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The development of cyber-physical systems combined with machine learning algorithms opens new opportunities for
forecasting and optimizing electricity consumption in residential districts. This study examined existing technologies and solutions
for energy consumption management, identifying their advantages and disadvantages. The analysis showed that modern
commercial systems are primarily designed either for industrial use or individual consumption, lacking a comprehensive approach
for residential districts. The proposed forecasting and optimization method is based on hybrid machine learning algorithms. For
energy consumption forecasting, a combination of recurrent neural networks (RNN) and XGBoost was used, allowing for the
consideration of both temporal dependencies and nonlinear factors. For energy consumption optimization, a combination of genetic
algorithms (GA) and particle swarm optimization (PSO) was implemented, ensuring efficiency in finding optimal solutions. The
developed cyber-physical system includes sensors for data collection, microcontrollers (Raspberry Pi) for data processing, and
intelligent systems for controlling electrical appliances. This enables real-time energy consumption analysis and management,
improving the energy efficiency of residential districts. Experimental results confirmed the effectiveness of the proposed approach,
demonstrating high accuracy in energy consumption forecasting and the potential for reducing electricity costs through optimized
usage. The proposed method has significant potential for scaling and implementation in large residential complexes, contributing to
sustainable development and reducing the load on energy grids. Thus, the results of this study can be used for further
improvement of energy management systems, promoting efficient electricity use, reducing consumer costs, and minimizing the
environmental impact of energy systems.
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XMebHULBKU# HalllOHAJIbHUN yHIBEpCUTET

Biraniit JEBAIIIEHKO

VYuisepcuret JKumiHn

METO/I I KIBEP®I3UUYHA CUCTEMA INPOTHO3YBAHHS TA ONTUMI3AIIIL
EJIEKTPOCIHHOKUBAHHS )KUTJIOBUX KBAPTAJIIB HA OCHOBI AJI'OPUTMIB
MAIINMHHOI'O HABYAHHA

P0o3BUTOK KIOEPDIBNYHNX CUCTEM Yy [IOEAHAHHI 3 a/IrOPUTMaMU MALLMHHOIO HaBYaHHS BIAKPUBAE HOBI MOX/MBOCTI A/1S
MPOrHO3yBaHHS Ta OMTUMI3AUI CIOXUBAaHHS €/IEKTPOCHEDITI B XUTIIOBUX PaioHax. ¥ LbOMy AOCTKEHH] By/I0 MpoaHasi30BaHo
[CHYrOHI TEXHOJTONT Ta PILIEHHS AUTS YIPAaB/IIHHA EHEPIrOCIIONUBAHHSM, BU3HAYEHO IXHI NEPEBarvt 1a HEAO/IKU. AHA/I3 10Ka3as, Lo
CyYacHi KOMEPLIWVIHI CHCTEMU B OCHOBHOMY [pU3HaYeHi abo /IS MPOMUCIIOBOIO BUKODHCTAHHS, 360 /1 IHANBIAYE/IbHOMO
CrIOXUBAHHS, HE MaloYu KOMI/IEKCHOIO I1iAX048Y AJIS KUTIIOBUX PAVIOHIB. 3arnporoHoBaHmi METO4 MpOrHo3yBaHHs Ta onTuMizalii
6a3yeTbCA HA MOPUAHNX aIrOPUTMEX MALUMHHOIO HABYaHHS. /15 MPOrHO3YBAHHS EHEPrOCIOXUBaHHS BUKOPUCTAHO KOMOIHALIO
PEKYDEHTHUX HENPOHHUX MEPEX (RNN) Ta XGBoost, /0 JO3BONISE BPaxoByBaTH SK YACOBI 3a/IEXHOCTI, TaK | HEHIVIHI gakTopu.
s ontumizauli eHEProCrioXuBaHHs peasi30BaHo KOMOIHALH0 reHeTuyHux anroputmia (IA) 1a onmumizayii poro vYactvHok (PSO),
1O 3a6€e3r1eYnsio epEKTUBHICTL OLYKY OMTUMAIIbHUX PillEHb. PO3p06/IeHa KIbEp@3nYHa CUCTEMA BKITIOYAE AaTYMKu 415 360py
AaHnX, MIKpOKOHTposepu (Raspberry Pi) 415 06pO6Ku AaHUX Ta IHTE/IEKTYa IbHI CUCTEMU LU KEPYBAaHHS €/1eKTporipuiagamu. Lie
JO3BOJISIE B PEXUMI PEAsIbHOro 4acy aHasii3yBatvi €HEDIOCIIOXWUBAHHS Ta KEPyBatu HUM, [Ti4BULYIOYM EHEDrOEPEKTUBHICTD
KUTIIOBUX DAUOHIB. EKCrIEpUMEHTa/IbHI pe3y/ibTaT MIATBEPAWIN EQEKTUBHICTL 3arIPONOHOBAHOMO 1iAXo4y, MPOAEMOHCTPYBABLIN
BUKOPUCTAHHSI. 3aIPOrOHOBAHMI METOL MAE 3HaYHM¥ NOTeHUian A/15 MacluTabyBaHHs Ta BrPOBAMKEHHS Y BE/MKUX KUT/IOBUX
KOMI/IEKCAX, CIIpUSIIOYN CTE/IOMY PO3BUTKY Ta 3MEHLIEHHIO HABAHTAXEHHS HA EHEPreTUYHI MEPEXi. TakuM 4YuHOM, pe3y/ibTatv
UbOro AOCTIWKEHHST MOXYTb OyTU BUKOPUCTAHI A/151 O[ASILIONO BAOCKOHA/IEHHS] CUCTEM EHEPrOMEHEKMEHTY, CIIPUSIHHS
EQPEKTUBHOMY BUKOPUCTAHHIO E/IEKTPOEHEDTT, 3HWKEHHS BUTPAT CIIOXUBAYIB Ta MIHIMZaLil BrmBy €HEPrETUYHUX CUCTEM HE
HaBKOJTNLLIHE CEPEAOBMULLE.

KImo4oBi  C/10Ba:  MpOrHo3yBaHHS E/1EKTPOCIIONVNBAHHS, KIOEP@I3NYHA CUCTEME, MAELUMHHE HaBYaHHs, OMTUMI3aLis
EHEPIrOCrIONXNBAHHS, LUTYYHUN IHTE/IEKT, PO3YMHI MEDEX], CEHCOPM, MIKDOKOHTPOIEDY, EHEPrOCPHEKTUBHICTL,  /IrOPUTMU
onTuMi3aLi.

Introduction
Electricity is an essential resource in the modern world, indispensable in various human activities,
including industry, medicine, transportation, and daily life. The growing demand for electricity and the need for its
efficient use have led to the necessity of implementing new technologies for monitoring, forecasting, and optimizing
electricity consumption.

MDKHAPOJIHUI HAYKOBUI XYPHAJT 135

«COMPUTER SYSTEMS AND INFORMATION TECHNOLOGIES», 2025, Ne 1


https://doi.org/10.31891/csit-2025-5-15

INTERNATIONAL SCIENTIFIC JOURNAL ISSN 2710-0766
«COMPUTER SYSTEMS AND INFORMATION TECHNOLOGIES»

One of the promising solutions in this field is the use of cyber-physical systems, which combine hardware
and software to collect, analyze, and manage energy resources [1]. Such systems consist of sensors,
microcomputers, and software algorithms that enable real-time decision-making and functionality.

With the advancement of artificial intelligence and machine learning, an increasing number of solutions are
integrating these technologies into energy management. These systems are becoming accessible not only to
industrial enterprises but also to individual users aiming to optimize their electricity consumption and reduce energy
costs.

As a result, companies are actively developing their own innovative solutions to improve electricity
efficiency, ensuring sustainable development and reducing the load on power grids.

For example, Google offers its Google Nest system, which employs machine learning technologies to
optimize energy usage in homes, particularly for temperature control and reducing energy consumption. The system
learns users' habits and adjusts accordingly, reducing heating and cooling costs [2]. Tesla’s Powerwall system
ensures efficient energy storage and optimal utilization under variable tariffs and peak loads, using machine learning
algorithms to optimize consumption based on demand forecasts [3]. Additionally, Schneider Electric has developed
the EcoStruxure platform for energy management and building automation, which uses machine learning to forecast
energy consumption and automatically adjust heating, ventilation, and air conditioning systems [4,5].

Although these systems contribute to energy savings and enhance user convenience, they are expensive and
do not provide simultaneous forecasting and optimization of electricity consumption. Moreover, these products are
designed for homes or industrial applications, lacking a comprehensive approach for residential districts.

Thus, the goal of this research is to develop and implement a method and a cyber-physical system for
forecasting and optimizing electricity consumption in residential districts. This system will use machine learning
algorithms to ensure high forecasting accuracy and effective energy management.

Selection of algorithms for forecasting electricity consumption in residential districts

Electricity consumption forecasting is a complex task that involves processing large volumes of data, such
as air temperature, humidity levels, past energy consumption patterns, and socio-economic factors. Machine
learning enhances forecast accuracy by utilizing historical data and various algorithmic approaches. Therefore, it is
essential to select the most suitable algorithms for developing a forecasting and optimization method for residential
electricity consumption [6].

Supervised Learning:

Supervised learning algorithms are the most widely used for electricity consumption forecasting.

. Linear regression is one of the simplest algorithms used to forecast electricity consumption based
on multiple parameters.

. Decision trees classify data based on decisions made at each stage and are effective in handling
large datasets.

. Support Vector Machines (SVM) can be used for both regression and classification, ensuring high
accuracy in cases of non-linear dependencies.

. XGBoost is employed for electricity consumption forecasting due to its capability to process large

datasets and effectively handle non-linear relationships [11].

Forecasting power consumption by different algerithms
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Fig. 1. Results of electricity consumption forecasting

Figure 1 illustrates the results of electricity consumption forecasting using supervised learning algorithms,
namely linear regression, decision trees, and SVM.
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Deep Learning:

For more complex and non-linear models, deep learning methods are used, particularly recurrent neural
networks (RNNs) and Long Short-Term Memory (LSTM), which are well-suited for time series analysis. LSTM
models can capture long-term dependencies in data, enabling longer-term electricity consumption forecasts. Figure 2
presents forecasting results using the LSTM algorithm.

Energy consumption forecasting with LSTM algorithm
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Fig. 2. Results of electricity consumption forecasting using the LSTM algorithm

Unsupervised Learning:

Unsupervised learning can help identify hidden patterns in data, which may be valuable for future
forecasting. Clustering algorithms, such as k-means, can detect groups of consumers with similar energy
consumption habits, aiding in consumption optimization. The application of k-means is shown in Figure 3.

Clustering of energy consumption (K-Means)
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Fig. 3. Results of electricity consumption clustering using the k-means algorithm

The presented results indicate that a hybrid algorithm combining the advantages of different approaches is
required. The best solution for electricity consumption forecasting is the hybrid model (RNN + XGBoost), which
captures both temporal dependencies (e.g., consumption variations throughout the day) and non-linear factors.

Figure 4 presents the forecasting results using XGBoost, RNN, and their hybrid combination.

Selection of algorithms for optimizing electricity consumption in residential districts

Electricity consumption optimization in residential districts involves identifying optimal energy usage
strategies while minimizing costs. Various optimization algorithms can be used for this purpose:

. Genetic algorithms (GA) simulate evolutionary processes to generate new solutions based on the
best previous ones [9].
. Particle Swarm Optimization (PSO) is an optimization technique that mimics the behavior of

particles seeking the best solution in a multi-dimensional space [10].

The results of electricity consumption optimization using the aforementioned algorithms relative to actual
consumption are shown in Figure 5.

MDKHAPOJIHUI HAYKOBUI XYPHAJT 137

«COMPUTER SYSTEMS AND INFORMATION TECHNOLOGIES», 2025, Ne 1



INTERNATIONAL SCIENTIFIC JOURNAL ISSN 2710-0766
«COMPUTER SYSTEMS AND INFORMATION TECHNOLOGIES»

Energy Consumption Forecasting

== Actual Consumption
—— XGBoost Forecast

60

—— RNN Forecast
= Hybrid (XGBoost + RNN) Forecast

%]
V]
L

Energy Consumption (kWh)
- (%]
w o

40 -
0 5 10 15 20 25 30
Days
Fig. 4. Results of electricity consumption forecasting using XGBoost, RNN, and a hybrid approach
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Fig. 5. Results of electricity consumption optimization using PSO and GA algorithms

To enhance optimization, a hybrid approach combining the speed of PSO and the reliability of GA is
preferred. Its effectiveness is demonstrated in Figure 6.

Optimization of energy consumption (GA + PSO)
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Fig. 6. Results of applying the hybrid optimization algorithm (GA + PSO)
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As a result, the method for forecasting and optimizing electricity consumption in residential districts
utilizes hybrid algorithms (RNN + XGBoost) and (GA + PSO), respectively.

Development of a method and cyber-physical system for forecasting and optimizing energy
consumption

The hardware component plays a crucial role in the method for forecasting and optimizing electricity
consumption in residential districts. The type of sensors and available connections determine the data used for
developing machine learning models. For example, Figure 7 illustrates the logic behind the creation and operation of
an electricity consumption forecasting model [6].
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Fig. 7. Logic of creating and operating an electricity consumption forecasting model

The architecture of the cyber-physical system consists of the following components:

. Sensors for measuring environmental parameters (temperature, humidity, CO2 concentration) and
monitoring energy consumption status.

o Microcontrollers (e.g., Raspberry Pi or Arduino) that collect and transmit data to the central
system for analysis. Raspberry Pi is preferable in development, as it supports machine learning applications.

. Systems for controlling electrical appliances, such as smart plugs, which can be connected to
sensor networks to regulate energy consumption in real time.

The interaction with machine learning algorithms is as follows: the data collected by sensors is processed
using machine learning algorithms to predict energy consumption and optimize its use. Forecasting models
determine expected energy consumption, while optimization algorithms adjust the operation of electrical devices.
The operation of the method and cyber-physical system is shown in Figure 8.
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Fig. 8. Method and cyber-physical system for forecasting and optimizing electricity consumption in residential districts

Conclusions
The development of cyber-physical systems combined with machine learning algorithms opens new
opportunities for forecasting and optimizing electricity consumption in residential districts. This study examined
existing technologies and solutions for energy consumption management, identifying their advantages and
disadvantages. The analysis showed that modern commercial systems are primarily designed either for industrial use
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or individual consumption, lacking a comprehensive approach for residential districts.

The proposed forecasting and optimization method is based on hybrid machine learning algorithms. For
energy consumption forecasting, a combination of recurrent neural networks (RNN) and XGBoost was used,
allowing for the consideration of both temporal dependencies and nonlinear factors. For energy consumption
optimization, a combination of genetic algorithms (GA) and particle swarm optimization (PSO) was implemented,
ensuring efficiency in finding optimal solutions.

The developed cyber-physical system includes sensors for data collection, microcontrollers (Raspberry Pi)
for data processing, and intelligent systems for controlling electrical appliances. This enables real-time energy
consumption analysis and management, improving the energy efficiency of residential districts.

Experimental results confirmed the effectiveness of the proposed approach, demonstrating high accuracy in
energy consumption forecasting and the potential for reducing electricity costs through optimized usage. The
proposed method has significant potential for scaling and implementation in large residential complexes,
contributing to sustainable development and reducing the load on energy grids.

Thus, the results of this study can be used for further improvement of energy management systems,
promoting efficient electricity use, reducing consumer costs, and minimizing the environmental impact of energy
systems.
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