the existing AMBERLITE™ IRN77 H resin as part of filter modernization. The impact of the filter
diameter within the range of 0.7-1.2 m and the height of the working filter zone within the range of 0.8—1.5 m on its
performance was also analyzed, highlighting the need to balance increased productivity with regeneration costs.
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AHaJIi3 KATIOHITOBHX CMOJI /IVIsl OYUILIEHHS TenJIoHocist peakTopa BBEP-1000

['anuna Mariko, Hazap 3ocumuyk

Hayionanvuuii ynieepcumem «Jlvgiscoxa nonimexuixay, gyn. C. bBandepu, 12, Jlvsis, 79013, Ykpaina

AHoTauis

VY crarTi po3risiHyTO DiIbTpYBaNbHE 00 HAHHS JJIs1 OYHMINEHHs TeroHocis peaktopa BBEP-1000, sike Bimirpae
BOXIUBY pPOJIb Y MiATPUMII ONTHMAIBHOTO BOJHO-XIMIYHOTO pPEXHMY, 3HIDKEHHI PaliOaKTHBHOTO 3a0pyIHEHHS
o0JyiasiHaHHS Ta IPOJOBXKEHHI TEPMiHY CIIy>)KOM KOMIIOHEHTIB PEeakTOpHOI yCTaHOBKH. JlociiDkeHO 0coOimMBOCTI
eKCIUTyarTanii i0HOOOMIHHHMX (IIBTPIB Ta BU3HAYEHO HANPSAMKH iX MoaepHizauii. [IpoaHanizoBaHO KOHCTPYKIIIO Ta
XapaKTEePUCTHKH KaTiOHITOBOro (iIbTpa, BU3HAYEHO (haKTOPH, SIKi BIUIMBAIOTH HA €(EKTHBHICTH POoOOTH (iIBTPIB,
30KpeMa 3aMiHa 10HOOOMIHHMX CMOJI Ta ONTHMI3allisl Mpolecy pereHeparii. BukoHaHo MOpiBHAIBHUN aHANI3
10HOOOMIHHHMX CMOJI SIAEPHOTO KJacy, Takux sik Lewatit MonoPlus S 108 H, Purolite® NRW100 ta DIAION™ SKN1.
OOTpyHTOBAaHO MOXKJIMBOCTI iX 3aCTOCYBaHHS I MOJEpHi3amlii KaTioHiToBUX (ineTpiB. [IpoBeaeHo po3paxyHKH
nmapaMeTpiB KaTiOHITOBOTO (ibTpa NpH 3aCTOCYBAHHI Pi3HUX 10HOOOMIHHUX CMOJI, 30KpemMa po6odoi 0OMiHHOT
€MHOCTI, TPUBAJIOCTI MDX pEreHepauisMH Ta BHUTPAaTH KHCJIOTH Ha pereHepaunito ¢ineTpa. Bcranosneno, 1mo
ONTHMAJIFHUM BapiaHTOM [UIsi 3aCTOCYBaHHS y KarioHioBoMy ¢inbTpi € cmosia Lewatit MonoPlus 3aBnsku Bumiit
0OMiHHII €éMHOCTI (2 T-€KB/1), JOBIIi! TPUBAJIOCTI MK pereHepallisaMu (22 pereHeparlii Ha pik) Ta HU3bKIH MiHi.

Kuarouosi caoBa: peaktop BBEP-1000; TemnmoHOCIH; cuCTeMa OYHMIICHHS, KaTIOHITOBUN (DUIbTP; perecHeparis;
10HOOOMIHHA CMOJIA.
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Abstract

A mixer with coaxial arrangement of inner and outer circular cylinders with smooth surfaces is considered.
During the mixer operation, a circulating flow is formed between the cylinders with the same conditions of motion
along the entire length of the annular gap. The smooth surfaces of the inner and outer vertical cylinders reduce the
possibility of the polymer solution destruction as an agent for reducing hydraulic resistance due to the high speed of
rotation of the inner cylinder and/or the outer cylinder. The hydrodynamics of the mixing process of an aqueous
solution of polyacrylamide (PAA) with a mass concentration of 100 ppm in the gap between the cylinders, the inner
one of which was rotating, were estimated by the dependence of the power criterion Np on the modified Reynolds
criterion Ren. The mixing of the aqueous solution of PAA occurred in a laminar mode with a decrease in Np at a
certain fixed value of Re, compared to water.

Keywords: coaxial cylinders; rotor with smooth surface; power number; Reynolds number.

1. Definition of the problem to be solved

In mixers intended for the preparation of emulsions and related heterogeneous systems, the efficiency of the
mixing process is significantly increased by broadening the spectrum of operating fluid velocities within the
recirculating flow. Under a coaxial configuration of the stator and rotor, an annular gap is formed between the
elements, ensuring uniform hydrodynamic conditions along its entire length (Fig. 1) [1]. A principal advantage of the
proposed design, in comparison with conventional mixers, lies in the substantially enlarged active area of the lateral
surface of the working element.

The stator diameter of the installation was D = 0.142 m, while the rotor diameter was d = 0.113 m, with a height
of H=0.133 m (Fig. 2). The aspect ratio of the rotor diameter was /; = 0.796, and the width of the annular gap was
b =0.0145 m. These values were determined according to the following relationships:

; (1)

b:_D—d:%( -r,). 2)
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Fig. 1. Scheme of the mixer with coaxial cylinders:
1 — outer cylinder-stator; 2 — inner cylinder-rotor; 3 — drive shaft; 4 — electric motor; 5 — riser; 6 — plate;
7, 8 — suspension; 9 — part of the gear sector; 10 — gear wheel; 11 — shaft; 12 — reducer; 13 — reverse electric motor;
14, 15 — winding pole limit witches; 16 — outlet pipeline.

Fig. 2. Scheme of coaxial arrangement of cylinders.

2. Analysis of the recent publications and research works on the problem

Flow between rotating cylinders depends, in particular, on surface conditions [2]. The rotor, serving as the
working body of the mixer, had a smooth surface.

The mixing process can be intensified by increasing the active area of the rotor’s lateral cylindrical surface, for
example, by introducing surface roughness. Thus, when the outer cylinder with a diameter of D =0.140 m rotated
relative to the stationary inner cylinder with a diameter of d =0.120 m and a height of #=0.150 m, a polyethylene
oxide solution (Polyox WSR-301) at a concentration of 20 ppm rapidly lost its rheological properties. Both cylinders
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were roughened by machining longitudinal and transverse grooves on their surfaces, forming closely spaced
tetrahedral pyramids with an apex angle of approximately 60° and a height of 0.00125 m (Fig. 3). In this case, the
geometric similarity ratio of the rotor diameter was /; = 0.857, and the width of the annular gap was »=0.010 m [3].

The static pressure generated by a screw pump, positioned vertically in an open tank contained an aqueous
solution of polyethylene oxide (Polyox FRA-1368-A-01) at concentrations ranging from 12.5 ppm to 100 ppm,
initially increased to a maximum value and then gradually decreased to a minimum. The screw rotated relative to a
stationary smooth cylinder. The screw protrusions had a pitch of 0.0016 m and a height of 0.0075 m (Fig. 4). In this
configuration, the width of the annular gap was 5=0.0005 m [4].

0.75 cm

0.16 cm
- -
N

“
1.25 mm - 0.05 cm

Fig. 3. Scheme of formation of rough surface of Fig. 4. Scheme of the formation of helical protrusions
coaxial cylinders. on the screw surface.

Although the mixing process is less intensive when the rotor and cylinder have smooth surfaces, the flow of a
polymer solution through the annular gap between roughened cylinders may lead to its degradation under the action
of shear stresses. Moreover, this degradation is irreversible [5]. But even with the flow in the annular gap with a
width of b = D/28 between smooth cylinders, the polymer solution can be destroyed due to the high rotation speed of
the outer cylinder [6].

The goal of this paper is to investigate the circulation flow of liquid between coaxial cylinders with a smooth
rotor.
3. Presentation and discussion of the research results

An aqueous solution of polyacrylamide (PAA) with a concentration of C =100 ppm by mass was examined. For
its preparation, an 8% technical gel (Technical Specifications 6-01-1049-92) with a molecular weight of 1.8-10° was
used. The concentration was determined based on the content of anhydrous PAA in the solution, calculated as
C=0.0001 kg PAA/kg. This fluid exhibits shear-thinning behaviour, which is described by Oswald’s law

T=m-y" )

with flow consistency index m = 0.0027 Pa-s” and flow behaviour index » = 0.83. To determine the flow consistency
index and flow behavior index, a rotational viscometer VSN-3 was used.

The molecular weight was calculated from the Mark-Houwink equation [7]:
n]=3.73.104-M6 “4)

by the value of the intrinsic viscosity [1] in a 0.IN NaNOs solution at a temperature of 30 °C. The intrinsic viscosity was
[n] = 5.0 dl/g, it was determined by the standard method using a Bischof viscometer with a capillary diameter of 0.0006 m.

The hydrodynamic equation for mixing processes [8] for our case has the following form

NP:f(Remﬁrd’FH)> (%)
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where Np is the power number defined as follows[8], [9]

P

= 6
p-N°-d’ (6)

P

where P is the power (W); p is the fluid density (kg/m®); N is the number of rotor revolutions (s!);
Re,, is the Reynolds number for mixing [8], [9]

-N-d?
S AE\AL (7
i

Re

where p is the dynamic viscosity (Pa-s); Iy is the aspect ratio of the stator height
Iy=—. (®)

In the studies, the temperature of water and PAA aqueous solutions was 26 °C. The fluid density for PAA
aqueous solution was determined using a pycnometer and for water it was determined depending on the temperature.
The dynamic viscosity for water was determined depending on the temperature.

Since the stator diameter in the experimental setup is constant, and the rotor in this experiment has the same
height and diameter, the aspect ratio of the stator height /= 1.077 = const and the aspect ratio of the rotor diameter
I7=10.796 = const. Therefore, the hydrodynamic equation for mixing processes can be rewritten as [8], [9]

N, =a-Re!, )

where a is the coefficient; k is the exponent.

Mixing occurs under laminar flow region with a slope of —1.0 (Fig. 5). For PAA aqueous solution, in comparison
with water, a reduction in the Np value is observed at a given fixed value of Re,. For example, at Re,, = 57,000, the
relative change is A Np/Np = 77.1%. The relative change was determined as:

ANP:{I—(NP)S}JOO, (10)

Np (Np)y

where % is a criterion characterizing the hydrodynamic efficiency of PAA aqueous solutions of a given
Plw

concentration, and the indices s and w correspond to PAA aqueous solutions and water, respectively.

In this case, the values of the Np decrease with increasing Re,, for both water and PAA aqueous solutions.
Furthermore, for identical Re, values, lower Np values are consistently observed for PAA aqueous solutions
compared to water. This behavior corresponds to the dependence Cr=fi(Res) [10], where Cr is the friction
coefficient in the annular gap between the cylinders [11], defined as

G
Cr=—">, (11)
Reb
where G is the relative torque on the rotor; Re is the Reynolds number based on the gap width b (m).
The relative torque on the rotor is defined as follows
-G
G=L""; (12)

wH
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The Reynolds number based on the gap width is calculated according to the following formula

ofa )
Rej = ———=—

) (13)

n

where Q is the rotational speed of rotor (rms), defined as
Q=2n-N. (14)
100 —
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Fig. 5. Dependence of the power number on the Reynolds number for mixing for water (1) and for PAA aqueous solutions (2, 3),
with calculations performed for the PAA aqueous solution (2) and for water (3).

Mechanical blade mixers operating in laminar regimes mix only those liquid layers directly adjacent to the
blades [8]. But a mixing using a three-blade marine impeller operating at rotational speed of 75 rpm was achieved of
minimal degradation of Magnafloc 5250 aqueous solution with a concentration of 100 ppm [12]. At low Reynolds
numbers the PAA at a concentration of 80 ppm by weight can be mixed in a simple flow in a curved channel. As a
solvent for the polymer was used a solution of 65% saccharose and 1% NaCl in water [13].

PAA aqueous solutions with concentrations up to 100 ppm may still be regarded as Newtonian fluids, albeit with
increased viscosity [14]. Therefore, calculating the Np and Re, numbers using specific gravity and kinematic
viscosity, as for water, makes it possible to determine the actual (technical) values of these criteria in comparison with
water. Thus, for PAA aqueous solution at identical values of Re,,, the Np value is slightly larger (approximately 1.26
times) than that for water. In this case, the relative change is ANp/Np~—26%. This behaviour resembles the
dependence Cr = f2(Rep) [15].

4. Conclusion

For a mixer with coaxial arrangement of the inner and outer cylinders, the roughness of their surfaces is justified.
Their smooth surface reduces the possibility of degradation of drag reducing polymers due to the high speed of
rotation of the inner cylinder and/or the outer cylinder.

Mixing of an aqueous solution of polyacrylamide with a mass concentration of 100 ppm in the gap between the
circular cylinders, the inner one of which was rotating, occurred in a laminar mode with a decrease in the power
number at a certain fixed value of the Reynolds number for mixing compared to water.



98 Vadym Orel, Bohdan Pitsyshyn, Vadym Fasuliak

References
[1] Cherniuk, V. V., Pitsyshyn, B. S. (2019). Mixer. UA Patent No. 120181. (Retrieved on September 25, 2025) (in Ukrainian)

[2] Bilgen, E., Boulos, R. (1973). Functional Dependence of Torque Coefficient of Coaxial Cylinders on Gap Width and Reynolds Numbers.
Journal of Fluids Engineering, 95 (1), 122—126. https://doi.org/10.1115/1.3446944

[3] Belokon, V., Kalashnikov, V. (1971). Polymer Additives and Turbulent Friction near Rough Surfaces. Nature. Physical Science, 229, 55-56.
https://doi.org/10.1038/physci229055a0

[4] Kuo,J. T., Kovasznay, L. S. G. (1981). Drag Reducing Polymer in Helicoidal Flow. Journal of Fluids Engineering, 103(4), 491-496.
https://doi.org/10.1115/1.3241757

[5] Anisimov, I. A., Mironov, B. P. (1980). Irreversibility of degradation of polymer solutions. Journal of Engineering Physics, 38, 141-142.
https://doi.org/10.1007/BF00861867

[6] Kalashnikov, V. N. (1998). Dynamical similarity and dimensionless relations for turbulent drag reduction by polymer additives. Journal of
Non-Newtonian Fluid Mechanics, 75(2-3), 209-230. https://doi.org/10.1016/S0377-0257(97)00093-1

[7] Kargin, V. A. (Ed.) (1972). Polymer Encyclopedia. Vol. 1. Soviet Encyclopedia, Moscow. (in Russian)

[8] Boiko, V. S., Samoichuk, K. O., Tarasenko, V. H., Zahorko, N. P., Tsyb V. H. (2019). Processes and devices. Hydromechanical processes:
Textbook. Dmytro Motornyi Tavria State Agrotechnological University, Melitopol. (in Ukrainian)

[9]1 Holland, F. A., Bragg, R. (1995). Fluid Flow for Chemical Engineers. Second Edition, Edward Arnold, London.

[10] Orel, V. 1., Pitsyshyn, B. S., Popadiuk, I. Yu. (2019). Use of the mixer of modern construction for preparation of the polyacrylamide water
solution in the Taylor-Couette flow. Scientific Bulletin of UNFU, 29 (9), 121-125. (in Ukrainian) https://doi.org/10.36930/40290921

[11] Bhambri, P., Fleck, B. (2016). Drag reduction using high molecular weight polymers in Taylor-Couette flow. International Journal of
Mechanical and Production Engineering Research and Development, 6 (1), 59-72.

[12] Rowin, W. A., Sanders, R. S., Ghaemi, S. (2018). A recipe for optimum mixing of polymer drag reducers. Journal of Fluids Engineering,
140 (11), 111402-1-111402-10. https://doi.org/10.1115/1.4040109.

[13] Groisman, A., Steinberg, V. (2001). Efficient mixing at low Reynolds numbers using polymer additives. Nature, 410, 905-908.
https://doi.org/10.1038/35073524

[14] Zhuk, V. M. (1999). Regulation of the charge of a liquid in pipelines by introduction in a flow hydrodynamical active additives (PhD
dissertation). Rivne. (in Ukrainian)

[15] Pitsyshyn, B. S., Orel, V. 1. (2008). Application of a cylindrical rotor mixer for the preparation of polymer solutions for use in fire
extinguishing. Bulletin of Lviv Polytechnic National University: Theory and Building Practice, 627, 172—178. (in Ukrainian)

MupkyasuiiHa Tedisi BOAHOI0 PO3YMHY MOJIaKPUIaAMiLy
MiK KOAKCiaJbHUM HWJIIHAPAMHU 3 TJIAJKUMH OBEPXHIAMM

Banum Open, bornan I[Minummn, Bagum ®acymnsk

Hayionanvuuii ynisepcumem «Jlvgiecoka nonimexuixay, syn. C. banoepu 12, m. Jlvsig, 79013, Ykpaina

AHoTaNIis

Po3risiHyTO 3MillyBad 3 KOAKCiaJbHUM pO3TAllyBaHHAM BHYTPIIIHBOTO Ta 30BHIIIHBOTO KPYIJIMX LMIIIHAPIB 3
TIIaIKUMH ToBepXHsAMHU. [Tpn po6oTi 3milryBava MiXK NUIIHAPAMH YTBOPIOETHCS LUPKYJLILIHHA Tedis 3 0JHAKOBUMH
YMOBaMH pyXy NO YCili JOBXHHI KiJIBIIEBOTO MNPOMDKKY. [Jaaki MOBepXHI BHYTPIIIHBOTO Ta 30BHIIIHHOTO
BEePTUKATBHUMH IIWTIHAPIB 3MEHIIYIOTh MOJJIMBICTH JECTPYKIii IMOJIMEPHOTO PO3YMHY SIK areHTa 3MEHIICHHS
TiIpaBIiYHOTO ONOpPY Yepe3 BENMKY IIBHIKICTh 0OEpTaHHS BHYTPINIHBOIO HMJIIHAPA a00/Ta 30BHIIIHBOTO IMIIIH/PA.
lNaponuuaamiky mpoliecy nepemillyBaHHS BOJHOTO po3unHy mnoiiakpuinaMiny (ITAA) 3 MacoBoro KOHIEHTpawi€ro
100 ppm B OpOMIKKY MDK HWIHApAMH, BHYTPIIIHIA 3 SKHX 0O0epTaBcs, OI[IHIOBAIM 3aJISKHICTIO KPHUTEPIO
notyxHocti Np Big MoaudikoBaHoro kpurepito PeiiHonbiaca Ren. IlepeminryBannst BogHoro posumny ITAA
BiOyBasocs 3a JIaMiHapHOTO PEXHUMY 31 3MEHIIeHHSM Np 3a HEeBHOrO (HiKCOBAaHOTO 3Ha4eHHS Ren MOpiBHSHO 3
BOJIOIO.

Kiro40Bi cj10Ba: KoakciaibHI IUITHAPH; TIAIKHI POTOP; KPUTEPil MOTYKHOCTI; KpuTepiit PefiHombaca.
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