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Abstract

Introduction. In recent years, the development of high-voltage power systems has received a boost due to the need for
infrastructural support for priority development areas. Universal models and algorithms are required to implement
processes in power components and identify their optimal parameters. However, there are no such solutions. Accordingly,
there are no ready-made subsystems with control and optimization algorithms adequate to the tasks under consideration.
The objective of the presented research is to develop an optimization subsystem for the design of control and measurement
components of power distribution systems.

Materials and Methods. Methods for constructing automated design systems, optimization, system analysis,
mathematical modeling, and adaptive control were used. When selecting methods, we proceeded from the fact that the
components of power distribution systems consisted of a finite number of elements. The synthesis of a power system
includes tens or hundreds of sequential operations. This was taken into account in the developed models and algorithms.
Results. The possibilities of managing and monitoring manufacturing processes (MP) for the production of components
of low-voltage power distribution systems were shown in terms of checking the operability and correct functioning of
processing equipment. A modular structure was created to allow the integration of CAD output files into the
manufacturing processes of energy distribution system components. A functional diagram of a subsystem for control and
monitoring of the manufacturing processes of the production of components of power distribution systems was developed.
The proposed schematic diagram of production control showed how the data collection subsystem, management system,
and operating mechanisms were involved in the control of operations. The multi-level optimization module model created
within the framework of this research sequentially optimized the service intensity of the i-th block, the input flow
separation coefficients, and the priorities of the original data flows that form the input flow of the i-th block.

Discussion and Conclusion. The combined application of modeling, system analysis, and optimization methods
maintains control of the accuracy of the generated power components. The algorithm for controlling electrical loads opens
up opportunities for creating a mathematical model of a power supply system that combines management, control, and
monitoring, which ultimately leads to an improvement in the quality of electric power. The solution can be in demand in
the development of power systems of priority development areas.

Keywords: improvement of electric power quality, power distribution system, data flow in the optimization module,
multi-level optimization model
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AHHOTaNNA

Beedenue. B mocnenHye TONBI Pa3BUTHE BRICOKOBOJIBTHBIX 3HEPTETUYCCKUAX CHCTEM TMONYYHIIO HOBBIA MMITYIIBC B CBSI3H C
HEOOXOIMMOCTBI0 HMH(PACTPYKTYPHOrO OOCCIICUCHHsT TEPPUTOPUI OMepekaromero pasBuThs. HyXKHbBI yHUBEpPCATbHBIC
MOJICTIA M AJTOPUTMBI JUIS PEav3aliy POIECCOB B DHEPreTUYCCKUX KOMIIOHEHTAX M BBIABJICHUS HMX ONTHMAJIBHBIX
napameTpoB. OIHAKO TakKe pelieHust OTCYTCTBYIOT. COOTBETCTBEHHO, HET TOTOBBIX MOACHCTEM C AJITOPUTMAMH YIIPABICHHS
W ONTUMH3AIMH, AJCKBATHBIMH pacCMaTpHBacMbIM 3amadaM. llens MpeacTaBiICHHOTO HCCIICIOBAaHUS — pa3padoTKa
MOACUCTEMBI  ONITUMHU3AIMN TIPU  TPOCKTUPOBAHWU  KOHTPOJBHO-U3MCPUTEIIBHBIX KOMIIOHCHT pacClpeaCIUTEIIbHBIX
SHEPreTUYECKHUX CUCTEM.

Mamepuansl u memoodwl. VICIONB3YyIOTCS METO/bI MOCTPOSHHS ABTOMATH3MPOBAHHBIX CHUCTEM IPOSKTUPOBAHHUS,
ONTHMHU3AIMK, CUCTEMHOTO aHaln3a, MaTeMaTHYeCKOr0 MOJICIUPOBaHKS W aJanTUBHOro yrpasienus. [Ipu BeiOOpe
METO/IOB HCXOJIUITH M3 TOTO, YTO KOMITOHEHTBI PAaCTIPEICTUTEILHBIX JIEKTPHUSCKUX CUCTEM COCTOSIT U3 KOHEYHOTO YHCIIA
aneMeHTOB. CHHTE3 YHEPreTHUECKON CHCTEMbI BKITIOUAET IECITKU UITH COTHHU MOCIIEA0BATENILHBIX ONeparuii. ITO yYTEHO
B pa3pa0OTaHHBIX MOJCISIX U aJrOPUTMAX.

Pe3ynomamut uccnedosanusn. Iloka3zaHbl BO3SMOKHOCTH YIPABJICHUS U KOHTPOJS TexHoJormdeckux mporeccoB (TIT)
MMpOU3BOACTBA KOMIIOHCHT HHU3KOBOJIbTHBIX PACIPECACIUTCIBHBIX OJHEPreTHUUYCCKUX CUCTEM B IUIAHE IIPOBEPKU
PpaboTOCIOCOOHOCTH M KOPPEKTHOCTU (DYHKIIMOHHUPOBAHUS TEXHOJIOTHYECKOTO obOopynoBanusi. Co3maHa MOIyJbHAS
CTPYKTYypa, MO3BOJISIIOINAS MHTerpupoBarh Bbixonuble ¢aiiei CAIIP B mponeccsl mpousBoxacTBa. Paszpaborana
(YHKIMOHAJIbHAS CXeMa MOACUCTEMbI YIIPABJICHUS U KOHTPOJISl TEXHOJIOTUUECKHX [TPOLIECCOB ITPOU3BOICTBA KOMIIOHEHT
pachpeieNuTebHbIX JHEPreTUYeCKUX CHCTeM. [Ipe/uiokeHHas NpPUHLIMIHANBHAS CXeMa KOHTPOJISl MPOU3BOJCTBA
MOKAa3bIBACT, KAKMM 00pa3oM B KOHTPOJIE OMepalnii 3a/1eiicTBOBaHbI OCHCTEMa cOOpa JaHHbBIX, CUCTEMA YIPABICHUS U
yrpapisiionpe Mexanu3mbl. Co3fgaHHas B paMKax JaHHOW pab0Thl MHOTOYPOBHEBask MOJENb MOJIYJIsl ONTUMU3AIMN
MOCIIE0BATENbHO ONTUMH3UPYET MHTEHCHBHOCTh OOCTY)KHMBaHUS i-T0 OJ0Ka, KOIPPHUIMESHTHI Pa3IeICHUs] BXOIHOTO
ITOTOKA W MIPHOPUTETHI HCXOMHBIX MIOTOKOB TAHHBIX, 00Pa3yIOIIUX BXOAHOH MTOTOK i-T0 OJIOKa.

Ooécyyncoenue u 3akniouenue. KOMIUIEKCHOE NPUMEHEHHWE METOJOB MOJEIMPOBAHUS, CUCTEMHOIO aHaju3a,
ONTUMH3AIMY 00ECIICUNBACT KOHTPOJIb TOYHOCTH (POPMHUPYEMBIX SJHEPTETHYCCKIX KOMIIOHCHT. AJITOPUTM YIIPABICHUS
JNIEKTPUYECKUMH HArpy3KaMH OTKPBIBACT BO3MOXKHOCTH JUIS CO3JAHHMS MAaTeMaTU4YeCKOH MOJIEIH CHCTEMBI
SHEProCcHA0KEHUs, KOTOpas OOBEIUHSCT YIPABICHHE, KOHTPOJb, MOHHTOPWHI, YTO B KOHEYHOM CYETE BEICT K
YIIYYIIICHUIO KauecTBa DJICKTPO3HEPTUH. PelieHrne MokeT ObITh BOCTPEOOBAHO MPH Pa3BUTHU SHEPIETUUESCKUX CHUCTEM
TEPPUTOPHUI ONEPEKAOIICTO PA3BUTH.

KnroueBble ciioBa: yiydllleHHEe KauecTBa BJIEKTPOIHEPIHH, PACIIPEACIUTENIbHAS JHEpreTHdeckas CHCTeMa, IOTOK
JaHHBIX B MOJyJIE ONITUMU3ALH, MHOTOYPOBHEBAsI ONITUMU3ALMOHHA MOJIEIIb

BaaronapHocTu. ABTOpEI OnaronapHsl BopoHEKCKOMY HHCTUTYTY BBICOKHX TEXHOJIOTHIA 32 TIOMOIIIb TIPH TTOATOTOBKE CTATHU.

Jnst murupoBanusi. Kmmvienko FO.A., JTsBoBud S1.E., TIpeoOpaxenckwit A.I1. ITpoekTipoBanne KOHTPOIBHO-U3MEPHTETEHBIX
KOMITIOHEHT ~ PacHpe/ielIMTENbHbIX — DHEpreTHYecknX cucrteM. Advanced — Engineering  Research — (Rostov-on-Don).
2024;24(1):88-97. https:/doi.org/10.23947/2687-1653-2024-24-1-88-97

Introduction. The creation and development of power distribution systems with the required parameters is an
important science and technology task. Active theoretical and applied developments are underway in the high-voltage
energy area. In recent years, priority development areas have been formed and developing in Russia. These are production
clusters that need to be provided with high-quality infrastructure, including energy infrastructure. In most cases, we are
talking about small settlements that initially lag behind in economic, social and infrastructural terms. The solution of
power problems under such conditions should be facilitated by the use of universal models and algorithms that will, in
particular, identify the optimal parameters of the components of power processes. Such solutions are not presented in the
literature. Accordingly, there are no management and optimization subsystems developed on their basis.

The high cost of modern power equipment should be noted. Its effectiveness assumes that the setting provides optimal
parameters for the operation of the components. When designing monitoring-and-measuring components of power
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distribution systems, it is important to specify control and tolerance points regarding the quality parameters of the
corresponding process steps [1]. During production, processing sequence should be determined.

Let us consider the last situation, i.e., production, in greater detail. A large number of process steps can create
difficulties associated with control and management [2]. Therefore, when releasing components of power equipment, it
is important to specify the requirements for the subsystem of control and optimization of manufacturing processes (MP).
Such a subsystem is used in the manufacture of prototypes. Another recommended approach is the examination of power
modules. It provides determining adequate output parameters. It is also important to take into account the influence of
external actions [3].

The selection of algorithms should be based on the methods of mathematical statistics. This makes it possible to
control and optimize the quality parameters of processes and use appropriate management procedures [4]. Versatility
should be noted as an advantage of the algorithms. By the provision of it, within the framework of a systematic approach,
it is possible to plan and implement research in this direction [5]. It is known that the start of manufacturing new power
equipment is not always provided with the required statistical data. In this case, it makes sense to apply adaptive
management methods. Self-optimization procedures are convenient to use when there are changes in the requirements for
MP, as well as when external conditions vary [6]. The objective of the presented research is to create an optimization
subsystem in the design of monitoring-and-measuring components of power distribution systems.

Materials and Methods. Methods of creating automated systems for design, optimization, system analysis,
mathematical modeling, and adaptive management are used. When selecting methods, it was taken into account that the
components of power distribution systems consist of a finite number of elements. In more detail, the task can be presented
as follows. It is planned to produce equipment components for power distribution systems. It is required to create a
subsystem that will manage and optimize engineering MP. The analysis provides selecting and using the adaptive control
method of such a subsystem [7].

The synthesis of the entire power system involves dozens or hundreds of sequential operations, and this is taken into
account in modeling and algorithmization.

In the production of components of power complexes, it is proposed to use simulation modeling based on the MP
optimization module [8]. At the same time, the quality of the components is considered in relation to the parameters of
the created power distribution system. Uncontrolled MP parameters can also be taken into account.

Figure 1 shows the integration of computer-aided design (CAD) output files into the production of components of
power distribution systems in the form of modules.

Operator Interface CAD
A A
> Project formation
\ 4
\ 4
Module containing standards Synthesis of power components
A
\ 4
A
Module that implements control Combining power components
A X
Y A 4
Mgdule related . Implementation of modeling processes
to equipment selection

i A 4 \ 4

Generating output files for production

Module for optimization
of manufacturing processes

A 4

Database

Fig. 1. Modular structure of integration of CAD output files and production of components
of power distribution systems
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The control module provides transmitting the process data to an automated control system (ACS) [9]. During the MP,
operators receive data on the reliability of the power components being created. At the same time, the results of the
physicotechnical expertise are taken into account, and the optimization module is used. The impact of various factors on
the efficiency of power equipment is monitored. The data on previously manufactured components are analyzed. In further
developments, the proposed module will make it possible to save and take into account several types of hardware settings.
They can be used in production to determine tolerance ranges for each process step [10].

The ACS should include four modules.

1. Subsystem of interoperative control support.

2. Transport operations management module.

3. Subsystem for managing MP modes.

4. Subsystem of process steps management.

Such ACS translates information from designers to production. In practice, various quality management systems
are used for the components of power distribution systems being created, including those with production control
subsystems [11].

In this paper, an automated subsystem for control and optimization of monitoring-and-measuring components of
power complexes is proposed. It provides different types of impacts on MP for any stage of production. The previously
obtained data allow the subsystem to reduce the number of defective elements, i.e., to improve the quality of products.

Figure 2 illustrates the structure of this subsystem. It was formed on the basis of the requirements for the efficiency
of production processes. In addition, different types of components being formed were taken into account. Previously
used values of MP parameters can be applied for analysis. The operator has the opportunity to change them.

Programs Programs Programs
for dialog interaction for interface to process messages
A I A A
\ 4 v \4
. Input and output
Main program module
Automated task setting module
Target . . Libraries
Function Compiler — Basic Process Model Compiler of basic algorithms and models
Adanti Compiler Procedures
aptive for non-standard conditions for passing parameters
control algorithms
Module including application models
_ A
Block for adjusting .
mathematical models Block for production
of power components
Precision Setting Power Component Design Data
Transfer procedures Block Processing Unit Database
Block for processing results
of manufacturing processes
Control Module
Optimization Module

Fig. 2. Functional diagram of subsystem for management and control of MP
components of power distribution systems
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The main program is considered as the basis of the automated task module, and for the processes of setting up and
transferring MP parameters. An analysis is carried out to identify the need to adjust equipment settings. A special role is
played by programs for processing messages and supporting dialog interaction. They make it possible to adjust the MP
manually. The operator has the ability to download current settings from the database. They are set manually or through
an input and output module.

The optimization module generates a list of top-level management operations for a specific MP. Then, the
operations are analyzed, the optimization accuracy and production parameters are set. According to the information
received, the application models are transferred to the module. At the same time, analytical and statistical models
of basic MP operations are used. For each such operation, the input and output parameters are determined in the
corresponding part of the system.

The control module develops and refines the mathematical model of production processes [12]. It is then used to
determine the tolerance for quality parameters within the framework of individual process steps. The model is developed
in the module of applied models. The automated task module is designed for procedures to maximize the target function.

The received settings for equipment, management and process parameters are recorded in the database. Then,
during the production of power components, the process is analyzed, and the current settings of the equipment
elements are adjusted.

The study of MP management and control is required to verify the operability of processing equipment, the correctness
of its operation and the organization of production.

Research Results. The monitoring-and-measuring components of power distribution systems consist of a finite
number of elements. The component production involves dozens or hundreds of sequential operations and relies on
solving the problem of forming components with maximum accuracy. At the same time, uncontrolled parameters
should be taken into account for any step. For this purpose, correlation analysis, adaptive management, and
optimization are used.

Particular models are combined into a general model for creating power components, which can be adjusted (e.g.,
with account of experimental testing of equipment or requirements for specific components). Some algorithms are created
on the basis of the results of monitoring the formation of components and, as a result, provide improving the quality with
changes in operating modes. The main indicators of the efficiency and stability of production can be considered the values
of the output indicator of valid power components.

The following are three key features of managing the processes of component formation.

1. It is important to maintain the specifications at the required levels for input and output components for
different batches.

2. Algorithms affect the shutdown of each processing step.

3. Constant wear of equipment requires regular adjustment of process parameters.

We describe the model based on the MP of creating power components [13].

Suppose that the (i—1)-th operation of MP is being considered:

u,‘=F(uH,v,‘). (1)

Here, u; — quality parameter of the power components of the current operation; v; — production option.

It is important to take into account that in practice not the quality parameters of the power components are critical, but
the design parameters that depend on them (e.g., highspeed response). Then:

g,' :F*(u,-_l,kl-). (2)

Here, g; — controlled parameters of the current operation; k; — design parameters.

The production of power components is described as a trajectory with a change of state. According to the final state,
the adjustment of the MP is carried out. Within the framework of trajectory management, the corresponding tasks are
solved. The optimal solution is selected from a variety of solutions [14]. At the same time, the specified characteristics of
the generated power components are taken into account. In this case, the control actions should provide the best match of
the required and output characteristics of the components being formed K" . Here, n — number of MP operations.

The basic industrial technology determines the initial data, the processing sequence, and sets limits on control variables.

When selecting the number of MP operations (n—1), the target function is as follows:

E, =G(K1...K,1,c1...cn). 3)

Here, ci...c, — selectable process control variables.

We introduce parameter ¢;, which characterizes the corresponding goals associated with the i-th operation. For (n—1)
operations in MP, the following expression is valid:

fnfl (Kn ) =min ((Pn—l [Kn;cnfl ] + Jn—2 (anl )) =min Cnfl (Kn »Cn—1 ) (4)
Cn—1
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If there is one operation in the MP, then:

ﬁ(Kz)Zm‘in(Kz,h). (5)
Significantly,
fo(Ki)=0. 6)
Under such conditions for MP, the target function is defined as follows:
Ci(K2.c1)=9(Ka,cr). (7

The schematic diagram in Figure 3 shows how the power components are generated. The MP data acquisition
subsystem (sensor system and instrumentation) transmits the values of input and output parameters for each processing

step n to the control system. This happens before and after each step n (n =0,1,2, ..., m). The values are recorded in the
data collection subsystem.
Start
Cm
Yy y
Step 0 Step m
km+1 i
\ 4
Control 0 Control 0 > End
I
VY
| Contrp : < Control system < .. .Data
mechanisms acquisition subsystem

Fig. 3. Schematic diagram of control of production of power components

In total, m steps are considered. The work ends after performing m+1 steps.

The use of the optimization model makes it possible to form technologies for converting the input data flow (Xsx). The
main channels for processing input data are:

— process department (PD);

— production department (PRD), n = 1;

— N of structural subdivisions (SS").

Figure 4 shows the block diagram of the transformation of the input data flow.

Xiiixs
\ 4
o X%
X Bpix2 € PD PRD > SS” queue
A
X b1 Xix° X%
XIR| | Xk
\ 4 \4
PD queue PRD queue < SSn
XBx
XSiixe

Fig. 4. Block diagram of data flow distribution in the optimization module
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Here, Xpx — input data flow to be processed in PD; X ooy, X aoxss X g]?m — data flows at the output of PD;

CIT

X5 — input data flow for processing in PRD; X 5y, X pix, — data flow at the output of PRD; X§¥ — input data

flow for processing in the n-th (n =1, N) S8 X 50|, XSy, — data flows at the output of SS”. At the same time, the
flow at the output of the optimization module Xppix = X g
The scheme efficiency is determined by three factors.
1. For all types of input data flows for any block in the system, the intensity and maintenance mechanisms are considered.
2. Input flow for each block is divided into several output data flows.
3. Depending on the level and priority, it is needed to observe the data queue in each block.
It is possible to analyze these processes using a multilevel optimization model (Fig. 5).

AxiRij

Optimization of service intensity of the i-th block

%3

Optimization of separation coefficients of the i-th input flow L

s
Sli A BbIX/i

Optimization of priorities of initial data flows
forming input flow of the i-th block

* ok
kith; ka

Selection of power component resources
and formation of data flow patterns

Fig. 5. Multilevel optimization model of the optimization module

Here, Asx;, i =1,/ — intensity of the input data flow associated with Xpx; i-th block; i =1,/ — block numbers for
power components; R; — guaranteed level for the j-th ( j = 1,J ) resource in the i-th block; j =1,/ — numbers related
to resource provision; , i = 1,7 — intensity of data management associated with the i-th block; u; — optimal intensity

value; v; — data separation coefficient of the i-th flow to the st output; /=1,L — designation of numbers in output

flows; vj; — optimal value in the separation coefficient; k =1, K — values of the numbers of source data flows for the

input flow in the i-th block; k* =1, K* — numbers of the source flows that will show the optimal priorities;
tiii1 — time of interruption of data k; management by data k;; with mixed priorities; ¢4 x; — optimal time for interruption

of data k; management by data k;;.
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The optimal pattern of priorities for the lower level is determined. The optimality problem is solved according to the
Bellman principle, i.e., the optimality principle is proved to the contrary. It is accepted that part of the process is not
optimal according to the quality criterion. The criteria of the initial and optimal processes are compared. Based on this
comparison, a conclusion is drawn about the proof of the optimality principle [15]. The selection is made during the
processing of different types of data according to optimal, absolute, and mixed priorities. The task scheduler can use
various algorithms to make decisions about the order of tasks. In some cases, optimal priorities are useful, in others,
absolute ones. Tasks with a higher priority are completed earlier, and, accordingly, the response to them is faster. When
combining (mixing) priorities for individual applications, non-priority service is possible.

The optimal mechanism for dividing into several output flows at the middle level is selected by the input data flow
for each block.

At the upper level, the following are selected:

— input flow balanced in intensity;

— resource provision of the module for optimizing the intensity of management for each block.

In this case, a gradient approach can be applied.

For energy components, a three-level parametric optimization is used in the selection of resources and the formation
of data flow patterns for each block.

Discussion and Conclusion. A subsystem for the management and control of MP for the production of monitoring-
and-measuring components of power distribution systems is created. It provides data collection and defect analysis
depending on the hardware settings. In addition, the solution can obtain requirements for equipment settings to achieve a
given level of component quality.

Optimization of the design is required, specifically, when modeling the control of electric loads to improve the quality
parameters of electrical power in 0.4 kV power distribution networks. The algorithm of the electric load control process
was studied in an adaptive system of control and management of the power quality [15]. Its operability has been
confirmed; therefore, the solution can be used in the development of equipment for 0.4 kV distribution networks. In
addition, this algorithm can be applied to develop a mathematical model of the power supply system, which is a set of
functions: monitoring, management, control. The use of modeling, system analysis and optimization methods, maintains
control of the accuracy of the generated power components. Adequate implementation of this approach can improve the
quality of electric power.

The results of the presented research are practically applicable, in particular, for solving problems related to the power
supply of the priority development areas.
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