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CONSTRUCTION OF EFFICIENT SOLAR POWER PLANTS ON THE 

TERRITORY OF INDUSTRIAL ENTERPRISES 

The construction of solar power plants by industrial enterprises to improve 

energy efficiency is currently a highly relevant issue. Given the large number of 

buildings with solar panels on their roofs, they could generate additional 

electricity, reducing the consumption of electricity from the general grid. Finding 

out about such opportunities and determining the feasibility of this measure 

requires a number of steps.  

First of all, it is necessary to determine the availability of locations for solar 

panels, estimate their number, energy capacity of each in terms of size and 

intensity of solar radiation. It is also necessary to find out what actual types of 

these panels can be used in such an application, their quantity and availability on 

the energy market. In addition, the configuration of the roof or the presence of 

shading effects limit the choice of the best orientation of the solar panels to 

maximise their exposure. In addition, additional climatic conditions, such as 

possible wind, rain and snow loads on the panels, will also need to be taken into 

account when choosing appropriate mounting systems and ensuring their 

durability. 

Calculations for the placement of solar panels on allocated areas of industrial 

enterprises are complicated by the fact that the they are different in size, and 

therefore the number of photovoltaic cells installed on each of them will be 

different. In addition, the panels also have different rated capacities and their 

dependence on solar radiation. This means that the algorithms for the necessary 

calculations when designing a particular SPP become more complex. 

The purpose of study [1] is to develop a methodology and algorithm for 

determining the compatibility of all possible options for placing selected types of 

solar panels in the designated areas on the territory of industrial enterprises.  

The criteria for the optimal location of solar panels can be the maximum 

amount of generation of a solar power plant, minimum fluctuations in its power 

during the day, the cost of generated electricity, etc. In order to solve such 

optimisation problems, it is proposed to first determine the set of all acceptable 

options for the location of selected types of solar panels at the allocated locations. 

Such a set can be represented as a branched graph, each branch of which is one of 

the possible options for the location of the panels. For this purpose, it is proposed 
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to use an algorithm based on a recursive function (Fig. 1), which is best suited for 

working with such structures. As a result of the proposed algorithm, a matrix of 

sets of panel types and their locations is formed. The proposed methodology and 

algorithm for determining the array of all possible combinations of solar panel 

locations can significantly simplify the process of implementing a SPP at an 

industrial enterprise and significantly increase its efficiency. 

 
Figure 1 3 Block diagram of the recursive function generate (index) [1]. 
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INTEGRATION OF ENERGY RECOVERY SYSTEMS INTO 

RENEWABLE ENERGY COMPLEXES FOR ENHANCING BUILDING 

ENERGY EFFICIENCY IN UKRAINE 

The increasing energy demand, high dependence on fossil fuels, and the 

urgent need for decarbonization require the implementation of innovative and 

sustainable energy solutions in buildings. In Ukraine, where energy efficiency 

remains a major challenge, integrating renewable energy sources (RES) with 

energy recovery systems (ERS) presents a promising approach to reduce energy 

losses and improve building performance. This study explores the technical 
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feasibility and potential benefits of combining photovoltaic (PV) systems, heat 

pumps, and heat recovery ventilation units within energy complexes designed for 

residential and public buildings. 

Introduction 

Buildings account for approximately 40% of total energy consumption in 

Ukraine, and much of this energy is lost due to outdated infrastructure, poor 

insulation, and inefficient HVAC systems. In recent years, renewable energy 

technologies4particularly solar PV and air-source heat pumps4have been 

actively introduced into building energy systems. However, to maximize the 

efficiency of these RES, additional strategies such as energy recovery must be 

employed. Energy recovery systems allow for the reuse of waste heat from exhaust 

air, greywater, or electronic equipment, reducing overall heating demand. This 

paper investigates how these systems can be integrated into RES complexes to 

support the energy transition in Ukraine. 

Objectives and Research Tasks 

The main objective is to evaluate the potential for improving energy 

efficiency in Ukrainian buildings through the integration of ERS into RES-based 

systems. The specific tasks include: 

Analyzing current ERS technologies applicable to buildings. 

Selecting optimal combinations of RES and ERS technologies for Ukrainian 

climate zones. 

Modeling energy consumption in buildings with and without ERS. 

Estimating the potential for energy savings and CO2 reduction. 

Methodology 

A simulation model of a typical Ukrainian residential building (area 120 m2) 

was developed. The model includes a 5 kW solar PV system, an air-to-water heat 

pump, and a mechanical ventilation system with a cross-flow heat exchanger for 

heat recovery. The building was modeled in two scenarios: (1) RES only and (2) 

RES + ERS. Energy performance metrics, including heating demand, self-

consumption ratio, and primary energy use, were analyzed using PV*SOL and 

RETScreen Expert. 

Results and Discussion 

Results show that integrating ERS into the RES complex significantly 

improves building performance. Key findings: 

Heating energy demand was reduced by 28% with the use of heat recovery 

ventilation. 

Indoor air temperature remained more stable in the RES + ERS scenario. 

Battery storage requirements were reduced by 12%, as more energy was 

reused internally. 

Total primary energy savings reached 47% compared to a baseline building 

without RES or ERS. 
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These improvements are particularly relevant in rural and suburban areas of 

Ukraine, where centralized heating is not available. Integrating ERS also 

contributes to decarbonization and energy independence, both critical goals for the 

national energy strategy. 

Conclusions 

The integration of energy recovery systems into renewable energy complexes 

is a technically viable and effective method to enhance the energy efficiency of 

buildings in Ukraine. The study confirms the potential for significant energy 

savings and increased system autonomy. Future work will focus on economic 

assessment and implementation of pilot projects across different climate zones. 
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TECHNICAL OPERATION OF ELECTRICAL APPARATUS AND 

MACHINERY OF THE SHIP'S ELECTRIC POWER SYSTEM 

Shipboard integrated power systems ensure continuous and efficient power 

supply to all onboard electrical consumers. They include generators, distribution 

devices, automation and control systems, as well as emergency power sources. 

Proper operation of these systems is critically important for the safety and 

efficiency of the vessel. 

Main Components of a Shipboard Power System: 

Generator units 3 provide primary and backup power supply. 

Distribution devices 3 include main and auxiliary switchboards responsible 

for power distribution. 

Automation and monitoring systems 3 control the operation of generators and 

distribution equipment. 

Emergency power supply 3 consists of emergency generators and battery 

backups for critical systems. 

Regular maintenance and diagnostics help prevent emergencies and extend 

the service life of the equipment. The main maintenance measures include: 

Inspection of insulation for cable systems and electrical equipment. 

Monitoring of voltage and frequency parameters. 

Checking the condition of generator brushes and contacts. 

Testing automatic protection and stabilization systems. 

Protection of Shipboard Power Systems Includes: 

Use of automatic circuit breakers to prevent short circuits. 
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Implementation of an emergency shutdown system. 

Integration of temperature and overload monitoring systems. 

Shipboard power systems must operate under high humidity, vibrations, and 

fluctuating loads. To ensure reliability, the following measures are applied: 

Special anti-corrosion coatings for electrical equipment. 

Voltage stabilizers to compensate for load surges. 

Vibration-isolated mounts for generators. 

The technical operation of shipboard integrated power systems requires a 

comprehensive approach to diagnostics, maintenance, and safety assurance. 

Adhering to regulatory procedures and implementing modern automation 

technologies enhances the reliability of shipboard power systems, reduces repair 

costs, and ensures uninterrupted power supply onboard. 
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JUPYTER NOTEBOOK: A TOOL FOR RESEARCHING AND 

DESIGNING POWER SYSTEMS 

In the context of rapidly evolving demands for reliability, efficiency, and 

sustainability in power systems, researchers and engineers need an integrated tool 

for modeling, analysis, and data visualization. Such a tool should enable the 

resolution of tasks like distributing loads and voltages across electrical networks; 

analyzing power losses in lines; assessing system stability under various operating 

conditions; and simulating emergency situations to identify critical nodes in the 

system. 

This tool can be Jupyter Notebook4an open and flexible environment that 

not only performs calculations but also documents the research process. 

Jupyter Notebook has several features that make it an appealing instrument 

for researching and designing power systems. 

Interactivity and Instant Feedback: 

3 Vt allows code to be executed by cells, enabling users to immediately 

observe the results of numerical computations.  

3 provides dynamic adjustment of model parameters, which is important for 

modeling transient processes and analyzing network stability. 

Users can write and execute code in segments, experimenting with data and 

algorithms in real time. This approach facilitates the prompt testing of it and rapid 

feedback from the model. 

Integration of Research in a single document: 
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3 combining mathematical models with the implementation of computational

code deepens the understanding of the decisions made; 

3 the use of LaTeX for formatting formulas and Markdown for structuring

text makes the content easy to read and ideal for creating presentations; 

Integration with Python Libraries, among the most important of these 

libraries is Pandapower 3 a specialized library for the analysis, modeling, and 

optimization of electrical networks. Pandapower enables the modeling of network 

components such as buses, lines, transformers, generators, loads, and power 

sources. All components are defined through a user-friendly API, allowing for 

flexible formation of the network topology. It performs calculations of voltage 

distribution, currents, active and reactive power throughout the network, and 

evaluates network performance under steady conditions. Pandapower is capable of 

executing short-circuit current calculations, applying optimization tools, power loss 

compute, and determining economically efficient operating modes by it. 

Pandapower also provide visualization of the electrical network. Its 

pandapower.plotting subsystem can quickly display network schematics, 

simplifying the analysis of network design and simplified comparisons of various 

alternatives. 

Furthermore, libraries such as NumPy, Pandas, and Matplotlib slove a broad 

range of additional tasks related to the research and design of power systems. 

These tasks include solving mathematical problems using numerical methods, 

processing statistical data and data from external sensors, and visualizing data. 

Thus, the combination in Jupyter Notebook of the extensive capabilities of 

Pandapower, NumPy, Pandas, Matplotlib, and the Python programming language 

itself opens up vast opportunities for:  

3 laboratory work and research projects, interactive analysis, visualization,

and scenario-based studies; 

3 collaborative research through the joint editing of Jupyter Notebook

documents, data sharing among students, postgraduates, and engineers, with fully 

documented experiments that foster creative and interdisciplinary projects;  

3 enhanced professional training by mastering modern modeling tools for

applied engineers, thereby developing skills for designing and maintaining high-

tech power infrastructure;  

3 pursuing innovative solutions by applying machine learning and

optimization algorithms; 

3 creating intelligent control systems that ensure the network operates stably

in real time. 

As a result, utilizing Jupyter Notebook for the research and design of power 

systems, with the incorporation of the Pandapower library 3 represents a powerful 

means for conducting both analytical and experimental studies, integrating 

theoretical formulations, programming code, and visual interpretations into one 

document. 
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EVALUATING THE ROLE OF HYDROGEN BACKBONE 

INFRASTRUCTURE IN GERMANY9S ENERGY SYSTEM  

Hydrogen is expected to play a key role in decarbonizing energy systems. 

The planning of hydrogen generation, transportation and storage infrastructure is 

thus a critical area of research [1]. In this study we compare the impact of the 

hydrogen backbone in Germany using the open source model MyPyPSA-Ger [2]. 

Methodology 

We use MyPyPSA-Ger, a high-resolution capacity expansion energy system 

model. In this study, Germany is represented with 32 spatial clusters and hourly 

resolution (8760 hours/year). The model follows a myopic, cost-optimization 

approach from 2020 to 2050. We compare two configurations of the energy 

system: one including the hydrogen backbone, and one without it. Industrial 

hydrogen demand is included and can be met by electrolyzers using grid 

electricity.  

Key Results  

Including the hydrogen backbone results in higher installed capacity of 

hydrogen-related infrastructure, such as electrolyzers, fuel cells, and hydrogen 

storage, as well as greater investment in OCGT, CCGT, and wind power. Despite 

the higher installed capacity, the system with the backbone results in lower total 

system costs, being approximately 15% cheaper in the final year of the simulation. 

Curtailment levels and overall technology usage remain similar in both 

configurations. 

Figure 1 compares hydrogen production across clusters in 2050. While 

hydrogen demand remains similar, the system without the backbone leads to 

decentralized production across all clusters. In contrast, the model with the 

backbone concentrates hydrogen production in northern nodes, where wind 

resources are abundant and electricity is cheaper. This centralized approach 

enables cost-effective hydrogen transport via pipelines, avoiding the need for 

expensive local electrolyzer installations in suboptimal locations. It also reduces 

the need for additional AC transmission expansion, since hydrogen demand 

represents a substantial increase in electricity demand through electrolysis. 

It is important to note that the model is myopic and operates on a yearly 

basis. For example, in 2028, when the hydrogen backbone is not yet fully 

developed, the model installs electrolyzers at all nodes with hydrogen demand to 

meet local needs. However, by 2035, when the backbone is nearly complete, the 
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model shifts its strategy and installs more electrolysis capacity in the north, 

supplying hydrogen to all demand nodes through the pipeline system. 

 
0 3 Without hydrogen backbone; b 3 With hydrogen backbone 

Figure 1 3 Hydrogen production and demand in 2050. 

 

Conclusions 

The hydrogen backbone allows a more efficient energy distribution. While 

installed capacity increases, it is strategically deployed to reduce operational costs. 

This national-level study provides valuable insights about the benefits of the 

hydrogen backbone in Germany and also a basis for future regional analyses of 

hydrogen infrastructure in Germany. 
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INDUSTRIAL ENERGY STORAGE SYSTEMS: OPTIMIZING COST AND 

SUSTAINABILITY 

Energy Storage Systems (ESS) are increasingly recognized as a vital solution 

for industrial enterprises grappling with volatile energy markets and a growing 

need for sustainable practices. By storing excess energy during off-peak hours for 

later use during peak demand, ESS helps to lower energy costs and improve the 

reliability of power supply. Significant progress in battery technology and 

sophisticated energy management software has made these systems more efficient 

and cost-effective, establishing ESS as a fundamental element of modern industrial 

strategies.  

The day-ahead market's electricity cost, being a product of supply, demand, 

and stock exchange trading, exhibits significant intraday variations. To achieve the 

greatest economic advantage from employing energy storage systems at an 

industrial facility, it is recommended to charge them during periods of inexpensive 

electricity and discharge them when the power grid experiences peak load and 

electricity prices are consequently high. Pinpointing these optimal charging and 

discharging times4specifically, the hours of minimum and maximum daily 

electricity cost4necessitates differentiating the electricity's price function and 

locating the moments where its derivative is zero. 
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Therefore, pinpointing the lowest and highest electricity prices only requires 

analyzing the rate of change of the day-ahead market's cost function. For reliable 

differentiation, a significant amount of past electricity price data needs to be 

examined to recognize repeating patterns. Statistical tools, like moving averages 

and regression analysis, can be used to smooth out variations and improve 

forecasting. Increasingly, machine learning algorithms, especially neural networks, 

are being used to predict electricity price trends and optimize when Energy Storage 

Systems (ESS) should charge and discharge. Furthermore, time-series analysis 

allows for a more accurate identification of peak and off-peak price intervals. 

Combining real-time market data with ESS management systems enables 

flexible decision-making, leading to even greater cost efficiency. Sensitivity 

analysis is also vital for evaluating how external influences, like weather and 

regulatory shifts, affect electricity price patterns. In industrial settings, optimization 

models, such as linear and dynamic programming, help fine-tune ESS operating 

strategies based on up-to-the-minute electricity tariffs. Incorporating demand 

response capabilities further increases the financial advantages of using ESS. 

Practical testing using real-world industrial examples is essential to confirm the 

accuracy of theoretical models and ensure they can be realistically implemented. 

Lastly, creating hybrid ESS structures that combine battery storage with other 

energy sources can further optimize energy use and reduce costs. 

A real-world study at an industrial site showcased significant gains in energy 

cost reduction and improved load management through optimized Energy Storage 

System (ESS) operation. Effective peak shaving, enabled by the ESS, lowered 

maximum demand charges and boosted the facility's overall energy efficiency. [4] 

These results corroborate earlier research suggesting that strategically 

implementing ESS can yield substantial economic advantages for industrial users. 

Further analysis showed that ESS deployment not only decreased electricity 

expenses but also enhanced grid stability by smoothing out demand variations. The 

findings indicated a quantifiable reduction in total energy purchasing costs due to 

charging during off-peak times and discharging during peak demand. Moreover, 

integrating ESS with real-time electricity price forecasts allowed for dynamic 

adjustments, maximizing financial returns. 

Sensitivity analysis highlighted the direct impact of fluctuating electricity 

tariffs on the economic viability of ESS, underscoring the importance of adaptable 

control strategies. Comparisons with non-optimized ESS operations revealed that 

strategic scheduling could increase savings by as much as 20%. Furthermore, 

lower transmission and distribution costs resulted from reduced peak demand, 

further improving cost efficiency. The study also found that ESS usage lessened 

the impact of power outages, improving operational reliability in industrial 

processes. Environmental advantages were also noted, with a decreased 

dependence on fossil fuel power generation during peak hours. These findings 

support the wider adoption of ESS in industrial applications as a practical approach 
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to cost reduction and energy optimization. Future studies should investigate the 

long-term performance of ESS under different market conditions to further refine 

operational strategies. 

By integrating advanced optimization techniques with comprehensive energy 

management strategies, businesses can achieve substantial cost reductions and 

contribute to a more sustainable energy future. Moreover, strategic ESS (Energy 

Storage System) utilization enhances grid stability and reduces peak demand, 

leading to lower operational costs. Studies highlight the importance of real-time 

electricity price forecasting in maximizing financial benefits and optimizing energy 

consumption. Additionally, they confirmed that integrating ESS with demand 

response mechanisms improves overall energy efficiency and resilience in 

industrial settings. 

The reduction in electricity procurement costs, combined with minimized 

transmission and distribution fees, underscores the economic feasibility of ESS 

deployment. Furthermore, environmental benefits, such as decreased reliance on 

fossil fuel-based energy during peak hours, support the broader adoption of ESS as 

a sustainable solution. Sensitivity analysis revealed that adapting ESS operation to 

market fluctuations is essential for long-term profitability and efficiency. Future 

research should focus on refining predictive algorithms and exploring hybrid ESS 

solutions to enhance system performance. Implementing machine learning 

techniques could further improve energy scheduling and cost-effectiveness. 

Overall, this study reinforces the potential of ESS to transform industrial energy 

management by reducing costs, improving reliability, and supporting sustainability 

initiatives. 
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USE OF MICROGRID SYSTEMS IN THE ENERGY SECTOR 

As the world transitions towards more sustainable and resilient energy 

systems, microgrids have emerged as a crucial component of modern electrical 

infrastructure. A microgrid is a localized energy system that can operate 

independently or in conjunction with the main power grid. The growing interest in 

microgrids is driven by their ability to enhance energy reliability, support 

renewable energy integration, and improve grid resilience. This paper explores 

why microgrids are gaining popularity, the scientific advancements in the field, 

and their role in the future of energy systems. 

A microgrid is a local intelligent power grid. It is a combination of electricity 

generation systems from renewable energies such as solar and wind power or 

combined heat and power plants as well as energy storage systems to form a local 

grid. All components are connected to local consumers via a bidirectional cable 

and communication network and software. Microgrids can operate autonomously 

and therefore independently of the Smart Grid (off-grid) and maintain a 

decentralised and local power supply. Or they can be integrated into a smart grid as 

a single unit [1]. 

Depending on the fluctuating availability of electricity from renewable 

energy sources, they use intelligent control software to ensure security of supply 

and resilience. The software is programmed in such a way that it can switch off 

large consumers when power availability is low or send them a signal when they 

are allowed to connect to the grid. Important basic functions at this local level, 

such as lighting, water supply and telecommunications, are prioritised. 

Microgrids' ability to function independently and cut off from the main grid 

in the event of an outage is its greatest resilience advantage. As a result, during an 

outage, facilities that are powered by and connected to the microgrid can continue 

to serve a community. The social and financial consequences of disruptive events 

can be lessened by the capacity to continue supplying vital loads, such as grocery 

stores or medical institutions [2]. 

Beyond the advantages of energy resilience, microgrids might potentially be 

able to offer the following other advantages, depending on their constituent parts. 

Microgrids that employ renewable energy sources can improve the environment by 

lowering air pollution and greenhouse gas emissions. 

However, microgrids are just one way to improve the energy resilience of an 

electric grid and they do have some potential disadvantages [3]: depending on the 

complexity, microgrids can have high upfront capital costs; microgrids are 
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complex systems that require specialized skills to operate and maintain; microgrids 

include controls and communication systems that contain cybersecurity risks. 

Researchers and engineers are continuously working to enhance microgrid 

technology in several key areas: 

" advanced control systems: scientists are developing AI-driven and 

machine learning-based algorithms to optimize energy distribution and storage 

within microgrids; 

" energy storage solutions: new battery technologies, such as lithium-ion 

and solid-state batteries, are improving energy storage capabilities, making 

microgrids more reliable; 

" Smart Grid integration: the incorporation of smart meters and IoT devices 

enables real-time monitoring and management of microgrid performance; 

" peer-to-peer energy trading: blockchain technology is being explored to 

facilitate decentralized energy transactions within microgrids, allowing consumers 

to buy and sell electricity efficiently. 

Despite their numerous benefits, microgrids face challenges such as high 

initial costs, regulatory barriers, and technical complexities in grid integration [4]. 

However, with continued research and policy support, microgrids are expected to 

become more widespread. Future developments in energy storage, artificial 

intelligence, and decentralized finance could further enhance their efficiency and 

accessibility. 
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MODERN APPROACHES TO THE DEVELOPMENT OF POWER 

NETWORKS AND SYSTEMS  

Modern energy systems are undergoing a significant transformation due to 

the development of technologies, decentralization of energy supply, integration of 

renewable energy sources, and increasing demands for the reliability and flexibility 

of power grids. 

Trends in the development of power networks: 

3 Digitalization of networks: the use of smart meters, control systems 

(SCADA), sensors, and IoT technologies; 

3 Decentralization: the transition from centralized generation to microgrids 

and local energy sources; 

3 Integration of RES (renewable energy sources): solar, wind, and bioenergy 

installations require grid adaptation to unstable generation; 

3 Energy storage: the use of battery systems to balance the load; 

3 Flexible demand-side management (DSM). 

Smart Grid 

Smart Grid is an "intelligent network" that includes: 

3 two-way communication between consumers and suppliers; 

3 integration of distributed energy sources; 

3 increased efficiency, reliability, security, and resilience. 

Microgrids 

Microgrids are local energy systems that can operate autonomously or as part 

of a general network. They enhance energy security, especially in critical 

infrastructure. 

The role of artificial intelligence and big data: 

3 demand and generation forecasting; 

3 optimization of load and network management; 

3 real-time detection of faults and malfunctions. 

With the advancement of digitalization, the probability of cyberattacks 

increases, making data protection, secure information transmission, and system 

backup crucial. 

Challenges and prospects: 

3 modernization of outdated infrastructure; 

3 integration of new technologies with minimal costs; 

3 increased resilience to climate change and emergency situations. 
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Modern power networks are complex and dynamic systems that require 

innovation, flexibility, and high reliability. The transition to Smart Grid and the 

development of microgrids are key steps toward the energy systems of the future. 
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ENERGY SAVING AS A WAY OF ACHIEVING ENERGY 

INDEPENDENCE 

The growth of economic indicators of the world economy leads to a gradual 

increase in the consumption of energy resources. Energy consumption by 2035 will 

increase by almost a third - from 13.1 billion tons of oil equivalent in 2015 to 17.3 

billion tons in 2035. At the same time, in Ukraine, total energy consumption will 

increase by 7% - from 90 to 96 million tons of oil equivalent, experts predict. 

The current electricity tariff for the population of 4.32 UAH/kWh does not 

cover its full cost, so the difference is compensated by state-owned enterprises 

such as Energoatom and Ukrhydroenergo. 

Energy conservation is an activity aimed at the rational use and economic 

consumption of primary and conversion energy and natural energy resources in the 

national economy, carried out using technical, economic and legal methods. 

In Ukraine, the first law on <energy conservation= appeared in 1994 after 

gaining independence. Rising electricity prices at the tap force users of certain 

services to look for alternatives to what they are used to. This leads to a greater 

demand for energy-saving solutions, such as LED lighting, building insulation, 

<Smart House= technologies, solar panels, and so on. The tariff and price of 

electricity are an incentive to save energy. Users are starting to save, but are 

looking for smart ways. Society is looking for other equipment or materials to save 

their own money profitably. When the price of thermal energy in the country 

increases, people start to insulate the premises in order to consume less thermal 

energy and pay less. 

The economic prerequisites for building new coal and gas-fired capacities are 

disappearing, as high-capacity batteries take over the main function of these 

capacities - to generate the maximum amount of electricity during peak load. 

Energy efficiency is the prudent, careful use of our planet's energy resources. 

An increasing number of users are also choosing energy-saving household 

appliances for their homes. The gradation of consumer properties of the product 

consists of 10 stages and shows both the most economical options (from A to A 

+++) and the most expensive (G). Optimized electricity consumption and 
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information about the energy consumption class are one of the most important 

ways to avoid waste. . It is the low tariff in Ukraine from 23:00 to 7:00 at night that 

allows users to increase demand for consumption during these hours through low 

prices. More and more households, small and medium-sized businesses are getting 

out of this situation by installing solar panels, wind turbines, they provide 

renewable energy to power electrical appliances and heat buildings. Battery energy 

storage systems help accumulate electricity, making consumers less dependent on 

the central energy grid. Also, consumers of private homes and small businesses 

began purchasing generators at the beginning of 2022 to meet their own needs and 

function during blackouts. 
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ANALYSIS OF MODERN ENERGY STORAGE METHODS FOR 

RENEWABLE SOURCES 

The increasing global focus on renewable energy sources (RES), such as 

solar, wind, and hydroelectric power, has led to a growing need for efficient energy 

storage solutions. These renewable sources are intermittent, meaning their energy 

production is not constant, making energy storage crucial for grid stability and 

energy reliability. This article provides a brief overview of the current energy 

storage technologies used for renewable energy applications. 

1. Batteries. Batteries are the most common and well-known method of 

energy storage. Among the most widely used are lithium-ion batteries, which offer 

high energy density, long lifespan, and relatively fast response times. These 

batteries are typically used in both residential and industrial applications, providing 

storage for excess energy generated during periods of high production. However, 

the high cost of lithium-ion batteries and environmental concerns regarding their 

disposal remain challenges to their widespread use. 

Other battery technologies include sodium-ion, flow batteries, and solid-state 

batteries, which are being researched for their potential to provide lower-cost, more 

sustainable energy storage options. For instance, flow batteries are suitable for 

large-scale storage due to their ability to store large amounts of energy for 

extended periods, although their energy density is lower than that of lithium-ion 

batteries. 

2. Pumped Hydro Storage (PHS). Pumped hydro storage is one of the oldest 

and most established methods of large-scale energy storage. It works by pumping 

water from a lower reservoir to an upper one during periods of low energy demand 
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and then releasing the water through turbines to generate electricity when demand 

is high. While this method offers high energy storage capacity and long discharge 

durations, its geographical limitations and environmental impact make it unsuitable 

for all locations. 

3. Compressed Air Energy Storage (CAES). Compressed Air Energy Storage 

(CAES) involves storing compressed air in underground caverns or other sealed 

containers. When electricity is needed, the compressed air is released, heated, and 

expanded to generate power through turbines. CAES can be implemented at a 

larger scale than batteries and has the potential for high efficiency and cost-

effectiveness. However, the technology is still limited by the availability of 

suitable sites for underground storage and the energy losses in the compression and 

expansion processes. 

4. Thermal Energy Storage (TES). Thermal energy storage involves storing 

energy in the form of heat, which can later be converted to electricity or used 

directly for heating. Molten salt is a commonly used material for storing heat in 

concentrated solar power (CSP) plants. The salt is heated by the solar energy 

collected, and the stored heat is later used to generate steam for electricity 

production. Thermal storage is particularly useful in solar power applications 

where energy generation is often needed during periods without sunlight. 

5. Hydrogen Storage Hydrogen storage is an emerging technology in the 

renewable energy field. Surplus renewable energy can be used to produce 

hydrogen through electrolysis, splitting water into hydrogen and oxygen. The 

hydrogen can be stored and later converted back to electricity in fuel cells or used 

directly as fuel in various industries. This technology offers high energy density 

and long-term storage capacity, though it is still in the early stages of development, 

with challenges regarding storage, transportation, and overall efficiency. 

6. Flywheel Energy Storage. Flywheel energy storage systems use a rotating 

mass (flywheel) to store mechanical energy. The flywheel is accelerated to a high 

speed using electricity, and the energy is stored in its rotational motion. When 

energy is needed, the flywheel9s rotational speed is decreased, converting 

mechanical energy back into electricity. Flywheels offer fast response times and 

high cycle efficiency, making them ideal for short-term energy storage and 

stabilizing grid frequency. However, they are limited by their energy storage 

capacity and duration. 

Conclusion. The need for efficient energy storage solutions is critical as the 

world transitions to renewable energy sources. While technologies like batteries 

and pumped hydro are already in use, emerging technologies such as hydrogen 

storage, flywheels, and thermal storage hold promise for the future. Each storage 

method has its strengths and limitations, and their widespread adoption will depend 

on continued research, technological advancements, and the integration of storage 

systems into modern energy grids. The future of energy storage will play a key role 
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in enabling the full potential of renewable energy, ensuring reliability and 

sustainability in the global energy landscape. 
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INNOVATIVE IDEAS IN THE USE OF SOLAR COLLECTORS 

Modern technologies in alternative energy are developing rapidly, and one of 

the key elements of this process is thermal collectors. They efficiently store solar 

energy for heating water, warming buildings, and other needs. Thanks to 

innovative materials, automated control systems, and integration with other energy 

solutions, their efficiency and environmental benefits have significantly increased. 

One of the most important areas of improvement is reducing heat loss and 

optimizing design. The use of reflective concentrators and vacuum tubes increases 

efficiency, allowing effective use of even diffused sunlight. 

Table 1 3 "f changes in solar collector efficiency with the advent of new 

technologies 

Year Collector Type Technology Efficiency (%) 

2000 Flat Plate Collector No Selective Coating ~40% 

2005 Flat Plate Collector Selective Coating ~55% 

2010 Vacuum Tube Collector Basic Model ~60% 

2015 Vacuum with Heat Pipe Enhanced Insulation ~70% 

2020 Vacuum + CPC Reflectors Concentrated Energy ~75% 

2023 Hybrid PVT Collector 
Combined (Heat + 

Electricity) 
~80% 

2025 Nanocoating, Tracking 
Intelligent Control 

Systems 
~85% 

 

Modern collectors are made with nanomaterials that provide better insulation 

and high resistance to external conditions. Selective coatings help absorb 
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maximum energy while reducing heat loss. The use of polymer components lowers 

weight and production costs without reducing efficiency. Another important aspect 

is combining thermal collectors with modern energy technologies such as heat 

pumps, energy storage systems, and smart grids. This allows heat to be stored in 

special tanks and used during peak demand. Integration with hybrid systems that 

include solar panels helps make the most of renewable energy sources. 

The introduction of Internet of Things (IoT) technologies and artificial 

intelligence (AI) significantly improves the performance of thermal collectors. 

Sensors that measure temperature, humidity, and sunlight levels allow systems to 

automatically adjust, reducing energy waste and increasing productivity. Remote 

monitoring and control through mobile applications enable users to track energy 

consumption in real time. Innovations also contribute to environmental safety. The 

use of eco-friendly materials and technologies helps reduce CO2 emissions. At the 

same time, recycling programs for old collectors help reduce waste and reuse 

valuable materials. 

The modernization of thermal collectors focuses on improving efficiency, 

minimizing energy loss, integrating with other technologies, and automating 

operations. 

The use of advanced materials, digital solutions, and environmentally 

friendly approaches makes them an important part of renewable energy 

development. 

Thanks to these advancements, they continue to improve, supporting 

sustainable growth and reducing dependence on traditional energy sources. 
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Today, Ukraine remains heavily dependent on fossil fuels, which accounted 

for around 70% of its primary energy supply in 2020. The Russian invasion led to 
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the occupation of the Zaporizhzhia NPP and about 44% of thermal capacity, along 

with the destruction of critical infrastructure, resulting in a sharp drop in energy 

supply. Electricity demand fell by 40% by October 2022. 

Given Ukraine9s high untapped renewable potential, bioenergy, hydropower, 

solar, and wind could form the foundation of its future energy system, contributing 

nearly 80% of total energy production by 2050. With strategic investments and 

complemented by nuclear power, renewable energy can drive Ukraine towards a 

carbon-neutral future. These conclusions stem from UNECE's pathway scenarios 

based on the Carbon Neutrality Toolkit, published ahead of the Ukraine Recovery 

Conference (London, 21322 June). 

Renewable energy development alone can reduce fossil fuel dependence and 

boost energy security. Achieving carbon neutrality, however, requires major shifts: 

a gradual fossil fuel phase-out, enhanced energy efficiency, and increased use of 

modern bioenergy. 

Ukraine9s energy intensity is 334 times higher than the EU average, driven 

by high heating demand, energy-intensive industry, and outdated infrastructure. By 

implementing energy efficiency measures and electrification, Ukraine could slow 

demand growth and cut energy intensity by up to 60% by 2050. 

Economy-wide decarbonization is key. The report estimates a potential fossil 

fuel reduction of 93% in transport, 97% in industry, and nearly 100% in buildings 

by 2050. This large-scale transition could double electricity demand. 

In addition, the transition to a carbon-neutral energy system will increase the 

resilience and independence of Ukraine9s energy system. The report envisages a 
scenario of transition to domestic renewable energy sources and low-emission 

technologies, which will make Ukraine self-sufficient in terms of primary energy, 

reaching 98% by mid-century. This transformation will not only contribute to 

energy security, but also mitigate the impact of regional and global energy crises 

on Ukraine. 

In the long-term (post-war) perspective, large-scale development of "green" 

generation and creation of a new model of Ukraine's energy sector will be possible 

provided that: 

1. Adoption of clear National Strategies for the development of RES, 

renewable hydrogen production and offshore wind energy. Revision of the Energy 

Strategy until 2035, taking into account the replacement of decommissioned 

generation capacities with new ones with the associated increase in energy storage 

capacities. Adoption of the Energy Strategy of Ukraine until 2050; 

2. Setting ambitious goals for the development of renewable energy sources 

that will be in line with the current EU energy policy, namely to achieve at least a 

50% share of renewable energy sources in Ukraine's electricity balance by 2030 

(taking into account large-scale hydroelectric power plants) and achieving a 

carbon-free economy by 2050; 
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3. Conducting international communication campaigns to encourage 

international strategic and financial investors to enter the Ukrainian renewable 

energy market; 

4. Introducing new market mechanisms to stimulate the development of 

renewable energy, including <green= auctions, corporate PPAs, contracts for 
difference, etc.; 

5. Ensuring the development of the renewable hydrogen market, namely: 

Provide guarantees of hydrogen origin, review the carbon tax and increase it; 

Check and technically justify the possibility of using the Ukrainian GTS, 

localize hydrogen production projects, connect them to the GTS;  

Ensure the implementation of national hydrogen projects; 

Build a reliable infrastructure for the production, consumption and export of 

renewable hydrogen; 

Stimulate scientific organizations for research in the field of hydrogen 

technologies; 

6. Research the potential and develop an appropriate legislative framework 

for the construction of hybrid power plants with renewable energy sources; 

7. Ensuring the reliable functioning of the energy infrastructure, carrying out 

the necessary modernization measures, reducing breakdowns and accidents. 
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5:A?;C0B0FVR B0 B5E=VG=5 >1A;C3>2C20==S 5;5:B@8G=8E <5@56 V CAB0=>2>:. 

� ':@0W=V 5;5:B@><>=B06=V @>1>B8 @53C;RRBPAS =87:>R =>@<0B82=8E 
4>:C<5=BV2, S:V 2:;RG0RBP 45@602=V AB0=40@B8, 1C4V25;P=V =>@<8 B0 V=HV 
B5E=VG=V @53;0<5=B8. �>B@8<0==S F8E 28<>3 T >1>29S7:>28< 4;S 70157?5G5==S 
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@>1>B8. "A=>2=V ��!, I> AB>ACRBPAS 5;5:B@>CAB0=>2>:, 2:;RG0RBP =0ABC?=V 
=>@<0B828.  

��! �.2.5-23:2010 <#@>5:BC20==S 5;5:B@>>1;04=0==S >19T:BV2 
F82V;P=>3> ?@87=0G5==S". *59 4>:C<5=B <VAB8BP >A=>2=V 28<>38 4> 
?@>5:BC20==S 5;5:B@>>1;04=0==S 2 68B;>28E V 3@><04AP:8E 1C4V2;SE. �V= 
>E>?;RT 28<>38 4> 281>@C B0 @>7B0HC20==S 5;5:B@>>1;04=0==S, :>=DV3C@0FVW 
5;5:B@>?>AB0G0==S, >A2VB;5==S, 0 B0:>6 70E8ABC 2V4 :>@>B:>3> 70<8:0==S B0 
V=H8E 020@V9=8E A8BC0FV9.  
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5;5:B@>CAB0=>2>: C 1C48=:0E, 2:;RG0RG8 28<>38 4> A8AB5< 
5;5:B@>?>AB0G0==S, @>7?>4V;C, 70E8ABC B0 02B><0B870FVW. �>:C<5=B B0:>6 
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5;5:B@8G=8E <5@56, I> 70157?5GCRBP 5;5:B@>?>AB0G0==S 1C4V25;P V A?>@C4. 
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�A=CRBP <V6=0@>4=V AB0=40@B8 (IEC, ISO):  V6=0@>4=0 5;5:B@>B5E=VG=0 
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70<8:0=P B0 V=H8E 020@V9=8E @568<V2.  

IEEE 1100 3 %B0=40@B 4;S 5;5:B@><03=VB=>W AC<VA=>ABV (EMC) 
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AC<VA=>ABV 5;5:B@>==8E B0 5;5:B@8G=8E ?@8AB@>W2, 2:;RG0RG8 <>=B06=V 
@>1>B8.  

IEEE 519 3 �0@<>=VG=89 :>=B@>;P 2 5;5:B@8G=8E A8AB5<0E: AB0=40@B 
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ACG0A=8< B5E=>;>3VS<, 7>:@5<0 <>1V;P=8< 4>40B:0< B0 3>;>A>28< 
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�V4=>2;R20;P=V 465@5;0 5=5@3VW. %>=SG=V ?0=5;V B0 2VB@>2V 35=5@0B>@8 
=01C20RBP 2A5 1V;PH>W ?>?C;S@=>ABV 2 ':@0W=V. �AB0=>2;5==S A8AB5< 
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5:>;>3VG=> G8ABV B5E=>;>3VW, V FS B5=45=FVS ?@>4>26CT =018@0B8 >15@BV2.  

�=5@3>715@V30RGV B5E=>;>3VW. �=5@3>715@V30RGV ?@8AB@>W B0 A8AB5<8 
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5=5@3VR B0 7=878B8 @V25=P 28:84V2 2C3;5FR 2 0B<>AD5@C. � :>6=8< @>:>< 2A5 
1V;PH5 A?>6820GV2 >18@0RBP 5=5@3>5D5:B82=V ?@8AB@>W, I> AB0;> AB0=40@B>< 
4;S =>28E 1C4V25;P B0 2 ?@>F5AV ?@>2545==S @5<>=B=8E @>1VB.   

�V4:@8BV 5;5:B@><>=B06V. ' ACG0A=8E 48709=5@AP:8E @VH5==SE 2A5 
G0ABVH5 28:>@8AB>2CRBPAS 2V4:@8BV 5;5:B@><>=B06V, S:V 0:F5=BCRBP C203C =0 
AB8;V B0 V=482V4C0;P=>ABV V=B5@9T@C. �;5<5=B8 5;5:B@>?@>2>4:8, 2:;RG0RG8 
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�57?5:0 V 02B><0B870FVS. �V 7@>AB0==S< ?>?C;S@=>ABV V=B5;5:BC0;P=8E 
A8AB5<, 206;82VABP 70157?5G5==S 157?5:8 B0:>6 =01C20T ?5@H>G5@3>2>3> 
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28B@0B8 B0 157?5:C V=D@0AB@C:BC@8. �V4<>28 B@0=AD>@<0B>@V2 ?@872>4SBP 4> 
020@V9=8E 2V4:;RG5=P, 2V4=>2;R20;P=8E @>1VB V7 7=0G=8<8 DV=0=A>28<8 
28B@0B0<8, 0 V=>4V 9 4> 5:>;>3VG=8E 703@>7 (=0?@8:;04, 28BV: 
B@0=AD>@<0B>@=>3> <0A;0). �3V4=> 7 4>A;V465==S<8, 1V;PHVABP 2V4<>2 
28=8:0RBP G5@57 2=CB@VH=V 45D5:B8, S:V <>6=0 70?>1V3B8 702G0A=>. &><C 
0=0;V7 ?@8G8= ?>H:>465=P B@0=AD>@<0B>@V2, @>7@>1:0 ?@>DV;0:B8G=8E 
70E>4V2 B0 24>A:>=0;5==S WE :>=AB@C:FVW T :@8B8G=> 206;828<8 4;S ACG0A=>W 
5=5@35B8:8. 

 5B>R 4>A;V465==S 1C;> ?@>2545==S :><?;5:A=>3> 0=0;V7C >A=>2=8E 
?@8G8= 2V4<>2 B0 ?>H:>465=P A8;>28E B@0=AD>@<0B>@V2 7 ?>40;PH>R 
@>7@>1:>R @5:><5=40FV9 4;S ?V428I5==S WE =04V9=>ABV B0 5D5:B82=>ABV 
5:A?;C0B0FVW. 

�>A;V465==S 107C20;8AP =0 0=0;V7V AB0B8AB8:8 2V4<>2 A8;>28E 
B@0=AD>@<0B>@V2, 7V1@0=>W 7 =0C:>28E ?@0FP B0 40=8E !�# «�&�-%5@2VA».  

�;S ?@>2545==S 0=0;V7C >A=>2=8E ?@8G8= 1C;> 284V;5=> G>B8@8 
:0B53>@VW 40=8E. �45=B8DV:0FVS >1;04=0==S (B8?, @V: 283>B>2;5==S). 
)0@0:B5@8AB8:8 B@0=AD>@<0B>@0 (?>BC6=VABP, A8AB5<0 >E>;>465==S, B8? 
<0A;0). '<>28 28=8:=5==S =5A?@02=>AB59 (=020=B065==S, AB@>: 
5:A?;C0B0FVW). !0A;V4:8 2V4<>2 (<VAF5 ?>H:>465==S, ?@8G8=8, 70E>48 
CAC=5==S). 

�C;> 2AB0=>2;5=>, I> =09G0ABVHV 3@C?8 2V4<>2 2:;RG0RBP. 
#>H:>465==S V7>;SFVW (25,5%) 4 28:;8:0=V B5?;>28<8 2?;820<8, 
>:8A=5==S<, 2>;>3VABR. #><8;:8 ?@>5:BC20==S B0 <>=B06C (23,4%) 4 A;01:V 
:@V?;5==S, =87P:0 ABV9:VABP 4> :>@>B:8E 70<8:0=P. �01@C4=5==S <0A;0 
(4,26%) 4 =0:>?8G5==S H;0<C, 2C3;5FR. #5@520=B065==S (5,32%) 4 

5:A?;C0B0FVS 28I5 ?0A?>@B=8E ?0@0<5B@V2.  5@5652V ?5@5=0?@C38 (4,26%) 4 

:><CB0FV9=V A?;5A:8, AB@81:8 =0?@C38. &0:>6 7=0G=89 2=5A>: C 2V4<>28 
2=>ASBP: ?>3V@H5==S :>=B0:B=8E 79T4=0=P (6,38%), ?><8;:8 >1A;C3>2C20==S 
(5,32%) B0 ?>B@0?;S==S 2>;>38 (2,12%). 
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B@0=AD>@<0B>@0. "1<>B:8 (45-49% 2V4<>2) 4 G5@57 <5E0=VG=V =020=B065==S, 
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�8A>:>2>;PB=V 22>48 (17-19%) 4 :>@>7VS, ?5@53@V28. #@8AB@>W $#! (9-26%) 

4 7=>A :>=B0:BV2, 701@C4=5==S <0A;0. 
&0:8< G8=><, ?@V>@8B5B=8<8 B0 =09:@8B8G=VH8<8 ?@8G8=8 2V4<>2 T 

?>H:>465==S V7>;SFVW B0 ?><8;:8 ?@>5:BC20==S. �>=8 ?>29S70=V 7V AB0@V==S< 
<0B5@V0;V2, =54>AB0B=V< @>7@0EC=:>< =020=B065=P B0 =87P:>R S:VABR 
28@>1=8FB20. �:B82=V :><?>=5=B8 (>1<>B:8, <03=VB=0 A8AB5<0) ?>B@51CRBP 
>A>1;82>W C2038 G5@57 WE=R 2@07;82VABP 4> 48=0<VG=8E =020=B065=P.  

�?;82 7>2=VH=VE D0:B>@V2 >1C<>2;RTBPAS <5@56528<8 ?5@5=0?@C38 B0 
2>;>3VABP ?@8A:>@RRBP 453@040FVR V7>;SFVW. �01@C4=5==S <0A;0 7=86CT 9>3> 
V7>;SFV9=V 2;0AB82>ABV, I> ?@872>48BP 4> 2=CB@VH=VE ?@>1>W2. 
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SYNETSKYI A.V., KOTSUR I.M. 

RESEARCH ON ELECTROMAGNETIC PROCESSES IN A HIGH-

VOLTAGE ASYNCHRONOUS ELECTRIC DRIVE 

The application of an automated, regulated electromechanical system is 

considered the most relevant and effective means of energy conservation. The main 

energy losses (up to 90%) occur in the energy consumption sector, where the 

primary efforts for the rational use of electricity should be concentrated. Elec-

tromechanical systems in all developed countries consume up to 70% of the total 

electricity produced. The most significant energy savings can be achieved by using 

regulated electromechanical systems in combination with the automation of 

technological processes. For example, one of the most energy-intensive electro-

mechanical systems is the main ventilation fans in coal mines. The average in-

stalled capacity of electromechanical systems for fans ranges from 1000 to 1600 

kW, while the most powerful installations reach up to 4000 kW. As a drive motor 

in such systems, asynchronous motors with a wound rotor (AMWR) are used. 

Therefore, electromechanical systems with AMWR are of particular interest to-

day, as they are widely used in hoisting and transport mechanisms, as well as in 

conveyor systems. The use of smooth regulation in modern electromechanical 

systems significantly reduces electricity consumption, mechanical loads, and wear 

of mechanism components, which substantially increases system reliability. 

The aim of this work is to study the electromagnetic processes in the circuit 

of the phase rotor of a high-voltage induction motor connected to the network 

through a step-up converter, to determine the parameters of the converter and their 

relationship with the voltage gain to ensure the optimal level of energy effi-ciency 

of the electromechanical system. 
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As a result of the conducted research, a methodology has been proposed for 

determining the gain coefficient of the converter and the parameters of the rotor 

circuit of the electromechanical system. This methodology allows for the deter-

mination of the transformation ratio of the matching transformer at the optimal 

gain coefficient for voltage. The proposed approach can be applied in modeling 

complex high-power high-voltage electromechanical systems, particularly for 

stationary industrial fan installations. The conditions for the fault-free operation of 

the inverter at the startup moment of the electromechanical system have been 

determined. Achieving these conditions is ensured by determining the delay of the 

control signal to the power switches of the boost-type converter inverter. A 

relationship has been established between the voltage gain coefficient and the 

equivalent resistance of the rotor circuit of the electromechanical system, which 

ensures the matching of the rotor's electromotive force (EMF) with the supply 

network voltage while maintaining a high level of energy efficiency in the elec-

tromechanical system. 

 

 

'�� 621.365:536.24:621.3.01.7 
&RBR==8: ".�.1, /@8<10H �.%.2 

1 0A?. !' «�0?>@V7P:0 ?>;VB5E=V:0» 
2 4-@ B5E=. =0C:, ?@>D !' «�0?>@V7P:0 ?>;VB5E=V:0» 

&.&.!!�� ".�., /$� ��, �.%. 
 "���.��!!/ &�#�"��) #"��� � ����&$"���0*�!�&"$� 

"4=8< V7 :;RG>28E =0?@S<V2 @>728B:C 5;5:B@>4=>W ?@><8A;>2>ABV 2 
ACG0A=8E C<>20E T ?V428I5==S 5=5@3>5D5:B82=>ABV 28@>1=8FB20. *5 
?>29S70=> 7 3;>10;P=8<8 28:;8:0<8: 7@>AB0==S< 20@B>ABV 5=5@3>=>AVW2, 
?>B@51>R 7<5=H5==S 2C3;5F52>3> A;V4C B0 ?5@5E>4>< 4> ?@8=F8?V2 ESG 
(5:>;>3VS, A>FV0;P=0 2V4?>2V40;P=VABP, :>@?>@0B82=5 C?@02;V==S). 

�8:>@8AB0==S 5;5:B@>:0;F8=0B>@0 4;S >B@8<0==S 3@0DVB>20=>3> 
=0?>2=R20G0 5;5:B@>4V2 (3@0DVB>20=>3> :>:AC) 4>72>;ST 2V4<>28B8AS 2V4 
?@><V6=8E 5B0?V2, I> 7<5=HCT 28B@0B8, A:>@>GCT B@C4><VAB:VABP B0 7=86CT 
28:848 CO¢; ?V428ICT S:VABP ?@>4C:FVW G5@57 B>G=VH89 :>=B@>;P ?0@0<5B@V2 
3@0DVB0FVW. �;S ?V428I5==S 5=5@35B8G=>W 5D5:B82=>ABV 28@>1=8FB20 
5;5:B@>4=>W ?@>4C:FVW ?>B@V1=0 @>7@>1:0 =>28E B5E=VG=8E @VH5=P 4;S 
?@>F5AC 3@0DVB0FVW 2 5;5:B@>:0;PF8=0B>@V. +5@57 A:;04=VABP ?@>2545==S 
5:A?5@8<5=B0;P=8E 4>A;V465=P C 28@>1=8G8E C<>20E 0:BC0;P=>R T 7040G0 
@>7@>1:8 =>28E @VH5=P =0 >A=>2V <0B5<0B8G=>3> <>45;R20==S. 

 5B>R @>1>B8 1C;0 @>7@>1:0 5;5:B@>B5?;>2>W <>45;V, S:0 2V4>1@060T 
:>=AB@C:FVR 5;5:B@>:0;PF8=0B>@C, =5;V=V9=VABP <03=VB=8E V B5?>DV78G=8E 
2;0AB82>AB59 9>3> A:;04>28E B0 WW @50;V70FVS =0 >A=>2V <5B>4C A:V=G5==8E 
5;5<5=BV2. 



72 

 C;PB8DV78G=0 <0B5<0B8G=0 <>45;P A:;040TBPAS 7 A8AB5<8 @V2=S=P, I> 
>?8ACRBP 5;5:B@><03=VB=5 B0 B5?;>25 ?>;5. �;S >?8AC 5;5:B@><03=VB=8E 
?@>F5AV2 28:>@8AB>2C20;>AP :207VAB0FV>=0@=5 =01;865==S @V2=S=P  0:A25;;0 
(4;S =87P:8E G0AB>B): @V2=S==S 70:>=C "<0, @V2=S==S 157?5@5@2=>ABV AB@C<C 
B0 729S7:C =0?@C65=>ABV 5;5:B@8G=>3> ?>;S 7 5;5:B@8G=8< ?>B5=FV0;><. �;S 
>?8AC B5?;>2>3> ?>;S 28:>@8AB>2C20;>AP @V2=S==S B5?;>?@>2V4=>ABV 7 
465@5;>< B5?;0. �2'S7>: <V6 ?>;S<8 2AB0=>2;R202AS 70 B5<?5@0BC@=8<8 
70;56=>ABS<8 5;5:B@8G=>W ?@>2V4=>ABV B0 B5?;>?@>2V4=>ABV V 70;56=VABR 
�6>C;52>3> B5?;0 2V4 @>7?>4V;C AB@C<C.  0B5<0B8G=0 <>45;P 4>?>2=R20;0AP 
2V4?>2V4=8<8 3@0=8G=8<8 B0 ?>G0B:>28<8 C<>20<8. 

$50;V70FVS <>45;V 28:>=C20;0AP 2 ?@>3@0<=><C A5@54>28IV COMSOL. 
#>@V2=S==S >B@8<0=8E @57C;PB0BV2 B5<?5@0BC@=8E ?>;V2 V7 40=8<8 
B5<?5@0BC@=8E 28<V@R20=P =0 4VRG><C >1;04=0==V ?>:070;0 28A>:C B>G=VABP 
<>45;R20==S. *5 4>72>;8BP C <091CB=P><C 28:>@8AB>2C20B8 70?@>?>=>20=C 
<>45;P 4;S 4>A;V465==S 2?;82C :>=AB@C:B82=8E >A>1;82>AB59 =0 B>G:8 
=03@V2C 9 5D5:B82=VABP B5?;>@>7?>4V;C, ?@>2>48B8 4>A;V465==S @V7=8E 
<0B5@V0;V2 <V=V<V70FVW 2B@0B V ?V428I5==S 5D5:B82=>ABV ?@>F5AC 3@0DVB0FVW. 

 

 

'�� 621.314.222.6:621.3.019.3:004.896 

�;8<>2 �.(.1, /@8<10H �.%.2 

1 0A?. !' «�0?>@V7P:0 ?>;VB5E=V:0» 
2 4-@ B5E=. =0C:, ?@>D !' «�0?>@V7P:0 ?>;VB5E=V:0» 

��� "� �.(., /$� ��, �.%. 
��&" �&��"��!� ����!"%&��� %&�!' %��"��) 

&$�!%("$ �&"$�� 

%8;>2V B@0=AD>@<0B>@8 T :;RG>28<8 :><?>=5=B0<8 5=5@35B8G=8E 
A8AB5<, S:V 70157?5GCRBP ?5@540GC 5;5:B@>5=5@3VW <V6 <5@560<8 @V7=>W 
=0?@C38. �V4 WE B5E=VG=>3> AB0=C 70;568BP AB01V;P=VABP 5;5:B@>?>AB0G0==S, 
70?>1V30==S 020@VS< B0 5:>=><VG=0 5D5:B82=VABP 5=5@3>:><?0=V9. �3V4=> 7 
40=8<8 4>A;V465==S, ?>=04 60% 2V4<>2 B@0=AD>@<0B>@V2 ?@872>4SBP 4> 
:0A:04=8E 020@V9, ?5@520=B065=P >1;04=0==S 01> 2V4:;RG5=P A?>6820GV2. 
&@048FV9=V <5B>48 >FV=:8 AB0=C (=0?@8:;04, 5:A?5@B=V >FV=:8, AB0B8AB8G=V 
0=0;V78) <0RBP =87:C =54>;V:V2: AC19T:B82=VABP, >1<565=VABP C >1@>1FV 
25;8:8E 40=8E, 28A>:C 20@BVABP B0 B@C4><VAB:VABP. 

%CG0A=V 28:;8:8, B0:V S: 7@>AB0==S >1AS3V2 40=8E B5E=VG=>3> 
<>=VB>@8=3C B0 =5>1EV4=VABP H284:>3> ?@89=SBBS @VH5=P, 28<030RBP =>28E 
?V4E>4V2.  0H8==5 =02G0==S ?@>?>=CT V=AB@C<5=B8 4;S 02B><0B870FVW 
0=0;V7C, 28S2;5==S ?@8E>20=8E 70:>=><V@=>AB59 V ?V428I5==S B>G=>ABV 
?@>3=>7C20==S. &0:8< G8=><, 4>A;V465==S 0;3>@8B<V2  ! 4;S >FV=:8 AB0=C 
B@0=AD>@<0B>@V2 T :@8B8G=> 206;828< 4;S ACG0A=>W 5=5@35B8:8. 



73 

 5B>R 4>A;V465==S 1C;0 0?@>10FVS <5B>4C 02B><0B87>20=>W >FV=:8 
B5E=VG=>3> AB0=C A8;>28E B@0=AD>@<0B>@V2 =0 >A=>2V 0;3>@8B<V2 <0H8==>3> 
=02G0==S. 

�;S @50;V70FVW ?>AB02;5=>W <5B8 1C;> ?@>2545=> 2V41V@ V=D>@<0B82=8E 
>7=0: V7 25;8:>3> <0A82C 40=8E B5E=VG=>W 4V03=>AB8:8, 2V4=>2;5==S 2V4ACB=VE 
7=0G5=P C 28EV4=8E 40=8E, ?>1C4>20=> :;0A8DV:0B>@ 4;S 287=0G5==S AB0=C 
B@0=AD>@<0B>@V2 (4>1@89, 704>2V;P=89, =5704>2V;P=89). 

' @>1>BV 28:>@8AB>2C20;8AP 40=V !�* "�&�-%5@2VA" 4;S A8;>28E 
B@0=AD>@<0B>@V2 =0?@C3>R 35 :�, S:V 2:;RG0;8 B0:V ?0@0<5B@8 S:: 
@57C;PB0B8 E@><0B>3@0DVG=>3> 0=0;V7C B@0=AD>@<0B>@=>3> <0A;0, 
=020=B065==S, AB0= 22>4V2 B0 V=. 

�87=0G5==S 206;82>ABV >7=0: 28:>=C20;>AP 70 <>48DV:>20=8< 
0;3>@8B<>< 28?04:>28E ;VAV2. �8:;RG0;8AP ?0@0<5B@8 7 =87P:>R 
V=D>@<0B82=VABR, I> 4>72>;8;> A:>@>B8 :V;P:VABP >7=0: <0965 =0 25%. �;S 
70?>2=5==S ?@>?CA:V2 70AB>A>2C202AS <5B>4 K-=091;86G8E ACAV4V2. �;S 
?V428I5==S 5D5:B82=>ABV 0;3>@8B<C 2AV 40=V 1C;> =>@<0;V7>20=>. 
�8:>=C20;0AP :><1V=0FVS ;VAV2 @VH5=P 7 ?>40;PH>R >?B8<V70FVTR 4;S 
=0;0HBC20==S 3V?5@?0@0<5B@V2. 

%5@54=S B>G=VABP :;0A8DV:0FVW A:;0;0 ?>=04 70%, I> =0 10% 28I5 70 
B@048FV9=V ?V4E>48. 

�>A;V465==S 4>25;> 5D5:B82=VABP <0H8==>3> =02G0==S 4;S >FV=:8 
B5E=VG=>3> AB0=C A8;>28E B@0=AD>@<0B>@V2. �>A;V46C20=89 <5B>4 ?V428ICT 
B>G=VABP :;0A8DV:0FVW. #>40;PH89 @>728B>: =0?@S<:C <>65 2:;RG0B8 
28:>@8AB0==S 1V;PH A:;04=8E 0;3>@8B<V2 B0 @>7H8@5==S <0A82V2 40=8E. 

 

 

'�� 621.3.013.1 
�CG5@S289 �.�.1, /@8<10H �.%.2 

1 0A?. !' «�0?>@V7P:0 ?>;VB5E=V:0»  

2 4-@ B5E=. =0C:, ?@>D !' «�0?>@V7P:0 ?>;VB5E=V:0» 
�'+�$/��� �.�., /$� ��, �.%. 

 �&� �&�+!�  "���0 &$�!%("$ �&"$� ��/ �!����' 
�#���' #"%&��!"�" %&$' ' 

�:B82=5 2?@>20465==S 28A>:>2>;PB=8E A8AB5< ?>ABV9=>3> AB@C<C 4;S 
?5@540GV 5=5@3VW =0 25;8:V 2V4AB0=V B0 V=B53@0FVW 2V4=>2;R20=8E 465@5; 
>1C<>2;RT ?>S2C 2 A8;>28E B@0=AD>@<0B>@0E ?0@078B=8E ?>ABV9=8E AB@C<V2, 
S:V ?@872>4SBP 4> WE=P>3> =0A8G5==S, 7@>AB0==S 30@<>=V:, ;>:0;P=8E 
?5@53@V2V2, 7=865==S 5D5:B82=>ABV, 71V;PH5==R @878:C 020@V9 B0 A:>@>G5==R 
B5@<V=C A;C618 >1;04=0==S. �5><03=VB=V 71C@5==S 35=5@CRBP ?>ABV9=V 
AB@C<8 2 75<;V, S:V ?@>BV:0RBP G5@57 7075<;5=V =59B@0;V B@0=AD>@<0B>@V2, 
?@872>4SG8 4> WE ?>H:>465=P V 020@V9. &><C 0:BC0;P=>W T ?>B@510 2 @>7@>1FV 



74 

B>G=8E <>45;59 4;S ?@>3=>7C20==S 2?;82C 35><03=VB=> V=4C:>20=8E AB@C<V2 
B0 @>7@>1:8 70E8A=8E 70E>4V2. #@>1;5<>R B@048FV9=8E <>45;59 
B@0=AD>@<0B>@V2 T B5, I> 2>=8 28:>@8AB>2CRBP ;V=V9=V =01;865==S 
<03=VB=8E >?>@V2 28B>:C B0 =5 2@0E>2CRBP =5;V=V9=VABP ?@8 7AC2V 70 
?>ABV9=8< AB@C<><, I> <>65 ?@872>48B8 4> ?>E81>: ?@8 ?@>3=>7C20==V 
30@<>=V:, >FV=FV B5@<VG=>W ABV9:>ABV B@0=AD>@<0B>@V2, 0=0;V7V <5E0=VG=8E 
=0?@C65=P B>I>. 

$>728B>: >1G8A;R20;P=8E <5B>4V @>72'S70==S 48D5@5=FV0;P=8E @V2=S=P 
B0 <C;PB8DV78G=>3> <>45;R20==S 4>72>;SRBP 2@0E>2C20B8 =5;V=V9=VABP 
<0B5@V0;V2, 48=0<V:C <03=VB=8E ?>;V2, 270T<>4VR 5;5:B@8G=8E, <03=VB=8E B0 
B5?;>28E ?@>F5AV2. 

 5B>R @>1>B8 1C;0 V=B53@0FVS <5B>4V2 A:V=G5==8E 5;5<5=BV2 7 
5;5:B@><03=VB=8< <>45;R20==S< 4;S 48=0<VG=>3> @>7@0EC=:C ?0@0<5B@V2 
28B>:C. 

 >45;P 5:2V20;5=B=>3> <03=VB=>3> :>;0 B@0=AD>@<0B>@C A:;040TBPAS 7 
<03=VB>@CHV9=8E A8;, S:V 2V4>1@060RBP 2?;828 >1<>B>:, >?>@V2 
<03=VB>?@>2>4C, S:V @>7@0E>2CRBPAS =0 >A=>2V =5;V=V9=8E :@828E 
=0<03=VGC20==S B0 >?>@V2 28B>:, S:V <>45;RRBP H;SE8 ?>B>:V2 G5@57 <5B0;52V 
G0AB8=8. 

�;S >1G8A;5==S <03=VB=8E >?>@V2 28B>:C 28:>@8AB>2C20;0AP A:V=G5=>-

5;5<5=B=0 <>45;P =0 >A=>2V @V2=S=P  0:A25;;0 4;S <03=VB=>3> 25:B>@=>3> 
?>B5=FV0;C B0 5;5:B@8G=>3> A:0;S@=>3> ?>B5=FV0;C. �0 @57C;PB0B0<8 
<>45;R20==S 287=0G0;0AP 5=5@3VS <03=VB=8E 28B>:V2 B0 5:2V20;5=B=V >?>@8 
28B>:C. �;S <>45;R20==S 729S7:C 7 5;5:B@8G=>R A8AB5<>R 
28:>@8AB>2C20;>AP V=B53@C20==S <>45;V B@0=AD>@<0B>@0 7 5:2V20;5=B=>R 
AE5<>R 5=5@3>A8AB5<8. 

�>A;V465==S ?@>2>48;8AP 4;S B@0=AD>@<0B>@C 250000 :�� / 330 :� 7 
?>ABV9=8< AB@C<>< 100�. 

�0 @57C;PB0B0<8 <>45;R20==S 1C;> 2AB0=>2;5=>, I> 4;S 
4>A;V46C20=>3> B@0=AD>@<0B>@C ?@8 2@0EC20==V 48=0<VG=8E >?>@V2 28B>:C 
2V41C20TBPAS 7<V=0 A?5:B@C 30@<>=V: AB@C<C, 7@>AB0T 2<VAB =5?0@=8E 
30@<>=V:.  03=VB=V ?>B>:8 C <03=VB>?@>2>4V ?@0:B8G=> =5 7<V=RRBPAS ?@8 
FP><C ?>BV: 28B>:C AB0T 1V;PH A?>B2>@5=8<, G5@57 7@>AB0==S 5=5@3VW 2 H;SE0E 
28B>:C. "?>@8 28B>:C 7@>AB0RBP 4> 3 @07V2 C ?>@V2=S=V 7 ;V=V9=8< 
=01;865==S<. 

'B>G=5=89 @>7@0EC=>: 5=5@3VW 28B>:V2 4>72>;ST ?@>3=>7C20B8 =03@V2 
:>=AB@C:B82=8E 5;5<5=BV2 B@0=AD>@<0B>@C B0 ?@>2>48B8 0=0;V7 2V1@0FV9 
B@0=AD>@<0B>@V2. 

�0?@>?>=>20=0 <>45;P V7 48=0<VG=8<8 >?>@0<8 28B>:C 4>72>;ST 
?V428I8B8 B>G=VABP 0=0;V7C 7AC2C 70 ?>ABV9=8< AB@C<><, >A>1;82> 4;S 
5D5:BV2, ?>29S70=8E V7 ?>B>:0<8 28B>:C. �=B53@0FVS A:V=G5=>-5;5<5=B=>3> 
<>45;R20==S V7 A8AB5<=8< <>45;R20==S< 4>72>;ST 2@0E>2C20B8 =5;V=V9=VABP 



75 

<0B5@V0;V2 157 7=0G=8E 28B@0B >1G8A;R20;P=8E @5AC@AV2. $57C;PB0B8 
<>45;R20==S ?V4B25@48;8, I> ?@8 7AC20E 70 ?>ABV9=8< AB@C<>< 30@<>=V:8 

70;560BP 2V4 48=0<V:8 >?>@V2 28B>:C, 0 5=5@3VS C <03=VB=8E 28B>:0E <>65 
ACBBT2> 7@>AB0B8, I> :@8B8G=> 4;S >FV=:8 B5@<VG=>W ABV9:>ABV 
B@0=AD>@<0B>@0. 

 

 

'�� 621.314 
�01:V= �.".1, �V2GC: &.�.2 
1 0A?. !' «�0?>@V7P:0 ?>;VB5E=V:0» 
2 4>F. !' «�0?>@V7P:0 ?>;VB5E=V:0» 

�����! �."., ���+'� &.�. 
���!�+�!!/ &� #�$�&'$� ��$/+"� &"+�� 

&$�!%("$ �&"$� #$� $��!�) !���!&���!!/) 

%8;>2V B@0=AD>@<0B>@8 T :@8B8G=> 206;828<8 :><?>=5=B0<8 
5=5@3>A8AB5<, S:V 70157?5GCRBP AB01V;P=C ?5@540GC 5;5:B@>5=5@3VW. �E 
=04V9=VABP 157?>A5@54=P> 70;568BP 2V4 AB0=C V7>;SFVW >1<>B>:, I>, C A2>R 
G5@3C, 287=0G0TBPAS B5<?5@0BC@>R 30@SG>W B>G:8 (�&) 4 =091V;PH =03@VB>W 
4V;S=:8 >1<>B:8. #5@528I5==S 4>?CAB8<8E B5<?5@0BC@=8E 7=0G5=P 
?@872>48BP 4> ?@8A:>@5=>3> AB0@V==S V7>;SFVW, 71V;PH5==S @878:V2 020@V9 B0 
A:>@>G5==S B5@<V=C A;C618 >1;04=0==S. 

%CG0A=V 5=5@35B8G=V A8AB5<8 ?@0FRRBP C @568<0E 7V 7<V==8< 
=020=B065==S<, I> @>18BP 0:BC0;P=8< 4>A;V465==S 2?;82C :>5DVFVT=B0 
=020=B065==S (A?V22V4=>H5==S D0:B8G=>3> =020=B065==S 4> =><V=0;P=>3>) 
=0 B5<?5@0BC@C �&. &@048FV9=V <5B>48 @>7@0EC=:C (5<?V@8G=V D>@<C;8, 
B5@<>5;5:B@8G=V 0=0;>3VW) 4>72>;SRBP 287=0G8B8 ;8H5 A5@54=R B5<?5@0BC@C 
>1<>B:8, 0;5 =5 ;>:0;V7C20B8 �&. *5 >1<56CT WE ?@0:B8G=5 70AB>AC20==S 4;S 
?@>3=>7C20==S AB0=C B@0=AD>@<0B>@V2. 

 5B>R @>1>B8 1C;> 4>A;V465==S 270T<>729S7:C <V6 :>5DVFVT=B>< 
=020=B065==S B0 B5<?5@0BC@>R 30@SG>W B>G:8 >1<>B:8 <0A;S=>3> 
B@0=AD>@<0B>@0 70 4>?><>3>R <5B>4C A:V=G5==8E 5;5<5=BV2. 

� ?@>F5AV 28:>=0==S 4>A;V465=P 1C;> AB2>@5=> B@828<V@=C <>45;P 
A8;>2>3> B@0=AD>@<0B>@C, ?@>2545=> 0=0;V7 @>7?>4V;C B5<?5@0BC@8 2 
>1<>B:0 �! B0 !! @V7=8E D07 ?@8 @V7=8E =020=B065==SE, 287=0G5=> 
35><5B@8G=5 ?>;>65==S �& B0 9>3> 70;56=VABP 2V4 :>5DVFVT=BC =020=B065==S, 
?@>2545=> >FV=:C 2?;82C ?5@520=B065=P =0 48=0<V:C 7@>AB0==S B5<?5@0BC@8 
>1<>B>:. 

�>A;V465==S 28:>=C20;8AP 2 ?@>3@0<=><C A5@54>28IV COMSOL 

Multiphysics 4;S <0A;S=>3> B@8D07=>3> B@0=AD>@<0B>@C ?>BC6=VABR 4000 
:�� :;0AC =0?@C38 35 :�. #@8 ?>1C4>2V 35><5B@8G=>W <>45;V 
B@0=AD>@<0B>@C 2@0E>2C20;8AP :>=AB@C:B82=V >A>1;82>ABV B@0=AD>@<0B>@0 



76 

B0 9>3> 5;5<5=BV2: >1<>B>: �! B0 !!, <03=VB>?@>2>4C, A8AB5<8 V7>;SFVW. �;S 
A?@>I5==S <>45;R20==S 1C;> 7@>1;5=> ?@8?CI5==S ?@> @V2=><V@=VABP 
@>7?>4V;C B5?;>28E 465@5;. �;S ?V428I5==S >1G8A;R20;P=>W 5D5:B82=>ABV 
1C;> 28:>=0=> >?B8<V70FVR AVB:8 A:V=G5==8E 5;5<5=BV2 7V 71V;PH5==S< 
:V;P:>ABV 5;5<5=BV2 2 7>=0E V=B5=A82=>3> B5?;>>1<V=C. 

 >45;R20==S ?@>2>48;>AP 4;S B5<?5@0BC@8 =02:>;8H=P>3> 
A5@54>28I0 20°% V7 2@0EC20==S< B5?;>28E 2B@0B 2 >1<>B:0E, :>=25:FVW <0A;0 
B0 B5?;>?@>2V4=>ABV <0B5@V0;V2 4;S 4V0?07>=C :>TDVFVT=BV2 =020=B065==S 
[0,45&1,25]. 

!0928I0 B5<?5@0BC@0 A?>AB5@V30;0AP C >1<>BFV !!, �& 
@>7B0H>2C20;0AP B@>78 =86G5 25@E=P>3> :@0R >1<>B:8. #@8 :>TDVFVT=BV 
=020=B065==S <5=H5 1 A?>AB5@V30TBPAS ?;02=5 ?V428I5==S B5<?5@0BC@8, ?@8 
?5@528I5==V FP>3> ?>:07=8:0 3 1V;PH @V7:5. �0 @57C;PB0B0<8 <>45;R20==S 
1C;> >B@8<0=> ?>;V=><V0;P=V @V2=S==S, I> >?8ACRBP B5<?5@0BC@=89 ?@>DV;P 
>1<>B>:. �AB0=>2;5=> =5;V=V9=89 E0@0:B5@ 70;56=>ABV B5<?5@0BC@8 �& 2V4 
=020=B065==S, >A>1;82> :@8B8G=89 ?@8 ?5@520=B065==SE. 

�>A;V465==S 4>25;> 5D5:B82=VABP <5B>4C A:V=G5==8E 5;5<5=BV2 4;S 
0=0;V7C B5<?5@0BC@=8E ?>;V2 C <0A;S=8E B@0=AD>@<0B>@0E. "B@8<0=V 
@57C;PB0B8 4>72>;SRBP B>G=> 287=0G0B8 ?>;>65==S 30@SG>W B>G:8 B0 
?@>3=>7C20B8 WW B5<?5@0BC@C 2 70;56=>ABV 2V4 =020=B065==S. 

 

 

'�� 627.01 

,@0< ".�.1, #5B@8: �.�. 2 

1 4>F. !' «�0?>@V7P:0 ?>;VB5E=V:0» 
2 ABC4. 3@. �-214< !' «�0?>@V7P:0 ?>;VB5E=V:0» 

,$�  ".�., #�&$�� �.�. 

&�)!"�"��/ �"�/!"�" %&"�#�, -" �"�����&0%/ 

�06;828< 70240==S< ACG0A=>W =0C:8 AB0;>W 5=5@35B8:8 T @>7@>1:0 
V==>20FV9=8E B5E=>;>3V9, S:V 4>72>;SBP <0:A8<0;P=> 5D5:B82=> 
28:>@8AB>2C20B8 5=5@35B8G=89 ?>B5=FV0; @5AC@AV2 ?@8 <V=V<0;P=><C 
5:>;>3VG=><C 2?;82V. "AB0==V 4>A;V465==S A?@S<>20=V =0 AB2>@5==S 1V;PH 
5D5:B82=8E 35=5@0B>@V2, 7<5=H5==S 20@B>ABV 1C4V2=8FB20 B0 2?@>20465==S 
02B>=><=8E A8AB5< :>=B@>;R 4;S VA=CRG8E B5E=>;>3V9. 

�2060RG8 =0 3;>10;P=C 5=5@35B8G=C :@87C, 7<V=8 :;V<0BC B0 
=5>1EV4=VABP A:>@>G5==S 28:84V2 ?0@=8:>28E 307V2, @>728B>: A0<5 >:50=VG=>W 
5=5@35B8:8 <0T AB@0B53VG=5 7=0G5==S 4;S 70157?5G5==S AB0;>3> <091CB=P>3>. 
�=25AB8FVW C 2V4=>2;R20=V 465@5;0 5=5@3VW, 70A=>20=V =0 28:>@8AB0==V >:50=V2, 
<>6CBP AB0B8 :;RG>28< D0:B>@>< 5=5@35B8G=>W =570;56=>ABV :@0W=, 0 B0:>6 
A?@8SB8 715@565==R 4>2:V;;S B0 ?V428I5==R @V2=S 68BBS =0A5;5==S C 
?@815@53>28E <VAB0E. 



77 

%CG0A=V 4>A;V465==S ?V4B25@46CRBP, I> 28:>@8AB0==S >:50=VG=>W 
5=5@3VW 740B=5 =5 ;8H5 70157?5G8B8 157?5@51V9=5 28@>1=8FB2> 5;5:B@>5=5@3VW, 
0 9 7<5=H8B8 70;56=VABP ;R4AB20 2V4 28:>?=>3> ?0;820. #@8 FP><C 
206;828<8 ?5@52030<8 >:50=VG=>W 5=5@35B8:8 T WW ?5@5410GC20=VABP V 
AB01V;P=VABP[1]. !0 2V4<V=C 2V4 A>=SG=>W G8 2VB@>2>W 5=5@3VW, S:V 70;560BP 2V4 
?>3>4=8E C<>2, ?@8?;828, >:50=VG=V B5GVW B0 B5<?5@0BC@=V 3@04VT=B8 T 
AB01V;P=8<8 ?@8@>4=8<8 S28I0<8, I> 4>72>;ST B>G=> ?@>3=>7C20B8 
28@>1=8FB2> 5;5:B@>5=5@3VW B0 5D5:B82=> V=B53@C20B8 B0:V 465@5;0 C 
7030;P=C 5=5@35B8G=C A8AB5<C. �V4?>2V4=> 4> ?@0:B8G=>3> V=B5@5AC 
28:>@8AB0==S E28;P>2>W 5=5@3VW >:50=C ?>2'S70=> 7V AB2>@5==S< E28;P>28E 
5;5:B@>AB0=FV9, ?@8;82=8E 5;5:B@>AB0=FV9 B0 5;5:B@>AB0=FV9 <>@AP:8E B5GV9. 

#@8=F8? 4VW 107CTBPAS =0 270T<>4VW E28;P>2>3> ?>B>:C 7 ?>2VB@S=>R 
:0<5@>R, I> A?@8G8=ST 7<V=C B8A:C 2A5@548=V A8AB5<8. &5E=>;>3VS H8@>:> 
28:>@8AB>2CTBPAS C E28;P>28E 5;5:B@>AB0=FVSE, S:V @>7B0H>2CRBP =0 
C715@566V[2] 01> C 2V4:@8B><C <>@V, 45 ?;02CGV ?;0BD>@<8 7 FVTR 
B5E=>;>3VTR 28:>@8AB>2CRBPAS 4;S 02B>=><=>3> 682;5==S =02V30FV9=8E 
A8AB5< 01> 4>A;V4=8FP:8E AB0=FV9. #>40;PHV 4>A;V465==S C FV9 AD5@V 
A?@S<>20=V =0 ?V428I5==S 5D5:B82=>ABV BC@1V=, 28:>@8AB0==S =>28E 
<0B5@V0;V2 4;S :>=AB@C:FVW :0<5@, 0 B0:>6 V=B53@0FVR B0:8E A8AB5< C 7030;P=V 
<5@56V 2V4=>2;R20=>W 5=5@35B8:8. 

"A=>2=8< ?5@5B2>@R20G5< 5=5@3VW T BC@1V=0 �5;;A0 3 >AP>20 BC@1V=0, 
I> 2>;>4VT C=V:0;P=>R 740B=VABR >15@B0B8AS 2 >4=><C =0?@S<:C =570;56=> 
2V4 =0?@S<:C ?>B>:C ?>2VB@S. *5 70157?5GCT 28A>:C =04V9=VABP B0 7<5=HCT 
:V;P:VABP @CE><8E G0AB8=, I> 7=86CT 28B@0B8 =0 >1A;C3>2C20==S. 

"48= V7 <0AHB01=8E ?@>T:BV2, I> 28:>@8AB>2CT F59 ?@8=F8?, 
@50;V7>20=> C &>DB5AB>;;5=V (!>@253VS) :><?0=VTR «Kvaerner Brug A/S»(@8A. 
1). ' FP><C ?@>T:BV 70AB>A>20=> 500-:V;>20B=C CAB0=>2:C, @>7B0H>20=C =0 
:@0R A:5;P=>3> C@28I0, I> 4>72>;ST 5D5:B82=> 28:>@8AB>2C20B8 5=5@3VR 
E28;P.  

 
$8AC=>: 1 3 ,8@>:>A<C3>20 E28;P>20 5=5@35B8G=0 CAB0=>2:0 

 



78 

"A=>2=0 ?5@52030 B5E=>;>3V9, 70A=>20=8E =0 ?@8=F8?V :>;82=>3> 
2>4S=>3> AB>2?0, ?>;S30T 2 <>6;82>ABV 71V;PH5==S H284:>ABV ?>B>:C ?>2VB@S 
?5@54 BC@1V=>R H;SE>< 7<5=H5==S ?5@5@V7C :0=0;C. *5 4>72>;ST 
?5@5B2>@R20B8 ?>2V;P=V E28;P>2V @CE8 C 1V;PH 5D5:B82=5 28A>:>G0AB>B=5 
>15@B0==S BC@1V=8. -5 >4=VTR 206;82>R ?5@5203>R B0:8E A8AB5< T 
<>6;82VABP @>7<VI5==S 35=5@0B>@=>3> >1;04=0==S ?>70 7>=>R 
157?>A5@54=P>3> 2?;82C A>;>=>W <>@AP:>W 2>48, I> 7=0G=> ?V428ICT 
4>23>2VG=VABP B0 =04V9=VABP CAB0=>2>:. 

#>?@8 ?52=V B@C4=>IV, B0:V S: 28A>:0 20@BVABP 2?@>20465==S B0 
70;56=VABP 2V4 ?0@0<5B@V2 E28;P, @>728B>: =>28E <0B5@V0;V2, 24>A:>=0;5==S 
:>=AB@C:FVW BC@1V= V @>7H8@5==S <0AHB01V2 70AB>AC20==S 4>72>;8BP 7@>18B8 
FR B5E=>;>3VR I5 5D5:B82=VH>R B0 2V4:@8B8 =>2V 3>@87>=B8 4;S 4>A;V465=P.  

 

%#�%"� ���"$�%&�!"� ��&�$�&'$� 

1. R. Gayathri,Jen-Yi Chang,Chia-Cheng Tsai andTai-Wen Hsu Wave 

Energy Conversion through Oscillating Water Columns: A Review Journal: J. Mar. 

Sci. Eng., 2024 - Vol. 12(2). 7 342. pp 1-22. 

https://doi.org/10.3390/jmse12020342 

2. %0<>9GC: �."., �V28: !.�. �8:>@8AB0==S ?>25@E=528E, B5@<0;P=8E V 
<>@AP:8E 2>4 4;S 28@>1=8FB20 B5?;>2>W V 5;5:B@8G=>W 5=5@3VW. �;5:B@>==89 
=02G. ?>AV1=8:. $568< 4>ABC?C: 
https://elib.tsatu.edu.ua/dep/mtf/ophv_5/index.html 

 

 

'�� 621.365.5 
.@>2 �.".1, %>;>4>2=V:>20 &.#.2 
1 ABC4. 3@. �-214< !' «�0?>@V7P:0 ?>;VB5E=V:0» 
2 AB0@H. 28:;. !' «�0?>@V7P:0 ?>;VB5E=V:0» 

.$"� �."., %"�"�"�!��"�� &.#. 
�!�$��&�+!� #�$� �&$� �!�'�&"$��  '!�,&'�� #$�%' 

�=4C:FV9=89 =03@V2 T :;RG>2>R B5E=>;>3VTR C <5B0;C@3VW, 
<0H8=>1C4C20==V B0 >1@>1FV <0B5@V0;V2, >A>1;82> 4;S =03@V2C <C=4HBC:C 
?@5AC 4;S ?@5AC20==S 703>B>2>: ?>4>28E B0 4><5==8E 1;>:V2. �D5:B82=VABP 
B0:8E A8AB5< 70;568BP 2V4 1030BP>E D0:B>@V2: 35><5B@VW V=4C:B>@0, 
2;0AB82>AB59 <0B5@V0;V2, G0AB>B8 AB@C<C B0 5D5:BV2, B0:8E S: ?>25@E=5289 
5D5:B, 5D5:B 1;87P:>ABV B0 :V;PF5289 5D5:B. !5@>7C<V==S F8E S28I 
?@872>48BP 4> =55D5:B82=>3> 28:>@8AB0==S 5=5@3VW, 7=865==S ��� B0 
7@>AB0==S 28B@0B. �:BC0;P=VABP 4>A;V465==S ?>;S30T 2 0=0;V7V A?V;P=>3> 
2?;82C F8E 5D5:BV2 =0 5;5:B@8G=V ?0@0<5B@8 A8AB5<8, I> 4>72>;8BP 
>?B8<V7C20B8 :>=AB@C:FVW V=4C:B>@V2 B0 ?V428I8B8 5=5@3>5D5:B82=VABP 
B5E=>;>3VG=8E ?@>F5AV2 ?@5AC20==S 703>B>2>: 2C3V;P=>-3@0DVB>28E 1;>:V2. 



79 

 5B>R @>1>B8 T @>7@>1:0 G8A;>2>W <>45;V 4;S 0=0;V7C 2?;82C 
35><5B@8G=8E ?0@0<5B@V2 V=4C:B>@0 =0 5;5:B@8G=89 ��� B0 :>TDVFVT=B 
?>BC6=>ABV A8AB5<8. 

�>A;V465==S ?@>2>48;8AP C 45:V;P:0 5B0?V2. �C;> @>7@>1;5=> <>45;P 
A8AB5<8 «V=4C:B>@ 3 <C=4HBC: ?@5AC» 2 A5@54>28IV Comsol Multiphysics, S:0 
4>72>;ST 2@0E>20B8 :>=AB@C:B82=V ?0@0<5B@8, DV78G=V 2;0AB82>ABV <0B5@V0;V2,  
G0AB>B8 AB@C<C, ?>25@E=5289 5D5:B, 5D5:B 1;87P:>ABV B0 :V;PF5289 5D5:B. 
�8:>=0=> 0=0;V7 2V4?>2V4=8E 5D5:BV2. #@>2545=> @>7@0EC=>: 5=5@35B8G=8E 
?0@0<5B@V2: :>TDVFVT=BV2 0:B82=>3> B0 @50:B82=>3> >?>@V2, 5;5:B@8G=>3> ��� 
B0 :>TDVFVT=BC ?>BC6=>ABV. $>7@>1;5=0 <>45;P 4>72>;8;0 2@0EC20B8 2?;82 
B>2I8=8 >A5@4S V=4C:B>@0 B0 707>@C <V6 V=4C:B>@>< B0 <C=4HBC:>< ?@5AC =0 
5=5@35B8G=V ?0@0<5B@8 A8AB5<8. 

� ?@>F5AV 4>A;V465=P 1C;> 287=0G5=> A?V;P=89 2?;82 ?>25@E=52>3> 
5D5:BC, 5D5:BC 1;87P:>ABV, :V;PF52>3> B0 IV;8==>3> 5D5:BV2 =0 ?0@0<5B@8 
A8AB5<8. $>7@>1;5=0 <>45;P 4>72>;ST ?@>3=>7C20B8 5=5@35B8G=V ?0@0<5B@8 
4;S @V7=8E 35><5B@8G=8E :>=DV3C@0FV9. 

$57C;PB0B8 4>72>;SRBP ?@>5:BC20B8 V=4C:B>@8 7 ?V428I5=8< ���, I> 
7<5=HCT 5=5@3>28B@0B8 =0 15320%. 

"?B8<V70FVS 35><5B@VW V=4C:B>@0 T 5D5:B82=8< H;SE>< ?V428I5==S 
5D5:B82=>ABV V=4C:FV9=>3> =03@V2C. 

 

 

'�� 621.314.222.6 

&5@5I5=:> /.�.1, /:C1V= $.".2, &8E>2>4 %. .3 

1 ABC4. 3@. �-272 !' «�0?>@V7P:0 ?>;VB5E=V:0» 
2 ABC4. 3@. �-273 !' «�0?>@V7P:0 ?>;VB5E=V:0» 
3 ?@>D. !' «�0?>@V7P:0 ?>;VB5E=V:0» 

&�$�-�!�" /.�., /�'��! $."., &�)"�"� %. . 
$"�$�)'!"� �!�'�&��!"%&� %��"�"�" &$�!%("$ �&"$� 

&@0=AD>@<0B>@8 T :@8B8G=8<8 :><?>=5=B0<8 5=5@35B8G=8E A8AB5<, 0 WE 
B>G=5 <>45;R20==S =5>1EV4=5 4;S 0=0;V7C @568<V2 @>1>B8, >A>1;82> ?@8 
2=CB@VH=VE =5A?@02=>ABSE, B0:8E S: 70<8:0==S >1<>B>: 01> =0 75<;R. 
�;0A8G=V <5B>48 @>7@0EC=:C V=4C:B82=>ABV G0AB> �@C=BCRBPAS =0 A?@>I5=8E 
?@8?CI5==SE, S:V V3=>@CRBP 3>@87>=B0;P=V ?>B>:8 @>7AVR20==S B0 2?;82 
:>=AB@C:FVW B@0=AD>@<0B>@0. *5 ?@872>48BP 4> =5B>G=>AB59 C ?@8 
28:>@8AB0==V A?5FV0;V7>20=8E ?@>3@0<=8E 70A>1V2, I> CA:;04=RT @>7@>1:C 
5D5:B82=8E A8AB5< @5;59=>3> 70E8ABC. �:BC0;P=VABP 4>A;V465==S ?>;S30T 2 2 
=5>1EV4=>ABV @>7@>1:8 <5B>4C, S:89 2@0E>2CT S: 25@B8:0;P=V, B0: V 
3>@87>=B0;P=V A:;04>2V <03=VB=>3> @>7AVR20==S, 70157?5GCRG8 B>G=VABP 
<>45;R20==S 157 =5>1EV4=>ABV ?@>2545==S 4>@>38E B0 A:;04=8E 
5:A?5@8<5=BV2 



80 

"A=>2=>R <5B>R 4>A;V465==S 1C;> AB2>@5==S C=V25@A0;P=>3> <5B>4C 
@>7@0EC=:C V=4C:B82=>ABV B@0=AD>@<0B>@0 =0 >A=>2V 0=0;V7C 9>3> <03=VB=>3> 
:>;0. 

� ?@>F5AV 4>A;V465==S 1C;> 28@VH5=> =0ABC?=V 70240==S: @>7@>1:0 
<0B5<0B8G=8E <>45;59 4;S 287=0G5==S 270T<=>W V=4C:B82=>ABV B0 
V=4C:B82=>ABV @>7AVR20==S 7 C@0EC20==S< CAVE A:;04>28E <03=VB=8E ?>B>:V2, 
70157?5G8B8 2@0EC20==S 2?;82C 35><5B@VW B@0=AD>@<0B>@0 =0 ?0@0<5B@8 
<>45;V, ?5@52V@8B8 B>G=VABP <>45;R20==S H;SE>< ?>@V2=S==S @57C;PB0BV2 7 
40=8<8 48=0<VG=8E 0=0;>3>28E B5ABV2. 

� @>1>BV 1C;> 70?@>?>=>20=> A8AB5<C @V2=S=P 4;S @>7@0EC=:C 270T<=>W 
V=4C:B82=>ABV B0 V=4C:B82=>ABV @>7AVR20==S S:0 2V4>1@060T AB@C:BC@C 
B@8D07=>3> B@8AB5@6=52>3> B@0=AD>@<0B>@0.  >45;P 4>72>;ST 2@0E>2C20B8 
25@B8:0;P=5 @>7AVR20==S, S:5 >1C<>2;5=> =5@V2=><V@=VABR @>7?>4V;C 0<?5@-
28B:V2 ?> 28A>BV B0 3>@87>=B0;P=5 @>7AVR20==S, >1C<>2;5=5 0A8<5B@VTR 
>1<>B>: C @04V0;P=><C =0?@S<:C. 

�0;V40FVS >B@8<0=8E @57C;PB0BV2 ?>:070;0 4>AB0B=R B>G=VABP <>45;V, 
AB@C<>20 ?>E81:0 C @568<V :>@>B:>3> 70<8:0==S =5 ?5@528ICT 8 %. 

�0?@>?>=>20=89 <5B>4 @>7@0EC=:C V=4C:B82=>ABV =0 >A=>2V <03=VB=>3> 
:>;0 2@0E>2CT 2?;82 3>@87>=B0;P=8E ?>B>:V2 @>7AVR20==S, S:V B@048FV9=> 
V3=>@CRBPAS G5@57 WE=R <5=HC 25;8G8=C ?>@V2=S=> 7 25@B8:0;P=8<8. *5 
4>72>;8;> ?V428I8B8 B>G=VABP <>45;V, >A>1;82> 4;S B@0=AD>@<0B>@V2 7 
@53C;R20;P=8<8 2V42>40<8. 

 

 

'�� 621.47:523.9-852:621.5.015.2 

";V9=8: �.�.1, �>B;S@>20 ".".2, �>=40@5=:> �.�.3 
1 ABC4. 3@. �-273 !' «�0?>@V7P:0 ?>;VB5E=V:0» 
2 ABC4. 3@. �-263 !' «�0?>@V7P:0 ?>;VB5E=V:0» 
3 AB0@H. 28:;. !' «�0?>@V7P:0 ?>;VB5E=V:0» 

"���!�� �.�., �"&�/$"�� "."., �"!��$�!�" �.�. 
���!�+�!!/ %"!/+!�) �'&�� ��/ #����-�!!/ 

�(��&��!"%&� %"!/+!�) �"���&"$�� 

� ACG0A=><C A2VBV ?>ABV9=> 7@>AB0T ?>?8B =0 5=5@3VR B0 703>AB@RRBPAS 
5:>;>3VG=V ?@>1;5<8, 2V4=>2;R20=V 465@5;0, 7>:@5<0 A>=SG=0 5=5@3VS, AB0RBP 
:;RG>28< 5;5<5=B>< AB0;>3> @>728B:C. %>=SG=V :>;5:B>@8 T >4=VTR 7 
=09?5@A?5:B82=VH8E B5E=>;>3V9 4;S 35=5@0FVW 5;5:B@>5=5@3VW, ?@>B5 WE=S 
5D5:B82=VABP 70;568BP 2V4 B>G=>ABV ?>78FV>=C20==S I>4> A>=SG=8E ?@><5=V2. 
�:BC0;P=VABP 4>A;V465==S ?>;S30T 2 ?>HC:C >?B8<0;P=8E <5B>4V2 
2V4AB565==S A>=FS, S:V 4>72>;SBP <0:A8<V7C20B8 71V@ A>=SG=>W @04V0FVW, 
7<5=H8B8 20@BVABP 5=5@3VW B0 ?V428I8B8 :>=:C@5=B>A?@><>6=VABP A>=SG=8E 



81 

A8AB5<. "A>1;825 7=0G5==S @>1>B0 <0T 4;S ':@0W=8, 45 2V41C20TBPAS AB0;5 
2?@>20465==S A>=SG=8E 5;5:B@>AB0=FV9 4;S 35=5@0FVW 5;5:B@8G=>W 5=5@3VW. 

 5B>R @>1>B8 T @>7@>1:0 <>45;V 4;S 287=0G5==S :CBV2 A>=SG=>3> 
2V4AB565==S, I> 4>72>;ST >?B8<V7C20B8 @>1>BC A>=SG=8E :>;5:B>@V2. 

#@>BS3>< 4=S V @>:C A>=F5 7<V=RT A2>T ?>;>65==S, 0 9>3> ?>B>G=5 
@>7B0HC20==S A>=FS 70;568BP 2V4 @>7B0HC20==S B>G:8 A?>AB5@V30G0.  

�5;8G8=0 A>=SG=>W 5=5@3VW, S:C 718@0T A>=SG=89 :>;5:B>@, 70;568BP 2V4 
2V4=>A=>3> :CB0 <V6 =>@<0;;R 4> ?>25@E=V B0 A>=SG=8<8 ?@><5=S<8. /:I> 
:CB F59 :CB 4>@V2=RT =C;R, B> 718@0TBPAS <0:A8<0;P=5 7=0G5==S A>=SG=>W 
5=5@3VW. !5?@028;P=5 @>7B0HC20==S ?>25@E=V ?@872>48BP 4> 7<5=H5==S 71>@C 
A>=SG=>W 5=5@3VW.  

$>7B0HC20==S %>=FS 287=0G0TBPAS 42><0 :CB0<8: A>=SG=89 078<CB B0 
A>=SG=89 75=VB. �;S 287=0G5==S F8E :CBV2 28:>@8AB>2C20;0AP <5B>48:0, 
=02545=0 2 [1].  

$>7@0EC=:8 ?@>2>48;8AP 4;S A. ,8@>:5 �0?>@V7P:>W >1;0ABV. �C;> 
2AB0=>2;5=>, I> 28:>@8AB0==S @CE><8E A>=SG=8E :>;5:B>@V2 4;S 7<5=H5==S 
:CB0 <V6 =>@<0;;R 4> ?>25@E=V B0 A>=SG=8<8 ?@><5=S<8, 4>72>;ST 
?V428I8B8 5D5:B82=VABP 71>@C A>=SG=>W @04V0FVW 4> 25% C ?>@V2=S=V 7 
=5@CE><8<8 :>;5:B>@0<8.  

 

%#�%"� ���"$�%&�!"� ��&�$�&'$� 

1. Duffie J. A., Beckman W. A. Solar engineering of thermal process //A 

Wiley-Interscience Publicaytion, Estados Unidos da América. 3 2013. 3 918 p. 

 

 

'�� 621.47:523.9-852:621.5.015.2 

&5@5I5=:> �.�.1, �@C3>;P ". .1, �>=40@5=:> �.�.2 
1 ABC4. 3@. �-212 !' «�0?>@V7P:0 ?>;VB5E=V:0» 
2 AB0@H. 28:;. !' «�0?>@V7P:0 ?>;VB5E=V:0» 

&�$�-�!�" �.�., �$'�"�0 ". ., �"!��$�!�" �.�. 
���!�+�!!/ "#&� ��0!"�" $"�&�,'��!!/ %"!/+!�) 

#�!���� 

%>=SG=0 5=5@35B8:0 T :;RG>28< 5;5<5=B>< ?5@5E>4C 4> 2V4=>2;R20=8E 
465@5; 5=5@3VW, >A>1;82> 2 C<>20E 7@>AB0==S 5=5@35B8G=8E ?>B@51 B0 
5:>;>3VG=8E 28:;8:V2. "4=0: 5D5:B82=VABP A>=SG=8E 5;5:B@>AB0=FV9 70;568BP 
=5 ;8H5 2V4 S:>ABV D>B>?0=5;59, 0 9 2V4 WE >?B8<0;P=>3> @>7B0HC20==S. 
�A=CRGV <5B>48:8 G0AB> V3=>@CRBP @>7AVS=5 A>=SG=5 28?@><V=R20==S, S:5 2 
':@0W=V <>65 AB0=>28B8 4> 60% 7030;P=>W V=A>;SFVW, I> ?@872>48BP 4> 
=54>>FV=:8 ?>B5=FV0;C A8AB5<. �@V< B>3>, =5@0FV>=0;P=5 @>7<VI5==S ?0=5;59 
(=0?@8:;04, =04<V@=0 2V4AB0=P <V6 @S40<8) 71V;PHCT 28:>@8AB0==S 75<5;P=8E 
@5AC@AV2, 7@>AB0RG8 20@BVABP ?@>5:BV2. �:BC0;P=VABP 4>A;V465==S ?>;S30T 2 



82 

@>7@>1FV C=V25@A0;P=>W <5B>48:8, S:0 2@0E>2CT 2AV A:;04>2V A>=SG=>W @04V0FVW, 
35>3@0DVG=V C<>28 B0 270T<=5 70BV=5==S ?0=5;59, I> 4>72>;8BP <0:A8<V7C20B8 
28@>1VB>: 5=5@3VW ?@8 <V=V<0;P=8E 28B@0B0E. 

 5B>R @>1>B8 T @>7@>1:0 V=65=5@=>W <5B>48:8 4;S 287=0G5==S 
>?B8<0;P=>3> :CB0 =0E8;C D>B>?0=5;59 B0 2V4AB0=V <V6 WE @S40<8. 

 5B>48:0 2@0E>2CT CAV A:;04>2V V=A>;SFVW (?@S<C, @>7AVS=C, 2V418BC), 
35>3@0DVG=V :>>@48=0B8 <VAF52>ABV, 48=0<V:C 70BV=5==S ?0=5;59 ?@>BS3>< 
4>18 B0 @>:C, 5D5:B82=VABP 28:>@8AB0==S 75<5;P=>W ?;>IV. 

�>A;V465==S ?@>2>48;8AP C B@8 5B0?8. !0 ?5@H><C 5B0?V ?@>2>482AS 
B5>@5B8G=89 0=0;V7 A>=SG=>W V=A>;SFVW [1], 4;S <0:A8<V70FVW AC<0@=>3> 
A>=SG=>3> 28?@><V=R20==S. !0 4@C3><C 5B0?V 28:>=C20;0AP >?B8<V70FVS 
@>7B0HC20==S A>=SG=8E ?0=5;59. �87=0G0;8AP >?B8<0;P=V :CB8 =0E8;C B0 
2V4AB0=P <V6 @S40<8 A>=SG=8E ?0=5;59. !0 B@5BP><C 5B0?V 28:>=C20;0AP 
?@0:B8G=0 ?5@52V@:0. 

�>A;V465==S ?V4B25@48;> 28A>:89 ?>B5=FV0; A>=SG=>W 5=5@35B8:8 2 
F5=B@0;P=8E @53V>=0E ':@0W=8, 45 ?8B><0 28@>1VB:0 4>AS30T 39,53 :�B·3>4/<². 

�0?@>?>=>20=0 <5B>48:0 >?B8<V70FVW @>7B0HC20==S D>B>?0=5;59 
4>72>;ST ?V428I8B8 5D5:B82=VABP A8AB5< B0 A?@8ST @0FV>=0;P=><C 
28:>@8AB0==R @5AC@AV2, I> >A>1;82> 0:BC0;P=> 4;S ':@0W=8 B0 V=H8E :@0W= V7 
?><V@=8< :;V<0B><.  

 

%#�%"� ���"$�%&�!"� ��&�$�&'$� 

1. Duffie J. A., Beckman W. A. Solar engineering of thermal process //A 

Wiley-Interscience Publicaytion, Estados Unidos da América. 3 2013. 3 918 p. 

 

 

'�� 621.316.71 

�0?:V=0 %.".1, �8@8;5=:> %. . 2  
1 0A8AB. !' «�0?>@V7P:0 ?>;VB5E=V:0»  
2 ABC4. 3@. �-214A? !' «�0?>@V7P:0 ?>;VB5E=V:0» 

��#��!� %."., ��$���!�" %. . 

�!���� "%!"�!�) �&$�& %��"�"�" &$�!%("$ �&"$� #�� 
�#���"  $��!�) +�%&"& �)��!"� !�#$'�� 

"A5@4S A8;>2>3> B@0=AD>@<0B>@0 T S: <5E0=VG=>R >A=>2>R A8;>2>3> 
B@0=AD>@<0B>@0, >A=>2=0 <5B0 S:>3> 3 :>=F5=B@0FVS B0 ?@>2545==S >A=>2=>3> 
<03=VB=>3> ?>B>:C.  0B5@V0; >A5@4S 3 0=V7>B@>?=0 E>;>4=>:0B0=0 2C3;5F520 
AB0;P 7 28A>:>R <03=VB=>R ?@>=8:=VABR.  03=VB=5 ?>;5 AB2>@RTBPAS 
?@>2V4=8:>< 7V AB@C<><, S:89 =0<>BCTBPAS =02:>;> >A5@4S. 

"A=>2=V 2B@0B8 2 B@0=AD>@<0B>@V 3 F5 2B@0B8 2 >A5@4V, B>1B> B0 
5;5:B@8G=0 ?>BC6=VABP, 2B@0G5=0 G5@57 B5?;> 2 >A5@4V B@0=AD>@<0B>@0. ' 
ACG0A=8E :>=F5?FVSE DV78G=>3> ?>E>465==S B0 <5E0=V7<C 2B@0B C <03=VB=8E 



83 

<0B5@V0;0E @>73;S40RBPAS B@8 B@048FV9=V :0B53>@VW: 2B@0B8 =0 3VAB5@578A, 
2B@0B8 =0 28E@>2V AB@C<8 01> 4V5;5:B@8G=V 2B@0B8 B0 70;8H:>2V 2B@0B8. ' FV9 
@>1>BV 7>A5@5465=> C203C =0 ?5@HV9 V 4@C3V9 :0B53>@VW, >A:V;P:8 2>=8 <0RBP 
25;8:C 2V4?>2V40;P=VABP 70 2B@0B8 2 <0B5@V0;0E <03=VB>?@>2>4C. �B@0B8 2 
AB0;V 7451V;PH>3> ?>29S70=V 7 =0<03=VGC20==S< >A5@4S B0 ?@8ACB=V ?@>BS3>< 
CAP>3> G0AC 5:A?;C0B0FVW B@0=AD>@<0B>@0, =570;56=> 2V4 =0S2=>ABV 
=020=B065==S =0 2B>@8==V9 >1<>BFV B@0=AD>@<0B>@0. �B@0B8 2 >A5@4V 
22060RBP ?>ABV9=8<8, B0 =570;56=8<8 2V4 =0S2=>ABV B0 B8?C =020=B065==S. 
!572060RG8 =0 B5, I> 2B@0B8 2 >A5@4V =525;8:V ?>@V2=S=> 7 28EV4=>R 
?>BC6=VABR B@0=AD>@<0B>@0, S: ?@028;>, <5=H5 1%, 2>=8 ?@54AB02;SRBP 
?>ABV9=V B0 7=0G=V 5:A?;C0B0FV9=V 28B@0B8 4;S :><C=0;P=>3> ?V4?@8T<AB20, 
>A>1;82> S:I> 9>3> 28B@0B8 =0 5=5@3VR 28A>:V. 

$>1>B0 ?@8A2SG5=0 >FV=FV E0@0:B5@C 70;56=>ABV 2B@0B C AB0;V 2V4 G0AB>B8 
<5@56V, 4;S G>3> 28:>@8AB>2C202AS @>7@0EC=>: A8;>2>3> B@0=AD>@<0B>@0 70 
<5B>48:0<8, 28:;045=8<8 C [1, 2]. �B@0B8 2 >A5@4V A8;>2>3> B@0=AD>@<0B>@0 
4;S @V7=8E @V2=V2 G0AB>B8 7>1@065=V =0 @8A.1. 

  

 
$8AC=>: 1 3 �0;56=VABP 2B@0B C AB0;V 2V4 G0AB>B8 AB@C<C 

 

$57C;PB0B8 @>7@0EC=:C ?>:07CRBP, I> 2B@0B8 2 AB0;V 7@>AB0RBP V7 
71V;PH5==S< G0AB>B8 ?@8 2AVE @V2=8E C<>20E. �B@0B8 =0 3VAB5@578A 28IV, =V6 
2B@0B8 =0 28E@>2V AB@C<8 =0 7030;P=>26820=V9 ?@><8A;>2V9 G0AB>BV, B>4V S: 
IV;P=VABP <03=VB=>3> ?>B>:C 70;8H0TBPAS =57<V==>R. �>;8 G0AB>B0 
?5@528ICT 100 �F, 2B@0B8 =0 28E@>2V AB@C<8 ?5@52060RBP ?>@V2=S=> 7 
2B@0B0<8 =0 3VAB5@578A. 

 

%#�%"� ���"$�%&�!"� ��&�$�&'$� 

1. �S1C:  . !. $>7@0EC=>: V :>=AB@CR20==S A8;>28E B@0=AD>@<0B>@V2 
[&5:AB] : =02G. ?>AV1. 4;S ABC4. 28I. =02G. 70:;., S:V =02G0RBPAS 70 =0?@S<>< 
?V43>B>2. "�;5:B@>B5E=V:0 B0 5;5:B@>B5E=>;>3VW" /  . !. �S1C: ; �CF. =0F. 



84 

B5E=. C=-B. - �84. 2-5, 4>?>2. B0 ?5@5@>1;. - �CFP: : $�� �CF. =0F. B5E=. C=-BC, 
2010. - 213 A. 

2. "AB0H52AP:89  .". �;5:B@8G=V <0H8=8 V B@0=AD>@<0B>@8 : =02G. 
?>AV1=8: /  . ". "AB0H52AP:89, ". .. .@9T20; 70 @54. �. �.  V;8E. 3 )0@:V2 : 
("# #0=>2 �.  ., 2017. 3 452 A. 

 

 

'�� 621.316.71 
�0?:V=0 %.".1, �0GC@ ".%. 2, �V45=:> �.�.2  
1 0A8AB. !' «�0?>@V7P:0 ?>;VB5E=V:0»  
2 ABC4. 3@. �-272 !' «�0?>@V7P:0 ?>;VB5E=V:0» 

��#��!� %."., ��+'$ ".%., ����!�" �.�. 
�!&�$#"�/*�/ �$��"� !� ��!�+'��!!/ 

����&$"&�)!�+!"� %&���  "�". #$"�$� '��!!/ PYTON 

�;0AB82>ABV B@0=AD>@<0B>@=>W 5;5:B@>B5E=VG=>W AB0;V 7=0G=>R <V@>R 
287=0G0RBP E0@0:B5@8AB8:8, 3010@8B=V @>7<V@8, 2B@0B8, 0 2V4?>2V4=> 9 
5D5:B82=VABP B@0=AD>@<0B>@0 2 FV;><C. &><C 282G5==S B0 24>A:>=0;5==S 
2;0AB82>AB59, 0 B0:>6 ?V428I5==S B5E=>;>3VG=>ABV ?@>F5AC B@0=A?>@BC20==S 
B0 @>7:@>R 5;5:B@>B5E=VG=8E AB0;59 T >4=8< V7 ?@V>@8B5B=8E =0?@S<:V2. ' 
@>1>BV ?>:070=> ?@8=F8?>2C <>6;82VABP @50;V70FVW 4>A8BP ?@>AB>W 
V=B5@?>;SFVW :@828E =0<03=VGC20==S 5;5:B@>B5E=VG=>W AB0;V, S:0 H8@>:> 
70AB>A>2CRBPAS ?@8 283>B>2;5==V <03=VB=8E A8AB5< A8;>28E 
B@0=AD>@<0B>@V2. *V :@82V =0<03=VGC20==S C 2V4?>2V4=V9 4>2V4:>2V9 
;VB5@0BC@V 70728G09 7040RBPAS C 3@0DVG=V9 01> B01;8G=V9 D>@<0E, I> =5 
702648 7@CG=> ?@8 ?@0:B8G=V9 @>1>BV 7 =8<8. "A>1;82> :>@8A=8<8 
0?@>:A8<CRGV DC=:FVW 28S2;SRBPAS ?@8 @>7@0EC=:C 4>?><V6=8E :@828E 
=0<03=VGC20==S C @07V =0A8G5=>W <03=VB=>W A8AB5<8 B0 ?@54AB02;5=8E C 
;VB5@0BC@V 4;S >1<565=>W =><5=:;0BC@8 AB0;59. 

' @>1>BV ?@54AB02;5=0 ?@>F54C@0 V=B5@?>;SFVW :@82>W =0<03=VGC20==S 
AB0;V <0@:8 3405. #@8=F8? <0B5<0B8G=>3> @>7@0EC=:C B0 282545==S 
@57C;PB0BC C 3@0DVG=><C 283;S4V ?>B@51CT 28:>@8AB>2C20B8 70;56=VABP B8?C 
H=f(B), 45 70 2VAAR 01AF8A <0T<> <03=VB=C V=4C:FVR, 0 70 2VAAR >@48=0B 3 
<03=VB=C =0?@C65=VABP. %B2>@5=0 ?@>3@0<0 28:>@8AB>2CT 7040=V B>G:8 :@828E 
?> 2VASE E B0 C. �0 2VAP E 1C45<> <0B8 7=0G5==S <03=VB=>W V=4C:FVW, 70 2VAP C 3 
=0?@C65=VABP <03=VB=>3> ?>;S. ' ?@>3@0<V @50;V7CTBPAS ;V=V9=0 V=B5@?>;SFVS. 
�>4 ?@>3@0<8 =02545=> =0 @8AC=:C 1. #@>3@0<0 28:>@8AB>2CT NumPy 4;S 
G8A;>28E >?5@0FV9, SciPy 4;S DC=:FV9 V=B5@?>;SFVW B0 Matplotlib 4;S 
?>1C4>28 3@0DV:V2.  

�82V4 DC=:FVW ;V=V9=>W V=B5@?>;SFVW 70 28EV4=8<8 B>G:0<8 ?>:070=89 =0 
@8AC=:C 2. 

 



85 

 
$8AC=>: 1 3 �>4 ?@>3@0<8 V=B5@?>;SFVW :@82>W =0<03=VGC20==S AB0;V <0@:8 

3405 

 
$8AC=>: 2 3 �V=V9=0 V=B5@?>;SFVS <>2>R ?@>3@0<C20==S Pyton 

 

&0:8< G8=>< >B@8<0=0 70;56=VABP =0?@C65=>ABV <03=VB=>3> ?>;S 2V4 
<03=VB=>W V=4C:FVW 4;S 5;5:B@>B5E=VG=>W AB0;V 3405. �0 40=8< 3@0DV:>< <>6=0 
287=0G8B8 ?@><V6=V 7=0G5==S HC:0=8E 7=0G5=P 70 4>?><>3>R DC=:FVW ZOOM 
B0 282>4C :>>@48=0B 2 =86=P><C ?@02><C :CBV. 

 

%#�%"� ���"$�%&�!"� ��&�$�&'$� 

1.��%& 21427.1-83. %B0;P 5;5:B@>B5E=VG=0 E>;>4=>:0B0=0 0=V7>B@>?=0 
B>=:>;8AB>20. &5E=VG=V C<>28 



86 

2. '=V25@A0;P=0 0?@>:A8<0FVS :@828E =0<03=VGC20==S 5;5:B@>B5E=VG=8E 
AB0;59 / �.�. #5=B53>2, �.�. �@0A=>6>= // �;5:B@>B5E=V:0 B0 5;5:B@><5E0=V:0. 
- 2006. - 7 1. - %. 66-70. 

3. "A=>28 ?@>3@0<C20==S. Python. +0AB8=0 1 [�;5:B@>==89 @5AC@A]: 
?V4@CG=8: 4;S ABC4. A?5FV0;P=>ABV 122 "�><?9RB5@=V =0C:8", A?5FV0;V70FVW 
"�=D>@<0FV9=V B5E=>;>3VW 2 1V>;>3VW B0 <548F8=V" / �. �. /:>25=:> ; �#� V<. 
�3>@S %V:>@AP:>3>. 3 �;5:B@>==V B5:AB>2V 40==V (1 D09;: 1,59  109B). 3 �8W2 : 
�#� V<. �3>@S %V:>@AP:>3>, 2018. 3 195 A. 

 

 

'�� 621.316.71 

�0?:V=0 %.".1, �>B@0 �... 2, �0@?5=:> $.�.3  
1 0A8AB. !' «�0?>@V7P:0 ?>;VB5E=V:0»  
2 ABC4. 3@. �-212 !' «�0?>@V7P:0 ?>;VB5E=V:0» 
3 ABC4. 3@. �-213 !' «�0?>@V7P:0 ?>;VB5E=V:0» 

��#��!� %."., �"&$� �..., ��$#�!�" $.�. 
"%!"�!� �%#��&� ���"$' &�#' ����&$�+!"�" 
��!�$�&"$� ��/ ��&$"�!�$��&�+!"� '%&�!"��� 

� 40=89 G0A C @>728B:C 5=5@35B8:8 25;8:0 C2030 ?@84V;STBPAS 
2V4=>2;R20=8< 465@5;0< 5=5@3VW. "A=>2=>R ?5@5203>R 28:>@8AB0==S 
2VB@>5=5@35B8G=8E CAB0=>2>: T 2V4ACB=VABP <5E0=V7<V2 ?@8<CA>2>3> ?>B>:C 
?>2VB@S 01> ?0@8 4;S >15@B0==S BC@1V=8. #@8=F8? @>1>B8 2VB@>5=5@35B8G=>W 
CAB0=>2:8 (��') ?>;S30T C ?5@5B2>@5==V 5=5@3VW >15@B0;P=>3> @CEC C 
5;5:B@8G=C 70 4>?><>3>R 5;5:B@><03=VB=>W V=4C:FVW. $V7=><0=VBBS B8?V2 B0 
:>=AB@C:FV9 5;5:B@8G=8E 35=5@0B>@V2 A?>=C:0T 4> WE A8AB5<0B870FVW C 
2V4?>2V4=>ABV 4> ?>B@51 ��'. "A=>2=8<8 :@8B5@VS<8 281>@C 35=5@0B>@0 T: 
28EV4=0 ?>BC6=VABP, H284:VABP 2VB@C (0 2V4?>2V4=> V G0AB>B0 >15@B0==S), 
28A>B0 CAB0=>2:8, :0B53>@VS @>7<VI5==S, G0A @>1>B8 ?@8 2V4ACB=>ABV 2VB@C B0 
A;01:><C 2VB@V. �;S ��' =09 ?>H8@5=>3> 70AB>AC20==S =01C;8 35=5@0B>@8 
=0ABC?=8E B8?V2: 

- 0A8=E@>==V 35=5@0B>@8 (��) 7 :>@>B:>70<:=5=8< @>B>@><; 

- �� 7 D07=8< @>B>@><; 

- 42>H284:VA=V ��; 
- A8=E@>==V 35=5@0B>@8 (%�) 7 <03=VB>5;5:B@8G=8< 71C465==S< (=0 

?>ABV9=8E <03=VB0E); 
- %� 7 5;5:B@><03=VB=8< 71C465==S< B0 V=IV. 
�>6=89 B8? <0T A2>W ?5@52038 B0 =54>;V:8, 2V4?>2V4=> 4> S:8E 

>18@0TBPAS 35=5@0B>@ C :>6=><C >:@5<><C 28?04:C. %� V7 71C465==S< 2V4 
?>ABV9=8E <03=VBV2 T ?>H8@5=8<8, 0;5 =09G0ABVH5 28:>@8AB>2CRBPAS 4;S 
<0;>?>BC6=8E CAB0=>2>:. *59 35=5@0B>@ <0T ?@>ABC :>=AB@C:FVR, ?@>AB89 2 
>1A;C3>2C20==V, V7 ?V428I5=>R =04V9=VABR, 7 28A>:8< ���. �;5 VA=CRBP 



87 

A:;04=>IV V7 @53C;R20==S< <03=VB=>3> ?>B>:C, 0 B0:>6 =5>1EV4=>ABV 70<V=8 
<03=VBV2, S:V 2B@0G0RBP A2>W 2;0AB82>ABV ?@8 =03@V20==V. 

#@8 =5>1EV4=>ABV @53C;R20==S 70<VABP %� 7 ?>ABV9=8<8 <03=VB0<8 
28:>@8AB>2CRBP %� 7 5;5:B@><03=VB=8< 71C465==S<, 45 ?@54AB02;5=0 
>1<>B:0 71C465==S. �;5 ?@8 FP><C <0T<> @S4 =54>;V:V2: 28A>:0 20@BVABP, 
A:;04=89 ?@8AB@V9, <5=H =04V9=89 ?>@V2=S=> 7 � , 6>@AB:0 70;56=VABP 
G0AB>B8 2V4 H284:>ABV >15@B0==S. !02545=V 28I5 =54>;V:8 28:>@8AB0==S 
A8=E@>==8E 35=5@0B>@V2 ?@872>4SBP 4> ACBBT28E >1<565=P C WE 28:>@8AB0==V 
4;S ��%, 7>:@5<0 C <VAFSE VA @V7:8<8 7<V=0<8 H284:>ABV 2VB@C.  

�� <0T ?@>ABVHC :>=AB@C:FVR =0 2V4<V=C 2V4 %�, 0 B0:>6 <0T <5=HC 
20@BVABP. �8:>@8AB0==R �� A?@8S;0 @>7@>1:0 A8AB5< AB01V;V70FVW =0?@C38, 0 
B0:>6 A8AB5< :><?5=A0FVW @50:B82=>W ?>BC6=>ABV. � >A=>2=><C H8@>:> 
28:>@8AB>2CRBPAS 42>H284:VA=V ��, >A>1;82VABR S:>3> T <>6;82VABP 
ABC?V=G0AB>3> @53C;R20==S H284:>ABV >15@B0==S, I> 0:BC0;P=> 4;S 
28:>@8AB0==S 2 ��%. #@8 <5=HV9 H284:>ABV >15@B0==S 20;0 2:;RG0TBPAS 2 
@>1>BC >1<>B:0 7 =091V;PH>R :V;P:VABR ?0@ ?>;RAV2. �>;8 H284:VABP 
>15@B0==S 7@>AB0T B0 ?5@528ICT ?52=5 :@8B8G=5 7=0G5==S 2:;RG0TBPAS 2 
@>1>BC >1<>B:0 7 <5=H>R :V;P:VABR ?0@ ?>;RAV2. �> V=H8E ?5@5203 
42>H284:VA=>3> �� <>6=0 2V4=5AB8: 28A>:89 ?CA:>289 <><5=B, =87P:0 
2V1@0FVS ?@8 @>1>BV. 

�� 7 D07=8< @>B>@>< <0T ?@>ABC :>=AB@C:FVR B0 ?5@52038 C ?>@V2=S==V 
V7 28I5707=0G5=8<8 35=5@0B>@0<8, 0 A0<5:  >6;82VABP :0A:04=>3> 7'T4=0==S 
42>E 0A8=E@>==8E 35=5@0B>@V2,=525;8:V :>;820==S 28EV4=>W ?>BC6=>ABV. �;5 
=5>1EV4=VABP AB2>@5==S ?5@54020;P=>W ;0=:8 @>18BP FR :>=AB@C:FVR 
4>@>6G>R. !5<>6;82VABP :>=B@>;R @568<=8E ?0@0<5B@V2 >1<56CT 
28:>@8AB0==S =0 <VAF52>ABV V7 G0AB8<8 7<V=0<8 C H284:>ABV @CEC 2VB@C. �� 7 
:>@>B:>70<:=5=8< @>B>@>< <0T BV 6 =54>;V:8, I> V �� 7 D07=8< @>B>@><. 
�;5 2V= <0T =87P:V :>;820==S 28EV4=>W ?>BC6=>ABV, 5;5:B@><03=VB=>3> 
:@CB=>3> <><5=BC B0 AB@C<C. 

&0:8< G8=><, 2V4?>2V4=> 4> E0@0:B5@8AB8:, :>=AB@C:FV9 B0 
>A>1;82>AB59 70AB>AC20==S 5;5:B@8G=8E 35=5@0B>@V2, @5:><5=4CTBPAS %� 7 
<03=VB>5;5:B@8G=8< 71C465==S< 7 ?>BC6=VABP 4> 200:�B 28:>@8AB>2C20B8 2 
02B>=><=8E 5;5:B@8G=8E <5@560E =0 <VAF52>ABV V7 ?>ABV9=8< 2VB@><. ' 
<VAF52>ABV V7 ?>@82G0AB8< 2VB@>< 28:>@8AB0==S %� 28:;RG5=>, B>4V =09:@0IV 
E0@0:B5@8AB8:8 <0RBP 42>H284:VA=V �� V7 H8@>:8< 4V0?07>=>< G0AB>B8 
>15@B0==S. 

 

%#�%"� ���"$�%&�!"� ��&�$�&'$� 

1. �@01:> �.�., $>72>4R:  .#., �528FP:89 %. ., �070:  .". 
�:A?5@8<5=B0;P=V 4>A;V465==S 5;5:B@8G=8E <0H8=. +0AB8=0 ���. �A8=E@>==V 
<0H8=8. !02G0;P=89 ?>AV1=8:. 3 �V==8FS: �!&', 2007. 3 197 A. 



88 

2. #V2=S: �.�. �;5:B@8G=V <0H8=8. !02G0;P=89 ?>AV1=8: / �.�.#V2=S:, 
(.#.,:@015FP, �.#.�>230=P. - �=V?@>?5B@>2AP:,�8402=8FB2> !0FV>=0;P=>3> 
3V@=8G>3> C=V25@A8B5BC, 2003, - 328 A. 

3. "A=>28 2VB@>5=5@35B8:8: ?V4@CG=8: / �. #V2=S:, (. ,:@015FP, !. 
!>915@35@, �. *8?;5=:>2 ;  -2> >A2VB8 V =0C:8 ':@0W=8, !0F. 3V@=. C=-B. 3 �.: 
!�', 2015. 3 335 A. 

4. �3>@>2 ". �. %?5FV0;P=V 5;5:B@8G=V <0H8=8 : :>=A?5:B ;5:FV9 4;S 
74>1C20GV2 ?5@H>3> (10:0;02@AP:>3>) @V2=S 28I>W >A2VB8 2AVE D>@< =02G0==S 
7V A?5FV0;P=>ABV 141 3 �;5:B@>5=5@35B8:0, 5;5:B@>B5E=V:0 B0 5;5:B@><5E0=V:0, 
>A2VB=S ?@>3@0<0 «!5B@048FV9=V B0 2V4=>2;R20;P=V 465@5;0 5=5@3VW») / ". �. 
�3>@>2,  . �. �;T1>20, /. �. (>@:C= ; )0@:V2. =0F. C=-B <VAP:. 3>A?-20 V<. ". 
 . �5:5B>20. 3 )0@:V2 : )!' � V<. ".  . �5:5B>20, 2022. 3 121 A. 

 

 

'�� 669.04 
#5B@8: ".�.1, %>;>?0B8G �.%. 2 
1 4>F. !' «�0?>@V7P:0 ?>;VB5E=V:0» 
2 ABC4. 3@. �-253 !' «�0?>@V7P:0 ?>;VB5E=V:0» 

#�&$�� ".�., %"�"#�&�+ �.%. 
#����-�!!/ �(��&��!"%&� $"�"&� 

��%"�"&� #�$�&'$!�) &�)!"�"��+!�) ��$���&�� #$� 
�����!!� � ��%#�'�&�*�. (#"���" ��!!/ 1) 

 

�8A>:>B5<?5@0BC@=V 03@530B8 T >4=8<8 7 =091V;PH8E A?>6820GV2 
?0;820. &5?;>B5E=>;>3VG=0 CAB0=>2:0, S2;ST A>1>R AC:C?=VABP @>1>G>3> 
?@>AB>@C, C <560E S:>3> 74V9A=RTBPAS 28A>:>B5<?5@0BC@=89 ?@>F5A, V 
CAB0B:C20==S, I> 70157?5GCT 9>3> @50;V70FVR.  

' ?@>F5AV ?;02:8 =0 A:;5?V==S ?5GV 2?;820RBP S: =5@V2=><V@=VABP 
=03@V20==S 2=CB@VH=P>W ?>25@E=V A:;5?V==S ?> 4>268=V B0 H8@8=V B0: 
?>:07=8:8 =5@V2=><V@=>ABV B5<?5@0BC@=>3> ?>;S D0:5;0 ?@8 @>7V3@V20==V 
03@530BC. &0:>6 25;8:C C203C B@510 ?@84V;8B8 A:;04C 2>3=5B@82:8E 
<0B5@V0;V2, 7 S:8E 7@>1;5=> A:;5?V==S B0 >A=>2=V 5;5<5=B8 DCB5@C20==S 
28A>:>B5<?5@0BC@=8E 03@530BV2. 

%;V4 70C2068B8, I> =0 5=5@3>>I04=C @>1>BC 28A>:>B5<?5@0BC@=>3> 
03@530BC 2?;820T @8B<VG=VABP 9>3> @>1>B8. �V4 B>3>, =0A:V;P:8 S:VA=> 1C;> 
28:>=0=> @>7V3@V20==S A:;5?V==S 28A>:>B5<?5@0BC@=>3> 03@530BC ?VA;S ?CA:C 
9>3> 2 @>1>BC 70;568BP ?>40;PH0 @8B<VG=VABP 9>3> @>1>B8 B0 2V4?>2V4=> 
28B@0B8 ?0;820 =0 B5E=>;>3VR B0 5:A?;C0B0FVR.  

&><C ?8B0==R S:VA=>3> @>7V3@V20==S A:;5?V==S 03@530BC B@510 ?@84V;SB8 
>A>1;82C C203C. 



89 

 5B>R 4>A;V465==S T 24>A:>=0;5==S B5?;>28E @568<V2 @>7V3@V20==S 
28A>:>B5<?5@0BC@=>3> 03@530BC, I> 4>72>;8BP ?V428I8B8 5D5:B82=VABP 
B5E=>;>3VG=>3> ?@>F5AC, C=8:=CB8 =5@V2=><V@=>ABV =03@V20==S 2=CB@VH=P>W 
?>25@E=V A:;5?V==S ?> 4>268=V B0 H8@8=V 2=0A;V4>: 7<V=8 B5<?5@0BC@=8E 
3@04VT=BV2 ?>;S D0:5;0 B0 7=865==S 28B@0B ?0;820 =0 B5E=>;>3VR. 

�8:>=0=> @>7@0EC=>: B5?;>2>3> 10;0=AC @>7V3@V20==S A:;5?V==S 70 
C<>28 B@820;>3> ?@>AB>R 28A>:>B5<?5@0BC@=8E 03@530BV2 B0 28:>=0==S 
?V428I5=>3> >1AS3C 28:>=0==S @5<>=B=8E @>1VB C B><C G8A;V ?@>2545==S 
70<V=8 48<>2V42>4SG>3> B@0:BC. �V4?>2V4=> 4> :;0A8G=>3> 3@0DV:C 
@>7V3@V20==S [1, 3] V <5B>48:8 [2] 2V47=0G8<> ?@8ACB=VABP ?@>DVF8BC B5?;>B8. 
!0 ?V4AB02V >B@8<0=8E @57C;PB0BV2 V =0S2=>ABV =04;8H:C B5?;>B8 2 
?@81CB:>2V9 G0AB8=V @>7@0EC=:>28< H;SE>< 28:>=0T<> ?V41V@ B@820;>ABV 9 
28B@0B ?0;820 4;S =>2>3> 3@0DV:C (=>2>3> B5?;>2>3> @568<C). �8B@0B=0 
G0AB8=0 B5?;>2>3> 10;0=AC 28A>:>B5<?5@0BC@=>3> 03@530BC 70 :;0A8G=>R 
B5E=>;>3VTR @>7V3@V20==S B0 =>28< @568<>< 7>1@065=0 =0 @8A. 1. 

 

 
 $8AC=>: 1 - �8B@0B=0 G0AB8=0 B5?;>2>3> 10;0=AC 28A>:>B5<?5@0BC@=>3> 
03@530BC 70 :;0A8G=>R B5E=>;>3VTR @>7V3@V20==S B0 =>28< @568<>< 

 

%#�%"� ���"$�%&�!"� ��&�$�&'$� 

1. #5B@8: ". �. #V428I5==S 5D5:B82=>ABV =03@V20==S <5B0;C C 
28A>:>B5<?5@0BC@=8E 03@530B0E / ". �. #5B@8:, �. �. !070@5=:>, �. �. #5B@8: 
// �VA=8: !&' «)#�». %5@VS: �=5@35B8G=V B0 B5?;>B5E=VG=V ?@>F5A8 9 
CAB0B:C20==S. 3 2023. 3 7 132(13314). 3 %. 61365. 3 �V1;V>3@.: 7 =072. 3 ISSN 

2078-774X (print). 3 ISSN 2707-7543 (on-line). 3 DOI: 

https://doi.org/10.20998/2078-774X.2023.01.10.  



90 

2. �C1V=AP:89 �. �.  5B0;C@3V9=V ?5GV : =02G. ?>AV1= / �. �. �C1V=AP:89. 3 
�=V?@> : ! 5B�', 2006. 3 85 A. 

3. %CHV==S B0 A?V:0==S DCB5@C20==S ?5G59 4;S ?;02:8 G>@=8E <5B0;V2 
https://termolitplus.com/articles/sushka-i-spekanie-futerovki-pechey 

 

 

'�� 669.04 
�C7P<5=:> �.�.1, �8AS:  .".2 
1 AB0@H. 28:;. !' «�0?>@V7P:0 ?>;VB5E=V:0» 
2 ABC4. 3@. �7-252A? !' «�0?>@V7P:0 ?>;VB5E=V:0» 

�'�0 �!�" �.�., ��%/�  .". 
�!���� $��'�0&�&�� $"�$�)'!�' ��0&�$!�&��!"�" 

���"$�%&�!!/  ��'&' � #$�$"�!"�" ���' � �"&��0!�� 
'%&�!"�*� �-25/15�  

 

"19T:B>< 4>A;V465==S T ?0@>20 :>B5;P=0 CAB0=>2:0 �-25/15�  
A5@54=P>3> B8A:C ?@8 =0ABC?=8E ?0@0<5B@0E @>1>B8: $??=1,37  #0; t??=350 
°C; t?2=100 °C; $1=1,47  #0; $?@=2,5 %; ÓCE = 160 °C. 

#0@>2V :>B5;P=V CAB0=>2:8 2V4V3@0RBP :;RG>2C @>;P C A8AB5<0E 
B5?;>?>AB0G0==S ?@><8A;>28E ?V4?@8T<AB2 V :><C=0;P=8E >19T:BV2. "4=VTR 7 
=09?>H8@5=VH8E <>45;59 T :>B5;P=0 CAB0=>2:0 �-25/15� , S:0 <>65 
?@0FR20B8 S: =0 <07CBV, B0: V =0 ?@8@>4=><C 307V, I> 40T <>6;82VABP 281>@C 
=091V;PH 283V4=>3> ?0;820 2 70;56=>ABV 2V4 @8=:>28E C<>2. �;S FP>3> =0 
B0:8E :>B5;P=8E CAB0=>2:0E 2AB0=>2;RRBPAS :><1V=>20=V 307><07CB=V 
?0;P=8:8 B8?C � �. 

�;PB5@=0B82=5 28:>@8AB0==S <07CBC B0 ?@8@>4=>3> 307C 2 :>B5;P=V9 
CAB0=>2FV �-25/15�  <0T A2>W ?5@52038 B0 =54>;V:8, S:V 2?;820RBP =0 
5D5:B82=VABP @>1>B8 >1;04=0==S, 5:>=><VG=C 4>FV;P=VABP B0 5:>;>3VG=C 
157?5:C. 

 07CB <>65 1CB8 5:>=><VG=> 4>FV;P=8< C @07V 9>3> 4>ABC?=>ABV 70 
=87P:>R FV=>R, ?@>B5 ?>B@51CT 4>40B:>28E 28B@0B =0 A8AB5<C ?V4V3@V2C B0 
B@0=A?>@BC20==S. �8:>@8AB0==S ?@8@>4=>3> 307C T 1V;PH 283V4=8< 7 B>G:8 
7>@C 5:A?;C0B0FV9=8E 28B@0B, >A:V;P:8 2V= =5 ?>B@51CT 4>40B:>2>3> ?V4V3@V2C 
?5@54 73>@S==S< V 7<5=HCT 28B@0B8 =0 >G8I5==S >1;04=0==S. 

� @57C;PB0BV B5?;>2>3> @>7@0EC=:C :>B5;P=>W CAB0=>2:8 =0 
420 0;PB5@=0B82=8E 284V2 ?0;820 T <>6;82VABP ?@>0=0;V7C20B8  

5:>=><VG=C 4>FV;P=VABP WE 28:>@8AB0==S B0 287=0G8B8 ?5@5;V: =5>1EV4=8E 
@5:>=AB@C:FV9 ?>25@E>=P =03@V2C B0 7<V=8 C<>2 5:A?;C0B0FVW.  

�@>1;5=V 2V4?>2V4=V 28A=>2:8: 
1. � @57C;PB0BV @>7@0EC=:C 5:>=><VG=>W 4>FV;P=>ABV 28:>@8AB0==S 42>E 

0;PB5@=0B82=8E 284V2 ?0;820 <07CBC  -100 V ?@8@>4=>3> 307C 7 307>?@>2>4C 



91 

,515;8=:0 3 �=V?@> 2 :>B5;P=V9 CAB0=>2FV �-25/15�  287=0G5=0 ACBBT20 
5:>=><VS 2 101,554 <;= 3@=/@V: 2V4 28:>@8AB0==S <07CBC.  

2. �>5DVFVT=B :>@8A=>W 4VW :>B5;P=>W CAB0=>2:8, · (:.C.), A:;02 ?@8 
73>@S==V <07CBC 91,666 %, ?@8 73>@S==V ?@8@>4=>3> 307C 3 90%. 

3. � @57C;PB0BV @>7@0EC=:V2 ?0@>?5@53@V20G0 B0 2>4S=>3> 5:>=><0975@0 
287=0G5=0 =5>1EV4=VABP ACBBT28E @5:>=AB@C:FV9 ?>25@E>=P =03@V2C ?@8 
28:>@8AB0==V S: <07CBC, B0: V ?@8@>4=>3> 307C.  

4. � @57C;PB0BV 28:>@8AB0==S ?@8@>4=>3> 307C 287=0G5=0 =5>1EV4=VABP 
7<V=8 C<>2 5:A?;C0B0FVW, 0 A0<5: 

-  71V;PH5=0 B5<?5@0BC@0 30@SG>3> ?>2VB@S 7 200 °C 4> 250 °C; 
-  71V;PH5=0 B5<?5@0BC@0 2V4EV4=8E 307V2 7 160 °C 4> 170 °C. 
5. �030;P=0 =529S7:0 2 @57C;PB0BV B5?;>2>3> @>7@0EC=:C :>B5;P=>W 

CAB0=>2:8 ?@8 28:>@8AB0==V ?@8@>4=>3> 307C A:;0;0 + 2,39%, 0 ?@8 
28:>@8AB0==V <07CBC A:;0;0 +0,455%, I> 2V4?>2V40T 7=0G5==R ±0,5%, I> 
4>?CI5=> =>@<0B82=8< 4>:C<5=B0<8 2 B5?;>28E @>7@0EC=:0E :>B5;P=8E 
CAB0=>2>:. 

6. �A5 28I5?5@5@0E>20=5 40T <>6;82VABP 7@>18B8 28A=>2>: ?@> 
4>FV;P=VABP 28:>@8AB0==S 2 :>B5;P=V9 CAB0=>2FV �-25/15�  2 S:>ABV ?0;820 
<07CBC <0@:8  -100. 

 

%#�%"� ���"$�%&�!"� ��&�$�&'$� 

1.�>;>IC: �.�., �5=VA>2 �.�., &@>D8<GC: �.#. �>B5;P=V CAB0=>2:8 
?@><8A;>28E ?V4?@8T<AB2:=02G.?>AV1.- $V2=5:!'��#, 2013. - 277A. 

2.+5?C@=89  . ., %B5?0=>2 �.�., �>@65=:> �.%. &5?;>2V @>7@0EC=:8 
?0@>35=5@0B>@V2: =02G.?>AV1.-�V==8FS: �!&',2006.-155A. 

 

 

'�� 621.316.71 
�0?:V=0 %.".1, �T:><F52 �... 2, �@>2:> �.".2  
1 0A8AB. !' «�0?>@V7P:0 ?>;VB5E=V:0»  
2 ABC4. 3@. �-213A? !' «�0?>@V7P:0 ?>;VB5E=V:0» 

��#��!� %."., ���" *�� �..., �$"��" �.". 
���"$�%&�!!/ #$"%&"$"��)  ��!�&!�) %�%&�  ��/ 

&$�(��!�) %��"��) &$�!%("$ �&"$�� 

&@8D07=V A8;>2V B@0=AD>@<0B>@8 T 206;828<8 :><?>=5=B0<8 
5;5:B@8G=8E <5@56, I> 70157?5GCRBP 5D5:B82=5 ?5@5B2>@5==S =0?@C38 B0 
@>7?>4V; 5;5:B@>5=5@3VW. &@048FV9=V :>=AB@C:FVW B@0=AD>@<0B>@V2 A?8@0RBPAS 
=0 728G09=V :>=AB@C:FVW :VABS:0 ?;0A:>3> B8?C, G0ABVH5 AB@86=P>28E 
<03=VB=8E A8AB5<. "4=0: C4>A:>=0;5==S <03=VB=8E A8AB5< ?@8725;> 4> 
@>7@>1:8 ?@>AB>@>28E <03=VB=8E A8AB5<, S:V ?@>?>=CRBP GC4>2V 
E0@0:B5@8AB8:8 7 B>G:8 7>@C 5D5:B82=>ABV, :><?0:B=>ABV B0 7=865==S 2B@0B. 



92 

�>A;V465==S ?5@5203, =54>;V:V2 B0 <>6;82>AB59 70AB>AC20==S ?@>AB>@>28E 
<03=VB=8E A8AB5< C B@8D07=8E A8;>28E B@0=AD>@<0B>@0E ?@872>48BP 4> 
?>HC:C =>28E <5B>4V2 >?B8<V70FVW [1-4]. $>7@>1:0<8 :>=AB@C:FV9 
?@>AB>@>28E <03=VB=8E A8AB5< 709<0;8AP 2G5=V 7 A5@548=8 <8=C;>3> 
AB>@VGGS, 0;5 ACG0A=V B5E=>;>3VG=V ?>BC6=>ABV B0 @>7@>1:8 C >1G8A;R20;P=V9 
B5E=VFV 282>4SBP 40=V 4>A;V465==S =0 =>289 @V25=P.  

"A=>2=8<8 @V7=>2840<8 ?@>AB>@>28E <03=VB=8E A8AB5< 2 70;56=>ABV 2V4 
270T<=>3> @>7B0HC20==S 2VA59 >1<>B>: T: @04V0;P=V B0 0:AV0;P=V [2]. 

"A=>2=8<8 :;0A8DV:0B>@0<8 B8?C [3]  <03=VB=8E A8AB5< ?@>?>=CTBPAS 
=0?@S<>: >A=>2=>3> <03=VB=>3> ?>B>:C B0 :>=DV3C@0FVS V 270T<=5 
@>7B0HC20==S 2V:>= B0 AB@86=V2, 70 S:8<8 <03=VB=0 A8AB5<0 1C20T: 0:AV0;P=V 
@>7V<:=5=0, @04V0;P=0 @>7V<:=5=0, @04V0;P=0 70<:=5=0 C B@8:CB=8:, 0:AV0;P=0 
70<:=5=0 C 7V@:C,  0:AV0;P=0 70<:=5=0 C B@8:CB=8:. �0 AE5<>R C:;040==S 
?@>AB>@>2V <03=VB=V A8AB5<8 ?>4V;SRBPAS =0 @>7@V7=V B0 =5@>79T<=V [4]. 
%B8:>2V 79T4=0==S @>7@V7=8E ?@>AB>@>28E <03=VB=8E A8AB5< <>6CBP <0B8 
@V7=C 35><5B@VR B0 A?>AV1 C:;040==S, S: 70;560BP 2V4 >A>1;82>ABV WW 35><5B@VW. 
#@>AB>@>2V <03=VB=V A8AB5<8 @>7@V7=>3> B8?C A:;040TBPAS 7 =028B8E S@5< V 
?;0AB8=G0AB8E AB@86=V2, ?@8 B><C ?;0AB8=8 AB@86=S ?> G5@7V 7<VI5=V 274>26 
AB@86=S B0:8< G8=><, I> ?> G5@7V B>@:0RBPAS B>@F528<8 G0AB8=0<8 4> 
@V7=8E S@5<. �<VI5==S ?;0AB8= AB@86=S >4=>G0A=> 70157?5GCT <5E0=VG=C 
<VF=VABP :>=AB@C:FVW, 0 B0:>6 7<VICT =5<03=VB=89 707>@ =0 H;SEC @CEC 
?>B>:C. 

�;S 287=0G5==S ?5@5203 B0 =54>;V:V2 =5>1EV4=> 45B0;P=> @>73;S=CB8 
:>6=89 >:@5<89 B8? :>=AB@C:FVW ?@>AB>@>2>W <03=VB=>W A8AB5<8. �030;P=>R 
?5@5203>R <>6=0 22060B8 7<5=H5==S =5<03=VB=>3> 707>@C, 0 B0:>6 71V30==S 
=0?@S<:C @CEC >A=>2=>3> <03=VB=>3> ?>B>:C V7 =0?@S<>< ?@>:0BC 
5;5:B@>B5E=VG=>W AB0;V, I> ?@872>48BP 4> 7<5=H5==S 2B@0B B0 ?V428I5==S 
:>5DVFVT=B0 :>@8A=>W 4VW. %5@54 =54>;V:V2 206;82> 284V;8B8 A:;04=>IV ?@8 
A:;040==V B5E=>;>3VG=8E ?@>F5AV2 283>B>2;5==S B@0=AD>@<0B>@0, =87P:0 
<5E0=VG=0 <VF=VABP AB8:>28E 79T4=0=P, 25;8:0 B@C4><VAB:VABP 28@>1=8FB20. 

 

%#�%"� ���"$�%&�!"� ��&�$�&'$� 

1. Levin M.I., #5=B53>2 �.�., $O<0@ %.�., Lavreniuk A.V. !>2O5 ?>4E>4O 
?@8 ?>AB@>5=88 <03=8B>?@>2>4>2 A8;>2OE B@0=AD>@<0B>@>2, �;5:B@>B5E=V:0 
V �;5:B@><5E0=V:0. 2015. 71, A. 20-24. 

2. #;0EB8@ ".". �0@V0=B8 :>=AB@C:FV9 B0 :;0A8DV:0FVS ?@>AB>@>28E 
<03=VB>?@>2>4V2 B@8D07=8E B@0=AD>@<0B>@V2 B0 @50:B>@V2 // �;5:B@>B5E=V:0 
B0 5;5:B@><5E0=V:0. - 2002. - 7 3. - %. 64-65. 

3. #;0EB8@ ". ". �>=AB@C:B82=>-B5E=>;>3VG=V >A>1;82>ABV ?@>AB>@>28E 
<03=VB>?@>2>4V2 B@8D07=8E AB0B8G=8E V=4C:FV9=8E ?@8AB@>W2 ?>BC6=VABR 4> 
10000 :�"�/". ". #;0EB8@ // MOTROL. - 2013. - Vol. 15, No. 2. - %. 177-183. 



93 

4. �24TT20 ".�. #>:@0I5==S >A=>2=8E ?>:07=8:V2 B@0=AD>@<0B>@V2 7 
28B8<8 =5@>79T<=8<8 <03=VB>?@>2>40<8 H;SE>< 7<V=8 D>@<C20==S :@C3>28E 
28B:V2 >1<>B:8 / ".�. �24TT20, �.�. �0E>=V=0, ".%. %04>289, $.�. 
%B028=AP:89, ". . *830=>2. - �;5:B@>B5E=V:0 V �;5:B@><5E0=V:0. 3 2022. - 7 
3 3 %. 3-7 

 

 

'�� 669.04 
,25FP �.". 
ABC4. 3@. E-913< !' «�0?>@V7P:0 ?>;VB5E=V:0» 

,��*0 �.". 
$"���&"� &�)!"�"��� ���!"��.��!�) ���$�� �!�$���: 

%"!/+!� &� ��&$"�� �!�$��&��� 

#5@54 ACG0A=8< A2VB>< ?>AB0;8 A5@9>7=V 28:;8:8, S:V ?>29S70=V 7V 
7<V=>R :;V<0BC B0 ACBBT28< 7<5=H5==S< B@048FV9=8E =52V4=>2;R20=8E 
465@5; 5=5@3VW. "4=8< V7 =09?5@A?5:B82=VH8E H;SEV2 28@VH5==S F8E 
?@>1;5< T 0:B82=89 @>728B>: 2V4=>2;R20=8E 465@5; 5=5@3VW (���). �-?><V6 
=8E >A>1;825 <VAF5 709<0RBP A>=SG=0 B0 2VB@>20 5=5@35B8:0, S:V 
45<>=AB@CRBP AB@V<:5 7@>AB0==S C 70AB>AC20==V B0 7=0G=89 ?>B5=FV0;. 

$>728B>: A>=SG=>W 5=5@35B8:8. 
%>=SG=0 5=5@35B8:0, I> 107CTBPAS =0 ?5@5B2>@5==V A>=SG=>3> A2VB;0 =0 

5;5:B@8G=C 5=5@3VR 70 4>?><>3>R D>B>5;5:B@8G=8E 5;5<5=BV2, 70 >AB0==V 
45ASB8;VBBS 707=0;0 7=0G=8E 7<V=, 0 A0<5: 

�1V;PH5==S 5D5:B82=>ABV: ACG0A=V A>=SG=V ?0=5;V ?5@5B2>@RRBP 
=01030B> 1V;PHC G0AB:C A>=SG=>W 5=5@3VW 2 5;5:B@8G=C ?>@V2=S=> 7 ?5@H8<8 
<>45;S<8. *5 AB0;> <>6;828< 7024S:8 24>A:>=0;5==R B5E=>;>3V9 
28@>1=8FB20 B0 =>28< <0B5@V0;0<. 

�=865==S 20@B>ABV: <0A>25 28@>1=8FB2> A>=SG=8E ?0=5;59 ?@8725;> 4> 
7=0G=>3> 7=865==S WE=P>W 20@B>ABV, I> 7@>18;> A>=SG=C 5=5@35B8:C 
4>ABC?=VH>R 4;S H8@>:>3> :>;0 A?>6820GV2. 

$V7=><0=VB=VABP 70AB>AC20==S: A>=SG=V ?0=5;V 2AB0=>2;RRBPAS =0 40E0E 
68B;>28E 1C48=:V2, ;V:0@5=P, =0, ?@><8A;>28E :><?;5:A0E, =0 B@0=A?>@BV B0 
=02VBP C :>A<>AV. 

�==>20FV9=V @VH5==S: 0:B82=> @>72820RBPAS B5E=>;>3VW B>=:>?;V2:>28E 
B0 >@30=VG=8E A>=SG=8E 5;5<5=BV2, S:V 2V4:@820RBP =>2V ?5@A?5:B828 4;S 
70AB>AC20==S A>=SG=>W 5=5@35B8:8. 

$>728B>: 2VB@>2>W 5=5@35B8:8. 
�VB@>20 5=5@35B8:0, I> 28:>@8AB>2CT :V=5B8G=C 5=5@3VR 2VB@C 4;S 

28@>1=8FB20 5;5:B@>5=5@3VW, B0:>6 45<>=AB@CT 7=0G=89 ?@>3@5A: 



94 

�1V;PH5==S ?>BC6=>ABV BC@1V=: ACG0A=V 2VB@>2V BC@1V=8 740B=V 28@>1;SB8 
7=0G=> 1V;PH5 5;5:B@>5=5@3VW, =V6 WE=V ?>?5@54=8:8, 7024S:8 71V;PH5==R 
@>7<V@C @>B>@0 B0 24>A:>=0;5==R :>=AB@C:FVW. 

$>7H8@5==S 7>= 70AB>AC20==S: 2VB@>2V 5;5:B@>AB0=FVW 1C4CRBPAS S: =0 
ACHV, B0: V =0 <>@V, I> 4>72>;ST 28:>@8AB>2C20B8 2VB@>289 ?>B5=FV0; 1V;PH 
5D5:B82=>. 

�4>A:>=0;5==S :>=AB@C:FV9: BC@1V=8 AB0RBP 1V;PH =04V9=8<8, 
4>23>2VG=8<8 B0 040?B>20=8<8 4> @V7=8E :;V<0B8G=8E C<>2. 

�=B53@0FVS 2 5=5@3>A8AB5<8: 2VB@>20 5=5@35B8:0 CA?VH=> V=B53@CTBPAS 2 
7030;P=C 5=5@3>A8AB5<C, 70157?5GCRG8 AB01V;P=VABP ?>AB0G0==S 
5;5:B@>5=5@3VW. 

#5@52038 A>=SG=>W B0 2VB@>2>W 5=5@35B8:8. 
�V4=>2;R20=VABP: A>=SG=0 B0 2VB@>20 5=5@3VS T =528G5@?=8<8 

465@5;0<8, I> 4>72>;ST 7<5=H8B8 70;56=VABP 2V4 4>1C20==S ?0;82=8E 
:>@8A=8E :>?0;8=. 

�:>;>3VG=VABP: 28@>1=8FB2> 5;5:B@>5=5@3VW 7 28:>@8AB0==S< A>=SG=8E 
B0 2VB@>28E 5;5:B@>AB0=FV9 =5 ?@872>48BP 4> 28:84V2 H:V4;828E @5G>28= 2 
0B<>AD5@C, =5 701@C4=RT =02:>;8H=T A5@54>28I5. 

�:>=><VG=0 5D5:B82=VABP: 20@BVABP 28@>1=8FB20 5;5:B@>5=5@3VW 7 
2V4=>2;R20=8E 465@5; 5=5@3VW ?>ABV9=> 7=86CTBPAS, I> @>18BP FV B5E=>;>3VW 
2A5 1V;PH :>=:C@5=B>A?@><>6=8<8. %>=SG=V 10B0@5W 4>23>2VG=V. 

%B2>@5==S @>1>G8E <VAFP: @>728B>: 2V4=>2;R20=>W 5=5@35B8:8 A?@8ST 
AB2>@5==R =>28E @>1>G8E <VAFP C @V7=8E 30;C7SE. 

�8:;8:8 B0 ?5@A?5:B828 

!572060RG8 =0 7=0G=V 4>AS3=5==S, @>728B>: A>=SG=>W B0 2VB@>2>W 
5=5@35B8:8 2A5 I5 AB8:0TBPAS 7 ?52=8<8 28:;8:0<8: 

�=B5@<VB5=B=VABP: 28@>1=8FB2> 5;5:B@>5=5@3VW 7 2V4=>2;R20=8E 465@5; 
5=5@3VW 70;568BP 2V4 ?>3>4=8E C<>2, I> 28<030T @>7@>1:8 5D5:B82=8E A8AB5< 

715@V30==S 5=5@3VW. 
�=D@0AB@C:BC@0: 4;S ?V4:;RG5==S 25;8:>W :V;P:>ABV 2V4=>2;R20=8E 

465@5; 5=5@3VW 4> 5=5@3>A8AB5<8 =5>1EV4=V 7=0G=V V=25AB8FVW 2 <>45@=V70FVR 
5;5:B@><5@56. 

#5@A?5:B828 @>728B:C A>=SG=>W B0 2VB@>2>W 5=5@35B8:8 T 4C65 
?>78B82=8<8. � >3;S4C =0 3;>10;P=V B5=45=FVW ?5@5E>4C 4> =87P:>2C3;5F52>W 
5:>=><V:8, <>6=0 >GV:C20B8, I> FV B5E=>;>3VW 1C4CBP ?@>4>26C20B8 0:B82=> 
@>72820B8AS V 709<0B8 2A5 1V;PHC G0AB:C 2 A2VB>2><C 5=5@35B8G=><C 10;0=AV. 

%>=SG=0 B0 2VB@>20 5=5@35B8:0 45<>=AB@CRBP 7=0G=89 ?>B5=FV0; 4;S 
28@VH5==S 3;>10;P=8E 5=5@35B8G=8E B0 5:>;>3VG=8E ?@>1;5<. !572060RG8 =0 
VA=CRGV 28:;8:8, 0:B82=89 @>728B>: F8E B5E=>;>3V9 A?@8SB8<5 AB2>@5==R 
1V;PH ABV9:>3> B0 5:>;>3VG=> G8AB>3> 5=5@35B8G=>3> <091CB=P>3>. 

!02VBP ?@81>@:CRG8 A8;C 2VB@C B0 ;>2;SG8 A>=SG=5 AS92> 4;S 
28@>1=8FB20 5=5@3VW, A2VB =5 ?5@5AB0T HC:0B8 WW =>2V 465@5;0. ' D>:CAV C2038 



95 

70@07 ?5@51C20T 2>45=P, S:89 22060RBP ?0;82>< <091CB=P>3>, 0465 2V= <>65 
70<V=8B8 B@048FV9=V 2848 ?0;820 B0 =5 A?@8G8=ST 28:84V2 2C3;5:8A;>3> 307C, 
1> ?@>4C:B>< 9>3> 73>@S==S T ;8H5 2>40. 

�>45=P 3 =09@>7?>2AR465=VH89 5;5<5=B C �A5A2VBV. #@>B5 2V= =5 
7CAB@VG0TBPAS 2V;P=8< 2 ?@8@>4V V <0T 1CB8 «284>1CB89» 7 @V7=8E 465@5;. 
�>4=>G0A 2>45=P <0T 7=0G=> 28IC 5=5@3><VAB:VABP, =V6 ?@8@>4=89 307, =0DB0 
G8 2C3V;;S. �>3>, 7>:@5<0, 28:>@8AB>2CRBP 4;S >?0;5==S 1C48=:V2, S: ?0;P=5 
4;S B@0=A?>@BC, C ?@><8A;>2>ABV. 

�3V4=> 7 40=8<8  V6=0@>4=>3> 5=5@35B8G=>3> 035=BAB20, =0 2>45=P 
?@8?040RBP 1;87P:> 2,5% :V=F52>3> 5=5@3>A?>6820==S C A2VBV. �0@B> 
707=0G8B8, I> ?5@H>R :@0W=>R, S:0 AE20;8;0 =0FV>=0;P=C AB@0B53VR @>728B:C 
2>4=52>W 5=5@35B8:8 I5 C 2017 @>FV, AB0;0 /?>=VS. 

�=5@3>5D5:B82=VABP B0 2B@0B8 2 A8;>28E B@0=AD>@<0B>@0E: ?@>1;5<8 B0 
@VH5==S 

%8;>2V B@0=AD>@<0B>@8 T :;RG>28<8 5;5<5=B0<8 5;5:B@8G=8E <5@56, 
1> A0<5 2>=8 70157?5GCRBP ?5@5B2>@5==S =0?@C38 4;S ?5@540GV V @>7?>4V;C 
5;5:B@>5=5@3VW. #@>B5, ?V4 G0A FP>3> ?@>F5AC 2V41C20RBPAS ?52=V 2B@0B8 
5=5@3VW, S:V =530B82=> 2?;820RBP =0 7030;P=C 5D5:B82=VABP 5=5@3>A8AB5<8. 
�06;828< 0A?5:B>< WE @>1>B8 T 5=5@3>5D5:B82=VABP B0 <V=V<V70FVS 2B@0B, I> 
157?>A5@54=P> 2?;820T =0 5:>=><VG=VABP B0 5:>;>3VG=VABP 5=5@35B8G=8E 
A8AB5<. 

"A=>2=V 2848 2B@0B 2 A8;>28E B@0=AD>@<0B>@0E 
�B@0B8 5=5@3VW 2 A8;>28E B@0=AD>@<0B>@0E ?>4V;SRBPAS =0 :V;P:0 

>A=>2=8E B8?V2: 
�B@0B8 2 AB0;V: 28=8:0RBP 2=0A;V4>: ?5@5<03=VGC20==S A5@45G=8:0 

B@0=AD>@<0B>@0 7<V==8< <03=VB=8< ?>B>:><. �0;560BP 2V4 S:>ABV AB0;V, 
G0AB>B8 AB@C<C B0 @V2=S <03=VB=>W V=4C:FVW. 

�B@0B8 2 <V4V: A?@8G8=5=V >?>@>< >1<>B>: B@0=AD>@<0B>@0. 
#@>?>@FV9=V :204@0BC AB@C<C, I> ?@>BV:0T ?> >1<>B:0E. 

�8E@>2V AB@C<8: V=4C:CRBPAS 2 <5B0;528E G0AB8=0E B@0=AD>@<0B>@0 
7<V==8< <03=VB=8< ?>B>:>< V ?@872>4SBP 4> 4>40B:>28E B5?;>28E 2B@0B. 

�V5;5:B@8G=V 2B@0B8: 28=8:0RBP 2 V7>;SFV9=8E <0B5@V0;0E 
B@0=AD>@<0B>@0 ?V4 4VTR 7<V==>3> 5;5:B@8G=>3> ?>;S. 

�?;82 2B@0B =0 5=5@3>A8AB5<C. 
�B@0B8 5=5@3VW 2 B@0=AD>@<0B>@0E <0RBP @S4 =530B82=8E =0A;V4:V2, 0 

A0<5: 
1. �1V;PH5==S 28B@0B =0 5;5:B@>5=5@3VR: 2B@0B8 5=5@3VW ?@872>4SBP 4> 

?V428I5==S 28B@0B =0 28@>1=8FB2> B0 ?5@540GC 5;5:B@>5=5@3VW. 
2. !03@V20==S B@0=AD>@<0B>@0: 284V;5==S B5?;0 2 @57C;PB0BV 2B@0B 

5=5@3VW <>65 ?@8725AB8 4> ?5@53@V2C B@0=AD>@<0B>@0 B0 9>3> ?5@54G0A=>3> 
28E>4C 7 ;04C. 



96 

3. �=865==S ���: 2B@0B8 5=5@3VW 7=86CRBP :>5DVFVT=B :>@8A=>W 4VW 
(���) B@0=AD>@<0B>@0, I> =530B82=> 2?;820T =0 7030;P=C 5D5:B82=VABP 
5=5@3>A8AB5<8. 

$VH5==S 4;S ?V428I5==S 5=5@3>5D5:B82=>ABV. 
#V428I5==S 5=5@3>5D5:B82=>ABV A8;>28E B@0=AD>@<0B>@V2 <>6;825 

7024S:8 ?@>2545==S @S4C B5E=VG=8E 70E>4V2: 
�8:>@8AB0==S =>28E <0B5@V0;V2: ACG0A=V B@0=AD>@<0B>@8 <>6CBP 1CB8 

283>B>2;5=V 7 0<>@D=>W AB0;V, S:0 <0T 7=0G=> =86GV <03=VB=V 2B@0B8 ?>@V2=S=> 
7 B@048FV9=>R :@8AB0;VG=>R AB0;;R. 

#>;V?H5==S >E>;>465==S: 5D5:B82=0 A8AB5<0 >E>;>465==S 7<5=HCT 
B5<?5@0BC@=V 2B@0B8 B0 ?>4>26CT B5@<V= A;C618 B@0=AD>@<0B>@0. �06;82> 
?@028;P=> =0;0HB>2C20B8 >E>;>465==S 70;56=> 2V4 @>1>G8E C<>2. 

"?B8<V70FVS :>=AB@C:FVW: ?>;V?H5==S :>=AB@C:FVW >1<>B>: B0 
<03=VB>?@>2>4C <>65 7=0G=> 7<5=H8B8 2B@0B8. "?B8<V70FVS 2:;RG0T 
28:>@8AB0==S B>2AB>3> 4@>BC 7 =87P:8< >?>@>< V 7<5=H5==S 4>268=8 
?@>2V4=8:V2. 

$53C;S@=5 B5E=VG=5 >1A;C3>2C20==S: ?;0=>25 >1A;C3>2C20==S 4>72>;ST 
A2>TG0A=> 28S2;SB8 B0 >?5@0B82=> CAC20B8 ?@>1;5<8 4> B>3>, S: 2>=8 
?@87254CBP 4> 7=0G=8E 2B@0B. �:;RG0T ?5@52V@:C V7>;SFVW, AB0=C >1<>B>: B0 
<03=VB>?@>2>4C. 

�8:>@8AB0==S <>=VB>@8=3>28E A8AB5<: V=B5;5:BC0;P=V A8AB5<8 
<>=VB>@8=3C 4>72>;SRBP 2 @568<V @50;P=>3> G0AC 2V4AB56C20B8 @>1>GV 
?0@0<5B@8 B@0=AD>@<0B>@0 V A2>TG0A=> 28S2;SB8 2V4E8;5==S 2V4 =>@<8. 

!0?@C30 V<?540=AC <0T 28@VH0;P=5 7=0G5==S 4;S C<>2 :>@>B:>3> 
70<8:0==S. �>=0 S2;ST A>1>R =0?@C3C, S:C =5>1EV4=> ?@8:;0AB8 4> >4=VTW 
>1<>B:8 4;S F8@:C;SFVW =><V=0;P=>3> AB@C<C ?@8 :>@>B:><C 70<8:0==V V=H>W 
>1<>B:8. �0728G09 2>=0 28@060TBPAS C 2V4A>B:0E 2V4 =><V=0;P=>W =0?@C38. 

�>=AB@C:FVS B0 281V@ <0B5@V0;C 4;S >A5@4S B@0=AD>@<0B>@0 ACBBT2> 
2?;820RBP =0 5D5:B82=VABP. !0?@8:;04, 28:>@8AB0==S 28A>:>S:VA=>W 
75@=8AB>W :@5<=VT2>W AB0;V 01> 0<>@D=8E A?;02V2 <>65 ACBBT2> 7<5=H8B8 
2B@0B8 70;V70. &5E=>;>3VW 283>B>2;5==S, B0:V S: 79T4=0==S 2=0E;5AB V 
2V4ACB=VABP ?5@D>@0FV9=8E >B2>@V2, B0:>6 A?@8SRBP 7=865==R 2B@0B. 

�8<V@R20==S 2B@0B C B@0=AD>@<0B>@V T =52V49T<=>R G0AB8=>R 
?V428I5==S 5D5:B82=>ABV B0 ?@>4>265==S B5@<V=C A;C618 
5;5:B@>5=5@35B8G=8E A8AB5<. $5B5;P=> ?V418@0RG8 <0B5@V0;8, >?B8<V7CRG8 
:>=AB@C:FVR B0 70AB>A>2CRG8 ?5@54>2V B5E=>;>3VW 28@>1=8FB20, V=65=5@8 
<>6CBP <V=V<V7C20B8 FV 2B@0B8 4;S AB2>@5==S 1V;PH ABV9:8E B0 5:>=><VG=> 
283V4=8E B@0=AD>@<0B>@=8E @VH5=P. � @>728B:>< B5E=>;>3V9 C2030 4> 
7<5=H5==S 2B@0B S: 70;V70, B0: V <V4V 1C45 ?@>4>26C20B8 7@>AB0B8 7024S:8 
V==>20FV9=8< :>=AB@C:FVS< V <0B5@V0;0<, I> T G0AB8=>R 7>1>29S70=P 30;C7V 
I>4> 5=5@3>5D5:B82=>ABV B0 >E>@>=8 =02:>;8H=P>3> A5@54>28I0. 



97 

#V428I5==S 5=5@3>5D5:B82=>ABV A8;>28E B@0=AD>@<0B>@V2 T 206;82>R 
7040G5R 4;S 70157?5G5==S 5:>=><VG=>ABV B0 =04V9=>ABV 5;5:B@>5=5@35B8G=8E 
A8AB5<. �8:>@8AB0==S ACG0A=8E B5E=>;>3V9 B0 <0B5@V0;V2, @53C;S@=5 B5E=VG=5 
>1A;C3>2C20==S B0 2?@>20465==S V=B5;5:BC0;P=8E A8AB5< <>=VB>@8=3C 
4>72>;SRBP 7=878B8 2B@0B8 B0 ?V428I8B8 7030;P=C 5D5:B82=VABP @>1>B8 
B@0=AD>@<0B>@V2. *5 A?@8ST 7<5=H5==R 28B@0B =0 5:A?;C0B0FVR B0 
7=865==R =530B82=>3> 2?;82C =0 =02:>;8H=T A5@54>28I5. 

 

 

'�� 621.316.71 
%<>;S@5=:> ..�. 
ABC4. 3@. E-914< !' «�0?>@V7P:0 ?>;VB5E=V:0» 

% "�/$�!�" ..�. 
���!"��.��!� �!�$��&���: %"!/+!�, ��&$"�� &� 

���$"����&$"%&�!*�� 

�V4=>2;R20=0 5=5@35B8:0 T :;RG>28< =0?@S<:>< @>728B:C ACG0A=>W 
5;5:B@>5=5@35B8:8. +5@57 28A=065==S ?@8@>4=8E @5AC@AV2 B0 5:>;>3VG=V 
?@>1;5<8, 28:;8:0=V 28:>@8AB0==S< B@048FV9=8E 465@5; 5=5@3VW, ;R4AB2> 
0:B82=> 2?@>2046CT 0;PB5@=0B82=V <5B>48 >B@8<0==S 5;5:B@>5=5@3VW. 
!091V;PH ?>?C;S@=8<8 2840<8 2V4=>2;R20=>W 5=5@35B8:8 T A>=SG=0, 2VB@>20 
B0 3V4@>5;5:B@>5=5@35B8:0. �>=8 =5 BV;P:8 7<5=HCRBP 70;56=VABP 2V4 
28:>?=>3> ?0;820, 0;5 9 A?@8SRBP 7=865==R @V2=S 701@C4=5==S 4>2:V;;S. 

$>728B>: F8E B5E=>;>3V9 T 206;828< S: 7 5:>=><VG=>W, B0: V 7 
5:>;>3VG=>W B>G:8 7>@C. �?@>20465==S 2V4=>2;R20=8E 465@5; 5=5@3VW 
4>?><030T AB2>@R20B8 =>2V @>1>GV <VAFS, 7<5=HC20B8 28B@0B8 =0 ?0;82> B0 
?>:@0IC20B8 5=5@35B8G=C 157?5:C :@0W=. ' FV9 4>?>2V4V <8 @>73;S=5<> 
>A>1;82>ABV B0 ?5@A?5:B828 @>728B:C >A=>2=8E 284V2 2V4=>2;R20=>W 
5=5@35B8:8, WE=V ?5@52038, =54>;V:8 B0 =>2VB=V 4>AS3=5==S. 

%>=SG=0 5=5@35B8:0 28:>@8AB>2CT 5=5@3VR A>=FS 4;S 28@>1=8FB20 
5;5:B@>5=5@3VW 70 4>?><>3>R D>B>30;P20=VG=8E ?0=5;59. #@8=F8? @>1>B8 
B0:8E A8AB5< �@C=BCTBPAS =0 ?5@5B2>@5==V A>=SG=>3> A2VB;0 C 5;5:B@8G=89 
AB@C< 70 4>?><>3>R =0?V2?@>2V4=8:>28E <0B5@V0;V2. 

"A=>2=V ?5@52038 A>=SG=>W 5=5@35B8:8 2:;RG0RBP 5:>;>3VG=C G8AB>BC, 
=528G5@?=VABP 465@5;0 B0 <>6;82VABP 2AB0=>2;5==S ?0=5;59 =02VBP C 
2V440;5=8E @09>=0E. "4=0: 2>=0 <0T V ?52=V =54>;V:8, 7>:@5<0 70;56=VABP 2V4 
?>3>4=8E C<>2 B0 28A>:C 20@BVABP >1;04=0==S. 

#@>BS3>< >AB0==VE @>:V2 B5E=>;>3VW 28@>1=8FB20 A>=SG=8E ?0=5;59 
ACBBT2> ?>:@0I8;8AS, I> A?@8ST 7=865==R WE 20@B>ABV B0 ?V428I5==R 
5D5:B82=>ABV. �>:@5<0, 4>A;V465==S C AD5@V 1030B>H0@>28E D>B>5;5<5=BV2 B0 
?5@>2AP:VB>28E ?0=5;59 2V4:@820RBP =>2V <>6;82>ABV 4;S @>728B:C A>=SG=>W 
5=5@35B8:8. 



98 

�8:>@8AB0==S A>=SG=8E 5;5:B@>AB0=FV9. 
%>=SG=V 5;5:B@>AB0=FVW 1C20RBP 42>E >A=>2=8E B8?V2: 
1. (>B>5;5:B@8G=V AB0=FVW 3 28:>@8AB>2CRBP D>B>30;P20=VG=V ?0=5;V 

4;S 157?>A5@54=P>3> ?5@5B2>@5==S A>=SG=>3> A2VB;0 C 5;5:B@>5=5@3VR. 
2. &5@<0;P=V A>=SG=V AB0=FVW 3 70AB>A>2CRBP 475@:0;P=V A8AB5<8 4;S 

D>:CAC20==S A>=SG=>3> A2VB;0 B0 =03@V20==S @V48=8, S:0 ?@82>48BP 2 4VR 
BC@1V=C. 

�0;56=> 2V4 @53V>=C, >48= 01> >18420 FV B8?8 <>6CBP 1CB8 =091V;PH 
5D5:B82=8<8. 

�VB@>20 5=5@35B8:0. �VB@>2V 5;5:B@>AB0=FVW 28:>@8AB>2CRBP A8;C 2VB@C 
4;S >15@B0==S BC@1V=, S:V 35=5@CRBP 5;5:B@>5=5@3VR. �VB@S:8 <>6CBP 1CB8 
2AB0=>2;5=V S: =0 ACHV, B0: V C 2V4:@8B><C <>@V. "A=>2=V ?5@52038 FP>3> 284C 
5=5@35B8:8 3 2V4ACB=VABP 28:84V2 H:V4;828E @5G>28=, =87P:V 5:A?;C0B0FV9=V 
28B@0B8 B0 <>6;82VABP 28:>@8AB0==S C @53V>=0E V7 A8;P=8<8 2VB@0<8. 

"4=0:, =5AB01V;P=VABP 2VB@C B0 <>6;8289 2?;82 =0 ?B0EV2 V <VAF52V 
5:>A8AB5<8 T ?52=8<8 <V=CA0<8 FVTW B5E=>;>3VW. �@V< B>3>, 25;8:V 2VB@>2V 
5;5:B@>AB0=FVW <>6CBP 28:;8:0B8 HC<>25 701@C4=5==S B0 709<0B8 7=0G=V 
?;>IV 75<5;P. 

#5@A?5:B828 @>728B:C 2VB@>2>W 5=5@35B8:8. 

!>2V :>=AB@C:FVW BC@1V=, B0:V S: 157;>?0B52V 2VB@S:8 B0 25@B8:0;P=V 
>AP>2V BC@1V=8, 4>72>;SRBP 7=878B8 @V25=P HC<C B0 <V=V<V7C20B8 H:>4C 4;S 
48:>W ?@8@>48. �@V< B>3>, @>728B>: B5E=>;>3V9 =0:>?8G5==S 5=5@3VW 
4>?><030T 28@VH8B8 ?@>1;5<C =5@V2=><V@=>3> 28@>1=8FB20 5;5:B@>5=5@3VW. 

�V4@>5;5:B@>5=5@35B8:0. 
�V4@>5;5:B@>AB0=FVW (��%) 28:>@8AB>2CRBP 5=5@3VR 2>48 4;S >15@B0==S 

BC@1V= V 28@>1=8FB20 5;5:B@>5=5@3VW. *5 >48= V7 =09AB0@VH8E V 
=095D5:B82=VH8E <5B>4V2 >B@8<0==S 5;5:B@>5=5@3VW. "A=>2=V ?5@52038 ��% 3 
AB01V;P=VABP 35=5@0FVW, 28A>:0 5D5:B82=VABP B0 <>6;82VABP @53C;R20==S 
?>BC6=>ABV. 

#@>B5 1C4V2=8FB2> 25;8:8E ��% <>65 2?;820B8 =0 5:>A8AB5<8 @VG>:, 
7<V=R20B8 <VAF5289 :;V<0B V ?>B@51CT 7=0G=8E DV=0=A>28E 2:;045=P. � V=H>3> 
1>:C, <0;V 3V4@>5;5:B@>AB0=FVW <>6CBP 1CB8 5:>;>3VG=> 157?5G=VH8<8 V 
70AB>A>2CRBPAS 4;S 5=5@3>?>AB0G0==S =525;8:8E =0A5;5=8E ?C=:BV2. 

�;PB5@=0B82=V 2848 3V4@>5=5@35B8:8. 

�@V< B@048FV9=8E ��%, =018@0RBP ?>?C;S@=>ABV: 
- ?@8?;82=V 5;5:B@>AB0=FVW 3 28:>@8AB>2CRBP 5=5@3VR <>@AP:8E 

?@8?;82V2; 
- E28;P>2V 5;5:B@>AB0=FVW 3 ?5@5B2>@RRBP 5=5@3VR E28;P C 

5;5:B@>5=5@3VR; 
- 35>B5@<0;P=V A8AB5<8 3 28:>@8AB>2CRBP 5=5@3VR 30@SG8E ?V475<=8E 

2>4. 



99 

�V4=>2;R20=V 465@5;0 5=5@3VW 2V4V3@0RBP 4540;V 206;82VHC @>;P C 
A2VB>2V9 5=5@35B8FV. %>=SG=0, 2VB@>20 B0 3V4@>5;5:B@>5=5@35B8:0 <0RBP 
7=0G=89 ?>B5=FV0; 4;S 70157?5G5==S AB0;>3> @>728B:C ;R4AB20 B0 7<5=H5==S 
=530B82=>3> 2?;82C =0 4>2:V;;S. 

#>40;PH89 @>728B>: B5E=>;>3V9 B0 7=865==S 28B@0B =0 28@>1=8FB2> 
7@>1;SBP FV 465@5;0 5=5@3VW I5 1V;PH 4>ABC?=8<8 C <091CB=P><C. �@V< B>3>, 
206;828<8 70240==S<8 70;8H0RBPAS AB2>@5==S 5D5:B82=8E A8AB5< 
715@565==S 5=5@3VW B0 V=B53@0FVS 2V4=>2;R20=8E 465@5; C 7030;P=C 
5=5@35B8G=C A8AB5<C. �?@>20465==S @>7C<=8E <5@56 (Smart Grid) 4>72>;8BP 
7=0G=> ?V428I8B8 5D5:B82=VABP 28:>@8AB0==S 0;PB5@=0B82=>W 5=5@3VW B0 
70157?5G8B8 =04V9=5 5;5:B@>?>AB0G0==S. 

�1V;PH5==S V=25AB8FV9 C 2V4=>2;R20=C 5=5@35B8:C, ?V4B@8<:0 =0C:>28E 
4>A;V465=P B0 <V6=0@>4=0 A?V2?@0FS 4>?><>6CBP 4>AS3B8 5=5@35B8G=>W 
=570;56=>ABV B0 715@53B8 4>2:V;;S 4;S <091CB=VE ?>:>;V=P. 

 

%#�%"� ���"$�%&�!"� ��&�$�&'$� 

1. �01V9, �. %.,  ,0?>20;, %. �. (2021). �=5@35B8:0 <091CB=P>3>: 
�V4=>2;R20=V 465@5;0 5=5@3VW. �8W2: �8402=8FB2> "!0C:>20 4C<:0". 

2. �>20;PGC:,  . �. (2020). �;PB5@=0B82=0 5=5@35B8:0: ACG0A=V 
B5=45=FVW B0 ?5@A?5:B828 @>728B:C. �P2V2: �!' V<5=V �20=0 (@0=:0. 

3. International Renewable Energy Agency (IRENA). (2023). Renewable 

Capacity Statistics 2023. https://www.irena.org 

4. European Commission. (2022). Energy: Renewable energy. Retrieved 

from https://energy.ec.europa.eu/topics/renewable-energy_en 

5. �5@602=5 035=BAB2> 7 5=5@3>5D5:B82=>ABV B0 5=5@3>715@565==S 
':@0W=8. (2023). �2VB ?@> @>728B>: 2V4=>2;R20=8E 465@5; 5=5@3VW 2 ':@0W=V. 
https://saee.gov.ua 

 

 

'�� 621.318.1 

,25FP �.". 
ABC4. 3@. �-913< !' «�0?>@V7P:0 ?>;VB5E=V:0» 

,��*0 �.". 
�!����  �&"��� ����!"%&��� &�)!�+!"�" %&�!' %��"��) 

&$�!%("$ �&"$�� 

%8;>2V B@0=AD>@<0B>@8 T =570<V==8< 5;5<5=B>< 5=5@35B8G=8E A8AB5<. 
�>=8 :@8B8G=> 206;82V =0 2AVE 5B0?0E 5=5@3>35=5@0FVW, ?5@540GV B0 @>7?>4V;C. 
�1>W 2 @>1>BV B@0=AD>@<0B>@V2 ?@872>4SBP 4> A5@9>7=8E 5:>=><VG=8E, 
5:>;>3VG=8E B0 A>FV0;P=8E =0A;V4:V2. %?>AB5@V30TBPAS B5=45=FVS 4> 
?V428I5==S =020=B065==S =0 B@0=AD>@<0B>@8 B0 28<>3 4> WE =04V9=>ABV B0 



100 

157?5:8. �=0G=0 G0AB8=0 B@0=AD>@<0B>@V2 2V4?@0FR20;0 A2V9 ?@>T:B=89 
B5@<V= 01> ?@0FRT 2 =5?5@5410G5=8E C<>20E. 

%2>TG0A=0 4V03=>AB8:0 B5E=VG=>3> AB0=C T 206;828< 5;5<5=B>< 4;S 
?@0F5740B=>ABV B0 715@565==S >1;04=0==S. �1V;PH5==S 020@V9=8E A8BC0FV9 
?V4:@5A;RT =5>1EV4=VABP C4>A:>=0;5==S A8AB5<8 4V03=>AB8:8. �@>AB0T 
7=0G5==S =>2VB=VE <5B>4V2 4V03=>AB8:8, I> 4>72>;SRBP 28S2;SB8 B0 
?@>3=>7C20B8 45D5:B8, A?@8SRG8 ?;0=>28< @5<>=B0< B0 70?>1V30==R 
020@VS<. 

%8AB5<8 >=;09=-<>=VB>@8=3C AB0RBP 206;82>R G0AB8=>R ACG0A=8E 
5=5@35B8G=8E ?V4?@8T<AB2, 70157?5GCRG8 >?5@0B82=5 @503C20==S =0 
2V4E8;5==S. $>728B>: 5=5@35B8G=>W V=D@0AB@C:BC@8 28<030T 70AB>AC20==S 
=04V9=8E V B>G=8E <5B>4V2 4V03=>AB8:8, S: B@048FV9=8E, B0: V =>2VB=VE. 

 5B>48 4V03=>AB8:8 A8;>28E B@0=AD>@<0B>@V2 70AB>A>2CRBPAS 2 @V7=8E 
30;C7SE, B0:8E S:: ?@><8A;>2VABP, 5=5@35B8:0, <548F8=0, 02B><>1V;P=89 
B@0=A?>@B, 02V0FVS B>I>. ' :>6=V9 7 F8E AD5@ 206;828< T 70157?5G5==S 
28A>:>W =04V9=>ABV B0 157?5:8 @>1>B8 >1;04=0==S, 0 B0:>6 7=865==S 28B@0B 
=0 >1A;C3>2C20==S. 

"3;S4 VA=CRG8E <5B>4V2 4V03=>AB8:8 A8;>28E B@0=AD>@<0B>@V2: 
- 0:CAB8G=89 <5B>4 (C;PB@072C:, 0:CAB8G=V A83=0;8). 
- B5@<>3@0DVS (V=D@0G5@2>=5 28?@><V=R20==S, B5<?5@0BC@=V 0=><0;VW). 
- <5B>4 G0AB>B=>W E0@0:B5@8AB8:8 (0=0;V7 A?5:B@C 5;5:B@8G=8E 

:>;820=P). 
- 28<V@R20==S =0?@C38 B0 AB@C<C (<>=VB>@8=3 @>1>G8E ?0@0<5B@V2). 
- <5B>4 @>7AVS==S 307V2 (0=0;V7 307V2 @>7:;040==S <0A;0/V7>;SFVW). 
- B5ABC20==S V7>;SFVW (>?V@ V7>;SFVW, ?@>182=0 =0?@C30). 
- B5ABC20==S =0 28B>:8 AB@C<C. 
- ?5@52V@:0 <5E0=VG=8E 79T4=0=P. 
#5@52038 V =54>;V:8 :>6=>3> <5B>4C. 
�:CAB8G=89 <5B>4 
#5@52038: =5 ?>B@51CT @>718@0==S B@0=AD>@<0B>@0; <>6;82VABP 

28S2;5==S 45D5:BV2 =0 @0==VE AB04VSE; H284:VABP V ?@>AB>B0 70AB>AC20==S. 
!54>;V:8: GCB;82VABP 4> 7>2=VH=P>3> HC<C, I> <>65 A?>B2>@R20B8 

@57C;PB0B8; =528A>:0 B>G=VABP C 28S2;5==V A:;04=8E 45D5:BV2. 
&5@<>3@0DVO 
#5@52038: 4>72>;ST H284:> 28S28B8 0=><0;VW B5<?5@0BC@8 =0 ?>25@E=V 

B@0=AD>@<0B>@0; =5 ?>B@51CT 157?>A5@54=P>3> :>=B0:BC 7 >1;04=0==S<. 
!54>;V:8: >1<565==S 2 >FV=FV 3;81H8E ?@>1;5<, B0:8E S: 45D5:B8 2 

A5@548=V B@0=AD>@<0B>@0; 206:> >FV=8B8 B>G=C ?@8G8=C ?5@53@V2C 157 
4>40B:>28E <5B>4V2. 

 5B>4 G0AB>B=>W E0@0:B5@8AB8:8 



101 

#5@52038: <>6;82VABP 28S2;5==S H8@>:>3> A?5:B@C ?@>1;5<, 
2:;RG0RG8 45D5:B8 2 5;5:B@8G=8E :>;0E; @0==T 28S2;5==S 45D5:BV2, I> 
<>6CBP ?@825AB8 4> A5@9>7=8E ?>H:>465=P. 

!54>;V:8: A:;04=VABP 2 V=B5@?@5B0FVW @57C;PB0BV2, ?>B@51CT 28A>:>W 
:20;VDV:0FVW D0EV2FV2; ?>B@51CT 4>40B:>2>3> >1;04=0==S 4;S 28<V@R20==S 
A?5:B@V2. 

�07>289 0=0;V7 
#5@52038: 28A>:0 GCB;82VABP 4> 1030BP>E 284V2 45D5:BV2, 7>:@5<0 4> 

?5@53@V2C B0 :>@>7VW; <>6;82VABP 70AB>AC20==S 4> B@0=AD>@<0B>@V2 7 @V7=8<8 
B8?0<8 <0A;0. 

!54>;V:8: ?>B@51CT @53C;S@=>3> 2V41>@C ?@>1 307V2; =5 40T B>G=>W 
V=D>@<0FVW ?@> E0@0:B5@ 45D5:BC 157 4>40B:>28E <5B>4V2. 

&5ABC20==O V7>;OFVW 
#5@52038: 4>72>;ST B>G=> >FV=8B8 AB0= V7>;SFV9=8E <0B5@V0;V2; 

?>H8@5=89 V 4>1@5 282G5=89 <5B>4, I> 40T =04V9=V @57C;PB0B8. 
!54>;V:8: ?>B@51CT 7C?8=:8 B@0=AD>@<0B>@0 4;S ?@>2545==S B5ABV2; 

<>65 =5 28S28B8 45D5:B8, I> 28=8:;8 ?V4 G0A 5:A?;C0B0FVW. 
&5ABC20==O =0 28B>:8 AB@C<C 
#5@52038: <>65 28S28B8 45D5:B8 2 V7>;SFVW, I> =5 702648 284=> 

2V7C0;P=>; 4>72>;ST 287=0G8B8, G8 T ?>B5=FV9=V =5157?5G=V 28B>:8 AB@C<C. 
!54>;V:8: =5 702648 ?>:07CT B>G=V <VAFS 28B>:V2; 28<030T B>G=>3> 

=0;0HBC20==S >1;04=0==S B0 4>A2V4C. 
%5@54 >A=>2=8E <5B>4V2, S:V G0AB> 70AB>A>2CRBPAS =0 ?@0:B8FV, <>6=0 

284V;8B8: 
�V7C0;P=0 4V03=>AB8:0 3 ?5@5410G0T >3;S4 >19T:B0 01> A8AB5<8 7 <5B>R 

28S2;5==S >G5284=8E 45D5:BV2, :>@>7VW 01> <5E0=VG=8E ?>H:>465=P. 
�:CAB8G=0 5<VAVS 3 <5B>4, S:89 4>72>;ST 28S28B8 45D5:B8, I> 

28=8:0RBP C ?@>F5AV 5:A?;C0B0FVW, 70 4>?><>3>R 0=0;V7C 72C:>28E E28;P, 
:>B@V 35=5@CRBPAS 2 <0B5@V0;0E. 

&5@<>3@0DVS 3 28:>@8AB>2CTBPAS 4;S 28S2;5==S B5<?5@0BC@=8E 
0=><0;V9, S:V <>6CBP 1CB8 A83=0;>< ?@> =5A?@02=>ABV 01> 45D5:B8 2 
5;5:B@8G=8E V <5E0=VG=8E A8AB5<0E. 

�V1@0FV9=89 0=0;V7 3 70A=>20=89 =0 <>=VB>@8=3C 2V1@0FV9, 4>72>;ST 
4V03=>ABC20B8 <5E0=VG=V =5A?@02=>ABV 2 <0H8=0E B0 >1;04=0==V. 

 03=VB=>-@57>=0=A=89 <5B>4 3 70AB>A>2CTBPAS 7 <5B>R 4>A;V465==S 
AB0=C <0B5@V0;V2 B0 5;5<5=BV2 :>=AB@C:FV9 157 ?>@CH5==S WE FV;VA=>ABV. 

&0:>6 CAV 28<V@R20==S 9 0=0;V78 ?@8 4V03=>AB8FV B@0=AD>@<0B>@V2 
<>6=0 @>74V;8B8 =0 5 =0ABC?=8E 3@C? [1]: 

- ?5@H0 3@C?0 <VAB8BP C A>1V B@048FV9=V 28<V@R20==S =0 2V4:;RG5=><C 
B@0=AD>@<0B>@V: 28<V@R20==S tg· V R V7>;SFVW >1<>B>: V 22>4V2, >?>@C >1<>B>: 
?>ABV9=><C AB@C<C, 2B@0B =5@>1>G>3> E>4C 9 >?>@C �� 4;S :>=B@>;R 
<5E0=VG=>3> AB0=C >1<>B>: ?VA;S ?@>BV:0==S =0A:@V7=8E AB@C<V2 :>@>B:>3> 



102 

70<8:0==S. 'AV FV 28<V@R20==S, S: ?@028;>, @53C;S@=> 28:>=CRBPAS 
5:A?;C0B0FV9=8< ?5@A>=0;>< [1]. 

- 4@C30 3@C?0 28<V@R20=P ?@>2>48BPAS =0 B@0=AD>@<0B>@0E ?@8 @>1>GV9 
=0?@C7V 2 @568<V =091V;PH8E =020=B065=P V (01>) =5@>1>G>3> E>4C [1]. 

- B@5BS 3@C?0 3 F5 DV78:>-EV<VG=V 0=0;V78 <0A;0 7 10:0, <0A;>=0?>2=5=8E 
22>4V2, :>=B0:B>@0 $#!. %5@54 =8E 3 25;8:0 3@C?0 B@048FV9=8E 28<V@R20=P, 
S:V H8@>:> 70AB>A>2CRBPAS 2 5:A?;C0B0FVW (28<V@R20==S ?@>182=>W =0?@C38, 
:8A;>B=>3> G8A;0 V B. 4.) [1]. 

- G5B25@B0 3@C?0 ?5@5410G0T 28<V@R20==S A8AB5< 157?5@5@2=>3> 
:>=B@>;R (<>=VB>@8=3C) V7>;SFVW 22>4V2 V I>45==V 28<V@R20==S >A=>2=8E 
?>:07=8:V2 @>1>B8 B@0=AD>@<0B>@0 [1]. 

- ?9SB0 3@C?0 0=0;V7V2 ?@>2>48BPAS 4;S B@0=AD>@<0B>@V2, S:V 70 
@57C;PB0B0<8 ?5@H8E G>B8@P>E 3@C? 28<V@R20=P ?>B@51CRBP ?@>2545==S 
:0?VB0;P=>3> @5<>=BC. �> FVTW 3@C?8 2E>4SBP 287=0G5==S ABC?5=S 
?>;V<5@870FVW ?0?5@>2>W V7>;SFVW, ?@S<V 28<V@R20==S WW 2>;>3>2<VABC B0 
<VF=>ABV [1]. 

�>65= 7 F8E <5B>4V2 <0T A2>W ?5@52038 B0 =54>;V:8 2 70;56=>ABV 2V4 
E0@0:B5@C >19T:B0, B>G=>ABV 28<V@R20=P B0 H284:>ABV ?@>2545==S 
4V03=>AB8:8. #@>2545=89 0=0;V7 4>72>;ST 7@>18B8 28A=>2>: ?@> B5, I> :>65= 
7 <5B>4V2 =040T <>6;82VABP 7 4>AB0B=P>R B>G=VABR 28S28B8 45D5:B8 2 
:>=AB@C:B82=8E 5;5<5=B0E B0 7<5=H8B8 :V;P:VABP ?;0=>28E @5<>=BV2 7024S:8 

2G0A=><C @503C20==R =0 7<V=8 ?V4 G0A 5:A?;C0B0FVW B@0=AD>@<0B>@V2. 
�81V@ >?B8<0;P=>3> <5B>4C 4V03=>AB8:8 70;568BP 2V4 1030BP>E 

D0:B>@V2, A5@54 S:8E A;V4 707=0G8B8: 
&8? >19T:B0: @V7=V >19T:B8 ?>B@51CRBP @V7=8E <5B>4V2. !0?@8:;04, 4;S 

4283C=V2 2=CB@VH=P>3> 73>@S==S >?B8<0;P=8<8 1C4CBP 2V1@0FV9=89 0=0;V7 B0 
B5@<>3@0DVS, 2 B>9 G0A S: 4;S B@C1>?@>2>4V2 3 C;PB@072C:>2V <5B>48 B0 
0:CAB8G=0 5<VAVS. 

'<>28 5:A?;C0B0FVW: 4;S >19T:BV2, I> ?@0FRRBP 2 C<>20E 28A>:8E 
B5<?5@0BC@ 01> A8;P=8E <5E0=VG=8E =020=B065=P, =091V;PH 5D5:B82=8<8 
1C4CBP <5B>48, 740B=V ?@0FR20B8 2 B0:8E C<>20E, =0?@8:;04: B5@<>3@0DVS 01> 
2V7C0;P=89 >3;S4 ?@8 28I8E B5<?5@0BC@0E. 

!5>1EV4=0 B>G=VABP: 2 45S:8E 28?04:0E 206;82> >B@8<0B8 =04728G09=> 
B>G=V 40=V, I> <>65 28<030B8 28:>@8AB0==S 4>@>38E <5B>4V2 4V03=>AB8:8. 

+0A>20 A:;04=VABP: 4;S H284:8E ?5@52V@>: <>6=0 28:>@8AB>2C20B8 
0:CAB8G=V 01> 2V7C0;P=V <5B>48, S:V =5 ?>B@51CRBP 1030B> G0AC =0 >B@8<0==S 
@57C;PB0BV2, B>4V S: 4;S 1V;PH 3;81>:>3> 0=0;V7C :@0I5 70AB>A>2C20B8 <5B>48, 
S:V 709<0RBP 1V;PH5 G0AC. 

�0@BVABP: =5 702648 T <>6;82VABP 28:>@8AB>2C20B8 4>@>3V <5B>48 
4V03=>AB8:8, B><C G0AB> ?@89<0TBPAS @VH5==S =0 >A=>2V 5:>=><VG=>W 
4>FV;P=>ABV. 



103 

#@8 281>@V >?B8<0;P=>3> <5B>4C 4V03=>AB8:8 4;S :>=:@5B=8E C<>2 
5:A?;C0B0FVW =5>1EV4=> 2@0E>2C20B8 =5 ;8H5 B5E=VG=V E0@0:B5@8AB8:8 
<5B>4V2, 0;5 9 4>ABC?=VABP >1;04=0==S, :20;VDV:0FVR ?5@A>=0;C B0 1R465B 
?@>T:BC. �0AB>AC20==S :><?;5:A=8E ?V4E>4V2, I> 2:;RG0RBP :V;P:0 <5B>4V2, 
<>65 ACBBT2> ?V428I8B8 B>G=VABP 4V03=>AB8:8 B0 7=878B8 @878: ?><8;:>28E 
@57C;PB0BV2. �8:>@8AB0==S ACG0A=8E ?@>3@0<=8E 70A>1V2 4>72>;ST ACBBT2> 
75:>=><8B8 G0A B0 :>HB8, 0 B0:>6 7=0G=> >?B8<V7C20B8 4V03=>AB8:C 
B@0=AD>@<0B>@=>3> >1;04=0==S B0 70157?5G8B8 157?5@51V9=5 9>3> 
28:>@8AB0==S. 

 

%#�%"� ���"$�%&�!"� ��&�$�&'$� 

1. �0;V7=S: �. .. "A>1;82>ABV B5E=VG=>W 4V03=>AB8:8 A8;>28E 
B@0=AD>@<0B>@V2 [�;5:B@>==89 @5AC@A] / �. .. �0;V7=S: //  0B5@V0;8 XLVII 
=0C:>2>-B5E=VG=>W :>=D5@5=FVW ?V4@>74V;V2 �!&', �V==8FS, 14-23 15@57=S 
2018 @. 3 �;5:B@>=. B5:AB. 40=V. 3 2018. 3 URL: 

https://conferences.vntu.edu.ua/index.php/all-feeem/all-feeem-

2018/paper/view/4580 

2. #. �. �56=R:, ". �. $C10=5=:>, V ". �. �07P<V@C:. "?B8<0;P=5 
:5@C20==S =>@<0;P=8<8 @568<0<8 55A 7 C@0EC20==S< B5E=VG=>3> AB0=C 
B@0=AD>@<0B>@V2 V7 $#!. - 2013.- !0C:#@0FV �!&'. - 28?. 4. %. 44-47. URL: 

https://praci.vntu.edu.ua/index.php/praci/article/view/339/337 

 

 

'��621.318.1 
�@82>3C7>2  . . 
ABC4. 3@. �-914< !' «�0?>@V7P:0 ?>;VB5E=V:0» 

�$��"�'�"�  . . 
 �&� �&�+!�  "���.��!!/ %&�&�+!"�" 
�" #�!%�&"$� $���&��!"� #"&'�!"%&� ��/ 
$��'�.��!!/ !�#$'�� � �!�$�"%�%&� �) 

%CG0A=V 5=5@3>A8AB5<8 AB8:0RBPAS 7 28:;8:0<8, ?>2'S70=8<8 7 
?V4B@8<:>R AB01V;P=>ABV B0 S:>ABV 5;5:B@>5=5@3VW. �@>AB0==S =020=B065=P, 
V=B53@0FVS 2V4=>2;R20=8E 465@5; 5=5@3VW (���) B0 =5>1EV4=VABP 70157?5G5==S 
28A>:>W S:>ABV 5;5:B@>5=5@3VW @>1;SBP @53C;R20==S =0?@C38 :@8B8G=> 
206;828<. �>;820==S =0?@C38, A?@8G8=5=V 7<V==8< =020=B065==S< B0 
35=5@0FVTR ���, <>6CBP ?@8725AB8 4> =5AB01V;P=>ABV A8AB5<8 B0 
?>H:>465==S >1;04=0==S. #@><8A;>2V ?V4?@8T<AB20 7 WE=V<8 ?>BC6=8<8 B0 
7<V==8<8 =020=B065==S<8 >A>1;82> GCB;82V 4> :>;820=P =0?@C38. ' FP><C 
:>=B5:ABV AB0B8G=V :><?5=A0B>@8 @50:B82=>W ?>BC6=>ABV (SVC) 28ABC?0RBP 
5D5:B82=8< @VH5==S<. �>=8 70157?5GCRBP H284:5 B0 5D5:B82=5 
@53C;R20==S =0?@C38, :><?5=ACRG8 @50:B82=C ?>BC6=VABP C @50;P=><C G0AV. 



104 

SVC T 5:>=><VG=> 283V4=>R 0;PB5@=0B82>R B@048FV9=8< A8=E@>==8< 
:><?5=A0B>@0<, >A>1;82> 4;S ?@><8A;>28E <5@56. �>=8 4>72>;SRBP 
?>:@0I8B8 AB01V;P=VABP A8AB5<8, 7<5=H8B8 2B@0B8 ?>BC6=>ABV B0 ?V428I8B8 
S:VABP 5;5:B@>5=5@3VW. 

 5B>4>;>3VS 4>A;V465==S. �>A;V465==S A?@S<>20=5 =0 @>7@>1:C 
<0B5<0B8G=>W <>45;V SVC 4;S A8AB5< 28A>:>W =0?@C38 (500 :�, 50 �F, 3000 
 ��). �;S FP>3> 28:>@8AB>2CTBPAS ?@>3@0<=89 :><?;5:A MATLAB 7 
?0:5B0<8 Simulink B0 SimPowerSystems.  >45;R20==S 2 MATLAB 4>72>;ST 
70AB>A>2C20B8 D07>@=5 <>45;R20==S 4;S 0=0;V7C AB0FV>=0@=8E @568<V2 B0 
>B@8<C20B8 B>G=V @57C;PB0B8 4;S A:;04=8E 5=5@3>A8AB5<. 

 >45;P @>7@>1;5=0 4;S A8AB5<8 28A>:>W =0?@C38, I> 2V4?>2V40T 
@50;P=8< C<>20< 5;5:B@>?5@540GV, I> 70157?5GCT ?@0:B8G=C 70AB>A>2=VABP 
@57C;PB0BV2. �8:>@8AB0==S ?@>3@0<=>3> :><?;5:AC MATLAB 7 ?0:5B0<8 
Simulink B0 SimPowerSystems 70157?5GCT ?>BC6=89 V=AB@C<5=B 4;S 
<>45;R20==S 5=5@3>A8AB5< *5 >A>1;82> 206;82> 4;S A:;04=8E 
5=5@3>A8AB5<, 45 =5>1EV4=> 2@0E>2C20B8 25;8:C :V;P:VABP :><?>=5=BV2 B0 
WE=R 270T<>4VR. 

 

  
$8AC=>: 1 - �@0DVG=5 ?@54AB02;5==S <0B5<0B8G=>W <>45;V SVC 

 

�@EVB5:BC@0 SVC B0 ?@8=F8?8 @>1>B8 &8@8AB>@=V :><CB0B>@8 T<=VA=8E 
10B0@59 (TSC) B0 :5@>20=V @50:B>@8 (TCR) 70157?5GCRBP H284:5 ?5@5<8:0==S 
@50:B82=>W ?>BC6=>ABV. 

*5 4>72>;ST SVC @503C20B8 =0 7<V=8 =0?@C38 2 @50;P=><C G0AV. �;>:8 
28<V@R20==S ?0@0<5B@V2 <5@56V 70157?5GCRBP B>G=C V=D>@<0FVR ?@> AB0= 
A8AB5<8. �=B5;5:BC0;P=89 @53C;SB>@ 287=0G0T =5>1EV4=C 25;8G8=C @50:B82=>W 
?>BC6=>ABV 4;S ?V4B@8<:8 =0?@C38 =0 7040=><C @V2=V. �5=5@0B>@ V<?C;PAV2 
:5@C20==S 70157?5GCT A8=E@>=V7>20=5 B0 B>G=5 :5@C20==S B8@8AB>@0<8. 

 0B5<0B8G=0 <>45;P B0 @57C;PB0B8 4>A;V465=P. �>;PB-0<?5@=V 
E0@0:B5@8AB8:8 SVC 2V4>1@060RBP 70;56=VABP @50:B82=>3> AB@C<C (ISVC) 2V4 
=0?@C38 (V) 2 B>GFV ?V4:;RG5==S SVC. *V E0@0:B5@8AB8:8 ?>:07CRBP 
740B=VABP SVC @53C;R20B8 =0?@C3C H;SE>< 7<V=8 @50:B82=>3> AB@C<C. 
(>@<C;0 4;S @>7@0EC=:C @50:B82=>W ?>BC6=>ABV SVC (QSVC) 4>72>;ST 
287=0G8B8 =5>1EV4=89 @50:B82=89 AB@C< 4;S ?V4B@8<:8 7040=>W =0?@C38: 

 QSVC = V2 / XSVC,   (1) 



105 

45 V - =0?@C30 2 B>GFV ?V4:;RG5==S SVC, �; 
XSVC - @50:B82=89 >?V@ SVC, S:89 @53C;RTBPAS B8@8AB>@=8<8 

:><CB0B>@0<8. 
 

�=0;V7 2?;82C ?0@0<5B@V2 @53C;SB>@0 =0 AB01V;P=VABP A8AB5<8. 
$53C;SB>@ SVC 287=0G0T 25;8G8=C @50:B82=>3> AB@C<C, =5>1EV4=>3> 4;S 
?V4B@8<:8 7040=>W =0?@C38. #0@0<5B@8 @53C;SB>@0, B0:V S: :>5DVFVT=B 
?V4A8;5==S B0 G0A V=B53@C20==S, 2?;820RBP =0 AB01V;P=VABP A8AB5<8. 
!5?@028;P=89 281V@ ?0@0<5B@V2 @53C;SB>@0 <>65 ?@8725AB8 4> :>;820=P 
=0?@C38 B0 =5AB01V;P=>ABV A8AB5<8. 

�>A;V465==S 48=0<V:8 ?5@5EV4=8E ?@>F5AV2. #5@5EV4=V ?@>F5A8 
28=8:0RBP ?@8 H284:8E 7<V=0E =0?@C38 01> =020=B065==S. �>A;V465==S 
48=0<V:8 ?5@5EV4=8E ?@>F5AV2 4>72>;ST >FV=8B8 H284:>4VR SVC B0 9>3> 
740B=VABP @503C20B8 =0 H284:V 7<V=8 =0?@C38. �;S 0=0;V7C ?5@5EV4=8E 
?@>F5AV2, <>6=0 28:>@8AB>2C20B8 <0B5<0B8G=V <>45;V, S:V >?8ACRBP 
48=0<VG=C ?>254V=:C SVC. !0?@8:;04, <>6=0 28:>@8AB>2C20B8 
48D5@5=FV0;P=V @V2=S==S, S:V >?8ACRBP 7<V=C @50:B82=>3> AB@C<C SVC 2 G0AV. 
�=0;V7 ?5@5EV4=8E ?@>F5AV2 4>72>;ST 287=0G8B8 G0A 2V43C:C SVC B0 9>3> 
740B=VABP ?V4B@8<C20B8 AB01V;P=VABP A8AB5<8 ?@8 H284:8E 7<V=0E =0?@C38. 

�>A;V465==S ?V4B25@46CT 5D5:B82=VABP SVC 4;S ?V4B@8<:8 =0?@C38 
2V4?>2V4=> 4> 28<>3 �%&'. SVC <>65 1CB8 28:>@8AB0=89 4;S V=B53@0FVW 
���, 70157?5GCRG8 AB01V;P=VABP A8AB5<8 ?@8 7<V==V9 35=5@0FVW. SVC <>65 
1CB8 28:>@8AB0=89 4;S >?B8<V70FVW @>1>B8 ?@><8A;>28E 5=5@3>A8AB5<, 
7<5=HCRG8 2B@0B8 ?>BC6=>ABV B0 ?V428ICRG8 S:VABP 5;5:B@>5=5@3VW. 

 

 

'��621.318.1 
�C3=ST2 �.#.1,  ><>B $.%.1 
1ABC4. 3@. �-914< !' «�0?>@V7P:0 ?>;VB5E=V:0» 

�'�!/�� �.#.,  " "& $.%. 
����+�  ��!�&"%&�&��� � %�$��"��-� #$"�$� !"�" 

�����#�+�!!/ ELCUT 

$>7@0EC=>: <03=VB=>3> ?>;S 70AB>A>2CTBPAS ?@8 ?@>5:BC20==V B0 
4>A;V465==V @V7=8E ?@8AB@>W2, B0:8E S: A>;5=>W48, 5;5:B@8G=V <0H8=8, 
<03=VB=V 5:@0=8, ?>ABV9=V <03=VB8, @50:B>@8 B>I>. �0728G09 ?@8 @>7@0EC=:0E 
<03=VB=>3> ?>;S ?@54AB02;SRBP V=B5@5A B0:V 25;8G8=8, S: <03=VB=0 V=4C:FVS, 
=0?@C65=VABP <03=VB=>3> ?>;S, <03=VB>AB0B8G=V A8;8 B0 <><5=B8, 
V=4C:B82=VABP, 0 B0:>6 ?>B>:>7G5?;5==S 7 @V7=8<8 >1<>B:0<8. 

#0:5B Elcut <>65 70AB>A>2C20B8AS 4;S 28@VH5==S ;V=V9=8E B0 =5;V=V9=8E 
70240=P <03=VB>AB0B8:8 2 ?;>A:V9 B0 2VA5A8<5B@8G=V9 ?>AB0=>2FV. 



106 

�8:>@8AB>2CTBPAS D>@<C;R20==S 7040GV I>4> 25:B>@=>3> <03=VB=>3> 
?>B5=FV0;C 

�0240==S <03=VB>AB0B8:8 <>6CBP 1CB8 28@VH5=V 2 ;V=V9=V9 B0 =5;V=V9=V9 
?>AB0=>2:0E. �65@5;>< ?>;S <>6CBP A;C68B8 7>A5@5465=V B0 @>7?>4V;5=V 
AB@C<8 B0 AB@C<>2V H0@8, ?>ABV9=V <03=VB8, 0 B0:>6 7>2=VH=V <03=VB=V ?>;S. 

#@8 28@VH5==V F8E 70240=P 28:>@8AB>2CTBPAS @V2=S==S #C0AA>=0 4;S 
25:B>@=>3> <03=VB=>3> ?>B5=FV0;C A (B=rot A, B 3 25:B>@ <03=VB=>W V=4C:FVW) 
� 70240==SE 25:B>@ V=4C:FVW B 702648 ;568BP 2 ?;>I8=V <>45;V (xy 01> zr), 0 
25:B>@ IV;P=>ABV AB>@>==P>3> AB@C<C j B0 25:B>@=89 ?>B5=FV0; A 

?5@?5=48:C;S@=V 4> =5W. �=H8<8 A;>20<8, 5;5:B@8G=89 AB@C<, I> AB2>@RT 
<03=VB=5 ?>;5, A?@S<>20=5 ?5@?5=48:C;S@=> ?;>I8=V :@5A;5==S, 01> @CE><V 
70@S48, I> AB2>@RRBP ?>ABV9=5 <03=VB=5 ?>;5, ?5@5<VICRBPAS 
?5@?5=48:C;S@=> ?;>I8=V :@5A;5==S. �V4<V==V 2V4 =C;S ;8H5 :><?>=5=B8 jz 

B0 Az C ?;>A:>-?0@0;5;P=><C 28?04:C 01> j» V A» 2 2VA5A8<5B@8G=8E 7040G0E. 
�;S ?;>A:>-?0@0;5;P=8E 7040G @V2=S==S <0T 283;S4 

 , (1) 

0 4;S 2VA5A8<5B@8G=>3> 28?04:C: 

 ,  (2) 

45 :><?>=5=B8 B5=7>@0 <03=VB=>W ?@>=8:=>ABV  ,  

A:;04>2V :>5@F8B82=>W A8;8, 0 B0:>6 IV;P=VABP AB@C<C j 3 ?>ABV9=V 25;8G8=8 2 
<560E :>6=>3> 7 1;>:V2 <>45;V. 

� =5;V=V9=V9 ?>AB0=>2FV S:>ABV <0B5@V0;V2 22060RBPAS V7>B@>?=8<8 
(¿x=¿y 01> ¿z=¿r) V 7040RBPAS 70;56=VABR B=f(H),?@54AB02;5=>R :C1VG=8< 
A?;09=><. 

�65@5;0 ?>;S <>6CBP 1CB8 7040=V 2 1;>:0E, =0 @51@0E 01> >:@5<8E 
25@H8= <>45;V. � <03=VB>AB0B8FV ?V4 465@5;0<8 ?>;S @>7C<VRBPAS 
7>A5@5465=V B0 @>7?>4V;5=V AB@C<8 B0 AB@C<>2V H0@8, 0 B0:>6 ?>ABV9=V 
<03=VB8, =0<03=VG5=VABP S:8E 287=0G0TBPAS 25;8G8=>R :>5@F8B82=>W A8;8. 

�65@5;>, 70d40=89 d :>=:@5B=V9 B>GFV ?;>I8=8 xy (zr), >?8ACT AB@C<, 
S:89 ?@>E>48BP G5@57 FR B>G:C C =0?@S<V B@5BP>W 2VAV. � >A5A8<5B@8G=><C 
28?04:C B>G:>25 465@5;> ?@54AB02;ST AB@C< C B>=:><C :V;PF52><C 
?@>2V4=8:C =02:>;> >AV A8<5B@VW. %B@C<, 7040=89 =0 @51@V, 2V4?>2V40T 
?>25@E=52><C AB@C<C 2 B@828<V@=><C ?@>AB>@V. �0240==S IV;P=>ABV AB@C<C 2 
AB@C<>2><C H0@V 5:2V20;5=B=5 =5>4=>@V4=V9 3@0=8G=V9 C<>2V !59<0=0 V 
74V9A=RTBPAS 70 9>3> 4>?><>3>R. #@>AB>@>2> @>7?>4V;5=89 AB@C< >?8ACTBPAS 
01> 70 4>?><>3>R IV;P=>ABV 5;5:B@8G=>3> AB@C<C, 01> ?>2=8< G8A;>< 0<?5@-
28B:V2, 0A>FV9>20=8E 7 1;>:><. -V;P=VABP AB@C<C 2 :>BCHFV <>65 1CB8 
>B@8<0=0 70 D>@<C;>R: 



107 

 , (3) 

45 n 3 :V;P:VABP  28B:V2 :>BCH:8, 
 I 3 ?>2=89 AB@C<,  
S 3 ?;>I0 ?>?5@5G=>3> ?5@5@V7C :>BCH:8.  

 

$V7=V 1;>:8, 2 S:8E 7040=> >4=5 V B5 6 A0<5  ?>2=5 G8A;> 0<?5@-28B:V2, 
<>6CBP @>73;S40B8AS S: 7'T4=0=V ?>A;V4>2=>. �CAB8=0 AB@C<C 2 :>6=><C 
1;>FV 1C45 >1G8A;R20B8AS @>7?>4V;>< 7030;P=>W :V;P:>ABV 0<?5@-28B:V2 =0 
?;>IC 1;>:C 

� 2VA5A8<5B@8G=8E 7040G0E, S:I> 2 1;>FV 7040=> ?>2=5 G8A;> 0<?5@-
28B:V2, 0 =5 IV;P=VABP AB@C<C, T <>6;82VABP >?8A0B8, I> IV;P=VABP AB@C<C 
<0T 1CB8 @>7?>4V;5=0 70 ?5@5@V7>< =0704 ?@>?>@FV9=> 2V4AB0=V 4> >AV 
>15@B0==S. *59 ?V4EV4 4>72>;ST <>45;R20B8 <0A82=V A?V@0;P=V :>BCH:8. 

 

 

'��621.318.1 
 0:A8<5=:> �.�.1, �>?BT2 �. .2 
1ABC4. 3@. �-214< !' «�0?>@V7P:0 ?>;VB5E=V:0» 
2 ABC4. 3@. �-214 !' «�0?>@V7P:0 ?>;VB5E=V:0» 

 ��%� �!�" �.�., �"#&�� �. . 
#����-�!!/ &�#�"�����+� /� %#"%�� #"�$�-�!!/ 

!����!"%&� &$�!%("$ �&"$�� 

 5B0;52V G0AB8=8 B@0=AD>@<0B>@0 <>6CBP 157 ?>H:>465=P 4>2389 
G0A  28B@8<C20B8 4>2>;V 28A>:V B5<?5@0BC@8, 2 B>9 G0A S: V7>;SFVS 
B@0=AD>@<0B>@V2, 0 >A>1;82> V7>;SFVS >1<>B>: =5 <>65.  �AB0=>2;5=> I> 
5;5:B@8G=0 <VF=VABP ?0?5@>2>W V7>;SFVW =5 7=86CTBPAS 4> B8E ?V@  ?>:8 
715@V30TBPAS WW <5E0=VG=0 FV;VA=VABP. � ?@>F5AV 5:A?;C0B0FVW B@0=AD>@<0B>@0 
?0?5@>20 V7>;SFVS ?>ABC?>2> 7=>HCTBPAS. *59 ?@>F5A AC?@>2>46CTBPAS 
7<5=H5==S< 5;0AB8G=>ABV B0 71V;PH5==S< E@C?:>ABV, I> ?V4 2?;82>< 2V1@0FVW 
B0 48=0<VG=8E 7CA8;P, I> 79S2;SRBPAS 2 B@0=AD>@<0B>@V ?>G8=0T 
@>7B@VA:C20B8AP B0 ?>H:>46C20B8AP. � 729S7:C 7 F8< 2V41C20TBPAS @V7:5 
7=865==S 5;5:B@8G=>W <VF=>ABV, I> ?@872>48BP 4> ?@>1>R B0 ?>H:>465==R 
B@0=AD>@<0B>@0. 

+0A, ?@>BS3>< S:>3> V7>;SFVS 7=>HCTBPAS =0ABV;P:8 I> AB0T 
=5?@840B=>R 4> ?>40;PH>W @>1>B8 70;568BP 2V4 B5<?5@0BC@8 =03@V2C. �V 
71V;PH5==S< B5<?5@0BC@8 ?@8 V=H8E 4>?CAB8<8E C<>20E AB@>: A;C618 
B@0=AD>@<0B>@0 7<5=HCTBPAS. 

� 7030;P=><C 283;S4V 70;56=VABP AB@>:C A;C618 V7>;SFVW 2V4 
B5<?5@0BC@8 <0T 283;S4: 



108 

, 

45   3 AB@>: A;C618 V7>;SFVW, @V:;  
 3 B5<?5@0BC@0 =03@V2C, º%; 
 3 :>5DVFVT=B, S:89 287=0G0T ABC?V=P AB0@V==S; 

 3 C<>2=0 25;8G8=0, S:0 E0@0:B5@87CT AB@>: A;C618 V7>;SFVW. 
 

�;S B@0=AD>@<0B>@V2 ?@89=SB0 B0:0 4>?CAB8<0 B5<?5@0BC@0 =03@V2C 
V7>;SFVW ?@8 S:V9 70157?5GCTBPAS AB@>: A;C618 B@0=AD>@<0B>@V2 20-25 @>:V2. 
�;S B@0=AD>@<0B>@V2 A5@54=P>W ?>BC6=>ABV 4>A;V4=8< H;SE>< 2AB0=>2;5=>, 
I> =0928I0 B5<?5@0BC@0, S:C 28B@8<CT 2 <0A;V ?0?5@>20 V7>;SFVS 157 
7=865==S V7>;SFV9=8E S:>AB59 105 º%. 

�8:>@8AB0==S B@0=AD>@<0B>@=>3> <0A;0 2 S:>ABV A5@54>28I0 I> 
2V42>48BP B5?;> 2 ?@>F5AV @>1>B8 B@0=AD>@<0B>@0 2:@09 5D5:B82=5. �0 
4>A;V4=8<8 40=8<8 2V440G0 B5?;0 2V4 >48=8FV ?>25@E=V ?@8 <0A;S=><C 
>E>;>465==V 2 6-8 @07V2 1V;PH0 =V6 ?@8 2V440GV B5?;0 157?>A5@54=P> 2 
=02:>;8H=T A5@54>28I5. #@8 <0A;S=><C >E>;>465==V ?>25@E=R >1<>B>: B0 
<03=VB>?@>2V4 <>6=0 7@>18B8 <5=H8< =V6 C ?>4V1=>3> 70 ?>BC6=VABR 
B@0=AD>@<0B>@0 7 ?>2VB@S=8< A?>A>1>< >E>;>465==S. 

"4=0:, ?>25@E=S 10:C, 7 S:>3> B5?;> 2V42>48BPAS G5@57 ?>2VB@S, 
?>28==0 1CB8 ?@8 FP><C 4>AB0B=P> 25;8:>R, V=0:H5 B5<?5@0BC@0 <0A;0 AB0=5 
28I5 =V6 4>?CAB8<0. &0:8< G8=><, 4;S ?>:@0I5==S >E>;>465==S =5>1EV4=> 
70157?5G8B8 4>AB0B=R ?;>IC ?>25@E=V 10:C B@0=AD>@<0B>@0. 

#;>IC ?>25@E=V <>6=0 71V;PH8B8 70 @0EC=>: 71V;PH5==S ;V=V9=8E 
@>7<V@V2, I> ?@872545 4> 71V;PH5==S 3010@8B=8E @>7<V@V2 B@0=AD>@<0B>@0 
01> 70 @0EC=>: 4>40B:>28E >E>;>46C20;P=8E ?>25@E>=P B0:8E S: A?5FV0;P=0 
E28;P>20 :>=AB@C:FVS 10:C, B@C1, @04V0B>@V2, S:8<8 4>40B:>20 >A=0ICTBPAS 
10: B@0=AD>@<0B>@0. 

 

 

'��621.318.1 
+5@520B5=:> %.�.1, );T1=V:>2 #.�.2 

1ABC4. 3@. �-914< !' «�0?>@V7P:0 ?>;VB5E=V:0» 
2ABC4. 3@. �-314< !' «�0?>@V7P:0 ?>;VB5E=V:0» 

+�$���&�!�" %.�., )���!��"� #.�. 
����!"%&���  �*!"%&� ��"�/*�� %��"��) 

&$�!%("$ �&"$�� 

#@8 ?@>BV:0==V >1<>B:0<8 B@0=AD>@<0B>@0 25;8:8E AB@C<V2 
(=0?@8:;04, AB@C<V2 7>2=VH=VE :>@>B:8E 70<8:0=P (��)) 28=8:0RBP 
5;5:B@>48=0<VG=V A8;8, S:V <>6CBP 28:;8:0B8 45D>@<0FVR >:@5<8E 
?@>2V4=8:V2, :>BCH>: G8 2AVTW >1<>B:8. 



109 

�<>2V@=VABP ?>H:>465=P ?@8 B0:8E 2?;820E 70;568BP =5 BV;P:8 2V4 
7=0G5==S AB@C<C, 0 9 2V4 :V;P:>ABV 7>2=VH=VE ��, I> AB2>@RRBP :84:8 
AB@C<C. "A;01;5==S 7CA8;P ?@5AC20==S ?@872>48BP 4> ?V428I5=8E 2V1@0FV9 
>1<>B:8 V, S: =0A;V4>: 4> 28B:>28E 70<8:0=P G5@57 AB8@0==S V7>;SFVW. 

#5@52V@:C 5;5:B@8G=>W <VF=>ABV V7>;SFVW ?@>2>48B8 ?V4 G0A 22545==S 
<0A;>=0?>2=5=8E B@0=AD>@<0B>@V2 2 5:A?;C0B0FVR B0 :0?VB0;P=8E @5<>=B0E 
157 7<V=8 >1<>B>: B0 V7>;SFVW =5 >1>2'S7:>2>. �8?@>1C20==S V7>;SFVW ACE8E 
B@0=AD>@<0B>@V2 T >1>2'S7:>28<. 

#@8 :0?VB0;P=><C @5<>=BV 7 ?>2=>R 7<V=>R >1<>B>: B0 V7>;SFVW 
28?@>1C20==S ?V428I5=>R =0?@C3>R >1>2'S7:>2> 4;S 2A8E B8?V2 
B@0=AD>@<0B>@V2. 

�;5:B@8G=C <VF=VABP V7>;SFVW <V6 >1<>B:0<8 @V7=8E =0?@C3. (�!, %!, 
!!) B0 :>6=>W 7 =8E I>4> 7075<;5=8E G0AB8= B@0=AD>@<0B>@0 287=0G0RBP 
?@8:;045=>R =0?@C3>R. *5 28?@>1C20==S, 720=5 G0AB> 28?@>1C20==S< 
3>;>2=>W V7>;SFVW B@0=AD>@<0B>@0, ?>;S30T 2 B><C, I> 2V4 AB>@>==P>3> 
465@5;0 7<V==>3> AB@C<C G5@57 A?5FV0;P=89 28?@>1C20;P=89 B@0=AD>@<0B>@ 
?>40RBP =0?@C3C =0 28?@>1C20=C >1<>B:C B@0=AD>@<0B>@0, ?@8 FP><C >48= 
?@>2V4 2V4 28?@>1C20;P=>3> B@0=AD>@<0B>@0 ?V4:;RG0RBP 4> 7'T4=0=8E <V6 
A>1>R 2V42>48 28?@>1C20=>W >1<>B:8, 0 V=H89 - 7'T4=CRBP V7 7075<;5=8< 
10:><. �AV V=HV 2V42>48 V=H8E >1<>B>:, 2:;RG0RG8 2V42>48 @>7I5?;5=8E 
3V;>: >1<>B>:, 0 B0:>6 70B8A:0GV 28<V@R20;P=8E >1<>B>: B@0=AD>@<0B>@V2 
AB@C<C, 21C4>20=8E C 22>48 B@0=AD>@<0B>@0, 7'T4=CRBP <V6 A>1>R B0 
7075<;RRBP @07>< 7 10:>< 28?@>1C20=>3> B@0=AD>@<0B>@0 [1]. 

� @57C;PB0BV 70AB>AC20==S ?V428I5=>W =0?@C38 2 28?@>1C20=V9 V7>;SFVW 
AB2>@RTBPAS 71V;PH5=0 =0?@C65=VABP 5;5:B@8G=>3> ?>;S, I> 4>72>;ST 
28S28B8 45D5:B8 V7>;SFVW, I> =5 1C;8 28S2;5=V V=H8<8 <5B>40<8. 

!091V;PH E0@0:B5@=8<8 45D5:B0<8, I> 28S2;SRBPAS ?@8 FP><C 
28?@>1C20==V, T: =54>AB0B=V 2V4AB0=V <V6 3=CG:8<8 =5V7>;P>20=8<8 2V42>40<8 
>1<>B>: !! C <VAFV WE ?V4:;RG5==S 4> H?8;P>: 22>4V2; =0S2=VABP 2 
B@0=AD>@<0B>@V ?>2VB@S=8E 1C;P10H>:; 45S:V 2848 <VAF52>3> 72>;>65==S B0 
701@C4=5==S V7>;SFV9=8E 45B0;59. 

�;S >FV=:8 AB0=C V7>;SFVW B@0=AD>@<0B>@0 70 C<>2 28@>1=8FB20 =0 
28@>1=8FB2V 70AB>A>2CRBP B0:V <5B>48 28?@>1C20=P: 28<V@R20==S >?>@C 
V7>;SFVW >1<>B>: ?V4 =0?@C3>R ?>ABV9=>3> AB@C<C; 28<V@R20==S B0=35=AC 
:CB0 4V5;5:B@8G=8E 2B@0B; 28?@>1C20==S ?@>18 B@0=AD>@<0B>@=>3> <0A;0; 
28?@>1C20==S 5;5:B@8G=>W <VF=>ABV V7>;SFVW >1<>B>: =0?@C3>R ?@><8A;>2>W 
G0AB>B8. 

$57C;PB0B8 F8E 28?@>1C20=P C ?@>F5AV 28@>1=8FB20 28:>@8AB>2CRBP 
4;S ?5@52V@:8 B5E=>;>3VG=8E @568<V2 >1@>1:8 V7>;SFVW (ACHV==S, 
?@>A>G5==S), 0 B0:>6 ?VA;S >AB0B>G=>3> A:;040==S B@0=AD>@<0B>@0 ?5@54 
28?@>1C20==S< <VF=>ABV V7>;SFVW >1<>B>: =0?@C3>R ?@><8A;>2>W G0AB>B8; FV 



110 

28?@>1C20==S T 28EV4=8<8 40=8<8 ?@8 >FV=FV AB0=C V7>;SFVW ?5@54 22545==S< 
9>3> 2 5:A?;C0B0FVR. 

�8:>@8AB>2CRG8 AB0B8AB8G=V 40=V @57C;PB0BV2 4;S >:@5<8E  
B@0=AD>@<0B>@V2 <>6=0 AB2>@8B8 <>45;P ?@>3=>7C20==S 4;S >FV=:8 45D5:BV2, 
I> @>72820RBPAS. *5 4>72>;8BP ?>10G8B8 @50;P=C ?5@A?5:B82C 28:>@8AB0==S 
:>=:@5B=8E B@0=AD>@<0B>@V2 C <091CB=P><C B0 ?;0=C20B8 @V7=V 70E>48 7 
<5B>R 70?>1V30==S WE @0?B>28E 2V4<>2 [2]. 

&0:8< G8=><, 2@0E>2CRG8 28<>38 ACG0A=8E 5=5@3>A8AB5<, ?8B0==S 
=04V9=>ABV B@0=AD>@<0B>@0 >4=0 V7 3>;>2=8E ?@V>@8B5BV2. !5>1EV4=VABP 
:>=B@>;R @>1>B8 B@0=AD>@<0B>@V2 28=8:0T >4=>G0A=> 7 ?>G0B:>< WE=P>W 
5:A?;C0B0FVW. 

 

%#�%"� ���"$�%&�!"� ��&�$�&'$� 
1. "?B8<V70FVS AE5<8 4V03=>AB8:8 A8;>28E B@0=AD>@<0B>@V2 28I8E 

:;0AV2 =0?@C38 [�;5:B@>==89 @5AC@A]. -2020. 3 $568< 4>ABC?C: 
https://www.dissercat.com/content/optimizatsiya-skhemy-diagnostiki-silovykh-

transformatorovvysshikh-:;0A>2-=0?@S65=VS/.  
2. �02845=:>, �.�. %8AB5<8 4V03=>ABC20==S 28A>:>2>;PB=>3> 

<0A;>=0?>2=5=>3> A8;>2>3> 5;5:B@>CAB0B:C20==S / �.�. �02845=:>, �. . 
"A>B>2 // �;5:B@8G=V AB0=FVW. - 2003. - 117A. 

 

 

'��621.318.1 
�0=G52 ".�.1, �8?:0=P ".#.1 
1ABC4. 3@. �-914< !' «�0?>@V7P:0 ?>;VB5E=V:0» 

��!+�� ".�., ��#��!0 ".#. 
#��)�� �"  "���.��!!/ &$�!%("$ �&"$�� &� $���&"$�� 

&@0=AD>@<0B>@8 B0 @50:B>@8 T A:;04=8<8 5;5:B@><03=VB=8<8 
?@8AB@>S<8, ?@>F5A8 2 S:8E >?8ACRBPAS A8AB5<>R 0;351@0WG=8E B0 A8AB5<>R 
=5;V=V9=8E 48D5@5=FV0;P=8E @V2=S=P C G0AB8==8E ?>EV4=8E, S:V 
2AB0=>2;RRBP 70;56=>ABV <V6 5;5:B@8G=8<8, <03=VB=8<8 B0 
:>=AB@C:B82=8<8 ?0@0<5B@0<8. �5;8G8=0 F8E ?0@0<5B@V2, ABC?V=P WE 2?;82C 
=0 5;5:B@><03=VB=V ?@>F5A8 2 7=0G=>3> ABC?5=S 70;568BP 2V4 @568<C @>1>B8 
B@0=AD>@<0B>@0. "G5284=>, I> 2@0EC20B8 2AV 70;56=>ABV B0 S28I0 ?@8 
@>7@0EC=:C 5;5:B@><03=VB=8E ?@>F5AV2 ?@8AB@>W2 7 B@0=AD>@<0B>@0<8 B0 
@50:B>@0<8 =5<>6;82>. 

&0:, ?@8 =87P:8E G0AB>B0E 287=0G0;P=8<8 ?0@0<5B@0<8 B@0=AD>@<0B>@0 
T 5;5:B@8G=89 >?V@ 9>3> >1<>B>: B0 V=4C:B82=>ABV, I> 70;560BP 2V4 G8A;0 
28B:V2 >1<>B>:, :@82>W =0<03=VGC20==S <03=VB>?@>2>4C B0 9>3> @>7<V@V2. #@8 
71V;PH5==V G0AB>B8 AB0RBP ?><VB=8<8 2B@0B8 5=5@3VW =0 ?5@5<03=VGC20==S 
<03=VB>?@>2>4C, 7<5=HCTBPAS V=4C:B82=>ABV G5@57 28BVA=5==S <03=VB=>3> 



111 

?>;S V7 ?;0AB8= AB0;V <03=VB>?@>2>4C 28E@>28<8 AB@C<0<8 V 71V;PHCTBPAS 
@>;P T<=>AB59, >1C<>2;5=8E 5;5:B@8G=8<8 ?>;S<8, 28=8:0RG8<8 2 
>1<>B:0E. 

#@8 0=0;V7V ?5@5B2>@R20;P=8E ?@8AB@>W2 >4=8<8 7 >A=>2=8E ?0@0<5B@V2 
B@0=AD>@<0B>@0 T V=4C:B82=V B0 0:B82=V >?>@8 >1<>B>:. �=>4V =5>1EV4=> 
2@0E>2C20B8 2B@0B8 2V4 28E@>28E AB@C<V2, 3VAB5@578A=V 2B@0B8, =5;V=V9=VABP 
E0@0:B5@8AB8: =0<03=VGC20==S. &><C 4;S 28@VH5==S H8@>:>3> :>;0 70240=P 
0=0;V7C ?@8AB@>W2 A8;>2>W 5;5:B@>=V:8 =5>1EV4=V <>45;V B@0=AD>@<0B>@V2 B0 
@50:B>@V2 @V7=>3> @V2=S V450;V70FVW. 

�28G09=>R D>@<>R <>45;59 :><?>=5=BV2 AE5< T 5;5:B@8G=89 ;0=FR3, 
A:;045=89 7 =5;V=V9=8E B0 ;V=V9=8E @578AB82=8E 3V;>:, T<=>AB59, 
V=4C:B82=>AB59 B0 70;56=8E 465@5;. �@CG=>R D>@<>R 4;S 2V4>1@065==S 
?5@5B2>@R20;P=8E ?@8AB@>W2 T :CA:>2>-;V=V9=0 48=0<VG=0 A8AB5<0. #@8 
28@VH5==V 1030BP>E 70240=P 0=0;V7C ?@8AB@>W2 A8;>2>W 5;5:B@>=V:8 <>6=0 
>1V9B8AS =09?@>ABVH8<8 <>45;S<8 B@0=AD>@<0B>@V2 B0 @50:B>@V2. &0:, 
@50:B>@ 70728G09 ?@54AB02;SRBP V=4C:B82=VABR V @578AB>@0<8, 22V<:5=8<8 
?>A;V4>2=> V ?0@0;;5;P=>. #@8 7<V=V G0AB>B8 01> =0A8G5==S AB0;V 
<03=VB>?@>2>48 E0@0:B5@8AB8:8 F8E AE5< VAB>B=> 2V4@V7=SRBPAS >48= 2V4 
>4=>3>, >A>1;82> ?> 70;56=>ABV 2B@0B 2V4 7<V==>3> ?0@0<5B@0. �B@0B8 
@50:B>@0 70728G09 =01030B> <5=H5 9>3> @50:B82=>W ?>BC6=>ABV. &><C 
R1jW;L1,R2jW;L2,L1jL2 V <>6=0 2 ?5@H><C =01;865==V 22060B8 =0?@C3C 
=0 @50:B82=><C >?>@V L1 01> AB@C< L2 @V2=8< 2V4?>2V4=> =0?@C38 =0 @50:B>@V 
G8 AB@C<C 2 =P><C. &>4V 2B@0B8 70 AE5<>R @8AC=>: 10 ?@>?>@FV9=V :204@0BC 
AB@C<C 2 @50:B>@V, 0 70 AE5<>R @8AC=>: 11 3 :204@0BC =0?@C38. 

 
$8AC=>: 1 3 %E5<8 70<VI5==S @50:B>@0 

 

"A=>2=V 2B@0B8 2 >1<>BFV ?@>?>@FV9=V :204@0BC AB@C<C V 2@0E>2CRBPAS 
?>A;V4>2=> 0:B82=8< 0:B82=8< >?>@>< (@8A. 1,0). �B@0B8 2V4 28E@>28E 
AB@C<V2 C ?;0AB8=0E AB0;8 <03=VB>?@>2>4C B0 ?@>2>48 >1<>B:8, ?@>?>@FV9=V 
:204@0BC =0?@C38, 2@0E>2CRBPAS ?0@0;5;P=8< 0:B82=8< >?>@>< (@8A. 1,1). 
�VAB5@578A=V 2B@0B8 V 2B@0B8 2 <0A82=8E ?@>2V4=8E 45B0;SE <>6=0 2@0EC20B8 
70 4>?><>3>R 42>E >?>@V2 R3 B0 R4 (@8A. 1,2). 



112 

�=4C:B82=VABP @50:B>@0 7V AB0;;R <>65 @V7:> 7<V=R20B8AS ?@8 
=0A8G5==S <03=VB=>W A8AB5<8 01> WW G0AB8=. �;S @568<V2, ?>2'S70=8E 7 
A8;P=8< =0A8G5==S< AB0;V, 70728G09 240TBPAS CS28B8 =5;V=V9=C <03=VB=C 
E0@0:B5@8AB8:C H<0B:>2>-;V=V9=>R (@8A. 2,0). �>6=0 B>G:0 WW 7;0<C 
2V4?>2V40T =0A8G5==S >4=VTW 7 G0AB8= <03=VB=>W A8AB5<8. �;S @>7@0EC=:C B0:C 
E0@0:B5@8AB8:C ?>40RBP C 283;S4V AC<8 45:V;P:>E 1V;PH ?@>AB8E 
E0@0:B5@8AB8:. !0 AE5<V 70<VI5==S FP><C 2V4?>2V40T @S4 ?>A;V4>2=> 
2:;RG5=8E V=4C:B82=>AB59 (@8A. 2,1). 

 
$8AC=>: 2 3 )0@0:B5@8AB8:0 =0<03=VGC20==S (0) B0 AE5<0 70<VI5==S 

=0A8G5=>3> @50:B>@0 (1) 
 

� @50;P=8E ?@8AB@>SE 1C20T 4>AB0B=P> @>73;S40B8 =0A8G5==S 2AP>3> 
<03=VB>?@>2>4C 2V4@07C 01> >4=VTW 9>3> 4V;S=:8, 0 AE5<0 70<VI5==S <VAB8B8<5 
>4=C 01> 42V V=4C:B82=>ABV 7 >4=8< :;RG5<. 

�>@8ABCRG8AP 28:;045=8<8 A?>A>10<8, <>6=0 4>A8BP ?@>AB> 2@0EC20B8 
C AE5<V 70<VI5==S A:;04=V S28I0. !0?@8:;04 >?>@><, 22V<:=5=8< ?0@0;5;P=> 
V=4C:B82=>ABV, S:0 2V4?>2V40T V=4C:B82=>ABV =0A8G5==S, <>6=0 2@0EC20B8 
28E@>2V AB@C<8 C ?@>2>40E >1<>B>: B0 V=H8E G0AB8=0E @50:B>@0, I> 
=0A8GCTBPAS. "4=0: A;V4 ?0<'SB0B8, I> >1;V: 1030BP>E 4@C3>@S4=8E G8==8:V2 
?@872>48BP 4> CA:;04=5==S ?>AB0=>2:8 70240==S, AE5<8 70<VI5==S B0 WW 
@>72'S70==S. 

 

 

'��621.318.1 
$865=:>2 .. .1, �V45=:> �.�.2 
1ABC4. 3@. �-214< !' «�0?>@V7P:0 ?>;VB5E=V:0» 
2ABC4. 3@. �-272 !' «�0?>@V7P:0 ?>;VB5E=V:0» 

$���!�"� .. ., ����!�" �.�. 

#$" !�"�)��!�%&0 �"%�����!!/ &� ����!"%&'��!!/ 
%&�!' &$�!%("$ �&"$�� 

�06;820 G0AB:0 5;5:B@8G=>3> >A=0I5==S AB0=FV9, ?V4AB0=FV9, A8AB5<8 
?5@540GV B0 @>7?>4V;C 5;5:B@8:8 28@>18;0 >A>18AB89 @5AC@A, 0;5 ?@>4>26CT 



113 

5:A?;C0BC20B8AS, =0?@8:;04, B><C I> =0 70<V=C >1;04=0==S =5>1EV4=V 
3V30=BAP:V DV=0=A>2V @5AC@A8. 

%8;>2V B@0=AD>@<0B>@8 22060RBPAS :@8B8G=8<8 :><?>=5=B0<8 
?5@54>28E 5=5@35B8G=8E A8AB5<. �>=8 70AB>A>2CRBPAS 4;S =0@>IC20==S B0 
7=865==S =0?@C38, I>1 30@0=BC20B8 ?5@540GC B0 @>7>A5@5465==S 5;5:B@8G=>W 
5=5@3VW.  

� A8;C 25;8:>W :V;P:>ABV >1'T:B82=8E ?@8G8=, ?>2'S70=8E 7 @>728B:>< B0 
@5>@30=V70FVTR ACG0A=>W 5;5:B@>5=5@35B8:8, 4540;V 1V;PH0 C2030 ?@84V;STBPAS 
2?@>20465==S A8AB5< <>=VB>@8=3C B0 4V03=>AB8:8 28A>:>2>;PB=>3> 
>1;04=0==S, 7>:@5<0 A8;>28E B@0=AD>@<0B>@V2. 

#8B0==S 287=0G5==S AB0=C B@0=AD>@<0B>@V2 7 :>6=8< 4=5< AB0T 2A5 
1V;PH 0:BC0;P=8< V ?@S<> ?@>?>@FV9=8< 4> 48=0<V:8 7=>AC ?0@:C 
>1;04=0==S, S:5 ?5@51C20T 2 5:A?;C0B0FVW. � 40=89 G0A 1;87P:> 60% 4VRG>3> 
>1;04=0==S 2V4?@0FR20;> A2V9 5:A?;C0B0FV9=89 B5@<V=, B0 ?>B@51CT 70<V=8. 
!0 AP>3>4=VH=V9 45=P, 40% B@0=AD>@<0B>@=>3> >1;04=0==S <0T A5@54=V9 2V: 
2V4 18 @>:V2, V 28<030T ?@>2545==S :0?VB0;P=>3> @5<>=BC. !5309=0, ?>2=0 
>FV=:0 AB0=C B@0=AD>@<0B>@0 40T <>6;82VABP ?@>4>26C20B8 9>3> 
5:A?;C0B0FVR, ?@>2545==S 4V03=>AB8:8 4>72>;ST C=8:=CB8 =5 ;8H5 
DV=0=A>28E 28B@0B, 0 9 2B@0B, ?>2'S70=8E V7 020@V9=8< 2V4:;RG5==S< 
5;5:B@>?>AB0G0==S. 

�;S ?@>4>265==S B5@<V=C 68BBS B@0=AD>@<0B>@0, 0 B0:>6 9>3> 
?>40;PH>3> 5:A?;C0BC20==S =5>1EV4=5 B>G=5 B0 A2>TG0A=5 4V03=>ABC20==S, 
B>1B> 287=0G5==S B5E=VG=>3> AB0=C. 

&5E=VG=0 4V03=>AB8:0 S: 30;C7P 7=0=P, 709<0TBPAS B5>@VTR, <5B>40<8 B0 
70A>10<8 28S2;5==S B0 ?>HC:C 45D5:BV2, ?V4 S:8<8 A;V4 @>7C<VB8 1C4P-S:5 
2V4E8;5==S ?>:07=8:V2 >1'T:B0 2V4 7040=8E. �AB0=>2;5==S =52V4?>2V4=>ABV 
?0@0<5B@V2 B0 E0@0:B5@8AB8: >1'T:B0 3 >4=5 V7 70240=P 4V03=>ABC20==S. 

�5S:V B@0=AD>@<0B>@8 740B=V ?@0FR20B8 B@820;89 G0A (?>=04 50 @>:V2 
?VA;S ?>G0B:>2>W CAB0=>2:8), 0 V=HV <>6CBP 1CB8 AE8;P=V 4> 2V4<>2 G5@57 
2V4=>A=> =525;8:89 ?5@V>4 G0AC. 

)@>=>;>3VG=89 2V: B@0=AD>@<0B>@0 B0 25;8G8=0 G0AC 9>3> AB0@V==S =5 
702648 4>1@5 :>@5;RRBP >48= 7 >4=8<. �> @5;520=B=8E D0:B>@V2, I> 
=040RBP 2?;82 =0 @50;P=89 ?5@V>4 @>1>B8 B@0=AD>@<0B>@0, 2V4=>ASBPAS 9>3> 
:>=AB@C:FVS, >1A;C3>2C20==S, 2?;82 =0 =P>3> 7>2=VH=VE AB@81:V2 =0?@C38 B0 
2V4<>2, =020=B065==S, B5<?5@0BC@0, 2 S:V9 2V= DC=:FV>=CT, ?5@V>48G=VABP 
@>1>B8, =02:>;8H=T A5@54>28I5, B0 1030B> V=H>3>. 

'AV 5=5@3>?>AB0G0;P=V >@30=V70FVW B0 28@>1=8:8 5;5:B@8G=>W 5=5@3VW, 
?0@: B@0=AD>@<0B>@V2 S:8E 4>A8BP AB0@89, ?>28==V, 2 S:89AP <><5=B G0AC, 
704C<0B8AS ?@> ?5@A?5:B828 4C65 28B@0B=8E ?@>5:BV2 V7 70<V=8 AB0@>3> 
>1;04=0==S 7 B8<, I>1 30@0=BC20B8 28A>:C =04V9=VABP B0 S:VABP @>1>B8. 
"FV=:8 2AVE F8E 0:B82V2 ?>28==V 2:;RG0B8 28B@0B8, ?>2'S70=V 7 2V4<>2>R 



114 

?@8AB@>W2, 7 =5A?>4V20=8<8 2V4:;RG5==S<8, 7 ?>40;PH8<8 ?>H:>465==S<8, 
7 2V4=>2;5==S< =0?@C38. 

->1 70157?5G8B8 1V;PH 28A>:C =04V9=VABP ?0@:C AB0@VRG>3> 
>1;04=0==S, =5>1EV4=89 A?>AV1 >FV=:8, I> 4>72>;ST V45=B8DV:C20B8 
B@0=AD>@<0B>@8 7 28A>:8< @878:>< 2V4<>28. %P>3>4=V VA=CRBP ?5@52V@5=V 
70A>18, I> 4>72>;SRBP ?><'S:H8B8 FV @878:8. �> 1V;PH ABV9:8E, =04V9=8E 
5;5:B@8G=8E A8AB5<0< =02>4SBP ?@525=B82=V 4VW 7 E>@>H8<8 4V03=>AB8G=8<8 
?@>3@0<0<8, ?@>F54C@8 >1A;C3>2C20==S, B0 ?;0=8 70<V=8 B0 >=>2;5==S 
>1;04=0==S, 0 B0:>6 AB@0B53VW =020=B065==S B0 5:>=><VW. 

�572V4<>2=VABP B0 157?5@51V9=VABP @>1>B8 >1;04=0==S, <5@56, A8AB5<, 
AB0=FV9 70;568BP 2V4 ?0@0<5B@0 =04V9=>ABV @>1>B8, B><C I> 2>=8 T 
>A=>2=8<8 5;5<5=B0<8 5=5@3>A8AB5<8. � ACG0A=89 G0A 2A5 1V;PH5 7'S2;STBPAS 
=5>1EV4=VABP 2 A8;>28E B@0=AD>@<0B>@0E 7 25;8:8< B5@<V=>< A;C618 @>1>B8, 
B><C 4;S 704>2>;5==S <5B8 28AC20RBP 70240==S WE @50;V70FVW, 3>;>2=8<8 
?0@0<5B@0<8 S:8E 22060RBPAS =04V9=VABP, ?@0F5740B=VABP, 68BBT289 F8:;. 

%8;>2V B@0=AD>@<0B>@8 T >A=>2=8<8 5;5<5=B0<8 5;5:B@8G=8E <5@56 B0 
A8AB5<, S:V 287=0G0RBP =52V4'T<=C G0AB8=C 5:A?;C0B0FV9=>W =04V9=>ABV B0 
5:>=><VG=>ABV B5@<V=C A;C618 B@0=AD>@<0B>@0 �V4:;RG5==S ?@8 020@VSE, 
45D5:B8 B0 ?>H:>465==S ?@872>4SBP 4> 28B@0B, 718B:V2 B0 7=>AC >1;04=0==S. 
&><C >4=8< V7 0:BC0;P=8E 70240=P ?V428I5==S =04V9=>ABV B0 S:>ABV 
DC=:FV>=C20==S 5;5:B@8G=8E A8AB5< T >FV=:0 5:A?;C0B0FV9=>W =04V9=>ABV 4;S 
>1;V:C WW ?@8 ?@>5:BC20==V B0 24>A:>=0;5==V A8AB5<8 B5E=VG=>3> 
>1A;C3>2C20==S B0 @5<>=BC B@0=AD>@<0B>@V2. 

#@>4>265==S, 71V;PH5==S 68BBT2>3> F8:;C @5AC@AC ?52=>3> A8;>2>3> 
B@0=AD>@<0B>@0 74V9A=RRBP 70 4>?><>3>R ?@>2545==S :><?;5:A=>3> 
B5E=VG=>3> >1AB565==S. 

!572060RG8 =0 B5, I> C B@0=AD>@<0B>@V2 2V4ACB=V @CE><V V >15@B>2V 
G0AB8=8 2 ?@>F5AV 5:A?;C0B0FVW <>6;82V V ?@0:B8G=> <0RBP <VAF5 
CH:>465==S B0 ?>@CH5==S =>@<0;P=8E @568<V2 @>1>B8. &><C 
B@0=AD>@<0B>@8 <0RBP >A=0IC20B8AS @5;59=8< 70E8AB><. 

� >1<>B:0E B@0=AD>@<0B>@V2 <>6CBP 1CB8 :.7. <V6 D070<8, >4=VTW G8 
42>E D07 =0 75<;R, <V6 28B:0<8 >4=VTW D078 B0 70<8:0==S <V6 >1<>B:0<8. !0 
C2>40E B@0=AD>@<0B>@V2 B0 WE >H8=>2:0E B0:>6 <>6CBP 28=8:0B8 70<8:0==S 
<V6 D070<8 B0 =0 75<;R. �@V< 707=0G5=8E CH:>465=P, 2 C<>20E 5:A?;C0B0FVW 
<>6CBP 2V41C20B8AS ?>@CH5==S =>@<0;P=8E @568<V2 @>1>B8 
B@0=AD>@<0B>@V2, 4> S:8E =0;560BP: 

- ?@>E>465==S G5@57 B@0=AD>@<0B>@ =04AB@C<V2 ?@8 ?>H:>465==V 
V=H8E 5;5<5=BV2 B@0=AD>@<0B>@0; 

- ?5@5=020=B065==S; 
- 284V;5==S 7 >;VW 3>@RG8E 307V2; 
- 7=865==S @V2=S <0A;0, ?V428I5==S 9>3> B5<?5@0BC@8 B0 V=H5. 



115 

� 28I5 ?5@5;VG5=>3>  28?;820T, I> 70E8AB B@0=AD>@<0B>@V2 <0T 
704>2>;P=SB8 =0ABC?=8< C<>20<: 

1. �8<8:0B8 B@0=AD>@<0B>@ 2V4 CAVE 465@5; 682;5==S ?V4 G0A 9>3> 
?>H:>465==S. 

2. �8<:=CB8 B@0=AD>@<0B>@ 2V4 ?>H:>465=>W G0AB8=8 CAB0=>2:8 ?V4 G0A 
?@>E>465==S =04AB@C<V2 C 28?04:0E ?>H:>465==S H8= 01> V=H>3> 
B@0=AD>@<0B>@=>3> >1;04=0==S, 0 B0:>6 ?@8 ?>H:>465==V AC<V6=>3> 
>1;04=0==S B0 2V4<>28 5;5<5=BV2 70E8ABC 01> 28<8:0GV2. 

3. #>4020B8 ?>?5@546C20;P=89 A83=0; G5@3>2V9 ?V4AB0=FVW ?V4 G0A 
?5@520=B065==S B@0=AD>@<0B>@0, 284V;5==S 307C 7 >;VW, 7=865==S @V2=S >;VW, 
?V428I5==S 9>3> B5<?5@0BC@8. 

 

 

UDC 621.316.71 

Balabanov Ivan 1, Petryk Bohdan 2 , Sincha Danylo 3 
1 stud. gr. E-913m, National University "Zaporizhzhia Polytechnic" 
2 stud. gr. E-214 m, National University "Zaporizhzhia Polytechnic" 
3 stud. gr. E-252, National University "Zaporizhzhia Polytechnic" 

BALABANOV I. A., PETRYK B.V., SINCHA D.V. 

APPLICATION OF COMSOL MULTIPHYSICS SOFTWARE PACKAGE 

FOR CALCULATION OF ELECTRICAL MACHINES 

Today, the issue of cost-effectiveness of development and speed of pro-

cessing of solutions in the electromechanical industry is acute. For this reason, it is 

necessary to quickly and with minimal costs analyze the efficiency of various 

electromechanical systems. At the same time, manual calculation using known 

methods is laborious and time-consuming. A typical application of the Comsol 

Multiphysics software package can be automated calculation of electrical machines 

with given characteristics. This set of programs is designed for model-ing 

electromagnetic fields in the design and study of models of engines, sensors, 

transformers and other electrical and electromechanical devices for various appli-

cations. Comsol Multiphysics is built on the basic equations of Maxwell and uses 

the Finite Element Method (FEM) for calculations, which allows you to calculate 

electromagnetic and electric fields, as well as transient processes in field problems. 

The software package has a large library of templates of known electrical 

machines. In these templates, it is enough to enter the main geometric dimensions, 

materials intended for use, and based on these initial data, calculate the 

characteristics of the electrical machine under study. There is a possibility of 

calculation and analysis at three different levels: accelerated analysis using 

equivalent circuits; calculation by the finite element method in a two-dimensional 

formulation of the problem; calculation by the finite element method in a three-

dimensional formulation of the problem. In the last two levels of calculation, there 
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is a possibility of solving a magnetostatic problem, a dynamic problem, there is a 

possibility of connecting an electrical circuit of the system, which means that there 

is a possibility of analyzing the operation of an electrical ma-chine when 

connecting semiconductor equipment, various loads, etc. There is also an 

opportunity to familiarize yourself with various oscillograms, see the magni-tude 

of the induction, a picture of the paths of the closing of the lines of force flux, 

calculate magnetic, electrical losses, as well as losses caused by the genera-tion of 

eddy currents in the magnetically conductive parts of the system. The data of 

mathematical modeling and calculations using the classical method were com-

pared. During the verification, losses in the electric machine were calculated, the 

magnetic circuit was calculated, the operating characteristics and oscillograms of 

voltage and currents of the idealized system were constructed. All calculations 

performed manually confirmed the results of the calculation using the Comsol 

Multiphysics program. It should be noted that the software package provides some 

additional capabilities that cannot be obtained when calculating manually, such as 

voltage surges and current jumps, losses from eddy currents and electro-magnetic 

torque pulsations. Analyzing the results of the work performed on the calculation 

of the electric machine, the following conclusions can be drawn: the accuracy of 

the calculation of electric machines in the Comsol Multiphysics software package 

is not inferior to the accuracy of calculations using tradi-tional calculation 

methods; to initially perform an estimated calculation of the electromechanical 

system and determine the main dimensions, it is advisable to use simplified 

estimated design methods; To analyze and verify calculations and perform 

optimization, modern software should be used, which should ensure high accuracy 

of calculations and speed of work. 
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&><C, @>7@>1;5=> C4>A:>=0;5=C <5B>48:C @>7@0EC=:C 4>40B:>28E 2B@0B, 
S:0 2@0E>2CT 2B@0B8 C D07=8E ?@>2V4=8:0E, 2B@0B8 2 =C;P>2><C @>1>G><C 
?@>2V4=8:C, 2?;82 AB@C<V2 28I8E 30@<>=V:. 
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'�� 621.314.25:621.316.933:621.3.049.77 
.@>2 �.".1, &5@5I5=:> �.�.2 
1 ABC4. 3@. �-212 !' «�0?>@V7P:0 ?>;VB5E=V:0» 
2 ABC4. 3@. �-213 !' «�0?>@V7P:0 ?>;VB5E=V:0» 

.$"� �."., &�$�-�!�" �.�. 
��%&"%'��!!/ ������-&$�!%("$ �&"$�� ��/ � �!,�!!/ 

%&$' �� !��&$��� 

%CG0A=V B@8D07=V G>B8@8?@>2V4=V A8AB5<8 5;5:B@>?>AB0G0==S 
AB8:0RBPAS 7 A5@9>7=8<8 28:;8:0<8, ?>29S70=8<8 7 =5A8<5B@8G=8<8 B0 
=5;V=V9=8<8 =020=B065==S<8. &0:V =020=B065==S, S: :><?9RB5@=5 
>1;04=0==S, A2VB;>4V>4=V ;0<?8 B0 G0AB>B=V ?5@5B2>@R20GV, 35=5@CRBP 28A>:V 
30@<>=V9=V AB@C<8, >A>1;82> B@5BV 30@<>=V:8, S:V =0:>?8GCRBPAS C 
=59B@0;P=><C ?@>2V4=8:C. *5 ?@872>48BP 4> 9>3> ?5@53@V2C, 7=>AC 
B@0=AD>@<0B>@V2 B0 ?V428I5==S @878:V2 020@V9. �3V4=> 7 4>A;V465==S<8, C 
22,6% 28?04:V2 AB@C< C =59B@0;V ?5@528ICT =><V=0;P=V 7=0G5==S. 
�:BC0;P=VABP @>1>B8 ?>;S30T C ?>HC:C 5D5:B82=8E <5B>4V2 7<5=H5==S 
=59B@0;P=8E AB@C<V2, 7>:@5<0 G5@57 28:>@8AB0==S 783703-B@0=AD>@<0B>@0 3 
4>ABC?=>3> B0 =04V9=>3> @VH5==S, S:5, >4=0:, ?>B@51CT 3;81>:>3> 0=0;V7C 2 
C<>20E @50;P=8E 5=5@3>A8AB5<. 

 5B>R @>1>B8 T >FV=:0 5D5:B82=>ABV 783703-B@0=AD>@<0B>@0 C 
7<5=H5==V =59B@0;P=8E AB@C<V2 B0 30@<>=V: C B@8D07=8E A8AB5<0E. 

#@8 28:>=0=V 4>A;V465=P 1C;> ?@>2545=> B5>@5B8G=89 0=0;V7 @>1>B8 
B@0=AD>@<0B>@0 ?@8 V450;P=8E B0 =5V450;P=8E C<>20E =0?@C38 B0 
:><?9RB5@=5 <>45;R20==S 2?;82C =5A8<5B@8G=8E B0 A?>B2>@5=8E =0?@C3 =0 
=59B@0;P=V AB@C<8. 

�83703-B@0=AD>@<0B>@ AB2>@RT H;SE 4;S =C;P>28E AB@C<V2, 
?5@5=0?@02;SRG8 WE V7 =59B@0;V 465@5;0 4> =020=B065==S. �>3> V<?540=A 
3@0T :;RG>2C @>;P C ?@84CH5==V 30@<>=V:. 

#@8 ?@>2545=V <>45;R20==S 4;S C<>28 710;0=A>20=8E =0?@C38 1C;> 
2AB0=>2;5=>, I> 783703-B@0=AD>@<0B>@ 7<5=HCT AB@C< =59B@0;V 4> 4,5%, 

7=86CRG8 30@<>=V:8 B0 10;0=ACRG8 D07=V AB@C<8. #@8 A?>B2>@5=V9 =0?@C7V, 
70 =0S2=>ABV =C;P>28E 30@<>=V: AB@C< =59B@0;V 7@>AB0T 2 335 @07V2, I> <>65 
?@8725AB8 4> ?5@53@V2C >1;04=0==S 

#@8 28:>=0=V @>1>B8 1C;> 2?5@H5 4>A;V465=> @>1>BC 783703-
B@0=AD>@<0B>@0 ?@8 @V7=8E B8?0E =0?@C3 B0 287=0G5=> 2?;82 V<?540=AV2 
A8AB5<8. 

$57C;PB0B8 4>A;V465=P 4>2>4SBP, I> 783703-B@0=AD>@<0B>@ T 
5D5:B82=8< @VH5==S< 4;S 7<5=H5==S =59B@0;P=8E AB@C<V2 C B@8D07=8E 
A8AB5<0E, 0;5 9>3> 70AB>AC20==S 28<030T 2@0EC20==S S:>ABV =0?@C38. 
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'�� 621.3:004.43:681.3 
�0309:528G  .�.1, �@VBV=0 �.%.1 
1 ABC4. 3@. �-274 !' «�0?>@V7P:0 ?>;VB5E=V:0» 

���������+  .�., �$�&�!� �.%. 

#�$%#��&��� ��%&"%'��!!/  "�� PYTHON ��/ 
��$�,�!!/ ����+ ����&$"&�)!��� 

%CG0A=0 5;5:B@>B5E=V:0 ?>B@51CT V=AB@C<5=BV2, S:V ?>T4=CRBP 
3=CG:VABP, H284:VABP @>7@>1:8 B0 <>6;82VABP V=B53@0FVW 7 @V7=><0=VB=8<8 
B5E=>;>3VS<8.  >20 ?@>3@0<C20==S Python, 7024S:8 A2>W9 ?@>AB>BV, ?>BC6=8< 
1V1;V>B5:0< B0 0:B82=V9 A?V;P=>BV, AB0T 2A5 1V;PH ?>?C;S@=>R C FV9 30;C7V.  

 5B>R @>1>B8 1C;> ?@>2545==S 0=0;V7C I>4> 287=0G5==S 0:BC0;P=>ABV 
B0 ?5@5203 28:>@8AB0==S Python 2 5;5:B@>B5E=VFV, ?5@5203 =04 V=H8<8 <>20<8 
B0 ?5@A?5:B828 ?>40;PH>3> @>728B:C. 

�;5:B@>B5E=V:0 AP>3>4=V >E>?;RT B0:V =0?@S<8, S: ?@>5:BC20==S 
5;5:B@8G=8E <5@56, 0=0;V7 A83=0;V2, @>7@>1:0 A8AB5< 02B><0B870FVW B0 
V=B53@0FVS 7 IoT. *V 7040GV 28<030RBP >1@>1:8 25;8:8E >1AS3V2 40=8E, 
<0B5<0B8G=>3> <>45;R20==S B0 H284:>3> ?@>B>B8?C20==S. Python, S: 
V=B5@?@5B>20=0 <>20 7 ?V4B@8<:>R =0C:>28E 1V1;V>B5:, V450;P=> ?V4E>48BP 
4;S F8E FV;59. 

�0 4>?><>3>R Python <>6=0 28@VHC20B8 =0ABC?=V :;0A8 7040G. 
 >45;R20==S B0 0=0;V7 5;5:B@8G=8E AE5< (A8<C;SFVS RLC-:V; 70 4>?><>3>R 
PySpice, Lcapy; @>7@0EC=>: ?5@5EV4=8E ?@>F5AV2 <5B>4>< $C=35-�CBB0 7 
SciPy.integrate) B0 5;5:B@><03=VB=8E ?>;V2 (FEM-<>45;R20==S 7 
28:>@8AB0==S< FEniCS 01> PyFEMM), >1@>1:0 A83=0;V2 (DV;PB@0FVS B0 0=0;V7 
A?5:B@V2); A8AB5< 02B><0B87>20=>3> :5@C20==S (?@>T:BC20==S #��-

@53C;SB>@V2 B0 A8AB5< 7V 72>@>B=V< 729S7:><); 5=5@35B8G=8E A8AB5< 
(>?B8<V70FVS @>7?>4V;C 5=5@3VW B0 ?@>3=>7C20==S =020=B065==S), IoT B0 
21C4>20=8E A8AB5< (7G8BC20==S 40=8E 7 40BG8:V2, :5@C20==S @5;5 01> 
A5@2>?@82>40<8). 

#@8 ?>@V2=S=V Python 7 V=H8<8 <>20<8 <>6=0 284V;8B8 =0ABC?=V 
>A=>2=V ?5@52038 B0 =54>;V:8. MATLAB: ?5@52038 - H284:VABP C G8A5;P=8E 
@>7@0EC=:0E, 21C4>20=V BC;1>:A8 4;S 5;5:B@>B5E=V:8; =54>;V:8 - 28A>:0 
20@BVABP, >1<565=0 ?V4B@8<:0 HBCG=>3> V=B5;5:BC. C/C++: ?5@52038 - 28A>:0 
?@>4C:B82=VABP 4;S <V:@>:>=B@>;5@V2, =54>;V:8 - A:;04=VABP =0?8A0==S :>4C 
4;S =0C:>28E 7040G. LabVIEW: ?5@52038 - V=BCWB82=89 V=B5@D59A 4;S H284:>W 
@>7@>1:8; =54>;V:8 - >1<565=V <>6;82>ABV 4;S A:;04=8E 0;3>@8B<V2 
<0H8==>3> =02G0==S. #5@52030<8 Python T 28A>:0 H284:VABP @>7@>1:C 70 
@0EC=>: ?@>AB>3> A8=B0:A8AC B0 3>B>28E 1V1;V>B5:, =0S2=VABP 1V1;V>B5: 4;S 
@50;V70FVW <0H8==>3> =02G0==S B0 HBCG=>3> V=B5;5:BC, 0?0@0B=0 V=B53@0FVS 
(?V4B@8<:0 Raspberry Pi, Arduino, PLC) B0 157:>HB>2=VABP. 
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&0:8< G8=><, <>6=0 7@>18B8 28A=>2>:, I> Python ?@>4>26C20B8<5 
7<VF=R20B8 ?>78FVW 2 5;5:B@>B5E=VFV 7024S:8 A2>W9 C=V25@A0;P=>ABV.  091CB=T 
FVTW <>28 ?>29S70=5 7V 7@>AB0==S< 02B><0B870FVW, 28:>@8AB0==S< HBCG=>3> 
V=B5;5:BC, <0H8==>3> =02G0==S B0 @>7H8@5==S< <>6;82>AB59 4;S @>1>B8 7 
0?0@0B=8< 70157?5G5==S<. 
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%��*�/ «����&$"#$��"� &� ��&" �&���*�/ 
#$" �%�"��) '%&�!"�"�» 

 

'�� 621.314.2 
�V=>2:V= �.�.1, $810;PA:89 $.".2, &VB0@5=:> ".%.3, $S1GC: ".%.3 
1 4-@. B5E=. =0C:., ?@>D. !' «�0?>@V7P:0 ?>;VB5E=V:0» 
2 0A?. !' «�0?>@V7P:0 ?>;VB5E=V:0» 
3 ABC4. 3@. �-613 !' «�0?>@V7P:0 ?>;VB5E=V:0» 
��!"���! �.�., $����0%��� $."., &�&�$�!�" ".%., $/�+'� ".%. 

"#&� ���*�/ &�)!"�"��+!"�" #$"*�%' ���"&"���!!/ 
%#�*�����"��!�) �!"�!�) �$�(�&"��!�) ��"���  

&�#' 5� &� 5! 

#8B0==S 5=5@3>715@565==S, ?V428I5==S 5D5:B82=>ABV B0 >?B8<V70FVS 
B5E=>;>3VG=8E ?@>F5AV2 2 ?>T4=0==V V7 ?>:@0I5==S< S:>ABV ?@>4C:FVW, I> 
28@>1;STBPAS ?>B@51CT =0C:>2>3> >1�@C=BC20==S, @>7@>1:8 V 2?@>20465==S 
=>28E =0C:>2>-B5E=VG=8E @VH5=P [1-5]. "4=8< V7 ?8B0=P, I> ?>B@51CRBP 
B5@<V=>2>3> 28@VH5==S, 210G0TBPAS >?B8<V70FVS B5E=>;>3VG=>3> ?@>F5AC 
283>B>2;5==S 0=>4=8E 3@0DVB>20=8E 1;>:V2. �>=8 4C65 ?>H8@5=> 
28:>@8AB>2CRBPAS 2 AB0;5?;028;P=V9 ?@><8A;>2>ABV V 2V4 WE B5E=VG=8E 
E0@0:B5@8AB8: ACBBT2> 70;568BP S:VABP ?@>4C:FVW, I> 28@>1;STBPAS B0 
B5E=V:>-5:>=><VG=V ?>:07=8:8 5=5@3>T<=8E ?@><8A;>28E :><?;5:AV2.  

"19T:B>< 4>A;V465==O T C4>A:>=0;5=0 A8AB5<0 02B><0B87>20=>3> 
C?@02;V==S B5E=>;>3VG=8< ?@>F5A>< 283>B>2;5==S A?5FV0;V7>20=8E 0=>4=8E 
3@0DVB>20=8E 1;>:V2 B8?C 52 B0 5=. 

�:BC0;L=VABL 4>A;V465==O >1C<>2;RTBPAS ?>:@0I5==S< B5E=VG=8E 
?>:07=8:V2 0=>4=8E 3@0DVB>20=8E 1;>:V2 70 @0EC=>: 2?@>20465==S ACG0A=8E 
<V:@>?@>F5A>@=8E 70A>1V2 02B><0B870FVW C?@02;V==S B5E=>;>3VG=8< ?@>F5A>< 
2 ?>T4=0==V V7 >?B8<0;P=8<8 ?@>3@0<=8<8 B0 V=B5;5:BC0;P=8<8 =0C:>2> 
>1�@C=B>20=8<8 @VH5==S<8. 

!0C:>20 =>287=0 @>1>B8 ?>;O30T C 24>A:>=0;5=V VA=CRG>W 
02B><0B87>20=>W A8AB5<8 C?@02;V==S B5E=>;>3VG=8< ?@>F5A>< 283>B>2;5==S 
A?5FV0;V7>20=8E 0=>4=8E 3@0DVB>20=8E 1;>:V2 B8?C 52 B0 5= H;SE>< 
>?B8<V70FVW B5E=>;>3VG=>3> ?@>F5AC 2 ?>T4=0==V V7 @>7@>1:>R B0 
2?@>20465==S< ACG0A=8E <V:@>?@>F5A>@=8E B0 ?@>3@0<=8E 70A>1V2 
02B><0B870FVW C?@02;V==S. 

!0 ?V4AB02V 0=0;V7C VA=CRG>3> B5E=>;>3VG=>3> ?@>F5AC ?@83>BC20==S 
?@5A-<0A8 3@0DVB>20=8E 5;5:B@>4V2 7 28:>@8AB0==S< >1;04=0==S DV@<8 
"�irich", ?@82545=> H;SE8 =0C:>2>3> 4>A;V465==S V B5E=VG=>3> 70157?5G5==S 
>?B8<0;P=>3> B5E=>;>3VG=>3> ?@>F5AC 283>B>2;5==S 3@0DVB>20=8E 5;5:B@>4V2 
7 ACBBT2> ?>:@0I5=8<8 B5E=VG=8<8 E0@0:B5@8AB8:0<8. 
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�0?@>?>=>20=0 02B><0B87>20=0 A8AB5<0 4>72>;ST 74V9A=R20B8 ?>B>G=89 
:>=B@>;P 70 2AV<0 AB04VS<8 B5E=>;>3VG=>3> ?@>F5AC. �> =8E 2V4=>ASBPAS 
:>=B@>;P B0 :5@C20==S ?@5A-<0A8 3@0DVB>20=8E 5;5:B@>4V2 B0 :><?>=5=BV2 C 
2V4?>2V4=8E ?@>?>@FVSE, C?5@5465=89 :>=B@>;P 70 2V4?>2V4=VABP AB04V9 
B5E?@>F5AC 48@5:B82=><C 70240==R, :>=B@>;P 70 <0A>-3010@8B=8<8 
?>:07=8:0<8 5;5:B@>4V2 B0 WE 5;5:B@>B5E=VG=8<8 E0@0:B5@8AB8:0<8 
0=0;>3VG=>, I> 28:>@8AB>2CRBPAS 2 @>1>B0E [1-4]. 

#>:070=>, I> =0 ?>G0B:>2><C 5B0?V @>1>B8 :><?;5:AC 2V41C20TBPAS 
?@83>BC20==S 2V4?>2V4=8E AC<VH59. �>=8 A:;040RBPAS V7 @V7=8E :><?>=5=B 
S:V ?>A;V4>2=> 4>?>2=RRBPAS 2V4?>2V4=> 4> 70240==S. #@82545=> H;SE8 
I>4> 5D5:B82=>3> ?@>E>465==S B5E=>;>3VG=>3> ?@>F5AC 283>B>2;5==S 
5;5:B@>4V2 B0 ?@>?>78FVW C4>A:>=0;5==S V 4>?>2=5==S VA=CRG>W 
02B><0B87>20=>W A8AB5<8 :5@C20==S S:0 =0 AP>3>4=VH=V9 G0A =5 2 ?>2=V9 <V@V 
704>2>;P=ST ?>B@510< ?@0:B8:8. 

#V428I5==S B5E=V:>-5:>=><VG=>W 5D5:B82=>ABV B5E=>;>3VG=>3> ?@>F5AC 
<>6;82> 4>AS3B8 H;SE>< >?B8<V70FVW V C73>465=>ABV ?0@0<5B@V2 A8;>28E 
28:>=02G8E <5E0=V7<V2 2 ?>T4=0==V V7 @568<0<8 :5@CRG8E <V:@>?@>F5A>@=8E 
V ?@>3@0<=8E 70A>1V2 02B><0B870FVW, E0@0:B5@8AB8:0<8 40BG8:V2 ?>B>G=>W 
V=D>@<0FVW, V=5@FV9=>ABV 28:>=02G8E <5E0=V7<V2, :>=B@>;R 70 ?>B>:0<8 
A:;04>28E :><?>=5=B V ?@5A-AC<VHV 5;5:B@>4V2 B0 2V4?>2V4=8E :5@CRG8E 
?@8AB@>W2 [1,2]. 

�>?>2V4P V;RAB@CTBPAS 2V4?>2V4=8<8 AB@C:BC@=8<8 AE5<0<8 
B5E=>;>3VG=>W ;V=VW ?@83>BC20==S A?5FV0;V7>20=8E 0=>4=8E 3@0DVB>20=8E 
1;>:V2 B8?C 52 B0 5= B0 <V:@>?@>F5A>@=8<8 V ?@>3@0<=8<8 70A>10<8 
:5@C20==S B0 :>=B@>;R 70 ?>B>G=8<8 DV78G=8<8 E0@0:B5@8AB8:0<8 
5;5:B@>4V2. 

�V4?>2V4=> 4> 4>45@60==S DV78G=8E V B5E=VG=8E <>6;82>AB59 
<0B5<0B8G=>3> <>45;R20==S =5>1EV4=> 28:>@8AB>2C20B8 45S:V 7<V==V, I> 
70;560BP 2V4 G0AC V 48=0<V:8 ?@>BV:0==S B5E?@>F5AC ( )(1 tú V )(2 tú ). � S:>ABV 
>4=>3> V7 <>6;828E ?V4E>4V2, 4;S C73>465==S ?@>3@0<=8E V ?>B>G=8E 
B5E=VG=8E 40=8E B0 >?B8<0;P=>3> :5@C20==S 4>FV;P=> A:>@8AB0B8AS 
=0ABC?=>R A?@S65=>R A8AB5<>R (1). 

�;S >B@8<0==S C7030;P=5=>3> 284C :5@CRG>3> A83=0;C >AB0==R A8AB5<C 
@V2=S=P =5>1EV4=> 4>25AB8 4> D>@<8, I> 704>2>;P=ST <0B5<0B8G=V9 C<>2V 
�0<V;PB>=0, I> =01;860T >B@8<0=C <0B5<0B8G=C <>45;P 4> B5E=VG=>3> 
20@V0=BC. 
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 (1) 

�8A=>2:8: 
1.�AB0=>2;5=> E0@0:B5@=V @8A8 B5E=>;>3VG=>3> ?@>F5AC ?@83>BC20==S 

A?5FV0;V7>20=8E 0=>4=8E 3@0DVB>20=8E 1;>:V2. 
2. �8S2;5=> 287=0G0;P=V 5B0?8 >?B8<V70FVW B5E=>;>3VG=>3> ?@>F5AC 

H;SE>< @>7@>1:8 =>2>W A8AB5<8 :5@C20==S =0 ?V4AB02V ACG0A=8E 
<V:@>?@>F5A>@=8E V ?@>3@0<=8E 70A>1V2. 

3. "?@0FP>20=V >A=>2=V DV78:>-<0B5<0B8G=V ?>;>65==S <>45@=V70FVW 
A8AB5<8 :5@C20==S 7 2@0EC20==S< ?0@0<5B@V2 @V7=>W DV78G=>W ?@8@>48 

B5E=>;>3VG=>3> ?@>F5AC.  
4. � ?>40;PH8E 4>A;V465==SE =5>1EV4=> @5B5;P=> @>73;S=CB8 70A>18 

A:;040==S ?@>3@0< 2V4?>2V4=> 4> E0@0:B5@=8E @8A B5E=>;>3VG=>3> ?@>F5AC 
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SELECTION OF RESEARCH DIRECTIONS FOR INVERTERS WITH SIC 

MOSFET 

The comparison of the properties of semiconductor materials shows that SiC 

is superior in almost all respects. And this is the reason for numerous studies of its 

application in power electronics. The aim of the work: analysis of publications and 

selection of research directions for inverters with SiC MOSFET. These works are 

aimed at: 

" Improving the methods for identifying SiC power MOSFET models. 

" Evaluating the degree of degradation of SiC power MOSFETs based on a 

neural network model. 

" Increasing the accuracy of estimating the temperature of SiC power 

MOSFET junctions. 
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" Building hybrid indicators of SiC power MOSFET defects based on data-

driven and knowledge-driven machine learning. 

" Using machine learning methods to model the relationship between 

electrical and thermal processes in SiC power MOSFETs. 

" Extending the service life of SiC power MOSFETs by minimizing 

MOSFET temperature fluctuations without affecting the vehicle dynamics. 

" Building SiC power MOSFET failure models based on reflectometry data. 

" Developing tools for online monitoring of SiC power MOSFET condition. 

The following conclusions can be drawn from the analysis of publications: 

" The problem of selection, determination of its technical condition and 

forecasting of the life cycle of SiC power MOSFET is relevant - a large number of 

publications are devoted to it 

" The choice of the SiC power MOSFET model is of great importance - 

both models based on physical and geometric parameters and "black box" models 

are used. In this case, as a rule, models with concentrated quantitative parameters 

are used 

" The non-stationary nature of the load significantly complicates forecasting 

the end of the service life of SiC power MOSFET 

" The main factor accelerating aging is temperature, and methods slowing 

down aging are temperature reduction and stabilization, improved cooling 

It is proposed to improve the quality of modeling inverters with SiC 

MOSFET by using higher forms of knowledge. To assess the residual life of 

inverters with SiC MOSFET, it is proposed to use the methodology of the IEC 

60076-7 standard. 
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OVERVIEW OF DESIGNS AND TECHNICAL SOLUTIONS FOR 

IMPLEMENTING AN ELECTRONIC SPEED CONTROLLER (ESC) FOR 

BRUSHLESS DIRECT CURRENT (BLDC) MOTORS 

Brushless DC (BLDC) motors are noteworthy for their high efficiency, 

precision, and durability. Unlike traditional brushed motors, BLDC motors utilize a 

rotating permanent magnet in the rotor and stationary coils on the stator, 
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eliminating the need for brushes and commutators. This configuration minimizes 

wear, reduces maintenance, and provides superior energy efficiency. The precise 

speed and torque controllability make BLDC motors especially suitable for 

applications requiring dependable and continuous operation, such as air 

conditioners, household appliances, drones, and electric mobility devices. In light 

of this, the implementation of robust Electronic Speed Controllers (ESCs) is vital 

to fully harness the performance advantages of BLDC motors. 

ESCs serve as the control backbone for BLDC motors, managing key 

operational parameters like speed, direction, and torque. By periodically switching 

currents between motor phases, ESCs ensure smooth rotation and stable operation. 

Control can be achieved either through sensor-based feedback, using components 

such as Hall effect sensors or encoders, or sensorless methods relying on back 

electromotive force detection. ESCs interact with broader control systems via 

communication protocols such as PWM, UART, or CAN, 

exhibiting pertinence across applications that range from simple remote-controlled 

devices to complex, multi-motor systems. Safety features like undervoltage 

lockouts, current limits, and thermal cutoffs protect both the motor and ESC 

components. Additionally, advanced programmable ESCs enable precise 

customization, allowing users to tailor parameters such as acceleration curves and 

braking force to meet specific use cases. 

 
Figure 1 3 ESC structure 

 

The operational success of ESCs is dependent on their key components, 

which include power management systems, microcontroller units, gate drivers, and 

switching transistors. Capacitors play a crucial role in smoothing voltage 

fluctuations, while voltage regulators ensure consistent power delivery to ESC 

logic circuits and sensors. The microcontroller unit (MCU) serves as the ESC9s 
central processing unit, interpreting input signals, generating PWM outputs, 
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controlling motor phases, and executing safety protocols - examples of popular 

MCU families include STM32, ATmega, and Infineon XMC series. Gate drivers 

amplify signals from the MCU to efficiently switch power transistors such as 

MOSFETs and IGBTs, which handle power delivery to motor phases. MOSFETs 

are commonly used for low-voltage ESCs due to their high efficiency and low 

conduction losses, while IGBT transistors, along with emerging technologies such 

as GaN (Gallium Nitride) and SiC (Silicon Carbide), offer enhanced performance 

for heavy-duty industrial applications. 

Thermal management, application-specific needs, and software integration 

are critical considerations in ESC design. Effective heat dissipation is ensured 

through strategies like heatsinks or active cooling systems to maintain system 

reliability. Lightweight designs are essential for drones, whereas industrial ESCs 

must prioritize high current-handling capacity and durability. Advanced algorithms 

such as Field-Oriented Control (FOC) offer precise and adaptive motor control, 

optimizing performance across diverse settings. Recent developments 

are indicative of a growing trend toward integrating high-performance materials 

such as GaN and SiC into ESC technology, delivering improvements in switching 

speeds, thermal performance, and overall system efficiency. Sensorless control and 

real-time monitoring are also gaining traction, paving the way for smarter and self-

adaptive ESC designs that can support increasingly complex applications. 

Despite the diversity in ESC designs and capabilities, their functional 

architecture consistently follows a core structural schema. This modular approach 

integrates similar types of components, including power management, switching 

devices, gate drivers, and a microcontroller unit, regardless of the specific 

application or performance requirements. Such a standardized framework not only 

ensures compatibility across various systems but also allows flexibility to innovate 

within the overarching ESC design paradigm. As ESC technology continues to 

evolve, this foundational structure will remain at the heart of future advancements, 

driving the development of more efficient, precise, and adaptive control systems 

for BLDC motors. 
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:5@C20==S 28:>@8AB>2CRBPAS @V7=><0=VB=V 3@0DVG=V 70A>18 4>:C<5=BC20==S 
?@>5:B=8E @VH5=P @V7=8E @V2=V2, =0?@S<:V2 B0 284V2 ?@>5:BC20==S: :@5A;5==S, 
AE5<8, AB@C:BC@8, ?@>3@0<8 B>I>. 

 5B>R @>1>B8 T ?>@V2=S==S 3@0DVG=8E 70A>1V2 D>@<0;V70FVW ?>254V=:8 
A8AB5< :5@C20==S. �;S ?>@V2=S==S >1@0=V B0:V ?>H8@5=V 2848 D>@<0;V70FVW S: 
1;>: AE5<8 0;3>@8B<V2, A:V=G5=V 02B><0B8, 4V03@0<8 <>28 UML 4V03@0<8 <>28 
SFC B0 4V03@0<8 Stateflow. &0:>6 4>A;V465==S >1<565=> 70A>10<8 S:V <0RBP 
BV;P:8 2V;P=5 ?>H8@R20=V 25@AVW:JFLAP [1], FSM GOLDI [2], OpenPLC [3], 

Stateflow [4], Edraw [5]. )0@0:B5@8AB8:8 70A>1V2 >FV=R20;8AS 70 B@810;P=>R 
H:0;>R: ?>30=> (1), 704>2V;P=> (2), 4>1@5 (3). $57C;PB0B8 ?>@V2=S==S 
3@0DVG=8E 70A>1V2 =02545=> =0 @8A. 1. 

!02545=0 ?5;RAB:>20 4V03@0<0 A?@>ICT 281V@ 70A>1C D>@<0;V70FVW 
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$8AC=>: 1 3 $57C;PB0B8 ?>@V2=S==S 3@0DVG=8E 70A>1V2 

 

%#�%"� ���"$�%&�!"� ��&�$�&'$� 

1.  JFLAP: �@>A?;0BD>@<>20 ?@>3@0<0 Java Formal Languages and 
Automata Package 4;S 5:A?5@8<5=BV2 7 @V7=8<8 >1'T:B0<8, I> 7CAB@VG0RBPAS 2 
B5>@VW D>@<0;P=8E <>2: A09B >@30=V70FVW [�;5:B@>==89 @5AC@A]. 3 $568< 
4>ABC?C:http://www.jflap.org/ 

2. GOLDi-labs cloud Website [Electronic resource] 3 Access mode: 

http://goldi3labs.net 

3. Autonomy 3 Open-source PLC Software [Electronic resource] 3 Access 

mode: https://autonomylogic.com/ 

4. Stateflow Model and simulate decision logic using state machines and flow 

charts [Electronic resource] 3 Access mode: 

https://www.mathworks.com/products/stateflow.html 

5. Edrawsoft's Official Website. [Electronic resource] 3 Access mode: 

https://www.edrawsoft.com/ 
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?>78B82=89 70@S4). #@8G><C CAV 5;5:B@>=8 01A>;RB=> >4=0:>2V; ?@>B>=8 
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1V;PH5 5;5:B@>=0. 

�;5:B@>=8 ?5@51C20RBP ?>ABV9=> C @CAV B0 <0RBP <V75@=C <0AC. %0<5 
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�V7P<5<> =09?@>ABVH89 0B>< - 2>45=P 2V= A:;040TBPAS 7 S4@0, 45 
7=0E>48BPAS ?@>B>=, B0 5;5:B@>=0, I> >15@B0TBPAS =02:>;> S4@0. #>78B82=5 
S4@> ?@8BS3CT =530B82=89 5;5:B@>=, 0;5 7024S:8 A2>T<C >15@B0==R 2V= 

CB@8<CTBPAS 2V4F5=B@>2>R A8;>R =0 A2>W9 >@1VBV. !09<5=H IV;P=8< 307>< T 
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0B><V2 287=0G0RBPAS :V;P:VABR 5;5:B@>=V2, I> 7=0E>4SBPAS ?>70 S4@>< 
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?>:@8B8< 7 >1>E 1>:V2 <5B0;528<8 >1:;04:0<8. �3>4>< 1C;> 28S2;5=>, I> S: 
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10 #V245==0 �>@5S 14.575 3.8 
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�> 2016 @>:C G0AB:0 A>=SG=>W 5;5:B@8:8 C A2VB>2><C 5=5@35B8G=><C 
:><?;5:AV AB0=>28;0 1.3%. !0 AP>3>4=VH=V9 45=P F59 ?>:07=8: 4>@V2=RT 
?@81;87=> 3%, >4=0: C <091CB=P><C >GV:CTBPAS 22545==S 2 5:A?;C0B0FVR 
%�% ?>BC6=VABR 200 ��B C %0C4V2AP:V9 �@02VW. #>@S4 7 V=H8<8 ?>4V1=8<8 
>1'T:B0<8, S:V 1C4CBP 22545=V 2 5:A?;C0B0FVR 2 V=H8E :@0W=0E, F5 40ABP 
?><VB=89 ?@8@VAB 28@>1=8FB20 C A>=SG=V9 5=5@35B8FV. %?8@0RG8AP =0 
?>B>G=C AB0B8AB8:C, 0 B0:>6 7 >3;S4C =0 @>728B>: B5E=>;>3V9 C FV9 30;C7V, 
D0EV2FV ?@8?CA:0RBP, I> 4> 2050 @>:C A>=SG=V 5;5:B@>AB0=FVW 7<>6CBP 
70157?5GC20B8 20-25% 5;5:B@8:8, I> 28B@0G0TBPAS ;R4AB2><. *5 A?@8G8=8BP 
I>@VG=5 7<5=H5==S 28:84V2 2 0B<>AD5@C 2C3;5:8A;>3> 307C V, S: =0A;V4>:, 
7=865==S V=B5=A82=>ABV @>728B:C ?0@=8:>2>3> 5D5:BC. 
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1. Dubey P.K. Distributed Generation Current Scenario in the World / P.K. 

Dubey, B. Singh, D.K. Patel, D. Singh // IJMF. 3 2023. 3 Vol.5. 3 pp. 1 3 25. 
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�"��"� �."., �"�"��)� �.�. 
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7<5=H5==S 70;56=>ABV 2V4 =0DB8 B0 ?>;V?H5==S =02:>;8H=P>3> A5@54>28I0. 
�;5:B@8G=89 ?>1CB>289 B@0=A?>@B ?@54AB02;5=89 5;5:B@><>1V;S<8, S:V 
A?>6820RBP <5=H5 5=5@3VW B0 =5 28:840RBP ?0@=8:>28E 307V2. ' 2022 @>FV 
3;>10;P=89 ?>?8B =0 10B0@5W 4;S 5;5:B@><>1V;V2 7@VA ?@81;87=> =0 65% V 
4>AS3 1;87P:> 550 ��B·3>4, ?@81;87=> =0 B0:><C 6 @V2=V, S: V 28@>1=8FB2> 
0:C<C;SB>@V2 4;S 5;5:B@><>1V;V2. #>BC6=VABP 28@>1=8FB20 ;VBV9-V>==8E 
02B><>1V;P=8E 0:C<C;SB>@V2 C 2022 @>FV AB0=>28;0 ?@81;87=> 1.5 &�B·3>4 =0 
@V:, I> >7=0G0T @V25=P 28:>@8AB0==S 1;87P:> 35% ?>@V2=S=> 7 ?@81;87=> 43% 
C 2021 @>FV. "GV:CTBPAS, I> 4> 2030 @>:C ?>?8B =0 0:C<C;SB>@8 7=0G=> 
7@>AB5, 4>AS3=C2H8 ?>=04 3 &�B-3>4. ->1 704>2>;P=8B8 F59 ?>?8B, 4> 2030 
@>:C 1C45 ?>B@V1=> ?>=04 50 3V30D01@8: (:>6=0 7 35 ��B·3>4 @VG=>W 
28@>1=8G>W ?>BC6=>ABV) =0 4>40B>: 4> AP>3>4=VH=P>W ?>BC6=>ABV 
28@>1=8FB20 0:C<C;SB>@V2. *5 71V;PHCTBPAS <0965 4> 65 =>28E 3V30D01@8:, 
I>1 704>2>;P=8B8 ?>?8B 4> 2030 @>:C. �0 40=8<8 Benchmark Mineral 

Intelligence (AB0=>< =0 15@575=P 2023 @>:C), >3>;>H5=0 ?>BC6=VABP 
28@>1=8FB20 0:C<C;SB>@V2 ?@820B=8<8 :><?0=VS<8 4;S 5;5:B@><>1V;V2 C 
2030 @>FV AB0=>28B8<5 6.8 &�B·3>4, I> FV;:>< 4>AB0B=P> 4;S 704>2>;5==S 
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?>?8BC. ' =>2>75;0=4AP:><C AF5=0@VW ?>?8B =0 10B0@5W AS30T ?>=04 5.5 

&�B·3>4 C 2030 @>FV. /:I> ?@8?CAB8B8, I> A5@54=V9 @V25=P 28:>@8AB0==S 
?>BC6=>AB59 7 28@>1=8FB20 0:C<C;SB>@V2 AB0=>28BP 85%,6 >3>;>H5=0 
?>BC6=VABP C 2030 @>FV <0965 2V4?>2V40T ?>B@510< C =>2>75;0=4AP:><C 
AF5=0@VW. "GV:CTBPAS, I> �8B09 1C45 4><V=C20B8 2 ?>?8BV =0 10B0@5W 4;S 
5;5:B@><>1V;V2 4> 2025 @>:C. #@>B5 G0AB:0 �8B0R 2 ?>?8BV =0 0:C<C;SB>@8 
4;S 5;5:B@><>1V;V2 7=878BPAS ?@81;87=> 4> 35% C 2030 @>FV 7 ?>=04 55% C 
2022 @>FV G5@57 7=0G=5 7@>AB0==S ?@>406V2 5;5:B@><>1V;V2 C %,�, �2@>?V B0 
=0 V=H8E @8=:0E. 

 

%#�%"� ���"$�%&�!"� ��&�$�&'$� 

1. Rajper S.Z. Prospects of Electric Vehicles in the Developing Countries: A 

Literature Review / S.Z. Rajper, J. Albrecht // Sustainability. 3 2020. 3 Vol. 12. 3 
pp. 1 3 20. doi:10.3390/su12051906. 

2. %09B IEA [�;5:B@>==89 @5AC@A]. https://www.iea.org/reports/global-ev-

outlook-2023/prospects-for-electric-vehicle-deployment (40B0 06.04.2025@.) 
 

 

'�� 004.9:681.51 

�0;C6=89  ...1, #V4>?@83>@0 �.".2, %5<8;VB �.�.2 
1 AB0@H. 28:;. !' «�0?>@V7P:0 ?>;VB5E=V:0» 
2 ABC4. 3@. �-312A? !' «�0?>@V7P:0 ?>;VB5E=V:0» 

���'�!��  ..., #��"#$��"$� �."., %� ���& �.�. 

THINGSBOARD � !��+��0!" ' #$"*�%� 

' ?5@V>4 F8D@>2>W B@0=AD>@<0FVW �=B5@=5B @5G59 (IoT) Internet of Things 
AB0T =52V4'T<=>R G0AB8=>R @V7=8E 30;C759 - 2V4 ?@><8A;>2>ABV 4> @>7C<=>3> 
1C48=:C. "4=8< V7 :;RG>28E 70240=P C AD5@V IoT T 71V@, >1@>1:0 B0 
2V7C0;V70FVS 40=8E. ThingsBoard - F5 ?>BC6=0 ?;0BD>@<0 7 2V4:@8B8< 
28EV4=8< :>4><, ?@87=0G5=0 4;S C?@02;V==S IoT-?@8AB@>S<8, >1@>1:8 40=8E 
C @50;P=><C G0AV B0 ?>1C4>28 3@0DV:V2 B0 40H1>@4V2. 

ThingsBoard - F5 <0AHB01>20=0 ?;0BD>@<0 IoT, I> 70157?5GCT: 
" #V4:;RG5==S B0 :5@C20==S ?@8AB@>S<8 G5@57 @V7=V ?@>B>:>;8 

(MQTT, CoAP, HTTP); 

" �1V@ B0 >1@>1:C 40=8E 7 28:>@8AB0==S< ?@028; >1@>1:8 ?>4V9; 
" �V7C0;V70FVR 40=8E 70 4>?><>3>R 3=CG:8E 40H1>@4V2; 
" #>2V4><;5==S B0 V=B53@0FVW V7 7>2=VH=V<8 A5@2VA0<8; 
"  0AHB01>20=VABP B0 157?5:0 7024S:8 ?V4B@8<FV :;0AB5@870FVW B0 

@>;59 :>@8ABC20GV2. 
*S ?;0BD>@<0 ?V4B@8<CT S: ;>:0;P=V, B0: V E<0@=V @>73>@B0==S, I> 

@>18BP WW 7@CG=>R 4;S 28:>@8AB0==S C =02G0==V B0 AB2>@5==V 48AB0=FV9=8E 
AB5=40E. 

https://www.iea.org/reports/global-ev-outlook-2023/prospects-for-electric-vehicle-deployment
https://www.iea.org/reports/global-ev-outlook-2023/prospects-for-electric-vehicle-deployment
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$8AC=>: 1 3 #@8:;04 40H1>0@B0 ThingsBoard. 

 

#V4:;RG5==S AB5=4V2 4> ThingsBoard <>65 1CB8 AB0=40@B=V ?@>B>:>;8, 
B0:V S:: 

" MQTT (Message Queuing Telemetry Transport); 

" CoAP (Constrained Application Protocol); 

" HTTP. *V ?@>B>:>;8 4>72>;SRBP ;53:> V=B53@C20B8 ?@8AB@>W B0 
?5@54020B8 40=V C ?;0BD>@<C. 

ThingsBoard ?@>?>=CT 7@CG=89 V=B5@D59A 4;S AB2>@5==S =0;0HB>20=8E 
40H1>@4V2 7: 

" �@0DV:0<8 B0 4V03@0<0<8; 
" &01;8FS<8; 
" 35>3@0DVG=8<8 :0@B0<8; 
" SCADA; 

" �=CG:8<8 =0;0HBC20==S<8 2V465BV2. 
ThingsBoard ?V4B@8<CT 1030B>@V2=52C A8AB5<C 4>ABC?C, I> 4>72>;ST: 
" #@87=0G0B8 ?@020 @V7=8<; 
" "@30=V7>2C20B8 @>7@0E>20=C =0 1030B> :>@8ABC20GV2 @>1>BC; 
" �0@0=BC20B8 157?5:C 40=8E. 
#5@52038 ThingsBoard: 
" 157:>HB>2=VABP: �07>20 25@AVS ThingsBoard 7 2V4:@8B8< :>4>< 

4>ABC?=0 157:>HB>2=>; 
" ?@>AB>B0 28:>@8AB0==S: �=BCWB82=89 V=B5@D59A B0 4>:;04=0 

4>:C<5=B0FVS A?@>ICRBP @>1>BC 7 ?;0BD>@<>R; 
" :@>A?;0BD>@<5==VABP; 
" 0:B82=0 A?V;P=>B0: $>7@>1=8:8 B0 :>@8ABC20GV 0:B82=> ?V4B@8<CRBP 

?@>5:B, ?@>?>=CRG8 =>2V V45W B0 28@VH5==S ?@>1;5<. 
!54>;V:8 ThingsBoard: 
" =572060RG8 =0 157;VG ?5@5203, ThingsBoard <0T 45S:V >1<565==S; 
" A:;04=VABP =0;0HBC20==S. �;S :>@8ABC20GV2-?>G0B:V2FV2 <>65 1CB8 

A:;04=> @>73>@=CB8 ?;0BD>@<C V =0;0HBC20B8 WW ?V4 A2>W ?>B@518. 
ThingsBoard F5 ?>BC6=5 @VH5==S 4;S =02G0==S ABC45=BV2 ?>1C4>28 IoT-

?@>5:BV2 7 2V4:@8B8< 28EV4=8< :>4><, SCADA A8AB5< B0 AB2>@5==R 
48AB0=FV9=8E AB5=4V2. �=CG:VABP, V=B53@0FVS 7 ?>?C;S@=8<8 ?@>B>:>;0<8 B0 
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7@CG=0 2V7C0;V70FVS @>1;SBP 9>3> GC4>28< 281>@>< 4;S 28:;040GV2 B0 
ABC45=BV2. 

 

%#�%"� ���"$�%&�!"� ��&�$�&'$� 

1. https://thingsboard.io/docs/ (40B0 725@=5==S: 05.04.2025). 
2. �0=4S: �. #. $>7@>1:0 02B><0B87>20=>W A8AB5<8 0=0;V7C B0 

2V7C0;V70FVR 40=8E 7 28:>@8AB0==S< B5E=>;>3VW �OT, Java B0 JavaScript =0 
70<>2;5==S 03@>E>;48=3C: :20;VDV:0FV9=0 @>1>B0 =0 74>1CBBS >A2VB=P>3> 
ABC?5=S <03VAB@ 70 A?5FV0;P=VABR >121 - V=65=5@VS ?@>3@0<=>3> 70157?5G5==S< 
/ �. #. �0=4S: . - &5@=>?V;P: &!&', 2023. - 63 A. 

3. Palmer D. The Internet of Things? It's really a giant robot and we don't 

know how to fix it / Danny Palmer // ZDNet. [Electronic resource] - 2017. - Mode 

of access: https://www.zdnet.com/article/the-internet-of-things-its-really-a-giant-

robot-and-wedont-know-how-to-fix-it/. 

 

 

'�� 621.3.078.3 
�V;PG8G �.�.1, �@8A0= ..".2 

1 ABC4. 3@. �-713< !' «�0?>@V7P:0 ?>;VB5E=V:0»  
2 :0=4. B5E=. =0C:, 4>F. !' «�0?>@V7P:0 ?>;VB5E=V:0» 

���0+�+ �.�., �$�%�! ..". 

%�!&�� ��!��' ��$'��!!/ ��'���!!/  � ��"�"!!" ' 
����&$"#$��"�� #"%&��!"�" %&$' '  

%CG0A=5 28@>1=8FB2> E0@0:B5@87CTBPAS 28A>:>R V=B5=A8DV:0FVTR 
B5E=>;>3VG=8E ?@>F5AV2 V 7@>AB0RG8<8 28<>30<8 4> S:>ABV ?@>4C:FVW, I> 
7<CHCT 70AB>A>2C20B8 2A5 1V;PH 4>A:>=0;5 <5E0=VG=5 B0 5;5:B@>B5E=VG=5 
>1;04=0==S 4;S ?@><8A;>28E CAB0=>2>: V 03@530BV2. �5;8:C @>;P C 28@VH5==V 
70240=P :><?;5:A=>W 02B><0B870FVW 28@>1=8FB20 3@0T @53C;P>20=89 
5;5:B@>?@82>4 ?>ABV9=>3> V 7<V==>3> AB@C<C, I> =091V;PH ?>2=> 2V4?>2V40T 
28<>30<, I> 28AC20RBPAS, ?@8 ?>@V2=S=> =528A>:V9 20@B>ABV 
5;5:B@>>1;04=0==S. 

�;5:B@>?@82>4 ?>ABV9=>3> AB@C<C 740B=89 40B8 2AV =5>1EV4=V 
E0@0:B5@8AB8:8, 0;5 4283C=8 <0RBP :><CB0FV9=V >1<565==S <0:A8<0;P=>W 
G0AB>B8 >15@B0==S, 70;56=>W 2V4 ?>BC6=>ABV V 682;SBPAS 2V4 <5@56V G5@57 
B8@8AB>@=V ?5@5B2>@R20GV. �@V< B>3>, F59 5;5:B@>?@82>4 A?>6820T 7 <5@56V 
@50:B82=C ?>BC6=VABP, I> ?ACT <5@56C V 28:;8:0T A?>B2>@5==S 
A8=CA>W40;P=>W D>@<8 =0?@C38 A8AB5<8 5;5:B@>?>AB0G0==S. &><C FV D0:B>@8 

?>G8=0RBP AB@8<C20B8 @>728B>: B0:8E 5;5:B@>?@82>4V2. 
"A>1;825 <VAF5 2 5;5:B@>?@82>40E ?>ABV9=>3> AB@C<C 709<0RBP 

5;5:B@>?@82>48 V7 42>7>==8< @53C;R20==S< H284:>ABV. �2>E7>==V 
5;5:B@>?@82>48 70AB>A>2CRBPAS 2 ?@><8A;>28E CAB0=>2:0E, 45 ?>B@V1=5 

https://thingsboard.io/docs/
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@53C;R20==S H284:>ABV S: 2=87, B0: V 23>@C 2V4 >A=>2=>W H284:>ABV. ' 
A8AB5<0E 42>7>==>3> @53C;R20==S 28:>@8AB>2CRBPAS 420 :0=0;8 2?;82C =0 
5;5:B@>4283C= 3 ?> ;0=FR3C S:>@S V 7 ;0=FR30 71C465==S. &>1B> 
@53C;R20==S H284:>ABV 5;5:B@>?@82>4C 74V9A=RTBPAS S: 7<V=>R =0?@C38 =0 
S:>@V, B0: V 7<V=>R <03=VB=>3> ?>B>:C. �0 @0EC=>: FP>3> 70157?5GCTBPAS 
5:>=><VG=5 @53C;R20==S H284:>ABV. �;S 70157?5G5==S 30@=8E 5=5@35B8G=8E 
?>:07=8:V2 5;5:B@>?@82>4C @53C;R20==S H284:>ABV 2 <560E 2V4 =C;S 4> 
>A=>2=>W ?@>2>48BPAS ?@8 =><V=0;P=><C ?>B>FV 71C465==S BV;P:8 70 @0EC=>: 
7<V=8 =0?@C38 =0 S:>@V, 0 2 4V0?07>=V 7<V=8 H284:>ABV 28I5 >A=>2=>W 
@53C;R20==S 74V9A=RTBPAS 7<V=>R AB@C<C 71C465==S ?@8 =><V=0;P=V9 
=0?@C7V 01> �$% S:>@S.  

�2>E7>==V 5;5:B@>?@82>48 B@048FV9=> H8@>:> 70AB>A>2C20;8AS V 
70AB>A>2CRBPAS 2 ?@>:0B=><C 28@>1=8FB2V 4;S >15@B0==S 20;:V2 AB0=V2 V 
<>B0;>:, 0 B0:>6 C AB0=:>1C4C20==V 4;S 3>;>2=>3> @CEC <5B0;>@V70;P=8E 
25@AB0BV2. $VH5==S ?8B0==S 02B><0B870FVW B0 C4>A:>=0;5==S =0720=8E 
28@>1=8G8E ?@>F5AV2 =52V49T<=> ?>29S70=> 7 @>728B:>< V ?>ABV9=8< 
C4>A:>=0;5==S< B0:8E 5;5:B@>?@82>4V2. 'A:;04=5==S 7040G, I> AB>SBP ?5@54 
02B><0B87>20=8< 28@>1=8FB2><, ?V428ICT 28<>38 4> 48=0<VG=8E 
2;0AB82>AB59 42>7>==8E 5;5:B@>?@82>4V2, I> =040T 25;8:>3> 7=0G5==S 
281>@C WE @0FV>=0;P=8E AB@C:BC@, @>7@0EC=:C ?0@0<5B@V2 B0 =0;0HBC20=P 
@53C;SB>@V2. 

�8=0<VG=V ?@>F5A8 C =5;V=V9=V9 A8AB5<V >?8ACRBPAS =5;V=V9=8<8 
48D5@5=FV0;P=8<8 @V2=S==S<8. *59 :;0A A8AB5< H8@H89, V ;V=V9=V A8AB5<8 
<>6=0 @>73;S40B8 S: >:@5<89 28?04>: =5;V=V9=8E A8AB5<. &><C V 48=0<VG=V 
2;0AB82>ABV =5;V=V9=8E A8AB5< 7=0G=> @V7=><0=VB=VHV. ' =8E <>6;82V 
=5730A0RGV :>;820==S, B0: 720=V 02B>:>;820==S, 0 ABV9:VABP @CEC V 9>3> 
E0@0:B5@ 70;560BP 2V4 ?>G0B:>28E C<>2 V 7>2=VH=VE 2?;82V2. 

 

 
$8AC=>: 1 3 %E5<0 <>45;V 42>7>==>3> 5;5:B@>?@82>4C 2 MALAB simulink 
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�0AB>AC20==S ;V=50@870FVW =5;V=V9=8E DC=:FV9, I> 2E>4SBP 4> 
<0B5<0B8G=>3> >?8AC 48=0<V:8 A8AB5<8 02B><0B8G=>3> :5@C20==S 2 <<0;><C= 
B0 28:>@8AB0==S C 72'S7:C 7 F8< ;V=V9=8E <5B>4V2 4>A;V465==S C 1030BP>E 
?@0:B8G=8E 70240==SE =5 ?@8725;> 4> 1060=8E @57C;PB0BV2 G5@57 B5, I> 
=5;V=V9=V DC=:FVW =5 1C;8 <3;04:8<8=, 0 4V0?07>= 7<V=8 70;56=8E 7<V==8E 1C2 
4C65 25;8:89.  

�>A;V465==S =5;V=V9=8E A8AB5< <0T B0:V FV;V: 0=0;V7 ABV9:>ABV, 
287=0G5==S <>6;82>ABV 02B>:>;820=P, WE G0AB>B8 B0 0<?;VBC48, 287=0G5==S 
?>:07=8:V2 S:>ABV, A8=B57 ?@8AB@>W2 :5@C20==S. 

#@8 4>A;V465==V @>1>B8 5;5:B@>?@82>4C =0 =5;V=V9=V9 <>45;V (@8A.1) 
1C;> ?>AB02;5=> 70240==S ?5@52V@:8 70?@>?>=>20=>W <5B>48:8 A8=B57C 
:0=0;C :5@C20==S 71C465==S<, 0 B0:>6 >FV=:8 2?;82C >1<565=P =0 28E>4V 
?5@5B2>@R20GV2 B0 @53C;SB>@V2, >?5@0FV9 ?5@5<=>65==S B0 :@82>W 
=0<03=VGC20==S =0 B>G=VABP @53C;R20==S �$%. 
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1 :0=4. B5E=. =0C:, 4>F. !' «�0?>@V7P:0 ?>;VB5E=V:0» 
2 ABC4. 3@. �-714< !' «�0?>@V7P:0 ?>;VB5E=V:0»  

�$�%�! .."., %�$���!�" �.�. 
#�$%#��&��� $"���&�'  ���) %"!/+!�) 
("&"����&$�+!�) '%&�!"�"� � '�$��!� 
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I> =03@V20TBPAS, B0: V 157?>A5@54=P> A?V@0;V =03@V20G0, >1G8A;5==S 
?>BC6=>ABV, I> ?>40TBPAS =0 =03@V20G, 7 C@0EC20==S< ?5@51C20==S 
>AB0==P>3> 2 157?5G=8E 4;S =P>3> @0<:0E ?V4 G0A @>1>B8. 

�;S 28@VH5==S 40=8E 70240=P 1C;> 70?@>?>=>20=> 28:>@8AB>2C20B8 
42>:0A:04=89 #��-@53C;SB>@, I> A:;040TBPAS 7 254CG>3> (master) B0 2545=>3> 
(slave) @53C;SB>@V2. �545=89 @53C;SB>@ =0 28E>4V >1G8A;RT 157?>A5@54=P> 
7=0G5==S ?>BC6=>ABV, I> ?>40TBPAS =0 =03@V20G C :>6=89 <><5=B G0AC, 0 
2EV4=8< ?0@0<5B@>< (CAB02:>R) V A83=0;>< 72>@>B=>3> 72'S7:C T B5<?5@0BC@0 
=03@V20;P=>3> 5;5<5=B0. �54CG89 @53C;SB>@ 2 S:>ABV 2EV4=>3> 7=0G5==S <0T 
7040=C B5<?5@0BC@C 7@07:0, I> =03@V20TBPAS, 0 2 S:>ABV A83=0;C 72>@>B=>3> 
72'S7:C 3 ?>B>G=V ?>:070==S 40BG8:0 B5<?5@0BC@8 7V 7@07:0. !0 28E>4V 254CG89 
@53C;SB>@ 2840T 7=0G5==S B5<?5@0BC@8 =03@V20;P=>3> 5;5<5=B0, S:5 A;C68BP 
CAB02:>R 4;S 2545=>3> @53C;SB>@0. #@8 FP><C <0:A8<0;P=5 7=0G5==S =0 
28E>4V master-@53C;SB>@0 >1<565=> 157?5G=>R 4;S =03@V20;P=>3> 5;5<5=B0 
B5<?5@0BC@>R 2 480°%. &0:8< G8=><, ?@8 ?@028;P=><C ?V41>@V :>5DVFVT=BV2, 
?@8 S:8E 2V4ACB=T ?5@5@53C;R20==S C 2545=><C @53C;SB>@V, V HB0B=V9 @>1>BV 
@53C;SB>@V2 ?>2=VABR 28:;RG0TBPAS A8BC0FVS, :>;8 =03@V20G <>65 289B8 7 
;04C G5@57 ?5@53@V20==S. 

 



226 

'�� 621.317 

�5T2 %.�.1, �C45;S �.�.2 
1 AB. 28:;. !' «�0?>@V7P:0 ?>;VB5E=V:0» 
2 ABC4. 3@. E-614 !' «�0?>@V7P:0 ?>;VB5E=V:0» 

���� %.�., �'���/ �.�. 
�!�+�!!/ ����&$"&�)!�+!�) %�%&�  ' %'+�%!�) 

��&��0!�) �#�$�&�) 

�;5:B@>B5E=VG=V A8AB5<8 2V4V3@0RBP :;RG>2C @>;P C @>1>BV ACG0A=>W 
02V0FV9=>W B5E=V:8. �>=8 70157?5GCRBP DC=:FV>=C20==S >A=>2=8E V 
4>?><V6=8E A8AB5< 4;S ;VB0;P=8E 0?0@0BV2 I> 2:;RG0RBP A8AB5<8 
:5@C20==S, =02V30FVW, 72'S7:C, >A2VB;5==S B0 020@V9=>3> 682;5==S. �>40B:>2> 7 
4VRG8<8 =>@<0<8 B0:V :><?>=5=B8 S: @575@2=V ?V;>B06=V ?@81>@8 B0 020@V9=5 
>A2VB;5==S ;VB0:0 ?>28==V <0B8 2;0A=V @575@2=V 465@5;0 682;5==S. 
!04V9=VABP B0 5=5@3>5D5:B82=VABP 5;5:B@>B5E=VG=8E A8AB5< 2?;820RBP =0 
B5E=VG=V B0 5:A?;C0B0FV9=V E0@0:B5@8AB8:8 ;VB0;P=8E 0?0@0BV2. �@>AB0RG0 
5;5:B@8DV:0FVS 02V0FVW 4 7>:@5<0 2 :>=F5?FVW More Electric Aircraft (MEA) - 
?5@5410G0T 70<V=C 3V4@02;VG=8E V ?=52<0B8G=8E A8AB5< 5;5:B@8G=8<8, I> 
4>72>;ST 7=878B8 <0AC, ?V428I8B8 5D5:B82=VABP V A?@>AB8B8 B5E=VG=5 
>1A;C3>2C20==S. 'AV 5;5:B@8G=V A8AB5<8 ;VB0;P=8E 0?0@0BV2 (70 28=SB:>< 
=09?@>ABVH8E) <VABSBP :><?>=5=B8, S:V 740B=V 35=5@C20B8 5;5:B@>5=5@3VR, 
7>:@5<0 35=5@0B>@8, S:V ?@82>4SBPAS 2 4VR 2V4 >A=>2=>3> 01> 4>?><V6=>3> 
4283C=0. �;5:B@>B5E=VG=V A8AB5<8 70157?5GCRBP 5;5:B@>682;5==S 4;S 
:@8B8G=> 206;828E DC=:FV9, B0:8E S: =02V30FVS, :5@C20==S, >A2VB;5==S, 
72'S7>: B0 A8AB5<8 157?5:8. *V A8AB5<8 D>@<CRBP >A=>2C 02V0FV9=>W 
V=D@0AB@C:BC@8 1>@BC V 2V4V3@0RBP :;RG>2C @>;P C 70157?5G5==V 
157?5@5@2=>3> :>=B@>;R 70 ;VB0;P=8< 0?0@0B>< ?V4 G0A CAP>3> ?>;P>BC. 
!04V9=VABP 465@5; 682;5==S B0 5D5:B82=5 @>7?>4V;5==S 5=5@3VW <0RBP 
157?>A5@54=V9 2?;82 =0 ;P>B=C ?@840B=VABP 02V0FV9=>W B5E=V:8 B0 157?5:8. 

�8:>=0==S ?>;P>BC �@C=BCTBPAS =0 28:>@8AB0==V 25;8:>W :V;P:>ABV 
@V7=8E A8AB5<, =0S2=8E =0 1>@BC #�, V WE A?@02=VABP T =5>1EV4=>R 28<>3>R. 
$53C;R20==S< 70157?5G5==S 28:>=0==S ?>;P>BV2 =0 <V6=0@>4=><C @V2=V 
709<0RBPAS B0:V >@30=V70FVW, S: ICAO, Eurocontrol, EASA, FAA, ECAC B0 V=. 
�@V< B>3>, :>6=0 7 :@0W= =0 =0FV>=0;P=><C @V2=V 70B25@46CT A2>W 
@53C;R20;P=V 4>:C<5=B8 C AD5@V 70157?5G5==S ?>;P>BV2. �0728G09 
@53C;R20;P=V 4>:C<5=B8 =0 =0FV>=0;P=><C @V2=V <0RBP 2V4?>2V40B8 ?52=8< 
<V6=0@>4=8< 28<>30<. �8<>38 F8E =>@<0B82=8E 4>:C<5=BV2 157?>A5@54=P> 
AB>ACRBPAS A:;04C 02V>=V:8, DC=:FV>=0;P=8E <>6;82>AB59 B0 WW @>7<VI5==S 
=0 1>@BC #�. "A=>2=8<8 =0FV>=0;P=8<8 4>:C<5=B0<8, I> @53;0<5=BCRBP 
DC=:FV>=C20==S B0 =0S2=VABP ?52=8E A8AB5< 02V>=V:8 =0 1>@BC #�, T 
�2V0FV9=V ?@028;0 ':@0W=8 B0 !>@<8 ;P>B=>W ?@840B=>ABV. �5S:V 28<>38 4> 
>1;04=0==S 02V>=V:8 28?;820RBP 7 V=H8E =>@<0B82=8E 4>:C<5=BV2, I> 
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AB0=40@B87CRBP B5E=VG=V 0A?5:B8 DC=:FV>=C20==S <>4C;V2 (3010@8B=V 
@>7<V@8, 5;5:B@8G=V 79T4=0==S, AB0=40@B8 =0 DDB B0 1030B> V=H8E). "4=VTR 7 
>A=>2=8E >@30=V70FV9 @>7@>1=8:V2 ?>4V1=8E AB0=40@BV2 T ARINC. 
$>7@>1;5==S A8AB5< 02V>=V:8 B56 =5@>7@82=> ?>29S70=> 7 4>B@8<0==S< 
25;8:>W :V;P:>ABV 28<>3, I> =0:;040RBPAS ?52=8<8 A?5F8DV:0FVS<8 B0 
@53C;R20;P=8<8 4>:C<5=B0<8. "A=>2=8<8 @>7@>1=8:0<8 =>@<0B82=>W 
4>:C<5=B0FVW 7 @>7@>1;5==S B0 ?@>5:BC20==S A8AB5< 02V>=V:8 T: 

 3 �A>FV0FVS ?>2VB@S=>3> B@0=A?>@BC (Air Transport Association 3ATA); 

 3 (545@0;P=0 02V0FV9=0 04<V=VAB@0FVS (%,�) (Federal Aviation Authority 
3 FAA) ; 

3 �2@>?59AP:0 >@30=V70FVS 02V0FV9=>W 157?5:8 (European Aviation Safety 

Agency 3 EASA);  

3 $04V>B5E=VG=0 :><VAVS 7 ?8B0=P 05@>=02B8:8 (Radio Technical 
Commission for Aeronautics 3 RTCA);  

3 �A>FV0FVS :>=AB@C:B>@V2 @CE><8E <0H8= (Society of Automotive 
Engineers 3 SAE). 

"A=>2=>R 28<>3>R 4> 5;5:B@>B5E=VG=8E A8AB5< ;VB0;P=8E 0?0@0BV2 T 
70157?5G5==S 157?5:8. *5 2:;RG0T 2 A515 =5 ;8H5 28A>:C =04V9=VABP A0<8E 
5;5:B@8G=8E :><?>=5=BV2, 0;5 9 ?@028;P=5 >1A;C3>2C20==S B0 5:A?;C0B0FVR 
F8E A8AB5< 73V4=> 7 <V6=0@>4=8<8 AB0=40@B0<8 B0 G8==8<8 =>@<0B820<8. 
+VB:5 28:>=0==S ?@>F54C@ B5E=VG=>3> >1A;C3>2C20==S, @53C;S@=V ?5@52V@:8 B0 
4V03=>AB8:0 A8AB5< T :@8B8G=> 206;828<8 4;S 70?>1V30==S 2V4<>20< V 
70157?5G5==S 157?5:8 ?>;P>BV2. %8AB5<8 ?>28==V 1CB8 A?@>5:B>20=V B0:8< 
G8=><, I>1 C @07V =5A?@02=>ABV >4=VTW 7 =8E, V=HV <>3;8 :><?5=AC20B8 WW 
DC=:FVW, 70157?5GCRG8 157?5@5@2=VABP @>1>B8 B0 70E8AB ?V;>BV2 V ?0A068@V2. 

$>728B>: B5E=>;>3V9 A?@8ST AB2>@5==R 5=5@3>5D5:B82=VH8E B0 ;53H8E 
5;5:B@>B5E=VG=8E A8AB5< 4;S ;VB0;P=8E 0?0@0BV2. �024S:8 28:>@8AB0==R 
=>2VB=VE <0B5@V0;V2 V V==>20FV9=8E ?V4E>4V2 C ?@>5:BC20==V, 4>AS30TBPAS 
7=865==S <0A8 :><?>=5=BV2, I> A?@8ST ?>:@0I5==R 7030;P=>W 5D5:B82=>ABV 
A8AB5<. &0:V B5E=>;>3VG=V 4>AS3=5==S 4>72>;SRBP 7<5=H8B8 
5=5@3>A?>6820==S, >4=>G0A=> ?V428ICRG8 =04V9=VABP V ?@>4C:B82=VABP 
1>@B>28E A8AB5<, I> T 206;828<8 0A?5:B0<8 4;S 70157?5G5==S 157?5:8 V 
5:>=><VG=>ABV 02V0FV9=>W B5E=V:8. 

 

%#�%"� ���"$�%&�!"� ��&�$�&'$� 

1. Moir, I., & Seabridge, A. (2011). Aircraft Systems: Mechanical, Electrical 

and Avionics Subsystems Integration (3rd ed.). Wiley. 

2. FAA Advisory Circular 23.1309-1E (System Safety Analysis and 

Assessment for Part 23 Airplanes 

3. �%&' ISO 7137:2018 �2V0FVS. '<>28 =02:>;8H=P>3> A5@54>28I0 B0 
?@>F54C@8 28?@>1C20==S 1>@B>2>3> >1;04=0==S (ISO 7137:1995, IDT) 
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4. )0@G5=:> �.#. �2V>=V:0/ �.#. )0@G5=:>, �.�. "AB@>C<>2 3 �. : !�',
2013. 3 272 A. 

'�� 681.5 
 5;5H:> �.�. 1, �2;T2 �.�.2, ";5=5FP %. .2, �>=40@ !.%.2
1 28:;. !' «�0?>@V7P:0 ?>;VB5E=V:0» 
2 ABC4. 3@. �-714 !' «�0?>@V7P:0 ?>;VB5E=V:0» 

 ���,�" �.�., ����� �.�., "��!�*0 %. ., �"!��$ !.%. 
���"$�%&�!!/ PLC-�"!&$"��$�� !"�"�" #"�"��!!/ ��/ 
#����-�!!/ �(��&��!"%&� ��&" �&��"��!�) %�%&�  

��$'��!!/ 

' 4>A;V465==V @>73;S40RBPAS ?5@52038 28:>@8AB0==S ?@>3@0<>20=8E 
;>3VG=8E :>=B@>;5@V2 (PLC) =>2>3> ?>:>;V==S 2 02B><0B87>20=8E A8AB5<0E 
:5@C20==S (�%�). #@>0=0;V7>20=> ACG0A=V B5E=VG=V @VH5==S, DC=:FV>=0;P=V 
<>6;82>ABV B0 WE 2?;82 =0 ?@>4C:B82=VABP V =04V9=VABP ?@><8A;>28E ?@>F5AV2. 
#@>2545=> ?>@V2=S;P=89 0=0;V7 <V6 :;0A8G=8<8 :>=B@>;5@0<8 B0 ACG0A=8<8 
PLC, I> 4>72>;ST 7@>18B8 28A=>2:8 I>4> 4>FV;P=>ABV WE 2?@>20465==S =0 
?V4?@8T<AB20E @V7=8E 30;C759. 

�=B5=A82=89 @>728B>: ?@><8A;>2>ABV B0 ?5@5EV4 4> :>=F5?FVW Industry 

4.0 7C<>2;RT ?>B@51C C 2?@>20465==V V=B5;5:BC0;P=8E B0 3=CG:8E 70A>1V2 
02B><0B870FVW. #@>3@0<>20=V ;>3VG=V :>=B@>;5@8 (PLC) 70;8H0RBPAS 
:;RG>28< 5;5<5=B>< 02B><0B87>20=8E A8AB5< :5@C20==S, >4=0: 7 ?>S2>R 
=>2>3> ?>:>;V==S :>=B@>;5@V2 2V4:@820RBPAS =>2V <>6;82>ABV 4;S 
?V428I5==S 5D5:B82=>ABV, AB01V;P=>ABV B0 157?5:8 28@>1=8FB20. 

PLC 4 F5 ?@>3@0<>20=V ?@8AB@>W, S:V 28:>=CRBP ;>3VG=V >?5@0FVW B0 
:5@CRBP ?@>F5A0<8 =0 >A=>2V 40=8E V7 40BG8:V2 V 28:>=02G8E <5E0=V7<V2. PLC 

=>2>3> ?>:>;V==S (=0?@8:;04, Siemens S7-1500, Rockwell CompactLogix, 

Omron NX1P2, WAGO PFC200) E0@0:B5@87CRBPAS 28A>:>R H284:>4VTR, 
@>7H8@5=>R ?V4B@8<:>R ?@>B>:>;V2 729S7:C (Ethernet/IP, PROFINET, OPC 

UA), 21C4>20=8<8 70A>10<8 :V15@157?5:8, ?>:@0I5=>R 4V03=>AB8:>R B0 
3=CG:VABR V=B53@0FVW 7 SCADA B0 MES-A8AB5<0<8. �>=8 740B=V 28:>=C20B8 
@>7?>4V;5=5 :5@C20==S, 270T<>4VSB8 7 E<0@=8<8 A5@2VA0<8 B0 ?V4B@8<CRBP 
F8D@>2V 42V9=8:8. 

$57C;PB0B8 ?>@V2=S;P=>3> 0=0;V7C V7 :;0A8G=8<8 @VH5==S<8 70A2V4G8;8: 
" 7<5=H5==S G0AC >1@>1:8 A83=0;V2 =0 25340%;

" ?>:@0I5==S B>G=>ABV @53C;R20==S B5E=>;>3VG=8E ?0@0<5B@V2;
" 7=865==S :V;P:>ABV 2V4<>2 V A?@0FR20=P 020@V9=>W A83=0;V70FVW;
" 71V;PH5==S 3=CG:>ABV ?@8 <>48DV:0FVW 01> <0AHB01C20==V A8AB5<8.
�@V< B5E=VG=8E ?5@5203, 1C;> ?@>0=0;V7>20=> 5:>=><VG=C 4>FV;P=VABP 

2?@>20465==S: 7<5=H5==S 28B@0B =0 B5E=VG=5 >1A;C3>2C20==S, 7=865==S G0AC 
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?@>AB>W2, 0 B0:>6 ?V428I5==S 7030;P=>3> @V2=S F8D@>2>W 7@V;>ABV 
?V4?@8T<AB20. �>A;V465==S @>7:@820T ?@0:B8G=V ?5@52038 28:>@8AB0==S 
=>2VB=VE PLC C A8AB5<0E ?@><8A;>2>W 02B><0B870FVW, 0:F5=BCRG8 C203C =5 
;8H5 =0 0?0@0B=><C 70157?5G5==V, 0 9 =0 ?@>3@0<=8E V=AB@C<5=B0E, 740B=8E 
70157?5G8B8 ?>2=>FV==C V=B53@0FVR 2 F8D@>2C V=D@0AB@C:BC@C ?V4?@8T<AB20. 

&0:8< G8=><, 28:>@8AB0==S PLC-:>=B@>;5@V2 =>2>3> ?>:>;V==S T 
206;828< =0?@S<>< C @>728B:C ACG0A=8E 02B><0B87>20=8E 28@>1=8FB2. �E 
2?@>20465==S 70157?5GCT AB01V;P=VABP, 040?B82=VABP V 5D5:B82=VABP A8AB5< 
:5@C20==S, I> >A>1;82> 0:BC0;P=> 2 C<>20E 3;>10;P=>W F8D@>2>W 
B@0=AD>@<0FVW ?@><8A;>2>ABV. 

 

%#�%"� ���"$�%&�!"� ��&�$�&'$� 

1. Petruzella F.D. Programmable Logic Controllers. 3 McGraw-Hill, 2020. 

2. Siemens AG. SIMATIC S7-1500 3 Automation System Manual, 2022. 

3. Rockwell Automation. CompactLogix Controllers Overview, 2023. 

4. Erickson K.T., Simms G.R. Programmable Controllers: Theory and 

Implementation, 2019 

 

 

'�� 621.39 
 5;5H:> �.�.1, �>@4VT=:> �.%.2, �>2: �.�.2, �>21=S �...2 
1 28:;. !' «�0?>@V7P:0 ?>;VB5E=V:0» 
2 ABC4. 3@. �-714 !' «�0?>@V7P:0 ?>;VB5E=V:0» 

 ���,�" �.�., �"$���!�" �.%., �"�� �.�., �"��!/ �... 
�#$"�����!!/ &�)!"�"��� �!&�$!�&' $�+�� (IOT) ' 
%�%&� � #$" �%�"�"� ��&" �&��� ��/ �������!"�" 

 "!�&"$�!�' &� ����!"%&��� 

' ACG0A=><C A2VBV ?@><8A;>2VABP ?5@56820T 5B0?8 7=0G=8E 7<V= 7024S:8 
F8D@>2V9 B@0=AD>@<0FVW B0 2?@>20465==R =>2VB=VE B5E=>;>3V9. "4=VTR 7 
=09?5@A?5:B82=VH8E V==>20FV9 T �=B5@=5B @5G59 (IoT), S:89 2A5 1V;PH5 
V=B53@CTBPAS 2 A8AB5<8 ?@><8A;>2>W 02B><0B8:8. IoT 70157?5GCT <>6;82>ABV 
4;S 2V440;5=>3> <>=VB>@8=3C B0 4V03=>AB8:8 >1;04=0==S, I> 4>72>;ST 
?V428I8B8 5D5:B82=VABP 28@>1=8G8E ?@>F5AV2, 7<5=H8B8 28B@0B8 B0 
>?B8<V7C20B8 C?@02;V==S. 

�=B5@=5B @5G59 C ?@><8A;>2>ABV ?5@5410G0T 2?@>20465==S <5@56V 
A5=A>@V2, ?@8AB@>W2 V A8AB5<, S:V 70157?5GCRBP ?>ABV9=89 71V@, >1@>1:C B0 
?5@54020==S 40=8E C @50;P=><C G0AV. *V 40=V 4>?><030RBP 74V9A=R20B8 
<>=VB>@8=3 AB0=C >1;04=0==S, :>=B@>;R20B8 ?0@0<5B@8 28@>1=8G8E ?@>F5AV2 
B0 5D5:B82=> :5@C20B8 @5AC@A0<8. 

"4=VTR 7 >A=>2=8E ?5@5203 V=B53@0FVW IoT C ?@><8A;>2C 02B><0B8:C T 
<>6;82VABP 2V440;5=>3> <>=VB>@8=3C. �024S:8 ?V4:;RG5==R 4> <5@56V 
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V=B5@=5BC, >?5@0B>@0< B0 B5E=VG=><C ?5@A>=0;C =040TBPAS 4>ABC? 4> 40=8E 
?@> AB0= >1;04=0==S B0 ?@>F5AV2 2 @568<V @50;P=>3> G0AC. *5 4>72>;ST 
>?5@0B82=> 28S2;SB8 =5A?@02=>ABV B0 2V4E8;5==S 2V4 =>@<, =02VBP S:I> 
>1'T:B8 7=0E>4SBPAS =0 25;8:V9 2V4AB0=V, I> 7=0G=> 7=86CT =5>1EV4=VABP C 
DV78G=V9 ?@8ACB=>ABV =0 <VAFV. 

�=B53@0FVS IoT C ?@><8A;>2V A8AB5<8 02B><0B870FVW 2V4:@820T 
<>6;82>ABV 4;S ?@548:B82=>3> >1A;C3>2C20==S. �1V@ V 0=0;V7 40=8E 7 A5=A>@V2 
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FEATURES OF MATHEMATICAL MODELING OF AC 

ELECTROMECHANICAL CONVERTERS 

Three-phase asynchronous electric motor drives hold a dominant position 

across all sectors of industrial activity. Initially, asynchronous motors were 

primarily used in non-regulated drives. However, with the development and mass 

production of highly efficient systems for controlling the electromagnetic torque 

and rotational speed of the motor shaft 3 by adjusting the amplitude and frequency 

or only the amplitude of the supply voltage (current)4these electric machines are 

now actively replacing DC machines, even in their traditionally dominant 

application: regulated electric drives. This shift is due to the significantly superior 

technical, economic, energy efficiency, and operational characteristics of both 

asynchronous machines themselves and the drive systems based on them, 

compared to other types of electric drives. 

The implementation of controlled asynchronous electric drives is also taking 

place in areas where traditionally non-regulated or parameterically regulated drives 

were used (such as in water supply systems, sewage, heating, ventilation, 

transportation, crane drives, etc.). This allows for elevating several technological 

processes to a qualitatively new level. Thus, the three-phase asynchronous electric 

motor is one of the primary types of electromechanical energy converters, and the 

controlled drives based on it are one of the main types of industrial drives. 

Current research is focused on: improving the control systems of 

asynchronous motors to facilitate their integration into specific technological 

processes; optimizing the parameters of control systems and operating modes of 

asynchronous motors according to various criteria, taking into account the features 

of particular technological processes; eliminating the impact of parameter changes 

and measurement errors of controlled variables on control quality; reducing the 

number of sensors for controlled variables by developing devices for their indirect 

measurement, etc. Research is also continuing in the area of improving the 

structure of control systems for asynchronous motors, considering their design 

features and the characteristics of semiconductor converters. All of these studies 

aim to enhance the efficiency of asynchronous motor control systems and, 

ultimately, to reduce energy consumption per unit of product. 

The foundation of modern control systems for asynchronous electric drives 

and all the aforementioned research relies on mathematical models of the 

asynchronous motor, in which three-phase variables are represented by Cartesian 

coordinates of resulting vectors. The Cartesian coordinate system is not the only 

possible form for representing resulting vectors. As is known, a vector in three-
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dimensional space can be characterized, for example, by cylindrical coordinates, 

and a vector in a plane can be represented using polar coordinates. 

Mathematical models of asynchronous machines using polar coordinates of 

resulting vectors as state variables are not widely discussed in the literature, and 

the properties of such models have been insufficiently studied. At the same time, 

there are examples of the successful application of fragments of these models for 

investigating processes and designing control systems for asynchronous motors. 

Mathematical models in polar coordinates not only expand the possibilities for 

studying processes in asynchronous machines but also, due to the different set of 

state variables compared to Cartesian coordinate models, provide the opportunity 

to create new structures for automatic control systems for asynchronous electric 

drives. 

Thus, there is a scientific and technical task aimed at the development, 

research, and application of mathematical models of the asynchronous motor as a 

component of the electric drive in polar coordinates. 
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FEATURES OF RESEARCH ON ELECTROMAGNETIC PROCESSES IN 

ELECTROMECHANICAL CONVERTERS WITH A COMMON SHAFT 

The labor intensity of testing electrical machines can reach up to 13% of the 

labor intensity of their manufacturing, and the energy consumption for testing 

powerful asynchronous machines can amount to hundreds of thousands of kWh. 

Therefore, researching energy-saving methods for testing asynchronous machines 

is highly relevant. The energy-efficient method of machine testing using mutual 

load with energy recuperation into the grid involves operating electrical machines 

with connected shafts, where one asynchronous machine operates as a motor and 

the other, connected to the first by a common shaft, operates as a generator. The 

motor is powered by a high-frequency source, such as a frequency converter, while 

the generator, connected to the motor by a common shaft, feeds energy back into a 

lower-frequency grid. Both machines are tested simultaneously. The energy drawn 

from the grid is returned to it, minus the losses in the electromechanical converters 

themselves. Currently, there are only a few existing test setups for powerful 

asynchronous motors with energy recuperation into the grid. This is partly due to 

insufficient research on methods for predicting electromechanical processes in 

asynchronous machines with a common shaft. 

The operation of multiple asynchronous motors on a common shaft4sharing 

a mechanical load4can be applied in various systems, such as belt conveyors and 
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rolling mills. In powerful marine electric propulsion systems, a dual-motor unit 

(dual-motor configuration) with a single common shaft is used. This approach 

enhances the reliability of the installation: if one of the motors fails, the other 

continues to carry the mechanical load, albeit at a reduced capacity. This setup 

reduces the required emergency power reserve of the motors and allows for energy 

savings under low mechanical loads by deactivating some of the electromechanical 

converters. It also provides other well-known benefits of parallel operation. In 

transport systems, particularly in hybrid electromechanical transmissions, the use 

of multiple traction asynchronous machines is a promising approach. In 

electromechanical vehicle transmissions, asynchronous in-wheel motors each carry 

their share of the mechanical load. Under certain conditions, some of the motors 

operating in parallel on a common shaft may experience overload, while others 

may transition into generator mode or function as an electromagnetic brake. 

It can be assumed that in electromechanical converters with a common shaft, 

electromechanical processes are interconnected, as the torques of the machines on 

the shaft are interdependent. Currently, modeling of electromechanical converters 

with a common shaft is carried out using standard but unconnected equivalent 

circuit models of electrical machines. These models do not account for mutual 

electromechanical interactions, magnetic saturation, variations in machine winding 

parameters depending on operating conditions, or the non-sinusoidal nature of the 

supply voltage from a frequency converter. The error in determining 

electromagnetic parameters in dynamic operating modes of asynchronous 

machines with a common shaft can reach several tens of percent when using 

simplified models. Thus, accurate and interconnected modeling of 

electromechanical processes in asynchronous machines with a common shaft has 

not yet been sufficiently developed. 

Refined modeling of electromechanical processes in asynchronous machines 

with a common shaft is challenging due to the complexity of simultaneously 

describing all electromechanical converters mathematically. This complexity arises 

from factors such as varying levels of magnetic circuit saturation in different 

machines, the presence of torque interdependence equations, the need to account 

for changes in winding parameters as operating modes shift, and the possibility of 

one machine being powered by a frequency converter while the other operates on 

the grid. It is essential to develop accurate methods for analyzing 

electromechanical processes during startup, testing, and loading of asynchronous 

machines with a common shaft, as well as for predicting hazardous operating 

conditions. These conditions may include the transition of some machines into 

electromagnetic braking mode, inrush currents during startup, and potential issues 

associated with high-power machines. Therefore, the development of precise 

methodologies for studying asynchronous machines with a common shaft is a 

relevant scientific and technical challenge. 
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#�� ��!�+'��!!/  ,'!&'.+"�" $���&"$� 

� 40=89 G0A 2 ':@0W=V B0 70 :>@4>=>< VA=CT 157;VG @V7=8E ?@>3@0< 4;S 
@>7@0EC=:C 5;5:B@><03=VB=8E ?5@5EV4=8E ?@>F5AV2 (� ##) C AE5<0E @V7=>W 
A:;04=>ABV. �> >A=>2=8E ?@>3@0< B0:8E @>7@0EC=:V2 <>6=0 2V4=5AB8 MathLab 

7 <>6;82VABR <>45;R20==S 2 A5@54>28IV Simulink B0 ?@>3@0<=89 :><?;5:A 
EMTP/ATP, S:V =0C:>2FS<8 70EV4=8E :@0W= 22060RBPAS >A=>2=8<8 
V=AB@C<5=B0<8 4;S @>7@0EC=:C ?5@5EV4=8E ?@>F5AV2 [1, 2]. $>7@0EC=:8 � ## 
C 281@0=><C ACG0A=><C ?@>3@0<=><C :><?;5:AV �@C=BCRBPAS =0 V<VB0FV9=><C 
<>45;R20==V <03=VB>72'S70=>3> :>;0, S:89 T <5B>4>< <0B5<0B8G=>3> 
<>45;R20==S, ?@8 S:><C 70?8A B0 @>72'S70==S A8AB5<8 @V2=S=P, I> >?8ACRBP 
5;5:B@><03=VB=C A8AB5<C, 74V9A=RTBPAS 7 28:>@8AB0==S< AB0=40@B=8E 
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5;5<5=BV2 (1;>:V2). �0AB>AC20==S <5B>4C V<VB0FV9=>3> <>45;R20==S 4>72>;ST 
@>7@0E>2C20B8 ?5@5EV4=V ?@>F5A8 2 <03=VB>72'S70=8E 5;5:B@8G=8E :>;0E 7 
C@0EC20==S< @50;P=>W :>=DV3C@0FVW 5;5:B@8G=>W B0 <03=VB=>W A8AB5< 
?@8AB@>R, I> <>45;RTBPAS. �V= 22060TBPAS 1V;PH5 ?@>AB8< V =0>G=8< 
?>@V2=S=> 7 <5B>40<8, 70A=>20=8<8 =0 G8A5;P=><C @>72'S70==V A8AB5< 
@V2=S=P, I> >?8ACRBP ?5@5EV4=V ?@>F5A8 2 5;5:B@><03=VB=V9 A8AB5<V. 
�0AB>AC20==S V<VB0FV9=>3> <>45;R20==S 28:;RG0T =5>1EV4=VABP 70?8AC 
A8AB5<8 @V2=S=P 25;8:>W @>7<V@=>ABV 4;S @>7@0EC=:>28E ?5@5EV4=8E ?@>F5AV2 
C @>730;C65=8E <03=VB>72'S70=8E 5;5:B@8G=8E :>;0E [1].  

$>7@>1:0 A?>A>1V2 B0 0;3>@8B<V2 1V;PH 5D5:B82=>3> 28:>@8AB0==S 
:5@>20=8E HC=BC20;P=8E @50:B>@V2 (�,$) 2 5;5:B@8G=V9 <5@56V =0 >A=>2V 
<0B5<0B8G=>3> <>45;R20==S :5@>20=>3> ?V4<03=VGC20==S< HC=BCRG>3> 
@50:B>@0 4;S 4>A;V465==S :><CB0FV9=8E B0 48=0<VG=8E @568<V2 @>1>B8 �,$ 
2 A:;04V 5;5:B@>5=5@35B8G=>W A8AB5<8 T 206;82>R B5<>R, B0:>6 <0B5<0B8G=V 
<>45;V �,$ C A5@54>28IV Simulink, S:V 28:>@8AB>2CRBPAS 4;S 0=0;V7C 
:><CB0FV9=8E B0 48=0<VG=8E ?@>F5AV2 C @50:B>@V ?@8 9>3> @>1>BV 2 
5=5@3>A8AB5<V 4>72>;SRBP 70?>1V3B8 02@V9=8< @568<0< 2AVTW <5@56V. 
#@>2545==S 2V4?>2V4=8E @>7@0EC=:V2 D0EV2FS<8 ?@>T:B=8E >@30=V70FV9 
70B@C4=5=> 157 45B0;P=>3> 7=0==S >A>1;82>AB59 :>=AB@C:FVW �,$, 
0;3>@8B<V2 9>3> @>1>B8 B0 =0S2=>ABV <>45;V @50:B>@0. �@V< B>3>, A;V4 
707=0G8B8, I> =5 BV;P:8 =5?@028;P=0 >FV=:0 A?V22V4=>H5==S ?0@0<5B@V2 ;V=VW V 
?0@0<5B@V2 :5@>20=>3> @50:B>@0, 0;5 V =5?@028;P=0 @>7@>1:0 0;3>@8B<V2 
:5@C20==S �,$ <>65 ?@8725AB8 4> =51060=8E =0A;V4:V2, 4> S:8E <>6=0 
2V4=5AB8 =5 BV;P:8 =5CA?VH=5 02B><0B8G=5 ?>2B>@=5 2:;RG5==S (�#�) 
28A>:>2>;P=8E ;V=V9 7 ',$, 0;5 V ?>H:>465==S [2]. 

' A8;C B>3>, I> :5@>20=89 ?V4<03=VGC20==S< @50:B>@ T A:;04=8< 
5;5:B@>B5E=VG=8< ?@8AB@>T<, S:89 E0@0:B5@87CTBPAS =5;V=V9=8<8 
2;0AB82>ABS<8 5;5:B@>B5E=VG=>W AB0;V, B> >1;V: CAVE DV78G=8E S28I, I> 
2V41C20RBPAS 2 <03=VB=V9 A8AB5<V @50:B>@0, =5<8=CG5 ?@872545 4> ?>3V@H5==S 
G8A5;P=>3> @>7@0EC=:C <>45;V, I> 28:;8G5 =5?@8?CAB8<> 25;8:C B@820;VABP 
>1G8A;5=P [1]. 

�C65 206;82> =0 ?>G0B:>2><C 5B0?V AB2>@5==S <>45;V 287=0G8B8 =87:C 
>A=>2=8E ?@8?CI5=P, S:V 7 >4=>3> 1>:C ?@87254CBP 4> 7=865==S G0AC 
@>7@0EC=:C, 7 4@C3>3> 3 =5 ?@87254CBP 4> A?>B2>@5==S @57C;PB0BV2 
@>7@0EC=:C.%5@54 S:8E T =0ABC?=V: 

3 S@<0 <03=VB>?@>2>4C, S:V A;C60BP 4;S 70<8:0==S <03=VB=>3> AB@C<C 
>1<>B>: V S: =0A;V4>: 70?>1V30==S 9>3> 28E>4C 70 <56V <03=VB>?@>2>4C, =5 
=0A8GCRBPAS, C 2AVE 0=0;V7>20=8E @568<0E WE <03=VB=0 ?@>=8:=VABP 
=5A:V=G5==0 (¿=0); 

3 <03=VB=0 V=4C:FVS C 2AVE B>G:0E AB@86=S 4> 9>3> =0A8G5==S >4=0:>20, 
B>1B> 25AP AB@865=P =0A8GCTBPAS >4=>G0A=>; 
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3 ?;>A:V ?>25@E=V H8@>:8E =5=0A8G5=8E S@5< ?@8;S30RBP 4> B>@FV2 
AB@86=S B0 :>=F5=B@8G=8E @V2=><V@=8E @V2=>28A>:8E >1<>B>:;  

3 >1<>B:8 B>=:V; 
3 =5 2@0E>2CRBPAS 2B@0B8 C AB0;V 2V4 28E@>28E AB@C<V2 B0 S28I5 

3VAB5@57C; 
3 4>268=0 H;SEC ?>B>:V2 @>7AVR20==S >1<>B>: ?@89<0TBPAS @V2=>R 

28A>BV 2V:=0 <03=VB=>W A8AB5<8 02B>B@0=AD>@<0B>@0 (4>268=V AB@86=S). 
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5;5:B@>?>AB0G0==S 5=5@3>T<=8E 28@>1=8FB2 [&5:AB] / ". �. �D0=0APT2, �. �. 
�>@=S:, ". �. !5<8:V=0, �.  . -CAP; 70 703. @54. #. �. �=4@VT=:>. 3 
�0?>@V66S : !' �0?>@V7P:0 ?>;VB5E=V:0, 2023. 3 432 A.  

2. �D0=0APT2, ".�. �;5:B@8G=V 0?0@0B8 28A>:>W =0?@C38 [&5:AB] / 

". �. �D0=0APT2, �. �. �>@=S:, �.  . -CAP. 3 �0?>@V66S: !' «�0?>@V7P:0 
?>;VB5E=V:0», 2021. 3 356 A. 
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%8AB5<8 =5?5@5@2=>3> :>=B@>;R A8;>28E B@0=AD>@<0B>@V2 
70157?5GCRBP 157?5@5@2=89 71V@ 5:A?;C0B0FV9=8E 40=8E 7 ?5@28==8E 
40BG8:V2, I> 4>72>;ST D>@<C20B8 7=0G=V >1AS38 V=D>@<0FVW ?@> AB0= 
B@0=AD>@<0B>@=>3> >1;04=0==S. !0:>?8G5==S B0:8E 40=8E AB2>@RT >A=>2C 
4;S 2?@>20465==S V=B5;5:BC0;P=8E ?V4E>4V2 4> WE >1@>1:8 9 0=0;V7C. 
,BCG=89 V=B5;5:B (,�) 28ABC?0T 5D5:B82=8< V=AB@C<5=B>< 4;S 28S2;5==S 
0=><0;V9, B@5=4V2, ?@>3=>7C20==S 2V4<>2 V ?V4B@8<:8 ?@89=SBBS @VH5=P C 
@50;P=><C G0AV. �0AB>AC20==S ,� 4>72>;ST =5 ;8H5 ?V428I8B8 B>G=VABP 
4V03=>AB8:8, 0 9 70157?5G8B8 ?5@5EV4 4> >1A;C3>2C20==S B@0=AD>@<0B>@=>3> 
>1;04=0==S 70 AB0=><, >?B8<V70FVW @>1>B8 B@0=AD>@<0B>@V2 V 7<5=H5==S 
@878:C 020@V9 ?V4 G0A 5:A?;C0B0FVW. 

,BCG=89 V=B5;5:B S: V=AB@C<5=B V=B5;5:BC0;P=>3> 0=0;V7C 40=8E. 
%8;>2V B@0=AD>@<0B>@8 >A=0ICRBPAS G8A;5==8<8 A5=A>@0<8, S:V 

70157?5GCRBP 157?5@5@2=89 <>=VB>@8=3 ?0@0<5B@V2 WE @>1>B8: B5<?5@0BC@8 
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>1<>B>:, @V2=S <0A;0, G0AB:>28E @>7@S4V2, 2V1@0FV9, =0?@C38 B0 AB@C<C. #@>B5 
7@>AB0==S >1AS3V2 40=8E ?@872>48BP 4> CA:;04=5==S WE V=B5@?@5B0FVW 
B@048FV9=8<8 <5B>40<8. �0A>18 ,�, 7>:@5<0 0;3>@8B<8 <0H8==>3> =02G0==S 
(ML), 40RBP 7<>3C 5D5:B82=> >1@>1;SB8 FV 40=V, 74V9A=R20B8 WE DV;PB@0FVR, 
?>?5@54=R >1@>1:C, 28S2;5==S 0=><0;V9 V B@5=4V2, I> T ?5@54C<>2>R 4;S 
?>1C4>28 A8AB5< @0==P>3> ?>?5@5465==S ?@> =5A?@02=>ABV. 

�8:>@8AB0==S =59@>==8E <5@56 4;S ?@>3=>7C20==S B5E=VG=>3> AB0=C. 
�;818==V =59@>==V <5@56V (Deep Neural Networks, DNN), @5:C@5=B=V 

<5@56V (LSTM) B0 73>@B:>2V <5@56V (CNN) 70AB>A>2CRBPAS 4;S ?@>3=>7C20==S 
B5E=VG=>3> AB0=C B@0=AD>@<0B>@0 =0 >A=>2V 0=0;V7C G0A>28E @S4V2 B0 A83=0;V2 
V7 40BG8:V2. &0:V <>45;V <>6CBP «=02G0B8AS» =0 40=8E ?@> 5:A?;C0B0FVR 
B@0=AD>@<0B>@0 ?@>BS3>< ?52=>3> G0AC B0 AB2>@R20B8 ?@548:B82=V <>45;V, 
S:V 7 28A>:>R B>G=VABR ?5@5410G0RBP @>728B>: 453@040FV9=8E ?@>F5AV2 2 
V7>;SFVW, ?>S2C G0AB:>28E @>7@S4V2 01> 7=865==S 5D5:B82=>ABV >E>;>465==S. 
*5 40T 7<>3C >1�@C=B>20=> ?;0=C20B8 B5E=VG=5 >1A;C3>2C20==S. 

$>;P ,� C ?@89=SBBV @VH5=P C @568<V @50;P=>3> G0AC. 
"4=VTR 7 :;RG>28E ?5@5203 2?@>20465==S ,� T 740B=VABP ?@89<0B8 

V=B5;5:BC0;P=V @VH5==S 2 @568<V @50;P=>3> G0AC. �=B53@0FVS ,� 7 A8AB5<0<8 
:5@C20==S B@0=AD>@<0B>@>< 4>72>;ST 02B><0B8G=> @503C20B8 =0 :@8B8G=V 
2V4E8;5==S ?0@0<5B@V2 3 7>:@5<0, V=VFVR20B8 020@V9=5 2V4:;RG5==S, 
?5@525AB8 B@0=AD>@<0B>@ C @568< ?>=865=>W ?>BC6=>ABV 01> 70?CAB8B8 
?@>F54C@C 3;81>:>W 4V03=>AB8:8. *5 >A>1;82> 0:BC0;P=> 4;S F8D@>28E 
?V4AB0=FV9 =>2>3> ?>:>;V==S. 

#V428I5==S 5D5:B82=>ABV >1A;C3>2C20==S G5@57 ?@548:B82=C 0=0;VB8:C. 
�0<VABP B@048FV9=>3> ?;0=>2>-?@>DV;0:B8G=>3> >1A;C3>2C20==S, S:5 =5 

2@0E>2CT @50;P=89 B5E=VG=89 AB0= B@0=AD>@<0B>@0, 70AB>AC20==S ,� 
70157?5GCT <>6;82VABP 2?@>20465==S A8AB5< ?@548:B82=>3> >1A;C3>2C20==S 
(predictive maintenance). ,� 0=0;V7CT ?>B>G=V B0 VAB>@8G=V 40=V, 28S2;ST 
70:>=><V@=>ABV, I> ?5@54CRBP =5A?@02=>ABS<, B0 2840T @5:><5=40FVW I>4> 
4>FV;P=>ABV >1A;C3>2C20==S 01> 70<V=8 :>=:@5B=>3> 2C7;0. *5 7=86CT 
5:A?;C0B0FV9=V 28B@0B8 B0 ?V428ICT :>5DVFVT=B B5E=VG=>W 3>B>2=>ABV. 

�8:>@8AB0==S :;0AB5@=>3> 0=0;V7C B0 :;0A8DV:0FVW. 
 5B>48 :;0AB5@870FVW (=0?@8:;04, 0;3>@8B<8 K-means, DBSCAN, 

03;><5@0B82=0 :;0AB5@870FVS) <>6CBP 1CB8 70AB>A>20=V 4;S 3@C?C20==S 
B@0=AD>@<0B>@V2 70 AE>68<8 B5E=VG=8<8 E0@0:B5@8AB8:0<8 01> @V2=5< 
@878:C. ":@V< FP>3>, :;0A8DV:0FV9=V <>45;V (SVM, 45@520 @VH5=P, Random 
Forest) 740B=V =0 >A=>2V 2EV4=8E ?0@0<5B@V2 287=0G8B8 9<>2V@=VABP =0;56=>ABV 
B@0=AD>@<0B>@0 4> BVTW G8 V=H>W :0B53>@VW B5E=VG=>3> AB0=C: «=>@<0;P=89», 
«@878:>20=89», «020@V9=89». 

#5@A?5:B828 F8D@>28E 42V9=8:V2. 
*8D@>289 42V9=8: (Digital Twin) B@0=AD>@<0B>@0 4 F5 2V@BC0;P=0 

<>45;P, S:0 2V4>1@060T @50;P=89 AB0= DV78G=>3> >19T:B0 =0 >A=>2V 40=8E 7 
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A5=A>@V2 C @568<V @50;P=>3> G0AC. ,� 70157?5GCT V=B5;5:BC0;P=C ?>254V=:C 
F8D@>2>3> 42V9=8:0: 0=0;V7CT ?>B>G=V C<>28, ?@>3=>7CT @>728B>: ?>4V9 B0 
<>45;RT @V7=V AF5=0@VW 5:A?;C0B0FVW, I> T =04728G09=> :>@8A=8< 4;S 
B5ABC20==S @VH5=P 157 @878:C 4;S @50;P=>3> >1;04=0==S. *5 2V4:@820T H;SE 
4> 3;81>:>W V=B53@0FVW B@0=AD>@<0B>@V2 C A8AB5<C Smart Grid. 

%8AB5<8 =02G0==S 7 ?V4:@V?;5==S< 4;S >?B8<V70FVW @>1>B8 <5@56V. 
!02G0==S 7 ?V4:@V?;5==S< (Reinforcement Learning, RL) 4>72>;ST 

1C4C20B8 040?B82=V ?>;VB8:8 :5@C20==S, S:V 7<V=RRBPAS 70;56=> 2V4 
?>B>G=8E C<>2. ' 28?04:C B@0=AD>@<0B>@V2 F5 <>65 1CB8, =0?@8:;04, 281V@ 
>?B8<0;P=>3> @568<C @>1>B8 7 C@0EC20==S< ?>3>4=8E C<>2, =020=B065==S, 
@575@2=8E ?>BC6=>AB59 V =02VBP ?@>3=>7C ?>?8BC. �;3>@8B<8 RL 740B=V 
>?B8<V7C20B8 @>1>BC 5=5@3>A8AB5<8 2 48=0<VG=C A5@54>28IV 7 25;8:>R 
:V;P:VABR =5287=0G5=>AB59. 

&0:8< G8=><, <>6=0 7@>18B8 28A=>2>: I> V=AB@C<5=B8 ,� 4>72>;SRBP 
3;81>:> 0=0;V7C20B8 25;8:V <0A828 40=8E, ?@>3=>7C20B8 @>728B>: 
=5A?@02=>AB59, ?@89<0B8 >1�@C=B>20=V @VH5==S 2 @568<V @50;P=>3> G0AC B0 
2?@>2046C20B8 >1A;C3>2C20==S B@0=AD>@<0B>@=>3> >1;04=0==S 70 AB0=><. 
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4V0?07>=>< @53C;R20==S, 28A>:>R B>G=VABR V E>@>H8<8 5=5@35B8G=8<8 
?>:07=8:0<8 4C65 206;82>, I>1 ?5@5B2>@R20G, 6828;P=89 4283C= 
?>ABV9=>3> AB@C<C, 2>;>4V2 <0;>R V=5@FV9=VABR, 42>AB>@>==P>R ?@>2V4=VABR 
V <0;8< 2=CB@VH=V< >?>@><. �8:>@8AB0==S B@0=78AB>@=8E ?5@5B2>@R20GV2 7 
H8@>B=>-V<?C;PA=>R <>4C;SFVTR 4>72>;ST 7=0G=> ?>:@0I8B8 
E0@0:B5@8AB8:8 :><?;5:B=8E 5;5:B@>?@82>4V2 ?>ABV9=>3> AB@C<C 7 
28A>:><><5=B=8<8 5;5:B@>4283C=0<8. 

/: DC=:FV>=0;P=0 AE5<0 ?5@5B2>@R20G0 2818@0T<> B@8D07=C <>AB>2C 
AE5<C ?5@5B2>@R20G0. 

' <>AB>2><C 28?@S<;SGV 2V4 >4=VTW 2B>@8==>W >1<>B:8 B@0=AD>@<0B>@0 
682;SBPAS 42V B@8D07=V 3@C?8 25=B8;V2. 

!0 2V4<V=C 2V4 B@8D07=>3> 28?@S<;SG0 7 =C;P>28< 282545==S< AB@C< 
2B>@8==>W >1<>B:8 2 <>AB>2><C 28?@S<;SGV. =020=B065==S 2V4@V7=SRBPAS 
=57=0G=>, B><C ?@8 0=0;V7V 28?@S<;SG0 9>3> AB@C< 22060RBP V450;P=> 
73;0465=8<. 
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3@C?V) 2V41C20TBPAS 2 <><5=B8 ?5@5B8=C A8=CA>W4 D07=>W =0?@C38 2B>@8==>W 
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AB2>@5==S 5:>=><VG=> B0 B5E=VG=> >?B8<0;P=>W :>=AB@C:FVW B@0=AD>@<0B>@0 
B0 9>3> A8AB5<8 >E>;>465==S T =04728G09=> A:;04=8< 70240==S<. #@8 FP><C 
=><V=0;P=V C<>28 >E>;>46C20;P=>3> A5@54>28I0 287=0G0RBP ;8H5 
@>7@0EC=:>2V B5<?5@0BC@=V 7=0G5==S, =5>1EV4=V 4;S 287=0G5==S 9>3> 
?0@0<5B@V2 C =><V=0;P=><C @568<V. !0A?@024V 6 B@0=AD>@<0B>@ ?@0FRT 2 
C<>20E ?>ABV9=> 7<V=R20=8E 0B<>AD5@=8E 2?;82V2, I> 7=0G=> CA:;04=RT 
A:;040==S :>@5:B=8E 28EV4=8E 40=8E 4;S B5?;>B5E=VG=>3> @>7@0EC=:C 
A8AB5<8 >E>;>465==S B@0=AD>@<0B>@0, S:89 ?@0FRT ?@>BS3>< CAP>3> B5@<V=C 
5:A?;C0B0FVW 2 ?5@5EV4=8E B5?;>28E @568<0E, I> ?@0:B8G=> =5<>6;82> 
?5@5410G8B8. 

"B65, 70157?5G5==S @>1>B8 B@0=AD>@<0B>@0 2 C<>20E, =01;865=8E 4> 
=><V=0;P=8E 70 B5<?5@0BC@=8< @568<>< B0 @V2=5< 7=>HC20==S V7>;SFVW, T 
=09206;82VH8< B5E=VG=8< V 5:>=><VG=8< 70240==S<. "4=VTR 7 :;RG>28E 
C<>2 B@820;>W B0 =04V9=>W 5:A?;C0B0FVW B@0=AD>@<0B>@0 T ?@028;P=> 
@>7@0E>20=0 A8AB5<0 >E>;>465==S B0 2V4?>2V4=8< G8=>< @>7@>1;5=89 
0;3>@8B< @>1>B8 H0D8 :5@C20==S. 

�2B><0B8G=0 H0D0 :5@C20==S >E>;>465==S< B@0=AD>@<0B>@0 
?@87=0G5=0 4;S 02B><0B8G=>3> B0 @CG=>3> :5@C20==S 5;5:B@>4283C=0<8 
25=B8;SB>@V2 A8AB5<8 >E>;>465==S B@0=AD>@<0B>@0. 

(C=:FV>=0;P=V <>6;82>ABV H0D8 :5@C20==S: 
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3 V=482V4C0;P=89 70E8AB 25=B8;SB>@V2 2V4 :>@>B:8E 70<8:0=P, 
?5@520=B065=P, =5?>2=>D07=8E @568<V2; 

3 <>6;82VABP 02B><0B8G=>3> 01> @CG=>3> 281>@C 465@5;0 682;5==S 
A8;>28E ;0=FR3V2; 

3 70AB>AC20==S ;>:0;P=8E (C 283;S4V A83=0;P=8E ;0<? C H0DV :5@C20==S) 
B0 48AB0=FV9=8E ("ACEV" :>=B0:B8) 70A>1V2 V=48:0FVW; 

3 :5@C20==S A8AB5<>R >E>;>465==S 2 02B><0B8G=><C @568<V 
(2V4?>2V4=> 4> �%&' 11677-85 01> 70 0;3>@8B<><, ?>3>465=8< V7 
70<>2=8:><) V 2 @CG=><C @568<V; 

3 <>6;82VABP 02B><0B8G=>3> ?V4B@8<0==S A?@8SB;82>3> <V:@>:;V<0BC 2 
H0DV; 

3 ;>:0;P=0 B0 48AB0=FV9=0 A83=0;V70FVS ?@> AB0= 5;5<5=BV2 A8AB5<8 
>E>;>465==S; 

3 :5@C20==S 5;5:B@>4283C=0<8 25=B8;SB>@V2 70 7040=8< 0;3>@8B<>< 

70;56=> 2V4 =020=B065==S, B5<?5@0BC@8 <0A;0 B0 >1<>B>: B@0=AD>@<0B>@0. 
#>BC6=VABP B@0=AD>@<0B>@V2 B0 WE=V 5:A?;C0B0FV9=V E0@0:B5@8AB8:8 2 

5=5@35B8G=8E A8AB5<0E 287=0G0RBPAS 7 C@0EC20==S< =5>1EV4=>ABV 
70157?5G5==S 5;5:B@>?>AB0G0==S =02VBP C @07V 28E>4C 7 ;04C >4=>3> 
B@0=AD>@<0B>@0 ?V4 G0A ?V:>28E =020=B065=P. &><C ?V428I5==S 4>?CAB8<8E 
<56 B8<G0A>2>3> ?5@520=B065==S <>65 4>72>;8B8 2V4:;0AB8 @>7H8@5==S 01> 
2AB0=>2;5==S =>2>3> B@0=AD>@<0B>@0. 

' <8=C;><C <56V ?5@520=B065==S 2AB0=>2;R20;8AS B0:8< G8=><, I>1 
=5 A?@8G8=8B8 =04<V@=>3> 7=>AC :>=AB@C:FV9=8E <0B5@V0;V2 B0 5;5<5=BV2. 
�C;> ?@>2545=> 0=0;V7 F8E <56 ?5@520=B065==S, 2@0E>2CRG8 
5:A?;C0B0FV9=89 4>A2V4 V AB0B8AB8:C 020@V9=>ABV, I> 4>72>;8;> ?V428I8B8 WE 
4> <0:A8<0;P=> <>6;828E 7=0G5=P 4;S >?B8<V70FVW 28:>@8AB0==S 0:B82V2 
?V4AB0=FVW. �=0;V7 ?@>2>482AS 7 C@0EC20==S< D0:B8G=8E E0@0:B5@8AB8: 
>1;04=0==S, S:5 =5 @53C;RTBPAS 6>4=8<8 5;5:B@>B5E=VG=8<8 AB0=40@B0<8, 
B><C 2AS 2V4?>2V40;P=VABP ?>:;040;0AS =0 A?>6820G0. 

�>:@5<0, B@0=AD>@<0B>@8 T >4=8< V7 =09:@8B8G=VH8E 5;5<5=BV2 ?V4 G0A 
B8<G0A>2>3> ?5@520=B065==S ?V4AB0=FVW. &0:>6 1C;> 4>A;V465=> <>6;82V 
?>1VG=V 5D5:B8 ?V428I5==S 4>?CAB8<8E <56 ?5@520=B065==S 4;S V=H8E 
5;5<5=BV2 A8AB5<8, S:V @0=VH5 =5 28:;8:0;8 ?@>1;5<. 

�;S >FV=:8 ?5@520=B06C20;P=>W 740B=>ABV >1;04=0==S ?V4AB0=FVW 
=5>1EV4=> @>73;S40B8 9>3> S: T48=C A8AB5<C. �C;> ?@>2545=> 4>A;V465==S 
<5B>4V2 <>=VB>@8=3C @>1>B8 >1;04=0==S 2 @568<V ?5@520=B065==S, 0 B0:>6 
A?>A>1V2 9>3> ?5@52V@:8 B0 @5<>=BC 4> V ?VA;S ?5@520=B065==S. ":@V< FP>3>, 
1C;8 @>7@>1;5=V AB@0B53VW <V=V<V70FVW @878:V2, ?>29S70=8E V7 5:A?;C0B0FVTR C 
@568<V ?5@520=B065==S. 

!0 >A=>2V 4>A;V465=P =020=B06C20;P=8E @568<V2 B0 40=8E ?@> 
B5<?5@0BC@C 25@E=VE H0@V2 <0A;0, =02:>;8H=P>3> A5@54>28I0, 
0AB@>=><VG=>3> G0AC B0 =020=B065==S, 0 B0:>6 28:>@8AB>2CRG8 0;3>@8B< 



253 

<>45;R20==S B5<?5@0BC@8 <0A;0 B0 >1<>B>: B@0=AD>@<0B>@0 , 02B>@ 
70?@>?>=C202 AE5<C <>45@=V7>20=>W H0D8 :5@C20==S, S:0 <0T B0:V ?5@52038: 

3 >?B8<0;P=89 281V@ :V;P:>ABV 25=B8;SB>@V2 V =0A>AV2; 
3 73;046C20==S ?V:>28E B5<?5@0BC@=8E 7=0G5=P C =091V;PH =03@VB><C 

<VAFV >1<>B:8, I> 7<5=HCT D0:B8G=5 AB0@V==S V7>;SFVW B0 4>72>;ST 
?@>3=>7C20B8 =020=B06C20;P=C 740B=VABP B@0=AD>@<0B>@0; 

3 2V4ACB=VABP =5>1EV4=>ABV C 28:>@8AB0==V 4>@>38E V=48:0B>@V2 
B5<?5@0BC@8 >1<>B>:; 

3 2V4ACB=VABP ?>B@518 C 2AB0=>2;5==V >:@5<8E 21C4>20=8E 
28<V@R20;P=8E B@0=AD>@<0B>@V2 AB@C<C; 

3 7=865==S 7=>AC 5;5<5=BV2 A8AB5<8 >E>;>465==S (>@VT=B>2=> 4> 10 %, 

70;56=> 2V4 E0@0:B5@C =020=B065==S); 
3 7=865==S 7=>AC V7>;SFVW B@0=AD>@<0B>@0 (>@VT=B>2=> 4> 5 %). 

"4=8< V7 @57C;PB0BV2 FP>3> 4>A;V465==S AB0;> B5, I> VA=CRG89 ;V<VB 
?5@520=B065==S 2 100 % <>65 1CB8 ?V428I5=89 4> 110 %, I> 4>72>;8BP 
2V4:;0AB8 2AB0=>2;5==S 01> @>7H8@5==S ?V4AB0=FVW @>7?>4V;C =0 435 @>:V2. 
�=0;>3VG=>, 4;S ?5@28==8E 28A>:>2>;PB=8E B0 25;8:>3010@8B=8E ?V4AB0=FV9 
1C;> 2AB0=>2;5=>, I> 5:A?;C0B0FV9=V <56V <>6CBP 1CB8 71V;PH5=V ?@81;87=> 
=0 10%. *5 4>72>;8BP 2V4:;0AB8 2AB0=>2;5==S 01> @>7H8@5==S ?5@28==8E 
?V4AB0=FV9 =0 B5@<V= 2V4 1 4> 5 @>:V2, I> A?@8SB8<5 1V;PH 5D5:B82=><C 
28:>@8AB0==R >1;04=0==S ?V4AB0=FV9. 

 

 

'�� 628.9 

,52G5=:>  .".1, �=C;VG �.�.1, !5<8:V=0 ".�.2 
1 ABC4. 3@. �-414< !' «�0?>@V7P:0 ?>;VB5E=V:0» 
2 :0=4. B5E=. =0C:, 4>F. !' «�0?>@V7P:0 ?>;VB5E=V:0» 

,��+�!�"  ."., �!'��+ �.�., !� ���!� ".�. 
"*�!�� ��"-����!!/ ����&$�+!"� �!�$��� � %�%&� � 

"%��&��!!/ #$" �%�"�"�" #$� �-�!!/ 

�=0G=C :V;P:VABP ?V4?@8T<AB2 2 ':@0W=V 28:>@8AB>2CRBP 4;S >A2VB;5==S 
@BCB=V ;0<?8: B8?C �$� 01> �$�, I> <0T 2V4=>A=V =87P:V :0?VB0;>2:;045==S, 
0;5 <0T 28A>:C 5=5@3>T<=VABP V <0T B5@<V= A;C618 7000-12000 3>48=. 
�82G5==S D0EV2FV2 B0 2G5=8E ?>:07CT =5>1EV4=VABP ?@>1;5<8 <>45@=V70FVW 
A8AB5<8 >A2VB;5==S. %2VB;>4V>4=V ;0<?8 (LED) 4>72>;SRBP 70>I048B8 7=0G=C 
:V;P:VABP 5;5:B@>5=5@3VW, WE A5@54=V9 B5@<V= A;C618 AB0=>28BP 4> 50000 
3>48=, 0;5 28:>@8AB0==S A2VB;>4V>4=8E ;0<? 28<030T 7=0G=8E :0?VB0;P=8E 
28B@0B. #@>5:BC20==S =>2>W 01> <>45@=V70FVS VA=CRG>W A8AB5<8 >A2VB;5==S T 
1030B>20@V0=B=8< 70240==S< 28:;RG0T ?>HC: =5 BV;P:8 :@0I8E B5E=VG=8E 
@VH5=P, 0 9 =091V;PH 283V4=8E 7 5:>=><VG=8E ?>3;S4V2 20@V0=BV2. $>7@0EC=>: 
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A8AB5<8 >A2VB;5==S 4;S ?@><8A;>2>3> ?@8<VI5==S 7@>1;5=89 70 4>?><>3>R 
?@>3@0<=>3> ?0:5B0 DIALux evo 4;S �$� ;0<? V LED ;0<?. 

 

&01;8FS 1 3 $>7@0EC=:>2V E0@0:B5@8AB8:8 A8AB5<8 >A2VB;5==S F5EC 
$>7@0EC=:>2V E0@0:B5@8AB8:8 �$� LED 

�65@5;> A2VB;0 �07>@>7@S4=0 %2VB;>4V>4=0 

&8? A2VB8;P=8:0 $%#05-700-002 
H-Pro 3 RIF S 240W D 

REGOLABILE 010 6K 

!><V=0;P=89 ?>G0B:>289 

?>BV: ;0<?8, �< 
41000 40005 

%2VB;>2V440G0 A2VB8;P=8:0, 
�</�B 42,6 162,6 

#>BC6=VABP ;0<?8, $;, �B 700 246 

�V;P:VABP ;0<? N, HB  40 32 

�:B82=0 ?>BC6=VABP 
>A2VB;5==S (=><), :�B 

( $;÷= N
"%�
!" P  = N) 

40×700 = 

28000�B 
 = 28:�B 

32×246 = 7872�B 
 = 7,872:�B 

%5@54=S >A2VB;5=VABP 2 
?@8<VI5==V � =0 28A>BV 
@>1>G>W ?>25@E=V, ;: 

309 323 

�>5DVFVT=B ?>BC6=>ABV cosÇ 0,85 0,95 

�>5DVFVT=B #$�, �#$� 1,1 1 

�>5DVFVT=B ?>?8BC, �# 0,9 0,9 

�:B82=0 @>7@0EC=:>20 
?>BC6=VABP >A2VB;5==S, :�B  27,72 7,085 

$50:B82=0 @>7@0EC=:>20 
?>BC6=VABP >A2VB;5==S, :��@ 17,2 2,3 

#>2=0 ?>BC6=VABP >A2VB;5==S 
( >A2

pS ), :�� 
32,61 7,46 

#>BC6=VABP B@0=A-D>@<0B>@C 
F5EC 10/0,4:� (S=>< Ä), :�� 

630 630 

ô÷=><

>A2
p

S

S
 5,18 1,13 

 

�;S ?@><8A;>2>3> ?@8<VI5==S (F5E ?V4?@8T<AB20): =>@<>20=0 
>A2VB;5=VABP �= = 300 �:; 4>268=0 � = 72 <; H8@8=0 �=48 <; ?;>I0 S = 

3456 <2; 28A>B0 = 8 <. � B01;. 1 =02545=> @>7@0EC=:>2V E0@0:B5@8AB8:8 
A8AB5<8 >A2VB;5==S F5EC. 
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"B65, 0:B82=0 @>7@0EC=:>20 ?>BC6=VABP >A2VB;5==S ?@8 28:>@8AB0=V 
�$� ;0<? = 27,72 :�B, ?@8 28:>@8AB0=V LED ;0<? = 7,085 :�B. #@8 
28:>@8AB0=V LED ;0<? 0:B82=0 ?>BC6=VABP 7<5=HCTBPAS =0 71,89 %. 

� ?@>F5=B=><C 2V4=>H5==V ?>2=0 @>7@0EC=:>20 ?>BC6=VABP >A2VB;5==S 
A8AB5<8 >A2VB;5==S ?@8<VI5==S F5EC 2V4 ?>BC6=>ABV B@0=AD>@<0B>@0 F5EC. 

�;S �$� ;0<?: 

%18,5%100
630

61,32
%100

=><

>A2
p =÷=÷

÷ôS

S
 

�;S LED ;0<?: 

%13,1%100
630

085,7
%100

=><

>A2
p =÷=÷

÷ôS

S
 

#@V ?5@5>1;04=0==V A8AB5<8 >A2VB;5==S F5EC ?V4?@8T<AB20 <>6=0 
4>AS3B8 7<5=H5==S ?>BC6=>ABV >A2VB;5==S 7 5,18 % (28:>@8AB0==S �$� ;0<?) 
4> 1,13 % (?@8 28:>@8AB0==V LED ;0<?) 2V4 ?>BC6=>ABV B@0=AD>@<0B>@0 F5EC. 

 

 

'�� 621.316  
�8:>2 �. �.1, ,:@510 �.�.2, .@B0T2 �.%. 1 
1 ABC4. 3@. �-414< !' «�0?>@V7P:0 ?>;VB5E=V:0» 
2 ABC4. 3@. �-814< !' «�0?>@V7P:0 ?>;VB5E=V:0» 

���"� �. �., ,�$��� �.�., .$&��� �.%. 
�" #���&!� &$�!%("$ �&"$!� #��%&�!*�� �!�$�"� !�) 

��$"�!�*&� � �"!*�!&$"��!�  !���!&���!!/  

�V4><>, I> 4;S 7<5=H5==S 2B@0B ?>BC6=>ABV B0 5;5:B@>5=5@3VW 
?V4AB0=FVW @5:><5=4CTBPAS 2AB0=>2;R20B8 157?>A5@54=P> ?>1;87C 25;8:8E 
A?>6820GV2. #V4AB0=FVW ?@89<0RBP 5;5:B@>5=5@3VR 28A>:>W =0?@C38 (6-35 :�) 
V 7=86CRBP WW 4> BVTW, S:0 ?>B@V1=0 A?>6820G0< (0.4 :� 01> 6-10 :�) [1].  

&@0=AD>@<0B>@=0 ?V4AB0=FVS 3 =09206;82VH89 5;5<5=B <5@56V 
5;5:B@>682;5==S <VAB0, 702>4C B0 V=H8E >1'T:BV2, 0;5 =0720B8 WW 3>;>2=8<, 
72VA=>, =5 <>6=0. &0:0 ?V4AB0=FVS T AC:C?=VABR @V7=8E >:@5<8E ?@8AB@>W2, 
7>:@5<0 B@0=AD>@<0B>@V2, 4V>4V2, 28?@S<;SGV2 B0 V=H8E. &@0=AD>@<0B>@=0 
?V4AB0=FVS 28:>=CT B@8 >A=>2=V 70240==S 3 ?@89<0B8 5;5:B@>5=5@3VR, 
?5@5B2>@R20B8 WW B0 ?5@54020B8 =0 WW ?>40;PH89 @>7?>4V; A5@54 :;VT=BV2. 
#V4AB0=FVW, S: ?@028;>, <0RBP: A8;>289 B@0=AD>@<0B>@; #�! 3 ?@8AB@V9 
22>4C 7 1>:C 28A>:>W =0?@C38; $#!! 3 @>7?>4V;P=89 ?@8AB@V9 7 1>:C =87P:>W 
=0?@C38, %#!! 3 A?>;CG=89 ?@8AB@V9 7 1>:C =87P:>W =0?@C38, %#�! 3 
A?>;CG=89 ?@8AB@V9 7 1>:C 28I>W =0?@C38, H8=>?@>2>48, ��$ 3 02B><0B8G=5 
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22545==S @575@2C, &��$ 3 B8@8AB>@=89 ?@8AB@V9 02B><0B8G=>3> 22>4C 
@575@2C, H0D8 :5@C20==S B@0=AD>@<0B>@0<8 [2]. 

$8AC=>: 1 3 �><?;5:B=V B@0=AD>@<0B>@=V ?V4AB0=FVW 10/0,4 :� [1]. 

#V4AB0=FVS 4;S 3;81>:>3> 22545==S <>65 >B@8<C20B8 5=5@3VR G8 B> 2V4 
F5=B@0;P=>3> @>7?>4V;PG>3> ?C=:BC ?V4?@8T<AB20, G8 B> 157?>A5@54=P> 2V4 
5=5@35B8G=>W A8AB5<8 @09>=C. *S ?V4AB0=FVS ?>B@V1=0 3>;>2=8< G8=>< 4;S 
B>3>, I>1 74V9A=R20B8 ?>40GC 5;5:B@8:8 4> ?52=8E 7>= ?V4?@8T<AB20, 01> 
:V;P:0 73@C?>20=8E CAB0=>2>:, I> ?@0FRRBP =0 5;5:B@8FV. &0:V ?V4AB0=FVW =0 
B5@8B>@VW ?@><8A;>28E ?V4?@8T<AB2 ?>28==V 7=0E>48B8AP =5?>40;V: B0:8E 
>1'T:BV2, S:V ?>B@51CRBP 1V;PH>W :V;P:>ABV 5;5:B@>5=5@3VW [1]. #V4AB0=FVW 
3;81>:8E 22>4V2 @>7B0H>2CRBPAS ?>1;87C =091V;PH8E 5=5@3>T<=8E 
28@>1=8FB2 V :>@?CAV2 7 :>=F5=B@>20=8< =020=B065==S<, =0?@8:;04, 
?@>:0B=V B0 5;5:B@>AB0;5?;028;P=V F5E8, AB0;54@>BS=V B0 :@V?8;P=>-

:0;V1@C20;P=V 1;>:8 <5B87=8E 702>4V2, 71030GC20;P=V D01@8:8 B0 @S4 V=H8E 
28@>1=8FB2. /: >4=0 7 3>;>2=8E A:;04>28E ;0=>: C A8AB5<V 5;5:B@8DV:0FVW 
1C4P-S:>3> 25;8:>3> 28@>1=8G>3> ?V4?@8T<AB20, B@0=AD>@<0B>@=0 ?V4AB0=FVS 
28<030T >A>1;82> @5B5;P=>3> ?V4E>4C 4> D>@<C20==S =091V;PH @0FV>=0;P=8< 
A?>A>1>< AE5<8 @>7?>4V;C 5;5:B@>5=5@3VW.  VAF5 2AB0=>2;5==S ?V4AB0=FVW 
?V418@0TBPAS B0:, I>1 @>7?>4V;P=0 B0 B@0=AD>@<0B>@=0 ?V4AB0=FVW 2AVE 
=5>1EV4=8E ?0@0<5B@V2 1C;8 1 @>7B0H>20=V S:><>30 1;86G5 4> F5=B@C 
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THE SIGNIFICANCE OF ARTIFICIAL INTELLIGENCE IN 

PROGRAMMING  

Artificial Intelligence (AI) is one of the most transformative technologies of 

the 21st century, revolutionizing industries worldwide 3 including programming. 

Its influence on software development, coding practices, and problem-solving 

approaches is profound. This report examines the significance of AI in 

programming, its applications, benefits, challenges, future prospects, and a 

comparative analysis of different AI tools and their uses. 

Programming is the foundation of modern technology, enabling the creation 

of software, applications, and systems that power everyday life. The advent of AI 

has shifted programming from a solely human-driven task to a collaborative 

process between humans and machines. Today, AI is an indispensable tool for 

developers, enhancing productivity, efficiency, and innovation.  

AI-powered tools like GitHub Copilot, based on OpenAI's Codex, assist 

developers by generating code snippets, autocompleting lines of code, and even 

writing entire functions. These tools use machine learning models trained on 

extensive codebases, allowing them to understand context and provide accurate 

suggestions. AI algorithms can analyze code to identify bugs, vulnerabilities, and 

inefficiencies [1]. Tools like DeepCode and Amazon CodeGuru use AI to review 

code and suggest improvements, reducing debugging time and enhancing code 

quality. 

AI-driven testing frameworks, such as Testim and Applitools, automate the 

creation and execution of test cases. These tools adapt to codebase changes using 

machine learning, ensuring comprehensive test coverage and faster release cycles. 

AI enables developers to write code using natural language. For instance, OpenAI's 

GPT models allow users to describe their requirements in plain English, and the AI 

generates the corresponding code. This innovation lowers the barrier to entry for 
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non-programmers and speeds up development. AI can analyze software 

performance and suggest optimizations. It identifies bottlenecks and recommends 

efficient data structures or algorithms, resulting in faster and more resource-

efficient applications.  

AI automates repetitive tasks, such as writing boilerplate code or fixing 

syntax errors, enabling developers to focus on more complex and creative aspects 

of programming. AI tools maintain coding standards, detect errors early, and 

suggest best practices, leading to cleaner, more reliable code. AI-assisted tools 

accelerate the software development lifecycle by streamlining the writing, testing, 

and deployment of code. AI makes programming more accessible by enabling 

natural language coding and offering intelligent guidance, allowing more people to 

participate in software development. 

While AI provides significant benefits, it also presents challenges. 

Developers may become dependent on AI tools, diminishing their ability to think 

critically and solve problems independently. AI may produce code that is 

syntactically correct but logically flawed, requiring human oversight. The use of 

AI raises questions about intellectual property since AI models are often trained on 

publicly available code.  

The integration of AI in programming is still evolving, with vast potential for 

future advancements. AI may assist in designing complete software systems, from 

architecture to implementation. Future AI tools could adapt to individual 

developers coding styles and preferences. AI could foster better collaboration 

between human developers and machines, leading to more innovative solutions [2].  

A comparative analysis of different AI tools and their uses reveals varying 

strengths and applications. GitHub Copilot, based on OpenAI's Codex, excels in 

code generation and autocompletion, making it a powerful assistant for developers 

seeking to streamline their workflows. DeepCode and Amazon CodeGuru 

specialize in code review and bug detection, offering advanced static analysis to 

improve code quality. Testim and Applitools focus on automated testing, 

leveraging AI to create and maintain robust test cases that adapt to code changes. 

OpenAI's GPT models stand out for natural language processing capabilities, 

enabling users to convert plain English instructions into working code. Each AI 

tool addresses specific aspects of the software development lifecycle, allowing 

developers to choose the most suitable solution based on their needs.  

Artificial Intelligence is transforming programming, making it faster, more 

efficient, and more accessible. Although challenges remain, the benefits far 

outweigh the limitations. As AI continues to evolve, it will play an even greater 

role in software development, empowering developers to create smarter, more 

sophisticated applications. 
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STATIC ELECTRICITY: FROM FUNDAMENTAL PRINCIPLES TO 

MODERN APPLICATIONS 

Static electricity arises as a result of the accumulation of electric charges on 

the surface of dielectrics or conductors isolated from the ground. This phenomenon 

is caused by an imbalance between positive and negative charges due to processes 

such as friction, contact, or induction. It is widely used in engineering: touch 

screens, air purification systems, photocopiers, microelectronics, aerospace 

industry and medicine. 

One promising idea is the use of static electricity for energy generation in 

micro- and nanodevices. In recent years, tribolectric nanogenerators (TENGs) have 

been actively developed to convert mechanical friction energy into electrical 

energy. Such devices can power wearable electronics, sensors and even medical 

implants. The working principle of TENGs is based on the combination of the 

tribolectric effect and electrostatic induction. For example, when a polymer film 

rubs against a metal surface, a potential difference of hundreds of volts can arise 

[1]. This paves the way for autonomous power sources independent of external 

batteries. 

The phenomenon of static electricity has long been of interest to the scientific 

community, yet it also poses significant practical challenges. In the field of 

electronics, electrostatic discharge (ESD) has the potential to compromise the 

integrity of sensitive components, such as semiconductor chips. Contemporary 

research has proposed the utilisation of metamaterials (composites) with regulated 

dielectric properties for the purpose of suppressing undesirable charges. 

Metamaterials consist of periodically arranged elements (e.g., micro- or 

nanostructures) whose dimensions are smaller than the wavelength of the 

interacting electromagnetic radiation. In the context of static electricity, 

metamaterials are notable for their ability to control dielectric properties, such as 
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permittivity ¸ and conductivity Ã, enabling the management of charge distribution 

and accumulation [2]. 

The employment of metamaterials facilitates an augmentation in system 

capacitance due to their high permittivity, thereby diminishing the potential at a 

given charge. This has the effect of minimising the risk of breakdown. 

Metamaterials with conductive inclusions or gradient conductivity have been 

shown to be capable of directing charges to the ground through low-resistance 

paths. For instance, metamaterial structures comprising carbon nanotubes within a 

dielectric matrix facilitate "soft" charge dissipation, thereby preventing sudden 

discharges. Hybrid coatings with graphene inclusions represent a class of 

composite materials, wherein graphene (a single atomic layer of carbon with a 

hexagonal lattice) is integrated into a dielectric matrix, thereby combining high 

permittivity with controlled conductivity [3]. 

The dielectric matrix provides high permittivity, denoted by ¸. The matrix 

materials that are most commonly utilised include polymers such as polyvinylidene 

fluoride (PVDF) or polymethyl methacrylate (PMMA), with permittivity values ¸ 
ranging from 5 to 50, and ceramic materials such as aluminium oxide (Al2O3, ¸ = 

10) or barium titanate (BaTiO3, ¸ = 1000 and higher).

Graphene exhibits unique properties. It is an excellent conductor due to its 

high electron mobility (~200,000 cm²/V·s). Its structure makes graphene incredibly 
strong and flexible. Graphene is resistant to corrosion and oxidation. A single 

graphene layer is ~ 0.34 nm thick, enabling ultra-thin coatings.  

In hybrid coatings, graphene is typically used as nanoplatelets, nanotubes, or 

graphene oxide dispersed in a dielectric matrix (e.g., polymers, ceramics, or epoxy 

resins). This structure combines graphene9s conductive properties with the matrix9s 

insulating characteristics. For example, PVDF-based coatings with 1% graphene 

achieve ¸ j 50 and conductivity ~10-6 S/m [3]. 

The presence of graphene inclusions generates pathways that exhibit 

moderate conductivity, thereby facilitating the safe dissipation of charges into the 

grounding system. This prevents the occurrence of abrupt discharges, which have 

the potential to cause damage to electronic devices or ignition. The presence of 

graphene nanoplatelets has been shown to mitigate local electric fields, thereby 

preventing the accumulation of charge at specific locations. 

To evaluate hybrid coating parameters, consider a flat surface with area S = 

0.01 m² accumulating charge Q = 10-7 C. Without coating (¸ = 1, distance to 

ground d = 0.001 m), capacitance and potential are: 
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Applying a hybrid coating with ¸ = 200 (achieved via graphene inclusions in 

a polymer matrix) yields new capacitance C1 = 4.45 × 10-9 F and potential V1 = 

22.6 V. 
The coating9s resistivity is Ã = 106 «·m. The effective resistance for charge 

dissipation through a coating of thickness d = 0.001 m is: 

510 .
d

R
S

ò= = ÷
(2) 

The charge dissipation time can be determined by measuring the relaxation 

time, Ä = RC1 = 1.77 ms. It can thus be concluded that the coating reduces potential 

by 200 times and ensures safe charge dissipation within milliseconds, thereby 

preventing sparking. 

Static electricity is not merely a curious physical effect; rather, it is a field in 

which fundamental science intersects with innovative technologies. Innovative 

ideas, such as triboelectric generators, and precise calculations pave the way for 

effective solutions 3 from autonomous energy sources to the protection of high-

tech equipment. 
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