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INTELLIGENT SYSTEMS, MONITORING, ELECTRIC POWER SYSTEMS, MATHEMATICAL MODELS, OPTIMAL CONTROL, DETERMINISTIC AND STOCHASTIC COMPONENTS OF TIME SERIES.
The project is aimed at solving the applied problem of developing an intelligent system with an adaptive energy consumption model and high-quality predictive properties for real-time automation.
The goal of the project is to create a universal mathematical model and develop an intelligent information system for rapid response to emergencies, short-term forecasting and long-term planning of electricity consumption based on retrospective data of the corresponding consumption in the past and taking into account changes in other influential factors in real time.
To obtain the results of research and development of an intelligent information system, the following methods were used: control theory, object-oriented analysis of information systems, object-oriented modeling language UML, algorithms and software packages were developed, methods of the theory of mathematical and computer modeling of EES were studied, and statistical data were collected and prepared.
Main design and technological and technical and operational characteristics: development of a functional diagram, UML diagram and database structure of an intelligent information system.
Level of implementation: for 2020, published only 6 articles and 2 copyright certificates, including 2 article in a peer-reviewed scientific journals indexed in the database Scopus, Web of Science with impact factor, 2 articles in refereed domestic scientific journals with nonzero impact factor, recommended KKSON MES RK; 2 articles in the proceedings of international conferences, as well as the results were introduced into training courses and used in the training of students and undergraduates of the higher school of information technology and engineering of Astana International University in the disciplines "Architecture and organization of computer systems" and "Technologies for developing intelligent systems". Received 2 protection documents for the object of copyright.
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TERMS AND DEFINITIONS

Electric power system — the electrical part of the power system and the electric energy receivers fed from it, united by the common process of production, transmission, distribution and consumption of electric energy. 
Power System — a technical object as a set of power plants, electric energy receivers and electric networks connected to each other and connected by a common mode.
Information Systems – a system designed for storing, searching and processing information, and the corresponding organizational resources (human, technical, financial, etc.) that provide and distribute information. 
Time series analysis is a regression-based method of data analysis that aims to establish causal relationships through data ordering.
Forecasting-determining trends and prospects for the development of certain processes based on the analysis of data on their past and current state. 
Time Series Forecasting involves building a model for predicting future events based on known past events, predicting future data before it is measured.
The Processor of a Multi-agent Management system is a server for collecting, processing and storing information, from which a specific agent can get the necessary data in the event of a failure. 
A Software Interface is a system of unified communications designed to exchange information between components of a computer system and an operator.














LIST OF ABBREVIATIONS

ARIMA-autoregressive integrated moving average model
SARIMA-seasonal model of autoregressive integrated moving average
RMSE - root mean square error
MAE - average absolute error 
MAPE is the average relative error 
ARCH-autoregressive models of conditional heteroskedasticity 
TBATS-seasonal exponential smoothing model 
ANN-artificial neural networks 
SVM support vector machines 
GDP – Gross domestic product 
UML-unified graphical modeling language 
ARV-automatic excitation regulator 
ARCV – automatic regulator of frequency of rotation 
EES – electric power systems Is-information system 
AWP — automated working place 
















INTRODUCTION

The twenty-first century was marked by a firm understanding that the pace of development in society, economy, and technology, which are undergoing drastic changes, is unlikely to slow down, and that the ability to quickly respond to changes in the national and global economy in the external energy market will be a prerequisite for business survival.
Among the most significant changes in the development of the energy sector can be attributed to the following factors:
– growth of consumption of electric energy;
- constantly growing demands on the reliability and quality of power supply from consumers;
- constant increase in the cost of electric energy;
- growing requirements for environmental and industrial safety of energy facilities.
Another important condition that has an increasing impact on the development of all sectors of the economy is globalization – that is, the transformation of the world space into a single zone where information, goods and services, and capital move freely. In the article of the first President of Kazakhstan N. Nazarbayev "Looking to the future: modernization of public consciousness" it is noted that today not only an individual, but also the nation as a whole has a chance of success only by developing its competitiveness. This means, first of all, the ability of a nation to offer something advantageous in price and quality in regional and global markets. And this is not only a material product, but also knowledge, services, intellectual products, and finally, the quality of the labor resource.
The globalization of the electricity market is one aspect of this global trend. Modern technological advances in the electric power industry have already created conditions for creating electric power markets at the international level.
Creating innovative intelligent systems for managing energy consumption processes is an urgent task both for individual facilities(institutions), countries, and for the global economy as a whole. Solving such urgent problems as reducing energy consumption, ensuring energy independence, and reducing greenhouse gas emissions requires determining adequate methods for analyzing, modeling, and predicting time series of consumption and production of various types of energy, and integrating them with existing ones. information systems for making management decisions at the scale of individual enterprises, cities, industries, and States. Insufficient development of theoretical and methodological approaches and practical aspects of the application of systems for forecasting and evaluating the efficiency of electricity use actualizes the need to create integrated automated energy management systems using modern computer-based training methods.
The widespread use of modern technological devices for measuring the amount of energy consumed has contributed to the development of engineering and statistical analysis methods that allow you to effectively plan, predict and control the growth of load in the power system. In the last decade, research has intensified in the field of forecasting electricity consumption by industrial, municipal and energy distribution enterprises, residential complexes, business structures and individual homes [1], [2], [3], [4], [5]. This is due to the need to ensure energy efficiency of buildings, recognized by the International Energy Agency as one of the five conditions for reducing final energy consumption and associated CO2 emissions [6]. Environmental prerequisites and economic feasibility have contributed to the development of national rules for energy-efficient design for various types of buildings, which gave rise to the development of computer software for energy-efficient design of new buildings, such as EnergyPlus, DOE-2, eQUEST, IES., ECOTECT, etc. [7].
Maintaining energy efficiency in buildings requires constant monitoring of energy consumption and identifying factors that affect them in real time. Most researchers define weather conditions as the main factors that determine the dynamics of electricity demand. These include: temperature indicators (air, environment, and room temperature), humidity, pressure, wind speed and direction, cloud cover, and sun brightness; precipitation [8]. Among additional independent factors, the authors use variables in models for electrical load, heat transfer, or heat index; calendar variables; indicators of the size and performance of buildings, urban infrastructure development; indicators of living standards and socio-economic development [8]. For example, the authors [4] use data on average daily energy consumption in kW as a dependent variable for predicting electricity demand in the residential sector. To display calendar effects, researchers include dummy variables, namely a variable for all Saturdays, a variable for all Sundays, and a variable for holidays in the study interval [4]. Note that the frequency of time series used in models is determined by the source and availability of data. For example, [5] shows time series of electricity consumption; in the study [9] - half-hour data with an annual time interval. Accordingly, the forecasts obtained from such a sample may be short-term, for example, for a week. To obtain medium-and long-term forecasts, models are used that are evaluated on data with a higher frequency (for example, monthly data [9]) and with a longer time interval (several decades). Real-time forecasting requires data from measuring instruments every minute or every second.
Analysis of open statistical information on electricity consumption in Ukraine and in Kazakhstan [10], [11] shows that statistics on gross electricity consumption for all sectors of the economy are available only by year; indicators of final consumption including renewable energy sources by households, sectors of industry, transport, services, agriculture, forestry and fisheries, as well as non-energy energy consumption are available only since 2007. At the same time, according to the reports of the relevant ministries [12], it is possible to obtain monthly figures for gross energy consumption in the country and only during the last decade. One way to solve the problem of a small sample of data in order to obtain adequate, statistically significant results and high-quality forecasts can be to use panel models that evaluate similar indicators for a group of objects, for example, simultaneously for all. educational institutions in the region, regions of the country, or countries with similar development parameters. For example, in [13], a panel sample of annual data on electricity consumption by a residential building is presented.
In general, there are problems in the power system of Kazakhstan with the installation of an electricity dispatching system [11], especially the work on the distribution of electricity in some local power networks, and the issues are still very significant. On the one hand, the lack of a perfect system of standards for detecting and testing information technologies, the degree of information exchange in automated and information systems is insufficient, and the corresponding auxiliary tools are not ideal. On the other hand, from the software point of view, many power dispatching systems use distributed software systems, and each software has large differences and does not have a system. The program "Digitalization of Kazakhstan" of the State power grid clearly proposed the construction goals and requirements for the functionalization, automation, dispatching and control of the integrated power grid. In accordance with national requirements for monitoring and management of grid capacity, in accordance with national requirements for monitoring and management of grid capacity, it is necessary to use information digital graphic technology, the SVG graphical model, etc. Improve the security architecture of power dispatching and provide high-quality power supply services to the community.
The novelty of this research is that a prototype of an intelligent information management system has been developed and new state estimation algorithms have been proposed that will be used in conditions of partial and incomplete observability and will provide effective estimates of the system state in real time.
Forecasting the generation, consumption, and balance of fuel and energy resources is an urgent global problem. According to the BP Statistical Review of World Energy [14], the consumption of primary energy sources in the world has increased 1.5 times over the past 20 years: from 9 billion metric tons of oil equivalent in 1998 to 13.5 billion tons in 2017. According to forecasts of the International energy Agency (EIA, 2015) [15] energy consumption will increase by another 40% by 2050, primarily in Asian countries that are not members of the Organization for economic cooperation and development (non-OECD Asia). In terms of energy sources, the largest growth in consumption of natural gas, hydropower and renewable sources is expected [16].
The development of information technology, computer capacity, and data Analytics has contributed to the rapid development of research in the field of forecasting electricity demand at the macro and micro levels. Since the main approaches are based on models that examine historical data on energy consumption, much attention has been paid to the study of factors that explain its dynamics. In particular, the subject of research by many scientists in recent years has been the modeling of cause-and-effect relationships between economic growth factors and energy consumption. The subject of this study is to identify factors that affect final energy consumption and select optimal models for predicting electricity consumption at the level of States and regions. This final report is a continuation of the interim reports - for 2019 inventory № 0219RK00565, for 2018 inventory № 0218RK00175.



























1 Methods of forming a mathematical model of the electric power system and developing an intelligent information system

1.1 Modeling of power consumption

Modern methods of time series forecasting are based mainly on the principle of historical prediction of the future. At the same time, both methods of interpreting information representing past events and ways of extrapolating them for the future are constantly being improved. Parametric modeling is widely used, with regression analysis as a classic example. The most common methods for estimating model parameters are the Gauss least squares method and the maximum likelihood method. Approaches to the specification of parametric models can be divided into structural models based on a system of equations and constraints on parameters, and special "ad hoc" models that do not have a theoretical basis.
Dynamic linear and nonlinear Baess models with the Kalman filter have been successfully used in the framework of the structural approach since the 1980s. The Kalman filter is also used in ARIMA models to eliminate the problem of unreliable parameter estimation by the maximum likelihood method and to determine unobservable components of the series [14]. Justification of the model optimal in terms of statistical characteristics and predictive qualities requires determining the main components of the series, the nature of its stationarity, specification, parameterization, verification and testing of models; testing dummy variables, with the aim of improving their quality.
Also, when studying the autocorrelation of a series, an approach is used to test the hypothesis that there is no autocorrelation before the K lag using the Leung-Box Q-test [14]. To do this, a statistical value is calculated:




where T is the number of observations; ρ2 is the j-th order autocorrelation; k is the number of lags. The resulting statistical value is compared with the theoretical value of the distribution 
Another widely used method for checking data stationarity is using the criteria proposed in 1979 by W. fuller and D. Dickey and its improved form of the extended Dickey-Fuller test (ADF) [16]. This method consists in testing the statistical hypothesis about the presence of a single root (with an alternative hypothesis about the presence of a root less than one). If the t-statistic is less than the critical values of the ADF statistic, then the null hypothesis is rejected, which indicates that the series is stationary. If there are unit roots, the series is considered to be integrated k-th order I(k) and requires differentiation to lead to stationarity. The condition for applying this test is the homoscedasticity of perturbations, that is, the constant variance of random perturbations ε [17].
If seasonality is detected, it is necessary to eliminate it or include fictitious seasonality variables in order to assess the data stationarity and further build the model correctly. Common smoothing methods: exponential and adaptive smoothing methods, additive and multiplicative Holt-winters models [18].
When using the exponential smoothing method, the new representation of the data series is performed according to the rule:




where St is the new value of the series level; yt is the original value of the series level; α is the smoothing constant. This method is useful if the data has a slow-growing or horizontal trend.
The adaptive smoothing method allows you to change the smoothing constant during the calculation, which is what the scheme is used for:




Here α changes in time according to the rule:




A more advanced modification of exponential smoothing is the additive Holt-winters model, based on the use of smoothed data, the trend component, and the seasonality index. Smoothing in this case occurs according to the scheme:



where bt is the trend parameter; p = 1, 2 ... is the number of forecast periods, and ct is the seasonality parameter. The components α, b, and c are calculated using the formulas:




Here s is the number of seasonality cycles; α, β, and γ are the smoothing parameters for the series, trend, and seasonality levels, respectively.
If there are two complete seasonality cycles in the observations, smoothing is possible by constructing a Holt-winters multiplicative model. In this case, the following rule is used:




Further modeling based on non-stationary data requires their reduction to a stationary form. If a series belongs to the TS class, it is sufficient to select a trend from the database. If the data verification using the ADF test determined that the series belongs to the DS type, then the problem of non-stationarity can be solved by using i-th order differences instead of the levels of the series. In this case, the autoregressive integrated moving average model ARIMA [19] is used for modeling, which makes a forecast of future values of a time series based on a linear combination of its previous values and perturbations (also known as random shocks or innovations).
The autoregressive process (AR) of order p is described by an equation of the form:




where Yt is the dependent variable at time t; φ, p is the autoregression coefficients; εt is the error at time t ("white noise") [17].
The moving average (MA) equation of order q has the form:




where ωq are the coefficients MA; μ is the constant mean of the process.
Any stationary model AR(p) can be written as MA (∞). for Example, performing the corresponding operations for AR(1), we get the model MA (∞):



As noted above, a non-stationary process of class DS can be reduced to a stationary one by applying the sequential difference operator -. In this case, applies autoregressive integrated moving average model ARIMA (p, d, q), where p is the lag of the model, d is the order of integration and q - order moving average:
The ARIMA model uses known methodology of Box-Jenkins, which assumes that future values of time series are linear function of its previous values and random errors:






where and represent the actual values and random error in time period t –   - model parameters, p-model lag, d-integration order (order of series differentiation to bring to stationarity) and q – moving average order.
The SARIMA seasonal model includes, in addition to the parameters (p, d, q), the seasonal parameters (P, D, Q) m, where m is the number of periods in the season.
If there is heteroskedasticity in the data, it becomes appropriate to use autoregressive models of conditional heteroskedasticity ARCH (Autoregressive Conditional Heteroskedasticity) [19]. When constructing such a model for a certain time series, which can be represented as yt = ut, the conditional variance property is used:




where ut is a sequence of independent identically distributed random variables with zero mean; γ, δ satisfy the condition > 0 for all t.
A prerequisite for a reliable forecast is the quality and adequacy of the resulting model. When diagnosing a model, in particular, the model residuals are checked for autocorrelation, normal distribution law, and heteroscedasticity.
One of the methods for testing model residuals for heteroscedasticity is the test proposed in 1980 by G. white [20] to test the statistical hypothesis of the absence of heteroscedasticity using LM statistics:



where n is the number of observations; R2 is the coefficient of determination of the auxiliary regression. In the case of homoscedasticity of the model residuals, the LM statistic has an asymptotic distribution χ2(N-1), where N is the number of auxiliary regression parameters.
The calculation of the coefficient of determination R2, the standard error of regression, the Akaike and Schwartz information criteria, and the Durbin-Watson statistics are also an integral part of determining the quality of the model.
To select a model among several alternatives, the information criterion introduced in 1971 is used. Akaike [21]:




However, the Akaike criterion is characterized by a choice in favor of a re-parametrized model. This problem is partially eliminated by the Schwartz information criterion [20]:




To test the model residuals for autocorrelation, a correlogram of residuals is constructed, the interpretation of which is similar to the corresponding test for a time series. Another criterion for checking the presence of autocorrelation in the deviations ε of the constructed model is the value of the DW-statistic j. Durbin and John. This value is calculated using the formula (1) and compared with the upper and lower critical values of d1 and d2.


                                                                                            (1)

Analysis of publications in the field of forecasting electricity consumption shows that traditional parametric methods, such as regression models (linear regression and multiple regression) and autoregressive methods (autoregression and moving average models, ARMA, integrated models, ARIMA, vector autoregressions, VAR, and co-integration models, VEC) have been used less frequently recently. However, some authors still note the high efficiency and accuracy of both one-dimensional seasonal integrated autoregression models-moving average, SARIMA [22], and SARIMAX models [22], which include additional exogenous variables in addition to the data on electricity consumption itself.
An analysis of empirical data on hourly electricity consumption in the municipal sector of Estonia [23] shows the seasonal nature of the data and the presence of some anomalous observations in the two-year sample, which includes 17544 data points. The graph of hourly power consumption dynamics is shown in figure 1.
To identify the most significant factors affecting the volume of hourly consumption, we investigated the following exogenous variables:
- average temperature during the observation period in degrees Celsius at an altitude of 2 meters above the earth's surface;
- atmospheric pressure (mm mercury column);
- relative humidity (%) at a height of 2 m above the ground;
- wind direction and speed (angular degrees) at a height of 1-12 m above the ground;
- amount of precipitation (mm) during the period;
-cloudy (Sunny/cloudy);
- night/twilight/day;
- weekends and holidays (separate dummy variables for Saturday (1/0); Sunday (1/0) and holidays (1/0)).
[image: ]
Figure 1-Dynamics of electricity consumption in 2015-2017

Figure 2 and Figure 3 show the results of forecasting electricity consumption based on the seasonal autoregressive moving average model ARIMA and the seasonal exponential smoothing model TBATS.
The parameters of the seasonal SARIMA model include the parameters of the autoregressive order (model lag) p=3, the order of integration (the order of series differentiation to bring to stationarity) d =1, and the order of the moving average q =5. The model also includes seasonal parameters Qm=1.
To justify the choice of the model, we use the lowest values of information criteria and quality indicators of the obtained short-term forecasts – the mean square error (RMSE), the average absolute error (MAE) and the average relative error (MAPE). To improve the quality of models and forecasts, you need to include additional explanatory variables by selecting the most significant indicators and explaining abnormal values by including dummy variables. Further research should be continued in the search for other types of models.
[image: ]
Figure 2 - Forecasting electricity consumption based on the ARIMA model
[image: ]
Figure 3 - Forecasting of electricity consumption based on the seasonal exponential smoothing model TBATS

Deep theoretical and practical development, as well as relative ease of use, allows them to remain relevant and in demand. Artificial intelligence methods are becoming increasingly popular in the scientific and business environment [23]. A significant advantage of ANN models is their ability to model nonlinear relationships. The predicted values of the time series in the time period t, obtained using a nonlinear autoregressive model of neural networks, are described by the following equation [24]:




Neural network models often provide an ideal approximation of the actual and model data within the training sample, but if there is not enough data for training, large prediction errors occur. To improve the predictive quality of ANN, a number of methods are used, including: various options for (cross – validation), noise reduction, error regularization, error back propagation method [24], optimized approximation algorithm, and SVM models. The latter are based on minimizing the structural risk of data, while neural networks are based on minimizing the empirical risk [25]. We apply two of the most widely used machine learning approaches to short-term load forecasting, namely artificial neural networks and support vector machines, which will serve as benchmarks for comparison with our proposed PCA regression model. The developed models are compared with these approaches. Other methods include fuzzy systems and knowledge-based expert systems. Such approaches are not recommended for accurate forecasting and are usually based on expert opinion, which may be influenced by various random parameters.
The number of neurons in each layer can vary and is usually selected by an optimization algorithm. Each neuron has one input, and its output is connected to all the neurons of the next layer, creating network connections. Figure 4 shows a neural network model with a 28-day prediction of the smart grid.
[image: ]
Figure 4-Neural network model with 28-day smart grid prediction

Statistical analysis of data in this work includes the study of the dynamics of time series in the context of countries over time; heterogeneity of panel series in the context of countries and time periods; stationarity and distribution of series; evaluation of possible relationships between series.
Analysis of the dynamics of electricity consumption per capita in the context of individual countries in Europe and Central Asia (figure 5) shows an increase in the indicator for most countries (except Azerbaijan) until 2014. At the same time, the study of GDP per capita statistics in the selected countries (figure 6) indicates a possible relationship between economic growth and energy consumption.
In particular, experts estimate that the country's GDP growth by 1 % provokes an increase in electricity consumption by 0.5% [12]. This is primarily due to the low added value and high electricity consumption of extractive and agricultural industries, which form a large part of the GDP of countries such as Kazakhstan, Ukraine, Russia, and Azerbaijan. In such countries, energy resources form a significant part of consumers ' costs. The gap in energy efficiency indicators, defined in the volume of electricity consumption per unit of output, between the countries of the post-Soviet space and developed countries is on average 200-300% (figure 7) [14].

[image: ]
Figure 5-Electricity consumption KW per capital

[image: ]
Figure 6-GDP per capita at constant prices in 2010, us dollars
[image: ]
Figure 7-Energy consumption per unit of GDP (MJ / 2011 $ PPP)

The stationarity of the panel series of power consumption was tested on the basis of the extended Dickey-fuller test (Dickey, 1984) [20]. The null hypothesis about the presence of single roots of the H0 series was rejected based on the statistics t = -6.3028. Here H0:  for an AR (1) process of the form:



where i = 1, 2..., N objects (countries) and t = 1, 2, ..., T time periods.
Study of the distribution of electricity consumption depending on price parameters and geographical location. Grouping by the above-average price criterion reflects the differences between European countries with competitive market pricing and post-Soviet countries, where, in most cases, there is still a centralized market with state regulation of prices. Abnormally high values of electricity consumption are typical for the Nordic countries with the least number of Sunny days per year and at the same time relatively low price of electricity (Norway, Iceland, partly Finland).

[image: ]
Figure 8-Distribution of electricity consumption depending on the price of electricity
[image: ]
Figure 9-Distribution of electricity consumption depending on the number of Sunny days per year
Comparative analysis of the average values of electricity consumption by country, presented in figure 10, makes it possible to cluster States into groups with consumption above 7000 KW; in the range of 4000 – 7000 KW; less than 4000 KW per capita.

[image: ]
Figure 10-Comparative analysis of average electricity consumption per capita by country

A comparative analysis by year presented in Figure 11 shows a shift in the Central trend of energy consumption in Europe and Central Asia upward with slight decreases in the crisis year 2009 and since 2014, as well as an increase in the confidence intervals of the average values for the study period.

[image: ]
Figure 11-Comparative analysis of average electricity consumption per capital by year

1.2 Development of an intelligent information system for the power industry of systems

The information system is designed to generate automatic control commands and issue them to the remote-control subsystem and other subsystems.
Based on the requirements for an intelligent information system, information models were created using the unified graphical modeling language (UML) for describing, visualizing, designing, and documenting the system.
Figure 12 shows a diagram of the distribution of activity States between roles.

[image: ]
Figure 12-Diagram of activity state distribution between roles

The next step in developing a software product is to build a case diagram. Figures 13-14 show diagrams: sequences of use cases and classes.
[image: ]
Figure 13- Diagram of case sequence

[image: ]
Figure 14- Diagram of classes
The Developed model of the intelligent information system is shown in figure 15.
[image: C:\Users\Yergali\Desktop\1.png]
Figure 15 - Model of the system

In figures 16-22 present the interface of the information system
[image: ]
Figure 16-Logging in

[image: ]
Figure 17-General characteristics of electric power systems in the information system
[image: ]
Figure 18 - Administrator interface for the system

[image: ]
Figure 19-MS SQL DBMS
[image: ]
Figure 20-Operator screen. Threats and events

1.3 Modeling and implementation of multi-agent systems

The proposed multi-agent system includes various intelligent agents representing various components. Each agent has a localized knowledge base containing rules and behaviors that governs the decision-making process. The use of a multi-agent control system in the electric power industry will make it possible to form a distributed real-time control system that implements the interaction of the personnel of an intelligent electric power system with automated and automatic complexes based on software and hardware intelligent agents. Figure 23 shows the relationship of agents in electric power systems.
[image: ]
Figure 21-Relationships of agents in electric power systems

When using a multi-agent control system in the electric power industry, it is necessary to take into account the specifics of the operation of electrical equipment and individually approach the development of a multi-agent control system for individual objects.
In the proposed system, as receptors, sensors are used, as well as counters and analyzers of electric power quality indices. Effectors are programmable controllers that implement automatic regulators of excitation (ARV) and rotation frequency (ARV) of generators. The main functions of the agents of the proposed multi-agent control system and their communication (Figure 22) can be shown as follows:
[image: ]

Figure 22-Structure of a multi-agent control system

The proposed multi-agent control system is positioned as a self-organizing system with the ability of agents to initiate a dialogue based on the analysis of a situation that is not prescribed in advance and operates under conditions of uncertainty.
	The model structure developed using the AnyLogic platform system dynamics library is shown in figure 23. Circles represent dynamic variables that can change during the simulation. Squares indicate the storage devices that allow the differentiation process to be implemented.
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Figure 23-Structure of the distributed generator installation model with ARV and ARV in AnyLogic [24]

The model is based on the following system of equations:
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where -angular coordinates; - angular velocities; - state vector of the controller; - managing the impact on facilities management; –the damping coefficients of the control object;  - constant-dimensional vectors for each;  - constant matrix of order ;  - the control effect of the regulator ,  - formed on the principle of feedback; functions





characterize the effects on the subsystem and other subsystems;  - continuously differentiable periodic functions satisfying the conditions








	For each fixed,  second-order differential equations (1) describe the processes in  the control object (total control objects ), and the vector differential equation (2) defines the equation of motion of the control  object controller.






	In particular, for electric power control systems, equations (1) describe the rotational motion of the rotor of  synchronous generator, the  value is the difference in the rotation angles of the rotor at the nominal frequency and the electromotive force generated by the generator in relative units, the function determines the power of the generator in relative units  , and Express the mutual effects of the generators  on each other through a common electric line .




	Equations (2) describe the dynamics of the steam boiler,  the steam turbine automatic speed controller and the excitation system on generator,  exposure, develop a controller to stabilize the rotational motion of the rotor  - generator,  - control generated by the computer to ensure synchronous operation of all generators running the electricity network.
The equations of perturbed motion [image: ] - generator in the classical model of the power system [25] have the form:

[image: ]
[image: ]

Where [image: ] [image: ] - constant,
[image: ] [image: ] [image: ] [image: ] - constant.
	Here [image: ] is the deviation of the angle between the EMF of the generator and the voltage at the bus [image: ] -th generator from its value in steady [image: ] -state disaster mode, [image: ] a deviation of angular velocity (sliding) [image: ] -th generator, [image: ] is the damping factor on the generator, the deviation of the power turbine from their values in steady [image: ] -state post [image: ] -fault mode, [image: ]  - moment of inertia of the rotor on the generator , [image: ]– electrical power of the [image: ] - th generator and external mutual [image: ], [image: ] power flow between i – th and j –th generator.



	The relationship between the control effect  and the  power deviation of the turbine  in the simplest case [26,27] is determined by the differential equation








	where  the relative movement of the flap closing the access to couple [image: ] – time constant representing the inertia of the steam in the reheater tubes, the  ratio of droop on the speed controller (ARCU),  – the gain channel to the central control system, the  control action depends on phases the status of all generators.
	The structure of relations of agents in the model shown in figure 26. The diagnostic agent has the receptors, allowing to measure parameters of the turbine, and the agent job power osnan an effector which changes the output active power of the turbine.
[image: ]
Figure 24-Model of a multi-agent control system with agent connections
shown

1.4 Application of IT technologies in electric power systems based on a mathematical model for an intelligent information system

	IT technologies make it possible to build multi-agent control and optimize the shutdown time of generating equipment, as well as minimize the risk of accidents in power systems.
	IT technologies consist of intelligent sensor devices, such as smart sensors, intelligent systems, actuators, and an intelligent processor, to create a relationship between each other [28]. To develop an automated information management system, we use the following mathematical model:

                                                          (4)
	
where  is the system state matrix, xk is the system state at time k ,  is the input matrix,  is the control value, and  is the process noise.
	To identify and control sensors and actuators, system operators place IoT elements. Basically, the system measurements are obtained using the IOT element, in the form of the following system:

                                                                                                                            (5)

where  is the observation information at time k, C is the observation matrix, and a  is the measurement noise. Monitoring information is sent to the merge center over the IoT network, which leads to a delay or loss of measurements due to packet drop [28]. Taking into account the loss of observation information, the measurement model (4) can be reformulated as follows:

                                                                                                                     

where λk is the obtained measurements under the condition of observation information loss, and  is an IoT-based information loss parameter that follows the Bernoulli distribution modeled as follows [28]:



where λk is the rate at which information is received from each observation in the merge center. As a rule, the estimation of the dynamic state taking into account information loss in the IoT network is written as follows:

                                                                                  

where  is the updated state estimate,  is the predicted state estimate, and  is the gain. 
Usually the predicted state and error covariance are calculated as follows:

                                                                                             
                                                               
                    
where  is the estimated state of the previous step, and  is the covariance matrix of errors of the previous phrase. Based on the above-mentioned filtering process, the optimal gain is designed so that the assumed state converges with the actual state . The IOT communication infrastructure with the evaluator and controller is illustrated in figure 27.
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Figure 25-IOT Application for monitoring and stabilizing the microplastics

	Life cycle management of power equipment status
	Smart enterprises use Internet of things technology through RFID, GPS and other sensors to monitor and collect all aspects of power equipment information (including environment, conditions, accounting, testing, defects, reasonable choice of statistical methods), analyze the current state of equipment, future development law and major influencing factors to form a method of equipment risk assessment based on Internet of things technology, this system can dynamically update added, distributed, maintenance, inactive, unnecessary and other historical data. In this system, equipment status information and asset management information are effectively integrated, and supervision management is unified. The IOT-based power equipment lifecycle management system is shown in figure 28.
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Figure-26 Life cycle management System for power equipment based on the Internet of things

To check the effectiveness of the system, a simulation test will be conducted for the performance of power equipment. The system can detect the operating state of power equipment in real time to improve management efficiency and realize intelligent and digital management of the power industry.
[image: ]
Figure 27-IOT-based energy data integration Framework in production management solutions 

Internet of things has been an integral part of the transformation towards smart power grids. Examples of IoT technologies currently used in smart electrical systems include advanced measurement infrastructure (AMI) and dispatch control and data acquisition (SCADA) [12, 13]. There are several advantages to deploying IoT in smart electrical systems:
- Increased reliability, fault tolerance, adaptability, and energy efficiency 
- Reduced the number of communication protocols 
- Networking and advanced information management features 
- Improved control over household appliances 
- Enable on-demand and end-to-end access to information provision of services 
- Improved touch capabilities 
- Improved scalability and compatibility 
- Mitigating damage from natural disasters 
- Reduced physical attacks (for example, substation break-ins)

	Conclusion
	In the course of work on the first section was formed mathematical model of the power system, we developed an intelligent information system for the EPS generated requirements to information support of the EES, the information model, the IoT technology is researched on the basis of mathematical models for IMS.
	In the first section for 2020 published 1 article in a peer-reviewed scientific publication indexed in the database Web of Science with impact factor; 2 articles in peer-reviewed Russian scientific journal with impact-factor, obtained 2 author's certificates.
2 Experimental study of the effectiveness of the proposed approach. 

The objectives of the experimental study of the developed software package are:
1) checking the functionality of the software package, no errors during its execution;
2) analysis of the effectiveness of methods for accelerating the method of uneven coatings in the case of one or more criteria.
	The experimental method is a system of methods for consistent and most effective implementation of experimental research.
	The methodology includes:
	1)  Defining the purpose and objectives of the experiment.
	2) Planning and evaluation, which consists of the following tasks:
- analysis of the usage context, collection of information.
- creating a SOFTWARE development plan based on ISO 9241-210: 2019: Ergonomics of human-system interaction-Part 210: Human-oriented design for interactive systems.
	3)  Development of SOFTWARE requirements. At this stage, a study of users and usability aspects is carried out, on the basis of which a specification of the requirements of the future system is later compiled. The methods used at this stage are designed to collect information about the user interface, users, their tasks, and the environment in which they are performed.
	4) Development of software design and engineering, which includes: design guides, paper prototypes, heuristic and expert evaluation, parallel design, storyboard, prototype evaluation, templates.
	5) Implementation and programming. This stage includes choosing a programming language, programming style rules, and developing quick prototypes.
	6) Testing and evaluation of the software product
	Based on the proposed method, the main and secondary characteristics that affect the process under study were established. Mathematical models and calculation schemes of the process are analyzed. Methods for processing and analyzing experimental data are selected. The results of the experiment are summarized in tables, graphs, and formulas.
	The current state of the electric power system of Kazakhstan was tested on the basis of developed mathematical models. The production and consumption of electricity in Kazakhstan are studied, and mathematical models of stabilization, optimal control, and stability of the electric power system are developed. Numerical solutions were obtained using multistep Adamas-Bashford and Adams-Moulton methods and graphical results were shown.
Below are screenshots of the results:










Figure28- Graphs of the function δ1, δ2 and S1, S2 with control.










Figure 29 - Graphs of the function δ1, δ2 and S1, S2 without control.
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Figure30 - Graphs of the function δi and Si at 1=30

[image: ]
Figure31 - Stability of synchronous generator motion

	Analysis of scattering diagrams (figures 32-33) shows the presence of directly proportional linear stochastic relationships between electricity consumption and GDP per capita, population growth and aging. A complete list of significant linear stochastic dependencies is presented in the correlation matrix in figure 39. It is noteworthy that such indicators as the price of electricity, the share of industry in GDP have little impact on electricity consumption.
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Figure 32-Dependence of electricity consumption on GDP per capital
[image: ]
Figure 33-Dependence of electricity consumption on population aging
Source: software implementation in R according to data [5]

[image: ]
Figure 34-Correlation matrix
Source: software implementation in R based on data [5]
	
The next step is to study the causal relationships (causality) between variables based on the Granger test [12].
	Based on the results of the above tests and statistical analysis, a basic linear regression model was built for pool data on electricity consumption:

[bookmark: _GoBack][image: ]

All variables are significant for .
Adjusted coefficient of determination 
F-statistics = 351.8 for degrees of freedom df = 795, p < 2.2 e-16.
Тo solve the problem, we used a robust covariance matrix to obtain effective estimates of coefficient errors

[image: ]
Figure 35-Power system forecast by day
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Figure 36-Visual inspection of power consumption time series points, considering possible sources of data changes, including weather, holidays, daily, weekly, and monthly frequency
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Figure 37-Data by day, week, and month
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Figure 38- data by age
[image: ]
Figure 39-data on sunny days
[image: ]
Figure 40-Correlation matrix

[image: ] 
Figure 41-Correlation matrix
Also, the results of the experimental study are described in appendix G.

	Conclusion
	In the course of the second section, a pilot study was conducted, and the dynamics, distribution, linear stochastic relationships, and cause-and-effect relationships of energy sector indicators in 46 countries in Europe and Central Asia were studied. The dependence of indicators of electricity consumption per capita from such factors as GDP per capita, share of population older than 65 years in the total population, the part of renewable energy sources in gross final energy consumption structure, the proportion of energy imports. Special attention should be paid to the identified relationships between the volume of energy consumption and indicators of economic freedom, in particular, the protection of property rights, ease of doing business and getting access to electricity, and transparent market regulation rules. Methods for processing and analyzing experimental data are selected. The results of the experiment are summarized in tables, graphs, and formulas.
Based on the results of the second section for 2020, 1 article was published in a peer-reviewed scientific journal indexed in the Scopus database with a non-zero impact factor; 2 articles were published in the proceedings of international conferences.





CONCLUSION

	The project solved all the main tasks set in the application and reflected in the calendar plan. The paper provides an analytical review of modern scientific and technical, regulatory, and methodological literature. As a result of the analytical review, the theoretical foundations for modeling performance management systems and forecasting the use of electric energy by consumers were selected, based on a combination of elements, generalized autoregressive moving average models (ARIMA), structural and co-integration models, deterministic and stochastic components of time series were studied, mathematical models were developed, deterministic and stochastic components of time series were studied, created UML diagrams and database structure intelligent information systems, requirements are established for information provision of EES created information model and defines the concept of RIS on the basis of mathematical models, designed and developed information system for the EPS studied IoT technologies based on mathematical models for the IMS, the dynamics, the distribution, the linear stochastic dependence and causality indicators of the energy sectors of 46 countries of Europe and Central Asia. The dependence of indicators of electricity consumption per capita from such factors as GDP per capita, share of population older than 65 years in the total population, the part of renewable energy sources in gross final energy consumption structure, the proportion of energy imports. Special attention should be paid to the identified relationships between the volume of energy consumption and indicators of economic freedom, in particular the protection of property rights, ease of doing business and getting access to electricity, and transparent market regulation rules. At the same time, the results obtained indicate that the considered variables are not causal in relation to the energy consumption indicator and its causality in relation to GDP growth and business freedom indicators. Also, the basic tenets of the theory of modeling of systems of performance management and forecasting of electric power consumers, based on the evaluation of the regularities of the dynamics of time series of internal (technical-economic, structural, modal) and external (meteorological, environmental, energy, macroeconomic) factors characterizing the system "generation – climatic conditions – power". 
	In the course of the work, an experimental study was conducted. Methods for processing and analyzing experimental data are selected. The results of the experiment are summarized in tables, graphs, and formulas.
	The results of the implementation of scientific results are publications in peer-reviewed scientific publications indexed in the Science Citation Index Expanded database of Web of Science and having a CiteScore percentile in the Scopus database, in scientific and practical publications, testing of research results at international and national conferences, also, the results of the research were implemented in training courses and are used in the training of students and undergraduates of the higher school of information technology and engineering of Astana International University in the disciplines "Big Data Technologies" and "Applied artificial intelligence". Received 2 protection documents for the object of copyright.
	The results of the study for 2020 were published: 2 articles in peer-reviewed scientific publication indexed in the databases Web of Science and Scopus with impact factor; 2 articles in peer-reviewed Russian scientific journal with impact factor, recommended KKSON MES RK received 2 author's certificates, 2 papers in proceedings of international conferences. Also, a monograph was prepared in English: Development of an intelligent information complex and mathematical models for modern electric power systems. 
	The results of the project can be applied to the design and operation of specific electric power complexes.
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Appendix 1.20
to the contract no. __ from _ _ _ _ _ 2018
on scientific grant funding

TECHNICAL SPECIFICATION AND CALENDAR PLAN
Under the contract no. _ _ _ _ of __________________2018 years

1. RSE on PCBs "Institute information systems and computing services technologies» Science Committee of MES RK
1.1 Priority area: 3. Informational, telecommunications and space technologies, scientific research in natural sciences.
1.2 Sub-priority area: 3.1 Intellectual information technologies, Intelligent control and decision-making systems (including the real time mode).
1.3 Project title: №АР05132020 «Development of intelligent information system and mathematical models for modern electric power systems» 
1.4 General Information: project amount 45 000 000 (forty-five million) tenge, broken down by years, to perform activities according to point 3:
- in 2018, in the amount of 15 000 000 (fifteen million) tenge;
- for 2019 in the amount of 15 000 000 (fifteen million) tenge;
- 2020 - in the amount of 15 000 000 (fifteen million) tenge.
2. Description of scientific and technical qualification features and economic indicators
2.1 Area of work: The outcomes of the project will have an application value. The project aims at the solution of the task of creating intellectual system the basis of modern mathematical and computer models of electricity systems for the decision of short-term forecasting and long-term planning the volume of consumption electricity on the basis of retrospective data corresponding consumption in the past, and changes other influential factors in real time.
2.2 Application: Results the project can be will applied when designing and operation of specific electric power complexes.
The implementation of the project is significant for the energy industry systems of the Republic Kazakhstan. The project objectives offer novelty in the statement of the problem and in expected results. The proposed algorithms of evaluation of electric power systems are new and this research is important in the applied aspect. 
Potential consumers are business companies and enterprises, working in the region electric power industry.
2.3 Results:
- for 2018: The review of modern technology scientific and technical, regulatory and  methodological literature will be conducted; The management principles electric power companies systems (ES) in real time will be researched; the deterministic values and stochastic components of temporary rows will be investigated; the mathematical features issue models sustainability, opticalities, stabilizations and management EES modes will be developed;  algorithms of problem solving observability and manageability in electric power plants systems will be developed; the analysis and evaluation of significant factors affecting on the forecast page dynamics of volumes consumption electricity building multivariate regression and cointegration models will be carried out;  the annual report for 2018 will be prepared; the papers from  scientific research project will be published in domestic and international magazines (1 publication in ranked peer-reviewed journal).
- for 2019: the intelligent information system  (AIS) for EES will be developed; the requirements to the information center providing EES will be formulated; the informational resources models and defined AIS concepts based on mathematical models will be created, an IoT platform has been created based on mathematical models for AIS program level complex multi-agent system network and multi-layer <url> IIS training will be developed, the remote control automated management and monitoring IIS based on information systems technologies will be developed, the annual report for 2019 will be prepared. The papers from research project will be published in domestic and international journals, including a publication in ranked journal.
- for 2020: The computing experiment will be conducted and the research results finalized, the method of conducting experimental data research will be developed; the experimental research of the efficiency of developed methods on various platforms of test tasks and various configurations of target platform will be conducted; the comprehensive testing IoT platforms in the in real time mode EES time will be conducted; The results of the project will be summarized; the annual report for 2020 will be written; the papers from research project will be published in domestic and international journals, including 1 publication in ranked journal.
2.4 Patentability: there are no patents planned
2.5 Scientific and technical novelty: Scientific novelty of the work is that intellectual information control system will be developed and new algorithms of evaluation will be suggested, will be used in conditions of partial and incomplete observability and will provide more effective assessments system mode in real time.
2.6 Usage of scientific and technical products performed by: the executor
2.7 Type of application of the results of scientific and (or) scientific and technical activities: theoretical and practical knowledge in the field of artificial intelligence, design of information systems, programming, development of information systems and mathematical modelling of complicated electric power plants systems
3. Name of activity, implementation dates and results
	Code number tasks, stages
	Name of activity on Contract and main stages its execution
	Due date
	Expected results

	
	
	beginning
	ending
	

	1.
	Conducting review of recent scientific, technical, regulatory and methodological literature 
	January 2018
	April 2018
	The review of recent scientific, technical, regulatory and methodological literature will be conducted.

	1.1
	The management principles of EES in operation mode in real time 
	January 2018
	April 2018
	The management principles of EES in operation mode in real time will be investigated 

	1.2
	Research of deterministic and stochastic components of temporary rows
	April 2018
	July 2018
	The deterministic and stochastic components of temporary rows will be investigated

	1.3
	Development of mathematical models of sustainability, opticalities, stabilizations and management EES modes
	April 2018
	July 2018
	The mathematical features issue models of sustainability, optimalities, stabilizations and management with EES modes will be developed.

	1.4
	Development of algorithms of problem-solving observability and manageability in electric power plants systems
	October 2018
	November 2018
	The algorithms problem solving observability and manageability in electric power plants systems will be developed

	1.5
	Analysis and evaluation of significant factors, affecting the predictive value volume dynamics consumption electricity generation build multiple factors regression models and co-integration processes models.
	October 2018
	November 1 2018
	Analysis and evaluation of significant factors, affecting the predictive value volume dynamics consumption electricity generation build multiple factors regression models and co-integration processes models will be carried out

	1.6
	Preparation of annual report
	October 2018
	1 November 2018
	The annual report for 2018 will be prepared. The papers from the research project will be published in domestic and international journals including 1 publication in ranked journal.

	2.
	Development of intellectual property information system systems for EES
	January 2019
	November 1 2019
	 intelligent information system the system for EES will be developed

	2.1
	Preparation of the requirements to information provision of EES.  Creation information systems models and definition concepts of EES based on mathematical models
	January 2019
	April 2019
	The requirements to information provision of EES will be generated. The information models and concepts of EES based on mathematical models will be developed

	2.2
	Creation of IoT platforms based on mathematical models for AIS
	April 2019
	October 2019
	The IoT platform will be created based on mathematical models for AIS

	2.3

	Development of software of the complex multi-agent system network and multi-layer IIS training
	April 2019
	October 2019
	Program level complex multi-agent system network and multi-layer IIS training will be developed

	2.4
	Development of remote control of automated management and monitoring IIS based on information systems technologies
	July 2019
	November 1 2019
	Remote control of automated management and monitoring IIS based on information systems technologies will be developed

	2.5
	Preparation of annual report
	October 2019
	1 November 2019
	The annual report for 2019 will be prepared. The papers from scientific data of research project will be published in domestic and international journals, including 1 publication in ranked journal.

	3.
	Conducting of computing experiment and summing up the research results
	January 2020
	November 1 2020
	The computing experiment will be conducted and research results generated

	3.1
	Development of methods of experimental data research
	January 2020
	April 2020
	The methodology of experimental data research will be developed

	3.2
	Conducting experimental data research efficiency developed methods and software security features on various platforms test suites tasks and various configurations target platform
	April 2020
	July 2020
	The experimental data research efficiency developed methods and software security features on various platforms test suites tasks and various configurations target platform will be developed

	3.3
	Complex testing of IoT platforms in real time EES 
	July 2020
	October 2020
	It will be conducted comprehensive testing IoT platforms in real time EES 

	3.4
	Summarizing the results of the research project.
	October 2020
	November 1 2020
	The research results for the project will be summarized. The annual report for 2020 will be prepared. The papers from the research project will be published in domestic and international journals, including 1 publication in ranked journal.

	
	


	
	from the side of customer:
Chairman of Science Committee of the Ministry of Education and Science of the Republic of Kazakhstan»

_______________ Abdrasilov S.B.

	from the side of performer:
Deputy General Director of the "Institute of information and computing services " of the Science Committee of the Ministry of Science of the Republic of Kazakhstan 
_________________ Mamyrbayev O. Zh.

Approved:
Chief executor (principal investogator)’s name

___________________ Abdildayeva A. A.
(signature)
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List of publications in 2020
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APPENDIX E

		Automated system for short-term forecasting and monitoring of electricity consumption in educational institutions
		Information systems of electric power systems should include two main functions: monitoring current energy consumption and determining indicators of projected energy consumption for a certain period. The second function is the most problematic from the point of view of correctly determining the limits of energy consumption. Currently, the results (arrays) are used for their calculation) statistical study. Calculation algorithms do not always take into account continuous variable factors that affect electricity consumption. But they can be significant. This situation may affect the interpretation of the results of energy consumption and personnel actions, or the verification of the technical condition of the equipment. As already noted, currently the construction of existing systems for forecasting and monitoring electricity consumption is based mainly on statistical information arrays or standardized indicators and does not take into account a number of current factors affecting energy consumption. The proposed system for automated calculation of projected electricity consumption by current collectors takes into account their installed capacity, operating modes and conditions using mathematical models to determine electricity consumption.
Analysis of the functioning of technological processes of any industrial enterprise, educational institution or other institution indicates the General components of the overall structure of electricity consumption. According to a specific consumption structure, current collectors can be classified according to the systems where they are used. They are:
[1] artificial lighting systems for premises where the main and auxiliary technological processes are carried out;
[2] power supply systems for buildings and processes, as well as their maintenance;
[3] systems for ensuring administrative activities and daily needs;
[4] logistics support systems;
[5] systems for maintaining the basic technological process and support processes.




		In the functional area, artificial lighting systems provide General, local and emergency lighting. Their use should provide the necessary sanitary and hygienic level of illumination of workplaces and other premises for performing certain processes. With the necessary level of lighting, the operation of modern collectors of such systems is not impractical. The amount of electric energy consumed by them should be determined by the actual  (or established, if  their values coincide) electric power and the period of the technological process. . , during which the lighting is below the required level. The duration of the period is affected by the duration of the technological process, its duration, and climatic conditions. The influence of climate conditions can be considered using the climate coefficient Based on these conditions , the amount of electrical energy that should be consumed by current collectors of General and local artificial lighting systems can be calculated using the following formula:


                                                                                                         (D1)




	The coefficient  can take a numerical value of 0 or 1, depending on the lighting level. If the lighting level is sufficient, then  if not, then . The current period of operation of the current collectors of lighting systems can be determined and monitored using lighting sensors. The indicative forecast period can be determined considering short-term weather forecasting, and available statistical data on indicators lighting on the meteorological conditions of the environment (cloud cover, day length, season, etc.) in areas where there is a corresponding process. For example, for an educational institution, the algorithm for determining the amount of electricity consumed by the lighting system of classrooms where lectures, practical or other classes of the educational process are held should be based on the formula (D1). That is, according to the results of the energy inspection of the premises, the lighting systems of the premises are certified. The installed power capacity is determined by the level of lighting (natural and artificial). To determine the duration of periods, you must use a class schedule that specifies the type of class, location, time, and duration (in hours). Based on the analysis of statistical data from previous periods and using short-term forecast indicators of future meteorological conditions, it is determined whether artificial lighting systems should be operated during a certain period of the next day for each class (i.e., the value (1 or 0) is determined). The block diagram of this algorithm is shown in figure E1.
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Figure D1 - Diagram of the block of the algorithm for calculating the predicted limit of electricity consumption by lighting systems.
		




	The volume of projected electricity consumption of artificial lighting systems  in areas of General vision (corridors, toilets, stairs, etc.) should be determined by a similar algorithm, but some features should be taken into account. The standard lighting level of these rooms is much lower than for classrooms. When calculating, in many cases, you can exclude the influence of clouds during daylight hours, and when  determining, you can focus on the minimum values of lighting, the work schedule of the institution (working hours in the daytime) and calendar indicators of daytime. The operating time of the lighting system will consist of two components: from the opening to the standard light values (the first half of the day) , and since the reduction of the standard level until the end of the day and care staff (half day) . Then the calculation of the projected electricity consumption by artificial lighting systems for General vision areas should be determined by the formula:


                                                             (D2)   
  




	where  and   - installed or actual electrical power of the current collectors of the artificial lighting system, which operate in the first and second half of the working day of the institution. If  and can be represented as , formula (D2) can be represented as:        


   		           	(D3)
		If there is no natural light in the toilets, then based on the analysis of studies conducted on an array of statistical data, it is advisable to take the duration of stay of one visitor there on average 7-10 minutes, i.e. about 0.16 hours. However, for most educational institutions and industrial enterprises, such toilet planning is quite rare and is not considered in our further calculations.


	The amount of electricity consumed by the emergency lighting system is proposed to be determined by the traditional calculation, which takes into account the installed capacity of its current controllers  and the operating time for 24 hours  in accordance with the current rules and regulations:


                                             				(D4)






	The operation of the General lighting system and local lighting determines the electricity consumption of the lighting system for administrative, residential and auxiliary premises. It is proposed to determine the amount of electricity consumption by  analogy with the formula (D3), which takes into account the installed capacity of existing collectors and the schedule of the institution's work  for 24 hours. The operating time of the lighting system will consist of two components: since the beginning of the working dreamline agencies or staff presence in the room, to the standard values of lighting (day) and from the time  when the illumination level falls below standard level until the end of the working dnai when the staff leaves the premises (the second  half of the day) 


		(D5)






The calculation of electricity consumption during training should take into account the installed capacity of existing collectors involved  in the operation of educational technologies (computers, accessories, multimedia projectors, operating models, and other equipment) and the time period during  which they are used for a particular class and in a particular class. Based on the results of certification and determination of the list of active collectors, the power-to-weight ratio of the class should be determined, i.e. the established capacity of the current collectors involved in the educational process. The duration of their use depends on the type of classes (lectures, seminars, etc.), as well as on the course and its subject. To simplify the algorithm for automated calculation of the projected volume of electricity consumption, it is recommended to use the relative value, the time of use  of current collectors to the total  (calendar) time of the class, which  is calculated as the load factor (use) according to the formula:





Then the estimated amount of electricity consumed by the current collector during the class  is determined by the following formula:


                			 				(D6)

To calculate the projected volume of electricity consumption, you must:
Step 1-determine the class code j (j No 1... n);

Step 2-determine the list of current collectors in this class, their  installed capacity, where i - is the number of current collectors from the list of class j (i No 1 ... n);
Step 3-determine the codes of academic subjects to be taught in classes j and the types of classes (lectures, seminars, etc.); etc);

Step 4-determine the list of current collectors with [image: ] capacity that are used in a particular class in a particular academic discipline, determine their load factor,   ;


Step 5 - use the formula (D6) to calculate the amount of electricity consumed by the collector and the available list  of current collectors for class j to determine the total estimated amount  electricity consumed during classes in a particular academic discipline:


				(D7)


Based on (D7), the total daily electricity consumption  (excluding electricity consumption for lighting) for classes in class j should be determined as the sum of the consumption in each class according to the schedule:

					(D8)


As an alternative, in order to unify databases and simplify automated calculation of electricity consumption, it is considered possible, and in some cases appropriate, to add a load factor to the algorithm (D6) for calculating the load factor of the total installed electrical capacity of current collectors  on classes. It characterizes the share of the total installed electrical capacity of the current class collectors used in the classroom. Depending on the class type, it is calculated as the ratio of the total installed electrical capacity of the current collectors that are used in this class to the total installed electrical capacity of the current collectors of the class.

To clarify the duration of the current period of work of collectors in the classroom and simplify the calculation (D6) of electricity consumption, the algorithm can be added by the coefficient of use of the total installed electric power of current collectors in the classroom. It characterizes  the time of the total installed electric power of current collectors in the classroom in this academic discipline. Depending on the class type, it is calculated as the ratio of the period (in hours) of current collectors operating (their electricity consumption) during this class depending on the duration of the lesson (in hours) according to the schedule. Based on this, the formula (D6) can be represented as follows:








In many cases, the main technological process of learning in the classroom should be preceded by auxiliary preparatory processes that are carried out in separate rooms. When calculating the daily volume of electricity consumption during such processes , the installed electrical capacity of the equipment that  is used to perform the support process, its load factor and the duration of the process [image: ] must be taken into account.  Basically, the implementation of support processes coincides in time with the working schedule of the institution, so  their duration corresponds to the length of the working day. The daily volume of electricity consumption for auxiliary processes outside the premises should be calculated by analogy with (D6). The total daily electricity consumption in support processes should be calculated by analogy with (D8):

				(D9)





The projected electricity consumption of building and process power supply systems, as well as their support (water supply, heat supply, Sewerage, etc.),  should be calculated based on the installed electricity capacity of their current collectors  and  the period of operation. Similar to the previous calculations, we recommend using their load factor in this case . The total estimated daily electricity consumption by building and process power supply systems is calculated by analogy with (D9):


				(D10)





The estimated forecast of electricity consumption by the current collectors of units that provide administrative activities, and the internal needs of the institution should be calculated based  on the installed electrical capacity of their current collectors  and the service life . It is also recommended to use their load factor for the calculations. 
It is obvious that the projected estimated volume of electricity consumption should be calculated as the sum of certain components. Given that the current collectors of the lighting system are one of the key consumers in the educational institution, therefore, based on the analysis of the accuracy of the weather forecast, it seems appropriate to define 24 hours as a short-term forecast period. The work schedule of the educational institution is mainly subordinated to the technologies of the educational process, which is regulated by the class schedule. For example, to create profiles of the daily projected volume of electricity consumption, it is proposed to take as a basis the structure of energy consumption by the time of classes. The key information blocks that will form the database for calculating the projected limit of electricity consumption in the future should be the following: information Bulletin of the room indicating its quantity, installed capacity of the current collectors of the lighting system, installed capacity of the current collectors of the educational process; passport academic disciplines, specifying its name, type of class, the installed capacity of current collectors, which are used for this type of activity, load factor of the current collectors during the classes; the schedule, which shall contain information about a calendar date, the periods of classes, the course name, venue, lesson, reference the value of climatic coefficient for each period's lesson depending on the date. The climate coefficient should be updated automatically, taking into account the forecast and the current weather situation, which is estimated using information from the local weather station (available on the Internet). A graphical interpretation of the key information blocks of the algorithm for calculating the predicted amount of electricity consumption during the educational process is given in figure 2.2.
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Figure D2 - Block diagram of information blocks of the algorithm for calculating projected electricity consumption during the educational process


To simplify the algorithm for calculating the volume of projected electricity consumption by the lighting system for administrative, residential and auxiliary premises, it seems appropriate to determine the basic duration of the lighting system's operating periods and be a multiple of (or correspond to)   the periods of the class schedule.
An integral indicator of the results of calculating the projected volume of electricity consumption for the above components should serve as a reference for the volume of electricity consumption for the next day. This value can be considered as the estimated limit of electricity consumption for the current collectors of a building or institution. The main difference from the existing limits defined by current regulations, which summarize large amounts of General statistical information, is that the results of energy inspection of individual premises can take into account the features of educational and auxiliary processes, climate and weather conditions when determining the adjusted forecast volume of electricity consumption by an educational institution. The proposed algorithm (mathematical model) for determining the volume of electricity consumption is simply integrated into a computer calculation system using modern computer technologies and can be used as a basic platform for forming an automated system for short-term forecasting and monitoring of electricity consumption by operating collectors of electrical complexes and systems of economic entities.
However, the described model should be only (though key) part of an integrated automated system for monitoring current electricity consumption by an individual object, building, or institution. Another component of the system should be an automatic continuous recording of electricity consumption. To do this, you can use the technical and organizational capabilities (basic) of the existing ASCAPC system, elements of which exist and operate in almost every institution. That is, the further algorithm of the system should be based on the current combined data sets of short-term forecasting and real energy consumption with the possibility of analysis and comparison online, eliminating check-in distortion due to the possible influence of the human factor.
The combination of elements of automated forecasting with monitoring of real electricity consumption allows for accurate and detailed planning of schedules and volume of electricity consumption in order to quickly manage the processes of electricity consumption and eliminate inconsistencies in order to improve the energy efficiency of electric power use. As a result, this will reduce the cost of electricity consumed by the building, reducing CO2 emissions to the environment.
A combination of an automated short-term forecasting function for electricity consumption by existing collectors, which is based on forecast indicators of meteorological conditions (determined by information arrays of weather stations or meteorological objects and interfering with the system via the Internet), a variable information array of the institution's class schedule (a key technological process) and a permanent database of the electrical installed capacity of current collectors that are used in a specific room, and the ability to use information arrays of the institution's Automated commercial energy accounting system (ASCAPC), which are combined into an algorithm of the automated information system for determining the amount and schedules of electricity consumption, comparing the profile of real current consumption with them "on-line" provides additional opportunities for timely making effective management decisions in order to effectively use electricity.
The total forecast of electricity consumption should be calculated (in kWh) as the sum of certain components. They should be formed in accordance with the periods of the day, the corresponding schedules of classes and working hours of auxiliary units, forming profiles of electricity consumption in the building. Data can be obtained in the form of tables and graphs of forecast consumption for the next day. The system algorithm allows you to make adjustments to the results of calculating the forecast at the end of the current period, if there are significant changes in the source data variables associated with changes in the schedule of classes or changes in meteorological conditions.
Using current ASCAPC data on electricity consumption, the system algorithm allows you to reproduce the picture of real electricity consumption and its profile in the form of tables and graphs, as well as compare the values of projected electricity consumption with real current online or values of any period.
This method of automated short-term forecasting and monitoring of electricity consumption allows you to determine the current state of electricity consumption in buildings in real time and analyze deviations of actual electricity consumption from the forecast limit using modern information technologies for processing and analyzing monitoring data and, as a result, provides the Manager with operational analytical information for decision-making. The method includes a system for automated short-term forecasting and monitoring of electricity consumption in buildings and powerful analytical tools for processing monitoring results. This contributes to the transition to electronic document management, the formation of current information about electricity consumption on-line for service personnel, as well as to simplify the work of the Manager in terms of making decisions on energy saving measures in the institution.
"Spectrum" of electricity consumption and methods of component analysis
The amount of electricity consumption that is recorded by metering devices usually determines the total consumption of current collectors that are powered by the power grid, at the entrance of which a measuring station is equipped. The key tasks and functions of an automated commercial electricity metering system are to record the amount of electricity that "passed" through the meter during a certain period. A derivative of this function is the calculation of other quantitative indicators of electricity consumption. That is, in any case, these indicators are integrated for all existing collectors of the main ones, if they are not equipped with additional metering devices. In such circumstances, the direct use of system protocols for detailed study and analysis of current collectors, system mechanisms, and technologies is limited. The energy flow must be detailed according to the consumption components in order to conduct a detailed analysis of electricity consumption. In other words, it must be divided into elements to create a "spectrum" of electricity consumption components.
The analysis of the" spectrum " of electricity consumption by buildings of an educational institution is presented in the example of the most typical educational building for a higher educational institution, where educational, laboratory, auxiliary, administrative and residential premises of departments of General technical, electrical, financial and economic spheres are located.
Based on the results of the energy inspection, the nature and profile of energy consumption recorded by ASCAPC measurement systems, it is desirable to divide the day into periods as follows:
1-Night time: from 00.00 to 8: 00 (the beginning of the working day) with a discrete period for determining the amount of electricity consumption in one hour;
2 - day training period: during which key and support processes educational activities are conducted in increments of a period determine the amount of energy that corresponds to the length of one class (from 8:00 to 21.00);
3-Evening period: from 21.00 to 00.00.
Related processes of functioning of the building consumed by electric energy are related to the operation of the Cantina equipment located in the building; round-the-clock operation of the information support system (servers) located in the building, operating collectors of the building's heating network operating during the heating season, periodically operating current collectors of outdoor lighting of the territory near the building, etc.
It is advisable to determine the profile of such an electrical load and the schedule of electricity consumption by analyzing energy consumption on holidays and weekends, when educational and auxiliary processes are not carried out in the building. This element of electricity consumption is called "noise" or "background" electricity consumption. It always accompanies the operation of the building 24 hours a day and its cost are quite constant. As for our case, the selected component of "background" electricity consumption is on average 2 kW in power. It is tracked in each of the three defined daily periods.
Electricity consumption by the current collectors of the outdoor lighting system is observed in the evening hours (period 3). Based on the analysis of power consumption profiles, lighting is switched on according to a schedule that corresponds to climatic conditions and daylight hours. This component is usually about 1 kW in terms of power consumption. The exception is during big holidays, when the territory is decorated with additional lighting.
As already noted, the daytime training period is the time of day during which the key and auxiliary technological processes of educational activities and other processes related to the scientific and economic activities of the institution are carried out. Despite the fact that the main activity during this period is the educational process, which is regulated by the class schedule, for the convenience of analyzing electricity consumption, it is advisable to divide it into time intervals with discreteness, which corresponds to the duration of one class.

[image: Рисунок 2-3]
Figure D3 – "spectrum" of electricity consumption by its elements and periods of the day

The results of differentiation of the daily profile of electricity consumption by the specified components allow us to present the "spectrum" of electricity consumption by its elements and periods of the day. A graphical interpretation of the components of daily electricity consumption is given in Fig. D3 and numerical values are given in table D1. 
During this period, there is a "background" electricity consumption. That is, the current collectors of an uninterrupted system for supporting the functioning of processes that are carried out in the building, as well as the system of energy and functional support of the building itself. That is, it can be determined among the total electricity consumption as a constant when analyzing electricity consumption during this period. The results of the analysis of electricity consumption on weekends are one of the confirmations of the quantitative assessment of this component of electricity consumption. 
If the mentioned components are already separated from the total amount of electricity consumed, the balance should include the amount consumed during educational, auxiliary and other processes. As the results of the analysis show, this component of electricity consumption accounts for about 2/3 of the total electricity consumption in buildings of educational institutions of higher education. Further differentiation of electricity consumption can be based on data from electricity meters, if the building has installed and recorded electricity consumed by construction systems. However, this possibility is rather an exception to the General rule for educational institutions. In this case, it is advisable to continue studying the amount of electricity consumption and their modes using the calculation method. This method uses predefined constants of energy consumption of individual current collectors available in the premises, and an algorithm for their use in the corresponding periods. The most organized and regulated process at the University is the educational one. If you know the current collectors used in a particular class and the schedule of classes, it will not be difficult to make a preliminary calculation of the amount of electricity consumption for any period of the educational process. Given that all other processes, one way or another, are consistent in time with training, it is advisable to consider them with intervals of classes during the working day of the institution.
Тable D1. G1-Components of daily electricity consumption by operating controllers of the educational institution building (based on average data from October to March)
	Period
hours, minutes
	Actual total consumption, kWh
	Const. components of actual consumption "background background, kWh
	Consumption under lighting during the educational process (estimate), kWh
	Consumption by gadgets during the educational process (estimate), kWh
	Consumption of gadgets, lighting and support processes (for example),
KWh
	Consumption during training (estimate), kWh
	Outdoor lighting, other processes, kWh

	0 - 1
	2,495
	2,0
	0
	0
	0
	0
	0,5

	1 - 2
	2,308
	2,0
	0
	0
	0
	0
	0,3

	2 - 3
	2,038
	2,0
	0
	0
	0
	0
	0,4

	3 - 4
	2,238
	2,0
	0
	0
	0
	0
	0,3

	4 - 5
	2,1
	2,0
	0
	0
	0
	0
	0,1

	5 - 6
	5,026
	2,0
	0
	0
	0
	0
	3,0

	6 - 7
	6,148
	2,0
	0
	0
	0
	0
	4,1

	7 -8,15
	6,264
	2,0
	0
	0
	0
	0
	4,26

	8.15 – 9.50
	12,872
	2,1
	4,656
	5,546
	0,57
	10,202
	0

	9.50 – 11.25
	18,504
	3,16
	0
	7,264
	8,08
	7,264
	0

	11.25 – 12.45
	20,333
	3,16
	0
	7,214
	9,959
	7,214
	0

	12.45 – 13.25
	5,324
	1,0
	0
	0
	4,324
	0
	0

	13.25 – 15.00
	20,032
	3,16
	0
	6,647
	10,225
	6,647
	0

	15.00 – 16.35
	17,807
	3,16
	7,84
	4,742
	2,065
	12,582
	0

	16.35 – 18.00
	13,560
	3,16
	2,848
	4,092
	3,48
	6,94
	0

	18.00 – 19.25
	5,949
	3,16
	0,54
	0,494
	0
	1,034
	1,755

	19.25 – 20.45
	3,727
	3,16
	0
	0
	0
	0
	0,57

	20.45 – 22.00
	2,739
	2,0
	0
	0
	0
	0
	0,74

	22.00 – 23.00
	2,700
	2,0
	0
	0
	0
	0
	0,70

	23.00 – 24.00
	2,99
	2,0
	0
	0
	0
	0
	0,99



This differentiation allows for a more detailed analysis of the volume of electricity consumption within 2 days.
It is advisable to consider the consumption of electric energy by current collectors that are used in the educational process, two components of consumption " spectrum»:
- electricity consumption by external collectors of the lighting system of classrooms where the educational process is carried out (lamps);
- energy consumption by current collectors of devices used in classrooms (multimedia projectors, system units, monitors, laboratory equipment, etc.).
A special feature of the algorithm for such calculations is the need to consider the operating mode of the workplace lighting system in classrooms. This situation is directly related to the level of natural light. This is a variable parameter and depends primarily on the length of the day (climate and geographical parameters), as well as on meteorological factors (cloud cover, etc.). Taking into account changes in the length of the day and indoor lighting at certain hours of the day does not cause any special difficulties. It can be predicted for any period. With regard to variable meteorological factors, this task is more complex and requires a fairly accurate short-term weather forecast. Given that classroom lighting systems can only have two modes of energy consumption – " on "and" off", the algorithm for calculating the amount of energy consumption should be based on these two modes. It is proposed to describe the energy regimes using the weather (climate) coefficient. Depending on these factors, it can take one of two values - "1" or "0". In other words, the projected electricity consumption is calculated taking into account the installed electrical capacity of the current collectors of the lighting system and its energy modes.
The projected volume of electricity consumption by current collectors of devices and gadgets used in the classroom should take into account two features of their use. The number and completion of such devices can vary significantly for each class, so it is advisable to use a constant power capacity (for example, the total installed capacity of current collectors located in the room) of gadgets in the calculation algorithm. It is proposed to take into account the share of their use due to the capacity utilization factor (load) in the class. Determining when to use gadgets during classes remains a problematic task. It is also proposed to determine it by introducing a variable indicator into the algorithm - the time used coefficient (the load factor of gadgets in the class by time). This coefficient should characterize the proportion of the period in the class during which current collectors operate and consume electrical energy.
Having a schedule of classes and using the calculation algorithm, it is not difficult to accurately determine the projected amount of electricity consumption for any period of the working day. For example, table 2.1 shows the results of the calculated differentiation of electricity consumption by class and extracurricular periods.
To determine and evaluate the component of electricity consumption in the "spectrum" in support processes, you can use the calculation method, similar to determining the amount of electricity consumption in the training process. But this is very difficult to do. Despite the fact that the beginning and end of the working day are clearly regulated for staff, it is difficult to determine the daily volume of electricity consumption using a detailed calculation method. The uncertainty of the results is related to the need to take into account the influence of a number of factors. Creating and operating a mathematical model requires a lot of resources and is not always justified. A more acceptable way to determine this component of the "spectrum" is to calculate the remaining part, which is formed after extracting from the full amount of the "spectrum" the values of electricity consumption by current collectors of "background" electricity consumption by outdoor lighting systems, other processes and systems of educational processes together with lighting systems in the educational process. At the same time, the division of electricity consumption into components of lighting systems used in support technologies remains problematic. This problem can be solved by analyzing this component in detail. At the same time, a technique similar to the calculation method can be used in the educational process to calculate the projected consumption of current collectors of lighting systems.
The accumulation of statistical data on the components of the" spectrum " of electricity consumption makes it possible to use other methods of modeling energy consumption processes when predicting the volume of consumption in the future.
Thus, it should be noted that the main stages of the methodology for determining the components of the" spectrum " of electricity consumption in educational institutions should be the following:
- step 1 - using the ASCAPC database, to determine the integrated profiles of daily electricity consumption by current collectors located in the building, to determine the time of the" step " profile (during classes that are held according to the schedule, it should correspond to the duration of classes, in other periods of the day, it is desirable to bring it to one hour);
- step 2-analyze the power consumption profile of the building's current collectors on weekends in order to determine the "background" power consumption of the building's life support systems, outdoor lighting systems of the building and the surrounding area;
- step 3-determining "background" electricity consumption as the remainder of the difference between integral and" background " consumption, determining the profile of total electricity consumption by current collectors during educational and auxiliary processes;
- step 4-use of materials for energy inspections of the premises of the educational building, conducting energy certification of current collectors located in the premises, as well as determining their installed (or actual) electrical power in kW by dividing classrooms into educational and auxiliary; determine the current collectors of the lighting system according to an additional list, calculate their accumulated installed electrical power;
- step 5-according to the list of academic disciplines for which the educational process is conducted according to the class schedule, energy inspection materials to determine the list of current collectors that are used in classes when studying the discipline on a certain type of classes to determine their integral installed (or actual) electrical power;
- step 6-according to the data obtained during steps 4 and 5 for calculating the amount of electricity consumption by current collectors in classrooms in accordance with the class schedule, meteorological and climatic conditions, separately emphasizing the electricity consumption of classroom lighting systems and gadgets used in the educational process;
- step 7-after determining the profile of total electricity consumption by existing collectors in educational and auxiliary processes (step 3), it is proposed to determine (minus) the tariff electricity from existing collectors participating in the educational process (lighting system and gadgets), which allows you to get a profile of current consumption by existing collectors used in support processes;
- step 8 - perform a calculated analysis of current auxiliary process collectors ' electricity consumption, dividing them into lighting systems, etc.
- step 9-create a" profile " of electricity consumption by components in accordance with a certain form and conduct an appropriate energy, financial and economic analysis of electricity consumption.
The calculation of the "spectrum" of the power consumption profile can be simply automated using modern computerization tools with the previous preparatory work listed in the above stages.
Analysis of the components of the" spectrum "of electricity consumption shows that, as a percentage, the average volume of electricity consumption by current collectors in the building of an educational institution is divided according to the following systems:
- "background" consumption is about 36%;
- consumption in the educational process is about 32%,
including: lighting systems is about 39%;
- gadgets is about 61%;
- the consumption of the outdoor lighting system and other processes is about 1%;
- consumption during support processes is about 32%.
As the above data show, electricity consumption in the educational process is about 32% of the total consumption. Other consumption is related to the execution of auxiliary processes. It should also be noted that the amount of electricity consumed differs during different periods of the day. They are the largest during working hours and the maximum consumption occurs during daylight hours, even if the lighting system is not working.
Analysis of the volume of electricity consumption by lighting systems shows a significant share in the total electricity consumption by current collectors of modern technologies of the key educational process. The energy "background" of electricity consumption is also very significant.
The described method of analysis of electricity consumption allows to determine the energy efficiency of processes that take place in the school, comparing the calculated current indicators of specific electricity consumption standard for the institution as a whole and for individual processes. The constructed profiles of actual and projected electricity consumption by current collectors of systems and processes are the basis for making decisions on the further development of measures to improve their energy efficiency, and a real assessment of the feasibility of implementation based on calculated economic indicators.
This methodology allows you to combine elements of calculation algorithms, statistical databases, as well as current and archived data of instrumental measurements (including ASCAPC data) to form a "spectrum" of electricity consumption for further analysis and making appropriate current and future management decisions.
Implementation of solar electric energy generation with the location of solar panels on the enclosing structures of educational buildings
[bookmark: _Hlk42461222]The organization of electric energy generation processes for the needs of educational institutions and the use of enclosing structures on buildings of educational institutions as mounting supports for solar panels is a very forward-looking activity.
The electric energy generation by solar power plants for the needs of technological processes in educational institutions is conditioned and restrained by the schedule peculiarities of the educational process, which is most subject to all other technological processes, as well as conditions and possibilities of solar panels on the territory or facilities. Current legislation regulates the general conditions for the panels location on the external surfaces of buildings.
The attractiveness of the potential application of solar electric energy generation for at least partially satisfying the requirements of an educational institution is also explained by coincidence in time of the generation and consumption schedules of electric energy. 
Organizational, technical and climatic aspects of the use of solar electric energy generation installations in educational institutions.
According to the current legislation in Ukraine, the academic year in educational institutions is organized mostly from September 1 to July 1. Due to its climatic and meteorological features in the north and northeast of the country, this period is characterized by high cloud density for almost 4,5 months out of 10 months of the academic year. The results of observations show that the specific generation of electric energy during these 4,5 months is about 780 kWh/10kW of installed capacity of solar panels, i.e. the average daily generation in the «dark» time of year is about 6 kWh/10 kW of installed capacity of solar panels when they are stationary on the roof of the building. However, in the “bright” period of the academic year (September, October, part of March, April, May, June) the total average specific solar generation is about 6310 kWh/10 kW of installed capacity of solar panels, and the average daily generation is about 38 kWh/10 kW of installed capacity of solar panels. The maximum efficiency of solar panels is in July, August (average daily generation – about 48 kWh/10 kW of installed capacity of solar panels), however, during this period, educational institutions stop the educational process and electricity consumption is minimal. The peak of electric energy consumption coincides with the hours of maximum solar electric energy generation, see Fig. D4.

[image: Fig. 2.4]

Figure D4 - Profile of electricity consumption by the building of the educational institution and profile of its generation by solar panels by the time of day (A – profile of consumption, B – profile of generation).

If to pay attention to this fact and to plan the most power-consuming classes in hours of the maximum generation during scheduling (in the presence of solar generation), it is possible to «align» schedules (profiles) of power consumption during the educational process. Based on the possibility of placing solar panels on the building and considering the conditions of panels orientation in space for maximum electricity generation, using as much surface area of enclosing structures as possible, it is not difficult to determine the technical capabilities of solar power generation technology in the educational institution. It is also necessary to refer to the economic aspects of the implementation of such a measure, the organizational opportunities for electricity sale to supply companies in the event of a surplus of generated electricity in summer months.
In some cases, it is advisable to use solar panels on vertical surfaces of enclosing structures as a protective and finishing surface of facade insulation systems (on the principle of a ventilated facade). However, when determining the technical and economic rationale for such an action, it is first necessary to pay attention to the efficiency of solar panels, which in such conditions will not be located at the optimal angle to the Sun’s rays.
Research results on the influence of the tilt angle of solar panels on electricity generation.



Solar panels work most efficiently when their surface is perpendicular to the Sun’s rays, so the tilt angle to the horizon is one of the key parameters of the solar power station [12]. Another factor that affects the amount of electricity generation is the azimuth that is the angle between the Sun and the south. Currently tracking these parameters is not a difficult engineering task, but its implementation requires additional equipment and high financial costs, so most solar panels are located on open surfaces at certain angles and with a south orientation. The tilt angle depends on the latitude of the area in which the panels are located. When it is constant during daylight, the efficiency of electric energy generation is variable. To evaluate this effect, the coefficient of electricity generation   is used as the ratio of the value of the actual generation power   (kW) to the nominal power of the panel   (kW):




This coefficient for a constant tilt angle is variable over time and depends on the actual tilt angle of the line connecting the observer and the Sun to the horizon. 

The research to determine the dependence of the change in the coefficient  in time was conducted on a laboratory installation, which in automatic mode monitors the angle of the panel to the Sun.


To exclude the influence of the azimuth angle during the study, we defined the maximum value of at the i-th period of time and the optimal tilt of the panel, which provides the maximum generation of . The deviation of the tilt angle of the panel was determined from the specified optimal angle. The research results are presented in Table 2.2.


Table D2. – The change in  when the tilt angle of the solar panel deviates from the optimal one.

	Deviation of the inclination angle
	50
	100
	150
	200
	250

	Calculated coefficient kg
	0,862
	0,809
	0,712
	0,688
	0,655





If, according to the optimal tilt angle of the panel, we take the coefficient value , then, when changing the tilt angle in the range from 0º to 25º, the coefficient kg changes in the range from 1 to 0,655, which corresponds to the range of decrease in generation from a possible 100 % to 65,5 % in accordance with a change in the tilt angle of the panel from the optimal one at the i-th period of time. Based on the findings and calculations, the calculated coefficient  reduces to 0,172. The average value of the decrease in the electric energy generation, when the tilt angle of the solar panel changes from the optimal one in the range from 0º to 25º, is 17,2 %.
The indicated range of variation in the tilt angle of the panel can be considered as moderately acceptable in further calculations and studies, which corresponds to the design capabilities of solar panels placement on the external structures of buildings in the conditions of the northern climatic zone of the country.
The results of the analysis of solar power station operation in the climatic and geographical conditions of the northern region of Ukraine.
Further research on the solar power station operation was carried out using the collected source statistics.
The results of solar power station operation over the past three years with a nominal capacity of 10,2 kW placed on the roof of a building in Sumy (the northeastern region of Ukraine) were accepted for consideration and analysis. The orientation of the plane of the solar panels is south. To consider the architectural features of the building, the panels are placed on the same plane parallel to the roof with the tilt angle of 25º. The fastening of photovoltaic panels is stationary. The volumes of monthly electricity generation are indicated in Table. D3.








Table D3 – The generation of electric energy by a solar power station, kWh.
	Months of the year
	2017
	2018
	2019
	Average per month

	January
	110
	102
	114
	108,6

	February
	125
	132
	128
	128,3

	March
	273
	254
	286
	271

	April
	1398
	1450
	1419
	1422,3

	May
	1580
	1521
	1590
	1563,6

	June
	1652
	1618
	1666
	1645,3

	July
	1393
	1136
	1486
	1338,3

	August
	1524
	1424
	1707
	1551,6

	September
	1094
	1127
	985
	1068,3

	October
	583
	465
	781
	609,6

	November
	194
	132
	251
	192,3

	December
	73
	54
	88
	71,6



The graphic interpretation of the distribution of average volumes of electricity generation by months of the year is presented in Fig. D5. 
[image: Picture 2- 5]
Figure D5- The distribution of average volumes of electricity generation by months of the year.

The analysis of the results of the power station shows that, given the climatic conditions of Sumy, the generation in winter months is 10…15 percent of summer months. This is due to snow cover and cloudy weather during these months. Based on this, organizational and technical settings with a focus on efficient power station operation in winter is inappropriate. It is necessary to focus on the rational use of the solar power station in the period from the last decade of March to the second decade of November, so the main parameters of its adjustment should correspond to the geographical and climatic conditions of this period.
The analysis of statistics on the daily operation of the power station shows that the maximum instantaneous generation power is recorded at about 13 o’clock in the afternoon (in June it averages 9,2 kW in cloudless weather, in November – 6,2 kW under the same conditions). The period of active electricity generation in June is from 7.00 am to 7.00 pm, in November – from 8.30 am to 3.30 pm. Graphic interpretation of the daily change of instantaneous generation power is presented in Fig. D6.

[image: picture 2-6]
Figure D6. The schedule of daily change in instantaneous power of electricity generation.

Under certain location conditions (based on the calculation algorithm according to the method [1]) the best tilt angle of solar panels in summer will be the numerical value of the latitude of the building, multiplied by 0,93 minus 21 degrees. In our case, it should be about 27º.

The comparison of findings (using a laboratory bench) of the change in solar generation power from the tilt angle of solar panels and the actual statistical data on the solar power station operation indicate the correctness of the algorithm of the method [7] and confirm the decrease in the calculated generation coefficient  within 3% with a deviation of the tilt angle of the solar panels from the calculated within 2º. This also corresponds to the trend data in Table D3.

Technical possibilities to increase the electric energy generation by a solar power station.
As already mentioned, these results were obtained under the condition of a stationary location of solar panels on the roof of the building. 
However, the amount of solar radiation absorption entering the area of the solar panel (and as a result, the amount of electricity generated by the solar battery) depends on its orientation relative to the cardinal points, the tilt angle of the plane of the solar module relative to the horizon, the length of the daily period of daylight (if electricity generation by the module is possible). That is, the maximum efficiency (excluding the design features of the panel itself) of the solar module, in our case, should be determined by the initial orientation of the panels by geographical indicators, as well as tracking their changes during daylight with the possibility of adjusting the orientation of the panels in space and considering the coordinates of the Sun location in the i-th moment of time. It can be achieved by implementing special technical devices that automatically track the position of the Sun relative to the horizon and the sides of the world and allow you to orient the solar panels at any i-th moment of time.
Architectural and design features of most residential buildings of private construction allow the installation of such rotary devices (trackers) that should orient a separate solar panel in two planes: the azimuth and the angle of the Sun to the horizon. 
The results of studies and observations of solar power station operation with an installed capacity of 10,2 kW in climatic and geographical conditions of Sumy city (average annual electricity generation of about 9800 kWh/year) show that equipping it with an automated system for adjusting the tilt angle will additionally generate about 1700 kWh/year. The total average annual electricity generation can reach 11500 kWh/year.
This result can be obtained under the condition of «landscape» arrangement of solar panels, i.e. the longer side of the panel should be located horizontally. This condition should be met to increase the use of the roof area for the position of the panels. 



The area use factor  is calculated as the ratio of the area of placed solar panels to the total area of the site of their placement  on the roof, or the walls of the building:


,

and characterizes the potential value of the power installed on a certain plane of the power station. 

Assuming a dense stationary arrangement of the panels on one plane parallel to the roof, the value of will be close to one. That is, the area of the roof will be used as useful as possible. 
When the panels are equipped with a track that changes their tilt angle to the horizon and its operation together with the rotation of the panels, shadow zones are created, which significantly reduce the electricity generation in the shaded areas of the panels. To solve the problem, it is necessary to place the solar panels at a distance from each other, which avoids shadow areas. The calculation shows that the position of the panels in compliance with this condition reduces the value of the area use factor by 18 %. This entails a reduction in the number of solar panels and, as a consequence, a reduction in the installed capacity of the solar power station provided that it is located on the same roof area. 
Simple calculations show that in this situation the average amount of electricity generated by a solar power station per year should be about 9450 kWh. The comparison of power station operation providing stationary panel mounting on a certain roof area in one plane (subject to the tilt angle of the panels is 25º) and using a tracker installation which monitors the tilt angle of the panels in accordance with the change in the Sun’s angle relative to the horizon, which shows that an increase in electricity generation does not compensate the loss of generation opportunities due to a decrease in the installed capacity of the power station located on the roof of the building.
When designing and carrying out assembly operations on the solar panels installed on the roofs of educational buildings or individual buildings, the main attention should be paid to the plane location of their installation relative to the horizon (mainly to the south) and compliance with the optimal angle of the solar panel relative to the horizon. Under these conditions, the amount of annual electricity generation mainly will depend on the area of solar panels located on the roof. The use of trackers, in this case, is not always justified, even from a technical point of view.
The use of a tracker system that would define the change in azimuth angle provided the position of the solar panels on the building’s roof, is also associated with the problem of rational use of the roof area, and, consequently, with the amount of electricity generated. In addition, the results of research [8] confirm that the deviation of the azimuth angle of primary orientation of the panel plane within 15º to the east or west has almost no effect on the total average annual value of generated electricity.


The studies of literature sources [9] confirm the high efficiency of tracker devices use, provided that the placement of solar panels in one plane in a dense array. In this case, you can avoid shadow areas without reducing the occupancy of the panel area. That is, this scheme of location and orientation of solar panels relative to the Sun position during the daily period of active electricity generation is characterized by the maximum values of area use factors  and electricity generation. 
The legislative framework in Ukraine for regulating the location and solar power stations operation indicates the position of solar panels on the roofs and walls of buildings, without mentioning the possibility of their separation from the building. Given this fact, the use of tracker devices with the option described above may be questionable.


Increasing the amount of electric energy generated can be achieved by placing additional solar panels on the walls of the building [10]. The effectiveness of such a measure is also associated with determining the tilt angle of solar modules, the area use factors  and electricity generation , the calculated numerical values of which can be a criterion for its evaluation.
The placement of panels on the walls of the building is limited by the predominant orientation of the outer surface of the wall to the south and its area, the space of possible installation of the panel, which is limited by the «protective» size of the deviation from the wall surface of the roofline (Fig. D7). This size for most buildings averages no more than 700 mm. It allows you to place the panel in the «magazine» version with an angle of at least 45º.
Based on the optimal value of the tilt angle of solar modules (in our case 27º) in hours of maximum daily activity of the Sun, and, consequently, the maximum electricity generation, the average electric energy generation of the power station with solar panels with an angle of 45º on the wall will be 0,704 of maximum possible.


[image: Fig. 2.7. The layout of solar panels on the walls of the building]
Figure D7 - The layout of solar panels on the walls of the building.

In addition, such a scheme for installing solar panels creates shadow zones on the wall plane, which must be avoided by placing the panels at a distance of about 1700 mm from each other. This feature reduces the area use factor to 0,58. That is, under such conditions, 42 % of the area cannot be used to place solar panels, and the total installed capacity of solar panels located on the wall will be less by almost 42 % compared to the option of placing panels vertically with one plane on the wall.
When placing the panels vertically in one plane, the area use factor of the wall area can be increased almost to one, which corresponds to an additional increase in the area of the location of the solar panels by almost 42 %. However, at the same time, during the hours of maximum daily activity of the Sun, the angle of deviation of the panel plane from the optimum will be about 63º, and, consequently, the average power generation of the power station will be 0,344 from maximum possible. Although in other periods of daylight hours, this angle will approach the optimum, a significant role in changing the generation power will play a change in the azimuth angle. 
The total installed capacity can be increased by using the reserve of the area of «shadow zones» for additional panels placement. This measure can raise the total installed capacity by increasing the generation capacity to 0,488 from maximum possible. However, as can be seen from the comparison of calculation data, such a measure does not compensate for the decrease in generation capacity. 
Placing solar panels on the wall of the building at an angle of about 45º gives an increase in electricity generation capacity during hours of maximum daily solar activity by almost 30 % compared to the option of placing panels vertically in one plane on the wall even if the wall area use factor increases almost to one.
Technical and economic aspects of implementing measures to regulate the tilt angle of solar panels.
The effectiveness of a solar power station operation when equipping the fastener system of solar panels with a one-turn tracker device (for tracking the optimal tilt angle of the panels) should be considered based on the conditions for a possible simultaneous increase in the average annual generation volumes, as well as its reduction due to a decrease in the number of solar panels placed on the roof. 
As calculations show, such a contradiction negatively affects the solar power station efficiency and the efficiency of project innovations. Let’s discuss the use of a solar power station in a separate sphere or economic structure.
If it is possible to organize a solar power station operation in conjunction with the general regional power grid, the excess electricity generated flows and is calculated at a «green» tariff, which is 5,91 UAH/kWh. The average annual electricity consumption by the average economic structure is about 1750 kWh/year. As already mentioned, the average annual electricity generation under the condition of stationary placement of panels is about 9800 kWh/year, the amount of electricity «flowing» into the general network (9800 kWh - 1750 kWh) is 8050 kWh/year. In cash equivalent, it is UAH 47 575. After taxes, the household has a net income of almost UAH 38 300/year. Investments, in this case, amount to about UAH 280 000. Hence, the simple payback period of the project is about 7,3 years, subject to full monetary reimbursement of electricity consumed by this structure and neglect of the gradual in time solar panels efficiency reduction.
In the case of placing solar panels on the roof of the building by means of one-turn trackers to change the tilt angle automatically, the problem of shadow zones arises. According to calculations, its avoidance reduces the active area of electricity generation by 18%, which, under the same conditions of battery location, reduces installed capacity of the power station to 8,36 kW (by 1,83 kW). As already mentioned in the section, despite the increase in the specific generation rate, considering the loss of installed capacity, the average annual generation volume will be about 9450 kWh/year. The amount of electricity «flowing» into the general network (9450 kWh - 1750 kWh) is 7700 kWh/year. In cash equivalent, it is UAH 45,507. Excluding taxes, the structure has a net income of almost UAH 36 633 /year. According to this version of the technical solution, the investment volume will be almost the same UAH 280 000 with the exception of the cost of 7 solar panels (excluding «shadow areas») – UAH 29 400 (the average cost of one panel, considering the installation work, is UAH 4 200), i.e. the added cost of the tracker system is about UAH 140 000. That is, the total investment will be about UAH 390 600. 
Hence, the simple payback period of the project is about 10,6 years, subject to a full monetary reimbursement of the consumed electricity and neglecting the gradual decrease in the efficiency of solar panels.
As you can see, under certain climatic conditions, the location of the building, its architectural features, the option of stationary location of solar panels on the roof without trackers is more attractive.
Technical and economic performance of the solar power station is also calculated under the condition of placing solar panels on the wall of the building with their vertical location (Fig. 2.7a) and placing the panel at an angle to the wall (Fig. D7b).
According to the version of Fig. D7, 20 panels with a total installed capacity of 5,2 kW are vertically placed on the wall. During the hours of the peak of solar activity and maximum electricity generation, the average power generation of a power station with such arrangement of solar panels will be 0,344 of the maximum possible, that is, 1,788 kW. Based on the total cost of the panels and possible added costs for their installation (about 20%), amount of required investment will be UAH 100 800. 
According to the variant of Fig. D7b, there are 11 panels on the wall (considering the area of «shadow» zones). During the hours of the peak of solar activity, and, consequently, the maximum electricity generation of average power generation of the power station at the solar panels placement with an angle of 45º on the wall of the building will be 0,704 from maximum possible, i.e. 2,86 kW. Based on the total cost of the panels and possible added costs for their installation (about 20% of the cost), the amount of required investment will be UAH 55 400.
A comparison of calculation data shows that under certain climatic conditions, the location of the building, its architectural features, the option of a stationary position of solar panels on the wall at an angle to the wall according to the scheme of Fig. D7b is more attractive.
A comparison of operating results of power station with stationary panel mounting on a certain roof area in one plane (provided the tilt angle of the panels is 25º) and using a tracker installation, which monitors the tilt angle of the panels in accordance with the change in the angle of the Sun relative to the horizon, which shows that an increase in electricity generation does not compensate the loss of generation opportunities due to a reduction in the installed capacity of the power station located on the roof of the building.
When designing and carrying out assembly operations on the solar panels installation on the roofs of buildings, the main attention should be paid to the plane location of their installation relative to the horizon (mainly to the south) and compliance with the optimal angle of the solar panel relative to the horizon. Under these conditions, the amount of annual electricity generation will mainly depend on the area of solar panels located on the roof. The use of trackers, in this case, is not always justified, even from a technical point of view.
Placing solar panels on the wall of the building according to the option of their location at an angle of about 45º gives an increase in electric power generation during the peak of solar activity by almost 30% compared to the option of placing panels vertically in one plane on the wall even if the area use factor is increased almost to one.
Technical and economic calculations show that under certain climatic conditions of the northern part of Ukraine, the location of the building, its architectural features, the option of stationary location of solar panels on the roof without single-turn trackers is more attractive.
The comparison of calculation data shows that under certain climatic conditions, building conditions, its architectural features, the option of stationary location of solar panels on the wall with the tilt angle of the panels to the wall, according to the scheme of Fig. D7b, is more attractive.
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26 goplot(data - dug, aes(x = Datetime, y = DUQMK))+ Dugquesne Power - Consumption, 2012-2017
27 geom_line(color = "#00AFBE", size = 0.5) + ggritle('Duuesne Power - Consumption, 2012-2017')+
28 xlab('Date’) + ylab('Consumption in Mi')
29 | 3000~
30 ggplot(data - duqldugsbatetime >= '2017-01-01" & dugsDatetime <= '2017-12-31°,], aes(x = Datetime, y = DUQMW))+
31 geom_line(color = "#00aF8s”, size = 0.5) + ggritle(’Duquesne Power - Consumption, 2017')+ .
D Mk LR SR K
291 | (opleve) = Rscript =
Console  Terminal « Jobs 2500
> dug <- dugldugsbatetine >= "2012-01-01 00:00:00" & dugSpatetime <= "2018-01-01 00:00:00",] <z
> head(duq) z
Datetime DUQ_MW =
NA ~a>NA <
NA.1 <NA> NA 2
N2 A &2000-
NAZ A N 5
NA.4 <NA> NA 2
NALS A Na 8

> dug<-na. omit (duq)
> head(duq)
patetime puQMK
52595 2012-01-01 00:00:00 1518 1500~

61330 2012-12-31 01 1556

61331 2012-12-31 02 1509

61332 2012-12-31 03: 1479

61333 2012-12-31 04 1468

61334 2012-12-31 05: 1488

> Tibrary(ggplot2)

> ggplot(data = dug, aes(x = Datetime, y = DUQMW))+ 1000~

+  geom_line(color = "#00AFBE", size = 0.5) + ggtitle(’Duquesne Power - Consumption, 2012-2017')+ . . . .
+ xlab('pate’) + ylab('Consumption in MK') 2012 2014 2016 2018
>

Date

1
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Ele Edt Code View Blots Session Buld Debug Brofile Tools Help
O -l-EHB ~ Addins - &) Project: (None) ~
w1EDARma « ] energy panelRma Dotaset @' eneray_hour cons* ug x| ®]Bigoata Ramd * | S cipom LayshAma* « | ] aipom paneiRmd Environment | History  Connections
I T o Binsert - - | - & [ | 5 import Dataset - | & ust- | @~
| # Global Environment ~
dat_ts_1 Time-Series [1:365, 1:21] from 2017 to 2018: 1111111111 S
dat_ts_2 Time-series [1:365, 1:21] from 2017 to 2018: 2222222222
dat_ts_3 Time-series [1:365, 1:21] from 2017 to 2018: 3333333333
dat_ts_4 Time-series [1:365, 1:21] from 2017 to 2018: 4 4 4 4 4 4 4 4 4 4
dug 52599 obs. of 2 variables
dug_test 697 obs. of 2 variables
dug_train 43077 obs. of 2 variables
_fourier List of 10
fomstl List of 10
el f_tbats List of 10
52+ ***{r correlation} B firreg List of 24
= fourier_power List of 20
3 o ErrEe e cra deasal mean_baseline List of 11
55 Tibrary(corrplot) pite 45253 obs. of 2 variables
56 CorMatrixi <- cor(dat_ts_1[,c(6,8:9,11:20)1) pitt_test 2173 obs. of 2 variables

57 Cormatrixl
58 corrplot(Cormatrixl, method = "square”)
59 Files Plots  Padages Help  Viewer
60 # correlation matrix dat_ts_2

61 Tibrary(corrplot)

62 cormatrix2 <- cor(dat_ts_2[,c(6,8:9,11:20)1)
63 CorMatrix2

64 corrplot(CorMatrix2, method = "square™)

65

66 # Correlation matrix dat_ts_3

67 Tibrary(corrplot)

68 cormatrix3 <- cor(dat_ts_3[,c(6,8:9,11:20)1)

pitT Train 43067 ohs. of 2 variahles

= oport -

69 CorMatrix3 -
1632 | @ Chunk & modeiing & Run Previous: []
Console  Terminal - Jobs
®
Max. @ 1.5375  Max. Max. :323.438 Max. :8.625 Max. :100.00 Max. :7.2938 <
x
win. 20,32
1st Qu.:20.32
Median :20.32
Mean  :20.32
3rd qu.:20.32
Max.  :20.32
NA's  :364
> summary(dat_ts_3)
obj month day MH_heat
$3 win. :1.00 win. :1.00 win. .00200  Min.  :0.00000 .0
3.00 1St Qu.: 8.00 1St Qu.:0.00900 1St Qu.:0.00000 -0
7.00 Median :16.00 Median :0.07400 Median :0.05559 0
Mean  :3 16,51 mMean :15.72  Mean 07212 Mean  :0.58785 3
9.00 3rd Qu.:23.00 3rd Qu.:0.13400  3rd Qu.:1.22301 0
2.00 Max. :31.00 Max. .22300  Max.  :2.25145 0
el_square heat_square energy_ef T 0
Min._ : 1.137  win. 0.0000  Min. min.  :-18.262 min. : 737.7
1st qu.: 5.115  1st qu.: 0.0000 1st Qu 1st qu.: 2.025  1st qQu. 758.0
Median : 42.054 Median : 0.3159 Median Median : 7.525
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Ele Edit Code View Plots Session Build Debug Profile Tools Help
9 -loplar- =] ~ Addins - &) Project: (None) ~
301 EDARMA % @] energy_panelRmd Dataset * @ energy_hour consR* dua | O BigDeta RAma * | ] piom LatyshiAma* % @] cpiom_panelfmd Environment  History  Connections
v Q| kit - - *@ insert - PRun - | B~ @ H | 52 mport Dataset - | & st ~ -
s gov_spend num 74.8 71.2 67.3 70.4 72.3 71 75.6 75.1 76 75.6 ... + 1 Goal Environment
S bus_free num 70 70 55 55 55 55 54.3 64.1 55.6 67 Cormatrixé nun [1:13, 1:13] 1 0.808 0.276 -0.357 0.241 ... s
iy Min 3708 638 63.4 36,0 6.4 6013 624 750 755 758 det 570 obs. of 35 varfables
S frofree e 20 30520750 20 50 80 70 % dat_ts_1 Time-Series [1:365, 1:21] from 2017 to 2018: 1111111111
S Fin.free ©hum 30 30 50 50 50 50 70 70 70 70 dat_ts_2 Time-series [1:365, 1:21] from 2017 to 2018: 2222222222
country year sun_hours  D_sun_hour imp_totenuse gdp_capita dat_ts_3 Time-series [1:365, 1:21] from 2017 to 2018: 3333333333
Length:920 Min. © :2000 win.  :1326 Min.  :-843.48 win. : 415.5 dat_ts_ Time-series [1:365, 1:21] from 2017 To 2018: 4 4 4 4 4 4 4 4 4 4
Class :character 24,99 1st qu.: 5251.9 dug 52509 obs. of 2 variables
Mode :character 47.08  wedian :14214.3 e test o7 obs- 5 7 varjabT
19,94 Mean  :22043.1 ug_tes obs. of 2 variables
65,75  3rd qu.:i40278.7 dug_train 43077 obs. of 2 variables
97.94 max. :91617.3 f_fourier List of 10
fmstl List of 10
gdp_growth pop_growth e1_prod_fuel_tot £ tbats List of 10
min. 14.810 Min.  :-9.0800 o et o 24
1st Qu.: 1.570 1st Qu.:-0.2600 Tt_reg st o
Median : 3.170 Median : 0.1200 four ier_power List of 20
mean 3.356  Mean X Mean X Mean : 0.2763 mean_baseline List of 11
3rd qu.: 5.250 3rd Qu.:29.035 3rd Qu.: 8.0560 3rd qu.: 0.7525 pitt 45253 obs. of 2 variables o
max. 32,500 Max. 6.160 Max.  :34.5411 Max. 7.7900
Files Plots Packages Help  Viewer
el_cons_capita en_intensity  ren_el_totel tfec P
win. 1 1.948  win. 0.0215 win. 26276 min. =
1st qu. 3.833  1st qu.: 10.0551 1st qu.: 149885  1st qQu.
median 5.054 Median : 24.0620 Median : 656633 Median
Mean 6.207 Mean : 33.4875 Mean  : 1575578 Mean
3rd qu.: :7.249 3rd qu.i 50.1717 3rd qu.: 1417621  3rd qu.: 24372
max. 4,959 max. 00.0000 Max. 6407545 Max. (187366
ren_en_cons totel get_el_score el_price rel_trans_score
min. 1745 min. 2144 min. 570 Min. : 37.50
1st qu.: 29317  1st qu.: 13254  1st qu. 1:350 1st qu.: 75.00
Median : 63110 Median : 41798 Median Median : 87.50
Mean : 164263 Mean : 111487 Mean X Mean : 83.11
3rd qu.: 202786  3rd qQu.: 106468  3rd Qu.:85.27 3rd qu. :100.00
max. 183042 Max. 069313 Max. Max.
free_score  prop_rights gov_int gov_spend bus_free
min. Min.  :10.00 min. 10.00 win.  : 0.00 win. 38.70  win.
1st qu st qu 1st Qu.: 32.00 1st Qu.: 65.17  1st qQu.
median Median Median : 45.00 Median : 71.00  wedian
Mean Mean Mean : 51.14 Mean : 72.20  Mean
3rd qu.: 3rd qu 3rd qu.: 72.00 3rd qu.: 82.00 3rd qu.:
max. Max. Max.  :100.00 Max.  1100.00  Max.
tra_free inv. Fin_.free sun_country  sun_year
min.  :22.00 min. Min.  :10.00 Albania : 20 2000 : 46
1st qu st qu 15t Qu.:50.00 Armenia : 20 2001 : 46
median Median Median 160.00 Austria 20 2002 : 46
Mean Mean Mean  :50.84 Azerbaijan: 20 2003 : 46
3rd qu.: 3rd qu 3rd Qu.:70.00 Belarus’ : 20 2004 : 46
max. Max. Max.  :90.00 Belgium : 20 2005 : 46
(other) ~ :800  (other):644
56
57 -
937 | @ Chunk Tisetup ¢ R Markdonn ¢

Console.
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© -0 3] A Go to file/function ~ Addins ~
3b1_EDARMA @ energy_panelRma Dataset ©] energy_hour_consR* dug @ BigData_RRMd
MR E. L -
=
82 ggplot(dat, aes(gdp_growth, fill = country)) +
83 geom_histogram()
s
85 ggplot(dat, aes(ren_el_totel, fill=sun_hour)) +
86  geom_density(alpha=0.4)+
87 ‘theme_bw()
ot
89 # sweden, Austria, Switzerland, Nprway, Denmark, Portugal, Croatia, Latvia, Georgia, Kyrgyz Republic, Iceland,
Tajikistan, Albania, Montenegro are the leaders - ren_el_totel > 50
w
91 ggplot(dat, aes(ind_gdp, fill=country)) +
92 geom_histogram()
2
94 # Kazakhstan and Azerbaijan are the outliers - ind_gdp >40%
95 7
o “stat_bin()" using 'bins = 30" Pick better value with “binwidth".
€
g
g
g
, e B _ _ L
el_cons_capita
0
2
98~ **{r Testing for unit roots/stationarity}
%

100 # The Dickey-Fuller test to check for stochastic trends. The null hypothesis is that the series has a unit root (i.e.
non-stationary). If unit root is present you can take the first difference of the variable.

101
2119

Console.

@ Chunk 5:panel distrbuton =

R Markdown ¢

S0

Environment  History  Connections

@ | importDtaset - |

i Global Environment
Cormatrixé
dat
dat_ts_1
dat_ts_2
dat_ts_3
dat_ts_4
dug
dug_test
dug_train
f_fourier
fmstl
_tbats
fit_reg
fourier_power
mean_baseline
pitt

num [1:13, 1:13] 1 0.808 0.276
920 obs. of 35 variables
Time-series [1:365, 1:21] from
Time-series [1:365, 1:21] from
Time-series [1:365, 1:21] from
Time-series [1:365, 1:21] from
52599 obs. of 2 variables

697 obs. of 2 variables

43077 obs. of 2 variables

List of 10

List of 10

List of 10

List of 24

List of 20

List of 11

45253 obs. of 2 variables

Files  Plots Packages Help Viewer

3 Export -

-0.357 0.241 ...

2017 to
2017 to
2017 to
2017 to

2018:
2018:
2018:
2018:

awne
IS
IS
IS
awn e
awn e
awn e
awn e
aw e
awn e

X
R project: (None) ~

=0
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TEXHHYECKASI CHIEUHOUKALHAS H
KAJEHIAPHBI ILUIAH PABOT

Tio zoronopy 241 _ov 1€ mepme 2018 rosa

1. Pecmy6auKancKoe F0cyAAPETAeNTOE MPEANPHSTHE WA NPANE XOTwHCTBE:
enenus (HHCTHTYT HHOPMAIIMOHHIX H BLINHCINTEALHIX TeXHOAOrHID KownTera
ayxn Musnereperna OGpasonanis  naykw PecnyGaukn Kasaxeran

11 Tlo mpuopurery: 3. HidopMamsomusie, TerEKOMMYWHKAMOMHSE W
KOCMIYECKHE TEXHOTOMH, HaY W HECAEA0BAS B OGAACTH ECTECTRENINX HayK.

12 Tlo noznpuopirtery: 3.1 HieanexTyasisie MHGOPMALIIOHHHE TEXHOTOMHH,
MireaiexTy T s CHCTENH YIPARIEHHS H IPHEATHA PEUIEHHA (b TOM WHCTE B PERHME
peauioro pemcu).

13 Mo tewe:  NAPOSI32020  «Paspalorka  maTemtexTyaimOrO
WHGOPMAIIIORHOTO  KOMTIIEKCA H  MATCMATHYECKI  MOTCTCH /UIS  COBPENEHMIX
MEKTPOOREPrETIICCKIX CHITEN)

1.4 063 cywwa mpockra. 45 000 000 (COpOK IATh MILLIHONOB) TEHTE, 5 TOM THCAE
© PA3GHBKOJi 110 TOAAM, J BHITONENAA PAGOT COTRACHO MYRKTY 3:

- a 2018 rox - m cymne 15 000 000 (THazaTS NawATHONOR) TeHTE;
- 4 2019 rox-  cywe 15 000 000 (IATHAIIATS MILIHONOB) TeHTE;
- Ha 2020 rox -  cywe 15 000 000 (nxTwazuaTs MHATHOHOB) TeHTE.

2. XapaKTepHCTHKS HAYWHO-TEXHNYECKOH NPOYKIMH 10 KDAAHPHKALHOHHEIM
IpHIHAKAM W IKOHOMMYCCKHE HOKAIATEH

2.1 Hanpantensie paGors: Hayuhiie AOCTIKCHS TPOEKTa Gy 1YY HNCTS IDHKTAZHOE
auavenne.  TIpOEKT  Hampamiew A  pemeHNE MpAKIAON  SWSWH  coMANAR
ITELIEKTYWISHOR CHCTEME 1O 0GHOBE COBPEMEHHAIX MATEMATHYECKIX H KOMITHOTCPHIX
MOAGAGH ICKTPOINGPICTHUGCKIX  CHCTEM 4 POWICHUE 3414  KPATKOGPOSHOTO
TPOTHOIMPOBNKA, W JOATOGPOUNORO  IVIAHWDOBSHHS  OGLEMOB  HOTPEGTERIE
MEKTPOOHEPTHH Ha OCHOBE PETPOCIIEKTHRHMX ABHHAIX COOTBETETBYIOUIETD NOTPEGACHHS 5
TIPOILLION M © YHETOM FSMEHCHNA JPYTX BTANTETHHIX GaKTOPOB B PCANME PEATHHOTD
Bpencim.

2.2 OGaacTs mpmMeneris: PCsyTVTATH NDOSKTE MOKHO GY/ET NPHMCHATH TDH
POGKTHPORINHH M HXCILIYTALLH KOHKPTHAIX TEKTPOIHEPTETHUECKIX KONILIEKCOD.

BUIOTHEHNE MPOCKTA SHAHMO A OHEPITHNECKOR cHTewn PecnyGmice
Kasaxcran. Hccieyensie SaTa1H NEIT HENEHTH HOBHIHH KiK B TIOCTANOBKAX, TaK
ORMIAEMHX peryTHTATAX.

PaspaGTLIBAEHE W TPGLUIOKGHHHE WITOPHTMH  OUCHHBAHWA  COCTORHIS
NEKTPOVMCPIETHUCCKHX CHTEN, FBINIOTCH HOBBMM, H HX HCCAEIOBANHE BIKHO &
HPHKIAHOM aCTIKTe.

TIOTCHIMLIMHBMM NOTPEGHTEIANN PaspaGOTaHHEX METOI0B W TPOTpANMHOID
‘OBeCrICHCHIN MOTYT CTATS IPEpHATHS, PAGOTAIOIINE B OGIACTH HEKTPOIMEPIETHH,

2.3 Konewnua pesyurar:

- s 2018 Byaer mpoveren anuTHiecKkuR 0G30p cOBpEMEHNON Hayuo-

o P 5o
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TEXIMHECKOH, HOPMATWSHOR, METOUISCcKol mTcpaTyps; Byier mposeacn 0G3op
COBPEMCHHIX OTEHECTBEHNMX  3aPYGEAHHX METOA0B GOPMHPOBIHHS METEMATHYCCKON
ozean 3C w paspaGoron MHC; BYAYT TeopeTmieckin OGOGHOBIHS MPHHINI
YTPABTEHNS SAEKTPOIHEPICTHIECKIMH CHCTEMaNH (IIC) B PEAHME PELILHOTO BPEMEHH;
BYIYT WCCTET0RHI JCTCPMHHPOBGHHHIE 1 CTOXACTHYECKHE KOMTIOHEHTH BPENEHHHX
[PRAO; By YT paspaGOTAI MATEMATHIECKHE MOLETH 341t YCTONHBOGTH, OTTTHMATHHOCTH,
CTAGHTISAIU i YIPARACHIA PeRHMAMH IIC; BYAYT puspaGOTAHI MITOPHTNGI peweHin
54184 HAGTIOTAEMOCTH W YIIPABIAENOCTH B J7CKTDOINEPICTHIECKHX CHCTEMEX; ByAeT
TIPOBEEH GHATHS it OUEHKA SHATHEX $IKTOPOB, BIHRIOUX 13 TIPOTHOSHYIO AHHAMHKY
GHENOB MOTPEGIEHHS YIEKTPOINCPIHH TIOCTPOSHHE MHOTOGAKTOPHBX PErpeccHORHX
KowerpaunORILX MozeicH; Byzer nozroTomaei roi0sofl orver a 2018 roa. Byayr
ONYGAHKOBHH 2 MYGAMKMUH 110 HAYSHM HCCTEAOBHIAN NPOCKTA B OTESECTREIHLX
KYPHATAX C HEHYTEBHM HMIAKT-GAKTOPON;

-3 2019 rox: Bynet paspaoTana mireanexTyRTsHAs HiOpMAHOMIAS cHoTewa (HHC)
218 D9C; ByAYT CHOpMHPOBIHH TPEGORHA X HiIQOPMALIORHONY 0ecrieserio 3IC;
BYAYT COMAHS HHGOPNALMONHAE MOIETH M OMpeseretnt Konenin HHC Ha ociobe
NaTesaTHeckux Monene, Byxet coyiana 10T WIGTOOPMA Ha OCHOBE MATEMATHYECKHX
Mozeseit aa HHC, ByayT paspaGoTan mporpasnsii KOMIVIEKC MyAbTHaresrof ceTh 1
MHOOGAONHOTO  MamyHHOO Gyueus WMC, Byzer puspaoraso avcTamumonioc
ABTOMATHWPOBAKHOE YTIDARTENHE W NOWNTOpHT MHC Ha OCHODE HHDOPMAIMORHX
‘Texsonorul, Byaet noarotomen rofonofi orer sa 2019 rox. byyr onyGmosans 2
HYGMKALWH 10 HOYHEIM HCCACAOBAHMAM TIPOEKTE B OTESECTBEHHAX H MEAUYHAPOTHHX
XYPHATAX, B TOM WHCAe 1 TyGIHKAILNA B HTHWY, WIIEKCHPYEMyil b Gave aaiusx Web of
Science WIH SCOpUS ¢ ey CBLIM HMRAXT-PAXTOPON:

- 30 2020 rOX: BYAET MPOBEACH BHNHCAHTETSHEIA KCTCPHMENT H TPOBEACHS! HTOTH
Mecea0Batk, BYAYT OMHCANS PESYTATH IKCTIEPHMENTATLIKX HCCIEN0Ba, Byer
PaspaGoraNa MPOTPEMME W METOIKA MPOBEICHHA IKCTICPHMENTATMILX HCCIEIOBaI
BYZYT NpobecHs SKCTEPHMENTATHME HCCIEAOBAHHA HQOEKTHHOCTH PASPACOTAHHEX
MCTO10B H TIPOTPAMMHOTO OGECTICHCHHA Hia PASTHSHHX HAGOPUX TECTOBHX Saiad
PEVINNMX KOHGHTYDAUWAX NEACHOH MASTGOpMSL; BYIET MPOBEACHO KoMmieKcHOE
‘Tectuposauie 10T r1aTdOPMI B PEKHME PEATbHOO Bpewer IC; ByIyT momsencis
wor wccnexosanui o npoexry; Iloaroronten roosoli order 2020;  byayr
ONYGAMKOBAIN myOTHKLUH 110 HAYSIHM HCCICTOBAHIAM TIDOCKTA B OTESCCTOEHHAX
MEAIYHADOIHX AYPHAIA, B TOM YHCAE 2 MYGIHKAINH B WSTAHIAX, HIICKCHPYEMSIX B
Gaax aasiax Web of Science Wik ScOpus ¢ Hery e HMIAKT-$aKTOPOM.

2.4 TIaTeHTOCIOCOGHOCTS: HENTEHTOCTIOCOeH.

2.5 Hayuno-rexsmeckwil yposews (woswsa): Haywnas wowisHa  paGorst
ofycionTHBACTCA Tew, wTO GyACT pIpAGOTANA MNTENICKTYATHHAR WiBOPMAIHONHAT
CHCTEMa YTIDABTHHA  IDETTKEHS HOBME ATOPHTMSI OLEHHBANHA COCTORHHA, KOTOPHIE
GyIYT HCIOTKIORANS B YCAOBHXX HACTHWHOH M WemOTHOH HAGTOMIEMOCTH W GYIYT
oBecriexnBaTh HORYCHHE HOPEKTHBIIX OUEHOK COCTORHHA CHCTEMH B PERHME PERTLHOTD
Bpemein.

26 WCrOTSOBMHME  MAYWHO-TEXHWYECKOH  TPOYKUKH  OCYMECTRACTCA:
HeromHHTENEN

27 BMU MCUOTHIOBENNA PESYILTATA HAyWHOR W (WIH) HayWHO-TEXiCCKol
CTTEIBHOCTH: TCOpETHNCCKHE W TPAKTHYCCKHE SHIMHA B OGIACTH WCKYCCTBEHHOTO
ITEIIEKTS, TPOCKTHPOBAIHA HIGOPMALMONHAIX CHCTEM, TPOrPAMMIPOBAIIK, PISPACOTKi
MHOODMALMOWNMX CHCTEN, & TAKKC MATEMATWYECKOTO MOLCTHPOBIINA ~CAOKHHX
P R ——

E4
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Abstract: A review of modern methods of forming a math-
ematical model of power systems and the development
of an intelligent information system for monitoring elec-
tricity consumption. The main disadvantages and advan-
tages of the existing modeling approaches, as well as their
applicability to the energy systems of Ukraine and Kaza-
khstan,are identified. The main factors that affect the dy-
namics of energy consumption are identified. A list of the
main tasks that need to be implemented in order to de-
velop algorithms for predicting electricity demand for var-
ious objects, industries and levels has been developed.

Keywords: prediction, power consumption, panel mod-
els,autoregression models, neural networks

1 Introduction

Creation of innovative intellectual systems for managing
energy consumption processes is a vital task for individual
objects (institutions), countries, and for the global econ-
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omy as a whole. Solving such urgent problems as reduc-
ing energy consumption, ensuring energy independence,
reducing greenhouse gas emissions requires identifying
adequate methods for analyzing, modeling and forecast-
ing time series of consumption and production of various
types of energy, their integration with existing information
systems for making management decisions across individ-
ual enterprises, cities, industries and states. The lack of de-
velopment of theoretical and methodological approaches
and practical aspects of the use of forecasting systems and
evaluating the efficiency of electricity use in Kazakhstan
and Ukraine actualize the need to create integrated auto-
mated energy management systems using modern meth-
ods of machine learning.

The purpose of this work is to compare modern meth-
ods of analysis, modeling and forecasting the consump-
tion of electric energy at the national, sectoral and individ-
ual (by facilities) levels, as well as to study the experience
of their use in various countries and industries.

In this paper we have used classical statistical “ad
hoc” models, advanced ensemble methods and neural net-
works to predict electric power demand with a case of the
wholesale energy transmission company.

The rest of the paper is organized as follows:Section
2, contain Literature review, Section 3discuss the Compar-
ative analysis of the methods and models, Section 4 con-
tain Application and Results, the Conclusion of the study
is provided in Section 5.

2 Literature review

The ubiquity of modern technological devices for measur-
ing the amount of energy consumed has contributed to the
development of engineering and statistical analysis meth-
ods, which make it possible to effectively plan, predict and
monitor the growing load on the power grid.

Over the past decade, research has intensified in the
area of forecasting electricity consumption for industrial,
municipal, and energy distributing enterprises, housing
complexes, business structures, and individual houses [1—-

This work is licensed under the Creative Commons Attri-
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models in terms of their better interpretability and specifi-
cation of the uncertainty around the point forecasts.

3.1 Autoregressive approach

One of the most widely used classical “ad hoc” time series
techniques is Autoregressive moving average (ARMA) or
Autoregressive integrated moving average (ARIMA) mod-
els that apply the Box-Jenkins methodology [21]. These
models predict time series’ future values based on a linear
combination of its previous values and disturbances. The
ARIMA model with parameters p (the autoregressive order
or the lag of the model), d (the integration or differencing
order), g (the moving average order) fit an equation:

Ay =c+ 1A% g+t @pAlyep + 01+ (1)
+0q€t-q + &t

Here y; represent the actual time series values in time
period t; A2 = (y;.; — y)? is the difference operator of
the d'™" order, applied to remove a stochastic trend; ¢1,....p,
01,...,q are the parameters of the model; &;is a error term
that is assumed to be a stationary Gaussian white-noise
process with mean zero and constant variance o2 [21].
Model (1) can be rewritten using backshift lag operator (L)
notation as:

L)1 -L) y; = c+ 0(L)e @

A special case of model (1) is the Seasonal autoregressive
integrated moving average model SARIMA (p, d, g)x(P, D,
Q)s [21]:

OL)PL)AADye = 0 + OL)B(L)ee, €)

where s is the seasonal length — the number of periods in
a season (s=12 for monthly series); L is the lag operator; A?
is the seasonal difference operator.

An iterative modeling approach implies assessing sta-
tionarity and seasonality patterns; identification of the
model parameters and their estimation with maximum
likelihood or non-linear least squares methods; checking
adequacy and prediction accuracy of the model [22].

A common technique to assess the stationarity of the
series is the Augmented Dickey-Fuller (ADF) test. It esti-
mates the model (4) to test the null hypothesis of a unit
root against the alternative of stationarity [23]:

Ayr = a+Pt+(p-1)yr-1+614y1-1+...+8p 14y pia+ee, (4)

where a is a constant, f the coefficient of a simple time
trend, p is the parameter of interest, A is the first dif-
ference operator, §; are parameters and p the lag or-
der of the autoregressive process.Specification of the
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ARMA/ARIMA/SARIMA models is commonly facilitated by
the graphical analysis of the correlograms (the autocorre-
lation function, ACF, and partial autocorrelation function,
PACF) of the original and differenced series [21]. Selection
the optimal model parameters (p, d, q), (P, D, Q) is justi-
fied by minimization of the information criteria (see Ap-
pendix 1). The Hyndman-Khandakar algorithm automates
this procedure with the function auto.arima of the “fore-
cast” R package [22].

To eliminate the problem of unreliable MLE parameter
estimation and to reveal unobservable state of the series
frequently the Kalman filter algorithm is used for ARIMA
state-space models [24].

In the presence of the consistent change in the vari-
ance over time, the Autoregressive model of conditional
heteroscedasticity (ARCH) [25] or Generalized uutoregres-
sive conditional heteroscedasticity model of (GARCH) are
appropriate [26]. The models predict the future conditional
and unconditional variance presuming the stationarity of
the series (no trend or seasonal component) [26]:

O]

&t = 0tZ¢

Here the error term &; accounts for a stochastic white-noise
process z;, and a time-dependent standard deviation, 0.

For ARCH(q) the squared innovations o7 are modeled
as:

©)

0F =g+ Q1EFq + .ot aqsf,q,

where ap >0and a; 2 0,i > 0forall t.
For GARCH(p, q) the series ¢7 is modeled as:

2 2 2 2 2
07 = k+71001 + . +1pOrp + Q1€ + ... + ALy, (7)

Here p and g are nonnegative integers, representing
the number of lagged conditional variances and the lagged
squared innovations, respectively.

GARCH models have numerous applications in finan-
cial time series analysis. The ARIMA/SARIMAX models fit
energy consumption series better due to relatively stable
dynamics and seasonal characteristics.

Despite the active development of machine learning
models, autoregressive methods (ARMA/ARIMA/SARIMA,
dynamic regression models, vector autoregressions, VAR,
and cointegration models, VEC) are still widely used to pre-
dict the electric energy consumption.

The researchers emphasize the improved forecast ac-
curacy of the SARIMAX models [1, 4, 22], which assesses
not only historical energy consumption data, but addi-
tional exogenous variables as well. Thus, considering holi-
days’ and weather effects, changes in the law, market sit-
uation and demographics, may explain significant data
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variation giving more reliable predictions. Dynamic regres-
sion models that include external variables and allow the
model errors to contain autocorrelation describing them as
ARIMA process showed good results as well [22, 27].

A common way to account for causality of nonstation-
ary series, make structural inference and policy conclu-
sions is to use vector autoregressive (VAR) models and
structural vector autoregressive (SVAR) models. They treat
simultaneous sets of variables equally, regressing each en-
dogenous variable on its own lags and the lags of all other
variables in a finite-order system [28]. The basic p-lag VAR
has the form:

®)

where Y¢ = (Vit, Yats --er Ynt)' is an (n x 1) vector of time
series variables; IT; are (n x n) coefficient matrices; &; is an
(n x 1) unobservable zero mean white noise independent
vector process with time invariant covariance matrix ).

The simplicity of estimation and interpretation of
VAR/SVAR models with impulse response functions and
forecast error vector decompositions made them a good
alternative to structural models. The authors [29] used
VAR approach to empirically prove the existence of bi-
directional causality between electricity consumption and
GDP in Russia.

The drawbacks of VAR approach in terms of explain-
ing the long-term dynamics of the series is successfully re-
alized by the Vector error correction models, VECM, used
to describe the cointegration relationships between the
variables. The basic VECM form a relationship [30]:

Ye=c+IhYiq+...+pYep+e, t=1,...,T,

AYt = @D+ Yy +T1AY g + 0T p 14Y e iy + &
H=II1+..+ I -In

)

r
==Y M, k=1,..,p-1,
j=k+1
where AY; and its lags are differenced I(0) series; D; is a
deterministic term; ITY,_; contains the cointegrating rela-
tions.

Authors [31] employed Johansen cointegration to de-
termine the long run relationship between energy con-
sumption and its determinants for different sectors and to
forecast future energy demand using scenario analysis.

Taking into consideration deep theoretical develop-
ment, outstanding empirical results, simplicity and feasi-
bility of justification and deployment, autoregressive mod-
els are highly recommended for use in experimental stud-
ies. It is important to mention that vector autoregressive
and cointegration models are suitable mostly for macroe-
conomic analysis of energy consumption by sectors, re-
gions and sources. ARIMA/SARIMAX models
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3.2 Exponential smoothing approach

Exponential smoothing is a powerful time series forecast-
ing method for univariate data, frequently used as an al-
ternative to autoregressive approach. This framework has
multiple applications in different fields of studies due to
its flexibility, reliability of the forecasts and low expenses.
Proposed in the late 1950s [32] this approach has motivated
some of the most successful forecasting methods.

The taxonomy of exponential smoothing models dif-
fers depending on the trend and seasonality nature. The
simple exponential smoothing model applicable for data
with no clear trend or seasonality produces forecasts as
weighted averages of past observations, decaying expo-
nentially depending on the timing of observations [22]:

Verrje = aye+ a(l - yer +a(l - a)Yeg+..., (10)

where O < a < 1 is the smoothing parameter.

Holt-Winters additive and multiplicative models sug-
gested improvement of the model (16) to account for trend
and seasonal patterns [22]. The more advanced state space
exponential smoothing models with additive or multiplica-
tive errors contain a measurement equation that describes
the observed data, and some state equations that describe
how the unobserved components or states (level, trend,
seasonal) change over time [22]. One of the most success-
ful recent advancement in exponential smoothing state
space models refers to TBATS model with Box-Cox transfor-
mation, ARMA error, trend and representation of seasonal
components by Fourier series [33]. This approach produces
high accuracy forecasts handling multiple nested and non-
nested seasonality. Although it requires extra calculation
time, especially for big time series data.

The general representation of TBATS model (11) in-
cludes level (12), trend (13), seasonal (14) and ARMA error
term (15) equations:

T

YO =la+ gbea+ Y sP+d(11) (1)
i1

It =11 + Pbey +ade (12)

be=(1-@)b+@bey +pde (13)

SE” = s](.f)[_lcos/\](.i) + sg’t_lsin/l}(.” +;d¢ (14)

p q

dr = Z Pidei + Z Oiee i+t (15)

i-1 i=1
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most popular ensemble learning algorithms are bootstrap
aggregation (also known as bagging); random forests; ex-
tremely randomized trees (also known as extra trees), and
boosting [38]. The first three methods are based on a sim-
ple averaging of the base models, while boosting meth-
ods apply iterative optimization algorithms based on deci-
sion trees and minimization of the loss function [39]. Boost-
ing algorithms like Gradient Boosting [39], XGBoost, Ad-
aBoost, Gentle Boost are frequently demonstrate state-of-
the-art results at Kaggle and other machine learning com-
petitions [40]. The improvement of prediction accuracy by
the gradient boosting machine model comparing to piece-
wise linear regression and to a random forest algorithm
have been proved in [38] on the example of energy con-
sumption of commercial buildings.

4 Application and Results

In this section we use the hourly energy consumption data
(2012 - 2017) of the US wholesale transmission organiza-
tion [41] to test the prediction accuracy and deployment
features of the statistical and machine learning methods
described in Section 3. Visual inspection of the electricity
consumption time series point on the possible sources of
data variation, including weather, holidays, daily, weekly
and monthly periodicity (Figure 1).

Figure 1: Hourly electricity consumption in MW, 2012-2018.

It is expected that the electricity consumption should
be lower during weekends and nights, and may be higher
at holidays and in summer and winter months. To account
for possible multiple seasonality different exogenous vari-
ables are considered: outside air temperature, time of the
week, hour of the day. The models are implemented in R
programming language using ‘Forecast’ [42], ‘Segmented’
[43], ‘XGBoost’ [44], ‘enn’ [45] R packages. To check the
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prediction accuracy of the models the dataset is split into
training (49660 observations) and test (2944 observations)
data sets.

The study compares results for univariate and multi-
variate models. Predictions, based on the univariate series
of electricity consumption, include:

1. Autoregressive Integrated Moving Average models
(ARIMA);

2. Exponential smoothing state space model with Box-
Cox transformation, ARMA errors, Trend and Sea-
sonal components (TBATS);

3. Multiple Seasonal Decomposition model (MSTL);

4. Dynamic Harmonic Regression with ARMA error
term.

For multivariate time series analysis we estimate
ARIMA, piecewise linear regression that include addi-
tional input variables. To improve the prediction accuracy
of the energy consumption modeling we used the gradient
boosting [44] and neural network [45] machine learning al-
gorithms.

Tables 1-2 demonstrate the model and forecast accu-
racy for training and test sets.

The energy consumption models are ranked by the
forecast accuracy in this order:

1. Recurrent multilayer perceptron network (RMLP)
with four selected input features.

2. Gradient boosting tree model with input variables
(date, hour, day of week, month, quarter, year, day
of week, day of month, week of year).

3. Piecewise linear regression with exogenous vari-
ables (air temperature — used for segmentation, day
of the week, hour of the day).

4. Nonparametric multiple seasonal decomposition
model (MSTL) with daily, weekly and yearly season-
ality.

5. Autoregressive integrated moving average models
(ARIMA) with exogenous variables (air temperature,
day of the week, hour of the day).

The ARIMA model fits the following equation (with
standard error given in brackets):

_1.802y,; 0.879y,, 1.168e1

20
Y% (0.003)  (0.003) _ (0.007) (20)
0.213g;,
(0.007)
0.611 - Temperature L 0.188 - day_of _week
(0.148) (0.285)

0.762 - hour_of_day

(0.031) e
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Table 1: Model accuracy for training data sets.

Analysis of modern approaches for the prediction of electric energy consumption =— 357

ME RMSE MAE MPE MAPE  MASE ACF1 AIC
Baseline py mean value -8.5e-14  297.20 232.17 -3.18 14.46 4.62 0.97 NA
TBATS 6.85e-03 41.03 25.31 -0.04 1.58 0.50 0.043 147954.9
MSTL -0.0036 28.67 18.34 -0.02 1.16 0.36 0.086 NA
Dynamic harmonic 0.32 43.34  28.11 -0.039 1.75 0.56 0.03 NA
regression
ARIMA (2,1,2) 1.97e-04 35.76 26.49 -0.028 1.62 0.55 0.018 430150.7
ARIMA (2,1,2) with Xreg 3.65e-04 35.49 26.22 -0.026 1.61 0.54 0.021 429599.4
Piecewise linear regression -1.62e-7 101.48 62.6 -0.10 3.91 1.23 0.11 553966.8
Table 2: Forecast accuracy for test data sets
ME RMSE MAE MPE MAPE MASE
Baseline mean value uy -8.9e+01 323.14 268.81 -9.77 18.45 5.35
TBATS 4.3e+02 515.81 440.46 28.16 28.97 8.76
Dynamic harmonic regression 236.13 361.49 274.90 12.99 16.05 5.47
ARIMA (2,1,2) with Xreg -1.1e+02 252.90 199.98 -10.27 14.57 4.15
MSTL 96.88 278.27 206.52 3.91 12.38 4.11
Piecewise linear regression -112.31 164.84 135.55 -7.92 9.31 3.09
Gradient Boosting 70.04 158.46 130.31 -7.61 8.95 2.97
Neural network 27.38 61.97 50.96 -2.97 3.5 0,99

In model (20) the exogenous variable day_of week
turns to be insignificant. According to the Hyndman-
Khandakar algorithm [22] the optimal ARIMA model
doesn’t include any seasonal parameters. At the same time
variables Temperature and hour_of_day significantly influ-
ence the hourly energy consumption.

Dependency of the energy consumption on the year
seasons (rise in summer and winter months and slowdown
in the rest of the year) explain the choice of the piecewise
linear regression. Effect of temperature on electricity con-
sumption is presented in Figure 2.

Demand (MW)

0 o0

Temperature (degrees Kelvin)

Figure 2: Temperature effect on the energy consumption

The estimated temperature breakpoint by segmenta-
tion algorithm [43] is 287.74 degrees of Kelvin. The piece-
wise model explains 74.42% of electricity consumption
variation. The Temperature coefficients of the piecewise
linear model are given in (21), the full model is given in
Appendix 2.

6289.88 — 17.45Temperature
(36.08) (0.129)
6289.88 -71.60x287.74
+(287.74 - 17.45)Temperature
(36.08) (0.32)

for x < 287.74
for x > 287.74

y- @

Gradient boosting [44] and neural network machine
learning algorithms used in the study are based on the ex-
traction of the influential data features for models’ train-
ing. The main features of the energy consumption time
series are hour, day of week, month, quarter, year, day
of week, day of month, week of year. Feature importance
according to the gradient boosting tree algorithm is pre-
sented in Figure 3.

Detailed analysis of the errors of the gradient boosting
model revealed the worst prediction accuracy for holidays.
Inclusion of holidays’ dummy variable (takes 1 if the day
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Figure 3: Gradient boosting: feature importance.

is a holiday and 0 otherwise) helped to improve the fore-
cast accuracy MAPE to 5.45%. Estimated neural networks
model showed the best forecast accuracy using two layers
and four input variables that form the most important fea-
tures of the energy consumption series. At the same time
empirical analysis revealed deterioration of the forecast ac-
curacy of the estimated machine learning methods in favor
of TBATS and ARIMA model with exogenous variables.

5 Conclusions

The paper contains analytical review of theoretical and
practical issues of effective energy management system
based on the analysis of internal (technical, economic,
structural, regime) and external (meteorological, environ-
mental, energy, macroeconomic) factors. A comparative
assessment of modeling techniques used to forecast elec-
tricity demand is considered. Two areas of research have
been identified: forecasting electricity consumption based
on panel data (by countries; regions; sectors, industries)
and by individual objects that have the appropriate equip-
ment to measure high-frequency consumption.

The findings point on the evolving shift from classical
regression models to machine learning algorithms. Classi-
cal statistical techniques are still used but mostly in terms
of hybrid models designed to reduce the model error or
eliminate the existing assumptions for parameter estima-
tion. In this respect, exponential smoothing model TBATS,
seasonal trend decomposition model STL and seasonal au-
toregressive model SARIMAX form the top list of statistical
techniques according to publications’ review and empiri-
cal assessments.

The empirical analysis proves the extreme importance
of clean high-frequency long statistics for high accuracy
forecasts of energy consumption. Verification of signifi-
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cant independent variables that explain variation of en-
ergy consumption is found to be another factor that im-
proves the quality of predictions, especially for short data
samples.

The increasing popularity of machine learning meth-
ods, and gradient boosting and neural networks in partic-
ular, is their ability to extract features from the series and
include them in the models without specifying the parame-
ters, as is the case with standard statistical algorithms. The
empirical study proved their superiority in terms of fore-
cast accuracy, especially for long samples. Besides these
models are less prone to overfitting and let the user to
include non-significant variables and parameters without
the loss in the predictability of the model [38]. The empir-
ical model evaluation in RStudio Integrated Development
Software revealed problems associated with huge compu-
tation time undertaken for neural networks model. The
XGBoost gradient boosting algorithm realized in [44] suffi-
ciently decreases this time applying paralleling technique.
Still much effort should be taken to help the final user toin-
terpret these models not only by the accuracy metrics, but
also by the “black box” investigation. Real time analytical
solutions enabling in-time detection of the energy demand
and its high and low picks, require further research consid-
erations.
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Appendix 1

Statistical Metrics to Evaluate Model Adequacy and Fore-
cast Accuracy

To check the model fit we need to check significance
of the coefficients, overall model adequacy and stability,
correspondence to the model assumptions: no serial corre-
lation, homoscedasticity and normal distribution of resid-
uals.

The model adequacy is estimated on the basis of resid-
ual standard error (¢2), coefficient of determination (R?)
that refers to the percentage of energy consumption vari-
ance explained by the model:

R2= {1 _ %Z?:l(}’t *}702

var(y)
The model selection among alternatives is based on the
information criteria usage. Akaike (AIC) and Schwarz
Bayesian (BIC) criteria choose the most parsimonious
model from the degrees of freedom point of view [23].

} x 100 (22)

AIC=1n (%) + Z(I’T* U @)
BIC=1n <ngg> +(”;q) InT (24)

The accuracy of the forecasts is verified on the basis of the
following error measurements [22]:

1. ME (Mean Error):

n

M- 1 > 07 @)
2. RMSE (Root Mean Squared Error):
1¢ L
RMSE = H; (ve-9) (26)
3. MAE (Mean Absolute Error):
1 -
MAE = =3 |y - yil @)

t=1
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4, MAPE (Mean Absolute Percentage Error):

1 5
MAPE = H;‘%‘ (28)
5. MASE (Mean Absolute Scaled Error):
MASE=12": ye=Ji @9)
n 1

T
1 | Tom t=me1 Ve = Yeoml|

Here m is the number of seasonal periods, for non-
seasonal time series m=1.

Serial correlation can be assessed with autocorrela-
tion function (ACF). ACF at lag=1 can be expressed as [22]:

_TL0-Noe-Y)

Y -9’
where y; is the actual value of the series; ¥ is the mean
value of the series; T is the number of time periods.

ACF1=r, , (30)

Appendix 2

***Regression Model with Segmented Relationship(s)***
segmented.lm(obj = Im(DUQ_MW ~ Pittsburgh +
hour_of_day + day_of_week,temp_power_train), seg.Z =
~Pittsburgh)

Estimated Break-Point(s):

Est. St.Err

psil.Pittsburgh 287742 0.039

Meaningful coefficients of the linear terms:

Estimate Std. Error t value Pr(>|t|)

(Intercept) 6289.8786 36.0835 174.315 < 2e-16 ***
Pittsburgh -17.4485 0.1295 -134.783 < 2e-16 ***
hour_of_day01 -57.8623 5.0219 -11.522 < 2e-16 ***
hour_of_day02 -89.0548 5.0285 -17.710 < 2e-16 ***
hour_of_day03-106.9933 5.0321 -21.262 < 2e-16 ***
hour_of_day04 -111.4492 5.0311 -22.152 < 2e-16 ***
hour_of_day05 -94.6977 5.0331 -18.815 < 2e-16 ***
hour_of_day06 -37.7681 5.0343 -7.502 6.4e-14 ***
hour_of_day07 53.9267 5.0357 10.709 < 2e-16 ***
hour_of_day08 127.5685 5.0367 25.328 < 2e-16 ***
hour_of_day09 183.5881 5.0373 36.446 < 2e-16 ***
hour_of_day10 235.9642 5.0384 46.833 < 2e-16 ***
hour_of_day11 275.7144 5.0376 54.732 < 2e-16 ***
hour_of_day12 297.0947 5.0323 59.038 < 2e-16 ***
hour_of_day13 2975840 5.0283 59.182 < 2e-16 ***
hour_of_day14 291.9243 5.0226 58.122 < 2e-16 ***
hour_of_day15 274.3167 5.0199 54.646 < 2e-16 ***
hour_of_day16 251.7429 5.0204 50.144 < 2e-16 ***
hour_of_day17 246.0881 5.0231 48.991 < 2e-16 ***
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hour_of_day18 255.1194 5.0254 50.766 < 2e-16 ***
hour_of_day19 239.2830 5.0284 47.586 < 2e-16 ***
hour_of_day20 214.1266 5.0295 42.574 < 2e-16 ***
hour_of_day21200.5399 5.0269 39.893 < 2e-16 ***
hour_of_day22 160.0846 5.0251 31.857 < 2e-16 ***
hour_of_day2379.5914 5.0213 15.851 < 2e-16 ***
day_of_week2 23.7112 2.7093 8.752 < 2e-16 ***
day_of_week3 34.0968 2.7093 12.585 < 2e-16 ***
day_of_week4 29.0373 2.7121 10.706 < 2e-16 ***
day_of_week5 2.6755 2.7123 0.986 0.324

day_of_week6 -119.0771 2.7121 -43.906 < 2e-16 ***
day_of_week7 -148.5501 2.7129 -54.756 < 2e-16 ***
U1.Pittsburgh 71.5975 0.3233 221.449 NA

Residual standard error: 150.4 on 43027 degrees of freedom
Multiple R-Squared: 0.7442, Adjusted R-squared: 0.744
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OPTIMAL CONTROL OF POWER SYSTEMS

Abstract. This article discusses the study of problems of optimal control for electric power systems. The
numerical solution of optimal control problems for complex electric power systems using an iterative algorithm is
shown. Also considered are issues of solving the optimal control of a nonlinear system of ordinary differential
equations in two different cases. The proposed solution methods follow the principle of continuation of extremal
problems based on sufficient conditions for optimality of V. F. Krotov. A special case of optimal control problems is
considered. Numerical experiments showed sufficient efficiency of the implemented algorithms. The problem of
optimal motion control of a two-system electric power system is graphically illustrated in the proposed numerical
example.

Keywords: optimal control, electric power systems, an iterative algorithm.

1 Introduction

The industrial growth of any country largely depends on the reliability of a large interconnected
power system. The electric power system is an important form of modern energy source, since it is used in
almost all spheres of human activity for socio-economic development. In an interconnected power system,
the purpose of an electric power system's engine is to generate electrical energy in sufficient quantities at
the most appropriate place of generation, transfer it in large quantities to load centers, and then distribute it
to individual consumers in the proper order.

Mathematical model of modern electric power complex, consisting of turbo generators and complex
multiply connected power units, is a system of nonlinear ordinary differential expressions. It is known
[1-3] that this model serves as the basis of a broad and relevant class of control problem.

It should be noted that mathematical simulation of various processes and systems, including electric
power system, are closely related with problem of making the best decisions. The optimization problems,
as well as the creation of methods of building control on the principle of feedback for such systems, still
attract attention of many researchers.

Optimal control theory is based on the maximum principle of L.S. Pontryagin and the method of
dynamic programming of R. Bellman. It is known that the maximum principle reduces extreme challenge
to the decision of a special system of ordinary differential equations, and dynamic programming methods
to the solution of partial differential equations.

In many cases, the exact solution of these tasks is quite difficult. Why we developed numerical
methods for solving extreme problems [5], based on the extension principle [6-11], which differ in the
considerable variety of approaches and results.

These methods found a wide and effective application in solving some optimal control problems of
large dimension and of various complexities [12-23]. Note that our works [24-26] were also devoted to
the solution of optimal control problems. A study of global asymptotic stability was carried out in [27].

There are two widely spread areas in engineering practice among different research directions in
optimal control theory based on the method of state space. One of them combines the methods of optimal
control, which involve optimizing the system by minimizing the functional that characterizes, as a rule, the
quality of regulation [21]. The second area contains the methods of modal control, i.e. methods of forming
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feedback circuits, giving a closed-loop automatic control system (ACS), pre-selected root distribution of
the characteristic equation [28].

The need to reconfigure the values of fudge factors of industrial controllers due to several factors
associated with changes in the characteristics of complex energy facilities. Factors occur due to load
changes, properties of energy resources, work of parallel regulation channels associated with controller via
the object, equipment deterioration, impact of uncontrolled external disturbances, etc. For example, the
load change of thermal power unit causes the change of position of regulating units. Tilt of operating
characteristics of the regulating units of different types (slide, dampers, dampers, valves, etc.) may change
in 2-3 times in different positions. The gain ratio of the object changes in 2-3 times accordingly that
results in deteriorating the quality of transition processes. These degradations essentially influence the
technical-and-economic performance of the equipment by decreasing its efficiency.

Testing parameters similarly change in other technical processes of complex objects of power-supply
branch. In order to increase the effectiveness of the disturbance control and suppression processes, which
are caused by the change of equipment operation load and other performance factors, it needs to use
optimal digital control systems.

Thus, the study of modern principles of optimal control systems of complex objects is an actual
scientific-technical problem.

In this paper, solving of optimal control problems for power system uses the principle of expansion
extreme problems based on sufficient optimality conditions.

2 The optimal control formulation

It is required to minimize the functional

JW) = 053k, [ (ky? +ru?)de + A(x(T), y(T)), ¢H)

under the condition:

dx; dy;

d_tl =Y d_tl =—AYi +£(X) + biuy,

x:(0) = xi0,¥:(0) = y0,i = L, t € (0,T), (2)
x(),y(®) : (0,T) - R,

where {x;,y;}}_, — is system condition {u;}}_, — control; {f;(x)}_;,A(x,y) — given continuously
differentiable functions and functions
fi (x) satisfy the integrability conditions:

0fi(x) _ 0fi(x)
ox,  0x;

Vi# ks 3)

We consider point in time T and initial states {x;o,y;} ordered; r;, 4;, k;, b; — positive constants;
terminal values x(T), y(T) are unknown earlier.

We should note that if we appropriately set the f;(x),i = 1, ..., [, — function, non-linear problem of
Cauchy (1)-(2) images the electric power system, for which the problem of synthesis is an important
practical task of optimal control.

Special case of the control problem (1)-(2).

Further, in the optimal control problem (1)-(2) we assume that there are following data for the control
problem:

b2 —
ki = 22; +?‘, ie1,l
L

In this case, we can solve the problem (1)-(2), following the Bellman-Krotov formalism [9,10]. At
first, we show the correctness of the next Lemma.

Lemma 1. In order that the control u)(y;) = —% Vi, i = 1,1 and the relevant solution of system

(2)-(3) {x(1),y(t)} could be optimal, it is necessary and sufficient that

_ gy ——
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o(x(D), y(T)) =~ A,y k=22, + L, €T @)
p(xy) = 0. SZyL f N (FC T A .12 @
xj=0, J>i0

@ (x,y) — the Bellman-Krotov function ,where
J@®) = minJ () = ~p(x(te), y(t)).

Implementation of iterative algorithm for the problem (1)-(2).
Let us describe the procedure of improving a given s-order approximation

19S(t) = {xl,s(t)v rxl,s(t)r}/l,s(t)r ---:yl,s(t)r rul,s(t)t rul,s(t)}-

Step 1. Let us find a solution the next dual problem

dpl () 0H (20, 75(0), Vay 9 (xs(0), 75(0, 1))
dt ax; ’
dplys®  OH (%0, 35(0), Yy (s (0), %50,
dt ay; : el
IN(x(T),y(T IN(x(T),y(T
l»bi,s(T) = —%, l,[J[.H',s( ) (J;(yz,r};( )) ,i=1,..,1,

where
H(xs(0, y5(6), Vay 9 (s (), ys(6), £) = max H (x5(8), ¥5 (0, Vi 0 (5 (1), y5 (£, ), 1, 1),
H(x ¥, Vey®,u,t)

do(x,y,t) ,  dp(xy,t)
= —0.5[k;y? +rlu2]+z PP oy [Ayi + £:(x) + by

i(x,y,Vyy0,t) € Arg max H(x,y,Vyyo,u,t),

H(x,y,Vyy (@.0),8) = H(x, 5,V 0, W(x,y, Vi y 0, t), £),
Ps(t) = Vx,ylp(xn Y, t)lx:xs(t),y:ys(t)

Step 2. We solve Cauchy problem (2) at u = ﬁ(x,y, Vay® t) and find function of state
{541 (), Y541 ()} and control function

usq () = (x,y, Vx,yq)s(x' 1), t)|x=x5(t),y=y5(t)
Thus, we find new functional approximation of control state {xs,1(t), ¥s41(t), us+1(t)}, for which
the inequality is true:

](xs+1 (t)a Ys+1 (t), Ust1 (t)) < ](xs(t); Vs (t); us(t))-

Application of iterative algorithm to solve the problem of optimal control of steam turbines’
capacity.

One of the models describing the transient processes in electrical system is the following system of
differential equations [1, 2]:

ds; ds; . )
T Si, H;— P —D;S; — EfY;; sinay; — P;sin (6; — ;) —
=Sk jeiPysin (8 —a;) +w, i€ LI, t€(0,D), (10)
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8ij = 6; = 6;, Py = E;UY; 41, Pij = EiE;Y;,
where §; is an angle of rotor deflection of i -alternator towards some synchronous roll axis (roll axis of
constant voltage bus, which makes rotation at a speed of 50 rpm/sec.; S; — slip of i -alternator; H; — an
inertia constant of i-alternator; u; = P; — mechanical outputs, which fed to alternator; E; — EMF of
i-alternator; Y;; — mutual conductance of system branches i — and j; U = const is tension in constant
voltage bus; Y*,n+i characterizes connection (conductivity) of I — alternator with constant voltage bus;
D; = const = 0 — mechanical dumping; a;;,a; — constant values with active resistance influence in
armature alternator circuits.

The complexity of the model’s analysis (10) is in taking account a;j, a;; = a;;,i,j = 1,1. Because
6;j = —&j;,then the model (10) is not a conservative; you cannot build a Lyapunov function for it in the
form of the first integral. The system is called positional model.

Let the state variable and control variable in the established post-emergency mode are equal to:

Si 0, 6,‘ é'lp‘ Ui uip" i m (11)

To obtain the system of perturbed motion let us pass on to equations in fluctuations, supposing that:

S; = AS;,8; = 8F + A8, u; = uf + Ay, i =1,1. (12)

Next, for the convenience of the variables AS;, Ad;, Au;, again symbolizing S;, §;, u; from(11) we get:

dé; ds; 1
dtl S dtl 17, [T DiSi = fi(80) = Ni(8) + My(8) +wil,
L

i=T1Lte(0,T), (13)

where

fi(6) = P;[sin(8; + 8F — a;) —sin(6] — a;)],
) L

N@) = ) FyGu..80= . Thlsin(sy +8f) - sinaf],

jeLj#i j=Lj#i
L
M@= ) W@, ..8) = Th[cos(8y +8f) — cos 8],
j=1,j#i

I}, = Pjcosa; T = Pjsina;, Py = Py, T, =Tl k= 1,2.

The control will be searched in the form of:

U =v; — ML(E),I = 1, l, (14)

where v; to be determined.
It is required to minimize the functional

1 T
JW) = J(Wy, e v) = 0.52 f(wsiSf + wyv2)dt + A(8(T),S(T)), (15)

=10

Under the condition (13)-(14), where wy;, w,,;— positive constants of weight coefficients;

fi(6;) — 2m continuously differentiable periodic function; Ni(S)~ 2mm- continuously differentiable
periodic function towards &;;; for N;(8) the condition of the integrability of the type (3) is accomplished;
T - the duration of the transition process is considered as given. In addition, the initial conditions have
been given:

8;(0) = 80, 5:(0) = Sy, i = 1,1, (16)

—_— 8§ ——
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Final value of the system status &,(T), S,(7) is not known in advance, they should be determined by

solving optimal control problem (13) - (16).
To solve this problem for electric power systems used Krotov theorem on sufficient optimality
conditions [1,2]. As a result, we obtain the following theorem.

Lemma 2. In order to manage vlp =- Wii—, i= ﬁ and the relevant decision {60,50} systems (13) to
vi
be optimum, it is also necessary and enough that

A(8(T),S(T)) = —(8(T),S(T)), w; = 2D; +% >0,i=1,1

1 8i 1 i
065 =05 1+ [ f@dsi|+ Y [ NSt uBisns 8
i=1 0 i=1, o
§;=0,j>i
where ¢ — Bellman-Krotov's function, besides,
J°) = minj(v) = —¢(8°5°)
v
In conditions of lemma 2 assumptions (8) from lemma 1 take the form of:

@S; L —
VsiSi = —H_L [fi(6) + Ni(®)],  T.e @5, = H;iS;, 05, = fi(8) + Ni(8),i = 1,L
L

3 Numerical example. The optimal motion control of two-unit electric power system.

In the system (10) we take ,i = 1,2, and assume that the mechanical damping is not available, i.e. the
coefficients D,, D, are equal to zero. According to the values (10)-(16), the optimal control problem takes
the form of [3]:

2 T
J@) = J(ug,up) = 0.52 f(msi2 +0.1v2)dt + 0.5(82(T), S2(T)), a7
i=10
ds; ds; 1 o
Pl s Hi[ fi(8) — Ni(8) + v, i = 1,2 (18)

where £;(6;) = Pi[sin(6; + 67 — a;) —sin(8F —a;)].i = 1.2,
N,(8) = Ty[sin(8;, + 6f,) — sin 67,1,
M, (8) = Ty[cos(8, + 6f,) — cos 61,],
8f, =6F —6F, Ty =P,cosay,,
[y = Ppsinayy, 812 = 61— 83,851 = =6y

Numerics of the system (30):

a 7} Hy H, Py Py Py 57 55 Q12

-0,052 | -0,104 | 2135 1256 0,85 0,69 09 0,827 0,828 | -0,078

and initial data:
6,(0) = 0.18; 5,(0) = 0.1; S;(0) = 0.001; S,(0) = 0.002

The results are shown in figures 1 and 2. Herewith, the value of a functional (17) has been reduced to
the value = 0,006865.

Figure 1 - Functions 81, 32 with control, Figure 2 - Functions Si, Sz with control
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We use the 4-th order Adams-Bashford, Adams-Moulton and Runge-Kutta methods for more accurate
results.

Adams-Bashford (A-B) method:

h
Yn+a = Vpis t+ ﬁ(ssf(tnuaymz)_59f(tn+z:yn+2)+ 37 (s Yur)) =S (s ),

251 5
——h
720 v ()
Adams—Moulton (A-M) method:
h 19
Vura = Vues + 2= OF trian Vura) 19 F (32 Yuas) = 5 (toas Vuia) + s Yus)) = =1 ().
24 720
Runge-Kutta (R-K) method:

h
Va1 =V, t g(kl + 2k, + 2k; + ky)-
Comparison of the used methods is shown below:

a)
Figure 3 — methods of A-B (line - - -), A-M (line * * ) of the 4-th order
a) time change of S; b) time change of &

b)
Figure 4 — methods of A-B (line- - -), A-M (line * * *) and Euler (line -) of the 4-th order

a) time change of S; b) time change of &

b)
Figure 5 — methods of R-K (line - - -) and

Euler (line -) of the 4-th order
a) time change of S; b) time change of &

b)
Figure 6 — methods of A-B (line - - -), A-M (line

*+*) and R-K (line-) of the 4-th order
a) time change of S; 6) time change of &

— 9] ———
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According to the obtained results it is clear that the increase of more than 4 is not necessary, as they
equally converge to zero.

For this task the Adams-Bashford and Runge-Kutta methods converge to zero faster than when using
the method of Adams-Moulton. It allows to reduce time and speed up the process of determining
emergency situation. Since the Adams-Moulton method is implicit and requires the solution of the
"historical" values, which takes computation time.

Conclusions

The paper deals with solution of optimal control of nonlinear system of ordinary differential equations
in two different cases. The studied model, in particular, describes management processes in electric power
systems. The proposed methods for solving hold to the extreme tasks expansion principle, based on
sufficient optimality conditions of V.F. Krotov. The numerical experiments have shown sufficient efficacy
implemented algorithms.
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M. H. Kaanmoanaes, M.T. Iixenanues, A.A. Adaunnaesa, T.K. XKykadaesa, M.A. AxmeT:kaHOB
Axnapa'n'mx JKOHC CCEHTCyiLU TEXHOIOrUsJIap HHCTUTYTHI, AHMaTLI, Ka3a1(c‘raﬂ
JJIEKTP SHEPTETUKAJIBIK )KYUEJIEPII OHTAMJIbI BACKAPY

AuHoTanusi. 3eprTTey/iH ©3eKTLlNir Kypjeni 3/eKTp-5HepreTHKasblK KeIICHIEPIiH KaHApPThUIybIHA 3KOHE
JIMHAMHKAChIH 3epTTeyre Herizuenre. WHaycTprabl KOFAMHbBIH 3aMaHayH J1aMybl KyaTTbl SJICKTP-IHEPreTUKAIIBIK
KeLIeH/[ePAiH KYPBUIybIH aiiKbIH/AIl, SJI€KTP-3HEPIHACHIHBIH TYPAKThI )KOHE Y31IiCCi3 apTybIH KAMTaMachl3 eTeji.

TypGoreneparopiap/blH 0achiM KeIIiliri xoHe *kHi OaiIaHbICThl SHEPreTHKAbIK 00BEKTiNepi KaMTHThIH
KYpJeNi 3JIeKTP-IHePreTHKAIBIK JKYHeNep/IiH KYMBICBIHBIH OpPHBIKTBUIBIFEI MEH KayilCi3iriH KaMTaMacchl3 eTy
JKOHE THIMII Backapy Mocernesepin 3epTTey/IiH 03eKTiTiri MeH MPaKTHKAIBIK KYH/ABUTBIFBIHBIH MAHBI3BI 30D.

TypGoreneparopiap MeH KYpAesi Typ/e ThIFbI3 OaillIaHBICTBI SHEPreTHKANBIK OJIOKTapAaH TypaThlH 3aMaHayH
JNMEKTP-IHEPTETHKANBIK ~ KEIICHHIH MaTeMaTHKalblK MOZeTi KapamaibiM  auddepeHnnsuIbK  TeHACYIepAiH
CBI3BIKCHI3 KYHECIH Kypaiibl.

Tuimai 6ackapy teopmsicer JI.C.IIOpTHATHHHIH MakCHMyM OpuHOMII MeH P. BelIMaHHBIH IHHAMHKAIBIK
Oarapiamanay oficiHe Herizaemeai. MakCHMyM TPHHIMIT dKCTPEMaIbIbl €CENTi Kapamaifbiv auddepeHnanIbK
TeHJICYNepAiH apHaiibl XKyifeciHiH memiMine oKence, an JWHAMHKAIBIK Oaraapaamarnay dJici )eKe TYBIHIBUIBIK
ecenTiH memiMin TabareiHel Oenrini. Kenrteren karmaiimapaa Oys ecentepiiH HaKThI HICNIiMiH Taly JKETKITIKTI
JICHTelie KHbIH.

By makanaza s1eKTp SHepreTHUKAIbIK Kyilelnepai OHTaiibl Gackapy MaceselepiH 3epTrey KapacThIPbUIFaH.
Wrepauusiiblk aIropuT™ai KOJII@HA OTBIPBIN, KypAENi 3JeKTp SHEpreTHKAIbIK KyiiedepiH GacKapy/blH OHTaiiibl
ecentepiHiy caHAbIK InemiMi kepcerinreH. Exi Typmi skarnaiina kapanaiibiM auddepeHIManiblK TEHACYJIEPIiH
CBI3BIKTBI €MEC JKYieciH OHTailibl Gackapy bl LIelly Macelenepi KapacTeIpblia/isl. ¥ ChIHBLFAH wemy dicrepi B.d.
KpoToBTbIH OHTaiinbl GOMybl YIIIH JKeTKUTIKTI XKarjainapra HEri3[elIreH dKCTPEeMallbl MAceleep/li JKaJIFacThIpy
KaruiachlH ycraHajsl. OHraiiinsl Gackapy Macelnenepidiy epexiue sxarnaiibl KapacTsipbinazbl. CanablK Toxipubenep
OpBIHZIAJIFAH AITOPUTMIACPIIH THUIMAUIrIH KepceTTi. YCHIHBUIFAH CaHABIK MbICAIAa €Ki JKyHeldi 9JIeKTp
SHEPrUsIChIHBIH OHTAIbI KO3FAIBICBIH GacKapy Macelieci rpadMKalbIK Typ/e KopCeTiireH.

Tyiiin ce3aep: oHTaitnsl 6acKapy, 37eKTp JHEPTeTHKAIBIK JKYienep, HTePaIHsIIBIK aITOPHTM.

M. H. Kaanmouanaes, M.T. [I:xenanues, A.A. Adaunnaesa, T.K. ’Kykabaesa, M.A. AxmeT:kaHOB
lI/IHCTPIT}'T HPId)OpMauHOHI—ILIX M BBIYHUCIIUTEIIBHBIX TeXl—IOﬂOFHﬁ, AJ'[MHTLI, Kazaxcran
ONITUMAJIBHOE YITPABJIEHHUE 3JIEKTPOOHEPTETUYECKUMHU CUCTEMAMH

AHHDTal.lPlSl. AKTyaJ‘U:HOCTl: HUCCIICJOBaHUs o6ycn03neﬂa HCOGXOAMMOCT]:K) MOJEpHU3ALIUN U HUCCIICIOBAHUS
JIUHAMUKHU CIIOKHBIX DJIEKTPOOIHEPTETHYECCKUX KOMIIIEKCOB. COBpCMeHHOe Pa3sBUTHE HMHAYCTPHAIIBHOI'O OﬁmSCTBa

TpeﬁyeT NOCTOSIHHOTO W HEMNPEPBIBHOIO pOCTa IPOU3BOJACTBA DJJIEKTPOOHEPIruH, s obecrieyeHust KOTOpOﬁ
CO31aI0TCsI MOLHBIC JIEKTPOIHEPIreTUICCKHUE KOMILIEKCHI.
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Oco0yr0 aKTyalbHOCTb M MPAKTUYECKOE 3HAYCHHE IPEACTABISIOT HCCICLOBAHHS ONTHMAIBHOIO yIPaBICHHS,
obecrieyeHust GE30MACHOCTH M YCTOHYMBOCTU PAabOThI CIOXKHBIX IEKTPOIHEPIETHUECKUX CHCTEM, COCTOSIIHX H3
GOJIBILIOrO YKCIa TYPOOreHEePaTOpPOB H MHOTOCBSI3HBIX YHEPIeTHYECKHX 0OBEKTOB.

Maremarnueckasi MOJENb COBPEMEHHOII HHEPreTHYeCKOil yCTAHOBKH, COCTOSIICH M3 TypOOreHepaTtopoB M
CII0XKHO CBSI3aHHBIX SHEPro6JIOKOB, 00pa3yeT HEIMHEITHY 0 CHCTEMY MPOCTHIX AP HEPEHIHANIBHBIX YPABHEHHIA.

Teopus >ddexTHBHOrO ynpapneHus ocHoBaHa Ha npuHnune Mmakcumyma JI. C. TlopTHArMHa M MeTona
JIMHAMHYECKOTO MporpaMMHupoBanns bBemimana. VI3BecTHO, uTO NPHHIMI MaKCHMyMa MPHUBOAMT K PEHICHHIO
OKCTPEMANbHOH 3a7auMl K CHENHaTbHOH CHCTeME NpOCTHIX Au(epeHIManbHbIX ypaBHEHHI, a MeTox
JIMHAMHYECKOTO MPOrpaMMHPOBAHASA TIPHBOAMT K PEIICHHIO MHAMBHAYalbHOH 3ajaunm o mpoiykre. Bo MHOrmx
CITydasx JIOBOJILHO CJIOJKHO HAHTH TOYHOE PeleHne STUX Mpodiem.

B naHHO# cTaThe paccMaTpPHBAIOTCS BOMPOCHI MCCIENOBAHMA ONTHMAIBHOTO YMPABIECHHS 3JIEKTPOIHEP-
TeTHYEeCKMMH cucTeMaMH. II0OKa3aHO 4HMCIEHHOE pelIeHHe 3a7ad ONTHMANbHOTO YHPAaBJIECHHSA CIOKHBIMH
9IEKTPOIHEPreTHIECKUMH CHCTEMaMH C HMCIOIb30BaHHEM HTEPAIMOHHOTO anropuTMa. Takke paccMaTpHBAIOTCS
BOTIPOCHI PENICHHs ONTHMAIBLHOTO YMNpPaBICHHS HETHHEHHOH CHCTeMOil OOBIKHOBEHHBIX aM(pdepeHIHaTbHBIX
ypaBHGHHIl B JBYX pasHbIX ciydasX. [IpeiosKEHHbIe METO[bl PEIICHHsS CICAYIOT IPHHLUMITY HPOLOIDKSHHUS
9KCTPEMAllbHBIX 3aJ1a4 Ha OCHOBE JOCTAaTOYHBIX yCJIOBMil onmTumanbHocTH B. ®. KporoBa. PaccMorpen uacTHbIi
ciyuail 3a1a4 ONTHMAJIBHOTO yIpaBieHHs. UMCIICHHbIE SKCICPUMEHTBI MOKA3aIM JOCTATOYHYIO 3(D(EKTHBHOCTD
pealM30BaHHBIX  AIrOPUTMOB.  3ajaya  ONTUMAIBHOTO  YNPABJICHMS  JBHIKCHHEM  JBYXCHUCTEMHOIL
9IIEKTPOIHEPreTHIECKOi CHCTEMbI Ipa)UuecKy MPONUIIOCTPUPOBAHA HA IIPEIAraeMOM YHCICHHOM IIpUMEpe.

KioueBble ¢j10Ba: ONTUMANLHOE YIPABICHHE, SICKTPOIHEPIETHICCKHE CHCTEMBbI, HTEPALIHOHHBIN aJITOPUTM.
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M.H. Kainumouiiae, A.A. Aoauiaaesa, M.A. AXMeT:KaHOB
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KYPIEJI DJEKTP-DHEPT ETUKAJIBIK KYUEIEPAETT «YJIKEH/II»
OPHBIKTBIIBIKTBI MATEMATHKAJIBIK MOJEJIBIEY

Amnparna. byn makanaza exiHmi peTTeri Kypieni 3JeKTp-3HepreTHKabIK sKyHenepiid sxoHe JIAnyHOBTBIH
«KMHETHKAJIBIK IHEPIHsl IUIHOC NOTEHIMAIIBIK SHEPrHsi» THUITI kaHa (QYHKLUMAHBIH Heri3iHjeri oKimayaHFaH Kimi xyiie
OPHBIKTBI TeHe-TeHAIK KYWIEpiHiH TapThUly CallaChIHAArbl Macenenep KapacTelpbuiafbl. COHBIMEH Kartap, 9JIEKTp-
JHEPreTHKANBIK OKYHEHIH MaTeMaTHKaNbIK MOZENbAePi  KapacThIpbLIambl.  DNEKTP-dHEPreTHKANbIK KyHeHiH
MaTeMaTHKaIbIK MOJENbACPIHIH «YIKeHi» OPHBIKTBUIBIK IIAPTTaphl ajiblHajAbl. Byn mapTrap exi CHHXPOHJIbI
MalllHHAJIBI JKYifere KOJIaHbLIbI, OHBIH OPHBIKTBUIBIFBI KOPCETiNe/.

Tyiiin co3/ep: 21eKTP-IHEPreTHKANBIK XKYHenep, «yIKeH/Ii» OPHBIKTBUIBIK, MAaTEeMAaTHKAIBIK MOJICNTbAED

Kipicne. TypGoreHepaTopiapiaH >koHe Kypieni Kem Oaiiambl JHEPreTHKAIBbIK OJIOKTapaaH
TYPAThIH, Ka3ipri 3aMaHFbl NEKTP-3HEPreTHKAIBIK KELICHICP/iH MaTeMaTHKAIbIK MOJEI CBI3BIKTEI eMec
KapanaiieiM 1uddepeHuuanapk TeHAeynepaid okyileci Gonbim Tabblmazsl. OcblHmail kyienep yuniH
OHTAMIIAHBIPY MOCENeCi, COHbIMEH KaTap Kkepi OaifnaHbic Karmpachl OOifbIHIIA GacKapyibl Kypaymibl
aJITOPUTMIH KYpY ©3€KTi OOJIBII TabbLIa/Ib] JKOHE KOIITEIeH 3ePTTEYIIiIep/IiH Ha3apblH ©3iHe ay1apajibl.

Byn makanaza ekiHINI peTTeri KypAeni 3JIeKTpP-3HepPreTHKaIbIK JKyienepiaiH xoHe JIAImyHOBTBIH
«KUHETHKAIIBIK SHEPIUs [UTFOC MOTSHIHANIBIK SHEPTUs» THITI yKaHa (YHKIMSHBIH HETi31H/Ier! OKIIayTaHFaH
Killni JKyiie OpPHBIKTBI Tee-TeH/IIK KYHIepiHiH TapThLTy CalachlHIaFbl MaCeseep KapacThIPhLIa/Ibl.

JIATyHOBTBIH jKaHa (DYHKIMACHIHBIH KOMETIMEH ACHMIITOTHKAJIBIK OPHBIKTBUIBIK JKOHE JKYMBICTA
KYPBUIFaH cajiajlaH KeH OOJIbIN TaObLIAThIH TAPTHLULY CalachIHIAFbl Oaraiap KapacThIpbuiansl [1].

OPpHBIKTHUIBIK JKOHE JMHAMMKAJIBIK JKYHenep/iiH TapThlly caachblHIarsl OaranapbiH 3eprreyine [2-6]
JKYMBICTAp apHaJFaH.

EcenTin KoibLIYbI

ExiHmi perti Kypjemi 3IeKTP-IHePreTHKAIBIK MOJACNIbICPACTi TapThUly CalachIHBIH OaramapbiH
KapacThIpanbIK.

Kem emmemai Kypaei 31eKTp-3HepreTHKAIbIK KYHeIep IiH sKalIbl MOJCTi:

do, ds, *
=S, ~=w,—D;S, - f.(0,)-y;(5.), w,=C;x, (1)
dt dt '
dx; —
D Ax +qS, +bu, =11, @
dt
MYHJIaFbl QYHKIHUS
!
‘//:(5;‘):2[)11\- (6 Sy =06, =6, 3
P
xyitenep men P, (.)apacemmarei  GaiimambicThl  aHbIKTaimel  —  Gepinren  ys3mikcis

nmubdepennmanianaten nepuontsl dynxmms, D; > 0 - cennipy xosdduumeni.
(1), (2) xyitenepine GipHelie reHepaTopIapsl 6ap MEKTP-dHEPreTUKAIIBIK JKYiienep )KaTa/Ibl, MyHIaFbI
78 ((5,_, ) QyHKIMA i-11i reHepaTOp/IbIH JKYHeeri 6acka reHepaTopIapMeH dCEPiH aHbIKTAN/Ibl JKIHE

f,(5,.):%[P,. sin(S, +8,)—Psins.], i=11,

i

i
1 . .
Vi (5,’ )= z_ [PU Sm(é‘/:o + 511' - Pij sm 5;/0)1
=L

“

DasanbIK TPACKTOPHSUIAP HAKTHI OPHBIKTHI TEME-TCHIK JKaFaiiFa YMTBUIATBIH ayMaKTap/bl aHbIKTay
YIKEeH TOKIPHOETiK KbI3BIFYIIBUIBIKTE Oaiikartamsl. (1), (2) kyienepiHiH «yJIKEHI» OPHBIKTHLIBIFBIH
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seprreyai JlamyHOBTBIH eKiHwi Tocini apkeutel G = {(é‘,,S,,x,)|§,]i <0, <0y, S, eRi], X, € Ri”‘}

JKOJIAFbIH/IA OTKi3eMi3. EKiHII peTTeri OKluaynaHFaH jKyienep yuriH

do, ds
L=S, —-=-DS,~ £, ©
dt ! dt £i@)

o o . 2
M, CTalMOHAaPJIbIK KeOeHTiHI Ri (5, 5 S,) (1)a3aJ'II>II( JKa3bIKTBIKTA TYPAKTBI JKOHE TYPAKCBI3 TEIIe-

TCHAIKTIH KE3eKTeCeTiH HYKTelepiHeH Typanabl. Tere-TeHIIKTIH  OPHBIKTBI JKAaFAailIapbIHBIH TapThUTY
ayMaKTapbiH Oaranay yuriH, JISIyHOBTBIH €KiHII TICUTiH KomjaHyra Gomazasl. OChl Ke3/ie MepHOATHIKTBIH

canjapslHaH JKYHEHIH (hazasbik OeiiHeciHae O, OYpHIITBIK KOODP/IMHATACHI GoiibIHIIa
Ri2(5,,5i)x<a3bIKTbn<Ta TYPaKThl TeNe-TeHIIKTIH TeK KaHa Oip HYKTECIMEH «YJKEH/1» OPHBIKTBLIBIK
3epTTeyiMeH IieKkTenayre Gosaasl (MbIcaibl, KOOpAMHATTapAbiH Oackl ((0,0)). Kemreren Taxipubenik

ecenTep YIIiH TeHe-TeHIIKTIH TYpPaKChi3 HYKTENepi apKbUIbl «CEKipill OTETiH» TPaeKTOPHSIAPBI IKOK
TapThUTy AyMaKTapblH aHBIKTAy KBI3BIFYIIBUIBIK TaHbITanbl. Ocbuiaiimia, (5) jKkyiie YIIH KOJTaKTarbl
0(0,0) HYKTeCiHIH TapThULy ayMarblH Oarajiay MoceIeciH KOloFa 6omabl.

G, *onarblH/ia aHbIKTaIFaH V; (5, .S i ), (yHKIMACKIH KapayFa KeJleci Typ/ie eHIi3eMis:

Vi (6:,5) =%(Si +ar'Di5i)2 +%a'Dlz(1_ai).5’_: +F(6)+

5, (6)
+2D, o, (T+a)F,(6) =3 (S, +aD,3)" + [N,(5)ds.
0

MYH/1arbl

5,
a, =constO<a, <1), F,(5)=[f(5)ds,
0

E(d) =I 6,£,(6))ds,, N, (6)= a/Diz(l_af)‘si +[,(6)+2D\Ja;(1- ;) /6, f,(5)).

0
F.(5,), 1:;, (5,), bynxuusnap G_o; JKOJIAFBIHJIA Y3LKCI3.
Teopema 1. D,,a;mapamerpiep D, >0, f,(0)=a,D}(1—¢,), e, €(0,1).Gonarsmnaii

GoncbiH. OHpa Tere-TeHIIK OpHBIKTHI KyiiiHin JIamyHoB (6) dyHKumscel apkbuibl Garanayra Gonatsin G,
JKOJIAFBIH/IAFBI TAPTHLTY aymMarkl O(0,0) Keneci Typeri TeHci3iknen 6epineni

Vo, (8,.8,) <V, i=LlL,, ™

Mynza Vo; KpUTHKATBIK MOHi KeNeci mapT GOibIHIIA aHBIKTATAIBI

Vo =min{py, P b Py =Voils=s, > Poti = Vois=s, (8)

S;=0 S§.=0

Jonenzey. N i (5,~) (YHKUMSACHIH Keneci Typ/e yChiHyFa Goa/ist

(Ve DZ0—a)5, +7.G)] 055,56,
Do) VTG 5, <8, <0

xone  ON,(6,)208 G, xomarbmma. Erep f,(5,)=a,D}(1-,)5,,60nca  «enecini
aJaTBIHBIMBI3]IEI OaiKaliMBbI3

N,;(5,)=
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Ni((si)z

4ar'Di2(1 *ai)é‘i 0< 5, < 50,"
0,,<6,<0

KOHE

5
[N,@)ds =0 5, <85 <0.
0

Ocni kesne S; +;D,;0, =0 xaspikTbiKTa KaTKan g, €(0_,;,0) Gomysr mymkin. Ouna vy, =0,
(E,E) #(0,0), strrm v, (0 ,S;) dynxumscs! HakTsl oHupl Gonap exmi. Hemek, f;(0;) # Ot,.D,.2 (I1-@a;)0;
kesinze Vy, (0;,S;) dyHxuus HakTs! onzbl GonmamsL.

G,; xonarbiHza (5) Kyiiecinen anbiHFaH V) (é‘i,S,-) (yHKIHMS yaKbIThl OOWBIHINA TYBIHABIHBI

ecenteiimiz  (5):
‘}oi(é‘,"s,‘):_Di[\/ai(l_ai)si _Ja:dﬁ(é:)]z =_Diai(\ll_aisi _V‘Sifi(d’))z <0,

SIFHu V); TybIHBICH Genri GoifbiHma Tepic.

v (0;,S,;) =0, tenneyimen Gepinren xubmthikTa O(0,0) OPHBIKTH TEHJIK KarjaiibiHan Gacka
OHIbl  JKapThUMail  TpaeKTOpHSNAphl  JKOK  GKEHMMH  KepceTeMis.  Bynm  KHBIHTBIK
E, 1-a,S,—/6.f,(5)) =0 oprypniniknen ansikranagst. F; =0 oprypainikre O(0,0) esrewe oxmbl

ii

JKapThLIail TpaekTopHsIap GonMaysl YIJ_IIH Keneci I_L[’deTapI[LI OpBIHZIAY JKETKIIKTI:
0 F
00,

i

=S £ DS, - fi(6,))=0
i 551 (DS, = £,5))
OyJ1 SpTYPILTIKTE ANaTEIHBIMBI3:

OFig OF( ps (o)) =-TOIH8F ) s orips o fgy)= L)+ 816

a5, ' as, . T s iy PTG 2f1-q,
-D, @ﬁ(@)—x/l—a,vf}(rih—ﬁ x[6-20)1,6)+ 8.£,6) + 21—, D515 |-

:_*—V&'f"(a’) [(3—2(1[)*“ AQY +*ﬁ +2 l—a,.D,} =
a!

1:(8)

zm[@-za) 5 +f(§)+}

= 5 f)

[+2 1—a,D,7Vg@}zo,

i

oittkeni f, (J)) {(3 2a) +2,/ a,D, “f(é }

Onna, H.H.Kpacosckuiinin [7] acHMITOTHKANBIK OPHBIKTBUTHIK Typamsl Teopemachina coitkec G,

JKOJIAFbIH/Id ACHMITTOTHKAJIBIK OPHBIKTBUTBIKKA e GOIaMbI3.
Isgenin oThIpraH «yJKeHAI» OPHBIKTBUIBIK KpuTepuifi (7) Typinme Oomamsl, MyH#arsl V
KpHTEpHiiIiK TypakTsl. Teopema gomenieHi.
Enni okmaymaHFaH JKyHelaepaiH OPHBIKTHI TEHe-TeHIIK KYHIepiHiH TapThuly ayMaKTapbiH Oaraiay bt
KapacThIPaMbI3.
O3iH/JiK KbI3BIFYIIBUIBIK OKIIAYJaHFAH OKyienep YIIH TapThUly ayMaKTapblH aHBIKTAy OOJIBIT
TaOBLIABL.
do, das «
dt’ S dt, w, —K.S; — f,(5,), w, =C; x;, ©
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%:Aixi +q;S; +bu; + R,(S;,x;) (10)
t

(K.=D, R =0), Oynnarsl (asanblk TPaeKTOpHsIAp TENe-TEHMIKTIH HAKThl OPHBIKTBI JKaF/laiibiHa
ymroianel. OKyitemeri  «Yikenai» — OpHBIKTBUIBIKTHL  3eprreymi  (9), (10) (K;=D,, R, =0)
1 n . v ..

G, ={(0,,8;,x)|0; <6, <8y, S;€R, X, €R"} xonarsmma JlanyHosTsH exinmi Tocini

apKbLIBI XKYPri3emis.
Keneci pyHKUMSHBI KApaCTHIPaMBbI3:

VOi((s‘:sSi’xi)Z%x;nyi+£2]LS12+v01(5i’Si)’ an

2) . e . .
R"(8,,S,,x,) xewicririnne G,; xonarbinia ansraean. (5) ypiszeri gynxims vy, (5;,S,) kypburan,
Kanaramay ymrin cummerpusuibik (7, X7,)- Matpumamsl emrizemis H,,n,-emmem Bextopem d;,

Q;,Qy;, 03, E); cransprapsl Oenrineimis

Al =4 +b.a,*, g, =q,tab, l;=ab, =,

i

& =colon (8,6, £,(5,)), B, ={q 1.1y}

i

i

i .
&b, 0 =F (1+é,)C,
r=l 0 0 0} g=|abdC |
fi9 0 o,
2

Y,(x,&)=-Re& gx, +4 T4,
I1,(jo) =Reg,(A — joE, )" B, +T,,

MYHJIaFbl g; — MaTpuLa 3><ni, B,» — peTTik MaTpuLackl 1; X 3, F, — PeTTIK MaTPHIAChI3x 3, I, (jw)
— 5pMHTOB (3 3) MaTpHIACh], Y; — BEKTOpIAPIBIH KBAIPATTHIK Gopmack X;, é:, .

Ocbl MOHZIEP/II MaHIATIAHbII, KeJIeCi TeOpeMaHbl TYKBIPBIM/IAI, TOJICIACHMI3.

Teopema 2. Keneci mapTrap/e! OpbiHAaiiTeiHAaN (; BEKTOPBI, ), Oy, Oy, & >0, @, €(0,1), D, >0
ckaisapnap Oap neiik

1) wmarpuna A, I'yPBHIIEB,

2) (Z, ,B;) xym Tonbikraii GackapsuIabl,

3) (Al s g:) TOJBIKTAN OaKbLIaHAIBI,

4 IL(jo)>0 (Vo e(-ot0),

5) f(O#aD (-a)..

U, =ax,+a,S, +a,0 + 0, f,(5,) Gackapy kesimge Janynos (11) (yHKUMACHHBIN Kemeriven

i~

Garanayra OonaTbIH Go; JKOJIaFbIH/IaFbl KOOPJMHATTAP OacTaMaChIHBIH TapThLITy aifMarbl V; ;.S X)) <V,

TypiHzeri TeHci3iKneH Oepinesi, MyHzarbl Vy; GenriHiH MoHI Kejleci KaTbIHACTICH aHBIKTaaIbl

Hi

5=80 ° P-i=Voi
50, x,=0

Vo =min{p,, 0.}, Py =Ty 5 12)

Oy
0

Jonenney. Go,- JKOJTAKTaH \70,- (5,-,5 +5X;) (2.35) DYHKUMATAPABIH yaKbITHl GOBIHINA TYBIH/IBIHBI
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9), (10) (K §= Di,R, =0) xyiieci TpaekTOpHACHIH GOiiNall ECENTEN IIBIFAPFAH/IA, ANATBIHBIMbI3
ﬁOi(d’Si’Xi)zxr‘Hr(glxi Fq,S,; +1,6; ‘lziﬁ(d)) 811DiSIZ Slisl-f‘i(é‘r)-‘—(l_‘—g”)slcl*xi
+aiD1Ci*Xi +‘)0i(5i’si)|(l,4) = Si(xi’gi)+‘}07 (é‘i’St)|(]_4)

MYHIaFbl

S; (X,»,g, ) = xi*Hi(Aix: + Bié:i)_ Y, (xi & )’

Voi (6,‘ .S, ) |(1.4)= -D, [\/ai (1 - )Si \/aié‘:ﬁ(é‘l )]2 <0.
S‘. (x,.,Zj,.)S 0 (Vx,. € R,."' Ve e R,-3 )TybIHI[aFaH JKaFgail YIIH JKHUUTIK TeopeMachlHa COHKec

13)

JKYIT TONIBIKTAH GaCKaphLIATBIH Ke3/1e JKoHE TeK KaHa COI Ke3/e, JKIHe
. T\ 1
Yi [(]a)Em' - AI) Bigi’é:iJZ O(VCU € Ri )

1)-4) mapreman, S, (X,-,Zf,-)S 0. (in eR" V¢ € R,f‘) KaTBIHACTBI KAHAFATTAH/IBIPATHIH OH/IBI
anpIKTaNFan -ommemaeri H; matpuuansiy 6ap Gomysl anbikranaast. byn perre, H; skome (n,. ><3) —h,
MaTpHILIaHbI KeJleci TeHaeyIepain memimi perinae Tabyra 6omaust

A'H, + HA +hh" =0,Hb +g" = 2h.2T, = 2 7. (14)
Re'xi*Hi(’A'ixi f B,-g,) le(xi’gi) {hi*Zl Zi§i|—'

Terne-TeH/[IKTEeH aJbIHAJIBI.

Ocsunaiima, G, xonarsHpa 170,(5,.,5‘[}[) (yHKUHMACH aHBIKTAIFaH-OHJIBI, f/;o,.(5,,Si‘x,.) — Genri
OoiibiHma Tepic OONbIT TaObLIAMbI. \70,. (5,.,5,.»)(,):0 KONTYpIIiiri 0(0,0,0”) OPHBIKTHI Tere-TeHiKTiH
JKargaiiblHaH  Oacka JKapThulail  TPAeKTOPUSUIApPIAAH  TYPMAaWTBIHIBIFBIH  Oaiikaiimbis.  LlIbiHbIMEH,
v, (5,.,S,.>x,)= 0 reunirinen, 0, =0, S, =0, hx, =0 exenpniri merranw, oiirkeni ‘"}'0’ (6,,8,)=0 rex
kanao; =0,S, =0 xesinpe. Erep, x; =const #0 nen Gomxacak, onma, (9), (10) (Ki =D, R, =0)
TeHJIeyNep KyiiecineHn Z,x, = Odet Z,. # 0 rtenuirin anambi3, eifTkeni /1, — TYpBHULEB TEHJITiHE KaTajbl.
Hemex X; =0 Gomyra Tuic. Opi kapail, 1 Teopemanarbinaii, H.H.KpacoBckuiiliH acHMNTOTHKAIBIK
OPHBIKTBUIBIFBl  Typajibl TEOpPEMachiHa COMKec, 0(0,0,0,,) Tere-TeH/riHIH HONAIK JKaFJaibIHIAFbl
ACHMITOTHKAIIBIK OPHBIKTBUIBIFBIH allaMbi3. OCBI KE3JIE TAPTHUTY ayMarbl v, ((5} LS80, ) < ‘70,‘ TeHCi3AiriMen

aHBIKTAJIA/Ibl, MYH/IAFbI 170,. Oenrinik Monzi (12) KaTeIHACBIHAH aHBIKTAHTBIH GonaMbI3. Teopema nonenaeHmi.

(13) byHKUMSAHBIH jKeKe KaFaailbiH KapacThipyFa 6osia bl
s 1 .
VUi(é‘i’Si’xi)zaxi Hixl+v(]i(6i’si)’ (15)
G, OJNarbIH/a AHBIKTAIFAH. HJIaFbI
0i

Ai =A +biai*’§l =4q; +alibi’lh = alibi’lli = a3ib
&= Co}on(Si’(si’ﬁ(di))’ B = {qi’lli’ 2i }s
C,.*
g =|aDC/ ’Yi(xi’é:i):_Reg’*g
0,

11, (jo)=Reg,(4, - joE,,) B,
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2 TeopeMaHbIH KeJIeCi HOTIKenepi 9.

Canpap 1.1 Keneci mapTTapasl KaHaraTTaHABIPATBIHAAH (; BEKTOPHI, O;,0y;,Qy;,0; € (0,1)
ckanspiap 6ap nemik,

1) wmarpuna A; rypsuues;

2)  Kyn (K, ,B, )TOJ‘IbIK GacKapbuIajIbl;

3)  okyn (AI», gi* )TOJ‘IBIK OaKbLIaHABI;

4 T,(jw)z0(Veo e (-w0+x));

5y D,>0,£(0)2a,D*(1-a,)

Conpa Gackapy Kesitze U; =@, X, +0,S; + 0y, 0; + s, f:(5,)(15) Janynos dyskumschibin

KOMeriMeH 63?3]’[3}’}‘2 0oJIaThIH G()r JKOJIaFBbIHJaFbl KOOpAWHATTAp GacramMachIHbIH TapTbUTy Cajlacel,

17,.(5,,5,.,16,.)<17,,Typiﬂueri TeHciznikmen Gepineni, Mymmarbt V,Genrinik momi (12) KaTelHacTa

aHBIKTaNaIbl.
Cangap 1.1 nmomenzgeyi 2 TeopeMmachlHBIH JonenjeyiHe ykcac. Myuna (14) xome (15)
KaTbIHACTaPBIHBIH OPHbIHJA Keleci 6ap

A'H,+HA +hh' =0,HB,+g =0,
Rex; H, (A'r‘xi +B¢, )_ Y (x.&)= _‘hi*xr‘ ’

H ; O9PMHT MaTPHIACBIHBIH OOJTYbI YIIIiH KeJleci KaThIHACTBI KaHAFaTTaHbIPAThIHBI Oemrisi
=% ey *
A H,+HA <0,HB +g, =0, )
1.1 cangapblHbIH - 4) [apThl OPBIHAAIYBI YINIH KaKET XKOHE KeTKUmikTi. Byn perre 3), 1)
JKaFfaiinapabe canapsinan H; MaTpuuace! OHIbl aHBIKTAIFAH GO TaObLIAbI.
KapacThIpbliaTbiH )KaFai i

V0 (0,,8,5%,) = =x "hh"x, Di[\/ai(l s, \/aié‘iﬁ(&,’)]zg()'

GO,- JKOJTaFbIH/1a JKoHe caap 1.1 Oexitinyinae Teopema 2 1aJenaereHiei atambi3.

"CHHXpOH/IbI TeHepaTop - Oy TypOuHach!" XKyiieciHiH yIriciH KapacThIpaibIK:

i

dt
" 2 X
1},»5 = Py — D;S; — [isinaui + ﬂsin((ii - aui] (16)
dt Z31i Z12i
1, i _p + PoiPo; — —=8; + 145
Pi dt Ti 0if0i Oo; i

Byn xepae d; - reneparopasi DJIC Oypeimsl; Si - reHepaTOpIbIH CHIPFYBI; Ty - aifHaIMaibl
MmaccanapibliH MHepuus TypakTteichl; Pri - OyabiH Kyatsl; Di>0 - pembupiey kosdbuumenti; Ei -
rereparopasiy ecentik DJIC; U - mekci3 KyaT IIMHAJTAPBIHAAFBl KEPHEY; Ziii - TEHEPATOP/bIH MEHIIKTI
Ke/ieprici; zi2i - TEHepaTop MEH IMIMHANAp/bIH apachlHIarbl e3apa KeAepri; O - MEHIIIKTI KeAepriHiH
KOCHIMIIA OYPBIIIBI; Li2i - ©3apa KeJepriHiH KoChIMIIA OyphIlbl, Poi, Poi - Gepiiren TypakThl i - TypOHHAHBI
6ackapy MexaHH3MiHiH 6acKapyIbl ocepi.

Tenneyre kipeTin koaduiHenHTTepiH Keneci Monmepi 6epincin (5): Ty = 2400%10%, Pr; = 10357,48,
Di = 16*10% E; = 588, U=525, z11;=38, 212=85, a11i=1,53, 12i=0,33, Tp; =251.2, pp;=0.994, Py;=11263,
05;=0.06. Koopmunatanapzs! (3i, Si, Pri)=(0.686,0,10357.48) HykTeciHe Kemipyi *y3ere achlpa OTBIPHII,
(16) Tenaeynepai keneci Typae xasyra 60aabl:

i
a

% = ¢;Pr; — D;S; — f;(8,), (17)
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dPy;

=4;Py; +u,

MYH/IaFbI D; =50.5%10"*, f:(8;) = fo;[sin(8; + 6,;) — sinby;], fo; = 1.513 =107 ,
8p; = 0.3562,c,=4.167%10°%, A,=-39.81*10*. f,(;) dynxumsce y§ = —0.5277 = 10~* < 0 xeseninzeri
oprama MoHi 6ap y3JiKci3 - capanaHaTbiH 2 - NepHOATHIK (yHKUMs Oonbin Tabbutansl. COHBIMEH Kartap,
f:(8;)byukumsicer 8; = 0 xoHe §; = 8,; = 2,429 nykrenepinge [0,27) xubHAApAA HONre aHHAIATHIHBIH
Kepceryre 60m1a/pl.

"Ynkenni" KyieHiH TYpaKThUIBIFBIH 3epTrey ymin (17) dopmynans Jlamynos ¢yHkumacel 6ap

TeopeMaHbl KOJIIaHbIM, KEJeci TYpIIe Ka3aMbl3:
- 1, £1i o
V(85,85 x;) = 2% H;x; +75i + vp:(8:.5;)

81.5;.Pri

Gy; = {Lﬂn < 8; < 6y, 8; € R},Pn € Rll} JKOJIAKTAFbI R?(Ei,si, Pr;) (dasanbik  Ka3bIKTBIKTA
—1i

aHplKTatFadH. Haiizem 007acTh NPHTSDKEHHMS Havala KOOPAMHAT B IOJOCE [P YIPABICHUH BHJA:

U =@ X; + 0y, S; + @y 0; + 005, f;(8;). Typmi  Gackapy Kesimme Gp; IKONAFBIHIA  KOOPAMHATANAD

GacTachIHBIH TAPTHLTY aliMarbiH TabambI3. Bacrankel maprrap: 8; = 0, S; = 2.5 = 1072, Py, =0.

1- cyperte KepceTiireHziell YChIHBUIFAH ofic VOi(di,Si,x,)<170i TEHCI3/IIKIIEH aHBIKTaIaThIH

TApTBUIBIC aMaFbIH 1011 GaranayFa MyMKIHZK Gepe/ii, MyHIarbl V), eeMiK MOHI.

v 4

Yo

1-cyper. TapTbuibic aiiMarb

KopsbIThiHabl. byn Makamajga 93JIeKTp-9HEPreTHUKANBIK OIKYHeHIH MaTeMaTHKalbIK MOJebaepi
KapacThIPBUIFaH.  DJEKTP-JHEPIeTUKANBIK  JKYHEHIH  MATeMATUKAIBIK  MOJCIBAEPIHIH  «YIKEHID»
OPHBIKTBUIBIK LIAPTTAphl AJBIHIBL. Byl mapTrap eki CHHXpOHIBI MalIMHAIBI JKYiere KOJIaHBUIBII, OHBIH
OPHBIKTBUIBIFBI KOPCETLIIL.
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Kanumosngaes M.H., A6auinnaesa A.A., Axmerxkanos M.A.
MaremaTH4ecKoe MO/eJTHPOBAHHE YCTOHUYMBBIX «B GOJIBIIOM» CJI0KHBIX YIEKTPOIHEPreTHUECKHX CHCTEM
Pestome. B 1aHHOIl cTaThe paccMOTPEHbI BOMPOCHI OLEHKH 00IAacTeil MPUTSIKEHHUS YCTOMYMBBIX COCTOSHUN
PaBHOBECHS, CJIOKHBIX DIIEKTPOIHEPIeTHYECKUX CHCTEM BTOPOIO MOPSAKA M M30JMPOBAHHBIX [OJCHCTEM, Ha OCHOBE
HEKOTOpO# HOBOH (yHKIMM JIAmyHOBa THMA «KMHETHHYECKas HSHEPrus IUIOC TMOTEHIHMaNbHAs SHeprus». Bymayrt
TIOJTy4eHBI YCIIOBHS YCTOHYMBOCTH «B OOJBIIOMY IIEKTPOIHEPIETHIECKHX CHCTEM. DTH YCIOBHS IPHMEHSIIOTCS K IBYM
CHHXPOHHBIM MAIIMHHBIM CHCTEMaM, C YKa3aHHEM HX YCTOWYHBOCTH.

VK 531.36:534. 1

A.T. Tureshbaev, U.S. Omarova, O.A. Baymuratov

ABOUT EXISTENCE OF SPATIAL PERIODIC SOLUTIONS IN THE GENERALIZED PHOTO-
GRAVITATION-BOUNDED THREE-BODY PROBLEM

Abstract: This article discusses a generalized photogravitational bounded three-body problem with two radiating
masses. For many applied problems of celestial mechanics, an important role is played by periodic solutions of
differential equations corresponding to periodic motions or periodic orbits of the studied cosmic objects. Application of
Lyapunov's theorem allows us to prove the existence of periodic motions in a neighborhood of the origin.
A dynamic model is presented that describes the spatial rectilinear periodic motions of micrometeorite particles and
particles of gas-dust clouds of the interstellar medium in the field of binary stellar systems, as well as spacecraft with a
solar sail.

Keywords: bounded three-body problem, Lyapunov theorem, the field of binary star systems, periodic motions.

A.T. Typewdaes, Y.1lI. Omaposa, O.A. Baiimypartos

TEHEPAJIMBAIUSJIAHFAH ®OTOCYPET-I'PABUTALUSIBIK-YII AF3AJIBIK TIPOBJIEMA
KE3IHAETT NEPUOJUKAJBIK IHEINIMAEPIH BAP EKEH/IITT TYPAJIBIL.

Amnparna: By makanana eki paauanusuibiK Maccachl 6ap yil JAeHelli kKaubllaHFad (OTOrpaBUTALUSIIBIK ecer
KapacThIpbUIajbl. ACIaH MEXaHHMKACBIHBIH KONTEreH KoJaHOallbl ecenTepiHje MEepUOATHIK KO3FalbicKa Hemece
3epTTEIreH FAapbINTBIK OOBEKTiNEpAiH Mep3imMai opOuTanapbiHa colikec KeleTiH JudQepeHIHanablK TeHICYIepIiH
MEPHOATHIK MIeHmIiMAepi MaHBI3ABI peN aTKapafbl. JIAMYHOB TeOpeMachlH KOJNAAHY MEPHOATHI KO3FAIBICTAPABIH
HIBIKKAH JkepiHae 6OTyblH Janenaeyre MyMKiHaiK Gepeni. JMHaAMHKaIBIK MOJEIb MHKPO-METEOPUT GelmieKkTepi MeH
JKYJIBI3AaPANIBIK OPTAJaFbl ra3-IIaHabl OyIT OOeKTepiHiH KEHICTIKTIK TiK CHI3BIKTBI MEPHOATHI KO3FAIIbICTAPBIH,
COHBIMEH KaTap KYH JKeJIKeHi 6ap Faphli armnapaTTapbiH YChIHAIBL.

Tyiiinai cesaep: mekTenren ym jaeHenik ecem, JIATIyHOB TeopeMmachl, eKiliK KYJIBI3IBIK JKyifenep epici,
TIEPHOATHI KO3FaIbIC.

Beenenne. PaccmarpuBaercst 0600meHHas (pOTOrpaBUTAMOHHAs OrpaHHYCHHAs 3a7ada TpexX Tell C
IByMsl M3Iy4alOLMMH Maccamu. Jloka3aHo, 4TO B CiIy4ae PaBHBIX MAacC OCHOBHBIX M3IIy4arOIIHX Tel,
o0pamarommxcs APYr OTHOCHTEIBHO Apyra IO KPYTrOBBIM OpOHMTaM, JUIsl OMPEAENCHHOTO MHOXKECTBA
3HAYCHHII MapaMeTpPoOB CHCTEMbl B OKPECTHOCTH YCTOWYMBOTO Hadaga KOOPAMHAT CYILIECTBYIOT
HEePHOANYECKHE BIIKEHHS.

VCTaHOBIEHO, YTO B JJUIMNTHYECKON 3ajade IPH JOCTATOYHO MAJIOM JKCLEHTPUCHTETE OpOUTHI B
OKPECTHOCTH KOMIUIAHAPHBIX TOYCK, PACIIONIOKCHHBIX BHE IUIOCKOCTH OPOHTAIBHOIO JBIKCHHSI OCHOBHBIX
M3JTy4aloIUX Tel, CYIIECTBYIOT MEPHOJMYECKHE IBIKCHMS C TMEPHOJOM, PAaBHBIM IEPHOAY BpalleHHS
OCHOBHBIX T€Jl BOKPYT HX OOIIEro LeHTpa Macc.

W3BectHO, 4TO oOrpaHuYeHHas (OTOTpaBUTAMOHHAs 3amada Tpex ten [1-4], Takke Kak ©
Kiaccudeckas 3amaua [5], He mmeer obmiero pemenus. Oxgnako B paborax [1-4], [6 ,7], mocBsimieHHBIX
JIMHAMHMKE YaCTHIbl B TI0JIE JBYX TPaBHTUPYIOIHX W OAHOBPEMEHHO M3JyHalOI[HX Tej, 0Opalaromnmxcs
OTHOCHTENIBHO LIEHTPAa MAcC CHCTEMBbI MO KPYrOBBIM WIIH AJUIMITHYECKHM OpOHTaM, ObLIO YCTAaHOBICHO
CYLICCTBOBAHME YACTHBIX PEIICHHH B BHIE TPEXIApaMETPHUYECKOr0 CEMEeHCTBAa KOJUIMHEAPHBIX,
TPEYTOJIbHBIX U KOMIUIAHAPHBIX TOYEK JUOpAliU U HCClIeOBaHA UX yCTOHYMBOCTB 1o JIsmyHoBy[2, 3, 6, 8,
9]. Anst MHOTHX MPUKIAJHBIX 3a]ja4 HEOECHOW MEXaHHWKH BaKHYIO POJIb MIPAIOT MEPHOANYECKHUE PELICHHS
i depeHnnaNbHbIX  YPaBHEHH I, COOTBETCTBYIOMINE MEPUOJMYESCKUM JBIKECHUSIM HIIM MEPHOANYCCKUM
opOuTaM HccieyeMbIx KocMudeckux 00bexToB [10,11].
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MODELING OF A MULTI-AGENT SYSTEM FOR CONTROL OF ELECTRIC
POWER SYSTEMS

Abstract. This article discusses the description of a multi-agent system (MAS) for intelligent electric power
systems. The development of intelligent electric power systems and related technologies brings together achievements
in distributed systems, artificial intelligence, control and information and communication technologies. It is expected
that smart power systems will demonstrate a high level of autonomy, self-healing and reliability, and provide features
such as reconfiguration, protection, recovery, and user interaction through response to requests. MASs are promising
technologies for implementing such functions and are currently being studied for use in smart power systems.
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SJEKTP SQHEPTETUKAJIBIK )KY?IE.J'I EPJII BACKAPY YIIIH MYJbTUATEHTTIK
KYUEHI MOJIEJIBAEY

Anaarna. byn Makanaga 3MATKEpNiK OJIEKTP JHEPreTMKAIbIK JKyifenep YINiH MyJIbTHATEHTTIK IKYHEHiH
CHIIaTTaMachl KapacThIPbUIA[ABl. 3MATKEPiK OJEKTP OJHEPreTHKANBIK JKyHenepli »oHe OHBIMEH OaifimaHbICThI
TEXHOJIOTHSIAP/Abl AaMBITY TapaThLIFaH jKyienepreri, jkacanabl MHTEIUIEKTiferi, Gackapyaarbl jKOHE aKMapaTThIK-
KOMMYHHKAIHSUTBIK TEXHOJIOTHsIApAarsl JKeTicTikTepsi GipikTipeni. 3MATKepmik 51eKTp JHEPreTHKAmbIK Kyienep
nepOecTIKTiH, ©3iH-031 KalllblHA KENTIPYIiH JKOHEe CEHIMAUNKTIH JKOFapbl JEHreifiH KepceTeTiH Oomajbl KoHE
cayajapra JIeH KO apKbUIbl PEKOH(HIypalus, KOpFay, KallblHa KeNTipy jKoHE MaiijanaHylibuiapMeH e3apa ic-
KUMBbUI CHAKTBI (DYHKUMSIAP/Ibl YChIHATBIH Gonazsl aen kyrinyne. MC myHnai gyHKuMsIapasl xys3ere achlpy i
KeIl IepPCHEeKTHBAJbl TEXHOJIOTHsuIap OOJIbI TaObLIaJbl JKOHE Kas3ipri yakKbITTa 3USTKEPIIK 3JIEKTP JHEPreTHKAJIbIK
JKy#enepze naiianany yuriH 3epelaeHe/.

KiroueBble c/10Ba: 3UATKEPIIIK 3/IEKTP IHEPreTHKANBIK JKyHenep, MyJIbTHAI€HTTIK JkKyiie, MOJIelb, areHT

Kipicme. Kasipri yaksirta Ka3akcraHHBIH S5Heprus xKyieciHie eKTp SHePrUsIChIH AUCHeTIePICHIIpY
KylleciH opnarty OoifbiHIIa TpobGnemanap 6ap,ocipece KeHOip JKEpriJlikTi SIeKTp KeminepiHae >7IeKTp
9HEPrUsCHIH 0oty GOMbIHIIA )KYMBIC JKOHE MIceleiep OypbIHFBICHIHIIA 6T MaHBI3/(bI OOIBIN Kata Gepe/i.

3uATKepITiK JKy#enepJiH MiHAeTTepiHiH Oipi, SHEprusi TYThIHY/Abl Oackapy KOMIIOHEHTIHE JSHEprust
OHJIipyre, SHEPrusHbl Oenyre jKOHE IIbIFbIHFA OailIaHBICTHI OKWFajapFa [EH KOK YINiH Typii Kimmi
Kyitenepai 6ackapy OoiibiHIIA jepOec ic-KUMBLT JKacai OTBHIPBIM, JIEKTP SHEPTHSACHIH THIMII TOCIIIEpMEH
Oepy Typamel ImemriM KaObuigayFa MYMKIHAIK  OepeTiH aKmapaTThlK JKOHE KOMMYHHKAIMSUIBIK
TEXHOJIOTHSUIAP/bIH Killli XKYHECIH eHrisyleH Typaasl. MynbTHAreHTTIK XKyHelepAiH mapagurmachkl Kasipri
YaKBITTa 3USATKEPIIK XKyHenep cUsKThI OipJiecKeH xylenepai icke achIpy YIIiH TapThIM/IbI OanaMa YChIHAIbL.
MynbTHareHTTIK Kyifenep Oyprbuiay JKOHE TEXHOJNOTHSUIBIK [JaMy CalachlHIAFbl 3ePTTEYJECPAiH JKaHa
castacel Goutbin TabbLIabl. MyJIBTHATGHTTIK JKyiienep ©3 MOH/AEPiHIH aepOecTirin Tajan ereTiH OeliHreH
Ky#enepi xobanay yiriH ete maiaaisl [1], xeninepai 6ackapy, DIEeKTPOHABIK KOMMEPLHS, TAUCHTTEP/IH
JICHCAYIIBIK JKaFIaibIHBIH MOHHTOPHHTI, OOJIIHICH JKacaH bl HHTEIUICKT JKoHEe OarjapiaMaiblK KaMTaMachi3
eTyai a3ipiey canmanapbiHaa KeHiHeH KoigaHbuiansl [2]. Kemreren mikipmep [3-7] HMHTe/UeKTyas sl
JKyiienep/ie My/IbTHAreHTTIK JKYifenep i Kongany OOMbIHIIA jKacas/bl.

Hapxene »oHe T. 0. MHTE/IEKTyalbl JKyifelnepai Mozenbiey, NaiijanaHy, MHKpOCETaJap MEH
BHPTYaJI/bl DJIEKTP CTAHIMSUIAPBIH Oackapy, CypaHbIC/Kayaln >KoHE KbI3METTep/i KajlblHa KeJxTipyai Koca
aITFaH/Ia, JKYMBIC iCTey XKoHe GacKapy YIIIH MYJIbTHAr€HTTIK JKYHenepAiH COHFbI KOCBHIMINAIAPbIH YChIH/IBI.
Kasipri 3amanfbl dHeprus jKyienepinaeri Herisri moacenenepii jkaHa OybIHAAFBI IEKTP SHEPIUSCHIHBIH
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YJIECTIpiireH OHipici TYPFbICBIHAH KapacTBIPBII, KeWOIp Macenmeiepai Ienry peTiHae MyJIbTHAreHTTIK
JKylenep TeXHOJIOTHACKIH YChIHABL. Rohbogner et al. [7] nmkenepiin ke3kapachl OOMBIHIIA HHTEIUICKTYal bl
Kyitenepai Gackapy »oHe Oakpuiay YIIIH MyJIBTHAr€HTTIK JKyHenep MapajurMachlHbIH KOJaHbLIYbI
TankeUtaHabl. Bisnin 3eprreyimiz ochl Gap cayanHamanapiabl Mojenbjeyre koHe Gackapyra Gaca Hasap
ayziapa OTBIPBII, 3HATKEPIIIK JKyiienepae My IbTHATCHTTIK JKyienepi KoiaaHy 6oiibiHma 2019 xeutra aeitin
911€OMETTI TONBIK KAMTUTBIH IIOJTY/bl YChIHYFa KaThICThl TONBIKTBIPA/bl. Byl 3epTTeyliH KaHaIbIFbI, OHJA
MyJIbTHATCHTTIK JKYHEHIH HeTi3ri Ke3eH1epi: MoJesIbIey JKIHEe iCKe achIpy, COH/aii-aK GepiireH aKmapaTThiH
KeJeMi OasHaaIaIbl.

DJIeKTP IHEPreTHKAJIBIK KYHeaep/iiH KaHa 0ybIHbI

3usATKEpIK SJIEKTP YHEPreTHKAIBIK JKyHenep Ecentey TeXHHKAChl, TeIEKOMMYHHKALUSIAP, DIEKTP
9HEPrHsCHIH OHAIpY, Oepy »oHe Tapary KeseHjepiHae OOJiHreH JXyHenep MEH jKacaH[bl HHTEIUIEKT
canachblHAAFbl  TEXHONIOTHSIIBIK JKeTicTikrepai  Oipikripeni. bByn  TexHojorwsmapibl HHTErpanysiay
KOMMYHHKAIMSIIBIK JCHISH/II KaMTaMachl3 €Te/I , OJ1 3USITKEPIIiK JIEKTP IHEPreTHKAIBIK JKYiienepre o3iHiH
KiIlli JKy#enepi MeH KOMITOHEHTTEepi apacklHIa akmapaT aaIMacyFa MYMKiHJIiK Oepei.
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Aomer

1-cyper. KoHuenTyaibl 3UsSTKEpIiK JIEKTP SHEPreTUKANBIK Kyiie [8].

AKBUIIBI JXKeJiep Keneci cunarramanapra ue [9]:

* SHUATKEPIIK 3JIEKTP HEPreTHKANBIK JKyielep TYThIHYIIBUIAPAbIH JKelire KaThbICyblHa BIKIAT €TEJi.
TyTBIHYLIBUIAP SHEPTHSAHBI 3P TYPIIi YIECTIPUIreH SHEPreTHKANBIK PeCypCTap bl KOMEriMeH eHJIipe atapl,
HaKThl YaKbIT PEXHMIH/IE OJIap KaHIIA IEKTP SHEPrUACHIH MaiiianaHaibl )KOHE OChUIAHIIA, ONap CYpaHbIC
JKOCTIApbIHA KaThICa aja/pl.

* 3uATKEpIIK SIEKTP AHEPreTHKANBIK JKyHenep "KOC KOHE KYMbIC"pEKMMIHJETI OapiblK yprHaK
THIITEPiH JKOHE CaKTay HYCKaJapblH KOJAaiibl. I'eHepalus sSapoJblK CHAKTBI OPTaIbIKTaHIBIPBLIFAH HEMECE
opTYpu TabUFU pecypcTapibl akganana OTEIPBINT OeTiHyi MYMKIH.

* BUATKEPIIIK NMEKTP SHEPreTHKAIBIK XKYHeTep JKeTiTiK KYHeAeri dIeKTp IHEPrHsChIHBIH JKYMBICHIH
OHTaWIaH/IBIPA/IBI.

* SUATKEPIIIK JICKTP SHEPreTHUKAIBIK XKyHerep ©3iH-031 KajlblHa KelTipy KacHeTTepiHe He KoHe
KnOep xkoHe GU3MKANBIK mabyblIaap CHSKTHI Mabybliaapra TO3IMIL

* DJIeKTpIHEpreTUKaIbIK JKyhenepain Oyn »kaHa OybIHIapbl KapanabiM 3JIEKTPIHEPreTHKANBIK
JKylenep/i YJIKeH ecenTeyim jKyienepre TypiaeHipesi, oHJa JKOFapblla aTalFaH yIecTipiireH 6ackapy
CHUTaTTaMasaphbl JKOHE JKEiHiH XkKal-KYHiH Oily KbI3BIKTEI (yHKIMsIApIbl icke achklpyFa MyMKiHIiK Gepesi
[10], [11]:

* ABTOMATTHI KaJIlIbIHA KENTipy xKyieci

* XKoraps! canajibl YHEprus KeTKizy.

* Kubepruabybuiiapra TypaKThLTbIK.

* BesiHreH reHepanusiHb OipiKTipy

* DHeprust JKUHAFBIIITBI OPHAIACTHIPY
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* [MaiianaHynIbIHBIH TYTHIHYBIH MOHHTOPHHTLICY jKoHE OaKpLIay

« INaitrananymenapIslH CypaHbIChIH Oeiy/1i Garanay

« "oHtaiin" enmmeynepsi nainanana OTHIPBIN, HAKTBI YaKBIT PeXKUMiHJE 60Ty jKyHeciH KaiiTa Kypy.

« [aiinanany jxoHe KbI3MET KOPCETY IIbIFbIHIAPBIH OHTANIAHIBIPY

* [Tnatdopma TyxbipbiMaamMacel MAXK sxy3ere acbipybiMeH GaittanbicThl [4]: Oyt areHTTepiH Genrii
6ip KpI3METTepre KoJ JKEeTIMILIIr 6ap areHTTep JiH eMipIIiK [HKIiH 6acKapaThiH opTa.

MybTHareHTTiK 6ackapy JKy#eci kejieci cumaTTaManapMeH e3apa dpeKeTTeceTiH OipHele 3usITKepIIiK
areHTTep i KAMTUTBIH XKYHe PEeTiH/Ie aHbIKTAIybl MYMKIH [2]:

- aBTOHOMJIbIK, ar€HTTEp TAYEICi3;

- YCBIHY LIEKTEYIiIiri: op6ip areHTTiH 6acKapy 00BEKTIiCi MEH CBHIPTKbI OPTa TypasIbl TOJIBIK aKIapaThl KOK;

- OPTANIBIKCHI3IaHBIPY: OApIIbIK HBICAHIbI GaCKapy/Ibl Ky3€Te achbIpaThlH areHTTEP JKOK.

DJeKTp 9HepreTHKachiHAa OacKapyjablH MyJIbTHArCHTTIK JKYHeCiH maiiganany OGarmapiamManibik-
anmnapaTThiK 3UATKEPIK areHTTep/iH Heri3iHAe 3HATKEePIiK JIEKTP dHEPreTHKAIBIK JKYHEe MepCOHATbIHBIH
ABTOMATTaH/IBIPBLIFAH KEIIECHIEPMEH ©3apa iC-KMMBLIBIH iCKE achIpaThlH HAKThI yaKbITTa OesiHren 6ackapy
JKYHECiH KalbITacThIPyFa MyMKiHJIiK Gepefi.

DIIeKTp SHEpreTHKachlHa OacKapyAblH MyJIbTHareHTTIK OKYHMECiH naiiJanaHy Kes3iHIe SIeKTp
JKaOIBIKTAPhIH MaiifajaHy epeKIIeNiriH ecKepy KoHe jKeKe oO0beKTinepii OacKapyIblH MYJIbTHAr€HTTIK
KyiieciH a3ipieyre xkeke KaKbIHIay KaxkeT.

Y ChIHBUIFAaH MyJIbTHAT€HTTIK OacKapy jkyiiecinze (2-cypeT) areHTTep/liH MbIHa/1all KacueTTepi 6ap:

- Gerncenainik-6ackapy 0oOBeKTIiCiHE jkoHe Oacka areHTTepre ocep €Tyl YHBIMIACTBIPY JKOHE iCKe
aceIpy Kabineri;

- PCaKTHUBTLNIK-ONApABIH Xabapiamaiapbl HETi3iHIEe NAaTYMKTEp JKOHE Oacka areHTTep apKbLIbI
00BEKTIHIH JKaF JalibIH KaObLIay;

- aBTOHOMBIK-KOpIIAFaH OpTajaH CalbICTHIPMAbl TAYEINCI3IIK, COHIAH-aK ©3 MiHe3-KYJIKbIH
Heri3/IelTiH Keiibip arenrrep/e "epik epkiHAiriHin" 601ysI;

- KOMMYHHKALMSHBIH [aMbIFaH XaTTaMalapbIMeH KaMTaMachl3 CTiNIETIH KOHE JKEKE arcHTKe o3
MiH/IeTTepiH 6acka areHTTepMeH Oipiecin mienryre MyMKiH/IiK GepeTiH KapbIM-KaThIHAC,

- )KeKe MOTHBAIIUS KO3/1epiHiH O00TybIH KO3/CHTIH MaKCATThI.

Arentrin Oenrini 6ip MiHe3-KYIBIKTBI iCKe achIpyBbI YILIH JKaF[ainap ChIPTKbI OPTAHbIH 3CEPiH KaObUIIANTBIH
apHaifbl KypbUIFBUIAp (PeLienTopiap) jkKoHe KOpIIaraH OpTaFa 9Cep eTeTiH aTkapylisl opraniap (3hdexropnap),
COHJIAi-aK aKNapaTThl ©HIEY OJIOrbl MEH >KaIblHbl KAMTHTHIH IPOLECCOP jKacall[bl. YChIHbUFAaH Kyiiene
peLenTopiap peTiHae DaTYMKTep, COHNAI-aK MIEKTP SHEPIHsCHIHBIH cala KOpPCETKIIITEpiHiH ecenTeyilmTepi MeH
TAIJaFBIITAphl  KONJAHbLIagsl.  DddexTopsl Gombm Tabbulamsl OaFaapramManaHaTeiH - KOHTpOIUIEpNep icke
achIpaThlH aBTOMATThl KO3AbIpy perrerimrepi (APB) skoHe aifnamy kumimirinzeri reHeparopiap (APUB).
MysnbTHareHTTiK GacKapy KyiieciHiH MpoleccopbI-Oyil aKmapaTThl JKHHAY, OHACY XKOHE CaKTay YIIH cepBep, OflaH
iCTeH IIBIKKAH XKaF/iaii/[a HAKThI areHT KOKETTi JIGPEKTep/Li ajla ajtajpl.

Y CBIHBUIATBIH MYJIBTHAreHTTIK GacKapy jKyieci areHTTepiHiH Herisri (yHKIMAIAPBIH XKOHE ONap/IbIH
GaiinanbicTaphIH OblIaliIIa TYXBIpEIMIayFa Gomnasl (2-cyper):

1. Arent-yitnectipymi (3JI€KTp CTaHIMSCHI) areHTTEPre arperaTTapiblH JKYKTEMelepiHiH rpadmuri
Typinze KyaT Tanceipmanapbin (JK3M) Gepeni, connaif-ak 3 TancelpMagapbiH Ty3eTyi MyMKiH OeiHreHn
reHepanusi KOH/BIPFBUIAPBIH JHarHoCTHKanay areHTrepi MeH JK3M-gaH xabapriamanap KaObULiaiibl.
YiinecTipymii areHTTiH iliki areHTTepi 6ap:

- IEKTP TYTHIHY OOIKAMBIH JKOHE JKEJIeTi KyaTThl )KOFAIITY/IbI )KY3€Te acblpaThiH OODKAY areHTi;

- JKeJi TopanTapblHIarkl OSpUITeH KEpHEY MEH JKHULTKTI KaMTaMachl3 €Ty ememzepi OobIHIa OeiHreH
TeHepaLWst KOHJBIPFBLIAPBIH OHTAMIIBI THEY I TAHAYbI XKY3ere aChIPaThIH TeHePaLsHbI OHTAMIAHIBIPY areHTi;

- Tapu(TepIi KalbINTacThIPyFa KaThICATHIH XoHE OONiHreH reHepalus KOHIbIPFbIIAPBIHBIH KyaTbIH
naiiiagaHy MyMKIHIITiH XKY3€re aCbIPaThlH 3JIEKTP YHEPTHsCHl HAPBIFBIHBIH areHTI.

2. JlmarHocTHKa areHTi HEHPOHABIK JKETiIepAi mMaijanaHa OTHIPBIN, AarperaTThiH  Y3/AIKCi3
JINarHOCTHUKACHIH OPbIHAMIbI.

3. Kyar rtanchlpMachlHbIH areHTi areHT-YIJIeCTIpYLI/eH KoMaHAamapibl KaObULiaiabl KoHE
TypOuHaHBI GacKkapy TeTiriHe acep eresi , coHjaif-ak KaxeT OoiFraH »karjaina yinectipymi areHtke Oy
Typaibl Xabapiail OTBIPBIIN , TAalChIpMaHbl Ty3eTeli. KyarT TarchpMachIHbIH ar¢HTi AHACHOCTHKA areHTiH
KaOBLIAli/IbI KOHE arperaTThlH KyaThIH MIEKTEH .

4. ColikecTeHipy joHe Mojeibaey areHTi (AIM) KOHIABIPFBIHBIH JKYMBIC PEKHMIH ©3TepTKeH Ke3jie
peTTerimTepiH IIyblH OKIIAyjlay YIIiH TOJKBIHIBIK TYPJICHIIPYi KOJJAHA OTBIPBIT COWKECTEHIIpY
MPOLIEIypackiH OpbIHal k! [2] xkoHe ARV jkaHe OHTailiIbl mapaMeTpiep/i aHbIKTay YIIiH MOJEb/CY YIIiH
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arperaTThiH aFbIMIarbl pekuMiH jkacaiiisl. ARCHV xone ARV sxone ARCHV aFbIMIBIK apameTpiepi
©3repTy KaKeTTiIirH TeKcepy YIIiH.

Arenr-Koopammarop

\\m\

Arest saanis
MOMHOCTI arperara

7~

Arent sazams
MOWMOCTI arperara

Arerr

Arewr

WarnocTHpOoRaNits LA HOCTHPOBANI

Areurr
o —
-

Arent cornacosanmoi
sacTpoKm

Arer
nacHTndxai 1
MoacampoRanms

Arest cornacosanHol
acTpoxm

2-cypert. backapy/iblH MyJIbTHAr€HTTIK XKYiECIHIH KYPbLIbIMbI

5. Kemicinren Oamray areHTi IeHETHKANbIK AJTOPUTMIIK NpoLeaypaHsl [2] KoimaHa OTBIPHII,
arbIMJIaFbl  peXUM ymiH ARV TreHepaTOpBIHBIH OHTAibl  YHlecTipiiren KyHiH aHBIKTAy —YIIiH
niaeHTH(GUKALHAIAY JKOHE MOJEIbJACY AarcHTIMEH allblHFaH YIriHi maiinanaHagsl skoHe ARV pertey
k0> UIHEHTTEPiHIH albIHFAaH MOHEPiH aBT0-6anTay arenTine depei.

6. ByJbIHFBIp Gackapy >KyHenepiHiH TeXHOJIOTHSACHIH KOJJaHATHIH aBTOMATThI TYp/e Oanrtay Kypaibl
ARV xone ARCH mnapamerpnepinin OiniM KOpbIH JKMHAKTainel [2], op Typni jKyMbIC pexuMJepiHe
apHAIIFaH, MOJIEIIb/IC COUKECTEHIIPY JKOHE MOJIEIIbCY areHTTepiH KOJIaHbIN TeKCepesi.

CoOHFBI KbUIZIAPhl ArEHTTEPre HEri3JeNreH MOJENbAeyAl KONJAHATBIH KONTereH OarjapraMaibik
mardopmanap skacaiibl, onmapAbiH apackiHga AnylLogic [2] skyifeciH MopenbaeyaiH OapiblK Herisri
TypJepiH Gipiktipyre 6omabL:

- nudepeHnmanIbIK TeHIeyIep HeTi3inge perTerimrepMen 6ackapy 00beKTiCiHIH IMHAMHKAIIBIK
MOJIEJIIH jKacayFa MYMKIHJIK OepeTiH KYHeHiH JUHaMUKACHI;

- aKHmapaTThl TapaTy MPOLECTEPiH MOJEIbACYTre MYMKIHAIK OepeTiH, KoIl areHTTiK OacKapy *KyHeciHiH
QITOPHTMiHE allTapIIBIKTail ocep eTeTiH OKHMFanapiblH TybIHIAy MYMKIHJIIiH €CKepe OTBIPBII, OKHFaIapIbl
(mporecTepi) TUCKPETTEY;

- areHTTep/iH iC-OpEeKEeTiH 3epTTeyre )KOHE TYTACTail )KYHEHIH MiHE3-KYJIKBIH aHBIKTayFa MYMKIiHJIIK
OepeTiH areHT HeTi3iHJAeTi MOJEIbALY.

AnyLogic xyiecinne Mozens peringe ARV 6ap TypOoreHeparopiapMeH a0 bIKTaIFaH YChIHBLUIFaH
Kem areHTTik Oackapy okyieci enrisingi. AnyLogic munaTdopMachIHBIH KyHENiK —JIMHAMHKAIBIK
KiTalXaHAChIHBIH KOMETiMeH jKacallFaH MOJIE]Ib KYPbUIbIMbI 3-CypeTte kepceriireH. [llenGepiep Mozenbaey
mpoLecine e3repTyre GOIAThIH JMHAMUKAIIBIK alHbIMAbLIapAbl Kepcetesi. Llapibiiap capanay mporecin
JKy3ere achbIpyFa MyMKIHAIK OepeTiH KeTeKTep/Ii KopceTei.

APB

APUB TypGoreneparop

3-cyper. AnyLogic-re ARV xone ARCHV 0ap yrectipiires reHepaTop KOHIBIPFBICHIHBIH MOACIbAIK KYPbUIBIMEI [2]
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YariHin Heri3in keixeci TeHaeyep Kyheci Kypaibr:

do; —
—1=5, i =1,1 1
' l @
ds, . , T
d’ w, —K.S, — f,(6) -y, (3.), w,=Cux, i=1l
" i
dx, . T
7':4)6,.+q,.S,.+b,.u,.+R,(S,.,x,.), i=11 2
t

MyH71arb1 O; - GYPBIITHIK KOOPAMHATTAp; S; - GyPBINITHIK KbUVIAMBIKTAD; X; — 71, - PETTerii KyiiHil BeKTopbI;
W, - Gackapy obbekTinepine apexer etyni 6ackapy; K, > 0 —6Gackapy obbexricinin GocerneTy kosduumenTrepi;

C..q;,b; - Bexropnbk 1; — emuemni Typakreutap; A;- 1, X1, ToprinTi TypakTsl Marpuuackl; A, - kepi

i

GaiiTaHbIC KaFu1achl OOMBIHIIA KATBIITACKAH PETTETIITIH 6acKapyIiibl 9peKeTi; HyHKIHUsIIap

!
Wi(g,-‘)zzpik(é‘:k)’ 6y =06,-6,, i=1l S}
pa
ki

I -mi  xyiere, wamran!/—lximi sxyitenepre ocepin cunarraiine;  f;(0;) - kemeci maprrapmst
KaHaraTTaHABIPAThIH JU(hepeHIHsIaHIaHATBIH IEPHOATHIK (QYHKIMSIIAP:

JG)= 8 +2m, V8B gy = [ 1605 <0,
0

4:9) HO) o 0<sy, <22 i=11

dé'l dé‘l |(’1:5u.

Op TypakTanFaH | ymin ekinmi ToprinTeri nudpdepenimanask Tenaeynep (1) GackapyabiH |-
obObekricinmeri npoueccrepai  cumarrtaiigsl ([ Gapinblk - Gackapy  OOBEKTiepi), anm  BEeKTOPIBIK
nuddepeHtmanpk Tenaey (2) i— wi 6ackapy 0ObeKTiCiHAeri peTTeriuliHii KO3FaIbIC TEHIeyiH aHBIKTANIbI.
DJIeKTp-oHepreTHKaIBIK Oackapy skyitenepi ymin (1) Temjaeysepi i-1i CHHXPOHIBIK TeHEpaTOp/bIH

£,(0)=0, 0 >0 fi(8) =0,

POTOp aifHATBIC KO3FANIBICHIH CHNATTAii/bl, O;— MIaMackl HOMMHAIIb KUiTIKTETi XOHE |— reHepaTopMeH
CaJBICTBIPMANIBI OIpJIiKTEe OHIIPUICTIH 3JEKTp KO3FaylIbl KYII Ke3iHAeri poTrop aifHaixy OypbIIITapbIHBIH
AfBIPMAIIBUIBIFBI,  (DYHKITHS f:(6) L reHepaToOpJIap/blH  CalbICTHIPMalIbl  OipiiKTepaeri KyaTbiH
aHBIKTalBI, ¥/, (5,) - OPTAK 3JIEKTP KeJlici apKbLIbl FeHepaTopiap/bH Oip-0ipine e3apa acepin kepceTesi.

(2) Temaeynep opTak JMEKTP JKENiCiHAE JKYMBIC ICTEHTIH OapIibIK IeHepaTopiapiblH CHHXPOHJIBI
JKYMBICBIH KaMTaMacbl3 €Ty MaKCaTblHa KOMIIBIOTED OH/IpiNeTiH, |-TeHepaTopiblH, U;- GacKapymblH
POTOPIIBIK aHBIMAIIBI KO3FAJIBICBIH TYPAKTAHBIPY YIUiH PETTETillNeH OHIpiIETiH |-reHepaTopblH KoHe
W; - opeKeT eTy/iH aiHaTy JKMiIIri MeH KO3JbIpy JKYHECiHiH aBTOMATTBI peTTerilliniH Oy KasaHIBIK, Oy

TYpOMHACBHIHBIH THHAMHUKACBHIH CUTIATTaIbI.
DHeprust KyHeciHiH KIaCCHUKAIBIK YITICIHACTI - FeHepaTOP/IbIH KO3/bIPY KO3FaJIbICHIHBIH TEHACYIEPI
Kesneci Typae Kypouiaasi[3]:

ds,
= WionSis
dt
ds L .
A dt’ DS, = fi(8) =2 f,,(8,=8)+ B, i=11,
=

J#
- o 0 P 0 0
F(8)=Bsin@? +8)~Psing’, B.&) oo

(8, =8) = Pysin(5] +6,=8) = Bysing], 6] =8 =5), B )

MYHJ1arbl

MYH/IaFbl S; - rerepatopabig OKK MeH anatTan KeiiHri GeNriIeHreH peKMMIETi OHbIH MOHIHEH IbIFATBIH i-
TEHEPaTOP/BIH ~ KEpHEyi  apachIH/arbl
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Yw

HoMm

0
OypBITEIH ayBITKYBL, O; , S, =(W,—W,

HoM

i-reHepaTopumH 6¥pr]J_ITI>IK JKbLJI1aM 1bIF bIHBIH

CBIPFYBI, D;_ iy reHepaTtop/blH Oacenyiery K03 GbHIMeHTi, P, — anarran keifinri Genrinenren

pexumzeri onapasin £y, Moninen Typ6uHa KyaTeHbIH aybiTKyel, H, - ;-1 reHepaTopaarbl poTOPBIH
HMHEpLHs. MOMEHTI, P’, ' — { — 11l TeHepaTOP/IBbIH EKTP KyaThl MCH i— Il )KOHE j—IIi reHepaTopiapblH
apachIH/IaFbl KyaTThIH CHIPTKbI ©3apa arysbl.

Backapy opekeri W =W;(f) xone | — TypOuHa KyaThl MeH P, Typ6una KyaTbIHbIH apachiHarsl
aybITKy apachlH/aFbl OaiiiaHbIC KapanaiibiM xaraaiia [4,5] muddepeHimanipik TeHIeyMeH aHbIKTaIa bl

dP,, du, 1
T,—“=py—-P, T,—F=—p——S +Kw,
" Hi = Ly S Hi . iWi

i

myHmarbl A, = 44(f) GyFa IIeK KOIJBI JKAYBIN TACTAHTBHIH JKANKBIUTBIH CANBICTBIPMATIbl OpBIH

aybICYbI, T, - Oy KBI3IBIPFBIII KYOBIPIApbIHAAFb! Oy/IbIH HHEPLMSACh! OONBIN TAOBLIATHIH YaKBIT TYPAKTBICHI,
0,— (AXAP) i-mi, K, 6Gackapy oprambix xyiiecinmeri i-apHaHbIH Kymeio kodduimenti, Gackapy
opekeTi 6apiIbIK TeHepaTopaapAbH (a3anblk Kyiine 6ainaHbICTBI.

Mogenbaeri areHTTep/iH KOCBULy KYPBUIBIMBI 4 CypeTTe KepceTiireH. JIMarHOCTHKAIbIK areHTTe
TypOOTreHepaTOpbIH IapaMeTplIepiH ejIeyre MYMKIHAIK OepeTiH peuentopiap 0ap, alx KyaTTbl perTey
areHTi TypOOreHepaTop/IbIH OeJICeH 1l KyaThlH reHepalisuaiThiH 3¢ hexTopMeH kabIbIKTaIFaH.

Arus TypGoreneparop
3-cyper. Kepcerinren arenrrepmen GaiinaHpichl 6ap Kol areHTTiK 6ackapy KyHeciHiH Mozaemi

KopbIThIHABI

MHTeIUIeKTyall bl XKYHenep SHEPrusHbl CYPAHbIC TEH TYTHIHY/IbI GaKbUIayblH HAKThI yaKbIT PEKUMiH
ajly YIIiH aKnapaTThIK TEXHONOTHAIAP/IBIH, TAPATBUIFAH JKYHENIepIiH XKoHE KacaHIbl HHTEIUIEKTTIH JaMybIH
OIpIKTIpETIH 3JIEKTp SHEPreTHKAIbIK JKyHeslepiHiH jkaHa OybIHBI peTiHAEe KapacThIpbUIafbl. bByn Tocin
3USATKEPIIK JKYHelIepAiH CUlaTTaMalapblH CIIKTCHTIH TapaTy KyifenepiH OackapyIbl 3epTTey YIIiH Kell
areHTTIK JKyienmepali KoigaHyra HerisgenreH. byn Makamaga kem areHTTIK Oackapy OKyielepiH »koHe
SUATKEPIIK JKETLIePIiH KYMBICBIH 0acKapy YIIiH KOJJaHbUIATBIH TYpii miatdopmanap kearipinren. Connaii-
aK 3UATKEPITiK EKTP YHEPreTHKAIBIK XKYifeIepiHiH MOJIENbeY MOJIEI YChIHBUIIBI.
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AbaunnaeBa A.A., Xykabaesa T.K., AxmemxanoB M.A.

MozeHpoBaHHe MyJIbTHATEHTHOI CHCTEMbI YIHPABJIEHHS 2JIEKTPOIHEPreTHYECKHMH CHCTeMAaMH

Pesiome. B naHHOii CTaThe paccMaTpHMBAeTCs ONHMCAHME MyJIBTHATGHTHON CHCTEMbl Ul HHTEILICKTYanbHBIX
9EKTPOIHEPTETHYEKHX CHCTEM. PasBHTHE HMHTEIEKTYalbHBIX DJIEKTPOIHEPIETHUECKAX CHCTEM M CBA3AHHBIX C HUM
TEXHOJNIOTHI OOBEIMHSACT JIOCTHKEHHS B Pacmpe/ieieHHbIX CHCTEMaX, HCKYCCTBEHHOM HHTEIUICKTE, YNpPaBleHHH M
HMH(POPMAIHOHHO-KOMMYHHKAIIMOHHBIX ~ TeXHONOTHAX. OKMJaeTcs, dYTO MHTEUIEKTyalbHBIe dJIEKTPOIHEPreTHUYeCKHe
CHCTEMBI Oy/yT JIeMOHCTPHPOBAT BBICOKHIA YPOBEHb ABTOHOMHOCTH, CAMOBOCCTAHOBJICHHSI U HA/IGXKHOCTH U MPEIOCTABILSTH
Takue (YHKLMH, KaK PEKOH(UIypalis, 3alliTa, BOCCTAHOBICHHE M B3aHMOJEICTBHE C I0JB30BATEISMH IIOCPELCTBOM
pearupoBanust Ha 3anpocsl. MAC sBISIOTCS MHOTOOOCIIAOMIMMI TEXHOJIOTHAMH Ul pean3aliid TakuxX (yHKIMH U B
HACTOSIILICE BPEMsi H3y4aIOTCs! ULSl UCTIOJIB30BAHHS B MHTEIUIEKTYaJIbHBIX 3JICKTPOIHEPIeTHICCKUX CHCTEMAX.

KiioueBble ¢j10Ba: My/IbTHATGHTHAsI CUCTEMA, SJICKTPOIHEPTeTHYECKas! CHCTEMA, MOJEIIb, ArCHT.

YK 517.98
'A.M. Abylayeva, 'B.N. Seilbekov
('L.N. Gumilyov Eurasian National University,Nur-Sultan, Kazakhstan)

FOR p>q, THE WEIGHTED INEQUALITY OF THE FRACTIONAL INTEGRATION OPERATOR

Abstract. In connection with numerous applications in applied problems, as well as of great importance in
various areas of mathematical analysis, currently there are various approaches and generalizations of the concept of
fractional integration. Fractional integration operators in connection with numerous applications in various fields of
analysis have very important meaning in mathematics. In modern mathematics, there are various classes of fractional
integration operators, such as the Riemann-Liouville, Weyl, Hadamard, Laplace, Erdelyi-Kober operators and other
types of continuous, discrete operators that have already become classical in mathematical analysis. Numerous papers,
textbooks and monographs have been written on the subject of fractional integration operators. In theoretical and
applied problems different fractional integration operators are used depending on convenient properties. Therefore,
there are numerous studies establishing the various properties of such operators, as well as their relationship. In recent
years fractional integration operators in weight functional spaces have been intensively studied. In the present paper we
consider a class of fractional integration operators, which includes the well-known Riemann-Liouville, Weyl, Erdelyi-
Kober operators and establishes a criterion for their boundedness from one Lebesgue weighted space to another.

Keywords: boundedness, fractional integration, weight functions.
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Hncmumym ungpopmayuonnvix u evryucaumenvivix mexronozutt KH MOH PK,

Kaszaxcman
Annomayus. B oanHoll cmamuye paccmampugaemcs ananuz
9HepeodPhexmusnocmu  GYHKYUOHUPOBAHUS.  INEKMPOMEXAHUYECKUX — CUCTEM.
Tpaouyuonro OyeHKU appexmusnocmu UCNONIb30BAHUS IHepeuu

INEKMPOMEXAHUYECKUMU — CUCEMAMU — NPOU3BOOAMCS.  HA — Npumepe  KPYNHbIX
nompebumeneii Ul Yeiblx Cucmem, PAcnPOCIPAHEHHLIX 6 AHATUZUPYEMOlU 30He.
Hoeanvhvim dK3eMnAAPOM NO NOKA3AMENIO PACHPOCMPAHEHHOCIU U HAZPYIHCEHHOCHU
Oyoem sneKmpomexanuveckas cucmema 6 cocmage cemu 6000CHabx ceHus. B makux
CUCMEMAX KIOYesbLM Kpumepuem si81siemcsi Kodgguyuenm nonesnozo oeticmeus (KI1/7)
cucmemoi.

Pesynomamoul - Hayumoix  ucciedosanmuii  nO  60MPOCAM  NOBbLULEHUS.
9IHEP20IPhexmusHoCmU PYHKYUOHUPOBAHUS INEKMPOMEXAHUYECKUX CUCIIEM 8 COCIAge
cemell 6000CHADICEHUSI NOOMBEPIHCOAIOM HANUYUE 3HAYUMETLHBIX PE3eP8O8 N0 SMOMY
nanpasnenuio.  Heoocmamkom — maxux — uccreoosanuii — sagisemcs Mo,  4mo
paspabamuieaiomcs unu 0oujie MexHuKo-9KOHOMUYecKue noOXo0bl U PeKOMeHOayul no
peanusayuu  dnepeocbepecalowux  Meponpusmull, Ul  UCCIeOyIomcs  npooiemvl
9Hepeodphexmusrnocmu omoenvubix obvekmos. I[losmomy, cywecmeyem npobiema
npo6edensl CUCIMEeMHO20 aHau3a paboue20 npoyecca 2NEKMPOMeXAHULECKUX CUCTEM U
onpeodeiieHus: nokazameinei OYeHKU e20 IHep2oIpdexmusHocmu.

1. Metoast H NMoKa3aTeJIn OLIEHKH Hepro3pdexTHBHOCTH
(PYHKIMOHMPOBAHMS 3JIEKTPOMEXaHHYECKHX CHCTEM

ITpo6iema HPOBE/ICHUS CHCTEMHOTI0 aHaIM3a (YHKIIMOHHPOBaHHS
3JIEKTPOMEXaHHYECKHX CHCTEM B COCTABE CETEH BOAOCHAOKEHHS C LENbIO MOBBIILICHUS
HX 3HEeprod((EeKTUBHOCTU SIBIACTCS aKTyalbHOH BO BCEM MHpE. YUHTHIBass 0OBEMBI
noTpebIeHusT 3JEKTPOIHEPIuH djIeKTpoMexannueckumu cucremamu (B CIHIA okoio
25%, B EBporne okoio 23%, B Poccuu - 20% ot obruero ee motpedienus) [1], B cocrase
KOTOPBIX OKCILIyaTHPYIOTCS ILEHTPOOEKHBIC HACOCHL, pa3pabOTKOH METONUKH H
nokasateneil oueHku sHeproapdexruHocTn IMC MOCTOSHHO 3aHHMAIOTCS BEAYLHE
Hay4HBIC LIEHTPBI.

Texnmdyeckum yHuBepcureroM TI. Jlapmmragra (Iepmanms) paspaboran
eporneiickuii  crangapr EN16480, corimacHo KOTOpOMY B KauecTBe KpHUTEpHs
9HEpro3(PEKTUBHOCTH  LEHTPOOEKHBIX ~ HACOCOB  JIOJDKHA  CIY)KHTh — HHJIEKC
muanMansHoro KITJI — MEI (Minimum Efficiency Index). ITo meToanke ykazaHHOTO

CTaHjapTa HHACKC MbBH (UPL )min.7 regu ® (UBEF)min7 regu ° (UOL)min.iregu paccunThIBacTCA

JUIS TPeX TOYeK pacxoza pabodero AuarnasoHa Hacoca 10 (GpopMyaam:
a) IIpY MUHUMAIBHOM pacxojie pabodero quamnazoHa
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(UPL )min_rr'gf = 0’947 : (UBEP )min.7 regu

0) IIpu ONTUMAILHOM PacXxoe

(M550 i, reew = —1,48x> —0,85y” —0,38xy +88,59x +13,46y - C
B) pyu MakKCHUMaJIbHOM pacxone pa60qer0 JuarasoHa
(o1 )min‘iregu =0,987 - (Myp )min.7 regu

rae C - BeMYMHA, 3aBUCALAs OT KOHCTPYKTHBHBIX OCOOEHHOCTEH THMa Hacoca;
x=In(n); y=Im(Qyp); n, — xosdduuuent Goicrpoxoanoctn Hacoca; Qppp —

pacxo Hacoca IPH ONTHMATEHOM PEXHUME PaOOTEL

Bennunna C 3aBUCHT B IEpBYIO ouepelb OT THUIIA HAcoca, CKOPOCTU BpaleHUs
poropa U  OOOCHOBBIBAETCS TaKKe CTOMMOCTHBIMU M  JKCIIyaTallMOHHBIMU
nokaszaremimu. Oakrudeckoe 3Hauenne MEI 11t KOHKpeTHOTO Hacoca pacCUUTHIBACTCS
yTeM JIMTHEHHOH MHTEPIOJIALHHY C UCTIONB30BAHHEM JAHHBIX CIEIMaIbHBIX TaOJIHIL.

Kax BuauMm, Meronuka ompejeneHHs nokaszateneii MEI noBonbHO croxHas u
Tpebyer Oonbmioro komuuecTBa HHpopMmanuu. Kpome Toro, camu pa3paboTUHKH
aKIEHTHPYIOT BHMMaHHE Ha TOM, 4TO pa3paboTaHHas METOAMKA U TOKa3aTelu He
CTOJIKO XapAaKTEPHCTHKON 3Hepro3(eKTHBHOCTH, a IIOKa3aTelsM KauyecTBa U
KOHKYPEHTOCIIOCOOHOCTH IPOJYKIIUH.

I'uapaBnuyeckum  Mucturyrom  CIHA a1 OLEHKM — 3HEPreTH4ecKoit
3} (EeKTHBHOCTH (YHKIIMOHMPOBAHUS LEHTPOOSKHBIX HACOCOB IPEJIAraeTcs BBECTH
nokasarens PER (Pump Energy Rating), KOTOpBIi, 0 X OHpENENeHHUIO, SBISLETCS
CpEJIHEB3BEIICHHONM BEIMYMHON MOIIHOCTH Hacoca INpu paboTe Ha peXHMax C
PAa3IMYHBIM PAcXOAOM. DTOT MOKA3aTeNlb PACCUUTBIBACTCS MO (hopMyIie:

PER = kl 'PlLQ,,E,, + kz 'Plo,75Q,,E,, + k3 -ROASOQBEP + k4 'Plo,zsgm, >

rae, BEP (Best Efficiency Point) - Touka makcumansaoro KI1/[ Hacoca; kl...k4 -

BeCOBbIe KOI((UIUEHTH, KOTOPHIC OMNPEAENAIOTCS U KakKAOro THIIa HACOCOB B

3aBUCUMOCTH OT THIIOBOI KOH()HI'Ypallii CHCTEMBbI, B KOTOPOil OHU (hYHKIIHOHHPYIOT.
BazoBbiMu 11 pacuera nokaszaresnst PER npuHUMaroTcst 4eTbipe TOUKH HAlOPHON

XapaKTEePHCTHKH B TIpefelax PeKOMEHJOBAHHOTO pabodero Amama3oHa ST KOTOPBIX

ONpEIENAIOTCS OKA3ATENH MOIHOCTH B 100050 ’Plonsgw : PIO.SOQ,,EP 5 Plo.zsgm "

OCHOBHBIM OTJIMYMEM aMEPUKAHCKOTO MOJAXO0/a K OLIEHKE SHEPro3(pHeKTHBHOCTH
HAacoca - HAacOC PaccMaTPHBAETCS TONBKO KaK HEOTheMJIeMas 4acTh T'MAPaBIMYECKOU
CHCTEMBI.

B P® no nocranomnenuto IlpaBurenbctBa PO or 16.04.2012 Ne308 «O6
YTBEpXKICHUS  HepedHs OOBEKTOB, HMEIOIMX  BEICOKYI0  JHEpreTH4ecKylo
3((EeKTUBHOCTb, I KOTOPBIX HE MPELYCMOTPEHO YCTAaHOBJICHHE  KIACCOB
SHEPreTHYEcKoi 3(HeKTHBHOCTH» KpUTEpUEM HEPro3(pHEeKTUBHOCTH CHCTEMbI HACOC-
CeTh SBISIETCS YAENbHOEe IOTpeONeHHe SHEeprud Ha HepeKaduKky eIUHHUIBI o0bema
xkuAKocTd - MDD (MHIUKATOP SHEPreTHYECKOH 3D (PEKTHBHOCTH).

VY aenbHOE OTPEOICHHE SHEPIUH PACCUUTHIBACTCSI 110 BBIPAXKEHHIO!
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rae B, — 06beM dIeKTpHUeCKON YHEPIHH, PACXOLYEMOii MEKTPOMEXaHHIeCKOit
CHCTEMOI Ha TepeKauKy xkuakocta oobemom O ;

H — nanop nacoca;
0 — IIOTHOCTb KHJIKOCTH;
g — yCKOpeHHe CBOBOIHOTO Ma/IeHHUs;

— KII/I Hacoca U 371eKTpoIBHraTes.

ﬂunmm ’ 77 odeueamens
VYka3zanubiit UD2®, kak MHANKATUBHBIN, 10 POCCUHCKON METOJUKE, ONPE/IEIAETCS
Iyl OTpacieil U OTJEIbHBIX MPOLECCOB Ha OCHOBE MAaKPO3KOHOMUYECKHUX MOKA3aTeNeH.

Xors, FE, u [jexmapupyercs B  METOAMKE KaK  XapaKTEPHCTHKaA

3Hepro3((HPeKTUBHOCTH KOHKPETHOI CHCTEMBI HacOC-CETh, a HE HACOCa, OJJHAKO OHA HE
MOKa3bIBACT BIMSHUS OTACIBHBIX 3JIEMEHTOB 3JIEKTPOMEXaHMYECKOHl CHCTEMbI Ha
9Heprod(HeKTUBHOCTH ero (PyHKINOHUPOBAHUSL.

Kak BMAMM, CEroiHs He CyLIECTBYeT SAMHOTO OOMICHPUHATOrO BO BCEM MHpE
onpezieleHUs SHepreTuueckor 3 pexTuBHOCTH. CTaHZAPTHI PasHBIX CTPAH TPAKTYIOT
9TO HOHATHE MO-pazHOMY [2]. OmpeneneHHIO MOHATHS 3HEProd(h(HEeKTUBHOCTH pabOTHI
9JIEKTPOMEXaHMYECKHX CHCTEM B COCTaBe CeTed BOAOCHaOXeHHs Hauboiee
COOTBETCTBYET ~ TEPMHH,  ONpEJCIAIOMIMH  MOTpeOIeHHe  SHEPruM,  KOTOpOil
obecreunBaeTCs TEXHOIOTHYECKHII MpOIecC MEepeKauKH >KHAKOCTH C 3aJaHHBIMH €ro
HapaMeTpamu.

ITo mepe 5Hepro3pPpeKTHBHOCTH JOIDKHA CIY)KMTh Hay4yHO OOOCHOBaHHas
yAenbHas BeIMYINHA IIOTPEOICHNUs YSHePI UK Ha IPOU3BOACTBO €AMHHUIEI Ipoxykiuu. [Tox
HPOJYKIMEH CleyeT MOHUMATh MepeKauyaHHOH XKHIKOCTb, TO €CTh €¢ KOJMYECTBO 3a
ONpE/ICTICHHbIN TPOMEKYTOK BPEMEHH.

1.2 Jneprod¢dexTHBHOCTH YIEKTPOABHIATEIsSI B KaUeCcTBe KPUTepUs
BBIOOpA IMANAa30HA PAaGOTHI JIEKTPOMEXaHHYECKHX CHCTEM

OCHOBHBIMH ~ JHEPreTHYECKMMH  [OKa3aTesiMH  paboTBl  MPHBOJHBIX
3JIEKTPOABHIaTeNeH, KOTOPBIE IPUBOJATCS B MACIOPTE, ABIAIOTCSA: MOIHOCTD Prom TIPH
HOMHMHAIBHOH  3arpy3ke  3JICKTPOJBUTaTreis, HOMUHAIbHOE HampsbkeHue U,
HOMUHAIBHBIH TOK /, ko3pdunuent nonesnoro neiicreus (KIIA) 7, xoadduuuent

MOIITHOCTH COS®, CKOPOCTh BpalleHHS POTOpa 7, U Apyrue mapameTpsl. OCHOBHBIE
nokasarenu paboThl Hacoca - pacxoa O, Harop H, K03 PULHEHT MONE3HOro AHCTBUS
(K114 n,,,, » MOIHOCTE Ha Bamy Hacoca Ppump 1 Ap. Ecnu snekrpuyeckuii gsurarens

paboTaeTr B coCTaBe HIEKTPOMEXAHHIECKOIl CHCTEMBI, TO paboyasi MOIIHOCTE Py Oyner
U3MCHSATBHCS B COOTBETCTBUM C H3MCHECHMEM MOIIHOCTH Ha Bally Hacoca Ppump.
Wsmenenue Ppump 3aBUCUT OT M3MEHEHHMs pacxoza Hacoca (O, Harmopa H W BEIMYHHBI
MOTepb SHEPruM B cocraBisomux dmemeHtax OMC. MomHocTh Hacoca Ppump MOXET
MEHATBCA B JIOBOJBHO ILIMPOKOM JMana3oHe. PabGouas MOLIHOCT NPHBOAHOTO
3JIEKTPOABHIATENIs ONPE/ENACTCS MOIHOCTBIO Hacoca:

By =B,
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Ipu BBIOOpE 2MEKTPUUECKOro ABHTraTels Aas paboTel B cocTaBe DMC 00BIYHO
PYKOBOZICTBYIOTCS TIPaBMJIOM COOTBETCTBMSI MOIIHOCTH Ha Bally Hacoca B TOYKE €ro
pabotsl ¢ MakcumanbHbiM 3Hauenuem KII 77, TACMOPTHBIM 3HAYCHUEM Puom

JIIEKTPOJBUTATENS, €CIM HE HAKJIaJbIBAIOTCS AOMONHHUTENbHBIE YCIOBUS IO ITyCKO-
MOMEHTHOH XapaKTEePHCTHKH arperata. [Ipu 3ToM MHUHUMAaIIbHbIE BO3MOXHBIE HArpy3KH
3JIEKTPOJIBUTATEIS HE OTPAHUUMBAIOTCS U HE aHATH3UPYIOTCSL.

DHepreTnueckue MOTOKH B MPUBOAHBIX AIEKTPOJBHTATENCH U HACOCAX OTAEIBHO
MCCIIEJIOBAHBI JIOCTATOYHO TIyOoKo. OJHAKO B3aMMHOE BIMSHHE PabOYMX MPOLECCOB,
MNPOUCXOASAIIMX B  SJICKTPOJBUTATENs X W  HACOCAX, Ha  PE3YJbTUPYIOLLYIO
9HeprodpPeKTUBHOCTH UX COBMECTHOH paboTHI H3ydeHO HenocTaTouHo. OcoOGeHHO 3TOo
KacaeTcsl HCHOJIb30BAHMS SICKTPOMEXaHUUECKUX CUCTEM ceTeil BOJOCHA0KEHHS B 30HaX
KPYIHBIX («I1€Perpy3Kku») U MajibIX («HEOrpy3Kay») pacxo10B, U300paKeHHBIX Ha X Q-
H xapaxrepucTukam, a Taxke MO TaK Ha3bIBAEMBIX «TJIyOOKHX)» U3MEHEHHII TeOMETpHH
BBIXOJ[HOIT YacTH stonacTeii pabouero koneca Hacoca. [To3ToMy aist onpeeneHus rpaHuIL
NPUMEHEHHS  CYIIECTBYIOIIMX 3JEKTPOMEXaHMYECKUX CHUCTEM B JEHCTBYIOIIMX
THAPABIMYECKHX CETSIX BOJOCHAOKEHHS, CETIX, IPOCKTHPYEMBIX U PEKOHCTPYHUPYEMBIX
B&XHO 3HATh [MHAMHMKY HM3MCHEHHs OSHEPreTHYecKuX xapakrepuctuk OMC B
ONpE/ICJICHHOM JIMara3oHe PacXo/I0B M HAMlOPOB, a TAKXKE UX MPEAeIbHbIC 3HAUYCHHS KaK
st OMC B 1ennom, Tak U 71t €T0 COCTaBIISIONIHX.

Hcxonss M3 BBIIECKA3aHHOTO, LEIE€CO00Pa3HO ONpe/eieHHe M 00OCHOBaHHUE
JIMaIa30HOB HCIIOJIb30BAHMU SJIEKTPOMEXaHHYECKUX CUCTEM (3a PAcX0/0M M HAIlOPOM),
MONB3YsACh KpHTepueM dKcmuryatanuonHoro KIIJI u sneprosddekTHBHOCTH IIyTeM
MPOBEJICHHUS SIEKTPUUECKOTO 1 MaTEMaTHYECKOr0 MOJEIHPOBaHHs pabodero nporecca
B IEHTPOOEKHBIX HAcOCaX IPU PasHBIX PEKHUMAaX PacXojOB M HAMOPOB, C
HCTIONB30BaHUEM JHEPreTHYECKHX moKa3aTenel paboThI TIPHBO/JHBIX
3JIEKTPOABHIaTeNCH, P BCEX MX HArpPy3KH.

OueHky 3)(EeKTUBHOCTH Nepe/iadi SHEPIUH B EKTPOMEXaHUYECKOI CHCTEME OT
MIPUBOJHOTO JJIEKTPOJABUTATEINs Yepe3 JIONMACTHYI0 CHCTEMy Hacoca HepeKadnBaeMon
xupkocty, onpenensier KI1J[ cucteMsl «31eKTpoABUIraTellb - My(Ta COCAMHUTEIIbHAS -
CHCTEMa PEryJIMPOBaHHs - HACOCH

Nagr= Mot Mo Msistreg T pump » (1.1)
rae:
1, — KI1J1 HacocHoro arperara;
1, — KIIJI anekTpoasurarens;
Ny — KT My@ThI coeMHUTENBHOM;
Nyist.ree — KIIJL CHCTEMBI PETyIMPOBAHMUSI SNIEKTPOABHIATEIIS;
I KIIJI nHacoca.

B nanbHeHIMX UCCIe0BaHUSIX PaOOTBI CUCTEMBI IPHHSTHI IPEATIOI0KEHHE, UTO
CHCTEMa PEeryJIMpOBaHus IBUraTeNs OTCyTCTBYET, TO ecth KITJI cucremsr
PpEryIupoBaHUs dIEKTPOABUraTel s paseH equnuie; KI1J] MmydTsl coetuHUTENBHOM
pasen 0,99 [3].
Toraa ¢popmyna (1.1) npumer Buz:

Nagr = 0,99-n,,- 7 pump (1.2)
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Pexum paboTsI HOPHBOJHOTO JNIEKTPOABUTATEIS XapaKTepu3yercs
KO3( pULIEHTOM 3arpy3kH ( k. ), KOTOPBIH ONPEEIACTCs OTHOLICHHEM ero (paKTHYeCKOi

paboueit MotHOCTH (P)r), K HOMMHAIBHOM MOIIHOCTH (Prom):

k. =P,/ P,,.
®dakruueckoe 3Hauenue KI1 anexTpoasuraress 3aBUCUT OT pabodeii MOIHOCTH
P ¥ cCOOTBETCTBYET KOHKPETHOMY 3HaueHHIO Kod(hduiuenTa 3arpysku k, .

VYepenuénnas 3asucumocts KI1/1 anexrpoasurarens or kodhpuinenTa 3arpy3ku
[3] mpencrasnena Ha puc. 1.1.

Ornocnrensroe snasenne K1 (My/Nogm)

o 5.7 02 02 04 05 06 07 05 09 10 11

Kosdduent sarpysennoctn (K,)

Puc. 1.1. Yepenuéunas 3aBucumocts KI1J] anexrpoasuraresns ot koadduuneHra
3arpy3Ku

ITo pexomeHnaumsiM [3], B cilyyae NPUMEHEHHs 3JICKTPOIPHBOJA JUTHTEIBHOTO
pexuMa paboThl, HEOOXOAUMO COOITIOATh YCIOBHSL:

0.7 < k. <0,9.

B atom nuanasone rpaduky (puc. 1.1) 3nauenne KI1/] anextpoasuraresns sBiasercs
CaMbIM BBICOKHM M MeHsIeTcsl Maio. [l Ipyrux ciaydaeB peKHMa JIIUTEIbHOH paboTh
HEOOXOZUM JIOTOJHHUTENbHBIA pacyeT 11eJ1ecO00pa3sHOCTH INPUMEHEHHUs] TIOBOIY
paccMaTpuBaeMOi poOIEMBI.

PykoBOACTBYACh peKOMeHIAanusAMHU [3], paccMOTpUM HAa HpHMEpPEe HACOCHOTO
arperata AJ] 6300-80-2, 4yTO SKCIUTyaTUpyeTCS B COCTaBE 3JIEKTPOMEXaHWYECKOH
CHCTEMBl ~CETH BOJOCHAOKEHHs, INpeobiafalonMii JAWana3oH  HCHOIb30BAHHA
HPUBOJHOTO 3JEKTPOJBUTATEINS, UCXO U3 KO3((MHIMEHTa €ro 3arpy3Ku U JMHAMHKH
u3menenus KIT/I.

Jlnst BpamieHusl poTopa Hacoca €O CKOpocThio 750 00 / MHH B yKa3aHHBIX
3NEKTPOMEXAHMUYECKUX CUCTEMaxX MCIOJNB3YIOTCs 3j1eKkTpoasurareny mapku CJ10 2-17-
56-8 nHomuHanbHOU MomHOCTEIO 2000 kBt u mapku CHO 2-17-44-8 HOMHHAIBHOI
mouHocTeio 1600 kBT.

Bennuunst KIT/] npu pa3nuyHbIX 3HaYCHUSIX KO3 GUIMEHTA 3arpy3KH TPHBE/ICHBI
B Tabm. 1.1 u tabm. 1.2.
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Ta6mmma 1.1
3aBucumocts KI1/] anextpoxasurarens CO 2-17-44-8 ot koadduipenta

3arpy3Ku
Moutmocts | g6 | 160 | 400 | 800 | 1000 | 1200 | 1400 | 169 | 176 | 1929
Py, kBm 0 0
KIIA4, % 68,5 | 81, | 91,1 | 942 952 [956 |958 95,8
o |2 |2 |7 |7 |3 |1 %004
Koadpduunen
T 3arpysku, | 0,05 | 0,1 |0,25 |0,5 (5)’62 0,75 (5)’87 1 L1 |12
k,
Tabuuua 1.2
3asucumocts KI1J] anexrpoasurarens CJ1O 2-17-56-8 ot kosddunuenta
3arpy3Ku
MouHocTh 100 | 125 | 150 | 170 |200
Pus, kB 100 | 200 | 500 0 0 0 0 0 2200 | 2400
KIIA4, % 68, | 81,4 | 91,2 | 94,8 95.5 95,8 196,0 |96, | 96,22 | 96,22
9 4 3 5 8 6 2 7 5
Koadpduunen
T 0,0 0,62
sarpyskenroc | 5 0,1 0,25 10,5 5 0,75 10,85 |1 1,1 1,2
™, k.

W3 ananmsa ganHbix Tabn. 1.1 u tabn. 1.2 cnemyer, yro KIIJl mpuBOAHBIX
3JIEKTPOABUTATENEH 3JIEKTPOMEXAHUUECKUX CHCTEM, PACCMAaTPUBAEMbIX YMEHbILIAETCS
Ha 1% OT HOMMHAIBFHOTO 3HAYEHHs NP H3MEHEHHH Kod(duumenrta 3arpysku k. B

muanasone 0,6 <k, <1,2, 9To cooTBeTCTBYET TpeOoBaHuAM [3].

W3MeHeHune 3arpy3Ku NPUBOJHOTO 3JIEKTPOABHraTeIs (C y4eToM pexuMa paboTsl
u npenenos usmenenus KI1/1) nerxecoobpa3sHo orpaHUYUTh JHANA30HOM:

0,6 <k, <1 (1.3)
B takom ciyuae, usmenenue KIIJI anexrponpusona 177, (¢ yaerom KIIJ{ mydrer
COEIMHUTENIBHON) OyIeT B Ipezenax:

0,94 <n,,, <0,952,
orcroz1a, auanaszon usmeHenust KI1J1 snekTpoMexaHnuecKkoi CUCTEMBI:

0,94 1,y < 1M,,<09521,,,, . (1.4)

agr

Jlnana3oH u3MeHeHHs pabodeil MOIIHOCTH Hacoca Ppump, B paMKax KOTOPOrO
ONpPEAEIATCS IHEPro3((HEKTHBHBIC PEXKHUMBI €T0 PAOOTHI COCTABIISACT:

0,94-06P, <P, <09521,05P

nom pump nom
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binizi
056P,, <P

rom < Bpumy < 0.99F,,,,, (1.5)

mpu codmoaenuu ycnosus (1.3).

Jlnst HacocHbix arperatoB A/l 6300-80-2 B cocTaBe 3J€KTPOMEXaHUYECKHX CHCTEM
ceTeil BOJOCHAOXEHWsS JAMANa30H W3MEHEHMs pabouel MOIIHOCTH Hacoca C
anextpoasurarenem CJO 2-17-44-8 cocraBur ot 896 kBr nmo 1584 xBt, a ¢
snektpoasuratenem CIO 2-17-56-8 - ot 1120 kBt 1o 1980 kBr.

Pesynbratrel uccneioBaHus paboyero rnpoiiecca HacocHslx arperato A/l 6300-80-
2 npu pasnuyHbiX 3HaueHUsIX pacxonoB Q; B mpexenax 0,3 Qopr <O < 1,2 Qopt, (Qopt
— Pacxoj| Hacoca NpH €ro paboTe B TOUKE C 77,,,,myy )» NONYIECHHBIE NPOBEICHHEM

YHCIIEHHOTO OJKCIIEPUMEHTa, MOJATBEPKAAIOIIME BO3MOKHOCTH paboTHI Hacoca B
yKa3aHHOM [IMalla30HE pAacXolOB IIPU HCIOJIB30BAHMU IEpBOHAYaNbHOro (6a30BOro)
pabouero koseca HapyxHoro auamerpa D2 = 1020 mm, ¢ yMEHbBIIEHUEM €ro BHELIHEr0
muamerpa D; Ha 21 %. Ione n3menenus O—H mapaMeTpoB Hacoca Ul KaKIOro W3
BapHaHTOB D>, pacCMaTpUBAEMbIX B paMKaX BO3MOXHOro ymesbiienus ero KIIJI or
MaKCHMAIIbHOTO 3HaueHus Ha 5 % (- 0,957, ) IpeacTaBieHo Ha puc.1.2.

0,5 Qept. H 0.6 Qopt. Qapt.

Foump. uBm H, m
0

5 100,

" pump. %
100 401
80430
604201

g
4010 =

]  m—
p .

ol

o 1000 2000 3000 4000 SOO0  6OCO 7000 8OOO

Puc. 1.2. Ilone usmenenus O—H napamerpos Hacoca J1 6300-80-2 npu
U3MEHEHNH BHelHero quamerpa D, B mpeaenax 1020 ... 805 mm

Ha puc. 1.3 Beiaenens! 30ub1 nosist Q-H xapakrepucTiky B npeenax W3MEHeHUs
KIIZ 10 3% 1 5% OT ero MakCUManbHBIX 3HAYCHUH 77, VIS ONPEAENCHHBIX D).

CymecTByiomas IpakTHKa yKa3blBaeT Ha LEIeCO00pa3’HOCTh pabOTHI Hacoca B TaKOM
nuanasone u3menenus KIIJ [3]. ymenbiuenue auamerpa D2 no 865 mm (Ha 15% ot
UCXOAHOr0) NpuBoUT K cHikenuto KII/1 Hacoca B Touke onTuMaibHOro pacxona Qop
npubmmsutensHo Ha 5 %. JlanpHeiimee yMmeHbIIeHHe auameTrpa D, HPHBOIUT K
JIOTOJTHUTENBHBIM IOTEPSIM 3HEPrHU B paboueM Kojece M O0TBOjE, uTo cHikaeT KIIJ]
Hacoca Ha 12% npu D2 = 805 mu. OgHako, BUOpOaKyCTHYECKHH COCTOSIHUE HAacoca IMpU
9TOM OCTAeTCsl yAOBIETBOPHTEIEHEIM.

PesynpraTel 4MCIEHHOrO OSKCIIEPHMEHTa U IPOBEAEHHBIX IPOMBIIIEHHBIX
UCHBITaHUH Ha MecTax OKCIUIyaTallud MHOATBEP)KAAIOT BO3MOXKHOCTh YCTOHUYMBOM
paboTHl yKa3aHHBIX HACOCOB Ha pexxuMax pacxonoB oT 0,6 Qg 10 1,2 Qup, 0OHAKO,
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Puc. 1.3. U3menenus KI1/ nacoca [l 6300-80-2 B npenenax U3MEHEHUs pacxoja
Qi oT 0,6 Qapl no 1,2 var

B pamkax ykasaHHOTO Juarna3oHa u3MeHeHus O—H mapaMeTpoB ONpeienM T0JIs
kpuBbIX paBHO3HauHBIX KIIJl (puc. 1.3) s pasnMuHBIX BapHAHTOB HM3MEHEHHS
auamerpa D> 6a30Boro Koueca.

Ananu3 pacnpezeneHust KpuBbIX paBHo3HauHbIX KITJ] Hacoca ykasbIBaeT Ha 30HBI
M3MEHEHHs €T0 IapaMeTPOB IPEUMYIIECTBEHHO ITyTeM yMEHBIIECHHs auamerpa D or

Gasosoro. C ymenbiuenuneM auamerpa Dz 3oua KIIJ (77,,,,m — 5 %) cyxaercs. Ee

Iomaab cocrapnger okoiao 50% ot oOwed miomagu noas paboyero MHTEpBaia
XapaKTEPUCTUKH HACOCa, MPH 3TOM, CaMa 30HA (7],,,mx— 5 %0) PACIONOXKEHA B

JMara3oHe HanbOJIBIINX 3aTPAT M HAIIOPOB.

Kax ouH U3 BO3MOMKHBIX CHOCOOOB HOBBIINICHUS 3HEProd(h(HeKTUBHOCTH PabOTHI
Hacoca MNPH €ro SKCIUTyaTallMd 3a TpejelaMH YKa3aHHOH 30HBI PaccMaTPHBACTCS
MOJIEpHH3aLsl IIyTeM NPOEKTHUPOBAHUSA U 3aMeHbl Kojeca padouero [4]. Pesynbrarhl
YHCICHHOT0 YKCIIEPHMEHTa, MOJEIHUpYIONero pabdouunii mporecc Hacoca IIpU 3aTpaTax
6mm3kux K obnacti 0,6 Qopr, HOATBEPHKAAIOT 11€1€CO00PA3HOCTH BbIOOpA MCXOAHBIX
napaMeTpoB pabouel TOUKM I MPOSKTUPOBAHUS HOBOrO paboyero Kojeca pacxoiom
(0,55...0,6) Oopr 1 HATIOPOM, UTO COOTBETCTBYET O—H XapakTepHcTHKe 6a30BOro Koneca
C €ro MakCHMaibHbIM 0a30BbIM quameTpoM D: = 1020 mm 1o onpeie/ieHHBIM 3aTpaTaMm.

B stoM ciyyae 30H2 (77,,,,m, — 5 %) OXBaThBaeT AuanazoH pacxonos 10 0,45 Qop,

JacTHYHO NepeKphIBas 30HYy (G deKTHBHOI paboTHI Hacoca ¢ 6a30BBIM PabOYHM KOJIECOM
(puc. 1.4). Jlnst pacimpeHus 30HBL (77,,,,mx— 5 %) B OOJIACTH CYLIECTBEHHOrO

yMeHblIeHust 06azoBoro jaumameTrpa D; (Ha BenuuuHy Oonee 15%) Takyke BO3MOXHO
IIpOBEJICHHE MOJEPHU3AIMU Hacoca 3aMEHOIl 0a30BOro komeca Ha KOIECO HOBOTO
IPOEKTHPOBAHUs, C pabouMMu MapameTpamH, yka3aHHbIMM Ha puc. 1.5. Takas mepa
pactupsier 30Hy 3¢ deKTHBHO paboThl Hacoca.

B coorserctBuu ¢ (1.2), mva KITJJ DMC, Bo BceM BO3MOXKHOM JHAIa3oHE €ro
pabotsl, Biuser KIIJ] nmpuBOAZHOrO 3JIEKTPOABUIaTENs, KOTOPBI B CBOI Ouepeb
3aBUCHT  OT  Kod(pdunmenra 3arpyskum k. Pesymprarer  pacyera  KIIJ]
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JNIEKTPOMEXaHUIECKOH CHUCTEMBI, IPOBEIECHUH C HCIIOIb30BaHMEM JaHHBIX Tabm. 1.1
tabun. 1.2, uatepnperuposansl Ha puc. 1.6. [Ipu Harpyske snekrpoasurarens 0,5 Puom 1
MeHee pe3Kko yMmeHblnatotes 3Hadenus KI1J{ nacocHoro arperara.
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Puc. 1.4. Usmenenns KI1/] nacoca [l 6300-80-2 npu ero pabote ¢ 6a30BbIM 1
paboYMM KOJIECOM HOBOT'O IMPOCKTUPOBAHUS B paMKax M3MeHeHHs pacxoaa Q; ot 0,6

anr 1o 1,2 Qopr

Poump, »dimH 0.5 Qept 0.6 Qopt
5000, 100
Ton oz 86) 037 035 da7 9
PUMD. 70 o
100-4000] 80 £
91,
803000 80 065
0.85
60-{2000{ 20 '?é
IV EE Y AN (i g
401000 20
20
Pake | | | | |
0

0 1000 2000 3000 4000 5000 6400 7000 800
Puc. 1.5. ITons kpuBbx paBHO3HauHbIX K1/ Hacoca JI 6300-80-2 mpu ero

MOJEpHHU3alUU C 3aMeHO# 0a30BOro KoJieca Ha NEPEMEHHBIE MOJACPHU3HPOBAHHBIC 1
HU3MEHEHUEM I'€OMETPUHN BBIXOJTHOM yacTu 0a30BOT0 KoJieca
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Puc. 1.6. ITons xpuBbix paBHO3HauHbIX KI1/l HacocHoro arperata

AJl 6300-80-2 mpu ee pabore c omexrpoxsurarenem CJIO 2-17-44-8 u
HCIIOJIB30BaHUM MOJAEPHH3UPOBAHHOTO 6a30BOro padouero kojeca, a Takke pabouero
KOJIeca HOBOT'O MPOCKTHPOBAHMUS

IMostomMy,  00BeMBI  HOTPEONCHHOW  AIEKTPOSHEPrHMHM  IpH  paboTte
JNEKTPOMEXAHHYECKUX CUCTEM CeTel BOJOCHAOKEHHs TakKe 3aBHCHT OT IMOKa3aTenei
peKMMa paboThl MPHBOAHBIX 3JIEKTPOIBUTATENICH.

VYuuTeIBas OpHHATHIC IPeAeIIbl U3MEHEHUs Kod(dHIenTa 3arpy3Ky IPUBOAHBIX
anektpoasurateneit (1.3), paccMoTpuM Juana3oH paboTbl Hacoca. OrpaHuyuM, Ha
onpezAeneHHol mnpeaaputenabHo (puc. 1.2) wactu nons paboueit 30Hbl O-H
XapaKTEePHCTHKU HAcoca, 30HY «IIPOOIEMHOT0» UCIONB30BaHus (puc. 1.7) IpHBOJHBIX
3JIEKTPOABHIaTeNeii, KOTOPHIMU KOMIUIEKTYIOTCS HACOCHBIC arperarsl

AJl 6300-80-2 (T.e. 30HY 3arpy3Ku NMpPUBOAHBIX 3JIEKTPOJBHUIrarTelieid, B KOTOPOH
ymensmenue KI1J1 apurarens cocrasisier 6onee 1% ot KIIJ B Touke P, ).

g 5
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Pacxon Q, w'fuac

Puc. 1.7. Orpannuenue nomnst O—H XapaKTEePUCTHK C yIETOM SHEProdpGpeKTHBHOCTH
MIPUMEHEHNUS IPHUBOIHOTO JIEKTPOIBUTATEILS

Ucxonst u3 xputepus npenenbHoii usmenenns KIIJ Hacoca (77,,,,my — 5%) 1

orpanudenus ymenbiienus KIIJ[ npusoaHoro snexrpoasurarens Ha 1% ot T o omax »

mpecTaBiIeHo Ha puc. 1.7, mone O—H pa3o0beM Ha 30HBI:

I - 30Ha BO3MOXKHOI MOIepHM3ALIMHK CYLIECTBYIOIIEro 6a30BOro paboyero koiaeca
Hacoca 6e3 3aMEeHBbI IICKTPOIBUTaTENs;

II - 30Ha MOJABIAIONIEr0 BO3MOXHOH MOJEPHU3AHNU CYIIECTBYIOIETO 0a30BOr0
pabouero koseca Hacoca 6e3 3aMeHbI AJIEKTPOIBUTaTENs;
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III - 30Ha BO3MOXKHOH MOJEPHH3AIMH HAcoca ITyTeM 3aMEHbl CYIIECTBYIOIIErO
6a3oBoro pabouero koseca Ha pabodyee KOJIECO HOBOTO NPOCKTHPOBAHHS MOJ
HeoOXOAMMbIE apaMeTphbl 6€3 3aMEHbI 3EKTPOIBUTaTEIs;

IV - 30Ha BO3MOXHOI MOAEPHHM3aIMH HACOCHOTO arperara IIyTeM 3aMEHBI
cyliecTByromero 0asoBoro pabouero Koieca Ha pabodyee KOJIECO HOBOIO
MPOEKTUPOBAHHS N0J] HEOOXOAMMBIE TTAPAMETPBI U SIICKTPOABUTATEIS;

V - 30Ha BO3MOXKHOH MOAEPHHM3AlMH HACOCHOTO arperara IyTeM MOJEepHU3ALHU
CylIecTByOIIEro 6a30Boro paboyero Kosieca ¢ 3aBEAOMO CYIIECTBEHHO CHH)KCHHBIMH
nokasatensimu sHeproddexruBHocTH padoTsl DMC, B T.4. 1 H3-3a pabOTHI IPUBOJHOTO
SNIEKTPOJBUTATENS Ha PEKUMAX C HU3KUM K0 (PUINEHTOM 3arpy3KH.

JlocTrKkuMble 3HepreTuyeckue rnokasateian padorsl Hacoca B 30He II, 111, IV mytem
3aMEHbI CYIIECTBYIOIIEro 0a30BOro pabouero kojeca Ha pabodee KOJIECO HOBOTO
MIPOEKTUPOBAHHS 110]] HEOOXOAMMBIE TIAPAMETPbI, OLICHUBAIOTCS 10 METOAUKaM [4-5].

Ha ocHOBe npHBeICHHBIX COOOPaKEHUH U PacueToB, IPH MPHUMEHEHHHN yKa3aHHBIX
BBILIIC TPUBOAHBIX AJICKTPOABHTaTeNeH, oae O—H XapakTepuCTHK HACOCHOTO arperara
AJl 6300-80-2, mpu ycmoBuH ero 3(p(EeKTUBHOH SKCILIyaTauu, NPHOOpeTaeT BHI,
n3o0paxkeHHoro Ha puc. 1.8 u puc. 1.9.
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Puc. 1.8. Orpanuuenue nosst O—H XapakTepUCTHK HACOCHOT'O arperara
AJ1 6300-80-2 npu ucnonb3oBanuu anekrpoasuratens CO 2-17-44-8Y3
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Puc. 1.9. Orpannuenue nonst O—H XapakTepUCTHK HACOCHOTO arperara
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AJ] 6300-80-2 mpu ncnons3oBanuu dnexrpoasurarens CJ1O 2-17-56-8Y3

IIpoBeneHHbIe  HCCIEOBaHUS ~ paboYero Iporecca  INEKTPOMEXaHHYECKOH
CHCTEMBI ITOKA3bIBAIOT

- Lesecoo0pa3HOCTh MCIOJIb30BaHUA HacocHoro arperarta AJl 6300-80-2 B
JMana3oHe U3MEHEeHUsl MOLHOCTH Hacoca 0,56 P, < P, < 0,99 P 1pu U3MEHEHUH

om pump o
Harpy3KH MPUBOAHBIX 3J1eKTpojBUraTesei B npeaenax 0,6 < k, < 1,05 ;

— MOJEpHHM3alluil YKa3aHHOTO HACOCHOTO arperata MOJEpHU3anuu 0a30BOro
pabouero koseca WM €ro 3aMEHOH Ha pabodee KOJIECO HOBOTO NMPOEKTHPOBAHMS IMOJ
HEOoOXOIMMBbIC MTapaMeTpBbI;

- Ha 3((eKTHBHOCTH pabOTHI HACOCHOTO arperara B 30HE HHU3KHUX HAloOpOB U
pacxozioB (IpH yMeHbIIEHWH AuameTpa D: pabouero koneca Goiee ueM Ha 15% ot
6a3oBoro pasmepa) OOJBIIOE BIMSHME OKAa3blBACT PEXHM pabOThl MPHBOIHOIO
9NIEKTPOABUTATENS (€0 3arpy>KeHHOCTb)

- 11eJeco00pa3sHOCTh MOJCPHHU3ALMU U HCIIOIB30BAaHHs HACOCHOTO arperara MpH
ero pabore Ha pexxumax P, < 0,5 P, 1N0MKHAa pacCCMaTPHBAaThCs C yUETOM HE TOJIBKO

pump nom
a¢dexTuBHOCTH pabodero mponecca Hacoca, HO U 3(P(HeKTHBHOCTH pabOTEI IPUBOAHOTO
3JIEKTPOABHIATEIISL.

LlenecoobpasHOCTh MPOBEICHHUS MOAEPHH3ALMM II0 BapHaHTaM HEOOXOAUMO
OLICHMBATh IIOKa3aTelsIMH DHEProd¢eKkTHBHOCTH pabOTHI arperara 10 M IIOCIE
MmojepHu3aiuu. OHa ompefenseTcss 00bBEMOM M CTOMMOCTBIO — INOTPEOJICHHOM
3JIEKTPOIHEPTHH, @ TAKIKE PACX0[AMU HA MOJICPHU3ALMIO U IATbHEHIITYIO SKCILTYaTalHUIO.

IlpuBeneHHbIe pe3ynbTaThl HCCHIEOBaHMII pabodero mporecca HACOCHOTO
arperata AJl 6300-80-2 sBisieTcs 4acThIO MPOBEAECHHBIX aBTOPOM HccieoBaHuii IMC
¢ Hacocamu Tuna JI ¢ HoMUHANBHBIME pacxogamu ot 2000 x/200 1o 6300 a’/200. Ha
puc.1.10 - puc.1.13 npencrasnens! rpaduky orpanuyeHus nosne O—H XapaKTepUCTHK
HacocHbIX arperatoB AJ] 2000-100-2, AJT12500-62-2, A1 3200-75-2, A1 4000-95-2 npu
UX 3KCILTYaTaluH B S3HEProd(pEeKTUBHBIX PeKUMAX.

H m
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E a0 60 E L] ——T
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Pacxon

Puc.1.10. Orpannuenue nosust O—H XapakTeprCTHK HACOCHBIX arperaTroB
AJ1 2000-100-2 npu ucrionb3oBanu nexTpoxsurarens CJI 2-85 / 57-6 YXJ1 4,
win sexrpoasuraress A 4450 X 6 Y3 npu ycnoBuu HX 3HeprodhpekTHBHOM
SKCILTyaTal{u

386




image206.jpeg
4000, 90
300 70 L

= i =
2000| 50 N = —

= — =4
1000] 30 = — —
o150 S =
g P
El
g
=
Q. m*/uac
0 500 1000 1500 2000 2500 3000 3500 4000 4500
Pacxon

Puc.1.11. Orpanudenue nonst O—H XapakTepUCTHK HACOCHBIX arperaron
AJ1 3200-75-2 npu ucnonb3oBanuu snektpoasurarens CJO 2-16-36-6 Y3, winu
anexrpoasurarenst C1O 14-59-6 Y3 npu ycnosun ux sueprodGhekTHBHOM
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Puc.1.12. Orpanugenne nonst O—H XapaKTepPUCTHK HACOCHBIX arperaToB
AJ1 4000-95-2 npu ucnonb3oBanuu snektpoasurarens CJO 2-16-59-6 Y3, wnu
snektpoasuraress CJ1O 15-49-6 V3 mpu ycnoBun ux sHeprodhGpexTuBHON

SKCILTyaTaluu
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Puc.1.13. Orpanndenne nonst Q—H XapaKTepHUCTHK HACOCHBIX arperaToB
AJ12500-62-2 npu ucnions3oBanuu anekrpoasuraresns CJI 2-85 / 45-6 YXJI 4,
win sexrpoasurarens A 4450 X 6 Y3 npu ycnoBun uX 3HeprodhpekTHBHOM
9KCILTyaTalluH
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Ha ocHOBe mpHMEHEHHOT0 MM0X0/1a K 30HUPOBaHHIO 1oJst O — H XapaKTepuCTHKU
9JEKTPOMEXAHUYECKUX CHCTEM, HCXOIs M3 3(h(PEKTHBHOCTH HCIIONB30BAHHS YHEPIUH,
JlaJiee pacCMOTPHM OCHOBHBIC TIPHHITUITBI METOAMKH OLICHKH YIIPABICHYECKUX PEIICHU
1o o0beMaM BO3MOXKHOH MOJEpHHM3alMHM, a Takxke M skcruryarauun OMC Ha pasHbIX
pexHMax.

1.3 DHeprod¢gpeKTHBHOCTH IKCIIYATALMHU YJIeKTPOMEXaHHYeCKHX CHCTEM
Ouepronorpebuenue £, i UEHTPOGEKHOIO HACOCA B I-M PEKHMME €ro paboThl ¢

pacxozmoM (Q; pacCUHTHIBaeTCs 1Mo popmyie [6]:

P, ump i = pgH O, / 100077,nm,p.f' (1.6)

P

Iie p — IIOTHOCTh XKUJKOCTH, KOTOPYIO INEPEKayMBacT HACOC; g — YCKOPEHHE
cBobonHOrO majeHus, H; — Hamop Hacoca,r,,,,; — KIIJI Hacoca B i- M pexume ero

paboThI.

YuuThiBas palMOHAIbHOE HCHoib3oBaHUe dHeprun OMC, 1enecoobpasHo
TIPUMEHATH IIPUBOAHEIE JIEKTPOJBUTATENN B IIpe/ieliaX OHNPEeIeHHOr0 AUama3oHa UX
3arpy3ku (1.3). Pemenue 06 ucronb30BaHUM IIPUBOHOTO ABUraTels 3a npeaenamu (1.3)
JIOJDKHAa OCHOBBIBAThCSl Ha KOMILIEKCHOM aHalM3¢ M pacuere 3Heprodd@pexTHBHOCTH
(YHKIIMOHUPOBAHMS BCEH CHCTEMBI C OIPEeICHHEM CTOUMOCTH €€ YKU3HEHHOTO ITHKIIA
0 BAPUAHTaM KOMILICKTALlHU OJCHCTEM, HIIU €€ 3JIEMEHTOB [7].

ITog cTOMMOCTBIO JKM3HEHHOTO LMK/IA NOHUMAETCs MOJHBIH KOMILUIEKC 3aTpar,
CBSI3aHHBIX C:

- TepBOHAYAIbHOH CTOMMOCTM BCEX JJIEMEHTOB CHCTEM BOAOCHAOXKEHUsS
TEXHOJIOTMYECKOro Mmpoliecca;

- CTOMMOCTBIO MOHTa)kKa H HACTPOUKH 000pyJOBaHHS;

- CTOMMOCTBIO SHEPTUH, PACXO/YEMOH B IIEPUOJ KU3HEHHOTO LIUKIIA CHCTEM;

- CTOMMOCTBIO 3KCIUTYaTAallMOHHBIX PAcXoJ0B (IIPU SKCILUIyaTallMH B ILITATHOM
pexuMe);

- CTOMMOCTBIO 00CITY’KHBAHHUSI M PEMOHTA,;

- CTOMMOCTBIO APYTHX PAacXojOB, BKJIIOYas MPHPOAOOXPAHHBIC MEPONPHATUS H
YTHIM3AnUIo0 000pYIOBaHU.

Jlns  jnanpHeHIIero aHanuM3a M BBIBOAOB  BOCIONB3YEMCsS — Pe3yJbTaTaMH
UCCIIEI0BAHUM, TOJyYEHHbIX NPHU U3y4eHHH paboyero mnporecca Hacoca Mapku [ 2000-
100-2.

Jns ouenku s¢pdexTHBHOCTH paboThl Hacoca (MO €ro KOHCTPYKTHBHBIM
rapaMeTpam) B pasHbIX HacTsx rnois O—H XapakrepucTuk Ha puc. 1.14 mocrpoeHsl
kpuBble paBHO3Ha4HBIX KIIJ[, MO KOTOpHIM ompeneneHbl 30HBI LEIeco00pa3sHOU
9KCILTyaTal[1 HAacoca.
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Puc. 1.14. TTone kpusbIx paBHo3HauHbIX KI1J] Hacoca J1 2000-100-2

Jns DMC efMHCTBEHHBIM 3JIEMEHTOM, MEPEaeT SHEPrUuI0 MOTOKA JKUAKOCTH,
sBIsieTcs pabodee KoIeco Hacoca. DIEMEHTaMHM, IPUHAMAIONINX y4acTHE B IpoIecce
nepejaud SHEPrUH OT SNICKTPUYECKOH CeTH JIomacTH pabodero Kojeca SBISIOTCS:
CHCTEMa PEryJIMPOBAHUSI CKOPOCTH BPAILECHHS POTOPA 3JIEKTPOJBUraTEsl, MPUBOLHOM
JIIEKTPOJBUTATENb, COCAUHUTENbHAS My(dTa, Hacoc. B kakmoM smeMeHTe 3TOH uenu
SBIISIIOTC MOTEPU SHEPrHH M S(P(EKTHBHOCTb Mepellaydl SHEPrUH  OLCHUBACTCS
coBokynHbIM KII/l 31emenToB. C y4eToM H3JI0)KEHHOTro, nosie paBHO3HauHbIX KITJ
JNIEKTPOMEXaHUIECKOU cHCTeMbI Iprodperaet Buz (puc. 1.15).
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Puc. 1.15. Tlone xpuBbix paBHo3HauHbIX KI1J] HacocHoro arperara A/ 2000-100-
2

Ilone paGouedt wactu (Q—H XapakTepUCTHK HacocHoro arperara (puc. 1.15)
orpanu4eHo yciaosueM (1.7), mo nuanazony 3¢)(heKTHBHOTO HCTIONB30BAHNS IPUBOIHOTO
3JIEKTPOABHIATEIISL.

Jlns oueHkH 3 (PEeKTHBHOCTH pabOThl HACOCHOTO arperata B i-M PEXHME IyTeM
onpenenenus ero KI1J/] no Bepaxkenuio (1.2), HeoOX0AUMO HMETh YHCIIOBBIE 3HAYCHUS
KIII Hacoca u snekTpoaBuraTesns Ha i-M pexume ¢ pacxogom Q.. Onpenenenue
a¢dexTuBrocTn padotst IMC B mepuoz ero skcIuryaranuu depes noxaszatenn KITJ{
SIBIIICTCS XJIONOTHBIM PabOTOM.
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Onenkn  HHeprodp(eKTHBHOCTH  pabOTHl  AIEKTPOMEXAHHYECKHX  CHCTEM,
TUJIPAaBIMYECKO CETH BOJOCHA0XEHHsS B IEJIOM IPEJJIaraeTcs IMPOBOAUTH MO
MOKa3aTeNsiM YJCIbHBIX PACXOJOB 3JIEKTPOSHEPrUM HAa MEpeKauKy OJHOro MeTpa
Kxybuaeckoro Boasl mpu padore EMC B i-M pexume (¢ pacxogom ;). DTOT moka3areib
pi PACCUNTHIBAETCS KakK:

pi =4;1,0;, (1.7)

rae Ai — KOJIMYECTBO JJIEKTPOdHEPrHH, norpebisemoit DMC B [ -M pexume
(kBmuac), t; — Bpems pabotst B I -M pexcume (vac), O; — pacxox macoca (i /uac) B

teyenue [; .

ITokazarenu YACIBHBIX PACXOdOB DJIEKTPOSHEPTUU pi ONPEACIAIOTCA TaKKE
pacyeToM, UCOJIb3Yys PE3YIbTAaThl HAYYHBIX HCCIIEIOBAaHUI paGoqero npornecca Hacoca,
TEXHUYCCKUE NaHHBIE U XapaKTCPUCTUKHU IIPHUBOJAHBIX 3J'lCKTp0,ElBHl"aTCI1€ﬁ. B (bOpMyJ'lC

(1.7) 4; /tf — paboyast MOIHOCTE DMC Pig.; ipH €€ paboTe B [ -My PEXKHUME, II0-ITOMY

pPi= Pagr'.i /Qi (1.8)

B cBoio ouepenp, pabodas MOLIHOCTb Pugri 31E€KTPOMEXAHHYECKOH CHCTEMBI
onpezensercs paboueit MOITHOCTEIO HACOCA Ppump.i, KAK:

Fogri = Boumpi /Tt (1.9)
C yuerom (1.6) popmymna (1.9) mpunumaet Bux:
o = (pgH,0,/110007,,,,,,)/ 17,,;. (1.10)
[Mostomy, o popmye (1.8), ucronszys (1.10):

pi . ngr / looonpump.inel,i (11 1)

Ecnu ydecTh MOTEpH HEPTHU B COCAMHUTENBHON MydTe, TO BhipaxeHue (1.11)
TIPUHAMAET BUJ!

p,=pgH, 19901, M. (1.12)

ITo pesymbratam INpOBEACHHBIX HAay4HBIX MCCIEAOBaHHMI pabodero mpouecca
HECKOJIBKHX THUIIOpa3MepoB HacocoB THma Jl, ucnons3ys Gopmymy (1.12), paccuntaHsl
MOKa3aTeI! yJIENbHBIX PAcXOJOB JJIEKTPOSHEPIUH p; Ha MEepeKkadKy OJHOTO MeTpa
KyOM4EeCKOro BOZbI IpU paboTe 3/IEeKTPOMEXaHHYECKUX CHCTEM B JIHANa30HE PacXoJoB
Qi or 0,5 Qopr. 10 1,2 Qopr. JANsi reoMeTpUyYEcKOW HHTEpIpETaluu pacdera pi
HCTIONB30BaHO mone O—H XapaKTepHCTUK HACOCHOTO arperara, B paMKax KOTOPOTO
omnpe/eeHbl NIKaTy U3MEHEHHUS p; U TOCTPOEHbI TEOMETPHUUYECKHE MECTa TOYEK 3HAUCHU I
pi. COBOKYIHOCTb MOCTPOCHHBIX KPHBBIX SIBISETCS II0JE€M H3MEHEHHUsSI PacueTHOro
TOKa3aTels yHENbHBIX PACXOHOB DIEKTPO’HEPTHU p; HA IIEpeKadyKky OJHOI0 MeTpa
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KyOudeckoro BoAbl mpHu pabore HacocHoro arperata AJl 2000-100-2 B pmamasoHe
pacxonoB Qi ot 0,5 Qopr. 10 1,2 Qopr., 4TO U300paxeHo Ha puc. 1.16.
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Puc. 1.16. ITone u3MeHeHus pacueTHOro nokasaresst £; HacocHOro arperara AJ|
2000-100-2

PC3yJ'leaTbl IPOBEACHHBIX HCCIIeIOBAaHUN U pac4yeToB IOKa3aTesIsd pi B Ipeacinax

ONpe/ieICHHbIX HMHTepBaIoB (—H XapakTepUCTHK HACOCHBIX arperatos, pabouwii
MIPOLIECC KOTOPBIX UCCIIEA0BAHbI U MHTEPIIPETHPOBaHbI Ha puc. 1.17 - puc. 1.20.
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Puc. 1.17. Tlone u3mMeHeHus pacyeTHOro nokasatens £; HacocHoro arperara AJ]
2500-62-2
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ITo pesynpraraM pacyeToB OTCIEKUBACTCS 3aKOHOMEPHOCTb M3MEHEHMS

PacyYE€THOrO moKasaTeys P,' B 3aBUCHMOCTH OT KOHCTPYKTHBHBIX IIapaME€TPOB Hacoca

392




image212.jpeg
(D2) n pexxuma ero pabotsl (pacxonsl Q;). Takas 3aBHCUMOCTb IMORAETCS CTEIEHHOM
¢dynkuueit. Just OMC ucenenyeMsix B AaHHOI paboTe, MateMaTHYeCKas: 3aBHCHMOCTh
ONpEIeTICHUS YJEIBHOTO TOTPEOICHHS SHEPIUH 3aIIUCHIBACTCS KaK:

D,

-B
p=A40, ™, (1.13)

rae A — ko3 HHIHUEeHT, yIUTHIBAIOIHIT KOHCTPYKTHBHBIC OCOOCHHOCTH IIPOTOYHOM
4acTH Hacoca; B — KO3((UIHMEHT MPONOPHUOHATBHOCTH, 3aBUCAIIMHA OT YCIOBHIl
JBWKECHUSI JKMAKOCTH B ITIPOTOYHOH HYacTH IPH HOMHMHAIBHBIX ITapaMeTpax paboThi
Hacoca; O; — PacXoj Hacoca Ha i - M PeXHMe ero paboTsr; D2 — HOMHHAIBHBINA BHEIIHHUI
JauameTp pabodero koseca; D2; — BHEIIHHIT AHaMETp CYILIECTBYIONIEro padbo4ero Koneca.

B onpenenenHoM puana3zone paboTsl snekTpomexanuyeckux cucrem (ot 0,5 Qopr.
10 1,2 Qopr). ¥ TIpesieIax M3MEHEHHS PA3MEPOB HApYXKHOTO JHamMeTpa pabodero Koieca
D> (0,85D: <D2i < D;) k03¢ duimeHT 4 u Kod3hPUIHEHT B MOKET H3MEHSATHCS:

st OMC ¢ Hacocom J1 2000-100-2 4 = 50,279 DJ/ D2i; B = 0,649,

st ODMC ¢ nacocom [1 2500-62-2 4 = 43,836 (D, /DZI‘)2 ,B=0,697;
st DMC ¢ macocom 1 3200-75-2 4 = 70,117 (D, /Dz,.)2 ,B=0,708;
st DMC ¢ Hacocom JI 4000-95-2 4 = 99,916 (D, / Dz;)z , B =0,699;
st ODMC ¢ nacocom [1 6300-80 (24H/[Ic) A = 89,357 (D, / DZi)2 ,B=0,731;
st DMC ¢ nacocom J16300-80-2 4 = 144,47 (D, /Dzl.)Z ,B=0,735.

OTKJIOHEHHE pacyeTHBIX BENMUYMH ,; , OTyYEHHBIX B PE3ylbTaTe UHUCICHHOIO
9KCIIEpHMEHTA U OIpeeleHHbIX 1o (opmyie (1.14) HaxonsTes B mpenenax 6,3%.

BuusiHue noTepb SHEPrUy B SICKTPUUCCKOM JIBUTaTelIe H COSAUHUTEIbHON My(Te,
IPU PasHbIX peXHUMax paboThl NEKTPOMEXAHMYECKOW cucTeMsbl, yuuTbiBaetcs KITJ{
My¢Ts! 1 KI1J] nprBOAHOTO 3IEKTPOABUraTENs IPH €ro KCILTyaTalliy Ha i- M PeXUMe
Harpy3KH.

ITosTomy, ynenbHoe mnoTpebsieHne snekTposHeprun OMC 1npu  pasIH4YHBIX
peXUMax ero paboThl PaCCUHTHIBACTCS:

p=A40, ™ /0,99, (1.14)

B Beipaxennn (1.14) koapduument 0,99 yuuTbBaeT NOTEPH OSHEPrHU B
coenunutensHoit  mydre, 77,, — KIIJ mpuBogHOrO 51€KTpOABUTaTeNs IpU €ro

SKCILTyaTalMH Ha i -M PEeXHME Harpy3KHu.

Jlnst onpenienenust (pakTuueckoro mnokasarelst py; pu pabore EMC B i-M pexxume ¢
pacxoznoM Q; HEOOXOIUMO BOCIIONB30BATHCS CUETUMKAMU IIICKTPUUECKOH JHEPrUH H
BOJBI, CHSB MX [IOKa3aHWs 3a OIPEJCICHHBIA IIPOMEXKYTOK BPEMEHH fi, H
BOCHOJIB30BaThCs (hopmynoi (1.7) uist pacyeTa yka3aHHOrO IoKa3arelis.

Pasuuia AP mesky pacueTHBIM p; U HaKTHUECKHM pyi:

Ap=pi=pyi (1.15)
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SIBISICTCA WHIUKATUBHBIM IIoKa3aTejieM HCOGXOI[I/IMOCTI/I TIPOBECICHUA
TEXHHUYECKUX MCpOHpHﬂTMﬁ 110 BOCCTaHOBJICHHUIO SHCKTPOMCXaHM‘{CCKOﬁ CHCTEMBI WA
€€ MOJCpHU3ALIUH.

1.4 Ouenka nes1ecoodpa3HOCTH NPOBeeHHs TEXHHYeCKHX MEePONPHATHII 10
NOBbIIEHUI0 3HepPro3ggeKTUBHOCTH PyHKIUMOHNPOBaHus DMC

Ilenecoobpa3sHOCTb MPOBENECHUS TEXHUYECKUX MEPONPHUATHH MO MOBBIIICHHIO
sHeproddpexTuBHOCTH DyHKIMOHMpoBaHus DMC mpesaraeTcs onpeJeNnsiTh pacieToM
BO3MOKHOM CTOMMOCTH YacTH >KM3HEHHOTO I[HKJa 3J1eKTPOMEXaHHYECKOH CHCTEMBI
[ociue IpOBEICHHS paboT W CpPaBHEHHEM ¢ C aHAJIOTHYHBIMH  pacueTaMi,
MPOBEJICHHBIMH T10 ITOKa3aTeJIsIM 3HEPTro3(QPeKTHBHOCTH PabOThI ANEKTPOMEXaHHYECKOH
CHCTEMBI K €€ BOCCTAHOBJIEHHIO WIIH MOJIEPHU3ALIMH.

Takast MeToaMKa Oa3upyeTcs Ha OIpeIeIeHHH H CPAaBHEHUH 00bEMOB U CTOUMOCTH
3JIEKTPOSHEPTHHU, MOKET ObITh HCTIOIb30BAHA ITPU PA3IMYHBIX BAPUAHTAX MOJIEPHU3ALIHU
U 9KCIUTyaTalliM 3J€KTPOMEXaHHYECKOH CHCTEMBI B TEUEHME OMPEJETIEHHOro Nepuosaa
BpEeMEHH ! C 3aTpaTaMH Ha €¢ MOJCPHM3AIUI0 H NAIBHEHIIYI0 SKCILTyaTanuio (3a

HUCKIIIOUYEHHUEM pPAaCcXOJ0B Ha 3J1€K'I‘p03HepI‘H}O). CToMMOCTh DJIIEKTPOSHEPTUA C

6.1’

notpediseMoii 00yCIOBIMBAETCS MOKA3aTEMsMH Y/CIbHBIX PACXOJ0B 3JEKTPOIHEPTHH
P; Ha TiepeKadKy OJHOTO MeTpa KyOM4ecKkoro BOIBI MpH paboTe KOMILIEKCOB C

3aTpaTaMu Qi’ NPOAOJDKUTEIIBHOCTBIO TAKOr'o nepuoza BO BPEMEHH t,-, Tapﬂ(bOM Ha

SIIEKTPOSHEPTHUIO TZ

C,.=pOuT. (1.16)

Ecnu B Teuenue nepuoja BpEMEHU 4 JJICKTPOMEXaHUYECKasd CUCTEMa pa60'rana
Ha CMEHHBIX pEXHUMax, TO HE00X0/IMMO Y4UTBHIBATh, YTO

n

1=t

i=1

(1.17)

TOI‘Zla CTOUMOCTL DJIEKTPOIHEPIUU Ce , 4dTO l'IOTpe6JI$IeTCH B TCUYCHHUC t,

PacCUUTHIBACTCA:

C, =2 potT. (1.18)
i=1

Ecin DJIEKTPOMEXaHUYECKasa CUCTEMA  OKCIUTyaTUPYETCI 0 H mocje
MOJCpHU3AIMN MO0 HEU3MCHHBIM PETIIaMEHTOM, a MOKa3aTelIu YACIBHBIX PacxXxoI0B
SJIEKTPOSHEPTHUH HA NNEPEKAYKY OTHOI'O METpa Ky6w{ec1<0ro BOJbI ITPH pa60Te CHCTEM Ha

1 -X peXuMax OnpeieNeHbl Kak P 4 Py »a, 10 ananoruu ¢ (1.15),

P = P =8Py, (1.19)

394




oleObject9.bin

image214.jpeg
TO pasHUlla CTOMMOCTH HOTpC6J'ICHH0171 DJICKTPOSHEPIUU AC@ 110 BapuaHTaM

paﬁOTH (ZIO U Iociie MOI[epHH3aL[HPI) SHGKTPOMBXHHPI‘IGCKoﬁ CHCTEMBI OIIPENLIIACTCA 110
BBIPAKCHHUIO:

AC, =309, 01T (120
i=1

Hcnonb3osas (1.19), nomy4aum:
n
AC,=tTY Ap,,0,. (1.21)
i=1

Onpenenms 3aTpaTtbl Ha BOCCTAHOBJICHUE HMJIM MOJCPHU3ALNIO CHUCTEMbI Cmod

(0OBIYHO pacXoAbl Ha JAIbHEHIIYI0 SKCIUTyaTallMl0 W OOCIY)KHBAaHUE SBISIOTCS
HEM3MEHHBIMH, €CIIH IPUBOJHOI 3IeKTpoABHUrarens win Hacoc HE 3amensiercs), npu
YCIIOBHM, YTO TOJHBIH BO3Bpar (0e3 y4eTa UCKOHTUPOBAHMS) pPAcXOAOB Ha
MOJICPHU3ALMIO KOMIIEHCUPYETCS SKOHOMHEH 3JIEKTPOSHEPTHH, JOJDKHBI YCIOBHE!

C..i =AC, (1.22)

mod.

Ipu (1.22) ¢ (1.21), nepuoa paboTh 31EKTPOMEXAHUYECKON CUCTEMBI [, B TEUEHUE
KOTOPOTO PAcXOoAbl HA MOJEPHU3ALMIO IOKPOIOTCS CTOMMOCTBIO COKOHOMIICHHOH
3JIEKTPOIHEPIUH, PACCUUTBIBACTCS MO (hopMmylie:

t:Cmod /TZApAIZQI (123)

i=1
W3 Beipaxenus (1.13) cienyer, 4To pacxoj| SHEPrUMU B CHCTEME BOJIOCHAOKEHUS
3aBUCHUT B NIEPBYIO OYepe/ib OT BEIUYMHBI HAIIOpa, KOTOPBIH TOKEH Pa3BUTh HACOC, U
MOTeph SHEPTUH B IPHBOHOM JBUTATElIe H HACOCE IPH UX padoTe.
PaccmaTpuBast ycoBust (pyHKIIHOHMPOBAHMS APYTUX MOJICUCTEM BOJOCHAOKEHHUS,
o0paTM BHHUMaHHE Ha HYX[bl TEXHOJIOTHYECKOro mporecca motpedurens. OObIYHO,

N0Tpe6UTENL TPEOYET OT CHCTEMBI BOJOCHAGKEHUs cTabuIM3aunu gasnenus - IPH

nepeMeHHOM pacxoze [8]. st obecreuenns Takoro TpeboBaHus, IPH TPAHCIIOPTUPOBKE
JKMIKOCTH HEOOXOIMMO KOMIIEHCHPOBATh 3aTPaThl SHEPIUH, CBA3aHHBIE C YCIOBHAMHU

PAcCIIOIOKEHUA PE3EpBYyapoOB BOAbBI U BOAOINPHEMHHKOB Hc' NOTEPH DJHEPIrUU B
TAZIPABINYCCKOM MMOTOKE MO UTHHE prGOHpOBOIIa Hd ; 1 B MECTHBIX CONPOTUBJICHUAX

H

mi» T €

H=H+H, +H A+HW_ (1.24)

Torpa (1.13) npuHumaeT Bua:

p,=pg(H, +H,)/990n (1.25)

punp.iHet.i?

mme H,=H_+H  — KOHCTpYKUMOHHO-TEXHOJIOTHUECKHH TNapamerp cetH

BOIIOCHaG)KCHldﬂ; H ;= H + H — CYMMapHBI€ ITOTEPH SHEPTUHU ITOTOKA ) KUAKOCTH
Ri d.i m.i

IpHu €€ NMPOXOXKACHUN pr60npOBo,uaMn CCTHU B i-M pexume BOIIOCHaG)KeHI/ISI.
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ITo mpuBeneHHOI! BBIIIE METOAUKE U HPHBEICHHBIME (HOPMyTaMH, HOKA3aHUIMU
npuOOpOB ydera BOAbl M IOTPEOICHHON 3JIEKTPOMEXAHHMYECKHMH CHCTEMaMH
3NIEKTPORHEPT UM ONpeessitorcs norepu 3Heprud B OMC u TpyOONpoBOHOM ceTn Ha
mo6oM 1 -M pexiMe paGoThl CETH BOIOCHAGKEHHUS; 10 PACETY CTOMMOCTH KH3HEHHOTO
LMKJIA ONpPEJENsAeTCs LeIecoo0pa3sHOCTh MPOBEACHHUS TEXHUYECKHX MEPONPHUSTHIl 1O
TIOBBIIICHHIO YHEProd()(peKTHUBHOCTH IKCILTYaTaI[HX TAKUX CETEH.

Kax cienyer U3 npoBeJeHHBIX HCCIIEOBaHHM, SHeproaddexrusnas pabora EMC
B COCTaBE MMIPABINYCCKON CETH BOJOCHA0KEHHS, @ TAKXKE U CTOMMOCTh €€ JKU3HEHHOI'O
LUKJIA, 3aBUCHT OT CTENICHH COOTBETCTBHS JEATEIFHOCTH BCEX JIIEMEHTOB CETH.

Onepros¢pdexTHBHOI cunTaeTcsi padboTa CeTH BOAOCHAOKEHHUs B Cllyyae, KOrja
MTHOBeHHasi mnoja4da Bojasl OMC B mo0Ool mepuoj; BpEeMEHHM paBHA MIHOBEHHOMH
moTPeOHOCTH BCEX NOTpeOUTeNelt ceTH MpU COONII0JCHIN BCeX TPeOOBaHHI OCHOBHOTO
TEXHOJIOTHYECKOT0 TIPOLecca POU3BOJCTBA 33 PACXOJ0M, JaBICHUEM U HAJICKHOCTBIO.
To ecTb JODKHBI BBIMOIHATHCS PABEHCTBA!

m

>0=>0+0,; (1.26)

rae Qi Oj — COOTBETCTBEHHO 00BEMBI PAacXojia BOABI i-M HACOCHBIM arperaTom
3IEKTPOMEXaHUYECKOH CHCTEMBI M j-M TOTPEOHMTENeM CHCTEMbI; 7 — KOJIHYECTBO
HACOCHBIX arperaToB 3JIEKTPOTEXHUYECKUX KOMIUIEKCOB; /11 — KOJIMYECTBO MOTpebuTeneit
ceTn; Quep— 0OBEMBI IOTEPh BOJBI B CETH;

P =P, _+P (1.27)

ne cnoac wep ?

rae Py — naBiaeHue Ha Beixojie U3 IMC; Penoxe — HEOOXOIUMOE JAaBIICHUE HA BXO/IE
y notpedurens; Py, — nageHue aasineHus B cetd oT OMC k nmorpeburemio.

CyIIHOCT  BO3MOXKHBIX ~TEXHHYECKHX MEPONPHUSTHH 10  MOJSpPHU3ALHU
9JEKTPOMEXAHUYECKUX CHCTEM, O0O0BeMBbl pAbOT W QIrOPUTM HMX HPOBEICHHS
IUTAHUPYIOTCS U3YUYHTH B JaNbHEUIIIEM.

1.5 IIpakTHYecKoe NMPUMEHEHUe HAYYHBIX HCC/Iel0BaHMiT

®dopMmynmupoBaHue TpeOOBaHHH K OJIEKTPOMEXAaHMYECKOH CHCTEMBI CETH
BOJIOCHA0XKCHHs TIPM €€ MOJEPHM3ALMH C LENbI0 TIOBBINICHUS IOKa3aTels
3HEeprodG(EeKTUBHOCTH  BCeH  THIPABIMYECKOH  CETH  SBIACTCA  PE3y/IbTAaTOM
KOMILUIEKCHOTO HCCIEOBAHHS C HCIONB30BAHUEM JJIEKTPUUECKUX MOJeNeill M Apyrux
Hay4HbIX pa3paboTOK Mpoekra. MccinenoBaHue oCymecTBICHO KaK Il pexKUMa paboThI
CeTHM BOJAOCHAOXKEHWA [0 Hayajga pabOT MOJCPHU3ALMH, TAK M JUIA INPOTHO3HBIX
nokasareneil pabOTBI ceTH BOAOCHAOXKEHHUS IIOCNIE IPOBEACHUS MOJCPHH3AMOHHBIX
MEpOTPHATHH.

IIpumeHeHHe MeTO/Ia HIIEKTPUUECKOTO MOACIMPOBAHUS pabOUHX MPOLIECCOB CETH
BOJJOCHA0XKEHHS JaeT CIeNyIONHe NaHHbIe: 00beM MOAauH KUIKOCTH, HAlop B JIFOOOH
TOUKE ceTy, MOIIHOCTh HPUBOJHOTO  3JICKTPOJBUraTEIs, OKa3areib
3HEepro3G(PEeKTUBHOCTH THAPABIMYECKOH ceTH. Bmecre ¢ TeM aiekTpHueckoe
MOZIETIPOBAaHHE HE IaeT OTBETa OTHOCHUTENBHO TPeOOBAaHMH K KOHCTPYKTHBHBIM
0COOCHHOCTSIM HACOCHOTO arperara, 00ECHeYHBAIOIIMX JOCTH)KEHHE MaKCHMAaJbHOM
3Hepro3((HeKTUBHOCTH B PE3yNIbTaTEe MOACPHHU3ALHHU OCIEHETO.
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Amnamm3 pabodero mpomecca Hacoca 24HJIc M SMeKTpOHACOCHBI arperar ¢
yKa3aHHBIM HacocoM B cocTaBe OMC co ckopocTbio BparieHus poropa n = 600 06/mun
6e3 ydera Juama3oHa PEXHUMOB OKCIUIyaTalldd IPHUBOJHOTO 3JIEKTPOJBHMIaTElls
MIPOMJUTIOCTPHPOBAHO ~ IIOCTPOEHHBIM MO  pe3yldbTaTaM HCCIEHAOBAaHMII  HOJeM
sHepretTrueckux 1 O—H xapakrepuctuk (puc. 1.21).
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Puc.1.21. ITone snepreruueckux u O—H xapakrepucTik Hacoca 24H/lc

DNeKTpHYECKOe MOJCIMPOBAHUE CYIIECTBYIOIIETO PEXHMa BOAOCHAOKEHUs
OCYIIECTBIISUIOCH O CIEAYIOLINM [0Ka3aTeIn paboThl HACOCHOTO arperara:

- ojja4ya BOJIbl HACOCHBIM arperatom 5304 M luac;

- HaIop 3a HACOCHBIM arperaToM Iepes 3aABIKKON 52 i;

- Harop Ha Bxoje y norpedurens 29 u;

- yJenBHOE TIOTpebIeHne >MeKTpodHepruy Ha mepekadky | v Bomer 0,153280
kBm-uac/ m>.

Ilone sHeprermueckux u Q—H xapakrepuctuk (puc, 1.21) mnoareepxgaer
MIPUBEACHHBIC IaHHEIE:

- oJ1aua BOJIbI HACOCHBIM arperatoM 5304 i’ /uac;

- Harop 3a HACOCHBIM arperaToM nepe; 3aABUKKOM 52 m;

- yhenmbHOe TIOTpebieHme JTeKTpodHepruu Ha Tepekauky 1 a’ Bomer 0,15235
xkBm-uac/ m,

¥ TOKa3bIBaeT, YTO HAcOC MHPH 3TOM MMEET CTaHJapTHOe pabouee KOJeco
mameTpoM Do(1), paBHEIH 990 MM.

Ha sHeproa(peKTHBHOCTB (hYHKIIHOHMPOBAHHUS 3JICKTPOHACOCHBIN arperar BIusieT
3arpy’KEHHOCTb MPHBOJHOTO JICKTPOJBUraTeNs. YUUTBIBAs 3TO OOCTOATEIBCTBO, Ha
puc. 1.22 m3o6paxeHo mone sHepreTHieckux u O—H XapaKTepUCTHK HIIEKTPOHACOCHBIH
arperat 24H/Ic npu ckopoctu BpareHust poropa n = 600 06/mun, ¢ y4eToM AnamnasoHa
PEKXHMMOB 3KCILUTyaTalli¥ MPHUBOJHOTO dJIeKTpoaBurarens. Hukwsas gvacte moms O-H
XapaKTEePHCTHK OTPaHHYMBACTCS HCIIONH30BAHHEM IPHBOAHOTO DIEKTPOIBHIATENS C
ko3 punrenTom 3arpyskun He Mmenee 0,5. CrpaBa M cieBa IoJe OrpaHMYHBACTCS
BHOPOAKyCTHYECKUMH CBOIICTBAMH HAcOCa, MOKA3aTEIMH €ro 3Hepro3(GpeKTHBHOCTH 1
npeeIbHBIMYI MOKa3aTeNsIMU 3arPy3KH YJIEKTPUUECKOTO ABUTATENIs.
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Puc. 1.22. Tlone sHepreTuyeckux U O—H XapaKTepUCTUK 3JIEKTPOHACOCHbII
arperar 24H/Ic

ITo naHHBIM MO SHEpreTuueckux U O—H xapakTepuctuk (puc. 1.22) ocHOBHbIE
TOKa3aTesI pabOThl HACOCHOTO arperara:

- mojjaya BOJbI HACOCHBIM arperatom 5304 M luac;

- HaIlop 3a HACOCHBIM arperaToM Iepes 3aABIKKON 51 .,

- yienbHOE MOTpebJeHHE BEKTPOdHEpruu Ha mepekauky 1 a° Bomel 0,16036
kBm-uac/ m’.

CoBnajicHue pPe3y/nbTaTOB JICKTPHUECKOTO MOJCIMPOBAHUS M JAHHBIX IIOJIEH
SHepreTHdeckux " (—H XapakTepHCTHK CBHJICTEIbCTBYET O JIOCTOBEPHOCTH
XapaKTEePHCTHKH PabOThl CETH BOJOCHAOKEHHS K MOAEPHM3ALUM, IPEROCTaBICHHOU
3aKa34UKOM.

UccnenoBanne pexuMOB pabOTHI MOJCPHU3HPOBAHHBIX HACOCHBIX arperaTtos
HACOCHOHI CTaHIMM B COCTaBe CETH BOJOCHAOXKEHHS IIyTeM OJIEKTPUYIECKOro
MO/ICITHPOBaHHs, YKa3bIBAIOT Ha 3())CKTHBHOCTD X (PYHKIMOHUPOBAHUS B PEKUME:

- Moj1aua BojIbl HACOCHBIM arperatoM 5304 i /uac;

- HAIop 3a HaCOCHBIM arperaToM mepex 3aJBHKKON 39 v,

- Harop Ha Bxoje y norpedurens 29 u;

IIpu sTomM motpebutens OyAaeT MOdydaTh BOJY B IOJHOM COOTBETCTBHU C
NOTPEOHOCTSIMHU €r0 TEXHOJIOTHYECKOro IpoIecca.

Cornacio puc 1.22, HAacoCHBIH arperaT IMOJIYYHT HOBYIO pabouyl0 TOUKY,
PAacIOIOKEHHYI0 B Hpefenax onpejeneHHoro noust O—H XapakTepuCTHK, TO €CTh B
npHeMIeMol 30He. DTOU ToUKe IPH Halope Ha BBIXOJE HAcOCa mepex 3aBIKKON 39 M
COOTBETCTBYET pAcyUETHbI HapyxXHbI auamerp pabouero koseca D2 = 932 mm u
yaenbHoe notpebnenue snexrposneprun 0,12389 kBm-uac/ M.

IIpuBoaHO! >7EKTpOABHTaTENb (MCXOAS M3 [MAama3oHa ero 3arpy’KeHHOCTH)
3aMeHbl He TpeOyeT. KOHCTpYKTHMBHBIE XapaKTEPUCTHKH Hacoca (IO NPOYHOCTH U
BHOPOYCTOHYMBOCTBIO) ~ TaKkXke  YJIOBICTBOpUTENbHbIC.  [l03TOMYy  OCHOBHBIM
MEPOIPHUSITHEM I10 MOJICPHH3ALHH SIBISIETCSI K3MEHEHHIE KOHCTPYKIHH HPOTOYHOM 4aCTH
B Ipeziesiax pabodero Koneca Hacoca. 37ech BO3MOXKHbI BAPHAHTHI: TPOBEIACHHE 3aMEHbI
pabouero koseca Ha pabouee KOJIECO HOBOTO NMPOEKTHPOBAHUS (C MPOEKTHPOBAHHEM U
U3TOTOBICHHEM HOBOTO OTIMBKHM) WM JOpabOTKM KOHCTPYKIMH BBIXOZHOH YacTd
JIOMACTH CYIIECTBYoIEro 6a3oBoro pabouero koieca. C TOUKHM 3pEHHs BO3MOXHOIO
JIOCTMKCHHUSI TIOKa3aTesneil 9Hepro3(dekTHBHOCTH (YHKIMOHUPOBAHUS U CPABHEHHS
CTOMMOCTH >KH3HCHHOTO IMKJIA HACOCHOTO arperara Mo BapHaHTaM MOACPHHU3ALNH,
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Oonee mpHeMIEMBIM OKa3alics BapHaHT MOAEPHM3AIUM BHIXOJHOW YacTH JIOHACTU
CYILIECTBYIONIEro 6a30Boro pabouero Koueca.

IIpoBeneHHBIE KOHCTPYKTOPCKHE PAOOTHI TOKA3AIH HEOOXOAMMOCTh M3MEHEHHs
yIila HaKJIOHA BHEIIHEH IOBEPXHOCTH JIOMACTH B MCXOJHOH e 4acTH M M3MCHCHUS ee
JUIMHBI TI0 IIMPHHE KaHana pabodero koieca. PacyeTHoe yMeHbIIEHUE AIMHBI JIONACTH
SKBHBAJICHTHO CHIDKEHHUIO BHEIIHETO JuaMeTpa pabouero kojeca B npezaenax 6%. Ito
SBJIICTCS IPHEMIEeMbIM, MICX0o/s U3 yCIOBUH JBHKEHUS JKUAKOCTH B IPOTOYHON YacTH
Hacoca.

Pacuer HapyxHOro AnaMerpa paboyero kojueca ciaeayet u3 gpopmysnsi (1.13), maer
TaKKe aHAJTOTHYHBIH pe3yIbTar.

Takxum 06pa3oM, pa3paboTaHHBIM TOJXOJI0OM K aHAITH3Y CYIIECTBYIOLIETO paboyero
peXHMMa CeTH BOJOCHAOKEHMSI M TPOTHO3HBIX IOKas3aTeleil pabouero pexuma ceTu
BOJOCHA0XKEHHS HOCTe pealn3aliy IPOeKTa IO e MOJEPHH3AINH, HTOCTPOCHHBIM Ha
COYCTAHUM DJIEKTPHUYECKOrO MOJEIHPOBAHHUS C HAYYHBIMH HCCIICAOBAHUSAMH IMPOCKTA,
CO3JjaH HOBBIif, NPOCTO B MCIIONB30BAHHH, TOYHBIH M YHHBEPCAJbHBI METOJ
JOCTIDKGHHSI ~MaKCHMalbHO  BO3MOXHBIX  IOKa3areneil  »HeprosdexkTHBHOCTH
BOJIOCHA0XXEHHSI B THAPABINYECKUX CCTAX.

3akmouenne

1. Pe3ynbTaThl 3J1€KTPHYECKOrO MOJCIHPOBAHHS PabOThI IEKTPOMEXaHHYECKOH
CHCTEMBI B COCTaBE 3IEKTPOTEXHUUECKOT0 KOMILIEKCA HCIIOJIb30BaHbI IIPH pa3paboTke
METOAUKH OLEHKH 3Heprod((eKTHBHOCTH (YHKIMOHMPOBAHUS MOJCPHH3UPOBAHHOH
CETH BOIOCHAOKEHHS.

2. IlpoBenenHoe 3oHMpoBaHus nois Q-H XapakTephCTHK 3I€KTPOMEXaHHYECKHUX
CHCTEM IIO3BOJSICT ONpPEACNHTh IPAHMUIBI HX JHEpProd(h(eKTHBHOH HKCILTyaTallH, C
y4eToM 00BEMOB M CIIOCOOOB BO3MOXKHOW MOJICPHM3ALlMM W BIMSHHUS IOTEPh B
HPHUBOJHOM 3JIEKTPHYECKOM JIBUTATEIE.

3. PaccunraHHbBIE U TOCTPOeHBI B pamkax momed Q-H xapaxrepucTux
3JIEKTPOMEXaHMYECKHX CHCTEM C HACOCHBIMH arperaTaMi Tuma AJl 1moss W3MeHeHus
YACNIBHBIX PAcXOJOB BJIEKTPOSHEPTHU IPHUMEHEH JUIl ONPEACNCHUs] PaCUETHBIX
noka3areneil sHeprooddexruBrocTr padorsl SMC 1o 3apaHee 3aJaHHBIM IapaMeTpaM
(YHKIIMOHHPOBAHHS TUPABIHYECKOI CETH.

4. JlokazaHo, u4ro Haubonee NPUEMIEMBIM HHTETPAJIbHBIM  KPUTEPUEM
9HeprodpGexTUBHOCTH (HYHKIHOHUPOBAHUS THAPABIMYECKAX CETEH BONOCHAOKCHHS
MOKa3aTeNb yAENbHBIX PAcXOIOB JICKTPOIHEPIMH HA TEPeKauKy CAHHHIBI 00beMa
xukocTd. TlomydeHne HEOOXOAMMBIX HCXOIHBIX NAHHBIX I €ro pacyera He Tpedyer
JIOTIOJTHUTEIIEHOTO MHCTPYMEHTApHs, KPOME CUCTYMKOB MOTPEONCHHOH MPHBOAHBIMU
SNIEKTPOBUTATEISIMH JJIEKTPUUECKOI YHEPIHH, CUCTINKOB MePEKauMBaCMOH JKHIKOCTH
U MaHOMETPOB, KOTOpPBIMH, KaK IPaBHJO, OCHAIICHbl CETH BOJOCHAOKEHUSL.
Hcnonp3oBaHue yKa3aHHOTO IIOKa3aTellsl B pacyeTaX CTOMMOCTH >KH3HEHHOTO IHKIa
THAPABINYECKHX CeTel BOZOCHAOKEHHUS I03BOJSIET MPOBOAUTH CPABHEHHE BApPHAHTOB
BO3MOXXHOH MOJIEPHHU3ALH 000PYIOBAHUS U 3JIEMEHTOB CETH C LIEJIBbIO TTOBBILICHHUS UX

9HeprodheKTHBHOCTH.
5. CoueraHne pe3ysbTaTOB IEKTPHUECKOTO MOJEIHPOBAHUS C TEOPETHUECCKUMU
paspaboTkamu OTHOCHTEJIBHO 9Heprod(hexTHBHOCTH 9KCILTYaTaLHH

SJIEKTPOMEXAHUYECKUX CHUCTEM CO3/1aH Ka4€CTBCHHO HOBBII MOAXOM K OIIPEACICHUIO
’I‘peGOBaHHﬁ 0 MOJAEpHHU3alUU TOCIIEAHUX, KOTOpBIﬁ SIBIISIETCST OoJiee TIPOCTBIM [JIsA
IOJIB30BaTENA, INPOAYKTHBHBIM H KOMIUICKCHBIM CPaBHCHHUIO C CYIIECTBYIOIIMMH H
ITO3BOJISIET OIIpEACIUTH IPOrHO3HBIE ToKa3aTenu q)yHKLIPIOHPIpOBaHPIﬂ CETH
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MiHICTEPCTBO PO3BUTKY EKOHOMIKW, TOPFiBAi Ta CiNlbCbKOro rocnoaapctea yxpaTHu'poaniﬂnyno 3ansy

CyMcbKHil epkaBHHUIl yHiBepCHTET, BYJI. Pumcnkoro-Kopeakosa, 2, m. Cymu, 40007
(noBHe imM'st (hianuHoi abo NoBHe odilinHe HaMEHYBaHHA 1opuanHHoi ocobu, aspeca)

npo peecTpaLito aBTopchkoro Aorosopy sia 09.12.2019, Ne174 npo nepeaady (BiAYyXeHHs) ManHoBuX
NpaB | NPUAHANO PILLEHHS 3aPEECTPYBATU aBTOPCHKUN [0roBip, BIANOBIAHO AO MKOTO MaiHoBI Npasa

Ha TBip

Komn'torepua mnporpama "Ilporpama 1porHosyBaHusi MOroAHHHOIO CHOAKHBANHS
eaexrpoeneprii’; Kok Irop Boaoanmnposny, /iposaenko Oaexciit OnekcanapoBHY,
Mapuuny Tersina Ounexcanapisna, AGaiizaesa Aceab Acmuabexisua, KykaGaesa

Tamapa Kokenisua
(BuA, NOBHA, CKOPOYEHa (3@ HAsBHOCTI) HaaBa TBOPY, NOBHE IM'A, NCEBAOHIM (32 HasiBHOCTI) aBTopa(ie))

nepeaaoTbCH(BIAYYKyOTbCS)

Konumk Irop Boaoaumupoeny, By.i. Fepacnma Konaparthbesa 165, 6. 148, kB. 50, m.
Cymu, 40021; Jdposaenko Oaekciii Ouiekcanaposu, By I'epacuma Konaparsesa, 129,
k8. 106, m. Cymu, 40021; Mapunuu Tersina OnekcanapiBua, ByJ1. Mapru3anceKa, 81, m.
Cymu, 40024; Abainnacsa Aceib Acuabexisua, By, Typrecran, 14 A, kB. 418, m. Hyp
Cyaran, Kazaxcraun; JKykaGaesa Tamapa KokeniBna, ByJi. Caranak, 10, k8. 559, m. Hyp

Cyaran, Kazaxcran ;
(TIOBHE IM 5 (PI3NYR0I(MX) aD0 NOBHE OPILIMHE RanMeRyBanHsA HOPNANSHOI(X) 0coBM(0CIB), AKa(l) nepeaac(ioTe)(BIAHYKYE(KOTb)) NPaso
Ha TBip, agpeca)

CymcbKnii gep/kaBuuii ynisepenter, Bys1. Pumebkoro-Kopeakosa, 2, m. Cymn, 40007
(NOBHE IM'5 (PI3NHOI 360 NOBHE OMILIIAHE HAMMEHYBAHHS OPUAVIHOT OCOBM, Akl NepesacTLCa (BiguyXyeEThCA) Npaso Ha Taip, agpeca)

MoBHicTiO

PeecTpauiitnit HOMep~~~

[Lara peecrpaui‘i/-’

TIK «Yxpaisas, Jam. 19-2002. 2019 p. | xn
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MiHiCTEPCTBO PO3BUTKY EKOHOMIKM, TOPFiBAi Ta CiNbCbKOro rocnoAapcTea YKpaiHn po3rnsHyno sassy

CymcbKHiT 1ep/RaBHUIT yHIBEpCHTET, BYJI. Pumcskoro-Kopeakosa, 2, m. Cymu, 40007
(NoBHE iM'51 (hianIHOT 260 NOBHE OGiLLiiHE HAVIMEHYBaHHS I0PUAUIHOT ocobu, agpeca) 7

npo peecTpaLito aBTOPCbKOro AOroBopy BiA 09.12.2019, Ne175 npo nepeaavy (Bia4yXeHHs) MainHoB1X
npaB i NPUIAHANO PILLEHHS 3aPEECTpyBaTh aBTOPCHKAN [norosip, BIANOBIAHO A0 SIKOTO MaiHoBI Npasa

Ha TBip % :
",

Komn'torepna nporpama "Illporpama nporHosyBanusi nomnury Ha euem‘poeﬂépril‘o y
Konumk Irop Bosoammuposuy, Jposaenko Ouaekciii Ousexcanaposud, Mapuuny
Tersna Ousexcanapisua, Abgingaesa Aceab AcuabekiBua, Kykabaesa Tamapa

Kokenisna
(BMA, NOBHA, CKOPOYEHa (3a HAABHOCTI) Ha3Ba TBOPY, NOBHE iM's, NCeBAOHIM (3a HasBHOCTI) asTopa(is))

nepeAalTbCA(BIAYYXYIOTbCA)

Konaunxk Irop Bonogumuposn4, By Iepacuma Konapateesa 165, ©. 148, kB. 50, m.
Cymu, 40021; Jipo3enko Oaexciii Osiekcanaposut, By I'epacuma Kongparsesa, 129,
kB. 106, v. Cymn, 40021; Mapuuny Tersina Ounekcanjpisua, By Ilaprnsancbka, 81, m.
Cymu, 40024; AGainnaesa Acenn Acuabekisna, By, Typkecran, 14 A, kB. 418, m. Hyp
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