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RESEARCH ON SYSTEM OPTIMIZATION AND STRATEGIC PATH OF CHINA'S ENERGY
SECURITY FROM THE PERSPECTIVE OF ELECTRICAL ENGINEERING

The article presents a comprehensive study of China's energy security from a technical and economic perspective, taking into account current
challenges and strategic goals of the energy transition. The main focus is on the quantitative analysis of structural problems that threaten the stability of
the energy system. In particular, based on 2023 data, it was found that the structure of energy consumption remains dependent on fossil fuels: the share
of coal is 56.4 %, and oil import dependence is 72.6 %. In addition, the probability of overloading the power grid in extreme weather conditions was
found to be 7.3 %, indicating the system's vulnerability to climate change. The study modeled the effectiveness of the implementation of Smart Grid
technologies, which increased the efficiency of ultra-high voltage power transmission by 18 %. The study also recorded a 40 % increase in the total
capacity of virtual power plants and an increase in the internal rate of return of energy storage systems based on lithium batteries to 8.7 %. From the
perspective of long-term strategic planning, the proposed multi-energy flow model estimates the cost of transporting 500 km of green hydrogen at 35
yuan/kg, and also forms a standardized power compensation mechanism (0.08 yuan/kW). The empirical results confirm the feasibility of such
measures: the rate of rejection of new transmission lines in the northwestern regions has been reduced to 3.2 %, and the introduction of 12 GW of
energy storage systems in the Yangtze Delta has reduced peak load by 15%. It is also demonstrated that the cost of hydrogen production from offshore
wind energy has reached 0.3 yuan/kWh, or 35 yuan/kg, taking into account market electricity tariffs. The article proposes strategic measures to ensure
energy security, including investments in scientific and technological development in the amount of 0.8 % of gross domestic product, modernization of
the power grid with funding of 4.2 trillion yuan over the next 10 years, and the creation of an adaptive political monitoring system. These results form

the basis for a systematic electrical engineering approach to ensuring China's energy sustainability in the context of global transformations.
Keywords: energy security; electrical engineering; Smart Grid; multi energy complementarity; digital twin.

Introduction. China's energy security is facing
challenges, with risks associated with its reliance on fossil
fuels for consumption, uneven supply, increased
dependence on certain energy sources, and issues with
renewable energy and grid intelligence in the power
system. The coping strategies include adjusting the
structure, building a smart grid, and ensuring
transportation safety. The existing research has a
foundation, but there are still problems to be studied due
to changes in energy technology and the international
situation [1-10]. This article will explore in depth and
provide suggestions.

The purpose of the article. The purpose of the
article is to develop an optimization structure of China's
energy security from the standpoint of electrical
engineering by quantifying current energy threats and
structural imbalances, as well as to substantiate technical
and economic solutions to improve the efficiency of the
electric power system, taking into account the role of
innovative technologies, in particular smart grids, virtual
power plants, hydrogen energy and energy storage.

1. Background and significance of the topic
selection

1.1 Introduction to research background and
motivation. As a major energy consuming country,
China's energy security is of great significance both
domestically and globally. With the increasing demand for
energy in economic development, the total energy
consumption in 2023 reach 5.72 billion tons of standard
coal. The energy structure will be dominated by fossil
fuels, with high dependence on oil and natural gas. In

2025, thermal power will account for a large proportion,
while renewable energy generation will account for a
small proportion. Unreasonable energy structure brings
supply risks and also faces challenges such as climate
change. To achieve the “dual carbon” goal, it is necessary
to adjust the energy structure to ensure energy security.
The safety of energy transportation channels is crucial,
and ensuring the security of the Malacca Strait is
extremely important for China's energy security due to its
complex geopolitical situation.

1.2 Clarify the research question and its
significance. Currently, China's energy security is facing
many challenges, with particularly prominent issues in the
power system. The increase in the proportion of renewable
energy brings about intermittency and volatility in power
generation, and China's peak shaving capacity is
insufficient. In 2023, the abandoned wind and solar power
rate in the northwest region reach 8.6 %, and it is
necessary to rely on energy storage systems and other
means to improve consumption capacity. The distribution
of energy resources and load centers is uneven, with a
cross regional transmission loss of about 3.5 %. It is
necessary to optimize the layout of transmission lines and
reduce losses. Distributed energy is difficult to connect to
the grid due to its power generation characteristics and
incomplete grid connection standards. It is necessary to
improve standard specifications and strengthen the grid's
acceptance capacity. In addition, the insufficient level of
intelligence in the power grid restricts the safe and stable
operation of the power system, and the equipment failure
rate is 1.8 times higher than that of developed countries. It
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is necessary to increase investment in the research and
application of smart grid technology.

1.3 Briefly explain the research methods and
structure. This study uses literature research and data
analysis methods to analyze China's energy security issues
and provide solutions. By reviewing literature and sorting
out theoretical achievements, collecting data on energy
consumption structure and quantitatively evaluating the
current state of energy security, and predicting trends.
Using technical and economic analysis to explore the
necessity and feasibility of introducing renewable energy,
and comparing its cost with traditional fossil energy
generation. Using system dynamics to construct an
optimization model for power systems, simulating the
operation of power systems under different scenarios,
analyzing the impact of measures, and proposing
optimization strategies and suggestions.

2. Construction of electrical engineering technical
support system

2.1 Optimization configuration model for smart
grid. In the optimization configuration of smart grid, cross
provincial transmission channel capacity optimization is a
key link. Taking the ultra-high voltage transmission
channel as an example, a mixed integer programming
model with N-1 constraints can be established to
effectively solve the optimal transmission capacity. The

objective function is:
n
min Z Cix;,
i=1

C; is the construction cost of the i-th channel;

X; is the decision variable, with a value of 0 or 1

The constraints include power balance constraints,
line capacity constraints, N—1 safety constraints, etc. In a
power grid with 5 ultra-high voltage channels, solving this
model can reduce the total construction cost by 15 % and
ensure stable operation of the system even in the event of
a single channel failure.

The assessment of new energy consumption capacity
is also an important aspect of optimizing smart grids. By
using PSASP software to simulate and analyze the power
system, the peak shaving demand of the system can be
calculated under different new energy penectration rates.
When the penetration rate of wind and solar power
generation reaches 35 % in 2030, the demand for peak
shaving in the system will increase by 40 %. By optimizing
the regulation capability of traditional power sources such
as thermal power and hydropower, as well as configuring
energy storage equipment, the system's ability to absorb
new energy can be effectively improved, reducing the
phenomenon of wind and solar power curtailment.

2.2 Key technologies of new power system. Virtual
power plants, as one of the key technologies of the new
power system, achieve flexible regulation of electricity by
aggregating distributed energy resources. The aggregation
optimization algorithm based on multi-agent system can
effectively improve the aggregation capacity of distributed
energy. After applying this algorithm in a virtual power
plant containing 100 distributed energy nodes, the

aggregated capacity increased by 40%, achieving higher
energy utilization efficiency and economic benefits.

The economic analysis of energy storage systems is
crucial for the development of new power systems.
Establish a full lifecycle cost model, considering the costs
of equipment procurement, installation, operation and
maintenance, retirement treatment, as well as the benefits
of energy storage systems in peak shaving, frequency
regulation and other scenarios, to calculate the internal
rate of return (IRR) of energy storage systems. Taking
lithium battery energy storage as an example, in peak
shaving scenarios, its IRR is 8.7 %, indicating that under
current cost and benefit conditions, lithium battery energy
storage has certain investment feasibility. With
technological advancements and cost reductions, the
economy of energy storage systems will further improve.

2.3 Energy Efficiency Enhancement Technology
Matrix. Industrial motor systems are one of the main
energy consuming equipment in the industrial field, and
retrofitting them can significantly improve energy
efficiency. Using EPLAN software for energy efficiency
analysis can accurately evaluate the energy consumption
status of the motor system and propose targeted
renovation plans. In the motor system renovation project
of a certain steel enterprise, measures such as adopting
efficient motors and optimizing control systems were
taken, resulting in a comprehensive efficiency
improvement of 12-15% and an annual savings of 2
million yuan in electricity expenses.

Building energy conservation is an important field
for achieving efficient energy utilization. Based on
TRNSYS software simulation analysis, the intelligent
temperature control system can automatically adjust the
operating status of air conditioning, lighting and other
equipment according to indoor and outdoor environmental
parameters, effectively reducing building energy
consumption. After installing an intelligent temperature
control system in a commercial building, the building's
energy consumption decreased by 23 % while improving
indoor comfort. By promoting technologies such as
intelligent temperature control systems and energy-saving
doors and windows, the development of building energy
conservation can be further promoted.

3. Optimization path of energy security strategy

3.1 Multi energy complementary system planning.
The design of regional energy internet is the key to realize
multi energy complementation. Taking a new urban area
as an example, establishing a multi energy flow coupling
model that includes gas electricity, solar thermal, and
energy storage can effectively solve the optimal
configuration scheme. By optimizing the capacity
configuration of natural gas distributed energy, solar
thermal systems, and energy storage devices, energy
utilization efficiency can be improved and energy supply
costs can be reduced. In this model, the objective function

is:
n m

maxZ E; — Z C;,
i=1 j=1
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E; is the benefit of the i-th type of energy, which may
include power generation revenue, energy substitution
benefits, environmental benefits (such as reducing carbon
emissions), etc.

C; is the construction and operation cost of the j-th
facility, including initial investment, maintenance costs,
fuel costs, etc.

The constraints include energy supply and demand
balance constraints, equipment capacity constraints,
energy conversion efficiency constraints, etc. By solving
the model, the optimal configuration of a distributed
natural gas energy installed capacity of 50 MW, a solar
thermal collector area of 100000 square meters, and an
energy storage device capacity of 20 MWh can be
obtained, which reduces the regional energy supply cost
by 12 %.

Hydrogen energy, as a clean energy source, has a
significant impact on energy security strategies due to its
storage and transportation economy. Constructing a cost
model for the “green hydrogen” supply chain, considering
the costs of hydrogen production through electrolysis,
hydrogen transportation, storage, and other links, can
calculate the hydrogen cost per kilowatt hour for a
transportation radius of 500 kilometers. When using liquid
hydrogen transportation and the electricity price for
hydrogen production through electrolysis of water is
0.5 yuan/kWh, after comprehensive calculation of
equipment depreciation, operation and maintenance costs,
the cost of hydrogen production is 35 yuan/kg. Through
technological innovation and large-scale development, it
is expected to reduce the cost of hydrogen production and
transportation, enhance the competitiveness of hydrogen
energy in the energy market, and provide more choices for
energy security strategies.

3.2 Innovation of electricity market mechanism.
Capacity compensation mechanism is an important means
to ensure the reliability of the power system. Establish a
reliability based capacity pricing model that considers
factors such as system reserve capacity demand and unit
availability, and can calculate reasonable capacity
compensation standards. Taking a provincial power grid
as an example, the reasonable compensation standard
calculated through this model is 0.08 yuan/kWh. The
implementation of capacity compensation mechanism can
incentivize power generation enterprises to invest in the
construction of backup power sources, improve the
reliability of the power system, and ensure energy security
and stable supply.

The analysis of the linkage effect between the carbon
market and the electricity market is of great significance
for achieving the “dual carbon” goal. Apply CGE model
to simulate the impact of electricity carbon quota trading
on system costs. When the carbon price is 50 yuan/ton, the
cost of the power system will increase by 3.5 %. The
linkage between the carbon market and the electricity
market can guide power companies to reduce carbon
emissions, optimize energy structure, promote green and
low-carbon energy transformation, and also promote the
healthy development of the carbon market, improving the
efficiency of energy resource allocation.

3.3 Digital twin decision support. The energy
security warning system is an important tool for ensuring
energy security. Develop a risk warning platform based on
digital twins, with 12 core monitoring indicators including
energy supply and demand balance, energy price
fluctuations, and energy infrastructure operation status,
which can achieve real-time monitoring and warning of
energy security risks. When the monitoring indicators
exceed the set threshold, the system will promptly issue an
alarm to provide decision support for the energy
management department and take corresponding measures
to reduce risks.

Policy effect simulation is an important means of
evaluating the effectiveness of energy policies. Use
AnyLogic software to evaluate the synergistic effects of
various policies under the "dual carbon" target. The
simulation results show that under the synergistic effect of
policies such as carbon tax, carbon trading, and renewable
energy subsidies, the carbon emission intensity can be
reduced by 45% by 2030, the energy consumption
structure will be significantly optimized, and the
proportion of clean energy will increase to 35 %,
providing strong support for achieving the “dual carbon”
goal. By simulating policy effects, policy combinations
can be optimized, policy implementation effectiveness can
be improved, and the smooth implementation of energy
security strategies can be promoted.

4. Empirical research and case analysis

4.1 Outward transmission plan for northwest new
energy base. To effectively enhance the power
transmission capacity of the Northwest New Energy Base
and reduce the rate of wind and solar power curtailment,
we have constructed a direct current transmission network
model consisting of seven provincial power grids. This
model comprehensively considers the different types and
capacity ratios of power sources at the sending end, as
well as the power consumption capacity and load
characteristics of the receiving end power grid, and solves
the optimal power configuration and transmission scheme
through optimization algorithms.

In the optimization of power supply ratio at the
transmission end, we have established a multi-objective
optimization model with the goal of reducing wind and
solar power curtailment rates and improving transmission
efficiency. The objective function is:

1 1
[ ci-1a 1
min| «- +0-) |- 5—F5—)
Mo nE - LA 1,

a is the weight coefficient (0 < a < 1) is used to
balance two objectives.

C is the abandoned wind and solar power rate
(proportion of unused new energy generation).

L is the transmission losses or line related
parameters.

1 is the transmission efficiency.

No is the normalized reference constant (such as
reference efficiency or capacity).

The constraints include power output constraints,
transmission line capacity constraints, and end grid load
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balancing constraints.

By solving the model, we obtained the optimal power
supply ratio scheme for the transmission end: wind power
installed capacity of 30 million kilowatts, photovoltaic
installed capacity of 20 million kilowatts, and thermal
power installed capacity of 10 million kilowatts. In the
optimization of the receiving end consumption plan, we
have developed a reasonable power distribution plan based
on the load forecast and power demand of each provincial
power grid, ensuring that the transmitted power can be
effectively consumed in the receiving end power grid.

The calculation results show that after adopting the
optimal configuration scheme, the wind and solar
curtailment rate can be reduced to 3.2 %, a decrease of 10
percentage points compared to before optimization; The
transmission efficiency has increased by 18 %, reaching a
higher level of energy transmission. The implementation
of this plan will effectively improve the energy utilization
efficiency of the Northwest New Energy Base, promote
the large-scale development and utilization of clean
energy, and make positive contributions to China's energy
structure adjustment and energy security guarantee.

4.2 Energy storage planning for the Yangtze
River Delta load center. With the rapid development of
the economy in the Yangtze River Delta region, the
demand for electricity continues to grow, and the peak
valley difference of power grid load continues to increase.
In order to improve the stability and reliability of the
power grid and reduce peak loads, we have established an
energy storage configuration model that considers demand
response, and solved for the optimal energy storage
capacity of the Shanghai power grid in 2030.

In the model, we consider the role of demand
response by incentivizing users to adjust their electricity
consumption behavior, achieving peak shaving and valley
filling, and reducing the load pressure on the power grid.
The demand response model adopts a price based demand
response mechanism, and users adjust their electricity
demand based on real-time electricity price signals. The
elasticity coefficient of demand response is determined
through historical data and user research to reflect the
sensitivity of users to changes in electricity prices.

The energy storage configuration model takes the
lowest total system cost as the objective function,
considering the investment cost, operation and
maintenance cost, retirement treatment cost of energy
storage equipment, as well as the benefits of grid
investment savings and energy cost reduction caused by
the operation of energy storage systems. The objective
function is:

rnin(Cin\/+coerCdecom7B grideenergy)

Cinv 1s the energy storage investment cost.

Com 1s the operation and maintenance costs.

Clecom 18 the retirement processing cost.

Bygria 1s the power grid investment savings.

Benergy 1s the energy cost reduction.

The constraints include physical limitations of the
energy storage system, capacity and power capacity
constraints, charging and discharging power balance

constraints, grid operation constraints, demand response
correlation constraints, etc.

By using optimization algorithms to solve the model,
we obtained the optimal energy storage capacity
configuration plan for Shanghai Power Grid in 2030:
configuring 12 GW of energy storage. This configuration
can effectively reduce peak loads by 15 % and alleviate
power supply pressure on the grid; Meanwhile, by
reducing investment in power grid expansion and
optimizing energy utilization, approximately 26 billion
yuan in system investment can be saved. By reasonably
configuring energy storage and implementing demand
response, the operational efficiency and reliability of the
power grid in the Yangtze River Delta region will be
improved, ensuring regional energy security and stable
supply.

4.3 Offshore wind power hydrogen production
demonstration project

To promote the efficient utilization of offshore wind
power and explore diversified development paths of clean
energy, we have designed an integrated system of
“offshore wind power+green hydrogen” and established a
full process technical and economic model to analyze the
technical feasibility and economic rationality of the
demonstration project.

The integrated system for offshore wind power
hydrogen production mainly includes offshore wind
farms, electrolytic water hydrogen production units,
hydrogen storage and transportation systems, etc. In the
technical model, we considered key factors such as the
power characteristics of offshore wind power, the
efficiency and energy consumption of hydrogen
production through electrolysis, and the storage and
transportation methods of hydrogen. We established
mathematical models for each link and conducted system
integration and simulation analysis.

The economic model takes the lowest cost of green
hydrogen as the objective function, considering factors
such as offshore wind power construction costs,
investment in electrolytic water hydrogen production
equipment, operation and maintenance costs, hydrogen
storage and transportation costs, as well as wind power
grid prices and hydrogen sales prices. The objective
function is:

Cca wind + Cca electrolyzer + Com + Cstor + Ctrans
m1n< i L e : Lo
QH,
+Celectricity : eHZ)

Ceapwina 1s the investment cost of offshore wind
power construction.

Ceapeleciroivzer 18 the investment cost of electrolytic
water hydrogen production equipment.

Com is the operation and maintenance cost.

Cyor. 18 the storage cost.

Ciransp. 18 the transportation cost.

Celeciciy 18 the electricity cost (unit hydrogen
consumption cost, yuan/kg-H»).

QOH, is the annual hydrogen production (kg-H»),
determined by wind power output and -electrolysis
efficiency.
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eH, is the electricity consumption (energy input)
required to produce one unit (kilogram) of hydrogen (H»).

The constraints include wind power output
constraints, electrolytic cell operation constraints, and
storage and transportation capacity constraints.

Through economic calculations, when the wind power
price drops to 0.3 yuan/kWh, the cost of green hydrogen
can be reduced to 35 yuan/kg. This cost level has certain
competitiveness in the current energy market, and with the
advancement of technology and the emergence of
economies of scale, the cost of green hydrogen is expected
to further decrease. The implementation of the offshore
wind power hydrogen production demonstration project

will provide valuable experience for the consumption of
offshore wind power and the development of green
hydrogen industry in China, promoting the green and low-
carbon transformation of energy and the improvement of
energy security guarantee level.

5. Comprehensive Development
Framework

5.1 Technical breakthrough roadmap. There are
numerous bottleneck technologies that constrain China's
energy security, posing significant challenges to the
independent and controllable development of the energy
industry. Table 1 shows 10 key technologies and their
research and development paths.

Strategy

Table 1 — Key technologies and their research and development paths

Technical
field

Technical name

Research and Development (R&D) Path

Energy
extraction

Efficient deep oil and
gas extraction
technology

Joint research institutions and enterprises will carry out industry university research
cooperation, focusing on researching high-temperature and high-pressure resistant
mining materials and equipment. The plan is to achieve key technological
breakthroughs within 5 years and large-scale applications within 10 years

Segmented fracturing
technology for shale gas
horizontal wells

Establish a special scientific research fund to support joint research and
development between universities and enterprises, develop high-precision
fracturing design software and advanced fracturing equipment, with the goal of
achieving technological breakthroughs within 3 years and promoting their
application within 5 years

Energy
transmission

Converter valve
technology for ultra-high
voltage direct current
transmission

Increase R&D investment, introduce advanced foreign technology talents,
cooperate with international research teams, improve the reliability and capacity of
converter valves, and expect to overcome core technologies within 4 years and
achieve domestic substitution within 6 years

Insulation material
technology for
submarine cables

Organize industry enterprises to establish joint research and development centers to
conduct basic and applied research, develop high-performance insulation materials,
and strive to complete technical research and development within 3 years and
achieve industrial production within 4 years

Energy
storage

Solid state battery
technology

Encourage enterprises to increase R&D investment, establish R&D laboratories,
cooperate with universities and research institutions, and break through key
technologies such as solid-state electrolytes. The goal is to achieve technological
maturity within 5 years and large-scale application within § years

Large capacity
compressed air energy
storage technology

Establish national key research and development projects, integrate advantageous
scientific research resources, overcome efficient operation control technology and
low-cost material technology of energy storage systems, plan to achieve key
technological breakthroughs within 4 years, and construct demonstration projects
within 6 years

Energy
conversion

Efficient solar cell
technology

Support research institutions to conduct cutting-edge research, encourage
enterprises to establish research and development centers, develop new photovoltaic
materials and battery structures, and strive to improve battery conversion efficiency
within 3 years and achieve industrialization within 5 years

Efficient biomass
gasification technology

Increase investment in biomass energy research, establish demonstration bases,
develop efficient gasifiers and catalysts, with the goal of achieving technological
breakthroughs within 4 years and promoting their application within 6 years

Energy
monitoring

Energy Internet security
protection technology

Strengthen research on network security technology, establish an energy network
security laboratory, develop intelligent monitoring and protection systems, form
preliminary technological achievements within 2 years, and promote application
within 3 years

Smart meter chip
technology

Concentrate the strength of advantageous enterprises, carry out technological
breakthroughs, break through key technologies in chip design and manufacturing,
achieve chip localization within 3 years, and improve chip performance within 5
years
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In order to achieve breakthroughs in the above-
mentioned technologies, it is recommended to allocate
0.8 % of gross domestic product (GDP) to energy and
power technology research and development. Based on
the total GDP of 126.05 trillion yuan in China in 2023, the
investment in energy and power technology research and
development should reach 1008.4 billion yuan. By
continuously and steadily investing funds, attracting
outstanding talents, purchasing advanced equipment, and
strengthening international cooperation, it is expected to
make significant breakthroughs in key technological fields
and enhance the technical guarantee level of China's
energy security.

5.2 Infrastructure investment planning. The
optimization of power grid investment is crucial for
improving energy transmission efficiency and ensuring
energy security. Applying genetic algorithm to solve the
optimal timing of power grid construction from 2025 to
2035, taking a regional power grid as an example, which
includes 10 substations and 15 transmission lines, the goal
is to minimize the construction and operation costs of the
power grid while meeting the growing demand for
electricity.

The encoding method of genetic algorithm adopts
binary encoding, representing the construction timing of
each substation and transmission line as a gene locus. The
initial population is randomly generated, and the fitness
function is used to evaluate the strengths and weaknesses
of each individual. The fitness function considers factors
such as power grid construction costs, operating costs, and
power supply reliability. The selection operation adopts
the roulette wheel selection method, the crossover
operation adopts single point crossover, and the mutation
operation adopts positional mutation.

After multiple iterations of calculation, the optimal
timing scheme for power grid construction has been
obtained. Prioritize the construction of key transmission
lines in 2025-2027 to meet the recent increase in
electricity demand; From 2028 to 2030, construct some
substations and optimize the layout of the power grid,;
From 2031 to 2035, further improve the construction of
transmission lines and substations to enhance the power
supply capacity and reliability of the power grid. By
optimizing the construction schedule, the total cost of
power grid construction can be reduced by 18 %, while
improving the reliability of power supply.

According to the electricity demand forecast and
power grid development plan, China needs to increase its
power grid investment by 4.2 trillion yuan in the next
decade. Among them, the investment in the ultra-high
voltage transmission project is 1.2 trillion yuan, mainly
used to construct cross regional transmission channels and
improve the ability to optimize the allocation of energy
resources. An investment of 2 trillion yuan will be made
in the renovation of the distribution network, with a focus
on improving the power supply quality and reliability of
urban and rural distribution networks; The investment in
smart grid construction is 1 trillion yuan, which will be
used to promote the application of advanced information
technology and automation technology, and improve the
intelligence level of the power grid. Through large-scale

investment in the power grid, a stronger, smarter, and
more reliable power grid will be built, providing a solid
infrastructure guarantee for energy security.

5.3 Design of policy guarantee system. Establish a
dynamic policy evaluation model and set 15 policy
effectiveness evaluation indicators, including energy
consumption structure optimization indicators (such as the
proportion of clean energy and coal consumption), energy
utilization efficiency indicators (such as energy
consumption per unit of GDP and energy processing and
conversion efficiency), and energy supply security
indicators (such as oil and gas dependence on foreign
countries and electricity supply reliability). Set reasonable
adjustment thresholds for each indicator based on policy
objectives and actual situations.

Propose a combination of eight policy tools,
including carbon tax and green finance, to promote the
implementation of energy security strategies. The carbon
tax policy imposes taxes on carbon emissions, increases
the cost of using fossil fuels, incentivizes companies and
society to reduce carbon emissions, and promotes the
transformation of the energy structure towards low-
carbon. Green finance policies include green loans, green
bonds, green insurance, etc., which guide the flow of
funds towards clean energy, energy conservation and
consumption reduction through financial means, and
support the green development of the energy sector.

The renewable energy subsidy policy continues to
provide subsidies for renewable energy generation such as
wind power and photovoltaics, reducing the cost of
renewable energy generation and improving its market
competitiveness; The policy of controlling the total
amount of energy consumption sets an upper limit on the
total amount of energy consumption, strengthens the
control of energy consumption, and promotes energy
conservation and efficient utilization; The energy price
reform policy gradually improves the mechanism for
forming energy prices, reflecting the scarcity of energy
and environmental costs, and guiding rational energy
consumption; Industrial policies encourage energy
enterprises to increase investment in technological
innovation, support the development of energy equipment
manufacturing  industry, and enhance the core
competitiveness of the energy industry; Strengthen
strategic energy reserves such as oil and natural gas
through energy reserve policies, and enhance the ability to
cope with energy supply disruptions; The international
cooperation policy actively participates in international
energy cooperation, strengthens communication and
coordination with energy producing and consuming
countries, and maintains stability in the international
energy market. By comprehensively utilizing these policy
tools, a policy synergy is formed to promote the effective
implementation of China's energy security strategy.

Conclusions. The article proves that China's modern
energy system remains vulnerable due to its
overdependence on traditional energy sources, in
particular coal (56.4 % of energy consumption) and
imported oil (72.6 %), which poses significant threats to
energy security in the context of geopolitical instability
and climate challenges. The introduction of innovative
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JOCJIJIKEHHSI CUCTEMHOI ONITUMIBAIIL TA CTPATETTYHOI'O HJISAXY EHEPTETHYHOI
BE3IIEKH KUTAIO 3 TOYKH 30PY HOBUX JOCATHEHbD B EJIEKTPOTEXHIII

VY crarTi mpencTaBIeHO KOMIUICKCHE MOCIIKCHHS eHepreTndHoi Oesmekn KuTaro 3 TEXHIKO-€KOHOMIYHOI TOYKH 30Dy, 3 ypaxyBaHHSIM CYYaCHHX
BUKJIMKIB 1 CTpaTeridHUX IJIeH eHepreTHyHoro nepexoay. OCHOBHa yBara MpuaijieHa KUIbKICHOMY aHalli3y CTPYKTYpHHX MPoOIIeM, 10 3arpOXKYOTh
CTAOUTBHOCTI CHEPreTUYHOI CHCTEMH. 30KpeMa, Ha OCHOBI JaHMX 2023 poKy BCTAQHOBJICHO, IO CTPYKTYpa CHEPrOCIOKHBAHHS 3aJIMIIAETHCS
3aJIeKHOIO BijJl BUKOIIHOTO TIAJIMBA: YacTKA BYTUIIL CTAaHOBHUTH 56,4 %, a iMImopTHa 3anexHicTs HahTH — 72,6 %. Kpim Toro, BusBIeHO IIMOBipHICTH
MIEPEBAHTAKCHHS CIIEKTPHIHIX MEPEeXk 32 eKCTPEMAIIBHUX ITOTOJHUX YMOB Ha piBHI 7,3 %, 110 BKa3ye Ha BPa3JIHUBICTh CHCTEMH IO KIIMATHYHHX 3MiH.
Y nocnipkeHH] 3MO/IeTbOBaHO €(pEeKTHBHICTh BIPOBA/UKEHHS TexHoorii Smart Grid, siki J03BOIMIM MiABHIIUTH e¢()EKTUBHICTD NepeaBaHHs CHEpTil
HaJBUCOKOIO Hampyrooo Ha 18 %. Taxoxk 3adikcoBaHO MpPHUPICT CYKYIHOI HOTYXKHOCTI BIPTyalbHHX eneKTpocTaHmiii Ha 40 % 1 migBUmIeHHS
BHYTpIIIHE0I HOPMH JTOXOMHOCTI CHCTeM 30epiraHHs eHeprii Ha 6a3i JiTieBUX akyMynsTopiB 1o 8,7 %. 3 mOIisigy HOBIOCTPOKOBOTO CTPATETiIHOIO
IUIAHYBaHHS, 3alPOIIOHOBAaHA MOJENb MYJIBTHEHEPreTHYHUX IIOTOKIB OLIHIOE BapTiCTh TpaHcmopTyBaHHA 500 KM 3eJ€HOro BOIHIO Ha piBHI
35 10aHIB/KT, a Takox (opMye CTaHIAPTH30BAaHUH MexaHi3M kommeHcanii notyxHocTi (0,08 1oaHiB/kBT). EMmipuuni pe3ynbTaT MiATBEpHXKYIOTH
JIOUUIBHICTh TAKMX 3aXOJiB: pIBEHb BIJIMOBH BiJl HOBHX JIiHId €JEKTpONEpelaBaHHs y MiBHIYHO-3aXiJHAX pErioHax 3HIWKEHO a0 3,2 %, a
BIPOBADKEHHS CHCTeM 30epiranHs eHeprii notyxHictio 12 I'Bt y menpTi SIHI3M JO3BONMIO 3MEHIIMTH MiKOBE HaBaHTaXeHHs Ha 15 %. Takox
IIPOAEMOHCTPOBAHO, IO COOIBapTiCTh BHPOOHHITBA BOJHIO 3 o¢uIopHOi BirpoeHepreruku nocsraa 0,3 1oans/kBr-rom, abo 35 1oaHIiB/Kr 3
ypaxyBaHHSM PHUHKOBHX Tapu(iB Ha EJICKTPOCHEPrit0. Y CTATTi 3alpolOHOBAHO CTpATerivyHi 3aX0JM JUIs 3a0e3IEeUYCHHsS CHEepPreTHYHOI Oe3eKH,
30KpeMa iHBeCTHIIII B HayKOBO-TEXHi4YHI po3poOku y po3mipi 0,8 % BBII, moaepHizawito exexkrpomepex 3 obcsrom ¢inancyBanus y 4,2 Tpuibiiona
10aHiB Ha Haifommk4i 10 pokiB, a TakOXX CTBOPEHHS aalTHBHOI CUCTEMH HOJITHYHOTO MOHITOpHHTY. Hanmani pesymbraté GopMyIOTH OCHOBY UL
CHCTEMHOT'0 eJIEKTPOTEXHIYHOT'O IiIX0y 10 3a0e3eUeHHs eHepreTHIHOI cTilikocTi Kutaro B yMOBax rio6anbHUX TpaHC(hOpMaLii.
KurouoBi ciioBa: eHepreTnyuHa Ge3rneka; elnekTpoTexHika; Smart grid; MyJIbTHEHEpreTHYHA B3aEMOIONIOBHIOBAHICTD; HN(POBHUil ABIIHHK.

Bicnuk Hayionanvnoeo mexuiynozo ynisepcumemy «XI1». Cepis: Enepeemuxa:
HaoiHicmeb ma enepeoepexmusnicmo, No 1 (10) 2025 9



ISSN 2224-0349 (print)

DOI: 10.20998/EREE.2025.1(10).333967
UDC 621.314.228

VOLODYMYR ZINOVKIN B2 — Doctor of Technical Sciences, Full Professor, Professor of the Department of Electric Drive and
Commercial Plant Automation, National University “Zaporizhzhia Polytechnic”; Zaporizhzhia, Ukraine; ORCID: https://orcid.org/0009-0000-
7667-0658; e-mail: znvvv@ukr.net.

ANDRII TRETIAKOYV - Postgraduate Student of the Department of Electric Drive and Commercial Plant Automation, National University
“Zaporizhzhia Polytechnic”; Zaporizhzhia, Ukraine.

STUDY OF PHASE REACTANCES OF SPECIAL-PURPOSE TRANSFORMERS DURING
DIAGNOSTICS OF THE EXCITATION SYSTEM OF THE ELECTROMAGNETIC SCATTERING
FIELD

The study of phase reactances of special-purpose transformers was conducted for the diagnostics of electromagnetic scattering excitation systems. Special
attention is paid to assessing the technical condition of power transformers that supply energy-intensive technological complexes, as the current and
voltage in them change according to complex periodic laws, leading to asymmetrical modes and accidents. To improve the reliability of transformer
equipment, there is a need to develop specialized microprocessor and software tools for automated analysis and prevention of failures. Accident analysis
has shown that electromagnetic scattering excitation systems are the most frequently damaged elements. A methodology for investigating the phase
short-circuit resistances of power transformers with complex galvanic winding connections without disassembling the tank is proposed. The research
aims to obtain reliable information about the current technical condition of transformer windings based on measured external parameters. The scientific
novelty lies in establishing analytical dependencies between interphase short-circuit resistances and phase resistances. The developed program algorithm
for automated analysis of winding conditions was implemented in “Turbo Pascal”. Experimental studies on a TRDN-63000/150/35 transformer
confirmed the accuracy of the methodology and revealed deformation of the low voltage winding. The predominant causes of winding damage include
charring and polymerization of inter-turn insulation due to excessive electrical load. The proposed method allows for the detection of deformations
without disassembling transformers, which is useful in multi-parameter diagnostic systems to prevent emergencies. Further research is needed to integrate
this approach with other diagnostic and automation methods. The methodology can be applied to multi-winding transformers with a “star-delta-delta”

winding connection scheme.

Keywords: power transformer; phase reactance; diagnostics; electromagnetic scattering; automated analysis; winding damage.

Introduction. In the process of operation and
maintenance of electrical equipment and, to a large extent,
power transformers, very responsible attention is given to
the assessment of the current technical condition [1-10] and
methods of processing the results of the experiment [11-13].
A special attention is paid to these issues when power supply
of power-consuming technological complexes, such as arc
and induction steelmaking furnaces, rolling mill drives, DC
lines and inserts, etc. is carried out from general-purpose
power transformers [14-23]. Their development result was
carried out according to the requirements of state standards
and normative-technical documentation in which current
and voltage change in time according to the periodic law

I =L, sin(wt + ¢).

Non-significant overloads are strictly limited in
multiples and duration due to the limitation of
electromagnetic and high-voltage processes, the excess of
which leads to reliability degradation [23-26, 28].

When powering energy-intensive electrical process
plants in transformers, current and voltage vary in time
according to complex periodic laws

v=N

Iy =1y + Z I, sin(w,t + ¢,).
v=1

In the literature, such regimes are called sharply
variable [13-16].

For more efficient utilisation of electrical energy and
technologies, power transformers with split low-voltage
windings are used. This allows, on the one hand, to forcibly

redistribute the power between electrical and technological
installations, and on the other hand leads to the emergence
of asymmetrical modes and the formation of a number of
undesirable causal factors that lead to cumulative effects
and subsequent accidents. Therefore, to improve the
reliability of transformer equipment, the requirements of
practice formed the need to develop specialised
microprocessor and software devices for automated
analysis of the current technical condition and prevention
of emergency failures.

For a clearer representation of the investigated
problem, Fig. 1 shows a general view of one of the power
transformers that supply energy-intensive technological
installations, and Fig. 2 and 3 show oscillograms of one of
the sharply variable modes [23-26] and a fragment of the
deformation of the excitation system of the electromagnetic
dissipation field of the transformer.

Analysis of the accident rate of electrical equipment
has shown that the most damaged elements of such
transformers are the excitation systems of the
electromagnetic dissipation field, one of the fragments of
which is shown in Fig. 2, and Fig. 3 shows oscillograms of
currents that took place in the transformer when feeding an
arc steelmaking furnace [23-27].

It should be noted that in electrical equipment and
power transformers there are excessive additive and total
losses in relation to those allowed by normative and
technical documentation, increased electrodynamic forces
and loss of electrodynamic stability of the excitation
systems of the electromagnetic dissipation field.
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Figure 1 — General view of a power oil transformer type TRDN-63000/150/35 with split low-voltage windings (a) and arrangement of
cooling and on-load tap-changer systems (b)

1 is a transformer tank; 2 is a bushing of high-voltage windings (HV); 3 is a bushing of neutral of HV winding; 4 and 5 are bushings
of low-voltage (LV) windings HH1 and HH2, respectively; 6 is a thermosiphon filter; 7 is a fan; 8 is a carriage; 9 is a ladder; 10 is an
oil indicator in on-load tap-changer (OLTC) oil conservator; 11 is an oil indicator in transformer tank conservator; 12 is an OLTC
electric drive; 13 is an oil cooler; 14 is an oil conservator; 15 is a Buchholz relay; 16 is an emergency valve; 17 is a control cabinet;
18 is an OLTC
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Figure 2 — Fragment of transformer winding deformation feeding
arc steelmaking furnaces

Numerous exceedances of current and voltage 0" 0.04 0.08 0127016 020 024 te

multiples, excessive local overheating of inactive and b
active parts of the structure and loss of electrodynamic
stability lead to emergency transformer failures and
significant technical and economic damages [27].

Figure 3 — Oscillograms of sharply alternating currents in the LV
windings of a network transformer of typical capacity 63 MVA
in the mode of two-phase (a) and alternating technological short

circuit (b)

For this reason, the accident rate of transformers
operating under such conditions was significantly higher
than in general-purpose systems. For more optimal energy
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supply of individual technical objects, the transformers
have split low-voltage windings. The high-voltage phase
windings are galvanically connected in a delta in the tank,
and the leads are located on the tank surface. Each of the
low voltage windings are delta connected inside the tank
and the leads are located on the tank. This does not allow
direct measurement and control of phase resistances and
reactances during revisions, various repair works and
control of current technical condition of winding
transformers.

The existing methods of determining the current
technical condition of transformer equipment are based on
the methods of analysing insulation, partial discharges in the
tank volume, chromatographic analysis of transformer oil,
short-circuit resistance measurement, general background
noise (spectral composition is not controlled), tank
vibration, local overheating measurements, etc. The most
acceptable scientific and technical approach to analysing the
current technical condition of transformers is the
simultaneous  analysis of the most informative
electromagnetic parameters, which change with the
formation of initial deviations in the design, as well as the
influence of external factors. These include three-level and
multilevel methods of analysing the current technical
condition of transformer equipment and forced shutdown in
the presence of preconditions of emergency failure [23-29].

The present work deals with the methodology of
investigating the phase short-circuit resistances of power
transformers with complex galvanic connections of the
windings without disassembling the tank. The technical
difficulty in solving the issue is that it is not possible to
measure the phase reactances directly. Therefore, the first
step is to consider a mathematical model to convert the
phase-to-phase resistances in the short-circuit experience to
phase resistances. Then it is necessary to identify the
reactive component by the dynamics of its change to
determine the initial deviations in them (winding pairs).
Then, on the basis of a series of measurements of various
combinations of winding pairs, it is possible to predetermine
the formation of deviations in a particular winding.

The relevance of the work is demanded by the urgent
need of practice — obtaining reliable information on the
formation of initial deviations in the excitation system of
the electromagnetic scattering field to prevent emergency
failures of transformers.

The goal of research is to develop a methodology for
obtaining reliable information on the current technical
condition of power transformer windings based on
measured external load parameters.

The object of research is the system of excitation of
electromagnetic field of scattering at scheme of galvanic
connections of windings “star-delta-delta”.

Scientific novelty consists in the establishment of
analytical dependences between interphase short-circuit
resistances to phase resistances of power transformers with
the subsequent development of an algorithm for bringing
interphase to internal phase reactive components of
resistances.

Research Results. To determine the current technical
condition of power transformers, a number of methods are
used, which are based on the measurement of partial

discharges, overvoltages, vibration processes, multilevel
diagnostic systems, the influence of the quality of electrical
energy, control of dielectric properties of transformer oil
and others. [20-24]. As analyses of the results of
transformer equipment failure have shown, the most
common cause of failure is windings. During operation
they are subjected to thermal, -electrodynamic,
electromagnetic and high-voltage influences. As a result,
there is accelerated ageing of insulation, partial
compression, formation of initial winding deformations
and, finally, loss of electrodynamic resistance with
subsequent accident development. Therefore, the most
effective method of accident prevention is to analyse the
current technical condition of windings, but there is no
denying the use of other approaches depending on the needs
of practice.

Let’s consider the physical process of transferring
electrical energy from the high voltage windings to the split
low voltage windings. The high-voltage windings are
galvanically connected in a star inside the tank and the
terminals are located on the tank. The low-voltage windings
are connected in delta and the terminals are also located on
the tank. We consider the scheme of connection of
windings of the excitation system of electromagnetic field
dissipation “star (HV)-delta(HH1)-delta(HH2)”. In this
case, the short-circuit resistance can be represented in the
following form:

ZAB (l' (1)) = ZA (l, (1)) + ZB (l, (1)),
ZAC(lt (1)) = ZA (l, (1)) + ZC(l! (1)),
Zpc(Lbw) =Zg(l,w) + Z:(1, w).

Representing inter-phase short-circuit resistances
through phase resistances and solving the resulting system
with respect to phase resistances we arrive at the following
system:

Zy=[Zpp(l,w) + Zpc(l, w) — Zpc (L, w)] - 0.5;
Zp = [Zpp(l,w) + Zpc (L, ) — Zyc(L,w)] - 0.5;
Ze = Zpc(l,w) + Zyc(l, w) — Zyp(Lw)] -0.5.

It is known that the short-circuit resistance consists of
active R (1) and reactiveX (I, w) components. Due to the
nature of electromagnetic processes, the formation of initial
winding deformations will be reflected on the reactive
component. Considering that the reactive component also
depends on the frequency of the applied voltage, in order to
achieve greater accuracy in measurements it is necessary to
take into account even the smallest deviations from the
specified frequency and temperature according to the
following formula:

Xap(Lw) = [Zip(Lw) —R*(D]°° - kpr,

where ker = 1+ f5q - f,, is the coefficient of reduction to
industrial frequency.

In our case, it is not reasonable to take into account
the coefficient of converting the results by temperature,
because the temperature affects the active component. In
order to obtain reliable results, it is advisable to perform at
least three measurements of interfacial resistances and
bring them to the same conditions according to the
following expressions:
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XAB(l)cp = ZXAB(lﬁw)i n;

XAC(l)cpz ZXAC(l,w),- n;

XBc(l)cp: ZXBc(l,w)i n,

where n is the number of measurements in the short-circuit
experiment.

The rod reactances are determined similarly to the
above approach using the following relations:

X4 (D) = [Xap ey D + Xacey (D = Xpeg, D] - 0.5;
XD = [Xap ey (D + Xpc gy D) = Xacey D] - 0.5;
Xe() = |Xac oy O + Xac gy () = Xang, (D] - 05.

To obtain a reference resistance result, we will use the
normalisation technique a:

XT(I) = [XA(l) + Xp(D) + Xc(l)]/3-

By the absolute deviation of the reactance 4X (1), we
determine the pair of windings used in the experiment, one
of which has a deformation:

AX, (D) = [Xa(D) — Xz (D]: X7 (D;
AXp(D) = [Xp(D) — X7 (D]: X+ (D);
AXc (D) = [Xc (D) — Xr (D]: X (D).

The above approach was used to assess the technical
condition of a power transformer with a typical capacity of
63 MVA.

The algorithm of the programme for automated
analysis of the technical condition of the windings of three-
phase power transformers by current load parameters is
shown in Fig. 4.

Let us consider the sequence of transformation of
interphase load parameters (I, U, P f) in the short circuit
experience to phase reactances (X, R) of the
electromagnetic field excitation system in accordance with
the analytical relations and connection scheme.

The programme for converting phase-to-phase
reactances to phase reactances was developed in the
“Turbo Pascal” language. It was used in the system of
automated assessment of technical condition of power
multiwinding transformers. It converts the phase-to-phase
resistances obtained in the experiment to the industrial
frequency and 200 °C temperature. On their basis, the
current phase reactances are determined, changes in which
inform about the presence of deformations. It consists of
five main parts, which are interconnected by a logical
sequence. The direct text of the programme is given below.

In the first step the constant coefficients of the
measuring instruments and the current values of the
measured currents, voltages, power and frequency are set:

50 :=50 Ipr:=20 Npri:=100 Upr :=50
Npru =100  Ppr =100 Nprp =100

ai = Ipr, = BT ap:
Npri Npru
Ppr :=IwUw
M :=D\Sse\mcd\dat.txt
Nlab ;= M~"> NIbc := M~>*
Tab :=ai-Nlab Ibc :=ai-NIbc
1 0.8
Iab=1{1.1 Ibc=(1>
1.2 1.2
NUab ;=M™ NUbc := M~
Uab :=au-NUab Ubc :=au-NUbc
4.5 5
Uab =1 4.75 Ubc=1| 4
5 4.5
NPab := M7~ NPbc := M%
Pab :=ap-NPab Pbc :=ap-NPbc

1.3
Pab = (1.2)
1

0.8

Pbc = (0.9)
1

C s>

Ppr

Calculation Z, R,
X, X1, Xff

Calculation Xcp

Calculation dX
Qutput dX

-0.1
Nprp

M =MT

Nlac .= M~>

Iac :=ai-Nlac

1.2
lac = ( 1 )
09

NUac := M~¢>
Uac :=ou-NUac

5
Uac =155

6
NPac := M~
Pac :=ap-NPac

1.1
Pac = (1.2)
1.3

Figure 4 — Algorithm of the programme of reduction of external
electromagnetic parameters to phase reactances for estimation of
technical condition of the excitation system of the
electromagnetic dissipation field of a three-phase transformer
with split low-voltage windings
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This part of the programme can be partially
modernised in relation to the devices to be used, as well as
other winding connection schemes.

At the second stage the calculation of interphase rod
resistance, its active and reactive components is carried out
according to the following expressions:

Uab Pab
a a
a. Zab: = (E) Rab: = (Iabz)
4.5 1.3
Zab:= | 4.318 Rab:=10.992
4.167 0.694
Xab = ,72611)2 —Rab? Xabf — Xab11+Xab1,+Xablz
3
_ S0 _
kf =1 Xabf = 1.052
TUacy TPacy
ac ac
b. Zab: = (E) Rab: = (m)

Xac =+VZac? — Rac? Xacl = Xac * kf

Xacl, + Xacl, + Xacls

Xacf =

3
Xacf = 1.328
—
c. Zbc:= (%) Rbc: = (%)

6.25 1.25
Zbc: = <4- ) Rab: = (0.9 )
3.75 0.694

Xbe = ,—Zb(,‘z — Rbc2 XbCf — Xbcl1+Xbcl+Xbclg
3
Xabf = 1.142

The third stage of the automated analysis programme
allows the technical condition of the power transformer
winding pair to be assessed from the current measured
parameters. Here the core reactive components of the
coresistance are determined on the basis of the interfacial
ones according to the following relations:

Xaf = % - (Xabf + Xacf — Xbcf)
Xaf = 0.619
Xbf = % - (Xabf + Xbcf — Xacf)
Xaf = 0.433
Xcf = % (Xbcf + Xacf — Xabf)Xaf = 0.709

_ (Xaf + Xbf — Xcf)
- 3
Xaf = 0.587

Xcf

At the fourth stage of the programme for automated
analysis of the technical condition of the windings of power
transformers, the phase reactive components of the short-
circuit resistance are adjusted and analysed with respect to
the initial ones (or those given in the technical
documentation). If such data are not available, it is

necessary to use the method of averaging the data obtained
in the experiment according to the following formulae:

Xaf

AXa: =242 100  AXa=5.399
Xf
AXb: = X”f{ ;Xf 100 AXb=-26.232
AXc:= XC’; ;Xf 100 AXe =20.833
range (10, up, xa, xb, xc):= | s«

s<«—concat(s, “deltaXa”) if
(|xa|210)/\(|xa|<up)

s<«—concat(s, “deltaXb”) if
(| xb|=lo) A (| xb | <up)

s<«—concat(s, “deltaXc”) if
(|xc|zlo)/\(|xc|<up)

s<—concat(num2str(lo),
“%<:7” s’ G‘<3”
num2str(up), “%”) if
S ¢ (134}

At the fifth stage of the programme the classification
of overhangs (changes) of reactive components of
resistance is carried out in the following gradation: from
0,0+1,0; 1,0+1,5; 1,5+2,0; 2,0 and more. These boundary
limits indicate the presence of corresponding deviations in
the geometrical dimensions of the winding pairs and
characterise their technical condition. It is practically
unsafe to operate the transformer within the limits of
1.5+2.0. At such values there are deformations in the
windings, at which further operation will lead to loss of
electrodynamic stability and emergency condition of the
transformer.

The programme grading of exceeding limits of
reactive components of resistances takes the following
form:

range(0, 1.0, AXa, AXb, AXc) =~
range(1.0,1.5 , AXa, AXb, AXc) ="
range(1.5, 2.0, AXa, AXb, AXc) ="
range(2.0, 100, AXa, AXb, AXc) =~

The listing of the programme for determining the
technical condition of the windings of a power transformer
with split low-voltage windings is shown below:

USES crt;

var

i,j,k:integer;
xa,xb,xc,dxa,dxb,dxc,a,Xcp:real;
name: array [1..3] of string;
Xf,Xff,dX:array[1..3] of real;
matr: array[1..3,1..3,1..4] of real;
z,R,X: array[1..3,1..3] of real;

begin

textcolor(white);
name[1]:="ab’;name[2]:=’ac’;name[3]:="bc’;
clrscr;

for i:=1 to 3 do

begin

writeln(‘enter the data for’,;name[i]);
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for j:==1 to 3 do
begin
writeln(‘enter sequentially I,U,W.f for ‘j,”option’);
for k:=1to 4 do
read(matr[i,j,k]);
end;
clrscr;
end;
fori:=1 to 3 do
begin
for j:==1 to 3 do
begin
Z[1,j]:=matr[i,j,2]/matr[i,j,1];
R[i,j]:=matr[i,j,3]/((matr[i,j, 1 ])*(matr[i,j,1]));
XTij1:=(sqrt(z[i 7*2[1.1-R[L TR [ ) *(50/matr{i,j.4]);
XATi]:=XATi]+X[i,j1/3;
If i=(4-j0 then a:=X{[j]*(-1) else a:=X{[j];
Xfii]:=Xff[i]+a;

Experimental research was carried out on a power
transformer of typical capacity 63 MVA using the
methodology given in GOST 3484.3 [30]. On the basis of
the obtained research results, which are given in Table 1, it
was decided to dismantle the transformer with the
conventional designation T3 for revision. Taking
advantage of this, it was experimentally measured phase
reactances in order to verify the accuracy of the results
obtained using the proposed method. In the experiment, this
transformer was powered at reduced voltage from the side
of a pair of the corresponding high-voltage windings
according to the method of GOST 3484.3 [30], with short-
circuited corresponding low-voltage windings and schemes
of their connection, as shown in Table 1. The results of the
study are given in the same table. The results of T1 and T2
transformers corresponded to the passport results. In the
experiment, this transformer was powered at reduced
voltage from the side of a pair of the corresponding high-
voltage windings according to the method of GOST 3484.3

[30], with short-circuited corresponding low-voltage
windings and schemes of their connection, as shown in
Table 1. The results of the study are given in the same table.
The results of T1 and T2 transformers corresponded to the
passport results.

A comparative analysis of the results of the studies
showed that the discrepancy between the phase reactances
in transformers T1 and T2 are within acceptable limits.
Recall that in these measurements three windings on each
core are used. At transformer T3, when the windings are
connected similarly to T1 and T2 (HV-HH1+HH2), some
discrepancies between the phase reactances are observed
and are +1.19 and —1.27. From these results, it is not
possible to determine in which winding the fault occurs.
However, these results inform about the presence of a
deformation in one of the pair of windings of phases “B” or
“C” (The presence of a winding is excluded). The presence
of winding short circuits or shorting out of individual
windings or disturbance of galvanic connections between
the windings would lead to emergency consequences.
Therefore, it was decided to perform measurements of
paired reactances, the results of which will make it possible
to specify the winding damage. In the HV-HHI1 circuit
mode the deviations in phase reactances reach 2.51 %, and
in the HV-HH2 circuit mode the deviations in reactances
are +0.86 and —0.33. This indicates that there is damage to
winding HH1 of phase “B” and further operation of the
transformer is not acceptable.

Dismantling of this transformer confirmed the
deformation of winding HH2, which is shown in Fig. 2.

The predominant causes of winding damage are:
Charring and polymerisation of the inter-turn insulation due
to excessive electrical load in relation to the standard values
and, as a consequence, an increase in added losses, local
overheating in active and inactive parts of the structure, as
well as the development of relaxation and cumulative
processes.

Table 1 — Reactive phase resistances of network transformers with typical capacity of 63 MV A, which supplied electrical
technological complexes with sharply variable loads

C Connection
é Transformer Wmdn}g lrg’ . A\{eraged Relative diagrams of LV
g No. cor}necﬂon = Phase resistances, Ohm. resistances deviation. % windines in the
M diagram R~ Ohm. ’ &
experiment
A |38,36 pro. 0,07. pro. L
1 Tl HV—LVI+LV2 | B |38,36 pro. 38,43. pro 0.07. pro. |V Windings short-
C [38,37 pro. 0.08. pro. _|cireuited
A [38,46 pro. 0,00. pro. L
2 T2 HV—LVI+LV2 | B |38,46 pro. 38,46. pro 0,00. pro. (Ei\rfcztfgmgs short-
C 38,46 pro. 0,00. pro.
A 139,03 pro.  39,01. ex. 38,99. pro 0,08. pro.  [LV windings short-
3 T3 HV—LVI+LV2 | B 39,46 pro. 39,39.ex. 1.19. pro.  |circuited
C 139,50 pro.  39/45. ex. —1,27. pro.
A 71,96 pro.  71,94. ex. 72,04. pro 0,11. pro. LV windings short-
4 T3 HV —LV1 B [73,85pro.  73,83.ex. 2.51. pro. |circuited
C 170,30.pro. 70,27. ex. —2.41. pro.
A |71,71 pro.  71,69. ex. 72,1. pro. 0,54. pro. LV2 short-
5 T3 HV —LV2 B [72,72 pro.  72,70. ex. 0,86. pro. [circuited, LV1 is
C |71,86 pro.  71,81.ex. —0,33. pro. |not
The indices ‘pro’ and ‘ex’ denote the results obtained using the developed programme and experimental measurements on the
dismantled transformer, respectively
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Conclusions. The obtained research results allow us
to formulate the following conclusions.

1. The proposed method of determining phase reactive
resistances by current (measured) interphase supply
parameters allows to determine the presence of
deformations in the corresponding pairs of windings of the
excitation system windings of the electromagnetic
dissipation field without resorting to disassembly of
powerful transformers.

2. It is expedient to use the methodology in multi-
parameter systems of automated analysis and diagnostics of
the current state of energy-intensive transformers operating
in systems with sharply variable loads to prevent
emergency failures and technical and economic damages.

3. It is expedient to continue researches with the
purpose of integration of this approach with other methods
of diagnostics, modern microprocessor and software
methods of automation and optimisation of current load in
the process of power supply of energy-intensive
technological complexes.

4. It is seen that in further researches it is most
effective to use physical processes of electromagnetic
character such as magnetostrictive, ferroresonance,
electrodynamic, formation of streamers of electric field in
insulation, etc., which in aggregate reflects the formation of
occlusions in the structure and allows to determine the
formation and predetermine the further development of pre-
accident situations of transformers.

5. The above methodology can be used for
multiwinding transformers with star-delta+delta winding
connection. For other winding connection schemes, it is
necessary to consider the mutual electromagnetic
couplings, taking into account the relevant galvanic
connections and the subsequent development of the
programme and algorithm.
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JOCIIIXKEHHA ®A30BHX PEAKTUBHHUX OHNIOPIB TPAHC®OPMATOPIB CIIEHIAJIBHOI'O
INPU3HAYEHHA B ITPOLECI JIATHOCTUKHU CUCTEMMU 3BY I KEHHA EJIEKTPOMATHITHOI'O
IOJIA PO3CIIOBAHHA

JocnimkeHHs (pa30BUX PEaKTUBHOCTEH CIIeIiani3oBaHUX TpaHcHOopMaToOpiB OyII0 MPOBEACHO VIS JIarHOCTUKH CUCTEM 30YIXKEHHS €IEKTPOMArHiTHOTO
poscitoBaHHs. Oco0nuBa yBara HNPHIIISEThCS OLIHII TEXHIYHOIO CTaHy GHEPreTHYHHX TpaHC(hOpPMATOpiB, IIO JKHBISATH €HEPrOEMHI TEXHOJIOTIUHI
KOMIIJIEKCH, OCKIJIBKM CTPYM 1 Hampyra B HUX 3MIHIOIOTHCS 32 CKJIQJAHUMH MEPiOJUIHIMH 3aKOHAMH, IO MPU3BOJHUTH 10 ACHMETPHYHUX PEKHUMIB Ta
aBapiif. [Insg mifABUINEHHS HaIiifHOCTI TpaHC(HOPMATOPHOrO OONAaTHAHHS BHUHMKIA MOTpeda y po3poOIli Creriani3oBaHUX MIKpOMPOIECOPHUX Ta
MPOTPaMHUX 3ac00iB JJIsi aBTOMaTH30BaHOTO aHAJi3y Ta 3amo0iraHHs BiMoBaM. AHaii3 aBapiifHOCTI MOKa3aB, IO HAWYACTIIIE MOIIKOKYIOTHCS
CHCTEeMH 30yDKCHHSI eICKTPOMArHiTHOTO PO3CiIOBaHHS. 3alPONOHOBAHO METOMVKY IOCII/DKeHHS (a30BHX ONMOPIB KOPOTKOrO 3aMHKAaHHS CHIOBHX
TpaHcOpPMATOPIB 3i CKIAAHUMHU TaJbBAaHIYHUMM 3 €THAHHAMH OOMOTOK Oe3 po30OupaHHs Oaka. Mera IOCHIIKEHHS — OTPUMAaTh JOCTOBIPHY
iH(opMamito Ipo NOTOYHUI TEXHIYHHII CTaH 0OMOTOK TpaHC(opMaTopa Ha OCHOBI BUMIPSHUX 30BHINIHIX mapamerpiB. HaykoBa HOBU3HA Hoisrae y
BCTaHOBJICHHI aHAJTITHYHHX 3aJISKHOCTEI MK MiXk(a3HUMH OITOPaMH KOPOTKOT0 3aMUKaHHs Ta (ha30BUMH onopamMu. Po3pobiieHnit anroput™ nporpamMmu
Ul aBTOMaTH30BAHOTO aHaNi3y CTaHy 0OMOTOK OyB peanizoBanuii Ha “Turbo Pascal”. ExcnepumenTanbHi gociipkeHHst Ha Tpancdopmaropi TPJIH-
63000/150/35 migTBepAHIN TOYHICTE METOUKH Ta BUABHIN Je(opMarliio 0OMOTKH HH3bKOI Hanpyrd. OCHOBHUMH NPHYNHAMH MOIIKOIKEHb 0OMOTOK
€ OOBYIIIOBaHHS Ta IMOJiMepH3allis MXKBUTKOBOI {30111l Yepe3 HaMipHE eeKTPUYHE HaBAHT)KCHHS. 3alPOIIOHOBAHUH METO] 103BOJISIE BU3HAYATH
nedopmartii 6e3 po3oupaHHs TpaHCHOPMATOPIB, IO JOLUIBHO BUKOPUCTOBYBATH B OararornapaMeTpUYHUX CHCTEMaxX JIarHOCTHKM JJIs 3amo0iraHHs
aBapissM. HeoOXinHO IPOJOBKHUTH TOCTIIKEHHS ISl iHTerpamnii Hboro MiXomy 3 iHIIMMH METOJAMH AIarHOCTHKY Ta aBToMarm3anii. MeToxuka Moxe
OyTH BUKOpHCTaHA I 6araTo0OMOTKOBUX TPaHC(HOPMATOPIB 31 CXEMOIO 3’ €JHAHHS 0OMOTOK «3ipKa-TPHKY THUK-TPHKYTHHKY.
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IMPROVING THE ACCURACY OF MEASUREMENT OF ELECTRICAL
NETWORKS OF REGIONAL ENERGY COMPANIES

VALUES IN THE

The article considers the issues of increasing the accuracy and reliability of measurements of electrical quantities in the field of electric power. The high-
voltage measuring path consists of current, voltage transformers and measuring devices. It is proposed to use optical current and voltage transformers as
measuring transformers. The advantages of using optical transformers and their basic principles of operation are discussed. The significant advantages
of these devices are that they work with instantaneous values of currents and voltages. The issue of modernization of the measuring device of the energy
consumption parameter indicator, which has been developed at the Department of Electric Power Transmission of National Technical University
“Kharkiv Polytechnic Institute” since 2005, is considered. It is shown that the energy consumption parameter indicator is an intelligent system consisting
of two subsystems: informational and measuring. The main requirements for the measuring part include the implementation of the functions of control
and accounting of electricity in three-phase alternating current networks. In addition, the measuring module must provide indication of controlled
parameters, support the functions of setting parameters, receiving information via the EIA-485 interface, and storing the received data. The information
part of the measuring device is implemented with support for the ITU-T G.984 standard (including FXS), while the interconnection between the Wide
and Local Area Network interfaces must operate in both switch and router modes. The requirements for the technical performance of the energy
consumption parameter indicator are presented. The measuring device is controlled in accordance with the standard Optical Network Units Management
and Control Interface control protocol according to the ITU-T G.984 recommendation, taking into account the provisions of G.988. The power limitation
unit must be built into the energy consumption parameter indicator. The requirements for reliable use of the measuring device are given.

Keywords: optical current transformer; optical voltage transformer; energy consumption parameter indicator; measuring subsystem; information

subsystem; interface.

Introduction. Electric energy (EE) has quantitative
and qualitative indicators. Qualitative indicators of electric
energy ensure the reliability and efficiency of the work of
EE consumers. Quantitative indicators - timely payment for
consumed EE, which is one of the main factors of
sustainable development of the electric power industry.
Therefore, specialists pay great attention to the issue of
accounting for EE consumption and its quality. Accounting
for EE flows is carried out at all stages from production to
EE consumption using various information systems (for
example, Automated system of commercial accounting of
electric power) and EE meters. The issue of reliable
accounting for EE flows is of significant national economic
and technological importance. Significant assistance in
solving these issues is provided by the additional
introduction of modern measuring devices for quantitative
and qualitative EE indicators. For more than 20 years, the
Department of Electric Power Transmission has been
developing and implementing an Energy Consumption
Parameters Indicator (ECPI, Fig. 1). The general measuring
path consists of an ECPI and current transformers (CT) and
voltage transformers (VT). The reliability of the obtained
results depends on the accuracy (error) of these devices.
The article considers an effective means of increasing the
accuracy of this measuring path through the use of modern

optical technologies in the production of CT and VT, the
use of modernized ICPE.

Literature review. Each state pays significant
attention to the development of the electric power industry,
which is reflected in the main program documents [1-3].
At the same time, serious attention is paid to the
development of regulatory documentation in the electric
power industry [4, 5]. One of the important and
fundamental issues of the electric power industry is the
accounting of EE, because it ensures financial stability and
sustainable development of the electric power industry. At
the state level, the accounting of EE flows is implemented
using modern information systems [6]. This leads to a
significant digitalization of technological processes and
their implementation in the production of EE. As a result,
digital substations appear [7, 8]. In addition, to increase the
reliability of measuring energy consumption parameters,
high-precision measuring devices and means of
metrological support are being developed [9, 10]. Modern
meters and devices for monitoring the main EE parameters
are being introduced for the population and enterprises
[11]. Structures and networks of Oblenergo are the last link
between the power system of Ukraine and end consumers
of EE. For Oblenergo specialists, the population and
enterprises, the issue of reliable metering of electric energy
is of fundamental importance [12. 13].
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Figure 1 — Measurements using ECPI

For networks with a voltage class of 3—110 kV,
measurements are carried out using current and voltage
transformers and measuring instruments. The errors of
measuring instruments are constantly decreasing, while the
errors of electromagnetic CT and VT practically do not
change and have sufficiently large values [14—16].

Purpose of the article. The article considers the
possibility of significantly increasing the accuracy of
measurements by introducing optical CT and VT, as well
as a modernized ECPI [11]. Modernization of the
measuring device consists in creating an intelligent
electricity metering device with a built-in optical interface.

Presenting main material. About twenty years ago,
leading foreign companies [17, 18] began serial production
of fundamentally new high-voltage meters — optical current
transformers (OCT) and optical voltage transformers
(OVT). These devices are now widely used in high-tech
countries of Europe and North America. Due to significant
advantages over traditional electromagnetic transformers,
interest in optical technologies is growing both in the
electric power industry and in the technical industry. Such
devices function especially effectively when operating
high-voltage power lines [19].

The principle of operation of OCT and OVT is based
on a change in the polarization state of the light flux under
the influence of an electromagnetic field created by current
or voltage. This physical effect has been studied in detail
[20] and it determines the design features and advantages
of optical transformers in comparison with electromagnetic
analogues.

Modern OCT and OVT, as a rule, provide a digital
format for representing measured quantities - instantaneous
values of current and voltage directly at the metering point.
This significantly simplifies analog conversions and
increases the accuracy of measurements. All computing
functions are performed by a computer system with
appropriate software [20, 21]. Moreover, many models also
have analog outputs, which ensures universal application,

especially in the conditions of the transitional state of the
Ukrainian energy sector, where the need for compatibility
with traditional measuring devices remains [22, 23]. Thus,
in most cases, only two physical quantities are measured
today - instantaneous values of current and voltage, while
other energy parameters are calculated automatically by
software. These include active and reactive power, energy,
harmonics and other indicators of electricity quality. The
speed of optical transformers is comparable to the
computing capabilities of modern microprocessors, which
allows for a significant reduction in measurement errors
and the implementation of intelligent analysis functions
[24, 25]. All this indicates a clear trend towards
digitalization of measurement technologies in the energy
sector. At the same time, it is worth preserving the technical
heritage — support for analog tools, which are still relevant
in many measurement systems.

The purpose of the development is to create an
intelligent electricity metering device with a built-in optical
interface. Such a technical solution is achieved by
combining information and technological subsystems. In
addition, it is planned to implement services for automated
transmission of qualitative and quantitative indicators of
consumed electricity from individual metering devices,
informing consumers about the volume of electricity used,
as well as services belonging to the Smart Home class.

The intelligent electricity metering device is intended
for use in scientific research, as well as for technical and
commercial accounting of electricity consumption. It can
also be integrated into automated information and
measuring systems of commercial accounting. Structurally,
the device is divided into two functional parts. The
measuring part performs the functions of electricity
metering and supplies power to the information part. The
information part, in turn, provides the exchange of service
and external data via an optical, copper or wireless network.
The information part is powered from the measuring part
via an alternating current network (=230 V), while the
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electricity consumption by the information part itself must
be taken into account by the measuring module.

To exchange information between the measuring and
information parts, in particular to read data on electricity
consumption, it is necessary to use the low-speed EIA-485
interface (RS-485 is a standard for the physical level of an
asynchronous interface): a four-wire half-duplex line that
includes two signal and two power conductors. Saving data
on electricity consumption can also be implemented in the
memory of the information part.

The data transmission interface must be galvanically
isolated. External data output must be implemented through
the information part using an optical interface.

The main requirements for the measuring part include
the implementation of the functions of monitoring and
accounting for electricity in three-phase alternating current
networks with a voltage of up to 1000 V, a frequency of
50 Hz at one, two or three tariffs, in compliance with the
requirements of interstate standards.

The measuring module must provide the functions of
accounting for electric energy and indicating the monitored
parameters. In addition, the module must support the
functions of setting parameters, receiving information via
the EIA-485 interface, as well as storing the received data.
The information part of the device is implemented in a
version with support for the ITU-T G.984 standard
(including FXS), while the internetwork connection
between the WAN and LAN interfaces must function in
both switch and router modes.

At the same time, the technical performance of the
device must meet the following requirements:

e the throughput of unicast traffic routing between
WAN and LAN in router, PPPoE or bridge modes must be
at least 800 Mbps;

e the processing speed of multicast traffic from
WAN to LAN in the specified modes must be at least
128 Mbps (8 streams of 16 Mbps);

e the device must function stably with
simultaneous operation of a torrent client in the local
network (during testing, 1000 sessions and 200 connections
per slot must be supported);

The device is managed in accordance with the
standard OMCI management protocol according to the
ITU-T G.984 recommendation, taking into account the
provisions of G.988. Remote administration is possible via
the Web interface (WEB GUI) or Telnet via the WAN port.
In addition, the TR-069 protocol is supported.

An intelligent metering device with an optical
interface must be controlled using:

e  apassword-protected web interface;

e the TR-069 protocol,

e OMCI (in versions
implementation).

Passwords for accessing the Web interface and the
Internet must be stored in encrypted form, inaccessible in
configuration files or when viewing the source code of a
web page.

The device must support obtaining IP addresses and
static routes to operator resources via the IPoE interface

with ITU-T G.984

using the CWMP and DHCP protocols. The configuration
must be saved after rebooting.

The device must support Wi-Fi wireless data
transmission interfaces (standards 802.11b, 802.11g,
802.11n), as well as Z-Wave or ZigBee protocols (at a
frequency of 2.4 GHz), implemented as part of the
information module to enable the creation of wireless
networks.

The device must have a built-in power limitation unit
that controls the level of active or total load power in a
single-phase or three-phase network. This functional unit is
located in the measuring part of the device. The threshold
value for disconnecting the load is set remotely from a
higher control level via the information module. The power
is turned off automatically when the set threshold of
consumed power is exceeded with the possibility of setting
the shutdown delay. The function of automatic re-switching
or granting permission for manual switching on by the
subscriber using a button in the measuring module with
setting the intervals or number of such switching on during
the day is also provided. In addition, an authorized
employee of the energy supply organization must have the
ability to remotely switch on/off the load via the
information module in manual mode. In the load limitation
mode, independent power supply of the information part is
provided, with mandatory accounting of its energy
consumption by the measuring module.

The reliability of the device must meet the following
indicators:

* time between failures for the measuring part — at
least 150,000 hours, for the information part — at least
90,000 hours;

» inter-verification interval of the measuring part — 15
years.

A comparative analysis of various modifications of
the measuring device is given in Table 1.

Table 1 - Comparative analysis of measuring devices

Device parameters ECPI-1 ECPI-3
(2005) (2020)
Phase voltages, V 70-280 30-300
Linear voltages, V 70-560 30-600
Phase currents, A 10-800 1-900
Frequency, Hz 30-70 10-75
Power, kW 10-360 1-360
Summary current error, % 1.5-2.5 0.5
Error of power, % 2.5 0.5
Cost, UAH 2500 5000

Conclusions. The work proposes measures to
increase the accuracy of measurements of electrical
quantities in networks with a voltage of 3-110 kV. This
concerns the replacement of electromagnetic current and
voltage transformers with optical ones. From the point of
view of measurement errors, OCT and OVT have
significant advantages. The use of optical devices requires
the modernization of the measuring device — ECPI. In the
general case, this concerns the adaptation of the
information and measuring subsystems to work in the
conditions of the new measuring path. In addition, the issue
of modernization of other ECPI blocks (control unit,
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information display unit, etc.) is considered. Modernization
of ECPI should not significantly affect its final cost. By the
way, this issue should also be taken into account when
choosing optical measuring devices. In conclusion, we
would like to emphasize the following. Unfortunately,
today not all regional energy companies of Ukraine are able
to implement the considered measuring path. This is due to
the need for systematic and simultaneous reconstruction of
their electrical networks (for example, simultaneous
operation of analog and digital devices in relay protection
and automation systems is practically impossible). In
addition, a significant number of our regional energy
companies have a difficult material and financial situation.
Taking into account the significant prospects and interest
of both scientists and technological workers in the issues
technical
community continues to actively work on the issues under

under consideration, the scientific and

consideration.
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HNIABUIMEHHA TOYHOCTI BUMIPIB EJIEKTPUYHUX BEJIMYUH Y MEPEKAX OBJIEHEPI'O

V crarTi po3risiHyTi MUTAHHS MiABUIIEHHS TOYHOCTI Ta JOCTOBIPHOCTI BUMIPIB €IEKTPHYHUX BEJIMYHH B Taily3i €JIeKTPOSHEPreTHKH. BUCOKOBONBTHUIT
BHMIPIOBAJIILHUI TPAKT CKJIAJA€ThCSA 3 TPAHC(HOPMATOPIB CTPYMy, HATIPYT! Ta BUMipIOBAIIBHUX HPHIAJiB. 3alPOIIOHOBAHO, B SKOCTI BUMIipIOBAIBHUX
TpaHc(hopMaTopiB BUKOPUCTOBYBATH ONTHYHI TPaHC(HOPMATOPHU CTPYyMY Ta Hanpyry. Po3risHyTi nepeBari BAKOPUCTAHHS ONTHYHUX TPaHCHOPMATOPIB,
Ta IX ocHOBHI npuHIHIH (QyHKHioHyBaHHA. CyTTEBHMH IlepeBaraMy LUX IPHUCTPOIB € Te IO BOHH MPANIOIOTh 3 MUTTEBUMU 3HAYCHHAMHU CTPYMIB Ta
Hanpyr. Po3risHyTo nmuTaHHS MOJEpHi3alil BUMiPIOBAIBHOTO IPUCTPOIO iHAMKATOpa MapaMeTPiB EHeProCIoXHBaHHS, 10 Po3pobiIseThest Ha Kadenpi
nepeaayi enekTpudHOi eHeprii HalioHaJbHOTO TEXHIYHOTO yHIBEpCHTETY «XapKiBCbKMil momiTexHidHui iHCTHTYT™»3 2005 poky. IlokasaHo, mio
iHIMKATOp TapaMeTpiB EHEProCHOXKMBAHHS SBIsS€E COOOI0 IHTENEKTyalbHY CHCTEMY, IO CKJIQJAEThCA 3 JBOX IMiJCHCTEM iH(pOpMamiiHOl Ta
BUMiproBaibHOI. OCHOBHI BUMOT'M JI0 BUMiPIOBAJIbHOT YaCTHHHU Nepei0adyaroTh pealtizallito (yHKILiH KOHTPOIo Ta 00Ky eIeKTpoeHeprii y TpudasHux
Mepexax 3MiHHOTO ctpymy. Kpim TOro, BUMIpIOBaibHHIT MOAY/b MOBHHEH 3a0e3MevyBaTl 1HAMKALII0 KOHTPOJILOBAHUX MAapaMeTpiB, MiATPHMYBATH
¢dyHkuil 3agaHHs napaMeTpiB, npuiiManHs iH(opmarii yepes intepdeiic EIA-485, a Takox 30epiraHHs OTpUMaHMX JaHUX. [HpopmauiiiHa yacTuHA
BHMIPIOBAJILHOTO TIPHUIIALy pealtizyeTses 3 miarpumkoro cranaapty ITU-T G.984 (Bkmouatoun FXS), npu ibomy mixkmepexese 3’eaHaHHS Mix WAN
ta LAN inTepdeiicamn Mae GyHKIIOHYBATH SIK y PEXKHMI KOMyTaTtopa, Tak i MapipyTtu3aropa. [IpencraBieHo BUMOTH 0 TEXHIYHOI MPOIYKTHBHOCTI
iHIMKaTOpa MapaMeTpiB E€HEprocrnoXuBaHHsA. KepyBaHHS BHUMIPIOBAJIbHUM IIPUCTPOEM 3IIHCHIOETHCS BIAMNOBIAHO 10 CTAHIAPTHOTO HPOTOKOIY
ynpasniaas OMCI sriguo 3 pexomennanieto ITU-T G.984, 3 ypaxysauusam nonoxkenb G.988. B iHaukaTop mapameTpiB eHeprocrnoXHBaHHs TOBHHEH
OyTH BMOHTOBaHHMH 0JIOK OOMEXEHHS MOTYXHOCTI. [IprBeAeHO BUMOTH 10 HaIHHOTO BUKOPUCTAHHS BUMIPIOBAILHOTO TIPUCTPOIO.

KirouoBi cioBa: ontudnumii TpaHChOpPMATOp CTPyMy; ONTHYHUH TpaHCHOpMATOp HANpPYTH; iHAMKATOP IHapaMeTpiB EGHEpProCIOXHBAHHS;
BHMIpIOBaJIbHA TTiicKcTeMa; iH(popMailiHa miacucTema; inTepdeiic.
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STUDY OF QUASI-STATIONARY OPERATING MODES OF A TRACTION DRIVE BASED ON A
SYNCHRONOUS-REACTIVE MOTOR WITH PERMANENT MAGNETS

The paper analyzes quasi-stationary processes in traction electric drives of subway cars using mathematical models of synchronous jet motors with
permanent magnets. These models were adapted for modeling in MATLAB SIMULINK in accordance with general methodologies. This approach
simplifies the modeling process by using proven mathematical representations of semiconductor components available as standard library blocks in the
modeling environment. The development of a simulation model for determining the operating parameters of the traction drive of subway cars from a
synchronous jet motor with sectioned and non-sectioned permanent magnets is considered, which allows determining the level of higher harmonics of
the phase current of the motor, as well as the parameters that determine the operation of semiconductor keys in the inverter: current, average and
maximum values of the current flowing through the insulated-gate bipolar transistor, as well as the maximum value of the voltage on the insulated-gate
bipolar transistor in different operating modes. It is proposed to present the results in relative units for comparative analysis of the research results. The
nominal value of the phase current was used as the base current, and the base voltage was the linear voltage of the traction motor stator. It was established
that at a pulse-width modulation frequency of more than 1200 Hz, the amplitudes of higher harmonics, both in traction and braking modes, do not exceed
10 % of the effective value of the phase current for a motor with a sectioned rotor and 12 % for a motor with a non-sectioned rotor. The use of modern
insulated-gate bipolar transistor transistors, which allow the implementation of pulse-width modulation at frequencies up to 1500 Hz, makes the impact
of higher harmonics on the operation of the motor minimal, since their value can be compared with the accuracy of engineering calculations. However,
when using low-frequency insulated-gate bipolar transistor transistors with a pulse-width modulation frequency of up to 1000 Hz, it is necessary to take
into account the influence of higher harmonic currents. These patterns should be taken into account to optimize the operation of the traction drive of

subway cars.

Keywords: subway cars; traction drive; synchronous-reactive motor with permanent magnets; higher harmonics of the motor phase current; IGBT

transistor; influence of higher harmonics.

Introduction. Currently, global practice widely
adopts traction electric drives with asynchronous motors
for railway rolling stock, as well as for industrial and urban
transport systems. In Ukraine, high-power asynchronous
electric drives are implemented in both urban electric
transport and mainline railways [1].

Traction asynchronous electric drives offer numerous
advantages, including high energy efficiency, favorable
weight and size parameters, reliability, structural
simplicity, and extended service life. Nonetheless, the
ongoing demand for reduced energy consumption and
prolonged rolling stock lifespan presents new challenges
for the scientific and engineering community — namely the
need for further enhancement of asynchronous traction
drives and exploration of alternative electric drive
technologies [2]. One such alternative involves
synchronous motors with permanent magnet excitation [3].
However, the substantial weight and high cost of high-
coercivity magnets significantly increase the production
cost of these motors. One of the promising directions in
developing energy-efficient technologies for metro rolling
stock is the implementation of traction drives utilizing
synchronous traction motors. These motors offer high
efficiency, particularly under partial load conditions, and
ensure rapid acceleration and deceleration of trains [4].

To explore this further, we examine the fundamental
principles behind developing the core component of a
traction drive's mathematical model — the synchronous
motor. Since the high energy performance of synchronous
motors is largely attributed to their magnetic systems with
complex flux distribution, the mathematical model must
account for the geometric characteristics of both the rotor
and the stator [5]. This model is constructed based on a

This article is licensed under the terms of the Creative C i
SAETEl (CC BY-NC 4.0). Conflict of interest: The author has declared no conflict of interest.

generalized mathematical representation. The basics of this
mathematical model are given in [6].

Quasi-stationary processes in traction electric drives
of metro cars are analyzed using mathematical models of
synchronous reluctance motors with permanent magnets, as
presented in [6]. These models have been adapted for
simulation in MATLAB SIMULINK, following the
general methodologies outlined in [7, 8, 9]. This approach
streamlines the modeling process by utilizing validated
mathematical ~ representations  of  semiconductor
components, which are available as standard library blocks
within the simulation environment.

Purpose of the article. The developed simulation
model was used to determine the operating parameters of
the traction drive of subway cars from a synchronous jet
motor with sectioned and non-sectioned permanent magnets
to determine the influence of pulse-width modulation
(PWM) frequencies on the characteristics of the inverter
semiconductor devices and the level of higher harmonic
currents of the motor.

Research results. The simulation model for modeling
quasi-stationary modes of operation of a traction drive
based on a synchronous jet motor with permanent magnets
is presented in Fig. 1 and 2. The general structure of the
simulation model is presented in Fig. 1.

It consists of the following main subsystems,
MOTOR, AIN, SV_PWM. The MOTOR subsystem
(Fig. 2) is designed to simulate a traction motor, the AIN
subsystem simulates an autonomous three-phase
autonomous voltage inverter based on insulated-gate
bipolar transistor (IGBT) key models, SV PWM is a
control system for an autonomous voltage inverter that
implements the law of space-vector pulse-width control
[10] of the engine.

© O. Shtompel, 2025
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The subsystem “furie_analez_system” is intended for
spectral analysis of the stator phase current (determination
of the maximum values of the harmonic components of the
current [fmax15: Ifmax17' Ifmaxlll' 1fmax113) and
determination of the effective value.

The subsystem “MOTOR” (Fig. 2) provides a
simulation model of a synchronous-reactive motor with
permanent magnets. This model includes the subsystem
“motor_ur”, where the mathematical model of the motor is
implemented, as well as the blocks “Controlled Current
Source”, “Controlled Current Sourcel” and “Controlled
Current Source2”, which provide the ability to coordinate

the blocks of s-models and sps-models by including
controlled current sources. The voltmeter blocks “Voltage
Measurement”, “Voltage Measurement3” and “Voltage
Measurement5” are used to monitor the phase voltage. The
subsystem “motor ur” contains the blocks “Interpreted
MATLAB Function", “Interpreted MATLAB Functionl”
and “Interpreted MATLAB Function2”, which implement
the right-hand sides of the differential equations describing
the derivatives of the stator currents according to the
mathematical model [10]. The blocks “Interpreted
MATLAB Function3” are intended for calculating the level
of the electromagnetic torque of the motor.
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Since during the simulation modeling the rotation
frequency is constant, which is provided by the conditions
of the quasi-stationary approach to considering the engine
operating modes, the model [10] takes into account only the
equations describing the electrical coordinates. The
integration of these differential equations is implemented
in the blocks “Integrator6”, “Integrator2” and
“Integrator3”.

The subsystem “AIN” (Fig. 3) implements a model of
a three-phase bridge inverter assembled on IGBT
transistors using elements of the “SimPowerSystem”
library. “RMS” and “Mean Value” determine the actual and
average current of the IGBT transistor. The “To
Workspace3”, “To Workspace4” blocks are designed to
transfer the current value of the currents and voltages on the
IGBT transistor to the workspace. Using the analysis of the
results of these currents based on the results of the
simulation model during the time period of the main
harmonic of the current, the maximum current (Ly,qxvr)
and Up,,pr Vvoltage on the IGBT transistors are
determined. In the “SV_PWM” subsystem, the “Pulse
Generator” block sets the PWM frequency (fpyu)-

To conduct a comparative analysis of the research
results, it is rational to present the results in relative units.
So, for the base current we will take the nominal value of
the phase current I, the base voltage is the linear voltage
U,; of the traction motor stator.

Thus, we determine the amplitude values of the
traction motor currents for the / = 5th, 7th, 11th and 13th
harmonics by the expressions

Ifmaxlru = Ifmaxl/lfl' (1)

Continuous 1w

DC_LINK_+

powergui

gt a3 a5

m_I_ g fa—
el

Bl L sfe]
fEwyll

Bl L o
el

For the effective value of the current flowing through
the IGBT transistor, in relative units, the expression is
proposed

lepmsru = ICRMS/Ifl- 2

The average value of the current flowing through the
IGBT transistor, in relative units

The maximum value of the current flowing through
the IGBT transistor, in relative units:

Imaxvroe = Imax VT/Ifl- 3)

Maximum voltage value on the IGBT transistor in
relative units

K
Umax vroe = Umaxvr/Un = Unaxvr ﬁ 4)

The results of the numerical simulation are shown in
Fig. 4-15. Their analysis showed the following.

The dependences of the maximum value of the higher
harmonic currents in the nominal operating mode are
shown in Fig. 4-7, which show that at a PWM frequency of
more than 1000 Hz it does not exceed 15 % of the effective
value of the phase current for a synchronous reactive motor
with sectioned permanent magnets in the braking mode ,
and when using a non-sectioned rotor, the higher harmonic
currents are larger and do not exceed 15 % of the effective
value of the phase current at a PWM frequency of more
than 1000 Hz.
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Figure 3 — AIN subsystem
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Figure 4 — Dependence of the amplitudes of phase harmonic
currents on the PWM frequency of a synchronous jet motor with
sectioned permanent magnets in traction mode:
blue line — Irmax15n; red line — Irmax17r; green line — Irmaxt11u;
purple line — Irmax113ru
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Figure 5 — Dependence of the amplitudes of phase harmonic
currents on the PWM frequency of a synchronous reactive motor
with sectioned permanent magnets in braking mode:
blue line — I_/'ma;clSru; red line — Ifmax17ru; green line — 1/ max111ru;
purple line — Irmax113ru

025 [, . ru.

0,2
018 ‘\
0.1 N
0.05
\\.
f,Hz
400 600 800 1000 1200 1400 1600

Figure 6— Dependence of the amplitudes of phase harmonic
currents on the PWM frequency of a synchronous jet motor with
non-sectioned permanent magnets in traction mode:
blue line — I_fmwclSru; red line — ]/'max17ru; green line — Ijmaxlllru;
purple line — Irmax113ru

0.25

1,0,
0.2 \
0.15
0.1 —
|
0.05
£ Hz

0 |
400 600 800 1000 1200 1400 1600

Figure 7 — Dependence of the amplitudes of phase harmonic
currents on the PWM frequency of a synchronous jet motor with
non-sectioned permanent magnets in braking mode:
blue line — Irmax1sr; red line — Irmax17ra; green line — Irmaxt11ru;
purple line — Irmax113ru

When using modern IGBT transistors, which allow
PWM at frequencies up to 1200 Hz, the influence of higher
harmonics on the operation of a synchronous reactive
motor with permanent magnets is insignificant, as the
magnitudes of the higher harmonic currents can be
compared with the accuracy of engineering calculations.
However, when using low-frequency IGBT transistors with
a PWM frequency of up to 1000 Hz, it is necessary to take
into account the higher harmonic currents.

Further studies of the influence of the operating modes
of the traction drive were carried out for an engine with
sectioned permanent magnets, as a more promising design.
Fig. 811 at a frequency of 1400 Hz presents the
dependences of the relative values of the amplitudes of the
higher harmonic currents 5, 7, 11 and 13 harmonics of phase
currents. The dependences have a sharply variable nature.

When analyzing the graphs, two components of the
harmonic amplitude changes depending on the rotation
frequency are traced: the first harmonic amplitudes increase
with increasing rotation frequency, the second is periodic,
which lies in the range from 0.3...0.5 r.u.

The amplitude of harmonics also increases. This is
due to the decrease in the number of PWM pulses per
period of the Ist harmonic of the current and the
discreteness of their change. The amplitudes of harmonics
are in the range from 0.01 to 0.05 r.u.

The maximum influence of the 11th harmonic is at a
rotation frequency of 1.25 rpm and a modulation factor
of 1.

The effective value of the current flowing through the
IGBT transistor (Fig. 12 and 13) lies in the range from 0.7
to 0.9 of the phase current of the traction motor.

Larger values correspond to higher rotational speeds
and lower modulation coefficient values.

The average value of currents in the traction mode lies
in the range from 0.1 to 0.55 of the phase current, and in
the braking mode from —0.1 to —0.42. The dependence is
close to “smooth”. The maximum value in the traction
mode is reached at the nominal speed and the modulation
factor is equal to 1, the minimum in the braking mode at the
same values.
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Figure 9 — Dependence of the relative value of the 7th harmonic phase current of a synchronous jet motor sectioned permanent
magnets (/rmax174): @) in traction mode; b) in braking mode

Figure 10 — Dependence of the relative value of the 11th harmonic of the phase current of a synchronous jet motor sectioned
permanent magnet (Irmax1111): @) in traction mode; b) in braking mode
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Figure 11 — Dependence of the relative value of the 13th harmonic phase current of a synchronous jet motor sectioned permanent
magnets (Iymax113:): @) in traction mode; b) in braking mode
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Figure 12 — Dependence of the relative value of the current flowing through the IGBT transistor (I cgpsoe):
a) in traction mod; b) in braking mode
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Figure 13 — Dependence of the relative average value of the current flowing through the IGBT transistor (I;4y,e):
a) in traction mode; b) in braking mode
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Figure 14 — Dependence of the relative maximum value of the current flowing through the IGBT transistor (I,,,45 y7oe):
a) in traction mode; b) in braking mode
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Figure 15 — Dependence of the relative maximum value of the voltage applied to the IGBT transistor. (U,,,qx y7oe):
a) in traction mode; b) in braking mode

The maximum value of the currents flowing through
the IGBT transistor is in the range from 1.6 to 2.7 of the
phase current of the synchronous jet motor permanent
magnets, for traction mode and from 1.2 to 1.56 in braking
mode. The maximum voltage applied to the transistor
(Fig. 14 and 15) does not exceed twice the line voltage on
the motor.

Conclusions. For the first time, a simulation model
has been developed to determine the operating parameters
of the traction drive of subway cars from a synchronous jet
motor with sectioned and non-sectioned permanent
magnets. The model allows you to determine the level of
higher harmonics of the motor phase current, as well as the
parameters that determine the operation of semiconductor
switches in the inverter: current, average and maximum
current values flowing through the IGBT transistor, as well
as the maximum voltage value on the IGBT in different
operating modes.

It was determined that at a PWM frequency of more
than 1200 Hz, the amplitudes of higher harmonics, both in
traction and braking modes, do not exceed 10 % of the
effective value of the phase current for a motor with a

sectioned rotor and 12 % for a motor with a non- sectioned
rotor. The use of modern IGBT transistors, which allow
implementing PWM at frequencies up to 1500 Hz, makes
the impact of higher harmonics on the operation of the
motor minimal, since their values can be compared with the
accuracy of engineering calculations. However, when using
low-frequency IGBT transistors with a PWM frequency of
up to 1000 Hz, it is necessary to take into account the
impact of higher harmonic currents. These patterns should
be taken into account to optimize the operation of the
traction drive of metro cars.
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HITOMIIEJ/Ib OJIEKCAH/IP MHKOJIAHOBHY = - acmipaHT KadeIpH eINeKTPHYHOTO TPAHCIOPTY, XapKiBChKHIL

HaLiOHAIBHUI TEXHIYHHUI YHIBepCUTET Micbkoro rocrogapctaa imeri O M. bekeroa; m. XapkiB, Ykpaina; ORCID: https://orcid.org/0009-0008-
1757-2650; e-mail: shtompel1 00@gmail.com.

JOCIIIKEHHSA KBA3SICTAIIOHAPHUX PEXHUMIB POBOTH TAI'OBOI'O IIPUBOJAY HA
OCHOBI CUHXPOHHO-PEAKTUBHOI'O JIBUT'YHA 3 HOCTIMHUMM MATHITAMMA

YV po6oTi aHaNIi3yOTECSA KBAa3UCTAIliOHAPHI MPOLIECH B TATOBUX €IEKTPONPUBOIAX BarOHIB METPOTIONITEHY 3 BUKOPHCTAHHIM MaTEMAaTUYHUX Mozenei
CHHXPOHHHX PEaKTHBHUX ABUTYHIB 3 mocTiitHumMu MarHitamu. Li Mogeni 6ynn anantosani juist moaenmoBanas B MATLAB SIMULINK BixnoBinHo 1o
3aragbHUX Metojonorid. Takuii miaXix chpomrye mporec MOJCTIOBAaHHA 33 PaxXyHOK BHKODHCTaHHS IIEPEBIPEHMX MAaTEMAaTHYHHX YSBICHb
HAaIIBIIPOBITHUKOBUX KOMIIOHEHTIB, IOCTYITHUX Y BUIJISIAI CTAaHAAPTHHUX 010Ii0TeUHNX OJIOKIB Y CepeIOBHINI MOJETIOBaHHA. Po3risaaeTses po3podka
imMiTanifiHoOi Mojeni ansA BU3HAYCHHS POOOUYMX IApaMeTPiB TATOBOTO NPUBOJY BaroHiB METPOINONITEHY BiJ] CHHXPOHHO-PEAKTHBHOTO ABHTYHA 3
CEKIIIOHOBAHMMH Ta HECEKIIIOHOBAHMMH MOCTIHHIMHI MaTHITaMH, SKa JJ03BOJIAE€ BU3HAYUTH PiBEHb BUIMX rapMOHIK (a3HOTO CTPYMy JBUTYHA, a TAKOXK
TIapaMeTpH, 10 BU3HAYAIOTH POOOTY HAMIBIIPOBITHUKOBHX KIIOUiB B IHBEPTOPI: CTPYM, CEPEIHE Ta MAKCHMAaJIbHE 3HAUEHHS CTPYMY, III0 TIPOTIKae depes3
IGBT-Tpan3ucTop, a TaKoX MakcHMalbHe 3HaucHHs Hanpyru Ha IGBT y pi3sHux pexxumax poGoTH. 3aIpornoHOBaHO JUIS MPOBEACHHS MOPiBHSAIBHOTO
aHaJi3y pe3ybTaTiB JOCHiUKEHHS NPEACTABUTH PE3yIbTaTH y BiTHOCHUX OAMHHIIAX. Y AKOCTi 6a30BOr0 CTpyMy BHKOPHCTAHO HOMiHAIbHE 3HAYCHHS
(azHoro cTpymy , a 6a30Ba Hanpyra — JiHiifHa HANPYTy CTAaTOpa TATOBOTO JBUTYHA. BcTaHOBIIEHO, IO PH YAaCTOTi MMPOTHO-IMITYIBCHOT MOJYJISAIIIT
nonaz 1200 'y aMITiTy 1M BUIIIMX TaPMOHIK, SIK y TATOBOMY, TaK i B raJlbMiBHOMY PEXHMaXx, He epeBHIyroTh 10 % BiJ e(peKTHBHOrO 3HaYEHHS (ha3HOTO
CTpyMy IJIsI JBUTYHA 3 CEKIIOHOBAHHM POTOpOM Ta 12 % i ABUIYHA 3 HECEKI[IOHOBaHUM poTopoM. Bukopucranus cydacHux IGBT-Tpan3ucropis,
AKi JIO3BOJIAIOTH peasizyBaTH IMMPOTHO-IMITyJIbCHOT MOMysmii Ha wactorax o 1500 I'm, poOuTs BIIIMB BHMIIMX TapMOHIK Ha pobOTy HBHTyHa
MiHIMaJIbHIM, OCKUIBKHM iX 3HAYEHHS MOXKHA MOPIBHATH 3 TOYHICTIO iHKGHEPHUX po3paxyHKiB. OJHaK, P BUKOPUCTaHHI HU3bKodacToTHHX IGBT
TPaH3UCTOPIB 3 YACTOTOIO IUPOTHO-IMITYJIbCHOT Moy swii 10 1000 'y HeoOXiIHO BpaXxOBYBATH BILIMB CTPYMiB BUIIMX rapMoHiK. L{i 3aKoHOMipHOCTI
CIIiJl BpaXxOBYBAaTH IS ONTHMi3allil poOOTH TATOBOTO NPUBOJLY BarOHIB METPOIIOJITEHY.

Kuro4oBi c1oBa: BaroHn METPOIONITEHY; TATOBUIT IPHBIJI; CHHXPOHHO-PEAKTHBHHUMN JIBUTYH 3 TOCTIHHUMH MarHiTaMH; BUILi FapMOHIKH (a3HOro
cTpymy nBuryHa; IGBT-TpaH3ucTop; BIUIMB BUIIMX TapMOHIK.
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KOMIUIOTEPHA CHMYJISIIA PO3BUTKY ABAPII HA YOPHOBWILCBKIN AEC 13
3ACTOCYBAHHSAM IHTEPAKTUBHOI'O TPEHAXKEPA-CUMYJIATOPA

Po3mstHyTO mpolec CTBOPEHHSI MaTeMaTHYHOI MOJEI Ta iIHTEPaKTHBHOIO KOMII'IOTEPHOIO TPEHaXKepa-CUMYIIATOpA, MPU3HAYCHHUX IS BiATBOPEHHS
JIMHAMIKK PO3BUTKY aBapii Ha YOpHOOMIbCHKII aTOMHIN eneKTpuyHii cTaHmii. OCHOBHOIO METOO AOCIIDKEHHS € iIeHTU(IKALisA KIIF0UYOBUX (i3HYHUX
(akTopiB, sKi MPU3BENH 10 KaTacTPO(IYHOrO PO3rOHYy peakTopa, 3 MOAAIBLINM BHKOPHCTAHHSM pe3yJbTAaTiB MOJEIIOBAHHS y HAaBYAIBHUX 1
JIOCHIHULBKUX LUTAX. Y pamkax poOoTH OyJio peasizoBaHO KOMIUIEKCHY iHTEIPOBaHY MOJEIb, SIKa OXOILIIOE HEHTPOHHY KIHETHKY 3 ypaxyBaHHIM
3aMi3HIINX HEUTPOHIB, 3MiH PEAKTUBHOCTI Yepe3 MapoBuii epeKT Ta nepeMilleHHs PEryIIOIUnX CTPIIKHIB, OalaHC KOHLIEHTpaIlil KceHOHY-135, a Takox
TEIUIOTiIPABIivHI XapaKTepHCTUKH aKTHBHOT 30HH. CHMYJISLIs peasti3oBaHa 3a JONOMOIOI0 YHCEIbHUX METOMIB IHTErpyBaHHs 3 aJAITUBHUM YaCOBHM
KPOKOM, LIO TO3BOJMIO BIATBOPHUTH JETali aBapiiHOrO MPOLECY 3 BUCOKOIO TOYHICTIO. Bisyamizaris muHaMikk mapameTpiB, TaKuX SIK MOTY)KHICTb,
TeMIepaTypa, TUCK 1 MOJ0KEHHS CTPU)KHIB, BUKOHAHA 3a JOIIOMOrOl0 Be0-0i01i0TeKH 3 4acTOTOK OHOBJIEHHs 60 kaipiB 3a cexyHny. Bepudikamis
MoieNi IIoKa3asa BiNOBiIHICTE Pe3y/IbTaTiB iCTOPUYHHUM JaHUM i3 TOUHICTIO oHax 93 % JUisi OCHOBHHX ITApaMeTpiB, BKIIOYAIOYH MOMEHT JOCSITHEHHS
mKOBOI MOTY)KHOCTI Ta 3HAYEHHS TeMIleparypu # TuCKy. IlOpiBHSUIBHHN aHadi3 i3 HAsSBHUMH JITEPaTypHUMH [DKEpElaMH 3acBiI4YMB, LIO
3aMpoIOHOBAaHUN MiAXiJ Mae MepeBaru Haja KIACHYHMMHU OJHOBHUMIPDHUMH MOJEISMH, SKI HE BPaXxOBYIOTh KOMOIHOBaHy Jil0 KUIBKOX (i3MUHHX
¢axropis. IIpakTnuHa LiHHICTH PO3POOKH IOJISITA€ y CTBOPEHHI €()eKTUBHOIO HABYAJIBHOTO IHCTPYMEHTY JUISl HirOTOBKH ONEPATHBHOIO HEPCOHATY
ATOMHOI €IeKTPUYHOI CTaHIIil, 110 JO3BOJISE aHATI3YBATH KPUTHYHI CLEHAPIl, BUABIATH e)EKTUBHI TOYKH BTPYYaHHS Ta BUBYATH HACII/IKH ITOMHUIKOBHX
niit. OOMEeXEHHSM MOZENi € BiACYTHICTh HPOCTOPOBOTO PO3MOALIY MapaMeTpiB y PeakTopi Ta CHPOIICHHS TEPMOTiIPaBIIUHHUX 3aJISKHOCTEH, 110
IUIAHYEThCSl BPaXyBaTH B MOJANIBIINX JOCIIDKCHHSX.

KurouoBi cioBa: YopHoOmIIbCbKa aBapis; MaTeMaTH4HE MOJETIOBAHHS; KOMIT IOTEPHUH TpEHa)Kep; PEaKTHBHICTh; KCEHOHOBE OTPYEHHS;
TEIOMaco00MiH; HEHTPOHHA KiHETHKA; CUMYJISLIs; saepHa Oe3meka.

Beryn. YopaoOwibcbka karactpoda 1986 poky
3aIMIIAETHCS OJJHIEI0 3 HAHOLIBII 3HAKOBUX TEXHOTEHHUX
aBapiii B icropil JIOJICTBa, sKa KapAWHAJIbHO 3MiHMJIA
MiIX0AN 10 si/iepHOi Oe3NeKH Ta eKcIulyartamii aTOMHHX
enekrpoctannii (AEC). Lls momis He nwme BHUSIBIIA
cepio3Hi HeNoIIIKK B KOHCTPYKIiT peakropis Ty PBITK-
1000, ame ¥ HAOYHO TPOAECMOHCTPYBaNa, HACKUTBKA
KPUTHYHUM MOKe OyTH JIOICHKUE (aKTOp y KepyBaHHI
CKJIaJIHUIMH TEXHOJIOTTYHUMHU crcTeMamu. ChOTO/IHI, KOJIH
CBITOBa CIIUJIPHOTA 3HOBY 3BEPTA€ThCS JO aTOMHOL
CHEPreTUKU SIK 10 OJHOrO 3 IHCTPYMEHTIB OOpOTHOM 3
KJIIMaTHYHUMH 3MiHaMu, ypoku YopHoOuns HaOyBaroTh
ocoOmmBOi  akTyadgbHOCTI. Y IbOMY  KOHTEKCTI
KOMIT'FOTEpPHE MOJICTIIOBaHHs aBapiifHUX CHUTYyallld crae
HEe3aMiHHMM  IHCTPYMEHTOM K JUIi  TiJrOTOBKH
orepatuBHOrO Tepconany AEC, Tak i ans rimOmioro
HAyKOBOTO aHAJTi3y MEXaHI3MiB PO3BUTKY aBapii.

Po3pobnennii  TpeHaXep-cUMyISATOp — aBapii Ha
Yopuobunscekiik AEC (HAEC) moemnye B cobi TodHI
MaTeMaTH9HI MOJeNi (i3WIHUX MPOIIECiB, IO BiIOyBaIHCs
B PEaKTOpi, 3 CY4aCHHMMH MOXJIMBOCTSIMU Bi3yaiizauii Ta

IHTEPAKTUBHOTO  KepyBaHHsA. BiH TIpyHTyeTbcs Ha
(dyHIaMEHTAIPHUX ~ TpPUHOUNAX  siaepHol  (i3ukwy,
TEIUIO(I3UKK  Ta  KIHETHUKH XIMIYHUX  peakIrii,

IHTErpOBaHUX y €IUHY AMHaMiyHy cuctemy. OcoOnuBy
LIHHICTh [BOTO IHCTPYMEHTY CTaHOBHUTH T€, LIO BIH

JIO3BOJISIE HE JIMIIE BIITBOPUTH XiJ peanbHOi aBapii 3
BUCOKOIO TOYHICTIO, ajie ¥ JOCIiPKyBaTH albTepHATUBHI
CIICHApil PO3BUTKY MOJiH, IO OCOOJHMBO BAXJIHMBO IS
PO3pPOOKH HOBHX CHCTEM OE3IEKH.

MareMaTuyHa OCHOBa MOJENI BKIIOYAE CHCTEMY

B33a€EMOIIOB’A3aHNX  JU(EepeHmiaNbHIX  PIBHAHB, IO
ONMHCYIOTh 3MiHY TOTY)XHOCTI peakTopa, KiHETHKY
HEHTPOHIB, TUHAMIKY KCEHOHOBOTO OTpY€HHS,

TEIUIOMAaCOOOMIH y aKTHBHIN 30HI Ta MOBEIIHKY pOOOYOro
Tilla B KOHTYPl OXOJOJDKEHHS. BaXKIMBUM acrmekroM €
BpaxyBaHHS HENIHIMHUX e(EeKTiB, TAaKMX SK MO3UTHBHUM
napoBuil  Koe(illieHT pPEaKTHBHOCTI, SKHHA BiJirpaB
BUpIMIATBHY POJIb Y pO3BUTKY YopHOOMIBCHKOI aBapii.
CyuacHi  OOYMCIIOBANBHI  TEXHOJIOTII  JO3BOJIMIH
peanisyBaTy I ckiagHi Mozeni y Gopmi, TOCTYNHINA It
HIMPOKOT0 KOJIa KOPUCTYBaYiB, 3 MOJKIIMBICTIO Bi3yaJIbHOTO
aHai3y B pexuMi peanbHoro vacy. lle BimkpuBae HOBI
MOXJIMBOCTI Ul BHKODHCTAHHS TpEHaXepa 5K Y
HaBYAJbHUX IIAX JUIA MATOTOBKM (DaxiBIiB aTOMHOI
raiysi, Tak 1 B HAyKOBHX JOCIHIIPKEHHSX, CIIPSIMOBAaHUX Ha
BIIOCKOHAJICHHSI CHCTEM O€3MeKH SIEepPHUX PEeaKTOpPiB.
PosyminHs ~ rnuMOuHHUX — npuunH  YOpHOOMIIBCHKOT
katactpou uepe3 Taki IHCTPYMEHTH MOJIEIIOBAHHS €
KJIFOUYOBUM JUIsl 3amo0iraHHs NOAIOHMM aBapisMm y
Maii0yTHbOMY Ta 3a0€3IeUeHHS CTaJI0r0 PO3BUTKY ATOMHOT
EHEepreTHKH.
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AHali3 JiTepaTypHHX [Kepel Ta NOCTAHOBKA
npoo6semu. Y pobori [1] Big3HaueHO 3HAYHHI MPOrpec y
JUHAMIYHOMY MOJICJIIOBAHHI Ta YIPABIIHHI SIIEPHUMHU

YCTAaHOBKaMHM, 30KpeMa  BIIPOB/DKCHHS  TiOpHIHHX
MoJIeNeH, 0 MOEAHYIOTh (Pi3MYHI 3aKOHOMIPHOCTI Ta JAaHi
ekciutyartamii. [lpore, 1mi MOCHIIPKEHHS MEPEBAKHO

30cepePKeHi Ha MalluX MOy IbHUX peakTopax (SMR) i He
OXOIUTIOITh cnenudiky peakrtopiB Tumy PBITK-1000,
TaKUX SIK Ti, 110 BUKopuctoByBanucs Ha HAEC.

VY crarti [2] ommcaHO TPOTpaMHUI KOMIUIEKC IS
TPUBHUMIPHOI Bi3yaiizamii HSHTPOHHOTO IOJIS B PeaKTopi
PBIIK-1000. Xoua me mOCHiKEHHA CIPHUSIE KPamomy
PO3YMIHHIO TMPOCTOPOBOTO  PO3MOALUTY  HEHTPOHHOTO
IOTOKY, BOHO HE BKJIIOYa€ MOJETIOBAHHS AWHAMIKH
aBapiiiHAX TMPOLECIB, TAKUX SK KCEHOHOBE OTPYEHHS YH
TETJIOMacOOOMiH.

VY mocaimkenni [3] npeacrarieno cumyisitop PBITK-
peakropa JUId MIATOTOBKM orepaTtopiB. OpHak, mei
IHCTpYMEHT OpI€HTOBaHMH Ha BIATBOPEHHS IITATHHUX
OTepaIiifHuX CIICHAPIiB 1 HE MOJEIIOE CKJIAJHI aBapilHi
cuTyarlii, mofioHi 10 THX, mo cranmucs Ha YAEC.

Y po6orti [4] po3rIsSHYTO BUKOPUCTAHHS BipTyalbHOI
peaNbHOCTI JJIS TPEHAXKEPIB MAIIMH 3aBaHTa)XXCHHS NaJInBa
B peaktopax PBIIK. Xoua wne mnokpairye HaBYaHHS
HEepPCOHANy, IOCHI/UKEHHS HE OXOIUIIOE MOJENIOBAHHSI
(hi3MYHMX TPOILIECIB, IO IPU3BOAATE 0 aBapii.

Y crarti [5] mpencTaBieHO OIS CHMYJIATOPIB
SIIEPHUX PEAKTOPIB JJIs OCBITH Ta MiAroToBKH. [Ipore, mi
CHUMYJISITOPU TEPEBAKHO OPIEHTOBAaHI HA PEAKTOPH THITY
PWR 1a BWR i He BpaxoByroTs crierugiky PBITK-1000.

VY pobori [6] mpoaHai30BaHO YUCETbHI METOIM ISt
MOJICTIIOBaHHS TEIUIOBUX TMPOLECIB Yy aKTUBHIM 30HI
peakTopiB. ABTOpH IPOIMOHYIOTH yJOCKOHAJICHHS MOJENi
TETI000MiHY, ITPOTE HE BPAaXOBYIOTh BIUTUBY PEaKTHBHOCTI
Ta 3MiH Y HEHTPOHHOMY TIOJIi Ti/T 9ac aBapiifHOTO pexKUMYy.
e oOMexye MOKIIMBOCTI TSI BIATBOPEHHS KOMILIEKCHOTO
CIIEHAPIi0 PO3TOHY PEaKTopa.

VY nocnimpkenni [7] 3acTOCOBaHO MAIIMHHE HABYAHHS
JUTS. aHaJli3y TOBCIIHKMA PEaKTOPIB MiJ Yac MEpeximTHuX
npotieciB. Xo4a MiAXiJ JEMOHCTPYE NEPCHEKTHBHICTh y
BUSIBJICHHI BiJIXWJICHB, BIH HE MOSICHIOE (hi3UIHOT TIPUPOIU
MpOIeCiB 1 He 3a0e3meuye MOJCIIOBAHHS CIICHAPII0 3
ypaxyBanHsiM crierudiku peakropa PBITK-1000.

VY my6mikanii [8] mpencrasneno pesynsratn CFD-
MO/ICTIFOBaHHS OXOJIO/KCHHSI aKTUBHOI 30HM PEaKTOpiB.
HesBakaroun Ha BHCOKY TOYHICTH TEIUIOTiIPABIIYHOTO
MOJICTIOBAHHS, BIIACYTHI B3a€EMOMiA 3 HEHTPOHHOIO
KIHETHKOIO, II0 € KPUTHYHHM I PO3YMIHHS NPUYUH
aBapii.

Pobota [9] BHCBITIIOE OCOOJHUBOCTI KCEHOHOBOI'O
OTpPYyeHHsI B peakTopax pisHoro tumy. [Ipore anami3
BUKOHAHO y CTAI[lOHAPHOMY PEXKHMI, 0€3 ypaxyBaHHs 3MiH
MOTY)XKHOCTI Ta TEIJIOMAacoOOMiHy, TOMY BOHa HeE
MiAXOMUTh JJIS JAMHAMIYHOTO BIATBOPEHHS aBapiiHOrO
PO3BUTKY TOAIH.

VY crarri [10] po3rmsaHyTO CTBOpeHHS IH(POBUX
IBIHHUKIB 1 aTOMHHX €JCKTPOCTaHINi. Xo4a Taka
KOHIICTIIIiST TEepCHeKTHBHA, JOCHIIKEHHS OOMEXeHe
peaktopamu Tumy PWR, i He BpaxoBye -crnernmdiky
KaHAIBHOI KOHCTPYKHii Ta TMO3UTHBHOTO TAapOBOTO
Koedirienta peakTMBHOCTI, puTamanHoro PBITK-1000.

VY pobori [11] 3Moaenb0BaHO MOBENIHKY peakTopa
Ml Yac BTpaTH MOJAadi OXOJIO/PKYHOYOro areHra. Brim,
MOJIeb OOMEXY€EThCS JIMIIE TemIoMacooOMiHOM, 0e3

BpaxyBaHHSA 3MiH PEeaKTUBHOCTI Ta
BHYTPIIIHBOPEAKTOPHUX (PI3UYHHX MPOLIECIB.
Cratrs [12] omnmcye BHKOPHCTAHHS CHCTEMH

RELAPS5 nmns anamizy aBapiii Ha peakTopax, OIHAK I
chUcTeMa Kpalle aJanToBaHa JIO KOHCTPYKIIH 3
KOPILyCHUMHU pE€aKTOpaMH, TOMYy 11 3acTOCYBaHHs [0
PBIIK-1000 mae cyTTeBi 0OMeKEeHHS.

Y nyGmikamii [13] mocmimkeHO aBTOMAaTH30BaHI
TpeHaXepH I MIATOTOBKH MEPCOHANy, ajlieé B HiA He
BpPaxOBaHO aBapiiiHi creHapii, 30KpemMa TIIOB’s3aHi 3
OCOOJMBOCTSIMH PEaKTOPiB 3 ITO3UTHBHHAM 3BOPOTHHUM
3B’s13K0M, sIK Y Bunaaky YAEC.

Y poboti [14] mpoaHami30BaHO CHEHApii TSHKKHX
aBapiii Ha AEC i3 TOYKM 30py pPO3HOBCIOJKEHHS
pamioaktuBHOCTi. [Ipore  He  3pobmeHo  cmpobu
MaTeMaTUYHOTO MOJIETIOBaHHsS caMe (i3WYHMX MpPUYNH,
II0 TPU3BOIATH JI0 TaKUX CIEHapiiB y peakTopax
KaHaJILHOTO THITY.

Hocmimkenras [15] momae 3aranbHy ICTOPHYHY
peKoHcTpyKIifo noxiit aBapii Ha YAEC, oxHak BOHO He Mae
(hopManbHOTO MAaTEeMaTHYHOTO YH  MOJEIIOBAJILHOTO
amapaTy JUIs aHaJli3y AMHAMIKH PO3TOHY PeaKTopa, TOMy He
Moke OyTH BHUKOpPHCTaHE IS MOOYJOBH TpEeHaKepPHOI
CHCTEMH.

Ha  ocHoBi  aHamizy  JiTeparypu  MOXHa
chopMyIOBaTH  3arajbHy  HEBHpILIEHY  MpoOiieMy:
BIZICYTHICTh IHTETPOBAaHOI MaTeMaTW4HOi MOJENi Ta

KOMIT FOTEPHOTO TPEHAXKEPA-CUMYJISITOPA, 3JaTHOTO TOYHO
BIATBOPUTH JIUHAMIKy aBapifHUX MPOIECIB y peakTopax
turry PBIIK-1000, 30kpema nHa YopHoOuibcerkiit AEC, mo
o0MeXy€e MOXIMBOCTI aHaNi3y MPHYMH aBapid Ta
MiATOTOBKM ONEPATUBHOTO TEPCOHATY [0 HEIITATHUX
aBapifHUX CUTYAIIii.

Merta Ta 3aaa4i gocaimkeHHs. MeTOr0 TOCIIHKEHHS
€ po3poOka MaTeMaTHYHOI MO Ta KOMIT FOTEPHOIO
TpeHakepa Ui BIATBOPEHHS JWHAMIKM aBapii Ha
Yopuoounbcbkit AEC, 1110 103BOJIUTh BUSBHUTH KITFOYOBI
3aKOHOMIPHOCTI ~ PO3BUTKY aBapiiHMX MpOLECIB Yy
peaktopax tumy PBIIK-1000. HaykoBa 4acTuHa
crpsiMOBaHa Ha aHalli3 B3aemoaii (isnyHmX (akTopiB
(peaxkTuBHOCTI, KCEHOHOBOTO OTpYy€EHHS,
TETJIOMacoOOMiHy), SKi TPH3BEIH JIO KaTacTpo(idHOTo
posroHy peakropa. IlpakThyHa dYacTHHa mependavae
CTBOPEHHS iHTEPaKTHBHOTO IHCTPYMEHTY IS MiATOTOBKU
oneparuBHoro nepconary AEC Ta anamizy edexkTuBHOCTI
3amoOKHUX 3aXOiB, M0 CHPUATHME IiIBUIICHHIO PiBHS
sgepHOi Oe3meKH.

Jnst nocsirHeHHsT MeTH OyJu IOCTaBIIeHI HACTYIHI
3a7aui:

®  CTBOPHUTH IHTEIpPOBaHy MaTeMaTH4HY MOJIEIb,
SKa TOETHY€E PO3PAaXyHOK IMHAMIKH ITOTYKHOCTI peakTopa
3  ypaxyBaHHSM  HEWTPOHHOI  KIHETHKH,  BIUIUBY
KCEHOHOBOTO  OTpYEHHsS,  IapoBoro  koedimieHTta
PEaKTUBHOCTI, a TaKOXX NPOLECIB TemIoMacooOMiHy B
aKTHUBHINA 30HI Ta CUCTEMI OXOJIOIKEHHS;

®  po3pobuTH IHTepaKTUBHHHA CUMYJIATOP-
TpPEeHaXXep 3 Bi3yallbHUM BiZOOpaKeHHSIM JAWHAMIKH 3MiHA
KIIOUOBUX TapaMeTpiB  saepHoro peaktopa UYAEC,
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MOJIMBICTIO DETYJIIOBAaHHA IIBHAKOCTI CHUMYJIINIi Ta
IHCTPYMEHTaMH U aHaJi3y ajJbTePHATUBHUX CIEHApiiB
PO3BHUTKY HOI;

e  3MiliCHUTH BepUQIKAI[I0 MOJAEH IUIIXOM
31CTaBJICHHS PE3yJIbTATiB MOJICIIOBAHHS 3 JOCTOBIPHUMU
JAHUMH TIPO aBapilo, 3 METOI0 BUSIBJICHHS KPUTHYHHX
MOMEHTIB 1 TOTEHIIHHUX TOYOK JUII 3acTOCYBaHHS
3aII00DKHUX 3aXO/iB.

[MocnmimoBHe BHpimIeHHS IWIX 3a4ad 3a0e3mnedye
KOMIUTEKCHUH TMIiAXiZ 0 MOJIENIOBaHHSA aBapii — Bif
TEOPETHYHOTO aHaNi3y (i3WIHUX IMPOIECIB JO CTBOPECHHS
MPAaKTUIHOTO IHCTPYMEHTY JUIA IiIBUINCHHS KBajidikarii
nepconany AEC. Koxna 3amaga cripusie TOCATHEHHIO SIK
HAyKOBOI MeTH (ImuOmoMy pO3YMIHHIO MeXaHi3MiB
aBapii), Tak 1 MNPaKTUYHOi (CTBOPEHHIO €(EKTUBHOTO
HaBYAIILHOTO TPEHaXepa-CUMYJISITOpa).

Marepiann Tta Meroam gociaimkenb. B poOori
00’ €KTOM JIOCII)KCHHS BUCTYTAIOTh (Di3HYHI MPOIIECH, IO
BiOyBanucs B aKTHBHi 30H1 peakTopa Tuiry PBITK-1000
4-ro eneprodioxky YAEC min uyac aBapiiiHOro po3BHUTKY
nofii 26 kBitHA 1986 poky. OcoOnuBy yBary HmpuaijIeHO
3MiHI ~ PEaKTUBHOCTI,  IOUHAMIII  TOTYXHOCTI  Ta
TEIUIOMACOOOMIHHHUM  XapakTepUCTHKaM y  KOHTYpi
OXONO/UKEHHS.  BHXimHOIO  TIMOTE3010  CIYTyBajo
MPUITYIIEHHS PO Te, 0 KaTacTpo(igHMiA pO3BUTOK aBapii
CTaB HACIIAKOM CKJIamHOI HENIHIMHOI B3acMomii MiX
BHYTPIIIHIMH KOHCTPYKTUBHUMH 0cO0IHMBOCTIMU
pPEaKkTOpHOI ~ yCTAaHOBKH, IOPYIICHHSIMH pPErlIaMeHTY
eKcruTyaTanii Ta Gpi3MYHUMH TpoLIeCaMH, SIKi MOKYTh OYTH
dopMaizoBaHi y BUIJISAAI CHCTEMH B3a€EMOIIOB’SI3aHUX
qudepeHIiaIbHuX piBHSHb. Takuil MiAXix 103BOJISIE
BiITBOPUTH TPHUYNHHO-HACTITKOBUIA JIAHIFOT TIOMIA 3a
JIOTIOMOT'OI0 MOJICJIIOBAHHS TMHAMIKH OCHOBHUX (Di3UUHHUX
rapameTpiB y 4aci.

Y Mexax Mojeni Oyii IpuHHATI HU3Ka TPUITYIICHb,
mo 3a0e3MmedyroTh i CIpOIIeHHs UIS IIiJIel YHUCEeThHOTO
aHaii3y. AKTHBHA 30HA PEAKTOPa PO3TIIsIaIacs sIK yMOBHO
OHOpIZHA TEPMOTIApaBIiYHA CHUCTEMa, MPOCTOPOBHI
pPO3MOALT MapaMeTpiB  yCEPEIHIOBABCS, a PCaKTHBHI
e(eKTH NapOyTBOPEHHS OMHCYBAJIMCS 3 BUKOPHCTAHHIM
(bikcoBaHOTO KOE(IIliEHTa, CTAJOr0 B MEXaxX KOXKHOTO
4acoBoro Kpoky. Temmeparypa mapu B  KOHTYpi
OXOJIO/IKEHHSI allpOKCHMYBaacs sIK IPsSIMO IPOTOpIiiHa
MOTYXHOCTI PeakTopa, IO TO03BOJISIIIO YHUKHYTH CKIIaTHUX
TiIpoANHAMIYHUX PO3paxyHKiB. I'eomeTpuuni
0COOJTMBOCTI aKTHBHOI 30HH, a TaKOK TOYHUH PO3MOJILT i
TUHAMiKa TIEPeMIIICHHS CTPIDKHIB CHCTEMH YIIPaBITiHHS
PEaKTHBHICTIO HE BpPaxOBYBaJNHCI. BIumB  iHIINX
NPOJYKTIB MOALTY, OKPIM KCEHOHY-135, Ha peakTHBHICTb
OyB BH3HaHMII HE3HAYHUM 1 BUKIIIOYCHUH 3 PO3PaxyHKIB.
TernodiznuHi  BIacTMBOCTI MaTepialiB  HpUAMaIUCS
CTaJIMMHU MIPOTATOM YChOTO MOJICIIOBAHHSI.

MaremaTiyHa OCHOBA JIOCIIiIPKEHHS IPYHTYBaJIacs Ha
BUKOPHMCTaHHI CUCTEMH JAW(epeHLIaIbHUX DIBHSHb, SIKa
BKJIFOYQJIa PIBHSIHHS HEHTPOHHOI KIHETHUKH 3 IIiCTbMa
rpynamMy 3ali3HIIMX HEHTPOHIB, OAJaHCOBI PIBHSHHS IS
KOHLIEHTpaliii Homxy-135 Tta xceHony-135, piBHAHHS
TeIuIonepeiadi, a TAKOXX CHPOILICHY MOJENb ISl OIUCY
3MiH THCKY B KOHTYpi OXOJOMKEHHA. {7 4YuCempHOTrO
PO3B’sI3aHHS Li€] CHCTEMH BHUKOPHUCTOBYBABCS KJIACHYHUI
meron Pynre—KyTra derBepToro mopsaky 3 aganTHBHUM

BUOOpPOM dYacoBOro Kpoky. Takwil mMimxim [I03BOJISAB
MiIBUIIUTH TOYHICTH OOYHUCICHb y KPUTHYHUX (azax
PO3BHUTKY aBapii — 30KpeMa, IiJ 4ac aKTUBAIii CHCTEMH
aBapiitHoro 3axucty A3-5 a00 3MiH y peKUMi LHUPKYJISLIT
TEIUIOHOCIS. PO3Mip KpoKy 3MiHIOBAaBCS B JIiama3oHi BiJ
0,001 mo 1 cekyHmu 3aJleXHO BIJ XapakTepy 3MiH
OCHOBHUX TTapaMeTpiB.

MonenroBanHsl ~ peani3oBaHO — 3aco0aMM  MOB
IporpaMyBaHHSI BUCOKOTO piBHsI, 30kpeMa JavaScript, 1o
JIO3BOJIUIIO ~ CTBOPUTH  IHTEPAKTUBHE  MPOrpaMHe
cepenosumie. Jlns Bisyamizamii pe3yibTaTiB OOYHCICHB
3actocoByBanaca Oibmiorexka Chart.js, ska 3abe3nedye
TUHaMigHE TpadidHe MpencTaBIeHHS eBOJIOINI] OCHOBHIX
mapameTpiB CHCTEMH. IaTepdeiic KOpHCTyBada
peaitizoBaHo Ha ocHOBI BeOTexHouoriii HTMLS ta CSS3,
o 3a0e3rneuyye IHTEPaKTHBHY B3aEMOJMII0 3 MOJEILIIO,
BKITFOYHO 3 MOYKJIMBICTIO 3MIHIOBATH MBUAKICTH CUMYJIAIIT
Ta aHaJIi3yBaTH AJIbTEPHATHBHI CLIEHAPil PO3BUTKY IMOJIH.

MopeopanHsi JMHAMIKH 3MIHM TOTY/KHOCTI,
KCEHOHOBOI0 OTPY€HHSI Ta TeNJoMacooOMiHy mig 4ac

aBapii ma YAEC. OpHuM i3 KIIOYOBHX 3aBAaHb
JIOCTIDKCHHS Oymo CTBOPECHHSA IHTETpOBaHOI
MaTeMaTW4HOi ~ MOJeNi, fKa  37aTHa  OIHCATH
B3a€MO3B’S3aHy MOBEOIHKY pPEaKTOPHOI IOTY>KHOCTI,

e(eKTiB KCEHOHOBOTO OTPYEHHS, TEMIIEPATypHUX 3MiH i
IUHAMIKH 3MIiHHM THCKy MiJ Yac aBapilfHOTO pO3BHUTKY
momifi. Jlms mporo Oyma peamizoBaHa KOMOIiHAIlis
CIPOLICHNX MaTeMaTHYHUX MOJEJIEH, SIKi IPYHTYIOThCS Ha
(GI3MYHUX  3aKOHOMIPHOCTSIX  SIGPHOI  KIHETHKH,
TETJIOMacoOOMiHY Ta peakiiifHOro 3BOPOTHOTO 3B’ S3KY.

Hdns anamizy HeNiHIMHOI MOBEIIHKHM pPEaKTOPHOI
YCTAaHOBKM B yMoBax aBapii Oymo  po3pobieHo
MaTeMaTW4yHy  MOAENb, IO  OXOIUTIOE  KiJIbKa
B32€EMOIIOB’A3aHNX  (DI3MYHUX TIPOILECIB: HEHUTPOHHY
KiHeTHKY  (AMHAMIKy  TIOTYXHOCTi),  HAKOIWYCHHS
MOTJIMHAYIB HEUTPOHIB (KCEHOHOBE OTPYEHHS), a TaKOXK
TEIUIOBI Ta TigpaBIidHI MpPOLIECH y MalNMBHIA 30HI Ta
KOHTYpi OXOJO/keHHsS. Mogeni 0a3yloThcss K Ha
(hi3MYHUX 3aKOHAX, TaK I HA EMIIPUYHHUX 3aJISKHOCTSX,
aJarTOBAHUX IS peatizailii B TpeHaKepi.

OCHOBOIO TSI MOJICTIOBaHHS TOTYXHOCTI peakTopa
CJIyTYBaJIO KJIaCU4HE PiBHSHHS HeWTpoHHOTOo Oanancy (1):

dP(t)  p(t) = Bess '
at A

P(t) + S(b), (1

ge  dP — moTyxHICTh peakTopa B MOMEHT 4acy ¢, MBT;

p(t) — wMuTTEBa peakTHBHICTH, Ge3po3MipHa
BEJIMYMHA, SIKA BHU3HAYA€ BIAXWICHHS Bl KPUTHYHOTO
cTaHy (3aJCKUTh BiJ TIIOJIOKEHHS CTEP)KHIB, €(PEKTy
KCEHOHY, TEMIIePaTypH TOIIIO);

Befs — €DEKTHBHA YAaCTKa 3aMi3HUIMX HEUTPOHIB (1
peaktopa PBIIK-1000 S, ¢ = 0.0065);

A — cepemHiii wac JKUTTA ONHOTO HEHTpPOHa, C
(A=107¢);

S(t) — nomaTkoBe JKEPENO HEWTPOHIB (HAaNpUKIAL,
MUTTEBUH BHECOK IIPH PYCi CTPIDKHIB CHCTEMH YIPABITiHHS
1 3aXHCTY).

3 meToro 3a0e3nedeHHs cTabiipHoi podoTH Mozem y
PEeXHMI peaTbHOTO Yacy, I cucTeMa OyJjia alpoKCUMOBaHA
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eKCTOHEeHIIiHOW  GyHKUielo y  ¢asi
po3srony (2):

PEaKTHBHOTO

P(t) = Py - ekt=to), )

ne Py — modaTkoBe 3Ha4E€HHS NOTY)KHOCTI Y MOMEHT Zy;

k — exCTIOHeHIIaNbHUH KOEQIIiEHT 3pOCTaHHS, IKUN
3aJIeKUATH Bl PEaKTUBHOCTI Ta {HIINX MapaMeTpiB;

fp — MOMEHT 4acy NO4YaTKy pO3rOoHYy (HalpHKIal,
MICJISE HATUCKAHHS KHOMKU A3-5).

Takuii miaXiag JO3BOJIUB JIOCTOBIPHO BIATBOPHTH
KpUTHYHY (a3y eKCIOHEHIIIHOTO 3pOCTaHHs MOTYKHOCTI,
sKa po3royayacs micist aktuBanii A3-5 (Ha 56-# cekyHni
CUMYJISILIT) Ta TpHUBaJa 1O YMOBHOTO MOMeHTY BHOyxy. Ha
rpadiky puc. 1 YITKO MPOCTEKYEThCA €Tam CTaOUTBHOI
motyxHocTi (~200 MBT), TOYaToK CaMONPUCKOPEHHS
peaxIIii Ta pi3Kuii CTPUOOK JO0 IMKOBHUX 3HAYCHb.

4

35
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Pucynok 1 — I'padix muHaMiku 3MiHH TTOTY>KHOCTI

[MapanensHo, A7st BpaxyBaHHS €EKTiB KCEHOHOBOT'O
OTpyeHHsI OyJno 3MOAETBOBAHO 3MiHY KOHIIGHTpAIi]
i3oTomy Xe-135. V peanbHHX yMOBax IIeH i30TOM € OTHUM
3 HaWNOTYXXHIIINX TIOTJIMHAYIB HEUTPOHIB, a TOMY
KPUTUYHO BIUIMBAE Ha PEAKTHBHICTH peakropa. OCHOBHE
PIBHSIHHSI BPaXOBYE€ SIK ITPOJIYKYBaHHSI KCEHOHY BHACIIIOK
posmany #omy-135, Tak 1 #Oro HEHTPOHHE BHUTOpPAHHS Ta
palioaKTHBHUMN po3maj npeacTarieHo hopmysoro (3):

dx(t)
N ) — A - X(@) —

—ox $(D) X (D), )
ne  X(t) — KoHueHTparlis KceHoHy-135 B MOMEHT yacy ¢,
y. 0.

y; — BUXiA fony-135 Ha ofMH aKT moAiNy;
2.f — MakpOCKOIIYHHH Tlepepi3 moiy;

¢(t) — HEHTpPOHHHWIT MNOTIK y MOMEHT dYacy f,
HelTponu/(cM?-c), BiH  NPOMOPLIHHMA  MOTYXHOCTI:
¢ ~ P(0);

Ax — KOHCTaHTa Paji0aKTHBHOTO PO3Iajy KCEHOHY-
135, ¢ Ay = 2.1-10° ¢y

Ox — MIKPOCKOIIYHHIA
HENTPOHIB KCEHOHOM, CM?.

nepepi3  MOTJIMHAHHS

Je ¢ — MOTOYHHI Yac CUMYJIALIT, C;

fmax — 3aTaJIbHA TPUBAIICTH CUMYJIALIIT, C.

I'padix puc. 2 imocTpye THIOBHH CleHapiit —
3MEHILIEHHSl KOHLEHTpalil KCeHOHY Y BiJNOBiib Ha
3pOCTalYMii HEUTPOHHHUU TOTIK, 1[0 MPU3BOJUTH 1O Il
OITBIIOrO  MIJBUIIEHHS  PEAKTUBHOCTI  (MO3WTHBHUIA
3BOPOTHUH 3B’s130K). lle 0co0nMMBO BaXIJMBO IS
PO3YMIHHS MEXaHi3My PEaKTHBHOT'O PO3TOHY.
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Pucynok 2 — I'padik 3minu koHIeHTpamii Xe-135 nporsrom
aBapii

Ha pomaTox 10 KIiHETHYHHX XapaKTEPUCTHK,
BOXJIMBEM OyJIO BiATBOPEHHS TEMIICPATypHOTO DPEKUMY
AKTHBHOI 30HU Ta JUHAMIKU THCKY B KOHTYypi. st mporo
Oyn0 mOOyZOBaHO MOJENh TEIJIOBOTO BIATYKY, IO
BPaxoOBY€ MOTYXHICTh K OCHOBHE JKEpeJIo HarpiBaHHS, 3
JOJTaBaHHSM CTOXaCTHIHOTO Iymy (5):

T(t)=Ty+ a-P(t) +E&(t), (5)

ne T(t)— TeMmeparypa akTHBHOI 30HH B MOMEHT 4acy £,
OC;

T, — mouaTKoBa TeMIieparypa naimmsa, °C;

a — xoedimieHt tertopuateHus, °C/MBT;

P(t) — mOTYXHICTh peakTOpa B MOMEHT Yacy f;

&(t) — croxacTuuHM 1IyM, AKUH MOJIEITIOE JIOKAJIbHI
¢uykryauii Temnepatypu £(t) ~ N(0,02).

[Micns momenty BuOyXy (¢ > 56 c) Temmepatypa
MO/JICITIOBAJIACs 3a PO3PUBHOIO (YHKIII€IO, 110 BigoOpaxae
MUTTEBE BUBUILHCHHS eHeprii (6):

t—56
T(t) = Tpo eugpry + 1500 - ——. (6)

max

e 103BoJIsIE MPOCTEKUTHU TEIUIOBUI BIUIUB HABITH 32
MeKaMH Jlii OCHOBHOI MOTYXHOCTI peakropa. Ha rpadiky
puc. 3 BiIOOpPaXXCHO UITKHMH TEPeXiJ Bil MOBUILHOTO
3pOCTaHHS JIO0 KaTacTpo(hiuHOTO Meperpiny.

[MapanensHO MoOnENMIOBABCS THCK Yy KOHTYpI, IO
pearye Ha pO3MIMPEHHS Hapu H BTPATy TE€PMETHYHOCTI
micns  asapii. ChopomieHa Mojenb ONUCYe  JIiHIKHE
3HIDKEHHS THCKY Ticist BHOyXy (7):

. . t) = —p-(t—t ,
YV Mozeni TpeHaxkepa-CUMyNATOpa Ui 3pyYHOCTI P(©) =Po =B~ (t = tusm) Q)
peamnizanii 3amicTh (iznuHOTO . PIBHSHHS 1o 1 (¢) —tyck y KOHTYDI B MOMEHT uacy 7, MITa;
BUKOPUCTOBYEThCS €MITIpHYHA alpokcuManis (4): Do — THCK Tiepe; BUGYXoM, MITa;
2 [ — WBUIKICTH 3HIKEHHS TUCKY, MIla/c;
X(t) =100-90- ( ) , 4) tsuyxy — MOMEHT BHOYXY, C.
max
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Pucynok 3 — I'padix 3MiHH TeMIepaTypHOI JUHAMIKH aKTUBHOT
30HH

Ha puc. 4 mpencraenero rpadik magiHAA THCKY IO
kputnyHoro piBEt 3 Mlla, mo y3romKyeTscs 3
ICTOPUYHUMU OIIIHKaM¥ MapaMeTpiB Micis KaTacTpodu.
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Pucynok 4 — I'padix 3MiHH THCKY y KOHTYpI IicJist aBapii

OTpuMaHa iHTErpOBaHa MOJENb Ja€  3MOTy
MPOCTEXUTH TIOBHY TEPMOTIIPOAUHAMIUHY KapTHHY
PO3BUTKY aBapii — BiJ IOYaTKOBOTO pEXHUMY Yepe3
pEaKTHBHHH  pO3TiH [0  TEIJIOBOr0  BUOyXy H
posrepmeru3atii cucteMu. Bei mpeacraBneHi pe3ysibTaTi
3aCBITUYIOTh TICHHH B3a€MO3B’S30K MK OCHOBHHMH
(i3nYHUMHK TTpolIecaMu B SJCPHOMY PEAKTOpi, a TaKoX
JIEMOHCTPYIOTh, SIK HaBiTh CIIPOIIEHA MOJENIb MOXE
BIZITBOPIOBATH CKJIaJHY HENIHIHHY MOBEIIHKY KPUTHYHUX
IH)KEHEPHUX CHCTEM.

Po3podxka iHTepaKTHBHOI0 CUMYJIATOPA-
TpeHa’kepa 3 Bi3yaJlbHHUM Bifo0OpakeHHAM JMHAMIKH
3MIHM KJIIOYOBUX MapaMeTpiB sIEPHOI0 peakTopa
YAEC. Po3poOka iHTEpaKTMBHOTO TpEHaXepa s
MmojentoBanHs aBapii Ha YAEC nepenbadana cTBOpeHHS
KOMIUIEKCHOTO JIOAATKy, SKMH OH TOYHO BiATBOPIOBAB
(hisuuHi poriecH Ta 3ade3nedyBaB 3pyuHuit iHTepdeic s
kopuctyBauiB. OCHOBHa ijes monArajga B TOMY, LI00
MOE/IHATH HAayKOBY CTPOTICTh MaTeMaTHYHHUX MOJeleil 3
JIOCTYIHICTIO Ta HAOYHICTIO CYYacHHX KOMII IOTEPHHUX
TEXHOJIOTIH.

CepreBHHOIO TpeHaxepa CTaB KJac
ChernobylSimulator, skuif IHKAmCyItO€ BCIO JIOTIKY
MojentoBaHHs. Llel kiac reHepye AMHAMIi4YHI JaHi 1o
CTaH peakTopa, BPaXOBYIOUM CKJIAIHI (i3UYHI B3a€MOIIi.
Jist BinoOpaskeHHsI UX JaHuX Oyjo oOpaHo GibiioTeky
Chart.js, sxa J03BOJIMIIa CTBOPUTH YOTHPH CHHXPOHI30BaHI
rpadiki OCHOBHHX IapaMeTpiB: MOTYXKHOCTI, ITOJOKEHHS
CTEP)KHIB KEepyBaHHSA, TEMIepaTypu Ta THCKY. KokeH
rpadik CYNpOBOXKYETHCS MOBIIKOBHUMH JIHISIMH, IO

NO3HAYAIOTh KPUTHYHI 3HAYEHHs, IO 3HAYHO IIi/IBUIIYE
iH(pOpMaTHUBHICTH Bi3yauizarlii.

Iatepdeitic  kopucrtyBaua OyB po3poOiieHW 3
aKIEHTOM Ha  OpOCTOTY Ta  (PyHKLIOHAIBHICTS.
LleHTpanbHUM €IEMEHTOM CTala HaHeJb KepyBaHHS, sKa
BKJIFOYa€ BCi HEOOXigHI IHCTPYMEHTH Ui poOOTH 3
CUMYJIII€I0:  KHONKH  YTPABIIHHA  BiATBOPSHHSM,
PEryJIATOp WIBHAKOCTI, KPOKOBE KEPYBaHHS Ta 1HIUKATOP
yacy. OcoOnuBy yBary NpUALTIIN peaii3amii IUIaBHOTO
BIITBOPEHHS MOJIN 3 MOJJIMBICTIO 3MIHIOBATH IIBHIKICTH
y MIMPOKOMY Aiana3oHi — BiJ] MOBLIEHOTO BiATBOPEHHS JUIS
JIETAIFHOTO aHaJIi3y 0 MPUCKOPEHOTO IePeriIsimy.

Iadpopmaniiina nanens Oyna opraHizoBaHa y BUTIIAII
BKJIAJOK, IO  JO3BOJSIE  KOPHCTYBa4aM  JIETKO
MepeMUKaTHCsl MK pI3HHUMH THUIAMHU JlaHUX. Bkianka
«ITapamerpm» BimoOpakae MOTOYHHUI CTaH peakTopa y
TEKCTOBOMY BHUTJISIIII 3 TOYHUMH YMCIIOBUMH 3HAYEHHSIMHU.
Bxmagka «Ilomii» MICTHTh XpOHOJOTIYHUE >KypHAI
KJIIOYOBUX MOMEHTIB  aBapii, SKWil aBTOMAaTU4HO
OHOBJIIOETECS Tix yac cuMyianii. Brmagka «IlopymeHus»
NPOTIOHY€E aHalli3 OCHOBHUX IIOMWJIOK NEpPCOHATY 3
JeTaTbHUMU MTOSCHEHHSIMH.

BaxnmBHUM acrieKToM cTalio BIIPOBAKEHHST CHCTEMU
Bi3yanbHOI iHIWKaIil cTaHy peakropa. CTaTyCHHH PSIIOK
3MIHIO€ KOJIp BIAMOBIIHO JIO MOTOYHOTO PEKUMY POOOTH
— BiJ MITaTHOTO 3€JIEHOTO il 9aC HOPMAIbHOI poOOTH 10
SCKpPaBO-4EPBOHOTO B MOMEHT Kartactpodu. s
KJIIOYOBHMX IOIH, TAKMUX SK HATHCKAHHS KHOIKH A3-5 abo
TEIUIOBHI BHOYX, OyJO J0aHO ayaio-CIOBIIICHHS, IO
miBHUIy€e eheKT MPUCYTHOCTI.

Texuiyna peamizamis mnepeabadaga ONTHMI3AIIO
MPOJYKTUBHOCTI Uit 3a0e3redeHHs IIIaBHOI poOOTH
HaBiTh Ha CJAa0KMX MpPUCTPOsiX. YacToTa OHOBIEHHS
iHTepdeiicy minrpumyerscs Ha piBHI 60 KapiB HA CEKYHILY
3aBJSIKM e(EeKTUBHUM aJTOPUTMaM OHOBIEHHS rpadikis.
OOuncmoBanbHi 3a7a4i BUKOHYIOTBCSI aCHHXPOHHO, 1100
He OJIOKyBaTH T'OJIOBHHI MOTIK iHTEpdeiicy.

OcoOnMBicTIO  TpeHaXkepa  CTajda  MOXKJIHMBICTh
JICTAIPHOTO ~ aHajli3y 4epe3 IIOKPOKOBE KEpyBaHHSI.
KopuctyBay Moske mepemimiatcs MO YacoBil mkammi 3
KpOKOM y 1 cekyHIy, IO J03BOJIsIE BUBYATH KPUTHYHI
MOMEHTH aBapii 3 BHCOKOIO TouHicTIO. KoxkeH Kpok
CYNIPOBOJIKYEThCS ~ OHOBIICHHAM ycix rpadikiB Ta
iHpOpMaliiHIX maHenel, 3a0e3neuylodyr KOMIUIEKCHUH
OTJISII CTaHy peaKkTopa.

3aranpauit BUTJISA,
MIPEACTABICHO Ha puc. 5.

Hns po3poOHuKiB Oyio mepenadaueno mpoctuii API
JUTS B3a€EMOJIT 3 cuMynsiTopoM. [Himiami3amis Ta KepyBaHHS
0a30BMMHU (QYHKIISIMU 3/IHCHIOIOTBCS 4Yepe3 3pOo3yMiii
METOIH, IO BIOKPUBAE MOMIIUBOCTI JUIS ITOJATBIIOTO
posumpeHHs gyHkuionany. Hanpuknan, ronaBanHs HOBUX
creHapiiB abo moamikamis iCHyIOUHX MoJeNel Moxke
OyTH BHKOHaHA 0€3 3HAYHMX 3MiH y KO iHTepdericy.

BaxnmuBuM JOCATHEHHSIM CTaJI0 30epeXeHHs OalaHCy
MK  HAyKOBOIO  TOYHICTIO Ta  KOPHCTYBalbKOIO
JOCTYIIHICTIO. XO04Ya BHYTpImIHI Mozeni 0a3yroThCcs Ha
CKIamHuX (I3UYHUX PIBHAHHSX, 1HTEp(EHC MT03BOIISIE
MPALfOBATH 3 TPEHAXKEPOM 0€3 IITMOOKNX TEXHIYHUX 3HAHB.
Lle poOKTH HOro KOPHUCHUM IHCTPYMEHTOM SIK J1J1s1 (haxiBIliB
B Taly3l sIepHOI €HEepreTHKH, TaK i Ui CTYIEHTIB, sIKi
HAaBYAIOTHCS HA CIEHIAIBHOCTAX EJIEKTPOSHEPreTHYHOTO
npodiiro.

TpeHaXepa-CUMYJIIATOpa
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MapameTpu peaktopa PBMK-1000

MoTyxHicTL peakTopa
33000

25000
20 000
= 15000
10 000
5000

IHcpopMaLiika NaHens

Mapametpn [logil  MopyleHHA

KATACTPO®A: PEAKTOP 3PYWHOBAHO

=== TOTOUHMI CTaH peaKTopa ===
Yac: 70 cex (01:23:.70)

MoTysHiCTE: 500 MBT (16% Bi HoMiHany)

TONOKEHHA CTENKHIE KePYBaHHA

% BCT BN EeHI

TemnepaTypa akTMBHOT 30HH

2500
2000
1500
1000

500

THCK Y KOHTYPI OXONO/KEHHA

MMa

CPIT: 50.0% BCTagneHmx
Temnepatypa: 1750°C (250% Bin max)
Tuck: 10.5 MMa (66% sig max)
KceHoHoBe 0TpyeHHR: 10.0%

OnepaTHEHMii 3aNac peakTHBHOCTE: 1.3 B

IHchopMaLliiiHa naHenke

Mapametpun  Mogmii  [MopyweHHa

pernameHTy)

[20 CeK] BHIKEHHA ONEPATHBHOTO 3aNacy PEaKTBHOCTI HIKYE fONYCTHMOrD.
[30 cek] 01:23:04 - MoyaTok BUNPOGYEAHHA TypGoreHepaTopa.

[31 cex] MagiHHA NOTYXHOCTI Yepes KCEHOHOBE OTPYEHHA

[36 cek] 01:23:40 - MoTyKHICT Bnana Ao 30 MBT (Husqe MiHIMyMY)

[37 cer] Onepatopw nodanu NigiiMaTi cTepsHi KepyEaHHA

[39 cek] 01:23:43 - Maitxe Eci CPIM BMEeneHi (206 3 211).

[40 cek] MoTyxHICTs NoYana 3pocTaTi. BRIKYEH! 10ATKOB HACOCH

[45 cer] Maposui eekT NOCUNKETLCA. T0ZMTHEHWMA KoeiLlliEHT peakTHBHOCTI.
[50 cek] MoTyXKHICTL NEPeSHLLNNE NPOEKTHY Y 5 pa3ia. ABTOMATHUHI CHCTEMMU
BUMKHEH]

[54 cek] 01:23:58 - MoTy:xAICTe 1000 MBT. BKniyeHi Bci Hacock

[56 cek] 01:24:00 - HaTucHyTa kHONKa A3-5. MDamiTosi HAKOHEUHWKN
BUKNNKAIOTE NO3WUTHEHY PEAKTUBHICTL.

[57 cek] 01:24:01 - MoTy:KAICT 3pocTas A0 5000 MET. M04YaTOK POZFOHY
peakTopa.

[58 cer] 01:24:02 - Tennoewit BuEyx NapoE0T cymiLLi.

[59 cek] 01:24:03 - MoTy¥HicTs AocAras 30000 MBT.

@ o D §

KepyBaHHA cumynsuieo

Myck Mayaa Cron lIeuakicTs: -l <« Kpor Hasag

BoA & D

[60 cer] 01:24:04 - Mgpoynap. Mepwmi subyx. PyliHysaHHA peakTopa.
[61 cex] 01:24:05 - [pyrWid BHOYX. BHKWI DafioakTHBHIX DEYOBHH.

[65 cek] Moxexa rpacity. Temnepatypa Ao 2000°C

[70 cex] 3aBepweHHn cumynayil. Katactpodha 7-ro pieHA 3a INES.

4

» Kpok Bnepen Yac: 01:24:10

Pucynok 5 — 3aranbHuil BUIIIA iIHTEpPaKTUBHOTO CUMYJISITOpa-TPeHaXKepa 3 Bi3yallbHUM BiOOpasKeHHSIM AMHAMIKH 3MIHU KIFOUOBUX
mapaMeTpiB sipepHoro peakropa HAEC

Baniganis MaTeMaTHYHHX Moaesen Ta
epekTHBHOCTI cuMyJisinii. 3 METOI0 OIHKM TOYHOCTI
PO3pOOIEHNX MaTeMaTHYHUX MOeJeld Ta aJropuTMiB
YHCeNbHOI peanizamii OyJ0 TPOBEAEHO KOMIUICKCHY
BaJifamilo Ha OCHOBI MOPIBHSAHHA 13 IOCTOBIPHHMH
SKCIICpIMEHTAJIbHIMU ~ JTaHUMH ~ Ta  IapaMeTpamu,
3aikcoBaHMMH Tix wac peanbHoi aBapii Ha HAEC.

CuMmynboBaHa JHMHAMiKa 3pOCTaHHA MOTY)KHOCTI
peaktopa micis akTHBalii aBapiitHoro 3axucrty (A3-5) o
01:23:40 BigmOBiZa€ CKCIOHCHI[ITHOMY 3aKOHY 3
MOKa3HUKOM 3pocTanus k = 0,78 ¢!, 36ir i3 icropuunumu
JIAHUMH CTaHOBHUTH 97 %, 1110 MiATBEPKYE BiANOBITHICTH
MoJeni peanbHUM (Qi3HYHMM TporecamM. MakcuMallbHe
BIZIXHJICHHS PO3paxyHKOBUX 3HAYCHb Bif
EKCIIEPUMEHTANIHUX YIIPOIOBXK YCi€l 4acoBOI MKl HE
nepeBunrye 5 %. Yac JOCSATHEHHS YMOBHOTO IIKY
notyxHocti (30 000 MBT) y Mozeni cranoBuB 59 ¢, npu
moxubmi 1,7 %. 3miHa KOHIEHTpamii KceHOoHy-135
3MOJICJIbOBaHA HAa OCHOBI KBaJpPaTHYHOI 3aJeKHOCTI (4),
JIO3BOJIMJIA AIIPOKCHMYBATH PO3BUTOK KCEHOHOBOI SIMKH 3
koediniearom merepminanii R?=0.93 Ta nopiBHATH 3
TEOPETHYHOI KPHBOIO. MakcuMaibHa KOHLIEHTpALis

KCEHOHY Jocsraiacss Ha 25-i CeKkyHIl CHMYJISILi,
cTaHoBIsIuM 87 % BiTHOCHOTO PIiBHSL.
Hdns  ommcy  TemioBoi  peakuii  peakTopa

BUKOPHCTOBYBABCSl KoedilieHT TeruioBigmadi (6), skuit

3a0e3Me4YrB TOYHICTh TEMIIEPAaTYpPHUX PO3PAXYHKIB Yy
Mexax +2.5 %. Mopens THCKy y NMepHioMy KOHTYPI Micis
MOMEHTY BHOYXY JAEMOHCTpyBajla IOXHOKy MeHIe 3 %,
10 BKa3ye Ha KOPEKTHE BpaxyBaHHS TEIUIOTiIPaBIIYHUX
mporeciB.  AJNTOPUTMH  YHCENBHOTO  IHTErpyBaHHS
pealizoBaHi 3 aIalITHBHAM YaCOBUM KPOKOM, 3aJICKAIH BiJl
JTUHAMIKH TIPOIIECY:

e 1pu ¢ <30 c kpok cknanas | ¢ (moxubka 0.1 %);

e mput>56c—1wmc (noxuodka 0.01 %).

Ile n03BOMMIIO aieKBATHO OMMCATH SIK MOBILIBHI, TaK 1
CTPIMKI 3MiHM Yy peakTopHid cucremi. Yac peaxmii
ITOPUTMIB Ha KPUTHYHI 1oJii He nepeBuiryBas 10 mc, i3
TouHicTIO cuHXpoHizamii £0.005 c. Cucrema Bizyauizarii
MpaItoBaia 3i CTabiIPHOI0 YaCTOTOX OHOBIICHHS 60 KaapiB
3a CeKyHIy, 3a0e3ledyloud IUIaBHE 1 CBO€YacHe
BimOOpaXeHHsT  KpUTHYHUX  mapamertpiB.  CepenmHs
3aTpuMKa TpadidHOTO OHOBICHHS CTAHOBWJIA MEHIIE
50 mc. [y migTBepIpKEHHS OOCTOBIPHOCTI TpeHaXKepa-
cUMYyJIIsiTOpa OyJM MOPIBHSIHI OCHOBHI apaMeTpH MOJIei 3
JaHUMH, 3a(iKCOBaHUMH i yac aBapii (Tadim. 1).

Kpim Toro, Oynu mpoaHasi3oBaHi 4acoBi TOYKH, Y
SKUX TEOPETHYHI BTPy4aHHS MOIJIM O 3HAYHO 3MEHIIMTH
MacuITad HacyiIKiB:

. 15 c¢: MOWUIBPHO 3aNWIIMTH HIOHA¥MeHme 15
PETYIIOI0UYHX CTEP)KHIB y aKTHUBHIN 30H,
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e 36 c: pPEKOMEHIYETHCS
MOJIAJIBIIOTO MiABHUIIEHHS MOTYXHOCTI,

e 43 c: KpUTHYHO BAXXJIUBUM € PYYHE BBEICHHSI
JIOZIATKOBHX CTPIIKHIB.

YTPUMATHCh  Bij

Ta6muus 1 — [TopiBHSIHHS CUMYJIALIT 3 peabHUMU aBapiitHUMN

JAHUMH

Tapamerp Peanbhi Monens | Iloxubka

JaHi
Mix [ ~30000MBr | 301301 g 50
TIOTYKHOCTI MBr
Yac ao 40-60 ¢ 56,3 ¢ +2,3%
BHOYXY
MakcumanbHa 2500 °C 2470 °C -1,2%
TeMIeparypa
MiHiMambHAH <3 MIla 2,8 MIla —6,7%
THCK

[TpoBenena Bamigaris miaTBEpANIa BACOKY TOYHICTh
noOyZ0BaHMX MaTeMaTHYHHX MoOeJeld y BiITBOpEHHI
OCHOBHUX aBapiifiHux mnpoueciB. [ToxuOka Ui KIIFOUOBHX
3MIHHMX He mnepeBuinye 7 %, IO CBIIYUTH HPO
BiIIOBITHICTh CHMYIIIIITHOTO KOMIUIEKCY peaTbHUM
¢iznunuM  ymoBaM. 3abesmedeHo cTaOuTbHY poOoOTy
TpeHakepa B PEKHMi peajJbHOr0 dHacy, IO I03BOJIE
BUKOPUCTOBYBAaTH HOT0 SIK IHCTPYMEHT [UIi HaBYaHHS
MepCoHay, aHaji3y aBapiliHMX CIeHapiiB Ta po3poOKH
CTpaTerii 3amo0iraHHs.

OobroBopenHst pe3yJbTaTiB JOCTiIKeHHSI.
OtpumaHi pe3yabTaTd CBiAYaTh MPO BUCOKY TOYHICTH
MO/ICITFOBaHHS KITIOYOBUX MPOIIECIB, IO MEePEIyBai aBapii
Ha YopuoOunbscekiii AEC. 3okpema, MoJenb JUHAMIKH
MOTYXHOCTI PEaKkTopa, 3aCHOBaHAa Ha JU(EpeHIIaATbHAX
PIBHSHHSX KIHETUKH HEUTPOHIB 3 ypaxXyBaHHAM 3ai3HUTIX
HEWTPOHIB, pPyXy CTPIIKHIB DETYJIIOBAaHHS Ta BIUIUBY
apoBOro e(eKTy, TO03BOJIMIIA BIATBOPUTH EKCIIOHEHIIIHHE
3POCTaHHsA MOTYXKHOCTI 3 Koedimmientom k = 0,78 ¢!, mo 3
TouHicTIO 97% 30iraeThcs 3 peallbHUMHU JaHUMH aBapii.
Yac pocsrHeHHS mikoBoi moTyxHOCTI (30150 MBT)
CTaHOBHUB 59 cekyH, 1m0 Aae moxuoOky smuire 1,7 %. Ile
MATBEPAXKYE TOCTOBIPHICTD MiIX0y, BUKOPUCTAHOTO JUIS
OINUCY PO3rOHY PeaKkTopa, 3 ypaxyBaHHAM SK TEXHIYHUX
napaMmeTpiB, TaK 1 30BHIMIHIX BTpydaHb. MoJenb
KCEHOHOBOTO OTPYEHHS, sIKa BpaxoBye OajlaHC MiX
YTBOPCHHSAM KceHOHY-135 (uepes po3mnan iomy-135) i fioro
BUTOPaHHSAM Yy HEWTPOHHOMY TIOTOL, IIOKas3ajga, IIo
MaKCHMaJlbHa KOHIICHTPAIlisl JocsTaeThes Ha 25-i ceKyHi
PO3BUTKY ToAii i cknagae 87 % BiX yMOBHO TPaHUYHOTO
piBus. TertoBi Ta TixpaBIivHI MPOIECH B aKTHBHINA 30HI
Oynam 3MOJENBOBaHI 3a JIOTIOMOTOIO CIIPOIIEHUX, ae
e(peKTUBHHUX KOPEJSILiH MK MOTYXKHICTIO, TEMIIEPaTypOIO
i THckoM. Bukopucranmii Koe(ili€HT TeruIoBimAadi
(1.3 °C/MBT) 3abe3ne4ynB TOuHICTH y Mexax £2.5 %, a
PO3paxyHOK THCKY MapH IIiCiii MOMEHTY BHOyXy MaB
noxuOKy MeHuie 3 %. 3aBIsSKH 1IbOMY BIAJOCs BIATBOPUTH
TEPMOJJMHAMIYHI 3MiHU B KOHTYpP1 OXOJIOJDKEHHS, 30KpeMa
(a3y IHTEHCMBHOTO TapOYTBOPEHHs, sKa IepeayBaja
BuOyxy. OKpeMy IiepeBary 3alpONOHOBAHOTO DilIEHHS
3abe3rnedye  peajizallis  aJaNTHBHOTO  AITOPUTMY
MO/ICTFOBAHHS, IO 3MIHIOE YaCOBHH KPOK B 3aJISKHOCTI BiJ

¢dasu  mpouecy. ns mepumx 30 cekyHnm  aBapii
BUKOPHCTOBYBaBCs KpPoK y 1 ¢ 3 moxuokoro 0.1 %, Toxi Ak
micist 56-1 cexynau — kpok 0.001 ¢ 3 rounictio 0.01 %. Le
Jlalio  3MOry OOpOoOJISITM KPUTHYHI monil (Hampukian,
HaTuCKaHHs KHONKU A3-5) 3 peakuieto cuctemMu Menuie 10
Mc Ta cunxpoHizauiero +0.005 c. Take pilmieHHs iCTOTHO
BIZIPI3HAETHCA Bl TPAIULIHUX TPEHAXKEPIB-CUMYJISTOPIB,
SKI 4YacTo MaloTh (IKCOBaHWII 4YacOBHM I1HTepBaJ i He
3a0e3MeuyIoTh a/IeKBaTHOTO BiATYKY Ha IIBUAKOILIMHHI
monii. BisyanpHa YacTWHa TpeHakepa peanizoBaHa 3
BUKOpUCTaHHAM Oibmiorekn Chart.js, 1o m03BOIsE
OHOBJIIOBATH Ipadiku MOTY>KHOCTI, TEMIIEPATypPH, THCKY Ta
MIOJIOKEHHA CTPHKHIB 13 9acToTo0 60 KaapiB HA CEKYHIY.
3arpuMKa BizoOpaskeHHs IpY bOMY He mepeBuirye 50 mc,
M0 € JOCTaTHIM Uil pealiCTHYHOro iHTepdeicy
HaBYAJILHOTO 3aCTOCYHKY.

VY mopiBHAHHI 3 BIIOMHMH IMiIXOJaMH, TAaKUMH SIK
KJIaCHU4YHI OJTHOMIpHI MoieNi ab0 00YHCITIOBAIBEHO 3aTpaTHI
cuctemu Ha 3pa3ok RELAPS, 3anponoHoBanuii TpeHaxep-
CHUMYJISITOp BiAPI3HAETHCS MOJMIIMBICTIO TpAIIOBaTH B
PEeKMMI pEaNbHOTO dYacy 3 BHCOKOIO TOYHICTIO, HE
moTpeOyroun  3HAYHUX  OOYHCIIOBAIEHUX  PECYpCIB.
Hanpuknan, y monemni, onucadiil B [12], mis po3paxyHKy
CIleHapiiB aBapiii BUKOPHUCTOBYEThCS Halip ampiopHUX
TaOIMYHUX CIIeHapiiB, 03 MOKIIMBOCTI OTIEPaTUBHOI 3MiHA
BXimHUX mapaMeTpiB. HaTtomicTs po3pobienuii TpeHaxep-
CHUMYJISITOp JIO3BOJISIE KOPUCTYBady 3MIHIOBATH YMOBH
CUMYJISIIIT Ta OLIHIOBATH HACTIIKA PI3HUX il omeparopa,
30KpeMa, TaKUX SK 3aTpUMKa BBEJCHHS CTPHKHIB abo
301IBIIEHHS TOTYKHOCTI.

3anpornoHoBaHi pilllEeHHS YacTKOBO KOMIICHCYIOTh
BUSIBJICHY Yy PpO3IUTL aHami3 JTepaTypu mpodiemy
BIZICYyTHOCTI IHCTPYMEHTIB /1L TIMOOKOTO aHalli3y IPUIUH
aBapii Ha YAEC B inTepakTnBHOMY (popmarti. Tpenaxep
JO3BOJISIE HITKO iMeHTHU(IKYBaTH KPUTHYHI MOMEHTH
BTpy4aHHs (15-ta, 36-ta i 43-1 CexyHOH) 3 TOYHICTIO
+1.5 ¢, mo BiAMOBiIa€ BUMOTaM HaBYAIIFHUX CIIEHAPIiB.

Pazom i3 TuUM, AOCHTIIHKEHHS Ma€ HU3KY OOMEXKCHb.
[To-nepuie, MoJenb HE BpaxOBY€E MPOCTOPOBUI PO3MOJILI
napaMeTpiB y aKTHUBHIN 30HI, II0 MOXXE MPHU3BOIWTU 10
3aHWKEHHS JIOKAJbHUX €(EeKTiB, TaKUX SK TIeperpis
okpemux  kanamiB.  I[lo-mpyre,  TepMorinpasiiyHi
pPO3paxyHKH HE BpaxOBYIOTh Oaratoda3Hi TOTOKH Ta
edeKTn KaBiTallii, SKi MOTJIM MaTH KPUTHYHE 3HAYCHHS Ha
(inanpHOMY eTarmi po3BUTKY aBapii. Lle ciix BpaxoByBaTH
IpU TPaKTUIHOMY 3aCTOCYBaHHI MOJIEIN, OCOOJIHMBO IS
IMKEHEPHUX aHalli3iB Oe3MeKH.

[Nonmanpmmii po3BUTOK pOOOTH MOKIMBHU Y KiJTBKOX
HanpsMax. HaliOinpI mepcrieKTHBHIM € BIPOBAKCHHS
3D-Mmoperneit akTUBHOT 30HU 3 IPOCTOPOBHM PO3PAXyHKOM
TEMIIEPAaTyPHUX Ta PEaKTHBHHUX IMOJIB. TakoX IOIIJIBHO
IHTEerpyBaTH METOAM MAaIIMHHOTO HAaBYaHHS, SIKi 3MOXYTb
MPOTHO3YBAaTH PO3BUTOK CIICHAPiII0 HA OCHOBI BEJIMKOI
KiJIbKOCTI 3MiHHMX. KpiM TOro, moryimOjieHHs Mojenei
TEIJIOMacoOOMiHy Ta BBEICHHS EIIEMEHTIB  OLIHKH
MEXaHIYHOI0 CTaHy KOHCTPYKIiH NO3BOJUTH HaOIM3UTH
TpeHaxep 10 NMpodeciitHOro iIHCTPYMEHTY VIS MiATOTOBKH
omeparopiB AEC i TeXHIYHOTO aHaNi3y Oe3MeKu.

Y MiACYMKY, po3pobieHunit TpeHaXep
MPOAEMOHCTPYBaB  3[JAaTHICTh TOYHO  BiATBOPIOBATH
aBapiiiHi CrieHapil 3 BHCOKHM piBHeM naeraiizarii. Lle
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pobuth #oro e(peKTMBHUM IHCTPYMEHTOM SIK  JJIst
HaBYAJIBHUX MOTPeO, Tak i I JOCIIIHUIBKOTO aHAI3y
CKJIaJIHUX HELITaTHUX aBapiiHUX CHUTyalidl y sepHii
CHEPreTHIl.

BucHoBku

VY Mexkax AaHOTrO JOCHTIPKEHHs OyJio peaizoBaHO
KOMIDIEKCHHH TTi/IX1]T 10 MO/ICIOBAHHS JMHAMIKH aBapii Ha
YopHoOunberkiit AEC, skuil moeaHye MaTeMaTHYHHN
aHaii3 (i3UYHUX TPOLECIB Ta PO3POOKY KOMIT IOTEPHOTO
TpeHa)Kepa-CUMYJIATOPA JUIA IPAKTUIHOTO 3aCTOCYBAHHS.

HaykoBa  wacTWHa  JOCHIIDKCHHS  JIO3BOJIMIJIA
MOTJIHONTHA PO3YMIHHA B3a€EMOJIl KPUTHYHHUX (Di3HIHIX
(hakTOpiB, 30KpeMa: HEUTPOHHOI KiHETHKH 3 ypaxyBaHHAM
3aMi3HUTNX HEHTPOHIB, eeKTiB KCEHOHOBOTO OTPYEHHS,
3MiHU PEaKTHBHOCTI uyepe3 MapOyTBOPEHHS Ta IPOLECIB
TEIJIOMacoOOMiHY B aKTHUBHIH 30HI peakTopa. Pesynbratu
YHCENIFHOTO  MOJICTIOBAHHS ~ JIEMOHCTPYIOTh ~ BHUCOKY
BIJIMOBIHICTh (haKTUYHOMY PO3BUTKY aBapili — MOXHOKa
KIIOYOBUX TTapaMmeTpiB He mnepeBuinye 7 %. lle cimunuth
PO JTOCTOBIPHICTh MOOYTOBAaHUX MOJENCH 1 JTO3BOJISE
BUKOPHCTOBYBATH X JUIS MOJAJBIIOTO aHANI3y CLEHApIiiB
HEIITATHAX aBapiifHUX CUTYAIii.

Po3pobneHnii iHTEpaKTUBHUIA TpeHAaXep 3a0e3rnedye
Bi3yaui3amito AMHAMIKH OCHOBHUX (i3MYHUX HapaMeTpiB y
PeXHMiI pEaNTbHOTO0 dYacy, BKIIOYAIOYH IOTYKHICTB,
TEMIIEPaTypy, THCK 1 TIOJIOKEHHS CTPHKHIB PEryJIIOBaHHS.
AJIanTHBHI aNTOPUTMHU TUCKPETH3AIlii JO3BOJIMIN TOYHO
BIITBOPUTH IUBUJAKOIUIMHHI 3MIHM Yy pEaKTopi, IO
BUHHUKAJIM B OCTaHHI CEKYHH niepea BUOyxom. CUMysiTop
TaKOX MIATPUMYE pYUHE HaNAIITYBaHHS YMOB CICHapilo,
mo poOuTh #Horo e(eKkTUBHUM IHCTPYMEHTOM JUIA
HaBYaHHS Ta aHANI3y albTEPHATUBHUX i IEpPCOHATY B
aBapiiiunx ymoBax. IIpoBenena Bepudikamis Mojeni Ha
OCHOBI ITyOJIIYHO JOCTYIHUX JaHUX PO aBapilo J03BOJIHIIA
BH3HAYUTH KPUTHYHI MOMEHTH, B SKi BTpy4aHHSI MOTJIO O
3MEHIINTH MacmTad Karactpodu. 30KpeMa, BHUSBICHI
THUMYacOBI TOYKH 3 TOUHICTIO +1.5C, y SKMX meBHi nii
(BBEIIEHHSI CTPIDKHIB, OOMEKEHHS MIIHATTS MOTYXKHOCTI)
Oymn 0 HaWObm epeKTUBHUMHU. TakuMm 4YHHOM,
PO3B’si3aHHS BCIX IOCTaBJICHHX Y POOOTI 3a/1a4 CIIPHUSLIIO
JIOCSITHEHHIO  IK HayKoBOi MeTH — (opmamizauii
3aKOHOMIPHOCTEH PO3BHTKY aBapii Ha OCHOBI (i3MYHHX
MoJenield, Tak i NPaKTHYHOI — CTBOPEHHIO CY4acHOTO
TpeHa)Kepa-CUMYJIITOPA, SIKUH MOXKe OyTH 3aCTOCOBaHUH Y
niarorosui nepconany AEC. 3anponoHoBaHe pimieHHS He
JIMIIE J03BOJISIE Kpalle 3pO3yMITH HPUPOIY KaTacTpodu
1986 poky, ane i cnpusie MiIBUIIECHHIO 3arajlbHOTO PiBHS
simepHOi Oe3MeKH 3aBISKHA PO3BUTKY 3aCO0IB HAaBYaHHA 1
aHaJi3y aBapiiiHUX CIieHapiiB.
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COMPUTER SIMULATION OF THE DEVELOPMENT OF THE CHORNOBYL NUCLEAR POWER
PLANT ACCIDENT USING AN INTERACTIVE SIMULATOR

The process of creating a mathematical model and an interactive computer simulator designed to reproduce the dynamics of the Chernobyl accident is
considered. The main goal of the study is to identify the key physical factors that led to the catastrophic acceleration of the reactor, with the subsequent
use of the modeling results for educational and research purposes. As part of the work, a comprehensive integrated model was implemented that covers
neutron kinetics taking into account delayed neutrons, changes in reactivity due to the steam effect and movement of control rods, the balance of xenon-
135 concentration, as well as the thermal hydraulic characteristics of the core. The simulation was implemented using numerical integration methods
with an adaptive time step, which allowed us to reproduce the details of the accident process with high accuracy. The dynamics of parameters such as
power, temperature, pressure, and rod position were visualized using a web library with an update rate of 60 frames per second. Verification of the model
showed that the results correspond to historical data with an accuracy of over 93 % for the main parameters, including the moment of peak power and
the values of temperature and pressure. Comparative analysis with available literature sources showed that the proposed approach has advantages over
classical one-dimensional models that do not take into account the combined effect of several physical factors. The practical value of the development
lies in creating an effective training tool for training nuclear power plant operational personnel, which allows analyzing critical scenarios, identifying
effective intervention points and studying the consequences of erroneous actions. The limitation of the model is the lack of spatial distribution of
parameters in the reactor and the simplification of thermohydraulic dependencies, which is planned to be taken into account in further research.
Keywords: Chornobyl accident; mathematical modeling; computer simulator; reactivity; xenon poisoning; heat and mass transfer; neutron

kinetics; simulation; nuclear safety.

Bicnuk Hayionanvnoeo mexuiynozo ynisepcumemy «XI1». Cepis: Enepeemuxa:

HaoiHicmeb ma enepeoepexmusnicmo, Ne 1 (10) 2025

39


mailto:brovkokonstantin@gmail.com
mailto:v.natasha.d@gmail.com

ISSN 2224-0349 (print)

DOI: 10.20998/EREE.2025.1(10).334222
YK 621.316.925
JAHHJIBYEHKO JIMHTPO OJIEKCIHOBHY — xannunar texuiunnx Hayk, H0LEHT, CTapIIMil ZOCTIAHMK, npodecop Kadeapn

nepezadi enekTpuuHoi eneprii, HarionanbHuil TeXHIYHUN yHIBepCHTET « XapKiBCbKHI MOMITEXHIYHUH IHCTUTYT»; M. XapkiB, Ykpaina; ORCID:
https://orcid.org/0000-0001-7912-1849; e-mail: dmytro.danylchenko@khpi.edu.ua

HIOIIA BIIA/TUC/IAB MHKOJIAHOBHY 2 - acripaHT KadenpH nepenadi eneKTpH4HOi eHeprii, HamionansHuil TexHiYHMI

yHiBepcuTeT «XapKiBCbKUil MOMITEXHIYHUH IHCTHTYT»; M. XapkiB, Ykpaina; ORCID: https:/orcid.org/0000-0002-4269-1941; e-mail:
vladyslav.tsiupa@jieee.khpi.edu.ua.

CIIOCIB PEAJIBAILIL IA®POBIBAIIL PEJEMHOI'O 3AXHCTY TA ABTOMATHUKHM J1JIs
EJIEKTPOEHEPTETUYHHUX OB'€KTIB PO3IIOAIJIEHHA 3 HATIPYT'OIO 6-10 KB

VYV cTaTTi mIpencTaBleHO HOBY KOHIENIIO IIPOEKTYBAaHHS IEHTPANi30BaHOi OaraTokaHAalNbHOI CHCTEMH YIPABIIHHSA CEPEIHBOBOJILTOBUMU
PO3IOIIBLHIMHY IPUCTPOSIMU, OCHOBHA 1HHOBALIIS SIKOT IOJIATAE B IHTErpawil alrOPUTMIB IIEPBHHHOI Ta PE3ePBHOI pelIeifHOl 3aXUCTY B 00YHCIIOBAIbHY
iHpacTpyKTypy MiACTaHIii, a caMe B pe3epBHUI a00 AyOntorounii cepBepHuii 0110k, Bimomuii six Front-End Controller. L{s apxiTekTypa cnpsiMoBaHa Ha
ITiIBHIECHHS €KOHOMIYHOI €()eKTHBHOCTI Ta HIPAKTHYHOI eKCILTyaTamii pillieHb 3 peeifHoro 3aXUCTy Ta aBTOMAaTU3aLlil AT eHepreTHYHNX KOMIaHI} Ta
omeparopiB eJIeKTpoOMepexk. 3apOOHOBAHUH ITiJIXi]] 0COOIMBO 3aCTOCOBHHHN [0 HAMMOMIMPEHIIIUX TUITIB PO3IOUIBHIX MEPEX CepeaHbOI HANPYTH, a
TaKOX JI0 CUCTEM €JICKTPOIIOCTaYaHHs Ha MPOMHUCIOBHX MiANPUEMCTBAX. 3aBAAKH NEPEMILCHHIO JIOTIKH 3aXUCTY 3 PO3MOALICHHX allapaTHUX pelie 10
LEHTPAILHOI0 OOUYHCIIIOBAIBHOTO BY3J1a, CUCTeMa 3a0e3Iedye OLIbII THyYKe BIPOBA/DKCHHS CyYaCHUX alallTHBHUX aITOPHTMIB PEIeifHOro 3aXHCTy Ta
aBTOMaTH3allii, 10 NOJIEr e iX IHTerpawuilo B CyJacHy eHepreTH4Hy iHppacTpyktypy. Kpim Toro, e pilieHHs crpusie BIPOBaKEHHIO TEXHOJIOTIH, 110
BianoBigaoTs cranmaptry IEC 61850, 3a6e3neuyroun B3a€MOMII0 Ta CTAHAAPTH3ALII0 MK CHCTEMaMH aBTOMAaTu3awil. Y CTATTi HABEICHO ACTAJbHY
OLIIHKY HaJiMHOCTI Ta eKCIUIyaTallifHHX XapaKTEePUCTHK 3alpOIIOHOBAHOI IIEHTPai30BaHOI CHCTEMH pENeHHOro 3aXHCTy Ta aBTOMATH3allil, ska
IpH3HAYeHa 111 BUKOHAHHS BCIX OCHOBHUX (YHKLIH 3aXHCTy CEpEeIHBOBOJIBTHHX PO3MOAUIEHUX IPHCTPOIB, BKIIOYAIOYH 3aXUCT JiHii Ta mmH. Kpim
TOro, B poOOTi OMHMCAHO apXITEKTYpy CHCTEMH YIPABIiHHS, OXapaKTepH30BaHO ii OCHOBHI KOMIIOHEHTH Ta OL[HEHO MPOLYKTHBHICTh LEHTPATLHOTO
KoHTpoJepa. [TokazaHo, 0 0OYHCIIOBATEHI BUMOTH TaKOTO KOHTpOJIEpa Ul THIOBOI PO3HOALIBHOI MiACTaHI] cepeHbOI HAPYTH 3aJIMIIAI0OTECS B
Mexax Iiana3oHy IPOXYKTHBHOCTI Cy4acHHX KOHTpoJsepiB, cymicHux 3 SCADA, mo mocrayaroThesl NPOBIIHUMH BHPOOHHKAMH aBTOMATHKH B
€IIEKTPOCHEPTeTHYHOMY CEKTOpi. Pe3ynbraTé MiAKpECTIOTh NOLIIBHICTD Mepexoqy OO LEHTPATi30BaHHX apXiTeKTyp 3axucTy 0e3 IIKOAW A

(yHKIIOHANBHOT IiNICHOCTI 200 MIBUKOCTI pearyBaHHs CHCTEMH.

Kurodosi ciioBa: pelneiiHuil 3aXMCT Ta aBTOMATH3allis; aBTOMATH30BaHI CHCTEMH KEpyBaHHSA TEXHIYHMM IPOLECOM; 3aXHCT IIiJICTAHILIH;
T IBHILEHHS HAAIIHOCTI CHCTEM eNIeKTPONOCTaYaHHs; HePeXiAHi IPOLECH; AITOPUTMH aJaNTallii; IHTeNeKTyalbHi Mepexi.

Beryn. B cyuacHux peanisix po3BUTKY €HEpPreTHIHOI
raimysi, ¢axisi €IeKTPOEHEPTeTUKU AKTUBHO
00roBOPIOIOTh TPOOJIEMH Ta TEPCHEeKTHBU IMdpoBizarii
MPUCTPOIB 1 CHCTEM PEJICHHOTO 3aXHCTy Ta aBTOMATHKH,
MOXJIHBOCTI iX 00’emHanHA. Lle crocyeTbes sk QyHKIIN
pENeifHOTO 3aXHUCTy Ta aBTOMATHKH, TaK 1 QYHKIINA Pi3HIX
CHCTEM aBTOMATHKH B €JEKTPOCHEPreTHIl B €IWHIN
cucremi a00 B KOMOIHAI[IT MIKpOIPOLIECOPHHUX IPUCTPOIB
[1] (iHTenekTyanbHUX EJNIEKTPOHHHUX MPHUCTPOIB), & TAKOXK
CTBOPEHHS Ta MPAKTUYHOTO BUKOPUCTAHHSI TEXHOJIOTIH, sIKi
Oynu cTBOpeHi a00 po3poOJICHI B paMKaX MiXXHAPOHOTO
CTaHAAPTY «IM(PPOBUX MiJICTAHIIH Ta Mepex» [2, 3].

Crhin 3a3HauUTH, IO PO3MOALIPYI MYHKTH Ta
MiZCTAHIN] CepeqHbOl HANpPyTH € OAHUMHU 3 HaHOLIbII
MOMIMPEHNX 1 BAXKJIMBHX EHEPTeTUYHUX OO0’ €KTIiB, aie
(hakTHuHO BOHM TO030aBieHI OiNBIIOCTI IHHOBAIIMH,
OB ’SI3aHUX 3 TEXHOIIOTISIMH 1HTEJeKTyanbHUX Mepex. Le
MOB’5I3aHO 3 HAJI3BUYAiHO BHCOKOIO BapTICTIO OUIBIIOCTI
pillieHb B paMKax KOHIIETIIT «pO3YMHHX MEPEX», a TAKOK
3 HEONTHUMAaJIbHUMHU a00 HAaJIMIIKOBUMH BHMOTaMHU
MixHapogHoro crangapty IEC 61850 mpu mnoOymosi

mUQpoBUX  MiACTaHIIH B  PO3MONUIBYMX  MeEpexkax
CepEeHbO1 HAIIPYTH.

HaBitp  cywacHmid  TpaaumumiiHui — miaxix 10
pO3rOpTaHHsS B PO3NOAUIBYMX MEpeXkax CeperHbOl

Halpyru CHUCTEM pCHGﬁHOFO 3aXUCTy Ta QaBTOMATUKHU,

pi3HOMaHITHHX aBTOMATH30BaHUX CHCTEM B
CJIEKTPOCHEPIeTHI[I HE € NPUIHATHUM Yepe3 BHUCOKY
BapTiCTh obnagHaHHs, MOHTaKHHAX Ta

MyCKOHAJIAr0JDKYBaJIbHUX POOIT, IPHUOMY TaKi BUTPATH K
MIHIMYM CITIBCTaBHI 3 BapTICTIO OCHOBHOTO OOJaHaHHA
CepeqHbOl HAIPYTH, a 4acTO NEPEBULLYIOTH ii.

OpHnM i3 TIIAXiB MiHIMI3aIl BUTPAT HA CTBOPEHHS
MTOBHOITIHHOT CHCTEMH PENEHHOT0 3aXUCTY Ta aBTOMATHKH,
ABTOMAaTH30BAaHUX CHCTEM B €JIEKTPOCHEPTETHUIII € BiAMOBa
BiZl 1X mMOOYyZOBH sIK HAOOpPYy OKpeMHX TepMiHaJbHUX
MPUCTPOIB 0OUMCITIOBAILHOT TEXHIKHM Ta 3aC00IB 3B S3KY 1
00’€eIHAHHS BCIX HEOOXiMHUX (YHKIIH B €JUHY CHCTEMY,
sgKa TIOBHHHa OyTH BHMKOHaHa Ha MIKpPOIPOLIECOPHII
eneMeHTHIA 0a3i [4]. OOuucmOBaNbHA TOTYXHICTH Ta
00’eM maM’ATi Cy4acHMX MOJeNeil MiKpOIpOLEecopiB
JIO3BOJISIE  PEANTi30BYBAaTH JIOCUTH CKJIAIHI aJTOPUTMHU
peneiHOro 3axHcTy, aBTOMAaTHKH Ta BHMIpIOBaHb, a
HEOOXigHa  HANIAHICTD  JOCSTAETbCA  TyOFOBaHHSAM
(YHKIIH B MpPOrpaMHOMY Ta amapaTHOMY 3a0e3IedeHHI.
Taxuii miaxin 103BOIUTH BIIPOBAAUTH 0arato e(heKTUBHIX
pillieHb B paMKax TEXHOJIOTII IHTEJICKTyaJbHUX MEPeX Ta
cranaapry IEC 61850, a Takox MiHIMi3yBaTH (hiHAHCOBI Ta
gacoBi BuTpatH. lle CTOCyeThCcs Bce Ie OOMEKEHOT
MOXJIMBOCTI 3aCTOCYBaHHS HalCydaCHIIIMX aJalTHBHUX
ITOPUTMIB 3aXUCTy Ta AaBTOMATHKH B PO3MOJUIBYMX
MYHKTax Ta MiJCTaHLIsX CePeHBOI HANPYTH, BKIIOYAI0YH
CJIEMEHTH IITYYHOTO IHTENEKTy [5], a TaKkoX CHUCTeMH
0e3nepepBHOr0 MOHITOPHUHTY Ta JIIarHOCTUKH [6].

Merta crarri. Po3BuTOK 1 MOnepHi3auis peneiHoro
3aXUCTy Ta aBTOMATHUKH, CHCTEM aBTOMATHKH B YKpaiHi i
32 KOPJOHOM NPHU3BENH IO TOSBH TAKUX TEPMIHIB, 5K
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«uudpoBa  MIACTAHISN»,  «aJANTHBHUN  aJTOPUTM
6e3mexm», «pO3yMHI MEPEXKi» TOIIO.
JlireparypHuii  orasia.  AHami3  JiTepaTypHHX

JOKEpeIT II0Ka3aB, 1110 CbOTOJIHI 0araTo yBaru NpHIUIIETCS
IHHOBALlisIM, Y TOMY YHUCJI HIU(PPOBUM CHCTEMaM CTaHIIH i
MIiZCTAHIIH PEICHHOTO 3aXUCTy Ta aBTOMATUKHU [7-9].

[lomroBXoM a0 WBOTO CTaB, 30KpeMa CTaHAAPT
IEC 61850, sxuii BH3HA4Ya€ BUMOTH [0 apXIiTEKTypH
NMOOYZOBH CHUCTEM PEJICHHOTO 3aXHCTy Ta aBTOMATHKH,
ABTOMAaTH30BAaHUX CHCTEM YINPABIIHHS, CHCTEM OOJIKYy Ta
BUMIpIOBaHb B €JIEKTPUYHMX MiACTAHIIAX Ta Mepexkax, a
TaKoXX  CTaHOApTHy coenu¢ikamito i oOMiHY
iHpopmari€ro, KOOpAMHAIII Ta  CYMICHOCTI  MiX
3aCTOCOBYBAHUMH  MIKPOIPOLIECOPHUMH  TPHCTPOSIMHU
pi3Hux BupoOHuKiB [10-12].

HesBaxkaroun Ha npUBAOIUBICTE 1 IOTCHIIAHUI
edext OaraTbox pilleHp B pamkax cranmapty IEC 61850,
Ha CLOTOJHIIMIHIN I€Hb BiH HE 3HANIIOB CBOI'O HAJIEKHOI'O
3aCTOCYBaHHS B DO3MOAUIBYMX Mepexax CepeaHbol
HAaIpyTy sK B YKpaiHH, TaK 1 B 3aKOPJIOHHUX KOMITaHIsSX.

Tak, Ha HaWOITBPIIOMY 1 TIPOBINHOMY pPHHKY
aBTOMaTH3allii B enekTpoeHepretuii — B Kurai — go 2020
poky Oyio moOymoBaHO OiNbIE TI'SITH THCSY TU(PPOBUX
MiACTAHINH, aje BCi BOHM TPEACTABIAIOTH KJIAcH
MiACTaHIIH BUCOKOI i Ty>ke BuCcOoKoi HanpyTH [13, 14].

Bupimenns npoGiiemMu moOyIoBH €KOHOMIYHHX Ta
e(PeKTUBHHUX CHCTEM DEJICHHOro 3aXHCTy Ta aBTOMATHKH,
CHCTEM aBTOMAaTH3alii B EJEKTPOSHEPreTHlll, a TaKOoX
udpoBsizalil po3noAiIbUUX MEpeX CepelHbOl HaNpyru

JIOKUTh B IUIOIIMHI TMPOMOHOBAHOT HAaMHU CHUCTEMU
IEHTPATI30BaHOTO YIOpaBITiHHS PO3TOAITEYUMU
MPUCTPOSIMH ~ CEPEIHBOI  HAmpyrd 3  aJalnTHBHUM

aNrOpUTMOM PENEHHOro 3aXUCTy Ta aBTOMAaTHKH [15,16].
JociaigxeHHs: MeTOAIB  CTBOPEHHSl  CHCTEM
HEHTPAaTi30BaHOI0 PesIeifHOro 3aXuCTy Ta aBTOMATHKH.
BaxumBoro d9acTHHOIO pOOIT y HAampsSMKYy CTBOPECHHS
«uu(poBUX TiACTaHIIN» € I[EHTpaTi30BaHa CHCTEMa
peNeHOro 3aXUCTy Ta aBTOMATUKH. OJHUMH 3 OCHOBHHX
MUTaHb, $IKIi HEOOXIMHO PO3IJISHYTH JUIS CTBOPEHHS

[EHTPAII30BaHOI CHCTEMH pEJICHHOr0 3aXHCTy Ta
ABTOMATHKU, €:
e  3ale3neyeHHs HaJliitHOCTI pobotn

[EHTPATi30BAHOTO MPUCTPOIO MPH 3yMHHKAX 1 BiMOBaX
o0JiaJiHAHHS Ta KaHAJIB 3B’SI3KYy, 30KpeMa 3a paxXyHOK
Ty OTFOBaHHS.

e JlocmimKkeHHs CKIamy Ta CTPYKTYpH
[EHTPaII30BaHOI CHCTEMH.
Jus  [mocATHEHHS WX  [iJIed  TPOIIOHYETHCS

MEPEHECTH JIOTIKY PEJIeHHOro 3aXHCTy Ta aBTOMAaTHKH Ha
HeHTpanbHui cepBep, a Joriky MU (merging unit)
SAJUIIATH Ha BUXIAHUX JIIHIAX:

e  OmudpyBaHHS aHAJIOrOBUX CHTHAIIB (OJIOKU
OHY, ALI).

e  KepyBaHHs niepeMuKadamy (JOT14HI BUXOJIH).

e [uTepdeiic (3’ €qHAHHS 3 CEPBEPOM).

Ie BignoBinae 6J10k-cxemi, 300pakeHiit Ha puc. 1. Y
il EeHTpalli3oBaHiil cucTeMi BCsS JIOTIKA 3aXUCTy 1
aBTOMATUKH 30CEPEPKeHA B OJJHOMY MPHUCTPOi — CepBepi;
BaXIIMBY pOJb Bifirpae JiHIA 3B’SA3Ky cepBepa 3
PO3IOAUTEHUKOM, 3 Horo Omokamu. BaknuBa poib JTiHIN

3B’513Ky HPOSIBISIETHCS B TOMY, 1110 LK(POBA JIiHis 3B’ 3Ky
noBMHHa  3abe3rnedyBard  HEOOXIiAHY  IIBUAKICTb,
HaIIHICTP JIHIT 3B’A3KYy BIUIMBAE Ha 3arajibHy HAIHICTH
CHCTEMU 3 LIEHTPAJIbHUM CEpBEPOM; HaMIWHICTh JIiHIT
3B’S13Ky BIUIMBA€ Ha 3arajbHy HAIIMHICTh CHUCTEMH 3
LIEHTPaJIbHUM CEPBEPOM.

Display.

Keyboard

RS232

PucyHok | — CTpykTypHa cXeMa LeHTpali30BaHOi CHCTeMHU
peneitHOTOo 3aXKCTy Ta aBTOMATHKU:
LPF — ¢insTp HIXKHIX YacToT,
ADC — ananoro-nudpouii nepersoprosau (ALIT),
RS485 — inTepdeiic RS-485,
DSP — mu¢poBuii curHansHui mpouecop,
CPU — neHTpansHuid mpoecop

Front-End-Controller (Front End Processor, FEC,
FEP) (mBa pobOoumx 1 onmwH pe3epBHUII) — Ie [Ba
KOHTPOJIEpH,  sSIKI ~ BHUKOPHUCTOBYIOTbCS B SIKOCTI
LEHTPAIBLHOTO cepBepa.

FEC € ocHOBOIO cHCTEM JHUCTAaHIIIHOTO KepyBaHHS,
CHCTEM aBTOMAaTH3allil Ta JUCIETYEPCHKOro YIPaBIiHHS B
enepreruui. Jlonarkoswuii (npyruit) FEC moxe npaitoBatu
B PE3EPBHOMY PEKHUMi, a00 MOKE OYTH HAJIAIITOBAHUH SIK
ocHouuii FEC pasom 3 mepmmm, abo B mporpamMHOMY
PSKHMI  «Tapsuoro» pe3epByBaHHS, a MoOXe OyTH
HanamroBanuil sk peseppHuil  FEC. Ilpu npomy
MiABHUIYEThCS HANIAHICTD 1 JOCTYHHICTH TIPOLECIB
MOHITOPHHTY Ta ympaBiiHHA. Lle 103BoNse 3MiHIOBATH
TexHonoriyanit mporec Ha FEC 06e3 mepepuBaHHA
KEpYBaHHS IIPOIIECOM.

Oo6unga FEC 3’eqnani nepudepiiiHoro muHo. Ane B
OCTaHHBOMY BUNAJKy TuUIbkM ofauH FEC € akTHBHUM
(master) i Mae NOBHMH KOHTPOJIb HaJ KapTaMu IIUHH
BBOAy/BUBOLY, a npyruii FEC — rapsdoro pesepsy (slave)
— TOCTIHHO OOMIHIOETBCS iH(]OpMamiero mpo cTaH 3
aktuBHIM FEC uepes mocnigosue ado TCP/IP-3’emHanHS.
ApOiTp BuOMpae pexuM IPOBIAHUI/BEICHUM, SIKUH MOXeE
BKIIOYATH pe3epB, KOIMM BeAydydMid He (YHKIIOHYE
HaJIS)KHAM YHHOM.

VY mepumioMy BHIIAJKy MOXE BHUKOPHCTOBYBATHCS
OPUHOMI Ma)KOPUTApHOI CHUCTEMH, TOOTO KoM (akT
HaCTaHHs TOJii, 10 BUMarae peaxiii 3 OOKy cuUCTeMH
3aXUCTy 1  YOpPaBIiHHA,  BUSBIAETBCS — LUIIXOM
«rosnocyBanHs», 1 00uaei FEC npuiimaroTs pitieHHs npo
okl Ail mpu GopmyBanHi abo HeopMyBaHHI TBOX
OJTHAKOBHMX KOMaH/I.
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HeoOximHO BpaxoByBaTH BIHOCHY HailHICTh
KOMIUIEKTY MIKPOMPOLIECOPHUX TEPMIHANIIB pENeHHOro
3axucty Ta aBtomaruku 1 FEC mnpu mapasnenbHii
KoH(irypauii, Konu BiJ OJHI€T IMHU BIAXOAUTH ACKIJIbKa
JIHIA 1 KOXHA JIiHIS 3aXHUIAETHCA OJHUM TCPMIHAJIOM.
Haiinpocrima miacTranmis nokaszana Ha puc 2. O0’exTH
3aXHCTy 3 TepMiHasamMu 3axucty (Q) 3aXHIIAIOTh JIHIIO
enektpornepenad (P).

oL

NV AN

Pucynok 2 — CTpyKkTypHa cXeMa [eHTpali30BaHOi CHCTEMH
peneliHOTo 3aXKUCTy Ta aBTOMATHKU:
S — eneprocucrema,
Q — TepMiHaJ JiHIIHOTO 3aXUCTY,
P — ninis enexrponepenayi

[ITo6 MaTy MOKITUBICTD MOPIBHATH OB KOHQITYpaIlii,
3pOOMMO TIPHUIYIIEHHS: HMOBIPHICTD BHXOLY 3 Jamy
TepMiHaiiB  Mikpomporecopa P i Ttepminanie FEC
onHakoBa. Ham TakoX MHOTPIOHO BBECTH WMOBIPHICTD
MOLIKOKCHHS X (HAIpHUKIaJ, KOPOTKOTO 3aMUKaHHS) Ha
miHil okuBieHHA. [l mapanenbHOi cxemu I Oyne
HMOBIPHICTb TOIIKO/DKEHHS P iHiH, 3 O 3aXUCTaMu.

[Ipny  mopiBHsHHI  TepMmiHaTiB 1  cepBepa
3aCTOCOBYETBCS HACTYNHHH METOA: MH BHOMpPAEMoO
HMOBipHOCTI, JiHIHHI MO0 X (B [bOMY BHIIQAKy MH
BBaXkaeMo, o X << 1), ToAi pH TOPIBHSIHHI IBOX CUCTEM
MH MOXKeMO irHOpyBaTH X (BifpizaTu).

ﬁMOBipHiCTL BiIMOBH 3aXWCTy BiJ IIOIIKO/KCHb B
JiHii cTaHOBHTSH [17]:

P-X (1)

BiJINIOBiTHO, HMOBIPHICTH TOTO, IO BiJIMOBA JIiHIi 3aXUCTY
He IIPU3BEJIe /10 BiZIMOBH BCIi€i JIiHIT JOPIBHIOE:

(1-P(yx) )

Ockinpku Bei P nmiHIN He3anexHi, TO HMOBIpHICTh
TOTO, IO BiZIMOBA JKOHOI 3 71 JIHIN 3aXUCTy HE MPHU3BEIC
IO BiTMOBH BCHOTO 3aXHCTY, TOPIBHIOE:

(1-Peyx)" (€)

TakuM 4MHOM, MH OTPUMYEMO HMOBIPHICTH BIIIMOBH
Y nns Bcboro 3axucry:

Y=1-(1-P )" ©)

Jli"iliHa yacTuHAa:

Y=n(-)P(-)X (5)
BIITOBITHO:
Y~n-P. (6)

st wiel cxemu n Oyze piBHEM 4.

Kpim Buxonmy 3 jagy KieMH, MOXIIHBE HOMHJIKOBE
cnpansoByBanHs kinemu (i FEC), xonmm 3a BipcyTHOCTI
TMIOIIKO/KEHB Ha JIiHii, KJleMa [10/1a€ KOMaHy Ha BUMHUKau.
HasBemo iiMoBipHicTh Takoi momii Z 3a yMOBH, IIO BCi
YOTHPH KJIEMH MiIKII04YeH] oqHakoBo. Toi 11 40TUPhOX
TEpPMiHATIB CyMapHa WMOBIPHICTP XHOHOI TpPHUBOTH
nopiBHIoe [17]:

A-(1-2))=4Z—-622+423-7% (1)

Jus mBox FEC (y Bumanky omuiei pobodoi Ta oxHiel
pe3epBHOI) TpHUCTpili KoHTpomo mpanesgatHocti FEC
pearye TiIbKH Ha HAasBHICTh HeBHHMX curHaiiB Bim FEC
(nanpuknaz, curnanis onutyBanus Ofsted), sikimo BoHM He
HaJXOJsITh TPOTATOM Jeskoro dvacy — ocHoBHa FEC
3YMUHIETHCS, MounHae poboty pesepeHa FEC. Lle Oyne
BinOyBaTHCS TUIBKM B NMEBHUX BHUIAAKAaX BUXOIY 3 JIaly
ocHoBHoi FEC:

e  Brpara xxusnenns FEC.

) Buxiz 3 magy noriunoi cxemu FEC (manpukoran:
BUXIJ 3 JIaZy IIEHTPAJIHHOTO MPOIEcopa).

[Ipun mpoMy He OyOyTh BHSIBIICHI CKIQJHI THITH
HECTIPaBHOCTEH, TaKi sIK:

e  HenpasuibHa jorika podoru FEC (nanpuknarn,
onutyBanHsi Ofsted TpuBae, ame norika 3axucty He
MIPAIIIOE).

e  HenpaBuibHa Jlorika pod0oTH 3aXHCTYy.

Ciip 3a3HayuTH, 10 pE3epBYBAaHHS 3a JOINOMOIOIO
Tpbox 1 Oinbme FEC B rapsdomy pesepsi (Koyu BCi TpH
FEC npamoroTs mapajensHO 1 Mpamoe OUTBIIICT
CHCTEMH ) T03BOJISIE BUSIBIIATH 1 CKIIATHI BUIU BiTMOB (KOJIH
onuH 3 FEC ne Oyne mpamroBatu sk iHmuit FEC), ane mi
BapiaHTH € OUTBII JOPOTHMH 1 MOXYTh OyTH €KOHOMIYHO
JMOUITPHUMH IUIS PO3MOAIIBYMX IIEHTPIB 1 TMiICTaHIIN
CepeHbOl HaNpyTH.

[MuTanHs HAAIHHOCTI B PO3MOALIBUMX IIEHTPAX Ta
MIICTAHISIX CEePeAHbOI HAlpyrd MOXKHA BHPIIIYBaTH
MOETAITHO, 301IBIIYIOYH CKIAAHICTh CHCTEMHU:

° Omun FEC.

e JlBa mapanenbHux (3
ny6mosannsm) FEC.

BaxmuBuM  ¢daktopom y cucTeMi 3axHCTY €
BUKOPHCTaHHS BUIIMX (BumIe meprroi rapmoHiku 50 I'm)
TapMOHIK. B OCHOBHOMY, BHIITI TapMOHIKH
BHUKOPUCTOBYIOTBCS JUIsl BU3HAUCHHSI HecIpaBHOTO (inepa
B MeEpeXi 3 130JbOBAHOID HEUTpAIIIO: aOCOIIOTHE
3HQUEHHS CTPYMY BHIIMX TapMOHIK y IIOLIKOKEHOMY
(binepi Oyze OLIBIINM, HIK Y HEYHIKODKeHUX (inepax.

BaxnuBuM  (akTopoM  3aXHUCTy  CHUCTEMH €
BUKOPHCTaHHS HAWBUIIOI (BHILE repiroi rapMoHiku 50 I'i)
rapMOHIKHM 3aXUCTy. B OCHOBHOMy, BHIII T'apMOHIKH
BUKOPHCTOBYIOTBCS JUIsl BU3HAYCHHS HecIpaBHOTro dinepa
B MepexXi 3 I130JIbOBAaHOI HEHWTparo: albCcoioTHE

pe3epByBaHHAM 200
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3HA4YEHHsS CTPyMy BHUIIUX TapMOHIK Yy IOLIKOKCHOMY
(hizepi Oyze OLIBIIMM, HIK Y HEMTOLIKOKEHUX (inepax.

OcCkilbKU  ICHYIOTH ¥ 1HII METOAUM BU3HAYCHHS
MOMWKO/KeHHS (igepa (Hanmpukian, y MOMIKOMIKEHOMY
(izepi amILIiTy1a CTPYMIB HYJIHOBOI HOCIIIOBHOCTI Oy/e
HaO1IBIIO0), BUKOPUCTAHHSA rapMOHIK @
chiBBiIHOIIEHHS (a3) TakoXX MOXKe 3IHCHIOBATUCS
MIOETAITHO:

e  BusHaueHHI  aMIUITyIH
CHTHANIB 3a 3HAYCHHAMH CTPYMIiB
CHHYCOiTAIIbHUX CUTHAIIB, 0€3 TapMOHIK).

e  BmsnayeHHs aMILTITy 1 Ta ¢azu
CHHYCOINJIbHUX CHUTHAJIB 3a JIONOMOTOI0 IE€PETBOPEHHS
®Dyp’e (peectparmis (a3u CHHYCOITaTbHHUX CHTHAIIB 3
ypaxyBaHHSIM TapMOHIK).

B pesynbraTi 3a1uiaHOBaHO TPU €TaIlH:

. Buginenns FEC, MeTo1 TOTOYHOIO 3HAYEHHS.

e Opunapauit FEC, meton neperBopenns @yp’e.

e JlBa mapanensHo mnpamorounx FEC, Meton
neperBopeHHs Dyp’e.

[Toeramna po3poOka CHCTEMH JO3BOJISIE HOCTYIIOBO
HaOyBaTH OCBiy B MPOCKTYBaHHI, BATOTOBICHHI CHCTEM
i Ie miABHITye WMOBIPHICTH YCIIIIIHOTO 3aBEpPIICHHS
MIPOEKTY.

Kpim Toro, Tpm Dpi3HI 3a CKIQJHICTIO CHCTEMH
JIOTIOMOXYTh HaM CErMEHTYBaTH PHHOK: IPOIOHYBAaTH
pi3Hi (32 CKJIAJHICTIO 1 BapTICTIO) MPUCTPOI pPI3HUM
3aMOBHHUKaM, BITIOBIHO JI0 iX BUMOT JI0 CKJIa/ly 3aXHCTY,
BIAMOBIAHO 10 X BHUMOr 10 CHUCTEM HafiiHocTi. lle
OXOIUTIOE IIHPOKUH CIIEKTP PUHKY HPHUCTPOIB 3aXHCTy Ta
ABTOMAaTHKH.

OnuiHOYHI BUMOTH:

1. €mmauit FEC, Merom HOTOYHOro 3HAYCHHS.
MaxkcumanpHO ~JCHICBHA BapiaHT 3  MiHIMaTbHUMHA
BHMOTaMH JI0 HaIHHOCTI Ta CTPYKTYpH 3aXHUCTY:

a.  KimpkicTe TOYOK IUCKpeTH3allii Ha mepios
nepmioi rapMoHiku 50 I'm — 12.

6. Pospsmuicts AIIIT— 10.

B. Jo cxmagy MU (npuctpiii 3B’s3Ky 3
00’€KTOM, 1110 3HAXOJUTHCS Ha KO>KHOMY (inepi) — oriuHi
BXOJM, BUXoau, 3 anamoroux Bxonau, AIIIl, iHTepdeiic
RS485 (2400 x6it/c mo 100 M, 1Bi eKkpaHOBaHI BUTI TTapH).

r. Jo30MU. MU mus curnanis ctpymy, MU
JUISl CHTHAJIIB HAanpyTH (10 2 MTYK).

n. FEC: DSP (Bu3HaueHHA aMILTITY.
CHHYCOiJAIbHUX CHUTHAJIB, METOJ ITOTOYHOTO 3HAYCHHS),
MIPOIIECOP JIOTIYHOTO 3aXUCTY 1 aBTOMATHKH, 2 iHTepdeiicn
RS485 (migxmrouenns mo BII, 3B’sa30k 3  piBHEM
ynpasininns), intepdeiic RS232 (abo USB) — 38’5130k 3
komrt’ rorepom aiist koHdirypauii FEC, nuioBa naHesb.

2) Onunapumii FEC, meron meperBopenHst Dyp’e.
Bapiant 3 MiHIMaJIbHUMH BHMOTaMH 10 HaIIAHOCTI 1
BUCOKMMH BUMOT'aMH JI0 CKJIaJly 3aXHCTiB:

a.  KinbpkicTh TOYOK aucKpern3auii B nepioai
nepiuoi rapmoniku 50 I'p — 40.

6. Pospsmuicte AT — 12.

B. Jo ckimany MU (BHHOCHMH MOMyJb,
po3TamIoBaHU Ha KOXHOMY (ifmepi) — JOTi4HI BXOJH,
BUXOZH, 3 aHATOTOBUX BXOJM, TAKTOBHI BXix (3amae dazy
Hanpyru), AL, DSP (nepetBopenns @yp’e, mo BU3HAYAE

CHHYCOIHAJIBHUX
(6e3  dazm

amrtityny i dasy), inrepdeiic RS485 (2400 k6it/c mo 100
M, 1Bl EKPaHOBAHI BUTI MMapH).

r. Jo30MU. MU pus curnanis ctpymy, MU
JUIsl CUTHAJIIB HanpyrH (10 2 MWTYK).

n.  FEC: mnporecop J0riyHoro 3axucry i
aBTOMaTUKH, 2 inTepdeticu RS485 (migxmouenus no BII,
3B’30K 3 piBHEM ympaBimiHHs), iHTepdeiic RS232 (abo
USB) — 38’130k 3 koM '1oTepoM jutsi kKoH(pirypanii FEC,
niepetHs MaHeb.

3) /[lBa mapanensHo mnpamorounx FEC, wmeron
neperBopeHHs Oyp’e. BapiaHT 3 miIBHIIEHIMH BUMOTaMH
0 HAIIHOCTI 1 MiJBUINEHMMH BHMOTaMH [0 CKIamy
3axuctiB: kokeH FEC mnoB’s3anmit 3 MU okpemumun
THISIMHA:

a. Kinpkicth TOUOK BUOIpKH B
nepiuoi rapmoniku 50 'y — 40.

6. Pospsmuicte AL — 12.

B. Jlo cximany MU (BHHOCHHMH MOYJIb,
po3TamoBaHUi Ha KOXKHOMY (inepi) - JIOTi4HI BXOAH,
BUXOIM, 3 aHAJIOTOBHX BXOJHW, BXiJl CHHXPOHI30BaHHX
curHamiB  (3amaHmit cumrHan dgacy), AL, ILOC
(meperBopenns Pyp’e, Bu3HaueHHs amIntityu i ©-PS), 2
inTepdeiicn RS485 (2400 x6it/c no 100 M, aBi ekpaHOBaHI
BUTI mapu), BOyIOBaHAa CHCTeMa MaKOPUTAPHOTO
KepyBaHHSI.

r. BusHaueHHs aMIDITYAZ CHHYCOiZaTbHHUX
curHaiiB — B MU, MeTon neperBoperHst Oyp’e.

n. Jo 30 MU. MU nist cursainis ctpymy, MU
JUIsl CUTHAJIIB HanpyrH (10 2 MWITYK).

e. FEC: mpomecop IOTi4HOrO 3axuCTy Ta
aBTOMaTUKH, 2 iHTepdeiicn RS485 (3B’s130k 3 BII, 38’5130k
3 piBHeM ympaBiiHHs), iHTepdeiic RS232 (abo USB) —
3B’5130K 3 KoMIT toTepoM it koHpirypanii FEC, imumpoBa
TIaHeJb.

IcHye nmpoGiema HA3BKOI MIBUAKOCTI TIepeAadi TaHMX
CTaHOApTHOTO MOZAyJs depe3 iHTepdeiic RS485. B
pe3ynbpTaTi, MpH HU3BKIM mBUAKOCTI, Oarato (mo 30)
MOJyJiB Ha CHUIbHIA IIMHI HE 3MOXYTh BCTUTaTH
nepeaaBaty iH(GopMarrio.

B Takomy BunaaKy He0OXiIHa TOMONOTIS «3ipKay s
moOyIoBH  Mepeki mepenadi  gaHux: KoxkeH MU
MIIKJIFOYAETHCS IO CepBepa BIACHOIO BUAIJICHOIO JIHIEIO.
3p0o3yMisio, IO TaKe PIlICHHS JOPOXKYe: OLIbINA TOBKUAHA
kabexro, Outpina KinmbKicTh (32) iHTepdeiiciB RS485 mis
FEC.

VY npoMy BUNIAJKY, OHAK, MH OTPHUMYEMO:

e  3HayHW{ BUTpAIl y HAIIMHOCTI JNiHIH 3B’S3KY:
OJTHA HECIPaBHICTH JIiHi{ BIUIMHE JIUIIE HA OJWH MOIYIb.

e  KoskHa miHig 3B’s13Ky iHTepdeiicy RS485 Oyne
MPAIOBaTH 3 MEHIIOK MIBUAKICTIO, M0 IMiABHILYE
HaIifHICTh 3B’S3Ky, 3HIWKye Bapricth MU, 3Ha4HO
PO3MIIMPIOE HOMEHKIIATYpy npomucioBux MU (3a paxyHok
3HW)KEHHS BUMOT JIO HUX).

Po3paxyHok HE0OXiHOT IPOAYKTHBHOCTI (BUMOTH JI0
MIBUAKOAIT) IEHTPAIBHOTO MPOIEcopa IPUCTPOIO 3aXHUCTY.

1) Oounounuit FEC, memoo nomo4uHoz20 3Ha4eHHA.

VY npomy Bapianti MU BupoOIIsie TINBKH OLU(PPOBKY
BXITHOTO CcHUTHAIy (KUJTBKICTh TOYOK IHCKpEeTH3alii Ha
nepiox mepmroi rapmoniku 50 'y — 12; pospsaaaicts AL
—10). Takum unHOM, Ha enuaN FEC HagxoauTs «cupuiny,
OMIIOHATIFHO 00pOoOIeHNH U(PPOBHUIL TOTIK, 110 3MEHIITYE

nepioi
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MakcumaibHe 3HadeHHS MU (KUIBKICTH SIKHX MOJXKE
nocaratin 30, i BenmMYMHA SKHX CYTTEBO BIUIMBAE Ha
BapTiCTh BCHOT'O KOMIUIEKCY).

VY Bunaaxky makcumymy, pu 30 MU Mu otpumyemo
uudposuit noTik (0e3 ypaxyBaHHs HakJIaJHHX BUTpar),
SKHH € MaKCUMaJIbHUM, TIOPIBHSHO 3 IHIIUMH BapiaHTaMH:

12-10-30 - 30 = 180000 6Git/c ®)

[Ipn mpoMy MakcuMalbHE HABaHTAXCHHS HIe Ha
[MEHTPAILHUM TPOIecOp 3 BH3HAYCHHSAM AaMILTITYIH
CHHYCOiJAILHOTO CHUTHAITY METOIOM TIOTOYHOTO 3HAYCHHS,
SKHA PO3paxOBY€ CEpeIHHOKBAJPATHYHE 3HAYCHHS 32
nepiox meprnoi rapmoniku (cepex 12 todok 3 10-6GiTHOT
pPO3psAAHOCTI). 3a Yac poOOTH 3aXHCTy 1 KOHTPOJIIO (4ac
MOBHOTO LUKy MEpeTBOPEHHs, 0yu3bKko 10 MisicekyHn)
HEOOXigHO (misg curHauiB omuHouHux MU, B maHomy
BUMAJKY  BII3HAYUMO, 1[I0 HEMae  HEOOXiTHOCTI
00YHCITIOBATH KBaJPAaTHUH KOPIHb 1 JAUTUTH Ha KUIBKICTh
TOYOK):

) 12 omepartiiit MHOKEHHSI.

) 11 omepartiit mogaBaHHS.

3a 30 MU otpumyemo 360 muOXeHb, 330 onepariit
IOJaBaHHA. 3a OOHY CEKyHAY, BIAIMOBIIHO, MOTPiOHO
36000 muoxenp, 33000 omepami momaBaHHS. SKIIO
MPUITYCTUTH, IO U IIIOYHUCENTFHOTO MHOKEHHS Oyne
noTpioHo O1m3bko 10 onepariii [oAaBaHHs, TO MiHIMaIbHa
MPOAYKTUBHICT, mporecopa (TUIbKM Ha BHU3HAYCHHI
aMILTITYTU CHHYCOINaIBHOTO cUTHAINY) mopsaaky 400 Tuc.
orepariii ofaBaHHs B CEKyHIy. Y Mepexax CepeaHboi
HATIIPYTH BUKOPUCTOBYIOTBCS TMPOCTI MAaKCUMAIbHI 1
MiHIMallbHI 3aXWCTH, TPOCTa JIOTiKa ABTOMATHKH, SKi
MPAaKTUIHO HE CTBOPIOIOTH CEPHO3HOTO HaBaHTa)KCHHS Ha
HeHTpanbHuid mponecop. Ilpm mpoMmy Bei  cepBicu
(oGunciroBaibHi), HE TIOB’s13aHi 6e31mocepeTHRO 3 POOOTOI0
3aXWCTIB 1 YIpPaBIiHHA, JTAIOTh Ha CIICHiali30BaHi
KOHTPOJIEpH 1  pO3BaHTaXYIOTh, TAaKUM  YHHOM,
LIEHTpaJIbHUHI MTpOLIecop:

e 2 intepdeiicu RS485 (38’ a130k 3 MU, 38’5130k 3
pIBHEM YIpaBIIiHHS).

e Iurepdetic RS232 (abo USB) — must 3B’s13Ky 3
KoMIT'toTepoM Juid HanamrtyBaHHs FEC.

e  Ilepenns MaHeIb (andasitHO-IMppOBHIL
JTUCTLICH, CBITIONION).

2) Inwe po3mawiysanns onuyiil.

e Bapiantr 3 MiHIMAIGBHUMH BHMOTaMH 10
HAJIHHOCTI 1 BACOKUMH BUMOTaMH JI0 CKJIaIy 3aXHCTY.

° Bapiant 3 migBUIIEHUMH BUMOTaMH IO
HAIMHOCTI Ta MIJBUINCHUMH BHMOTaMH [0 CKJIAIy
3axuctiB: koxeH FEC mnos’s3anuit 3 MU okpemumu
JIHISIMH.,

OCHOBHE HABAaHTaXXCHHS 110 BU3HAYCHHIO aMILTITY/IH
i asu cunycoinanpHOTrO curHany npunagae vHa FEC (Ha
FEC nepenaerbcst iHhopManist y BUTIISII aMILTITY M 1 Ba3u
CHUTHAIY).

Tomy na FEC nepenatoTbesi TiIbKM HaBaHTaXKCHHS
00pOOKH JIOTIKK 3aXKCTY 1 aBTOMATHKH, SIKi HE CTBOPIOIOTh
BEJMKOTO HABaHTAXCHHS Ha IEHTPaJbHAH MIPOIECOp
(TIpocTi CTPYMOBI 3aXHCTH, MPOCTa JIOTiKa aBTOMATHKH).
[18-201].

BucHoBku. Crorofni (hiHaHCOBI Ta 4acOBi BHTpATH
MPOMHCIOBHX  IIAMPHEMCTB 1  €JIEKTPOMEPEIKCBHX
KOMIAHI Ha MPOEKTyBaHHS, BIPOBADKCHHSI  Ta
00CIIyrOBYBaHHS B PO3IMOIUIBYUX MiFACTAHINSIX CEPEAHBOT
Halpyrd TPaauLidiHUX CHCTEM pEJIEHHOro 3axucTy Ta
ABTOMATHUKH, CUCTEM aBTOMAaTH3allil B €JIEKTPOSHEPreTHII
€ HeTIPUHHATHUMU. Bubie Toro, He3BaXXalouy Ha BEJIUKY
KIJIbKICTh €HEproOJIOKIiB B €HEProcHCTeMI, BOHH (JaKTHIHO
no36asineHi OurbIIocTi iHHOBaLii y cdepi aBTOMarn3anii
Ta «uudpoBizamiin, sKi B TepHIy dYepry BH3HAYCHI
TEXHOJIOTIIMH B YaCTHHI MDKHApOJHOTO CTaHIAPTY
IEC 61850 «Ilucposi miacranmii Ta Mepexi.

Po3po6moBaHMil POEKT IEHTPAi30BaHOI CHCTEMH
VOpaBIiHHA  PO3MOIINIPYMM  IPUCTPOEM  CEPETHBOI
Halpyryd, OCHOBHOIO YaCTHHOIO SIKOi € IIEHTpalli3oBaHa
CHCTEMa PENICHHOTO 3aXUCTy Ta aBTOMATHKH, II03BOJIUTH
BUPIMINTH OUIBLIICTh BHIIE3a3HAUYEHHUX MPOOJIEM HUITXOM
JKBiAAIll KOMIUIEKCY OKpPEMHX MIKpPOIPOLECOPHHUX
TEpMIiHAJIB PENICHHOTO 3aXHUCTy Ta aBTOMATHKH, KUl OyB
pPO3TOpHYTHH Ha MiACTaHLIsIX 300py Ta mepenadi
iH(popMarii, BKIIFOYAIOYd KOMYTAIliifHe OOJaTHaHHS, Ta
00’eTHAHHS BCIX HEOOXITHUX (DYHKIIH B IICHTPAi30BaHy
Ta OaraTokaHaJbHYy CHCTEMY, IIPH LOMY HA €IUHOMY
00YHCITIOBAIEHOMY BY3Ji 3aCTOCOBAaHO /IBa TyOIbOBaHMX
abo pesepHHX HeHTpanbHUX cepBepa — FEC/FEP.

Takuii migxin BUMarae BHUPIMICHHA MNPOOIEMHI
3a0e3ne4yeHHst HeoOXiTHOT HaIIHHOCTI CUCTEMH PEJIeHHOTo
3aXHCTy Ta aBTOMATHKM Ha EJEeKTPOCTaHIi cepexHbol
Hampyrd Ta 3a0e3MeyYeHHs HEOOXiMHOro CcKiamy 1
CTPYKTYPH LIEHTPaJi30BaHOI CHCTEMH, B TOMY YHCIi 3
ypaxyBaHHSIM HOPMaTHBHHX BHUMOT y cdepi peleilHoro
3aXHUCTy Ta aBTOMAaTUKU. ABTOpaMHM BUKOHAHO OIIHKY
3MiHM WMOBIPHOCTI BiIMOB Ta XHMOHHX CHpalbOBYBaHb
CHCTEeM peJleflHOro 3axWcTy Ta aBTOMAaTHKHA  3a
3aMpOIIOHOBAHUM MiIX0JIOM Y TIOPiBHIHHI 3 TPaIHUIiHHUM,
KO TaKa CHUCTEMa OYAYeThCS SIK CYKYNHICTH OKPEMHX
TEPMiHATIB JJIsI KOXXHOTO TpHEAHAHHS  (KOMIPKH)
PO3MOALILYOTO MPUCTPOIO MiACTAHIIT CEPEAHBOT HAIPYTH.
B nmanomy BapiaHTi pO3IIIAAAlOTBCSA JBa BapiaHTH
peanizamii OUIBLIOCTI CHUCTEM, KOIHM PO3MIISAAETHCS
pO3ropTaHHs IeHTpatizoBaHol cuctemu. OIliHKA Ta aHATI3
MoKa3ajid, M0 HAWOUTBII HAMIHHUM 3 TOYKH 30py
HMOBIPHOCTI BiZIMOBH BCBOTO 3aXHCTy € BapiaHT JBoX FEC
3 MaxkopuTapHOw cucreMoro «l 3 2» (cxema «ABOY).
Hait6inpIm HagifHIM 3 TOYKH 30py MMOBIpPHOCTI XHMOHOTO
CIpanboByBaHHS cucreMu € BapiaHT aBox FEC 3
Ma)KOpPUTApHOIO CHCTEMOIO «2 3 2» (cxema «I»). Skmio He
BpPaxOBYBaTH BIUIMB JIiHIH 3B’SI3Ky, a TAKOXK aHAIIOTOBHX
(BUMIpIOBATIBHMX) KT Ha KOXHOMY TIPHEOHAHHI, TO
TpaaMUiiiHUiI BapiaHT mNOOYAOBH CHCTEM pEJICHHOTOo
3aXMCTy Ta aBTOMATHKA 3 TOYKH 30py HMOBIPHOCTI
BiIMOBU Ta XHOHOI'O CIIPAllbOBYBaHHS 3HAXOIMTHCS MIXK
JIBOMa BapiaHTaMH, HE3AJICKHO BiJl BHIAJAKY, IO
posrisiaeThes.  BapiaHT — meHTpanizoBaHOi  CHCTEMH
peneifHoro 3aXMCTy 1 aBTOMATHKHM IIpHU eKCIUTyaTamil
oanoro 06’ektoBoro FEC, Xo4a i € eEKOHOMIYHHM 1 I[IJIKOM
NPUIHATHUM 3 TOYKM 30pYy HaIilfHOCTi, HE JO03BOJISE
sminoBatn FEC 6e3 mepepuBaHHA TEXHOJOTIYHOTO
mpouecy 1 € OyXe BHMOIJIMBHM A0 TPOXYyKTHBHOCTI
[HEHTPANFHOTO  Tpolecopa. Takuii BapiaHT MOXKHA
PO3IIANaTH AK MPOMDKHHMH A1 HaKOIMYEHHS JOCBimy
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HPOEKTYBAaHHA 1 BUTOTOBJIEHHS LIEHTPAIi30BaHOI CUCTEMH,
a TakoXX Ui BUKOPHCTaHHS HAa  HEKPUTHYHHX
€JICKTPOYCTAHOBKAX CIIOXKHBAYIB.

BapiaHT neHTpanizoBaHoi CUCTEMH 3 PE3EPBYBaHHIM
ogHoro FEC immmm FEC Onu3pkuil 3a HaIiMHICTIO 10O
BapiaHTy CHCTeMH 3 OIHMM IeHTpamizoBanuM FEC,
OCKIJIbKM y BHIQJIKy XHOHUX TPHUBOT, SIK i B OUIBIIOCTI
BUIIJKIB BiIMOB, BBIMKHEeHHs pe3epBHOoro FEC He Moxe
BimOyTHcsa. TakuMm YWHOM, Iel BapiaHT KOPUCHHU IS
nopiBHAHHA 3 oxHIM FEC e 3 Touku 30py MOKIMBOCTI
3amian pobodoro FEC ©0e3 mnepepmBaHHS KepyBaHHA
TEXHOJIOTIYHUM TIPOIIECOM. [IpoxgykTuBHICTH
LEHTPAIFHOTO cepBepa CUCTEMH IIPH OyAb-SIKOMY clieHapii
il moOymoBW UIA PO3MONUIBYOI MIACTAHINI CepexHbOi
Hanpyru (mo 30 npuenHaHb) HE  IIEPEBHILYyE
npoayKTUBHOCTI cydacHux koHTposepiB FEC/FEP, i moxe
OyTH JIeTKO IOCSITHYTa 3 BUKOPHCTaHHSIM KOHTPOJIEPIB
SCADA, ski mpeacTaBlieHI Ha PUHKY aBTOMAaru3alii B
CHEPreTHIl.
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METHOD OF IMPLEMENTING DIGITISATION OF RELAY PROTECTION AND AUTOMATION FOR
POWER DISTRIBUTION FACILITIES WITH A VOLTAGE OF 6-10 KV

The paper presents a new concept for designing a centralized multi-channel control system for medium-voltage switchgear, the main innovation
of which is the integration of primary and backup relay protection algorithms into the substation's computing infrastructure, namely, into a backup or
redundant server unit known as the Front-End Controller. This architecture is aimed at improving the cost-effectiveness and practical operation of relay
protection and automation solutions for energy companies and grid operators. The proposed approach is particularly applicable to the most common
types of medium-voltage distribution networks, as well as to power supply systems at industrial enterprises. By moving the protection logic from
distributed hardware relays to a central computing node, the system provides a more flexible implementation of modern adaptive relay protection and
automation algorithms, which facilitates their integration into modern energy infrastructure. In addition, this solution promotes the implementation of
IEC 61850-compliant technologies, ensuring interoperability and standardization between automation systems. The paper presents a detailed evaluation
of the reliability and performance characteristics of the proposed centralized relay protection and automation system, which is designed to perform all
the main protection functions of medium-voltage switchgear, including line and busbar protection. In addition, the paper describes the architecture of
the control system, characterizes its main components, and evaluates the performance of the central controller. It is shown that the computational
requirements of such a controller for a typical medium-voltage distribution substation remain within the performance range of modern SCADA-
compatible controllers supplied by leading manufacturers of automation in the electric power sector. The results emphasize the feasibility of moving to
centralized protection architectures without compromising the functional integrity or responsiveness of the system.

Keywords: relay protection and automation, automated process control systems, substation protection, improving the reliability of the power
system, transients, adaptation algorithms, smart grids.
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JIOPOIIIEHKO JIMUTPO BOJIOJHMHPOBHY [ — 3506ysau kadenpu mepenadi enextpuunoi eneprii, Harionanbuuit

TeXHIYHHHU yHIBepCHUTET «XapKiBChbKUIl MOMITeXHIYHHI IHCTHTYT»; M. XapkiB, YkpaiHa; e-mail: ddorosenko55@gmail.com.

MPOTrHO3YBAHHS BUKU/IIB JIOKCUAY BYTJIELIO (CO:) 3 TA3OTYPBIHHUX YCTAHOBOK 3A
JIOMOMOTI' OO0 MOJEJE MAIIMHHOTO HABYAHHS

YV poboTi po3rIsANaeThCs 3aCTOCYBaHHS METOIB MAalIMHHOTO HaBUaHHS, 30kpeMa Mopenelt XGBoost Ta Random Forest, 11 mporHo3yBaHHS piBHS
BukuaiB Byrierio okcuay (CO,) 3 razorypbinHoro obnagnanss. TouHe nependadeHHs piBHs WIKIUTHBUX BUKH/IIB € KPUTHIHO BaXKJIMBHM 3aBIAHHIM y
KOHTEKCTi 3a0€3eUeHHs CHEPreTHYHOI 0€3MeKH Ta JOCSITHEHHS KOJIOTTYHOT CTIMKOCTI. Y AOCIIDKEHHI BUKOPHCTAHO peabHHUi Ha0ip JaHUX, 310paHuii
y Typeuunni ynponosx 2011-2015 pokiB, mo MicTUTh ITOHa 36 THCSAY 3aICiB MIOTOANHHOTO MOHITOPHHTY TeXHIYHHX Ta aTMOC(EPHHX IIapaMeTpiB
ra30TypOiHHOI YCTAHOBKH. 3 METOIO IOKPALICHHSI SIKOCTI MOJIETIOBAHHS 0yJI0 IPOBEICHO MOMEPEAHIO 00pOOKY AaHHUX, 110 BKIIIOYAIa OUHILICHHS, aHai3
Kopessilii 03HaK Ta CTaHAApTH3aLil0 YMCIOBUX 3HaueHb. Ha ocHOBI oOpaHux mapameTpiB moOymoBaHo 1Bi perpeciiini moneni: XGBRegressor ta
RandomForestRegressor, ski IpoaeMOHCTPYBall BUCOKY TOYHICTh IPH OLIHIOBaHHI pe3ynbrariB. Halikpamie 3HaueHHS koedilieHTa AeTepMiHamii
cknaino 0,742 s mozeni Random Forest, mio Bkasye Ha ii epeKTUBHICTh Y BIATBOPEHHI 3aIeKHOCTEHl MK TEXHIYHHMH IapaMeTpaMi YCTAHOBKH Ta
piBaeM BukuaiB CO,. AHai3 BOXIMBOCTI 03HAK MOKa3aB, 0 HAHOLIBIINI BIUIMB Ha PiBEHb €MICili MalOTh MapaMeTpH, OB’ sI3aHi 3 TeMIepPaTypPHUMU
pexuMaMu TypOiHH, TOXI SIK 30BHIIIHI aTMOC(EpHI YMOBH BilirparoTh APYropsaHy ponb. OTpHMaHi pe3ylbTaTH MAaloTh IPAKTHYHE 3HAYCHHS IS
€HEePreTUYHOI Taiy3i, OCKIIBKM MOXYTh OyTH BHMKOPHCTaHi s MOHITOPUMHTY BMKHAIB, IUIAHYBAHHS MOJEPHi3allil €HEpPreTUYHHX 00’€KTiB,
OOIPYHTYBaHHsS €KOJIOTIYHOI TMOJITUKM Ta BHOOPY ONTHUMAJBbHUX PEXHMIB EKCIUTyaTalii ycTaTKyBaHHS. BrpoBa/pkeHHS NOAiOHMX Mopeneit y
IPOMHCIIOBY INPAKTUKYy CIPHATHME 3MEHIICHHIO BHKH[IB MAapHUKOBUX Ta3iB, IiJABUINEHHIO e(EeKTHBHOCTI EHEeproCHOKHBAaHHS Ta peaizarii
HAL[lOHAIBHUX CTpaTerii CTaJioro po3BUTKY. JlOCHiIKEHHS MiATBEPIPKYE, IO 3aCTOCYBAaHHS Cy4YaCHHX AaHATITUYHUX IHCTPYMEHTIB Ha OCHOBI

MAaIIMHHOTO HABYaHHS MOXKE 3pOOUTH BaroMHii BHECOK Y 3a0€3MeUeHHs €KOJIOTTYHOT Ta eHEPreTHYHOI Oe3NeKH KpaiHu.
KuarouoBi cioBa: nporHo3yBanss BukuziB CO,; eHepreTudHa Oesneka; MamrHHe HaB4daHHs; Random Forest; XGBoost; perpeciiina Mozens;

ra3oTypOiHHa yCTaHOBKA; CTAaHAAPTH3ALlIS JAHUX.

Beryn. 3MeHIICHHS BHKHUAIB ITAaPHUKOBHX Ta3iB,
30kpema CO,, € KIIOYOBHM 3aBAAaHHSAM [UIA CTajoro
po3BUTKY i1 eHeprernynoi Oesmeku. CO, — 1€ OCHOBHHU
MApHUKOBHUH Ta3, M0 CIPUYMHSIE TII00abHE MOTEIUTIHHS;
TOMY TOYHE MpPOTHO3yBaHHs WOro eMiciii jormomarae
TUIAaHYBaTH 3aXOJH 3 IX CKOPOYEHHS 1 PO3BUTKY «3EJIECHOI»
eHepreTuku. 3 iHmoOro Ooky, 3HWkeHHs BHKHIIB CO,
NOB’si3aHe 3 AUBEPCH(]IKAII€I0 SHEPreTHUYHUX PECcypciB i
3MEHILIECHHM 3aJIS)KHOCTI Bijl IMIIOPTY BUKOITHOT'O ITaJINBa,
110 MTiABHIILY€ €HEPTeTHYHY Oe3NeKy KpaiHH.

l"azoTypbinHi YCTaHOBKH HIMPOKO
BUKOPHCTOBYIOTHCSI B €JIEKTPOCHEPIETHUIIl 3aBASKHA CBOIH
BHUCOKiH epexTnBHOCTI (10 60 % y KOMOIHOBaHOMY ITHIKJIi)
Ta 3MATHOCTI IIBUAKO pearyBaTH Ha 3MIHH IIONHTY, II0
poouTh iX imeansHUMU Ui OalaHCYyBaHHsI HABAHTAXKCHHSI
B YMOBax HECTaO1IbHOCTI BiTHOBIIOBAHHX PKEPEIT CHEPTIi.

JlBuryn cuiaoBoi yCTaHOBKH (ra3oBa TypOiHa) B
OCHOBHOMY  BHMKOPUCTOBYETHCS  JUIi  BHUPOOJICHHS
enekrpoeneprii. Kpim toro, nopisasiHo 3 ByriibhuMu TEC
TaKi YCTAaHOBKHM CHPUSIOTH 3HAYHOMY 3HM)KEHHIO BHKHIIB
— 110 65 % menmoro o6csary CO, Ha OIMHHMITIO BUPOOIEHOT
enekTpoeHeprii [1, 2].

Merta cratTi. Meroto nanoi poboTtn € po3poOka Ta
OIliHKA perpeciiHuX MoJeNell MAaIIMHHOTO HABYAHHS
(momene#t  Random  Forest Tta  XGBoost)  mis
MPOTHO3YBAHHS BUKHIIB (BYTJICIIO OKCHIY) 3 TypOiHHHX
YCTaHOBOK Ha OCHOBI Ha0Opy JAaHHMX, a TakoX aHaji3
OTPUMaHMX PE3YNbTATIB 3 MOMIAAY IX 3HAYYIIOCTI AJIA
EHEePreTUYHOT OC3IeKH.

Jlirepatypuuii orusa. I[lutaHHs TPOTHO3YBaHHS
BukuiB CO: € Ha/[3BUYAITHO BOXKIIMBUM 3 OTJISILy HA 3MIHY
KIiMaTy  Ta  CKOJIOTIYHE  PEryJlOBaHHS,  TOMY
3aCTOCOBYIOThCS Pi3HI METOM MAIIMHHOTO HaBYaHHs. Taxk,
y nocmimkenHi Madilina Maria Muraru ta iH. (2025)

MpoaHaji3yBail aBTomapku moHax 26 500 TpaHCTIOpTHHX
3aco6iB, mopiBHgBmK Random Forest, XGBoost i
HEelpoHHI Mepexi, i BcraHoBwiH, 1m0 Random Forest
3abe3mneuye Haiikpamry TouHicTh COa-mporHosis [3]. Y
nmociimkenHi Jabeur Ta iH. (2024) BUSBUIIH, 1110 aHCAMOJIEBI
mozenm, 30kpema Random Forest i XGBoost, 3HauHO
MEepeBEePIIYIOTh TPAULINHI perpeciiHi MiaXomu IpH
MOJICTIFOBaHHI eKosoriyHux BUkUiB [4]. ¥ podoti Hou
& Liu (2024), saxa BukopuctoBye XGBoost i3
OaifeciBcpkoro  onTtmMizamiero  (BO-XGBoost) — mms
nporHozyBanHs BukuaiB CO: y OyziBenbHiM ramysi
Kuraro, mocsrimy BHCOKHX pe3yJIbTaTiB, IiJIKPECIUBIIN
epexTuBHICTh mimxoxy [5]. Amamoriuno Finger’s rpyma
3adikcysaia, mo minrpumka RF ms cemekmii o3Hak mmoc
BO-XGBoost ayke TOYHO MPOTHO3Y€E PiBHI MapHUKOBUX
ra3iB y pO3BHHEHHX 1 KpaiHaX, L0 pPO3BHBAIOThCA[6].
Haperuri, 1ocmimKeHHsS Ha CMITTECTIATIOBATIBHOMY 3aBO/II
mokasaio, 1o sk RF, tak i XGBoost ycminHo Moaemo0Th
koHieHTpaiito CO2, BUKOPUCTOBYIOUM MOHA 20 BXiTHIX
napameTpis [7].

Mmuoto o6pani Random Forest Ta XGBoost uepe3
iXHIO BHCOKY TOuHicTh Ta crilikict: RF edexrusno
CHpaBISETBCS 13 3alIyMJICHHMMH Ta KaTeropiitHuMu
maanMu, a XGBoost i3 perymspuzaiiero i KOPCTKUM
aHcaMOJIeM IEMOHCTPY€E HalKpallli pe3yiIbTaT B 6ararbox
OCHIDKEHHSX.

Teopernuni ocHoBu. Perpecis — 1e miaxig y
MAalIMHHOMY HaBYaHHI Ul IPOTHO3YBaHHS HENEPepBHHX
YHICJIOBUX 3HAU€Hb HAa OCHOBI BXiJHUX 03Hak. Ha Bimminy
Big kiacudikarii, ska BiJHOCHTb 00 €KT JI0 OJHOTO 3
JIMCKPETHHX KJIACiB, perpeciiiHi Mojeni BUBOATh YHCIIOBI
MPOTHO3M (HANMPHKIIAI, KOHICHTPAIIiI0 3a0pyIHIOBaYa) Ha
OCHOBI ICTOPMYHUX AaHUX. Y CYYacHHMX PIIICHHSAX 4YacTo
BUKOPHCTOBYIOTh aHCaMOJIeBI METOIM Ha OCHOBI JepeB
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pillieHb, SIKi MOEAHYIOTh PE3YJIbTATH 0araThbOX CIAO0KHX
MOJIeJIeid IJIsl OTPUMAHHS CTIMKILIOro MTPOTHO3Y.

Bumnaakosuii sic (Random Forest) — 1e mmpoko
PO3IIOBCIO/KEHUIT ~ aHCaMOJIEBUH  alroOpuTM,  SIKUH
OyIyeThbCsl Ha OCHOBI IMOEHAHHS 0araThbOX HE3aJICIKHHX
nepes pirreHsb. KoxxHe JepeBo HABYAETHCS HA BUIAJAKOBIN
BUOIpIIi JaHUX 1 BHIIAQJAKOBOMY IigHAOOpI O3HAK.
OcCTaTouHUil MPOTHO3 OTPUMYETHCS MUIIXOM YCEPETHCHHS
NPOTHO3IB  yCiX xepeB. Takuii mMiAXix 3HIKYE PH3HK
MepeHaBYaHHsA 1 Jae Oumbmn HafmiitHi mporHo3u. Random
Forest moOpe mpamroe sk mis 3amad kiacugikarii, Tak i
perpecii. OkpiM BHCOKOi TOYHOCTi, OJHUM i3 Ba)KIIMBHX
mrociB Random Forest € Te, 110 BiH MOXeE OILIIHIOBATH
BiTHOCHY B@XKJIMBICTh O3HaK y Mojeni. Y KOHTEKCTi
perpecii anroputM Random Forest arperye pesynbraTtu
JIEpeB, M0 POOUTH MOJIENb CTIHKOI IO IIyMy JaHUX. Y
MOCTI/DKCHHAX 3 TPOTHO3YBaHHS BHKHIIB BYTJICIIO
BiJ3HaUeHo, o Random Forest mae 3po3ymini pesynpratu
1 KOPUCHUI /s BUSBJICHHS KIFOYOBUX (DAaKTOPIB BIUIMBY
Ha emicii [8—10]. s 3amgadi perpecii:

N
P 1 .
9= N;fi(x), (M

ne  y — QinanpHUN MPOrHO3 MOJENi (CepeHe 3HAYCHHS);

N — KUTBKICTB JiepeB y JIici;

fi(x) — mporHo3 i-To epeBa I BXiIHOTO BEKTOPA X.

XGBoost (Extreme Gradient Boosting) — 1e
e(eKTHBHA peajli3alis TpaJi€eHTHOrO OYCTHHTY JepeB
piurens. Ha3ea «Extreme Gradient Boostingy» miakpecitoe
MPUHAICKHICTE MOJIENI [0 CIMEHCTBa TpaJieHTHHX
OyctnHroBMX MammH. ['pamieHTHHH OycTHHT — 1€
mociioBHe MmMoOymoBa JiepeB, A€ KOXKHE HOBE AEPEBO
HABYAETHCSI KOPUTYBATH MOMIIIKH Tomnepennix. XGBoost
ONTHMI30BaHO IS IIBUJIKOTO HABYaHHS Ha BEJIMKHX
JMAHWX, Ma€ PEryJsIPU3aIlifo A KOHTPOII CKIIAIHOCTI
MoJeni 1 MOXIHMBOCTI 00poOku mpomyckiB. ba3oBwuii
npuHiun XGBoost MokHa KOPOTKO chOpMyJTIOBaTH SIK
MiHIMI3alio 1iIb0BOI (yHKLIi, 110 BKIOYAE (QYHKIIO
BTpAT 1 peryJsipu3amniiHui 1wieH:

N

(-1
£O = 1530+ D) HG): @
i=1
ne | — ¢ynkuis Brpar;
f/i(t_l) — TMPOTrHO3 Mojedi miciis t—1 KpoKiB;
fi(x) — mporuo3 i-ro gepeBa ajis BXiAHOIO BEKTOPA X;
f+(x;) — mporHo3 HOBOTO JIepeBa;
0(f;) — perynsipuzaniiHui TEPMiH, SKMH KOHTPOJIIOE
CKJIA[IHICTh JiCpeBa.
Perynspuzaniiina ¢GyHKIis Ma€ BUTIIS

1 T
116d) =yT+§AZWj2 ()
j=

ne T — KiIbKICTB JIMCTKIB JICpeBa;

Wj— Baru B JIMCTKAX;

y — mrpad 3a kiabkicts JucTKiB (LO-perynspusariis);
A — xoediuient L2-perymnspusanii.

bazoBuit mpunnun XGBoost MokHa KOPOTKO
chopMyJIIOBaTH TaK: MOJENb MiHIMi3y€e (QYHKIIIO SIKOCTI
(mampuximan, MSE mins perpecii) miroc peryisipu3amiianii
mrpad 3a cwiaaHicte gepeB. XGBoost mmpoko
3aCTOCOBY€EThCSl Ul TPOTHO3YBaHHS YacOBUX psAiB 1
eMicCiii, OCKUIbKM BIH 3JaTHHN 3aXOIUIFOBATH HEJIIHIMHI
3aJI©KHOCTI Ta B3aEMOJII0 O3HaK. Y  YHCIEHHHX
nocmimkenHsx XGBoost 1eMOHCTpyBaB BHCOKY TOYHICTb
nporHo3iB CO: Ta iHImKX 3a0pyIHIOBadiB — BiH YacTo
HepeBepIye iHIII MOAENT 3 MOTJISIY IIOMUJIKH MPOTHO3Y.

Bonnouac XGBoost notpedye HaJIallTyBaHH
rinepnapamMeTpiB Ta OUTBIINX OOYHCITIOBAIBFHUX PECypCiB
[11-13].

Oounsa mimxom — Random Forest 1 XGBoost —
HaJle)KaTh JI0 aHcaMOIeBuX JepeB’ssHUX MeToziB. Random
Forest BukopucroBye «BHNagkoBuii miacyB» (bagging)
JAHKX 1 03HAK IS MO0y TOBH HE3aJICIKHHUX JIEPEB, Y TOH Uac
sk XGBoost moeaHye (cyMye) 6arato JaepeB MOCIiIOBHO,
KO)KHE 3 SKHX BUHTbCA IIOKpallyBaTH IOXHOKY
nonepeHboro. OOMIBa adropuTMH 100pe CIIPaBIAIOTHCS
3 OaraTOBUMIpHHUMH BXIJHHUMH JaHWUMH 1 34aTHI
MOJICIIOBATH CKJIAJIHI, HENiHIHHI 3aKOHOMIipHOCTI, IO €
KITIOYOBHM TIpH aHali3i BHKHIIB 3aJCKHO Bil pPi3HUX
(hakTopiB.

Onuc ganux Tta ix miaroroBka. J{ms peamizarmii
3ama4i NPOTHO3YBAaHHS BHKUAIB OKCHIY BYIJICLO, IO €
inukatopoM piBHs emiciii CO:z y mporecax CrantoBaHHS
nanuBa, y poOOTi Oylo BHKOPHUCTAHO peasibHHH HaOip
JlaHuX i3 Binkpuroro mxepena — Gas Turbine CO and NOx
Emission Dataset 3 peno3uTopit0o MamMHHOTO HaBYaHHS
UCI [14]. Le#t partacer HIMPOKO 3aCTOCOBYETHCS B
JIOCITIPKCHHSX, TIPUCBSTYEHUX €KOJIOTTYHOMY
MOHITOPUHTY, CHEPreTHYHOMY MOJETIOBAHHIO Ta aHAI3y
eKCIUTyaTallifHNX PeXHUMIB NPOMHCIOBUX TypOiH. [lani
Oymm 3i0paHi B paMKax IIOTOIMHHOTO MOHITOPHHTY
pobotu ra3zorypOiHHOI enexTpocTaHmii B TypeudnmHi B
nepiox 3 2011 mo 2015 poku, mo 3abe3nedye JOCTaTHIN
4acoBUH  TOPM3OHT Juis  (opMyBaHHS  HaaidHHX
MPOTHO3HKUX MOJIENCH. 3araibHUi 00CAT TaHUX CTAHOBHUTH
36733 cnoctepekenus. Koxken 3amuc  MicTuth 11
YHCIIOBHX O3HAK, 1[0 ONMHUCYIOTH SIK BHYTPILIHI ITapaMeTpu
TypOIHHOTO arperary, TaK i 30BHIIIHI aTMOC(epHi YMOBH.
J10 KJIIOYOBHMX 3MIHHHX BiJJHOCSTBCS:

1. AP —30BHImHI THCK OBITps (MOap).

2. AH - BigHOCHA BomoricTh moBiTps (%).

3. AFDP (Air Filter Difference Pressure) — pisauisa
THUCKY Ha TIOBITpsiHOMY (inbTpi (MOap).

4.  GTEP (Gas Turbine Exhaust Pressure) — Tick Ha
BUXOA1 TypOiHu (MOap).

5. TIT (Turbine Inlet Temperature) — Temmeparypa
Ha Bxoji B Typ0Oiny (°C).

6. TAT (Turbine After
Temreparypa Ha Buxoi 3 Typoinu (°C).

7.  TEY (Turbine Energy Yield) — enepreruunnit
Buxig TypOinu (MBT-4).

8.  CDP (Compressor Discharge Pressure) — Tuck y
KOMIIpecopi Ha BUXOIi (MOap).

9.  CO —KoHIEHTpAIlisl OKCUIY BYTJICHIO Y BUKHAIAX
(mr/md).

[Momepenuiit aHami3 AaHWX BKJIIOYaB IEPEBIpKY Ha
MPOMYIIeHI 3HAYCHHS, SIKi OyJH BIACYTHI, IO AaJ0 3MOTY

Temperature) —
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BUKOPHCTOBYBAaTH TIOBHY BHOIpKYy 0€3 JOIaTKOBHX
npoueayp 3amoBHeHHs. J[s  3MEHIIGHHS  PU3HKY
MepeHaBYaHHs. Ta IOKPAILICHHS SKOCTI Mopened Oyiio
MPOBEJCHO aHali3 KOpeysilii MK O3HaKaMH Ta IJIbOBOIO
3minHol0 CO, (puc. 1). O3HakKu 3 HU3BKAM piBHEM
kopesiii, Taki sk AH, TAT ta AP, Oyau BUKITIOYCHI 3
MOJTANTBIIIOTO aHAI3Y.

OCKUTBKM BXiJHI HapaMeTpy MaroTh pPi3Hi (i3uuHi
OJIMHWIII BHUMIpIOBAaHHS Ta Bapiamii MacmradiB, Oyi0
3aCTOCOBAHO CTaHIAPTH3AIlI0 JaHUX METoaoM Z-
neperBopenHs (StandardScaler) [15], mo m03BoIse KOXHIH
O3HAIll MaTH CepelHE 3HAYeHHs, ONM3bKe 10 HyId, Ta
CTaHAapTHE BIIXUICHHS, OJTU3bKE JI0 OJNHHMIII.

Ile 3abe3neuye piBHO3HAYHUA BHECOK KOXHOI
3MIHHOI Y HaBYaHHS MOJeJieil MAllMHHOTO HaBYaHHS Ta
3aro0irac JOMIHYBaHHIO O3HaK 3 BEJIUKUMH YHCIOBHUMH
3HAYEeHHSMH, TOMY CTaHJapTU3yEMO KOXKHE 3HAYCHHS 3a
hopmyioro:

3

A€ X — 3HAYCHHA O3HAKH, IO CTAHAAPTU3YETHCA,

L — cepemHe 3HAYCHHS O3HAKM B HABYAJIEHOMY
Habopi;

6 — CTaHJAPTHE BiIXMJICHHS O3HAKH B HABYAJIbHOMY
Habopi.

PesynbraToMm 1ii€l mpolieaypu € puc. 2, B sKid yci
O3HaKH MalOTh HYJIbOBE CEPEIHE 3HAYEHHS Ta CTaHJapTHE
BiAXuieHHsa, OnM3bKe [0 OauHMII. Takuil 1migxim
MOKpallye 301KHICTh aNrOpUTMIB TPaJiEHTHOT ONITHMI3aIil
Ta 3abe3nedye piBHUHN BIUIUB yCiX apaMeTpiB Ha (QYHKIIIIO
BTpaT MOJIEITI.

Jaii mpoBeneHO pO3MOIiN MiATOTOBICHUX JaHUX Ha
HaBYAJIBHY Ta TeCTOBY BHOiIpKH y criBBigHOmEeHH] 80:20.

TaT

AH

AP

-0.7 -0.6 =05 -0.4

0.3 0.2 -0.1 0o o1

Pucynok 1 — Jliarpama xopesnsnii mapamerpis 3 CO2

AT AFDP GTEP TIT TEY CoP
count  3.873300=+04  3.673300=+04 2673300e+04  3.673300e+04  3.673300e+04 3.673300=+04
mean -1.176081=-16 -1.015144e-15  5202366e-16  D.609823e-15 0.883360e-16  -4.704328=-16

std  1.000014=+00 1.0000142+00  1.000014e+00  1.000014e+00  1.0000142+00 1.000014=+00
min -3.2155772+00 -23750502+00 -1.574640e+00 -4.507325e+00 -2.1440322-00 -2.023623=+00
25% -7064832e-01  -T7363907e-01  -EE02210e-01  -5.400425e-01  -5.703530e-01  -5.7451%1=-01
50%  1.185304=-02  1574007e-02  -1.005335=-01 2.550115e-01 1.431620e-02 -B.773581=-02
T5%  7092472e-1 E83237Te- 8.33470%e-01 5.279003e-01 6.769052e-01 7.296024=-11
max 2.6036472+00 4 76154%92+00 36111072+00  1.1103882+00 2.944830e+00 2.845821=+00

Pucynok 2 — 3acrocyBanns StandardScaler Ta omicoBa cTaTHCTHKA TaHUX
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Ile kmacWyHWM MMAXiA, SKUA T03BOJSE HABYNUTH
MOJEdIh Ha OUIBIIOCTI JaHMX, a IOTIM OLHHUTH 11
y3araJpHIOIOUY 3[aTHICTh HA HOBHX, IIe He OadyeHHx
npukiaaax. JlonaTkoBo, y X0l TpeHYBaHHs Mojiesei Oyia
BUKOpUCTaHa  CcTpateris  (PIKCOBAaHOrO  reHeparopa
BUMaAKoBUX uyucen (random_state=42), 1m0 rapaHrye
BIZITBOPIOBAHICTh PE3YJIBTATIB 1 JO3BOJSIE 00’ €KTHBHO
MOPIBHIOBATH MOJENI Mik c000r0. Yci KpOKH 00poOKH
JAHUX  peali3oBaHi 3  BHKOPUCTAaHHAIM  MOBH
nporpamyBaHHs Python Ta 6i6mioTex pandas (st 06poOku
Tabmuip), matplotlib (s moOymoBu rpadikis), seaborn
(mms Bigyamizamii  kopemsmiif),  scikit-learn (s
MacmTabyBaHHA Ta MOIUTY NAHHUX), a TaKoX Xxgboost i

sklearn.ensemble mns moOymoBum Moxenel. 3araiowm,
MIArOTOBKA JNaHUX 3JIHCHIOBAaJach 3 ypaxXyBaHHSIM
MPUHIUIIB YUCTOTH JAaHWX, ONTHUMI3aIlii BXiIHOTO

MPOCTOPY Ta 3a0e3MeueHHsI CTIHKOCTI MOJIeII 10 Bapiamii
BXITHUX O3HaK, MO € (YHAAaMEHTOM ISl TOAAIBIIOTO
e(eKTHBHOTO HaBuYaHHs perpeciiiHux moxeneii XGBoost
ta Random Forest.

IobynoBa wmoneseidi i o0poOka pe3yabTaTiB.
XGBoost (Extreme Gradient Boosting) peanizye npuHInn
rpagieHTHOTO OYCTHHTY, 32 IKOTO KOXKHE HACTYITHE IEPEBO
KOpUTYE TIOMHJIKH monepenHix. Jlms 3abe3medeHHs
ONTUMAJIBHOTO OalaHCy MDK TOYHICTIO Ta CTIHKICTIO
MOJIeNi 0 TepeHaBYaHHSA Oyim miniOpaHi Taki OCHOBHI
rineprapamerpu:

e n_estimators =
ancamoi;

e learning rate = 0,1 — Temn HaBuaHHs (MCHIIII
3HAYEHHS MOTPEOYIOTH OlNbILE JAEpeB, aje ITiBHIIYIOTH
y3araJbHEeHHS);

e max depth = 3 — oOMexeHHs TTTHOMHN JiepeB
JUISl YHUKHEHHS TIepeHaBYAHHS;

e  min_child weight =1 — miHiManpHa cyma Bar y
JIOYipHBOMY BY3IIi;

e gamma = | — MiHIManbHE 3MEHIICHHS (QyHKIIIT
BTpAT JUIsl PO3/IIICHHS BY3JIiB;

e  subsample = 0,8 Ta colsample bytree = 0,8 —
IapaMeTpu BUMAJKOBOTO BUOOPY AaHUX 1 O3HAK;

e  objective ="reg:squarederror' — iiboBa QyHKITis
JUIsl perpecii;

480 — KUIBKICTH JIepeB Yy

e reg alpha =1 ta reg lambda = 1 — L1- i L2-
peryJsipu3altisi BiIIOBIIHO;

e random state = 42 — ¢ikcoBaHull TeHepaTop
BUIAJIKOBUX YHCEI IS BiATBOPIOBAHOCTI.

Monenb Oyna HaBueHa Ha 80 % naHux, a pewra 20 %
BUKOpHCTaHa JUId TecTyBaHHs. OILiHKa TOYHOCTI Mojeni
31ifiCHIOBaNIAcs 3a JONIOMOTOI0 KoedilieHTa qeTepMiHarii
(R?) [16], sxuii BU3HAYa€ dYacTKy Bapiallii HUILOBOI
3MIHHOI, IOSICHEHOT MOJIEILIIO:

_ X0 —w)°

K= 30—

4)

ne  y; — pakTHYHE 3HAYCHHS;

Yy, — CepelHE 3HAYCHHS O3HAKA B HABYAIBHOMY
HaOoDI;

¥ — cepenHe HaKTUIHUX 3HAYCHb.

PesynbraTti po3paxyHKy Koe(illieHT IeTepMiHaIlii
IUIS 000X Mozenel HaBeneHi y Tadn. 1. PesymbraT Moneni
XGBoost Regressor Ha TecTOBiii BHOIpI CTaHOBUB
R?= 0,735, mo CBigYMTH IIPO 3ATHICTH MOJEN] IIOACHUTH
npudbmzHo 73,5 % Bapiamii y Bukumax CO,. BisyanbHe
MOPIBHSHHS MPOTHO30BaHMX Ta (AKTUYHHX 3HAYCHb,
Npe/ACTaBlIeHe y BHIVISII JIHIHHOI Aiarpamu, IOKa3alo
3aI0BUTbHY  BIAMOBIAHICTE  TPEHIB, XOoda  JEsKi
BIIXWICHHS CIIOCTEPIralOThC B IIKOBHX 3HAYCHHSIX

(puc. 3).

Tabmuns 1 — Pesynbrat po3paxyHKy KoedillieHT aeTepMiHarii

Mopeanb R2(xoedinienT nerepminanii)
XGBoost Regressor 0.735
Random Forest Regressor 0,742

Anroput™m Random Forest peanizye migxin bagging,
(hopMyrOUHN BEIHKY KUIBKICTh HE3aJECKHUX JIEPEB PIIICHb,
moOyIOBaHWX Ha BWITAAKOBHX IMMIIMHOXXHHAX MJaHUX 1
o3HaK. OCTaTOYHUH MIPOTHO3 € Pe3yIIbTATOM YCEepEIHEHHS
nepeadadeHb ycix mepeB. byimo oOpaHO Taki mapaMeTpu
MoJei:

e n_estimators = 1000 — KiJIbKICTb JACPEB,;

e max depth = 15 — wmakcumanbHa TIHOMHA
JiepeBa;

301
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Pucynok 3 — I'padix po3ciroBanHs nependauennx 3nadeHs 11t XGBRegressor
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e  min_samples_split = 2 — MiHIMaibHa KiJIbKICTh
3pasKiB UIs HOALTY BY3Ja;

e  min_samples leaf = 1 — MiHIMaNbHA KiJIBKICTH
3pasKiB y JIUCTI;

e  max features =
MOJTLTY;

e  bootstrap = True — BuUKOpuCTaHHs OyTCTper-
3pasKiB;

'log2' — KiJBKICTh O3HAK IS

e 1 _jobs = -1 — BUKOPUCTAHHS BCIX JAOCTYHHHX
MIPOIIECOPIB;

e random_state = 42.

Ilicns  HaBwamHs  mozenb  Random  Forest

npoaeMoHcTpyBasia R? = 0,742, mo € gemo BUOINM 3a
moka3HuK XGBoost. Lle cBiqunTs mpo Kpamry 3IaTHICTH
MOJIENI BIATBOPIOBATH 3QJICKHICTh MDK TEXHIYHHUMU
napamMmeTpamu TypOinu Ta piBHeM emiciit CO». Bizyauizaiis
TAaKOX IMiATBepAWwIa OUIBII TOYHE NPWISTaHHS IO
(akTHYHUX 3HAYEHb Yy TIOPIBHSAHHI 3 TIOTNEPEIHBOIO
MoeITo (puc. 4).

BucHoBku. [IpoBenenuii aHami3 mpoaeMOHCTPYBaB,
[0 METOIM MAIIMHHOTO HaBYaHHs Ha 0asi gepes (Random
Forest Ta XGBoost) 3maTHi TOYHO MOJEITIOBATH
3aJIeKHICTh BUKHUIIB OKHCY BYIJICIIO Bif 3MIHHHX CTaHy
ra3oTypOiHHHX ycTaHOBOK. OTpHMaHi MojeNi IOKa3ain
BHCOKe 3HaueHHs R’ (=0,74) i HU3BKY IIOMMIIKY, IO
MiATBEPKYE IX MPUAATHICTH JUIS 3a]adi MPOTHO3yBaHHS
BukuaiB  CO, (okucy Byriemro). HalBaxiusimmmu
(hakTOpamMH BUSIBWJIMCS BHYTDIIIHI NapamMeTpu TypOiHH
(3okpema, temneparypu TIT, TAT), a 30BHIiIIHI yMOBH
BIZIrpaloTh JApyropsaHy posb. Lle y3romxyerscs 3
OYiKyBaHHSIMHU: rapameTpu pobotu arperary
Oe3rnocepelHFO0 BU3HAYAIOTH IHTEHCHBHICTH CIIATIOBAHHS
TajMBa 1 yTBOPEHHS IIKIIVTUBUX PEYOBHH.

3 TOYKM 30py CHEPreTHYHOi OE3MeKH, MPOTHO3U
BukugiB CO, BaxIWBI A IUIAaHYBAaHHS EHEPreTUYHOT
CTpaTerii Ta eKOJIOTIYHOI MOMTHKA. Taki MoJer MOXKYTh
JIOTIOMOTTH OLIHIOBAaTH BIUIMB PI3HUX PEXKUMIB poOOTH
o0NajiHaHHS 4M 3aMiHM TajuBa (HAPUKIAA, Tepexin Bij
BYTLIS Ha Ta3) HA CyMapHi BUKUIU. 3MCHIICHHS BUKU/IIB
BYIJICIIO Yy €HEPIreTHIll CIPHUSE CKOPOUYEHHIO 3aJISKHOCTI

eHeproe()eKTUBHOCTI, 10  OC3MOCEPEAHBO  3MIILHIOE
eHepreTuuHy Oesneky Kpainu. IIporHosyroounm maitOyTHi
piBHI eMiciii, MOJKHa OOTPYHTOBAHO IJIAHYBATH «3EJICHY»
MOJICPHI3aIliI0 TeHepallii, iHBeCTYBaTH B HOBI TEXHOJIOTIT
Ta OLIHIOBATH  JOLUIBHICTH  HOJNITHYHHX  DillleHb
(manpuknaz, crumynoBanas BJIE abo mepexin Ha MeHII
BYTJICIIEBE MTAJIMBO) 3 YpaXyBaHHIM KIIMaTHYHUX IIiJIEH.
OTxe, BHKOHaHE JIOCHIDKEHHS  J€MOHCTPYE
eekTUBHICTH perpeciitaux moxenein XGBoost i Random
Forest mms mpornosyBanus BuHknAiB CO> y KOHTEKCTI
eHepreTnyHoi Oe3meku. OTpuMaHi pe3yiabTaTH MOXKHA
BUKOPHCTOBYBATH JISl aHAJI3y EHEPreTUYHHUX CHUCTEM 1
MOHITOPHHTY BHKHIIB, III0 BaXKJIUBO JIJIS CTAJIOTO PO3BUTKY
EHEePreTUKH 1 TOCATHEHHS eKOJIOT1YHUX ITiIei.
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FORECASTING CARBON DIOXIDE (CO2) EMISSIONS FROM GAS TURBINE PLANTS USING

MACHINE LEARNING MODELS

This study explores the application of machine learning methods, specifically XGBoost and Random Forest models, for predicting carbon dioxide (CO,)
emissions from gas turbine equipment. Accurate forecasting of harmful emissions is a critical task in the context of ensuring energy security and achieving
environmental sustainability. The research utilizes a real-world dataset collected in Turkey between 2011 and 2015, containing over 36,000 hourly
monitoring records of technical and atmospheric parameters from a gas turbine installation.To enhance model performance, data preprocessing was
conducted, including cleaning, feature correlation analysis, and standardization of numerical values. Based on the selected parameters, two regression
models were developed: XGBRegressor and RandomForestRegressor, both demonstrating high accuracy in evaluation. The highest coefficient of
determination (R?) achieved was 0.742 for the Random Forest model, indicating its effectiveness in capturing the relationships between technical
parameters and CO, emission levels. Feature importance analysis revealed that turbine temperature-related parameters had the greatest influence on
emission levels, whereas external atmospheric conditions played a secondary role. The obtained results are practically significant for the energy sector,
as they can be used for emission monitoring, planning the modernization of energy facilities, informing environmental policy, and selecting optimal
operational modes for equipment. Implementing such models in industrial practice will contribute to reducing greenhouse gas emissions, increasing
energy efficiency, and supporting the realization of national sustainable development strategies. The study confirms that the use of modern machine
learning-based analytical tools can make a substantial contribution to ensuring a country's environmental and energy security.

Keywords: CO, emission forecasting; energy security; machine learning; Random Forest; XGBoost; regression model; gas turbine installation;
data standardization.
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JOCJIJI)KEHHSA BILIMBY PEXXUMIB POBOTH ) KUBUJILHOI MEPEXKI HA BEJIMUUHY MEPTBOI
30HU CTPYMOBOI BIICTYKA

VY cTaTTi AETaNbHO AHAI3YIOTHCS aCNEKTH PEICHHOr0 3aXMCTy B Cy4aCHHX CICKTPOCHEPreTHYHHX CHCTEMaX, 30KpeMa BHKOPHCTAHHS CTPYMOBOTIO
3aXHCTy K OXHOTO 3 OCHOBHHX METOJIB 3a0e3IeueHHs Oe3MeKH Ta HaIHOCTI JiHil enekTponepenad. PeneifHuii 3aXUCT € KIIIOYOBHM €IeMEHTOM JUIS
CBO€YACHOTO BUSBJIICHHS aBapiid, TOYHOrO JIOKaJi3yBaHHS MOMIKOKEHHX JUISHOK Ta IIBUAKOTO BIAKIIOYEHHS JUIS 3aM00iraHHs NOIIMPEHHIO aBapii.
30KpeMa, CTpyMOBa BiJciuKa 3a0e3redye OlepaTuBHE BiAKIIOUCHHS eJIeMEHTa MEPEeXi MPU JOCITHEHHI CTPYMOM IIEBHOT'O TIOPOTOBOT'O 3HAUESHHS, 110
e(pEeKTHUBHO JIi€ IIPH CHIBHUX KOPOTKHX 3aMUKaHHSAX HOOIN3Y JuKepera )KuBIeHHs. O{HaK OXHHUM i3 3HAUHUX HENOMTIKiB IIbOI0 METOIY € HOro 3aJIeXKHICTh
BiJ KoHiryparii Ta pexxuMy poOOTH KUBUIBHOI MEPEXi, 110 MOXKE MPU3BECTH J0 301IbIIECHHS MEPTBHX 30H, 3HIKCHHS CEIEKTHBHOCTI Ta 3MEHILCHHS
Yy TJIMBOCTI 3aXKCTy. Y CTaTTi TAKOXK PO3IVISAAETHCS 3aCTOCYBAHHS CTPYMOBOI Bi/ICIYKH Ta aBTOMATUYHOTO [OBTOPHOTO BKJIIOYECHHS, IO J03BOJISIE HE
nume eeKTHBHO JOKANi3yBaTH ITONMIKO/DKEHHS, a i MIHIMI3yBaTH 4ac NPOCTOIO JTiHiH. ABTOMAaTHYHE IOBTOPHE BKIIIOUECHHS € BaXIMBHM €IIEMEHTOM
JUISL IIBUJKOTO BiJHOBJICHHS JKMBJICHHS B pa3i TUMYAacOBHX aBapil, IO OCOOJMBO aKTyaJdbHO UL IOBITPSHUX JIiHIH, A€ YacTO CIOCTEPiraloThes
KOPOTKOYACHI MOMIKOKEeHH. KpiM TOro, y CTaTTi aHai3yIOThCS BIUIMBU Pi3HUX PEXKHUMIB POOOTH KMBHIBHOI MEpEkKi Ha €PEKTUBHICTH CTPYMOBOTO
3aXMCTY, 30KpEMa Ha PO3MipH MEPTBHX 30H. Po3paxyHKH 1mokasaim, 0 B MiHIMAJIBHUX PEKAMaxX POOOTH CHCTEMH MEpPTBa 30Ha MOXKe 301IbITyBaTHCS
BJIBiUi, I1[0 3HAYHO 3HIKY€E e(PEKTUBHICTh CTPYMOBOTO 3aXHCTY. Y CTAaTTi TAKOXK aKIIEHTYEThCA yBara Ha TOMY, IO JUIS ITiJBUIIIEHHS HaiifHOCTI 3aXUCTy
B TAKHX YMOBAaX CIIiJ] BUKOPHCTOBYBATH aJalTHBHI METOAM, 30KpeMa JUCTaHUIHHMIT 3aXUCT. Pe3ybraTy 10CIiKeHSD, sIKi aBTOPH BHKJIAIHM Y CTarTTi,
MalOTh BaXXJIMBE 3HAYEHHS JUIS YIOCKOHAJICHHS iCHYIOUHX METOMIB peleifHOro 3aXUCTy, IMiIBUIICHHS e(pEeKTHBHOCTI JIOKaIi3awil aBapii Ta MiHiMi3amii
Yacy BIJIKJIFOYCHHs JiHiM, 10 € HeOOXiTHUM /ISl 3a0e3MeUeHHs CTabiIbHOT POOOTH SHEPreTHYHUX CHCTEM HABiTh y CKJIAJHHX YMOBAaX eKCILTyaTalii.
30KpeMa, MiIBHUIICHHS YyTJIMBOCTI Ta CEJICKTUBHOCTI 3aXMCTy TPH 3MIHHHMX PEXHMaxX poOOTH Mepexi J03BOJISIE 3HAYHO MOKPAIIUTH CTAaOLIBHICTH
(YHKIIOHYBaHHS €HEPrOCHCTEM y BCIX YMOBax, I[0 € BaXJIMBHM KPOKOM IO MOKpAIIeHHS HaJIHHOCTI Ta OE3MeKH eHEePreTHUHHX MEpek B yMOBaxX
CYYacHHX BHKJIUKIB.

Kuio4oBi ci1oBa: peneiiHuil 3aXuCT; 00 €KT 3aXUCTY; CTPyMOBa Bi/ICIUKa; MEPTBA 30HA; Yy TIHUBICTh; CEIIEKTUBHICTh; €()CKTUBHICTh; HAIIIHICTB.

Beryn. YV cydacHHX €IeKTpOCHEPIreTHYHIX CHCTEMaX
peneiinmii 3axuct (P3) Binirpae KpUTUYHO BasKJIMBY POJIb Y
3a0e3meyeHHl Oe3mekn, HaIIHHOCTI Ta CTaOUILHOCTI
(yHKIIOHYBaHHS JTiHIA enekTporepenad. Kpim Toro,
BIPOBa/DKEHHS TIM(poBUX TexHojorid y P3 mo3Bomse
aBTOMAaTH3yBaTH KOHTPOITb i KepyBaHHS
€HEeprocucTeMaMu, IO [Mi/IBUILY€E iXHIO e(pEeKTUBHICTS.
3aBISIKM 1IbOMY 3HIDKYIOTBCSl KCILTyaTalliiiHi BUTpAaTH,
MIABHUIIY€ETHCS CTAOUTBHICTD MEpEki Ta 3a0e3MedyeThes
palioHaNbHE BHKOPHCTaHHS EHEPropecypciB, IO €
KJIIOYOBUM JUIs CTAJIOr0 PO3BUTKY [1].

ITocTanoBka npodaemu. ITomkomkeHHS B Mepexax
MOXYTb BHHHMKaTH BHACIiJOK KOpPOTKHMX 3aMukaHb (K3),
nepeHanpyr, arMoc(epHHX BIUIMBIB a00 MeXaHIYHHX
YILIKOJUKEHb, 0COOIMBO B TIOBITPSHUX JIHISIX, SIKI HAHO1IBII
Bpa3NMBi 0 30BHIMHIX (QakTopiB. 3aBmannsa P3 nomsrae y
CBOEYACHOMY BHWSBJICHHI aBapiiiHOi cwHTyarii, TOYHIl
JIOKAaJi3amil TOIMIKO[PKEHOI IUIAHKA Ta IIBHIAKOMY ii
BIJIKJIFOUEHHI JUTS 3al00iraHHsl MOAANBIIOMY MOIIMPEHHIO

aBapii. OgHUM 13 HAWMONIMPEHIMIUX METOMIB TaKOTro
3aXHCTy € CTPYMOBHH 3aXHCT, 30KpeMa CTpyMOBa BificiuKa
(CB).

CB 3abesmeuye MIBUAKE BiIKIIOYCHHS e€JEMEHTa
Mepexi 0e3 BHTPHUMKH Yacy NpH JOCSTHEHHI CTPyMOM
MIEBHOTO ITOPOTOBOTO 3HA4YCHHS (YCTABKH CIIPAIOBAHHS).
Lle no3Bossie eeKTUBHO AiATH Y pa3i cuibHUX K3 mobmuzy
Jokepena kuBieHHs. OIHAaK 3HaYyIUM HEIOJIKOM I[OTO
TUIy 3aXHCTy € 3aJeKHICTh WOro YyTIMBOCTI BiJ
KOH(Qirypauii Ta pexxumy poOOTH KUBHIBHOI Mepexi. B
YMOBAax 3MIHHOi CTPYKTYypH MEpEXi Lie MOXKE MPU3BOAUTH
Jno 30inpmieHHss MepTtBux 30H (M3), HemocraTtHbOI
CEJIEKTHBHOCTI 200 3MEHIIEHHS Yy TJINBOCTI 3aXHCTy [2, 3].

JUis mioBUIIEHHS HAMIHHOCTI EJIEKTPOIOCTaYaHHs,
0COOINBO B pa3i KOPOTKOYACHUX ITOUIKO/PKEHB, IIUPOKO
3aCTOCOBYETHCS aBTOMATHYHE IOBTOPHE  BKITFOUCHHS
(AIIB). Y noBiTpsiHHX JiHISX, A€ YaCTO BUHUKAIOTH aBapil
THMYacoBOIo xapakrepy, cucrema AIIB no3Bossie mBuako
BIITHOBUTH  JKMBJIEHHs 0e3 y4acTi  OIepaTHBHOIO
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nepconany. Kombinoane 3actocyBanus CB ta AIIB mae
3MOT'y He Jiiiie e(heKTUBHO JIOKAIi3yBaTH IIOLIKOMKEHHS, a
H MiHIMI3yBaTH dYac TIPOCTOIO0 JiHIH, 3a0e3medyroun
cTalbibHy pOOOTY EHEPrOCHCTEMH HaBiTh Yy CKJIAQIHHX
YMOBAaXx eKCILTyaTallii.

AHAJi3 OCTaHHIX JAoCTilkeHb Ta myOJikamii.
3anexnicth uymmBocti CB  Bim pexumy poGotu
JKUBHJIBHOI €JIEKTPUYHOI MEPEXi € aKTyalIbHOIO TEMOIO Ta
BCEOIYHO PO3IVISIIAETHCS B CydacHii TeXHIUHiH JliTeparypi
[4-6]. IIpoTe mi mKepena NHIE YaCTKOBO PO3MIAJAIOTH
BIDIMB 3MIHHHX PEXKHMIB MEpPeXKi, TAKUX K 3MiHA JDKEpel
JKUBIIEHHS 200 NTEPEMHUKaHHS CXEM.

VY cBoro uepry [7—13] 6impIr meTanbHO aHATI3YIOTH
3MiHy mapameTpiB cTpyMiB K3 3amexHo Bim koHOiryparmii
Mepexi. 30KpeMa, MiAKPECITIOEThCS, 10 Y MaJIOMOTYKHHUX
Mepexax BiJICidKa MOXKE He CIpalloBaTh Yepe3 3HHKEHHS
CTpyMy HIK4Ye mopora (yCTaBKH) CHpalfoBaHHA. Y
poborax [14, 15] BkazaHo Ha HEOOXiHICTH BpaxyBaHHSI M3
Ta IPOIIOHYIOTHCS METOJH MTOKPAIEHHS CEJICKTUBHOCTI Ta
qyTauBOCTI. Y podorax, npucBsueHnx AIIB, po3misayTo
B3aemozito CB 3 MOBTOpHUM BKJIIOYECHHSM y TIOBITPSIHHX
JiHIAX, 0 € KPUTHYHUM IPH KOPOTKOYACHHX aBapisx.
3aramoM, JpKeperla  CBiq4aTh PO HEOOXiTHICTH
aIanTUBHOTO HayamTyBaHHS P3 BiOMOBIOHO 1O peXHMIB
JKUBJICHHS [2].

Mera crarTi. JocnianTi BIDIHMB peXuMiB poOoTH
KHMBWIIbHOI Mepexi Ha po3mippy M3 CB B kabenbHO-
noBitpsiHux JiHisAX (KILJT) 3 ypaxyBaHHSIM 3acTOCYBaHHS
ATIB B noBiTpsHiii JiHiI.

Buxsian ocHoBHOro marepiamy. VY crarti
PO3IIISAETBCS  PO3PAXYHOK  CHUCTEMH  3aXUCTy 3
ypaxyBaHHsM MoxiuBocTi AIIB  micnst BHMKHEHHS

BHACIIJIOK TOIIKO/KCHHS TOBITPSHOI JiHil. Y BHIaaKax
aBapiii y kabenmbHHX Mepexkax pobora AIIB mae Oyrtm
3a0JI0KOBaHa, MO0 3amO0ITTH MONANBIIOMY TOTiPIICHHIO
CTaHy KaOelo IpH MOBTOPHIN Momayi >KUBICHHSA, SKIIO
KOpPOTKE 3aMHKaHHSI IIe He YCYHyTO. Takwi Imiaxisn
JTO3BOJISIE TMIABUINUTH HAAIHHICTh CHEPromoCcTayaHHs s
CIHOXKMBAUiB 1 CIIPHsE TMOBEPHEHHIO EIEKTPUYHOI MEpexi
JI0O HOPMaJILHOTO pexxuMy (yHkuioHyBaHHs. Yacto micis
OTIEPaTHBHOTO BiJAKIIIOUEHHSI YaCTHHU MEPEXi, e CTaJIOoCs
K3 depe3 TuMuacoBe MOPYIICHHs i30JiAMii ab0 mpoOi
MOBITPSHOTO  MPOMIDKKY, TpH TOBTOPHOMY THOJaHHI
Halpyry HECIPaBHICTh HE MTOBTOPIOETHCH.

Takox y cTaTTi MPOBOANTHCS JOCIHIIKEHHS BIUTUBY
poOOTH >KMBHIBHOI Mepexi (MaKCUMAaJIbHUN PEXUM TPH
X maxe, T& MIHIMaTbHUI TIpH X i,y ) HA po3mipu M3 CB B
KIJL

Hns  anamizy 1MX 0OHTaHb Oyld  NPOBEICHI
PO3paxyHKH: MaKCUMaJIBHOTO cTpyMoBoro 3axucty (MC3)
KIIJI ta po3paxyHok 3minu po3mipie CB B 3a1€KHOCTI BiJ
PEKUMY POOOTH KUBHIILHOT MEPEXi.

Buxioni oani onsa pospaxyuky. ]y po3paxyHKiB
oyio BukopucraHo mepexxy KILJI 10 kB, cxema skoi
300paxxeHa Ha puc. 1. Jlana Meperxa cKiagaeTbes 3:

e  miacranuii [1C-b i3 n1Boma TpanchopmaTopamu
TM-1600/10/0,4 xBA, Hampyra KOpPOTKOTO 3aMHKAaHHS
UL, =55 %;

. migcTaHii I1C-B 3
P.s. =11 MBT Ta cosqp = 0,83;

HaBaHTaAXCHHAM

e  peakropa Pb-10-1000-0,45 ¥Y3;

. Kabems ACBx-10 3x150, JIOBYKHHOIO
L, =2KkMm;

e pnositpsHoi ninii AC-10 150/19, noBxuHOIO
Lo, =2xKm.

a1 mapameTpu Mepexi:

e koedimient camozamycky K, = 1,7;

e  Omip CHCTEMH B MaKCHMaJIILHOMY pEXHMIi
Xemare. = 0,3 OM;

orrip CHUCTEMHU MiHIMaJIEHOMY pexuMi
Xemin. = 0,6 OM.
IIC-A MC-b IiC-B
Cucrema éK'l Peaxtop éK'z
Kabemna minig,, |Tosirpsua minis
N~ 1
DACIRS |
§K-3 K-4
Q2 Q3 Q5

T1 T2

Q6 Q7

K5

rHEH

Pucynok 1 — Po3paxyHkoBa cxema 00 ekriB 3axucty KI1JI

3a3BUyaii pu TaKKX PO3paxyHKax aKTUBHUM OIIOPOM
TpanchopMaTopa HEXTYIOTh OCKUIBKM BiH HabaraTto
MEHIIMH pPEaKTHBHOTO omopy. Ause ajist 3a0e3rnedeHHs
OiIBIIOT  TOYHOCTI PO3paxyHKiB KOHKPETHO B ILbOMY
BUIIJIKy aBTOPH IIPOTIOHYIOTH HOTO po3paxyBaTH.

3HaxonuMo akTHBHUK omip TpaHcdopmaropa T1 Ta
T2 3a hopmymnoro (1):

_ R 10 (U - 1032

RTI = RTZ - (SHT K 103)2 ’ OM, (1)

ne P, —BTpaTtu KOPOTKOTO 3aMUKaHHS B TpaHC(HOpPMAaTOpi
P, = 16,5 kBr;

Ugr HOMiHaJbHA Hampyra TpaHcopMaTopa,
Uyr. = 10 kB;
Suc — HOMIHaJbHA MOTYXHICTh TpaHchopMaTopa

Sar = 1600 kBA.
Po3paxoByemo moBHHUI omip TpaHchopmaTopa 3a

dhopmyioro (2):

Uy | Wan)?
In = =100 S,

, OMm; 2
ne UX -  mnampyra
tpancdopmaropa, UX. = 5,5 %.

3HaXOIMMO pEeakTHUBHHN OIip TpaHCPopmaTopa 3a
thopmymoro (3):

Xy =Xy = ’ZTl,ZZ - RT1,22'OM' 3)

KOPOTKOT'O 3aMHKaHHA
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Po3paxoByemMo akTuBHMN omip KabeibpHOI JiHIi 3a
thopmymoro (4):

Ry = Lyy "1, OM; (4)

ne L., — noBxuHA KaOenpHOI JiHii, L, ;, = 2 KM;
o . oM

T, — aKTUBHHUH omip kabens, 1, = 0,206 —.

. : KM

Po3paxoByemo peakTUBHUI omip kabenbHOT JiHIT 32
hopmymoro (5):

Xien = L " %, OM; (5)

. o . OMm
e X, — IHOyKTUBHUM omip kabens, x, = 0,079 —.
KM
Po3paxoByemMo akTHBHHH OIip MOBITPSHOI JTiHIi 3a
thopmymoro (6):

Ryn = Loy Tac, OM; (6)

ne L., — moBXuHa MOBITPSHOI JiHil, L, = 2 KM;

Tac. — AKTUBHHH OIIp CTaJeaTIOMIiHIEBHX TIPOBOIIIB
(AC), Tpc. = 0,2046

Po3paxoByeMo peakTHBHUII OMip MOBITPSIHOT JTiHIT 32
hopmymoro (7):

Xun = Lun - Xac, OM; (7)

€ X, — IHAYKTUBHHI OIip CTaleaTFOMiHIEBUX ITPOBO/IIB
(AC), Xpc, = 0,358 .

IIpoBognmo po3paxyHok omopiB mist MC3 Todok
K1-K5 B MakcuMmampHOMY pEXHUMi POOOTH CHCTEMH
(puc. 1) 3 ypaxyBanuasm ABP.

Omip st Touku K1 Oyne 10piBHIOBaTH pEaKTUBHOMY
CHUCTEeMH B MaKCHUMaJIbHOMY pekuMi Xy = X pyaxc.
AKTUBHUM OTIOPOM HEXTYEMO.

3HaXOIUMO aKTHBHI 1 PEaKTUBHI OMOPH Uil TOUKH
K2. AxtuHuii omip mnst Toukn K2 Oyzne nmopiBHIOBaTH
ONOpY PEAKTOpa, BiMOBINHO Ry, = R, = 0,045 Om.

3a ¢opmynoro (8) 3HAXOAMMO PEAKTHBHUUN OMIp JJIs
Touku K2 B MakCUMaTbHOMY PEIKUMI:

XKZ,MaKC = Xcmaxe T Xp: Om; ()

ne X, — iHIyKTUBHUHA omip peakTopa, X, = 0,45 OMm.
3HaxXOAUMO  AKTUBHUH  Rys3axc T2  PEAKTUBHUM
X3 makc, OIOpH 171 Toukn K3 3a popmynamu (9) ta (10):

RKS,MaKc. = RKZ,MaKC. + RK.JI.’ OM; (9)

XK3,MaKc. = XKZ,MaKc. + XK.}I.’ Om.

(10)

Po3paxoByeMo aKkTUBHUN Ry i Td PEAKTUBHUH
Xi4,maxc. OIOpH 1715 Toukn K4 3a popmynamu (11) Ta (12):

RK4,MaKc. = RK3,MaKc. + Rn.n.' OM; (1 1)
XK4,MaKc. = XK3,MaKc. + Xr{.n.' Om. (12)
3HaX0AMMO  aKTUBHUH  Rys yaxe Td  PEAKTHBHMU

Xks maxc. OI0OpH 171 Touku K5 3a popmynamu (13) Ta (14):

(13)

RKS,MaKc. = RK3,MaKC. + RT.' OM;

XKS,MaKc. = XK3,MaKc. + XT.' Om. (14)

3a ¢opmynoro (15) 3HAXOAMMO TOBHI OMOPH IS
koxHoi Touku K1-KS5:

ZKl—S,MaKc. = \/RZKl—S,MaKC. + XZKl—S,MaKCJ Om. (15)

3a opmynoro (16) 3HaAXOAMMO BEJMYMHY CTPYMIB
KOPOTKOT'O 3aMHUKaHHS B MAaKCHMAJIbHOMY PEXHMi poOOTH
cucremu st KoxxHol Touku K1-K5:

UHOM.

e KA:
\/§ ' ZKl—S,MaKC.

(16)

I1_s

ne  Ugoy — HOMiHaNBHA HampyTa JiHii, Uy, = 10,5 kB.

Pospaxynoxk MC3. Ilepumii cryminb 3axucty ne CB
6e3 BUTpMMKHM 3a yacoM t., = 0c. 3a dopmymoo (17)
3HAaXOJMMO CTPYM YCTaBKH CIpAIfOBaHHS IIE€PIIOTO
CTYIEHS 3aXHCTY:

(17)

I — . .
IC.3.,MaKC. - I-<H 1K3,MaKC.' KA’

ne K, —xoeodimient maniitnocTi, K, = 1,1;

I3 make. — CTPYM KOPOTKOTO 3aMHKaHHs B Todri K3,
3HafieHuit 3a ¢opmynoo (16) mpum MakCHMalIbHOMY
peXUMi pOOOTH CHCTEMH.

[TepeBipsieMo Ha BUKOHAHHS YMOBH T10 Yy TJIMBOCTI 32
thopmymoro (18):

— ﬁ i IKl,MaKC. > 2;

1
2 IC.3.,MaKC.

(18)

K‘I,MaKC.

e Iximaxe. — cTpym K3 B Toumi Kl, 3naiinennii 3a
dopmymoro (16) mpu MakCUManbHOMY peXuMi poOoTH
CHCTEMH.

Hpyruit crynine MC3 ne CB 3 BHUTPHUMKOIO Hacy
tll = At = 0,5 c. JIna po3paxyHKy yCTaBKH CIIPAIFOBAHHS
npyroro crymeHs 3axucty (20), moTpiOHO y3roguTH

po0OTYy  3axHWCTy i3 MEpPIIMM  CTYIEHEM  3aXHUCTy
tpanchopmaropa T 3a hopmysioro (19):
I(IJ.B.T,MaKC. =K+ IKS,MaKC.' KA; (19)

ne K, — xoeodimient HaniftHOCTI, ockinmbkn Touka K3 3a
tpancdopmaropom npuitmaemo K, = 1,5;

Igsmake. — €TpyM K3 B Touni K5, 3maiinenmit 3a
¢dopmynoro (16) mpu MakCUMalIbHOMY PEXHMI POOOTH
CHCTEMH.

11 —x .7 .
IC.3.,MaKC. - KH IC.B.T,MaKC’ KA' (20)
ne K, — xoediiieHT HagiiHOCTI Iy APYroro CTymeHs
3axucty npuiiMaemo K, = 1,2.

[lepeBipsieM Ha BUKOHAaHHSI YMOBH I10 YyTJIHMBOCTI 3a
dhopmyioro (21):
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V3 1
K'I-II.,MaKC == w = 2. 21
2 IC.3.,MaKC
Tperiii  crymiap  BimOymoByetbecss Bim  MC3

Tpancdopmaropa. Po3paxoByeMo CTpyM yCTaBKH I1h ..
32 YMOBOIO TIOBEPHEHHS MiCJsi BUMKHEHHS HACKPI3HOTO
ctpyMy K3 I3 vaxe 32 popmyrioro (22):

_ Ky Kean

Igg.,MaKc - K ' IE; KA; (22)
0B

ne K, — koedimient camozamycky, K., = 1,7;

Koz — KoedilieHT TMOBEpPHEHHS pene, MpUiiMaeMO
0,96;

I, — cymapHuii cTpyM HaBaHTa)XE€HH:I, 3HaiiiemMo foro
3a hopmymoro (25).

BuznauaeMo HOMiHaJbHI CTYMH HaBaHTa)KEHHS
nigcranuiii b ra B popmynu (23) ta (24) (puc. 1).

Inep = = p; (23)
fe-p \/§ “Uyr, Y
1 _ PHaB. A
N8 = B Uy, -cosp’ (24)
Iy = Inc-p + Inc-p, A- (25)

3HalIeMO CTPYM YCTaBKH 32 YMOBOIO BiIOYZIOBH Bif
AIIB noBiTpsHO1 JiHiT 3a Gpopmyioro (26):

1 =K, Ky * Iy, KA.

c.3.AIIB,mMakc.

(26)

3 IBOX YMOB po3paxoBaHuX 3a (Gopmynamu (22) ta
(26) Bubupaemo OinplIe 3HAYEHHS Ta NPUHMAEMO HOTO 3a
OCTATOYHE 3HAYEHHS [ e,

[epeBipsieM Ha BUKOHAHHS YMOBH MO YyTJIHBOCTI 32
dhopmyoro (27):

Vil

- > . 27
2 — 1’5’ ( )

111 —

K‘{.MaKC. -
IIII

c.3.,MakKc.

e Igguaxe, — €TpyMm K3 B Touni K4, snaiinenuii 3a
dhopmyioro (16).

Amnanorivno no ¢opmynam (1)-(27) mpoBoanmo
PO3paxyHKH Uil MiHIMaJbHOTO PEXHMY >KHBHIBHOI
Mepexi eHeprocucTeMu, KO X iy, = 0,6 OM.

OmunMm 13 rosoBHMX HemomikiB MC3 €  iioro
3aJeKHICTH  Bil  peXuMy  poOOTH  >KHBWIBHOI
enekTpoMepexi. EdexkTuBHICTP Ta YyTIMBICTH TaKOTO
3aXHCTY 3MIHIOETbCS B 3QJIEKHOCTI BiJ KOHQIryparii
Mepexi, BETHYWHH CTPYMIB HaBaHTAKEHHA, a TaKOX
HamnpsIMKYy TIOTOKY €Heprii. Y [eSKHX BHIIaJKax,
HAIPUKJIAJ, PY 3MiHI CXEMH JKUBJICHHS a00 3MEHIICHHI
ctpymy K3, mpuctpiii Moke He BHSBUTH aBapilo abo
3poOMTH Iie i3 3ami3HEeHHsM. Taka cUTyalis CTBOPIOE
3arpo3y sl €HEPreTHYHOro OOJajHaHHS, MiJBHIILYE
HMOBIPHICTH HOT0O MOIIKOJKCHHS, IMOTIPIIYE SKIiCTh

EJIEKTPOIIOCTAYaHHSI Ta 3HWXKYE 3arajbHy HaJiiHICTh
cucrtemd [2].

Jani npencrapiieHi po3paxyHKOBI JOCIIKEHHS, SKi
JIEMOHCTPYIOTh, SIK PEKUMH POOOTH >KUBUIBHOT Mepexi
BIuMBaoTh Ha po3mippy M3 CB B KIUIL B Hamomy
BUIIAJKy PO3IIISIANOCS BA BapiaHTH — MAaKCUMAJIbHUN Ta
MiHIMaIBEHUH PeXXUMH POOOTH KHUBMIIBHOI MEPEXKI.

PospaxoByemo omip crnparroBandst CB (cTpymoBoro
3axucTy) 3a hopmyoro (28):

Zew =2 Om;
IC.3.MaKC

(28)

ne Uy — hasHa Hampyra, B HAIOMY BHIIJIKy JOPiBHIOE
5,78 kB;

I.smake — CTPYM CIpAIFOBAHHS 3aXHCTy MEPIIOTO
cryiedss CB mpu MakcuMalbHOMY pEeXUMI poOOTH
KUBHITLHOT MEPEXi I 4 yake = 15,3,,Ma,<c,.

[Ipu po3paxyHKax MU 3HEXTYBAJIN aKTUBHUM OTIOPOM
cucTeMH, ToAi 3rigHo hopmyinu (15) moBHUIA omip cucremu
B MaKCUMAIIbHOMY PEKUMi JAOPIBHIOE Z ¢ yaxe. = Xcmaxc, B
MiHiMaHBHOMY ZC.MiH. = Xc.MiH.

3Haxo Mo omip 00’ ekTa 3axucTy 3a popmyioro (29):

Zos = Zy + Zy 5, OM; (29)
ne Zp Ta Zy, — TIOBHI ONOPH PEaKTOpa Ta KabembHOi
JiHIT 3HaX0AAThes 110 hopmyi (15).

Po3paxoByeMo cyMapHi OMOPH JJIsl BCIET CUCTEMU JIJIst
MaKCUMAaJIbHOTO Ta MIHIMAIbHOTO PEXUMY pPOOOTH 3a
dhopmynamu (30) Ta (31) BignoBigHO:

= Zemaxe. T Zp. + Zyn, OM; (30)

chm.maxc.

chM.MiH. = Zc.MiH. + Zp. + ZK.}L’ Om. (3 1)

PospaxoByemo  3axucHy  3matHicte CB B
MaKCUMaJIbHOMY Ta B MiHIMQJIBHOMY pEXHMax poOOTH

JKUBHIIbHOT Mepexi 3a  ¢opmynamu  (32) Tta (33)
BiAIIOBIIHO:
Z., — 7
ZC.B.MaKC.% = M 100%; (32)
ZO 3
Zes — Zewi
ZC.B.MiH.% — ( C.3. Z C.MlH.) . 100%. (33)

IIpoBomumo po3paxyHok omopy M3 cTpyMoBOi
BIZICIYKM B MAaKCHMaJbHOMY Ta MiHIMAJIbHOMY PpEXHMI
pobotu mkepena xuBieHHS 3a Gopmynamu (34) Ta (35)
BIIITOBITHO:

(ZCyM.MaKC. - Zc.3.)

A
Z0.3.

-100%;  (34)

M.3.Makc.%

(ZCyM.MiH. - Zc.3.)

A
ZO.B.

- 100%. (35)

M.3.MiH% —

Po3paxoByeMo y CKUIBKH pa3iB 3MEHIIWIIACS 3aXHUCHA
30aTHICTh (€(EKTUBHICTb) CTPYMOBOTO BIJCIYEHHS IIpH
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3MiHI pOoOOTH JKepena KHUBJICHHS 3 MaKCHMAaJbHOTO Ha
MiHIMaNbHUI pexuM 3a popmyiioro (36):

Zc.a.maKc.%

3axycHa 3JJaTHICTb = (36)

Zc.B.MiH.%

Jnst NOpiBHAHHS PO3paxyeMo BCe uYepe3 IOBKHHY
00’€KTY 3aXUCTY B KIJIOMETpax.

Po3paxoByemo HOBXHHY OO0’€KTa 3axHCTy 3a
hopmyioro (37):
ZOB
Loy = ———,KM; 37
03 = 7 /KM (37

e Zoen MOBHUN IIOTOHHUH omip Kadems, sSKui
po3paxoByeThest 3a hopmyroro (15) wepes 1, Ta X
3HaxoAMMO JOBXMHY M0 3axumaerscss CB  mns
IUISHKA 00’€KTa B MaKCHMAJBHOMY Ta MiHIMaJbHOMY
pexxuMax podotu cuctemu 3a popmynamu (38) Ta (39):

(Zc.3. - Zc.maxc.)

Lc.B.MaKC. = Z—' KM; (38)
ILK.JL.
Zes — Zeui
LC.B.MiH. = ( C.BIZ C.MIH.)'KM' (39)
ILK.JL.

3HaxoauMo NOBXMHY M3 i miNSHKH 00’€kTa B
MaKkCHMaIBbHOMY Ta MIiHIMAJbHOMY pEXHUMax pobotu
cucremu 3a popmynamu (40) ta (41), BinnosigHO:

LM.B.MaKC.

Lo.3. - LC.B.MaKC. = (40)
= Los. " Zysmaxco KM;
LM.3.MiH. = Lo.3. - LC.B.MiH. = (41)
= L0.3. ' ZM.3.MiH.%' KM.

Pesynbrar, oTpuMaHi B TpolEeci pO3paxyHKIB 3a
dopmynamu (1-41), Oyau cucTeMaTH30BaHi Ta 3BENCHI B
y3aranpHeny Tabi. 1. 3a numu nannmu OyB oOyI0BaHMH
puc. 2, SKHUl 1TIOCTPY€e XapakTep 3MiH JIOCHIIKYyBaHHX
TapaMeTpiB Ta I03BOJISIE TPOBECTH iX Bi3yaJbHUIT aHAI3.

BucuoBku. VY Mexax [JaHOTO  JOCIIKEHHS
npoBeneHo aHami3 mepexi 10 kB, ska Bximouae cucremy
xuBJeHHs, peakrtop, KIIJI, a takox P3 Ha cropowi
cucremu. OCHOBHY yBary OyJI0 MPHILICHO aHATI3y PIBHIB
crpymiB K3 3 ypaxysanusim poboru AIIB B moBiTpsHiii
JiHI[, a TaKoX OIlHIlI BIUIMBY MAaKCHUMAaJbHOTO Ta
MIHIMaJIBHOTO PEKHMIB pOOOTH CHCTEMU Ha €(pEKTHBHICTD
P3, 30kpema — Ha po3mipu M3.

3 aHayi3y OTpUMaHUX po3paxyHKiB (Tabm. 1) Oymno
miaTBepmKeHo, mo po3mipp M3 CB  Gesmocepennbo
3ajeXarb Bl  peXHMYy  poOOTH  CHCTeMH. Y
MakcuMalbHOMY pexuMi M3 cranosuts 1,42 kM (35 % Big
3araibHOI JOBXHHHU 00’€kTa 3axucty 4,05 kM), Tomi AK y
MiHIMAIIEHOMY — 301TBIIYETHCS A0 2,78 KM, 10 CTAHOBHUTH
68,6 % Bin 3arapHOI TOBXUHH 00’€KTa 3axHUCTy (puc. 2).
Taka guHamika 0OyMoOBJI€Ha 3MeHIIeHHsSM cTpyMiB K3 y
MiHIMaJTbHUX PEKUMax poOOTH CUCTEMH, 110 MPU3BOIUTH
JI0 HECHpAIIOBaHHS 3aXHUCTy NMpH (IKCOBAaHMX yCTaBKax.
Lle cBiguuth npo oOMexeny edpexruBHicTh CB, B Hamomy
BUMAJKY e(peKTUBHICTH 3MeHImIacs B 2,06 pasu (tabdi. 1).

Tabmuns 1 — Pesynpratu po3paxynkiB MC3 Ta 00’€kTa 3aXHCTY
MPU MakcUMaiIbHOMY X yaxe. = 0,3 OM Ta MiHIMaIbHOMY
Xemin. = 0,6 OM pexxuMi poboTH cHCTEMU

PesysibTaTu po3paxyHKiB »KUBUJIBHOI Mepe:Ki onopu
TpaHnchopmaropis Ta KJI i ILJI (popmyan 1-7)

Rr1 = Rpa, Zr1 = Zy2, Xr1 = X2,
Om Om Om R, Om
0,644 3,437 3,376 0,412
X 1,0M Z1,0OM Ry, Om X, 0M
0,158 0,441 0,409 0,716

Pe3yiabTaTn po3paxyHKiB VIl MAKCHMAJILHOIO PEKUMY
po6otu: onopu, crpymu K3, crpymu cnipanioBanss
3axucry (I, IL, III cryneni), koedinieHTn 4yyTIMBOCTI 17151
I, II Ta III crynens (popmyau 8-22, 26, 27)

XKl,MaKC.’OM RKZ,MaKC.'OM XKZ,MaKC'OM RK3,MaKC.'OM
0,3 0,045 0,75 0,5
XK3,MaKC.,OM RK4,MaKC'OM X}(4 Maxc.'OM RKS,MaKc.rOM

0,908 0,9 1,624 1,1
XKS,MaKc.rOM ZKl MaKc.rOM ZKZ,MaKC.'OM ZK3,MaKC.'OM
4,3 0,3 0,751 1,016
ZK4-,MaKc.rOM ZKS,MaKC.!'OM IKl,MaKC.,KA IKZ,MaKC., KA
1,84 4,423 20,2 8,06
IK3,MaKc., KA IK4—,MaKc., KA IKS,MaKc., KA Ig.B.,MaKC., KA
5,96 3,29 1,37 6,56
K!{,Ma}cc. Ig.s.T MaKC.KA Icl.l3.MaKc.,KA K'I-lI,MaKC
2,66>2 2,05 2,48 2,07>2
Icl.l:g.MaKc.’ KA ICH; AllBMakc KA Kzll,lmarcc-
1,76 1,69 1,61 >1,5

PesyabTaTn po3paxyHkiB cTpymiB HaBaHTa:keHHs1 [1IC-b

Ta [1C-B ta ctpymy Ha aBox IIC (¢popmyau 23-25)
Inc-g. A Inc—p, A Iy, A
175,95 728,73 904,68

Pe3yJabTaTi po3paxyHKiB 1151 MiHIMAJILHOTO PeKUMY
podotu: onopu, crpymu K3, ctpymu cnpantoBaHHs
3axucry (I, IL, III cryneni), koediuieHTn 4yTIMBOCTI 1715
L, II Ta III crynens (popmysu 8-22, 26, 27) 3
YpaxyBaHHSIM MiHiMaJbHOI0 pe;xuMy podoTn

XKI,MiH.’OM RKZ,MiH.FOM XKZ,MiH., Om RK3,MiH.,OM
0,6 0,045 1,05 0,5
XKS MiH. Om RK4,MiH.’OM XK4 MiH.> Om RKS MiH., Om
1,208 0,9 1,924 1,1
Xk min, OM 21 min,OM Z 2 min,OM 23 min.OM
4,6 0,6 1,05 1,29
Zk4 min, OM Zxs min, OM T1 min> KA I s KA
2,1 4,71 10,1 5,76
I3 mins KA T4 mins KA Ixcs mins KA Ig.3. win> KA
4,69 2,87 1,28 5,16
K!{ MiH. Icl.a.T MiH.‘KA Icn'-x MiH.> KA K!{I,MiH.
1,69 <2 1,92 2,33 1,74 <2

1M i KA I35 Arip iss KA K i,
1,76 1,69 141<1,5

PesyabTaTtn po3paxynkis po3mipy M3 CB nus
MaKCHMAJIbHOI0 Ta MiHIMAJILHOTO PesKUMY POGOTH

mepexxi (popmysn 28-41)

Zc.s.a Om Zo.a.s Om ZCyM.MaKC.OM ZCyM.MiH.7 Om
0,881 0,893 1,193 1,493
ZM 3.MaKC.’ % ZM.S.MiH.,% L0.3.= KM LC.B.MaKCJ KM
35 68,6 4,05 2,63
Lc p.Min,» KM LM 3.makc KM LM a.min KM
1,27 1,42 2,78

3axucna 30amuicmv CB 3menwunace 6 2,06 paza
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K-1

CHcrema Peaxrop

Ik, kA

Ikl Maxc.p.=

.

3MiHA CTPYMY K.3!

‘o>

K-2

K-3

KaGensma Hi]—Iiﬂ/1 LIoBiTpsHa miHiA

, Make. pexk., opu Xc¢.=0,3 OM

<

20,2 kA
3MiHa CTPyMYy K.3.; MiH. pex., mpi Xc.=0,6 OM
_ Ix2,makc.p.=8,06 kA | Ix3,maxc.p.=
IKll(’)BTI;i= MepTRa 30Ha {M3).MaKC.pex 3,96 kA
» / | I
Ic.3,Makc.p.= — 4 ‘ i T R
6,56 kA B i Ix2,MiH.p.= i AN 4,’69 Ki
0 I 5,76 kA ! L, 1M
< ItLo.3.=4,05 KM (100!%} o

Lc.B. MiHpex—)

|
1,27 kM |
(31,4%) |

-

_ Lc.B.,MaKc.pe};'{.:Z,GS M (65%)
-« T

L.z minpex.=2,78 xM (68,6%)

i
» Lm.3.,MaKc.pex.=

| 1,42 xu (35%)

-2 >
Pucynok 2 — 3anexnictb ctpymy K3 Bix MakcuManbHOTO X yaxe. = 0,3 OM Ta MiHIMaiIbHOTO X iy, = 0,6 OM pexumy pobotu
CUCTEMHU
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RESEARCH ON THE IMPACT OF OPERATING MODES OF THE FEEDING NETWORK ON THE SIZE
OF THE DEAD ZONE IN CURRENT PROTECTION

The article provides a detailed analysis of relay protection aspects in modern power systems, with a particular focus on the use of overcurrent protection
as one of the primary methods for ensuring the safety and reliability of transmission lines. Relay protection is a key component for the timely detection
of faults, accurate localization of damaged sections, and rapid disconnection to prevent the spread of disturbances. In particular, overcurrent protection
ensures the prompt disconnection of a network element when the current reaches a predefined threshold, which is especially effective during severe short
circuits occurring close to the power source. However, one of the major drawbacks of this method is its dependence on the configuration and operating
mode of the supply network, which may lead to increased dead zones, reduced selectivity, and diminished protection sensitivity. The article also examines
the application of overcurrent protection in combination with automatic reclosing, which not only enables effective fault localization but also minimizes
transmission line downtime. Automatic reclosing plays a crucial role in the fast restoration of power supply during temporary faults, which are common
in overhead lines where short-term disturbances frequently occur. Additionally, the article analyzes the impact of different operating conditions of the
power supply network on the effectiveness of overcurrent protection, particularly concerning the extent of dead zones. Calculations have shown that
under minimum load conditions, the dead zone can double in size, significantly reducing protection effectiveness. The article emphasizes the necessity
of using adaptive methods, such as distance protection, to improve protection reliability under these conditions. The research findings presented in the
article are essential for improving existing relay protection methods, enhancing fault localization efficiency, and minimizing line outage time, which is
crucial for maintaining the stable operation of power systems even under challenging operating conditions. Improving protection sensitivity and
selectivity under varying network conditions significantly enhances power system stability, representing a key step toward increased reliability and safety
of modern energy networks.
Keywords: relay protection; protected object; current-based disconnection; dead zone; sensitivity; selectivity; efficiency; reliability.
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NEPCINEKTUBA IHBECTHULIN VY PO3BUTOK BIJHOBJIOBAJIbHOI EHEPTETUKHU HA
MNPUKJIAAI HIMEYYUHU

PoGoTa npucBsdeHa IOCIIHKEHHIO 1HBECTUIIIMHUX MPOLECIB B raiy3i renepaiii enexrpoeneprii Himeuunnu, 30kpemMa — B cepi BiTHOBIIIOBAIbHUX
JoKepen eHeprii. PoboTa Hajae KOMIUTEKCHHI aHawi3 IHBeCTULIH y pi3Hi cekTopH 3eneHoi eHepreTukyu HiMeuumnnu, 30kpema, GOTOBONIBTAIKY, BITPOBY
CHEePreTUKy Ta riIpOCHePreTHKy, Ha OCHOBI AETAJbHUX CTATUCTHYHUX JAHMX, IO J03BOJISIE YiTKO MPOCTEKUTH TEHJCHIIT Ta iX 3MiHM 3a OCTaHHI /1Ba
necATHITTS. Y poOOTI JOCHIKYIOThCS He juie oOcsard (iHaHCyBaHHS, ane ¥ (akTopw, sKi BIUIMBAIOTH Ha PO3IOJLI IHBECTHUIIH MiX PI3HUMH
BiJIHOBIIIOBAJILHUMH JpKepenamu eHeprii. OcoOuiBa yBara NpUIUISETHCS BHSABICHHIO NPHYMH 3pOCTaHHS iHBeCTHLIH y (OTOBOIBTAaiKy Ta BiTpOBY
EHEPreTUKY, a TAKOXK aHAIII3Y IPoOJIeM, OB’ I3aHUX i3 PO3BUTKOM IiIPOCHEPTeTUKH Yepe3 0OMEKeHyY KIIbKICTh JTOKALH U HOBUX 00’ €kTiB. BusHaueHi
OCHOBHI (haKkTOpH, SIKI BIUIMBAIOTh HAa 3POCTaHHS PH3MKIB Ul CTAOLIBHOTO Ta JOCTYITHOTO €HEpPro3ade3NeueHHs HAcCeJCHHs, MPOMHCIOBOCTI Ta
TpaHCcIIOpTy. Bu3HaueHi HeoOXimHI 3MiHM B HampsIMKax, NPHUHIMIAX Ta JPKEpelaX IHBECTYBaHHS B €JICKTPOTeHepalliio Ha mpukiagi HiMeuuwHm.
BusiBiieHi cHibHI Ta cyiabKi CTOPOHM HIMEIBKOTO JTOCBIy iIHBECTHLIH y BiJHOBIIOBAJBHI /pKepena eHeprii. [IpoaHanizoBaHO Ha OCHOBI CTATHCTHYHUX
MarepialiiB OTOYHUI CTaH, HEPCIIEKTUBY Ta MOTEHLIIHI PU3UKU IHBECTHLIITHOTO MpoLIeCy Ha pUHKaX enekTpoeHeprii Himeuunnu. B poboti BpaxoBaHo
SIK ICTOPHYHUX JOCBiJ, TaK i IOTOYHUIT TOCBIJ SIK HO3HUTHBHHUX 3PYIIECHb B Taly3i eHepro3abe3neueH s, Tak i HeraTHBHUH B YaCTHHI IIPOOIEMHUX ITOJiH
He Tinpku B HiMewunHi, ane # B €Bpomni B Ii7ToMy, B TOMY YHCIIi PeriOHaIbHI Ta HaLliOHAJbHI BUMAJKU OJEKayTiB, sKi OyJIM BUKIMKAHI HEJOTiKaMH
OaJaHCyBaHHsS €HEProCHCTEM, sKi, B CBOIO 4epry, Oyiau OoOyMOBIICHI AEp)KaBHOK IOJIITHKOI B rajy3i reHepalii, TpaHCIIOPTyBaHHS Ta 0OpoOKu

@IICKTPOCHEPTil.

KurouoBi ciioBa: enekTpoeHepris; reHepaiis; BiIHOBIIOBaJIbHI Jykepena eHeprii; ¢oToBosbTaika; IipoeHepreTHKa; BITpOBa EGHEPreTHKa;

iHBeCTHLIT; OallaHCyBaHHS reHepauii; OiexayT.

Beryn. OcranHiM yacom B €Bpori B3araji Ta B
Himeyumni  ocoOuCTo  CyTTEBO  3pociia  YacTKa
BIZTHOBIJIIOBAJIBHUX JDKEpEN TeHepamii eJIeKTpoeHeprii
(BAE). 3aranom 1ie MoKHa IMpUBITaTH, ajie 3a Iel ke Jac
TaKOX BUPOCIIH BUIMAAKH MOPYIIECHb POOUTH €HEPTOCUCTEM
Ha perioHaJFHOMY Ta HamioHaTbHOMY piBHi. PerionambHi
OylekayTH TPOXOMWIN B JEAKHX perioHax Himewuwnw,
CIIIA (Texac, Kamidophis), HamioHambHI OJieKayTH
cramucst B Icnanii Ta Ilopryranii [1]. HeoOxigHicTb
JIOCTIKCHHS CYTO (DIHAHCOBO-CKOHOMIYHUX MPUYHH
L[BOTO SIBUIIIa OYEBHU/IHA.

Baromuii HayKOBUi1 BHECOK Y IOCIIDKEHHS CYyTHOCTI
PUHKY 3poOMiM 3apyOiXHI Ta BITYM3HSIHI BYEHI:
B. basuneBuu, Y. [IxeBonc, A. Mapmami, C. MouepHuii,
A. Timmepman. [luranHsaM ¢QyHKIIOHYBaHHS pUHKIB
EHEepreTUYHNX pecypciB MpUCBsIUeHO nparli: B. bapannika,
H. Ky3pmunuyxk, b. Caymnceskoro, O. Cyxomoni Ta iHIIHX.
Pazom 3 TiM, He3BaXKar0UM Ha IPYHTOBHI HAYKOB1 PO3BiIKA
BUIIE3a3HAYCHUX BUCHHMX, HE BTPAYalOTh AKTYaIbHOCTI
JIOCITIJPKEHHS IPUCBSTYEHI ITpo0ieMaTuIll pyHKIIOHYBaHHS
Cy4acHOTO PHHKY eHeprii B YKpaiHi.

Merta cratri. Jocniantu eheKTUBHICTD IHBECTUIIN Y
BUPOOHMLITBO «3€JIEHOD» ENEeKTPOeHeprii Ha MNpuKiIazi
Himeuuwni, Bumiiuta ciaabki Ta CWIBHI  CTOPOHU
IHBECTHLIHHUX ITPOIIECIB B EHEPreTHULI.

3amaqi qOCIiHKESHHS:

. BU3HAYHUTH JTUHAMIKY IHBECTHIIHHHUX IMPOICCIB
B eHepretuni HiMmeuunnu;

e  BHM3HAUUTH OCHOBHI HAamNpsIMKH IHBECTHILIH B
CHEPreTHKY;

®  JIOCHIJUTH NPAKTHYHI PE3yJIbTaTH IHBECTHIIIH B
ACTICKTI iX BIUTMBY iHBECTHIIIH HA CIIO)KUBAYiB.

PesynbTaTn gociimxkenHs. Exonoriunumii mepexin
Himewaunn, pe3ynpTaTé SKOTO Ha CHOTOIHIIIHIN AEHB
CIIOCTEPIraloTh 0AaraTOMiIbHOHHE HIMEIbKE HACCICHHS Ta
YHCJCHHA YKpaiHChKa Miacropa, Ma€ y CBOiH CyTi MeTy
MaKCHMMallbHO €(eKTHMBHO Ta Yy HaHOLIbII KOPOTKHI
NPOMIKOK ~ 4Yacy  3HU3UTH  HETaTUBHUH  BIUIMB
EHEePreTUYHOI0 CEeKTOpY JepkKaBH Ha I EKOJIOTIYHY
cKkIanoBy. [[ns HOCSATHEHHsI MOCTaBJICHOI MeTH, OyIu
MPOBEJICHI YMCIIEHHI 3acijanHs y mapiaMenTi Himeuunan
ta €Bpormeiickkoro Corosy (€C). JlaHe NMUTaHHS XBUIIOE
JIECATKH MIJBHOHIB HIMIIB, IO CHPHSIIO (HOPMYBaHHIO
OCOONMBOTO BIMHOUICHHS YpPALY KpaiHW A0 THTaHb 3
€KOJIOT 1.

Hanpukiamni 2008 poxy €Bpormeiicbka KoMicis
yxBamia «[laker 3 kmimMary Ta eHepreTuku» [2],
CIpsIMOBaHMI Ha JekapOoHizalito ekoHoMik Kpain €C.
TakuM YMHOM, 10 BUMOT 10 KpalH-4JICHIB MOYKHA BITHECTH
301IBIIEHHS BUKOPUCTAHHS €HEprii 3 BiJHOBIIIOBAILHHX
qokepen 0 20 %. Ha moment 2020 poky, y HimeuuwuHi,
YacTKa BIJHOBIIOBAJIbHUX JOKEpeJd eHeprii ckiajaia
45,8 % Bix 3araJbHOHALIOHAIBEHOTO BHPOOHUITBA, Y TOM
yac SK Ha MOMEHT yxBaieHHs «llakery 3 kimimary Ta
enepretukn» y 2008 porii, yactka craHoBuia 15,3 % [3, 4].
Jus mocsTHEHHS Iilel makeTy, HeoOXimHi OynuM 3HaudHi
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iHBECTHIIi SIK Y HH3bKOBYIJICLEBI TEXHOJOTii, Tak i B
iHpPaCTPYKTYpy, IO 320€3MeUnII0 HaliHHICTh TOCTaYaHHsI
Ta MIBUINKMIO HOoro edexTuBHICTh. 3a mepiox 20082020
POKH, y PO3BUTOK CEKTOPa BiIHOBJIIOBAJIBHOI EHEPIeTUKU
OyJ10 iHBecToBaHo moHas 230 minmbsapais espo [3—8].
3rigHo omy6mikoBaHoro y 2014 pori §1 3akony EEG
2023, mo BcTynuB B cuiay Ha nodatky 2023 poky,
Himeuyunna B3suta Kypc Ha 30UIbIIEHHS 101 BUPOOIECHHS
eKoJIoriyHo uucroi enektpoeHeprii g0 80 %  Bim
3arallbHOHAI[IOHAIEHOTO pIiBHSA BHPOOHHIITBA A0 KIiHIIA
2030 poky [9]. Mo 2035 poxy, MaiiKe BCs €IeKTPOSHEPTis,
BupoOimeHa B HimeuunHi, moBHHHa OyTH €KOJOTidYHO

gucroro. 3a mepioxm 2014-2024  pokiB, dYacTka
BiTHOBIIOBAaHMX JDKEped €Heprii y  CHOXHBaHHI
enekTpoeHeprii  3pocma 3 24,5% Bim 3araabHOTO
BupoOHHITBA 10 53 % [3-8]. Skmo omnepyBatu

a0COJIIOTHUMHU BEIMYMHAMH, TO piBeHb BUPOOHHLITBA
BIJTHOBITIOBAJILHOT €HEprii 3a Iepios, 10 JOCIHIiIKYEThCS,
3pic Ha Mmaibke 70 % 3 161,9 mo 273,2 MBrt/ronuny

(puc. 1).
TakuM YHHOM, MOKHA KOHCTAaTyBarTH, o HiMeudanHa

BIICBHEHO PO3BUBAETHCS Y HANPSIMKY, 3a1aHomy EEG 2023
Ta BXE HAa CBHOTONHIIIHIA IEHB JOCATIIA BAarOMHX
pe3yIbTaTIB.
Himernpkuii eHEpreTHYHU CEKTOp € BaXKINBUM
€IeMEHTOM eKOHOMIKM KpaiHW, OJHaK HOro cydacHa
300.0
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==@==Eype Byrinna
ATOMHa eHepreTuKa

==@==HabTONpoaAyKT1

CTPYKTypa BHKIMKa€ YHMajo AuCKyciii. OcHOBY
SHEepronocTavaHds Hapasi ckmagaroTh BJIE, ki
3abe3neuytoTh moHaa 50 % BUPOOHHUIITBA ENEKTPOSHEPTii.
IMonpu nocsirHeHHst y uiil ramysi, BJE 3anumatorbes
BIZITHOCHO JTOPOTMMH Ta 3aJI€KHUMH BiJl OTOJHUX YMOB,
IO CTBOPIOE JIOJATKOBI PH3MKHU JJIsI EHEPreTUYHOL
CTaOUIBLHOCTI.

Haxane, He Bce Tak pailayXHO, a/DKEe 3a Iepion
2014-2024 pokiB, 3arainbHe BUPOOHUIITBO €JIEKTPOSHEPTIl
Brnano Ha Maibke 14 % [3-8, 10-12]. Takum unHOM,
CIIOCTEpITaéEMO HAaBiTh HE CTArHAIi0, a peleciio y
eHepreTnaHOMy cexropi Himewunnu (puc. 2).

Bapto 3ayBakuTH, m0 OpaMaTH4YHE MAIiHHA PiBHS
BHUPOOHHUIITBA eNeKTpoeHeprii y mepiox 3 2022 mo 2023
POKHM TOB’s13aHO 3 pimieHHsIM HiMmenpkoi nepkaBu 110710
3YIMUHEHHS POOOTH OCTaHHIX sAepHUX 00’ekTiB. Takum
YHUHOM, Bke Ha MoMmeHT 2024 poky, B OepxkaBi He
BUPOOIISIETHCS €Heprisi MUpHOTO atoMy [13].

Oco0JIMBO BiTYyTHUM € BIUTUB TOJITHKH BiIMOBH BiJl
aTOMHOI €HEepreTHKH, sIKa paHille 3a0e3rnedyBaja 3HaUHY
4JacTHHY eHepromocradans kpainu. [lepexinx na BE OyB
00yMOBJICHHH EKOJIOTIYHUMH MIpPKYBaHHSMH, OJHAK BiH

moctaBuB HiMeyunHy B 3alieKHICTH BiJ IMIIOPTY
€HEeproHociiB i 30UIBPIIMB  HABaHTAXEHHA  Ha
eIeKTpOMepexXi depe3 HECTaOIMTBHICTH BHPOOHHMIITBA

eHeprii 3 BITpy Ta COHIIS.

O NN D »H O N PO PN PO DO
PSPPI PSP LSLETSLSLS
TR RTRTRTRTRTRDT R ADTADT ADT ADTADT ADTAD

==@==Kam'aHe Byrinna
MpupogHuit ras

==@==BiaHOBNIOBaHI gKepena eHeprii (BAE)

Pucynok 1 — BanoBe BupoOHUITBO enekTpoeHeprii B Himewunni 3a mxepenamu eneprii, MBt/roquny
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Pucynok 2 — O6csaru reneparii enekrpoereprii B Himewunsi 6e3 ypaxysanus BJIE, mupag MBt/ron

Ls curyamis mopomkye HEOOXITHICTH y PO3BUTKY
cucreM 30epiraHus eHeprii, MoepHi3amii iHppacTpyKTypu
Ta TOIIyKy OUTBII e(pEeKTHBHHUX pillleHb, SKi Mormd ©O
KOMIICHCYBaTH HENONIKA HUHIIIHBOI Monem. Xoda
HiMeuurHa mpogoBKye MO3UIIIOHYBATH cebe sIK Jifepa y
chepi 3eIeHOl CHEPreTHKH, ICHYIOTh CEpHO3HI BHKJIMKH,
OB s13aH1 13 3a0€3MEYCHHAM HaIiHOCTI, TOCTYMHOCTI Ta
0e3Me4HOCTI eHeprornocTadyaHHsl.

Po3BUTOK BUKOpHCTaHHS BiZHOBIIOBaHOI eHeprii B
Himeuyunni nepeTBOpMSIO I CEKTOp Ha KIIOYOBHH
eneMeHT ckoHoMiku (Tabm. 1, puc. 3) [14]. CytreBe
3poCTaHHs 00CATY iHBECTHLiH, o po3novanocs y 2022
potti, HaOy1o e Oinbinoro Macmraly y 2023 pori. Takum
YHHOM, IHBECTHUIIT y OyIiBHHUIITBO 00’€eKTIB
BiITBOPIOBAJIEHOI eHepreTuku y pomi 2023 3pocmu Ha
68 %, 1 mocsarmu pexopaHoi cymn y 37,3 Mipa €Bpo, y
MOPIBHSAHHI 3 TonepenHiM pokoM. bescymHiBHO, i
iHBECTHIIi  3HAYHO  CHPUSUTM  3OUIBIICHHIO  PIiBHSA
BUPOOHHLITBA enekTpoeHeprii. Takum 4nHOM, 3a 1iel xKe
nepioJ, BUPOOHMITBO BIJHOBJIIOBAILHOI €HEprii vy
HimMeuunni 36inbmmnocs Maiike Ha 8 %. 3aBasku Tomy,
1110 3HaYHA YaCTHHA JIOJAHOI BapPTOCTI CTBOPIOETHCS Yepes3
BHPOOHHIITBO Ta 3BEICHHS IHX OO €KTIB Ha TEpUTOPIl
KpaiHW, I1i iHBecTHIl Oe3mocepeNHbO  CIPHUSAIOTH
3pOCTaHHIO eKOHOMikH HimMeudanHu

a1 cexTopH, 30KpeMa oCTadaIbHUKH OlomanrBa Ta
KOMIaHii, 0 3aiMaoThCs 00CIyTOBYBaHHSIM, OTPUMAIN
J0JaTKOB1 23,2 MIpA €BpPO BiJ BUTPAT Ha MiATPHUMKY
pobOTH Ta eKcIulyaralilo 00’€KTiB  BiJHOBIIIOBAHOT
eHepreTukd. Taki EeKOHOMIYHI CTUMYJIH  CHPHSIIH
CTBOPEHHIO 0araTboX KOMIIaHiif, 4YacTo 3HAYYHIUX Y
perioHabHOMY MacmuTabl, y CEKTOpi BiJHOBIIIOBAHOT
eHepreTrku HiMeuunHu, 3a0e3mneuyoun 3Ha4yHy KiUIbKICTb
pOOOYHX MiCIIb.

Huuaamika imBectnnii y BJIE B Himeuuwnni
JIEMOHCTPY€ CyTTEBI 3MiHH 332 OCTaHHI J1Ba ACCATIIITTS. 5K
BUAHO 3 Tabxn. 1 i puc. 3, oOcsru (iHaHCYBaHHS B pi3Hi
CErMEHTH «3€JICHOD» EHEPreTHKU CYTTEBO BapilOBAJIHCH

3aJICKHO BiJl TOJMITHYHHUX TIPIOPUTETIB, TEXHOJIOTiTHOTO
IpOrpecy Ta pUHKOBUX YMOB.

Ha mowatky 2000-x pOKiB KIIOYOBHM HAIPsIMOM
Oynm Ha3eMHi BiTPOBI €NEKTPOCTAHIi, AKi OTPHMYyBaIN
HaiO1bIy YacTKy iHBecTuwii. [Ipote Bxke 3 2010-x poki
y LIeHTpi yBaru onuHWiacs (oToBosbTaika, sika rmoyana
aKTHBHO 3pocTaTH, 0co0inBo B nepion 2009-2012 pokis,
KON 1HBECTHMIIl Yy WEH CEKTOp CATHYJIM PEKOPIHUX
MOKa3HUKIB — moHax 19,5 mupx eBpo y 2010 porri.

Huuamika imBectuniin y BJIE B Himeuunni
JIEMOHCTPY€ CyTTEBI 3MiHH 332 OCTaHHI JIBa ACCATHIITTS. Sk
BU/IHO 3 Tabiu. 1 Ta puc. 3, oOcaru ¢iHaHCyBaHHS B Pi3HI
CeTMEHTH «3CJICHOT» EHEPreTUKH CYTTEBO BapilOBAIUCS
3aJIe)KHO Bi MOJITHYHHUX MPIOPUTETIB, TEXHOJIOTIIHOTO
HpOrpecy Ta pUHKOBUX YMOB.

Bognowac Taki HampsMKH, SK TiIpOEHEpreTHKa Ta
reoTepMalibHa CHEPTisl, 3aIUIIAINCSA MEHIII PHBAOTMBUMU
JUIsl IHBECTOPIB Yepe3 0OMekeHHH TIOTEHI[iall PO3BUTKY Ta
BHCOKI ITOYaTKOBI BUTpATH. 30KpeMa, TiIpocHEepreTHka
JIEMOHCTPY€  CTIiiKe  3HIDKCHHS  IHBECTHILIH, 10
MiATBEPXKY€E TMpoOIeMy HEJOCTaTHHOI KUTBKOCTI HOBHX
MPUAATHUX JIOKAIIii IS OymiBHHIITBA
rigpoenekrpocrannii (I’EC). CmnpaBa B TOMy, IO
rizpopecypcu €Bpomny, NpUAATHI AJIS eJIeKTporeHeparii,
BXKE BUKOPHCTOBYIOTHCS MpruOIm3HO Ha 80 %, 1 moTeHmian
IIFOTO HAMPsAMY B €BpOIIi 3aranoM ITOoCHTh HU3bKHA [15].

3HayHi BKJIANEHHA TaKOX CIIOCTEpiramucs Yy
OioeHepreTrKy, OJHAK IX YacTKa 3 4acOM CTa0lTi3yBanacs
yepe3 OOMExeHy peHTaOeNbHICTh y MOPIBHAHHI 3
(hOTOBONIBTAIKOIO T BITPOBOIO EHEPTETUKOIO.

Oco0iMBYy yBary NpHBEPTAE PO3BUTOK MOPCHKHX
BITPOBHX €JIEKTPOCTaHIIIH, SIKi T0YaJll OTPUMYBATH Baromi
inBectuuii micis 2010 poky. Xoua ix yacTka MEHIIa, HiX y
Ha3eMHUX  CTaHIIH, el  HanpsAM  3aJIMIIAETHCS
MEpPCIIEKTUBHUM  3aBASKH BHCOKIH e(eKTHBHOCTI Ta
cTabinpHOCTI BUpoOHUITBA eHeprii. Kpim Toro, BUHECEHHS
BITPOBUX EJIEKTPOCTAHINNA 32 MEXi TepUTOPiaJbHHUX BOI
BUKITIOYAE 1X 3 TIEPEITiKy 00’ €KTiB OMMOJaTKyBaHHS.
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Tabmuus 1 — Jluramika oOcsTiB iHBECTHUIIIH B pi3HI CEKTOPH eHepreTHKH HiMequnHu, MITH €BPO

I'eorepmanbua
. Hazemna | Mopceka -
T'inpo- . . ConsAuHa | eHepris Ta Te-
. BITpO- BITpO- .. Enexrpoenep- | Temno 3
Pix eHepre- doToBoNbTAIKA | TEmIOBa | IUIO HABKOJHU- . . . Pazom
eHepre- eHepre- . ris 3 6iomacu | Oiomacu
THKa eHeprii | MHbBOro cepe-
THKa THKa
JIOBHIIA
2000 520 1920 260 440 130 530 900 4700
2001 340 3070 360 610 180 800 920 6280
2002 120 3930 680 370 190 770 900 6960
2003 170 3360 760 480 210 1340 1080 7400
2004 210 2710 3530 470 290 1640 1100 9950
2005 240 2490 4840 630 410 1910 1510 12030
2006 220 3220 4010 990 940 2270 2300 13950
2007 330 2470 30 5330 760 920 2280 1500 13620
2008 370 2540 170 7970 1700 1230 1980 1760 17720
2009 500 2800 470 13570 1490 1140 2020 1610 23600
2010 350 2110 450 19580 990 960 2240 1210 27890
2011 300 2860 610 15860 1060 990 3120 1320 26120
2012 200 3550 2440 11980 950 1060 790 1500 22470
2013 130 4490 4270 3380 860 1090 700 1560 16480
2014 90 7060 3940 1450 790 1080 670 1320 16400
2015 80 5370 3680 1480 800 1010 220 1290 13930
2016 60 6910 3370 1570 700 1210 270 1230 15320
2017 60 7450 3400 1660 540 1320 280 1230 15940
2018 120 3390 4100 2580 490 1520 390 1240 13830
2019 110 1650 2130 3370 440 1410 350 1260 10720
2020 100 2190 80 4860 530 1920 320 1940 11940
2021 70 2990 290 5210 550 2530 250 2730 14620
2022 70 3830 1250 7960 690 4570 210 3650 22230
2023 10 5960 1380 17760 420 8770 220 2770 37290
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B Tenno 3 6iomacu
B EnekTpoeHepria 3 6iomacu
W [eoTepmanbHa eHepris Ta TENI0 HaBKO/IMWHbOIO cepesoBULLLA
B CoHAYHa Ten/ioBa eHepria
doToBoONbTAIKA
OdwopHa BiTpoeHepretTnka
B HasemHa BiTpoeHepreTuka
W liapoeHepreTuka

Pucynok 3 — [uBectuiii B Oy1iBHHITBO 00’ €KTIB BiIHOBIIOBaHOI eHeprii B HiMeudnHi, MJTH €BpO
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doroBosbTAalKA — II€ TEXHOJOTIS BHPOOHHIITBA
€JICKTPOEHEPrii 3a JOMOMOIOI0 COHSYHHMX TaHeleH, ska
BIZIIrpae BaXIIUBY POJIb Y CTPYKTYpi BiJHOBIIOBaJbHOI
eHepretukd HimeuunmHu. 3a OCTaHHE CCATHIITTS IIed
CEKTOp OTPHMaB 3Ha4YHY ()iHAHCOBY MiATPUMKY, i CbOTOJIHI
iHBecTHLIi y ()OTOBONBTAIKY MEPEBUILYIOTh BKJIAJACHHS B
IHIII CETMEHTH 3€JIeHOi €HEepPreTHKH, 30KpeMa BITpOBY Ta
OloeHepreTuKy.

3poctanHs iHTEepecy 10 (HOTOBOIBTAIKH TMOB’s3aHE 3
KiTbKOMa (pakTOpamu: 3HIDKCHHAM BapTOCTi BUPOOHHIITBA
COHSYHMX TMAaHeNel, KOMIIAKTHICTIO LUX IaHeJed Ta
BiTHOCHOIO JIETKICTIO X BCTaHOBIIEHHS (HIMEIIbKi Oroprepu
JIOCUTh YacTO BCTAHOBIIOIOTh TaKi IAHEN Ha Jaxax
BJIACHUX OYyAWHKIB), MIATPHUMKOIO 3 OOKy JIepiKaBH,
MpParHeHHsM 3MEHIINTH 3aJIeXKHICTh BiJl BYIJICBOAHIB Ta
HAIIIJICHICTIO SIK 3arajIbHOHAI[IOHAJILHOTO TIAPJIAMEHTY, TaK
1 mapJaMeHTiB 3eMellb HiMeudrHN Ha MiJBUINCHHS PiBHS
JKUTTS HaceneHHs. OpHak Takuid (OKyC Ha OJHOMY
HampsiMi BUKJIMKAa€ 3allMTaHHS MI0A0 HOTro peajbHOI
e(heKTUBHOCTI.

[onpy NO3WTHBHY IHHAMIKY, ICHYIOTh BHKJIHKH.
OCHOBHUM HENOJIIKOM (POTOBOJIBTAIKH € 11 3aIeKHICTH BiJ|
NOrOJHAX  YMOB,  [I0O  YCKIAIHIOE  CTaOuIbHE
eHeprorocTayaHs 0e3 JoJaTKOBHX CHCTEM HAKOIIMYESHHS
eHeprii. 3pocTaHHS IHBECTHIIIH y IIEH CEKTOpP YacTo
BiIOYBa€TbCA 3a pPaxyHOK CKOpOUYCHHA (piHAHCYBaHHS
IHIIUX HaNpsMIB, HANpPUKIAJ, TiIPOCHEPTeTHKH, sKa €
OLIBII CTAOLIBHOIO, ajic MEHII MOMYJIAPHOI. X04a BapTo
3a3HaYUTH, 110 PO3BHUTOK riipoeHepreTnky y Himeuuuni ta
IHIIUX KpaiHax €BponH Mae Takox cBoi ocodmuBocTi [15].

Sk BuzHO 3 rpadika Ha puc. 4, 0OCITH IHBECTHLIHN Yy
(oToBONBTAIKY JEMOHCTPYIOTH UITKYy TEHJACHIIIO 10
3poctanus. ITik cnocrepirases y 2010-2011 pokax, micis
4yoro BimOynocss THMYacoBe 3HIDKeHHS. OJHAK OCTaHHI
POKH BKa3ylOTh Ha HOBHU CTPHOOK 1HBECTHIIIH, 30KpeMa B
2022-2023 pokax, KOJH B Taiy3s OyJio BKIaJEeHO OibIe
KOIITIB, HDK y TIOMEPeTHE ACCATIIITTS, IO OB S3aHO 3
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[MOYaTKOM  BIWHH.  3arajiom,
3ATUIIAETHCS CTpaTeriYHUM
€HepreTHYHoro cexropy Himeuunnu.

lgpoenepreTvka € OAHUM i3 TPaIULIHHHUX Kepel
BiJTHOBJIFOBAHOI €HEPrii, SKe aKTHBHO BUKOPUCTOBYBAJIOCS
y HimMeuunHi npoTtsirom 0araTbox AECATHIITH. SIK BUAHO 3
rpagika Ha puc. 5, 00csATH IHBECTHLIH Y 1IeH CEKTOp Mallid
mikoBi 3HaueHHs Ha mnovatky 2000-x pokiB, xoCATIH
HaiiBumoi Touku y 2009-2011 pokax, ajne 3roqoM 3Ha4HO
3MEHIIMIUCA.

OnHi€l0 3 TONOBHUX NPUYMH CIALy IHBECTHIINA €
0o0OMe)keHHU TOTEeHIIIaN U PO3LUINPEHHS IOTO CEKTOPY B
Himewuuni. Bimpmricte mOCTymHUX 1 NpHOATHAX IS
OynisarurBa 'EC Micup yXe BHKOPHUCTOBYIOTBHCA [16].
ITomiOHa cuTyariss CHOOCTEpira€ThCss 1 B IHIIMX
€BpoIeiichKnX KpaiHax, Jie uepe3 reorpadiuHi 0COOIUBOCTI
Ta EKOJIOTIYHI OOMEXKEHHS MOXJIHMBOCTI [yl HOBHX
Besukux ['EC myxe oOMesxeHi.

[Hmoro  mpoOeMol0 €  eKOJNOTIYHUHA — BIUTUB
rigpoenepretuky. byniBuunreo HoBux ['EC  moxe
MPU3BOAUTH 1O 3MiHM EKOCHCTEM pIi40K, HETaTHBHO
BIUTMBAaTH Ha BOJHY (iopy Ta (ayHy, a TAaKOX BUKIHKATH
comianbHy KPHUTHUKY 4depe3 HEOOXiAHICTh 3aTOIUICHHS
BEJIMKHUX TEPUTOPIiii.

Hespaxatoun Ha 1ie, TiIPOCHEPreTHKA 3AJIHIIAETHCS
Ba)KJIUBHM SJIEMEHTOM SHepreTHYHO1 CHCTEMH
Himeuunnn. Xoua Benuki ['EC Oinblie He OymyrOThCs,
IHBECTHIIIi B [BOMY CEKTOPI TEPEOPIEHTYBAIMUCSA Ha
MOJICPHI3AIIII0 ICHYIOUHX CTaHIi{, MIABUIICHHSA IXHBOT
epexTuBHOCTI Ta po3mmpenHs Manmux ['EC, ski MaroTh
MEHINUH BIUTHB Ha JOBKiLIA [17].

OTxe, X04a MOTEHIiall PO3BUTKY TiAPOCHEPTETUKH B
Himeuunni oOMexeHuH, el CEeKTop Bee I BiAIrpae poib
y crabinmizanii eHepreTnyHOrO OanaHcy KpaiHH, 0COOIMBO
B yMOBax 3pOCTaHHS YaCTKH HEeCTaOlTbHUX
BiTHOBJIOBAaHUX JDKEpENl CHeprii, TakuX fK COHAYHA Ta
BITPOBa CHEPTETHKA.

COHAYHa CHEPreTUKa
HarpsaMoM JUIA

Pucynok 4 — InBectuuii B ()OTOBONBTAIKY, MITH €BPO
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Pucynok 5 — [aBectunii B 6ynisanureo ['EC B HiMewunHi, MiTH €Bpo
[Iporarom ocraHHIX 5-TH PpOKiB, TakoX 0aunMO  BiJHOBIIOBAJIBHOI  €JEKTpOeHeprii Oyma  JOCTAaTHBO
MOCTiifHE 3pOCTaHHSA IIiH Ha eleKTpoeHeprio (puc. 6) [18].  ycmimHor0. Ha rpadiky Ha puc. 7, 6agmmo mo y 1990 pori,
Taxum unHOM, 32 Tiepioq 20182024 poxkwu, miHa 3pociia HA ~ YacTKa BIJTHOBJIFOBAJIBHOT eHeprii BIJ

270 %, a mporsrom 2022 poky, IiHa Ha ¢’rouepc
KoJuBaacs y Aianasoni Bix 165,73 no 465,1 eBpo. Takum
4rHOM, arpecisi PO Ha YkpaiHi BelnbMU CyTTEBO BIapuia
MO raMaHIlo HiMelpbKoro Oroprepa. MoxHa ckazaru, IO
HiMEIIbKa MOJIITHKA 11010 30UTBIICHHS PiBHS BUPOOHHIITBA
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3araJbHOHAIIOHABHOTO BUPOOHUIITBA cTaHOBMIIA 3.5 %, ¥
2000 poui — 6.5 %, y 2010 powui ne Bxe 17,2 %, a 'y 2024
e BXe Oulblie moyIoBMHM — 53 %. Mo’KHa BIIEBHEHO
ckasary, mo HiMeuunHa BIEBHEHO HJE JI0 IOCTABJIEHOT
i y 80 % 3pocTaHHs 1iH Ha €JIeKTpOoeHeprio!
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Pucynok 7 — J1o714 «3eeHo1» eHepreTUKH y BaJOBOMY BUpOOHMITBI enekTpoeHeprii Himewaunnn, mnpr MBT1/rox

[ligBomsun  miACYMKH, MOXHA CKa3aTH, MIO
HIMEIIBKUHA ypsA IisB ITOCTATHHO €(PEeKTHBHO 1 JOCsSTaB
MOCTAaBJICHUX LIEH y BIIHOCHO KOpPOTKMH yac. binpmie
TOTO — TIOCTAaBJICH] IJTi 9acTo OyNW IEepeBUKOHaHI, SIK e
Oyno y Bumanky 3 «[lakeToM 3 KJIIMaTy Ta €HEPreTUKM».
He3Bakatoun Ha IMOMITHI yCHiXWM, HE MEHII I[TOMITHI
HEIOJIIKY TAKO1 MO TUKH.

Takum uymuom, aii Himerpkol aep)kaBu CHPHUSIIA
30LIBIICHHIO PIBHS €HEPro3aje)KHOCTI, aJKe 3a Mepiof 3
2008 mo 2023 pokwu, 3arajJbHOHAIIOHATIbHE BUPOOHHUIITBO
eNeKTpoeHeprii ckopoTwiock Ha 16,16 %, 3 614,8 no
515,4 MBr/ronuny (puc. 2) [3-8, 10-12]. Orox, micns
novatky BiiiHU Pocii Ha YkpaiHi, Himeubkuil yps He OyB
3MATHUN IIBUIKO 3aMiHUTH JCHICBI POCIHCHKI €HEPrOHOCI].
Ile crasmo omauM 3 QakToOpiB  MOJOPOKYAHHS
€JIEKTPOEHEePTii, 0/IHaK HE TOJIOBHHM.

HaiiBaxHMBIIIOI0 TPHYMHOIO TMiABHIICHHA I[iH Ha
eIeKTPOCHepriro € HecOamaHCOBaHWI  mepexiny Ha
BHPOOHHIITBO BUKJIIOYHO EKOJIOTIYHO YHCTOI eHeprii 0e3

ypaxyBaHHs ~ HEOOXiTHOCTI ~ CTPYKTYpPHHUX 3MiH B
SJICKTPUYHHIX Mepexax.
Hanpuknan, [opryramis 92 %  enekTpoeHeprii

BUpOOJISiE Ha BIIHOBJIIOBAIBHUX JpKepenax, a Icmanis 1o
2030 poxy manye 36inpmuta yactky BJAE mo 74 % [19,
20]. Sxmo YacTKa  BIIHOBIIOBAIBHHUX  JDKEpeEl
Mi/IBUIY€ThCA 3aHAJITO BHCOKO, CHEPreTHYHa CHCTEeMa
KpaiHu nmotpedye KapIMHAIBHIX IHBECTHIIIH B 00pOOKY Ta
nepenady eNeKTPOeHeprii MK perioHaMu Ta KpaiHaMH.
Leit mepexin moTpedye 3HAYHNX 1HBECTHUILIH K Y pO3BUTOK
HOBHX TEXHOJIOTiH, Tak i B MOJEPHI3aIil0 €HePreTHIHOT
iHppacTpykTypu. BuTtpatm Ha  OyAiBHMITBO  Ta
eKCIUTyaTallil0 BIJHOBJIIOBaHUX JDKEPEN eHeprii 4acro
BUILI TMOPIBHAHO 3 TPAAULIHHUMH JDKEpelIaMu, a
JojaTtkoBe (iHAaHCOBE HABaHTAXKEHHS Ha CIIOKUBAYiB
3YMOBJICHO TaKOX CYOCHIISIMH Ta «3eJICHUMI» Tapuamu.
B 2024 porii Acorriartist orepaTopiB eHeprocucTeM €pponu
3asBWJIa, 10 TOTpeOye iHBecTHLii B po3Mipi Oijbiie
1,2 TpnH. €Bpo Ha OyIIBHMLTBO JIiHIA eJeKTporepenad,
tpaHcdopmaropiB  Tomo [21, 22]. Ile npakTHYHO
HEMOXIIMBO TIiJI Yac BEJIHMKOi €eKOHOMIYHOI Kpu3u. binmbire
TOTO, i/Iess 3eICHOTO MepeXOoAy TaK UM iHaKie MmoTpedye

BIIMOBM BiJ IHIOMX JOKepel BUPOOHWITBA EHEpril.
JloriyHAM TIPOAOBKEHHSM  3€JICHOI TOJITHKHA  CTae
3aKpUTTS. AaTOMHHX EJEKTPOCTaHil, HadTomepepoOHIX
3aBOJIB Ta BYTUIBHHX IIAXT, MO0 W OadnMo 3apa3 B
Himeuunni. Pe3ynbTaroM Takux [ifi HEMHHYy4Ye CTa€
3MEHIICHHS KOHKYPEHTOCIPOMOXKHOCTI €KOHOMIKH Ta
MiZIBUIIEHHS I[iH Ha BCi TOBapW, aJke IliHA Ha
SJICKTPOCHEPril0 HampsAMy BUIUIMBAE€ HA LIHOYTBOPEHHS
Maiike BCiX TOBapiB Ta MOCIYT.

BucnoBok. MoyHa KOHCTAaTyBaTH, IO KPH30BI
sBHIA B eHeprocucTemi HimeuunHu Ta €Bpormi 3arajiom
00yMoOBJIeHi LITY4HO CTBOPEHUMU He/IoJliKaMu
TrPOIIOBO—KPEAUTHOT TIOJITUKH €Bpocoro3y B
EHepreTUYHiH raysi, sika chopMyBaia CyTTEBI HEPEIIKOH
JUIi  HOPMaJIbHOTO (YHKIIOHYBaHHS IHBECTHLIHHOTO
KOHTYPY B CHEPreTHIlI Ta IHIIAX Taly3sX CKOHOMIKH.
3HayHnil aucOanaHc B TeHepallii, meperadi Ta oOpoOIi
eIeKTPUYHOi eHeprii B eHeprocucremi HimewunmHu Ta
€BpOCOI03y B MIJIOMY BXKE IMPU3BIB Ja 3HAYHOTO 3POCTAHHS
aBapifHUX CHUTYyallii B CHEpreTHIi, B TOMY YHCII 0
OnexayTiB LiMX Aepxkas. ToMy BHXIiJ i3 IbOTO CKPYTHOTO
CTaHOBHMIIA caMe B KapAWHaJbHIA 3MiHI ramy3eBoi
(hiHaHCOBOT MONITUKH, B TOMY YHCII — 3 OOKY JepKaBH.
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INVESTMENT PROSPECTS IN THE DEVELOPMENT OF RENEWABLE ENERGY ON THE EXAMPLE
OF GERMANY

The work is devoted to the study of investment processes in the field of electricity generation of Germany, in particular — in the field of renewable energy
sources. The work provides a comprehensive analysis of investments in different sectors of green energy of Germany, in particular, photovoltaics, wind
power and hydropower, based on detailed statistics, which allows to clearly trace trends and their changes in the last two decades. The work examines
not only the amount of funding, but also the factors that affect the distribution of investments between different renewable energy sources. Particular
attention is paid to identifying the causes of increased investment in photovoltaics and wind energy, as well as the analysis of problems related to the
development of hydropower due to a limited number of locations for new facilities. The main factors that affect the risks for stable and affordable energy
supply, industry and transport are identified. The necessary changes in the directions, principles and sources of investment in electrical generation on the
example of Germany are identified. The strengths and weaknesses of German investment experience in renewable energy sources have been identified.
The current state, interruption and potential risks of the investment process in German electricity markets are analyzed on the basis of statistical materials.
Both historical experiences and current experiences of both positive changes in the field of enevergias are taken into account and negative in terms of
problematic events not only in Germany, but also in Europe as a whole, including regional and national cases of Blacks, which were caused by
deficiencies Electricity equipment.

Keywords: electricity; generation; renewable energy sources; photovoltaics; hydropower; wind energy; investment; generation balancing;
blackout.
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EKCIHEPUMEHTAJILHE OBIPYHTYBAHHS CXEMHW 3AMIIIEHHS TPHKAJLHOI'O CHJIOBOTO
KABEJIIO 3 TAITEPOBOIO IMITPET'HOBAHOIO 1I30JIALIEI0 AJ11 BUITAJIKY PE3UCTUBHOI'O
3A3EMJIEHHA OJTHIET 13 )KIJI

CTaTTsl NpUCBSYECHA CEKCIEPUMEHTATbHOMY OOIDYHTYBAaHHIO CXEMH 3aMIIEHHS TPIDKWIBHOIO CHIIOBOTO Ka0elllo 3 IIallepOBOI0 IMIIPETHOBAHOIO
i30sLi€ro B CITIIBHII MeTaleBiii 000JIOHII y BUNAJKy PE3UCTUBHOIO 3a3eMJICHHS OJHI€T i3 XU Kabelo, 10 BUKOPUCTOBYIOTBCS IIPU 3aCTOCYBaHHI
OJIHOTO 3 METO/[iB BUMIPIOBaHHS iHIHUBIyaJIbHUX 3HAYCHb CJICKTPUYHOI EMHOCTI Ta TAHI€HCA KyTa AICJIeKTPHYHHUX BTPAT MIAPIB i30JIALT MiX JKHIaMu
cuioBoro kabemo. IIpoBeneHe ekcrepuMeHTalbHE OOIPYHTYBaHHs OyJIO 3aCHOBaHE HA MOPIBHSAHHI pe3y/bTaTiB PO3paxyHKYy CYKYNHHX 3Ha4€Hb
@JIEKTPUYHOI €MHOCTI JUI PO3IIIHYTOI CXEMH 3aMiIlleHHs 13 pe3yIbTaTaMH BUMIpIOBaHHS, OTPHMAHHUMH i3 3aCTOCYBAaHHSAM BHMipIoBada iMiTancy 3 2
KJIeMaM{ Ha JIBOX DI3HHMX 4YacTOTaxX MPUKIAJCHOI TecTOBOI Hampyrd. IIpu po3paxyHKy CYKYHNHHX 3HAYeHb €MHOCTI U1 CXEMH i3 PE3UCTHBHHUM
3a3eMJICHHSIM OJIHI€T i3 JKWJI BHKOPUCTOBYBAINCh 3HAYCHHS YaCTKOBMX €MHOCTEH, MONEPEIHBO OTPUMAHI i3 3aCTOCYBaHHSM BiJIOMHUX METOIUK
00CTEIKEHHST TPIKMIIBHIX CHIIOBHX KaOelliB, 10 3aCHOBaHI Ha 3aCTOCYBaHHI CyKyITHHX BHMiproBaHb. [IOpIBHSHHS Pe3yIbTaTiB PO3PAaXyHKY CyKYIHHX
3HAa4YeHb EJIEKTPUYHOI €MHOCTI JUIS CXEeM 3aMiIleHHs 130JiLil kKabemro i3 pe3UCTHBHHM 3a3¢MJICHHSM OJHIEI 13 JKHJI 3 pe3ylbTaTaMH BHMIpIOBaHb
3aCBIAYMIIO MOXKIIMBICTH 3aCTOCYBAaHHS PO3IVIIHYTOI B CTAaTTi cXeMH 3aMimieHHs. OTpHMaHi pe3yabTaTH MOXYTh OyTH BUKOPHCTaHI NMPU KOHTPOJII
TEXHIYHOTO CTaHy 130JI1ii TPYKHIBHUX CHIOBHX KaOeliB 3a mapaMeTpaMu TaHIeHCa Ky Ta JielIeKTPUYHHUX BTPAT Ta EICKTPUYHOT €MHOCTI. 3aCTOCYBaHHS
PO3IIISIHYTOTO B CTATTi METOY KOHTPOJIIO HE BUMArae BpaxyBaHHS BIUTHBY JI0JaTKOBOI CKJIa[0BOI IIapa3UTHOI iHAyKTHBHOCTI y CXeMi BUMipIOBaHH: Ha
pe3yIbTaTH BU3HAUCHHS NapaMeTpiB JieIeKTpHKa Ta € albTepPHATHBOIO BiOMHM METOJaM KOHTPONIO, IO 3aCHOBAHI Ha 3aCTOCYBaHHI NIPSIMHX Ta
CYKYIHHUX BUMIPIOBaHb.

KurouoBi cjioBa: jiarHocTHKa i307sMii; MPsiMi BUMIPIOBaHHS; CYKYIHI BMMIDIOBaHHS, YaCTKOBI €MHOCTI; CMCTEMa JIIHIHHUX anreOpaiyHux
PIiBHSIHB.

Betyn. B 6arathox npakTHYHUX BHUIAAKaX KOHTPOIb
TEXHIYHOTO CTaHy  i30mslii  €JEeKTPOTEXHIYHOTrO
00JaTHaHHS TPOBOAMTHCS 3a MapaMeTpaMH CICKTPUIHOT
€MHOCTI Ta TaHTCHCa KyTa JICIICKTPUYHHUX BTpar (tgd)
[1-7]. Tak, amst 3UIMTOT MOTIETHIICHOBOI 130JIS1MI1i CUIOBUX
KaOeliB pe3yJbTaTH BUMIPIOBaHb tgd B Iiama3oHi 9acToT
Bix 1072 mo 10 I'm JeMOHCTPYIOTH KOpENALio i3 piBHEM
npoOuBHOI Hampyru [8], ajis manepoBoi iMIperHoBaHOI
130141111 BCTAHOBJIEHA KOPEIALIS MK tgd Ta MEXaHIYHOIO
XapaKTEPUCTUKOI  130JAIii — YHCIOM  TOABIHHUX
neperuHiB 10 po3puBy [9]. Tlpu koHTpousi i30MAIil
TPIKWIBHUX CHJIOBHX KaOeliB B CIUIBHIA MeTaleBiit
00OJIOHIII BUHHKA€E 3a/1ada BU3HAYCHHS 1HIMBIIyabHIX
3Ha4YEHb EJIEKTPUYHOT EMHOCTI Ta tgd Uil KOXKHOTO 3 IIapiB
13011 MK CTPYMOIPOBITHUMH JKHJIAMH @ TaKOX MIiXK
JKHJIaMHU Ta 000JI0HKOI0 Kabenmto. [Ipu 11boMy BUKOpHCTaHi
METOJIU Ta 3aco0M BUMIPIOBAaHHS MOBHHHI 3a0€3euyBaTH
MOXITUBICTh YCYHEHHS B3a€EMHOT'O BIUIMBY CYCI/IHIX IIapiB

301l Ha pe3yJbTaTH BUMIPIOBAHHS 1X JIEJIEKTPUYHUX
xapakrepucTuk. [Ipu 3acTocyBaHHI MPsIMUX BHMIPIOBaHb
3aCTOCOBYIOThCS BHMIpIOBadi IMITaHCY, IO JIO3BOJISIOTH
3a0€3MeYNTH TPU3AKUMHE IiKIIOYEHHS JIOCIIPKYBaHOTO
00’ekTa KOHTpONIO. B TakoMy BHIAAKy BHHHKAE
HEOOXiTHICTD BpaxyBaHHS MOJKITBOTO BILIMBY
PE30HAHCHHX SIBHI B 00’€KTI KOHTPOJIO, IO 3yMOBJIEHI
JIOZIATKOBOIO ~ CKJIAZIOBOK0  IHAYKTHBHOCTI y  cXeMi
BUMIPIOBaHHS, Ha pe3ylbTaTH KOHTPONIIO TapaMeTpiB
JUeNeKTpuKa. 3acTOCyBaHHS CYKYITHHUX BHMIipIOBaHb
JIO3BOJISIE YHUKHYTH TaKOro HEIOJNIKYy, Ta MOXe OyTH
MIPOBE/ICHE i3 3aCTOCYBaHHSAM BUMIpPIOBAYiB iMITaHCY, IO
JIO3BOJISIIOTH  320€3MEeUUTH  TBO3XKHMHE  ITIKITIOYECHHS
cuiioBoro kabemto. B Toit ke wac, Taki BUMiprOBaHHS
XapaKTepPU3yIOThCs MIIBUIIEHMMH BHTpaTaMH 4Yacy Ta
MOXJIMBHM BIUIMBOM ITOXMOOK BUMIPIOBaHHS CYKYIHHX
3Ha4YeHb €JIEKTPUYHOI EMHOCTI Ha pe3yJIbTaTH PO3PAXyHKY
YaCTKOBHX €MHOCTEH CHIOBOro kabdemro. Takum 4YMHOM,
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MpU KOHTPOJi 130MAIil TPIKWIBHUX CHJIOBHX KaOeliB
AKTYaJIFHOIO € 3a/1a4a pO3pOOKH BJIOCKOHAIEHHX METOIB
BUMIPIOBaHHS  IHIUBIAyaJbHUX 3HAUCHb YaCTKOBHX
emMHOCTe Ta tgd. OnwH 3 anpTEepHATHBHUX METOIIB
nependayae  3acTOCyBaHHS ~ MOAM(IKOBAHOI  CXEMH
3’€IHAHHS METAJICBUX CJIEMEHTIB KOHCTPYKIIiT KaOelto, 110
MOJISITaE Y PE3UCTHBHO-€MHICHOMY 3a3€MJICHHI ONHI€T i3
JKUIT Ka0elmro, 3a3eMIICHHI PyTol JKWIA Ta MPHUKIATaHHI
BUIPOOYBAJILHOT HAIIPYTH JI0 IIAPY 13011 MiXK TPETHOIO
JKIIIOIO Ta 3a3eMiIeHoI0 00osoHKoro kademo [10]. Ilpomec
BUMIDIOBaHHS ~TIOJISITa€ B PETYJIIOBAHHI  BEJIMYMHH
3a3eMJIIOIOYOT0  PE3UCTOpa JI0 MOMEHTY HYJBOBOTO
(hazoBoro 3cyBYy Mik HalIpyraMu Ha JIOCHIPKyBaHOMY LIapi
Bomamii Ta Ha 3a3eMiorodoMy  pesuctopi. Ilicms
BUMIPIOBaHHS IIUX HAIPYT TIOBTOPHE PETYIIIOBAHHS OTOPY
pEe3UCTOpa, BUKOHAHE 3a I1HINOI BEJIMYMHHU ITiJKITFOYEHOT
mapajenbHO 0 PEe3UCTOPY MOTOMIKHOI €MHOCTi, Jae
MOXIIUBICTh C(OPMYBATH CHCTEMY PiBHSIHB, BUPIIICHHS
SIKOi JTO3BOJISIE PO3paxyBaTH HEBIJOMY YaCTKOBY €MHICTh
Ta tgd mochimKyBaHOTO Imapy i3oiimii. B Toif ke wac,
3aCTOCYBaHHS  MOAM(DIKOBaHOI  CXeMH 3 €JHAHHA
METaJICBUX C€JCMEHTIB KOHCTPYKINI Kabear BHMarae
eKCIIepUMEHTAIBHOTO OOTPYHTYBaHHS BiAMOBINHOI CXeMHU
3aMiIEeHHs.

Merta crarTi mMONSrac B €KCHEPHMEHTAIEHOMY
OOIpYHTYBaHHI CXeMH 3aMIILIEHHS TPHKUIBHOT'O CUIIOBOTO
Ka0elmo 3 TIalepoBOI0 IMIIPETHOBAHOK 130JIAII€I0 Y
BUNAJKy PE3UCTHBHOTO 3’€IHAHHS OJHIET 3 JKWI 3
3a3eMJICHOIO 000JIOHKOIO Kabelo.

MeToauka eKclepMMeHTAILHOI0 00IPYHTYBAHHS
cxemu 3amimennsi. Ha puc. 1 HaBeneHo monudikoBany
cxeMy 3’€JIHaHHS METAJCBUX EJIEMEHTIB KOHCTPYKIIT
Kabemo, 10 BHUKOPUCTOBYETHCS IIPH  3aCTOCYBaHHI
OMHCAHOro MeToay KoHTpoio [10].

Pucynok 1 — Cxema 3aMillieHHsI TPHKMIIBHOTO CHIIOBOTO KaOeIto
y CHiJIbHI# MeTaneBiii 000JIOHII Y BUIIAZKY PE3UCTUBHOTO
3a3eMIIeHHs K C:

C4B, Cca, C4c — 9aCTKOBI EMHOCTI, 1110 YTBOPEHI 32 PaXyHOK
€MHICHHUX 3B’ A3KIB MK >XHMJIaMHU CHUJIOBOIO KabeJro,

Cu6, CcG — 4aCTKOBI €MHOCTI, 1110 YTBOPEHI 3a paxyHOK
€MHICHOTO 3B’SI3KY M KHJIaMH Ta 000JIOHKOIO KabeIro,
Ru, Rcs, Rac, R4, Rcp — IIYHTYIOUI OMOPH, BETUYUHA STKUX
BU3HAYAETHCS AICNCKTPHIHUMU BTPATaMH y BiIHOBIIHUX Iapax
1307151111, Rs — 3a3eMITIOIOUHI PE3UCTOP

HaBenena Ha puc. 1 cxema 3acTOCOBYETbCS ISt
BUMIpIOBaHHS 4YaCTKOBOi €eMHOCTI M sxuitamu 4 Ta C, ipu
[bOMY BHUMIPIOBaHHSI [TapaMeTPiB 130JIA1IiT MK JKuIaMu A,
B ta B, C m0poBOAWTBCS IUISIXOM 3aCTOCYBaHHS
AQHAJIOTIYHUX CXEeM 3’€JHAHHSA METaJeBUX €JIEMEHTIB
KOHCTpyKuii. ExcrnepumenranpHa Bepudikaiis cxemu
3aMimeHHs Ha puc. 1 Oyma mpoBemeHa Ha OCHOBI
MOTIepeTHbO BU3HAYEHUX 13 3aCTOCYBAHHSIM CYKYIHHX
BUMIpIOBaHb yacTKOBUX eMHOCcTel Cup, Ccp, Cac, Cag, Cso,
Ccc. BuzHaueHHs 9aCTKOBHX €MHOCTEH i3 3aCTOCYBaHHIM
CYKYTTHUX BUMIPIOBaHb IIPOBOIIIIOCH IIUITXOM BUPIIICHHS
cucTeMH piBHSHBG [11]:

Ac=Db; (1)

e b = [CA, CB, Cc, CA_B, CB_C, CA_C]T — BEKTOp
pe3yIbTaTIiB BUMIPIOBaHb CyKYITHIUX 3HAYEHB SIEKTPHIHOI
emHocrTi. I1pu popmysanni Bekropy b ckianosi Cy4, Cp, Cc
Oynu BUMIpSHI UUIIXOM TMOAa4l TECTOBOI HAamNpyTH,
BIMOBIAHO, MiX >kmimamMud A, B, C Ta JABOMa iHIIUMH,
3’€IHAaHUMH 3 000JIOHKaMU >kuilamu, cknanosi Cy g, Cp ¢,
C4 ¢, BIATIOBITHO, BUMIPIOBAIUCH IPU MOJa4l TECTOBOI
HaTIpyTH MK 3’€THAHUMH MK co00to0 xunamu 4 Ta B, B,
ta C a Takox 4, C Ta 3’€JHaHOI 3 0DOJIIOHKOI TPETHOIO
SKHJIOI0 KaOelTio;

¢ = [Cus, Csc, Cac, Cas, Csao, CCG]T — BCGKTOp, IO
MICTHTh HEBIJIOMI YaCTKOBI EMHOCTI CHJIOBOr'O KabeJio;

A — wMarpui, PpPSIOKA Ta CTOBIYUKH  SKOI
BHU3HAYAIOTHCSA Y BIAMOBIAHOCTI IO BUPA3y:

1
1
A= )
0
1
1

S === O =
_0 = O O =
S = = O = O
_— 0 = O O

—_— O = = = O

Ha puc. 2-5 HaBeneHO pe3ynbTaTH IOBTOPHHUX
BUMIPIOBaHb CYKYIHHUX 3HAYECHb eNeKTPHUYHOT eMHOCTI Cy,
Cs, Cc, Cy 3, Cg ¢, Cy4 ¢, 10 BUKOPHCTOBYBAINCH IIPU
BUPIMIEHHI CHCTeMH piBHSHB (1).

B Tabmunsx 1 1 2 HaBemeHO po3paxoBaHi s cepii 3

47 TOBTOPHMX BHUMIpPIOBaHb cepeqHi apuMeTHIHi
pe3ynbTaTiB BUMIpIOBaHHS CYKYTTHUX 3HAYCHb
CJIEKTPUYHOI €MHOCTi, @ TaKOX BH3HAUCHI IUIIXOM

BUpINICHHS cUcTeMU PiBHSAHB (1) 4acTKOBI €MHOCTI MiX
METaJIEBUMH eJIeMEHTaMH KOHCTPYKIii Kabemto.
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PucyHnok 2 — Pe3ynbTaTi MOBTOPHHUX BUMIPIOBaHb CYKYITHHX
3HAYCHb €JIEKTPUIHOT eMHOCTI Kabemo AAILIB npu
BUKOPHUCTaHHI CXeMH 3’ €THAHHS METAJICBUX €JIEMEHTIB <OKHJIa
MIPOTH JIBOX 1HIIMX KU Ta 000JOHKI» 32 9acToTH 1 KI'1I
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PucyHok 3 — Pe3ynbTaTi MOBTOPHUX BUMIPIOBAHb CYKYITHHX
3HaYeHb EIEeKTPUYHOI eMHOCTI Kabemo AAILIB mpu
BHUKOPHUCTaHHI CXeMH 3’ €THAHHS METAJICBUX €JIEMEHTIB «IBi
JKHJIM TIPOTH JKHJIM T2 0OOJIOHKM» 3a yacToTH 1 kK['11

le—10

5.50 WWM
PO 0et0g0edt S 0egtn Bentn, ong ag s t00e, o

5.45
- CA
3_ 5.40 —e CB
- CC

5.35

5.30 MWMW..OM

0 10 20 30 40
Homep BUMIiplOBaHHSA

Pucynok 4 — Pe3ynbTaTi MOBTOPHUX BUMIPIOBAHb CYKYITHHX
3HAYEHb €JIEKTPUIHOT eMHOCTI Kabemo AAILIB npu
BUKOPHCTAHHI CXEMH 3’ €IHAHHS METAJIEBHUX €IEMEHTIB KM
MIPOTH ABOX 1HIIHX XKIJI Ta 000JOHKM» 32 4acToTh 10 KI'1g
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Pucynok 5 — Pe3ynbpTaTi MOBTOPHUX BUMIPIOBaHb CYKYITHHUX
3HAa4YCHb CIEKTPHYHOI €eMHOCTI Kabemo AAILIB mpu
BHUKOPHCTAHHI CXEMH 3’ €THAHHS METAJICBUX SJIEMEHTIB «JIBi
JKHJIM TIPOTH XKHJIM Ta 000J0HKN» 3a yacTotu 10 kI'1t

Tabmums 1 — CykynHi Ta 9aCTKOBI €MHOCTI JJOCITIAKYBaHOTO
3pa3ka CHJIIOBOro Kabenro 3a yactotu 1 kI

Cxema
3’€IHAHHS €EMHicTD, ap €EMHicTD,
MeTaJIeBHX n® izosmii n®d
eJIeMeHTIiB
Cu 560.8 AB 106.18
Cs 562.8 BC 112
Cc 542.7 AC 101.3
Cun 911.3 AG 353
Cg c 881.4 BG 344.6
Cac 900.9 CcG 329.3

Tabmms 2 — CykymnHi Ta 9aCTKOBI €MHOCTI TOCHIIKYBaHOTO
3pa3ka cuIoBoro kabento 3a yactotu 10 k'

Cxema
3’€AHAHHS €EMHiCTD, ap €EMHIiCTD,
MeTaJIeBUX n® i3osmii n®
eJIEMEeHTIiB
Cu 546.4 AB 103.7
Cs 550 BC 109.5
Cc 530 AC 98.6
CuB 889 AG 344
Cs c 861 BG 337
Cac 879 CG 322
OOTpyHTYBaHHS HaBeICHOI Ha puHC. | cxemu
3aMIMIEHHS TIPOBOJTAIIOCH [IUISTXOM MOPiBHSIHHS

pe3yibTaTiB BUMIpPIOBaHHS ii €MHOCTI, NPOBEICHHX 32
pI3HHX 3HAa4YeHb OMNOPY pe3ucropa R,, 3 aHAIITHYHO
PO3paxoBaHUMHU, IO OYTH OTPUMaHi Ha OCHOBI HaBEICHUX
B TaOmuisax 1 12 yacTkoBUX eMHOCTeH. Tak, 1711 HaBeAeHOT
Ha puc. 1 cxemu, y Bunaaky R, — 0 norenuian xxuiau C
Oyne IOOpiBHIOBAaTH IIOTEHIANy 3a3eMJICHOI OOOJOHKH.
BpaxoByroun 3a3HaueHy piBHICTH IOTEHIIaNiB, YaCTKOBI
emHocTi Ccp Ta Ccg He OyAyTh BIUIMBATH Ha PE3yJIbTaTH
BUMIpIOBaHb a BEJIMYMHA €MHOCTI Oyle BH3HAYaTUCh
napaienbHo 3’ €IHaHUMHU yacTKOBUMU eMHOCTAMU Cyp, Cyc
ta Cyc. Takum 4YMHOM, 3a BUKOHaHHS yMoBU R, — 0
TECTOBA HAIpyra BUMipIOBaya iMiTaHCY Oy/e MpUKIajgeHa
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IO TIapy i30JIAIi1 MK )KIII0I0 4 Ta 3’ €THAHUMHU MiXk COOOI0
Ta 000JIOHKOIO »kuinaMu B Ta C. 3a3HauyeHUN BUIIAI0K
MOBHICTIO CHIBNAJAE 31 CIOCOOOM BUMipIOBaHHS CYKYITHOT
emHocti Cy, 1O BHUKOPUCTOBYETHCS IPH BUPIICHHI
cucremu piBHsHb (1). Takum 4YMHOM, CBITYEHHSIM
0OTPYHTOBAHOCTI 3aCTOCYBaHHS CXEMH 3aMIIl[CHHS Ha PHC.
1 € piBHICTB pe3yIbTATIB BUMIPIOBAaHb CYKYITHUX EMHOCTEH
Cy Cp Ta Cc 13 BIINOBIZHUMH pe3yJIbTaTaMU
BUMIPIOBaHHSI €MHOCTI INPW 3aCTOCYBaHHI HaBelIEHOI Ha
puc. 1 cxemm mns Bumagky R,=0. B Toif xe uac, 3a
JIOCTaTHHO BHCOKOTO 3HAYECHHS ONOpPY Ry MOTEHIIa KUIIN
C Oyzne BiIpi3HATHCH BiJ MOTCHIIATY 3a3eMJICHOL
000s10HKM. B TakoMy BHIIQZIKy pe3yJbTaTH CYKYIHHX
BUMIpIOBaHb €MHOCTiI OyIyTh BH3HAYaTHCh YaCTKOBUMH
emHoCTIMH Ccp, Ccg a Takoxk eMHOCTIMH Cyp, Cyc Ta Cyg.
3 MeTOI HAO4YHOrO OOIPYHTYBaHHS (OPMYIH s
pPO3paxyHKy  pe3yJNbTaTiB  BHMIPIOBaHb  CYKYITHOTO
3HAYEHHs eJIEKTPUYHOI €MHOCTI JUIsS HaBeJeHOi Ha puc. |
CXeMH 3’€[JHaHHS METAJIeBUX €JEMEHTIB KOHCTPYKIII
3a3Ha4YeHa CXeMa B PO3TOPHYTOMY BUIIIAZI MPEACTaBICHA
Ha puc. 6 [10].

Rag CaG RAG

Um

Pucynok 6 — HaBenena Ha puc. 1 cxema 3’€THaHHSI METaJIEBUX
€JIEMEHTIB KOHCTPYKIIIT Kabeto B pO3rOpHyTOMY BHUTJISI

Jns HaBeneHoi Ha puc. 6 cXeMmH, i3 BpaxyBaHHIM
TOTO, IO BEIMYMHA OMOpY R, m03BOIAE 3a0e3MEUNTH
pi3HMIIO TOTeHIiaxiB Mik xuiaolo C Ta 000JOHKOIO,
pe3ynbTaTu BUMIPIOBaHb CYKYIIHOTO 3HAYCHHS
enekTpudHoi eMHOCTI C4 pr MOXE OyTH pO3paxoBaHE 3a
thopmyoro:

CAﬁEF = CAB +CAG +CA7SP; 3)

Jc CA:S‘P PO3paxXOBYETHCA 3 BUKOPUCTAHHAM BUpA3y:

Cuc(Ces +Crg) .

C =
- Cie+Ce3+Cc ’

“)

[Ipn  BuUMiprOBaHHI  TapaMeTpiB  i30JAIIITHOTO
NpoMiXKY MK xuiaamMu 4 1 B xuna C 3’€THYeThCS 3
3a3eMJICHOI0 00O0JIOHKOIO Kabento, xuia 4 3’ €IHy€eThCS 3
OOOJIOHKOIO 4Yepe3 pe3nucTop R, a TeCcToBa Hampyru
MPUKIIAIAETHCS. MIX XKHUJIO0I0 B Ta 3a3eMJIEHOI0 000JIOHKOIO
kabento. 3a BUKOHaHHA yMOBU Ry # 0 CyKylHe 3Ha4eHHs
€MHOCTI MOke OyTH po3paxoBaHe 3a HopMyIomw:

CBﬁEF =Cye +Cyg +C375P; 5

ne  Cp sp pO3paxoBYETHCS 32 HOPMYIIOIO:

CsC.+C
CBisP — AB( AG AC) ; (6)
CAB + CAG + CAC
[lpu  BuUMIpIOBaHHI  TapaMeTpiB  i30JSLIHHOTO

npoMikKy MiK xkmiaamu B 1 C xwuna A 3’€AHyeThCS 3
3a3eMJICHOIO OOOJIOHKOI, JKWiia B 3acHyeTbcs 3
00OJIOHKOIO uepe3 pe3ucTop Ry a TecroBa Hampyra
MPUKIAAaeThea MK XKoo C Ta 00010HKOI0 Kabemo. B
TaKOMy BHNAAKy cykynHa emHicTh Cc g MOXe OyTH
po3paxoBana 3a GopmyIoro:

Co ir =Cuc+Coo+Co o3 (7

ne koedinieHT Cy sp PO3PAXOBYETHCS 13 BUKOPUCTAHHSIM
BHpa3y:

C _ Cyc (Cip +Cy) ®)
s Cye +C oy +Cyg ’

B tabmuisix 3 14 HaBeneHO pe3yIbTaTH aHAJIITUYHOTO
PO3paxyHKy CyKyHnHHUX e€MHocTed 3a Qopmynamu (3-8),
pe3ynbTaTd i3 BUMIPIOBaHHS i3 3aCTOCYBaHHSM HaBeICHOT
Ha puc.l cxemMu 3’€IHaHHS METAJICBUX €JIEMEHTIB
KOHCTPYKIii Kabero.

Tabnuis 3 — PesynbraTy BUMIPIOBaHb Ta aHATITHYHOTO
PO3paxyHKy CyKyITHHX €MHOCTEH TOCIIiPKYBaHOTO 3pa3Ka
CHJIOBOTO Kabero 3a yacToTH 1 k11

Bumipsine Bumipsine
Cykynne | Pesyastatn
3HAYEHHS 3HAYEHHS
3HAYeHHS | pO3PaXyHKY, . .
eMmoCT D €MHOCTi 32 | €MHOCTi 3a
Rs#0,n® | Ry=0, nd
Caer 542 537 555
CB EF 542 536 556
Cc EF 520.4 517 539.5

Tabnuis 4 — Pe3ynbraT BUMipIOBaHb Ta aHATITHYHOTO
PO3paxyHKy CYKYIMHHX €EMHOCTEH JOCIIPKYBaHOTO 3pa3Ka
CHIIOBOTr0 Kabemo 3a yactotu 10 kI'1y

Bumipsine Bumipsine
CyxynHe | PesyabTaTn
3HAYeHHS 3HAYeHHS
3HAa4YeHHs | PO3PaxyHKY, . .
eMHOCTI D €MHOCTi 32 | €eMHoOCTI 3a
R # 0, n® Ry=0nd
Ca_EF 528 526.5 545.7
Cs gr 534 525 545
Cc kr 508 507 528.8

Hageneni B Tabimisix 3 1 4 pe3ynbpTaTi BUMIpIOBaHb
Ta PO3PaXyHKIB Jal0Th MOXIJIUBICTh 3POOUTH BHCHOBOK
po OOIPYHTOBAHICTh 3aCTOCYBaHHs HaBelleHOI Ha puc. 1
cxeMu 3aMimeHHs. Taki BUCHOBKH MOXYTh OyTH 3p0o0IieHi
HAa OCHOBI TOPIBHSAHHA HaBeJCeHUX B Tabmmmi 3 Ta 4
pe3yJbTaTiB BUMIPIOBaHb €MHOCTI 3a 3HaueHHs Ry # 0 i3
HaBEIEHMMH B IUX TaONMIAX, Ta  aHAITHYHO
pospaxoBaHuMH 3a popmynamu (3—8) 3HaueHHsamu. Tax, 3a
yactotn 10 k[’ pospaxosani 3HayeHHst Cy4 pr Ta Cc £r
MPaKTUIHO 30iraroThcs 3 HaBeNeHMMH B TaOmwmii 4
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pe3ynmpTaTaMu po3paxyHkiB. [lpm mpoMy, HanOimbIIa
pi3HHL cnocTepiraeTbes st eMHOCTI Cp gr TA CKIIAAAe
9nd. [ns emuocreit Cy pr Ta Cc pr pI3HHLS MiX
pe3ynbraramu BHMIPIOBaHb Ta AHATI THYHIM
PO3paxyHKOM, BimnoBigHO, ckiamae 1.5 nd ta 1 nd. 3a
gactoti 1 k['1] HaWOUIbIIA PI3HUISI MK pe3ylbTaTaMu
BHMIPIOBaHb Ta Pe3yJbTaTaMH aHAIITUIHOTO PO3PAXyHKY
TaKOX crocTepiraeTbcs s eMHOCTI Cp gr Ta CKIAIA€e
6 nd. [na emuocreit Cy gr Ta Cc prp pIBHHIS MiX
pe3yiIbTaTaMi eKCIIEPHMEHTY Ta PO3PaxXyHKOM CKIIAJa€e
5 n® Tta 3.4 n®. [MopiBHAHHSI HaBeJCHUX B TAOMUILIX 3 14
pe3yabTaTiB BUMIPIOBAaHb EMHOCTI 3a 3Ha4YeHHS R, = 0 i3
MPEICTABJICHUMHU B TAOJHUIIX BIAMOBIAHUMHU 3HAYCHHIMU
C4, Cp, Cc TaKOX JJO3BOJISIE 3pOOUTH BUCHOBOK IIPO BHCOKY
CTYHIHB Y3TO/DKSHHSI OTPUMAHUX Pe3yJIbTAaTIB.

BucHoBkH. B cTaTTi HaBEICHO EKCIEPHUMEHTAIbBHE
OOTpYHTYBaHHS ~ PO3TJIAHYTOI ~ CXeMH  3aMIIICHHS
TPWKWIBHOTO  CHJIOBOTO  Kabelro 3 MarepoBOIO
IMIIPETHOBAHOIO 130JIAIIIEI0 Ui BUIAAKY PE3MCTUBHOTO
3a3eMJICHHS OZHIET 13 KM KaOelto, 10 BUKOPUCTOBYETHCS
3 METOI0 BHUMIPIOBAHHS IHAWBINyanbHUX 3HAYEHB
EJIEKTPUYHOI €MHOCTI Ta TaHTeHCa KyTa JIeJeKTPHYHUX
BTpaT mapiB i30ismii MK Xmimamu kabemo. OTpuMaHi
pe3yIbTaTH BAMIPIOBAaHb CYKYITHUX 3HAYCHb SICKTPHIHOI
€MHOCTI JIEMOHCTPYIOTb BHUCOKY CTYIIHb Y3TOJDKEHHS 13
AQHAJITUYHUMU pPO3paxyHKaMH, IO J03BOJSIE 3pOOUTH
BHCHOBOK TPO MOJIMBICTH MPAKTUYHOTO 3aCTOCYBAHHS
PO3TIISIHYTOT CXEMH 3aMIIIICHHS KaOeJIro.
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EXPERIMENTAL JUSTIFICATION OF THE SCHEME FOR REPLACING A THREE-CORE POWER
CABLE WITH PAPER IMPREGNATED INSULATION FOR THE CASE OF RESISTIVE GROUNDING
OF ONE OF THE CORES

The article is devoted to the experimental justification of the equivalent circuit of a three-core power cable with paper impregnated insulation in a
common metal sheath in the case of resistive grounding of one of the cable cores, which are used when applying one of the methods of measuring
individual values of the electric capacitance and the tangent of the angle of dielectric loss of the insulation layers between the cores of the power cable.
The experimental justification was based on comparing the results of calculating the total values of the electric capacitance for the considered equivalent
circuit with the measurement results obtained using an immittance meter with 2 terminals at two different frequencies of the applied test voltage. When
calculating the total values of the capacitance for the circuit with resistive grounding of one of the cores, the values of partial capacitances previously
obtained using known methods of surveying three-core power cables based on the use of total measurements were used. Comparison of the results of
calculating the total values of the electrical capacitance for the equivalent schemes of cable insulation with resistive grounding of one of the cores with
the measurement results showed the possibility of using the equivalent scheme considered in the article. The results obtained can be used to monitor the
technical condition of the insulation of three-core power cables according to the parameters of the dielectric loss tangent and electrical capacitance. The
application of the control method considered in the article does not require taking into account the influence of the additional component of parasitic
inductance in the measurement scheme on the results of determining the parameters of the dielectric and is an alternative to the known control methods
based on the use of direct and total measurements.
Keywords: diagnostics of insulation; direct measurements; aggregate measurements; partial capacitances; system of linier algebraic equations.
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CIIOCOBUM ®OPMYBAHHSI CHUCTEM PIBHSAHb TIIPU BU3HAYEHHI
I30JIS LI

JIEJEKTPUYHOI  ABCOPBIII

ITAPAMETPIB
TPHXKWIBHUX CHWJIOBUX KABEJIB 13

3ACTOCYBAHHSAM CYKYIIHUX BUMIPIOBAHb

CratrTs MpUCBSYEHA OIIIsAY COCO0iB (POPMYBaHHS CHCTEM PiBHSIHB IIPU BU3HAUCHHI YaCTKOBUX €MHOCTEH Ta iHAMBIyalbHUX 3Ha4€Hb TAHTCHCA KyTa
JIeNeKTPUYHUX BTPAT IMapiB i30imii TPIKWIBHUX CHJIOBHX KaOeliB 3 IalepoBOIO IMIIPETHOBAHOIO i30JIALICI0 B CHIIBbHIM MeTaneBiii 000IOHII.
HaBezeHo criocoOu 3°eiHaHHS METaJIEBUX €IEMEHTIB KOHCTPYKIii CHIIOBOr0O Kabeio MpH BUMIPIOBaHHI CYKyITHUX 3HAYCHb €MHOCTI Ta TAHI€HCA KyTa
JIIENeKTPUYHUX BTPAT, 110 BUKOPHCTOBYIOTHCS HPH (OpMyBaHHI CHCTEM piBHSAHb. [IpOBeAEHO aHANITHYHMI OTJISIA HAWOLIBLI MOLIMPEHHX METOIB
KOHTPOJIIO, 1110 BUKOPUCTOBYIOTHCS IIPH OLIHIOBAHHI CTYIEHIO CTAapiHHS IAllepoBOi 130JISLiT TPHKMIIBHUX CHIIOBHX KabeiniB. HaBexeHO mOpiBHSUIBHMIM
aHaIi3 OCHOBHHX OCOOJMBOCTEH METOMAIB BH3HAYCHHS 1HAMBIAyalbHHX 3HAYCHb CJICKTPUYHOI €MHOCTI Ta TAaHTEHCA KyTa [iCIEKTPUYHHX BTpAT i3
3aCTOCYBAaHHSM HPSIMHX Ta CYKYIHHX BHMIipIoBaHb. [Toka3aHo, IO i3 BpaxyBaHHAM HEOOXiJHOCTI IPOBEICHHS KOHTPOIIO B IIMPOKOMY YaCTOTHOMY
Jiara3oHi, 3MEHIY€EThCSl €(PEKTHBHICT 3aCTOCYBAaHHsI ICHYFOUHX CIIOCOOIB YCYHEHHS BIUIMBY Mapa3sHTHUX EMHOCTE Ha pe3yJIbTaTH BUMiproBaHb. [1pu
3aCTOCYBaHHI aBTOKOMIICHCALIIHUX MEPETBOPIOBAYIB IMIIEIAHCY B HANPYTy TaKe 3MEHIICHHS IOB’S3aHO i3 3HIDKEHHSIM KOe(ili€HTa MiACHICHHSI
OIepanifHoOro MiCKIIIOBAaYa a y BHIAJAKY 3aCTOCYBAHHS BHMIPIOBAuiB IMITaHCY 3 TpbOMa KJI€MaM{ 3 BUHHKHEHHSM PE30HAHCHHX SBHII B 00’ €KTi
KOHTPOJIFO BHACJIJIOK 301IBLICHHS MOr0 Iapa3HTHOI 1HIYKTHBHOCTI Yepe3 3aCTOCYBaHHs JOAATKOBOI KJIEMH BHMIpIOBaYa iMiTaHCY. 3allpOIOHOBAHO
croci6 OLIHIOBaHHS IHAWBIAYyadbHHX 3HAYCHb TAHICHCA KyTa [IENEKTPUYHHMX BTPAT i3 3aCTOCYBAaHHSIM CYKYIHHX BHMIPIOBaHb, IO MOJSTae y
BUMIPIOBaHHI IPOBIAHOCTI 130JALIHUX MPOMIXKIB, 110, MIiCIs HONEPEAHBOrO BU3HAYEHHS YACTKOBHUX €MHOCTEH 130J1sLil, JO3BOJISAE BU3HAYHUTH il
TAaHIeHC KyTa [ieICKTPUYHNX BTPAT LUISIXOM 3aCTOCYBAHHS BiIITOBIIHOTO BUPA3y UL HE1I€aIbHOrO KOHACHCATOPA 3 MieNeKTPHYHAMH BTPATAMH.
Kuro4oBi ci10Ba: giarHoCTHKA 130511, AleTEKTPHYHI BTPATH; aTOMHI CTaHLil; BAMIPIOBAHHS IMIIEJaHCY; METO HAWMEHIINX KBaIPaTiB.

Beryn. TpwxwuibHI cuiioBi Kabeni 3 IarnepoBOiO
IMIIPETHOBAHOIO  130JIAI[IEI0 B  CHUTBHIA — MeTayeBiit
00ONOHIII ~ 3HAXOAATH  IIMPOKE  3aCTOCYBaHHA B
eHepromepexxax Ykpainn. KoHCTpYKTHBHO Taki CHIIOBI
kabenm MaroTh (pasHy Ta TMOSACHY I30JIAIII0  Ta
BUTI'OTOBJIIKOTBCA 3 CCTMCHTHHMM XWJIAMHU, IO AO03BOJIAE
3a0e3MeYUTH CYTTEBY CKOHOMIIO MaTepialiB Ta BHCOKY
KOMITaKTHICTh KOHCTPYKIII, TpoTe 00MEKYE MOXKIHMBICTH
ix 3acrocyBaHHSd B KaOelnbHUX JIHISX Tepenayi
enexkTpuuHoi eHeprii Bumie 3a 10 kB. Take oOmexeHHs
3yMOBJICHE BHHUKHEHHSIM TaHTEHIIaNbHOI CKJIAaI0BOI
HaIpy>KeHOCTi EJIEKTPUYHOTO TIOJIsl, IO TPHU3BOAUTH IO
MPUCKOPEHOTO CTapiHHA mamepoBoi i3omsmii [1]. 3HauHa
KUTBKICTP ~ CHJIOBHX  Ka0eNiB  3a3HAYCHOTO  THITY
BUKOPHCTOBYETBCS. B CHEPrOMEpeXax 13 CYTTEBUM
MEPEBUIICHHSAM BCTAHOBJICHOI'O TEPMIHY EKCILIyaTallii.
Tak, B ekcrutyarailii Bce 1€ MOXKYTh 3HAXOAMTHCh CHIIOBI
kabeJi 3 HanpaloBaHHAM BijJ 25 10 59 pokis [2]. B Toii xe
Yac, MOBHAa 3aMiHa KaOeJiB i3 MEpeBUIEHUM TEPMIHOM
HalpaloBaHHs Ha BiJIOBIJHI aHAJOTH 3 HE 3iCTapeHOI0
i IIEF0 SKCIUIAHTAI[ITHUX (DAKTOPIB 130JIAIIEI0 € CYTTEBO
YCKJIQJIHEHOIO Ta IMOB’S3aHa 13 3HAYHUMH SKOHOMIYHUMH
BUTpaTaMH. 3a3HaueHa 0OCTaBMHA BU3HAYAE aKTyaJIbHICTh
BUpILIEHHs 3aja4i 3a0e3NeUeHHs] KOHTPOJIO TEXHIYHOT'O
CTaHy i30JIAIi1 TPIDKIIIBHUX CHJIOBHX KaOeliB B CIUTBHIN
MeTaneBiit ooomonmi. Ll 3amada Takox € BaXKIMBOIO TPH
OIIIHIOBAaHHI CTYIICHIO CTapiHHA CHJIOBHX KaOeliB, IO
3a0€3MeUyI0Th €JIEKTPOIIOCTaYaHHs CUCTEM OXOJIOMKCHHS
peakTopiB aTOMHHX eleKTpocTaHmii. Ilpm 1pOMY,

HEOoOXiHICTh 3a0e3MeueHHsT KOHTPOIIIO TEXHIYHOTO CTaHy
CHJIOBHX KaOeliB Ha aTOMHHUX €JIEKTPOCTaHIIisMX HalOyBae
0COONMBOI aKTyaJdbHOCTI i3 BpaxyBaHHSM TCHICHIII IO
301BIIEHHS TEPMiHY eKCILTyaTallii eHeproOJIOKiB Ha CTPOK
gm0 60-80 pokiB [3], 1m0 BU3HAYAE IOJATKOBE
HABaHTAXKCHHS HA 130JIALII0 CUIIOBHX KaOeJIiB.

Ha mnpaktuni B OuiblIOCTI BHNAJAKIB  KOHTPOJIb
TEXHIYHOTO CTaHy CWJIOBHX KalOeliB TPOBOIATH i3
3aCTOCYBAHHSIM METOJIIB €JIEKTPUYHUX BUMIpIOBaHb, IO
JIO3BOJISIIOTh BU3HAUUTH 3AJICKHI Bil CTYNEHIO CTapiHHS
esrekTpodiznuHi mapamerpu i3omsmii. Ilpu 3acrocyBanHi
aOcopOIiffHUX METONIB KOHTPOJIO B SKOCTI TaKHX
mapaMeTpiB JOCHUTh HYacTO BHKOPHUCTOBYIOTHCS 1HIEKC
monspm3anii  Ta KoedimieHT abcopOmii.  3azHadeHi
KOE(IIiEHTH JO3BOJIAIOTH BU3HAYNTH CTYIIiHBb 3BOJIOKCHHS
iBomsamii  Ta  (AKTHYHO  MPEACTABISAIOTH  COOOIO
KOe(IlliEHTH, IO XapaKTepU3yIOTh IIBHIKICTh 3MiHH
Omopy  JieJeKTpUKa TMiCiHs MOMEHTY MpPHUKIaIaHHs
MOCTIHHOI BUNpOOyBanbHOI Hampyru. Taki mapameTpu
i3omsii  MOXKyTh OyTHM BHMIpSHI 13 3aCTOCYyBaHHIM
cydacHuX nudpoBux merommerpiB (takux sk UNI-T
UTS513C). Jlocuts poO3IOBCIOKEHUM Ha MPAKTHIN TaKOXK
€ MeTox BimHOBIOBaHOI Hampyru. Lleit MeTom Takox
HAJISKHUTH JI0 TPYyNH a0COpOLIHNX METO/IB Ta MOJIATaE B
TPHUBAJIOMY 3apsfli eJIEKTPHUIHOI EMHOCTI JOCIIIKYBaHOTO
00’€KTa KOHTpPONIO BiJ /Kepena IOCTiHHOI Hampyrd 3
HACTYIHHM 1 KOPOTKOYACHHM pO3PSIOM, ITCIS SKOTO
MPOBOAATH BUMIPIOBAaHHS HANPYTH, L0 BIAHOBIIOETHCS HA
eleKTponax 00’€kTa KOHTPONIO. B TakomMy BHmagky B
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SIKOCTI 4y TJIMBHUX JIO CTYIICHIO CTapiHHS 130JIs11ii KpUTepiiB
HaifyacTime BHKOPHCTOBYIOTh BiAHOIIEHHS 3apsaHOl
HaIllpyrd 10 MaKCHMAaJbHOTO 3HAYEHHS BiJAHOBIIOBAHOI
Halpyrd a TakoX 4ac, 3a SIKOTO BiJJHOBIIIOBaHa Hampyra
npuiiMae MakCHMallbHE 3HaueHHs. BcTaHOBIEHO, 11O
CTapiHHS 130JIALIT CYyNPOBOPKYETHCSI 3MEHIIECHHSM Yacy,
32 SKOTO BIJHOBJIIOBaHA HAlpyra JOCATae CBOTO
MaKCHMaJIbHOTO 3HAY€HHS, NP LLOMY BiJIHOLIEHHS
3apsggHOl  Hampyru [0 MaKCHMaJbHOTO  3HAa4YeHHS
BiTHOBJIIOBaHOI CIIOYATKy 30LTBIIYETHCS a TOTIM —
3meHmryeTbess [4]. Kpim mepenigeHux aOGcopOmitHux
METOZIB KOHTPOJIO Ha IPAKTUIIl YaCTO 3aCTOCOBYIOTHCS
KIaCH4YHI ~METOOM KOHTPOJIIO, IO IOJAralTh Y
BUMIPIOBaHHI €JEKTPHUYHOI €MHOCTI Ta TaHTEHCa KyTa
JUeNneKTprUYHUX BTpar (tgd) izousiii. 3a3Ha4yeHi napameTpu
IIMPOKO BUKOPHUCTOBYIOTHCS B IPAKTUII i€IEKTPUIHOT
CHEKTPOCKOMIT ITPH JAOCIIKEHHI MPOLIECIB MoJsipu3arii Ta
€JIEKTPOIIPOBIIHOCTI B Aienekrpukax. CrocTepexeHHs 3a
3aJIEXKHICTIO tg0 BiJ PIBHS NMPUKIAJCHOI 10 JNieNEeKTPUKA
Halpyru € IIAPOKO BIIOMHM HENPSMHM METOIO0M
OIIIHIOBAHHS HASBHOCTI YaCTKOBHX PO3PSIIiB B 130JIAIIi.
EnexktpuyHa eMHICTB Ta tg0 TaKOX € JOCUTh YUY TIAHBUMH JI0
CTYIICHIO 3BOJIOXKEHHS 130iswii. KpiM Toro, BcTaHOBJIEHO,
mo tgd HEMOHCTpPY€E 3 MEXaHIYHHMHU XapaKTepUCTHKAMU
nanepoBoi i3omamii. [Ipu mocmimxennsx Ha gactoti 100
k[T TakoX BCTaHOBIIEHA KOPENALis MK piBHEM tgd Ta
BIJHOCHUM BHJOBXKEHHSM IIpU PO3PUBI ISl ETHJICH-
MPOIiJIEHOBOT I'YMOBOT 130J1SI11i.

TpwxunpHi  cuiioBi  kabemi 3 TanepoBOiO
IMIIPETHOBAHOIO  130JISII€}0  MICTATh 6  130JIAIIHHUX
NPOMIXKIB, 3 SKMX 3 YTBOpEHI IIapamu i30Jsimii Mix
JKUJIAMU CIJTOBOTO KaOero a 3 1HIITi — mapaMHu 130JIS1Ii1 Mix
foro xunamMu Ta oOonoHkoro. Ilpum KoHTpomi 130l
TaKWX Ka0eliB HeOOXiTHUM € BU3HAYCHHS 1HIUBITyaIbHUX
mapaMeTpiB AieIeKTPHUKAa MK METAJIeBUMH EIeMEHTaMU
KOHCTpYKii. JIomiTpHICTS TAKUX BUMIPIOBaHb BHKJIMKaHA
HEOOXIIHICTIO BHWSBIIEHHS CaM€ JIOKAJIBHUX IUITHOK
3acTapeHoi 130JIil, OCKUIbKM IpU BUMIPIOBaHHAX 11
CYKYIHHUX TapaMeTpiB IUISHKU JieIEKTPUKA 3 BiJJHOCHO
3aJIOBUIBHUMHU JIi€IEKTPUYHUMHU BJIACTUBOCTSMU 3[aTHI
NPUXOBYBaTU CTapiHHA JUITHOK 130JLil 13 SIBHUMH
o3Hakamu jerpajanii. TakuM YWHOM, TNpPH KOHTPOJI
130JIS111i TPYKUJIBHUAX CUJIOBHX KaOeNiB 3a mapamerpaMu
CJIEKTPUYHOI €MHOCTI Ta tgd BUHHMKAE 3a7aya BU3HAYCHHS
IHAWBIyadbHUX  TMapaMeTpiB  KOXHOTO 3  MIapiB
JIeNIeKTPUKAa MK METAIEBUMH €IEMEHTaMN KOHCTPYKII.
Ha mpakrtuiii pisHHIS MK iHIUBITyaJTsHAMH 3HAYCHHAMUA
eMHOCTI Ta tgd Moxke OyTH 3yMOBJCHa  SIK
eKCIUTyaTalifHIMHA (axTopamu (Hampukam,
HepiBHOMIpHE HaBaHTa)XEHHs (a3 BHACITIJOK acUMeTpii),
TakK I HEJOCKOHAJIOK TEXHOJIOTI€0 BUPOOHHUIITBA.

3ajaya BU3HAYEHHsS IHIUBIIyaJlbHUX 3HA4Y€Hb
EJIEKTPUYHOI €MHOCTI Ta tgd 1ImapiB i30smii  Mix
METaJIEBUMH €JIEMEHTAaMH KOHCTPYKUII B TPIKHIBHUX
CHJIOBUX KalOeisx Moke OyTH BUpIIIEHa i3 3aCTOCYBaHHIM
npssMux, abo CyKyImHHMX BHUMipIoBaHb.  BpaxoByroun
HASBHICTb B KOHCTPYKIII KaOeNr0 JEKUTbKOX METaJCBHX
€JIeMEeHTIB, Ta  BIANOBiMHE iCHYBaHHSA  0araTtbox
MapasuTHUX €MHICHHX 3B’S3KiB OCIIKYBaHOTO IHIApy
i30iAMii, TPH 3aCTOCYBaHHI TMpPSIMHX BUMIpIOBaHb
HEeoOXi/lHE BHMKOPHUCTaHHS BHUMIPIOBAaYiB IMITaHCY, IO

30aTHI 3a0€31e4YNTH IIOBHE YCYHEHHs HE0a)XXaHOTO BILIHBY

NapasuTHUX €MHOCTEH Ha pe3yiabTaTd KOHTPOIIIO.
KoHCTpyKTMBHO Taki BUMIpIOBaui IMITaHCY ITOBHHHI
JaBaTH  MOJXJIMBICTh  3a0€3MeUyBaTH  TPHbOX3KHUMHE

MIIKJIFOUEHHS JTOCHIPKYBaHOTO 3pa3Ka CHJIOBOTO Kabeltto.
B npoMy BuIazKy JBi KJIEMH BHUKOPHCTOBYIOTHCS IS
nojia4yi BUIPOOYBAJbHOI HANPYrW a TpeTs Kiema — I
BiZIBEJICHHS ITapa3UTHUX €EMHICHUX CTpyMiB. [HImmii crioci6
YCYHEHHsI Iapa3uTHUX EMHOCTEH ITOJIsIra€ B 3aCTOCYBaHHI
BHAMIpIOBadiB iMITaHCYy Ha OCHOBI aBTOKOMITCHCAIIIHHIIX
MIepPETBOPIOBAYIB, [0 JOCHTh YaCTO BUKOPHUCTOBYIOTHCS B
MpaKTUIll ~ BHUMIpPIOBaHHSI  OiloiMIlemaHcCy. Taki
MEPEeTBOPIOBAYl MPEACTABISAIOTh CO00I0 1HBEPTYIOUHH
MiACHIIOBaY, IO 3aBASKH MOXKIHBOCTI MiATPUMYBaTH
OMM3bKy OO0 Hy/Is pI3HUIO TOTCHIIANIB Ha CBOIX
IHBEPTYIOUOMY Ta HEIHBEPTYIOUOMY BXOJax JO3BOJISIE
NPaKTUYHO YCYHYTH BIUIMB Mapa3UTHUX €MHOCTEH Ha
pe3yJIbTaT BUMipIOBaHHS SJIEKTPUYHOT EMHOCTI Ta tgd. B
TOW K€ 4Yac, BpPaxOBYIOUM HEOOXiJHICTb NpPOBEICHHS
BUMIpIOBaHb B INUPOKOMY YacTOTHOMY Jiama3oHi,
3aCTOCYBAHHS TaKMX KOHCTPYKTHBHHX pillleHb BUMarac
BpaXyBaHHS MOXJIMBOTO BIUIMBY 4YacTOTH Ha iX
edektuBHicTh. Tak, 3acTOCYBaHHS TpPeThOi KIEMH
BHMIipIOBada iMiTaHCy 301IbIITy€ Mapa3UTHY iHIYKTHBHICTH
CXEeMHU BHMIPIOBaHHSA, 10, OCOOIHMBO MPH BUMipPIOBAaHHIX
BiTHOCHO BEJTUKUX €MHOCTEH 00’€KTa KOHTPOJIIO, 3MYIITy€
BPaxOBYBaTH MOXJIMBICTh BIUIMBY PE30HAHCHHX SIBUII Ha
pe3yabTaTd BUMIpIOBaHb. B To# ke wac, 30LIBIICHHS
9acTOTH CYIPOBO/DKYETHCS 3MEHIICHHSIM KoedilieHTa
MIICUJICHHS OIlepaliifHoOTO MiJICKIIIOBaYa, BUKOPHCTAHOTO
IpyY N0OY/10B1 aBTOKOMITEHCAIIIHOTO ITEPEeTBOPIOBaYa, 110
3MEHIIy€e HOro 3JaTHICT 3a0e3ledyBaTd yCyHEHHS
BIUIMBY IIapa3UTHOI EMHOCTI Ha PE3yJIbTaTH KOHTPOITIO.
[Ipn Bu3HaueHHI IHAMBIAYaTBHUX ITapaMeTpiB IIapiB
i30mAmii MK METaleBUMH eJIeMEHTaMH KOHCTPYKIii B

TPWKWIBHUX  CHJIOBHX  KalemsiX  aJbTEepHATHBOIO
3aCTOCYBAaHHIO  NIPSMHUX  BHUMIPIOBaHb €  CYKYIHI
BuMiptoBanHs [5, 6]. B 1pomy BuUMaaKy MOXIUBE

3aCTOCYBaHHS BHMIpIOBadiB IMITaHCy 13 2 KJeMaMHu.
HeBimomi mapamerpu i307s1ii BU3HAYAIOTh IUIIXOM
BUPINIEHHS CHUCTEM PIiBHSAHb 3 IIPAaBOI0 YaCTHUHOIO, SIKa
MICTUTh Pe3yJIbTaTH CYKYITHUX BHUMIpPIOBaHb €JIEKTPUYHOL
€MHOCTI Ta tgd, IO BH3HAUEHI 3a PI3HUX CHOCOOIB
3’€THaHHS METAJICBHX EJIEMEHTIB KOHCTpYKIii Kaberro.
[Ipn oMy Koe(iIlieHTH CHUCTEMH pPIBHSHb BH3HAYAIOTh
BIZICYTHICTB, Y HasiBHICTh BHECKY TOTO YH IHIIOTO IIapy
130JIA11ii B pe3yNbTaT CyKyITHOTO BUMIPIOBaHHS €MHOCTI Ta
tgd. 3 MEeTOI0 YHUKHEHHs He0a)kaHOTO BILTUBY MOXKITMBHX
NOXMOOK BUMIPIOBaHHS CYKYITHHX BEJIMYMH Ha PE3yJIbTaTH
PO3paxyHKy IHAMBIAyabHUX 3HA4YeHb €MHOCTI Ta tgo
3aMiCTh 0e3MOCepeIHbOr0 BHUPIIICHHS CHCTEMHU DPIBHSHBb
JOUUILHUM €  MiHIMI3alisi HOXWOKM  BHPILICHHS
MEepeBU3HAYEHOT CUCTEMH 13 3aCTOCYBaHHSM METONY
HaliMEHIIMX  KBaJApaTiB.  3acTOCyBaHHA  CyKYIHHX
BUMIpIOBaHb  JIO3BOJISIE ~ YHHKHYTH  HEOOXiIHOCTI
BpaxyBaHHS BIUTMBY YaCTOTH HPHKIAJICHOI HANpyrd Ha
e(eKTUBHICT 3aCTOCYBaHHS TEXHIUYHHMX pilleHb, IO
JO3BOJSIIOTh YCYHYTH BIUIMB ITapa3UTHHX €MHOCTEH y
BUMAJIKY MPSIMHUX BHMIpIOBaHb MapaMmeTpiB izomsmii. Kpim
TOTO, MOXIIUBICTh  TPOBEICHHS  BHUMIPIOBaHb i3
BUKOPHCTaHHSIM BHUMIPIOBAYiB IMITaHCYy i3 2 KieMaMmu,
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CYTTEBO CIPOILYE NPOLEAYpY KOHTPOJIO 32 PaxyHOK

MOXIIMBOCTI 3aCTOCYBAaHHSI OUIBII  PO3MOBCIOPKEHOTO
METPOJIOTIYHOro 3abe3rmedyeHHs. B Toi ke dac, 10
HENOJIKIB  Takoro IMiAXOAy  HEOOXiIHO  BIIHECTH

Mi/IBUIIEHY TPYAOMICTKICTh BUMIpIOBaHb Ta OOpOOKH iX
pe3yabTaTiB. 3a3HAUCHHI HEIOJIK TOB'SI3aHMHA 3 THM, B
OMY BHIIQJKY IpoIeaypa KOHTPONIO Tependadae
HEOoOXIiTHICTh BUMIpPIOBaHb CyKYIIHHUX 3HaYE€Hb €MHOCTI Ta
tgd 3a pi3HUX CHoco0iB 3’€HAHHS METAJICBUX CICMCHTIB
KOHCTPYKIIii CHJIOBOTO KaOEITto i3 HACTYITHIM BUPIICHHIM
CHCTeMH pIBHSHb Ui PO3PAaXyHKY IHAMBITyalbHHUX
mapaMeTpiB JieTeKTPUKIB MK METaJICBUMH €IeMEHTaMU

KOHCTPYKIIii.
Mera crarTi Tomsrae B aHawmi3i  cmocoOiB
dbopMyBaHHS  CHCTEM  DpiBHSAHb IPH  BH3HAYCHHI

IHIMBIIyadbHUX TApaMeTpiB JlieNeKTpHuHOI abcopOIii
130JIA11HT TPIDKUIIBHUX CHUJIOBHX KaOeliB 13 3aCTOCYBaHHIM
CYKYTIHUX BHMipIOBaHb.

@®opMyBaHHSl CHCTeM PiBHAHb NPH BU3HAYEHHI
YACTKOBUX €MHOCTEH i30/51lii TPM:KMIBHUX CHJIOBHX
Kal0eaiB B coiibHiii MetaJeBiii o00oJoHui. Crocodu
(hopMyBaHHS CHCTEM PIBHSAHB JJIsI BU3HAYEHHS YaCTKOBHX
€MHOCTEH Ta IHIUBIAyalbHUX 3HAYCHP tgd ImapiB 30l
MiX METaJIeBUMH €JIeMEHTaMH KOHCTPYKIii 3aCHOBaHI Ha
aHaNi3i BIIACTMBOCTEW HaBe#meHoi Ha puc. 1 cxemu
3aMiIeHHS TPWKUIBHOTO CHIIOBOTO Kabemo [7].

Pucynok 1 — Cxema 3aMillleHHS TPYDKHIBHOTO CHIIOBOTO
Ka0eIro, 110 BPaXOBY€E EMHICHI 3B’3KH Mi’K METAJICBUMHU
eJIeMeHTaM1 KOHCTPYKIIT Ta AieNeKTPUYIHI BTpaTH Ha
€JIEKTPOIPOBIIHICTh, TOJISIPU3ALIIIO Ta YACTKOBI PO3PSIIH Y
BiJIOBITHUX IIApax i30JIALii:

Cu, Cca, C4c — HEBI1IOMI YaCTKOB1 EMHOCTI MK KHIJIaMHU
CHJIOBOTO Ka0elto,

Cuc, CcG, CpG — HEBIZIOMI YAaCTKOBI EMHOCTI MiXK JKHAJIaMU Ta
000JIOHKOIO Kabeo,

R4, Rcs, Rac — €NEKTPUYHI OTOPH, II0 3yMOBJICHI
JIieNIeKTPUIHUMH BTpaTaMH B IIapax 130l MiXK KHITaMH
KabeJro,

R4G, RBG, RcG — €NeKTpUYHI OMOPH, 110 3yMOBJICHI
JeNEKTPUIHIMH BTPaTaMH B MIapax 13011 MiX KIJIaMHU Ta
000JI0HKOIO Kabemro

OCKUIbKM ~ BUMIPIOBaHHS — MapamerTpiB  i30Jmswil
NPOBOJATECS B PEXHMI XOJIOCTOTO XOIy, HaBeAeHa Ha
puc. | cxema 3aMimieHHS HE MICTUTh IHIYKTHBHHUX
rnapaMmeTpiB Ta eJIEeKTPUYHUX OIOpiB, IO 3yMOBIIEHI
BTpaTaMu C METaJeBUX eJIeMEHTaxX KOHCTPYKLii kaberto.
IIpy BUMIpIOBaHHAX Ha BHMCOKMX YacTOTax, BHACIIIOK
poOOTH JIOCHIPKYBaHOTO 3pa3ka B peXHMi JiHII 3
PO3MOAUICHUMH TapaMeTpaMK, MOXJINBE BUHUKHCHHS
PE30HAHCHHUX SIBUIL B JIOCIIIPKYBaHOMY 00’ €KTi KOHTPOIIIO

Ta BiJMOBIIHUH HeOaKaHUl BIUIMB 1HIYKTUBHOCTI Kabelto
Ha pe3yabTaTH BHUMIpIOBaHb. TakWil BIUIMB TMOJSATaE y
301IBIICHH] SIIEKTPUYHOT EMHOCTI 13 3pPOCTAHHAM 4aCTOTH
MPUKIIAACHOT 10 AieJeKTpuKa Hanpyru. OCKUIbKY B IOCUTh
HMIMPOKOMY YacTOTHOMY Jialla3oHi Take 301IbLICHHS
CIIEKTPUYHOI €MHOCTI HE CIIBMAga€e 13 YacCTOTHOIO
3aJIOKHICTIO  BITHOCHOI  Ji€JIEKTPUYHOI ~ MPOHMUKHOCTI
MarnepoBoi 130JiAIii, BIUIMB ITapa3WTHOI iHIYKTUBHOCTI
MPU3BOJUTH JI0 TOXMOOK BUMIPIOBAHHS CYKYITHHX 3HAU€Hb
€MHOCTI Ta tgd a TakoX OO0 HETOYHHX OIIHOK
IHAUBITyaTbHUX mapameTpiB JlieIeKTpHUKa MiX
METaJICBUMH eJIEMEHTaMU KOHCTPYKIi1 Kabemro.

BumiproBaHHS CyKyIHHX 3Ha4eHb €MHOCTI Ta tgo
HPOBOJATH 13 3aCTOCYBAaHHSAM HACTYITHHX CXEM 3’ €IHAHHSI
METaJICBUX CJIEMEHTIB KOHCTPYKIIii kKabemro [8—10]:

®  (OKWJIa MPOTH ABOX IHIIHMX XXHUJ Ta OOOJOHKHUY.
I[Tpum 3acTocyBaHHI 11i€l cXeMH 3’€IHaHHS BUNPOOYBanbHA
Hampyra BUMipIOBaya imiTaHcy HOCITIZIOBHO
MPUKIAJAETBCS IO MIApy 130JAIII MK ONHIEID 13 KIUT
Kabeyro Ta 3’€THAaHUMH MiX c00010 Ta 000JIOHKOIO JIBOMa
IHIIMMH KWIAMH. B IIbOMy BHIIAIKy BHMIpPIOIOTHCS
cyKymHi 3HaueHHs eMHOCTi: Cy4, Cp, Cc Ta piBHI tgd: tgd,
tgds, tgdc. B Takux mosznaueHHsx Cy, Cp, Cc Ta t204, t205,
tgdc BiANOBITHO, MO3HAYAIOTH CYKYITHI 3HAYCHHS €MHOCTI
Ta tgd, BUMIpSAHI P 1024l TECTOBOI HAIIPYTH MiX KO0
A, Ta 3’eHAaHUMH MK cO00I0 Ta 0OOJIOHKAMH KUIaMHu B
ta C, mpu To/a4i TECTOBOI HANPYrH MIX KWIOK B, Ta
3’€IHAaHUMH MK 00010 Ta obosoHkamu xuiaamu 4 Ta C a
TaKOX MPH Mojiadi Hanpyru Mix xuioro C, Ta 3’ THAHUMU
MiX co00¥0 xuaamu 4 Ta B;

®  «JIBI KWJIM IPOTH KWK Ta 00OJIOHKWY. B 11boMy
BUIAJKy TECTOBA  HAmNpyra IpUKIATAaeTbes MK
3’€THAHUMH MDK cOOOI0 JBOMa JKWJIAMH Ta 3’ €HAHOIO 3
00O0JIOHKOIO TpeThor0 >KMioko. Ilpu 3acTrocyBaHHI i€l
CXEMH MPOBOJATH BUMIPIOBaHHS CYKYITHHUX 3Ha4eHb: Cy p,
Cs ¢, C4 ¢ Tatgdy s, t20s ¢, tgd4 c. B Takmx mozHaueHHIX
Cyp Ta tgd4 p — CYKyNHI 3HAYCHHS €MHOCTI Ta tgo,
BUMIpSIHI MPH MOJa4yl TECTOBOI HANPYTU A0 130JsMii Mix
3’€IHAaHUMH MK co00t0 xunamu A 1 B Ta 3’€qHaHOI0 3
o6ostonkoro xuior C, Cp ¢ Ta tgdp ¢ — CyKyIHI 3HAUCHHS
€MHOCTI Ta tgd, IO BUMIPIOIOTHCS Yy BHIAJAKY MOAadi
TECTOBOT HAIIPYTH JI0 LIapy i30JISiT MiX 3’€THAHUMH MiX
coboro xxmiamu B 1 C Ta 3’€JHaHOIO 3 000JIOHKOIO JKHIIO0
A, Cp ¢ Ta tgdp ¢ — CyKyIIHI 3HaUCHHS €MHOCTI Ta tgd, 110
BUMIPIOIOTBCSL y BHUMAJIKY I0Jladi TECTOBOI HAmpyru 10
Iapy i30Jwii MiX 3’€IHAHUMH MiX co0oto >xunamu B i C
Ta 3’€JHAHOI0 3 000JIOHKOIO M0k A, Cy ¢ Ta 1834 ¢ —
CYKYITHI 3Ha4eHHS €MHOCTI Ta tgd, 0 BHMIPIOIOTBECA Y
BUIAJIKY 10JIa4i TECTOBOT HANPYTHU JI0 MIapy 130JIsLil MiX
3’€IHaHUMH MiXK co0oto xunamu 4 i C Ta 3’€qHaHOI0 3
000JIOHKOIO JKUJIOK B;

®  «TpH  OKWIM  mpoTH  obomoHkm».  Ilpm
3aCTOCYBaHHI Li€T CXeMH BUMIPIOOTHCs napameTp Cape ¢
ta tgdspc 6. B UBOMY BHMIamKy TecToBa Hampyra
BUMIipIOBaya iMITaHCY IPUKIAAAETHCS A0 MIapy 130JsLii
MiX 3’€HaHUMH Mik COOOI TphOMa JKWIIaMU KaOelro Ta
Hioro 000JI0HKOIO.

3acTtocyBaHHA BCiX 3 cXeM 3’€qHAHHS JO3BOIISE
BU3HAYUTHU 7 CyKYITHUX 3HaYEHb €IEKTPHYHOI EMHOCTI Ta 7
BIONOBITHUX 3Ha4YeHb tgd. BpaxoByrouw, mo y
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BIIIIOBITHOCTI 3 HABEJCHOIO HA PHC. 1 CXEMOI0 3aMIIICHHS
MpPH KOHTPOJII BHHUKAE HEOOXIAHICTH BHMIPIOBaHHS
IHAMBIlyaNbHUX  [AapaMeTpiB  JienekTpuka s 6
I30JISIIMHUX MPOMIXKIB, B TAKOMY BHIAJKy BH3HAYECHHS
YaCTKOBUX €MHOCTEH Ta BIAMOBIMHUX PIBHIB  tgd
MPOBOJSATH IIUIIXOM MiHIMI3alli cepeaHbOKBapaTHIHOT
MOXUOKH BHPILICHHS NIEpeBU3HAUEHOI CHCTEMH PIBHSHB 13
3aCTOCYBaHHSIM METOJy HalMEHIIMX KBajpariB. [lpm
OLIIHIOBaHHI YaCTKOBMX €MHOCTEH 13 3acTOCyBaHHIM
METOJy HaWMEHINMX KBAaJpaTiB CHCTEMa PIiBHSHb MOXKE
OyTH 3ammcaHa y BUTIIAII:

Alc:bl; e

e b1 = [CA, CB, Cc, CAJg, Cgic, CA7C, CABQG]T — BCKTOp
pe3yIbTaTiB BUMIPIOBaHb CyKYITHUX 3HAYECHb EIEKTPHIHOI
€MHOCTI;

cC= [CAB, Csc, Cac, Cas, Cao, CCG]T — BEKTOp, 110
MICTHUTh HEB1IOMI YaCTKOBI EMHOCTI CHJIOBOT'O Ka0eio;

A1 — MaTpuIls, [0 BH3HAYa€e BIACYTHICTh, YU
HasIBHICTh BHECKY TOTO YH 1HIIIOTO 130JSIIHHOTO IPOMIKKY
B pe3yJbTaT BHMIPIOBAHHSI CYKYIHOTO  3HAYCHHS
eNeKTPUYHOI EMHOCTI. BpaxoByrouu, 110 pu 3aCTOCYBaHHI
OMHCAaHUX CXeM 3’€HaHHA MCTAJCBHX CJICMCHTIB
KOHCTPYKIIii HEBiIOMi YaCTKOBI €MHOCTI, 10 BU3HAYAIOTh
BEKTOp pe3yJIbTAaTiB CYKYITHUX BUMipIOBaHb b1, 3’€qHaHI
mapajenbHO, MaTpuis A1 Moxe OyTH BH3HAueHa Y
BiJIIOBiTHOCTI i3 BHPa30M:

2

e
Il
O == OO =
o — o o o — o
o O - —_— e O =
_—= O = OO =
—_— O —_—O = O
e = e i = i e

IIpu BupimenHi cucremu (1) i3 BUKOPUCTaHHAM

METOJy HaWMEHIIMX KBaJparTiB 3aMiCThb 1i TNPSIMOTO
BUPILICHHSI PO3TJISIIAETHCS CHCTEMA PiBHSHB!
Bc=u; 3)

e B=Ai"A,u=Ai"b:

JIEKITBKOX 3’€IHAHMX Mapaje]bHO KOHICHCATOPIB IS
BUIIAJIKY, KOJIU BiJIOMI 3HAUEHHSI EMHOCTI Ta tgd KOXKHOTO 3
KoHJeHcaTopiB. Tak, UIsi JBOX MapajenbHO 3’ €THAHUX
KoHjaeHcaTtopiB 3 mapamerpamu C;, C, Ta tgd;, tgd:
edeKTUBHE 3HAUYCHHS tgd. MOXXKEe OyTH pO3paxoBaHE 3a
dhopmyioro [117:

tgﬁe = Ltg& + L
C +C, C +C,

1g6,. 4)

B Takomy BuUmManKy mpH 3acToCyBaHHI 3 CXeM
00CTEeIKESHHS «OKHJIA IIPOTH JIBOX 1HIIHX JKUIT Ta 0OOJIOHKI
Ta 3 cXeM OOCTeXCHHS «IBI J>KHUIM IMPOTH JKWIH Ta
00ONMOHKM» CHCTeMa pIBHSIHP BIAHOCHO HEBITOMEX
IHAMBITyadbHUX 3HAY€HH tg0 KOXKHOTO 3 MIAPiB i30JIAIil
Moyke OyTu 3amucana y BUILIL [8]:

T-d=t; %)

e t=[tgd,. tgds. tgdc, tgdu s tgds ¢ tgda c]T — BekTOp
pe3yIbTaTiB BUMIPIOBaHb CYKYITHHUX 3HA4YEHb tgd;

d= [tg&AB, tg6gc, thAc, thAG, thBG, thCG]T — BEKTOD,
[0 MICTHTh HEBIZJOMI YaCTKOB1 €EMHOCTI CHJIOBOI'O Ka0eJIo;

T — maTpuus, koeilieHTH K0T BpaXOBYIOTh BHECOK
MEeBHOrO Imapy 130Jsmii B pe3ysibTaT BHMipIOBAaHHS
CYKYITHOTO 3HAueHHS tgd, sKa BH3HAYAIOTHCS Y
BiJITIOBiTHOCTI 3 BUPAa30M:

a, a; 0 a;, 0
0 a a 0 a
7 8 9 |,
T = 0 O 2 (6)
alO all al2 a13
ayy 0 a5 0 Qs 4y

Jie BCl KOeDII[IEHTH @) ...az1, AHATOTIYHO 10 3aJCKHUX Bl
BIZIHOIIICHHS] EMHOCTEH MapaMeTpiB 3aliCaHoOro s JBOX
KOHJICHCATOPIiB BHpa3sy (4), MPEeACTaBISAIOTH COO0K0 Barosi
Koe(illieHTH, 110 BPaXOBYIOTh BHECOK IMEBHOI YaCTKOBOI
€MHOCTI B CyKyITHE 3Ha4yeHHS tgd Ta, i3 BUKOPHCTaHHIM
BeKTOpHOI ()OpMH 3ammCy, MOXYTh OyTH BH3HAYeHI 3a
tdopmynamu [8]:

1

Hopmanbna cucrema piBasHb (3) Moxe Oytn ha T Cp+C,u e +Cy Crsl )
BUpIlIEHa i3 3aCTOCYBaHHSAM Oy/b-SIKOTO METOMY, NpH 1
EOMY il PpIlICHHS 3abe3mneuye MiHIMIi3aLio a, ,=——-C, ; ()
CepeHbOKBAIPATUYHOI ITOXUOKN BUpimeHHs cuctemH (1). Cas +Coc +Co

®opMyBaHHSl CHCTeM PiBHAHb NPH BU3HAYCHHI A o= 1 .C
iHOMBiIyaJbHUX 3HaYeHb (g0 wapiB  i3oasAwii 7-9 Cpc+Cyuc+Ccq 7-9> ©)
TPIKWIBHUX CWIOBHX KafeliB B cHijibHiii MeTaseBiii |
000/10HIi. Bu3HaueHHS YacTKOBMX €MHOCTEH 130JAIil A10-13 = ‘Cro-13-  (10)
TPWKWIBHUX  CHJIOBHX  KaOeliB  Ja€  MOJXKJIMBICTH Cpc +Cyc +Cyg +Chg
PO3paxyHKy pIiBHIB tgd s KOXKHOTO 3 IIapiB i30sLii B a _ 1 .C
TPIKWIBHUX Kabenmsx. Take BHW3HAa4YeHHA MOXe OyTH 14-17 =~ 18 +Cac+Cpi+Ccg 14-17> (11)
NpOBEJCHE J[BOMa pi3HUMH criocobamu. [lepummii criocio |
MONsITae B 3aCTOCYBAaHHI pe3ynbpTaTiB Teopii Qisuku ag 21 = ‘Cig-21, (12)
JIICJIEKTPHKIB, 110 JIO3BOJISIIOTH BCTaHOBHUTH Cup +Cpc+Cye +Ccq
CHIBBITHOIICHHS s C(QEKTHBHOTO 3HAYeHHS  tgd

Jie BEKTOPH a1-3...a18-21 BU3HAYAIOTHCS 32 BUpa3aMu:
Bicnux Hayionanvrnozo mexuiynozo ynisepcumemy «XIl». Cepis: Enepeemuxa:

78 Haoinicmb ma enepeoepexmusnicmo, No 1 (10) 2025



ISSN 2224-0349 (print)

a3 = [a1, a2, a3],

a4.6 = [au, as, ag),

a7r9 = [07, as, ag],

a10-13 = [a10, an, an, an),

a7 = [a14, ars, are, ar7),

ais-21 = [alg, aig, a0, azl],

a Bektopu Ci3...C1s21 BU3HAYAIOTHCS Y BiAMOBITHOCTI 3
BUpPa3aMH:

Ci13=[Cup, Cuc, Caql,

Cs6 = [Cup Csc Chal,

C79=[Csc, Cac, Ccal,

Ci10-13 = [Cs¢, Cac, Cuq, Csal,

Ci4-17 = [Cus, Cac, Cpa, Ccal,

Cis21 = [Cap, Csc, Cac, Ccql.

Bupimennst cucremu  piBHAHB (5)  J03BOJISIE
BU3HAYUTH IHIMBIAyaJbHI 3HA4eHHS tgd Ul KOXKHOTO 3
IapiB 130JISIMIT 711 CXeMU 3aMillieHHs Ha puc. 1.

ANbTepHaTUBHUH NIISIX BU3HAYCHHS 1HIUBIyaTbHUX
3HaUeHb (g0 TOJArae Yy BUMIPIOBaHHI 3yMOBICHHX
JIeNIeKTPUYHUME BTpaTtaMu onopiB R4g, Res, Rac, Rac, R,
Ree anst HaBeZieHOT Ha puc. 1 cXeMu 3aMillleHHs CHIIOBOTO
kabeimo. BpaxoByrouw, 1110 3a3Ha4YeHI MapaMeTpH, TaK CaMo
SK eJIeKTPUYHA €MHICTB Ta tgd, MOXKYTh OyTH BUMIpSHI i3
BUKOPHCTAHHSAM CYYaCHUX BUMIpPIOBAaYiB iMiTaHCY a TaKOXK
nmapajenbHe 3’€IHaHHS IMIapiB 130l IPU 3aCTOCYBaHHI
ONMCAHUX CXEM 3’€JHAaHHA METAJICBUX CIICMEHTIB
KOHCTPYKIIii, CHCTeMa PiBHSIHb JJIsI IIPOBIHOCTI Y BUIAIKY
3aCTOCYBaHHS 3 CXEM <OKHJIa MPOTH JBOX IHIIUX KHJI Ta
O00OJIOHKM» Ta 3 CXeM «IBI JKWIM TPOTH KHIH Ta
000JIOHKM» MOKe OyTH 3alHcaHa y BUIIISII:

G-g=p; (13)
ne p=[Ri Rs', RS, Ru 5", Re ¢!, Ra ¢']" — Bexrop,
IO 3aJIeKHUTh BiJl pe3yNbTaTiB BUMIPIOBaHb CYKYIHHX
3HAYEHb OIOPY 130JISLIT;

g = [Gus, Gse, Gac, Gac, Gag, Geg)" — BekTop, 1o
MICTUTH HEBIJJOMi MPOBIIHOCTI IIapiB 130JIAMil CHIOBOTO
Ka0eIo;

G — wmarpuns, KoedimieHTH $KOi BHU3HAYAIOTHh
HasBHICTbH, YU BIJICYTHICTH BHECKY TOTO, YH iHIIIOTO IIapy
130J1A11ii B pe3ybTaT CyKyITHOTO BUMIPIOBaHHS CKJIAIOBHIX
BEKTOPY P, Ta SKi BH3HAYAIOThCS Y BIAMOBITHOCTI 3
BUPA30M:

1 01 100
110010
011001

“=lo1 111 0 (4
1 01011
1 101 01

Bupimenns cucremu piBHstHE  (13)  mo3Bosse

BHU3HAYHUTH HEBiIOMIi IPOBITHOCTI Ta ommopu Rz, Res, Rac,
Ruc, Rso, Rcg U HaBenieHOT Ha prc. 1 CXeMH 3aMilIeHHS.
Takuil pO3paxyHOK, MiCNs IONEPEIHHOr0 BH3HAYCHHS
YaCTKOBHUX €MHOCTEH CHJIOBOTO KaOemro, I03BOJIE
poO3paxyBaTH iHIUBIyasbHE 3HAYCHHS tZd KOXKHOrO LIapy
1301111 y BiAMOBIAHOCTI 13 popmyiioro [12]:

t S—L' (15)
& oCR’

Je O — KyTOBa 4acTOTa NPUKIAAEHOI 10 AieNeKTpUKa
Harpyru;

C — 4YacTKOBa €MHICTh MEBHOTO MIAPY 130JIALIi, 10
BH3HAYCHA IUITXOM BUPIIICHHS CHCTEMH PiBHSHBG (1);

R — 3yMOBIeCHWH JieNeKTPUYHHMH BTpaTaMu
CIeKTPUYHUA Omip TEBHOTO Imapy i30JAmii, 1o
BHU3HAYAETHCSI HA OCHOBI BHPIIICHHS CHCTEMH PiBHSHB

(13).

BucHoBku. B crarti  po3rimgHyTO  HaOimBII
MOMIMpeHl crnocodu (opMyBaHHS CHUCTEM PIBHSHB IPH
BU3HAYCHHI YACTKOBUX €EMHOCTEH Ta 1HIUBIAyaJIbHHX
3Ha4eHb TaHIeHca KyTa [IeJeKTPHYHUX BTpaT IIapiB
i307s1i1 B TPYOKWIIBHUX CHJIOBHX Ka0eJsIX 3 ITalepoBOIO
IMIIPETHOBAHOIO  I30JIAI[IEF0 B CHUTBHIA — MeTasieBid
000JI0HII.  3ampOINOHOBAHO  AIBTEPHATHBHUI  CIOCIO
BU3HAYCHHS IHIMBIAyaJbHUX 3HAa4YeHb TaHICHCA KyTa
JIeJTeKTPUYHUX BTpaT, IO TMOJNATaE B PO3PAXYHKY
€JIEKTPOIIPOBIAHOCTI IIAPIB 130JAII] IMICIHI BUMIpIOBaHHS
CYKYITHUX 3Ha4€Hb ii OMopy 3MIHHOMY CTPyMy, IO, IIiCIs
HOIEPEAHBOTO BH3HAUCHHS YacTKOBUX €MHOCTEH, nae
MOXKJIUBICTh PO3PAaXyHKY TaHI'€HCa KyTa IieJIeKTPUYHHX
BTpaT LUIIXOM 3aCTOCYBaHHS BiJIOBIJIHOTO BUpa3y Ui
HelJleaJlbHOT0 KOHJIEHCATOpa 3 J1eJIeKTPUYHUMHE BTPaTaMHu.
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METHODS OF FORMATION OF SYSTEM OF EQUATIONS FOR DETERMINATION OF DIELECTRIC
ABSORPTION PARAMETERS OF INSULATION IN THREE-CORE POWER CABLES BY APPLYING

AGGREGATE MEASUREMENTS

The article is devoted to a review of the methods of forming systems of equations when determining partial capacitances and individual values of the
dielectric loss tangent of the insulation layers of three-core power cables with paper-impregnated insulation in a common metal sheath. The methods of
connecting metal elements of the power cable structure when measuring the total values of capacitance and dielectric loss tangent used in the formation
of systems of equations are presented. An analytical review of the most common control methods used in assessing the degree of aging of paper insulation
of three-core power cables is presented. A comparative analysis of the main features of the methods of determining individual values of electrical
capacitance and dielectric loss tangent using direct and total measurements is carried out. It is shown that, taking into account the need to carry out
control in a wide frequency range, the effectiveness of the use of existing methods of eliminating the influence of parasitic capacitances on the
measurement results is reduced. When using auto-compensating impedance-to-voltage converters, such a decrease is associated with a decrease in the
gain of the operational amplifier, and in the case of using immittance meters with three terminals, with the occurrence of resonant phenomena in the
control object due to an increase in its parasitic inductance due to the use of an additional terminal of the immittance meter. A method for evaluating
individual values of the dielectric loss angle tangent using cumulative measurements is proposed, which consists in measuring the conductivity of
insulating gaps, which, after preliminary determination of the partial capacitances of the insulation, allows determining its dielectric loss angle tangent
by applying the corresponding expression for a non-ideal capacitor with dielectric losses.

Keywords: diagnostics of insulation; dielectric power losses; nuclear power plants; impedance measurement; least squares method.
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METO/J OIITUMAJIBHOTI'O 3APAJKAHHSA EJIEKTPOMOBLJIIB 3 YPAXYBAHHSM BIIVIMBY HA
PO3MOJALIBYI MEPEXI, TPAHC®OPMATOPH TA SIKICTh EJJEKTPOEHEPTII

3pocTaHHs MOMYJISIPHOCTI €JIeKTPOMOOLIB Ta X IIMPOKE BIPOBAKEHHS y IOBCSAKICHHE JXUTTS CTBOPIOE HHM3KY TEXHIYHHX Ta eKCIUIyaTaliiHHX
BUKJIHMKIB IS €ICKTPHYHUX PO3MOALIEYMX MEPEXK, OCOOTUBO ISl iX KPUTHIHHX KOMIIOHEHTIB, TAKUX K PO3MOAiIbYI TpaHchopmaTopu. Brucoki mikosi
HABAHTAXXCHHS, CIPUYMHEHI HEKOHTPOJIbOBAHUM IPOLIECOM 3aps/UKAHHS EICKTPOMOOLIIB, MOXYTh MPU3BOAUTH A0 MEPEBAHTAKCHHS Ta 3HIDKCHHS
TEpPMiHYy CiTykOU 00JIaHAHHS, 10 B PE3YJIbTATi 301/IblIlye BUTPATH HAa yTPUMaHHA Ta MOJEpHi3alilo iHppacTpykTypu. B naniii crarrti posrisHyTo Ta
3aIpPOIIOHOBAHO TPAKTHYHO OPIEHTOBAaHMH METOJ ONTHMAIBHOTO 3apsDKAHHs ENCKTPOMOOUTIB, sIKMH 0a3yeTbcs Ha KOMIUIGKCHOMY MiAXomi i3
BUKOPHUCTAHHSM HEYiTKOi JIoriku. Llel miaxia N0o3BOJIs€ AETANbHO OLHWTH BIUIMB 3apsiIHUX MPOLECIB HA PO3MNOALIBYI MEpPEKi, BKIIOUAIOUH aHAII3
TapMOHIYHHMX CIIOTBOPEHb HANPYTH, TEMIIEPATYPHHX YMOB EKCIUIyaTallii Ta 3MiHHOTO pIBHS HAaBaHTAXKEHHsS Ha TpaHcdopMaropu. Y IOCIIIHKeHHI
PO3IIAAAIOTHCS Pi3HI CLEHAPIl 3aps/DKaHHSA: 3apsMKaHHI Ha BHMOTY, 3aps/DKaHHS Y HEMIKOBHI mepiol Ta KOMOIHOBaHHUH PEXUM i3 3aCTOCYBaHHIM
TEXHOJIOTIT JBOHAIPABICHOTO OOMiHY €HEpri€l0 MiX elIeKTpOMOOiIeM Ta JOMIBKOK. 3a pe3yibTaTaMH aHali3y MOKa3aHo, 10 ONTUMi3alis rpadikis
3apsiPKaHHS CYTTEBO 3HIDKYE PH3UK IIEPEBAHTAXKEHHS MEPEXK Ta TpaHC(HOPMATOPiB, 3SMEHIILYe MIBHAKICTh IX CTapiHHsA, 3a0e31edye Oibll BUCOKY SKICTh
€IIEKTPOCHEprii Ta JO3BOJISIE YHUKHYTH a00 3HAYHO CKOPOTHUTH (iHAHCOBI BUTPATH Ha MOJEPHI3ALUIO0 ENEKTPOCHEPreTHYHOI iHGPACTPYKTYypH.
3anpornoHOBaHMIT METO]] BPaXxOBY€E JIOKAIbHI YMOBHU €KCIUTyatalii, o J03Bojsi€e e()eKTUBHO BIPOBAIKYBaTH HOrO B PEANIbHI CUCTEMH PO3MOJIITY
€JICKTPOCHEPTii, aJaNTyr04H 10 iHAMBILyalbHUX IIOTPEO KOPUCTYBAUiB Ta 0COOIMBOCTEI MEpex.

KiiouoBi ciioBa: eaekTpoMo0iib, ONTUMANIbHE 3apsIKaHHs, PO3MOIUIbYI Mepexi, TpaHchOopMaTop, HediTKa JIOTika, MKOBE HAaBaHTAXKCHHS,
SIKICTD €JIEKTPOCHEPTii, IBOHANPABICHUH OOMIH €eKTPOCHEPTii.

Beryn. YV 3B’A3Ky 31 CTpIMKUM 3aroCTpEHHSIM
rJ00aJbHUX EKOJOTIYHUX BHUKIIMKIB, 30KpeMa 3MiHAMH
KJIIMaTy, BHCH@XCHHSIM NPUPOJHHMX  PECypciB  Ta
MOTIPIICHHSAM  SIKOCTI  HaBKOJMIIHBOTO  CEPEJOBHIIA,
€JIEKTPOMOOUTFHUI TPAHCIIOPT CTaB OJHMM 13 KIIFOUOBHX
HampsiIMiB CTaJIOTO PO3BUTKY. YPs/I0BI oOprasizamii Ta
MDKHapOIHI iHCTHTYIIT aKTUBHO MiATPAMYIOTH

NPUCTPOIB 13 moTyxHicTiO Big 3 mo 22 kBr, mo 3Ha4HO
TIEPEBUIIYE THIIOBI TIOKA3HUKU oOyTOBOTO
enekTpocniokuBanHs [1, 4]. BincyTHICT HaleXHOTO
KEpYBaHHS TPOLIECaMH 3aps/LKaHHS MOKE MPU3BOAWTHU IO
MEPEBAaHTAXKCHb ~ MEPEeXX, aBapiiHUX  CUTyalii  Ha
TpaHC(OPMATOPHUX — IMJACTAHIIAX, MOTIPHIICHHS SKOCTI
€IIEKTPOCHEPTii Ta CYTTEBOTO 3MEHIIICHHS TEPMIHY CITyKOU

mompeHHs  enexktpomobinie  (EM) sk edexTuBHOTO
3aco0y 3MEHIIEHHS BUKWAIB MApHUKOBHX Ta3iB Ta
3HKEHHS 3aJIe)KHOCTI  BiJl TPAJULIAHUX BUKOITHHUX
eHepronociis [1].

3a iHdopmauiero arentctBa Reuters, y 2024 poui
CBITOBI NpOJI@Xi TOBHICTIO €JIEKTPUYHUX Ta TiOPHIHUX
aBTOMOOLIIB 3 MOXKJIMBICTIO MiJ3apsiAKK 3pociu Ha 25 % i
CATHYJN peKopAHuX 17 MinbiioHiB onuHMNb [2]. Jlizepom
IILOTO CETrMEHTY 3anumaerbest Kurail, ne piunmii obcsr
MPOJaXIiB CTaHOBHB Onu3pko 11 MIIH aBTOMOOIIIB,
30KpeMa, JIUIIE B TPyAHI pojaxi 30utbmmmck Ha 36,5 %,
mocarayBmm 1,3 wmineiiona omwHmMIe. B €pormi
croctepiranacs CcTa0imizamis pPUHKY TWICHsS 3MEHIICHHS
cyocunyBanns y Himeuuuni, a y CIHA Ta Kanagi momut
MPOJIOBXKYBaB 3pOCTAaTH, HE3BAXKAIOYM HAa CKIAIAHY
CKOHOMIYHY CHTYaIlil0 Ta MpoOJeMH 3 JIAHIIOraMHU
MOCTaYaHHs MaTepiajiB Jyisl akyMyJsiTopis [2, 3].

Boagnowac  mmpokomacmitabHe — BIPOBAJDKEHHS
CJICKTPOMOOUTIB  CYNPOBODKYETHCS ~ HH3KOH  HOBHX
TEXHIYHUX BUKJIUKIB JJISI CHCTEM PO3IO/ILTY SJICKTPOCHEPTII.
OcoOmmBy yBary TNpHBEpTaE CyTTeBE  30UIBIICHHS
HaBaHTa)KeHb, YEpe3 AaKTUBHE 3aCTOCYBaHHS 3apsIHHX

obmamnanns [1, 4]. Lle, y cBoro uepry, 30imbirye ¢iHaHCOBI
BUTpaTH HA YTPUMAaHHA Ta MOJEPHI3AIiI0 MEpPeKEeBOl
iH(pPACTPYKTYpH, CTBOPIOKOYH JIOJATKOBI MEPEIIKOIN IS
MacOBOI'0 MOIIMPEHHS CIEKTPOMOOLITEHOTO TPpaHCIIOPTY [4].
Takum 4YMHOM, iCHye HarajJbHa HEOOXIJHICTH Yy
po3po0ILi Ta BHPOBaKEHHI €(PEKTHUBHUX pIillleHb MO0
ONTHMI3ali] 3apsIDKaHHS eJIEKTPOMOOLUTIB Y PO3MOIIIBYNX
Mepeskax. MeToro 1aHOi CTaTTi € aHasi3 Ta 00IpyHTyBaHHS
METO.Ly ONITUMAJIEHOTO KepyBaHH: rporecamu
3aps/DKaHHS eIIEKTPOMOOLTIB, IO TO3BOJSLE MiHIMI3yBaTH
HETaTUBHWH  BIUIMB HAa  CNEKTPUYHI  Mepexi H
TpaHchopMaTopHi MiCTaHIII, 3HHU3UTH TKOBI
HAaBaHTAXCHHS, ONTHUMI3yBaTH Tpadiku CIOXHUBAHHS
EJIEKTPOCHEPrii Ta BpaxyBaTH TEXHIYHI OOMEKEHHS
IHpPaCTPYKTypH i NOTPeOU KIHIEBUX CHOXKHBAYiB.
[IpencraBnene  mochijkeHHss ~ Oa3yeTbcss — Ha
MOTMEPEIHRO PO3POOJICHII aBTOpaMU MOJIEITi OILIHIOBAHHS
CTapiHHS PO3NOAUIBYMX TPaHC(HOPMATOPIB 32 JOIOMOTrOI0
HeuiTKoi Joriku [4]. Ha OCHOBI IMX TEOPETHYHUX 3acaj
Oysio chopMOBaHO NPaKTHYHI PEKOMEHJalii, aJrOpUTMH
Ta METOAWYHI MiAXOAM /IS ONTHMAJIBHOTO KEpyBaHHS
MpOLIECaMy 3aps/DKaHHS eJIEKTPOMOOLiB. 3anponoHoBaHi
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piLIeHHS 103BOJISIOTH HE JIMIIE 3HU3UTH HaBaHTA)XXEHHS Ha
Mepexy, ajie i mIBUIUTH ePEeKTUBHICTh Ta HAIIIHHICTD 11
poOOTH, MIATPUMYIOYH TAKUM YHHOM CTaJUil PO3BHTOK
€JIEKTPOMOOUILHOTO TPAHCIIOPTY .

Orasin miteparypu. OcTaHHI HayKOBI JOCIIHKEHHS
MiATBEPKYIOTh 3pPOCTaHHS yBaru JO pPI3HOMaHITHUX
acriekTiB  B3aemonii EM i3 cucremamu  posmoginy
enekrpoeHeprii. OcoOIMBHIA aKIIEHT CTABUTHCS Ha aHAMi31
BIUIMBY DPI3HUX CXEM Ta pPEXHMIB 3apsyDKaHHS Ha
Mpane3JaTHICTh Ta HAIIHHICTh OKPEeMHX KOMIIOHCHTIB
SIeKTPUYHUX MEPEeXk, 30KpeMa TpaHCPOpPMAaTOpPIB Ta JNiHIH
enekrporiepenad. Hampuxman, y po6oti [5] mocmimkeHo
OCHOBHI  HACNiAKM  IHTerpamii BEeTUKOi  KiTBKOCTI
€IeKTPOMOOLTIB y  PO3MOIUIBYI  Mepexi, 30KpeMa
PO3IIISIAI0THCS TMTAHHS IKOCTI €JIEKTPOSHEPTii Ta BTpar y
Mepexi. ABTopu y [6] HpOBETH CHUCTEMHE OIIHIOBAHHS
e(EeKTUBHOCTI  3aCTOCYBaHHS  €JIEKTPOMOOLTIB  JyIst
ckopoueHHss BUKHAIB CO2, BpaxoBYIOUHM OCOOJIMBOCTI
perioHalbHOI CTPYKTYpH T'eHepallii eneKTpoeHeprii.

BaxnBuM QakTopom, 10 YCKJIAJHIOE IHTErpamito
CIIEKTPOMOOIITIB 10 ENEKTPUYHHX MEPEXk, € CHOTBOPECHHS
($hopMH CTpyMy Ta HallpyTH 4Yepe3 BIUIMB BUILMX FAPMOHIK,
mo OyJo mpoaHa i30BaHO 3a JOTOMOTOI0 WMOBIpHICHOTO
MOJIETIOBaHHS B po0oTi [7]. BIuMB mBHIKICHUX 3apsTHIX
CTaHIIN Ha SKICTb eIeKTPOEHEePTii Ta IX posb y merpanarii
MEpEXEBUX EJIEMEHTIB JOKJIaJHO BHBYAIN aBTOPH CTaTei
[8, 9], ne OyI10 TakoOXk 3aMPONOHOBAHO €(PEKTHBHI CTpaTEril
MiHiIMi3allil HeraTUBHUX HACTiJKIB U1 TpaHc(HOpMAaTopiB
Ta Mepex. Y CBOK uepry, aBTopu aociimkeHHs [10]
3aCTOCYBAJIM CTOXACTHYHI MOJICI JJIsi OLIHKUA TEIIOBOTO
CTapiHHS TPaHC(POPMATOPIB MiJ] BIUIMBOM HABAaHTAXCHB,
1110 BUHUKAIOTh Y Pe3yJIbTaTi 3apsKaHHs eeKTPOMOOIIiB,
1 HarojJoCWiM Ha  B@KJIMUBOCTI  KOOPAWHOBAHOTO
IUIAaHYBaHHS I[bOTO TpoOIleCy. AHAJIOTIUHI pe3yJbTaTH
orpuMmaHi B poboti [11], me axmeHTyeTscs yBara Ha
KUTBKICHOMY aHaji3i CKOpOYEHHS TepMiHy CIyxOu
TpaHc(hopMaTOpiB 32 pI3HWX YMOB HABaHTAKEHHS Ta
PI3HHUX PEKHUMIB 3apsKaHHS €IeKTPOMOOLTIB.

Jnst 3MeHIIEHHS HEraTMBHUX BIUIMBIB MacoOBOTO
3apsKaHHs €IeKTPOMOOLTIB Ha eNEKTPOMEPEKi aBTOPU
NPOMOHYIOTh PI3HOMAHITHI TEXHIUHI Ta YHpaBIiHCHKI
pimenHs. 3o0kpema, IS €(QEKTUBHOTO  YIPaBIiHHS
TEPMiHAMHU CIY)KOM Ta CTaHOM TpaHC(HOPMATOPIB OYII0
PO3pOOIIEHO HU3KY MOJIETIEH, [0 BPaXOBYIOTh T'€HEepaiio 3
BIZIHOBIIIOBAaHWX  JDKEpEJ,  HAKONHWYyBadi  eHeprii,
KOHJICHCAaTOpHI ~ YCTaHOBKM Ta CHCTEMH aKTHBHOI
KOMIICHcaIlil peakTHBHOI mOTyXHOCTi [4, 12]. ABTOpHM
po6otu [12] 3a3Ha4aroTh, 0 MOIEPHI3AIIiS EHEPTOMEPEXKi,
xo04a i € ePeKTHBHUM iIHCTPYMEHTOM, Ma€ BICOKY BapTiCTh,
TOMY ii TOLINTBHICTH € 0OMEXKEHOIO.

v HOBIIIMX  JIOCIHIJPKEHHSX MPOTIOHY€THCA
BUKOPHCTOBYBAaTH  IHTEJIEKTYaJIbHI  alTOPUTMH IS
OajlaHCYBaHHsI HAaBaHTAXXEHb 1 YIPABJIIHHS IIPOLECAMH
3apsiHKaHHs Ta PO3psLIKaHHS aKyMYJISITOpIB
eslekTpoMoOUTiB. ABTOopH pobotn [13] 3ampomnonyBanu
MOJeNIb HAa OCHOBI MAIIMHHOTO  HAaBYaHHS  JUIA
MIPOTHO3YBAaHHS IIKOBHX HABAHT&KEHb 1 ONTHMAJIBHOI'O
IUIaHYyBaHHS MPOLECIB 3apsyDKaHHA 3 ypaxXyBaHHAM
E€KOHOMIYHUX 1 TeXHIYHMX KputepiiB. Jocmimkenns [14]
pO3riIAgae BIUIMB [IBHAKHAX 3apsJHAX CTaHUIA Ha

BUKOPHCTOBYIOUH CTOXaCTUYHI Mogzeni
MPOTHO3YBAHHSI BTPAT KUTTEBOTO LIUKITY 00T JHAHHS.

Ille ogHMM LIKaBUM HaNpSIMKOM € BHKOPHCTAHHS
METOJIIB IITYYHOTO IHTENEeKTy Ui onTuMmiszauii rpadikis
3apsDKaHHA: Tak, y podorax [15, 16] po3risiHyTo MeToau
KEepyBaHHS 3apsAKOI0 CJIEKTPOMOOIUIIB A 3MEHIICHHS
HaBaHTAXCHHS Ta IiJBHUIIEHHS CTaOLIBHOCTI MEpexi, a B
[17] - BukopucTaHHS HEHPOHHHUX MEpPEX i3 JOBIOIO
KOPOTKOYAacCHOI0  Mam’STTI0O  JUIi ~ BHUCOKOTOYHOTO
MPOTHO3YBAaHHS HABAHTAXKEHHS Ta IIiH Ha eJIEKTPOSHEPTIIO0.

Takox pmemanmi OimbImOi MOMYNAPHOCTI HaOyBae
KOHIICTIIIiSl IBOHAIIPABIIEHOTO 0OMiHY eHepriero — Vehicle-
to-Grid (V2G) ta Vehicle-to-Home (V2H), — 3aBusku sxiit
enekTpoMoOiTi  MOoXyTh ~ OyTm  iHTerpoBaHi B
CHEeProCcUCTEMy HE JIMIIE SK CIIOKHMBadi, a 1 SIK THYYKI
HaKOMMYyBadi eHeprii, 3JaTHi WiNTpUMyBaTH OayaHc
MOTYXHOCTI Ta CTaOUIBHICTh HANpPYTW B PO3MOIUIBYMX
Mepexax [18].

Oxpemi MeTOAM ONTUMI3aLil PEXUMIB 3apsKaHHI
EM s BupiBHIOBaHHS Tpadika HaBaHTaXKEHHS Ta
MiATPUMAaHHS HalpyTH B 3aJlaHAX MeXKax MpeCTaBlICH] B
poborax [19, 20]. [Ipu upoMy aBTOpH AKIEHTYIOTH YBary
Ha CKOHOMIYHIN €(EeKTHBHOCTI Ta 3MEHIIICHHI OTPeOH B
JIOPOTHX MOJIEpHI3aIlisfAX 1HPpacTpyKTypu. Y IOCTiIKEeHH]
[21] HaBeneHo aHaNi3 €KOHOMIYHOI €()EKTUBHOCTI Pi3HUX
CXeM 3apsDKaHHS Ta PO3PSKAHHSA ENeKTPOMOOiNiB Ha
MapKyBaJIbHUX 30HAX, PO3IJIIAIOUN HE TINBKU BUTPATH, a
i BILTMB ITUX MPOIIECIB Ha SKICTh €JICKTPOCHEPTii Ta BTpaTh
B €JIEKTPOMEpEkKax.

Hes3Baxatroun Ha 3HAa4YHy KiJIBKICTH JIOCHTIJKEHb, Y
0araTbOX 3alpONOHOBAaHUX MIAXOJax BCEe i€ He
BPaxOBYIOThCS cnenudivni YMOBH JIOKAaTbHHUX
PO3IOAITPYNX MEpe, KIIMAaTHYHI Ta eKcIuTyaTamiiHi
0cOOJIMBOCTI PETioHIB, a TAKOX BiACYTHI YiTKi IPaKTHUHI
peKOMeHAalil IOJ0 3aCTOCYBaHHS 3alpOIOHOBAHHMX
ANTOPUTMIB Y KOHKPETHHX YMOBaX POOOTH PO3MOILTEUIX
Tpanchopmaropi. Came ToMy B AaHiil poOOTi CTaBUTHCS
3aBJaHHSl  3alpONOHYBaTW TMPAKTHYHI  pIICHHS 3
ypaxyBaHHSIM pEalbHUX YMOB €KCILTyaTalil YKpaiHChbKHX
PO3MOJUIBYNX MEPEeXK Ta OCOONUBOCTEH JIOKAIBHHX
HABAHTAXCHb 3 OOKY €JICKTPOMOOLITIB.

Mera craTTi. BpaxoByroun 3pocTaroue MOIMHUPEHHS
EM Ta icHyroui 0OMeXeHHSI Cy4acHHX METOJIiB KepyBaHHS
X 3apspKaHHAM, METOIO IIHOTO JIOCHI/DKEHHS € PO3podKa
NPaKTHYHO  OPIEHTOBAHOTO  METOXY  ONTHUMAaJbHOTO
3apsA/DKaHHS eIEKTPOMOOUTIB Ul PO3NOAIIBYMX MEPEXK.
3anponoHOBaHWN  METOA  IHTETpy€ aHaji3 BIUIMBY
3apsagHuX npucTtpoiB EM Ha mapaMeTpu po3moaimbUMX
Mepex, TEepMiH CIy:)kOum TpaHcpopMaTopiB Ta SKIiCTh
eIIeKTPOCHeprii 3 METOK  MiHiMi3amii  HEraTHBHHX
HACTIAKIB, TOB’S3aHMX 3 IMKOBHUMHM HaBaHTAXXCHHIMH,
NepeBaHTAKEHHSIMHU Ta TAPMOHIYHUMHU CIIOTBOPEHHSIMH.

Ha Bigminy Bin nonepenupoi podbotu aBTopis [4], saxa
Oyna 3ocepe/keHa Ha TEOPETUYHUX AaClEKTax Ta
OLIIHIOBaHHI BILUIUBY 3apsLKaHHA EM Ha
TpaHcopMaTopHi IMiACTaHIil, y LBOMY IOCIi/DKCHHI
TOJIOBHA YyBara MpPHIUIETBCS PO3poOI ITPaKTHUHHUX
pEKOMEHMalli}f, aJrOpUTMIB aJanTHBHOTO KEPyBaHHS Ta
METOIUYHHUX MIIXOMIB U PEATBHOTO BIPOBAIKCHHS Yy
HU3BKOBOJIBTHI ~ PO3MOAINIEYI  Mepexi. (OcoOnmBicTIO

JIIS

eKCIUTyaTaliiHni pecypc TpaHcopmaropiB,  po3poOJICHOr0 METOJy € BpaxyBaHHs I1HIUBIIyalbHUX
Bicnux Hayionanvrnozo mexuiynozo ynisepcumemy «XIl». Cepis: Enepeemuxa:
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BUMOI' KOPHCTYBauiB €JIEKTPOMOOLIIB, MPOTHO3yBaHHS
rpadikiB €IEeKTPUYHOTO HABAHTAXKEHHS Ta 3aCTOCYBaHHS
cTparerii IHTEJIEKTYaIbHOTO KepyBaHHS
CHEProCOXKUBAHHAM.

1. MetoanuHuMii miaxia Ta omuc 3anponoHOBAaHOL
MoeJti. AnanTaiis AiarHOCTHYHUX MOJENeH IS aHali3y
€JIEKTPOCHEPTETUYHNX CHUCTEM Nependavyae MpOBEACHHS
cepii IIOYAaTKOBUX BHMIpIOBaHb, CHPSIMOBaHUX Ha
YTOYHEHHS TapaMeTpiB MOEINI BiIIIOBITHO 1O KOHKPETHUX
YMOB eKcCIDTyaTanil. BpaxoByroun 3Ha4Hy HEBU3HAYEHICTh
Ta HEMOBHOTY IIOYaTKOBUX JAHUX, OCOOJIMBO IOJO
PEXMMIB HaBaHTAXEHHS Ta MEperpiBy oOJIaJHaHHSI, OyiI0
0o0paHO MiaxXix HAa OCHOBI HEUiTKOI JIoTiku. BukopucTanHs
[OTO MIIXOIy MO3BOJISIE BPAaXOBYBaTH HEBHU3HAYEHICTDH
eKCIUTyaTalifHuX MapaMeTpiB, sIKi CyTTEBO BIUIMBAIOTH HA

MIPOIICCIB 3apPsHKAHHS Ta PO3PAIKAHHS SICKTPOMOO1IIIB Ha
MIKOBI HaBaHTAXXEHHS y MEpPekax, L0 PO3IIINAEThCs Ha
MIPUKIIAli TPhOX MPAKTUIHKUX CIICHAPIiB.

1.1 Po3po6xka aaropurmy Ta onuc moaei. Ha 61oxk-
cxeMmi, MpeicTaBlieHid Ha puc. |, HABEJAEGHO aIrOPUTM
PO3pOOIIEHOT0 METOAY Ha OCHOBI HEUITKOI JIOTIKH ISt
OLIIHIOBAaHHS PiBHS HaBaHTaXeHHs TpaHchopmaropa. Ha
OCHOBI OLIIHIOBaHHS ITOTOYHOTO CTaHy TpaHc(opmaropis,
KOpUCTyBauy (HampHKiang, OIepaTopy pO3MOAUIBYOT
CHCTEMH) HAJa€ThCS BIANOBIOHE MOMEPEIKyBaJIbHE
MOBIIOMJICHHSA, IIICIA YOTO MOXYTh OYTH TIPUAHATI
MIPEBEHTHUBHI 3aX0/I1 U1l yHUKHEHHS MOXJINBUX aBapiid. L1i
3aX0IM MOXYTh OyTH BHKOHAHI SK aBTOMAaTH4YHO, TaK 1
BPYYHY, Ta MOXKYTbh BKIIFOYaTH 0OMEKECHHS HaBaHTA)KSHHS,
peryiroBanHs reHepaiii goroenekrpuunux cucrem (PV),

OLIIHKY CTaHy TpaHC(hOpPMAaTOpiB Ta Mepex 3arajoM. Y  pekoHQirypamilo po3moAiibyoi Mepexi abo  3MiHy
JaHiii poOOTI 3aCTOCYBaHHS HEYITKOI JIOTIKH €  PHUHKOBHX I[iH Ha €JICKTPOCHEPTilO.
OIITUMaJIbHUM iHCprMeHTOM JJIA aHani3y BILIMBY
BxigHi aaHi:
0 ArperosaHi npodini HaBaHTaXKeHHs;
. EM npodini cnokusaHHs;
. ®E BCTAHOB/IEHA NOTYXKHICTb;
. EMHicTb Batapei koHaeHcaTopiB;
. MOKa3HWKM AKOCTI eneKTpoeHeprii CoHAYHa 30BHiWHA
ippagiauia Temneparypa
CraopuTit npodinb Creoputi npodine
coHauHoi ippaiaLi TemnepaTypu
Po3paxyBaTtu arperosaHe
cnoxwueaxHa B CPE:
. CYyMapHa NOTY}HICTb
CNOXKUBaHHS;
. KoeoilieHT
NOTYXXHOCTI
reHepaltiiio
CreopnTi by KUl
HanaWTyBaHHA
CtBopuTH Npodinb
®E reHepauji
3apatv Barosi
KoediuieHTn
TpaHcdopmaTopn
nepesataxeHi? T
Heuitkuit
L KOHTpONep
Koediujent i
KomneHcyBaTu peaKtusHy noTykHocti /
NOTyKHicTb BLLK QNTUMAIEHUE 4
[Ledasndikauia
N (Mamaani)
3HOBY OLIHMTM CNOXMBaHHA KomneHncysatn
[ .
CPE PEeaKTUBHY NOTYXHICTb
CTBOPUTY dYHKLT Tak
NPUHANEKHOCTI Koediujent notysHocti
TpaHchopmaTtop ONTUMANbHWIA?
nepeBaHTa)eHuit
Hi
BcraHoBWTU Barosi "
e Hi
koeodilieHTn
KoediLieHT NOTYIHOCTI HUKue Hir
noTpi6Ho
Heuitkuit 06mexunTn OE
KOHTpONEp reHepaujio
LY 3HOBY OLHMTK CNOXWBaHHA
¢ CPE
(MamaaHi) OHOBUTU CUTHANN AN CTBOpPUTH
AiarHoCTUKK CNOBIilWeHHA ana
PesynbTar: Ancnetyepa
CurHanu ana CrsopuTn
AiarHOCTUKM CMOBilEHHA AnA 4}
Ancnetyepa TpaHcopopmaropa
Cg
Pucynok 1 — CtpykTypHa cxeMa 3alporoHOBAaHOTO B AOCIIKCHHI I IX0Iy Ha OCHOBI HEUITKOI JIOTIKH
Bicnuk Hayionanvnoeo mexuniunozo ynisepcumemy «XI1». Cepis: Enepeemuxa:
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ANTOpPUTM  TTOYMHAETHCS aKTHBaLii CUCTEMH
HEYITKOr0  KepyBaHHs, fKa  3aCTOCOBYETHCS  IJIA
JUarHOCTHKK  CTaHy TpaHchopMaTopa pO3MOALTEYOT
Mmepexi. Lls cucrema Bkitouae HaOip BXiTHHMX (YHKIIH
MIPUHAJIEKHOCTI, KOHTPOJIEp Ha OCHOBI IIPaBMJI Ta IPOLEC
nedasudikanii, sk mokazaHo Ha puc.2. DyHkuil
NPUHAJIEKHOCTI € MaTreMaTHYHUMH 3aco0amu, IO
BU3HAYAIOTH CTYMIHb BIJMOBIAHOCTI BXINMHUX BEIWYHH
NEBHAM HEYITKMM MHOXHHAM, TIEPEBOJSIYM  BXiJIHI
mapaMeTpu y miama3zoH Bim 0 mo 1. BukopucTtoByrounm
JOCTYTIHI BHXIJHI JaHi, allfOPUTM PO3PAXOBYE CyMapHE
CIOXKMBAHHS €JIEKTPOEHepril Ta Koe(illieHT MOTY>KHOCTI
(PF) Ha BTOpHHHIH 1IHHI TpaHCc()opMaTopa 3 HOMIHATIHHOIO
Hanpyroro 0,4/0,23 kB, micngs doro, y BHIAIKY
nepeBaHTaKeHHsT a00  HEJZOCTaTHHOro  KoedilieHTa
MOTY>KHOCTI, aKTHBYEThCsl Oarapest koHaeHcaropis (SCB)
JUTS. KOMIICHCAITI] CIIOYKUBAHHS PEaKTUBHOT MOTY)KHOCTI.

[otyxuicts (oToerekTpudyHOi TeHepamii Moxe
perymoBatucs B Mexkax Big 0,85 mo 1,0 BigHOCHHX
OJIMHHUIb BiJl JOCTYNHOI MOTYXHOCTI PV 3a momomororo
HEUIiTKOI JIOTiKM KepyBaHHA. /I LbOTO JONATKOBUH
MOJyJb HEYITKOTO KEepyBaHHS IHTEIPOBAaHMH Yy MOAEIb

3

[ FL>
[Resulting_PI>»{ Resulting_P.mat |  [Fuzzy_ou] >>—»{Fuzzy_outmat]
[Resutting_GJ>»{ Resulting_Q.mat | [ it_amb] ~>—»{t_amb.mat]
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THD Scope

MATLAB-Simulink (puc. 3). biaok «PV_cont» noennye
JUarHOCTUYHY 1 Kepyldy YacTHHH MOJeNi. Y BHIIAIKY
nepeBaHTaXEHHsT TpaHchopMaTtopa ab0 BHHHKHEHHS
3BOPOTHUX [MOTOKIB €HEprii, BUXiAHY IOTYXHIcCTh PV
MOJKe OYTH 3MEHIIICHO BiIIOBIIHO JI0 JIOTIKH, 3aKJIAICHOT
y  ¢ynkuii  MATLAB-S. Hesemuki  oOMexeHHsS
notyxHocti PV TakoX MOXIMBI y BHIagkaxX, KOJH
YIpaBIiHHSA PO3NOAIIBUOI0 Mepexero (OKyCyeThCs Ha
MiATPUMAHHI ~ HEOOXiTHOTO  3HA4YCHHsA  KoedillieHTa
MOTYXHOCTI. JIyist mX moTped OyIio BKIIOYEHO J0JaTKOBY
noriky nepeBipku tumy «Else-If».

Po3pobnennii anropuT™M HaNaITyBaHHA Li€l MOZIEIi
Ma€e  HE3HAauYHWH  BIUIMB HAa  TEpMiH  CIyXOu
TpaHchopMaTopa, OCKUTBKH Y TOCIiIKYBaHOMY BHITAAKY
3BOPOTHI MOTOKM TOTY)XHOCTI HIKOJIM HE IMEPEBUILYIOTh
HOMIHaJIBHY MOTYXHiCTh TpaHcdopmaropa. OpHak BiH
JIO3BOJISIE 3MEHIIUTH aMIUIITy/ly UIOJEHHUX KOJHBaHb
KoedilieHTa MOTYXXHOCTI, OOMEXYI0UHM iXHIH iarmazoH
3MiH. BapTo 3a3HaunTH, 1110 HAJNAIITYBaHHS alTOPUTMY €
OMIIOHAJILHUM Ta MOXe OyTH yBIMKHeHe a00 BHUMKHEHE
KOPHCTYBayeM BiIIOBiTHO IO BIACHHUX MOTPEO.
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Pucynok 2 — MATLAB-Simulink Mozens MoyIis AiarHOCTUKH
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Pucynok 3 — MATLAB-Simulink Monenp Moy HalamTyBaHHs

1.2 HanamTyBaHHs  KepyBaHHA Ha  OCHOBI
HeYiTKOi Joriku. 3amporoHOBaHa MOZENh Ha OCHOBI
HEYiTKOI JIOTIKM aHali3ye MapaMeTpH, sIKi BIUTUBAIOTh Ha
HOpManbHy poboTy TpaHcdopmaropa, HO3BOJSIIOUYH
3aBYaCHO MPOTHO3YBATH TA YHUKATH aBapiiiHUX cHUTyamii.
BxinmHi mapameTpn cucTeMH KepyBaHHS BH3HAYaIOTHCS 3a
jporoMoroio  ¢yHKOii  mpunanexsocti  (MF). VY
nporpamaomy cepemouimli MATLAB Fuzzy Logic
Toolbox  mpencraBmeni — pi3Hi  TUOH  QYHKOIN
MPUHANEKHOCTI, 30KpeMa TPHUKYTHI, TpaneuienoaioHi,
CUT'MOIIaJIbHI, TIOTIHOMIiaJIbHI Ta rayCiBChKI.

JliarHOCTHYHA YacTHHA MOJCNIi BUKOPHUCTOBYE TpPHU
BX1JHI 3MiHHIi: Koe(ilieHT HeniHiitHnX cnoTBopeHs (THD),
TEMIIepaTypa HaBKOJIMITHBOTO CEPEIOBHUINIA Ta arperoBaHe
HaBaHT@KCHHS Ha BTOPUHHIM IIMHI PO3MOJLUIEYOrO
Tpanchopmaropa (puc. 4). KoxxHa 13 3a3HaYCHUX BXiTHUX
3MIHHHX MICTUTh Bil TpPhOX [0 UYOTHPHOX (YHKIIH
MIPUHAJIEKHOCTI.

XX

harmonic_voliage

XX

temperature

XX

loading

final_logic

(mamdani)

S
e

output

PucyHnok 4 — HeuiTka cuctema JiarHOCTUKA

XapakTepuCTHKH IUX QYHKIIH MOXKYTb OyTH 3MiHEH1
IUISIXOM ~ PEeryJIlOBaHHS BaroBUX KOeQIli€HTIB, IO
JIO3BOJISIE BCTAHOBUTH IPIOPUTETHICTH OJHUX IapaMeTpiB
Hax iHmmMu. Hanpukian, koedimieHT Bard 3MIiHHOT
«harmonic_voltage» (rapMoHiYHa Hampyra) JOpiBHIOE 1,
KoedimieHT 3MiHHOI «temperaturey» (Temmeparypa) — 2, a
3miHHOI «loading» (maBanTaxkeHHs) — 3. Lle o3Hauae, moO
HaBaHTaXCHHS BIUIMBa€ Ha cTaH TpaHcdopmaTtopa y 1,5
pa3u CuiIbHile, HDK TeMIieparypa, i y 3 pa3u CuIbHille,
HIK TADMOHIYHI CIIOTBOPEHHSI HATIPYTH.

Barogi koe(illieHTH BU3HAYAIOThCS KOPUCTYBAYEM Ta
MOXYTh OYTH 3MiHEHI 3aJIeKHO BiJi KOHKPETHHX YMOB

eKCIUTyaTauil. Y 3aIpOIIOHOBaHII Mojei
BHKOPHCTOBYETHCS HEUiTKa crcreMa MamaHi 3 METOI0M
LEeHTpoiga IS nedasudikarii. Tpu ¢byHKIii

MPUHAJIEKHOCTI, 10 TIOB’s3aHi 3 SKICTIO €JIeKTPOeHEePrii,
MalOTh TaycCiBCBKY (¢opMy, sKa 3a0e3medye IXHIO

Oe3nepepBHICTh Ta HEHYJIbOBI 3HAYEHHS Yy BCHOMY
niana3oHi. Bonu OXOIUTIOIOTH niana3oH Bi
0% mo 12 % 1 xymacugikyroTh TapMOHIUHI CHOTBOPEHHS
HAaIpyry K HA3bKI, cepeiHi ab0 BUCOKI, 1110 TIOKa3aHO Ha
puc. 5 a. [lapamerp THD BUKOPUCTOBYETHCS AJS OLIHKA
CKOpOUYCHHSI TePMiHYy CIIykO0u TpaHCHOpMAaTOpa, OCKUTBKA
migpumennii  piBesb THD  chnpuumase  mocuieHe
HarpiBaHHZ OOMOTOK, TOXI SIK HH3BKI 3HAUYEHHS MAalOTh
MiHIMaTBbHIH BIUIHAB.

Jns  mapamerpa TeMmepaTrypd  HaBKOJIMIIHBOTO
cepemoBuIia  OyJdM  CTBOPEHI  4YOTHpH  (YHKINT
MPUHAJIEKHOCTI, 110 OXOILTIOIOTH Aiana3oH Big —25 °C mo
+50 °C (puc. 5 6). OyHKIIT «HWKYE HOPMHU» Ta «Iy¥Ke
rapsue» MaiTh JBOCTOPOHHIO CKJIJICHY TayCiBCBbKY
¢dopmy, TOAI SIK «HOPMaJbHa» Ta «raps4ya» MpecTaBlIcHi
TPUKYTHUMHU (QYHKIIISIMH.

BxinHe 3HaueHHS HaBaHTAXXCHHS HOPMANI3y€ThCS Y
mexxax Bin 15% mo 180 % HOMIHANBHOTO 3HAYEHHS
TpaHcdopmaropa i Mae Tpu (yHKUIi TPHHAIEKHOCTI

(puc.56). HopmanpHi  3HaUYeHHS  HaBaHTAXCHHS
MpeACTaBleHi TpocTor rayciBeekoro MF, Ttomi sk
JIBOCTOPOHHI CKJIa/ieH] rayciBchKi byHKuit

BUKOPHCTOBYIOTBCS JJIsl BHIIANIKIB, KOJM HaBaHTAKEHHS
BUXOMTH 33 MEXKI HOMIHAJIBHOT'O [Iiara3oHy.

Jnst BU3HAUE€HHS BUXIIHUX PEAKIii CHCTEMU TaKOX
HeoOximHI (yHKUIT NpUHaJIEeKHOCTI. Y po3poOiIecHOMY
IHCTPYMEHTI YOTHPH TPUKYTHI MF BUKOPHCTOBYIOTHCS JUIs
kiacudikanii crany cucremu: «bes mpobiem» i3 koM Ha
pieHi 0,12, «ITonepemkerns» 3 mikoMm Ha 0,38, «MoximBa
npoOiema» 3 mikoMm Ha 0,64, i «Hemunyda npobiema» 3
nikom Ha 0,88 (puc. 5 2).

Juis koHTpoJepa HEdiTKOi JIOTiKM y MiarHOCTUYHIN
yacThHi OyJl0 BH3HAYCHO [BAALATH II'STh TIPABHI
MPUHAJIEKHOCTI, TIepesiueHux y Tadu. 1. Bapro 3a3naunry,
[0 MpaBuIa MPUHAICKHOCTI B IBOMY JOCIIKECHHI
MOXYTh OyTH BHM3HAu€HI KOPUCTyBaueM 1 3MIHIOBATHUCS
3aJIKHO BiJl KOHKPETHOTO 3aCTOCYBaHHS.

Kpim Toro, yci BuximHi ¢(yHKUii NpUHAIEKHOCTI
IHTErpoBaHi B €IMHY HEYITKYy MHOXHWHY, WICIsl 4Oro
3aCTOCOBYEThCSl mpouec aedazudikanii Mampani s
OTPUMAHHS YiTKOTO 3HAYCHHS, IO BiJ0Opaxkae arperoBaHi
HEBU3HAYEH] JaHI.

[Micnst medasudikamii BUXigHI OaHI KOAYIOTBCS Y
BUTIIAAL WimuX gmcen Big 0 1o 3, sKi MpencTaBisioTh CTaH
TpaHcopmaropa Ta MOXKYTh OYTH NEpPETBOPEHI B
KOHKPETHE TOBIJOMJICHHS 13 BIAMOBIZHHUM pIBHEM

Bicnuk Hayionanvnoeo mexuniunozo ynisepcumemy «XI1». Cepis: Enepeemuxa:
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MOTIEpE/DKEHHS Il OoTiepaTopa po3MOoAimbuux Mmepex. uuHoMm: 0 — «be3 mpobmem», 1 — «IlonepemxeHHs»,
OtpumMaHi moBimoMiieHHs 30epiraioTbesi y 3MiHHMX 2 — «MoxiuBa npobnemay, 3 — «Hemunyua mnpo0iemar
poboYOro MpOCTOpPY Ta IHTEPHPETYIOTHCS HACTymHHM  (pHC. 5 2).
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Pucynok 5 — I'padiku GpyHKUii HalIeKHOCTI:
a — THD Hanpyru; 6 — TeMIeparypa HaBKOJIHIIHBOTO CEPEIOBHINA; 6 — HABAHTAKECHHS; 2 — BUXI/I JIarHOCTHYHOTO KOHTpOJIepa
HEYiTKOI JIOTiKH

Ta6muns 1 — [NpaBuita 1 HEUITKOTO KOHTPOJIEPY AiarHOCTUKH

[TpaBuio Ne If the «amblem_ And the “har?“f’mc And the «loadingy is: Then the Output is:
temperaturey 1s: voltagey is:

1 below normal low low No problem

2 below normal low normal No problem

3 below normal medium low No problem

4 below normal medium normal Caution

5 below normal high low No problem

6 below normal high normal Caution

7 normal low low No problem

8 normal low normal Caution

9 normal medium low No problem

10 normal medium normal Possible problem

11 normal high low Caution

12 normal high normal Possible problem

13 hot low low Caution

14 hot low normal Possible problem

15 hot medium low Caution

16 hot medium normal Possible problem

17 hot high low Possible problem

18 hot high normal Imminent problem

19 very hot low low Possible problem

20 very hot low normal Imminent problem

21 very hot medium low Possible problem

22 very hot medium normal Imminent problem

23 very hot high low Possible problem

24 very hot high normal Imminent problem

25 — — overload Imminent problem

Bicnux Hayionanvrnozo mexuiynozo ynisepcumemy «XIl». Cepis: Enepeemuxa:
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TakuM 4YHHOM, IIarHOCTUYHUA MOIYITh MOMENI
Simulink 3a0e3nedye MOHITOPUHI CTaHy PO3MOJLILYOTO
TpaHc(hopMaTopa Ta TeHepye MOBIJOMIICHHS PO CTYIIiHb
3arposu, Mo J0MoMarae nepeadavunTH MOTCHIIHHUNA BUXiT
3 Jamy TpaHchopMmaropa Ta 3amoOIrTH aBapiitHUM
BIJKIIFOYEHHSIM.

Ha macTymHHMX eramax aaropuTMy pO3paxoBYETHCS
iHIEKC BTpaTH pecypcy tpanchopmatopa (Lol) s
OTPUMAaHHS KUTBKICHOT OI[IHKY CTapiHHSA TpaHchopMaTopa.

Hns nokpamenns PF B anroputrMm iHTEerpoBaHO
MOIyJb HAJAINTYBaHHSI HEWITKOI IOTikK (pHcC. 6), MO
JIO3BOJISIE  PETyJIIOBaTH BUXIAHY WOTYXHICTb PV 'y
nmiamasoni Bim 0,85 mo 1,0 BimHOCHUX oxmHUIB. Y pasi
BUHUKHEHHS 3BOPOTHUX IOTOKIB €HEpTii MeXi KepyBaHHS
MOXYTb OYTH PO3IINpEHi, ajie B TaHOMY JIOCIIPKEHHI el
BHUMAJIOK He posrigaerbes. Lleft mimxim moxe Oytu
aKTHBOBaHUI a00 €aKTUBOBAHHI KOPUCTYBaYeM.

XX

PV_power

cos_fi

power_control

(mamdani)

Pucynox 6 — HewiTka cucTema HamamTyBaHHS

KonTpomnep HeUiTKOI JTOTiKH Y MOyl HAJIAIITyBaHHS
Ma€ JBa BXiJHI HapaMeTpH: iH(GOpMAIiI0 MPO JOCTYIHY
moTyXHICTh PV-renepartii Ta 3Hauenns PF Ha BTOpHHHIN

BepXHS MeXa JI03BOJSIE BPaxOBYBaTH MOJMJIUBICTb
MIAKIIOYCHHS T0JaTKOBUX PV-pkepen o eHepromMepexi.
[Ipu poMy 3HaYEHHS MOTYKHOCTI 10 0.55 po3risaaroThes
SIK HM3bK1, 3HaueHHs moHaa 0.95 sk BHCOKi, a BC1 1HIII K
CepemHi.

OyHkii Hame)KHOCTI A 3MIHHOT «cos_fi» Takox €
TPAIeIienoAiOHIMA 1 OMHUCYIOTh IUIABHUM MEpexil Mik
HHU3bKHM T4 BUCOKUM 3HAUEHHSM KOe(DillieHTa MTOTYKHOCTI
(puc. 7 6).

Ha BigmiHy Bix BXiJHHX 3MIHHHX, BHXiJHA 3MiHHa
«control_action» OMHUCYeThCS TPUKYTHUMH (YHKIISIMA
HaJIeKHOCTI, 10 BiZ0OpaXaloTh IOTEHIIHHY peaKilifo
cucremu (puc. 7 ¢). 3HaueHHs B miamazoHi Big 0 mo 0.5
BiNIOBINAIOTH AeiKaTHOMY (subtle) kepysanHio, Bix 0.25
mo 0.75 — akrtuBHOMY (active), a Bim 0.75 mo 1 —
iHTeHCHBHOMY (intense) peryIroBaHHIO.

KonTponep HewiTKOT JIOTiKH y MOyl HAJIAIITYBaHHS
BUKOPHCTOBYE TPHU IpaBUIIa IPUHAJIICKHOCTI, IepesiueHi y
Tabn. 2. Ilpouec HamamTyBaHHS BBaXKAETHCS YCHIIIHHM,
SKIIIO CIIOCTEpiraeTbes momitHe mokpameHas PF, i mpu
IbOMY TpaHc(OpMaTOp HE MEepPeBAHTAKYETHCS 4epes3
iCHyI04Yi 3BOPOTHI NHOTOKH €Heprii. Y paMKax IIbOTro
JIOCTIIPKCHHS PETYJIFOr0Ui JTii OyJIM CIPOEKTOBAaHI TaK, 00
MaTH MiHIMaJTbHHNA BIUIMB (HEMOTpiOHE OOMEXEHHS
noryxHocti PV He € Oaxanmm). Orxke, MoIynb
HaJAIITYBaHHS Ma€ HE3HayHWl BIIMB Ha podoTy
TpanchopmaTopa.

Tabmuug 2 — HewiTki npaBuiia HaJlalITyBaHHS

. . Then the
cTopoHi TpaHc(opmaropa. OOHMIBa BXiAHI MapaMeTpu TTpasiio Ne If the «PV Or the «control
i i - ower is: «cos_fi» is: . .
MaIOT?i: BJIACHi (11;3\/;{1(1_[11 TIPUHAJIEKHOCTI. p _ actiony is:
MiHHa g _POWer» MOJEIIOEThCs 32 2101'170M01“O}O' 1 ow high subtle
TpanerienoaioHux beHK]._III/IOHaJIC)I;H;)CT% (puc. 7 a), K ) medium — o
OXOIIIOKOTS  fianason Bix 0 1o 1.4 Bl BCTaHOBJIEHOI 3 high poor e —
MOTYXKHOCTI  ()OTOENEKTPUIHOI cHucTeMH. Po3mmpeHa
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6
Pucynok 7 — I'padiku GpyHKUii HanexHOCTI:
a — PV renepatiii; 6 — xoedilieHTa HOTY>KHOCTI; 6 — BUXOY YIIPaBIiHHS
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1.3 T'inorernyHi cuenapii. ¥ upoMy m0CiiKEHHI
PO3IIIAAIOTECS TPH CLEHapii, ONMC SKUX HAaBEIEHO B
Tabm. 3. JIns OXOIUIEHHS IMMPOKOTO CIEKTpa MOMIJIMBHX
HacHinkiB 3apsjpkaHHs EM y  TenepiliHbOMy —Ta
MaliOyTHbOMY OyjM  3MOJCIBOBaHI IIICTh  PIBHIB
npouukHeHHss EM y Mepexy: 15 %, 33 %, 50 %, 67 %,
85 %1100 %.

3BaalouM Ha Te, IO MpHHMajbHA 31aTHICTh
HU3BKOBOJIBTHOI PO3MOZUILUOI CHUCTEMH MOXE OyTH
oOMekeHa, y TMepily dYepry 4Yepe3 pO3HOALTEYHI
TparchopMaTop, y IbOMY JOCHIIKEHHI HE BPAXOBYETHCS
MepeBaHTAKEHHS TOBITPSAHUX JiHIA eJeKTporepenadi Ta
mig3eMHUX KaOemiB. ik Mepexi MOXYTh 3a3HaBaTd
HepeBaHTaKEeHb Y BUNAKaX Jy’Ke IOBIUX JIiHIH )KUBICHHS
Ta piBHs npoHukHeHHst EM nonazn 90 %.

Y pesympTari MozemOBaHHSI Oyino moOymoBaHO
3BemeHl rpadikd IS PI3HUX CTPATErid 3apsKaHHS.
30KkpeMa, Ha IIPUKIIAJl BECHIHOTO OYyAHBOTO JHS IS PiBHSI
MPOHUKHEHHS eekTpoMoOiniB 85 % HaBeneHo rpadiku Ha
puc. 8. 3HaueHHs N0 BEPTHKaIbHI oci  Oymu
HOpMaJi3oBaHi  BIJHOCHO HOMIHAJbHOI  IOTY>KHOCTI
TpaHcdopmaropa i 1mojaHi y BiICOTKax. 3 aHali3y BHIHO,
mo TOpodisi  TOTYXKHOCTI  HaBaHTAKEHHS  MAalOTh
XapakTepHi paHKOBi Ta BedipHi mmiku. CyMapHa MoTy>KHICTh
HaBaHTa)KCHHS Ha BTOPHHHIN LIMHI CHCTEMH PO3IOALTY,
S22t x> TIEPEBUIILY€ BIAMIOBIHY KpUBY micis aktuBarii SCB,
Szae .. pu bomy SCB Tako HalalIToOBaHa Ha MiATPHMKY
koediieHTa MOTYXHOCTI (cos@:) Ha OaxaHOMY piBHI,
SKIIO 11 MOXKIIUBO.

Ta6muus 3 — ociipkyBaHi ciieHapii

Cuenapiii

Onuc

Cuenapiii 1

JIiHist )KUBJICHHS BKIIIOYAE KUTIIOBI Ta BAPOOHWY] HAaBaHTaKEHHA, POTOCIEKTPUYH] YCTAHOBKH Ta
cTaTuyHi Oarapei KOHAEHCATOPiB. PO3IIIAIaeThCS PeKUM 3apsiKaHHS Ha BUMOTY, KOJIU IPOLeC
3apspKaHHs OYMHAETHCS Bipa3y Micisl MPUOYTTS aBTOMOOLIS JOXOMY Ta HOTO MapKyBaHHSI.

Cuenapiii 2

HOHi6H0 J10 IonepeaAHbLOTO cueHapiIo, aJI€ pO3TIIAAA€TLCA PEKUM 3apsJPKaHHA Y HEIIKOBUI 4qac, KOJIn
TIOYaTOK ITPOUECY 3apsiiPKaHHA BiﬂKJ'IaZ[aCTLCS[ J10 3aBCPUICHHSA Be‘{ipHBOFO MiKOBOTO nepiouy CIIOKHMBAaHHS.

Cuenapiii 3

aBTOMOOLIS 11032 IOMOM.

[Moxi6HO KO MONEpeHBOTO CIIeHapiro, ajle J0JaTKOBO IependadeHo ABOHANPaBIIeHY Nepeaady eHepril
V2H. 3apskaHHs BigOyBaeThCs MICHs OMiBHOYI, a Y TPoMiXkKy 3 17:00 no 24:00 enexTpomo06isi MOXYTb
BiJ/TaBaTH SHEPTilo 10 OyMHKIB, SIKIO € JOCTATHS EMHICTh OaTapei Ta J03BOJIsIE BUKOPHCTAHHS

Koedpiyienm HagaHmaeHHs, %

KoedpiyieHm HasaHmaxceHHs, %

t, roavHn

8

Pucynok 8 — I'paixn HaBaHTaXXEHHS HA MIMHAX HU3BKOI HANpyTH npu 85 % nponnkHeHHi EM :
a — JUIs peKUMY 3apsKaHHS Ha BUMOTY; 6 — JUISl PSKUMY 3apsiKaHHs Y HENIKOBHH 4ac;
6 — IUIs1 KOMOIHOBAaHOT'O PEXUMY HemikoBuii yac + V2H
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3 puc. 8 6 BUAHO, IO TOEAHAHHS 3apsKaHHI B
HEMIKOBHIA Yac i3 TEXHOJIOTIEI0 ABOHAIPABICHOIO OOMiHY
eneprii  V2H cTBoproe HaliBUIle HaBaHTAKEHHS Ha
TpaHcdopmarop npu 85 % NPOHUKHEHHS eJIEKTPOMOOLIIIB.
Ile  cBiguuTh NPO  JOUUIBHICTE  3aCTOCYBaHHS
ANBTEPHATUBHUX PEXKUMIB 3apsKaHHS 32 YMOB BHCOKOI
Hacu4eHocTi cuctemu EM.

Cnin 3a3HaumtH, moO Tpadiku Ha puC. 8 a—8 €
JIEMOHCTpaIi i HIMHU MIPUKIIaJaMu JUTSt OJTHOTO
KOHKPETHOTO JHSA i HE BPaxOBYIOTh CE30HHI a00 HOOOBI
KOJIMBAHHS IIONIUTY Ha EJIEKTPOEHEPril0 YW BUXITHOL
MOTY>KHOCTI  (POTOETEKTPUYHUX CHCTEM, SKi MOXKYTh
iCTOTHO 3MIHIOBATH 3araJIbHUM MPoQiTb HaBAaHTAKESHHS.

Juis rmbmioro aHamizy BIUIMBY HaBaHTaKEHHS Bil
3apsAPKaHHs eIeKTPOMOOLTIB Ha JTOKAJIbHI HU3bKOBOJIBTHI
Mepexi Oyno 3miCHEHO piuHE MOJENIOBaHHS 32
JMEKITbKOMa  YMOBHMMH  clieHapismMu. Y  Ta0im 4
y3araJbHeHO TPUBAJIICTh Tepe0yBaHHs TpaHChOopMaTopa B
pi3HHX pexuMax Ta piBeHb LoL Ha OcHOBI pe3ynbTaTiB
HEYiTKOTO MOJIEITIOBaHHS Ta OOYHCIIEHHNX ITOKa3HUKIB.

PesynpTati = IE€MOHCTpYIOTH, IO 3a  YMOB
nponnkHeHHs EM 1o 50 % nomaTtkoBe HaBaHTaXCHHS Bill
3aps/DKaHHA HE YMHHTH CYTTEBOTO BIUIMBY Ha IIPOILEC
CTapiHHS TpaHChOpMaTopa, HE3ANEXKHO Bix BHOpaHOI
cTpaTterii 3aps/kaHHSA. MakcuMaipHe 3HAYCHHS 1HAEKCY
LoL y umpomy Bumanky craHoButh juire 0,2324 % nis
KOMOIHOBaHOTO pEXHUMY — HemikoBHd pexum + V2H
(cuenapiit 3), 1O CBIAYUTH MPO HE3HAYHHUU pIBEHb
Jerpagarii ooaHaHHS.

OnHak TpH MiJBHUINEHHI YaCTKH €IEeKTPOMOOLITIB He
BCl cTparerii 3apsypDKaHHS —3aJMIIAIOTBCS  OJHAKOBO
epexrnBHMMU. Hampukian, npu nponukaeHHi EM 67 %
BUKOPHCTaHHS HEMIKOBOTO pEXUMYy B TIOEJHAHHI 3
¢ynkuiero V2H (cuenapiit 3) npu3BoanuTh 10 HAIMIPHOTO
3HOIIEHHS TpaHcpopmaropa — iHgekc Lol csrae
14,6193 %. V npoMy pexxumi TpaHcopMaTop Hparroe y
KpuTHyHOMY cTaHi («HemuHyda mpoOGiiema») TpOTATOM

45596 roquH Ha pik, 10 CBIMYUTH Tpo Hebe3meuHe
MEPEBAHTAXKECHHS.

Jlnst HOpPIBHAHHA, Y PeXUMI 3apsKaHHS HAa BUMOTY
(cuenapiii 1) wac mepeOyBaHHS y KPUTUYHOMY PEXHUMI
CTaHOBHTH juie 2,36 rox, a imgekc LoL — 0,3394 %. YV
BapiaHTI 13 3BHYAWHUM HEMIKOBUM  3apsKaHHIM
(cuenapiif 2) KpUTHYHI CTaHM B3arani He (iKCyIOThCS, a
craryc «MoximBa npobiema» TpuBae 398,28 ron, mpu
I[bOMY 3arajJbHUH 1HAEKC 3HOUICHHS € He3HAYHUM — JIHIIE
0,0455 %.

3a piBHsA nponukHeHHs EM 85 %, 3apsypkaHHA Ha
BuUMory (cuenapiii 1) 3a6e3neuye Lol Ha piBHi 1,9743 %.
Ilepexix mo HemikoBOrO pexuMmy (cueHapiit 2) HO3BOJIsIE
3MEHIINTH IIeW TTOKa3HUK Maibke BueTBepo — 10 0,5239 %,
npu 1poMy uac y craryci «Hemunyua mpobGiaemay
ckopouyethesi a0 2,43 rox. Haromicte komOiHOBaHE
3apsupkaHHg (HemikoBuit wac + V2H) y mnmx ymoBax
BUSIBIISIETHCS HETPUHHITHUM ULt CHCTEMHU:
TpaHcopmarop (QYHKIIOHYE y KPUTHYHOMY DEXHMI
nmoHay 1146 ronuH Ha pik, M0 Maike HANIEBHO MPHU3BEIEC
JI0 floT0 BUXOIY 3 JIajy.

[Tpn noBHOMY (100 %) MPOHNKHEHHI €JIEKTPOMOO1ITIB
HaWTipmii pe3ysJbTaTd AEMOHCTPYE 3apsyDKaHHS Ha
BUMOTY: BHCOKHH piBEHb 3HOWIEHHA TpaHchopMaTopa,
3HaYHa TPUBAIICTH NepeOyBaHHS B aBapiifHIX peKuMax, i
SK HACHIIOK — BHCOKAa WMOBIPHICTh HOTO IE€pPeIIacHOTO
BUXOY 3 JIafy.

3acTocyBaHHs KOMOiHOBaHOi crpaTerii (HemikoBHI
gac + V2H) € abcomoTHO HENpUAATHUM y TaKUX yMOBaXx,
OCKIJIbKM TPUBAIIICTh KPUTUYHOTO CTaHy MEpPEBHIILYE
1300 romuH Ha pikK.

OnTuManbHAM  BapiaHTOM BHSBISETHCS IIPOCTE
3aps/DKaHHS B HEMIKOBI TOAWHH: XO0Ya TPUBATICTh
MOTCHI[IHHO  MPOOJIEMHOTO  PEXHUMY  3aJIUIIAETHCS

BEJIMKOIO, HaifHeOe3NeUHIMWH CTaH BHWHUKAE pigme i
TpuBae cyTrTeBOo MeHme. OTxe, el pexuM 3ade3mnedye
3HAYHO MEHIIEe 3HOMICHHS TpaHcopmaropa 1 €
0e3MeyHIINM y JJOBIOCTPOKOBIH MEPCIEKTHBI.

Ta6muns 4 — Pexxumu pobotr Tpancdopmaropa ta Lol 3a minuii pik

PiBenn Yac nepedyBaHHs BUXOAY B cTATyCi, rod. F
Cuenapiii NPOHUKHEHHS Eqa LoL,, %
EM. % Hemae Veara MoxauBa Hemunyua
> npooJieMu npodaema npodaema
15 5918.75 2749.82 91.43 0.0 0.0007 0.0033
33 5258.3 3341.17 160.53 0.0 0.0029 0.0139
Cuienapiii 1 50 4716.5 3680.47 363.04 0.0 0.0191 0.0931
67 4360.86 3690.69 706.08 2.36 0.0697 0.3394
85 4090.55 3384.35 1221.14 63.96 0.4057 1.9743
100 3938.04 3088.23 1447.21 286.52 1.8433 8.9709
15 6143.21 2535.0 81.8 0.0 0.0004 0.0018
33 5945.34 2731.45 83.21 0.0 0.0006 0.0029
Cuienapiii 2 50 5176.1 3487.25 96.18 0.0 0.0016 0.0076
67 4522.5 3839.22 398.28 0.0 0.0093 0.0455
85 4188.6 3646.26 922.72 243 0.1076 0.5239
100 4004.38 3259.24 1368.82 127.56 0.8831 4.2978
15 6237.77 2441.24 80.76 0.0 0.0002 0.0011
33 5594.01 3070.72 95.27 0.0 0.0009 0.0045
Cuienapiii 3 50 5046.93 3140.98 571.67 0.41 0.0477 0.2324
67 4810.83 2615.79 877.42 455.96 3.004 14.6193
85 4652.41 2467.57 493.1 1146.92 Failure Failure
100 4555.1 2396.99 425.99 1381.92 Failure Failure
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Jnst  ycHillHOrO pO3rOpTaHHs  eNeKTPOMOOLIBHOT
iHGPACTPYKTYPH KPUTHYIHO BAXKIIMBO MPABHIBLHO 00MpaTH
cTparerii 3apsmKaHHA, 3  YypaXyBaHHAM  pecypcy
TpanchopMaTopiB. Y pa3i HEBHCOKOrO MPOHMKHEHHS EM
(10 50 %) npakTHYHO Oy Ib-sIKa CTPATETIs € MPUHHATHOIO 1
3QICKUATh TIEPEAyCiM Bl EKOHOMIYHOI OLIIBHOCTI.
BomHodac 3a yMOB 3pOCTaHHS YacTKH EJICKTPOMOOLTIB
NPIOPUTETHUMH ~ CTAlOTh  PEKHMH, IO  3HIXKYIOTH
HABAHTAXXCHHS B ITIKOBI TOJMHHU.

30KkpeMa, 3aps/DKaHHA B HEMIKOBHHM dYac Kparie
3axumae oONaJHAHHA Bill INepeBaHTAXKEHb, TOMY HOTO
PEKOMEHJJOBAHO 3aCTOCOBYBAaTH y BHIAIKaX, KOJH
npoHukHeHHs: EM  carae 85% 1 OGimpme. Jlus
CTUMYJIIOBaHHS TAaKOTO IIJXOMy MOXKHA BIIPOBAIKYBaTH
rHyuYki Tapudu, a TakoX BHKOPHUCTOBYBATH OCBITHI Ta
MOBEIIHKOBI METOIUKH I 3aJTy4CHHS CIIOKHBAYiB 0
ONITHUMAJIBHOTO PO3IOJIiTy HABaHTAaXKEHb y Yaci.

BucnoBkn. HeHopMaibHI yMOBH  eKCILTyaTarii
TpaHcdopMaTopiB 30KpeMa IepeBaHTAKEHHS, IEeperpiB i
MoraHa sIKICTb ~ €JIEKTPOEHeprii MpHUIIBUAIIYIOTh X
3HOIICHHS Ta CKOPOYYIOTh CTPOK CITy>KOH, IIJ0 HETaTUBHO
BIUTHBA€E Ha CTaOUIBHICTH €JEKTPONOCTA4YaHHS. Y IbOMY
MOCTI/KeHHI ~ aKIEeHT  3pO0JIeH0 Ha  BaXKIMBOCTI
TpaHc(hopMaTOpiB y CHCTEMi eHepro3abesredeHHs Ta
HeoOXigHOCTI ix crabimpHOI pobotu. [ling wac aHamizy
OIIiIHEHO, AK Pi3Hi IiIX0AU 0 3apsAIKaHHS eeKTPOMOOiTiB
BIUIMBAIOTh HAa CTapiHHSA OONaJHAaHHS, 30KpeMa 4epes
creHapii 3apsi/pKaHHSI Ha BUMOTY, Y HEMIKOBHH Yac Ta i3
3acToCyBaHHsM TexHoyorii V2H. Mera 3po3ymitu
XapakTep BIUIMBY IMX CTpAaTerid i BUKOPUCTATH Lie JUIs
MOKpauieHHs: poboTH TpaHchopmaTopiB y MailOyTHbOMY.
By1no po3po0ieHo IHCTpyMEHT Ha OCHOBI HEUITKOT JIOTIKH,
SKHH BiOOpa)kae CTaH TpaHc(opMmaropa 3aJeXKHO BiJ
PiBHS IPOHUKHEHHS CJIIEKTPOMOOIIIB 13 3aps/KaHHAM BiJ
Mepexi Ta obpanoi cTpaTerii MiA3aPSIKH.
3anponoHOBaHHI aJTOPUTM BKIIIOYAE JBa KOHTPOJIEPH Ha
OCHOBI HEYITKOT JIOTIKH.

[Mepiiuit KoHTpoOJIEp BIAINOBIJAa€ 3a JIarHOCTHKY Ta

reHepye TmomnepeKyBaibHl noBigomiieHHs: «lIpoGnem
Hemae», «llonmepemkenns», «MoxnuBa mpoOIeMay,
«Hemunyua mpobmema». Taki CUTHAIH  MOXYTh

BUKOPHCTOBYBATHCh ONEPAaTOPOM PO3MOJIIBUOI CUCTEMH
Ui TiepenbadeHHs TmeperpiBy  TpaHcdopmaropa Ta
BXKUBAHHSA 3aMI001KHUX 3aXOIB IS 3ar00iraHHs aBapii.

Jpyruii KOoHTpoJep CHpsSMOBAaHMN Ha MOJNIMIICHHS
KoedillieHTa  MOTYXXKHOCTI  IUIIXOM  PETYIIOBAHHA
motyxxHocti Bim PV, a Takox Ha 3MCHIICHHS
MEepeBaHTAXXEHHS  TpaHcdopMaropa  3a  paxyHOK
PEBEPCUBHUX ITOTOKIB €HEpTii.

EdekTuBHICTH [OTO IHCTpyMEHTa Oyia
NpOTECTOBaHA Ha pajiajibHIll PO3NOALIBYIN Mepexi 3
TpaHc(opMaToOpoM, 3aHyPEHHUM y MiHEpAJIbHE MAacIIO, IKUH
0oOCIIyrOBy€e  KHUTJIOBHX  CIIO)KMBa4iB Ta  JIOKAJIbHE
HiANPUEMCTBO.  Pe3ynbTatm  MOAENIOBaHHS — IOKa3ajH
CYTTEBUIl BIUIMB CTpaTeriii 3apsKaHHS €JIEKTPOMOOiTiB
Ha IIOKa3HHK BTpaTu pecypcy Tpanchopmaropa. BucHoBku
MiIKPECITIOIOTh  BaYKJIMBICTh TPOAKTHUBHOTO KEpyBaHHS
nporecoM 3apspkanasa EM nis 3a0e3medeHHs HaaiiHOCTI

Hns piBaiB nponukHeHHss EM mo 50 % pexumun
3apsiIHKaHHS/PO3PSKAHHS MOXKYTh OOMpaTUCS Ha OCHOBI
€KOHOMIYHOI BHTOIM Ta eKCIUTyaTallifHMX yMOB, 3a
niarpumkn ¢yHkuii vehicle-to-grid (V2G) abo vehicle-to-
home (V2H).

3a piBHS NpOHMKHEHHs moHan 50 % iHIEKC BTpaTu
pecypcy Tpanchopmaropa Lol cyrreBo 3pocrae. Pexxum
HemikoBui yac + V2H crae HenpuitHATHIM Bke npu 67 %
npoHukHeHHs EM 1 mnpu mojanbmioMy  3pOCTaHHI
HEMUHy4Ye TPHU3BOAMTH IO BHXOAY TpaHcdopmaropa 3
Jmamy, IO CTaBUTh Mix 3arpo3y HAMIHHICTE BCi€l
€HEProCUCTEMH.

TpagumifHUA peXUM 3apsKaHHA Ha BHUMOTY HeE
MPU3BOJUTE 10 MHUTTEBOTO BHXOAY TpaHchoOpMaTopa 3
Jajty, ajie CyTTEBO MOTIpIIye Horo craH. ToMy npH BenuKii
KutbkocTi EM JOIITBHO BifiaBaTH IepeBary IpPOCTUM
HEMIKOBUM CTPATETisAM, IO JO3BOJISIOTH BiKIACTH TOPOTI
MOJICPHI3aIlii Ta MiJICUICHHSI MEPEK.

[pwu 100 % nponuxHenHi EM ouinennii ingexc Lol
y 2,1 pa3u HIWKYHUN ISl HEMIKOBOTO PEXXUMY ITOPIBHSIHO 3
3apApKaHHAM Ha BUMOTY. OTXKe, CIliJi BUKOPHCTOBYBATH
Ppi3HI cTpaTerii 3apsmKaHHs/PO3pAKaHHS UTsl YHUKHEHHS
abo BIiATEpMiHYBaHHS JOPOTHX OHOBIICHb CHCTEMHU.
IloTeHmiiiHi TpakTUYHI [EpeBard 3alpOIIOHOBAHOTO
MiAXOMy BKIIOYAIOTH: IOKPAIICHHA MNPODITaKTHIHOTO
o0cITyroByBaHHS TparchopMaTopis; ONITUMI3AIlI0
rpadikiB 3apsypKaHHS ~€JIEKTPOMOOLTIB; CHPUSHHS Y
TUIaHYBaHHI ~ MOJIepHi3alii  pO3NOALIBYMX  MEpex;
MIATPUMKY — ONEpalifiHOro  IUIAaHYBaHHS  ONEPaTOpiB
CUCTEMH PO3MOILTY.

Y MalOyTHIX JOCHIDKEHHSX HeoOximHO Oyxe
BpaxOBYBaTH 3MiHH TapU(iB HA ENECKTPOCHEPTiI0, a TAKOX
MOJEeT  3apsUDKaHHA — PI3HMX ~ KOMEpLIHHMX  THIIB
€JIeKTPOMOOLTIB, IO O3BOJHUTH TOYHINIEC BigoOpa)kaTth
peanbHi MPOIIECH B EHEPrOMEPErKax.

Moaska. Po60Ty BUKOHAHO 32 MiATPUMKH HayKOBO-
JOCTiTHOT pOOOTH 3 AEPKaBHUM pEECTPALlitHIM HOMEPOM
2023.04/0131.
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OPTIMAL ELECTRIC VEHICLE CHARGING METHOD CONSIDERING IMPACT ON
DISTRIBUTION NETWORKS, TRANSFORMER LIFESPAN, AND POWER QUALITY

increasing popularity of electric vehicles and their widespread adoption in everyday life present numerous technical and operational challenges for

electric distribution networks, particularly their critical components, such as distribution transformers. High peak loads caused by uncontrolled electric
vehicles charging processes can lead to overloads and reduced equipment lifespan, increasing infrastructure maintenance and modernization costs. This
paper discusses and proposes a practically oriented method for optimal charging of electric vehicles based on a comprehensive approach using fuzzy
logic. This approach enables a detailed assessment of the charging processes' impact on distribution networks, including analysis of harmonic voltage
distortions, temperature operating conditions, and variable transformer loading levels. The study examines various charging scenarios: on-demand
charging, off-peak charging, and a combined mode employing Vehicle-to-Home (V2H) technology for bidirectional energy exchange between the
electric vehicles and household. The analysis results demonstrate that optimizing charging schedules significantly reduces the risk of network and
transformer overloads, decreases their ageing rate, ensures higher power quality, and enables avoiding or substantially reducing financial costs associated
with energy infrastructure upgrades. The proposed method considers local operational conditions, facilitating its effective implementation in actual
electricity distribution systems by adapting to individual user requirements and network specifics.

Keywords: electric vehicle, optimal charging, distribution networks, transformer, fuzzy logic, peak load, power quality, Vehicle-to-Home.
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AJJATITUBHE TPHOXIIO3UIIMHE KEPYBAHHSI BEHTWIAIIEIO B IMPAMINIEHHSIX
EHEPTETUYHUX INIANPUEMCTB I3 PU3UKOM HAKOIIMYEHHA BUBYXOHEBE3IIEUHUX
I'A3IB

V cTaTTi po3MIANAETECS METOMKA TPHOXIIO3UIIHHOTO AUCKPETHOTO KePYBAHHS BEHTHILIIIHHOIO CHCTEMOIO IIPUMIIIEHb €HePreTHIHHX MiAIPHEMCTB i3
IiJIBUIIIEHNM PU3MKOM yTBOPEHHs BUOYXOHEOe3euHOro ra3oBoro cepenopuina. OCHOBHY yBary NMpHIiJIeHO IBOM TUIIOBHM JDKEPEIaM Ta30yTBOPEHHS:
MeTaHy — y NPUMILICHHSX 13 Ta30BUMH €IEKTPOTreHEepaTopaMu, Ta BOAHIO — B aKyMYJIITOPHUX 3aJ1aX, IO yTBOPIOETHCS T1iJl Yac 3apsi/UKaHHS CBUHIIEBO-
KUCIOTHHX Oarapeil. 3aIpONOHOBAHO MiAXiX MO Iepexoxy Bin aBonosuiiiHoro («On-Off») N0 TPHOXMO3UIIHHOrO KepyBaHHS BEHTHIIALIHHHM
HIPUBOJIOM Ha OCHOBI aJIaNTaI[iHOT XapaKkTepuCTHKH, orpumanoi s I11]1-perynstopa 3 3ananumu napamerpamu. Peanisaris kepyBaHHs 3/1iiCHIOETbCS
32 JI0IIOMOTr0I0 ACHHXPOHHOTO EJIEKTPOBUIYHA 31 CXEMOIO HEPEMHKaHb «3ipKa—TPUKYTHUK—BHMKHEHOY, IO J03BOJISIE JUCKPETHO 3MIHIOBATH PEXHM
poOOTH BUTSDKHOI BEHTWIIANII. ABTOMATH3allisi CHCTEMH Iependadyac BHKOPHCTAHHS IPHCTPOIO iHTEpHETYy pedeill 3 (QyHKIISIMM IiIKIIOYEHHS [0
JIOKaJIbHOT iH(pOpMaIiHO-KepYro40i Mepeski, KOHTPOJIEM TEMIEPaTypH Ta HasIBHOCTI MOJIyM’sl, a TAKOXK Iepejiadi JaHUX 3a JOHOMOTO0 IPOMHCIIOBOTO
nporokosry ModBus TCP. MozentoBanHs (yHKIIOHYBaHHS cUCTeMH BuUKOHaHO B cepemoBuili MATLAB Simulink, ne peanizoBaHo miacucremy
aJlaNTUBHOI XapaKTePHUCTUKH, 11 IEpeTBOPEHHS Y TPHOXIIO3ULIHIHN KepyIOUnii CHIHAJ 1 IUHAMIYHY MOJIeIIb HOBE[IHKH CHCTEMH BEHTIWIIILIT IIPH 3MiHHIH
KOHIEHTpalii ra3iB. OTpUMaHi pe3ysbTaTH AEMOHCTPYIOTh CTabiIbHy POOOTY BEHTHIIALI, €pEeKTHBHE 3HIKCHHS KOHIICHTpALliil BHOYXOHEOE3IIeUHOr0
rasy, a TAKOX 3MCHIIICHHS CHEPTOCIIOKMBAHHS 32 PaXyHOK OITHMI3allii peXXHMiB poOOTH BEHTHIIATOpA. 3aMpONIOHOBAaHA METO/MKA TO3BOIISIE a1aNTyBaTH
KJTaCHYHI alTOPUTMH KepyBaHHS IO YMOB AUCKPETHOTO PEXUMY POOOTH BUKOHABUMX MEXaHI3MIB, a TAKOXK IHTErpyBaTH BEHTWIALIIHI MiICHCTEMU B
CydacHy iHQpPacTpyKTypy aBTOMAaTH30BAHOTO 00’ €KTa EHEPreTHYHOTO KOMILICKCY.

Ku1104oBi c10Ba: TphOXIO3ULIIHE TUCKPETHE KEPYBAHHS; BEHTWIIALIHHA CHCTeMa; BUOYyXOHEeOe3MeuHi ra3u; METaH; BOJICHb; ra30Bi FeHEPaToOpH;
akyMyisatopHi 3amu; IT1/[-perynsrop; inteprer peueit (IoT); aBromarmsanis; MATLAB Simulink; ModBus TCP; eneproedekTuBHICTb; €HEpreTHUHI
i MPHEMCTBA.

Beryn. 3abesnedyeHHs HOPMAaTHBHOTO PIiBHS SIKOCTI
MOBITPS B MPUMIIIEHHIX €HEPTeTUIHUX MiAIPUEMCTB, JIe
EKCIUTyaTyEThCS ra30Be ab0 eICKTPOXiMiuHe 0018 IHAHHS,
€ OJTHUM 13 MPIOPUTETHUX 3aBAaHb IPOMHCIOBOT OC3MEKH,
€KOJIOT1YHOT BIANOBINAIBHOCTI Ta €HEProe(eKTHUBHOCTI.
OcobnuBoi yBarum NOTPeOyIOTH CHUTYyalii, MOB’s3aHi 3
MOXIIUBHM BHTOKOM METaHy — Yy TPHMILICHHIX 3
ra3oreHepaTropamu, Ta BOJHIO — B aKyMYJIATOPHUX 3aJiax,
Jie BiH YTBOPIOETBCS B TIpoIleci 3apskaHHS Oatapeit. 3
OTJISITy HAa BHCOKY BHOYXOHEOE3NECUHICTh IMX TrasiB,
aKTyaJbHUM € BIIPOBADKCHHS HAIIMHUX 1 TEXHOIOTiYHO
aJaNTHBHUX BEHTWIALIMHUX CHUCTEM, 3[aTHUX HE JIHIIC
OTIepPaTHBHO pearyBaTH Ha 3MiHy IMapaMeTpiB MOBITPSHOTO
ceperoBuina, a W 3a0e3medyyBaTH  palliOHAJbHE
BUKOPHCTAHHS CHEPrOPECYPCIB.

Y cydacHMX yMOBax IPOMHECIIOBOI aBTOMAaTH3aLlii
CIIOCTEPIraeThCsl IHTCHCHBHE BIIPOBA/DKEHHSI CHUCTEM, IO
Oazytorbcsi Ha mnpuHuunax iHtepHery peueit (IoT),
BUKOPHCTaHHI 1HTENIEKTyaJbHUX BUKOHABUUX IIPHCTPOIB
Ta BIJJIAJICHOTO CEpBEpHOro KepyBaHHA. OjHaK, peayibHi
TEXHI4YHI OOMEXEHHS, TaKi K BUKOPHCTAHHS JBHUTYHIB i3

(hikcoBaHMMH peKUMaMH POOOTH (HATIPHUKIIAA, K<BUMKHEHO
— 3’egHaHHS OOMOTOK ‘3ipka” — 3’€IHAHHA OOMOTOK
“TPUKYTHUK”»), CYTTEBO YCKJIQJHIOIOTH peali3allito
KJIACUYHHUX aJITOPUTMIB KEpyBaHHs, SIKI IPYHTYIOThCS Ha
Oe3nepepBHOMY perynoBanHi. Lle 3yMoBioe moTpedy B
po3po0Lli  aZanTHBHUX  MiAXOAIB A0  (OpMyBaHHS
KEPYIOUHX BIUIUBIB y JUCKPETHOMY PEKHUMI.

OnHUM 13 TepCIEeKTHBHUX MiXO/IB € BUKOPUCTAHHS
TaK 3BaHHMX AaJaNTAlliifHUX XapaKTePHCTUK, LIO IalOTh
3MOTy peajli3yBaTH AUCKPETHY alpOKCUMALLI0 OIOPHOro
anroput™my KepyBaHHsA (Hampukmax, III gm IIIJ-
peryinsitopa) MU CHCTEM, B SKHX MOXIHMBA JIMILE
TPBHOXIIO3UIIIfHA Tomaya Kepyrowoi nii. Taxwid mimxin
JIO3BOJISIE 30eperTd JWHAMIYHI TepeBard KIIACHYHHX
AITOPUTMIB TpU  OOMEXEeHOMY HaboOpi BHMKOHaBYHX
PEXHMIB, IO OCOOIMBO BaXIMBO M BEHTWIALIHHMX
CHCTEM i3 MiHIMAJIbHUM €HEPTrOCIIOKMBAHHSIM.

Meroro wi€i pobOTH € NOCHIKEHHS Ta NpaKTHYHA
peaitizaitis METOIY BHUKOPUCTAHHS aJIanTHBHOT
XapaKTePUCTUKH Ui 3a0e3MeueHHs] TPBOXIMO3ULIHHOTO
JHUCKPETHOTO KEPYBaHHS BHUTSKHOK BCHTHJIALIEI B
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OKpeMiii 30HI MPOMHCIOBOrO IPHUMIIICHHS 3 T'a30BUM
oOjamHaHHAM. Y OCHIPKEHHI aKIEHT 3po0JIeHO Ha
noOyZ0B1 aHAMITHYHOT MOJIeNi 00’ €KTa KepyBaHHsI, OIHUCI
apXITEKTypH KepyBaibHOI cucTtemu Ha 0a3i loT-pimiens ta
peamnizarii mozxeni y cepenouiti MATLAB Simulink, 3
MOJIaIbIIMM aHAJT130M INHAMIKU CHCTEMH Ta e()eKTUBHOCTI
BIPOBAKEHOTO aJITOPUTMY.

3anponoHOBaHUN  TINXiM JO03BOJIAE HE  JIHIIE
MIBULLATH €HEeProe(PeKTHBHICTh Ta TOYHICTB
peryjioBaHHs, a ¥ 3HAYHO CIPOCTUTU CEPBEPHY

peaizalilo CHCTEMH, L0 € BAKIMBHM YHHHHKOM MpH
BIIPOBA/PKEHHI MOJIOHMX PIllIEeHb B YMOBaX OOMEKEHOTO
OIoKEeTy Ta pecypciB.

Mera crarTi. MeTtoto maHOi HayKoOBOi CTaTTi €
po3poOKa, aHanmiTHYHE OOIPYHTYBaHHS Ta IPaKTUYHA
peamizailii  METOLYy  BHUKOPUCTaHHS  aJanTallidHHX
XapaKTePUCTHK y 3aadi TPHOXIO3HUI[IHHOTO TUCKPETHOTO
KEepPyBaHHS BUTSDKHOIO BEHTWILIIEI0 Y TPHUMIIIECHHSIX
eHepreTHYHuX mianpuemMcts. JlocmiukeHHs nepenbdadae
(opmanizamitco Tpolecy peryiioBaHHS —KOHIEHTpALii
BHOYXOHEOE3MeUHNX Tra3iB, TOOYIOBY MaTeMaTUIHOI
Mojen 00’€KTa KepyBaHHS i3 BpaXyBaHHAM IHEPLIHHIX
BIIACTUBOCTEH IIOBITPSHOTO CEPeNOBHINA, a TaKOX
Tpanchopmariro  kimacuyHoro  [IIJ[-perymsaropa  no
BUTIIAAY, IO 3abesrmedye epeKkTHBHY poOOTy B yMOBax
00MeXeHOTO (TPHOXIO3UILIHHOT0) PeXUMY BHKOHABYOTO
MIPUCTPOIO.

Oco0yuBy yBary MpHIiICHO PO3poOIl aganTariifHol
XapaKTEepPUCTUKH,  siKa  J03BOJSIE  allPOKCHMYBAaTH
Oe3nepepBHUI PEryylaTop y JAWUCKPETHINH peamizauii 3
(bikcoBaHMMHM PIBHSMH TOTY)XHOCTI, IO BiJIIOBIIAIOTH
peXKMMaM  poOOTH  aCMHXPOHHOTO  JBHTYHA  THILY
«BUMKHEHO—3IpKa—TPUKYTHHUK». Y  poOOTI  TaKox
PO3TIIAAAETHCS CEepBEPHO-KIIIEHTCHKA apxiTekTypa
peamizamii cuctemn Ha 0a3i  loT-texHomorii i3
BHKOpHCcTaHHAM npoTtokoiry Modbus TCP, mo 3abe3neqye
MacImTaboBaHiCTh, THYYKICTh Ta HAMIHHICTH CHUCTEMH
nepeaayi JaHux.

3acToCyBaHHSI CTBOPEHOI'O METOAY MPOLITIOCTPOBAHO
32 JIOIOMOTOK0  KOMIT'IOTEPHOTO  MOJICNIOBAaHHS B
cepenoBuiti  MATLAB Simulink, pesynbratn sikoro
JIO3BOJISIIOTH ~ OLIHUTH  JAWHAMIYHI ~ XapaKTEPUCTUKHU
cUCTeMH, €(EeKTHBHICTh NEpeXiiHUX TIPOLECiB  Ta
eHeproe(eKTUBHICTh peanizoBaHoro maxony. Otpumani
pesynbTaTd  MalThb ~ NPUKIAAHY  ILHHHICTH IS
BIPOBA/DKCHHS B  pEaJbHI  IIPOMHCIIOBI  CHCTEMH
BEHTIIALII, 30KpeMa, B yMOBaX, JIe¢ TEXHIKO-eKOHOMIidHi
OOMEXEHHSI He IO3BOJIIOTH BHUKOPUCTOBYBATH CKJIAJIHI
GaraTono3umiitHi a00 Oe3mepepBHi CXEMH PETYITIOBAHHS.

Orusin  jgiTepaTypHMX JoKeped. Y  cydacHiit
HaYKOBO-TEXHIUHIH Jitepatypi 3HaYHa yBara
NPUALISIETbCS Npo0ieMaM KOHTPOJIIO SIKOCTI IMOBITPS B
pobouyomy cepenoBuiii. OCHOBHUI aKIGHT pOOUTHCS Ha
BUSIBJICHHI BMICTY MWITY, TUMY, IIKiJUIMBHX I'a3iB, TAKUX SIK
meta, CO, NO, SO, Ta iHmHUX, SKi BIUIMBAIOTH Ha
Oesmeky Ta koMpopr mepeOyBaHHS JIIOAWHH Y
NpUMILIEHH].  3amnponoHOBaHi  MiAXOAW  OXOIUTIOIOTH
IIUPOKUHA CIIEKTP 3aco0iB: Big cucteM QimpTpamii Ta
BEHTHJISILIT IO 3BOJIOXKEHHS Ta 030HYBaHHS ITOBITPSI.

Y pobori [1] po3pobiieHa crcTeMa MOHITOPHHTY Ta
YIPaBIIiHHA B pealbHOMY 4aci, Ika KepyeThCs JaTIUKOM Ta

MOZYyJIEM KOPOTKHX IOBiZOMJIEHb IJIOOAJIBbHOI CHCTEMH
MOOITBHOTO 3B’S3Ky U1l BUSBJIEHHS BHKUIY TOPIOYOTO
rasy.

JocmimkenHs [2] mpucBsYeHE CTBOPEHHIO HEIOPOTOi
CHCTEMU MOHITOPHHTY SIKOCTI MOBiTps Ha ocHOBi 0T, sik
JIOKa3 KOHIEMIl [yl 3aXOIUIEHHS Ta BU3HAYCHHS
KOHIICHTpAIlil WIKIUIMBUX Ta3iB y MPUMINICHHAX Ta,
3aJIe)KHO Bifl piBHS IXHBOI KOHIICHTpAIIIi, TOJIa4i CUTHAJIIB
TPUBOTH Ta IOBiJOMJIEHb, BKIIIOUEHHS BEHTHIISITOpA Ta/abo
BiJTKPHUTTS IBEPEH.

VY poborti [3] npeacraBieHO po3poOKy Ta HMEPEBipKY
ITOPUTMY YHPABIIHHA, SKAH alanTyeTbcs OO JUHAMIKH
cucremu HVAC 3 BHKOpPHCTAaHHSM BEHTWIAl 3
YHOpaBIiHHAM 3a TOTPe00r0 Ha OCHOBI HaTdnKiB. CTpaTeris
yIpaBJliHHS, 32aCHOBaHA Ha MOHITOPUHTY Ta MOZAEIIOBAaHHI
KOHLeHTpawil Byraekucioro razy (COz) y npumimlieHHi,
3aCTOCOBYETRCSI JJIs pearyBaHHs Ha 3MiHu renepaitii CO, y
MPUMIIICHH]I 32 JIOTIOMOT'OI0 BiJIIOBITHOTO PETYJIFOBAHHS
MIBHAKOCTI BEHTHAIII, TOOTO IIBHAKICT, BEHTHIALII
MOJIYJNIOETBCS 3 YacoM Ha OCHOBI CHTHAJiB Bij
koHueHrpauii CO, y mnpumimenHi. 30Kpema, y CTarTi
OCHOBHA yBara MpuAUTIETHCS PO3pOOIIi aTanTHBHOT MOJIEITi
SIKOCTI TIOBITpSI B NIPUMIIICHHI HA OCHOBI MPOTHO3YBaHHS
KUTBKOCTI JIIOAEW, IO 3HAXOIAThCA B NPUMIIICHHI, B
peansHOMY Yaci AJIs peaitizallii cTpaTerii ynpasmiHHS.

VYV [4] mpencTaBIeHO CHCTEMY AaBTOMATH30BAaHOTO
MOHITOPUHTY SIKOCTI IOBITPsI B MPUMIIIEHHI, KO0 MOKHA
KEepyBaTH Ta MOHITOPHTH 32 JONOMOTOK MOOUIBHOTO
tenedoHy, 1o 0a3yeThess Ha KOHIENIIT [HTepHeTY peyeii.
CucremMa TeEpiOAMYHO KOHTPOJIOE CTaH TOBITPS B
NPUMILIEHHI Ta MOXE KepyBaTHCsS 3a JOIOMOIO0
cmaprdona. Cucrema mpamioe Ha matdopmi [HTEepHETY
peueii, ska 3abe3nedye BiATAJICHUH JOCTYN dYepe3
MOOibHAH TenedoH. 3arporoHoBaHa CHCTEMa KOHTPOITIOE
pieesp CO T1a CO, y mNpUMINIEHHI Ta TOBiIOMIISE
KOPHCTYBaya, SIKIIO BiH IEPEBHUILYE AOIMYCTUMY MEXY.
KopucryBau Moske BBIMKHYTH BEHTHIISATOD 31 cMapTdoHa.
I{s cucrema Oyna peasizoBaHa 3a IOMOMOrow Raspberry
Pi, skuii BukopucToBye 0a3y aaHuXx il 30epiraHHs
KOHTPOJILOBAaHHUX 3HAUEHb Ta BeO-cepBep, 10 SKOTO MOKHA
OTpHUMaTH JIOCTYH 4Yepe3 cMapTQoH.

Cucremarnunuii orysig [S] yzaranbHioe cydacHi [oT-
CHCTEMU MOHITOPUHTY TOBITpS: OUIBIIICTL 3 HHUX
30cepepkeHa Ha KOHTpol TemtoBoro kompopty, CO: Ta
3BaXEHMX 4YacTHHOK. Haitmommpenimi mmardgopmu —
Arduino ta Raspberry Pi.

VY craTTsx [6—8] akIIeHTOBaHO yBary Ha BiJTaJICHOMY
JOCTYIIi /O MaHWX y peaJbHOMY 4Yaci, BHKOPHUCTAaHHI
XMapHHUX TIATQOPM Ta 3MEHIIICHHI €HePTrOCIIOKUBaHHS. Y
[9, 10] po3riIsiHYTO TEXHOJIOT11 TOYHOTO BUSBICHHS METaHY
BiJl 3aKpUTUX Kamep [0 HeIucrepciiHoi iHppauepBOoHOT
CHEKTPOCKOTIIT.

IHTEeNeKTyabHe  PEryJIIOBaHHS  BEHTWIALIT 3
HEYITKOIO JIOTIKOI, po3risHyTe B [11], 3abesmneuye He
JMIIE KOHTPOJIb SIKOCTI TMOBITpS, a W ONTHMI3aIliio
€HEeprocHoXMBaHHA. AHaJi3 BUKHIIB MeTaHy B IOOYTi,
BUKOHaHMH y [12], BKa3ye Ha 3Ha4Hi BTpaTH NaJIbHOTO Y
3BHYAHUX YMOBAX €KCIDTyaTaLlii.

Y  mpamsx [13-15] mOCHIIKYIOTBCS — CHCTEMH
BUSBJIICHHS Ta3iB HAa OCHOBI MIKPOKOHTPOJEPIB, IO
BUKOPHCTOBYIOTh [JaT4MKH Tumy MQ Ta mnpoTokoin
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0e3ApOTOBOrO  IepefaBaHHsA  gaHMX. ILli  pilneHHs
XapaKTepU3yIOThCSA TOCTYIHICTIO, MPOCTOTOIO peaji3arii
Ta MPUIATHICTIO JUIS IUPOKOTO KOJIa 3aCTOCYBaHb.

PazoMm 3 TuMM, OUIBIIICTH HasSBHUX pilIeHb
OpIEHTOBAHI MEPEBAXHO HA BHSBICHHS KOHIICHTpAIT
ra3iB, a He Ha e(eKTHBHE KepyBaHHS BEHTHJLALIEIO B
yMOBax OOMEXEHOro (IMCKPETHOr0) pEeXUMY pPOOOTH
BUKOHABYHX TIPUCTPOIB. Meron ajlanTanifHux
XapaKTepUCTHUK, 3ampornoHoBaHuil y [16], no3Bomse
TparchopmyBatu Oe3nepepsHi anroputmu (tumy I1I1) y
(hopmy, mpuAaTHY U1 TPHOXITO3HULIIITHOTO KEpyBaHHS, IO
€ 0COOJIMBO aKTyaJIbHUM Y BUIAJKaX 3 EJIEKTPOIIPUBOIAMH,
K1 IPaLIOIOTh 38 CXEMOIO «BUMKHEHO—31PKa—TPUKYTHHUK.

Takum umHOM, TOTpeda y CTBOPEHHI agaNTHUBHEX,
NPOCTUX 1 HagIfHUX CHCTEM JUCKPETHOTO KepyBaHHS
BEHTIIAIIIEI0 3aIMIIAE€THCS aKTYaJIbHOIO 1 € MPEeaMeTOM
MOJAJBIIOr0 JOCHIIKEHHS B Iiil po0OoTi.

Onuc NpuYMHO-HACIIAKOBUX 3B’SI3KIB B 00’€KTi
KepyBaHHsI. Y SKOCTI 00’€KTa KepyBaHHS PO3TISIHYTO
OKpeMy 30HY IPOMHCIIOBOTO NPHUMILIEHHsS (30KpeMa —
NpUMIIIEHHS 3  Ta30oBUMH  TeHeparopamu  abo
aKyMYJISITOpHY KIMHATY TiJICTaHIIii), 00JIaqHaHy TOYKOBUM
BUTSDKHAM BEHTWIALIITHUM MIPUCTPOEM. Horo
(yHKIIOHAIbHE TPHU3HAYCHHS IIOJIATa€ y MiATPUMAaHHI
JIOITyCTUMOTO PIiBHSI KOHIIEHTpawii mpupogHoro razy CHy
a60 BoaHI0 H) IIIsIXOM KEpOBaHOTO BUIAJICHHS MOBITPSHOT
cyMili. Y mojajibIioMy BHKJIAJ MaTepiany OpieHTOBaHUMA
Ha BHIAJOK KOHTPOJIO METaHy, SIK XapaKTepHOTO JUIs
MPUMIIICHb 3 Ta30reHepaTOpaMM; yCi PO3pPaxyHKOBI Ta
ANTOPUTMIYHI PILICHHS 3aJIUIIAIOTHCS aHAIOTTYHUMU JUIS
CUTyaIliif i3 KOHTpPOJIEM KOHIICHTpamii BOIHIO B
aKyMYJISITOPHUX TPHUMIIIEHHAX. AHaNI3 AWHAMIKHA IHOTO
NpOIleCYy BUKOHAaHO Ha OCHOBI MPUYMHHO-HACIIIKOBHX
3B’SI3KiB, fIKiI Bi3yami3oBaHO Ha pHC. | BiAMOBiAHO 1O
METOIHKH, 3alIpOTIOHOBaHOI y [16].

Mummesa

npodykmusHicme

8UMANHOI 8 HMUAAYT
(da/dt)
MponyckHa 30amHicme 30HA MPOMUCNOBOIO
KaHany sUMAMHoI HPMM|L|.||EH HA

seHmunayii (L)
-

KoHueHmpauia CH (CH)
b_— »

Kinbkicme npokayaHoi
nosimpsaHoi cymiwi (V)
>

Pucynok 1 — I'pagiune npencraBieHHs 30HH IPOMHCIOBOTO
HPHUMIIICHHS Ta HOTO BXiJHUX 1 BUXIIHUX apaMeTpiB

Y wMexax wiei Mozenmi BXIIJHAMH HapaMeTpamu
CHUCTEMH BUCTYMAIOTh MUTTEBA MTPOJLYKTUBHICTh BUTSKHOT
BEHTHIISALIT dQ/dt Ta MPOIyCKHA 3MIaTHICTh
BEHTWIAIIIHOTO KaHany L. BoxHouac BuXigHHMU
napameTpamMH € KOHLEHTpaliss merany B mnoBiTpi CHy i
00’eM TIpokavaHoi MOBITPsIHOT cymimi V.

st crpomieHHst MaTeMaTHYHOTO OIUCY MiJCHCTEMU
MpPUAMAIOTBCS  KiTbKa TMPHITYIIEHb, SKi JTO3BOJITIOTH
dopMamizyBaTH TPUYNHHO-HACTIOKOBI  3B’SI3KH  MiX
mapaMeTpamm.  30KpeMa, BBaXKAEThCS, MO O0’eM
MOBITPSHOT cyMimni V, HeOOXimHWI Ui 3HMKEHHS
koHueHtpauii merany CHs4 mo 3amaHoro piBHf, €
NPOMOPIIHHIUM MUTTEBIH NPOJYKTUBHOCTI  BUTSIKHOL
BeHTWIAIT dQ/dt. Kpim TOro, cam mpolec 3MiHA
KOHLIEHTpALi] ra3y Mae iHepLiHUIA Xapakrep 1 Moxe OyTH
ONMCAaHUM TepeNaTHO (YHKIIEI0 arnepiofuvHOl JIAHKH

MEepILIOro MOPSAKY 3 MOCTiiHO Yacy Tr Ta koedilieHToM
MepeTBOPEHHS k.

CTpyKTypHa cxeMa MmiAcHUcTeMH BEHTHJIALIT 30HM
NPOMHCJIOBOr0 TNpuMilleHHsi. BpaxoByioun HaBejneHe
BUILE 1110710 ()OPMaITi30BaHOTO OIUCY IPOLECY KEPYBaHHS
SIKICTIO TOBITPS Y 30HI MPHUMILICHHS, MOYXHA CTPYKTYPHO
MPEJCTABUTH  BIANOBIAHY  MIJACUCTEMY Y  BHIJIAII
CTpyKTypHOi cxemu (puc. 2). ['0JOBHOIO 0COOIHBICTIO
MPaKTHYHOI peatizalii TaHOI CUCTEMH KepyBaHHS € Te, 110
y  SKOCTI ~ OCHOBHOTO  BHKOHYIOUOTO  IIPUCTPOIO
BUKOPUCTOBYETBCSI CHCTEMa, MOOyIOBaHA Ha OCHOBI
ACHHXPOHHOTO IBHTYHa 3MIHHOTO CTPyMY, LIBHIKICTH
obepraHHsI  SAKOTO  WiANATae  TPHOXIIOZUIIHHOMY
pEryioBaHHIO («BUMKHEHO-TPHUKYTHHK—3ipKa»), TOMY
BIJIMIOBIJTHE TO3YBaHHS KUIBKOCTI MPOKaYaHOI MOBITPSHOT
CyMillli y uYaci MOXHa peali3yBaTh JIMIIe 3aBASKH
pErJIaMeHTOBAaHOMY TIOBHOMY  BKJIIOUEHHIO IPHBOAY
(cxema 3’eJHaHHS 0OMOTOK «31pKay), MEPEKITIOYEHHIO HOTo
Ha CXeMy 3’€HaHHS OOMOTOK «TPUKYTHHK» ab0 ITOBHOMY
BIZIKJIIOYEHHIO BiATIOBITHOTO JIBUTYHA.

Mummeea npodykmueHicme

(da/dt)

MponyckHa 30amHicme KaHany
eumsmscHoi cucmemu (L)

3HauenHs ycmaeku Kornyenmpayis CH (CH)

KoHyeHmpauii (CH,)
—

30HA
NMPOMMC/IOBOr Q| Kinekicme npokauaroi
NPUMILLEHHA nosimpsaHoi cymiwi (V)

PEFYNIATOP

f

Pucynok 2 — I'pagiune npencTaBieHHs 30HH IPOMHCIIOBOTO
MIPUMIIIEHHS Ta HOTO BXiAHUX 1 BUXiTHUX IMapaMeTpiB

Peaizamis ABTOMATHIHOTO KepyBaHH:I
BEHTHWIALIMHOIO CUCTEMOIO 3IIMCHIOETHCS 3a JOIIOMOTO0
IoT-npucTporo, SIKUil OCHAIICHUH HHU3KOK IHTETPOBAHHX
(YHKIIOHAIBHUX ~ MOJMJIMBOCTEH. 30KpeMa, IpUCTpii
MIATPUMYE — TIOKIIOYEHHS 70  JIOKAIBHOI — Mepexi
NpUMILIEHHS, 3a0e3Mneuye BUMIpIOBaHHS TEMIIEpaTypu Ta
BUSIBJICHHSI HAsBHOCTI IOJyM’si B 30HI pO3TalllyBaHHS, a
TAaKOX BUKOHYE peJeiiHe KepyBaHHS OOMOTKaMH
ACHHXPOHHOTO  CNIEKTPOABHIYHa — 3  MOJXKIJIMBICTIO
BMUKaHHS, BAIMHUKaHHS 200 TIEPEeMUKaHHS MK PeKHMMaMH
JKUBIICHHSI.

OOMiH pmaHuMH 3 30BHIIIHIM cepBepoM  abo
CEPBICHOIO TUIAT(OPMOIO 3IIMCHIOETHCS 3a JIOTIOMOTOIO
MPOMHUCIIOBOTO KOMYHiKamiiHoro mportokony Modbus
TCP, mo 3abe3medye  BUCOKY  HamifiHICTH 1
CTaHJapTU30BaHy IHTErpallifo B CHCTEMU aBTOMATH3aIli].

@dopMyBaHHS KEpyHOUYOro CHUTHally B CHUCTEMI
nependavae BUKOPHCTaHHS ajanTamiiaol
XapaKTepUCTHKH, OTPUMAaHOi Ha OCHOBI MPHHLUITY
«BBIMKHCHO—BHUMKHEHO» («On—Off»), sk mpomikHOTO
eTamy Juid peaiizamii TPHbOXIO3ULIKHOTO AJITOPUTMY
KepyBaHHSA. Takuii  WiOXig — 1O3BOJISIE  BpaxyBaTH
IHepUiHICTE 00’€kTa Ta 3a0€3MEYNUTH TMOCTYHNOBHH
Mepexi BiJl KIACHYHOTO IBOIIO3UIIIMHOTO pEryIIOBaHHS
no OUIPII THYYKOTO TPHOXIO3HWIIHHOTO KEepyBaHHS
pexuMaMu  POOOTH  BEHTWIALINAHOI  cucremu. s
MOJANBIIOr0  CHHTE3y  PEeryysitopa Inependadaerscs
BUKOPHUCTaHHA ajanTamiifnol XapaKTEpUCTUKH,
npezcTaBieHol Ha puc. 3, 3 i1 MoaNIbIIO0 IHTEPIPETALIEI0
y JUCKPETHHI TPUPIBHEBUI PEXXUM POOOTH BUKOHABYOTO
MeXaHi3My, LI0 HaBeJEHO Ha puc. 4, BIANOBIAHO 1O
METOJIMYHMX MiJAXO0JiB, 3ampornoHoBaHux y [16]. Taka
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ajianTaifisi J1I03BOJIIE ONTHMI3yBaTH EHEPrOCIIOKHUBAHHS
BEHTWIALIHHOI  cucreMH, 3abe3nmeuynTH  CTAOUIBHE
MIITPUMAHHS 33J]aHOTO PIBHS KOHILIEHTpALil METaHy y
MOBITPSAHIM CyMillli, a TaKOX MiJABHIIUTHA 3arajbHy
e(heKTUBHICTh POOOTH CHCTEMH.

Quantased POWER, % from P,y

90
80
70
60
50
40
30
20
10

0 1 2 3 4 Concentrationvalue

deviation interval, %

Pucynoxk 3 — [Ipuknan amanrtamiifHoi XapaKTepPUCTHKH IS
JIICKPETHOTO PeXXUMY POOOTH BEHTWIIALIT IPH BUKOPUCTAHHI y
SIKOCTI OIIOPHOTO anropuTMy KepyBanus I11/I-perymsropa 3
napamerpamu P=12,1=12, D =0.1, N =200

Lleit BapiaHT aganTaUifiHOT XapaKTEPUCTUKU €
anpokcumariero [1IJ[-anroputMy KepyBaHHS 3 paHilie
BU3HAYCHUMH I1apaMeTpaMHu peryistopa. Biamosigni
JIUCKPETU30BaHi 3HAUYEHHS IS peasizanii
TPHOXIO3UIIIHHOTO KEPYBaHHS HaBe/IeHO y Tab. 1.

Posnonin ¢yHKIIH cucTeMH KepyBaHHS y Mekax
30HM TIPOMHCIIOBOTO IPUMIIICHHS 3JIIHCHEHO TaKUM
YyHHOM: mporpamHa dactuHa (Soft) Biamosimae 3a
aJanTario IMapaMeTpiB 1 MOHITOPMHT Ha cepBepi,
IHTETPOBAaHOMY y  CIUJIBHY  JIOKQIBHY  MEPEexy,
3a0e3meuyroun [EHTPATi30BaHEe YIPABIIHHS IPOIECaMu
BeHTHWIAIIIT Ta  00poOKy  maHux.  besmocepesane
BUMIPIOBaHHSI TapaMeTpiB peai3yeTbcsi 3a JO0TOMOTO0
cnopiaeHoro loT-010Ky Ha OCHOBI Ta30CHUTHANII3aTopa
«BAPTA 2-03A» (BupoOnunrsa TOB «TEMIO»), mo
mpamkoe B Mexax mesh-mepexi. Jlanuit 010K ocHameHUN
JIOZIATKOBUM iHTepeHCHUM MomylieM it 3B°S3KYy 3
CHCTEMOIO Ta OOpOOKHM OTPHMAaHMX JAHUX y PEaTbHOMY
yaci, 0 JI03BOJISIE MTiIBUIIUTH ONEPaTUBHICTh pearyBaHHs
Ha 3MiHy KOHIICHTpALii ra3y y npuMimeHHi. Takuii mimxis

e |
I | [
Aoanmauiina |

I | xapakmepucmuxa |

Perynartop

3HayeHHA ycmasKu
KoHyeHmpayii (CH,)
E——

Nigcnucrema
perynatopa 3 onopHuUm

| .
|Mummeea npodykmueHicme
| sumacHoi cucmemu (dQ/dt)

3abe3nevye MiBUILEHY THYUYKICTh CUCTEMH KepyBaHHS, 11
MacuITaboBaHICTh Ta CTIHKICTh 10 JIOKANbHHX 300iB Yy
Mepexi.

Ta6muus 1 — Anpoxcumanist I11]] - anropurmy

. MoTy:kHicTH NPpUBOIA

InTepBas Binxuiaenn e .

3Ha4YeHb KOHLEeHTpauii, %o BeHT“Hﬂu“f,Hm
cucremMu, %

0-0.055 0
0.055-0.222 10
0.222-0.381 20
0.381-0.550 30
0.550-0.719 40
0.719-0.888 50
0.888-1.057 60
1.057-1.227 70
1.227-1.396 80
1.396-1.565 90
1.565 Ta Oinble 100

3aranabpHuil onMc podOTH cHCTeMH BeHTHIAUIl B
AUCKpeTHOMY (Tpboxmo3uuiliHomy) pexumi. s
peanizamii J030BaHOi TNPOKAYKW MOBITPSHOI CyMill B
cUcTeMi BEHTWINIl, MO (QYHKIIOHYE BHUKIIOYHO B
TPHOXIO3UIIIHHOMY pexuMi, nepenoayaeTbes
BUKOPHCTaHHS MEXaHi3My KepyBaHHS, C()OPMOBAHOTO Ha
OCHOBI aJanTamiifHOi XapakTepUCTUKHA. Pexxum pobotn
CHCTEMH  BH3HAUae€ThCSI Yy  MeXax  3a3/ayeriip
BCTAHOBJICHOT'O OE€3MEYHOro iHTEpBally 4acy, HalpHKIAM
20 XBWIWH, TPOTATOM SKOTO 3MiHA CTaHIB BEHTIUIALI]
BiMOyBa€TbCSA JHUIIE HAa HMOTO MeXax, 00 YHUKHYTH
YacTUX  ITIEPEMHUKaHb, IIEPEAYaCHOTO  3HOIIyBaHHS
obnasHaHHsA Ta 3a0e3NeunuTd HEeOoOXiqHY IHEpUiiHICTH
nporiecy (puc. 5). 3HadyeHHSA MOTYXKHOCTI, OTpPHMaHi
NUIAXOM  KBAaHTOBAaHOI  IHTepmperaiii  aganTarfiiHol
XapaKTEePUCTHKH, CITIBBITHOCITHCS 3 pEKHUMaMH POOOTH
ACHHXPOHHOTO JBHIyHa: 3HaueHHd B Mexax 100 %
BIIMOBIIAIOTh BKIIIOYEHHIO OOMOTOK Y CXEMY «3ipKay,
miamazod  40-90% — BKIIOYEHHIO 3a  CXEMOIO
«TPUKYTHUK», a HYJIbOBE 3HAYCHHS O3HAYa€ IIOBHE
BIZKJIIOYEHHS ABUTYHA.

MponyckHa 30amuicme KaHany
sumsaxcHoi cucmemu (L)

KoHnyenmpayia
CH (CH)

30HA NPOMUCIIOBOTO KinbKkicme npokavaHoi

(N1A, - perynatop)

|

|

|

|

|

|

|

- I
Migcucrema 1
|

|

|

)

3aKOHOM KepyBaHHA W

perynatopa ans Soft-
ApanTtauii onopHoro

3aKOHY KepyBaHHA nig
AVCKPETHUI pexnum
po60Tn BeHTUAALT

T

v

AL Ak nosimpsaHoi cymiwi (V)

Pucynok 4 — CtpykTypHa cxeMa KOHTypy peryiroBaHHs CHa 3 amantaniiiHOIO XapaKTepUCTHUKOIO
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TexHiuHO 6e3neuHnii yac

VYBiMKHEHO
(TpuKyTHUK/
3ipKa)

Yac po6otu
BeHTUAALT

Pucynok 5 — Iuknorpama Ge3mneqHoi poOOTH BEHTHIIALIT Y
JIUCKPETHOMY PEKUMIL

3aBIsKH 0OMEXEHHIO KUTBKOCTI IepEMHUKaHb Ta IXHil
MPUB s3I 0 BHU3HAYCHHX YAaCOBUX IHTEPBAJIB 3HAYHO
3MCHIIYEThCS HABAaHTAKCHHS Ha  CJICKTPOMEXaHIdHi
KOMIIOHEHTH CHCTEMH, IO CIPHUSIE 3HWKCHHIO DPU3HKY
BUHHKHEHHS aBapiffHUX CUTYAIIiH, I IBUILIEHHIO
HAJIHHOCTI poOOTH 00NaTHAHHS Ta 3MCHIIICHHIO BUTPAT Ha
HOro TexHiuHe 00CITyroByBaHHS.

MopaesioBaHHS MPOLECY KEPYBAHHS BEHTHJISIICI0
Y 30Hi MPOMHCJIOBOTO NPUMIllleHHS B CepeIOBHILI
MATLAB. J[lns MOAENIOBaHHA MpOLECY KepyBaHHS
BEHTINIAIEI0 y BHOpaHii 30HI MNPHUMIMICHHA Ta
MOJANTBIIIOTO aHAJi3y OCHOBHHUX JUHAMIYHHUX MTapaMeTpiB y
cepenosuiri MATLAB 6ymna po3pobiieHa Ta peanizoBaHa
imMiTariifHa cxeMa, npejcTaBleHa Ha puc. 6.

v,Al R

Air CONCENTRATION
SETPOINT

7»

Adaptive

L STAR_TRANGLE_ZERO
characteristic

Subsystem - Interpreter

— Adaptive

CH CONCENTRATION

Air COASTS|
**7

L—
O
Modeling RESULTS @

Pucynok 6 — Cxema 7151 MOJIEITIOBaHHS IPOLIECY KePYBaHHS
BEHTHJISAIIEI0 30HU MpUMileHHs B cepenosuini MATLAB

Air concentration
inROOM

Air CONCENTRATION

COASTED Air

SIK BU/IHO 3 pUCYHKa, CTBOpPEHA MOJIENb MICTUTh TPH
OCHOBHI  TIJICHCTEMH: mificucTeMy — MPUMILICHHS
(«KROOMp), sika iMiTye TMOBEAiHKY 00’€KTa KepyBaHHS,
BPaxOBYIOUH IHEPIIHHICTh MpPONECY OYMIIECHHS IOBITpPS;
MiZICHCTEMY aIanTUBHOI XapakTepucTHkH («Adaptive
characteristic»), mo GopMye HEOOXiTHHIA PeryIATOPHHUN
BIUIMB Ha OCHOBI 33/IaHUX MapaMeTpiB aJanTaliii; a TaKox
miicucTeMy IHTEpIpeTallii i€l XapakTepUCTHKH Y opMaTi
TPBOXIO3UIIIHOTO KEpYHUOoro CUTHAJTY
(«STAR_TRIANGLE ZEROw), sika BianoBigae 3a BUOIp
PeKHUMY POOOTH BHUKOHABUOI'O MEXAHIZMY 3aJIeXKHO BiJ
MOTOYHOTO CTaHy cHucTeMd. Taka moOynoBa Mopeni
3abe3nedye IUTICHE BIATBOPEHHS JIOTIKM KEpPyBaHHS Ta
JIO3BOJISIE ZIOCITIINTH B3AEMO/IIIO MiZICUCTEM B YMOBaX 3MiH
HaBKOJIMIIHBOTO CEPEAOBHIIA.

Jns  Bizyamizamii pe3ysbTaTiB  MOJEIIOBAHHS Ta
3a0e3meueHHs] 3pyYHOT0, HAOYHOTO aHalli3y IOBENiHKA
CHUCTEMH BEHTWLALIi B pealbHOMY dYaci, Y CepeIOBHILI
MATLAB/Simulink BUKOPHCTAHO cremiaaizoBaHi
JIOTIOMDKHI  OJIOKM  BI3yaJIbHOrO KOHTPOJIFO. 30Kpema,
peaiti3oBaHoO BiqoOpaKEHHS THHAMIKH 3MiHH KOHIICHTPALIil
METaHy y TOBITPI 3a JONOMOIOI OJIOKY «Air
Concentrationy, 110 Ja€ 3MOTY B PSKUMI PEabHOIO Yacy
OLIHUTH €(EeKTHBHICTh MNPOLECY OYMINEHHS IIOBITPS B

KOHTPOJIBOBaHii 30Hi. /|11 KOHTPOIIO 06CATY MpOoKadaHoi
noBiTpsiHOT cyMitin BukopuctaHo 6ok « COASTED AIR»,
SIKMA JI03BOJISIE BU3HAYUTH (JAKTUUHY BUTpATy MOBITPS Ta
il BIAMOBIAHICTH BUMOTaM JI0 CHEProe(eKTUBHOCTI
cucremd. KpiM TOro, KIIOYOBUM €JIEMEHTOM € OJIOK
«Modeling Results», sikuii hopmye rpadiku nepexigHux
MPOLIECIB — TAKMX SIK 3MiHa KOHIIEHTpalii ra3y, JTUHaMIiKa
KEpyIOuOro CHUTHAIIy Ta TEpPEMHKaHHS PEXHMIB pOOOTH
BEHTWSILIIHHOTO TPUBOLY — MO JIO3BOJSIE HAOYHO
MpOaHai3yBaTH €(DEKTUBHICTh PETYIIOBAHHS Ta BHSBUTH
MOTEHI[IMHI HampsAMH I ONTHMI3alii  alrOpUTMIB
KepyBaHHSI.

[pukiagu OTpUMaHUX PE3yNbTATIB MOJIEIIOBAHHS
HaBEeIEHO Ha puc. 7, Ie BimoOpakeHO AMHAMIKY 3MiHH
KOHLIEHTpaIil MOBITPSHOI CyMilmli y NpPUMILICHHI,
BiIXUJICHHS Kepyr4oro cuTHaly Ta  poOoTy
IHTepIIpeTaTopa TPhOXIIO3HUILIHHOTO PEeryIIOBaHHS.

AIR CONCENTRATION SETPOINT
100 =

80 W K} I Air concentration in ROOM

60
\ Control deviation Subsystem -

Interpreter

I
I

20 w I I

N .
0 500 1000 1500 2000 2500

time, sec

Pucynok 7 — [Ipuknaj nepexiiHUX MpoLeciB B CUCTEMI TIPH
BUKOPHUCTaHHI y SKOCTi OIIOPHOTO anroputMmy kepyBanus [11/1-
perymnsropa 3 mapamerpamu P =12, 1=12, D =0.1, N =200
(1HTEpIIPEeTOBaHO 3 aJAITUBHOT XapaKTEPHUCTHKH)

Bepyun mo yBarm ocoOIMBOCTI, BpaXOBaHi ITiJ] Yac
(hopmaizanii NpUMILIEHHS SIK 00’ €KTa KepyBaHHS, HIKYE
HaBE/ICHO TPHUKIAAN peaizallii BiANOBITHUX MiJICHUCTEM,
BHUKOPUCTaHUX Y MOJEINI U POBEJCHHS KOMIT IOTEPHOTO
MozxemoBaHHA. Ha puc. 8 mpencraBieHO TNpHKIaZ
peamizamii  migcucteMd  (QopMyBaHHsS  aJaNTHUBHOI
XapakTepucTHKH. i 106y 10Ba 6a3yeThes Ha MOCTiTOBHOMY
MOPIBHSAHHI BX1ZHOTO CUTHAITY 13 3a3janerigp
BU3HAYEHUMH TIOPOTOBUMH 3HAUEHHSMH, IO 33/1al0Th
MEXI YyTJIMBOCTI cucTeMH. KoxeH OJOK MOpiBHSHHS
TeHepye€ BIAMOBIHNIN OiHapHUI CUTHAI, SIKMU BijoOpaxae
(akT mepeBHIIEHHS a00 HEJOCSATHEHHS IEBHOTO PIBHSA
BX1gHOT BCIIWYHHU. Hami OiHapHi CHTHAJIA
MiZCYMOBYIOTBCSA 1 IPOXOMATH €Tal MacIITa0yBaHHS ISt
MPUBEJCHHS OTPUMAHOTO pe3yJbTaTy A0 HEOOXiTHOTO
Jiama3oHy 3Ha4eHb Kepyrodoro curHaiy. [licast msoro
pe3yJbTaT HAIXOIUTh Ha KoMyTauidHuid Omok (Switch),
KW, BUXOIAYM 3 TMOPIBHSAHHS 31 BCTAHOBJICHUM
JONATKOBHM IOPOrOM, BHM3HA4a€, YU CIiJ aKTHUBYBATH
BUKOHABUMII MEXaHi3M y BianoBigHoMy pexumi. Takwii
MiAX1T  JI03BOJISIE  peali3yBaTH  afalTHBHY peaKxilifo
CHCTEMU Ha 3MiHY BXIJIHOTO CUTHAJIY 3 YpaxyBaHHIM
BU3HAYeHOI IOPOroBOi  YYTJIMBOCTI, 3a0e3eduyloun
THYYKICTh HaJIAIITyBaHb Ta IMiJBHUIIEHY CTIHKICTb pOOOTH
HaBiTh 32 YMOB 30BHIIIHIX 30ypeHb a00 HeCTaOUILHHX
MPOIIECiB y pOOOYIOMY CEpeIOBHIII.
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OUTPUT
Switch

Pucynok 8 — [Ipukian peanizamii miacucTeMu aJanTUBHOT
xapakTepucTukh («Adaptive characteristicy)

[Nomanpiie MOAEMIOBaHHS MPOLECY BEHTWIIALI, SK
00’eKTa KepyBaHHS, IOJaHO Ha puc. 9. Y miil mimcucremi
peanizoBaHO JWHAMIYHY MOJENb IPHUMIMICHHS, SKa
BpaxoBY€ 3MiHy KOHIIEHTpAIlil METaHY B TOBITpPi 3aI€KHO
BiJl HasBHO{ BUTSDKHOI MOTY>KHOCTI CHCTEMH BEHTHILALII.
Mogens BKIIIOYA€ iHEPIiHHI BIACTUBOCTI 00’€KTa, MIO0
JIO3BOJISIE  BiZIOOpa3WTH 4YacoBi 3aTPUMKH y 3MiHI
KOHLIEHTpalii Ta3y Tpd 3MiHI yYMOB  BEHTHIIALIL.
[Mepen6ayeHo TakoXK MOXKIIMBICTh OL[IHKH BUTPATH ITOBITPSI
Yyepe3 BEHTWILIMHMI KaHal Ta peakiii KOHIEHTpalii y
Yaci, 110 J]a€ 3MOTy He JIMIIE aHalli3yBaTH MHUTTEBI CTaHH
CHCTEeMHM, a I BIATBOpIOBATH peajbHI (i3HM4YHI MpOLEcH
OUWIICHHS TIOBITpA B JAuHamimi. Takuid MWiaxix mo
MOJCIIOBaHHS 3a0e3nedye aJeKBaTHICTb OTPUMAaHHX
pe3yIbTaTIB, HO3BOJISIE OIIHIOBATH €(DEKTUBHICTH PI3HUX
CTpaTerii KepyBaHHSA 1 CHIpHsI€ MONAIBIINA ONTHUMI3aIil
peXKUMIB  poOOTH  BEHTWIALIMHOI  CHCTEMH  IUIA
MPOMHCIOBHX NPUMIIIEHb 13 PH3UKOM HAKOIWYCHHS
TOPIOYHX Tas3iB.

1
Air COSTS

O

Control SIGNAL to
VENTILATION

i CH
I: Concentration
AR

CONCENTRATION

Pucynok 9 — [pukian peamnizamii miacucTeMu IPUMIIIICHHS
(«<ROOM»)

3 METOH  Y3rO/UKCHHS  BUXITHOTO  CHUTHAIY
aJalTUBHOI XapaKTCPUCTUKHA 13 JUCKPETHOIO JIOTIKOIO
TPHOXIIO3UIIIITHOTO KEPYBaHHS, pPEalli3oBaHO MiICHCTEMY
iHTepmperarnii, ska mnpencraBieHa Ha puc. 10. Bona
3MIACHIOE TOPOTOBY OOpOOKY amanTHBHOTO CHTHAIY,
pO3IISAIOYM HOTO HA TPH JMialla30HH BigNOBITHO 10
PSKHMIB POOOTH ENEKTPOABHUIYHA: IMOBHE BHMKHEHHS,
PSKHM 3HMXKEHOT TOTY)KHOCTI Ta MOBHE HABAHTA)KCHHSI.
Takuii migxig OO3BOJSE MOEAHATH IUIABHY JIOTIKY
pEryJIIOBaHHS 3 aMapaTHOK peai3alli€lo y BUIISII
TPUIMO3UIITHOTO BUKOHABYUOTO MEXaHI3MY.

(1 1> 90—
INPUT

Quantalased
PERFOMANCE

E’_r’

Pucynok 10 — [Npuknan peanizarii migcucTeMu iHTepIpeTarii
a/IalITUBHOI XapaKTEPUCTHKH B TPhOXIO3UIIHHUI CUTHAT
kepyBaHHA («STAR_TRIANGLE ZERO»)

>0 1)

OUTPUT

OcHoBHi BHCHOBKH 3a pe3yJibTaTaMu
MO/JC/IIOBAHHS Tpolecy KepyBaHHS KOHLEHTpalico
NMOBITPSl Y NPOMUCJI0BOMY NMPUMillleHHi B cepeIoBHILi
MATLAB. Ha ocHOBi MoOzeai Ta  METOIUKH,
3anpoIioHoBaHol y podoti [16] 1 aganroBanol 10 3amadi
ABTOMAaTU30BaHOTO KepyBaHHs BEHTUIIAILIEI0 B
NPUMILIEHHSIX EHEePreTHYHUX IiANPHEMCTB 13 PH3UKOM
HaKONHMYEHHS! BUOYXOHeOe3MeuyHnX rasis, OyJ0 BUKOHAHO
cepito QHATITUYHUX eKCIIEpUMEHTIB HUISIXOM
KOMII'FOTEpHOTO MojemoBaHHs B cepenoBuii MATLAB
Simulink. TIIpencraBneni pe3ynbTatn JEMOHCTPYIOTH
KJIIOUOBI TPHHIMUNU TOOYJOBHM CHUCTEMH BUTSKHOL
BEHTIUIAIIT 3 ypaxyBaHHIM ocoOIIBOCTEH
TPBHOXIIO3UIIIHHOTO perymoBaHHS MOTY>KHOCTI
ACHHXPOHHOTO  €JIEKTPONPHBOAY, OpPIEHTOBAHOTO Ha
cTablmi3alio KOHIEHTpallii MeTaHy y MOBITPsHII cyMmimIi.
Jnist BUMaIKy KOHTPOJIO BOJHIO B aKyMYJISITOPHHX 3ajlax
pO3paxyHKOBa CXeMa Ta airOpUTM  3aJIUIIAOTHCS
AHAJIOTYHUMH.

AHamni3 TNpaKkTHYHHUX pe3yJbTaTiB II0Kas3aB, II0
BukopuctanHsa [l abo III/[-3akoHYy peryiaroBaHHA ¥y
CHCTeMaxX BEHTWILII 3 AWCKPETHHM PEXHMOM POOOTH
3a0e3nedye CTIHKWI 1 DIBUAKUN MEpeximHuil mporec 3a
KOHIICHTPALIIEIO Ta3y Y MOBITPAHII cyMiri 6e3 mopyIIeHHS
HOpMaTHBHUX BHMOr. Ilapamerpm sKocTi mepexony,
OTpHMaHI B XOIi MOJENIOBAHHA, MPOAEMOHCTPYBAIN
BiAIIOBIIHICTE 3arajJbHONPUUHITHM TEXHIYHUM
KPHUTEPIisAM: cTaTU4Ha MOXuOKa 3anuianacs Menme 1 %, a
KOJIMBajbHI SBUINA OyJid BIACYTHI, IO HAOJMKAIO
JMHAMIKY TOBEIIHKH CHUCTEMH JI0 alepiofndHOi JaHKU
JPYTOTO MOPSIIIKY.

Kpim Toro, pe3ynbTaTH MOJICIIOBaHHS 3aCBiIUMIIH,
10 MiHIMI3allis eHepreTHYHUX BHUTPAT HA MPOKadyBaHHSI
MOBITPSTHOT CyMillni 03 MOTipIIeHHS SIKOCT] PEryJIIOBaHHS i
CTIKOCTI CHCTEeMH MOXJIMBA TMUIIXOM 3aCTOCYBAaHHS
MIPOTOPIIHHO-IHTET PATLHOTO abo TIPONOPIIHHO-
IHTETpaTbHO-TN(PEPEHIIITHOTO 3aKOHY pETyIIOBaHHS 3
MiHIMaJIbHUM BIUTUBOM JH(EpeHIiiHOI CKIIaJI0BO1, SKHUii
CTAHOBUTHb JIMIIE JIOJII BIJICOTKAa BIiA IHTErpajbHOL
CKJIaJIOBOI.

OxpeMy yBary NpPUIIICHO OINHIN e(EKTUBHOCTI
aJlanTaniifHol XapaKTEepPUCTHKHY, sika Oyi1a BUKOPHCTaHA JIJIs
TpaHcdopmarlii KITacHYHOTO PEryyisiTopa y AWCKPETHY
¢opmy. OTpuMani pe3yJIbTaTH i ATBEPIIIH, 10 TO0YyI0Ba
ajanTaniifHol  XapaKTEpUCTUKH  3HAYHO  CHPOIUIYE
peaizamiio peryIoBaHHS HA BUKOHABUMX ITPUCTPOSX TUITY
«On/Off» 3 momanpIIM MEPEXOAOM 0 TPHOXIIOZUIIHHOT
JIOTiKH.

[onmanpmmii aHai3 TIATBEPIUB TAKOX €(PEKTHBHICTH
3aCTOCYBaHHSI CEPBEPHOI apXITEKTYpH THUIy «CepBep —
BUKOHABUMI MNPUCTPI 31 3BOPOTHUM 3B’SI3KOM depes
CHUIbHY 1H(POPMAIIHHO-KEPYIOUY MEPEXKy», L0 JO3BOJISE
ONTHMI3YyBaTH TPOLEC HANAIITYBAaHHS, MOHITOPHHTY Ta
nepenadi JTaHUX y CHCTEMi 3a yMOBH BHKOPHUCTaHHS
HaJlITHUX IPOMUCIIOBUX IIPOTOKOJIIB OOMiHY.

BucnoBku. IlpoBemeHe mocmifpKeHHs J03BOJISIE
3pOOUTH psi aHAITHYHUX Ta MPAaKTHYHUX BHCHOBKIB, SIKi
MalOTh 3HAYCHHA I pPO3POOKH, BIPOBAKCHHA 1
HaJIAIITYBaHHS AHAIOTIYHUX CHCTEM Ta IIJICHCTEM
ABTOMAaTHYHOT'O PETYIIIOBAHHS.
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Opranizaliis cUCTeMU KepyBaHHs Ha OCHOBI CHUTBHOT
JIOKAJIbHOT iHpOpMaIiHHO-Kepy04oT Mepexi 3
BUKOPHUCTAHHSAM HaMidHUX I1HTepQEiCciB 1 CTaHIAPTHUX
MPOTOKOJIIB 3HAYHO CIIPOIIYE apXiTEKTypy CHUCTeMH Oe3
BTpaTH 11 (YHKI[IOHAJBHOCTI Ta MiJIBHUIIYE THYYKICTH Il
MacuiTabyBaHHs 1 pe3epByBaHHsA. CrpoiieHHs (i3m4HOT
iHQPacTPyKTypH, Y TOMY YHCJII TpacyBaHb 1 HiICHCTEM
JKUBJICHHSI, 3a0e3Medye 10JaTKOBI €KOHOMIYHI IepeBaru
Ha eTarax MPOEKTYBaHHS 1 BIPOBAPKEHHSI.

IHTerpamiss DOCTYIHMX  €NEMEHTIB, TaKUX SIK
CTaHIAPTHI [MATYUKH, MIKPOKOHTPOJIEPH Ta BIOKPHTI
CepeloBUIIa PO3pOOKH, CIpHUSAE ICTOTHOMY 3HIDKEHHIO
BapTOCTI  CTBOPEHHS, PO3TOPTaHHA 1 MOJANBIIOTO
00CITyTOBYBaHHSI CHCTEMH, IO POOWUTH ii EKOHOMIYHO
NpUBaOIMBOIO JUISi  BIPOBADKEHHS Yy IPOMHUCIOBUX
yMoBax. BuUKOpHCTaHHSI KOMIIOHEHTIB 13 BiJKPUTHMHU
cneuudikamisMi TakoXK 3ade3redye OUIbIy THYYKICTh Y
MpoIeci MOJIEPHI3alii Ta MacIITaOyBaHHS CUCTEMH ITiJ|
KOHKpeTHI BUMOrH 00’ ekta. Brimrouenns loT-TexHomorii i
TEXHOJIOTiIH mpomucioBoro intepuery peueit (IIOT)
JIOJTATKOBO CIIPOIIYE IHTETpaIlifo CHCTEMH Y TJIo0albHI
iH(OopMaIIiifHI eKOCHUCTEMH, 3a0e3MeTyI0Yr MOKIUBICTD 11
BIIJJAJICHOTO MOHITOPUHTY, KEpYBaHHS Ta OIEPAaTHBHOTO
HAIAIITYBaHHA. 3aBASKH TAKOMY IiIXOAY BiTKPHBAIOTHCS
HOBI MOJMJIMBOCTI  3acTocyBaHHS TymaHHuX (fog
computing) Ta xMapHUX obuncieHs (cloud computing) s
00pOOKY JaHUX 1 MiABHIICHHS 3arajlbHOI AKOCTI MPOLECIB
KEepyBaHH:, II0 € OCOOJIMBO BaXKIUBUM s 00’€KTIB i3
BHCOKMMH BHMMOTaMM 110 HajJilHOCTI, Oe€3leKu Ta
EHEeProe()eKTUBHOCTI.

BukopucranHs web-TeXHOJIOTIH AJIs1 HalalTyBaHHs,
aJIMIHICTpyBaHHS Ta MOHITOPHMHIY CIPHSE MiJBUIIECHHIO
e(heKTHBHOCTI eKcIuTyaTanii cucremu Ha 6a3i mesh-mepex.
MynbTHIIPOTOKOJBHA — MIATPUMKA MPU  I'PAMOTHOMY
MPOEKTYBaHHI TO3BOJISIE CHHEPTETUYHO MMOETHYBATH Pi3Hi
KaHaMd OOMiHYy JaHUMH IS TIBWIICHHS HAIIHHOCTI i
MPOAYKTUBHOCTI KEPYIOUUX TPOIIECIB.

Oco0muBy yBary ciiji NpUIUIATH BUOOpY armapatHol
ocHoBu qua loT- 1 IloT-cucrem 3aCTOCYBaHHs
MiKkpokoHTpoJepiB cimerictBa ESP BupoonunTea Espressif
Systems J103BoJIsiE€ CYTTEBO 3HU3UTH BUTPATH Ta CIIPOCTUTH
SIK PO3rOPTaHHS, TaK i MOAANBIIY MIATPUMKY CHCTEMH.

VY mijoMy pe3yibTaTH MPOBEICHOTO TOCHTIKCHHS
MiATBEPAKYIOTh €PEKTUBHICTH 3aIIPONOHOBAHOT METOTUKH

o0y ToBH JTIUCKPETHIX CHCTEM KepyBaHHSI
BEeHTIIAIITHIMHK TpollecaMd Ha OCHOBI ajanTaIiifHol
XapaKTepPUCTHKH, 30KpeMa Ui  3a/ad4  KOHTPOIIO
KOHIICHTpaIlii BHOyXOHeOe3NMeyHuX Tra3iB — TaKhuX SK

METaH y IPUMIIIEHHIX i3 ra3oreHepaTopaMi Ta BOICHD B
aKyMyJISITOPHUX 3aj1ax. Takok 0OIPYHTOBAHO IOLIIBHICTh
BIIPOBA/DKEHHSI THYYKOi Ta MacIITa0OBaHOI apXiTEKTypH
KEepyBaHHS 3 BUKOPHCTAHHSM Cy4YacHHX 1H(opMauiitHuX
texnosorii 1 loT-npuctpoiB, 1m0 3a0e3meuyoTh
IHTErpallil0 CHCTEMH B JIOKAJIbHI Mepexi KepyBaHHsS Ta
MOHITOPHUHTY.
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ADAPTIVE THREE-POSITION CONTROL OF VENTILATION IN POWER FACILITY PREMISES
WITH THE RISK OF ACCUMULATING EXPLOSIVE GASES

The article presents a methodology for three-position discrete control of ventilation systems in the premises of energy enterprises with an increased risk
of forming explosive gas environments. The focus is on two typical sources of hazardous gas accumulation: methane, released in rooms with gas-fueled
power generator units, and hydrogen, generated while charging lead-acid batteries in accumulator rooms. The proposed approach enables the transition
from two-position (“On-Off”) control to a three-position ventilation drive control mode using an adaptive characteristic derived from a PID controller
with predefined parameters. The control is implemented through an asynchronous electric motor with a “star—delta—off” switching scheme, allowing the
exhaust ventilation operation mode to adjust automatically. The automation of the system is based on an IoT device that supports integration into a local
information-control network, measures temperature and flame presence, and transmits data via the industrial ModBus TCP protocol. System operation
modelling was performed in MATLAB Simulink, including implementing the adaptive characteristic subsystem, its conversion into a three-position
control signal, and a dynamic model of ventilation behaviour under varying gas concentrations. The results confirm the stable operation of the ventilation
system, effective reduction in methane and hydrogen concentrations, and decreased energy consumption through optimized fan control. The proposed
methodology allows classical control algorithms to be adapted for discrete actuator operation and enables seamless integration of ventilation subsystems
into modern automated energy infrastructure.
Keywords: three-position discrete control; ventilation system; explosive gases; methane; hydrogen; gas generators; battery rooms; PID controller;
Internet of Things (IoT); automation; MATLAB Simulink; ModBus TCP; energy efficiency; energy facilities.
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JOCJIJIKEHHSA JTOIIJIBHOCTI 3ACTOCYBAHHSI HAKOIIUYYBAUIB EJJEKTPUYHOI EHEPITi
B EJIEKTPUUYHHUX MEPEXKAX YKPATHU

[IpoBesieHO ROCIIIHKEHHS, SKE J03BOJIMIO OOIPYHTYBAaTH [OLJIbHE 3aCTOCYBaHHS HAKOIMYYBAdiB CIEKTPUYHOI CHEprii B ENEKTPUYHHX Mepexax
VYkpaiHu. AKTyalbHICTh IIBOTO JOCIIDKEHHS 00YMOBIICHO BIIPOBA/DKCHHSM B CJIEKTPHYHI Mepeki YKpaiHM BiJHOBIIOBAaJbHUX JKEPEd €Heprii, 110
cripusie HeOOXITHOCTI B aKyMyJIOBaHHI €1eKTPUYHOI eHeprii. sl 3HaXOKeHHsI IUIAXIB peasi3awii miel npodieMn BUKOHAHO aHAJIi3 MaxOBUKOBHX,
HAJIPOBIHUKOBUX IHAYKTUBHHX HAKONHMYyBadiB €ICKTPUYHOI €HEPril, aKyMy/IATOPIB BEIMKOI MOTYKHOCTI Ta CynepKoHaaHcatopis. PosrisHyTo ix
0co0JIMBOCTI pOOOTH, IIEpeBark Ta HEJOMIKH. 3 aHaANi3y MepeBar, HeJIOJIKiB Ta 0COOIMBOCTEH POOOTH HAKONIMYYBAYiB €IEKTPHUYHOI €HEprii citigye, 1o
JIOLITEHO BU3HAYHUTH ONTUMAIIBHY cepy 3aCTOCYBaHHS ULl KOXKHOTO 3 HUX Ta BUSBUTH 1X BiAIOBIHICTb ICHYIOUiH B €JIEKTPHYHHX MEpexax mpoodiemi.
[poBeneHuit aHami3 T03BOJMB L€ 3pOOHTH i OOIPYHTYBaTH ONTHMANbHY chepy 3aCTOCYBaHHS KOXKHOTO BHIY HAKOMHMYyBadya, a TAKOX BHSABHTH I1X
BiZIMOBIHICTH BIpIIyBaNbHIi B €IEKTPUUHUX Mepexax npobuemi. s mifBUIEHHsS eHeproedeKTHBHICTE MEPEeKXi 3a PaxyHOK ONTHMI3allii nporecis
BUPOOHHMIITBA 1 CIIO)KMBAHHS €JIEKTPOCHEPrii po3poOieHi CXeMH IiIKIIOYSHHS HAKONMMYyBadiB eJICKTPUYHOI eHeprii, a came cxema, sKa BPaxoBYye
KaTeropii HaAIfHOCTI CHOKMBA4YiB Ta CXeMa, sIKa BPAxOBY€ HASBHICTH B MEPEXKax BiIHOBIIOBAIBHHX JDKEped eHeprii. 3ampormoHOBaHi CXeMH
MIKJIIOYESHHS] HAKOITMYYBayiB eEKTPUYHOI €Hepril 103BOJISIOTH BIAMOBUTHCS BiJl BEIMKHUX PE3EPBHUX I'€HEPYIOUMX EJICKTPOCTAHLIM npu 30ep exxeHHi
PEXHUMHOI HagiitHocTi Mepexi. [l 3acTocyBaHHs JIOLUIBHOTO BUJly HAKOITMYyBa4a €IEKTPUYHOI eHeprii Mix yac BUpILIEHHS Tiel 4y iHIIOT npobneMu
copMOBaHO CTPYKTYPHY MOJENb BiAMOBIAHOCTI BUAY HAKOMHMYyBada BUpIlIyBaHid mpobmemi. 3actocyBaHHs CHOPMOBAHOI CTPYKTYypHOI MoOIemi
JIO3BOJIUTH NOKPAIINTH NOKA3HUKHU SKOCTI JIEKTPUYHOI €HEpril, peKMMHOT HaJIIHOCTI MEpeXi Ta eHepProeeKTHBHICTh EIEKTPUYHOT CUCTEMH B LIIJIOMY.

Kuro4oBi ci1oBa: BiIHOBIIOBANIBHI JUKEPEIIa €HEPTil; eIEKTPUYHA SHEPTis; eISKTPUYHA Mepexa; eHeproe(heKTUBHICTh; HAIHHICTh; HAKOINYyBayu

€HEepril; AKICTh eIEKTPUYHOI eHeprii.

Beryn. BrpoBampkenns B enekrpuuni mepexi (EM)
VYkpainn BigHOBmIOBaNbHMX Kepen eHeprii  (BJ/IE)
00yMOBITIOE HEOOXIMHICTh B aKyMYJIOBaHHI €IEKTPUIHOT
eHeprii. OMHUM i3 HANPSMKiB BUPIIIEHHS IOTO TUTAHHS €
BIIpoBaykKeHHsE B EM HakommayBadiB eNEKTPUIHOI €Hepril
(HEE). 3aBnmannsm HEE sBnserbcsi BHpIBHIOBaHHS
HaBaHTaxeHHs B EM B mepiogM MakcHMalbHOTO Ta
MIHIMAJILHOTO CIIOXHUBaHH: eNekTpudHoi eneprii (EE).

HEE BrumBatote Ha ¢yHkuionyBanus EM. Bonu
HakonnuytoTh EE B mepionn MiHIMaNbHOTO CIIOXKUBaHHS, a
BIJMTyCKAIOTh ii MiJl 4ac MaKCHMAJIFHOTO CIIO)KHBaHHS.
Tobro, BOHM MarOTh 3[aTHICTh pPO3AUIATH Yy dHaci
BUPOOHHUITBO i crioxuBaHHA EE, mo nokpamiye pexxumHy
HagiiHIcTh EM 1 00yMOBIIOE OJHWH i3 TEPCIIEKTUBHUX
HanpsMiB po3BuTky EM Ykpaian. CuctemMn HaKOIMYICHHS
eHeprii € 0ocoOMMBO HEOOXiTHIMH [T iHTeTpatii 00’ €KTiB
«3€JIEHOI» EHEPreTMKU B EHEProcucreMy YKpaiHuy,
OCKUJIbKHM CIIPUSIIOTh HaJIMHOCTI BHKOHAHHS ILJIAHOBOTO
rpadiky Bugaui noryxHocti B8 EM [1].

IToctanoBka npodaemun. B EM Vkpainun npns
30epiraHHs eJIEeKTPUYHOI ICHYIOTH TiIPOaKyMYyJIIOIOYi
enekrpocranniii (CAEC), siki BIpoBapkeHi Ime mia dvac
MacoBoi enekrpudikanii B 60-70 pokax MHHYJIOTO
CTOMITTSA. AJle, HACLOTOAHI TEXHOJIOIrl HAKOIMMYEHHS
eJIEKTPUYHOI eHeprii BuHOUIM Ha HOBUH piBeHb. HEE
CTBOPIOIOTHCSI HA OCHOBI ITEPEIOBUX TEXHOJOTIH CHCTEMH
HAKOIMYEHHS eJIeKTPUYHOI eHeprii. Ix 3acTocysanns B EM

YKpaiHu 703BOJIMTH ITOKPAIIUTH KEPYBaHHS CTAJIMMH Ta
nepexiiHuMK pexkumamu podotn EM, mo mno3uTuBHO
BiTOOpPA3UTHCS HA MOKA3HUKAX SKOCTI eIeKTPHIHOI eHepril
1 TABHAIINTE PEeXUMHY HATIHHICTD 1 €HEProePeKTHBHICTH
EM.

Takoxk, ciim 3BepHyTH yBary, IO HachOTOJHI B
OO0’ennaniii  eHeprocucTeMi YKpaiHM ICHye 3Ha4HUIA
JNeIIUT MaHEBPEHOI TOTYXKHOCTI, SKUM BHHHK B
pe3ynbTaTi BOEHHOT arpecii pociichkoi deaeparii i exuHni
THUIT HAKOITMYyBaYiB €HEPTii, 110 BUKOPUCTOBYETHCS B HiH,
e TAEC, eMHOCTI IKHUX HEIOCTATHLO JJIs1 3a0€3eUeHHS 11
CTIHKOCTI.

Y 2020 p. B wmicti Enepromap, Ha Tepuropii
3amopizpkoi TEC, xommanis JJTEK 3amycruna mepury B
YkpaiHi IpOMHUCIIOBY JITIH-I0HHY CHCTEMY HaKOIIMYCHHS
eHeprii noryxHictio 1 MBT i emuicrio 2,25 MBr-T. Lleit
MPOEKT J03BOJISIE 3HANTH ONTHMAIBLHY MOJIETb POOOTH
cucrem HEE BinmoBinHO 10 cdep eHEpropuHKy AepikaBH
[2]. Ane, Ha xanb, Micto EHepromap 3HaxoAMThCsS il
OKYTIAIIEF0 POCIChKOl (emepaltii, TOMy OIIHIOBATH IIeH
MPOEKT Ha CHOTOJIHI HEMOXKITHBO.

TakuM 4MHOM, NUTaHHS JOUUIBHOCTI BIPOBAKECHHS
HEE B EM VkpaiHu SBISIOTbCS aKTyaJbHUMH 1
NOTPeOYyIOTh TOJaTKOBHUX JOCIIIXKEHb.

AHaji3 ocTaHHiX gocaimxkeHb i myOmikamiii. B
OCTaHHIN Tepioj] 3HAYHO 3pociia iHAYCTPisS HAKOMWYCHHS
eHeprii. CepeqHbOPIYHI TEMITH 3POCTAHHS CKIIATN OJIN3BEKO
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47%. 3a nanumu Clean Horizon Consulting, y 2020 poui B
€Bpori 3a macitabamu cuctem HEE migupysanu [3]:

e  BenukoOpuranis — 3 o0’emom 850 MBrT
BCTaHOBJICHOT mMOTyxHOCTIi 1 1894 MBT aHoHCOBaHOT
MOTYXHOCTI;

e Himewunna — 428 MBt 1 109 MBrT
BCTAaHOBJICHOI i aHOHCOBAHOT MOTY>KHOCTI Bi/IITOBITHO;

. ®pamnris — 137 MBT i1 248 MBT BcTaHOBICHOT
1 aHOHCOBAHOI TOTY>KHOCTI BiATIOBITHO.

3a mporao3amu Bloomberg NEF, mo 2030 poky
CBITOBMI pPHHOK HaKOIIMYCHHS €Hepril 3pocrarnme
mopigHo Ha 21 % no 137 I'B1/442 I'Btron i 2040 poky
MOTY)KHOCTI CHCTEM HAaKONHMYCHHA e€Heprii y CBiTi
nepesumats 1 TBT [4].

BukopucraHHs Hakonmu4yBauiB €HEprii 103BOJISIE
BIIMOBHTHCS BiJl BEJIHMKHX pPE3EPBHUX TI'€HEPYIOUHX
eJIEKTPOCTAHIIIH 32 YMOBH 30epeskeHHs HaniiHocTi EM Ta
MOXe Ipu3BecTu a0 3HkKeHHs Baprocti EE. B mepiox 3
1997 p. mo 2017 p. BCTAaHOBICHA IMOTYXHICTh CHCTEM
30epiraHHs eHeprii y cBiTi 30utbImnacs Ha 70 % i mocsria
170 I'Br [5]. Coemiamict MixXHapOIHOTO areHTCTBa 3
BIZTHOBJIIOBAaHOI €HEPTreTHKN BBaXKalOTh, 110 OCHOBHUMH
JpaiiBepaMl  TOAAIBLIOTO  3POCTaHHSI  HOTY)KHOCTI
HAKONWYIYyBaviB €HEPTii € MIPOKE BIPOBAHKEHHS BITPOBUX
Ta COHAYHHX enekrpocTaniit [5]. Ilopisaroroun 3 2017 p.
noty>xuHocti HEE B 3anmesxHocCTi Bi TemmiB 3poctanus BJIE
3pocTyTh y 2030 p. Ha 42—-68 % [5].

e mutaHHs AOCHIIKY€EThCST OaraTbmMa YKpaiHCbKHMHU
BYCHUMH, IO 3HAMIUIO CBOE BilOOpaKEHHS B HAYKOBUX
nparpix, cepen sSkux [6—8]. B myOmikamisx nux Ta iHIIKAX
HAyKOBLIB  YKpaiHM  aKUEHTOBaHO  yBary, IO
BrpoBapkeHHss HEE 103BOIMTE CTBOPIOBATH pO3rallyKeHy
MEpEeXy CHUCTEM HAKOIWYEHHS, SKa 3MOKE MaKCHMAaJIbHO
MIBHAKO 1 e(eKTHBHO ajanTyBaTUCh 10 3MiH B EM, 3a
paxyHOK BHUPiBHIOBAHHS T€HEpaIlil Ta CIIOXKUBAHHS, aJie 11e
301TBIIYy€ 3arabHy eKOHOMIYHY €(DeKTHBHICTH MPOCKTY 3
Bukopuctanusm HEE.

Mera cratTi. JlocniguTi TOUNBHICTh 3aCTOCYBaHHS
HAKOMHMYYBayiB EJIEKTPUYHOI €Heprii B eJeKTPHYHUX
Mepexax YKpaiHu Juist po3po0ieHHs] CTPYKTYPHOT Moieni
BIJIMOBITHOCTI BU/y HAaKOITMYyBaya BUPILIyBaHild B MEpexi
npoOemi, MO JO3BOJUTH MOKPAIUTH MOKA3HUKH SIKOCTI
CJIEKTPUYHOI eHeprii 1 peXuMHY HaJIiHICTb Ta
eHeproe()eKTUBHICTh MEpeXi 3a paxyHOK ONTHMi3allii
MIPOLIECiB BUPOOHHIITBA 1 CTIO’KMBAHHS €IEKTPOEHEPTii.

AnaJji3 OCHOBHHX BUIIB HAKONMUYyBaviB
eJIeKTPUYHOI eHeprii Ta ix ocodauBocTeii. /[o ocHOBHIX
BHIIB  HAKOMUYyBadiB  EJIEKTPUYHOI  eHeprii, mio
BUITYCKAIOThCSl TIPOMHUCIIOBICTIO, HAJIEKATh: MAaXOBHKH
(KiHeTHYHI);  CYNEpKOHIEHCATOPH,  HaJIPOBIIHUKOBI
innyktuBHi  HakormmuyBaui (HITIHE), axymynstopsi
Oarapei BeJIMKOI OTYKHOCTI. [9].

Maxoeukosi HEE. Tlpunuun nii maxoBukosoro HEE
3aCHOBAaHMH Ha NEPETBOPEHHI KIHETUYHOI eHeprii B
€JIEKTPUYHY Ta B 3BOPOTHHOMY HAIIPSMKY.

Koncrpykuis MaXOBHKOBOTO HaKOIIM4YyBaya
CKJIaZIA€ThCA 3:
. npuBoAy (acCMHXpOHHI MAIIWHU, pPEaKTHUBHI

€JIeKTPUYHI MAIIMHHU YM MAIIWHY 3 TIOCTIHHUMH MarHiTaMu
Ha poTopi);

craim abo
KapOoOH)),

. MaxoBHKa (BUTOTOBJISIETbCA  3i
KOMIIO3UTHUX  MaTtepiaiiB  (CKJIOBOJIOKHO,
MOMIIEHUH Y BAKYYMOBaHHN KOXKYX;

. OIOPHMX HiIIIUITHUKIB (MEXaHI4Hi, MarHiTHI 41
3MilIaHi).

[MpuHIMD pobOTH HaKOIMYyBaya:

® B pPEKHUMI 3apsIDKaHHS €JIEKTPOCHEPT 1S T0IA€THCS
JI0 CTaTOPHOI OOMOTKHM 4epe3 BOHAINpPABJICHUH 1HBEPTOP,
[0 CHOPUYMHSAE 3POCTaHHA OOEPTOBOrO MOMEHTY 1,
BiAMOBIAHO, I IBUIIEHHS IIBUIKOCTI obepraHHs
MaxOBHKa.

e B peXHMi pO3pSAKaHHSA 00epTOBa KiHETHYHA
€Heprisi CTBOPIOE TaIbMiBHUM (T€HEPaTOPHUI) MOMEHT Ha
BaJy, BHACIIJOK YOro B OOMOTII CTatopa BHHHKAE
elleKTpuuHa Hampyra. lLlsg Hampyra 3a JI0MOMOTOIO
iHBEpTOpa TMEPEeTBOPIOETBCS HA 3MIHHMHA CTpyM 13
MOTPIOHUMH XapaKTEePHUCTHKAMH.

Jns 3MeHIIeHHS BTpaT 4Yepe3 TepTs B KOpIyci
HaKONMHMYyBauya  CTBOPIOEThCS  BakyyMm, B  SIKOCTI
HiAIIAIHAKIB BUKOPUCTOBYETHCSI MarHITHE T0JIE (TIPaIfioe
6e3 Tepts). Pospizmsatore nBa tumm maxoukoBux HEE:
BUCOKOIIIBUIKICHI Ta HU3bKOIIBUIKICHI.

Jlo OCHOBHHX IlepeBar  MAaxOBHKOBHX
BITHOCSITBCS:

®  BHCOKa HaIilHICT Ta €(EKTHUBHICTB;

e  Benukuii TepMiH excruryaranii (15-20 pokis);

o Bucokuit KKJI (90-95 %);

®  IIBUJKICTh Ta BEJIMKA KIIBKICTh LUKIIB «3apsi-
pozpsty (Big 10 000 o 100 000);

®  [I0/I0 HU3bKA BapTICTh;

®  CKOJIOTIYHICTb.

HEE

Henomniku:

° BHCOKI BTPaTH Ha XOJIOCTOMY XOJY;

. HEOOXITHICTh TEXHIYHOTO OOCIyrOBYBaHHSI
MAar"iTHUX ITJIIHITHAKIB;

. BIpOTiHICTh BiZIMOBH i/ BIUIMBOM 30BHIIIHIX
(axTopiB.

Jlo HemomiKiB MOYKHA 3apaxyBaTH BIJHOCHO BHCOKI
MoCTiiHI BTpartu [§8].

Cynepkondencamopu. CynepKOHACHCATOpU — 1I€
BJIOCKOHAJICHI KOH/IEHCATOPH, SIKi PAIFOI0Th Ha IOCTIHHIH
Harpys3i, 0 MalOTh BHCOKY INUIBHICTH 3apsiy 3aBISKH
MOJBIHHOMY EJIEKTPUYHOMY IIapy Ha MeXi po3airy
eJIEKTpOJa  Ta  eJNeKTpoiity.  Benmka — €MHICTB
CYTIEpKOHICHCATOPIB, sIKa CSTa€ KUTBKOX (apas, J03BOIIIE
HAKOTIMIYBaTH 3HA4YHy CHEPTrilo, fAKa BIATAETBCA V
noTpiOHuUi MOMEHT SIK BEJIMKHX CTPYMiB.
CynepKOHICHCATOPH  BIJHOCSITBCS [0 HAKOIMMYyBayiB
KOPOTKOI'O Yacy, BOHH KOMIIAKTHI, MPOCTI Ta MaroTh
HabaraTo OUIBIIMH TEpMiH CIyXOHM, HDK y 3BUYANHMX
KOHJICHCATOPIB.

Jlo  ocHOBHHX
BIZIHOCSITBCS:

®  Jy)Xe BHCOKa I'yCTHHA EMHOCTI;

®  BeJIMKUII TEpMIH eKCILTyaTalii;

o Bucokuit KK/ (95 % Ta Bumie);

®  BHCOKa IUTOMA €HEPTis Ta MUTOMA TOTYXKHICT;

e  OesmepeOiitHa eKkCILTyaTallis;

e  BHCOKa IIBHUAKICTH 3apsy Ta po3psmy

nepeBar  CyIepKOHJIEHCATOPiB
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®  HH3bKa TOKCHYHICTH MaTepiasis.

BoHr MOXyTh MpaioBaTd B IIUPOKOMY Aiana3oHi
temnepatyp (Bix —40 °C mo +65 °C) [8].

Jlo HemomnikiB MOXHa BIJJHECTH BiJJHOCHO HH3bKY
MUTOMY €HEPrOEMHICTh, BHCOKHH CaMOpO3psl, HHU3BKY
HAIpyry KOMipKH, BUCOKY BapTiCTh.

Haonposionukosi indykmueni HEE (HIIIHEE).
HITIHEE 1e cmemianeHuii TepMoc s 30epiraHHs
XOJIOJHHUX DITUH, i30JTIOI0YAH OOMOTKH KOTYIIKH, IO
3HAaXOIWTHCS BCEPENWHI, BiJl TPHUTOKY TeIUia 30BHI; i3
HEpPXKABIIOYO1 CTaTi.

o ocunosuux nepesar HIIIHEE BinHOCATHCS:

e  BHCOKa IIUIBHICTH €HEPrii, Mo 3amacaeTscs (0
400 M/Ix/cm3);

®  [IOCTiifHa TOTOBHICTh 0 POOOTH 3 YACOM peakxiiii
1-2 mc;

e  HeoOMeXeHHH yac 30epiraHHs eHeprii;

®  BiJCYTHICTH IIEPETBOPEHHSI OJJHOTO BUAY E€HEpTil
Ha 1HILNH;

o Bucokuit KK (mo0 97 %)

e  BICOKa HAIWHICTG.

J1o HeOMKiB BiTHOCATHCS:

®  JIy)Ke BUCOKa BapTiCTh;

e geOe3nmeka BUKUAY PIAKOTO a30Ty Ta TN Y
HAaBKOJIMIIIHE ~ CEpPEeNOBHINE TPH  aBapiifHii  BTparti
HaJIIPOBITHOCTI.

Akymynamopu eeaukoi nomyscrnocmi (Ab). Ab — e
JBa abo Ouiblle aKyMyJISITOPiB (€JIEMEHTIB), 3’€JHaHMX

MDK CO0OI0 Ta BHKOPHCTOBYBAaHHX SIK  JDKEpEIO
eleKTpuuHOi  eHeprii. Y  mpomeci 3apsany  Ab
CJIEKTPOEHEPTis €JIEKTPOXIMIYHAM HUIIXOM

MepeTBOPIOETHCST Ha XiMiuHy. [Ipy po3psani HakomnueHa
EHEprisi BUBUIBHAETBCS Yy TPOIECi 3BOPOTHOI peakIii.
Haii0inpm mommpeHnMH € CBHHIIEBO-KHCIOTHI, HiKEb-
KaJaMieBi Ta JiTii-i0HHI BUAM OaTapei.

o ocHoBHux miepeBar Ab Hamexats:

®  HU3bKA BapTICTh CBHHIEBO-KHCIIOTHUX
aKyMYJISITOPIB;

® BHCOKa EHEPrOEMHICTh HIKENIb-KaJMIEBUX Ta
JITIH-10HHUX aKyMYJISTOPIB;

®  [IBHJKE BBEJCHHS B pOOOTY;

e Bucoka HaIiiHICTG.

® Majla €HEPrOEMHICTh, HHM3bKa KIUIBKICTH IIHMKIIIB
3apsAay/po3psay y CBUHIEBO-KUCIOTHUX aKyMYJISATOPIB;

e «eheKT maM’sTi» —pi3Ke MaaiHHSI €HEPrOEMHOCTI
IPU HETIOBHOMY po3psizii abo 3apsizii y HiKeNb-KaaMi€BUX
aKyMYJISITOPIB;

® HU3BKMH TMOpIBHAHO 3  IHIIMMH
HakonnuyBadiB eHeprii KK/ (65-70 %);

e  oOMekeHa KUTBKICTh 3apsTHO-PO3PSAHUX LUKIIIB
(me Oimprre 500);

e  Manmif yac 30epiraHHs eHeprii;

® HETAaTHBHUH EKOJIOTIYHUH
yTHITI3aI].

Po3po0ieHHsI cXeMH NMiAK/II0YeHHs HAKONUYYyBada
ejJekTpuyHOi eHeprii. Ilicis BusABIEHHS BiAMIOBIXHOCTI
Buny HEE BupinryBaniii npobnemi, 1o 3abe3mnedye
HaWOITbIINIA edeKT, HeoOXIAHO BH3HAYATH MPUHIUIOBY
cxemy BkiroueHHsI HEE B Mepexy, THII Ta XapaKTepUCTHKH
HEE, Buxoasuu 3 0COOJIMBOCTEH 3aBAaHHS.

[lpn mnpoBasax Ta THMYacOBUX IEPEBUILEHHSIX
Hanpyru HeoOXiJHO BU3HAYHUTH ITOTY>KHICTh TIEPELIKOAN Ta
3a 1i BENWYMHOIO BHOpaTH HeoOXimHy moTyxkHictb HEE.
Haii6impmr epextuBanM BugoM HEE nmns ckopodeHHs
TPUBAJIOCTI Ta BENWYWHH TMPOBATIB Ta THUMYACOBHX
MIEPEBHUIICHHSIX HANIPYTH € CYNEPKOHCHCATOPH.

3acTocyBaHHA CYTIepKOHAECHCATOPIB JIO3BOJISIE
CKOpOUYYBAaTH TPHUBAJICTh MPOBATiB Ta THUMYACOBHX
nepeBHIIeHb OUThII HiXK Ha 50 %, a BETMYMHY NPOBAJIB Ta
TUMYacoBHX mepeBuiieHb — 10 10 %. Micre kpamjoro
BKJIFOUCHHSI CYNEpPKOHAEHCATOPIB — KIEMH NPUBOIB
BUCOKOBOJIFTHUX BHMMHKauiB a00 BTOpHHHI 30MpaHHA
PO3IOLTY eJIEKTPOEHEPTii MiXK IPUBOJAMH.

IIpunnunoBa cxema BukopuctanHs HEE nans
6e3nepebiliHOrO €JIEKTPOIIOCTaYaHH CTOXKHBaUiB
HaBeJieHa puc 1.

Jnsi KOXKHOTO KOHKPETHOTO BHIAAKY TOTYXKHICTh
HEE (puc. 1) Bu3Ha4a€eThCA SK Pi3HALS MK HOMIHAJIBHOIO
MOTYXXHICTIO ~ JDKEepeNl  TeHepamii 1  TOTYXHICTIO,
HEOOXIMHOI  CHOXHMBauyaM  IijJ  4Yac  BiAKIIIOYEHHS
OCHOBHOTO Jpkepena enepril. Skio notyxHocti HEE Oyne
JIOCTaTHbO, BIH MOXKE 3a0€3MEYUTH JKUBJICHHS BCIX
CHOXHWBauiB. SIKIO TOTYXXHOCTI Oyae HeJOCTaTHbO,
aBTOMAaTUYHE YaCTOTHE peryitoBaHHs Binkiarouuts I

THIIAMHU

BIUIMB IIiJ d4ac

S . Kareropito, 3a HeoOximHocti II xateropiro, i HEE
Jlo HenomiKiB BITHOCATHCS .
3a0e3meuyBaTUME KUBJICHHS CITOKuBadiB | kareropii.
iHBEpTOP
—
——> I
[ ]
@7¥‘: —— CHEE
$ = :
Lentp —+—> | {ocrp.) :
UBMEHHA
L Cucrema |
KOHTpONb NOTYHHOCTI coXvBayis KepyBaKHa HEE
Pucynok 1 — Cxema ninkirouernss HEE
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3a TakMX YMOB CIiA 3ayBaXXHMTH, L0 OCHOBHHM
3apmanHsM  HEE  sBnserpcs  3abe3nedeHHs OaaHCy
MOTYXHOCTI enekrpocranuiii Ha BJIE Ta HaBaHTa)KeHHS.
Bukopucranus HEE 103Bosisie BIIMOBUTHCS Bil BETHKHX
PE3EPBHUX TCHEPYIOUMX CJICKTPOCTAHINH pU 30epeKeHHI
HaniitHocti EM Ta Mo)ke Npu3BeCTH 0 3HIKEHHS BapTOCTI
€JIEKTPOEHepTii.

Crewniamicta MixHapOIHOTO areHTCTBa 3
BIJIHOBIIIOBAaHOI €HEPIreTHKU BBaXKalOTh, 110 OCHOBHUMH
IpaiiBepaMd  MOJAJBIIOIO  3POCTaHHA  IOTYXXHOCTI
HaKOIMNYyBadiB €HEPTii € IIMPOKE BIPOBAHKEHHS BiITPOBHX
Ta COHSYHHX eNeKTpocTaHiii [5]. Ilpu mpomy rirobanbHi
MOTY>KHOCTI HAKONWYYyBadiB B 3aJ€KHOCTI BiJ TEMIIB
3pOCTaHHS BIAHOBIIOBAHUX JDKEpeNl eHeprii 3rigHo 3
nporHo3amu 3poctyTh y 2030 p. B mopiBusiHHI 3 2017 p. Ha
42-68 % (npu nomipHOMYy 3pocTaHHi) Ta Ha 155-227 %
(pu mwBUAKOMY) [5].

Cxema migkmouenns HEE mo EM 3 BJIE
MIPEJCTABICHO Ha PUC 2.
\ Bitporenapartop
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Hakonuuysaui
eHepril

CoHAYHA NaHens

PucyHoxk 2 — [TiqKi04eHHs] HAKOMMYYBayiB eJIeKTPOSHEepril

no EM 3 BJIE
[pu Bukopucranni HEE cnimeHo 3 BJIE,
BcTaHoBieHa  mnoTyxkHicte HEE  moBunHa  OyTH

pO3paxoBaHa siK Pi3HUISI Mi>K BCTAHOBJICHOIO TIOTYKHICTIO,
mo reHepyerbcs BJIE Ta MiHIManbHOIO MOTYXKHICTIO
HaBaHTaxkeHHs [10].

@opMyBaHHAl CTPYKTYPHOI MoJesi BiinmoBiaHicTh
BHAY HaKonmu4yyBaua BupimyBaniii mpodiemi B EM.
3acrocyBanas HEE pno3Bomsie edexkTHBHO BHpimryBatu
HU3KY MpoOjeM, TakuX SK MpOBaJM Ta THMYacOBi
MEepeBUIICHHS  HANpyrd, HEPIBHOMIPHICTH  rpadikiB
CJIEKTPUYHUX HABaHTa)XEHb, Y TOMY YHCII KOJHMBaHHS
HaBaHTAKCHHS, BIAXWJICHHS YacTOTH, HU3bKa HaJiHICTbH
€JIEKTPOIIOCTaYaHHsI.

[Ipoananizyemo 1i mnpobieMu JAeTalbHILIE
(hopMyBaHHS CTPYKTYypHOI MOJIEIT.

IIposan nanpyau — 11e THIMYACOBE 3MEHILIEHHS HAPYTH
B KOHKPETHIH TOUIll ENEeKTPHUYHOI CHCTEeMH HIDKYIE
BCTaHOBJICHOT'O IIOPOTOBOTO 3HAYECHHS Ta EKOHOMIUHI
30UTKH.

[TpuunHaMu POBaIiB HAIPYTH MOXKYTh Oy TH: ITyCKOBI
CTPYMH IIPH CTapTi MOTYXKHHUX eJNEeKTPOABHUIYHIB Ta

IS

reHepaTopiB, KOPOTKI 3aMHUKAHHS B CICKTPUYHIA MEPEKI,
panToBi HaUYEepKH HABAaHTA)KEHHS, KOMYTamii MEpeKHOTO
00J1aHaHHs, KIiMaTH4H1 il

Tumuacose nepeguwjentss Hanpyeu — JAHAMIYHE
koportkoyacHe (He meHiie 0,01 ¢) BiIXWIEHHS HAPYTH 3
MOJaJIbIIMM TIOBEPHEHHSIM JI0 BUXIZTHOTO 3HAYESHHSI.

Cepen MOXJIMBUX HACIi/IKIB KOJHMBaHb HANpyrd —
MEpEXTIHHS OCBITJICHHS, 3HOIIYBAaHHS KOHTAKTiB Ta
1307141111, MOIIKOIKEHHS TIPHJIAJIIB. [Ipuunnamu
TUMYACOBHX NIEPEBUIIEHb HAIIPYTH MOXe OYTH pi3Ke 3MiHa
HABaHTAXKCHHS, TIOMIKO/DKEHHA EJNEeKTPHYHUX MEpex,
TpoIiecH KOMyTallii Ta iHIIHX.

Hepisnomipnicme  epaghixie  nasanmascenna EM
00yMOBJIEHa TEXHOJOTIYHMMH IPOIECaMH MPOMHUCIOBUX
MIiAPUEMCTB, 3pOCTAHHSM MOOYTOBOTO HABAHTAXKEHHS B
PaAHKOBI Ta BEYipHi TOJAWHHU Ta 3HAYHUM CIIAJ0OM y ICHHHMA
Ta HiuHWH dac. HepiBHOMIipHICTh TpadikiB HaBaHTaKEHb
NPU3BOJIUTH 1O HU3KM HETaTUBHHUX HACHIIKIB, Y TOMY
YUCIIi HAWOUTBII BUpPaXKEHI: 3HWKCHHA HAMIHHOCTI
€JIEKTPOIIOCTaYaHHsI, pi3Ke MiIBUIIEHHS HABAaHTA)XEHHS Ha
TeHEepYIoUi yCTaHOBKH, CKOPOUCHHS TEPMiHIB eKCIDTyaTaIlii
yCTaTKyBaHHS  301IbIICHHS €KCIUTyaTaliifHUX BUTpaT.

Bioxunenns 3mauenns ochosHoi uwacmomu Hanpyeu
€JIEKTPOKUBIICHHS BiJl HOMIHAJIBHOTO 3HAYEHHS B MEXax,
BcranoBieHnx JICTY EN 50160:2023, BuHHKae mpu
JediuTi MOTYKHOCTI, 10 TeHepy€eThes, abo ii HaUIMMKyY
[11]. VYV pa3i HenpumycTUMHUX BIAXHJIEHb YacTOTH
CTPaXKAAIOTh, IEPEAYCiM, eeKTpoABUrYHH. [Ipn 3HMKEHHI
YaCTOTH BiI0YBA€ThCs YIIOBUIbHEHHSI pPOTOpA JIBUT'YHA, 1110
Bele 1O 3HWKEHHA e(eKTHBHOCTI Horo poOoTH, mpu
301IBIIEHHI YacTOTH - A0 MeperpiBy Ta IiJABUIIECHOTO
3HOIIYBaHHS 4epe3 301JbLICHHS MIBHIKOCTI oOepTaHHS,
1110 3HAYHO 3HIDKYE TEPMiH CITy>KOU IBUTYHIB.

3a3HaveHi mpoOJieMH MO)KHa BUPIIIYBaTH HE JIKILIE
TpamuIiftHUMHU criocobamu, a it 3a monmomororo HEE, mo
JTO3BOJIMTH CYTTEBO MiABUIINTH PEKUMHY HAAIHHICTH Ta
eHeproedexTiuBHicTE EM.

Ha puc. 3 npencrasieHo chopMoBaHy CTPYKTYpHY
MOJIeTb BIJIIOBIIHOCTI BHY HaKONMHMYyBaua BHUpIIIyBaHIH
npobnemi B EM.

3acTtocyBaHHs 1€l  MOJeNli HE  CYNEpe4YHTh
Eneprernunoi crpaterii Ykpainu Ha nepion 1o 2050 poky,
KJIIOYOBUMHM  TNPUHIMIAMH  SKOI €  EeKOHOMiuHa

0OTpYHTOBAHICTh, EKOJIOTIYHICTh, TOCTYIHICTh, COIliaJIbHA
CIpaBeUIMBICTh T4 PUHKOBICTS [12].

Micieto Eneprermunoi crparerii Ykpainu mo 2050
poky [12] € cTBOpeHHS YMOB [UISI CTaJIOTO PO3BHUTKY
HaIlOHAJIFHOI EKOHOMIKH uepe3 3a0e3neueHHs JOCTYITY 10
HaTIHHUX, CTIHKAX 1 Cy4acHUX JDKEpeT eHepril.

BiagnoBinHo no [12] eneprerndnuit cexrop Ykpainu
Mae OyTH MaKCHMalbHO HAONMKEHUH IO KIIMaTUIHOT
HeiTpansHocTi. e 03HauaTuMe HasIBHICTh YUCTOT CHEPTii,

MOJI0JIaHHA €HepreTU4HO1 6igHOCTI, PO3BHUTOK
IHHOBaLIHHOT Ta JELEHTPAIi30BaHOI EHEPrOCHCTEMH,
MOBHOLIIHHE (yHKLIOHYBaHHS HalliOHAIBHUX

EHEepPreTHYHUX PUHKIB 1 IX IHTETpalito B MKHAPOIHI.
TakuM YMHOM, CIUpAKOYNCh Ha pHUC. 3, Mix Hac

BUHUKHEHHS Ti€l uM iHmoi npobmemu icHyroTh HEE, sxi

JIO3BOJISIOTH ii eHeproeeKTHBHE BUPIIIICHHS.
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Pucynok 3 — CrpykrypHa mozens Bianosigaocti Buny HEE Bupimrysaniit npobiaemi B EM

SWOT-ananiz. 3 aHamizy nepeBar, HEAOJIKIB Ta
ocobmuBocteir podotn HEE, MoxHa 3poOHUTH BHCHOBOK
mpo Te, MO0 HEOOXiAHO BH3HAYUTH ONTHUMANBHY chepy
3aCTOCYBaHHS JUIi KOXKHOTO 3 HHUX Ta BHSABUTH iX
BiJNIOBiTHICTH PO3B’SI3yBaHUM 3aBIAHHSM.

MaxoBUKOBI ~ HakONWYyBa4yl 3aBASKA  BHUCOKIH
e(eKTUBHOCTI, BEIMKOMY JKHTTEBOMY LHUKIy Ta
CKOJIOTIYHOCTI €  ONTHUMaJbHUM  BapiaHToM  JJis
3aCTOCYBaHHA B CYKYIHOCTI 3  BiJHOBJIIOBaHHMH

JUKepenaMH eHeprii, TakMMH SIK BITPOTE€HEepaTopH Ta
COHsYHI Oarapei, IMiABHIIYI0OYH HalilHICTh iX podoTH.

HITIHEE 3aBnsiku BiCyTHOCTI B HUX NEPETBOPEHHS
OJTHOTO BTy CHEprii B iHIIMH, MalOTh MIBUAKY PEAKIIIO i
BUCOKY BHXIJHY IOTYXHICTb, @ TaKOX JyK€ BUCOKHIA
koedimient kopucnoi mii. HIIIHEE ontumanshO
BUKOPHCTOBYBAaTHME KepyBaHHs Tpa(ikiB CIIOKUBAaHHS,
30KpeMa y Mepexax 3 pi3Ko 3MiHHUMH HaBaHTaKEHHSIMH, 1
rpadikom BUIaYi MOTYXHOCTI, M1 /IBUIIYIOYH
€KOHOMIYHICTh (DyHKI[IOHYBaHHS €HEPrOCUCTEMH, 1 HAaBITh
3a0e3neueHHsT  Oe3mepebiifHOrO  eJEeKTPOIIOCTaYaHHs
CIOXKHBaYiB.

AkymymnsaTopHI  Oarapei, BOJOIIIOYM  IIBHIKAM
BBE/ICHHSM y pOOOTY, BUCOKOIO H/IiHHICTIO Ta HU3BKOIO
BapTICTIO JIOIUJIBHO 3aCTOCOBYBaTH il 3a0e3ledeHHS
Oe3nepebiiHOTO JKUBJICHHS CrIoKuBaviB | kareropii Ta ix
0coONMMBOi  TPymM A MIABHINEHHS — HAAIHHOCTI
€JIEKTPOIIOCTaYaHHsI.

CucremMaTn3youn BHUKIAJCHY iH(opMaIliro, MoxxHa
BUSIBUTH BIAIIOBIJHICTh BUY HaKOMMYyBaua BUPIIIyBaHIH
mpobnemi, mo 3abe3mnedye ii OnTUMaTbHE PIMICHHS.

[Ipu BpoBa/KEHHI TeHEPYIOYHX yCTAaHOBOK Ha 0asi
B/IE 8 EM BinOyBaeThCs po3BaHTaXECHHS MEPEXKi, 110 Bese
JI0O 3HWKEHHS BTpaT eJIEKTPOEHeprii, IMiJBHIEHHS
CTIHKOCTI Ta HamiHOCTI CHCTEMH, BHBUIBHIIOTHCS
MPOIMYCKHI MOXIIMBOCTI JiHIH enekTpomnepenadi. Aue
BHACJIJIOK HECTALlIOHAPHOTO PEXHUMY 1X poOOTH MOXYTbH
BUHUKATH TPOOIEMH perymioBaHHSI Ta CTikocTi EM,
HEMOJXXJIMBOCTI KEpyBaHHS PEXUMOM PpOOOTH TaKHX
YCTaHOBOK, OYIKY€THCS 30UIBIIEHHS CTPYMIB KOPOTKOTO
3aMHKaHHS Ta 3HWKEHHS SIKOCTI elIeKTpU4HOi eHeprii. J{is
BHpIIIEHHS 3a3HaYEHUX MTPOOIIEM JOIIIFHO 3aCTOCOBYBATH
HEE.

[Ipencrasneni CXEMH M IKTIOYEHHS HEE
MiBUIYIOTh HAAIWHICTD, CTBOPIOIOTH 3HAYHY EKOHOMIIO
MaJnuBa, 3MEHIIYIOTh  COOIBapTICTh  BHPOOHMIITBA
€JIEKTPOEHEpPTii, IO TIO3UTUBHO BiZOOpa)kaeTbcsi Ha
eHeproeeKTHBHICTH MEPEXKI.

CdopmMoBaHa CTPYKTypHa MOJENIb BiIIOBITHOCTI
BUIYy HAaKONMUYyBaua BHpilIyBaHii npobremi B EM
JIO3BOJISIE TIOKPAIIUTH TOKA3HUKH SIKOCTI EJeKTPHYHOT
eHeprii 1 pexumHy HafmiiHicte EM 3a  paxyHOK
3actocyBaHHs fouinsHoro Buny HEE s Bupitnenus tiel
YH iHIIOT IpOOIeMH.

BucHoBok.  Amamiz  ocoOimBOCTEH  poOoTH
HAKONMMYYBadiB EJIEKTPUYHOI eHeprii, Kiacudikamis ix
nepeBar 1 HEIOJIKIB J03BOJISIE 3pOOMTH BHCHOBOK ITPO
ONTHUMaNbHY c¢epy 3acTOCYBaHHS KOXKHOTO BHIY Ta
BUSIBUTH iX BIANOBIJHICTH BipUIyBaJIbHIA mpoOjeMi B
CJIEKTPUYHUX MEPEXKax.

Po3po0biieHi cxemi MiAKIIOYCHHS HAKOIMYYBAYIB IS
Oe3repebifHOrO  JKMBIIGHHA  BpaxoOBYIOTh  KaTeropii
HaJiHOCTI croxwBaviB i HasBHICTE B/IE B enexTpuuHiit
Mepexi, 110 03BOJISIE MiABUIIUTH ii eHeproe(eKTHBHICT
3a paxyHOK ONTHMi3amii TporeciB BUPOOHWITBA i
CIOXKUBAHHS €JIEKTPOSHEPTiI.

CcdopmoBana CTpyKTypHa MOJENb BiAIOBITHOCTI
BUJy  HakonMuyyBauya BHpillyBaHii  mpoOiemi B
SNIEKTPUYHIA Mepexi TO3BOJIUTH IOKPALIUTH MOKa3HUKH
SKOCTI €JIEKTPUYHOI eHeprii 1 peXUMHY HaaidHICTh
SHEPreTHYHOI CHCTEMH B IIIJIOMY.
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THE APPROPRIATENESS OF USING ELECTRICAL ENERGY STORAGE SYSTEMS TO INCREASE
THE RELIABILITY OF UKRAINIAN ELECTRICAL NETWORKS

A study was conducted that allowed to substantiate the expedient use of electric energy storage devices in the electrical networks of Ukraine. The
relevance of this study is due to the introduction of renewable energy sources into the electrical networks of Ukraine, which contributes to the need for
the accumulation of electric energy. To find ways to solve this problem, an analysis of flywheel, superconducting inductive electric energy storage
devices, high-capacity batteries, and supercapacitors was performed. Their operating features, advantages, and disadvantages were considered. From the
analysis of the advantages, disadvantages, and features of the operation of electrical energy storage devices, it follows that it is advisable to determine
the optimal scope of application for each of them and identify their correspondence to the problem existing in electrical networks. The analysis made it
possible to do this and justify the optimal scope of application of each type of storage device, as well as to identify their compliance with the problem of
power supply in electrical networks. To increase the energy efficiency of the network by optimizing the processes of electricity production and
consumption, schemes for connecting electrical energy storage devices have been developed, namely a scheme that takes into account the reliability
categories of consumers and a scheme that takes into account the presence of renewable energy sources in the networks. The proposed schemes for
connecting electrical energy storage devices allow for the elimination of large backup generating power plants while maintaining the operational
reliability of the network. To apply an appropriate type of electric energy storage device when solving a particular problem, a structural model of the
correspondence of the type of storage device to the problem being solved has been formed. The application of the formed structural model will allow
improving the quality of electric energy, the operational reliability of the network and the energy efficiency of the electric system as a whole.
Keywords: renewable energy sources; electric energy; electric grid; energy efficiency; reliability; energy storage; electric energy quality.
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CTBOPEHHsI CHUCTEM  EJIEKTPOXUBJIEHHA 3
I'EHEPATOPHUX AI'PEI'ATIB

BUKOPUCTAHHAM  JETAHJIEP-

BHUKOpHCTaHHS TEXHOJOTIH, SIKi CIPSIMOBAaHI HAa MiABUIIEHHS CHEProe(eKTUBHOCTI Ta SHEPrOHE3aNISKHOCTI TEXHOJIOTIYHHUX IIPOLECIB, € KIIOYOBHM
HanpsMOM Po3BUTKY HadyToraszopoi nmpomucioBocTi. [l 00’exTiB ra3oBoi iHQpacTpyKTypy MOXIINBE BUKOPHUCTAHHS €HEPrii, sIka BUBIIBHAETHCS MPH
pelyKyBaHHI Ta30BOTO MOTOKy. JIsl IbOTO BHKOPHCTOBYIOTBCA YCTAHOBKH HAa OCHOBI TypGOJeTaHIepiB. IX BUKOPHCTAHHS T TeHepyBAaHHS
@IICKTPOCHEPTil J103BOJISIE 3a0€3MICUUTH ENEKTPOXKUBICHHS CIOXKHBAdUiB 00’€KTy ra3oBOi iHQPACTPyKTypH Ta CKOPOTUTH abO BiIMOBHTHCS Bi
CIIOXKMBAHHSA Ta3dy IS TEXHOJIOTIYHUX IpOLEciB. 3 METOI IiJBUIICHHS CHEProHe3aJeHOCTI 00’€KTiB ra3oBoi ichpaCprKTypH JIOLIJIEHO
BUKOPHCTAHHs PE3ePBHHX JUKEPE KUBICHHA. JUIs LuX Lied 3anporoHOBAaHO BUKOPUCTAHHS KOTCHEPALiHUX yCTAHOBOK Ha OCHOBI Ta30I0PIIHEBHX
nBUTyHiB. X BUKOpHCTaHHS He OTPe6ye MM3eBbHOTO NATLHOTO, 10 3MEHIIYE eKCILUTyaTaliiini BuTpatH. Teriosa eHepris, ska BUILISETLCS IPH POGOT
KOTeHepaliifHoi yYCTaHOBKHM, MOXeE BHKODHCTOBYBATHCS Yy TEXHOJOIIYHHMX mponecax o00’ekty rasoeoi iHdpacTpyktypn. [lus 3abesnedeHHs
6e3mepebiitHOro eHeproKMUBICHH HEOOXIIHO 3aCTOCYBAHHS CHCTEM HAKOMMYEHHS eHeprii. PO3rJsHYTO CHCTeMH HAKOMMYEHHS HAa OCHOBI XiMIYHHX
@JIEMEHTIB Ta IHepILIiHHUX HAKONMYyBadiB. 3alIPOIIOHOBAHO Ta IIPOBEJICHO aHAII3 BapiaHTIB MOOYJOBH CHCTEMHU OE3IIEPEpPBHOTO €HEPT O>KUBICHHS JUIS
006’exTiB rasoBoi iHppacTpykTypu. ITokazano, mo HaliMeHII rabapuTHi po3Mipu Oyae MaTH yCTaHOBKA, sKa MiCTHTb ITOPIIHEBUI JIBUTYH, iHepuiiiHUiT
HAKONUYYBay Ta €IEKTPHYHMII TeHepaTop, iHTErpoBaHi B €uHUI MOAYb. [lofanbiunii pO3BUTOK 3alPOINIOHOBAHOI KOHLEHII MONArae y CTBOPEHHI
CHCTEM TeHepallil eHeprii 3 BUKOPHUCTAaHHM JIeTaH/Iep-TeHePaTOPHUX arperariB Ta KOreHepaliiHuX ycTaHoBOK. Lle 3a6e3meunTs )KUBIEHHS KPUTHYHHUX
CIIOXKHBAYiB IPH TPUBAINX BiJKIIOUECHHSX €JIEKTPOCHEPTii, 110 MiJABHIUTE CTAabiIbHICTh POOOTH 5K 00’ €KTIB ra30Boi iIHPPACTPYKTYpPH, TaK i 30BHILIHIX
CIIOXKHUBAYIB KPUTHYHOI IHPPACTPYKTYPH.

Kmodosi cmoBa: TypGoneranziep; TeHepaTop; HAKONM4YyBad EHEPTii;
€JIEKTPOMEXaHIYHa CUCTEMA; EHEProe(eKTHBHICTb.

cucreMa Oe3nepeOiHOrO JKUBJIEHHS; PO3INOJiIeHa TIeHepalis;

Beryn. OganM i3 HanmpsMiB CTaOUTBHOTO PO3BUTKY €
BUKOPHCTaHHS TEXHOJIOTIH, SIKi CIIPSIMOBaHI Ha YTHJII3allil0
OyIOb-IKMX JIOCTYIIHWX €HEpreTHYHHMX BimxoxmiB. Ha
00’ekTax ra3oBoi 1Hq)paCpr1<TypI/1 JUISL 1[LOTO JIOLIJIBHO

yepe3  TypOomeranaep. B peambHHX ~— yMOBax
CIIOCTEPIraloThcss  JTOOOBI Ta  CE30HHI  KOJHMBAaHHS
CIIO’)KMBAHHA Ta3y Ta iloro TucKy. Lle Moxe mpusBectu 10
BUIAJKIB, KO BUPOOJICHHs eHeprii Oyae He M0CTaTHbhO

BUKOPHCTOBYBATH TEXHOJIOTIi Ha OCHOBI  Juii  JKMBJEHHS  cnoxuBadiB. Ilpm  BingcyTHOCTI
TypOOJIeTaHIepPHIX arperaris, 110 JIO3BOJISIE  30BHIIIHBOTO  €JEKTPONOCTA4YaHHS 1€ Mpu3Beie 10
BUKOPHCTOBYBAaTH €HEPrilo, $Ka BHUBUIBHAETHCA TPH  IOPYLICHHS TEXHOJIOTIYHOTO Tporecy pobotn
penykyBanui rasy [1-3]. Lle mo3Bojsie B meEBHiM Mipi  OOJaaHaHHS, 110  HEraTMBHO  BIUIMBaTUME  Ha
KOMITCHCYBATH €HEprilo, sika BUTpaueHa HAa KOMIPECOPHI  (QyHKIIOHyBaHHS 00’ €KTY Ta3oBoi iHdpacTpykrypu. Tomy
CTaHLIT /IS IepeKavyBaHHs rasy. Juiss  3a0e3nedyeHHs  CcTaOLIBHOTO  (PYHKIIIOHYBaHHS

Y  Tra3oBif  NMPOMHCIOBOCTI
BUKOPHCTOBYIOTh Y TaKuX IUIIX [4]:

1. migroroBka ra3zy Ha 00’€KTax ra3oBOro IMpPOMHCITY
(BHUIOOYTKY) AJsl TpPaHCHOPTYBaHHS TPYOOIPOBIAHOO

HEOOXIiTHO BUKOPUCTAHHS JUKEPET PE3EPBHOTO KUBJICHHS.

AHani3 ocTaHHiX gocaimxeHb i myOJikaniii. Ha
puc .l mokazaHo 3arampHWI BUTIAR (puc. | @) Ta
MPUHIUIIOBY CXeMa BUPOOIICHHS elekTpoeHeprii (puc. 1 6)

TypOoAeTaHaepH

CHCTEMOIO (OXOJIOJDKEHHS PUPOJHOTO a3y, NIPOBEACHHs Ha O00’€KTi Tra3oBOi  iHQpAcCTpyKTypH, Ha SKOMY
HHU3BKOTEMIIEpaTypHOI cenapaiiii); 3aCTOCOBAHO JeTaHAEP-TeHEPaTOPHUM arperar.
2. ckpamineHHs ra3y (OTpHMaHHS — Tra30BOTO Jerannep-renepaTopHi arperatu MeTraBaTHOI
KOHJICHCATy Ta IHIIUX BB BYTJICBOIHIB); MOTYXHOCTI KOMIUIEKTYIOThCS CUHXPOHHUMHU
3. TOpUBOAY ENEKTPUYHHMX TEeHEpaTopiB sl  TypOOoreHeparopamy MPOMHUCIOBOI YaCTOTH HOMIHAJIBHOIO

BHUPOOJICHHS ~EJeKTPUIHOI
HAJUTMIIKOBOTO THUCKY rasy.

OcTaHHE 103BOIISIE 3a0€3MEUNTH EIEKTPOSHEPTIEIO SIK
Ge3nocepeiHbO 00’€KT ra30TpaHCIOPTHOT
iHQPACTPYKTYPH, TaK i YTBOPUTH OO’€KT PO3MOIIICHOI
reHepattii. B yMOBax HecTaOIbHOT pobotn
CJIEKTPOCHEPIeTUYHOT CHCTEMH Lie JI03BOJISIE 3a0€3MEUUTH
cTabinpHe  (QYHKIIOHYBaHHsS Ta30BOro o00’€KTy Ta
CHOXKMBAYIB KPUTHIHOI iH(ppacTpykTypu. Brim, crabinbue
BUPOOHHLITBO eneKTpoeHepru 3a JIOIIOMOTOK0 JeTaHJep-
TCHEPAaTOPHUX arperarie MOXJIMBE JIMIIE B YMOBAax
CTaOUIPHHUX IapaMeTpiB MOTOKY rasy, SKHH IPOXOAWTH

eHeprii Tpu peayKyBaHHI

Hanpyroro 6(10) kB. Take pimeHHs 3MEHIIy€e KarmiTalbHI
BUTpaTH Ha BUTOTOBJICHHS JI€TaH/EP-T€HEPaTOPHOTo
arperaty Ta 3a0e3mnedye OiIbII MPOCTE MiTKITIOUYEHHS 0
eJIEKTPUYHOI Mepexi. EnexTpoenepris, sika BUPOOISAE€THCS
JeTaHACP-TeHEPAaTOPHUM arperaTtoM, CIIOXKHUBA€EThCS Ha
00’exTi Ta30BO1 I1HQPACTPYKTypH Ta NeEpeNacThCs [0
MepexXi 30BHIIIHBOTO €IeKTPOIIOCTaYaHHS.

Haii6inpury JHIAKY JIeTaHep-TeHepaTOPHUX
arperaTiB cepel BITYM3HSAHUX BHPOOHUKIB MPOIOHYE
[MpAT «TYPBOI'A3» [5]. Texui4uni napamMeTpu JeTaHjep-
TeHEepaTOPHUX arperaTiB HaBeIeHo y Ta0ur. 1.
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Tabmuug 1 — Texniuni mapameTpn aetanaep-reHeparopiB BupoouunTsa [IpAT «TYPBOI'A3» [5]

HaiimenyBaHHA geTanaep- . Burpara razsy, Hominaasna
Micue BCTAHOBJIEHHS 3 .
TreHepaTOpHOro arperary MJIH. M°/100a NOTYHiCTb, KBT
YTIY-4000-4,2-3-YXJI4 I'PC M. 3anopixokst 2,6...3,02 4000
I'C «Comnoxay,
YAEY-2500-Y2 I'T1Y «IlonTaBara3Bua00yBaHHsDY 1.4...4,2 2500
I'PC «Cwminay,
ATY-8 YMI" «YepkacutpaHcras» 0,043 8
YTY-4000-4,5-4,5-YXJ14 I'PC M. CeBepoaoHEbK 42...59 4000
YTAY-4000-YXJI4 I'PC M. Ogneca 0,8...24 4000
KC «3anninposckas»,
YKC-2-300 YMI «YepkacuTpaHcraszy 0,1...0,5 8
YAEY-2500 I'PC-7 duinposcekoro JIIT YMIT 1,35...4,5 2500

7

1 — TypboneranaepHuii arperar; 2 — Typoozaeranep; 3 —
CNIEKTPUYHUI TeHepaTop; 4,5 — BeHTHIII; 6 — BXiAHHN
TpyOompoBiza; 7 — ra30po3noAiIbYa CTaHIIsA; 8 — BUXIAHUI
TpyOompoBig; 9 — migirpisay

Pucynok 1 — Jlerannep-reHepaTopHa eHepreTHYHA YCTaHOBKA:
a — 3arallbHAN BUTIIS YTHIT3aiiHOT IeTaHaep-TeHepaTOPHOL
eHepreTuuHoi ycraHosku Y /JIEVY-2500
6 — cxeMa IiIKITI0YEHHs IeTaHiep-reHepaTopHoro arperaty [1]

SIk BKa3aHO BHIIE, TPU HECTIPUATIMBUX MapamMeTpax
MOTOKY Tazy, SKHH NPOXOAMTH Yepe3 TypOojeraHuep, Ta
BIZICYyTHOCT] 30BHIIIHBOTO €JIEKTPOIIOCTAYaHHS MOIKIIUBE
MOPYIIEHHS Ipare31aTHoCTI 00’€exTy ra3oBoi
iHppacTpykTypu. [nsg mporo HeoOXiJHO BHKOPHUCTAHHS

JDKepell pe3epBHOTO KMBJICHHS. Takuil minXia MIUpOKO
3aCTOCOBY€ETHCS MIPU MOOYIOBI CHCTEM €JIEKTPOKUBICHHS
s data-IeHTpiB,  TENEKOMYHIKAI[iHHUX  KOMIIAHiH,
(hapMaKoIOTiYHUX Ta XIMIYHMX BHUPOOHWITB 1 T. 4., ZIe
Oe3nepebiliHe JKUBJICHHS € KPUTHYHO BAXKIMBHUM IS
(hyHKITIOHYBaHHS 00’ €KTY.

Metolo po0oTH € aHali3 BapiaHTIB CTBOPEHHS
CHCTEMHU EJIEKTPOXKHMBJICHHS 3 BUKOPUCTAHHSM JETaHJep-
TeHEepaTOPHHX arperaris.

Pe3yabTaTn qociainkenns. s cTBOpEHHs CUCTEMU
Oe3nepediiiHOro €HEePrOKUBJICHHS HEOOX11HO
3aCTOCYBaHHSI HaKoNM4yBaviB eHeprii. Ha cporonenHs Ha
PHHKY TIpEICTaBJICHI CHCTEMH HaKONMHMYECHHS eHeprii
Garatbox BHpOOHMKIB [6-8]. Halimommpenimmmu €
CHCTEMH, sIKi BHKOPHCTOBYIOTH XiMiuHI enementd. Ha
puc.2a TOKa3aHO THIOBY KOHCTPYKIUIO  MOIYJIS
HAKOTIMYEHHS eHeprii. Floro OCHOBHHMHM eJeMEHTaMH €
aKyMyJATOpHI OaTapei, MepeXeBHH iHBepTOp, CHUCTEMa
OXOJIO/ODKEHHS  TOIIO. AJBTEPHATHBOIO  XIMIYHUM
€JIEMEHTaM € BUKOPHCTAHHS IHEPLUIHHMX HAKOMHYyBadiB
(puc. 2 0).

B rtakmx cucremMax aKyMyJIOBaHHS ~ €Heprii
3MIHCHIOETHCS 32 paXyHOK KIHETHMYHOI eHeprii MaxoBHKa,
Akl obepraeThes. [lepeTBOpeHHs eNeKTPUYHOI eHeprii y
MEXaHIYHy 1 HaBMAKH 3/IHCHIOETHCS €ICKTPOMEXaHIYHUM
MepeTBOpPIOBaYeM CHEprii  (EJIEKTPUYHOI0 MAIIMHOIO).
HesBaxxatoun Ha  MOXIMBICTH CTBOPEHHS  CHCTEM
HAKOTIMYCHHS BUCOKOI €MHOCTI, SIKi MOXYTh 3a0€31eYnTH
JKUBJICHHS CIIO)KMBAYiB TPUBAIMN Yac, OUTBII JOUITHHUM
BOaYaeThCsl BUKOPHCTAHHS YCTaHOBOK, SIKI MPAIIOIOTh Ha
BUKOITHOMY NajMBi. A CHUCTEMH HAKOMHMYEHHS EHepril
BUKOPHCTOBYIOTBCSI HETPUBAIWI Yac, SKUH HEOOXiJHWI
JUTS. BBEJICHHSI B JIIF0 PE3EPBHOTO JpKEpesa abo KoMITeH aIlii
nepeBaHTaXeHHs. Llg  KOHIeENIiss BUKOpPHCTaHa B
ycranoBii mtu KineticPowerPacks [9] (puc. 3), ska
MOE/THY€E 1HEPIiHMIT HaKOTMYyBay €Heprii Ta HOPUIHEBUH
JIBUTYH.

TakuM YMHOM, Ha TOTOYHUH MOMEHT ICHYIOTh
TEXHOJIOTIi U1 cUcTeM Oe3nmepeOifHOro KMBICHHSA, SIKi
MOXYTh OyTH BHKOpHCTaHI Tpu TMOOYIOBI CHCTEMH
CIIEKTPOKUBIIEHHS 3  BHKOPHCTaHHAM  JA€TaHIep-
TEHEPATOPHUX arperaTis.
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AKYMYNATOPIB
TpySonposoau CHcTemu
OXONOAKEHHA

OXONOANYIOUMH NPUCTPIN

Pucynok 2 — HakonnayBaui eHeprii
a — ynamTyBaHHS MOJYJIIO CUCTeMU HakonnueHHs eHeprii [10]; 6 — inepuiitauii Hakonmaysad [11]

efnekTpomarHitHa mydra

| cMnosui moaynb

CUCTEMA KepyBaHHA

NopLHeBUI
ABUrYH

Maxosuk

CUHXPOHHMIA
reHeparop

Bibpoonopa

Pucynok 3 — 3aransanit Burmsag mtu KineticPowerPacks [12]

Hdus  3abe3neueHHs  OesmepeliitHOT  poboth
o0yagHaHHs 00’ €KTy Ta30TpaHCIIOPTHOI 1H(paCTPyKTypH,
B TOMY YHMCJi HPOTATOM 4Yacy 3allyCKy Ta BKIIOYCHHS,
MOPIIHEBOI ~ CHEePreTHYHOI  YCTaHOBKM  HEOOXiTHO
3aCTOCYBaHHS CHCTEM HakomwdeHHs eHeprii. Ilpm
BUKOPHCTaHHI CHCTEM HAKOMMYEHHS eHeprii 3’€JHaHHSA
PI3HHX JDKEpell MOXIIMBE SK IO LIMHI 3MIHHOTO CTPyMy
[13, 14], Tak i mo muHI mocTiiHOTrO cTpyMy [15, 16].

Ha puc. 4 nokasaHi BapiaHTH CXeMHU 3 00’ €THAHHIM
IO IIKMHI 3MIHHOTO CTPYMY.

[lepeBaramn cxeM, Tmoka3aHuM Ha puc.4, €
BUKOPUCTaHHs CepiifHOro enekTpooOnanHanHs. [leBHui
HEJIOJIK TIOJISITAaE B TOMY, IO IS 3a0e3nedeHHst pooodoi
Harpyru 6(10) kB HeoOxinHe BUKOPHCTaHHS JOAATKOBHX
TpaHc(hOpMaATOpiB Yy CKIIAAI TMEPEeTBOPIOBAYIB CHCTEMHU
HakonudeHHs eHeprii. lle mpu3BoguTh 10 30iNBIICHHS
Maco-Ta0apUTHUX TIOKAa3HHWKIB Ta BapTOCTI CHCTEMHU
HAKOMMYEHHS EHeprii.

[pu 3acTocyBaHHi eHEPreTUYHOI YCTAHOBKH MO THITY
mtu Kinetic PowerPack Takox BHKOPHCTOBYETHCS
MIAKJTIOYSHHS 10 HIMHI 3MiHHOTO cTpyMmy [17] (puc. 5).

[epeBaramu BukopucranHsi ycraHoBkd mtu Kinetic
PowerPack e minimizaris npocTopy ais ii BCTAHOBJICHHS,
OCKIJIbKM BCi KOMITOHEHTHU IHTETPOBAaHI B €IUHY CHUCTEMY.
Ta BogHOYAC 1€ YCKIIQJHIOE KOHCTPYKIIIO, IO € TIEBHUM
HEJIOJIIKOM.

7" mepexa

CHE

D

HaBaHTa)XeHHA

KEY

ArA

@ .8 o mepexa
IGD—D} CHE
= —D—=

HaBaHTa)KeHHA

KEY

0

JT'A — nerannep-reneparopuuii arperat; KEY — xoreneparniitna
enepreriyna ycranoBka; CHE — cuctema HakonmaeHHS eHepril

Pucynok 4 — BapiaHT cCTEMH KUBJICHHS 3 CHCTEMH
HaKOIHWYEHHs Hepril 3 MOABIHHUM NEePETBOPEHHSIM Ta
00’€THAHHSM I10 IINHI 3MIHHOTO CTPyMY
a — 3 NO/IBIHHNM HepPETBOPEHHSIM SHEeprii,

6 — 3 MapayeIbHAM MiIKITI0YCHHM
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ATA

mepexxa

HaBaHTAXeHHA

Pucynok 5 — [ligkmouenns ycranoBku mtu Kinetic PowerPack
(Ho3HaueHHS — AUB. puc. 4)

MOXJIUBAM BapiaHTOM € CTBOPEHHS CHCTEMH 3
00’ eTHAaHHAM TIO IIWHI TOCTIHHOTO CTpyMY (pHC. 6).

[lepeBaramm  Takoi CHCTEMH €  MOMJIUBICTH
onTuMi3allii JeTaHAep-TeHePaTOPHOTO arperary, 30Kpema,
BHUKOPUCTaHHS 0e3peLyKTOPHOTO MIPUBOLLY
BHCOKOIIBHJKICHOTO T€HEepaTopy Ta BHUKOPUCTAHHS.
Henmonix Ttakoi cxemu mojsrae y OUIbIIIA KiIBKOCTI
o0saHaHHS.

reHeparop

C—H/A1T 11/
T
KEV

PucyHok 6 — BapiaHT cuctemMy KMBJICHHS 3 00’ €THAHHSIM 110
MOCTITHOMY CTpyMy

D

Mepexa

Hakonuuysay
eHeprii

HABaHTAXeHHA

3anpornoHoOBaHi BapiaHTH CHCTEM €JICKTPOKMBIICHHS
3 BHUKOPUCTaHHSM JIETaHJEP-I€HEPATOPHUX arperarisB
MOTPeOYIOTh MOJANBIIMX JOCTIIKEHb, 10 BKJIOYAIOThH
BUKOPHCTaHHS ()aKTUYHUX JAHUX IO HEPrOCIIOKUBAHHIO
Ha 00’eKTax ra3oBoi iHQpacTPyKTypH, BpaxyBaHHS Maco-
ra0apuTHUX Ta BapTICHUX MOKAa3HUKIB O0JaJHaHHS,
BU3HAUCHHS PpalliOHANBHOI CTPYKTYPH CHCTEMH TOLIO.
[MoganpmM pPO3BUTKOM HAmpsMy € CTBOPEHHS CHCTEM
PO3IOALICHOT TeHepalii UId ONTHMi3amii poOOTH CHUCTEM
enekTpornocrayanus [18].

BucHoBku. {715 migBUIEHAS eEeKTHBHOCTI 00’ €KTIiB
ra3oBoi  iHQPACTPYKTypH  IOLITbHE  BHUKOPHUCTAHHS
JETaHIep-TeHePaTOPHUX arperatiB, sAKi 3a0e3medyroTh
BUKOPDHCTaHHS ~ CHeprii, sKka BHUBUIbHAETBCA  IPH
penykyBaHHI. BaxiuBuM HampsiMoM € BUPOOHHITBO
CIIEKTPOCHEPril  CHEProOXKUBICHHSI 00 €KTYy  ra3oBoi
IHQPACTPYKTYpH Ta HIIMX CIOXKHUBAUiB.

I[Ipn cTBOpeHHI cHCTEM ENEeKTPOXKMBICHHS 3
BUKOPHCTaHHSIM  JIETaHAEP-TEHEPaTOPHHUX  arperartiB
HEOOXiTHO BHKOPHCTAaHHS JOAATKOBUX aBTOHOMHHX
JUKEpen Ta CHCTeM HakomuueHHs eHeprii. Ilepmri
3a0e3neuaTh ~ CHEPrOXKWBICHHA TIPM  HEIOCTaTHOCTI
MOTYXKHOCTI JIETaHAEep-TEHEPaTOPHOTO arperaTy, IpyTi
3a0e3neduaTs 0e3nepediiHICTD KUBICHHS.

3anpornoHoBaHi  BapiaHTH  MOOYIOBH  CHUCTEM
CJIEKTPOXKMBICHHS 3  BHUKOPHCTaHHSAM  JIeTaHJep-
TCHEPaTOPHUX arperaTiB Ta BiI3HAYEHO, IO BHOIp

HaOUIbI e()eKTHBHOIO BapiaHTy MOTpedye NMpOBEACHHS
KOMIUIEKCHHX JIOCITIPKEHb.
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CREATION OF POWER SUPPLY SYSTEMS USING EXPANDER-GENERATOR UNITS

The use of technologies aimed at increasing energy efficiency and energy independence of technological processes is a key direction in the development
of the oil and gas industry. For gas infrastructure facilities, it is possible to use the energy released when reducing the gas flow. For this purpose,
installations based on turboexpanders are used. Their use for generating electricity allows to provide power supply to consumers of the gas infrastructure
facility and reduce or abandon gas consumption for technological processes. In order to increase the energy independence of gas infrastructure facilities,
it is advisable to use backup power sources. For these purposes, the use of cogeneration plants based on gas piston engines is proposed. Their use does
not require diesel fuel, which reduces operating costs. Thermal energy released during the operation of the cogeneration plant can be used in technological
processes of the gas infrastructure facility. To ensure uninterrupted power supply, it is necessary to use energy storage systems. Storage systems based
on chemical elements and inertial accumulators are considered. The options for constructing an uninterrupted power supply system for gas infrastructure
facilities have been proposed and analyzed. It has been shown that the smallest overall dimensions will be those of a plant that contains a piston engine,
an inertial storage device and an electric generator integrated into a single module. Further development of the proposed concept consists in creating
energy generation systems using expander-generator units and cogeneration plants. This will ensure the power supply of critical consumers during long
power outages, which will increase the stability of operation of both gas infrastructure facilities and external consumers of critical infrastructure.

Keywords: turboexpander; generator; energy storage; uninterruptible power supply system; distributed generation; electromechanical system;
energy efficiency.
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METO/ HABYAHHS EKCILTYATAILI MIKPOITPOLIECOPHUX CUCTEM PEJEHHOI'O 3AXUCTY
TA ABTOMATHUKH

3 IIMPOKHMM BIPOBaKEHHSIM LHU(POBOI TEXHIKM B EHEPreTHKY aKTyalbHOIO IIOCTana MpoOieMa IiArOTOBKH (haXiBUiB JUIS eKCIUTyaTamil
MIKPOIIPOLIECOPHUX CHCTEM pEJICHHOr0 3aXWUCTy Ta ABTOMATHKH, LIO MOXYThb MaTW CKIajHi iepapxiuni cTpyktypu IlpoananizoBaHo BuAM
eKCIUTyaTalliiHuX poOiIT iHXKEHEepIiB 3 PeNICHHOro 3aXHCTy Ta aBTOMAaTHKU. BHSBJIEHO, III0 OCHOBHUM BHIOM POOOTH € MepeBipKa TEXHIYHOTO CTaHY
CHCTEMHU pEeNeifHOro 3aXHCTy Ta aBTOMAaTHKH, IO Iependadyac BCTAHOBJICHHS NPHYWHHO-HACHTINAKOBUX 3B’SI3KIB MDK NPU3HAYCHHSM, HOOYIOBOIO,
OPHHIUIOM Aii Ta mapaMerpamu. [106y10BaHO alrOPUTM TEXHIYHOI MEPEeBIPKH MiKPOMPOLECOPHOI CHCTEMH PEJICTHOro 3aXUCTy Ta aBTOMATUKH, IO
BiZoOpakae MOCITIOBHICTh Aii y pa3i HU3XiIHOI MEepeBipKH, K HaWOLIbLI PO3MOBCIOHKEHOI. BUSBIEHO, 1110 YMOBHO NpPOLEC TEXHIYHOI MepeBipKu
MIKpOIIPOLIECOPHUX CHCTEM PENIEHHOr0 3aXUCTy Ta aBTOMAaTHKU MOXKHA PO3JIUINTHU Ha 3 eTamu, a caMe po3poOIIeHHs 3aBJaHHs Ha TEXHIUHY HEpPEBipKy,
HepeBIPKM TEXHIYHOrO CTaHy Ta BCTAHOBJICHHS MOKA3HMKIB (DyHKI[IOHYBAaHHS CHCTEMH PEIEHHOTrO 3aXHCTy Ta aBTOMATHKH. BH3HaueHO MpHYMHHO-
HACJIKOBI 3B’A3KH, SIKi CKJIaJal0Th OCHOBY PO3B’sI3aHHS 3aBJaHb Ha IIMX 3 eTamax. Y pasi po3poOJieHHS 3aBJaHHs Ha TEXHIYHY MEPEeBipKy Ha MiIcTaBi
IPHYMHHO-HACTIAKOBUX 3B’53KiB (JOPMYIIIOIOTHCSI BUMOTH IIOJI0 IEPEBIPKU CHCTEMH PeJISHHOTr0 3aXHUCTy Ta aBTOMATHKY. be3nocepenHpo mpu nepesipii
TEXHIYHOTO CTaHy HEOOXiAHO BCTAHOBJICHHS NPHYMHHO-HACTIAKOBHX 3B’SI3KiB MDK BHMOTaMH IIOAO MEPEBIPKH Ta MPUHLMIOM [ii, MOO0YZOBOIO
IPOTPaMHOro i amapaTHOTo 3a0e3NedeHHs Ul CKIAJOBUX PIi3HHUX PIBHIB iepapxii Ta Bciel cumcreMu peneifHOro 3axucTy Ta aBToMaTHKd. Etam, mo
IOB’s3aHUH 3 BH3HAYCHHSIM IIOKA3HMKIB (YHKIIOHYBaHHsS, Iependadac BCTAHOBJICHHS IPHYNHHO-HACTIAKOBUX 3B’S3KiB MDK NPUHIMIOM il i
no0y/10BOIO Ta MapaMeTPaMHU CKIIQJI0BHX BCIX PIBHIB iepapxii Ta cucTeMu B itoMy. OOIpYHTOBAHO y3arajJbHEHY MOJIeNIb METO/ly HaBUaHHS €KCIUTyaTalil
MIKPOTIPOIIECOPHUX CHUCTEM PENEHHOTO 3aXHMCTy Ta aBTOMAaTHKH HA OCHOBI NPUYMHHO-HACIIIKOBUX 3B’S3KiB, 110 BKIO4ae 4 eranu. Ha mincrasi
y3araibHeHOI MoJieli po3po0JICHO METOIMKY HaBUaHHS eKCINTyaTallii KOHKPETHIX MiKPOIIPOLIECOPHHUX CHCTEM PENIeHHOT0 3aXHCTy Ta aBTOMATHKH, IO
BUBYAIOTHCS B AUCLHUILTIHAX OCBITHBOI porpamMu «EnekTpoenepreTHkay.

Ki11040Bi cl10Ba: IpUYHHO-HACIIAKOBI 3B’ I3KH; METOJ] HABYAHHS; eKCILTyaTallis; MikpOIPOIIECOPHI CHCTEMH PENeHHOT0 3aXHUCTy Ta AaBTOMATHKH.

IMocTtanoBka mpo6jeMn. besnepepBHICTh MPOIlECYy  aBTOMATHUKH, SAKi  SBISIFOTH  CODOKO  KOMOIHOBaHi

BUPOOHHMIITBA, TIEpeaadi, pO3MOJUTy Ta CIHOXHBAaHHA  OaraToyHKI[IOHANBHI MPHUCTPOi, MO 00 ’€IHYIOTH pi3HI
CJIEKTPUYHOI E€Heprii, a TaKoX CKJIaJHICTh O0’€KTiB  (YHKIMI 3aXHCTy, aBTOMaTHKH, KOHTPOJIO, MICI[EBOTO Ta
YIpaBiHHSA, NPU3BEJIO JO CHCTEMHOI aBTOMAaTH3alii JAWCTaHIiHHOTO KepyBaHHA Tomo. CydacHi cucremu

eHeprocucteM. HeoOXimHICTh y TPHCTPOSX PpeIeHHOTO
3aXHCTy Ta aBTOMATHUKH 3 SBUJIACh 3 CaMOro IOYaTKy
CTBOpPEHHS eIeKTpHYHHX cucteM. Crmodatky me Oynun
MpOCTi NPUCTPOT MO0y I0BaHI Ha EIEKTPOMEXaHIYHHX pelle.
Hapnaini BUKOpHCTaHHS eNEKTPOHHOT elleMEeHTHOT 0a3u Jijis
o0y IOBH MPHUCTPOIB PEICHHOrO 3aXUCTy Ta aBTOMATHKU

JIO3BOJIMJIO  3HAYHO PO3MIMPUTH iX  (yHKHiIOHANBHI
MOXJIUBOCTL. Jlo HemaBHBOrO uYacy BCA CHCTEMa
npodeciitHoi  miArotoBkM  MaiOyTHiIX  daxiBmiB 3

peneifHoro 3aXMCTy Ta aBTOMAaTHKM Oyna moOymoBaHa 3
ypaxyBaHHSIM TEXHIYHHX MOMJIMBOCTEH aHAIOroBOi Ta
CIIEKTPOMEXaHIYHOT ~eNleMeHTHOI 0a3n B KOHTEKCTI
3HaHHEBOI Mozeni ocBitTh. Illmpoke BUKOpUCTaHHS
MIKpOIIPOIIECOPHOI TEXHIKH B EHEPreTHI JO3BOJHIIO
CTBOPIOBAaTH ITi CHUCTEMH pEIeWHOro 3axWcTy Ta

peneitHoro 3axucty Ta aBToMaTHku (CP3A), ski e
MOXYTh  HA3WBaTHCA  «MIKPOIPOIECOPHI  penerHi
TEPMiHAIN», «MIKPOIIPOIIECOPHI TEPMIHAJI», «IIPHIAT0BI
MOJIyNi», «peneiiHi TepMiHaam» abo HpPOCTO «UU(pPOBI
3aXHCTH», SBISIFOTH COOOIO CKJIaJHI MPOTrpaMHO-anaparHi
KOMIUTIEKCH 31 CKJIaJHUMH 1€PapXiYHUMU CTPYKTYpPaMu

(puc. 1).

[puanunum  noOynoBM — Ta  alrOpUTMH,  SIKi
BUKOPHCTOBYIOTBCSI B MIKPONPOLIECOPHUX  pPeNICHHUX
TepMiHaJaX, 3HAYHO BIJPI3HAIOTBECS BiJ THX, IO

BUKOPHCTOBYIOTHCSI B €JIEKTPOMEXaHIYHUX Ta aHAIOTOBUX
peNeHNX 3aXHUCTaxX Yepe3 CYyTTEBO Pi3HI TEXHIUYHI OCHOBH
Ta crrocodu 00poOKu iHdopMarrii.
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‘ Cucrema peneiiHOro 3aXucTy Ta aBTOMaTUKU ‘

I piBens iepapxii CP3A Cknagnosa 1 Crxnanosa 2 Criaiosa n
\ \ \
11 piBenp iepapxii CP3A ‘cmaﬂmaa‘ ‘CKH&Z[OB&‘ ‘CKJ‘IaZ[OBa‘ ‘CKIIa,Z[OBa‘ ‘CKJ‘IaHOBa‘ ‘cmaﬂona‘ ‘CKJ‘IaHOBa‘ ‘cmaﬂom‘ ‘CKJI&Z[OB&‘
1.1 1.2 L.k 2.1 22 2.h n.l n.2 n.m

N piBens iepapxii CP3A ‘ ‘ ‘ ‘ ‘ ‘ ‘

Pucynoxk 1 — lepapxiuna cTpykTypa MikponpouecopHoi CP3A

Y HaBUaNbHIA JiTepaTypi Ha CBOTOJHI JOCTATHHO
MOBHO PO3TJIHYTI NPHHIWIM amapaTHoi peaii3aril
MIKpOIPOIECOPHOTO peneitHoro 3aXHCTY,
CHCTEeMAaTH30BaHi OCHOBHI MOT'0 €JIeMEHTH Ta PO3TIISTHYTH
TUNOBI cTpyKTypH [1, 2]. Y cBotO uepry iHdopmaris mono
ITOPUTMIYHOTO 3a0e3redeHHs HU(POBUX 3aXUCTIB Yy
HaBYAJIBHIA JIiTEpaTypl HOCHTH JOCHTH EHI30MYHUN Ta
(parMeHTapHUI XapakTep 1 TIOJAEThCS SIK BapiaHT
peamizamii 3axmcTy TI€BHOro BHpoOHWKa [3-5]. V¥
MepeBakHiH OUTBIIOCTI HABYAIBHHN Marepial Mae
OTHMCOBHI XapakTep, MPaKTUYHO BIICYTHS iHQOpMAIis
oo ocodnuBocTel excruryatamii nugposux CP3A.

IIpm mpoekTyBaHHI YH eKCIDIyaTamii peasbHHX
Mikpormporecopanx CP3A imKeHep KepyeThcs He IUIIe
HasiBHUMH 11a0JIOHAMH, a #W TIOCTIHHO BHUMYIICHUI
BCTAHOBJIIOBATH  TPUYUHHO-HACTIJKOBI  3B’SI3KM  MIX
MIPU3HAYCHHSM, HPUHIUIIOM (bYHKI[IOHYBaHHS,
moOyTOBOIO Ta MapamMeTpaMu MPUCTPOro [6]. 3 oy Ha
ne 3amus  3a0e3NeueHHs] MPOJIyKTHBHO-CHHTETHYHOTO
piBHS chopMoBaHOCTI NpodeciiHUX 3HAHb Ta YMiHb Y
MaiOyTHIX iHKEHEPIB 3 peJIeHHOT0 3aXUCTY Ta ABTOMATHKH
EHEeprocUcTeM TpoIleC HABYAaHHA IOBHHEH OYTH
moOyTOBaHWH Ha OCHOBI BCTAHOBJICHHS NPUYHHHO-
HACITIAKOBHX 3B’S3KiB MK Pi3HHMH IMiJCHCTEMaMU 3HAHb.
B poGori [7] 3ampomoHOBaHO 3MICT  HABYaHHS
npoektyBanHiO 1UdpoBux CP3A Ha 0a3i mpUYMHHO-
HACJIIIKOBHX JIAHIIFOTIB 3HaHb, M0 JI03BOJISIE ©()EKTHBHO
(opMyBaTH TPOEKTHY KOMIIETEHTHICTb y MalOyTHIX
IHXKCHEPIB.

Meta crarTi — OOIpYyHTYBaHHS Ta PO3POOJIEHHS
METOJly HaBUYaHHS eKCIUTyartalii MIKpOIpPOLECOPHUX
CHCTEM pEeNeHHOro 3aXWCTy Ta aBTOMAaTUKH Ha OCHOBI
MPUYHNHHO-HACITIIKOBHX 3B’ SI3KiB.

BinmoBimHO 10 MeTH poOOTH BU3HAYEHO HACTYIIHI
3aBJIaHHS:

1. AHami3 ekcIuTyaTamiifHuX BUAIB POOIT iHXKEHEPIiB 3
pEIIeHHOT0 3aXHUCTy Ta aBTOMATHKH.

2. TloOymoBa anroputMy TEXHIUHOI MepeBIpPKU
Mikporporecopaoi CP3A.

3. Po3pobka Mmeromy HaBUaHHS eKCIUTyaTarlil
mikponponecopuux CP3A.

OcHOBHI Marepianau JDOCTiKeHHSI.
Excrutyaraiiiiina misUTbHICT 1HXKEHEpIB 3  peNIeHOro
3aXUCTYy Ta ABTOMATUKH Tependadae MPOBEICHHS

HaCTYITHUX BHAIB pooir [8, 9]:

e  TpOBeAEHHSA POOIT 3 TEXHIUYHOI NepeBipKH
MIPUCTPOIB;

®  MpOBelEHHs POOIT 3 BHUSIBICHHS Ta YCYHEHHS
MIPUYHH HEKOPEKTHOI poOOTH IPUCTPOTB;

° BEJCHHS TEXHIYHOI JOKyMEHTAIlil
IIPUCTPOIB.

PoGotu 3 TexHIYHOT EPEBIPKH MTPUCTPOIB 3aXHCTY Ta
ABTOMATHUKH MIPOBOASATH 3 METOIO:

e  HaJAIITYBaHHA INPHUCTPOIB, IO CKIATAETHCA 3
CYKYTIHOCTi OIepariif IIoJ0 peryJioBaHHS, MiATOTOBKH,
YBIMKHEHHSI Ta 3a0e3le4eHHS HOpPMAalbHOi poOOTH B
3aJaHUX YMOBaXx;

e  mpuifloMy B eKCIUTyaTalil0 HPUCTPOiB, IO B
3arajlbHOMy  BHIIQJIKy  CKJIaJa€ThCcsi 3  HEPEBIPKU
BIJIMIOBITHOCTI MPOEKTaM 3MOHTOBAHOTO O0O0JaHAHHSA,
pe3yJIbTaTiB BUIPOOYBaHb 1 KOMIUIEKCHOTO OOCTEIKCHHS,
MiZITOTOBJICHOCTI JI0 HOPMAJILHOI CKCIUTyaTallii, SIKOCTI
MOHTaXXHUX POOIT;

®  TEXHIYHOrO OOCIYyrOoBYBaHHS IPUCTPOIB, MIO
MOB’S3aHO 3 KOHTPOJIEM BHKOHAHHS YCIX BHMOT iX
BUKOPHCTAaHHS, CIIOCTEPE)KEHHAM 3a CIPAaBHUM CTaHOM,
MPOBEJCHHIM OIJBIIIB, KOHTPOJEM 3a JOTPUMAaHHIM
MpaBWJ TEXHIYHOI eKCIUTyaTamii, IHCTPYKIiH 3aBOIiB-
BHPOOHMKIB Ta MiCIIEBUX IHCTPYKIIiH, YCYHEHHIM JpiOHIX
HECIIPaBHOCTEH, IO HE BHMAaraloTb BHUMKHEHHA
o0JiaJiHaHHs, PETYJIIOBaHHSM, YHILIEHHSIM, HNPOIYBKOKO i
3MalllyBaHHIM TOILO;

° MIiJBUINCHHS PIiBHS CKCIUTyaTallii, omTumi3ariii
BUKOPHCTaHHS,  BJIOCKOHAJEGHHSA,  MOJEpHi3alii  Ta
PO3pOOJICHHS HOBHX NPOTPaMHHUX Ta TEXHIYHUX 3acC00iB
MIPUCTPOIB 3aXKCTY Ta aBTOMATHKH.

[IpoBenenHs poOiT 3 BUSBIECHHS Ta yCYyHEHHS IPUYUH
HEKOPEKTHOI pOOOTH NPHUCTPOIB 3aXUCTy Ta aBTOMATHKH
OB ’s13aHO 3 TUTIOBUMHU TIpOodeciitHuMu 3a1a9aMu MI0/10:

e  30BHINIHBOTO Ta BHYTPIIIHBOTO OTJISAY,

®  TIEPEeBIpPKH Kil 3B 53Ky,

° 3aMiHU 1e(DEKTHHX CIICMEHTIB,

®  YCYHEHHS HECIIpaBHOCTEN B
M1 IKJTFOYEHHS,

e  HaJaIITyBaHHS.

3aauaMu TPy BelIeHI TEXHIYHOT JOKYMEHTAIIIT 100
MPUCTPOIB 3aXUCTy Ta aBTOMATHUKU € 3aIHC JI0 XypHAILYy
MPOBEJCHUX POOIT Ta MacIoPTiB IPUCTPOIB.

Sk MokHa 0aYUTH eKCILTyaTalliiHi 3a7a4i iHKeHepiB
3 peseifHOro 3axHWCTy Ta AaBTOMAaTHKH HacaMIepe[
MOB’s3aHI 3 TPOBEINCHHAM TEXHIYHOI TIEpEeBipKH, IIe

o0

cxXemax
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BUMara€ Big TMpalliBHUKA BOJOMIHHS  IOHSTIHHO-
AQHAIITHYHUM Ta MPOLYKTHBHO-CHHTETHYHUM MHUCIICHHSM,
mo mnependayae BCTAHOBJIEHHS NPHYMHHO-HACHIIAKOBHX
3B’SI3KIB 1110/10 TOOY10BM Ta (yHKIIoHYBaHHs CP3A.

BukoHaHHs ~ ekclulyaraliiHuX — 3agad MO0
mikponponecopunx CP3A mnepenbayae BuOip mneBHOI
MOCTIOBHOCTI Aiif. POOOTH MOXYTh MOYMHATUCS 5K 3
CaMoro BEpPXHBOTO pIBHA 1 IOCTYNOBO HOXOIUTH JIO
HIDKHBOTO PIiBHS TEPMiHANy, TaK i 3 CaMOro HIKHBOTO
piBHS 1 TOCTYIIOBO MJOXOAWTH JIO BEPXHBOTO piBHSA
iepapxignoi CP3A. Ile 3amexxuTs Big CKIaTHOCTI
MPUCTPOIO, JOCBiAy MpaliBHUKA Ta KOHKPETHHX YMOB.
Hanpuknan, BUSBIEHHS NPHUYWH HEKOPEKTHOI poboTu
3MIACHIOETBCA  HA  MiACTaBi  aHami3y  OTpPHMaHHUX
XapaKTEePUCTUK MIKPOIIPOILIECOPHOTO TEPMiHATIy Ta HOro
CKJIaJIOBUX.

Y  pa3i  HE3XiAHOI ~ TEPEBIpKH  CIOYATKY
MEPEBIPSIOTBCS  CKJIAO0BI  €JIEMEHTH IIEPIIOrO  PiBHS
iepapxii  MIKpONPOLIECOPHOTO  TepMiHANy, Jaii 3
ypaxyBaHHSIM TOTO B SKOMY €JIEMEHTI BHSBJICHHI
BIZIXMJICHHS! [IEPEBIPSIOTHCS €IEMEHTH HOT0 IPyroro piBHs
i Tak pani. [lepeBipka 3miHCHIOETbCS AOKH MOKH He Oyne
BUSIBJICHO HecIipaBHUI eneMeHT. [1pu BucxinHiil nepesipii
CIIOYATKY TIEPEBIPSIOTHCS CKIIAJOBI CIEMEHTH HIDKHIX

piBHIB  iepapxii, mmicns BHUSABICHHS Ta YCYHEHHS
HecIpaBHOCTI nepeBipsieTsest Best CP3A.
Y BUmMaAKy HU3XIAHOI TEXHIYHOI IepeBipKH

Mikporporecoproi CP3A, sik HaltOUTBIII PO3MOBCIOIKEHOT,
ANTOPUTM TEXHIYHOI TEpeBipKM MOXKHA 3alUcaTh y
BUTJISIAI, IIIO TIPEICTABIICHHUI Ha pUC. 2.

IToyarok

[ BuBuenns rexuiunoi noxymenrauii mogo CP3A |

| Busmauenns sivor moso nepesipkn CP3A |

[ Busnauenns npunruny nii Ta no6ymosu seiei CP3A |
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Bu3HayeHHs BUMOT 1010 IIEPEBIPKH,
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3rigHo 3 HABEACHHM aJrOPUTMOM  TEXHIYHOI
HEepeBipKH YMOBHO MO)KHA BUIUINTH TPU OCHOBHI €TaIlH:
PO3pOOIICHHS 3aBAaHHs Ha TEXHIYHY MIEPEBIPKY, MepeBipKa
TEXHIYHOTO CTaHy, BCTaHOBJICHHS MOKa3HUKIB
(hyHKLIOHYBaHHS CKJIQJIOBUX Ta BCi€l MIKpOIPOIECOPHOT
CP3A.

Ha 3amaTTSX BUKIAAa4i ITOBHHHI TEOPETHYHO
MiATOTYBAaTH CTYJICHTIB 3 KOXHOTO €Tary anropurmy. Ilpu
BUBYEHHI TEXHIYHOI JOKyMEHTalii Ta BU3HAYCHHI BUMOT
mozo nepeBipkun CP3A CTyIeHT MOBHHEH MaTH HaBUYKU
pOOOTH 3 TEXHIYHOI ITOKYMEHTAIIEI0 IMIOA0 TepMiHAIY,
YMITH 4YHATaTH €NeKTPUYHI IPUHIMIIOBI CXEMH, yMITH
BUJUIATH TOJOBHE NP0 O0CATH W 3aBHaHHS TEXHIYHOTO
00CITyTOBYBaHHS IPUCTPOIO, BOJIOAITH iH(POPMAIII€IO 00
MOXIIUBOCTEH BUMPOOYBAJIBHUX YCTaHOBOK Ta METOIB
BUMIpIOBaHHs (BUIIPOOYBaHH).

Jost YCIHILITHOTO BHKOHAHHS pooir, 10
0e3nocepeIHbO MOB’s13aHi 3 EPEBIPKOI0 TEXHIYHOTO CTaHy
Ta BH3HAUCHHSM IOKa3HUKIB (yHkuionyBaHHs CP3A,
CTYZICHT NTOBHHEH YMITH ONTHMAJILHO PO30MBATU CHCTEMY
Ha (YHKIIOHATBHI CKJIAMOBI M BHUKOHAHHS pOOIT,
BU3HAYATH CTPYKTYpPHI €JIEMEHTH, IO peali3yloTh IeBHi
(yHKIIT Ta TapaMeTpu BHIUICHUX (YHKIIOHAJTBHIX
ckianoBux. Ha mpaktinunnx abo 1abopaTopHUX 3aHATTSIX
BUKJAMa4eBl  JOIUIBHO  3MOJEIIOBATH CIIPOILEHY
mpodeciiiHy  cHTyamilo,  HampuKiaa,  [epeBipUTH
TEXHIYHHI CTaH HasABHOI Ha Kadenpi mudposoi CP3A. s
YOTr0 CTYJEHTH IOBHHHI OTPUMATH TEXHIYHUH ONUC Ha
NPUIAJOBHHA MOAYIb, 3 SIKOTO BU3HAYMTH IO Tpeda
MEPEBIPSATH 1 TKUM YMHOM. J[aJti, BHKOPUCTOBYIOUH HASIBHI
BUIIPOOYBaJIbHI ~ YCTAaHOBKH,  IIPOBECTH  IEPEBIpPKY,
BU3HAYUTH TIOKA3HUKH (PYHKIIOHYBaHHS Ta 3pOOUTH
BUCHOBKM ¥ pEKOMEHJalii 1010 TEXHIYHOTO CTaHy
MmikpomnporiecopHoi CP3A.

OTxe, TiACTAaBOIO A PO3pOONICHHS 3aBAaHHS Ha
TEeXHIYHY MEPEeBipKy, IMEpeBipKM TEXHIYHOTO CTaHy Ta
BCTaHOBJICHHS ITOKAa3HWKIB (DYHKIIIOHYBaHHS CKJIQIOBHX
CP3A enexktpu4HOi cHCTEMH OyAyTh CIyTyBaTH HACTYIIHI
MPUYHUHHO-HACIIKOBI 3B’ s13KH (puc. 3-5).

ITpusnayenns CP3A
punuun aii CP3A
[To6ynosa CP3A
IMapamerpu CP3A

Bumoru mono
nepeBipKu
CP3A

CP3A —»|

PucyHok 3 — [IpuunHHO-HACTIIKOBI 3B’ A3KH NIPH PO3POOICHHI
3aBJlaHHA Ha TeXHiuHy nepeBipky CP3A

3  ypaxyBaHHSM  BCTAQHOBJIGHHX  IPHUYHHHO-
HACJIIKOBUX 3B’SI3KIB TPM BHUKOHAHHI PI3HUX 3aBJaHb
II0/I0 TEXHIYHOI TMEepeBIPKU 3aluIlieMO Yy3aralbHEeHy
MO/JIeIh METO.Ly HaBYaHHS eKCIuTyaTamii
Mmikpomnponecopuux CP3A (puc. 6)

Sx npukitan  3miHCHMMO HaBYalIbHY TEXHIUHY
NepeBipKy MPHIAZOBOIO MOAYJISL PENEHHOT0 3axXHCTy Ta
aBTOMATUKN CHHXpoHHOTrOo reneparopa (IIMP3ACI), mo
BUTOTOBIISIETBCSI HAYKOBO-BUPOOHWYNM MiIIPHEMCTBOM
«XAPTPOH-IHKOP» (M. Xapki) [10]. fAx Oymno
3a3HAYCHO paHillle TPOBENCHHS TEXHIYHOI TepeBipKU
YMOBHO CKJIaJa€ThCid 3 TPhOX BHUIIB 3aJ1ad, a came:
pO3pOOJCHHST  3aBlIAHHS HAa  TEXHIYHY  IIEPEBIpKYy,
Oe3mocepelHbO  MEepeBIpKM  TEXHIYHOTO  CTaHy Ta
BU3HAUYECHHS MMOKa3HUKIB (yHKIioHYBaHHs CP3A.

Bumoru mozno nepeBipku
Beiei CP3A ITo6ynoBa mporpaMHOro
Ta anapaTHOTo

3abe3nedenns Beiel CP3A

IMpunnun xii Beiei CP3A ’—'

v

Bumoru 1110710 mepeBipku

) IloGynosa
(I)yHKL'IIOHa?'ILHI/IX CKIANOBHX | ¥ phornamioro Ta
I pius iepapxii CP3A aTapaTHOTo

3a0e3neyeHHs

(yHKITIOHATBHIX

Tpuniun it .
CKJIaJI0BUX | piBHS

(YHKIIOHAIBHUX CKIAZIOBUX |—p

I piBHs iepapxii CP3A iepapxii CP3A
Bumorn mono nepeBipku IMoGymoBa
(GyHKIIOHANBHHUX CKIIAOBUX —» [IPOrPaMHOIO Ta
N piBus iepapxii CP3A arapaTHOTO

3a0e3neyeHHs
l (yHKITIOHATTBHHUX
CKIagoBuX N
piBHS iepapXii
CP3A

Tlpunimn aii
(YHKLIOHATTBHUX CKIIAJ0BUX |— |
N piBns iepapxii CP3A

v

IMapamerpu $hyHKIIOHATBHUX cKIanoBuX N piBHS iepapXil
CP3A

PucyHok 4 — [Ipu4nHHO-HACIIIKOBI 3B’ SI3KH TPH MepeBipIli
TEXHIYHOTO CTaHy Ta BCTAHOBJICHHI IIOKa3HUKIB
¢yHKIIOHYBaHHS cKiIagoBux N piBHA iepapxii
Mikponpouecopaoi CP3A

IMapamerpu Tlapamerpu Tapamerpu
(dyHKIIOHATEHIX (yHKIIOHATBHUX (yHKIIOHATLHUX §
cknaoBux N P oo =P cxnagopux [ [ cxragopux [ [P l;;gf“é;?:
piBHs iepapxii piBHs iepapxii piBHs iepapXii
CP3A CP3A CP3A

PucyHok 5 — [IpuuMHHO-HACIIIKOBI 3B’SI3KM NPH BCTAHOBJICHHI
MOKa3HUKIB (YHKLIOHYBaHHS yciei MmikporporecopHoi CP3A

1.  Pospobra 3a60amns Ha MeXHIYHY HePeGIPKY
npunadoo2o  MoOYAs  pereuno2o - 3axucmy — ma
ABMOMAMUKYU CUHXPOHHOZ0 2€HEpamopa.

Jlyist 3MiCHEHHST TEXHIYHOT MEePEeBIPKH MPHUIAT0BOTO
MOJIyJIsl PEJICHHOTO 3aXUCTy Ta aBTOMAaTUKU CHHXPOHHOTO
reHepaTopa Tepll 3a BCE HEOOXIJHO BHBUCHHS HOTO
CTPYKTYPHOT CXEMH, CXCMH 30BHIIIHIX MiJKIIOYCHb,
rabapUTHO-IHCTANSAIIHHOTO KPECICHHS Ta TEXHIYHHX
xapakrepuctuk [10, puc. 1.1.2, 1.5.1 1 1.5.2, Tabn. 1.2.1-
1.2.6].

Jo npuHOmIy mii mpuiIagoBOro MOIYJS pEeNeHHOro
3aXUCTy Ta ABTOMATHKH 3aKiafeHi (yHKMii OCHOBHHX
3aXHUCTIB CHHXPOHHOT'O re’eparopa, ¢byHKuit
MPOTHABAPIHOT  aBTOMATHKK Ta  JTIarHOCTUKA U
YIpaBIIiHHS BUMUKAUEM.
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®dopMyBaHHS 3HaHb, YMiHb, HABUYOK Ta NpodeciiiHO
BaXJIMBUX SIKOCTEH 3 pO3pO0IICHHS 3aBIaHHs Ha
—» TexHiuHy nepeBipky Bciei CP3A Ta ii ckianoBux I-N
PiBHIB i€papXii Ha OCHOBI MPUYMHHO-HACITIIKOBUX
3B’3KiB

I

»!

v

@dopMyBaHHS 3HaHb, yMiHb, HABHYOK Ta NpoQeciiiHo
BaXJIUBUX AKOCTEH 3 NEPEBiPKU TEXHITHOTO CTaHy
Bciei CP3A Ta 11 ckinagoBux I-N piBHIB iepapxii Ha

OCHOBI IIPUYMHHO-HACIIIIKOBHX 3B 3KiB

>

e —

@DopMyBaHHs 3HaHb, YMiHb, HABUYOK Ta PO(eciiiHo
BaXJIMBUX SIKOCTEH 3 BU3HAYCHHS [IOKA3HHUKIB

> ¢yHakuionysanns Bciei CP3A Ta 1i ckinagosux I-N

PIBHIB i€papxii Ha OCHOBI IPUYHHHO-HACIIIKOBHX

3B’3KIB
|
v

KounTposnb 3HaHb, yMiHb, HABHYOK Ta TPOdeciitHo
BaXJIMBHUX SIKOCTEH 3 BUPIIIEHHS SKCILTyaTalliiHIX
3anau Beiei CP3A Ta 1i ckinagoBux [-N piBHIB iepapxii
Ha OCHOBI IPUYMHHO-HACTIIKOBHX 3B 3KiB

T
3HaHH, yMiHHA, HABUYKH Ta POQeCiitHO
BaKJIMBI SIKOCTi CHOPMOBAHO

Pucynok 6 — Y3aranpHeHa MOJETb METOAY HaBUAHHS
eKkcrutyaTanii Mikpornponecopaux CP3A

[Iporpamna Ta amapaTHa peanizailis (yHKITIOHATEHIX
CKJIaIOBHX  OOYMOBIIOIOTH MEBHI  mapaMeTpu Ta
XapaKTEPUCTHKH MPHUCTPOIO. 3TigHO 13 3a3HAYCHUMH
¢yHKUisME  Ta 1OOYJOBOIO  MPUIIJ0BOTO  MOJYJIS,
KOHTPOJILOBAaHUMH IapaMeTpaMH € CTPYM Ta Hampyra 3i
cbomMa BxomamMu Ha KoxHHA mapaMetp (Luow =35 A,
Uson = 58 B), hils) EKCIUTyaTaIliiHIX napameTpiB
BIZIHOCSTBCS YCTaBKH Ta HaJaIITyBaHHs (QYHKIIIH 3aXUCTy,
aBTOMAaTUKH Ta yNpasiiHHA. [lapamerpamu AMCKpETHHX
BUXOJIB BACTYIAIOTh 26 BHXOIB 3 MOCTIHHOI HAIIPYTOIO
220 B Ta TpuBamo KOMyTOBaHMM cTpymoM o 1 A, 8
BUXOIIB 3 TmocTiiiHOI0 Hampyroto 220 B Tta TpuBaio
KOMYTOBaHHM CcTpymMoM 10 5 A. Tlapamerpamu
TUCKPETHUX BXOMIB € 32 BXOAM 3 MOCTIHHOIO HAIPYTOIO
220 B. Bume Ha3BaHi mapaMeTpH € TapaMeTpaMmH, 10
MOTPeOYIOTh MEPEBIPKH, 3 ypaxyBaHHSIM LbOI'O MPUYHHHO-
HaCJ'IiJlKOBPIﬁ 3B’S30K 3 BH3HAYEHHSI BHMOT moao
MEepeBIpKU TPHUIIAI0OBOTO MOJYJNS PEIeHHOro 3axHCTy Ta

ABTOMATHUKN CUHXPOHHOTO TI'C€HCpaTopa Ma€ BUIIIAN
(puc. 7).
Bumorn mozo nepesipkn IIMP3ACT
Ilepesipka dyHKIiif peneiiHoro 3axucTy, NpoTHaBapiiHOT
ABTOMATHKH, JiarHOCTUKH Ta YIPABJIiHHS BHMUKAYEM 3:
Omuce IMP3ACT KoHTpouiboBaHIMHU mapaMeTpamMu —
eCxemMa  30BHIIIHIX

- 7 BXOJLiB 3MiHHOrO Q)amuoro cTpyMy 3 IHOM = 5A,
o CIpyKTypHa cXeMa 7 BX0JiB 3MiHHOI (a3noi Hanpyru 3 Unom = 58 B
o ["abapuTHO- » ExcruryataniftHuMy mapamMeTpaMu — yCTaBKH Ta
iHCTaIILiHE HACTPOKH (yHKIIH 3aXHCTY, aBTOMATHKH Ta YIPABITIHHS
KpecieHts IapameTpamu AMCKPETHUX BUXOJB —
* Mpusiun 1 26 BuXxoziB 3 noCTiiiHOW Hanpyrowo 220B Ta TpuBao
o [TapameTpu Ta Py P
XapaKTepUCTHKH KOMYTOBaHUM CTPYMOM Ji0 1 A
8 BHXOJIiB 3 MocTiifHOIO Hampyroro 220B Ta TpuBaio
KOMYTOBAHHMM CTPYMOM JI0 SA
[lapameTpamMy INCKPETHUX BXOJIiB —
32 Bxou 3 nocriiiHolo Hanpyroio 220B

Pucynox 7 — IIprauHHO-HACTIIKOBUH 3B’ 130K MK OIIHCOM Ta
BHUMOTaMH L1010 TIEPEBIPKHU MIPUIIAI0BOIO MOYJISI PEIICHHOTO
3aXMCTy Ta aBTOMATUKU CUHXPOHHOI'O I'eHepaTopa

2. Ilepesipka  mexuiunoco
npuna008oz0 Mooyl penetHo2o
ABMOMAMUKY CUHXPOHHO20 2eHepamopa.

3niiCHUMO TiepeBipKy (QYHKIIH peleiHOro 3aXHuCTy
MPUJIAZI0BOTO MOYJISl PEJISHHOTO 3aXHUCTY Ta aBTOMATHKH
CHHXPOHHOI'O T'eHepaTropa. 3TiHO 13 3arajbHUX BHUMOT
IIOI0 TEPEeBIPKM NPHIIAJ0BOTO MOIYJs 10 (GYHKIIH
peNeifHOro 3axHCTy, Ki Tpeba MepeBipUTH, BIITHOCSTHCS
[10]: TTOB3JIOBXKHIN nudepeHianbHUA 3aXUCT,
MOTIepeYHNH TU(EpeHIiaIbHNII 3aXHUCT, MaKCUMAaJIbHUH
CTPYMOBHIHl  3axHCT, 3aXHCT Bil  CHMETPHYHHX
MepeHaBaHTaXXeHb, CTPYMOBHH 3aXHCT BiX 3BOPOTHOI
MOCTITOBHOCTI, 3aX¥CT BiJ| MiABUIICHHS HAIPYTH, 3aXHUCT
BiJl BTpaTH 30yKEHHS T4 aCHHXPOHHOTO PEXHUMY, 3aXUCT
BiJl 3BOPOTHOT MOTY>KHOCTI, 3aXUCT BiJl KOPOTKHX 3aMUKaHb
B pOTOpi, 3axHCT MiHIMaIbHOI YacTOTH. ArnaparHa
peamizailisi 3a3HaYeHUX (QYHKIIH pPEICHHOr0 3axXUCTY
3TiIHO 13 3arajpHOi MOOYAOBH IPUIIAOBOTO MOJIYJIS
peneifHoro 3aXWCTy Ta aBTOMATHKA CHHXPOHHOTO
reHeparopa 3abesmeuyerbess [10]:  BUMIprOBaIbHUM
neperBopioBadeM crpymy Ta Hampyra  (BIICH),
aHAIOTOBO-IIH(POBUM MIEPETBOPIOBAYEM (ALIID),
00YNCITIOBAIEHOIO YaCTUHOIO (OY), QG poBUM
imgukaropom (LI), wxmaBiatypoto (K), xommiexTom
Buximaux pene (KBP), KoHTakTHHUMH KOJIIOZKaMH —
posz’emamu (Si, Sz, Fi, Fa, F3, F4, Fs, Fs, F7, Fs, Fo, Fio).
OTKe, Ha JAaHOMY eTaIli IPUYMHHO-HACITIIKOBHIA 3B’ SI30K 3
BU3HAYCHHS MpUHOMOY Xii Ta mnoOyAoBH (QYHKIH
pENEeHHOTO 3axUCTy MPUIAAOBOTO MOJIYJIS peleitHOro
3aXHMCTy Ta aBTOMAaTUKH CHHXPOHHOTO TeHepaTropa Mae
BUIJISI, 1110 HaBeIeHUN Ha puc. 8.

AHaNOriyHUM YMHOM MO>KHA BU3HAYHUTH IIPHHIIHIT JTii
Ta 1OOYINOBY (YHKIIM aBTOMATHKH, IarHOCTHKH 1
YIpaBIIiHHSA BUMHKAa4YEeM IPUIIAJ0BOTO MOAYJISI PEIeHHOTO
3aXHCTY T4 aBTOMAaTHKN CHHXPOHHOTO T€HEPATOPA.

3.  Po3pobka 3a80amHs HA MeXHIYH) NepesipKy,
nepegipka  MexHiuHo20 ~ CMAawy md  GCMAHOGIEHHS
NOKA3HUKIE — (DYHKYIOHY8AHHA — NPUIAO06020  MOOYIA
penetinozo  3axucmy ma A8MOMAMUKU — CUHXPOHHOSO
2enHepamopa.

B HaBuanpHMX LOUIAX 3A1HCHUMO TepeBipKy (yHKii
MONIEPEYHOro TU(EPEHIIaIbBHOTO 3aXHUCTy TPHIIAI0BOTO
MOJIyJIsl PeJICHHOTO 3aXUCTy Ta aBTOMAaTUKH CHHXPOHHOTO
TeHepaTopa, Mepeltik BUXIAHUX CHIHANIB Ta OINHUC SKOTO
Bi3bMEMO 3 KEpIiBHHUITBA 10 eKCIuTyartaii [6, puc. 1.3.7,
tabn. 1.3.2, b3, E2].

3rigHO 13 3aralbHUX BHUMOT MO0 NOIEPEYHOTO
Iu(epeHITiaTbHOTO 3aXUCTY KOHTPOJFOBaHUM
mapaMeTpoM € CTPyM B IEpeMHdIl MK HEHTparsiMu
napanesibHUX KiJl CHHXPOHHOTO TeHepaTopa. A, OTKe,
NPUHIUIIOM il 3a3HadeHol QyHKIii € (opMyBaHHS
KOMaH/JM Ha curHajg abo Ha BIJKIIOYESHHS HPU YMOBI
MEepeBHLICHHS] CTpyMy B mepemuuii (/y) Haj cTpymMoM
Hebanaucy (Ius).

cmany — ycbozo
saxucmy — ma
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’ Bumoru mopno nepesipkn IIMP3ACT ‘

¢

&

o OyHKIIIS 3aXKUCTY BiJl MiJBUIICHHS HANPyTH

PEXHMY
o OyHKIIA 3aXKUCTY BiJl 3BOPOTHOT MOTYKHOCTI

o OyHKIIs 3aXUCTY BiJ| 3HIDKEHHS 4aCTOTH

IpuHnMn Aii Ta CTPyKTYpa NpPOrpaMHoOro 3adesne4eHHst
dynkuiii peneiinoro 3axucry IMP3ACT
o OyHKIIiS IOB3JI0BKHBOTO IU(epeHIiaTbHOIO 3aXUCTY
o OyHKIiS MONEPeYHOro AU(GEPEHIIAIBHOTO 3aXHUCTY
o OyHKIiS MAKCUMAJIBHOTO CTPYMOBOTI'O 3aXUCTY
o OyHKIIs 3aXUCTY BiJ| CHMETPHYHUX HEepEeHABAHTaKEeHb
o OyHKIIS CTPYMOBOTO 3aXHUCTY 3BOPOTHOT HOCTiTOBHOCTI

o OyHKIis 3aXUCTY BiJl BTpaTH 30yIKEHHS Ta aCHHXPOHHOT'O

o OyHKIIIA 3aXUCTY Bill KOPOTKUX 3aMUKaHb B POTOPI

CTpyKTypHO-
(¢yHknioHaabHA cXeMa
anapaTHoi peaJjizanii
¢yHnkuiii peseiinoro
3axuctry IIMP3ACT
S1 F1
m —S:FZ
=1 e
S2 F4

) s

KBP | g.F6

$F7

1 F8

wl) e

K F10
Hi-

Pucynok 8 — [IpranHHO-HACTIAKOBHUIT 3B’ 30K 3 BU3HAUECHHSI IPUHIIAITY Aii Ta MOOYI0BH (QYHKIIN peNeiHOTO 3aXHCTY MPUIIAJ0BOTO
MOJIYJIs peJICHHOr0 3aXMCTy Ta aBTOMAaTHKU CHHXPOHHOTO I'eHepaTopa

BigmoBimHO MO0 CXeMH 30BHIIMIHIX ITIKIIOYEHD
NPUIaJOBOrO MOIYJIS PEJICHHOTO 3aXUCTy Ta ABTOMATHKH
CHHXPOHHOTO TeHeparopa a0 po3’emiB S1/7-S1/8 BCITH
MIOBUHHA I AKITFOUaTHCS BTOpPHHHA 0o0MOTKa
TpaHchopMaTopa CTpyMy, [0 BCTAHOBIICHUH B MTEPEMHUIILI
HelTpalli CHHXpOHHOTO rereparopa. OTxe, s IepeBipKku
XapaKTEePUCTUK CHpalnboBYBaHHs MOTIEPEYHOTO
TUGEPEHINaTbHOIO 3aXKMCTy HEOOXIMHO [0 BKa3aHHX
PO3’€MIB MIIKIIOYUTH JKEPETIO 3MIHHOTO CTPyMYy, Jitoue
3HAYEHHS SIKOTO HE MIOBHUHHO MEPEBUIIYBaTH 5 A.

BuxigHuMH  KOJaMM  MPWIAZOBOTO  MOJIYNS €
JIMCKPETHI CIa0KOCTPYMOBI Ta CHJIOBI CHT'HANH, a, OTXKE
Juid IX BHMIpy MOTpiOHO 10 BIANOBIZHUX PO3’€MIB
i1 €JHATH KOHTPOJILHO-TIEPEBIPOYHY amaparypy.
BusHaunmo po3’emu, Ha BHBOJAX SKHX IIOBHHCH
3’SIBIISITHCS CUTHAJ TIPU BBEICHHI B POOOTY MOMEPEIHOTO
TUGEepeHIiaTbHOTO  3aXUCTy  MPHJIANOBOTO  MOMYJIS
peNeifHOro  3aXHMCTy Ta aBTOMATHKM CHHXPOHHOTO
reHeparopa.

BiamoBigHO 10 3aBOACHKHMX HANAIITYBaHb IS
peamizaniii poOOTH TONEPEYHOro aUEPEHINATEHOTO
3aXUCTy MPUIIAJIOBOTO MOJYJISA 3aJisiHI HACTYIHI pO3’eMuU
[10, Tabnm. BI13]: F10/3-F10/11 — curaan aBapiiiHOl
curHamnizanii; F10/4-F10/2 — curnan momnepepkyBajbHOT
curtamizamii; F10/2-F10/10, F4/2-F4/10 — curHan
CHpalboOBYBaHHS  IIONEPEYHOr0  AW(EPEeHIIATBLHOTO
saxucry; F6/1-F6/9, F6/3-F6/11, F6/4-F6/12, F6/5-F6/13,
F6/6-F6/14, F6/8-F6/16 — curHanm crpamnbOBYBaHHS
MIOTIEPETHOTO I epeHITiaTbHOTO 3aXUCTY Ha
BigkroueHHs, F6/5-F6/13 — curnan 3amycky momnepeyHoro
JdepeHIiaIbHOr0 3aXUCTY.

Y cBOW0 uepry AMCKPETHUN CWIOBHH CHUTHAJ Ha
BiJIKJIFOUCHHS TEHEPATOPHOTO BHUMHMKAya 3TiTHO 3 JNAHHX
NPU3HAYeHHS] KOHTakTiB po3’emy F8, 3’sBUTBCS Ha
KoHTakTax 2, 6, 10 [10, Ta6n. B8].

3 ypaxyBaHHSM CKa3aHOTO NPUYMHHO-HACIIIKOBHUH
3B’5130K 3 BU3HAYCHHS BHMOT III0JI0 NIEPEBIPKH, IPHHIHITY
nii, moOymoBH Ta TapaMeTpiB (YHKIII IOIepedHOro
TUQPEepeHIiaTbHOTO  3aXUCTy  MPHJIAJOBOTO  MOJIYJIS
peleHOro 3axXHCTy Ta aBTOMATHKH CHHXPOHHOTO
reHepaTopa Ma€ BHUIJIL, 1O PEACTaBIeHHH Ha puc. 9.

V pasi cripaBHOCTI MPUCTPOIO MPHU MEBHUX 3HAYCHHSX
KOHTPOJILOBAHOT'O napaMerpa Ta napameTpiB
HAJAIITYBaHHA (eKCIDTyaTalidHI IMapaMeTpu) 3HaYCHHS
CHUTHAJIy B KOKHOMY KOJIi IOBUHHO nopiBHIoOBaTH 220 B
MOCTIHHOTO CTpyMy. Skimo [IOIEPEYHUIT
mudepeHIiaTbHINA 3aXUCT Oyne BBEACHO 10 poboTH, TO
ypa3i 3alycKy 3aXHCTy IOBHHEH 3’SBUTHCS CHI'Hal Ha
po3’emax F6/5-F6/13, mani Ha po3’emax F4/2-F4/10,
F10/2-F10/10, 110 BianoBijgae CrparbOByBaHHIO 3aXUCTY.
B 3ay1e)xHOCTI Bii TOTO 3aXUCT IpaIlOE Ha CUTHAI abo Ha
BIZIKJIIOYEHHS ITOBHHEH 3 SBUTUCS CHUTHAI Ha PO3’€Max
F10/4-F10/2 abo na po3’emax F10/3-F10/11, F6/1-F6/9,
F6/3-F6/11, F6/4-F6/12, F6/5-F6/13, F6/6-F6/14, F6/8—
F6/16 BinmosinHo.

[pwitMemo, mo TpuU  [OiFOYOMY  3HAYEHHI
KOHTPOJBOBAHOTO  CTpyMy | A 3aXuUCT  TOBHHEH
CIIPAIlbOBYBATH, a, OTXKE, IOBUHEH 3’SBISATHCS BHXIiTHUI
JCKpeTHHI  curHan Ha po3’emax  F10/2-F10/10.
[Ipunyctumo, 1o curaan Oyae BiacyTHIH abo He Oyme
BIZIMOBIIATH HOpPMi, 10 MOTPeOy€e BH3HAYEHHS HPUYUH
HEKOpPEKTHOi pobotu. Tak, BIANOBIAHO JO CXEeMHU
nporpamMHoi  Ta  amapaTHoi  peamizamii  (QyHKIIT
MONEPeYHOro  AU(EPeHIiaIbHOTO  3aXUCTy  II€pPEBIpKH
motpeOyrote  po3z’emu  S1/7-S1/8, BCIIH, A,
obuncmoBansHa  4actuHa, posz’emn  F10/2-F10/10
KOMILICKTIB BUXIIHHUX pele.

Ilepm 3a Bce mpm BU3HAUEHHI HECIPaBHOCTEH
MIEPEBIPSIOTh HASBHICTH JKUBJICHHS, IO Tiepeadadae BUMip
PiBHS TIOCTIHOT HAIIPYTH HA BXO/i €JIEMEHTY, HAIPUKIIA],
3a JONOMOror BojibTMeTpa. Jlami, SKIIO IKUBICHHS
3a0e3redyeHe Al BCIX €JIEMEHTIB CXEMH, MepeBipsioTh
LUTICHICTh 3B’SI3KIB MDK €JIeMEHTaMH, HalpUKiIam, 3a
JIOTIOMOT010 OMMeTpa. HacTynmHuM KpoKkoM € nepeBipka 1o
4ep3i mapaMeTpiB (XapaKTePUCTHK) MOCTIIOBHO 3’ €THAHMX
€JIEMEHTIB, 110 pealli3yIoTh BiMNOBIIHY (GyHKI0. Bee e
noTpedye HasBHOCTI ONMCY Ta TEXHIYHUX MJaHUX JUIA
KO>KHOT'O €JIEMEHTY. 3/1iIHCHUMO NepeBipKY €IEMEHTIB KoJla
BIICH —» ANIl —» O4Y — KBP, mo 3abe3neuyroTrsh
peanizanito ¢GyHKOII mornepeyHoro auepeHiaTbHOro
3aXHUCTY.
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IMapamerpu ¢pyHkuii nonepeynoro audepeHuiaabLHOro

KoHnTponboBaHi mapameTpu —

CTpyM HepeMHYKH MiXk HeTpamsimu (komo S1/7-S1/8)

Excrryaraniiini mapamerpu:

® BBC/ICHHS / BUBECHHS 3aXHCTY

® J1ist 3aXMCTY Ha BUMKHEHHS / CUTHAI

® CTPYM CIPAIbOBYBaHHS

® 4ac 3aTPUMKH CIPALIbOBYBAHHS

IMapameTpy IMCKPETHUX BUXOIIB:

e apapiiina curxanizauis (koo F10/3-F10/11)

e ronepe uKyBabHa curnaiizanis (koo F10/4-F10/12)

e 3amyck nornepevroro audsaxucry (Komo F6/5-F6/13)

® CrIpaIboBYBaHH onepeyHoro aud3axucry (koo F10/2-
F10/10, F4/2-F4/10)

® CIIPAI(bOBYBAHH TIOIEPEYHOTO AH(PEPEHI[AIEHOrO
3axucTy Ha BUMKHeHHs1 (komo F6/1-F6/9, F6/3-F6/11, F6/
4-F6/12, F6/5-F6/13, F6/6-F6/14, F6/8-F6/16)

® CIpanbOBYBaHHs 3aXMCTy Ha BUMKHEHHs (po3'eM F8,
KOHTakKT 2, 6, 10)

3aXHCTY

@~

T

Bumoru uo10 nepeBipku, npuHIMI Aii Ta nodyaoBa ¢yukuiii peneiinoro 3axucry IIMP3ACI’

Pucynok 9 — [IpranHHO-HACIIAKOBI 3B’SI3KM 3 BU3HAYESHHSI BUMOT IIIOJI0 TIEPEBIPKH, IPHHIIMITY 11il, TOOYJOBH Ta MapaMeTpiB GyHKIT
HONepevHOro quepeHIiaIbHOrO 3aXUCTy

ITpuiimemo, mo ckiaamoi momynss BIICH, a came
BHMIiPIOBaJILHUMA MEPETBOPIOBAY CTpyMy Ta
BUMIPIOBAJILHUIA  MEPETBOPIOBAY  HATPYTH,  MOXKHA

MEepeBIpUTH OKpeMO. 3aulsl MEepeBipKM BUMIPIOBAIBLHOTO
MepeTBOpIOBayda CTPyMy JI0 BXOJIB CHOMOTO Ta BOCHBMOTO
KaHaJly TIOBHUHEH OYTH IOJAaHUM 3MiHHHH CTpyM NMEBHOTO
3HAUEHHS, a BUXIAHUM CHUTHAJIOM IIOBHHEH CIIyTyBaTH
CHUTHAJ TMOCTIHHOI HAmpyTrH, IO BiATOBIAa€E IIEBHOMY
3HA4YCHHIO BXimHOTO cTpyMmy. s omHOkanamsHOTO ALIIT
mepeBipka 3BOOUTHCA JO IOJA4i HA BXiJ CHTHAIY
MOCTIMHOI HANpPYTrW MEBHOTO PIBHS Ta Yy pa3i CIPaBHOCTI
OTpPUMaHHSI Ha BHXOAI IU(POBOro KOy, IO BiAIOBIIAE
piBHIO BXifHOT Hanpyru. s KOMIUIGKTY BUXIZHHUX pele
MPUAMEMO, 1[0 HOTO CKJIaI0B1 MOXHA TIEPEBIPUTH OKPEMO,
a came pese quckpetHux Buxonis (PAB), pene nquckperHux
BXO/IiB (PABx). IIpunycrumo, 1o HIPUHLIMIIL
(hyHKLIOHYBaHHS pelie TUCKPETHUX BUXO/IIB OOYA0BaHUI
TaKUM YHHOM, 110 TT0SIBA HAIIPYT'H Ha IEBHOMY BUXO/Ii Oy1ie
BU3HAYATUCS TEBHUM IM(POBUM KOIOM Ha HOTrO BXOII.
Tax, nmpu moxavi Ha BXin 61oky PJIB mmdposoro komy 5
KaHaIy, y pasi CIPaBHOCTI €IIEMEHTy, Ha BHUXIiTHHX
poz’emax F10/2-F10/10 mnoBUHHI OTpUMaTH Hampyry

220 B. AHanoriyHMM YMHOM MOJXKHA MEPEBIPUTH OY/b-
skuii kaHan omoky PJIB ta P/IBx. ¥ pasi, skiio BuxiaHa
Harpyra OyAb-sIKOTO €JIEMEHTY He BIJIOBiaE HOpMI,
€JIEMEHT ITOBUHEH OyTH 3aMiHEHUI Ha IHIIWH.

VY 3B’S3Ky 3 THM, III0 OOYUCITIOBAJIbHA YaCTHHA SBJISIE
co00I0 IHTENEKTyaJlbHUH €JEMEeHT, TIIepeBipKa, IIo
XapakTepHa MUl IHIIMX €JIEMEHTIB NPHCTPOI0, HE €
NpUHHATHOIO [Tt Hel. HecripaBHICT B 00YHCIIOBANBHIN
YacTWHI HAWIpoCTime MoXxe OyTH BHUSBICHA TUTBKA
IIJSIXOM  BHUKJTIOYEHHS. Y BHINAAKY, SKIIO IIEpEBipKa
MoKasana amnapaTHy CIPaBHICTh YCIX elieMeHTiB (OKpiM
00YHCTIOBAIHOI YAaCTUHM), NPHYMHAMHU HEKOPEKTHOT
poboTn Moke OyTH amapaTtHuii abo mporpamHuii 30ii
LEHTPAJILHOTO MPOoIecopa abo anapaTHuii 301l CUCTEMHOT
HIMHHU.

B  sxocti mpuknanmy nmoOyqyeMO — HPUYHMHHO-
HACTIIKOBUH 3B’SI30K 3 BH3HAUEHHS BUMOI IIOJO
HepeBipKy, NPUHIMITY i1, oOyxoBu Ta napameTpis AL,
1o peanizoBanuii Ha Mikpocxemi K572I1B3 (puc. 10).
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Bumoru moao nepeipku ¢pyHkuii aHaJ0roBo-
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Pucynok 10 — [IprarHHO-HACITIIKOBI 3B’ 3KH 3 BU3HAYCHHS
BUMOT IIO/IO MIEPEBIPKH, MIPHHIIHITY i, TOOYIOBH Ta
napaMeTpiB aHaIoro-uu(ppOBOro NepeTBOpIOBaya

[licns BUSBIEHHS TNPUYMH HEKOPEKTHOI poOOTH
IH)KEHep MOBHHEH ab0 3aMiHMTH HECNPAaBHUH MOIYNb y
pa3i HasBHOCTI 3alacHUX YacTHH abo JIEMOHTYBAaTH Ta
BiZNpaBUTH (ipMi-BUPOOHMKY 3 YKa3iBKOIO HECHpPaBHHX
eneMeHTiB (kaHamiB). ITicist 3aMiHM HECTIpaBHOTO MOJTYJIS
HEOOXiTHO 3HOBY TIPOBECTH IIEPEBIpKYy HEOOXiTHHX
(hYHKIIIH Ta MPUIAOBOTO MOIYJTIS B LILIIOMY.

AHaNOTiYHUM YHHOM MOXYTh OYTH BH3HAYCHI
BUMOTHY II[OJI0 TIEPEBIpKH, NPUHLMUI [ii, MoOymoBa Ta
napaMeTpu Oyab-s1koi QYHKIIIT 3aXUCTY, a TAKOXK (YHKIIIH
aBTOMATHUKH, JIIarHOCTUKY Ta YIPABIiHHS BUMHKAYEeM, 1110
3arajoM OyInyTh  BU3HayaTH  IapaMeTpd  BCHOT'O
MIPUJIJI0BOTO MOJYJISl PEJICHHOTO 3aXHUCTY Ta aBTOMATHKH
CHUHXPOHHOT'O T'eHepaTopa.

BucnoBku. B poOori 37iiicHeHO OOTpyHTYBaHHS Ta

PO3pOOIEHHS MeToxy HaBYaHHS eKCIITyaTarii
Mikpomporiecopanx CP3A  Ha OCHOBI TpPWYHHHO-
HACJIIIKOBUX 3B’ SI3KiB.

[IpoanamizoBaHO  eKcIDIyaTamidHI BHOM  POOIT
IHKeHepiB 3 penedHOro 3aXUCTy Ta aBTOMATHKH.

BusHayeHO, [0 OCHOBHMM BHIOM pOOIT € MepeBipka
TEXHIYHOrO CTaHy, IO [ependadyac BCTAHOBICHHS
MPUYUHHO-HACIIIKOBUX 3B’SI3KIB MiX Ppi3HHMHU
MiZICHCTEeMaMH 3HaHb 11070 MikpormporecopHoi CP3A.

Po3po0iicHO  anropuT™M  TEXHIYHOI  MEPEeBipKU
MIKpOIIPOIIECOPHOI ~ CHCTEMH  PEJIeHHOr0  3aXHCTY,
BU3HAUYEHO OCHOBHI €Taly II0J0 BHMKOHAHHI, a caMme:
PO3pOOJICHHS 3aBAaHHs Ha TEXHIYHY NIEPEBIPKY, NepeBipKa
TEXHIYHOTO CTaHy, BCTaHOBJICHHS MOKa3HHKIB
(YHKIIIOHYBaHHS CKJIQJIOBHX Ta BCi€l.

[ToGynoBano y3araipHeHY MOJIETb METO/Ly HaBUaHHS
ekcruryartanii mikporpouecopaux CP3A 3 ypaxyBaHHSIM
BCTaHOBJICHUX NPUYNHHO-HACTIIKOBUX 3B’S3KIB IIpH
BUKOHAHHI pI3HMX 3aBHaHb B TpOIeECi TEXHIYHOI
MePEBIPKH.

Ha ocHOBi y3arampHEeHOi Mofeni po3podIeHO
METOIWKY HaBUaHHS eKcIuryaTamnii KoHKkpeTHux CP3A, mo
BHUBYAIOTHCS B MEXaxX JUCHIUILTIH MPOodeciiiHol MiArOTOBKH
3a OCBiTHBOIO mporpamoro «Enekrpoenepreruka». Lle
JIO3BOJIUIIO 301IBIINTH 3HAYEHHS MOKAa3HUKIB
c(OpMOBaHOCTI 3HaHb, yMiHb, HABHYOK Ta IpodeciiiHo-
BOXJIMBUX SIKOCTEH 3 eKCIUTyartalii MIKpONpOIeCOPHUX
CHCTEM peeHHOro 3aXUCTy Ta aBTOMaTUKHU Ha 20 %.
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LEARNING METHOD IN THE OPERATION
PROTECTION AND AUTOMATION

OF MICROPROCESSOR SYSTEMS OF RELAY

With the widespread introduction of digital technology in the power industry, the problem of training specialists for the operation of microprocessor
relay protection and automation systems, which can have complex hierarchical structures, has become relevant. The types of operational work of relay
protection and automation engineers have been analyzed. It has been found that the main type of work is checking the technical condition of the relay
protection and automation system, which involves establishing cause-and-effect relationships between the purpose, construction, principle of operation
and parameters. An algorithm for technical inspection of the microprocessor relay protection and automation system has been constructed, which reflects
the sequence of actions in the case of a downward inspection, as the most common. It has been found that the process of technical inspection of
microprocessor relay protection and automation systems can be conditionally divided into three stages, namely, developing a task for technical inspection,
checking the technical condition and establishing indicators of the functioning of the relay protection and automation system. Cause-and-effect
relationships have been determined, which form the basis for solving tasks at these three stages. In the case of developing a task for technical inspection
based on cause-and-effect relationships, requirements for checking the relay protection and automation system are formulated. Directly during the
technical condition check, it is necessary to establish cause-and-effect relationships between the inspection requirements and the principle of operation,
the construction of software and hardware for components of different levels of the hierarchy and the entire relay protection and automation system. The
stage associated with the determination of performance indicators involves the establishment of cause-and-effect relationships between the principle of
action and the construction and parameters of components of all levels of the hierarchy and the system as a whole. A generalized model of the method
of teaching the operation of microprocessor relay protection and automation systems based on cause-and-effect relationships, which includes four stages,
has been substantiated. Based on the generalized model, a methodology for teaching the operation of specific microprocessor relay protection and
automation systems studied in the disciplines of the educational program “Electrical Power Engineering” has been developed.
Keywords: causal relationships; learning method; operation; microprocessor system of relay protection and automation.
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ABTOHOMHA MICROGRID CHCTEMA /JIsi HNOBYTOBUX CIIOXKHUBAYIB HA BA3I
EHEPITOE®EKTUBHHMX TEXHOJIOI'TH 3 BITHOBJIIOBAHUMM JKEPEJIAMUJ EHEPTTi

B yMoBax cBITOBOI eHepreTHYHOT KPU3H BCe OLIIbLIE MOCTAE UTAHHS OHOBJICHHS KOHLEIIIIIi Ta IPHHIIUIIIB OpraHi3amil eHepreTHYHNX CHCTEM, a TaKOXK
MAXO/IB 10 1X KepyBaHHs. TpaauliiiiHa eHepreTuKa Ta IEeHTpali30BaHe KepyBaHHs EHEPrOCHCTEMOIO Ha ChOTOJICHHS He 3a0e3neuye y MOBHiH Mipi SKICTh
Ta HaJlifHICTh €IEKTPOIIOCTaYaHHs CrIoXKHBadiB. OOMeXkeHICTh KiIbKOCTI TpauLiiiHUX eHepropecypciB, HU3bKMii piBeHb MOJIEPHI3allii Ta aBTOMaTH3aLil
CKJI[JOBHX CHEPrOCHCTEMH Ta IOCTIHE PyitHYBaHHS €Heprood’eKTiB BHACTIZOK BOEHHUX il B YKpaiHi € mepioueproBoio mpodaeMo0 B eHepreTulli,
mo notpedye sKHaiaBUAIIOro BupimeHHs. Came 3ampoBa/PKEHHS €Heproe()eKTUBHUX TEXHOJOTIH albTepHATHBHOI €HEPreTHKU Ta OpTraHi3ailis
eHeproocrayaHus y BUrisiai Microgrid cucteM 3 po3ocepemkeHO0 reHepawi€lo i AeleHTpai3alicto KepyBaHHs MOXKe CTaTH JIEBHM DIIICHHSM ITUTaHb,
MOB'SI3aHUX 3 CHEPrOXKUBICHHSIM CIIO)KHBAUiB, 0COOINBO MOOYTOBOro cekropa. Microgrid, 3a cyTHICTIO CBOTO (yHKI[IOHYBaHHsI, 6a3yrOThCs Ha MOBHIH
iHTEeNeKTyasi3awii ynpaBiHHS POLecaMu IeHepallii, po3MOIiICHHs, CIIOXKUBAaHHS Ta 30€pEXEHHS eJIeKTPUYHOI eHeprii, o 3a0e3nedye 3aMKHEHHN
LIMKJI B €HEPrOCHCTEMI 3 OpraHizalliero NePETOKiB IOTYKHOCTI 3a e(pEeKTUBHUM aJITOPUTMOM KEPyBaHHs. Y CTaTTi IPONOHYETHCS OPraHi3allis aBBTOHOMHOT
Microgrid crcTeMu 3 BUKOPHCTAHHSM Y SIKOCTI JUKEpes pO30CepeKEHOI reHepallii €eHeproKOMILIEKCiB « AKTHBHUX» OYIHHKIB Ta MOOLTBHUX T1OPUAHHX
€JIEKTPOCTAHIIIN JJIs TOJATKOBOI reHepallii Ta 3MiHM CTPYKTYPU Mepexi. 3ais miBUILIEHHS e()eKTUBHOCTI (YHKIIOHYBaHHS po3pobieHol Microgrid
NoOYTOBHX CIIOJKMBA4iB 3allpOIIOHOBAHO AalTOPUTM KepyBaHHS eHepropecypcamm B Hiil. OTpuMaHi pe3yibTaTH IOKa3ylOTh IOLIIBHICTH Ta
eHeproeeKTHBHICTH po3pobiieHoi cucteMu Microgrid 1uist 0Oy TOBHX CIIOKHBAYiB. 3p00IeHI BUCHOBKH CTOCOBHO MEPCIEKTHBH MOABIIOT0 PO3BUTKY
Microgrid y HanpsIMKy BUKOPHCTAaHHS yCiX TEXHIYHHX MOXKJIMBOCTEH BiIHOBIIIOBAHOI €HEPreTUKH IS MOJOJIAaHHS €HEPreTHYHOI KPU3M Y KpaiHi Ta
JIOCSATHEHHS] €HEePreTHYHOI He3aJIeXKHOCTI.

KuarouoBi cioBa: enekrtpuunHa Mepexka; Microgrid; BiZHOBIIOBaHE JDKEPENIO €HEprii; po3ocepe/lkeHa TreHepanis; ridpuaHa MoOinbHa
€IIEKTPOCTAHIIiSl; CHEPTOKOMILICKC;  AKTHBHHUID) OYAHHOK; PEXKUM POOOTH; IHTEIEKTyalbHE KepyBaHHS; CHEProe()eKTUBHICTS.

IToctanoBka mpobGiaemu. bBypxiuBuil po3BUTOK
IHTEJEeKTyalbHUX  Ta  1HQOPMAalifHUX  TEXHOJIOTIH

OCHOBI. AJle TakMid MigXiA 1O peasizamii HOBOTO THITY
€HEepProcUCTeMH € OUIbII Ji€BUM JUIi MPOMHUCIIOBUX

OJTHOYACHO 3 YJOCKOHAJICHHSIM TEXHIYHUX MOXKIMBOCTEH
JUKEpeNn  aJbTepHATUBHOI CHEPreTHKH TNPHU3BIB 10
MOSBJIGHHST ~ HOBOTO  BHJY  Oprafizamii  cucreMm
eJIEKTpoIIocTavaHHs criokuBadiB. [ToOynoBa cuctem Smart
Grid i Microgrid € 6araTohakTOpHOIO i JOCHTH CKJIaTHOIO,
00 moTpebye MOCKOHAIOTO KEpyBaHHSI IOTOKAMH
MOTYXHOCTI 331l OTPUMAaHHS SIKICHUX TIOKa3HHKIB
CNeKTPUYHOI eHeprii Ta 3a0e3neueHHs] JOCHUTh BHCOKHX
MMOKA3HHUKIB HaAIHHOCTI €JIeKTPOTNIOCTaYaHHS.
Kondiryparii Takux cHCTEM TaKOX € IHBapiaHTHHMH.
TakuM YHHOM, TOCTa€ 3ajadya paIliOHAIEHOTO BHOOPY
KOMITOHEHTiB Microgrid 3 mopanbsmmm o0rpyHTYBaHHSM iX
€KOHOMIYHOI JONIJIBHOCTI 3 TOYKH 30pY CIIPOMOXKHOCTI
3alpOBa/PKCHHS] Ha BU3HAYCHI TEpUTOpIi Ta BpaxyBaHHI
(hakTOpiB TOJNITHKH EHEProeeKTUBHOCTI JIepXKaBU 1
MO3UTHBHOTO CIIPHUHHATTS CHOXuBadamu. KoHmernris
cucreM Microgrid 6a3yeTscsi Ha BIPOBAKEHHI CydacHUX
TEXHOJIOTI aJbTEPHATUBHOI EHEPreTUKH 3 TIOBHOIO
IHTEJIEKTYali3alli€l0 KepyBaHHsL.

Oco0nuBicTio  TexHomorii  Microgrid cucrem €
aKTHBHE 3aIpOBaDKEHHS JeLEeHTPaTi30BaHOTO
€JIEKTPOIIOCTAYaHHS 3 PO30CEPEPKEHOI0 I'eHEepalli€l0 Bij
JOKEepesl BIIHOBIIOBAHOI EHEprii, IO BCTAHOBJIIOIOTHCS
0e31ocepe/IHbO Y CIOXKKMBaYa, CTAIlIOHAPHO HA TMOCTIHHIN

CTHOXKMBaUiB, OCOOJIMBO 32 YMOBHU TiOpHIHOTO PEXHMY
poOOTH 3 TPaJHULIHHOIO EICKTPUIHOIO MEPEKEI0, a TAKOXK
NpU HAsABHOCTI JOMATKOBUX MOTY)XXKHOCTEH BiJ CHCTEM
HaKONMYEHHS €Heprii.

1 ToOYTOBHX CITOKHUBAdiB, @ OCOOIMBO MPUBATHIX
JIOMOTOCTIOIAPCTB pearrizalis Takoi Microgrid He 3aBxau €
palioOHANBHOIO Ta eKOHOMIYHO BHUTIIHOO, TPU IIbOMY TakKa
chucTeMa He € eHeproHesanexHowo. OKpiM TOro, s
MOOYTOBUX CIIOKMBAYIB TAKOXK BAKJIMBHUM MHTAHHIM €
BUCOKA BapTiCTh €JIEKTPUYHOI EHEprii, 0 Ma€e TEHACHIIII0
XaOTUYHOTO Ta Hemepen0dadyyBaHOro 3pOCTaHHA. Tomy
OinbIl OOrPYHTOBAaHMM JUII TOOYTOBOTO CIOXHBaya €
aBTOHOMHHUI pexuM podotu Microgrid. Takum dnHOM,
KoH(pirypamis Takoi Microgrid moBHHHa OyTH JOCHTH
THYYKOIO TIPH PI3KHX Teperaiax HaBaHTaKEHHS BIIPOIOBK
IoO0M, BIAMIOBINATH yMOBaM HAMIHHOCTI Ta SIKOCTI
EHEeprornoCcTayaHHs, a TaKoK MaTh  MOXJIHMBICTb
MOJATIBIION0 PO3BUTKY CNEKTPHUYHUX MEPEeK HU3bKOT
HAIpyry.

Omxe, aHani3 Ta JOCHiDKeHHS KoH(iryparii Ta
pexuMiB poboTu cucreM Microgrid HU3BKOI HANpyru Ha
0a3i CHEPrOKOMIUICKCIB «AKTHBHUX» OyJMHKIB Ta
riOpuIHUX MOOUTBHUX EIEKTPOCTAHIIIN JO3BOJISE 3pOOUTH
BUCHOBKHM TPO TEPCIEKTHBHICTh IOJAJIBIIOTO PO3BHUTKY
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TAaKoi TEXHOJOTii KOMIIOHOBKM CYYaCHHX CHCTEM
€JICKTPOIIOCTAYaHHS CIIOXKUBAYIB.
AHAJTi3 OCHOBHMX JociailzkeHb i myOaikamii.

Texuouorist nodynoBu Microgrid cucrem Bxke oTpumaina
JIOBOJII ITMPOKUI PO3BUTOK Ta aKTHBHO BIPOBAKYETHCS Y
Oarathox KpaiHax cBiTy. Ha ceoronenns Microgrid Bxe €
eHeproe()eKTUBHOIO JIAHKOKO PO3BUHEHUX TiOpHIHHX
EHEeProcucTeM, IO 0a3yrThCA HA TOBHIM a00 YacCTKOBIiH
IHTeJeKTyami3alii  KepyBaHHA  EJIEKTPOIOCTaYaHHIM
crio>kuBadiB [ 1].

Microgrid 3 BUKOpHCTaHHAM JKEPEIT aTbTePHATUBHOI
BiTHOBJIIOBaHOI eHeprii € OCHOBOIO CHCTEM
po3ocepemKeHoil reHepartii, mo BXe aKTHBHO MPAIOIOTh
Ha pI3HHX piBHSAX eHeprocucteM. [lomanpminii po3BHTOK
MIKPOMEPEKEBUX TEXHOJOTIH Ha psay 3 PO3BUTKOM
IHTEJIEKTyalbHUX Ta iHpOpMaIiHHIX CUCTEM
00yMOBIeHUIt ix repeBaraMu y MIATAHHAX
eHeproe)eKTUBHOCTI TPOIECIB TeHeparlii, 30epiraHHs,
PO3IIOUTYy Ta YHpaBJIiHHA EJIEKTPUYHOIO eHeprier. Arne
MOCTIHHE  YJOCKOHAJICHHS TEXHIYHMX MOXKIIMBOCTEH
CKIIaIOBUX cucTeMH Microgrid CrioHyKae BiTUYM3HSIHHAX Ta
3aKOPJIOHHWX BUHAXIAHWKIB 1 JOCIHIOHWKIB © Hajgaimi
JIOCTIIKYBaTH pesxxuMu podotu Microgrid.

ToMy Ha CBOTOJCHHS OCHOBHHUM  IHTaHHAM
JOCTI/KeHb € aHami3 Ta po3pobka eHeproedeKTUBHOI
cTpykTypu Microgrid, ii ckmazn, opraizamisi KepyBaHHS
MOTOKaMHM  €JIEeKTPUYHOI  eHeprii Ta  MOXKJIMBICTbH
€KOHOMIYHO JOIUIbHOT TeXHIuHOi peamizamii, IO
BiIOOpa)KCHO Ta PO3MIISTAETHCSA Y HAYKOBHX pPoOOTax
3aranbHuii orysin koHuenuii Microgrid, ix knacudikaris Ta
HasiBHI CTparerii iX ymIpaBiiHHS 13 3aCTOCYBaHHSIM
Cy4acHMX TEXHOJOTid po3rmsaHyTi asropamu [1-3].
[TutanHsAM oOCOONMMBOCTEl BIIPOBAa/PKEHHS Ta aJamnTarlii
Microgrid 10 moToyHMX yYMOB  (pyHKIIOHYBaHHS
SHEPreTUYHNX CHCTEM NPHCBAYCHI JOCITIHKEHHS HHU3KH
BITYM3HSHUX 1 3aKOpAOHHHX BUeHHX [4—7]. 3HauHa yBara
MPUIUIIETBCS  po3podmi  cTpykTypu Microgrid, sika
BIAIIOBiZla€ BUMOraM CIIOKMBA4iB Ta [a€ MOXIJIUBICTH
THYYKO aJaNTyBaTUCh 10 3MIHM PEXKUMIB T'€HEpyBaHHS
BukopuctoByBanux BJIE T1a eneprocucremn [8—12].
JloCHiIKeHHAM PI3HUX METOJIIB ONTHUMI3aIli B CHCTEMax
ynpaBiiHHsA eHeprieto Microgrid, ski 3abe3neuyroTh

JIOCATHEHHS BUCOKOT'O piBHS HaJliitHOCTI Ta
eKCIUTyaTaliiHoi e(peKTUBHOCTI, MPUCBSIYCHI JOCITIIKCHHS
[13-16].

PosBurtok Ta aKTHUBHE BIIPOBAKCHHS

IHTENEKTyalbHUX Ta iH(GOPMANIHHUX CHCTEM CIPHUSIIN
aKTHUBI3aIli JOCTIHKEHb 3 METOI0 YIOCKOHAJICHHS PillIeHb
mozao OyIOBH Ta KepyBaHHS peKuMaMu cucteM Microgrid
Uit 3a0e3medyeHHs Oiibll e()eKTUBHHX IMOKA3HHUKIB 1X
poboru. Tak, aBropu pobotu [17] mpuminumu ysary

aHaJi3y 3axoMiB s MIABHLICHHS IPOJYKTUBHOCTI
¢yHkuionyBaHus riopuanoi  Microgrid cucremn 3
BiZHOBIIOBaHUMH  jokepenamu  eHeprii  (BJE), sxi
(opMyroTbCST B IIEBHY CTpaTerilo  KOOPAMHYBaHHS
B3aEMOJIII0 MDK pI3HAMH JDKEpeslaMH  eHeprii  Ta
HaBaHTa)KCHHSIMU. Y  nmocmimkeHHsx — [18, 19]
PO3TILIIAIOTHCS MUTAHHS 3aCTOCYBAHHS TEXHOJIOTiH Smart
Grid Ta TeXHIYHHMX 3aco0iB  Id  MakKcHMi3zamii
MPOAYKTUBHOCTI aBTOHOMHHX Microgrid cucrem 3

TiIOpUIHUMHY JKEpETaMy KUBICHHS.

Ille oOHMM BaXIMBUM HAIPSAMKOM € JIOCIHiKEHHS
caMme aBTOHOMHHX cucteM Microgrid, 1110 Ha CHOTOJHI €
(akTUYHO  TOKa3HUKOM  €HEPrOHE3aJNeXHOCTI  Ta
HaAIHHOCTI eHepro3abde3neyeHHs cnoxuBadis [20, 21].

IIpoBenenuii aHaiiz poOIT CTOCOBHO OCIIKEHb
opranizauii Microgrid mokasas, o OispIna iX YyacTUHA Ma€e
KJIacuuHy TiOpWAHY CTPYKTypy, SKi CKJIQJAIOThC 3
TPagMLIHNX JKEpes eNeKTPOeHeprii eHeprocucTeMH Ta
JUKEpeN PO30Cepe/KEHOi TeHepallii, a TaKoX CHUCTEM
30epiranHs eHeprii. IlepeBaroro TakWX CHCTEM €
3a0e3neueHHs] peXKUMIB POOOTH, SIK aBTOHOMHOTO, TakK i
TiOpUIHOTO, Pa30M i3 3aTaIbHOIO EIEKTPHYHOI0 MEPEXKE0.
HenomikoM Takoi cHCTeMH € IOBOJI CKJIagHa IHTETparis
JDKepell  BIAHOBIIOBAaHOI  C€HEPIeTUKH y  3arajbHy
TpaIMLiiHy eNEeKTPHYHY MEPEXKY IIPU TOMY, 110 HE 3aBXKIU
Taka KOHQIrypauis € eKOHOMIYHO OOrpYHTOBaHOIO B

yMOBax HEMOJKJINBOCTI KOHTPOJTIO neperamiB
HaBaHTaXXCHHs criokuBaviB Microgrid.
ToMy nocmiIpKeHHS CTOCOBHO  YIOCKOHAJICHHS

CTpYKTypHOi opranizauii Microgrid Ha cbOTOAEHHA €
JOOCHTh BAXJMBHUM Ta aKTYaJIbHAM IUTaHHAM, IO
noTpe0ye HETPHUBIABHUX ITiTXOMIB Ta PIIICHb.

Mera craTtTi. MeTolo pobotm € po3poOka Ta
OOTpyHTYBaHHA CTPYKTYpPHOI oOprasizamii aBTOHOMHOI
nokansHOI Microgrid cuctemu it moOyTOBUX CIIOKUBAUiB
Ha OCHOBI 3aCTOCYBaHHS Cy4YaCHHX €Heproe()eKTHBHHX
TEXHOJIOTIH 3 JpKepeaMH allbTePHATHBHOT EHEPreTHKH.

OcHoBHMiIt Marepian JOOCTiTKeHHS.
EneproedekTuBHICTh Ta HAIHHICTD €JIEKTPOIIOCTAYaHHS €
BOXJIMBUMH (aKTopaMH sl MOOYTOBHX CIIOXKHBaiB
0cOOJINBO y CYy4aCHUX YMOBaxX €HEPreTU4HOI KPU3H, TOMY
BIIPOBAKEHHS JIOKAIBHUX aBTOHOMHUX Microgrid cucrem
€ TIEPCIEKTUBHUM PIIICHHSM, 10 TAaKOX MiJKPIIIFOEThCS
€KOJIOTTYHUMH aCTIEKTaMH IIi€1 TEXHOJIOTII.

ABToHOMHI Microgrid cucreMn y TOJANBIIOMY
MOXyTh 00’emHyBatucs y Smart Grid cumcremnm Ta
(hopMyBaTH 30BCIiM HOBY (YTypUCTHYIHY E€HEPTOCHCTEMY,
10 TOBHICTIO BIAPI3HAETHCS BiA ICHYIOYOI TpamuIliftHOT
eHeprocucremMu. OcoONIUBICTIO HOBOT CHCTEMH € Ti MIOBHA
JEICHTpATI3allisl, IHTEeJACKTyami3amis Ta  OCTPIBHHU
NPUHIUI CTPYKTYPHOT opraHizarii.

[Mpuanmn nodynosu knacuuaux Microgrid 6a3yeTbest
Ha 3aCTOCYBaHHI €JIEMEHTIB pO30CepePKEeHOT IeHepaliii, a
caMe JDKepenl BiJIHOBIIOBAHOI €HePreTHMKH, CHCTEMH
HaKOIWYECHHS eHeprii, U pPOBUX I ICTAHIIIH,
IHTEJIEKTYaIbHUX PEryJISATOPIB IMOTOKIB ENEKTPOSHEPTii Ta
30BHIMIHBO] CGHEPrOCUCTEMH. TakuM YHHOM, CydacHa
Microgrid cuctema BXe € BHCOKOTEXHOJIOTIYHUM
CHEPreTHYHUM  OCEpPEeIKOM, IO JO3BOJISIE  LIBUJKO
pearyBaTu Ha BAHUKHEHHSI TIepeBaHTaXEHb Ta Pi3K0i 3MiHU
HAINpyru 3 MeTolo 1x crabimizanii.

[Nopanbimii pO3BUTOK MIKPOMEPEIKEBUX TEXHOJIOT1N
3/1e01TBIIIOTO € MIPOrPECUBHUM BIOCKOHAJICHHSM 11 CKJIAy
Ta 3aJIy4YEHHSIM HOBITHIX pO3po0OK 31 chepu IiHIIHMX
eHeproe(eKTUBHUX TEXHOJIOTiH eHepreTHYHO]I rajys3i.

OnHi€l0 3 TakUX NEPCNEKTHBHUX TEXHOJIOTIH €
KOHIICTIisl MOOyIoBY «AKTUBHUX» OyauHKIB. OCHOBOIO
i€l koHmenmi €:

e  eHeproszOepiraHus,  sKe
BUKOPHCTaHHI  €Heproe()eKTUBHIX

Oa3yeThcst  Ha
TEXHOJIOTIH 1

Bicnux Hayionanvrnozo mexuiynozo ynisepcumemy «XIl». Cepis: Enepeemuxa:
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NPUPOJIHUX PECYpCiB  Ta BIIHOBIIOBAIBHUX JDKEpes
eHeprii;

®  3/I0pOBUIl MIKpPOKJIIMAaT, HIO 3a0e3MeYyeThes
30BHIIIHIM HPUPOJHUM  CEPEIOBUINEM Ta IIOBHOIO
aBTOMATHU3alli€l0  CHCTEM  JKUTTe3a0e3NeueHHsT IS
opranizaiii yMoB KOM(OPTHOTO POKUBAHHS;

®  CKOJIOTIYHICTH OTOYYIOYOTO CEpelOBHIIA, SKE

3a0e3Meuy€eThCs e(heKTUBHIM BHUKOPHUCTaHHSIM
TEPUTOPIAIGHO  HASBHUX  TPUPOJHHUX  pecypciB i
€KOJIOTIYHO YHCTHX MaTepialiB 3 METOK 3MCHIICHHS
HETaTUBHOTO BIUIMBY IIMBLTI3aIlii HAa HABKOJHIITHE
TOBKIJIIIS.

OCHOBHUM TPHHIMUIIOM TOOYIOBH «AKTHBHUX)»

OyIOWHKIB € eKOJOTIYHICTh AapXiTeKTypH 3 MeETOI0
30eperkeHHsl 1 ePEeKTHBHOTO BUKOPUCTAHHS €HEPropecypciB
Ta HAsIBHICTb MO3UTUBHOTO eHeprodaiaHcy. TakuMm 4rHOM,
cy4acHi eHeproeeKkTHBHI OyIWHKU MOBHHHI BiIIOBITaTH
CTaH/APTy «EHEPTis IUTIOC», TOOTO «AKTHBHHI OyIHHOK
BUpOOJIsiE eHeprii Ourblle, HiX MOTPIOHO JUIS TOKPHUTTS
BJIACHUX TIOTPeO [22-24].

3amams  3a0e3nedeHHs IOBHOI ABTOHOMHOCTI Ta
BHCOKOT EHEproe()eKTUBHOCTI «AKTHBHOTO» OyIHHKY
3aCTOCOBYIOTh CHEPrOKOMIUICKCH Ha 06a3i BiJHOBIIOBaHHX
JDKepell allbTepHATHBHOI €HEePreTHKH, [0 BUPOOIAIOTH SIK
€JIeKTPUYHY, TaK i TEIUIOBY EHEPTril0 3 METOI0 IOBHOTO
MOKPUTTSI HABAaHTAXXEHHS 00’ €KTy [25].

Ha puc.l HaBemeHa cxeMHa
E€HEPrOKOMILIEKCY «AKTHBHOTO» OyIUHKY.

KoH(iryparis

cucTema Kepy 5
eHeprosabesneyeHHAM =3 CoHAvHa
el T dororanbeaHiuHa naHenb

Manwit
BiTpOreHepaTop

Po3ymHuit
NiYNNBbHUK

g |
. | / L
= - i ! L ——— 4
‘\ll\/ EHeproedeKkTUBHe
E ocBiTNeHHs

Mpucrpoi pearyBaHHA Ha notpe6u

Tennosi
Hacocn
Hakonuuenna
eHeprii

BopoHarpisay
Tennosoro

Hacoca . .
®dinbTpauia soan

Pucynok 1 — CxemHa koH}irypamis TriOpuaHOTO
CHEPrOKOMILIEKCY «AKTHBHOTO0» OYIUHKY

Taka xoH®irypauis ans GrbIIocTi perioHiB Ykpainu
€ ONTHMAIBHOIO, ajie JUId NMPaKTUYHOI peayizamii Takux
MPOEKTIB CIiJ BPaxOBYBaTH, M0 KUTHKICHUH ITOKa3HUK
KOXXHOTO BHUIy [DKeped albTePHATUBHOI CHEPreTHKH

NpUAMAETBCSI B 3aIEKHOCTI  BiI ~ €HEPreTHYHOTO
MOTEHLIATy MICLEBOCTI PO3TAalllyBaHHS «AKTHBHOTO»
OyIMHKY.

€MHICTh CUCTEMHU HAKOIMMYCHHS eHeprii

miI0MpaeTbess 1HIUBINYaNbHO y KOXKHOMY BHIAIKy 3
ypaxyBaHHsIM IPOTHO3HUX TpadikiB HaBaHTAXKEHHS Ta
MOTOIHUX YMOB MiCIIsl PO3TalllyBaHHSI.

Ma€ MOXJIMBICTh PaXyBaTH KUIbKICTh €HEPTil, SIK CIIOKUTOT
3 €JIeKTPUYHOI Mepexi, Tak 1 ii HaJUIUIIKY, 10 BiJyIaHl y
MEPEexy.

TakuM dYHHOM, TaK SK «AKTUBHHI» OyJIUHOK
MPOEKTYETHCS 3aBXKAN 3 IOZUTHBHUM €HEprodaaaHcoM, To
B3araji y BHIJISII €IUHOTO 00’€KTY MOXKE BUCTYNATH Y
poii jKepena po3ocepemkeHoi reHepauii y Microgrid
CHCTEMI.

BnposamxenHs Microgrid cucTeM TaKoi
OpraHi3auiiHol CTPyKTYpH, KOJIH CIIOXKHBay OTHOYACHO € i
IDKEpeJIoM po3ocepekeHol TeHepallii, Ja€ HU3KY MepeBar,
a came [26]:

1. peamizamiss aBTOHOMHOI €HEpPrOCHCTEMH 3
€HePrOKOMIUICKCIB «AKTHBHHX» OYIMHKIB HEBEIHKIX
PO3MIpIB 332 MPOTSKHICTIO Ta 3a MOTYXHICTIO, 0e3
JIOJTATKOBOTO CIOPY/DKEHHS €JeKTPOCTAHII Ha OCHOBI
aJbTEPHATUBHOI EHEPIETUKH;

2) Hampyra reHeparii € Hampyroro i cIioKuBadya, i
Microgrid, mo fae MOXJIMBICTh HE 3aCTOCYBAaTH NPUCTPOT
MIepEeTBOPEHHS Ta TpaHCopMarlii;

3) cucTeMa HaKOMMUYCHHSI €HEePTii € pO30CePEIIKEHOI0
0e3nocepelHb0 Y KOKHOTO CIOXKHBaya, IO CIIPOLIYE
CTpyKTYpy Microgrid cuctem, 11 pearnizaliito Ta alrOpuT™M
KepyBaHHS IMIOTOKaMH MTOTY>KHOCTI Ta €JIeKTPOSHEepTrii.

Ha pwc.2. mnaBemena Microgrid cucrema 3
PO30CEPEIKEHOI0  TEHepallielo  Ta  CHOXKUBaYaMH
OJTHOYACHO y BHIVIS/II €HEPrOKOMIUIEKCIB «AKTHBHUX)
OyIMHKIB.

Pucynok 2 — Microgrid cuctema 3 po3ocepeIKeHOI0 TeHepaLiio
BiJl eHEPrOKOMIUIEKCIB « AKTHBHUX» OYyAWHKIB

JonatkoBo it 301MBIIEHHS TOTY)KHOCTI TaKoi
Microgrid mepenbadaeTscsi MIAKITIOYCHHS TiOpHIHIX
MOOLTHHHAX  ENEeKTPOCTAHIIH, $Ki MOXYTh IIBHUAKO
MepeMillyBaTUCsl Ta IMIIKIIOYATUCS Y PI3HUX TOYKax
CHCTEMH, M0 TAaKOX JA€ MOXKIHMBICTh PEryJIIOBaHHS
MOTOKIB HOTYKHOCTI.

Po3pobnena Microgrid moBHICTIO — 3a0e3Me4uTh
BUCOKI TIOKAa3HHUKH HAJIHHOCTI CHEPromoCTayaHHs Ta
TOKa3HUKH SIKOCTI €JIEKTPUYHOI eHeprii.

Takox cmix 3a3HaYMTH, IO EHEPrOKOMIUIEKC EdeKTHBHICTS TAKHX Microgrid CHCTEM
OCHAICHMN  IHTCJICKTYaJIbHAM  TIDUCTPOEM  KEPYBAHHA  cxpanarumerscss 3 eHeproedeKTHBHOCTI  OKpEMHX
€Hepro3ades3nevyeHHsIM Ta PO3YMHHMM JIYMIBHUKOM, IO
Bicnuk Hayionanvnoeo mexuiynozo ynisepcumemy «XI1». Cepis: Enepeemuxa:
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00’€eKTIiB, TOOTO EHEPrOKOMILIEKCIB « AKTUBHUX)» Oy IUHKIB
Ta TIOPUAHUX MOOITBHUX €JIEKTPOCTAHIIIM.

EdexTrBHICTE OKPEMOro €HEProKOMILIeKca abo
riOpuIHOT MOOUIBEHOT SIEKTPOCTAHIIIT MOYKHA MPEICTABUTH
y BUIJISA/II MATEMATHYHOT 3aJIeKHOCTI:

E, = f[ kN,;kN,:C y,:CB : BP |, (1)
ne  FEc — TronoBHUN MOKa3HUK MOBHOI e()EKTHBHOCTI

KoMILIeKcHOI cuctemu 3 BIE;
k — CyKymHICTh 30BHIIIHIX (paKTOPiB BIUIMBY Ha

po6oty BJIE;

N; — tun kommuekcHoi cuctemu BJIE 3a
kimacu(ikaiiero B 3aJ€XKHOCTI BiJf YaCTKH 3aMIIICHHS
MOTYXHOCTI;

N> — THII KOMIUIEKCHOI CHUCTEMH B 3aJI€KHOCTI Bij
kirekocTi BuaiB BJIE y cuctemi;

Cl4p(i) — EMHICTb CHCTEMH HAaKOIIMYEHHS 00’ €KTa;

CB;— cobiBapricTh  reHepamii onmHiei KBTXroxg
eJIeKTPOCHEPTii, Mo oTpuMaHa pisHuMu Bugamu BJIE;

BP — BapTicTh 0AHOTO KBT BEeNMWYWHU BCTaHOBIIEHOI
MOTY>KHOCTI, OTpuMaHoi Bix pi3aux BuaiB B/IE.

Toni  edexruBHicTh  Microgrid  cuctemu y
MaTeMaTU4HOMY OIUCI MaTUMe BUTIISI:

E, :ZEAI.+ZI:EM’ )
i= J=l

ge E. — TOJIOBHMH IIOKa3HHMK IOBHOI €()eKTHMBHOCTI

P2
Microgrid cucremu;

n

z E, ~ MiICyMKOBHM TOJIOBHUI MOKAa3HUK MOBHOI
1

i=1

e(heKTUBHOCTI €HEPTrOKOMILIEKCIB «AKTUBHUX)» OyIUHKIB;

i E, ~ MiJICyMKOBHUH TOJIOBHUI MOKAa3HUK MOBHOI
j=1
e(heKTUBHOCTI T1OpUAHNX MOOUTEHHX €IeKTPOCTaHIIIH.
Anroput™m IHTEJIEKTyanbHOTO KepyBaHHS
3arpornoHoBaHoro Microgrid ¢aktuano Oyne 3BeneHnit 10
CKEepPOBaHOTO OOMiIHY €HEepri€lo MiK OKpeMHMHU 00’ €KTaMu
CHCTEMH.

BucHoBku. v pe3ynbTari TEOPETUYHOTO
JIOCITIJDKEHHS JIOBEJICHO, o 3aCTOCYBaHHS
eHeproe()eKTUBHUX  TEXHOJIOTIH  EHEPrOKOMILICKCIB

«AKTHBHUX» OyJTUHKIB, SIKi OTHOYACHO € 1 CIIO)KUBAYaAMH, 1
JOKEepellaMi  PO30CEpPEKCHOT TreHeparlii, Ta TiOpHIHUX
MOOUIBPHHX €JIEKTPOCTAHIIIl € HOBUM BHTKOM Y PO3BHUTKY
aBTOHOMHHX Microgrid cucrem, mo 3a0e3neyyIOTH
cTabinpHe, HaailiHE Ta SKICHE eJEeKTPONOCTaYaHHs
0o0’exTiB  Ha Bu3HaueHid Tteputopii. Takox Oyna
3aIpOIIOHOBAaHA ~ MaTeMaTHYHAa MOJENb  BH3HAYCHHS
e(eKTUBHOCTI K OKPEMOTO EHeproKoMIuiekca ado
ribpuanHoi MOOiTBHOT enekTpocTaHuii, Tak 1 Microgrid
CHCTEMH B LIIJIOMY, 110 TOTPeOye NOAAIBIINX AOCTIIKEHb.
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AUTONOMOUS MICROGRID SYSTEM FOR DOMESTIC CONSUMERS BASED ON ENERGY-
EFFICIENT TECHNOLOGIES WITH RENEWABLE ENERGY SOURCES

In the context of the global energy crisis, there is a growing need to update the concept and principles of energy system organisation, as well as approaches
to their management. Traditional energy and centralised energy system management currently do not fully ensure the quality and reliability of electricity
supply to consumers. The limited amount of traditional energy resources, the low level of modernisation and automation of energy system components,
and the constant destruction of energy facilities as a result of military actions in Ukraine are the primary problems in the energy sector that need to be
solved as soon as possible. The introduction of energy-efficient alternative energy technologies and the organisation of energy supply in the form of
microgrid systems with distributed generation and decentralised control can be an effective solution to issues related to energy supply to consumers,
especially in the domestic sector. Microgrids, by their very nature, are based on the complete intellectualisation of the management of the processes of
generation, distribution, consumption and conservation of electrical energy, which ensures a closed cycle in the energy system with the organisation of
power flows according to an effective control algorithm. The article proposes the organisation of an autonomous microgrid system using energy
complexes of ‘active’ houses and mobile hybrid power stations as sources of distributed generation for additional generation and changes in the network
structure. To improve the efficiency of the developed microgrid for domestic consumers, an algorithm for managing energy resources in it is proposed.
The results obtained show the feasibility and energy efficiency of the developed MicroGrid system for domestic consumers. Conclusions have been
made regarding the prospects for the further development of microgrids in the direction of using all the technical capabilities of renewable energy to
overcome the energy crisis in the country and achieve energy independence.

Keywords: electricity grid; microgrid; renewable energy source; distributed generation; hybrid mobile power plant; energy complex; “Active”
house; operating mode; intelligent control; energy efficiency.
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3ACTOCYBAHHSI AJITOPUTMIB KEPYBAHHSI CUCTEMAMM HAKOINWYEHHSI EHEPTII
IHTETPOBAHUX B CUCTEMM 3 BEJIMKOIO YACTKOIO BIJIHOBJIEHMX JUKEPEJ EHEPT 1.

V crarTi po3rISHYTO aKTyalbHi IINTAHHS 3a0€3IIeUeHHs HafilfHOCTI Ta CTIHKOCTI CHHXPOHHOI pOOOTH €HEePrOCHCTEMH B YMOBAX CTPIMKOTO 3pOCTaHHS
YacTKU IeHepallii BiHOBIIFOBAHHX JUKEPEI eHepril. 30kpeMa, poaHali30BaHo, K 30UIbIIEHHS 00CATIB TeHepallii BiJ BiJHOBIIIOBAHHUX JKEpeN eHeprii
MIPU3BOJMTH 0 3HIKEHHS 1HEPIIMHOCTI EHEeProCUCTEMH, IO YCKIATHIOE MiATPUMAHHS YaCTOTH Ta OalaHCy MOTY>KHOCTI B peanbHoMy yaci. Taka
CHTYyallisl CTBOPIOE HOBi BHKIMKH JUISl ONEPAaTOPiB CHCTEM Iepefadi Ta po3MOJily, sIKi 3MyIIeHI afaNnTyBaTH TPaIUILiHHI IiIXOIM O yHNpaBIiHHSI
pexxuMaMu poboTH Mepexi. Po3risHyTo cydacHi BUKIMKHM, IOB’S3aHi 3 iHTErpalli€l0 BiHOBIIIOBAHHMX JDKEPE] E€HEPrii B eHEeprocucreMy, 30Kpema
COHSYHOI Ta BITPOBOI TreHepalii, sIKi XapaKTepU3YIOThCS BHCOKOIO BAapiaTHBHICTIO Ta HHU3BKOIO MepenbadyBaHicTIO. Bu3HadueHo HEOOXimHICTH
BIIPOBAJKEHHS JOIIOMDKHUX CHCTEMHHUX IIOCIYT, TAKUX SK PETYJIOBAaHHS YaCTOTH, IIJTPUMKA HAIIPyTH Ta PE3EPBH IOTY>KHOCTI, JUIS 3a0e3IIeUCHHS
cTabinpHOI pOOOTH MEpeXi B yMOBaX 3pOCTarodoi AeleHTpaizanii reneparii. OcoOauBy yBary NpuIiIeHO aHali3y alrOPHTMIB KepyBaHHs iIHBEPTOPaMH,
SIKI MOXKYTB peaji3oByBaTd (QYHKLUII BIpTyalbHUX CHHXPOHHHMX MAIIWH, IMITYIOYM MOBEAIHKY TPaIHLIHHUX CHHXPOHHHX reHeparopis. Takuii mimxiza
JI03BOJISIE 3a0€3MeUnTH IHepLiHHUI BiATYK, JeMI(yBaHHS KOJMBAaHb YaCTOTH Ta CHHXPOHI3aLlil0 3 MEPEKel0 0e3 BHKOPHCTAHHS O0EPTOBHX Mac.
Po3ristHyTO BapiaHTH 3aCTOCYBaHHS CHCTEM HAKOIMYEHHs €IeKTPOCHEPT il K KIIOUOBOTrO eJIEMEHTY JUlsl KOMIIeH Al HecTablIbHOCTI BiTHOBITFOBAHHX
[oKepen eneprii. dopMaiti3oBaHO 3aralbHUI MiAXiA M0 MOIETIOBAHHS Ta ONTHMi3alil BHKOPHUCTAHHS CHCTEM HAKOMMYEHHS EJIEeKTPOeHeprii B
@JICKTPUYHUX Mepekax, 3 BAKOPHUCTaHHSM JUIS I[bOTO PO3PAXyHKIB 32 ()OpMyIIaMH, sIKi BpaXOBYIOTh XapaKTEPUCTHKY iHEpIlii CHHXPOHHOT'O TeHepaTopa,
PEryJsaTopiB, CHCTEM 30y KEHHS Ta MoJenel poropa. IIpoBeneHo ouiHKy eeKTHBHOCTI IIMX MOJIENIeH 1Tl BU3HAUYCHHS ONTHMAJIbHUX PEXHMIB POOOTH
3 ypaxyBaHHAM 3MiH HaBaHT@KCHHs, aBapiiHUX CHTyauiii Ta KONMBaHb reHepauii. PO3MIsSHYyTO MOXIJIMBOCTI CIEL[iani30BaHOrO MPOTrPaMHOrO
3abesneuenns Ha mwiatdopmi C# (NET), mono inrerpyBanus 3 DIgSILENT PowerFactory mist mpoBeieHHS po3paxyHKIB CTaTHYHOI Ta JHHAMIYHOT
CTIMKOCTI, @ TAKOXX MOJICIOBAHHS €IEKTPUIHUX Mepex Hanpyroro 35-750 kB.

Ki1ro4oBi ciioBa: BiTHOBIIIOBaHI JKepena eHeprii; BipTyanbHa iHEpLiss; MaTeMaTHYHE MOJCTIOBAHHS; CHCTEMa KepYBaHHs 0alaHCOM aKTHBHOI
HOTYXKHOCTI; PeryJIIOBaHHS YacTOTH; iHBEPTOP; CHCTEMa HAKOIIMYEHHS eHeprii.

Beryn. 3na4nuit pict reHepaiii B OCTaHHI POKH,
0co0ONMMBO TeHepalii 3 BiJHOBJIECHHX JDKEpENl CHeprii
(eHepris coHIls, BITPY, OionmamuBo Toio, Hanam BIIE) He
3abe3neyvye HaJliiiHy CHHXPOHHY POOOTY €HEproCHCTEMH,
BUXOJSYM 3 IIbOTO  BCTAHOBIIOETHCS MeXa  JUIA
HECHHXPOHHOI poO0TH renepailtii, sika moB’s3ana 3 B/IE Ta
pOOOTOr0 IHBEPTOPIB Ta IHIIMX IEPETBOPIOBAYIB TXHBOI
eneprii [1-3].

Tak, Hampukiajg,  BCTaHOBICHA  MeXa IS
HECHMHXPOHHOT TeHepallii BIIHOCHO HABaHTAXCHHSI B
Ipnannii cranoButh 65 %, y Texaci — 54 % B MakcuMyMi
HaBaHTaeHHs. OcCOOJIMBHIA PICT MOTYXKHOCTI BITPOBHX
enektpocranuiit BEC 3adikcoBano na ITiBnHi ABcTpaitii Ta
nocsirae 170% [4, 5].

TakuM YMHOM MOXXHa CIOCTEpIraTH TEHJICHII0, B
SKIH JOJIST CHHXPOHHOI TeHepanii Bech 4ac 3MEHIIYEThCS,
IO B CBOIO YEPTy 3MEHINY€E 1HEPHiHHICTh CHEPTOCUCTEMH.
Pa3oM i3 MO3UTHBHUMH pUCAaMHU, TIEPII 332 BCE TAKUMH, K
3MEHIIICHHS IIKIIUIMBUX BUKUOIB y atMocdepy [6, 7] Ta
3aMydeHHS IHBECTHIIM y Tl CeKTOp eHEepreTHKH,
3pocranasg yactku B/IE B 3aranmpHOoMy Oananci 00’ erHaHOT
enekrpoeHeprerndnoi cucremu (OEC) Ykpainu cTBoproe
PHU3UKH MOPYILIEHHS 0aaHCcoBOI HaIIHHOCTI
€HEeProCHCTEMH, OCKIIBKU €JIeKTPOCTaHLI], 10 MPaLOIOTh
Ha BJIE, wmatoTe HerapanroBaHMH, 3MiHHHUH Trpadik
renepyBanHs esektpuuHoi eneprii (EE) sk Bnponomxk
mobu, Tak 1 3HAYHI CE30HHI KOJMBAHHSI 0OCHTIB
BupoOHunTBa [8]. IMomameme 3pocranHs gactku BJIE B

bamanci OEC VYkpainu [9] HemoximBe 0e3 301IbIICHHS
00CSITiB IEPBUHHOTO, BTOPUHHOTO PETYJIIOBAHHS YaCTOTH
Ta TOTY)XHOCTI, a TaKoX pe3epBy 3aMillleHHS B
eneprocucremi [10].

Bunukae nuTaHHS OO0 CHCTEMHHUX 3ac00iB, SKi
MOTPiOHO BUKOPHUCTATH ISl CTIHKOI Ta HamiiHOI poOoTH
eHeprocucteMu. Lli 3aco0u BiTHOCATHCSA 1O JOITOMIKHHUX
CHUCTEMHHUX TIOCIyT, AKi HEOOXimHI B CTPYKTypi pobotu
SHEPrOpHHKY I CYy4acHOI €HEePrOCHCTEMH.

Mera crarTi. AHam3 3aCcTOCYBaHHS CHUCTEM
HakonunuyBaHHsi eHeprii (CHE) B cuctemi 3 HH3BKOIO
IHEpII€I0 B PeXKKUMI BIPTyallbHOT CHHXPOHHOI MallIMHH, 1110
(dopmyeTbCsT 32 JIOIIOMOIOI0  CHUCTEMH  KepyBaHHSA
IHBEpTOPIB.

TexHoJiorii HAKONUYEHHH €JeKTPHYHOI eHeprii.
Iarerparnis B eneprocucremu BJIE 3i 3MiHHOIO BUXiZHOIO
MOTYXHICTIO ~ TIEPEeTBOpWJIA  TPAAWIIHHY  TeHepamio
CJICKTPOEHEpTii 3 KEepoBaHMX 1 JHUCIETYCPU30BAHUX
pecypciB Ha HEKepOBaHi Ta HENUCTIETICPHU3OBAHI.

Kpim TOTro, CTOXacTH4HA NPHUpPOJa HABAHTAXKEHb, 1110
MIOCTYIIOBO YCKJIQIHIOETBCS MOSBOIO B IX CTPYKTYpi
3apAAHUX CTAHINA  eIeKTPOMOOLTIB, POOUTH MPOIIEC
CHOXKMBAHHS €Heprii mie OuIbll HerepeadavyyBaHuM.
BBaxaerbes, 110 €peKTUBHUM LUISIXOM BUPIIICHHS BHUIIE
nepesiueHux PI3HOMaHITHUX IPOOJEM, IO INPH LOMY
MOXYTh BUHUKHYTH, € BpoBapxkeHHs CHE.

Aue e(eKTHBHICTh TaKOTO PilIEHHsI 3HAYHOIO MipOIO
3aJIEXKUTH BiJl TEXHOJIOTIH, SIKI MOJICIIIOIOTH B TEXHOJIOTIsX
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KOHBEPTEPHHUX CHCTEM, 3aKIaJaloudl CHCTEMY KEpyBaHHS
HUMH  MOZETl IHepIil CHHXPOHHOTO TIeHepaTopa,
perynsaropa, cuUcTeMH 30yIDKEHHS, MOJENIl poTopy 3
¢yHKkUil0 (QopMyBaHHS Mepexi, MICIb PO3MILIEHHS Ta
crparerii ynpasninas [3].

[Mpouec excrutyaTamii eIEKTPUYHUX MEPEK 3aBIKIU
nmoTpeOye BU3HAYEHHS PpAI[iOHATBHOTO CITiBBiTHOIICHHS
MDK TeHepamielo eHeprii Ta i CIO)KMBAaHHSIM OCKIJIBKH
MOTPIOHO TOCTIHHO KOHTPOJIOBATH TPOIO3HIII0 B
3aJIeKHOCTI BiJl TMOMHTY, TOOTO ABI CKJIAMOBi - MOMHUT Ta
MIPOTIO3MLIISl TIOBMHHI 3aBXANW OyTH MaKCHMAaJIbHO TOYHO
30axancoBadi. [lomuT enexTpoeHeprii MoKHa TPUOIH3HO
nependaunTi (Bewip — 3pOCTAaHHS CIOXKUBAHHA, HIY —
3HWKEHHS), 3 IIbOT0 BHXOAWTH, IO EJIEKTPOCHCTEMH
MOBUHHI OYyTH THYYKUMH. [HYYKICTH JOCSTAETHCS 3a
JIOTIOMOTOI0 CHCTEMHHMX OIEparopiB, SKi peETyIIOI0Th
BUXIJIHY TMOTYXHICTh B 3aJIS)KHOCTI BiJ| 30UIbIIeHHS 200
3MEHIIECHHS TOITUTY.

30epiraHHs eHeprii MOYKHA PO3JIUINTH Ha 3 eTamu:

e 3a0upaHHs €JIEKTPOCHEPTii 3 MepexKi;

e  30epiraHHs eNeKTPOCHEPTIi;

®  TIOBEpHEHHS EJIEKTPOEHepTii
Mepexy 4epe3 IeBHUH Jac.

B enexrpoeHepreTuIli MOXXyTh BUKOPHCTOBYBATHCH
YUCIICHHI TEXHOJIOT1i HAKOIMYEHHsI €HepTii, sKi, 3a3Bu4ai
MOJIIISIIOTECS. HAa WICTh TPYIL ENEeKTPU4YHI, MeXaHiuHi,
CIeKTPOXIMIiUHI, TEpMOXIMIiUHI, XIMIYHI Ta TEIJIOBI.
3anexHo Bijg (opmu 30epiraHHsS Ta XapaKTEPUCTUK 11
Buyaui B Mepexxy, CHE mosxe BukonyBatH 0e3miy QyHKIIH
Ha PUHKY €JIEKTPUYHOI eHeprii [6].

OyHKIIOHANBHI MOKIIMBOCTI Ta chepH 3aCTOCYBaHHS
TEXHOJIOTI HAKONWYCHHS CHEprii 3ajexarb Bil iXHIX
XapaKTEPUCTHK. Opnna rpymna XapaKTEePUCTHK
BU3HAYA€THCS HOMIHAJIBHUMH 3HAUYCHHSAMH MOTYXHOCTI i
eHeprii. = HomiHampHa  TOTYXHICTH  XapakTepHU3ye
IMIBUIAKICTE  3apsimy/po3psay, a HOMIHAIbHA CHEepris
BimOmBae TPHUBAJIICTh po3psny. Juaamivni
XapaKTEePUCTUKU OIHIOITh Yac BIATYKY Ta IIBUJIKICTH
JHIKHOT 3MiHM MapaMeTpiB HakonuyyBaya. Yac BiAryKy —
1€ Yac, NPOTATOM SIKOTO HAKOIHYEHa SHeprisl MepeXoanuTh
31 CTaHy HYJBOBOTO PO3pSy IO ITOBHOTO pO3psAy, a
MIBUAKICTh 3MIHH — IIBUJIKICTb, 3 IKOT MOYKE 3MiHIOBATUCS
BUXI1JTHA MOTYKHICTb.

3po3ymino, mo BoposamkeHHs CHE (oco6mmBo
BEJIMKOMACIITAa0HE) MMoTpedye 3HAYHUX 1HBECTHUIIH, IXHIH
MIpaBUIHLHUN BHOIp Ha OCHOBI OYiKYBaHOTO €KOHOMIYHOTO
edexTy € CKIagHUM 3aBIaHHAM. 1yT HEOoOXigHO
BpaxoOBYBaTH Pi3HI acleKTH X 3aCTOCYBaHHSI, 30KpeMa,
TEXHIYHI /i €KOHOMIYHI OCOOJIMBOCTI PI3HMX TEXHOJOTIH
aKyMyJIIOBaHHSI €Heprii, CTymiHb iX 3piIOCTi 3 MOTJISLY
KoMepIliamiaiii, BIJIMB Ha HABKOJHIIHE CEPEIOBHUIIIE,
3aBJaHHs, SIKI IUIAHYE€ThCS BHPILIYBaTH 3a PaxyHOK ix
3acToCyBaHHs. HaBOAMTH 4MCIIOBI 3HAuUCHHS 3a3HAYEHHX
xapakrepuctuku st pisaux CHE He mae cency, Tomy, 1110
HasiBHI B JIiTepaTypi BIiINOBiAHI JaHHI BapilOIOThCA Yy
3aHaJTO IIMPOKOMY Hiara3oHi. Tomy y Tabn. 1 HaBegeHO
JUIIE 3arajbHy iH(QOpPMAIliIO IIOAO MepeBar i HEJOMIKIB
OKPEeMHUX TEXHOJIOT1 HaKOIMYECHHS CHEePTii.

SkicTe emekTpoeHeprii B eNEeKTPHUHIN Mepexi
BU3HAYA€ETHCS, HAcaMIepel, SK IMIATPUMKA 4YacTOTH Ta

B CJIEKTPUYHY

BEJIMYMHHM HANpPYTd B MeXax AOIMYCTUMOIO [iara3oHy
3HA4YeHb MPU 3a0€3MeUeHHI HOT0 CHHYCOiTaIbHO1 (POPMH.

Ta6nuus 1 — [epeBaru Ta HEJOIIKH TEXHOJOTTT HAKOTTMYCHHS

eHeprii
Ha3Ba TexHoJorii | IlepeBaru | Henoutikn
Enexmpuuni
Kongencarop HIBuaxuii yacn3pKa
BIZTYKY, BEJIMKA |OTY>KHICTb,

KHTTEBUH IUKJI Ta
(DeKTUBHICTD
Cynepkongencarop |Benukuii sxutteBuiiuzbka

KIIBKICTh LIUKITIB

LIUKI 1  BHCOKaHepreTuuHa
e(CKTUBHICTh ITBHICTB,
OKCHUYHICTb
EnextpomarHiTHi  |Bennka moTyXHICTBPHCOKI BUTpaTH Ha
MarHitHi i BHCOKAa |[XOJIOIKEHHS
HaKOMHUTyBadi e(eKTHBHICTB,
(Superconducting  |mBHIKHIT qac
Magnetic  Energy|Binryky, Bemukwmit
Storage, SMES) SKUTTEBUM ITUKIT
Mexaniuni
CTucHeHe mOBITPsl|Benuka MOTYKHICTh, [eTaTHBHUN BILTHB
(Compressed air|BenuKui KUTTEBMit[a NOBKiMIA uepes
cnergy storage, | i i Bucokafiym ta Bukuau CO:
CAES) e(EKTUBHICTh
I'pasitaniitae Benmka moTyXHICTBJHCOKI BUTpaTH Ha
HaKOIIMYCHHS i BHCOKA |y TiBHULITBO
e(eKTHBHICTD
Jlitaroui xouieca|llIBuakmii gac [u3bka
(Flywheels) BIATYKY, BCJIMKAHEPreTHYHA
KITBKICTh LMKIIIB IUJIBHICTE
Enexmpoximiuni
JliTiii-ionHi Oatapei|Bemuka leBemukuii TEpMiH
(Li-Ion) CHepreTHYHa Iy KOH
LIILHICTE 1 BUCOKHIA
KKA
Hikensb- Bucoxnit KK/| leBenMKkuii TepMiH
MeTarigpuIHa ITy>KOH
Oarapes (NiMH)
Hunak-6pom (ZnBr) |Bucoxwmit KK/ leBemukuii TEpMiH
b1y KOH
Ximiyni
[MTanuBHi koMipkn  |[IpakTndHO [orpeba B 3amiHi
HYyJTBOBUI laTaizaTopiB
caMopo3psL

OcTaHHS yMOBa € JIOCHTH AaKTYaJIbHOI, OCKIJIBKH
Oiumpmricts  B/IE  mpuenHyOTBCS 10 Mepexki  depes
o0JiaJiHaHHSI CHWJIOBOT EJIEKTPOHIKM, HEJiHIHHA BOJBT-
aMIiepHa XapaKTepHCTHKA SIKMX TOPO/PKYE T'apMOHIKH B
cuctemi. OHOYACHO HASBHICTH HEMHIMHUX HABAHTAXKECHD,
o0csr SKHMX 3pOCTa€ 3a paxyHOK IOSBH 3apsHUX
MPUCTPOIB JUIs €NEKTPOMOOLIIB, TaKoX HPU3BOJHUTH IO
BUHHMKHEHHSI TAPMOHIK CTPYMy Ta HaIlpyrd B CHCTEMI, aje
BOHM MOXYTb OyTH  CKOMIIEHCOBaHI  HAaJIC)KHUM
BUKOPHCTaHHIM CJIEKTPOHHHX NIepEeTBOPIOBaYiB
notyxnocti CHE, siki fit0Th SIK akTHBHUH QLIBTP.

Kpim 1poro, croxacTHYHO 3MiHIOBaHI HABAHTAXKCHHS,
eJeKTPOIpruiiMadi 31 3HAYHUM CIIOKUBAHHAM PEaKTHBHOI
MOTY>)KHOCTI Ta TepexiZ Big poOOTH mapaienbHO 3
€HEProCUCTEMOIO 0 i130JIbOBaHOT POOOTH € JOJATKOBUMH
(hakropamH, SAKi MIPU3BOISITH 1 0 TAKHMX MPOOIIEM 3 SKICTIO
SJIEKTPOCHEPTi] AK KOJIMBaHHS MOTY>KHOCTI, a, BIIIOBIIHO,
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i Hampyrd, MpOBaJiB 1 CTPUOKIB HAMpPYrd, HU3bKOMY
KOe(iLliEHTY MOTYKHOCTI.

3a Takux CHUTyalill BUKOPHCTAHHS TPaIULIHHUX
NPUCTPOIB PEryJIIOBaHHS IiJl HABAaHTAXKEHHSIM Ta I1HIINX
peryisropiB Hanpyru moxe OytH HeedextuBHUM. Tomy
HEOOXITHHMI IHIIMA MeXaHi3M MIATPUMKH BiIXUJICHb
Halpyrd B TPHUIYCTHMOMY iama3oHi 3a/uisl CTabiIbHOI
PpOOOTH €HEPrOCHCTEMH Ta EJIEKTPOMEPEXK.

JlonaTkoBO BaXKJIMBO 3a3HAYUTH, IO TIPH PO3TIISII
MHUTaHb [IOJNO SIKOCTI EJIEKTPHYHOI CeHeprii MpaKTHYHO
BiJICYTHI TOCITIIKEHHS BITHOCHO KOJIMBAJIBHUX
HEepeXiJHUX IPOLECiB, IO € BAXIUBUM INUTAHHAM IS
enekTpuuHuX Mepex 3 BJIE, ocobmmBo 3 orsagy Ha
MOJJIMBICTE (DOPMYBAHHSI «OCTPIBHOTO» PEXHMY iXHBOT
poboTH.

Baxusoro Biactuictio CHE B cuctemi posmominy
€JIeKTPOCHEPTii, 30KpeMa B MIKPOCUCTEMAaX, € MOXKJIMBICTh
iX BUKOpHCTaHHS B SIKOCTI JpKepesa BIpTyalbHOI iHepil
JUTS  TIBUINCHHS CTAOUTBHOCTI YacTOTH 3a paxXyHOK
KoMmeHcarii Hu3bkoi ineprii BJIE [11].

Tobro enepris, mo 30epiraerscst B CHE, emyimoe
KIHETHYHY €HEprilo, 3amaceHy B POTOPi CHHXPOHHOTO
TeHeparopa, ska Moke OyTH BHBUTRHEHA Y pasi 30ypeHHs
a00 pi3Koro AucOaIaHcy MiX IMOITUTOM 1 TPOTIO3UITIEI0.

AKyMyTISTOpHI CHE, CYTIePKOHICHCATOPH,
HAANPOBITHI  MAarHiTHI HaKomW4YyBadi eHeprii Ta
HAKOMHAYyBadi €Heprii Ha MaxOBHUKaxX 3aBIAKHA IXHIH
NIBUAKIH OUHAMINI € TMPUIATHUMH 3aco0aMu  JJis
neMiipyBaHHS KOJMBAaHb YaCTOTH B €eHEPrOCHCTEMI.

PerysmmoBannss  4acrotu.  [Hepmis  cuctemu
BU3HAYAEThCA SIK OMIp 3MiHAM YacTOTH CHUCTEMH 3a
paxyHOK HaKONMYEHHS/BBEJICHHS KIHETUYHOI €HEeprii, 110
HAJXOIUTh BiJl CHHXPOHHO IMiAKIIOYEHOI MAallMHH, IO
obepTaeThesl, 3 CUCTEMH/y CHUCTEMY IIii Yac BUHUKHEHHS
nucOaraHCcy TOTYKHOCTI.

Kinernuna enepris cucremu Ek po3paxoByeThcs 3a
hopmymoro (1), o Mae BUTIISA:

Ey = Zn: (%]iwrzni) (1)

i=1

e J— MOMEHT iHepii, Kr/m>;

®mi — KYTOBa LIBHJKICTh POTOpa i-i MAIMHU, LIO
obepraeThes, pajy/c;

n — 3arajbHa KUTbKICTh MallIVH.

3arajgpHa XapaKTEpUCTHUKA IHEpIii CHCTEMH €
BiTHOIIICHHSM 3arajlbHOI HAKOMMYCHOT KiHSTHYHOI eHepril
(y MJIx) npu CHHXpOHHIH IIBHIKOCTI 10 HOMIHAJIBHOTO
3HaueHHs (y MBA) 6a3o0Boi cucremu 3a popmyoro (2):

2 n
E k Wsm

Hyys = ——= —Z}- 2)
e Sbase 2Sbase = '

1

e Skase — 0a30Ba XapakTepucTHKa cucTemMu, MBA;
Wgm — CHHXPOHHA IBUKICTH CHCTEMH, Pajy/C.
BuaHo, 110 3aranbHa iHEPIisS CHCTEMH 3aJIC)KHUTh BiJl
KUTBKOCTI MammMH, M0 00epTalThCs, 00 €IHaHUX ¥y
CHCTEMY, a TaKOXK KIHETHYHOI eHeprii, [0 HAKOMHUYeHa B
ixHii oOeproBii Maci. /[lnsg mNOpIBHSAHHS, MHUTTEBUI
(hi3nuHMiA 3arac CHIOBOTO NEPETBOPIOBAYA € EHEPTisl, Ky

HAKOMWYEHO Yy HOro KOH/IEHCATOpi Ha CTOPOHI MOCTIHHOTO
CTPYMY, Ta BOHA € HE3HAYHOIO y TOPIBHSIHHI 3 IHEPIIE0
o0epTaHHS CHHXPOHHHUX MallIUH.

[MoyaTkOBE 3HAYCHHS, TaK 3BAHOIO IIOKA3HHKA
mBUAKOCTI 3MiHM 4actotu (anrn. Rate-of-Change-of-
Frequency, ROCOF), mo BH3HAa4aeThCsl BEIMYHHOIO
JcOaaHCy IMOTY)KHOCTEH Ta 1HEpII€I0 CHCTEMH, MOXKe
OyTu BHpaxkeHe 3a hopmyiior (3):

fo AP foAP

ROCOF = : 3
2Hsys Sbase 2Ek ( )

ne AP — BenmuurHA 3MiHH aKTUBHOI IOTYXHOCTI;

f0 — HOMiHATTFHA YaCTOTa CHCTEMH.

Buxongsan 3 gopmymnu (3) MOXKHa BH3HAYHTH, IO
3HaueHHs nokazHuka ROCOF Oyne OinpuimM, abo npu
OiIBIIOMY 3HAYEHHIO 3MIHU aKTHBHOI MOTYXHOCTI, abo
NP MEHIIOMY 3HAUeHHI €Heprii, II0 HaKOIMHYeHO B
cucremi. OCKUIBKY Ha L€l 4Yac CHHXPOHHI T'eHepaTopH, 1110
MaroTh BEJINKE 3HAYCHHSIM KIHETHYHOI €Heprii 3a paxXyHOK
00epTOBOi MacH, 3MEHIIYIOTh YacTKy B €HEPreTHIHOMY
MiKkci uepe3 akTuBHUIA po3BuToK B/IE, 1m0 MaroTh HyIbOBY
MEXaHIYHy IHEpIilo, BeNMWYWHA cyMmMapHUX Hsys ta Ek
3HIKYEThCS. DBINMBII  TOTO, CTOXaCTHYHHN XapakTep
BiTHOBJIIOBaHOI TEHEpallii BUKJIMKAE YaCTilll Ta CHIbHI
mopymieHHs1 OanaHcy moTykHocTi. KomOiHamis mux 1Box
(hakTOpiB MOXKE IPU3BECTH 10 30UIBIICHHS 3HAYCHHS
ROCOF i, oTxe, 10 TOTipIIEHHS CTAOLIBHOCTI MEPEXKi.

TpaaumidHO  BIAXWICHHS YacTOTH, BHKIIMKaHE
3MIHOIO TIOTYXXHOCTI Ta TIO3aIUITATHUMH CHTYaIlisIMH,
KOMITCHCY€ThCSl TIEPBUHHMM YacTOTHHM PpETryJIIOBaHHIM
(ITYP), sike Mae 3aifiCHIOBATUCS 3MIHOIO TIOTY>KHOCTI
reHepyrodoi omuHumi, Y3E, OIWHHINI CHOXHWBAaHHS
3aJCKHO BiM (AKTUYHOTO BIAXWIICHHS YACTOTH TIIO
CTaTHUYHIH XapaKTEepUCTHUIl, B OCHOBHOMY 32 paxyHOK
TEHEepaTopiB Ta CHCTEMH pETYIIOBaHHSA TypOiHH, IO
obepratotscs [12].

OpHak BjacTHBa M 30HA HEUYTJIMBOCTI Ta MOBLIbHA
peaKkifisi CHUCTEMH pPEryJIOBaHHSI TypOiHH, OCOOJHBO
OJIMBHOTO TPUHIMIY KepyBaHHs pOOOTH MeXaHi3My,
3a3BMYall IPU3BOAATH JI0 BUAAYl HEOOXiIHOI MOTYXHOCTI
npubanzHo vepe3 10-20 c, mo € HAagTO MOBLIBHO JUIA
CUCTEMH 3 HHU3BKOI IHEpIi€. 3a  JIOMOMOTOI0
MIBUJIKOMIFOYOrO JDKepena eHeprii, takoro sk CHE 3
iHTepdeiicom  mepeTBOproBavya,  MOXKHA  BHIABATH
MOTYXHICTh U1l €(EKTUBHOTO MMOM’SKIIEHHS KOJHMBAaHb
YaCTOTH Ta MOKpamieHHs nokazanka ROCOF.

Psn TexHOmMOTI# 30€piraHHs eHeprii, € MOTeHIIHHIMHI
KaHIuAaTaMd Ul HajaHHA mofiOHmx mocmyr. Tak,
HANpHKJIaJ, MaXOBUKH MalOTh 4ac BIATYKY MEHIIMH HiXK
4 Mc 1 yac po3psay a0 15 xB, niTiii-iOHHI, IPOTOYHI Ta
CBHUHIIEBO-KHCIIOTHI OaTtapei MaroTh 4ac BiAryky 1o 40 mc i
MOXYTb PO3PSIKATHCS SIK HPOTSATOM JIEKUIBKOX XBHIIMH,
TaKk 1  JeKUIbKOX  TOJMH,  CYNEPKOHJEHCATOpU
3a0e3neuyroTh yac Biaryky 1o 10 mc i TpuBajticts po3psny,
SIKHI 371e01IbIIe HEe IepeBuIy€e onHiel roquau [10].

[ociyrn 3 GanmaHCcyBaHHS PEKUMY EHEPrOCHCTEMH
TPaIUIIHO Peai3yroThCs Ha TPHOX PIBHAX BiAIIOBITHO 10
YacOBHMX INKAJI 1 BKJIIOYAIOTh: NEPBHHHE, BTOPHHHE Ta
TPETHHHE YacTOTHI perymoBaHHSI. OCTaHHIM YacoMm Yy
HU3L KpaiH, Hampukmang Ascrpanii Tta CIHIA, uepes
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MparHeHHs: 3MEHIIUTH 1HepLil0 OyJo po3po0JIeHO HU3KY
HOBHX  HOCIHYI 3  PEryJioBaHHA  4YacTOTH,  SKi
XapaKTepU3yIOThCs MBUIKUM BiITYKOM Ha 3MiHY 9acTOTH
(anrm. fast frequency response, FFR) [4, 5].

30Ha HEYyTIMBOCTI, KOe(ilieHT cnany, MBUAKICTh
BIZITYKy Ta TPUBAJICTh € OCHOBHHMHU IapaMeTpaMH IpH
BUPINIEHH] MMTaHb PETYJIIOBaHHS YacTOTH. Y JaHWH yac
MiJIBUIIEHHS TOYHOCTI YNPAaBIiHHSA Ta BHKOPUCTAHHS
CHJIOBUX TIEPETBOPIOBaYiB (OCOOJIMBO JUIsl aCHHXPOHHHX
TeHEepaTopiB) MOXKE 3HAYHO 3MEHIIUTH 30HY HEUyTIIUBOCTI,
y TOM Yac sIK 3a3/aJerinp 3ajaHa 30Ha HEUYTIHBOCTI, fK i
paHille, MIUPOKO BHKOPHCTOBYETHCS ISl 3MEHILECHHS
3HOCY 00JTaTHAHHS.

3 TOYKH 30py Mepexi, OuTbIl By3bKa 30Ha
HEYYTJIIMBOCTI Ta MEHIMH KOE(DIIIEHT IOCHICHHS
PETyJIIOBaHHS MOXYTh MOKPAIIUTH CTAOUIBHICTh YaCTOTH
enekTpoMepexi. OfHak, 3 iHIIOrO OOKY, BOHH MOXYTb
BUKIMKAaTH  HajJMipHE  3HONIYBaHHA  MaIIMH, IO
o0epTaroThcs, Ta TIPUCKOPEHY Jierpajiario
EJIEKTPOXIMIYHHX CHCTEM aKyMYJIIOBaHHS

HIBHAKICTh BiATYKY YacTOTHOI XapaKTEPUCTHKHA B
OCHOBHOMY BHU3HAYa€THCS YaCOBOIO 3aTpuMKor0 Tdelay Ta
MIBUJKICTIO HapocTaHHs Kp ToTyxHOCTi. Bucoka
MIBUAKICTE HApOCTAaHHA Ma€ BEJIHMKE 3HAYCHHS M
KOPHCHOCTI TOCIYTM pEryjJloBaHHA YacTOTH, OTXe,
CHCTEeMH  HAKONWYCHHSA  €Heprii, moB’s3aHi 3
MEepEeTBOPIOBAUEM IOTY)KHOCTI, € NPHIATHHUMH 3aCO00M
peanizauii mocoyru FFR.

Jnst 3HaXOPKeHHS OOIPYHTOBAHOTO Ta CTAJIOrO
BUpILIeHHs TpobieMu ontumanbHoro Bubopy CHE vy
CIEKTPUYHUX Mepexkax 3 iHterpoBanumu 1o Hei BJIE, min
qac MOJICTIFOBaHHS HEeoOXiHO BpaxoBYBaTH
HEBM3HAYEHICTh HaBaHTaXKeHb 1 reHeparii 3 6oxy B/IE. B
MepeBaXkHid  OUTBIIOCTI BHIAAKIB IS 1€l MeTH
3aCTOCOBYBAJIMCS METONW, y Till um iHmIA Qopwmi,
OpI€HTOBaHI HAa BUKOPUCTAHHS HMOBIPHICHIX METOIIB.

Bubip onTtumampHHX Micub  PO3MIIIEHHS Ta
napameTpiB CHE y enekTpuyHuX Mepekax € HElmpOCTHM
3aBJJaHHSIM Yy MaTeMaTHYHOMY CEHCi, 3 BUKOPHUCTaHHSIM
PI3HHUX METO/IB ONTHMI3allli: KIIACHYHUX, aHATITHYHUX Ta
METaCBPUCTUYHMX. XOua Il MIXOAW JO ONTHUMI3aIll
MaroTh IE€BHI HEAOJIKH, OOMEXEHHS JUIsI CHEPrOCHCTEM i3
BUCOKOIO DO3MIPHICTIO 30KpeMa, METOZ JIHIHHOro
NpOrpaMyBaHHS  BITHOCHO JIETKO peajli3yBaTH, aje
3a3BHYall BaXKO YSABUTH aJCKBaTHI MOJEN, SKi
BIZINOBIIAIOTh 3aBJAHHIO, IO PO3TIISNAETHCS, y BHUIVISAL
Habopy JiHIMHKUX piBHIHG [13].

KpiMm 1mpOro 3HAWHI 3HAYEHHS CTPYMIB KOPOTKHX
3amukanb (K3), cmiBBigHOMIEHHS iXHIX piBHIB Ta BHIIB
BHMAararoTh BUCOKY CTIHKICTh €HEeproCUCTEMH,
BpaxoBylo4i (a3oBe MiJACTPOIOBAHHS YacTOTH IS
reHepaTopiB, podOTa Ta PEryIOBAHHS SKHX 3aJICKATh BiJl
Mepexi. Tak JIitodi COHSYHI E€NEKTPOCTaHLil B JESIKHX
BUIIaJKaX TPH TEXHOJOTIYHMX MOPYIIEHHSM B Mepexax
MOXYTbh HE BIJJHOBHTH pOOOTY B Mepekax 3 HHU3BKUM
3HAYEHHSM CTIMKOCTi, BOHH OyIyTh MaTH MOXXJIHMBICTH He
YCIINIHO BKJIIOYNTHCS, BUNAIOUHM TUIBKH KHIKU HAIIPYTH B
MEPEeXY JO0 SIKOI0 OYIyTh IiJKITF0YATHCS TeHEPATOPH.

Hedimur crifikocTi B €HEPrOCHCTEMi 3aBa)kae
PECHHXPOHI3aIlii TeHepaTOPiB 3 MEPEKEIO Ta IPHUBOAUTH 110
iX BUMKHEHHS B TaKMX BHIIQJKaX, a B NOJAJIBIIOMY MO

PO3BHUTKY TEXHOJOT19HOT'O MOPYIICHHS 3 IPUBEACHHAM 0
CKJIAJIHO1 CHCTEMHOI aBapii.

IuBepropu, sixi GopMyIOTh Mepexy, He OTPEOYIOTh
(ha30BOT MiICTPOIOBAHHS YaCTOTH — BOHU I'€HEPYIOThH CBOIO
(hopmy Hanpyru.

VY BipTyaJIbHOT CHHXPOHHOI MalllMHU, SIKY MOJIEIIOE B
TEXHOJIOT1SIX KOHBEPTOPHUX CHCTEM, 3aKJIAIAETHCS MOJIEI]
iHepIii CHHXPOHHOTO T€HEepaTopa, PeryJsTopa, CUCTEMH
30y IXKCHHS, MOJICTTh POTOPY.

BpaxoByroun BHIe3a3HAYCHI BUHUKAIOTh aKTYyallbHI
MUTAaHHA MI0A0 3a0e3ledeHHs HamiHOCTI Ta CTIMKOCTI
CHHXPOHHOI poOOTH €HEeproCHCTEMH B yMOBaxX pobotd 3
3pOCTa0v0i YaCTKH T€Hepallii 3 BiIHOBIIOBAHUX JDKEpel

edeprii. Omme 3 mepmmx OiTbm MacmTaOHUMH 3a
obcsiramu MOTYXHOCTSIMA Ta BUKOPHCTaHUMU
TEXHOJOTIYHUMH CHCTeMaMH OyB BIIPOBaJDKEHHH B

excrutyartanito 14 rpyans 2018 poui, nmpoextr ESCRI-SA,
ki mepmuM  MacmrabHuM rnpoektom CHE  Bemmkoi
MOTYXHOCTI ~ ABCTpajlii, TOTYXHICTh aKyMYJISITODIiB
Hakonu4yBadiB (iHHOBaliiHa cucTeMa 30epeXeHHS
eneprii Dalrymple motyxsictio 30 MBT, 8 MBT'TOR), SIKi
NpaIfoloTh B PEXHMiI  BIPTyalbHOTO CHHXPOHHOTO
reHeparopa ¢ (yHKIiEO QopMmyBaHHS Mepexi (grid-
forming) [4, 5].

[lepeBaramu 11bOTO BIPOBAIKEHHS €:

e  BipTyaJibHA iHEpIis Ta MiABUIEHHSA CTIHKOCTI 3a
HaNpyrom 3a paxyHOK BHCOKOI IIBUAKOMII poOOTH
IHBEpPTOPIB HAIIPYTH;

& CTIHKICTh CHCTEMH 3a PaxyHOK 3a0e3ledeHHS
ctpymy K3 mij yac momkomkeHb B MEpeki 3a0e31eyeThes
Buyava ctpymy K3 Bin Hboro, sSIKWil 1 MiABHILYE CTYIIHb
CTIHKOCTI pOOOTH €HEPTOCUCTEMH.

e  BractuBa 3oHa HeuyTimBocTi [TYP Ta noBinbHa
peaKIisi MPU3BOMATH IO BHIAadi HEOOXITHOI MOTY>KHOCTI
npubmmzao depe3 10-20 ¢, mo € HAATO MOBUIBHO IS
CHCTEeMH 3 HHU3BKOIO IiHEpIHmi€o. 3a  JIOTIOMOTOI0
MIBUJIKOMIIOYOTO JDKepena eHeprii, takoro sk CHE 3
iHTepdeiicom  mepeTBOprOBaua,  MOXHA  BHJABaTH
MOTYXHICTh 3 €(eKTUBHOI CTabii3alliel0 KOJIHMBaHb
YaCcTOTH, CKOPOYYIOUM Yac KOJHMBaHb YacTOTH Ta
noryxHocti g0 40mc. ITYP — ne Gesmocepeanbo
MIBUAKICTE pOOOTH PEryJIsiTOpiB (PETYIIOI0UYMX KIIAIlaHIB)
TypOiHi Ta iHepIisl CHHXPOHHOT'O ['€HEPaTOpy.

MopenoBanns BipTyaabHoi inepuii. MaTemaTtuune
MOJICTIFOBaHHS TIPH PO3POOJICHHI aJrOpUTMIB KepyBaHHS
CyJacHHX iHBEpTOpiB a0 IIepEeTBOPIOBAYIB CHUCTEM
HAaKOMMYCHHSA 3 (YHKIISIMH BipTyadbHUX CHHXPOHHHUX
MAIIIFH IO CBOET CTPYKTYPi Oye BUTIISIATH, SIK iMiTaIliitHe
MO/ICITIOBAHHSI, SIKE Tepea0ayae MogaHHsI MOAEI Y BUIIISII
ITOPUTMY Ta KOMIT FOTEPHOI POTrPaMH, sika JI03BOJISITUME
BIITBOPUTH TIOBEIIHKY OO0’€KTa, a camMe BIpTyaJbHOTO
CHUHXpOHHOTO0 reneparopy (BCT).

Hunamiky BCIT MoxHa TNpenCTaBUTH CHUCTEMOIO
JudepeHiHHIX PIBHSIHb. YMOBHO iX MOKHA PO3JUTHTH Ha
TaKi YaCTUHU:

®  EIEKTPOMEXaHi4Hi pIBHSIHHS JUHAMIKH POTOPA;

®  CIEKTPOMArHiTHa CHCTEMa Ha OCHOBI CHCTEMH
piBusHb [apka;

e  DIBHSHHS BU3HAUCHHS BipTYaIbHOI iHEPIIii;
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®  DIBHSHHSA BH3HAYEHHS
koediienrta nemndysanns [14].

BignoBigHi MaremaTHuHI BHUpa3W NPEACTABICHI Y
dhopmynax (4-7):

do

dr 2Hysy

BIpTyaJbHOTO

(Tm - Te - FVSM) (4)

ne 6 —KyT poTopa;
Hys)— BenmauHa BipTyallbHOT iHEPIIiT;
Tn — MEXaHIYHUI MOMEHT;
T, — eNeKTpoOMarHiTHUN MOMEHT;
Fysu— moment nemndysannas BCT.

(dlpd .
I = wyUqg + 0¥ — wyRiy
dy¥, .
a wyug + 0¥ — wyRsi,
dWyq .
) dr - Ontia WNRralka ®)
dWiq .
dr = WNUgq — wNqulkq
d\¥s )
? = (J)Nlpf — (J)NRflf
ne ¥ ¥, —noTik 3uemieHHs no d- ta g-oci;
u4, ug — Hampyra mno d- Ta q-oci (kepoBaHi
IHBEPTOPOM);

@y — HOMIHAJIbHA 9aCTOTa CHCTEMHU;

o¥, oV, — enekrpoMartiTHa B3aemonis 3 d- Ta q-
BiCCIO;

R, — akTUBHHH omip 0OMOTKH CTaTopa;

ig, ig — cTpyM 110 d- Ta g-oci;

Y, Wiy — TOTIK y meMmepHii oomotui d- Ta g-oci;

Uk, Ukg — HaTIpyTa Ha AeMndepHid oomormi d- Ta q-
oci;

Rk, Ry — akTUBHUH omip AeMnepHuX 0OMOTOK;

ird, ity — CTPYM y memndepHiii oomorui d- Ta g-oci;

¥ — TIOTIK 34YeIUIeHHs B OOMOTI 30y DKEHHS;

Ry— axTUBHHUI Omip 0OMOTKH 30y DKEHHS,

if— cTpyM 30ymKeHHs (KepoBaHI iHBEPTOPOM).

UsU

oo — 6
2XrSysmn ©)

Hysy =

ne  Ur—monyns Hanpyru 30ymxennst BCT
U — BuXigHa HampyTa iHBEpPTOPA;
Xy— IHAYKTUBHUH OMip OOMOTKH 30y IKEHHST;
Sysy — HOMiHaIbHA TIOTYXkHicTh BCT'.

Dysy = 2§w,Mygsy @)

ne (- xoedimieHt nemmdyBaHHS;

Mysy — exBiBasieHTHa iHepiiss BCI'.

ImitariiiiHa MOJEIb TAKOK MOXKE PO3INISIATH SIK
EKCIIePUMEHTH, 10 MPOBOMAATHCS HA KOMIT'IOTEpax 3
MATEeMaTUIHUMH MOJCNSAMH, SKi IMITYIOTh TIOBEHiHKY
peaJbHUX CHHXPOHHHMX reHeparopiB. Ilpu 1pomy
IMITYIOTBCSl €JIeMEHTApHI SIBUIIA, 10 CKJIAJAI0Th MPOILIEC,
31 30€peIEHHSIM TX JIOTIYHOI CTPYKTYPH Ta MOCIIIOBHOCTI

y 4aci, 10 J[03BOJIIE OTPUMATH BIJOMOCTI IMPO CTaH
CHUCTEeMH Yy TI€BHHH MOMEHT 4Yacy Ta OLIHHUTH
XapaKTePUCTUKM CHCTEMH Ta peaklii CHHXPOHHOTO
reHeparopi Ha pi3Hi 30ypeHHs Ta PeXKUMH, SIKi BUHUKAIOTh
B Mepexi 10 sKoi mia’erHaHWu oaumH abo KijibKa
reHeparopiB. IMiTamiiiHi Mo/eNi TO3BOJISIIOTh BUPIIYBaTH
OiIBII CKITAJHI 3a/1a4i, HiK aHamiTHUHI. Hanmpuknan, BoHH
JIO3BOJISIIOTH ~ JIOCHTh ~ JIETKO  BPaxOBYBaTH  BILIKB
BUIAJKOBUX (DaKTOpiB, SKI MOXJIMBO YCKIQIHSTH B
o0paxyHKy mi iMmiTamiiHi Mogmemi, #AKki  OyoyTh
BUPIIIYBaTUCS 32 JOIIOMOTO0 KOMIIT YOTEPHOT MOJIEII.

Komrm’rotepri Mopeni Takoro THIy II€ OKpeMa
nporpama, CyKyIHICTH IpOrpaM YW IPOTpaMHUH
KOMIUIEKC, II0 JacTh 3MOTY BHKOHAHHSM IIOCHiTOBHOCTI
004HCIIeHb 3 MOAAJBIINM IpadiuHUM BiJOOpPaKEHHSM iX
pe3yNbTaTiB  BINTBOPIOBAaHHAM (IMITyBaHHSIM) IPOLIECIB
¢yHKUiOHYBaHHA 00’€kTa (cHMcTeMH O00’€KTiB), IO
(YHKIIOHYTH i BIUIMBOM pIi3HHMX, SK TPaBUIIO,
BUTIAIKOBUX, (akTopiB. B HamoMmy Bumanaky Oyaemo
BUKOpHcTOBYBaTH mnporpamy C# (.Net) kommanii
Microsoft, Tomy mio, me MNOTy)XHa Ta THY4YKa MOBa
NpOrpaMyBaHHs, fKa  JO3BOJNSE  BHKOPHCTOBYBATH
pizHOMaHITHHN Ha0ip IHCTPYMEHTIB Ta Oi0mioTeK s
CTBOPEHHS Pi3HHUX BHIIB MOJEJEH, BKIIOYAIOYH IMiTaIliiHI
MOJIeNi EeKBIBaJCHTHHX €NIEKTPUYHUX CXeM Mepex Ta
CHCTEM, a TAKOX PI3HOMAaHITHUX PEXHUMIB iX pOOOTH.

Cepen IHIIKMX MEPEBark iMITAIHHOTO MOICTIOBAHHS
3 BUKOpHUCTaHHAM C#:

®  MOXJIHMBICTb MIOBHICTIO KOHTPOJTIOBATH
CTPYKTYpPY Ta JIOTIKYy IMITalliiHOi MOJENi, CTBOPIOIOYU
BJIACHI KJIaCH, 00pOOHUKH MOJIiH, aNTOPUTMH Ta YIPABISATH
KO>KHHM €TarioM MO/ICIIIOBaHHS;

e C# mae mmpoxuii BUOIp cTOpOHHIX OiOmioTek i
IHCTpYMEHTIB, IO JO3BOJISIIOTH BHKOHYBAaTWH pi3Hi
3aBIaHHS IMITallifHOTO MOJNENIOBAaHHSA y TOMY YHCII
pi3HOMaHITHI  CKJIIQJHI  TepeximHi  mIpomecHu B
eHeprocucremi, 0i0moTekn i poOOTH 3 BHITAIKOBUMH
YHCIIAMH, MOIEITIOBAHHS ITOMiM, CTATHCTUYHNM aHaTi30M
Ta IHIIMMH TOTPIOHUMHU (DYHKIIISIMU;

®  JIETKO PO3MIMPIOBAaTH (DYHKIIOHAIBHICTH BalIOl
MOJICJI, JOJAI0YH HOBI QJITOPUTMH MOJEICH BKIIOYHO 3
HOBO TMOOYZOBaHUMH EJICKTPUYHHMH MepeXaMHu Ta
cucreMamu, o0poOnsTH noaii (Oyab-siKi TEXHOJOTiYHI
MOPYIICHHs) a00 iHII CKJIAJ0BI, IO MOXKYTh OYTH Ba)KKO
peamizyBaTh y IHIIMX CHEHiaJli30BaHUX IpOrpamax.
Iarerparmis C# 3 iHIIUMH CHUCTEMaMH JIETKO IHTErpyBaTH
iMiTamiifHy MoAenb 3 IHIIMMH CHCTeMamMu  abo
nporpamamu. Bukopuctanas C# Moxke OyTH e(peKTHBHIM
PILICHHSM JUIs iIMITAIliHOTO MOJEIIOBAHHS y BHUIIQIKaX,
KOJIM MOTPiOHA THYYKICTh, PO3LIMPIOBAHICTH 1 KOHTPOJIb
HaJl IPOLIECOM MOJICITIOBaHHS;

e  iHTerpamisi  3a  JIOIIOMOIOI  XMapHOTo
npoBaiinepa Azure Sql Service st 30epeKeHHS TEXHIYHIX
XapaKTEePUCTUK TabJIMYHOMY BU/JII, a came:
XapakTepUCTHKa 1HepHii CHCTEMH 1 CHHXPOHHHX
TeHEpaToOpiB; PEryJsATOpiB TypOiHH;, XapaKTEpPUCTUKU
cucteMn  30y/DKCHHS ~ TeHEpaTopiB 1  TeXHI4Hi
XapaKTEPUCTHKH POTOpa reHeparopa i TypOiHu.

) iMiTarinal Mozenl €KBUBAJICHTHUX
SIeKTPHYHNX CXEM MEpeX Ta CHCTEM Ta Pi3HOMaHITHHX
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pexuMiB iX poboTu, siki Hanmucani Ha C# (.Net) MOXIJIHBO

Oyt  iHTMrpoBaHe B  HporpamHe  3a0e3ledeHHs
DIgSILENT PowerFactory.

e  IIporpamMHUi KOMIUIEKC DIgSILENT
PowerFactory Hagae I1HCTpyMEHTaJIbHI MOJIMBOCTI
BUKOPHCTOBYBATH B)K€ HasBHI, TaK 1 CTBOPIOBATH BIIACHI
¢yHKuionansHi  Onoku.  BuKOHYBaTH  pO3paxyHKH

CTaTHYHOI, JMHAMIYHOI CTIHKOCTI Ta ONTHMI3allii PEXKUMIB;
€KBIBaJICHTH [IIOYMX Mepex KiacoMm Hampyru 35-750kB,
pPO3paxyHOK 3MIiHM 4YacTOT B CHCTEMi, MOJYJIOBaHHS
HETOBHO(A3HNX PEXHUMIB Ta PO3PAaXyHKH pPEaKTHBHOL
MOTY>KHOCTI.

PesyabTaTn.  30epiraHHs  eHeprii  mIiABHIIyeE
CTaOlIBHICTE  ETEKTPOMEpEXKi, 30UIBIIye MOMIIUBOCTI
iHTerpailii BiJIHOBIIOBAJILHUX JDKEpeNl eHeprii B CHCTeMY,
miBUILye  €()eKTHBHICTh BUKOPUCTAHHS  €JIEMEHTIB
eHeproMepexi, Ta 3MEHIIYe BHKOPUCTAHHS BHKOIHUX
pecypciB, IO TO3WTHBHO BIUIMBA€ Ha EKOJIOT1UHY
CKJIaZIOBY TIiJl Yac BUPOOHHIITBA EJIEKTPOEHEPTii

Po3BUTOK abTEpHATHBHUX THIIIB HAKOIHNYYyBayiB,
MOTEHILITHO ~ /O3BOJINTH  CTBOPIOBATH  PO3TATYKEHY
MEpexy, SKa 3MOXKE IMOKPAIIUTH MMOKA3HUKU CTIHKOCTI B
eHeproMepekax 3 Belnkor 4dacTkoio BJIE, BupiBHIOIOUH
HACIIIIKY TOPYIICHHS OallaHCy TeHepalii Ta CIIOKUBaHHS.
Jna mporo HEOOXiTHO BPaxOBYBaTH OCOOIMBOCTI poOoTH
TaKUX CHCTEM, a CaMe:

1. He Bci iHBeprOpH NpPAaIOIOTh OJHAKOBO,
BHACIIIOK  pI3HUX TEXHIYHUX  XapaKTEPUCTUK  Ta
3aKJaJCHUX MaTeMaTHYHUX MOJIENIe Ta alrOpUTMIB
TXHBOTO KepyBaHHS;

2. IuBepropwm, BesmeHi Mepexero (0COOIMBO IpH
POOOTI COHSYHMX €IEKTPOCTAHIIN ) CXMIIBHI 0 TPOOIeMHU
HecTilKoi poOOTH B “caOKUX’’ €IeKTpOMEepexKax;

3. TIYP Ta BipryanmpHa iHepHis € pi3HUMH
3acobamMy, IO MalTh pi3HI MeXaHi3MH poOOOTH Ta
HPpUPOLY,

4. Bnposamxenns CHE 3 dopmyBanHsIM Mepexi
MOJKe 3a0e3meurT (PYyHKI[IOHAI, IKUH OUIhIll e(hEKTHBHO
BUKOHY€ CTablTi3alli0 KOJMBaHb YaCTOTH Ta MOTYKHOCTI,
SIKil paHillie He BUKOHYBABCs B I[bOMY HAIPSIMKY;

5. Mogaens BCI 103BoJ1si€ BigKIIIOYATH TPa Ui HHI
CHUHXPOHHI I'€HepaToOpy B Mepeski 0e3 BTpaTH CTIMKOCTI;

6. Monens BCI' n0o3BOsIsI€ 0THOYACHO BUPIIIyBaTH
npoOJIeMH PEryJIIOBaHHS B MariCTpaIbHUX MepeXkax Ta
OTPUMYBATH JIOXiJ BiJ HaJaHHS JONOMDKHHMX IOCIYT Ha

EHEePropHHKax;
7. Jns pimeHp MiIBUIIEHHS CTIHKOCTI B MeEpexi
iHBEpPTOpH, IO BHKOPHUCTOBYIOTHCA, TIOBHHHI MAaTH

JIOCTATHIO MEPEBAHTAKYBAIBHY 3/1aTHICTb.
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APPLICATION OF CONTROL ALGORITHMS FOR ENERGY STORAGE SYSTEMS INTEGRATED
INTO POWER SYSTEMS DOMINATED BY RENEWABLE ENERGY SOURCES

This paper explores the critical issue related to ensuring the reliability and stability of synchronous power system operation under the conditions of a
rapid increase in the share of renewable energy generation. In particular, it analyzes how the growing volume of renewable energy sources (RES) leads
to a reduction in system inertia, complicating real-time frequency regulation and power balancing. This situation presents new challenges for transmission
and distribution system operators, who must adapt traditional grid operation management approaches. The paper examines modern challenges associated
with the integration of RES into the power system, particularly solar and wind generation, which are characterized by high variability and low
predictability. It highlights the necessity of implementing ancillary services such as frequency regulation, voltage support, and power reserves to maintain
stable grid operation amid increasing generation decentralization. Special attention is given to the analysis of inverter control algorithms capable of
performing virtual synchronous machine functions, emulating the behavior of conventional synchronous generators. This approach enables the provision
of inertial response, frequency oscillation damping, and synchronization with the grid without the use of rotating masses. The article explores the
application of energy storage systems as a key element for compensating the intermittency of RES. A generalized approach to modeling and optimizing
the use of energy storage in electrical networks is formalized, incorporating calculations based on formulas that consider the characteristics of
synchronous generator inertia, regulators, excitation systems, and rotor models. The effectiveness of these models is evaluated for determining optimal
operating modes, taking into account load variations, emergency conditions, and generation fluctuations. Finally, the paper discusses the capabilities of
specialized software based on the C# (.NET) platform for integration with DIgSILENT PowerFactory to perform static and dynamic stability analyses,
as well as modeling of electrical networks with voltage levels ranging from 35 to 750 kV.

Keywords: renewable energy sources; virtual inertia; mathematical modeling; active power balance control system; frequency regulation;

inverter; energy storage system.
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