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Abstract. The purpose of the study was to analyse approaches to the use of wavelet transformations on
microcontrollers to improve the efficiency of control and management of energy systems in industrial
environments, and to investigate the possibilities of integrating wavelet transformations into hardware platforms
of microcontrollers. The paper considered methods for applying wavelet transformations on microcontrollers
for monitoring and optimising energy systems in industrial conditions. The proposed method helps to detect
short-term anomalies, voltage and current fluctuations, which contributes to timely detection of energy losses.
A discrete wavelet transform algorithm optimised for microcontrollers has been experimentally implemented,
which provides anomaly detection accuracy of 94-96% with a signal-to-noise ratio of 40 dB. The analysis showed
that the use of Daubechies-type wavelets can increase the sensitivity of the algorithm by 3-4% compared to
Haar, while maintaining an acceptable level of computational costs. Optimisation of the implementation allowed
reducing the average processing time of a single signal segment to 0.1 seconds on the STM32 microcontroller.
In addition, the features of industrial conditions characterised by a high noise level and variable parameters
were considered, which further complicates the use of wavelet transformations. The main achievement was the
development of an adapted wavelet analysis method that ensures efficient use of microcontrollers for monitoring
energy systems with minimal hardware requirements. A new algorithm was proposed that allows optimising the
use of computing resources, reducing power consumption without losing the accuracy of signal analysis. The
developed method allowed detecting anomalies in a timely manner and optimising energy consumption, which is
of practical importance for reducing operating costs and improving the stability of industrial systems

Keywords: industrial solutions; processing algorithms; equipment reliability; resource management; resource
efficiency

Introduction

Modern industry is actively moving to the use of en-  with minimal resource consumption. In this context,
ergy-efficient systems that provide high productivity = monitoring and optimisation of energy systems, which
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require accurate and fast methods of real-time data
analysis, plays an important role. One of the promis-
ing approaches is the use of wavelet transformations
for processing signals received from sensors and other
measuring devices. Due to its ability to analyse signals
in the time-frequency domain, the wavelet transform
is a powerful tool for detecting anomalies, assessing
the state of systems, and predicting energy parameters.
Of particular importance is the implementation of such
algorithms on microcontrollers, which are key compo-
nents of automation and control systems. Microcon-
trollers provide sufficient computing power to perform
complex mathematical operations while remaining
compact, cost-effective, and energy-efficient. The use of
wavelet transformations in such devices opens up new
opportunities for integrating signal analysis methods
directly into the hardware platform of energy systems.
The relevance of the topic is conditioned by the need of
industrial enterprises to improve energy efficiency and
reduce equipment maintenance costs. However, their
implementation on microcontrollers is associated with
a number of challenges, in particular, optimisation of
computational algorithms and limited memory resourc-
es and power consumption.

The development and implementation of wavelet
transform algorithms on microcontrollers for moni-
toring energy systems was the subject of numerous
studies. The academic literature contains papers that
analyse certain aspects of this problem, which allows
outlining current trends and identifying prospects for
further development. The study by M. Karkhaneh &
S. Ozgoli (2022) focused on the use of discrete wavelet
transform to detect anomalies in industrial power sys-
tems. The researchers showed that the use of multilayer
wavelet decomposition allows achieving high accuracy
of fault identification even under conditions of noise
in the signal. Their research also highlighted the im-
portance of optimising computing resources. M.Y. Maz-
in & Y.0. Onykiienko (2023) considered the problem
of limited hardware resources of microcontrollers and
proposed an adaptive wavelet transform algorithm that
reduces memory requirements without losing analysis
accuracy. Their results indicate the prospects of using
such approaches in real industrial conditions.

A. Sharma et al. (2021) discussed the use of a con-
tinuous wavelet transform to estimate the state of
electric motors. The researchers emphasised the ad-
vantages of this approach for detecting early stages
of mechanism wear. They also focused on the need to
develop energy-efficient algorithms for embedded sys-
tems. J. Gao et al. (2021) investigated the use of wave-
lets for signal analysis in distributed energy systems.
Their study demonstrated how the wavelet transform
can help to optimise energy distribution and reduce
network losses. The paper by N.T. Bui et al. (2020) fo-
cused on the development of microcontroller sys-
tems for real-time signal processing. The researchers

Journal of Kryvyi Rih National University, Vol. 23, No. 1, 2025

proposed specialised hardware solutions for imple-
menting wavelet transform, which can improve the
system’s performance. L. Peng et al. (2022) presented
an approach to combining wavelet transformations
with machine learning methods for predicting energy
consumption. The researchers highlighted the effec-
tiveness of wavelets in isolating relevant features from
signals in complex dynamic environments.

The study by P. Khatua & K.C. Ray (2022) focused
on the use of compact wavelets to reduce the computa-
tional complexity of wavelet analysis. The researchers
argued that such methods can be effective for imple-
mentation on microcontrollers with limited resources.
F. Bilgili et al. (2021) conducted research on the use
of wavelet transform for monitoring renewable ener-
gy sources. Their results highlighted the possibility of
integrating these methods into energy storage and
transmission systems. A. Rahmani & A. Deihimi (2020)
investigated the use of wavelets to analyse harmon-
ic distortion in industrial power networks. They con-
cluded that microcontrollers with support for wavelet
processing can significantly improve the quality of re-
al-time data analysis. A.A. Majhi & S. Mohanty (2024)
focused on integrating wavelet transform into Internet
of Things (loT) systems for monitoring energy facilities.
The researchers developed an approach that provides
efficient signal processing and data transmission in dis-
tributed systems.

Considerable attention was paid to the use of
wavelet transformations for monitoring the state of
machines, predicting energy consumption, and detect-
ing malfunctions. However, the practical implementa-
tion of such approaches on microcontrollers requires
further research aimed at adapting algorithms to lim-
ited computing resources. The lack of unified methods
and applied solutions in this area creates a space for
innovation. Despite advances in wavelet transform ap-
plications for monitoring energy systems, a number of
unresolved issues remain, including optimisation of
algorithms for microcontrollers with limited resources,
integration into real-time systems, and energy efficien-
cy. In addition, the practical implementation of these
approaches in complex industrial environments with
a high level of interference remains limited, which re-
quires the development of noise-resistant methods and
adaptation of existing solutions for effective operation
in real-world operating conditions. The purpose of the
study was to investigate approaches to using modern
signal processing algorithms based on wavelet trans-
formations to improve the accuracy of monitoring and
optimise the functioning of energy systems. The paper
also considered the advantages, problems, and pros-
pects of using the approach of optimised application
of wavelet transformations on microcontrollers for
monitoring and managing energy systems, which is an
important step towards creating more energy-efficient
and sustainable industrial systems.
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Materials and Methods

The study was based on the analysis of the fundamen-
tals of wavelet transformations, which are a powerful
tool for analysing signals in time-frequency space. This
approach can effectively detect anomalies, resource
losses, and peak loads in power systems. The research
was based on discrete wavelet transform algorithms,
which allow decomposing signals into components
with different frequency ranges, localising anomalies
over time, and evaluating their frequency nature. Haar
and Daubechies wavelets were chosen for analysis
because they provide a trade-off between speed and
accuracy. Haar is characterised by simplicity and low
computing costs, which is important for devices with
limited resources, while Daubechies provides better
processing of complex signals with noise and sudden
changes. Their effectiveness was evaluated according
to the criteria of anomaly detection accuracy, noise re-
sistance, speed, and computational complexity.

The effectiveness of the algorithm was evaluated
according to the following criteria: sensitivity, preci-
sion, time detection, and noise resistance. Sensitivity
showed the algorithm’s ability to correctly detect exist-
ing anomalies or important changes in the signal and
was calculated as the ratio of the number of correctly
detected anomalies to the total number of available
anomalies multiplied by 100%. Accuracy characterises
the proportion of correctly detected anomalies among
all cases that the algorithm has classified as anomalies,
and is defined as the ratio of the number of correct-
ly detected anomalies to the total number of detect-
ed anomalies multiplied by 100%. Anomaly detection
time is the average time required by the algorithm to
process a single signal segment, which is calculated
as the total processing time divided by the number of
processed segments. Noise resistance shows how ef-
fectively the algorithm maintains its accuracy in the
presence of noise in the signal, and is calculated as the
ratio of accuracy on noisy data to accuracy on pure data
multiplied by 100%. In addition, the computational load
measured in millions of instructions per second (MIPS)
was analysed and calculated as the number of instruc-
tions for signal processing divided by the processing
time in seconds, and the reduction in power consump-
tion, which is defined as the difference between unit
and the ratio of the power consumption of the opti-
mised algorithm to the power consumption of the base
algorithm multiplied by 100%.

The efficiency of the algorithm was evaluated by
analysing the results of its operation on test data sets
with different noise levels and typical operating modes
of the power system. The study used comparative anal-
ysis with conventional methods such as fast Fourier
transform and Kalman filtering to evaluate the effec-
tiveness of wavelet transformations in detecting anom-
alies. Features of using real-time wavelet transforma-
tions are related to the need to optimise algorithms for

working on microcontrollers. The main requirements
include considering limited hardware resources, low
power consumption, and the need for rapid anomaly
detection. The wavelet transform, Kalman filter, and
Fourier transform methods were also used to analyse
such signals. These filters were chosen because of their
effectiveness in reducing noise and predicting the state
of the system in real time.

The algorithms were evaluated using 500 test cas-
es with anomalies, including power surges, harmonic
distortion, and impulse noise, and 300 runs in normal
operating modes. The input signals were segmented
into 500 ms intervals with a sampling rate of 10 kHz.
The algorithms were performed on a Swiss-made
STM32 microcontroller, and efficiency was evaluated
according to the criteria of sensitivity, accuracy, pro-
cessing speed, and noise resistance at a signal-to-
noise ratio of 40 dB. In addition, the computational
load and power consumption were analysed, compar-
ing the results obtained with the basic implementa-
tion without optimisation.

The purpose of comparing signal processing algo-
rithms was to determine the efficiency of using wavelet
transformations in industrial settings for monitoring
power systems on microcontrollers. The following algo-
rithms were considered in the study: Fourier transform,
wavelet transform, Kalman filtering, mean filtering, and
Gaussian filtering. The comparison was based on sev-
eral criteria: signal processing speed, memory usage,
noise sensitivity, and the ability to detect short-term
anomalies. The processing time was defined as the av-
erage time for analysing a signal with a length of 1,024
points, simulating typical operating conditions of pow-
er systems. The amount of memory was estimated as
the maximum amount of RAM used during algorithm
execution. Noise sensitivity was measured by analys-
ing signals with a noise level of 40 dB, which helped
to evaluate the resistance of methods to noisy data. In
addition, the accuracy of detecting anomalies, in par-
ticular pulsed emissions, harmonic distortions, drifts,
and random interference, was analysed. Both real sig-
nals from industrial power systems and synthetic data
simulating anomalous situations were used to evaluate
the effectiveness of the algorithms.

Results

Energy efficiency is becoming one of the key aspects
in the development of modern industry, especially due
to the growing energy costs and requirements for sus-
tainable development. Industrial power systems, which
are the basis of production processes, require constant
monitoring to ensure their stable and uninterrupted op-
eration. Anomaly detection, equipment health assess-
ment, and energy optimisation are critical to reducing
operating costs and minimising environmental impacts.

Conventional signal analysis methods used to
monitor power systems often do not provide sufficient

Journal of Kryvyi Rih National University, Vol. 23, No. 1, 2025




Onykiienko & Mazin

accuracy or require significant computational resourc-
es. Wavelet transformations, due to their ability to work
in the time-frequency domain, allow more efficient de-
tection of even minor changes in signal characteristics,
which is important for early detection of malfunctions
and improving the efficiency of systems. Microcontrol-
lers, due to their compact size, cost-effectiveness and
low power consumption, are widely used in industrial
automation systems (Dong et al., 2023).

Modern monitoring and optimisation of energy
systems are complex tasks that require the integra-
tion of the latest technologies to ensure the efficiency,
reliability and sustainability of energy processes. Due
to the growing demands on energy consumption and
environmental conservation, enterprises and other
organisations are actively using modern methods for
managing energy resources (Khatua et al., 2020). These
methods include the use of intelligent monitoring sys-
tems, load forecasting, integration of renewable energy
sources, and the use of algorithms to optimise energy
consumption.

Modern energy systems use sophisticated intel-
ligent systems for real-time monitoring, collecting
data from various sources and providing a prompt
response to changes in energy consumption. Pow-
er management systems use numerous sensors that
measure parameters such as power consumption,
voltage, frequency, and other important metrics. This
allows providing an accurate picture of the state of
energy systems and detecting deviations from normal
operation in time. The development of loT technol-
ogies contributes to the integration of a large num-
ber of sensors into networks that allow monitoring
and automatically adjusting the operation of energy
systems. For example, [oT can be used to remotely
monitor equipment, detect malfunctions, and even
make adjustments to improve efficiency (Marinakis et
al., 2020). To reduce environmental impacts and im-
prove energy efficiency, many energy systems inte-
grate renewable energy sources such as solar panels,
wind turbines, and geothermal installations. This cre-
ates new challenges for optimising energy systems,
as renewable energy sources have a fickle produc-
tion nature. Specialised optimisation strategies that
consider changing environmental conditions and
economic factors are used to manage such energy
(Al-Shetwi, 2022). Such strategies include storing en-

ergy (such as in batteries) to equalise consumption
peaks, or using smart grids to redistribute energy.

Adaptive control systems are an important area in
modern monitoring of energy systems. They can adjust
their strategies depending on changes in the external
environment or internal parameters of the system. Au-
tomation in energy networks allows reducing the hu-
man factor, increasing the speed of responses to chang-
es in the network, and ensuring a more reliable and
uninterrupted supply of energy. For example, automat-
ed systems based on embedded microcontrollers can
immediately respond to changes in voltage or power
consumption by changing the settings of devices or
equipment for optimal operation (Obaid et al., 2019).

Microcontrollers also effectively interact with vari-
ous peripheral devices through interfaces such as sen-
sors, actuators, relays, which provides the ability to con-
trol various aspects of industrial processes. This allows
creating integrated and scalable automation systems
that can perform multiple tasks in a single control-
ler. One of the advantages of microcontrollers is their
ability to save energy (Wu et al., 2021). They consume a
minimal amount of energy, which is important for the
smooth operation of power systems, and for autono-
mous devices and remote monitoring systems.

Real-time signal processing systems play an im-
portant role in today’s industry, providing fast and ac-
curate data analysis for operational decision-making.
The main elements of such systems work in a coordi-
nated manner, forming a single architecture for signal
processing. At the first stage, data is collected using
sensors and sensors that convert physical parameters
into electrical signals. These signals undergo preproc-
essing, such as amplification or filtering. Then they are
converted to digital format by analogue-to-digital con-
verters, which allows working with them on digital de-
vices. Microcontrollers or digital signal processors are
the core of a system where key calculations are per-
formed to analyse, monitor, or optimise signals. RAM is
used for temporary data storage, and digital filters en-
sure that signals are cleared of noise. Communication
interfaces allow data to be exchanged with other sys-
tems, and output devices such as displays or actuators
display results or perform appropriate actions. Table 1
summarises the main components of the system, their
functions, and their role in ensuring efficient real-time
signal processing.

Table 1. Key components and functions of a real-time signal processing system

Component Description

Function

Detectors and sensors

Devices that measure physical or electrical
parameters (temperature, pressure, voltage, current)

Collecting input data from the environment
for further processing

Preamp

Amplifier that increases the signal strength from
the sensor to the required level

Ensuring the correct signal strength for the
analogue-to-digital converter

Analogue-to-digital

converter
processor

Converts an analogue signal to a digital one for
processing by a microcontroller or digital signal

Converting an analogue signal to a form
suitable for digital processing
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Table 1. Continued

Component Description

Function

Microcontroller or
digital signal processor

Central processing element that performs analysis,
filtering, and optimisation algorithms

Digital signal processing, system
management, and real-time algorithm
execution

RAM

Temporary storage of input data and intermediate
results during processing

Providing fast access to computing data

Permanent memory

Storage location for firmware, configuration
parameters, and signal processing programmes

Saving algorithms and basic system
parameters

Digital filters

Algorithms or hardware that remove noise or
unnecessary frequency components of the signal

Improving signal quality and ensuring the
correctness of further analysis

Communication

Means of data transfer between system

Organisation of communication between

interfaces components (UART, SPI, 12C, Ethernet, etc.) sensors, processors, and other modules
Output devices/ Elements that display processing results or execute  Transmitting results to users or performing
actuators commands (displays, relays, motors, etc.) control actions based on the processed data

Notes: UART - Universal asynchronous receiver/transmitter; SPI - Serial Peripheral Interface
Source: developed by the authors based on I.I. Samborsky et al. (2021), Y.0. Ushenko et al. (2021)

These components play a key role in ensuring con-
tinuous and efficient operation of the real-time sig-
nal processing system. Collecting accurate data using
sensors is the basis for making correct decisions, while
preamps provide the necessary signal strength for fur-
ther processing. The analogue-to-digital converter con-
verts analogue signals to digital ones, which allows
using modern processing algorithms. Microcontrollers
and digital signal processors perform calculations with
minimal latency, which is crucial for dynamic process-
es. Due to the continuous improvement of components
and the introduction of innovative technologies, the
architecture of systems for real-time signal processing
is constantly evolving. Current research focuses on in-
tegrating machine learning, IoT, and cloud computing

to create more adaptive and energy-efficient solutions.

In the future, such systems can become a key element
for building “smart” industrial and household solutions
that can provide autonomy, high accuracy, and scalabil-
ity (Bharany et al., 2022).

An algorithm consisting of several stages was de-
veloped to optimise wavelet transformations on micro-
controllers. First, the input signal is divided into small
blocks (segments) to identify time intervals in which

significant changes are observed. This preliminary
analysis allows performing calculations only for rele-
vant sections of the signal, which reduces the number
of mathematical operations. Next, adaptive quantisa-
tion of the wavelet transform coefficients is performed,
which reduces the memory requirements of the micro-
controller without losing important information. Then
the optimal wavelet function is selected: for signals
with sharp transitions, the Haar wavelet is used, which
provides speed of calculations, and for analysing com-
plex and noisy signals, the Daubechies wavelet, which
gives a more accurate result. The algorithm also pro-
vides for a multi-level schedule, where detailed pro-
cessing is performed only at key levels, which further
reduces power consumption. Analysis of the noise char-
acteristics showed that it is advisable to use smoothed
wavelets, such as Daubechies, for noisy data, while the
Haar wavelet is more effective for sharp changes. The
power consumption of the microcontroller was also
taken into account. Table 2 shows comparative results
using Haar and Daubechies wavelets, demonstrating a
trade-off between computational speed and analysis
accuracy, and an overview of alternative approaches to
signal analysis.

Table 2. Overview of alternative approaches to signal analysis

Criteria Haar Daubechies
Sensitivity 92.3% 95.1%
Precision 88.7% 92.5%
Detection time 118 Ms 147 Ms
Noise resistance 84.2% 91.8%
Computing load 0.8 MIPS 1.2 MIPS
Reduce energy consumption 27% 30%

Source: developed by the authors based on their own research and O.A.Mohamed et al. (2017),Y.M.Yan et al.(2019),). Lefebvre et

al. (2020)

As can be seen, the Haar wavelet demonstrates
higher performance (118 Ms per segment), which
makes it suitable for applications where fast real-time
analysis is important. At the same time, the Daubechies

wavelet provides better sensitivity (95.1%) and noise
resistance (91.8%), which allows working more effi-
ciently in conditions of complex signals with a high
level of interference. The computational load of the
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Daubechies algorithm is higher (1.2 MIPS vs. 0.8 MIPS
in Haar), but it provides more accurate analysis, which
can be critical for tasks of predicting peak loads and
detecting minor anomalies. The use of both approaches
in a hybrid system will optimise the signal analysis pro-
cess depending on specific operating conditions.

It is advisable to use the Haar wavelet for oper-
ational monitoring of network parameters and rapid
detection of sudden changes, which is critical for pro-
tection and automatic control systems. The Daubechies
wavelet is optimal for detailed signal analysis, especial-
ly when predicting voltage and current deviations, and
detecting weak anomalies that may precede accidents.
It is recommended to use a hybrid approach: Haar - for
preprocessing and rapid response, and Daubechies -
for detailed analysis of historical data and accurate
forecasting. This strategy will minimise the power con-
sumption of computing resources, while ensuring high
control accuracy.

The Haar wavelet provides high computing speed
due to simple arithmetic operations, making it effi-
cient for real-time signal processing. However, its lim-
ited ability to accurately reproduce complex signal de-
tails reduces the accuracy of analysis, especially in the
presence of noise or smooth changes. The Daubechies
wavelet, by contrast, uses more complex functions,
which improves recognition of small fluctuations and
anomalies, but increases computational complexity.
Thus, the choice between these wavelets depends on
specific requirements: Haar is suitable for fast filtering
and preprocessing, while Daubechies is more efficient
for detailed analysis of noisy signals.

Signal processing is the basis for numerous engi-
neering applications in fields such as telecommunica-
tions, radio electronics, medicine, and many others. The
signals that need to be processed can be very diverse in
their characteristics: they can be periodic or continuous,
clear or noisy, static or dynamic. Choosing the right al-
gorithm for signal processing depends on many factors,
such as signal type, accuracy requirements, processing
speed, and application specifics.

In order to choose the most effective algorithm
for a particular task, it is necessary to understand the
advantages and disadvantages of each of them. Some
methods, such as the Fourier transform, are well suited
for periodic signals and allow obtaining spectral infor-
mation. However, wavelet transform or Kalman filtering
is more suitable for analysing variable or complex sig-
nals, which can process information in time and fre-
quency simultaneously, while preserving the local char-
acteristics of the signal.

Other methods, such as linear regression or the
principal component method, are often used to predict
and reduce the dimension of data, but they may be less
effective when working with high-frequency or unsta-
ble signals. For low-noise signals, simple algorithms
such as medium filtering or Gaussian filtering may be
sufficient, as they effectively reduce interference, but
may cause some useful signal characteristics to be lost.
Table 3 provides a comparison of the main signal pro-
cessing algorithms, their advantages, disadvantages,
and applications, which will help to visualise the key
aspects of each method and make the right choice for
specific tasks.

Table 3. Comparison of signal processing algorithms

Algorithm Fourier transform  Wavelet transform  Kalman filtering Fl;t‘g;:geby Gaussian filtering
Algorithm for Algorlthm for Algorithm -
. . decomposing the . Algorithm that - .
converting signals : . that combines Filtering algorithm
. signal into a set S replaces each
i from time space prediction and . - . that uses the
Description of wavelets allows . input point with an . .
to frequency space A correction to get L Gaussian function
: considering both . average value in its -
allows getting the . the best estimate L to blur the signal
- time and frequency vicinity
signal spectrum L of the system state
characteristics
Suitable for
Processing speed, processing Good performance Easy to |mplement, Reduces noise
- heterogeneous . I effective for well, preserving
Advantages efficiency for with noisy signals,

periodic signals signals, effective

reducing noise in  most of the useful

real-time efficiency

for localised signals information
changes
Poor signal High Necessary to Degrades the

: - . accurately . - Poor adaptation

processing with computational signal, especially . .

Di . model processes, - - to signals with
isadvantages non-constant costs, complexity of for complex with a high different rates of
characteristics choosing a wavelet systems — cﬁ)ifﬁcult amplitude of chanae
(time instability) function y changes 9

configuration

Acoustics, radio
electronics, sound
processing, spectral
analysis

Image processing,
medical signals,
financial analysis,
seismology

Application areas

Navigation
systems, robotics,
economic forecasts

Image processing,
audio signals,
medical data

Image processing,
video, audio, data
visualisation
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Table 3. Continued

Algorithm Fourier transform  Wavelet transform  Kalman filtering Fi;t‘:‘::geby Gaussian filtering
Processing time 0.08 s (for 1,024 0.1 s (for 1,024 0.12 s (for 1,000 0.02 s (for 1,024 0.03 s (for 1,024
(signals) points) points) measurements) points) points)
Memory (KB) 40-60) 150-250 50-70 20-40 30-50
Noise sensitivity High Moderate High Average Low

Source: developed by the authors based on S.V. Zabolotnii (2010), M. Vetterli et al. (2014), A.O. Popov (2019)

The analysis of the algorithms demonstrated dif-
ferent approaches to signal processing, each with its
own advantages and disadvantages. However, focus-
ing on the methods that are alternatives to wavelet
transforms, the Fourier transform and Kalman filtering
should be highlighted, as they are widely used to an-
alyse dynamic signals in industrial systems. The fast
Fourier transform provides fast and efficient signal
analysis in frequency space, but its disadvantage is the
limited ability to process signals with unstable charac-
teristics that change over time. This makes it less suita-
ble for analysing industrial power systems where both
time and frequency must be processed simultaneous-
ly. Kalman filtering, while effective for handling noisy
signals, requires precise mathematical modelling of
processes, which makes it difficult to use it for systems
with dynamically changing characteristics. Unlike these
methods, wavelet transformations offer a unique ad-
vantage: the ability to localise anomalies in both time
and frequency. This is especially important for signals
with rapid changes or unpredictable deviations typical
of industrial systems. In real-world conditions, where
computing resources may be limited, wavelet transform
problems involve high computational costs and the
choice of the optimal wavelet function.

Wavelet transformations play an important role
in improving energy efficiency and extending the ser-
vice life of equipment in power systems. Their main
advantage is the ability to significantly improve con-
trol and optimisation of energy use (Shilpa & Puttas-
wamy, 2025). The use of wavelets for multi-level signal
analysis helps to detect low-amplitude anomalies and
fluctuations in energy systems that indicate inefficient
use of energy. This facilitates a timely implementa-
tion of measures to optimise the operation of systems,
reducing power consumption without losing perfor-
mance. In addition, wavelets effectively identify small
fluctuations that can cause additional energy losses,
which allows quickly eliminating such shortcomings
and reducing overall energy costs. Due to their appli-
cation, it is possible to optimise equipment settings,
ensuring a reduction in energy consumption with-
out reducing operational efficiency. In addition, this
technology allows more accurately predicting energy
needs, contributing to more efficient resource planning
and reducing costs during periods of low energy con-
sumption (Pacheco et al., 2024).

As for the durability of equipment, wavelet trans-
formations contribute to monitoring the state of tech-
nical systems and early detection of anomalies, such as
overload or wear. Analysis of electrical and mechani-
cal signals helps to identify problems that can lead to
breakdowns or shorten the service life of equipment.
Wavelets can also identify vibrations, corrosion, or oth-
er mechanical defects, allowing taking timely meas-
ures such as calibration or replacement of components,
thereby extending the service life of the equipment
(Badihi et al., 2022). It is also important that the use
of this technology helps to reduce dependence on the
human factor in the process of monitoring and manag-
ing energy systems, which minimises the likelihood of
errors and increases accuracy. The use of wavelet trans-
formations allows detecting overloads or overheating
in time, which can prevent serious breakdowns and
thereby extend the service life of the equipment. Based
on the aforementioned capabilities, wavelet transfor-
mations significantly improve the energy efficiency and
durability of equipment in industrial power systems,
reducing maintenance costs and improving the overall
stability of the system.

Discussion

The results of the study show that the use of wave-
let transformations for monitoring industrial power
systems is a promising approach that can significantly
improve the accuracy of diagnostics and efficiency of
equipment. Energy efficiency is a key factor in modern
industrial processes, especially given the need to re-
duce energy costs and minimise environmental impacts
(Mikhailova et al., 2024). In this context, the proposed
method of signal processing based on wavelet trans-
formations, implemented on microcontrollers, is a prac-
tical tool for ensuring the sustainable development of
industry. V. Veerasamy et al. (2020) investigated the use
of wavelet transformations for signal analysis in indus-
trial power systems, but paid more attention to the use
of stationary wavelet transformations. Their results con-
firmed that this approach improves diagnostic accuracy,
but system efficiency decreases due to high computa-
tional complexity. Compared to the current study, the
results confirm the overall prospects of wavelet trans-
formations, but the use of adaptive algorithms in the
current study significantly reduced computational com-
plexity, which differs from the researchers’ approach.
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X.Han et al. (2019) investigated the use of wavelet
transformations for temperature monitoring in indus-
trial heat transfer systems. They found that second-or-
der adaptive wavelets provide temperature analysis
accuracy with an error of up to 1.2%. Similar to the
current study, they also emphasised the importance of
choosing the optimal wavelet base for specific signals.
Current study focused on voltage and power monitor-
ing, and their research focused exclusively on temper-
ature changes. S. Kovac et al. (2021) investigated the
use of second-order adaptive wavelets for temperature
analysis in industrial heat transfer systems. Their meth-
od provided fairly good accuracy even in environments
with high noise levels. The researchers stressed the im-
portance of choosing the right wavelet base to max-
imise the efficiency of signal analysis, which confirms
the practicality of the approach. Together with the cur-
rent study, there is an emphasis on adapting wavelet
transformations to high noise conditions. However, the
researchers focused exclusively on monitoring tem-
perature changes, while the current study was based
on voltage and power analysis. In addition, the current
results additionally solved the problem of optimising
algorithms for working on limited hardware resources
of microcontrollers. This highlights the variety of appli-
cations of wavelets in industrial tasks.

One of the main advantages of the proposed ap-
proach is the ability of wavelet transformations to op-
erate in the time-frequency domain, which detects even
minor changes in the characteristics of signals. This
allows detecting malfunctions early and predicting
potential hardware failures. The use of wavelet trans-
formations in combination with adaptive filtering algo-
rithms helps to effectively deal with high noise levels,
which is typical for industrial conditions. A.A. Ogaili et
al. (2024) focused on the use of wavelet transforms for
early detection of turbine failures. Their study showed
that time-frequency analysis can detect even micro-
scopic changes in the signal spectrum, but the high
sensitivity of the technique led to a significant num-
ber of false positives in noisy environments. However,
in contrast to the authors’ research, the current results
demonstrate efficiency in noise control through the
integration of adaptive filtering algorithms, which al-
lowed avoiding false positives.

The microcontrollers used as the basis for imple-
menting the technique have shown high efficiency
due to their compact size, low power consumption,
and ability to process data in real time (Malinovskyi et
al., 2024). However, implementing complex algorithms
on devices with limited resources required significant
optimisation. The study suggests a number of optimisa-
tion approaches, including reducing the computational
complexity of algorithms and efficient memory usage.
These measures ensured stable operation of the system
even in real industrial conditions.J. Konecny et al. (2024)
analysed the possibility of using microcontrollers to
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implement wavelet transformations in industrial set-
tings. They noted that the limited resources of such
devices limit their suitability for complex tasks. The
researchers suggested using the Field Programmable
Gate Array to overcome these limitations. The current
study focused on optimising algorithms for microcon-
trollers, which allows achieving more stable operation
without switching to more expensive Field Program-
mable Gate Array solutions.

The industrial conditions in which the proposed
system was tested were characterised by a high level
of electromagnetic interference, significant fluctuations
in network parameters, and a large amount of data for
analysis. The results showed that the developed sys-
tem can adapt to changes in the environment, while
maintaining high monitoring accuracy. This confirms
the practical suitability of the methodology for use
in real-world operation. P. Gangsar & R. Tiwari (2020)
conducted testing under conditions that simulate the
effects of electromagnetic interference. Their results
showed that most signal analysis methods lose accu-
racy due to significant fluctuations in signal parame-
ters. The methods developed by the authors to com-
pensate for interference partially solved this problem,
but required a large amount of data for training. The
current study shows that the proposed system demon-
strates stability even in noisy industrial environments,
which indicates greater adaptability compared to the
researchers’ approaches. A. Mannelli et al. (2021) exam-
ined the effect of wavelet coefficients on equipment
energy consumption in renewable energy systems.
Their method reduced the frequency of maintenance
of generators by 20%. It was confirmed that wavelets
effectively detect signals that are difficult to identify
by conventional methods. Their results were related to
energy from renewable sources, while the current study
focused on classical industrial power systems.

The study results revealed certain challenges as-
sociated with the integration of the proposed solution
into existing energy systems. For example, ensuring
compatibility between new and legacy system com-
ponents required additional effort. In addition, further
improvement of the system requires the integration of
loT technologies, which will increase scalability and
provide remote monitoring capabilities. K.H. Azmi et
al.(2022) analysed the integration of modern diagnos-
tic systems into outdated power grids. They empha-
sised the complexity of adapting equipment due to
outdated data transfer protocols, but suggested using
converters to ensure compatibility. Compared to the
current study, the results confirm the need to adapt
to legacy components, but the proposed solutions
consider not only the protocols, but also the adapta-
tion of the algorithms themselves to existing equip-
ment. T. Ahmad & D. Zhang (2021) investigated the
integration of the latest diagnostic technologies into
outdated power grids that use obsolete approaches.

A
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The researchers focused on the problems caused by
the limited functionality of old data transfer protocols
that do not meet modern requirements. To solve this
problem, the researchers proposed the use of con-
verters that act as a connecting link between mod-
ern monitoring equipment and existing networks. This
helped to ensure compatibility without the need for a
radical update of the entire system.

An important aspect is the potential integration of
the developed system with renewable energy technolo-
gies. In particular, the possibility of effective monitoring
of the operation of solar or wind power plants, where
the variability of energy consumption significantly de-
pends on external factors, opens up new prospects for
implementation. This requires further adaptation of
algorithms to variable conditions and integration with
energy storage facilities. M.Z. Khoker et al. (2020) in-
vestigated the possibility of monitoring the operation
of solar stations using wavelet analysis. Their results
showed that algorithms need to be regularly adapted
to variable operating conditions, such as light and tem-
perature.The current study also points out the potential
for integrating the developed systems with renewable
energy sources. However, the current findings cover in-
tegration with energy storage facilities, which was not
considered by the researchers.

The results of the study were analysed in the con-
text of modern approaches to monitoring and opti-
mising energy systems. It was established that the use
of wavelet transformations on microcontrollers can
significantly improve the accuracy of diagnostics and
efficiency of equipment operation, even in difficult in-
dustrial conditions. The advantages and challenges of
integrating the developed solutions into existing en-
ergy networks, in particular, compatibility with outdat-
ed systems and prospects for use in renewable energy,
were considered. The results obtained confirmed the
practical value of the proposed approaches and opened
up new areas for further research.

Conclusions

This study analysed the use of wavelet transforms on
microcontrollers for monitoring and optimising energy
systems in industrial environments. The main attention
was paid to the urgency of the problem of energy ef-
ficiency, which is a critical factor in modern industry
due to the increase in energy costs and the need to re-
duce environmental impact. The study emphasised that
the stable and uninterrupted operation of industrial
power systems requires constant monitoring to detect

malfunctions early, assess the condition of equipment,
and reduce operating costs. Conventional signal pro-
cessing methods were analysed and it was found that
they often have limitations, in particular, insufficient ac-
curacy or high computational complexity, which makes
them difficult to apply in real time.

Considering the specifics of industrial conditions,
such as high noise levels, significant parameter fluctu-
ations, and the complex structure of power networks,
the study focused on adapting wavelet transform al-
gorithms to such conditions. For this purpose, it was
proposed to reduce the number of decomposition lev-
els, select optimal wavelet functions, and introduce
adaptive approaches to signal processing. The study
also developed an approach to reducing the power
consumption of microcontrollers by using energy-ef-
ficient operating modes and adaptive management of
computing resources depending on the characteristics
of signals. Experiments have shown that optimised
wavelet transform algorithms ensure the accuracy of
anomaly detection while reducing power consumption.

Optimised wavelet transformations on microcon-
trollers provide improved accuracy in detecting anom-
alies and predicting peak loads in real time, which is
critical for power systems. The use of Daubechies wave-
lets provided 95.1% sensitivity and 92.5% accuracy
with high noise resistance, while Haar demonstrated a
faster processing time (118 Ms vs. 147 Ms) due to easy
calculations. Optimisation of the algorithm by reducing
the number of operations, using fixed arithmetic and
adaptive scaling of the schedule has reduced power
consumption by 27-30% without loss of accuracy, which
makes this approach effective for implementation in in-
dustrial environments. A limitation of the study was the
dependence of the results on the specific conditions
of industrial power systems and the limited computa-
tional capabilities of microcontrollers. Further research
should focus on expanding methods for adapting algo-
rithms for different types of power networks and im-
proving their implementation on the latest microcon-
trollers with larger resources.
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AHoTaujif. MeToto focnifxkeHHs 6yB aHani3 nigxonie 40 BUKOPUCTAHHS BENB/ET-NEPETBOPEHb HA MiKPOKOHTPO/iepax
ANaniaBuILEeHHS e(DeKTUBHOCTI KOHTPOO Ta YNPaBAiHHSA eHepreTMYHUMU CUCTEMAMM Y TPOMUCIOBUX CEPEfOBULLAX,a
TaKOX BMBYEHHS MOX/IMBOCTEN iHTErpaLii BeiBeT-nepeTBOPeHb B anapaTtHi naathopmu MikpoKoHTponepis. B poboTi
6ynu po3rnaHyTI METOAM 3aCTOCYBAHHSA BEMBNET-NEPETBOPEHb HA MIKPDOKOHTPONEPAaX A1 MOHITOPUHIY Ta ONTUMi3aLii
eHepreTMYHUX CUCTEM Y MPOMUCIOBUX YMOBAX. 3anponoHOBaHMI METOA A03BONSIE BUSBASTU KOPOTKOYACHI aHOManii,
KONIMBAHHA HAaNpyru Ta CTpyMy, LLO CNPUSE CBOEYACHOMY BUSIBNEHHIO BTPAT eHeprii. EkcnepuMeHTanbHo peanizoBaHo
aNropuT™ AUCKPETHOrO BEWBNET-NEPETBOPEHHS, ONTUMI30BaHWIA AN MIKPOKOHTPONEPIB, SKWiA 3abe3neyvye TOUYHICTb
BMSBIEHHS aHOManil Ha piBHi 94-96 % npu cniBBigHOWeEHHI curHan/wym 40 ob. AHani3s nokasas, WO BUKOPUCTAHHS
geviBnetis TNy Daubechies 003BONS€E NiABULIMTU YYTAUBICTb ANTOPUTMY Ha 3-4 % y nopiBHAHHI 3 Haar, 36epiratoun
NPUIRHATHWUIA piBEHb 06UYMCOBaNbHUX BUTPAT. ONTMUMI3aLlia peanizauii LO3BOMMIA 3MEHLIWUTH CepeaHilt Yac 06pobku
oAHOro cermeHTa curHany o 0,1 ¢ Ha MikpokoHTponepi STM32. OkpiM Lboro, BpaxoBaHO 0COB/IMBOCTI MPOMUCIOBUX
YMOB, §IKi XapaKTepu3ylTbCs BMCOKMM pIBHEM LWYMY Ta 3MiHHUMM NapamMeTpamu, WO [AOAATKOBO YCKNALHIOE
BMKOPUCTAHHS BeiBneT-nepetsopeHb. OCHOBHMM A0CArHEHHsSM Gyna po3pobka afanToBaHOro MeTody BeiBreT-
aHanisy, akuii 3abesneyye edekTMBHE BMKOPUCTAHHA MIKPOKOHTPONEPIB AN MOHITOPUHIY €HEepreTMYHUX CUCTEM
npu MiHIManbHMX anapaTHUX BUMOrax. 3anponoOHOBAHO HOBMI aNrOPUTM, LLLO LO3BOISIE ONTUMI3YBATU BUKOPUCTAHHS
064YMCNIOBaNIbBHUX PECYPCiB, 3HMXKYHOUM EHEPTrOCMOXMBAHHA 63 BTPATM TOYHOCTI aHanily curHanie. Po3pobneHui
METO/, A,03BOJIIE CBOEYACHO BUSABAATU aHOManNii Ta ONTUMI3yBaTh €HEProCNOXMBAHHS, WO MAE NPAKTUUYHE 3HAYEHHS
0N 3MEHLEeHHS eKCnayaTauiMHWX BUTPAT Ta NOKPALLEHHS CTanoCTi poboTn MPOMUCIOBUX CUCTEM
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