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Abstract

Objectives. Simulation of the absorbed dose is an essential part of radiation therapeutic treatment, performed not
only for its correct evaluation, but also for assuring quality control and retrospective evaluation of the provided cure.
From the technological point of view, strict requirements are imposed on the software applications and hardware
units that support a successful decision-making process before, during, or after the provided therapy. This paper
reports an R&D project aimed at technological support of radiation treatment planning systems coupled with the
creation of a mathematical framework for estimating the absorbed dose for radiobiological and medical therapeutic
purposes.

Methods. A dedicated automated software suite for executing multipurpose Monte Carlo simulations was developed.
The suite is backed up with virtualization techniques for structured hardware access, data intercommunication using
diverse connection channels, various physical interaction engines, and coupled end-user software.

Results. The developed suite facilitates a wide array of tasks in the realm of radiobiological research conducted
using radiation beams of different qualities. Additionally, it serves as a foundation toolkit for developing radiotherapy
planning systems for both existing and new therapeutic facilities, as well as software packages for estimation of the
long-term effects of the conducted radiotherapy.

Conclusions. The developed programming and computing suite is an effective tool for organizing a specialized
environment for multipurpose estimation of the absorbed dose of radiation for therapeutic applications of radiation
beams of different qualities. The suite can be updated and extended upon end-user needs and modified by skilled
software developers for specific purposes.

Keywords: programming and computing suite, physics-based simulation, absorbed dose, radiotherapy, proton
therapy, neutron therapy, Monte Carlo method
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Pe3siome

Llenn. MogenvpoBaHue norioLLeHHbIX 1,03 B paanoTepannm ABNSeTCs KI0YEeBbIM MPOLLECCOM B X04€ NeYeHns na-
LIMEHTOB, a TakXe BbINOSIHAETCH C Lenblo obecnevyeHns rapaHTMin kKa4ecTsa Tepannm U peTPOCNeKTUBHbIX OLLEHOK
YCMNELIHOCTM NPOBEAEHHOr0 fiedyeHnst. C TEXHNYECKOW TOUKM 3peHus npeabsBisemMble TpeboBaHMS K NPOrpaMMHO-
My 1 annapaTtHoMy 06ecneyeHunto BeCbMa CTporve aJjist Toro, 4Tobbl 06ecneynTb yCneLHbIM NPoLecc NPUHATUS pe-
LIeHus 0o, BO BpeMs UK nocne nposeaeHns tepanuu. Llensb ctatbn — pa3pabdoTtka n anpodaums TEXHONOrMYecKoro
npouecca obecneyeHns CUCTEM NNAHNPOBAHNS NTy4EBOI Tepannmn, a Takxke co3aaHne pacHeTHbIX MOay1en OLLEHOK
MOrNOLLEHHbIX 1,03 PAANOONONIOrMYECKOro U TepaneBTUYeCKOro Ha3Ha4YeHus.

MeTopabl. Cneumanm3npoBaHHoe aBTOMaTU3NPOBAHHOE NporpaMmmMHoe obecnevyeHne, paspaboTaHHOE U MOa-
nepxupaemoe ans obecrnevyeHns MHOroLeneBblx pacyetToB Mmetoaom MoHTe-Kapno, nocTpoeHo Ha OCHOBE Tex-
HOJIOrNIA BUPTYanusaummn ons CTPYKTYPMPOBAHHOIO A0CTyna kK 060pyA0BaHM0, TEXHONOMNIA nepenadn gaHHbIX
No Pa3sHOPOAHLIM KaHanaM CBA3U, PasnMyHbiXx GU3MYECKUX MOAEeNeil pacyeTa B3aMMOLENCTBUA U3NyHeHUs,
KOTOpble COBMELLEHbl B MPOAYKTbI A1 KOHEYHOr O NMoJib30BaTeNs.

PeaynbTaTtbl. KOMNnekc no3sonsieT pewaTb WWPOKMIA KPYr 3agad B MHTepecax paanobuonornyeckmx uc-
cnefoBaHuii, NPOBOAMMbIX HA Myykax U3JIy4EHWI pa3HOro KayecTBa, a TakxKe CIYXWUTb OCHOBOW Kak AJis no-
CTPOEHUS CUCTEM MJIaHMPOBAHUA JIy4eBOlM Tepanuu ONs OeACTBYIOLWMX M BHOBb CO34aBaeMbIX YCTAHOBOK,
Tak U B MHTEpecax OLeHKN OTaaNIeHHbIX NOCNeACTBUM AeACTBUSA TepaneBTUYeCKOro N3nyyeHuns.

Russian Technological Journal. 2025;13(4):7-24


https://doi.org/10.32362/2500-316X-2025-13-4-7-24
https://doi.org/10.32362/2500-316X-2025-13-4-7-24
https://www.elibrary.ru/WLFGJJ
mailto:salonf@mrrc.obninsk.ru

Programming and computing suite for simulating
the therapeutic absorbed dose in radiotherapy

Aleksei N. Solovev
etal.

BbiBoAbl. PaspaboTaHHbIi KOMMIEKC MPOrpaMMHO-BbIYUCTUTENbHBIX CPEACTB SABNSETCSH MOLUHBIM UHCTPYMEHTOM,
cnyxalwum onsa ganbHenlero co3gaHus crneumanmna3npoBaHHbIX MHOMOLENEBbLIX CPem, OLEHOK MOrIOWEHHbIX 403,
HEeoOXoONMbIX AJ15 TepaneBTUYEeCKOro NPUMEHEHNS LUMPOKOro Kpyra paavaLOHHbIX TEXHOMOr M. KoMniekc MoxeT
OblTb MOAEPHU3NPOBAH MO NOTPEOHOCTY NoNb30BaTesNei, a Takke gopabdaTbiBaTbCca paspaboTymkamm NporpamMm-

Horo obecneyeHnst Nog, COOCTBEHHbIE HYXAbI.

KnioueBble cnoBa: nporpaMMHO-annapaTHbIii KOMMAAEKC, MOAENNPOBaHNE GU3NYECKMX BEIMYMH, NOMNOLLEHHAs
[03a, NlyyeBas Tepanuvs, NPoTOHHAas Tepanus, HEMTPOHHasA Tepanus, metoa MoHTe-Kapno

Ana umtnpoBanHus: Conoebes A.H., Knsnnosa 9.B., Kasakos E.N., KopskmnH C.H. Komnnekc nporpaMMHO-BbIMUCN-
TeNbHbIX CPEACTB MOLAENNPOBAHNSA TEPANEBTUHECKMX BENIMYMH MOMOLLLEHHbIX 403 B 3a4a4ax JlydeBon Tepanun. Russian
Technological Journal. 2025;13(4):7-24. https://doi.org/10.32362/2500-316X-2025-13-4-7-24, https://www.elibrary.

ru/WLFGJJ

Mpo3payHocTb GUHAHCOBOW AeATEeNIbHOCTU: ABTOPbI HE UMEIOT (PUHAHCOBOM 3aMHTEPECOBAHHOCTM B NPeACTaB/IEH-

HbIX MaTepuanax Wi Mmetogax.

ABTOpbI 329BNSIOT 06 OTCYTCTBUM KOHMIMKTA MHTEPECOB.

INTRODUCTION

The computational and mathematical problems that
need to be solved within the framework of radiation
therapy procedures can be conventionally divided into
two main classes.

The problems of the first class include those of
pretreatment patient preparation. At this stage, it is
necessary to ensure the fulfillment of model therapeutic
criteria of effectiveness and safety of the patient’s
treatment with the necessary accuracy and promptness
for making a grounded medical decision. The resulting
solution consists in the formation of recommendations
about the admissibility of the course of therapy by the
system supporting medical decision making.

The problems of the second class, conversely, are
not directly linked to the decision to prescribe therapy to
a particular patient; instead, they are aimed at verification
and confirmation of the characteristics of the previously
prescribed treatment scheme, including the criteria for
the formation of early and late radiation complications,
retrospective analysis of groups of treated patients in
order to form a survival prognosis and assess the quality of
the previously performed planning, or to form alternative
scenarios for assessing the success of the therapy.

The systems that solve the first class of problems
are conventionally referred to as treatment planning
systems (TPS). Among them, commercially available
systems include Raystation' by RaysearchLabs, Eclipse?
by Varian (Germany), Pinnacle® by Philips (Netherlands),
One* in XiO and Monaco versions by Elekta (Sweden);

I https://www.raysearchlabs.com/raystation/.  Accessed
May 19, 2025.

2 https://www.varian.com/products/radiotherapy/treatment-
planning/eclipse. Accessed May 19, 2025.

3 https://www.usa.philips.com/healthcare/solutions/radiation-
oncology/radiation-treatment-planning. Accessed May 19, 2025.

4 https://www.elekta.com/products/oncology-informatics/elekta-
one/treatment-applications/planning/. Accessed May 19, 2025.

PLANB? complex by RT-7, Amfora® by Medico-Physical
Center (Russia). As a general rule, the planning system
is not a separate versatile product; rather, such a system
is an element of the final physical installation, e.g.,
the planning system for the neutron therapy complex
based on the NG-24MT generator (neutron generator
based on the D(T, “He)n reaction, neutron energy
14 MeV) [1] and for the domestic 6 MeV conventional
accelerator (electron drift tube with energy up to 6 MeV
suited for medical application using a bremsstrahlung
on a tungsten target) [2], XiDose for carbon therapy
centers in Japan [3], TRiP98 for carbon therapy centers
in Darmstadt and Heidelberg, Germany [4], projects
of NCTPlan use at Massachusetts Institute for neutron
capture therapy at reactors of National Research Nuclear
University “MEPhI” [5]. Specialized tools also include
the NeuCure [6] and NeuMANTA [7] systems used for
neutron capture therapy purposes.

In the classical scheme of radiation therapy, planning
systems has the specific feature associated with the time of
obtaining a solution to the dosimetric planning problem.
Tasks related to the assessment of long-term (relative to
the course of therapy) consequences of treatment and
dosimetric features of dose formation are simulated,
as a rule, using more conventional means and methods
of Monte Carlo modeling of radiation interactions with
matter, which include, e.g., Geant4 [8], FLUKA [9],
MCNP [10], PHITS [11], and SHIELD-HIT [12]. All
these simulation tools have been approved by the world
community as those intended for a reliably accurate
prediction of, in particular, the values of absorbed doses
in target media. Although the results of such models
have proved useful in clinical and research practice,
a number of issues remain to be resolved [13], primarily
those related to elucidating the response of biological

5 https://rt-7.ru/planb (in Russ.). Accessed May 19, 2025.
6 http://mphc.ru/catalog/amphora/ (in Russ.). Accessed
May 19, 2025.

Russian Technological Journal. 2025;13(4):7-24


https://www.raysearchlabs.com/raystation/
https://www.varian.com/products/radiotherapy/treatment-planning/eclipse
https://www.varian.com/products/radiotherapy/treatment-planning/eclipse
https://www.usa.philips.com/healthcare/solutions/radiation-oncology/radiation-treatment-planning
https://www.usa.philips.com/healthcare/solutions/radiation-oncology/radiation-treatment-planning
https://www.elekta.com/products/oncology-informatics/elekta-one/treatment-applications/planning/
https://www.elekta.com/products/oncology-informatics/elekta-one/treatment-applications/planning/
https://rt-7.ru/planb
http://mphc.ru/catalog/amphora/
https://doi.org/10.32362/2500-316X-2025-13-4-7-24
https://www.elibrary.ru/WLFGJJ
https://www.elibrary.ru/WLFGJJ

Programming and computing suite for simulating
the therapeutic absorbed dose in radiotherapy

Aleksei N. Solovev
etal.

systems with various levels of organization to complex
mechanisms of radiation action on cell cultures [14—17].
Such systems are also used in in vivo studies [18, 19],
for safety assessment of radioactive waste landfills [20]
and space flights [21, 22], and for verifying the radiation
safety for the personnel of the radiotherapy facilities [23].

In this paper, we set out to develop a versatile suite of
computational tools capable of solving problems of both
classes described above and having wide possibilities
for interchangeability of components and their
modernization. We also describe the characteristics and
specific features of technological implementation of the
developed suite for the tasks of pre-radiation preparation
of radiobiological studies, dosimetric planning of
radiation therapy, retrospective assessment of biological
effects on the basis of equivalent precision calculation of
absorbed doses, as well as for building predictive models
to describe the damaging effects of radiation and present
the results obtained in accordance with the international
requirements of the IAEA” and ICRP?® for specific types
of radiation (ion radiation ICRU 93°, neutron capture
therapy CRCP/BOR/00210).

MATERIALS AND METHODS

For efficient operation of a hardware and software
suite, which is capable of functioning in an automated
mode, an integrative connectivity between its individual
components, as well as the possibility of their controlled
launch depending on the availability of relevant input
data, should be ensured. Figure 1 presents the architecture
of the developed suite and displays the interconnection
between the components, as well as the roles and
places of individual users. The solid lines show module
affiliations; the dotted lines show communication links.

While developing the suite, the main requirement
was related to the possibility of rapid deployment
of its components on a new hardware platform,
geographically separated from other components of the
suite. At the same time, the initial construction of the
software included in the suite and its implementation
were carried out on a single hardware base represented
by a means of high-performance computing, including

7 International Atomic Energy Agency. https://www.iaea.
org. Accessed May 19, 2025.

8 International Commission on Radiation Units and
Measurements. https://www.icru.org/. Accessed May 19, 2025.

9 ICRU Report 93: Prescribing, Recording, and Reporting
Light Ion Beam Therapy. https://www.icru.org/report/icru-report-
93-prescribing-recording-and-reporting-light-ion-beam-therapy/.
Accessed May 19, 2025.

10 JAEA. Advanced in Boron Neutron Capture Therapy.
Non-serial Publication. https://www.iaea.org/publications/15339/
advances-in-boron-neutron-capture-therapy. Accessed May 19,
2025.

a dual-processor system based on Intel Xeon Gold E5506
(Intel, USA) with 380 GB of connected random
access memory (RAM), NVIDIA Tesla V100 graphics
processor (NVIDIA, USA), and a data storage system
based on server hard disk drives (HDD) manufactured
by Toshiba (Japan). The platform is connected to the
local area network of the experimental sector of the
A. Tsyb MRRC'! based on MikroTik switches (Latvia),
providing bandwidth at a level of 1 Gbps. The external
communication channel used during the testing of the
software in a geographically distributed setup mode
provided data transmission speeds of up to 70 Mbit/s.
Terminal workplaces of the complex operators were
connected both in the internal network mode with full
capacity (1 Gbit/s) and in the modes of artificially
limited typical network (100 Mbit/s) and remote
network (Internet channel).

CONTROL ARCHITECTURE

Since the architecture under development was
required to enable shared component work, and since
the physical means for organizing server interaction
was presented as a single entity, the main technological
approach was the organization of virtualization. To
that end, Proxmox'?> was used as the base operating
system of the server. This distribution is based on
Debian GNU/Linux, developed and supported
by the Internet Foundation Austria. Initially, the
Proxmox VE 6 version was developed followed by its
modification to Proxmox VE 7.1-11. At present, a stable
version of Proxmox VE 8.2 is available.

The system fast data storage (solid-state drive, SSD)
is divided into the main sector (for installing the Proxmox
base environment) and sectors of managed application
servers. In this case, each storage is a separate disk
space with the possibility of expanding the address
space, including during physical migration of the
storage medium. The long-term storage is organized
by addressing the whole pool of disk space of physical
devices of the system into the created Proxmox container
managed by TrueNAS!3 operating system. On the basis of
TrueNAS, a software RAID array of level 5 with access
via CIFS'# SSH'S, and NFS!® protocols is organized.

1A, Tsyb Medical Radiological Research Center. https://
new.nmicr.ru/en/mrre/. Accessed May 19, 2025.

12 https://www.proxmox.com/en/. Accessed May 19, 2025.

13 http://www.truenas.com/. Accessed May 19, 2025.

14 https://learn.microsoft.com/ru-ru/windows/win32/fileio/
microsoft-smb-protocol-and-cifs-protocol-overview (in Russ.).
Accessed May, 19, 2025.

15 https://www.rfc-editor.org/info/rfc4251. Accessed May 19,
2025.

16 https://www.rfc-editor.org/info/rfc3010. Accessed May 19,
2025.
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Fig. 1. Structural diagram of the software-computing complex.
GPU—graphics processing unit, HDD—hard-disk drives, VM—virtual machine,
LXC—simplified Linux containerization scheme

Support foriSCSI'7 in the implementation[1]isused only as
part of the terminal equipment of automated workstations.
Thus, it is assumed that all further created components of
the server architecture use at least their address space of
fast storage and have a common configurable access to the
common file space of long-term storage.

RAM allocation for each of the subsequent managed
servers in Proxmox virtualization is carried out at the
stage of creation of a virtualization server, and, depending
on specific needs, the parameters cannot always be
dynamically expanded without recreating the server. In
this regard, for each task solved by the server computers,
an understanding of the actual resource consumption by
the system architect and system programmer is needed. It
should borne in mind that the tasks of modeling a direct
radiation response (e.g., a tumor) and the entire therapy

17 https://www.rfc-editor.org/info/rfc7143. Accessed May 19,
2025.

course with different variants of treatment responses are
undoubtedly large-scale computing tasks. Thus, the task
solved by a person when organizing the control level of
the control architecture is, among other things, the choice
of optimal parameters of the physical computing means.
Finally, a separate technological solution was
developed as part of the solution to the problem
of controlled, configurable launching of end-user
applications on individual system servers. It represents
its own hypervisor, launched by the command of the end-
user tool, providing further automatic start, management,
control, receipt, and transfer of the results of execution
of computing tools on one target server. The target server
can be any server running an *nix family of operating
systems; connection and communication is performed via
the secure SSH protocol. The configuration of managed
applications is specified by a text file of JSON!® syntax.

18 https://dx.doi.org/10.17487/RFC4627. Accessed May 19, 2025.
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SERVER COMPUTING HARDWARE
ARCHITECTURE

In the developed suite, all server computing facilities
are divided into two classes. The first class includes
systems that are deployed only within the Proxmox
virtual environment, requiring no physical addressing of
server devices. In general, this simply includes individual
compute nodes for tasks that require only a central
processing unit (CPU). The second class of systems are
those that require the virtualization server administrator to
configure physical addressing, which primarily refers to
the graphics processing unit (GPU). The implementation
of such means implies that at a particular moment in time,
the access of such a system to the addressed physical
entity is exclusive. Thus, e.g., all computational models
and tools using a graphics card must either connect to the
currently active server using the GPU or wait their turn for
their server exclusive access to a physical resource on the
host machine. When implementing system components
outside of a virtualization environment, e.g., when there
are separate physical compute machines and graphics card
machines, such a task can be excluded from consideration.

The stages of deployment of server computing
environment are built according to the classical
scheme. First of all, after installing and assembling the
operating system on the dedicated node and installing
the appropriate updates, the target software of the node

Table. Performance evaluation of different Geant4 versions

is assembled. For the computational nodes involved in
the described suite for simulating the effects of ionizing
radiation, the main package of computational software
was Geant4 [8] developed by CERN'? (Switzerland),
with versions from 4-9.5.0 (2016) to 4-11.2.2 (2024)
being used during the period of the target use of the suite.
One of the features of the package is the allocation of
components of section libraries in separate downloadable
files with the possibility of automatic linking at the
stage of building the program. The Geant4 build system
is completely based on CMake?’, and versions from
4-10.0 can be built on any target platform compilers gcc,
clang, and msvc, depending on the preferences of the
developer. In this case, unlike the vast majority of similar
Monte Carlo codes, Geant4 is not a final executable
file, but rather a set of libraries of dynamic or static
linking for further creation of the programmer’s own
application. However, it should be noted that there are
ready-made executables based on Geant4, which the user
already manages only by providing input data, similar to
other environments. Such solutions include TOPAS?!,
GATE??, and GAMOS®. The Table shows characteristic

19 Conseil Européen pour la Recherche Nucléaire, CERN.
20 https://cmake.org/. Accessed May 19, 2025.

21 https://www.topasme.org/. Accessed May 19, 2025.

22 http://www.opengatecollaboration.org/. Accessed May 19, 2025.
23 https:/fismed.ciemat.es/GAMOS/. Accessed May 19, 2025.

e Archive unpacking, CMake Make
(Geafzt4 year ms configuration, ms
of issue) 1 thread, ms 16 threads, ms 32 threads, ms

9.6.4 (2016) 1392 6275 1321462 116047 85899
10.0.0 (2016) 1504 7737 1721182 106263 82304
10.3.0 (2016) 1760 5497 3124605 164876 127049
10.4.0 (2017) 1636 2911 3538766 179560 138334
10.5.0 (2018) 1764 1761 2814052 216675 163520
10.7.0 (2020) 1787 6147 3715283 239053 185224
10.7.4 (2022) 1708 3612 3057118 256715 201234
11.0.0 (2021) 1599 9720 6450537 277412 211570
11.1.0 (2022) 1745 6532 4831937 299245 238212
11.2.0 (2023) 1662 4732 5031802 306279 238548
11.2.2 (2024) 1688 8582 3813355 306803 246890
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installation times of different Geant4 versions on one
of the currently functioning dedicated servers. All
measurements were made in automatic mode by means
of bash interpreter and *nix system time utility. The data
is presented as a single measurement of calendar (wall
time) time of the build procedure execution.

When implementing computational packages within
the suite, one or another version of the software was used,
depending on the specific task. For example, to solve the
problem of dosimetric planning as part of the neutron
therapy complex [1], the stable version 10.6.2 was used,
which was not updated further. For a number of other
tasks, in particular those described in [24], the then
current version 10.3.1 was used. All routine simulations
of the tasks arising in the course of the activities of the
Department of Radiation Biophysics of the A. Tsyb
MRRC are always performed on the latest stable version
at the time of problem statement. It should be noted that
backward compatibility of the user code is not always
guaranteed by the developers of the Geant4 environment,
including compatibility with new versions of compilers.
This is especially true in the case of explicit requirements
for cross-platform end-applications.

It should be noted that the use of a specific tool
for mathematical simulation of radiation action is
not a limiting factor. It was earlier shown in [25] that
heterogeneous tools can be used both in solving the
task of radiation therapy planning and integrated under
a common architecture of control commands. Thus,
in the present work, the launch of the functionality
executed on video cards can be performed both directly
from the Geant4 environment application and separately
on a standalone virtual machine using the output of the
Geant4 application as its own input data transmitted via
the previously described communication channels.

ARCHITECTURE OF A STANDARDIZED
DATA TRANSMISSION FORMAT

In the presented suite, JSON is the main format of
configuration files. This convenient format allows cross-
platform transfer of “key-value” pairs, and the values
can be both separate data types and lists and dictionaries
of values. However, due to the specificity of user data,
which are conventionally represented in such systems
in the DICOM?* industrial format, the internal format
of data exchange in applications should effectively
support the transfer of binary data. Thus, during
the implementation of the project, it was decided to
implement a separate format for storing user intermediate

24 Digital Imaging and Communications in Medicine is
amedical industry standard for creating, storing, transmitting, and
visualizing digital medical images and documents of examined
patients.

data. As the main format for such tasks, the protobuf?3
message transmission description by Google?® was
selected. After that, versatile tools for transforming
tomographic images and associated contours [26], phase
spaces for general-purpose Monte Carlo codes [27],
and associated output formats were written. The
format and the messages themselves are fully portable
between operating systems, while message writing and
reading functionality implemented for a vast amount of
programming languages. The only limitation of the used
solution consists in the maximum message size, which
cannot be larger than 2.14 GB due to the addressing of
the binary file in a 32-bit memory region. Such target
files may occur, e.g., when working with tomographic
images with the pixel number of 1024 x 1024 and the
slice number of more than 200 and simultaneously with
the associated number of contours more than 32. To solve
this problem, a backup format based on serialization
libraries in Boost?’ was implemented; however, the
associated disadvantage involves the impossibility of
transferring the final target files between Linux and
Windows operating systems.

ARCHITECTURE OF END-USER
TERMINAL FACILITIES

In contrast to server-based settlement tools, which
should be deployed only on the basis of Linux or
BSD operating systems, the requirements for endpoint
workstations and client machines may be not as strict. In
general, deployment should be available on any operating
system, including Windows, Linux, and macOS. In
addition, any endpoint user environment should be easily
upgradeable. Thus, it was decided to use the Python23
programming language for the work of creating the final
user interface, and the final executable files were built
for the specific operating system of the target endpoint
using publicly available tools for building executable
files (e.g., pyinstaller?”). In this case, separate modules
of the final software, which have their own separate
input and output data, are realized as ready executable
files, and integrative access is provided by means of the
end environment file system and network file system,
linked by servers according to the scheme described
above. Some examples of this approach include specific
modules for the pre-radiation preparation stage [28] and
an external system for field optimization in the mode of
3D conformal radiation therapy [29].

25 https://protobuf.dev/reference/protobuf/edition-2023-
spec/. Accessed May 19, 2025.

26 https://about.google/. Accessed May 19, 2025.

27 https://www.boost.org/. Accessed May 19, 2025.

28 https://python.org/. Accessed May 19, 2025.

29 https://pyinstaller.org/. Accessed May 19, 2025.
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Figure 2 presents the architecture of using end-
user tools as part of the considered suite when realized
within the framework of neutron therapy tasks
(variant 1), prospective planning tasks (variant 2),
and related integration tasks (variant 3). The client
application in C# language can call separate modules
of Python language and executable files of additional
applications (NGPlan.Visual.Client and ROReview); it
also has interfaces of exchange with third-party services
and tracking the progress of server tasks. Within the
framework of providing data flows on the server, three
variants of execution of Monte Carlo calculations are
realized, the main technological components of which
are presented in their order of invocation. Figure 3 shows
a number of screenshots illustrating the appearance of
the software products.

SUITE APPROBATION IN FIELD STUDIES

The primary evaluation of the technological
connectivity of the components was carried out
within the framework of related work on the

assessment of the radiation hardening of products
to heavy ions [30]. In the process of performing
the simulations that serve as a basis for subsequent
estimates of the values of linear energy transfer of
various ions through scatterers and a low (10 torr)
density atmosphere, the calculation server, deployed
as described earlier, was used. The results obtained
were automatically analyzed in the form of histograms
in the ROOT package [31] developed by CERN. The
communication mechanisms between the calculation
server with Geant4 and typical clients in the form of
the Windows file system explorer and the root client
application were tested.

One of the main applications of the suite software
consists in obtaining comprehensive estimates of
the values of biological effectiveness of radiation.
Primary results related to the medical application
of the suite were described in [32], where the
components of the suite, including the GPU, were
used in an automated mode to perform retrospective
estimates of the contribution to the biological dose
of the proton component in fast neutron irradiation.

Client application
(C#)
DICOM data
import module
(Python)
y
c Server part of the user software
lient interface Third-party " y -
NGPlan. Visual.Client import/export | Optiont Option 2 Option 3
(Python executable client interface
module) (C#)
Python + pypy +
Python + numpy + protobuf Python + numpy
numpy +
\ 4 + text files C+++ protobuf DICOM
Interface
for tracking the progress » N
of the running tasks A 7 Geant4 Geant4
(C#)
text files + C++ + protobuf
+ numpy
D
N —
Client interface ROReview| |———— p C# DICOM
(C++ executable file) h
DICOM

Fig. 2. Principal diagram of the end-user application organization
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A similar application domain®® was the modification

of the presented suite for the purposes of estimation
of relative biological effectiveness (RBE) of proton
radiation in comparison with the conventional
RBE 1.1 used in routine clinical practice. When
building such models, Hounsfield number
transformations of the original tomograms based
on the optimized model of material densities [33]
were used, but all operations within the presented
suite are configurable. Work is underway to create
an ergonomic user interface for convenient data input
at the commissioning stage of the planning systems
implemented or intended to be implemented as part
of the described suite.

The results of field testing of mathematical
models for optimizing the dose deposit of a modified
Bragg peak for protons in the form of a task file for
the accelerator of the Prometheus proton therapeutic
facility (Obninsk, Russia) were presented in [34]. The
above-described approaches to mathematical simulation
of proton radiation action were used to develop control
commands, which were then transmitted to the control
system of the accelerator [35]. A similar task of
creating control commands was solved in [36] to detect
morphological changes in tumor cells after implantation
in a tumor-bearing animal. In general, such an approach
to the automation of radiobiological studies shows
its effectiveness and makes it possible to significantly
reduce the time of preparation for the experiment by
unifying typical solutions.

Finally, the computing and programming suite
proved feasible in the tasks of experimental activities
at the temporary radiobiological stand [37], and later—
within the framework of the collective use center of
the U-70 accelerator facility (CCU “RBS on U-7031),
When carrying out an initial assessment of the biological
efficiency of carbon ion beams [38], data on the dose-
averaged values of linear energy transfer calculated
in a detailed model of the irradiated object for various
experimental conditions were used. The approaches
to the creation of means for passive modification of
carbon radiation described earlier [39] and realized
later as a software package as part of the described
suite and directly fabricated ridge filters were used
by other researchers [40, 41]. The operations of the
radiobiological stand of the U-70 facility were described
in [42]; approaches to the implementation of channels for
medical and therapeutic purposes were reported in [43].

30 Smyk D.I. Proton therapy in re-irradiation of recurrent
tumors of head and neck organs. Thesis for a Candidate
Degree in Medical Sciences. https:/new.nmicr.ru/wp-content/
uploads/2024/05/dissertacija-smyk.pdf (in Russ.).

31 http://ihep.ru/pages/main/6580/8769/index.shtml (in Russ.).
Accessed May 19, 2025.

DISCUSSION

One essential aspect of radiotherapy planning
systems in clinical practice involves the organization
of data transfer between different systems and the
connectivity of software components within the
system. Thus, the work [44] showed that even
when transferring the same DICOM-data set,
different planning systems (in [44]—MRIdian TPS
and Eclipse) differ significantly (up to 16%) in terms of
interpretation of structure volumes and, consequently,
dose-volume parameters. At the same time, taking
into account the abundance of systems both available
on the market and proprietary (in-house) systems of
individual clinics [45-49], the question of ensuring
coherence and equivalence of the reported clinical
results remains relevant. As clinical practice shows,
even in the same hospital, two [50] or more planning
systems may be used for the same accelerator or
treatment cabin, and the decision to prescribe therapy
is achieved after all alternative proposed scenarios
have been analyzed by the attending radiotherapist or
a board of specialists.

The main direction in the development of
calculation systems carrying out simulation of
the absorbed dose of radiation therapy consists in
a multiple increase of their calculation performance
while maintaining the accuracy at the level of precision
provided by Monte Carlo systems. In this context,
calculations with the use of GPUs are increasingly
attracting attention. GPUs have long been used for
simulating radiobiological response at the DNA,
cellular, and intercellular levels of matter organization,
including water radiolysis [51, 52]. At the same time,
simulations for the purposes of radiation therapy
have emerged only in recent years. For example, the
researchers in [53] developed goCMC, including the
support of a computational module for carbon ion
therapy, which allows a computational speed of one
plan within 40 min. At the same time, the manufacturers
enable the integration of their approach into the Eclipse
commercial planning system. A similar problem,
applied to intraoperative high-energy electron therapy,
was solved in [54], with calculation speeds of up to
10 s on a video card. Earlier solutions, such as the one
described for proton therapy in [55], become the basis
for experimental validation of the approaches used,
showing not only times of 3.5 to 11.5 s per beam versus
20 s for the CPU-based solution, but also excellent
agreement with measured values according to gamma
index criteria (more than 95% passing points according
to the 3%/1 mm criterion). The VQA Plan [56] system
by Hitachi, developed specifically for the ion center
in Osaka (Japan), is another solution proposed for
the operational calculation of scanning ion beams.

Russian Technological Journal. 2025;13(4):7-24

16


https://new.nmicr.ru/wp-content/uploads/2024/05/dissertacija-smyk.pdf
https://new.nmicr.ru/wp-content/uploads/2024/05/dissertacija-smyk.pdf
http://ihep.ru/pages/main/6580/8769/index.shtml

Programming and computing suite for simulating
the therapeutic absorbed dose in radiotherapy

Aleksei N. Solovev
etal.

According to the authors, the distinguishing feature
of the presented system in comparison with the
simplified analogs in XiDose and RayStation consists
in the calculation of the biological component of the
dose of carbon beams. The implementation of fast
computational algorithms for such systems based on
GPUs seems to be a challenging task, the solution
of which requires the efforts of a wide range of
specialists [57, 58].

CONCLUSIONS

Modern approaches to radiation therapy should not
only meet the quality criteria of medical services, but
also ensure the required safety of treatment. Organization
of an effective software computing environment for
a wide range of purposes facilitates, among other things,
coordination of efforts of various medical specialists,
software developers, radiation technologists. As part
of promising development directions, mechanisms for
the introduction of quantum computing and artificial
intelligence technologies can be considered. Work on the
mass-scale introduction of the developed technologies is
underway.
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Abstract

Objectives. The paper addresses the problem of applying neural networks for object detection in radar images
and their recognition under conditions of limited computational resources. The aim was to investigate the speed
and recognition quality of YOLO! neural network models in solving object detection and classification tasks in radar
images in order to evaluate the feasibility of their practical implementation on a microcomputer with a neural
processor.

Methods. Machine learning, object detection, and classification techniques were used to detect and classify objects
in a radar image.

Results. The study comparedthe speed and recognition quality of the 5th, 8th,and 11th generationYOLO neural
network models with varying numbers of trainable parameters (nano-, small-, medium-, large-, and extra-
large-sized) to assess their potential use on a microcomputer with a neural processor. As a result of comparing
various YOLO models using evaluation metrics, YOLOv11n (0.925), YOLOv5I (0.889), and YOLOv11s (0.883)
showed the highest precision metric; YOLOv5n (0.932), YOLOv11n (0.928), and YOLOv11s (0.914) showed
the highest recall metric; YOLOvi1s (0.961), YOLOv5n (0.954), and YOLOv11n (0.953) showed the
highest mAP50 metric; and YOLOv5n (0.756), YOLOv11s (0.74), and YOLOv5I (0.727) showed the highest
mAP50-95 metric.

Conclusions. The conducted research confirmed the feasibility of running YOLO neural network models
on a microcomputer with a neural processor, provided that the computational resources of the microcomputer
match the computational requirements of the neural networks. The ROC-RK3588S-PC microcomputer
(Firefly Technology Co., China) provides up to 6 TOPS of performance, allowing the use of YOLOv5n (7.1 GFLOPS),
YOLOv11n (6.3 GFLOPs), and YOLOv11s (21.3 GFLOPs) models.

Keywords: pattern recognition systems, neural networks, radar images, machine learning algorithms

T You Only Look Once is a series of neural network models for the real-time object detection.
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HAYYHAA CTATb4

HUccaenoBanue 3pPeKTUBHOCTH IPUMEHEHHUA MOAeJIel
HeHpOoHHBIX ceTed YOLO s pacnio3HaBaHUS 00bEKTOB
HA PAANOJOKANUOHHBIX U300paKEHUAX

A.C. KpacHonepoBa @, A.C. TBepaoxne6os, A.A. KapTawos,
B.U. BeGep, B.1O. Kynpuy,

ToMcKuii rocyAapCTBEHHbIVI YHUBEPCUTET CUCTEM YINPaBJIeHUS v PaAN03JIEKTPOHUKN», TOMCK,
634050 Poccusi
@ AsTOp An151 nepenvicku, e-mail: alenacergeevna2®@icloud.com

e Moctynuna: 10.10.2024 » Oopa6oTaHa: 24.02.2025 ¢ MNMpuHaTa k ony6nukoeanuio: 21.05.2025

Pesiome

Llenu. B cTatbe paccmaTtpuBaeTcst NnpobnemMa NpUMeEHEHUS HEMPOHHbIX CETEN AN 06HapyXeHWs 1 knaccudbukaumm
00bEKTOB HAa PaamMoSIoKaLLMOHHbIX N30OPaAXEHUSAX B YCIOBUSAX OFPaHUYEHHbIX BbIYMCANTENLHBLIX pecypcoB. Llenbio
paboThl SBASETCA UCCNEAoBaHME BLICTPOASNCTBISA U TOYHOCTU MOAENel HelPOHHLIX ceTelt YOLO? npu pelueHum
3aa4 obHapyxeHus 1 knaccnudunkaumm o6bekToB Ha PaaN0OSIOKaLLMOHHbIX N300paXeHUsX AN OLEHKN BO3MOXHO-
CTeln NpakTU4eCcKom peann3aumm Ha MUKPOKOMMbIOTEPE C HEMPOHHBIM MPOLLECCOPOM.

MeTopabl. B paboTe ncnonb3oBanMcb METOAbl MaLLMHHOINO 00y4yeHus, 0BHapyXeHUs 1 knaccudbukaumm o6beKTOB
Ha 1306paxeHnn.

PesynbTaTtbl. Pe3ynbTatoM paboThl ABASETCS OLEHKA U CPpaBHEHME ObICTPOLAENCTBUS U TOYHOCTU MOAENEN Hell-
poHHbIx ceTen YOLO 5-ro, 8-ro u 11-ro nokoneHui ¢ pasHbiM KONM4ecTBOM 00y4aeMblx napameTpoB (Mogenun nano,
small, medium, large, extra large) ans nccnepoBaHns BO3MOXHOCTU MX MCMOb30BAHUS HA MUKPOKOMMbIOTEPE
C HEeMpOoHHbLIM Npoueccopom. Mpu cpaBHeHUM pasnunyHbix mogener YOLO no MeTpuke OUEHKM TOYHOCTM nydLune
pe3ynbTtathl nokasann mogenu YOLOv11n (0.925), YOLOvSI (0.889), YOLOv11s (0.883); no MeTpuke NOAHOTHI —
YOLOv5n (0.932), YOLOv11n (0.928), YOLOv11s (0.914); no metpmke mAP50 - YOLOv11s (0.961), YOLOv5n (0.954),
YOLOv11n (0.953); no meTtpuke mAP50-95 — YOLOv5n (0.756), YOLOv11s (0.74), YOLOvVSI (0.727).

BoiBoabl. [poBeAeHHbIE MCCNEfOBaHUSA MOKa3biBAIOT BO3MOXHOCTb MPUMEHEHUS MOAENEN HEMPOHHbIX ce-
Tern YOLO Ha MUKPOKOMMbIOTEPE C HEMPOHHLIM NPOLECCOPOM MPU COOTBETCTBMN BbIHUCIUTESbHbIX PECYPCOB
MUKPOKOMMbIOTEPA U BbIYUCINTENbHBLIX TPEOOBAHMIA HEMPOHHLIX ceTeill. MukpokomnbioTep ROC-RK3588S-PC
(Firefly Technology Co., Kutaii) obecneunBaet 6bicTponelicteue 0o 6 TOPS (Tepa-onepaunii B cekyHay), 4TO
no3eongeT npumeHaTb moaenn YOLOvSn (7.1 GFLOPs), YOLOv11n (6.3 GFLOPs), YOLOv11s (21.3 GFLOPs).

2 You only look once (YOLO) — cepusi HelipoceTeBbIX Moaeneit Ans 3aaun AeTekumn o6bekTos. [You Only Look Once
is a series of neural network models for the real-time object detection.]
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KnioueBble cnoBa: C/UCTEMbl pacrno3HaBaHUs 00pa30B, HEMPOHHLIE CETU, PaAVONIOKALMOHHOE MU300paxeHue,

aNropuTMbl MaLLIMHHOMO 0ByYeHNst

Ana untupoBanusa: KpacHonepoBa A.C., Teepaooxnetos A.C., KapTtawos A.A., Bebep B.W., Kynpuu, B.IO. Nccnepo-
BaHNEe 3PDEKTUBHOCTU MPUMEHEHNSA MOAEenNel HepoHHbix ceTen YOLO ona pacno3HaBaHMs OOBEKTOB Ha panuvo-
JNIOKaUMOHHBIX n3obpaxeHusx. Russian Technological Journal. 2025;13(4):25-36. https://doi.org/10.32362/2500-

316X-2025-13-4-25-36, https://www.elibrary.ru/M\WWWVCJ

MpospayHocTb hMHAHCOBOM AeATEeNbHOCTU: ABTOPbI HE UMEIOT PUHAHCOBOM 3aMHTEPECOBAHHOCTM B MPEACTaB/EH-

HbIX MaTepuanax niam MetToaax.

ABTOpbI 329BNASI0OT 06 OTCYTCTBUN KOHDINKTA MHTEPECOB.

INTRODUCTION

At present, airborne synthetic aperture radar (SAR)
systems are widely used to obtain radar images of
terrain [1, 2]. The examples of practical applications of
radar imagery produced by SAR airborne radar systems
installed on unmanned aerial vehicles (UAVs) include
the following:

e vehicle location during search and rescue operations,
movement control and security of production plants,
storage terminals, fields, ports, and urban areas
(parks, water conservation areas), as well as flood
detection;

e remote monitoring of extended infrastructure,
particularly in remote areas, including oil and gas
pipelines, power lines, and railway infrastructure;

e automated creation of  digital elevation
maps (3D models) of the Earth’s surface and
classification of the Earth’s cover, such as farmland,
town, village, water, forest, and road objects.

As a rule, data processing and formation of radar
images is performed in stationary conditions using
high performance computers. However, in cases
where a higher efficiency is required, radar image
processing can be carried out on board the UAV. For
example, the efficiency of search and rescue operations
can be improved by onboard radar image processing
and formation by significantly reducing the duration
of vehicle search and increasing the efficiency of
assistance. This operation can be implemented using
neural networks installed on the microcomputers (MC)
of the onboard equipment.

The efficiency of ground object detection can be
enhanced using various-purpose sensors on the UAV.
A new approach to the creation of a multifunctional
airborne radioelectronic complex includes the use of
various radar modes, the integration of the locator
with optoelectronic means, including infrared, as well
as the use of airborne radar stations based on synthetic
aperture. Modern radar stations ensure high resolution
and are capable of performing the tasks of detection
and recognition of hidden objects, thus supplementing
optical and infrared systems [3].

Radar surveillance using SAR technology is
currently considered to be an effective method of
remote monitoring of objects of interest, resulting in
highly informative 2D radar images. The possibility of
obtaining these images is not limited by time of day or
meteorological conditions [4, 5].

The basic principles of radar image formation
are well known and have been thoroughly discussed
previously? [6, 7]. When processing SAR data, account
should be taken of the specifics of radar imaging,
such as:

e geometric and radiometric distortions on the formed
radar images;

o the presence of radar shadows;

e speckle noise formed as a result of coherent
summation of reflected electromagnetic waves from
spatially random scattering sources falling within
the SAR resolution element;

e the difference in reflective properties of objects in
different frequency ranges;

e radar imaging mode;

e operating frequency range and signal polarization.
At the same time, the basic principles and

characteristics of radar image formation are important
for the creation of image databases to be further used
for training, validation, and testing of neural network
models.

The relevance of the research presented in our
paper is confirmed by a number of publications. The
effectiveness of neural networks for maritime object
detection and recognition was investigated in [8—10].
Thus, the work [8] provided accuracy estimates of the
YOLOvV5x neural network* based on the SAR Ship
Dataset database [11] using appropriate metrics to
evaluate the accuracy of its performance, while [9]
investigated neural networks for ship detection and
recognition. The results of different neural network

3 Fundamentals of processing radar data from Earth remote
sensing. https://habr.com/ru/articles/787074 (in Russ.). Accessed
December 02, 2024.

4 You Only Look Once is a series of neural network models
for the real-time object detection.
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models, such as YOLOv4, YOLOv7, YOLOV7-tiny,
RetinaNet, Cascade R-CNN, SSD, and OE-YOLO, were
described in quantitative terms. In [10], neural networks
for object detection and recognition from moving and
stationary target acquisition and recognition (MSTAR)?
databases were analyzed. Different neural network
models and their performance characteristics were
evaluated using the following metrics: Recall, Precision,
mAP50, and mAP50-95.

In this paper, we compare the speed and recognition
quality of YOLO neural network models of the 5th,
8th, and 11th generation with different numbers of
trained parameters and evaluate the feasibility of their
application in an MC with a neural processor.

CREATING A RADAR IMAGE DATABASE

Radar image databases are conventionally created
using three main approaches, including:

e cxperimental imaging of objects of interest on the
Earth’s surface by means of onboard SAR, taking
into account various factors affecting the formation
of radar images;

e simulation of the propagation processes of radio
waves reflected from the Earth’s surface and further
processing of the received signals in accordance
with the algorithms of SAR operation;

e search of SAR-obtained radar images in open
sources.

The former approach provides the most accurate
radar image database, although requiring extensive
computational and time budgets. Radar image simulation
is a complex process whose efficiency depends on
numerous factors, such as the complexity of simulating
reflections from terrain and extended objects, as well as
the formation of a large flow of radar information from
SAR receivers, etc. [12, 13].

In this research, we apply the latter approach, which
relies on open-source radar image databases to solve
the problem. To that end, the open part of the MSTAR
database was used. The radar images in this database are
formed according to the characteristics of a radar system
and the conditions of image formation (see Table 1).

The MSTAR database comprises two datasets,
namely:

e MSTAR target, where each image has a plain
background and a vehicle in its middle; radar images
are taken from different angles of a scene;

e MSTAR clutter, where radar images of rural areas
with roads and forests are taken without vehicle
images.

5 https://www.mathworks.com/help/radar/ug/sar-target-clas-
sification-using-deep-learning.html. Accessed December 02,
2024.

Table 1. Radar system characteristics and imaging
conditions

Characteristics Value
Frequency range X band
SCiglltaelr frequency of the sounding 9.6 GHz
Bandwidth of the sounding signal 591 MHz
Radiation and reception polarization Horizontal

Angle and azimuth resolution 1 foot (~30.5 cm)

Shooting mode Spotlight

Carrier Aircraft (Twin Otter)
Carrier speed 140-170 km/h
Inclined range ~5 km
grrcl)%ll:; ;lfasnheooting location from 15°_450
Shooting angles in azimuth plane 0°-360°
Weather conditions Clear, dry
Terrain Plain
Vegetation Grassy, low
e S
US Army

installation, Redstone
Arsenal, Huntsville

Shooting location

The MSTAR database includes 8890 images of
vehicles, 2539 images of radar reflectors, and 100 images
of rural areas. The complete list of radar images in the
database is presented in Table 2.

Examples of radar images from the MSTAR target
database are shown in Fig. 1.

Azimuth 50° Azimuth 70°

Azimuth 38°

Azimuth 4°
Fig. 1. Examples of radar images
from the MSTAR target database
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Table 2. List of radar images in the MSTAR database

Target Description Angles of site, © Remarks
15 3 sets of 195 images
8 sets of 274 images
17 3 sets of 230 images
8 sets of 248 images
T-72 T-72 tank

30 1 set of 288 images
1 set of 133 images
45 1 set of 303 images
1 set of 120 images
. . . . 15 3 sets of 196 images
BMP2 BMP 2 is a tracked infantry fighting vehicle 17 3 sets of 235 images
. . 15 1 set of 195 images
BTR-60 BTR-60 is an armored personnel carrier (APC) 17 1 set of 256 images
. 15 1 set of 196 images
BIR-70 BIR-701s APC 17 1 set of 233 images
15 1 set of 274 images
o s . 17 1 set of 299 images
251 2S1 Gvozdika (“Carnation”) is a self-propelled howitzer 30 1 set of 288 images
45 1 set of 303 images
15 1 set of 274 images
17 1 set of 298 images
BRDM-2 BR]?M-Z (GAZ-41) is an armored reconnaissance scout 20 1 set of 287 images
vehicle 1 set of 133 images
45 1 set of 303 images
1 set of 120 images
15 1 set of 273 images
62 T-62 tank 17 1 set of 299 images
15 1 set of 274 images
17 1 set of 299 images
7SU 23 4 ZSU-23-4 “Shilka” is a self-propelled anti-aircraft gun 20 1 set of 288 images
o set o images

(SPAAG) 1 f118 imag
45 1 set of 303 images
1 set of 119 images
. e 15 1 set of 274 images
ZIL131 ZIL-131 is an expanded mobility truck 17 1 set of 299 images
. 15 1 set of 274 images
D7 D7 is a tractor-mounted dozer 17 1 set of 299 images
15 1 set of 274 images
16 1 set of 286 images
17 1 set of 288 images
Construction of geometric figures including basic radar 29 1 set of 210 images
SLICY reflector shapes such as flat plate, dihedral, trihedral, and 30 1 set of 288 images
cylinder 31 1 set of 323 images
43 1 set of 255 images
44 1 set of 312 images
45 1 set of 303 images
CLUTTER Radar images of Huntsville city and surroundings 15 1 set of 100 images
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Fig. 2. Rural image from MSTAR cluttered sample

A sample image from the MSTAR clutter sample is
shown in Fig. 2.

The radar images of the ground surface (MSTAR
clutter) and of the vehicles (MSTAR target) are produced
under the same conditions. This allows the technique of
placing the objects on the background of the rural area to
be applied, similar to that reported in [10].

The process of image fusion and generation is
performed in three steps [10]:

e selection of the object radar image (MSTAR
target) locations on the rural radar image (MSTAR
clutter);

e correction of the pixel brightness of the object radar
image (MSTAR target) and the selected section of
the rural radar image (MSTAR clutter);

o fusionoftheobjectradarimage (MSTAR target)and
the selected rural radar image (MSTAR clutter).
The MSTAR target angle is equal to the MSTAR

clutter angle.

The objects placed in the radar image correspond to
the following classes: Class 0 is aradar reflector (SLICY),
Class 1 is an armored personnel carrier (APC), Class 2 is
an armored reconnaissance scout vehicle, Class 3 is
a self-propelled anti-aircraft gun (SPAAG), and
Class 4 is a tank. The image from the created database is
shown in Fig. 3.

Following the above steps, a database for solving
the problem of detecting and recognizing objects on
the Earth’s surface is created. The sample consists of

Fig. 3. Example of an image from the created database

350 images with five objects placed on each image.
In total, 300 and 50 images are used for training and
for validation and testing, respectively. For each
image, a text file containing the object coordinates and
information about their class is provided.

The speed and recognition quality of the 5th,
8th, and 11th generation YOLO neural network
models [14] from the Ultralytics® library with
different numbers of trained parameters (nano-,
small-, medium-, large-, and extra-large-sized
models) with the following neural network training
parameters were investigated:

e the number of training epochs for all algorithms

is 40;

e the optimizer is AdamW with a convergence step of

0.001111, with a momentum equal to 0.9.

TRAINING RESULTS AND PERFORMANCE
EVALUATION OF NEURAL NETWORKS

The metrics [9] was used to monitor the training
process of the model and to evaluate its performance in
the training and validation datasets:

1. Precision is the share of objects that are labelled
as positive by the classifier and that are actually
positive:

6 Ultralytics | Revolutionizing the World of Vision AL https://
www.ultralytics.com/. Accessed December 02, 2024.
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. TP
Precision = ————, (1)
TP + FP

where TP (True Positive) is the share of correct
classifications belonging to a positive class and
FP (False Positive) is the share of incorrect
classifications belonging to a positive class (type II
error, false alarm). This metric evaluates the model
for type II errors.

2. Recall is the share of objects of a given class out of
all objects of a given class found by the algorithm:

Recall = l, 2
TP +FN

where FN (False Negative) is the share of

misclassifications not belonging to a positive

class (type I error, target omission). This metric
evaluates the model for type I errors.

The precision and recall values are obtained for
different model confidence thresholds (confidence
levels). These thresholds are set manually and the
prediction of the bounding box and the prediction of
the model class are estimated simultaneously. At higher
thresholds, there are fewer detector responses. However,
this will reduce the type II error (FP), thus increasing
the accuracy but decreasing the completeness value. It is
therefore possible to plot Precision against Recall. The
average precision (AP) is the area under the Precision—
Recall curve:

AP = [ PR)IR. (3)

The mean average precision (mAP) is the area under
the Precision—Recall curve weighted across all classes:

1 N
mAP = — > AP(i). 4)
N i=1

For example, the mAP50-95 metric is a weighted
mean accuracy given the values of ToU € [0.5; 0.95],
where IoU (intersection over union) is a metric of the
degree of intersection between the true bounding box
and the predicted bounding box. When the predicted
bounding box coincides with the true bounding box,
IoU=1.

An example of object recognition in the test image
is shown in Fig. 4.

At the end of training, the best model is considered
to be the one with the highest mAP50-95 metric on the
validation data.

The numerical values of the metrics obtained during
the training of the neural networks of the YOLO family
are given in Table 3.

Comparing different YOLO models showed
the following: the top three models by precision

class 0 0.81

(a)

Fig. 4. Results of object recognition in a radar image
using the YOLOv11s model:
(a) radar image before recognition;
(b) radar image after recognition

are  YOLOvlln (0.925), YOLOv5l (0.889),
and YOLOvlls (0.883). YOLOv5n (0.932),
YOLOvIIn (0.928), and YOLOvIls (0.914) show
the highest recall metric; YOLOvlls (0.961),
YOLOvV5n (0.954), and YOLOvlln (0.953) show
the highest mAP50 metric; and YOLOv5n (0.756),
YOLOv1l1s (0.74), and YOLOvVS1 (0.727) show the
highest mAP50-95 metric.

The analysis of the number of floating-point
operations are represented by a histogram in Fig. 5.

300
250

200
150
100
50 I
0 |

Model n Models  Modelm Modell Model x

Number of floating-point
operations for the models,
N-10°

= YOLOvS YOLOv8 YOLOv11

Fig. 5. Comparison of the number of floating-point
operations for the models under study

The results obtained allow us to conclude that
models 1 and x with more floating-point operations
outperform models n, s, and m in terms of all parameters,
largely due to undertraining of models I and x.
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Table 3. YOLO neural network model metrics

Neurragor(lie;tlw i Precision Recall mAP50 mAP50-95 Numbef)rc));ggitlilrslg-point
YOLOv5n 0.844 0.932 0.954 0.756 7.1e9
YOLOVSs 0.76 0.808 0.871 0.649 23.8¢9
YOLOvV5m 0.789 0.801 0.889 0.695 64¢9
YOLOV5I1 0.889 0.881 0.933 0.727 134.7¢9
YOLOvV5x 0.725 0.802 0.844 0.678 246e9
YOLOV8n 0.748 0.84 0.897 0.65 8.1e9
YOLOVS8s 0.643 0.79 0.828 0.617 28.4¢9
YOLOvV8m 0.739 0.832 0.871 0.678 78.7¢9
YOLOVSI 0.694 0.806 0.843 0.648 164.8¢9
YOLOvV8x 0.772 0.821 0.895 0.697 257.4e9
YOLOvlIn 0.925 0.928 0.953 0.725 6.3¢9
YOLOvl1ls 0.883 0.914 0.961 0.74 21.3¢9
YOLOvIIm 0.804 0.893 0.91 0.726 67.7¢9
YOLOv11] 0.566 0.7 0.761 0.573 86.6e9
YOLOvI11x 0.63 0.772 0.82 0.627 194.4€9

For the mAP50 and mAP50-95 metrics, the highest
results are achieved using the YOLOv5n, YOLOv1ln,
and YOLOvlls models. In [10], FasterRCNN
(mAP50 = 0.8786), RetinaNet (mAP50 = 0.916),
and different modifications of YOLOvVS5 such as
YOLOvVS basic (mAP50 = 0.9169) and YOLOvS
modified (mAP50 = 0.9555) were used to investigate
recognition accuracy. For comparison, the YOLO neural
network models and the values of the mAP50 metric are
shown in Table 4.

Table 4. The mAP50 metric of neural network models

Neural network model mAP50
YOLOV5n 0.954
YOLOvl1In 0.953
YOLOvlls 0.961

The data presented in Table 4 indicate that the
11th generation YOLO models perform sufficiently well
in solving the problem of ground object detection and
recognition in radar images.

The error matrix for the YOLO neural network
is shown in Fig. 6, which indicates the number of
misclassifications made by the model. The classes as
predicted by the model are labelled on the left, and the true
classes are labelled at the bottom. In addition to the five
classes of recognized objects, there is also a background
class representing the background classification errors.

It can be assumed that images of radar reflectors
were classified as background more often than others,
due to their small effective scattering area compared to
the other classes.

When predicting Class 1, the YOLOv11s model has
the maximum type I error with 5 out of 50 classified as
Class 2 and 6 out of 50 classified as Class 4. Class 4 has
the maximum type II error with 6 objects of Class 1,
3 objects of Class 3, and 3 snippets with background
classified as Class 4.
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Class 0

Predicted classes

Background Class4 Class3 Class2 Class 1

6 1

ClassO Class1 Class2 Class3 Class4 Background
True classes

Fig. 6. Error matrix for the YOLOv11s neural network

In [15], in order to evaluate the feasibility of using
neural networks on MCs, the number of operations
required by the YOLO model was compared to the
number of operations per second that can be provided
by the MC. The Firefly ROC-RK3588S-PC (Firefly
Technology Co., China) was used as a basis, equipped
with an onboard RK3588 neural processor capable of up
to 6 Tera operations per second (TOPS)’.

The computational resources consumed by a neural
network model on a single input image can be expressed
in terms of Giga float operations (GFLOPs). For
arelevant evaluation, it is necessary to convert TOPS into
a floating-point format, since TOPS defines the number
of operations per second® and GFLOPs defines the
number of floating-point operations with the input image.

The performance of 4 TOPS is approximately equal to the
performance of 1 TFLOPS?; hence, converting 6 TOPS
results in 1.5 TFLOPS. Therefore, the performance of
the ROC-RK3588S-PC MC allows the installation of
YOLOv5n (7.1 GFLOPs), YOLOv11n (6.3 GFLOPs), and
YOLOv11s (21.3 GFLOPs), providing a performance of
more than 10 frames per second, which is a positive result.

CONCLUSIONS

Our research demonstrates that, out of the neural
network models considered, the YOLOv5n, YOLOvVSI,
YOLOvVI11n, and YOLOv11s models produce the highest
results in terms of the following metrics. The difference
in the mAP50-95 metrics between the YOLOVSI
and YOLOvlln models is ~0.003. The difference in
the Precision metric values between YOLOvVS5] and
YOLOv11ls models is ~0.006. The difference in the
computational cost is ~102 floating point operations,
which has a significant impact on performance. The
selected models are therefore YOLOv5n, YOLOv11n,
and YOLOvV11s. According to their computational costs
and the performance of the ROC-RK3588S-PC MC, the
selected models can be recommended for installation on
the MC for real-time operation.
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Abstract

Objectives. Knowledge of the dependence of magnetostriction of various ferromagnetic materials on the magnetic
field is important for studying the magnetoelectric effect in composite structures, in particular for calculating
the shape of the field dependence of piezomagnetic moduli and for calculating magnetoelastic characteristics.
However, the typical resolution level of known strain gauge setups for measuring magnetostriction is about 1075,
which is insufficient to obtain detailed information on the piezomagnetic coefficients of the materials under study.
The paper describes the development of an automated setup for the precision measurement of the dependence
of magnetostriction of ferromagnetic plates on a magnetic field in the range of £5 kOe providing an improved strain
resolution order of magnitude.

Methods. The setup uses film strain gauges included in a Wheatstone bridge excited by alternating current. Thanks
to the applied method of signal frequency shift, as well as the use of a low-noise preamplifier and temperature
stabilization of the measuring cell, it was possible to reduce the level of noise referred to the input and zero drift
of the measuring circuit.

Results. The developed setup provides an accuracy of the magnetostriction measurement of ferromagnetic plates
up to 1077 in the range of magnetic fields of +5 kOe, which is an order of magnitude higher than known methods.
The setup also allows measuring the electric and piezoelectric deformation of materials depending on the applied
electrical voltage in the range of +500 V. The measurement results can be used to more accurately calculate the
field dependencies of the piezomagnetic and piezoelectric coefficients of materials, including materials with low
magnetostriction, such as various ferrites, hematite, yttrium iron garnet, etc.

Conclusions. The method of alternating excitation of the measuring bridge in combination with other measures can
be used to increase the deformation resolution to about 1077.
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HAYYHAA CTATbA

H3MepeHHe MATHUTOCTPUKIHUHA TCH3OMCTPHUHYICCKUM
MOCTOM C IEPEMCHHDBIM BOSﬁY)KIleHI/IeM

D.A. Bypavx ©

MUP3A — Poccuricknii TexHosorm4eckuii yimsepcutet, Mocksa, 119454 Poccus
@ AsTOp Ans nepenvcku, e-mail: phantastic@mail.ru

e Moctynuna: 21.11.2024 » Aopa6oTaHa: 15.01.2025 ¢ MpuHaTa k ony6nukoBaHuio: 20.05.2025

Pesiome

Llenu. 3HaHMe 3aBMCMMOCTM MarHUTOCTPUKLUM PasfnyHbiX GEPPOMarHMTHbIX MaTepuasoB OT MarHUTHOrO
Nnonsi BaXHO AN UCCe0BaHNS MarHUTO31eKTpMYeckoro addekta B KOMMNO3UTHbIX CTPYKTYpax, B YaCTHOCTHU
Ans pacyeta GOpMbl NONEBOM 3aBUCUMOCTY NbE30MarHUTHbLIX MOAYNEN N pacyeTa MarHUTOYNpyrux xapakre-
pucTuk. Hanbonee pacnpocTpaHeHHbIM METOAOM U3MEPEHUS MArHUTOCTPUKLUMOHHOIO YAJIMHEHUS SIBNSIETCSH
MCMONb30BaHNE TEH30PE3UCTUBHbIX AaT4MKOB. OOHAKO TUMUYHBIA YPOBEHb pPas3peLlleHnss U3BECTHbIX TEH30-
PE3NCTUBHBLIX YCTAHOBOK NS M3MEPEHNS MArHUTOCTPUKLMK cocTasnaeT okono 1078, yTo HepocTaTouHo Ang
NONy4YeHUs AeTanbHOM MHOOPMALMN O NbE3OMArHUTHLIX KOddduUnMeHTax nccnegyemoix matepmanos. Lienb
paboTbl — pa3dpaboTka aBTOMaTU3NPOBAHHOM YCTAHOBKM A1 NPELU3VOHHOIO0 N3MEPEHNS 3aBMCMMOCTM Mar-
HUTOCTPUKLUNM GEePPOMarHUTHbIX MAACTUH OT MAarHUTHOMO NoNg B AuanasoHe £5 k3 ¢ yny4yleHHbIM Ha NopsAoK
paspelieHmem no gedopmaymn.

MeTopabl. B ycTaHOBKE MCMNOJIb30BaHbI NJIEHOYHbIE TEH30PE3UCTMBHbBIE AATYMKM, BKJIKOYEHHbIE B MOCT YUTCTOHA,
BO30OYy>XaeMbIi NePEMEHHBIM TOKOM. Bnaropnapsi npyMeHeHHOMY METOAy MEPEHOCA YacTOThl CUrHana, a Takxke
NPUMEHEHWNIO ManoLUYMSILLLETrO NPEAYCUIUTENS 1 TEMMNEPATYPHOM CTabunmsaumm NU3MepUTENBHON SHENKN, yaanoch
YMEHBLUNTb YPOBEHb NPUBEAEHHbIX KO BXOAY LUYMOB 1 Apeinda Hynst UBMEPUTENbHON CXEMBbI.

PesynbTaTtbl. Co3naHHas yctaHoBka obecrneymBaeT Ha Nopsiaok 60ee BbICOKYIO TOYHOCTb MU3MEPEHUS MarHUTO-
CTPUKLUMM heppOMarHUTHBLIX MAACTUH, YeM n3BecTHble, 40 1077 B AnanasoHe MarHUTHLIX Nonei £5 k3. YcTaHoBka
NO3BOJISET U3MEPSTb TaKXe 3NEKTPO- 1 Nbe3oaedopMaumio MaTepmanos B 3aBUCYMOCTY OT NPUSTIOXKEHHOTO 3N1eK-
TpUYEeCKOro HanpsixeHus B anana3oHe 500 B. Pe3ynbTaTbl USMEPEHUIA A4al0T BO3MOXHOCTb O0Mee TOYHO paccyu-
TaTb NOJIEBbIE 32BUCMMOCTU MbE30OMArHUTHBIX U MbE303NEKTPUYECKMX KOIPDULMEHTOB MaATEPUANOoB, B T.4. Ma-
TEPMANoB C Masol BEIMHMHONM MarHUTOCTPUKLMW, TakNX Kak pasfnyHble GeppuTbl, FEeMaTuT, XeNne30o-nTTprueBbli
rpaHat u ap.

BoeiBoAbl. [pyMeHeHVE MeTOLA NEPEMEHHOIO BO30YXAEHNS N3MEPUTENIBHONO MOCTa B COBOKYMHOCTU C APYrMU
MepamMu NO3BONMAO MNOBLICUTL paspeLleHre no aedopMaLmm, KOTopoe CocTasmuno okono 1077,

KnioueBble cnoBa: MarHUTOCTPUKLUS, TEH30METP, AedopMaLms, MarHUTOIEKTPUYECKA 3PP EKT, KOMMO3UTHAs

CTPYKTYypa

Ana uutupoBanusa: bypouH [.A. IamepeHre MarHNTOCTPUKLLMN TEH3OMETPUYECKUM MOCTOM C NEPEMEHHbIM BO30YX-
neHveM. Russian Technological Journal. 2025;13(4):37-46. https://doi.org/10.32362/2500-316X-2025-13-4-37-46,
https://www.elibrary.ru/\WYJGOZ

Mpo3payHocTb pHAHCOBOW AeATeNbHOCTU: ABTOP HE MMeeT GUHAHCOBOW 3anHTEPECOBAHHOCTU B NPEACTaB/IEH-
HbIX MaTepmanax uam meTogax.

ABTOp 3aaBnseT 0o OTCYTCTBUA KOHCbJ'II/IKTa NHTEepPeCOoB.

38

Russian Technological Journal. 2025;13(4):37-46


mailto:phantastic@mail.ru
https://doi.org/10.32362/2500-316X-2025-13-4-37-46
https://www.elibrary.ru/WYJGOZ

Measurement of magnetostriction using a strain gauge bridge

with alternating excitation

Dmitry A. Burdin

INTRODUCTION

Magnetostriction describes the change in the linear
dimensions of a ferromagnet when its magnetization is
changed. One of the main features of magnetostriction
is the saturation magnetostriction A, which is equal
to the relative elongation of the sample in the magnetic
saturation field H_. However, the dependence of the
relative elongation on the magnetic field A(H) provides
a more thorough description of the magnetostriction
properties. The ability to measure the dependence of
magnetostriction of different ferromagnetic materials
on the magnetic field is important for studies of
magnetoelectric (ME) effects in composite structures
containing ferromagnetic (FM) and piezoelectric (PE)
layers, as well as for the development of new smart
devices [1-3]. ME effects in such structures arise from
the interaction of mechanically bound FM and PE layers
under the influence of external electric and magnetic
fields.

Typical ME structures and their constituent layers
are plates with in-plane dimensions of ~5 x 20 mm
and thicknesses of tens and hundreds of micrometers.

Ni (g, = =30 - 107°), Terfenol-D (A, = 2000 - 1076),
amorphous alloys FeBSiC (A, = 20-30 - 1079),
FeCoV (A, =70 - 1079), and galfenol (A =30-90 - 107%)

are used as materials for FM layers. Recently, the
possibility of creating ME structures with single
crystal layers of ferro- and antiferromagnetic
materials with lower magnetostriction (A, < 1079)
has attracted the interest of researchers. The main
methods for direct measurement of magnetostriction
are strain gauges [4-8] and dilatometers [9].
Dilatometers are divided into capacitive [10, 11]
and optical [12—14] according to the principle of
operation. The most convenient method for studying
the magnetostriction of planar FM samples and
composite structures is the strain gauge method,
where a strain gauge resistor is bonded to the sample
and included in the measuring bridge. This method is
widely used for magnetostriction measurements due
to its low cost and the ease of sample preparation.
However, disadvantages include its limited
applicability for measuring the magnetostriction
of films.

In such systems, the measuring bridge is typically
powered by a constant voltage (current) source, which
imposes restrictions on the minimum resolvable strain
magnitude. Such strain gauges have a typical input noise
spread of (2-5) - 107 [15-17], which is acceptable
for the study of materials with large saturation
magnetostriction A, > 1075, but cannot be used to
study materials having low magnetostriction. In order to
solve this problem, it will be necessary to create a setup
offering a higher resolution.

The aim of this work is to develop a setup for
measuring magnetostriction by the strain gauge method
with a higher resolution (better than 107%). The first part
of the paper describes the design of the setup, followed
by a description of the operating principle and an analysis
of the noise determining the resolution. The final part
of the paper deals with the practical verification of the
achieved level of input noise and the demonstration of
magnetostriction and electrostriction measurements on
real samples.

SETUP DESIGN

The external view of the proposed magnetostriction
measurement setup is shown in Fig. 1. It consists of
three main parts (Fig. 2): magnetic system, measuring
cell, and control and measuring unit (CMU). The
magnetic system used to generate a constant magnetic
field of 0 to 5 kOe represents a laboratory electromagnet
with a measuring cell on a movable base and a probe
with a Hall sensor installed in the magnetic gap. The
movable base of the cell is used for positioning the cell
in the gap of the electromagnet and operative removal of
the sample (board with the sample). The cell is moved
by means of a carriage moving on a rail guide installed
between the poles of the electromagnet.

In order to power the electromagnet, a standard
laboratory power supply fitted with a switching device
for switching the magnetic field polarity is used. The
magnetic field is measured using a Lake Shore 421
laboratory gaussmeter (Lake Shore, USA).

{ - ;
o Lz |
L e e

Fig. 1. External view of the magnetostriction
measurement setup

The sample to be tested is placed on the removable
board of the measuring cell with a strain gauge glued to
its surface. The leads of the strain gauge are soldered to
the contact pads to form a Wheatstone bridge together
with the resistors on this board. Balancing circuits (based
on a wire potentiometer) and a preamplifier are
implemented on the same board.
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1 2
PE HVS
MB ~ PA LIA = LPF —~ADC |-+MCU
t
SG
3
HS GM PC
EM CD |+— PS ‘—‘

Fig. 2. Schematic diagram
of the magnetostriction measurement setup:
1is a measuring cell, 2is a CMU, and 3 is a magnetic
system; PE is a PE element, MB is a measuring bridge,
PA is a preamplifier, LIA is a lock-in amplifier,
HVS is a high voltage power supply, SG is a signal
generator, LPF is a low pass filter,
ADC is an analogue-to-digital converter,
MCU is a microcontroller unit, HS is a Hall sensor,
EM is an electromagnet, GM is a gaussmeter,
CD is a commutation device, PS is a power supply
for an electromagnet, and PC is a personal computer

The cell on the base (the electromagnet is shown in
cross-section) is shown in Fig. 3. The cell body, which
has a cylindrical shape, can be rotated 180° around
the vertical axis using a removable handle, allowing
orientation-dependent measurements. The angle of
the cell orientation is measured on a scale on the
side (cylindrical) surface of its body.

Fig. 3. Cell on the base (construction and external view):
(7) cell, (2) base radiator, (3) cell carriage, (4) base rail,
and (5) removable handle

The removable amplifier board is as shown
in Fig. 4a. The board with the sample is mounted on
top of the Peltier module and connected to the base
board by two small six pin connectors. A thermoelectric
component is used to stabilize the temperature of the
sample plate with an accuracy of 0.01°C. The electrical
cable connecting the cell to the CMU is connected
to the base board and the thermoelectric cell via pins
on the underside of the cell body. The preamplifier is

based on a low noise integrated instrument amplifier
INA849 (Texas Instruments, USA).

The CMU is used to acquire and digitize the
measuring signal, to stabilize the temperature of the
sample plate, to supply the bridge with alternating
voltage at a frequency of 410 Hz and an amplitude of
up to 4 V, and to generate a constant voltage
from —500 to 500 V for the study of electrostriction
and PE samples. The CMU is housed in a table-top case
with dimensions of 300 x 150 x 100 mm. The CMU and
the cell are connected by a 15-pin signal cable.

Fig. 4. Cell design (a)
and external view of removable amplifier board (b):
(7) amplifier board; (2) Peltier module; (3) cell base;
(4) FM sample with strain gauge;
(5) piezoelectric element with strain gauge

STRAIN GAUGE OPERATING PRINCIPLE

The elongation of the sample is measured using
standard strain gauges. A foil strain gauge is a meandering
grid of thin metal foil on a paper or polyimide substrate.
The sensor is bonded to the sample surface taking into
account the direction of sensitivity. The two basic sensor
configurations are shown in Fig. 5.

s1 S1
Uy R / 5 /(a)

. S2 s1 s2
'ﬂ/w)

Y4
Fig. 5. Strain gauge half-bridge:
(a) with one active sensor; (b) with two active sensors

Here, one arm of the bridge is made up of two
resistors of the same resistance R and the other arm is
made up of two strain gauges S1 and S2. In the first
case, only one sensor (S1) is bonded to the sample,
while the second sensor (S2) only complements the
arm of the measuring bridge. This configuration is used
when it is necessary to selectively measure elongation
in one direction. If the deformation is along the side
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of the sample, the second configuration can be used,
in which the reference sensor S2 is bonded to the
sample (on the same or opposite surface) at an angle of
90° to the first.

Figure 6 depicts the functional diagram of
the analogue part of the strain gauge signal path,
consisting of the preamplifier K ompe the demodulator
on the AD630 chip (Analog Devices, Inc., USA), and
the low-pass filter. We consider the conversion of the
signal from the measuring bridge to the ADC input.
The bridge is fed by the harmonic voltage u, with
amplitude U, and frequency w: uy = Ucos(ot), where
t is time. It can be shown that the unbalanced voltage
of the bridge under signal modulated u, =~ = u,0R/4,
where OR is the change in resistance of the strain

gauge.

.a. S.C.
AD630 fio N

Fig. 6. Analogue part of the input measurement path:

Ug .. is the bridge imbalance voltage;

ug 4 is the signal at the demodulator output;
pr. is the low pass filter cut-off frequency;
u . is the signal at the ADC input

.C

Let the periodic deformation € = g,cos(w?) occur at
the frequency < o), with 6R = Ggcos(wt), where g is
the strain amplitude, and G =~ 2 is the strain sensitivity
coefficient of the sensor. Then the bridge imbalance
voltage is as follows:

u,dR U, cos(wyt)Ge, cos(wt)
S.m. ~ 4 = 4 =
1 (D

EUO Ge(cos((wy — w)t) + cos((o + )1))

u

4

Thus, the useful signal, which is proportional to the
change in resistance of the strain gauge on the sample,
modulates the voltage amplitude. As a result, the signal
spectrum is shifted to the frequencies (o, + ®) and
(0, — o) at the right and left sidebands. In the case of
constant strain (o = 0), equation (1) is simplified as
follows:

u ~ U, 6R _ U, cos(o,t)Ge,, . @)
4 4
The signal u is amplified by the preamplifier with
a gain Kamp ~ 1000 and is fed to the input of a lock-in
amplifier, which is realized with AD630 chip. The signal
at the output of lock-in amplifier is as follows:

ug 4 (0)= Kampus.m.(m) cos(wyt) =

_ Kamp

U, cos(wt)Ge, cos? (®?)
4 - 3)

_ KampUOGs

0 (I+2cos(wyt))

=0

This means that the original signal is restored and
there is an additional component with a frequency
of 20,. The third-order low-pass filter (LPF), which
is located after the detector and has a bandwidth of
O, <<, (wl_p_ =~ 14 Hz), cuts off the high-frequency
components of the signal before the analogue-to-digital
conversion. The filter has the following transfer
characteristic:

K= @

As aresult, the signal at the ADC input is as follows:

K ampKl.p.U 0Ge, cos(or) ~
8

&)
_ l: ampKl.p,UOGSO :l
8 ®=0

U o, (©) =

Following digitization, the signal is smoothed using
the simple moving average algorithm. The window size
is set within 1-250 samples, and the sample frequency
is 250 s L.

STRAIN GAUGE AMPLIFIER NOISE ANALYSIS

In the analysis of the electrical noise in the strain
gauge circuit, only the input noise is considered, since the
preamplifier has a high gain (about 1000) and the influence
of the noise in the subsequent stages is negligible. The
possible sources of this noise are considered.

Thermal noise. Thermal noise (Nyquist noise)
is caused by thermal oscillations of charge carriers in
conductors, and it is generated constantly, regardless of
the current flowing. The spectrum of thermal noise is
broadband and uniform, and the power spectral density
of a resistor with resistance R is given by the following
expression [18]:

S, =4KkTR, (6)

where S is the spectral voltage density of the
thermal noise (V/vHz), k = 1.38 - 1023 J/K is
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the Boltzmann constant, and 7' is the absolute temperature.
The thermal noise is characteristic of all resistors
and is marked as the source of S, in the diagram (Fig. 7).

Samp
Kamp

Fig. 7. Main sources of noise in the input circuits.
Samp IS the amplifier noise

Flicker noise (1/f). Flicker noise is characterized
by a specific frequency dependence of the spectral
density, generally described by the following
equation [19]:

_ |CRPIP
VAT

(7

where §; i is the spectral density of the flicker noise
voltage (V/ \/E), while C, B and vy are coefficients,
I is the intensity of the current flowing, and f is the
frequency. For metallic films at relatively low values
of current density, f = 2 and y = 1 can be accepted.
The flicker noise of the conductor is assumed to
be equivalent to the change in its resistance due to
fluctuations in the mobility of the charge carriers
during scattering on the lattice or fluctuations in the
equilibrium temperature [20]. The flicker noise is
denoted by the source S, i in Fig. 7.

Amplifier noise. Amplifier noise is the combined
noise of all sources in an instrument amplifier,
represented as an equivalent noise voltage source at the
ampl.iﬁer input. (Sam.p iq Fig. 7). Since the current noise
density for this chip is approximately l.lpA/ JHz,
it can be neglected given the low impedance of the input
circuits.

The sources of electrical noise in the circuit in Fig. 7
can therefore be divided into 2 types: additive and

multiplicative. Additive noise is voltage and current
noise; as such, it does not modulate the pump signal
and its spectrum does not change. Multiplicative noise,
which comprises fluctuations in the resistances of the
bridge resistors, causes a change in the balance of the
bridge; as a result of amplitude modulation (AM), its
spectral density function is transformed in the same
way as a useful signal. Let S, be the spectral density
of the noise voltage at the amplifier input at a constant
bridge supply voltage; when the bridge is supplied with
an alternating voltage of frequency o, it is transformed

into modulated S, .-

S2 =S2(w)+S2

amp (o) +

AM
+ 512/‘ (@) > 82 oq (@)=

®)

1
= S§(m)+sgmp(m)+zsf/f(mo - o)+

1
+ ZSlz/f((oO + o).

The fact that for a balanced bridge the output noise
is equivalent to the noise of one of the resistors is used
here. It can be shown that the spectral density of the
noise at the demodulator output S, is described by the
following expression:

Sq(@) =Kz %

1 1 1 ©)
x LES,%(Q)+ooo)+ES§mp(co+w0)+ZS12/f(co)j.

The spectral density S; of the noise at the ADC

. K m.conv.
input is as follows:

2 —_ K2
Sin.conv. (0) = Kamp

2
Kl.p.><
1, 1., 1, (10)
X ESn(m+w0)+§Samp(0)+m0)+ZS1/f((D) .

The resolution of the strain gauge can be
estimated by the total noise level. The value of
the noise voltage uy referred to the input (RTI) is
obtained by integrating equation (10) and dividing
by the gain, as follows:

u

'[(91 Sin,conv. ((D)d(x)
ol K -

Lp.
amp 4

o)

o 1 1 1 11
_[ h(Kz _Slz/f(o‘))+Kl?p,ESI%((D—F(00)+K12,p,§S§mp((D+(D0)jd(D' an
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The flicker-noise voltage spectral density S, i of the
1-XY33-6 standard constantan strain gauges measured
in [21] is used in the calculations. Substituting the data
into expression (11) and taking into account (6) and (7),
the level of the mean square noise voltage referred to
the input is uy = 6.7 - 1072 V. Knowing the input noise
level and taking into account expression (1), the mean
square value of the apparent elongation can be expressed
as follows:

_dus 4-1.1-10°8
¢ u,G 1.5:2
=1.46-10"8=0.015-107°.

()

(12)

The following equation can be used to estimate
the noise amplitude value (noise trace width)
Aspp (peak-to-peak):

Ag, =60, =0.888 - 1076 (13)

By the described means, the limits of the
electrical noise on the resolution of the strain gauge
are determined. According to calculations, the main
contribution to the electrical noise level is made by the
flicker noise of the measuring bridge resistor. However,
in addition to the electrical noise, there are a number
of other factors that affect the elongation measurement
result.

Selecting the modulation frequency. From the above
analysis, it is clear that the modulation frequency of the
strain bridge should be selected to provide sufficient
detuning from the low frequency portion of the noise
spectrum of the instrument amplifier. On the other hand,
increasing the modulation frequency will increase the
influence of parasitic reactive elements. Detuning from
the industrial frequency (50 Hz) and its harmonics is also
required. Taking these factors into account, a frequency
of 410 Hz is selected.

Temperature fluctuations and drift. The temperature
of the bridge elements can only be regarded as
approximately uniform and constant. In reality, there are
temperature fluctuations and drifts due to the processes
of power dissipation generated by the strain gauges and
the instrument amplifier, as well as the instability of the
laboratory temperature.

A typical value for the temperature resistance
coefficient (TRC) of a constantan strain gauge is
TRC =10 - 107 1/K. The temperature change causing
the false response to the noise trace width is estimated
as follows:

Ag
AT =—22 —0.009 K. (14)

TRC

It can be seen that the strain gauge circuit is
extremely sensitive to nonuniform temperature changes.
However, equation (14) does not take into account the
effect of the difference between the thermal expansion
coefficients (TEC) of the sample plate and the gauge [15]
ATEC = TECsam.pl. —TEC cauge’ which can increase the
thermal sensitivity several times:

Aapp (15)

T= .
TRC:ATEC-G

In standard strain gauge applications, the
temperature compensation technique is often used,
in which the TRC of the strain gauges is matched
to the TEC of the material, so that the sum in the
denominator of expression (15) tends to zero.
Unfortunately, in the case of a universal strain
gauge, this method is practically inapplicable due
to the sample material may be different and TEC
is generally unknown. In addition, the situation
is complicated by the uncertainty in the value of
the thermal conductivity and thermal mass of the
sample, which affects the process of heat dissipation
generated by the strain gauge. The following
methods were used in the design of the measurement
cell to overcome the parasitic influence of thermal
processes. Firstly, the cell is designed to be closed
to eliminate the influence of convective air currents.
After mounting the sample and balancing the bridge,
a period of time is required for the temperature inside
the cell to equalize. Secondly, there is active precision
temperature stabilization of the amplifier board using
a Peltier module. The design of the cell also allows
for the balanced configuration of the active arm strain
gauges of the bridge, where both resistors are bonded
to the sample, thus compensating to some extent for
the temperature sensitivity.

MEASUREMENT RESULTS

In order to evaluate the strain resolution of the
setup, the time dependence of the strain gauge output
signal in the absence of a magnetic field, H = 0, is
recorded. The sample contains 1000 points and the
recording time is 10 min. The resulting noise trace is
shown in Fig. 8. The value of the standard deviation
in the plot is 6, = 0.016 - 1075, which corresponds to
the amplitude value of the noise, Ae__ = 0.096 - 107°.
This result is in good agreement with the calculation
according to (13).

To demonstrate the advantages of the created
setup, magnetostriction curves of a magnesium ferrite
sample MgFe,O, are measured on an alternating
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Fig. 8. Noise trace of the strain gauge setup
(here, nis the sample number)

excitation strain gauge and on a DC strain gauge [18].
The sample is remagnetized by a limit cycle with
a magnetic field step of 0.3 Oe. The difference in the
noise level of the two setups is as depicted in Fig. 9.
Curve / is much cleaner and shows the hysteresis
during the remagnetization, while curve 2 only gives
a qualitative view of the field dependence of the
sample magnetostriction.

In order to calculate the field characteristics of
ME effects, it is important to know the dependencies
of the piezomagnetic coefficient ¢ = dAdH on the
magnetic field. The dependencies g(H) as calculated by
numerical differentiation of the A(H) curves (Fig. 9) are
shown in Fig. 10. Curve / is obtained using data from
a strain gauge with alternating excitation, while curve 2
is obtained using data from a conventional DC strain
gauge. From the curves, it can be seen that the use of
an alternating excitation of the Wheatstone bridge for
magnetostriction measurements allows for a much more
accurate prediction of the shape of the field dependence
of the linear ME effect.

2.

A-1076

Fig. 9. Dependence of the magnetostriction A
of the MgFe,0, plate on the magnetic field
strength H measured by strain gauge
with alternating current (AC) excitation (7)
and strain gauge with direct current (DC) (2)
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Fig. 10. Calculated dependence of the piezomagnetic
coefficient g on the magnetic field strength H for the
MgFe,0, sample according to the strain gauge data:
(7)AC, (2) DC

Due to the presence of a controlled bipolar high
voltage source (HVS in Fig. 2), the described setup
also allows the measurement of the PE effect and
the investigation of electro- and magneto-acoustic
interactions in composite structures. A constant
voltage U of up to 500 V is applied to the electrodes
of the PE sample to measure the deformation of the
sample. The typically measured dependence of the
elongation of the 5 x 10 x 0.2 mm thick polarized PZT-5
plate (Research Institute “Elpa,” Russia) on the electrical
voltage applied to the electrodes on its surface is shown
in Fig. 11. The value of the piezoelectric module ds,
calculated from the data in Fig. 11 at the point of zero
displacement is approximately 130 pC/N, which is close
to the manufacturer’s specification (d;; = 155 pC/N).
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Fig. 11. Measured dependence of the PE deformation ¢
of the PZT-5 plate on the electrical voltage U
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The table shows the main characteristics of the
created setup (with AC excitation) in comparison to
a strain gauge on a DC bridge [18]. With respect to
the value of the noise referred to the input, it can be
seen that the AC setup significantly outperforms the
DC setup, as well as the standard strain gauge amplifier
DPM911B! (Kyowa Electronic Instruments Co., Japan)
used in [6] (RTI = 2).

Table. The setup main properties

Parameter AC DC[16]
Measured elongation range, pm/m 0-2000 | 0-2000
Noise referred to the input, 0.096 )
pm/m
Maximum sample dimensions, 20%10 | 20 % 10
mm X mm
Maximum magnetic field, G 5000 1500

CONCLUSIONS

The setup is developed for measuring the
dependence of the magnetostrictive elongation of
plate-shaped samples on the magnetic field and that

of the electrostrictive/piezoelectric elongation on
the electric field. It is shown that the AC excitation
of the Wheatstone bridge, the use of synchronous
detection, and the thermostabilization of the sample
and the components of the measuring circuit allow
the noise level to be reduced by almost an order of
magnitude in comparison with conventional devices
using DC excited Wheatstone bridge. The strain
resolution of the setup is ~1077. It is determined that
the main source of noise in the measurement circuit
is the 1/f noise of the strain gauges, which, due to
its nature, is indistinguishable from the useful signal
in terms of signal processing methods. The measured
noise level is in agreement with the calculated noise
level based on published noise characteristics of
film strain gauges. A further improvement of the
resolution of the measurement setup can be achieved
by improving the ratio between the strain sensitivity
coefficient and the flicker noise level of the strain
gauges.
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Abstract

Objectives. In comparison with three-dimensional structures, two-dimensional (2D) magnetic materials are
promising for use in spintronics and magnetic storage devices due to their exceptional characteristics and qualitatively
different physical properties. Theoretical studies into 2D magnetic structures pave the way for the development
of new compounds based on experimental data. In this work, we carry out a theoretical calculation of the electronic
structure of a Cel; 2D-magnetic material, taking into account the Hubbard repulsion at the site, the partial density
of electronic states (DOS), and the distribution of spin and charge densities.

Methods. Calculations of the electronic structure of the Cel; monolayer were performed using density functional
theory (DFT) and the Hubbard U scheme in the VASP software environment. The Dudarev method was used
to account for the Hubbard correction.

Results. The calculated densities of the electronic states and the bandgap values for the ferro- and antiferromagnetic
configurations of the material were found to be 1.98 and 2.08 eV, respectively. To assess the influence of correlation
effects, the DOS was calculated both with and without the Hubbard correction. It was determined that the system
in the ground magnetic state exhibits an antiferromagnetic ordering of the spin subsystem. The difference in the total
energies of the antiferro- and ferromagnetic configurations was 2.8 meV per formula unit.

Conclusions. The calculations based on the Hubbard correction clearly demonstrated the presence of a bandgap,
which is typical of semiconductor materials. The obtained bandgaps for the ferromagnetic and antiferromagnetic
configurations of the system belong to the visible light range, which offers the opportunity of using 2D Cel,
as a luminescent material in devices with a magnetically controlled emission. To assess the influence of correlation
effects, the DOS was calculated both with and without the Hubbard correction. The obtained results agree with those
obtained in experimental studies of cerium compounds. The consideration of correlation effects and spin polarization
in the presented calculations forms the basis for further research into the magnetic properties of the Cel; monolayer
for technological applications in the field of 2D magnetism.

Keywords: two-dimensional magnetism, 2D magnetism, density functional theory, DFT, Hubbard correction, rare-
earth metals, density of electronic states, luminescence
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Pe3iome

Llenu. [IBymepHble MarHeTukn, 6narogaps CBOUM YHUKaSIbHbIM XapakTepuUcTUkamM M Ka4eCTBEHHO HOBbIM U3K-
4YeCKMM CBOMCTBAM MO CPABHEHMIO C 0ObEMHbBIMU CTPYKTYypaMu, 06nagaloT 3Ha4YMTENbHLIM MOTEHLMAIOM A5 NMPU-
MEHEHUS B CIIMHTPOHMKE U MarHUTHbIX 3aNOMUHAIOLLMX YCTPOMCTBaX. TeopeTmnyeckme NccnefoBaHns AByMeEpPHbIX
MarHUTHbIX CTPYKTYP MO3BOJISIOT Cy3UTb 06/1aCTb NONCKA HOBbIX COEAMHEHWNI N OOMNONHUTL SKCNEPUMEHTAsbHbIE
OaHHble. Llenbio jaHHOM paboThbl ABNSETCS TEOPETUYECKMIA PACYHET 3NIEKTPOHHON CTPYKTYPbI IBYMEPHOIrO MarHeTu-
ka Cels, BKNtOYatoLLmMii y4eT xab6apA0BCKOro OTTalIkKMBaHUA Ha yane, pacHeT napLuuaibHOM NI0THOCTU SNIEKTPOHHbIX
COCTOSIHUIM N pacyeT pacrnpeneneHns CrMHOBbIX U 3apsa0BbIX MI0THOCTEN.

MeToabl. PacyeTbl 91eKTPOHHOW CTPYKTYPbI MOHOCII0A Cels BbINONHEHbI C MCMOJIb30BaHEM MPOrpaMMHOro nake-
Ta VASP B pamkax Teopun pyHKLIMOHaNa NioTHOCTU, a TakXe B paMkax Teopumn pyHKLUMOHaNa NioTHOCTU C y4ETOM
nonpasku Xab6apaa. Ansa ydeta nonpaskun Xabbapaa ncnonb3oBasncsa meton Jynapesa.

PesynbTaTbl. PaccuntaHbl 9HEPreTnyeckme naoTHOCTU NIEKTPOHHbBIX COCTOSIHUIN N BENMYVHBI 3amnpeLLeHHbIX 30H
ons deppo- n aHTMdeppPOMarHMTHOM KOHdUrypaumin matepuana, pasHble cooTBeTcTBeHHO 1.98 n 2.08 aB. Onq
OLLEHKN BAUSHUSA KOPPENSALUMNOHHbLIX 9¢hdEKTOB NPOBEAEH pacyeT NJIOTHOCTEN COCTOSIHUIM KakK C Y4HETOM Monpasku
Xabbapna, Tak n 6e3 Hero. OnpeneneHo, 4To B OCHOBHOM MarHUTHOM COCTOSIHMM CUCTEMA NPOSIBNSEeT aHTUdEPPO-
MarHMTHOE ynopsa0o4YeHne CMMHOBOM NOACMCTEMbI. Pa3Hnua NoHbIX QHEPTrniA ¢ hpeppoMarHUTHOM KOHGUrypaumen
cocTaBuna 2.8 MaB Ha GopMynbHYI0 eANHNLLY.

BbiBoAabl. YueT nonpasku Xabbapaa HarnsgaHo NpoaeMOHCTPUPOBA HalMYMe XapakTepHOM Afs NoynpoBOAHM-
KOBbIX MaTtepuasnoB 3anpeLLeHHON 30HbI. [1onyYyeHHble LWNMPUHbBI 3anpeLLeHHOn 30HbI AN GeppOMarHUTHOM 1 aH-
TNPEepPPOMarHUTHOM KOHOUrypauuin CUCTEMbI OTHOCATCS K AManas3oHy BUANMMOro CBETA, YTO OTKPbIBAET BO3MOX-
HOCTM 1CMONb30BaHWsA AByMepHoro Cely B Ka4ecTBe JIIOMMHECLIEHTHOro MaTepuasa B yCTPOMCTBAX C MarHUTHbLIM
ynpasnieHMemM usnyydenusi. MNMpencraBneHHble pe3ynbTaTbl COrNacyloTcs ¢ 0600LLEHHbIMU pe3ynbTaTaMn 3Kerne-
PUMEHTasbHbIX NCCNEN0BAHNN COEOVHEHNI HA OCHOBE Lepust. YH4eT KOPPEensLMOoHHbIX 3hdEKTOB 1 NonsapmusaLmm
Mo CMVHY B NPeACTaBNEHHbIX pacyeTax OTKPbIBAET FOPU3OHT 4S9 AafIbHENLLErO N3YHEHNSA MArHUTHBIX CBOMCTB MO-
Hocnos Cel, ins TEXHONOMMYECKUX NPUMEHEHWIA B 061aCTV IBYMEPHOMO MarHeTvuama.

KnioueBble cnoBa: OByMEPHbI MarHeTn3am, Teopus GyHKUMOHaNa niaoTHOCTK, nornpaska Xabbapna, peakose-

MeJibHble MeTaJlJibl, MJIOTHOCTb 3JIEKTPOHHbIX COCTOSIHUM, NIOMUHECLLeHLNS
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I1p03pat||-|ocn: d)MHaHCOBOﬁ neaTesibHOCTU: ABTOpr HEe NMeloT q)l/lHaHCOBOI7I 3anHTEepeCcoBaHHOCTW B npeactaB/ieH-

HbIX MaTepunasiax nin Mmetogax.

ABTOpbI 3a9BASAIOT 06 OTCYTCTBUM KOHMIMKTA MHTEPECOB.

INTRODUCTION

Two-dimensional (2D) magnets represent a new
class of low-dimensional materials. These materials
exhibit a number of unique properties that are promising
from the practical point of view. Thus, the magnetic
anisotropy of such materials makes it possible to control
the properties of a system by changing the direction
of an external magnetic field [1]. Magnetic anisotropy
is of great importance for 2D ferromagnetism in the
sense of avoiding a random redistribution of spin
states due to thermal fluctuations. Other important
properties of systems based on 2D magnets include
the magnetic proximity effect [2], the formation of
skyrmions [3], the quantum anomalous Hall effect [4],
giant magnetoresistance [5], etc.

In this regard, 2D magnets are promising materials for
use in spintronics and magnetic memory devices [6—8].
Experimental studies have confirmed the presence of
a long-range magnetic ordering in these materials [9, 10],
although the Mermin—Wagner theorem states the
impossibility of magnetic ordering in two-dimensional
systems at temperatures above zero [11].

At present, the search for materials and compounds
with a set of practically important properties is a pressing
task. Bulk compounds can be studied both experimentally
and theoretically; however, their 2D analogs may exhibit
qualitatively different physical properties, which makes
their experimental study challenging. In this regard, first-
principles (ab initio) calculations of material structures
are of particular interest. Another powerful theoretical
tool comprises calculations using density functional
theory (DFT).

In this paper, we carry out an ab initio calculation
of the physical properties of 2D Cel, with orthorhombic
symmetry. Along with such 2D materials as transition
metal dichalcogenides that have been sufficiently
studied [12], new 2D compounds promising in terms of
their luminescent properties are increasingly attracting
attention. These include 2D materials based on rare-
earth elements [13, 14]. The 5d—4f transitions in the
Ce atom have a short lifetime of about 17 ns, which
ensures a high luminescence efficiency [15]. The
magnetic properties of 2D magnets are due to partially
filled d and f electron shells. Thus, information on the
magnetic properties of 2D Cel; may pave the way not

only for its potential use in spintronics, but also for the
creation of optical devices with the magnetic control of
emission.

CALCULATION PROCEDURE

The calculations were performed using Vienna
Ab initio Simulation Package (VASP), a commercially
available ab initio simulation package. VASP is a widely
used package designed for calculations using DFT [16]
to determine the properties of materials in the ground
state (total energy, band structure, density of electronic
states (DOS), phonon spectra, etc.) by solving the Kohn—
Sham equations.

In the presented -calculations, the exchange—
correlation energy of electrons was approximated
by the generalized gradient approximation using the
Perdew—Burke—Ernzerhof functional [17]. Electron—ion
interactions were described by the project augmented
wave method [18]. To define the 2D structure under
the three-dimensional (3D) boundary conditions,
a 25 A pseudovacuum space was added to eliminate the
interaction between layers during unit cell translation.
The plane wave basis cutoff energy was set to 320 eV.
For integration over the Brillouin zone, a gamma-
centered k-point grid of 16 X 16 x 1 was used for structure
relaxation; 20 x 20 x 1, for self-consistent calculation;
and 26 x 26 x 1, for DOS calculation. The crystal
structure was relaxed until the total forces acting on each
atom were less than 0.001 eV/A. The relaxation of the
electronic degrees of freedom was discontinued when
the energy difference between two calculation iterations
was less than 107 eV. To account for the van der Waals
forces, a semiclassical dispersion correction known as
DFT-D3 with the Becke—Johnson damping function was
used [19].

For rare-carth metals, account should be taken of
the repulsion of localized (strongly correlated) electron
shells d and f. To increase the accuracy of the sought
parameters, the Hubbard repulsion (DFT+U) was
taken into account. The DFT+U calculation implies
the separation of localized d and f electrons, for which
the Hubbard correction is considered, and delocalized
s and p electrons. The Hubbard correction was taken
into account using the Dudarev approach described
in [20]:
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where m; and m, are magnetic quantum

numbers (m,, m, = =3, =2, ..., 3 in the case of f-shell

electrons); nJ - is the matrix element of the density
1>

matrix with spin o; U is the parameter characterizing the
Coulomb repulsion at the site, which was taken to be 5.1 eV
for the Ce 4f level; and J is the parameter characterizing
the interstitial repulsion of d and felectrons [21, 22].

The first term of £y is the energy of delocalized s and
p electrons, which is conventionally calculated using DFT
in the generalized gradient approximation. The second term
takes into account the electron—electron interaction (Hubbard
correction) for localized d and felectrons.

The crystal structure and the spin and charge densities
were visualized using the VESTA software [23]. The data
obtained by the DFT calculation were processed using
the VASPKIT software [24].

RESULTS AND DISCUSSION

In this paper, we calculated the energy densities
of electronic states and the bandgap values for
ferromagnetic (FM) and antiferromagnetic (AFM)
configurations of the material, along with determination
of the configuration with the minimum total energy. The
unit cell of the Cel; monolayer contains two cerium
atoms and six iodine atoms. The crystal structure is an
orthorhombic with unit cell parameters of 4.32 x 9.98 A
and a pseudovacuum space of 25 A (Fig. 1). Cerium
atoms are marked in yellow; iodine atoms are marked in
violet. The model cell is outlined by a solid black line.

(N
O ce

Cc

Lavter

(a) (b)

Fig. 1. Cel; monolayer: (a) side view; (b) top view

Figure 2 presents the dependencies of the partial
densitiesand total DOS on energy forthe FM configuration
that were obtained using DFT without taking into
account the Hubbard correction (DFT calculation).
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Fig. 2. DOS of the Cely monolayer for the FM
configuration (DFT calculation): total DOS (full pattern)
and contributions of s states of iodine (blue),

p states of iodine (purple), d states of cerium (deep blue),
and f states of cerium (orange), Ecis the Fermi energy

The presented dependence of the DOS does not show
a bandgap, which is characteristic of semiconductors,
although 2D Cel, is presumably a semiconductor material.
This discrepancy is due to incorrect consideration of the
correlation effects for localized electrons ofthe outer shells of
cerium using standard DFT. To solve this problem, Hubbard
corrections were introduced by the Dudarev method. This
method appears optimal for calculations.

It should be noted that the general structure of these
dependencies is similar to that of the dependence of the
DOS for a 3D Cel, crystal [25]. In that work, the valence
band was formed by p states of iodine, the conduction
band was formed by d states of cerium, and 4f states
of cerium were located in the bandgap. However, the
calculations [25] were carried out, as indicated above, for
a 3D material, without taking correlation effects and spin
polarization into account. These considerations impede
further studies of magnetic properties, in contrast to the
calculations presented in this article.

Figure 3 presents the dependencies of the
densities of electronic states of the Cel; monolayer
that were obtained using DFT and taking the Hubbard
correction (DFT+U) into account. As expected, the
material is a semiconductor with a bandgap of ~1.9 eV
between the p shells of iodine and the f'shells of cerium.
The obtained bandgap value agrees with that obtained
in experimental studies of compounds of rare-carth
elements, including cerium [26, 27].

Cerium is the first element in which occupied states
appear on the fshell. This is confirmed by the presence
of a corresponding peak in the valence band region. The
general form of the DOS is characteristic of a ferri- or
ferromagnetic structure with two spin subsystems that
do not compensate each other completely.
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Fig. 3. DOS of the Cely monolayer taking the Hubbard
correction into account (DFT+U calculation):

total DOS (full pattern) and contributions of s states
of iodine (blue), p states of iodine (purple), d states

of cerium (deep blue), and f states of cerium (orange)

To calculate the AFM configuration, a structural
supercell of 2 x 2 unit cells was generated, which
comprised 8 cerium atoms and 24 iodine atoms.
In addition, the FM supercell was calculated for
a comparative analysis and further determination of
the type of magnetic ordering corresponding to the
minimum total energy.

The DFT+U calculations gave the densities
of electronic states (Fig. 4), the spin density
distributions (Fig. 5) for the FM and AFM configurations,
as well as the general form of the charge density
distribution (Fig. 6).

The presented dependencies of the DOS indicate
that the energy bandgap width is about 2.08 and 1.98 eV
for the AFM and FM configurations, respectively. The
obtained values of the bandgap width correspond to the
visible light range.

To determine the ground magnetic state, the
difference between the total energies of the AFM and
FM configurations should be found:

AE=E o — Epy = 2.8 meV. 2)

The negative value indicates that, energetically,
AFM is the most favorable configuration for the
structure under study due to its lower energy. Different
values of the total energy are explained by different
contributions of the Coulomb repulsion between
parallel and antiparallel spins of the outer shells of the
system.

The spin density distributions for both
configurations (Fig. 5) have the form of a dumbbell
concentrated around the cerium atom with a nonzero
magnetic moment in accordance with the assumed
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Fig. 4. DOS of the Cely monolayer in the (a) FM and

(b) AFM configurations: total DOS (full pattern) and

contributions of s states of iodine (blue), p states of

iodine (purple), d states of cerium (deep blue), and
f states of cerium (orange)

Fig. 5. Spin density distributions in the Cel; supercell
for the (a) FM and (b) AFM configurations on isosurfaces
of £0.0009 e/A3 in the spin-up (blue)
and spin-down (white) polarizations
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Fig. 6. Charge density distribution in the Cel; supercell
on the 0.066 e/A, isosurface. Isosurfaces are shown
in light green

form of the f shell orbitals. The charge density
distribution (Fig. 6) indicates the concentration of the
negative charge around the iodine atoms, which is due to
the greater electronegativity of the halogen atoms. Such
a shift in the charge density confirms a large contribution
of covalence to the metal-halogen chemical bonds. The
formation of covalent bonds between Ce-I pairs creates
the possibility of superexchange interaction between
neighboring Ce atoms.

CONCLUSIONS

In this work, the ab initio calculation of the electronic
structure of a new two-dimensional compound—Cel,—
was performed using density functional theory. The
calculation of the densities of electronic states taking the
Hubbard correction into account clearly demonstrated

the presence of a bandgap, which is characteristic
of semiconductor materials. The bandgap values for
the FM and AFM configurations of the material were
1.98 and 2.08 eV, respectively. Such energy values belong
to the visible light range, which offers the opportunity of
using two-dimensional Cel; as a luminescent material
in devices with the magnetic control of emission.
According to the calculations, the AFM configuration
has a lower total energy, i.e., being the ground magnetic
state of the structure. The difference between the total
energies of the FM and AFM configurations (2.8 meV)
is due to different contributions of the Coulomb
repulsion between the parallel and antiparallel spins of
the outer shells of the system. The presence of covalent
polar bonds, which is clearly demonstrated by the
charge density distribution, creates the possibility of
superexchange interaction between neighboring cerium
atoms. The obtained results form a basis for further
research and technological applications of the Cel,
monolayer in the field of two-dimensional magnetism.
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Abstract

Objectives. The work sets out to explain the expanded capabilities of new magnetometers by conducting
appropriate studies. In order to determine the magnetic susceptibility of small-volume objects, ponderomotive and
magnetic-rheological magnetometers with hemispherical pole pieces are used to create the magnetic field required
for a limited working zone.

Methods. The research is carried out using an original method, which includes finding the coordinate characteristic of the
induction of the field B through direct step-by-step measurements by the Hall sensor in the interpolar space along the line
of action of the ponderomaotive force to provide a basis for obtaining the coordinate characteristic of the gradient.
Results. In magnetometers using hemispherical poles of increased diameter D: 157 and 184 mm, mutually
disconnected from one or another by the distance b, the desired key dependencies of magnetic induction B were
experimentally obtained (with a step-by-step distance x from the center of symmetry of the interpolar space along the
line of action of the ponderomotive force) to provide the dependence of the gradient gradB = dB/dx. The characteristic
inflection of each of the curves B from x and corresponding individual extremum of the following curves dB/dx from x,
in the vicinity of which the values of dB/dx are practically stable, meets the requirement of determining the dislocation
of the executive (working) zone such that the inhomogeneity of the field is almost constant.

Conclusions. Coordinates of executive zone dislocation are obtained from established and generalized
dependencies B from x and dB/dx from x. To calculate these coordinates, which depend on D and b but do not
depend on the magnetizing force of the winding, the corresponding analytical (phenomenological) expressions
of power and logarithmic form are obtained. The possibility of using these expressions to identify the executive
zone of magnetometers without resorting to additional series of experiments is shown. The expediency of using
hemispherical pole pieces of increased diameter is also demonstrated. On this basis, the length of the executive
zone can be increased to conduct studies with samples of a wider range of sizes.

Keywords: ponderomotive principle, magnetometer, magnetic susceptibility of the sample, executive zone,
coordinate characteristics of induction and gradient, power dependence, logarithmic dependence

© M.N. Polismakova, D.A. Sandulyak, A.S. Kharin, D.A. Golovchenko, A.A. Sandulyak, A.V. Sandulyak,

H.M. Baskonus, 2025 55


https://doi.org/10.32362/2500-316X-2025-13-4-55-68
https://www.elibrary.ru/PEJBLG
mailto:d.sandulyak@mail.ru

Expanding the capabilities of new magnetometers of ponderomotive Maria N. Polismakova
and magnetic-rheological types with hemispherical poles etal.

For citation: Polismakova M.N., Sandulyak D.A., Kharin A.S., Golovchenko D.A., Sandulyak A.A., Sandulyak A.V.,
Baskonus H.M. Expanding the capabilities of new magnetometers of ponderomotive and magnetic-rheological
types with hemispherical poles. Russian Technological Journal. 2025;13(4):55—-68. https://doi.org/10.32362/2500-
316X-2025-13-4-55-68, https://www.elibrary.ru/PEJBLG

Financial disclosure: The authors have no financial or proprietary interest in any material or method mentioned.

The authors declare no conflicts of interest.

HAYYHAA CTATbA

PacuiupeHue BO3MOKHOCTE HOBbIX MATHUTOMETPOB
MOHAEPOMOTOPHOI0 U MATHUTHO-PEOJIOrHYECKOI0 TUIIOB
¢ nmoJIrcamu-noJrycpepamu

M.H. Nonucmaxkoea !, [l.A. Canaynsak 1@, A.C. Xapuu 1, A1.A. FonoByeHko 1,
A.A. Canaynsik ', A.B. Canpgynsik ', H.M. Baskonus 2

1T MUP3A — Poccurickuii TexHonorn4eckuii yamsepceutet, Mocksa, 119454 Poccus
2 Harran University, Sanliurfa, 63190 Turkey
@ ABTOp 4151 nepenvcku, e-mail: d.sandulyak@mail.ru

¢ Moctynuna: 25.01.2025 ¢ flopa6oTaHa: 07.03.2025 ¢ MpuHaTa k ony6nukoeBaHuio: 16.05.2025

Pesiome

Llenu. ina onpeneneHns MarHUTHOM BOCMPUMMHYNBOCTU Manio0ObEMHbIX OO bEKTOB MPUMEHSIOTCSH MarHUTOMETPbI
NOHAEPOMOTOPHOIO Y MarHUTHO-PEOJIONMHYECKOr0 TUMOB C NMotocaMn-nonychepamm, No3BONSAOLLMMN CO30aBaTh
TpebyemMoe ANs NIMMUTUPOBAHHOM paboyei 30Hbl MarHUTHoe none. Llenb paboTel — NpoBEAEHMEM COOTBETCTBYIO-
LLMX MCCneaoBaHniA NokasaTb, HTO BO3MOXHOCTW HOBbIX CO3aHHbIX MarHUTOMETPOB MOTYT OblTb PACLLUMPEHDI.
MeTopabl. lccnenoBaHve NpoOBOAUTCS COMaCHO OPUTMHANIbBHOMY METOAY, BKJIOHAIOLLLEMY MOMy4YeHNEe KOOpanHaT-
HOW XapakTePUCTUKN UHAYKLIMM N0 B (NOCPeACTBOM NPsSiMbIX NOLLArOBbIX U3SMEPEHUIA aTYNMKOM X01a) B MEXIO-
JIIOCHOM MPOCTPAHCTBE MO JIMHUWN AENCTBUS MOHAEPOMOTOPHOWN CUMbl C MOCNEAYIOLLMM HAXOXAEHUEM KOOPANHAT-
HOW XapaKTePUCTUKN rpaamneHTa.

PesynbTaTthl. B MarHMtomeTpax ¢ npMeHeHneM notocoB-nonycdep noBbileHHoro auameTtpa D: 157 n 184 mm,
B3aVIMHO Pa3006LLaeMbIX HA TO WX MHOE PacCTOsIHWE b, 3KCMEPMMEHTAIbHO MOJTyYEeHbI KOYEBbIE 3aBUCUMOCTH
MarHUTHOW MHAYKUMM B Npu NowwaroBoM yAaneHun X OT LLeHTpa CUMMETPUM MEXMOIOCHON 06nacTn no NnHUm
[encTBns NOHAEPOMOTOPHOW CUJbl, @ MO HUM — 3aBUCUMOCTU rpaaneHTa gradB = dB/dx. XapakTepHblli neperntd
KaXaoM N3 KPUBbIX 3aBUCUMOCTEN B OT X U MHOMBUAYASbHbIA 9KCTPEMYM MOCNE0BaBLUMX U3 HUX KPUBbLIX 3aBU-
cumocTel dB/dx oT X, B OKPECTHOCTW KOTOPOro 3HavyeHnss dB/dx npakTnieckn oamMHakoBbl, OTBeYaeT TpeboBaHuIo
BbI6Opa AMCNOKALMW NCNONHUTENBHOW (paboyeit) 30Hbl, FAe HEOAHOPOAHOCTb MO NPAKTUYECKN MOCTOSIHHA.
BbiBoAbl. [10 yCTaHOBNEHHbLIM 1 0000LLLEHHBIM 3aBUCUMOCTAM B OT x 1 dB/dx oT x HangeHbl KoopauHaTbl ANCO-
Kaummn MCNONHUTENIbHOW 30HbI. [N BBIMUCNEHUS 9TUX KOOPAMHAT, 3aBUCALLMX OT BENVYUH D 1 b 1 He 3aBUCALLMX
OT HaMarHM4MBaloLLEN CUbl 0BMOTKM, NONTyYEHbI aHANNTUYECKME (PEHOMEHONOMMYECKNE) BIPAXEHUS CTEMEHHOMO
n norapmdmmnyeckoro Buaa. NokazaHa BO3MOXHOCTb UCMONb30BAHNS 3TUX BbIPAXEHUIA A8 naeHTudukaumm nc-
NOJIHUTENBHOWN 30HbI MarHUTOMETPOB, He Npuberas K NPOBeAEHNIO OOMNOHUTENBHbIX CEPUIA 9KCMEPUMEHTOB. [o-
KasaHa L,enecoobpas3HOCTb MPUMEHEHNS NOJIIOCOB-MN0NyCdEpP NOBLILLIEHHOrO ANAMETPA, YTO NO3BOJISET YBENNYNTD
NPOTSAXEHHOCTb MCMOJIHUTENBHOW 30HbI U MPOBOAMTL UCCNefoBaHns ¢ obpasuamm 6osee WMPOKOro crnekTpa pas-
MEpPOB.
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MpospayHocTb hMHAHCOBOM AeATEeNbHOCTU: ABTOPbI HE UMEIOT PUHAHCOBOM 3aMHTEPECOBAHHOCTM B MPEACTaB/EH-

HbIX MaTepuanax niam MetToaax.

ABTOpbI 329BNASI0OT 06 OTCYTCTBUN KOHDINKTA MHTEPECOB.

INTRODUCTION

In various areas of science and technology, it is
necessary to obtain data on the magnetic properties of
dispersed materials, in particular, composites, powders,
suspensions [1-13]. This issue becomes particularly
relevant when a relatively small volume of the material
under study is available, for example, small samples of
ferroimpurities isolated from technological bulk and
liquid media for laboratory purposes.

In this regard, it is highly important to have
appropriate means of monitoring the magnetic properties
of small-volume samples, for which magnetometers
based on the ponderomotive principle are generally
preferable [14-25]. A contemporary direction in
the creation of means for controlling the magnetic
characteristics—in particular, in terms of their magnetic
susceptibility—of small-sized bodies when using
this kind of magnetometer, including small-volume
dispersed samples and their individual particles involves
the use of pole tip-hemispheres [26-32] (Fig. 1). Such
a solution can be used to obtain the necessary working
zone, i.e., the zone of stable (along a certain coordinate,
generally according to the action of the ponderomotive
force) inhomogeneity in terms of gradient and/or
magnetic force factor without the difficulties that usually
arise in such cases. An indication of the dislocation of
this zone is shown in Fig. 1 in the form of a thickening
on the x-axis as the axis along which the sample under
study is suspended or the particle under study is forced
to move in the liquid.

To identify this zone in the interpole region of the
magnetometer, it is necessary to obtain the coordinate
characteristics of the intensity H (or induction B) of the
created inhomogeneous magnetic field [26-32]. Since
the relative magnetic permeability of the air medium
in the interpole region is close to unity, the values
of H and B are related by means of a constant: H = B/,
where p, = 4n - 1077 H/m is the magnetic constant.

At the same time, the condition for the presence
within the working zone of the created inhomogeneous
field of some stable (practically constant) value—
for example, the gradient of intensity gradH (or the

Fig. 1. On the application of pole tips-hemispheres
(7) in the electromagnetic system with winding
(2) on the magnetocoupler (3) in magnetometers
based on the ponderomative principle

gradient of induction gradB)—is unambiguous. The
values of the field intensity A (induction B) within
such a zone, in particular, in the direction x in which
the ponderomotive force F (Fig. 1), measured in
the magnetometer, acts, must conform to a linear
relationship. Only in this case, the corresponding
differentiation of such dependence—i.e., the
transition to the desired relation dH/dx or dB/dx—
will demonstrate the constancy (here, stability
along the x coordinate) of the parameter of interest
dH/dx = gradH = const or dB/dx = gradB = const.

At the same time, already well-proven
magnetometers suitable for realization of these methods
comprise poles—hemispheres of comparatively small
diameter D = 100 mm and 135 mm [26, 27, 29-32].
This somewhat limits the necessary executive zone
considering its dislocation and extent in the objectively
somewhat constricted interpole space.

The capabilities of such  magnetometers
can be extended by using poles—hemispheres of
larger diameter D. Of course, this requires a set
of studies for obtaining the coordinate (along the
x-direction of the ponderomotive, i.e., magnetic,
force) characteristics of induction B (intensity H),
gradient gradB = dB/dx (gradH = dH/dx), force
factor BgradB (HgradH) and consequential generalized
analytical dependencies, which are necessary for
operative prediction and control of the location of the
desired working zone (i.c., the zone of relatively stable
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field inhomogeneity). At the same time, it is important
to establish to what extent such dependencies agree
with the previously established dependencies obtained
in [26-32] for poles—hemispheres of a smaller diameter.

RESULTS AND DISCUSSION

It was mentioned earlier that the key characteristic
for identifying the executive zone of magnetometers
of the stipulated ponderomotive principle based on the
manifestation of the ponderomotive (i.e., magnetic
force) is the coordinate characteristic of the
induction B (intensity H) of the magnetic field between
the poles, represented here by poles—hemispheres.

As in [26-32], step-by-step values of B along
the chosen direction x (Fig. 1) were measured using
a milliteslameter fitted with a Hall sensor placed
on a coordinate table. The direction x of the sensor
movement, which should lie in the plane of symmetry
of the area between the pole tips-hemispheres, can be
selected by the experimenter by moving the sensor in
one of the variants of such direction most convenient
for making measurements. Here, specific values
of x correspond to the distance from the centerline
of the poles to the current location of the sensor.
In Fig. 1 this direction is shown upwards; however, in
the real design it was more convenient to move in the
direction perpendicular to the drawing, i.e., towards
oneself.

The experiments were performed alternately using
two pairs of pole tips-hemispheres with diameters
of D =157 mm and of D = 184 mm, mutually removed
by one or another distance b: for D = 157 mm—
from b = 9.5 mm to b = 24 mm; for D = 184 mm—
from b= 6.5 mm to b =28 mm. The magnetizing force /®
of the winding of the electromagnetic system (Fig. 1)
was varied by the value of the supply current /

Table 1. Coordinates of the extremum x; (

in the range /o = 300022500 A. In this case, the number
of winding coils ® = 3000.

The results of step-by-step measurements
of the magnetic induction B in the accepted
direction x (Fig. 1) between the poles—hemispheres with
the diameter D = 157 mm are shown in Fig. 2 (points)
for different values of /® and b. This allowed us to obtain
the corresponding coordinate characteristics (lines)
of B and dB/dx = gradB. For this purpose, the
experimental data B (Fig. 2, points) were subjected
to approximation (Fig. 2, lines) by a fourth degree
polynomial using the Advanced Grapher' software
environment.

When their inflection is traced as described
in [26-32], the rather meandering appearance of the
coordinate characteristics B from x in Fig. 2 indicates the
possibility of artificial linear (simplified) approximation
of the dependencies of induction B on the x coordinate
precisely in the vicinity of the inflection point of each
of these dependencies. So, here (i.e., where the section
of the curve B from x can be linearly approximated),
the gradient of induction gradB = dB/dx is an almost
constant value.

This can be verified in the extreme form of the
gradient coordinate characteristics (Fig. 2) according to
the very close values of the gradient (bounded area) in
the vicinity of the extremum.

From the obtained coordinate characteristics of the
gradient (Fig. 2) directly follows the information about
the coordinate (abscissa) of the extremum of each of these
characteristics, i.e., the value x = x_, . (Table 1), and thus
on the coordinate of the dislocation of the corresponding
executive, namely, the working zone between the poles—
hemispheres with diameter D = 157 mm.

I https://www.alentum.com/agrapher/. Accessed May 12,
2025.

dislocation of the stable gradient zone) between poles—hemispheres

with the diameter D = 157 mm at different values of magnetizing force /w of the winding

and different distances b between poles—hemispheres

xextr’ mm
lo, A
b=9.5 mm b =13 mm b=15.5 mm b =18 mm b=21 mm b =24 mm

3000 17.60 22.26 21.90 22.34 22.17 27.70

6000 18.15 20.86 22.73 22.41 26.21 26.01

12000 17.50 20.54 21.17 22.76 29.49 27.46

22500 17.65 19.58 21.61 22.75 24.12 26.58
Average 17.73 20.81 21.85 22.57 25.5 26.94
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The obtained data x, indicate an important
fact noted earlier: despite the different values of
the magnetizing force /o of the winding of the
electromagnetic system of the magnetometer, the
values of the coordinates of the extrema of the field
induction gradient characteristics (Fig. 2) at the same
value of b (i.e., the coordinates of the dislocation of the
working zones) are very close to each other.

This fact, already found earlier for poles—hemispheres
of smaller diameter [26-32], is all the more relevant if
we present the ordinates of the initial characteristics
available in Fig. 2 in relative quantities, namely, as the
ratio of the current (by x) values of the induction B to the
individual “starting” value of the induction B, obtained
atx =0, i.e., to B/B, for the corresponding value of the
magnetizing force /o.

Figure 3 shows as an example such characteristics
obtained from the data borrowed from Fig. 2a. It can
be seen that irrespective of the value /o the data B/B,,
are generalized by a single dependence; here, in contrast
to Fig. 2a, the point designations have been intentionally
changed with a corresponding inflection of this
dependence. This also indicates a single dislocation of
the working zones at the same mutual distance b of the
poles—hemispheres. The dependencies of B/B, on x for
other values of b are equally revealing (Fig. 4).

The above arguments are methodologically important
for the experimenter: when performing experiments to
determine the effect of field magnitude on the magnetic
susceptibility of a sample, its dislocation between the
poles should not be changed.

The extent of the zone (along the x coordinate) of
almost constant values of the gradB parameter, i.e.,
the extent of the working zone of the magnetometer,

1.0 &@%gé

0.9

@'@

0.4

10 15

X, mm

20 25

Fig. 3. Generalized (from the data on Fig. 2a) coordinate
characteristics of the induction B in relative values B/B,,
b =9.5mm, for values of the magnetizing force /w:
¢ 3000 A, + 6000 A, o0 12000 A, x 22500 A

is indicated by the data of Figs. 2—4, namely, those
parts of the dependencies of induction B and relative
induction B/B, on x that are amenable to linear
approximation (areas in the vicinity of the inflection
point of such dependencies).

The extent of the working zone of the
magnetometer is even more clearly indicated by
the coordinate characteristics of the parameter
gradB (Fig. 2): this zone is localized in the vicinity
of the extremum of one or another dependence of the
parameter dB/dx = gradB on x.

The obtained data (Table 1) on the coordinate x, . of
the dislocation of the working zone of the magnetometer
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Fig. 5. Dependence of the dislocation coordinate of the working area of the magnetometer
on the distance between its poles—hemispheres
with the diameters D =157 mm (a) and D = 184 mm (b)

depending on the mutual distance b of the poles-
hemispheres with the diameter D = 157 mm are shown
in Fig. 5a (points o). Figure 5b (points m) shows similar
data obtained using poles—hemispheres with the diameter
D = 184 mm. Information similar to that previously
shown in Figs. 2—4 and Table 1 for D = 184 mm is shown
in Figs. 6, 7 and in the Table 2.

It is important to note that if the data obtained for
both pairs of poles—hemispheres (Table 1, Table 2,
Fig. 5), i.e., for D = 157 mm and D = 184 mm, are
presented in a more universal, dimensionless form,
namely, as x_,, /D on b/D (Fig. 8), the expected (similar
to [31]) result follows—they are generalized by a single
dependence.

The representation of these data in semi—logarithmic
coordinates (Fig. 8b) shows the possibility of their quasi-
linearization in these coordinates in the investigated
range b/D=0.035 ... 0.153 with obtaining the calculation
formula of the logarithmic form:

Xextr =Alnb/—D (1)
D k

Table 2. Coordinates of the extremum x,

at values of phenomenological parameters 4 = 0.061 and
k=0.0096.

The possibility of quasi-linearization of the same
data is also observed in logarithmic coordinates (Fig. 8c)
by obtaining an alternative calculation formula of the
degree type:

Yexwr _ (B
D _G(Dj @

at the values of the phenomenological parameters
G=0.43 andz=0.48.

It is interesting to compare the found expressions (1)
and (2) with the corresponding expressions obtained
earlier for poles—hemispheres of smaller diameter:
D =100 mm and D = 135 mm [31]. It is important
to note that, remaining functionally similar, the
compared expressions differ slightly only in the values
of the phenomenological parameters 4, k, G and z:
A = 0.061 instead of 4 = 0.063, k£ = 0.0096 instead of
k=10.0095, G=0.43 instead of G=10.45,z=0.48 instead
ofz=0.5.

between poles—hemispheres

of the diameter D = 184 mm at different values of the magnetizing force /o of the winding

and different distances b between poles—hemispheres

xextr’ mm
lo, A
b=6.5 mm b=11 mm b=15mm b=19.5 mm b=21.2 mm b =24 mm b =28 mm

3000 15.65 20.75 23.71 - 26.3 25.58 32.20

6000 15.59 20.67 23.44 26.77 26.965 28.2 32.17

12000 14.89 20.55 22.97 26.71 27.25 28.025 32.32

22500 14.81 20.27 22.81 - 25.85 25.66 31.86
Average 15.24 20.56 23.23 26.74 26.59 26.87 32.14
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Fig. 8. Dependence of the relative coordinate
of the dislocation of the working area of the magnetometer
on the relative distance between its poles—hemispheres
of the diameter D (o 157 mm, m 184 mm)
in ordinary (a), semi-logarithmic (b)
and logarithmic (c) coordinates

If to carry out joint processing of the data received
for poles—hemispheres of the increased diameter,
namely D = 157 mm and D = 184 mm, with the data
received earlier for poles—hemispheres of the smaller
diameter, namely D = 100 mm and D = 135 mm,
the generalized dependence presented in Fig. 9, in
semi—logarithmic (Fig. 9b) and logarithmic (Fig. 9c)
coordinates, will take the form similar to (1) and (2), with
the values of phenomenological parameters 4 = 0.061,
k=0.0094, G =0.43, and z = 0.48.

CONCLUSIONS

The problem of expanding the capabilities of
magnetometers of ponderomotor and magneto-rheological
types designed to control the magnetic susceptibility

Fig. 9. Generalized dependence of the relative
coordinate of the dislocation of the magnetometer
working area on the relative distance between
its poles—hemispheres with the diameter D (o 100 mm,
e 135 mm, o 157 mm, m 184 mm) in ordinary (a),
semi-logarithmic (b) and logarithmic (c) coordinates

of objects of small sizes, including both dispersed and
individual particles, is considered.

In addition to the previously obtained data established
using pole-hemisphere pairs of the diameters D = 100 mm
and 135 mm, data are obtained for hemispheres of
increased diameters D = 157 mm and 184 mm, mutually
disconnected by one or another distance .

The key dependencies of the magnetic induction B
at the stepwise distance x from the center of symmetry
of the interpole region (i.e., along the line of action of
the ponderomotive force) have been experimentally
determined to calculate the dependencies of the gradient
gradB = dB/dx. This allows us to establish a characteristic
inflection of each of the curves of dependencies of B on x
and an extremum of each of the curves of dependencies
of dB/dx on x, in the vicinity of which the values of dB/dx
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are almost the same, which meets the requirement of
constancy of the field inhomogeneity at the choice of the
dislocation of the operating zone.

The coordinates of the dislocation of the operating
zone are obtained from the determined and generalized
dependencies of B on x and dB/dx on x. In order to calculate
these coordinates, which depend on the values of D and b
but not on the magnetizing force /® of the winding of
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Abstract

Objectives. This work is aimed at determining the optimum number of turns in each winding and the effect
of winding and power supply parameters on the starting characteristics of an upgraded brushless direct current
motor (BLDC motor).

Methods. A full-scale experiment on a test bench consisting of an upgraded BLDC motor, a power supply source,
and a speed controller was conducted. Methods of mathematical simulation, linear programming, and approximation
were also applied.

Results. During the experiments, the dependencies of inrush current and starting speed on the number of turns
in each winding of the upgraded BLDC motor were obtained. It was experimentally established that the number
of turns in the windings has a limiting value, which is confirmed by either the intersection of the curves of inrush
current and starting speed, or the disappearance of the functional dependence between the inrush current and motor
speed. A mathematical model for the upgraded BLDC motor was developed, which showed good agreement with the
experimental results. Using this mathematical model, the optimum number of turns in each of the motor windings
and the efficiency of a BLDC motor can be determined. A parametric model for determining the motor starting speed
by the values of inrush current and battery voltage at the number of turns in the winding from 8 to 14 was proposed.
The developed models make it possible to determine the motor characteristics at the design stage.

Conclusions. There exists an interval of the number of turns in each of the windings of a BLDC motor, where the
motor demonstrates its optimum efficiency. Inrush current and supply voltage were found to be the parameters that
are easily measurable in practice and sufficient for determining the basic starting characteristics of a BLDC motor.

Keywords: brushless direct current motor, BLDC motor, motor starting characteristics, motor windings, number
of motor winding turns, mathematical simulation
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HAYYHAA CTATbA

Biausinue napamMerpoB 00MOTOK M MICTOYHUKA MUTAHUS

HA IMMYCKOBbI€ XapaKTePUCTHKHA MOAEPHU3HMPOBAHHOIO

0CCHICTOYHOI0 IBUTaATEJIS MOCTOAHHOI0 TOKA

A.C. KpuBory3sosa @,
C.H. TkaueHko,
A.A. lLinuneBon

Bantwiickui penepasibHbii yHuBepcuTeT uMeHn VimvaHyvna Kanta, KanvwHyuHrpasn, 236041 Poccusi
@ AsTOp Ans nepenvcku, e-mail: krivoguzova99@bk.ru

e Moctynuna: 14.11.2024 » fopa6oTaHa: 11.02.2025 ¢ MpuHaTa k ony6nukoBaHuio: 27.05.2025

Pesiome

Llenun. Lenb paboTsl — onpeaeneHne onTumMasnbHOro KOJIM4eCTBa BUTKOB B KaXI0M 13 0OMOTOK U BIUSIHWA napamMe-
TPOB 0OMOTOK 1 UCTOYHMKA NMUTAHMS HA MYCKOBbIE XapakTePUCTUKM MOAEPHU3MPOBAHHOIO OECLLLETOYHOrO ABMraTe-
ng noctosiHHoro Toka (brushless direct current electric motor, BLDC-gsuratens).

MeTopbl. Vicnonb3oBaHbl METOAbI HATYPHOIO 3KCNEPUMEHTA Ha UCMbITAaTENIbHOM CTEeHAE, COCTOSALWEM U3 MOAEpP-
HU3upoBaHHOro BLDC-gsuratensi, UCTO4YHMKA NUTAHUS N PErynsTopa CKOPOCTU. TakXKe MCMNob30Bancb MeTobl
MaTeMaTn4eckKoro MoaenMpoBaHus, pPeLleHns 3a0a4m IMHEeMHOro NPOrpaMMnMPOBaHNS 1 annpPokCUMMaLnm.
Pe3ynbTatbl. B x0Oe 3KCNepMMEHTOB MOJly4eHbl 3aBMCMMOCTW MYCKOBOrO TOKa M yMcna 060pOTOB Ha cTapTe
OT YMCcna BUTKOB B KaXa0W N3 06MOTOK A5 MoaepHn3npoBaHHoro BLDC-aBuratens. 9kcnepumMeHTanbHO yCTaHOB-
JIEHO, YTO KOJIMYECTBO BUTKOB B 0OMOTKaxX MMeeT NpeaefibHOe 3HaYeHne, NpuaHakamMmuy Yero aBnsieTcs nepeceyeHme
KPWBBIX MYCKOBOIo TOKa U CTapPTOBbLIX 000POTOB UM NCHE3HOBEHMNE PYHKLIMOHANBHOW 3aBMCUMOCTU MEXY NMyCKo-
BbIM TOKOM 1 obopoTamu asuratens. PazpaboTtaHa matemaTnyeckas Moaenb MoaepHuanposaHHoro BLDC-aBu-
raTtesns, KoTopas XOpOLUO COrnacyeTcs C aKCnepuMeHTasbHbIMUK pe3dynbTataMmu. Mcnonb3ya mateMmaTnyeckyro Mo-
nenb, MOXHO ONpeaenuTb ONTUManbHOE KOMMYECTBO BUTKOB B KaxaoM M3 0OMOTOK ABuraTenst, a Takke ypoBeHb
koadPpuumeHTa nonesHoro aeictemsa BLDC-aBuratens. MNpeanoxeHa napameTpuyeckas Moaesb, KoTopasi No3BO-
NSEeT ONpeaennTb 3Ha4YeHe CTapTOBbIX 0O0POTOB ABUraTENS MO 3HAYEHWIO MYCKOBOIO TOKa U HaNpsixXeHuto 6baTtapen
ONS AnanasoHa BUTKOB B 00MOTKe oT 8 0o 14. laHHble MOAEesnv NO3BONSAIOT ONPeaensaTh XapakTepUCTUKM ABMUraTens
Ha cTaauu ero NPOeKTUPOBaAHNS.

BbiBOAbI. BbiiBNEHO, YTO CYLLECTBYET UHTEPBa AJ18 KONMYEeCcTBa BUTKOB B Kaxaon 13 oomotok BLDC-agBuratens,
B KOTOPOM OyneT HabnaaTbCs ONTUMYM KO3pdULUMEHTa NONE3HOro AeNCTBUA ABuraTtens. Takxke BbIIBJIEHO, YTO
ans onpeneneHns 6a3oBbiX MYCKOBLIX xapakTepuctuk BLDC-aBuratens AoctatoyHo ABYX NMapamMeTpoB, KOTOpble
JIErKO N3MEPUTb Ha NPaKTUKe: NYCKOBOW TOK 1N YPOBEHb HANPSIXXEHUA UCTOYHUKA NUTAHUS.

Knioueeble cnoea: BLDC-gBuratenb, nyckoBble XapakTepuCTUKu ABUraTensi, 0OMOTKA ABUraTens, KOJnM4ecTBo

BUTKOB B 0OMOTKaX apurartend, MmatemMmatmndeckaa Moaesib
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ABTOpbI 3a9BASIOT 06 OTCYTCTBUM KOHMIMKTA MHTEPECOB.

INTRODUCTION

Brushless direct current (BLDC) motors find
application in various industries and domains [1, 2].
At present, this type of motor can achieve efficiencies
around 94%, provided that losses in the speed
controller are minimized [3, 4] and battery operation is
optimized [5]. The minimum set of equipment required
to operate a BLDC motor involves an electronic speed
controller (ESC) and a power battery to supply the speed
controller, the converted voltage from which is fed to
each of the three phases of the motor.

Structurally, a BLDC motor consists of a stator with
windings and permanent magnets, and a rotor that rotates
within the stator. 12N14P is one of the most common
BLDC motor designs with 12 stator windings and
14 rotor magnetic poles. However, this is a three-phase
motor comprising in reality only three, rather than 12,
windings. One wire is wound around four magnets.
Three-phase speed controllers are used to control such
a motor. These devices are sensitive to voltage ripple,
which in turn leads to sudden changes in torque and
reduces efficiency [6].

The torque fluctuations can be reduced by
improving the control of each individual winding [7],
which enhances the stability of the system and reduces
the power consumption. In this connection, one path
for upgrading BLDC motors consists in increasing the
number of individual windings. Thus, the researchers
in [8] increased the number of windings in a five-
phase motor. Such a change in the number of phases
resulted in an increased stability and reliability of the
motor.

Similar examples [9] demonstrate the feasibility of
upgrading BLDC motor by both introducing a modified
speed controller and improving the entire motor design.
Instead of the conventional scheme based on three
windings, 12 separate windings can be used. This allows
the current in each winding to be controlled individually,
providing for a more precise control of the magnetic
field and torque. Such an upgrading approach improves
the dynamic characteristics of the motor, reduces
pulsation, ensures a more flexible adaptation to different
operating modes, and increases reliability [10, 11]. This

is particularly important when the motor is operated
under severe conditions.

The first stage of the above work consists in
upgrading a conventional BLDC motor. This requires
modification of all motor windings and creating of
separate leads for each of them. Consequently, the effect
of the number of windings on the operating parameters
of the BLDC motor, particularly on its starting
characteristics, should be assessed.

The optimum number of turns in a winding is
conventionally determined based on the following
parameters [12]: required torque, operating frequency,
resistance, and winding inductance. When shifting
to 12 separate windings, it is important to consider the
increase in resistance due to the increase in the number
of turns, as well as the effect of their mutual inductance.

In this work, we aim to determine the optimum
number of turns in each winding and the effect of
winding parameters and power supply on the starting
characteristics of a modernized BLDC motor.

MATERIALS AND METHODS

The BrotherHobby Avenger 2806.5 1300kV motor
(BrotherHobby, China) was selected as the research
object due to its similarity with the conventional
12N14P BLDC configuration. In this motor, N52H arc
magnets are mounted on the rotor, the stator is made of
Kawasaki 0.2 mm silicon steel, the housing material is
Al 7075 aluminum alloy, and the shaft is hollow and
made of titanium alloy. The motor uses a 0.75 mm
copper winding.

The two motors were disassembled and rewound with
copper wire of the same cross section to create 12 separate
windings, each with its own separate lead. Each of the
12 windings was placed into a separate slot according
to the stator layout. The original BLDC motor (left) and
the upgraded motor (right) are shown in Fig. 1, where
three wires coming from the original motor and 12 wires
coming from the modernized motor can be seen.

In order to ensure the reproducibility of the values
obtained, measurements were carried out for two
engines. No differences in the performance of the first
and second upgraded engines were noted.
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Fig. 1. BLDC motor 2806 + 1350kV before
rewinding (left) and after rewinding with the rotor
removed (right)

The GW INSTEK GPD-73303S constant current
source (GOOD WILL INSTRUMENT, China with
a voltage error of +(0.03% + 10 LSD) and a current
error of +£(0.3% + 10 LSD)) was used as a battery power
source to control the applied voltage level and to limit
the maximum current at the ESC controller. A standard
three-phase ESC controller was also used. The speed
controller was connected to the upgraded motor by
applying voltage to each of the windings, with each
phase of the ESC controller applying voltage to four
motor windings.

The ESC controller was characterized by an input
voltage of DC 5-36 V (specific voltage equal to the
nominal motor voltage), an output current of within
15 A, and a protection current of 15 A.

Measurements were conducted under different
numbers of turns (from 8 to 16) in each of the motor
windings with a step of 1 turn. The supply voltage was
varied in the range of 5-7 V with a step of 1 V. The
current limit of the power supply was set to 1 A. The
selected relatively narrow voltage range is explained by
the possibility of large overvoltages during the startup
process and the random character of the measured inrush
current values at supply voltages higher than 7 V.

The current from the source was supplied to the
ESC controller, which supplies the BLDC motor via
a special decoupler. The inrush current was measured
at the motor input using a Tektronix DMM4020 digital
universal meter (Tektronix Corporation, China) with the
instrumental error of 0.015%.

A screw with a reflective strip attached to the
motor shaft was used to measure the rotational speed.
A DT2234A laser type digital tachometer (Shenzhen
Sanpo Instrument, China) with a resolution of
1 revolution per minute (rpm) over the entire measuring
range and an accuracy of £0.05% was used.

EXPERIMENTAL RESULTS

In order to determine the optimum number of turns,
the relationships between the number of turns in each of
the 12 motor windings, the inrush current, and the initial
rotational speed at a fixed battery voltage supplied to the
motor via the speed controller were obtained (Figs. 2—4).

The inrush current is the minimum value of the
current on each phase of the motor (as well as at the
ESC controller output) at which the motor starts. The
motor starting speed is the number of motor revolutions
per minute at a current equal to the inrush value.
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20.10 , =
c —Current= =Revolutions 500 ¢
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Number of turns in the winding, pcs.

Fig. 2. Inrush current and starting speed
as a function of the number of turns in each winding
at 5V battery voltage
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Fig. 3. Inrush current and starting speed
as a function of the number of turns in each winding
at 6 V battery voltage
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Fig. 4. Inrush current and starting speed
as a function of the number of turns in each winding
at 7 V battery voltage

It can be seen from Figs. 2—4 that, following 14 turns,
the inrush current stabilizes and the speed decreases.
This number of revolutions is the maximum permissible
value. At this value, the functional dependence between
inrush current and motor speed disappears. The
characteristic relationship between these values is shown
in Fig. 5. Under an increase in the number of turns, the
inrush current ceases to change and the starting speed
continues to decrease.
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Figure 5 shows the presence of three points with
the same value of inrush current under a decrease in the
motor speed. Similar dependencies were obtained at other
levels of the battery voltage studied. This fact indicates
that the number of turns in each of the windings, whose
number exceeds 14, is inappropriate as only increasing
the losses and not improving the speed characteristics of
the motor (its starting speed in particular).

Thus, it was experimentally established that the
number of turns in the windings has a limiting value,
the sign of which is the disappearance of a functional
dependence between inrush current and motor
speed (see Fig. 5). Exceeding a certain limit number of
turns in each winding (14 turns in the case studied) leads
to a deterioration in the performance of the BLDC motor.

SIMULATION AND DISCUSSION

In order to elucidate the dependencies obtained
in the previous section, a BLDC motor model was
built in the MATLAB' environment with respect to the
deviations introduced by the motor elements and the
ESC controller [13, 14].

In order to describe the relationships between inrush
current, motor starting speed, and the number of turns,
taking into account the deviations introduced by the
motor elements and the ESC controller, a mathematical
model that takes into account the characteristics of
the system elements and the interrelationship of these
parameters was developed. The model is based on
the characteristics of the BLDC motor, taking the
parameters of electromagnetic resistance and inductance
into account.

The electrical parameters are as follows:

1. The winding resistance per phase Rphase and its
inductance L which depend on the number of
turns N.

2. The internal resistance Rpq and inductance Lyq of
the controller.

phase?

1 https://www.mathworks.com/products/matlab.html. Accessed
May 19, 2025.

3. Battery parameters: voltage V,, and internal
resistance Ry,
The starting parameters are as follows:
1. Inrush current 7, .
2. Starting angular velocity o, ..
The dependence of the following parameters on the
number of turns was plotted:

1. Winding inductance:
Lphase(N) = kLNz’ (1)

where &, is the inductance coefficient per turn, depending
on the material and geometry of the winding.
2. Winding resistance:

Rphase(N) = kRN ’ (2)

where kj is the resistance coefficient per turn.
3. T.otal. resistance R, and inductance L, of the
circuit:

R * Rpge T Ry 3)

total Rphase

Ltotal = phase + LESC' (4)

When the motor starts, the inrush current is

determined by the total resistance and inductance, as

well as the battery voltage. At the moment of starting, no

counter electromotive force (EMF) due to zero angular
velocity is observed:

V,
Ty =221 (5)

start —
Rtotal

Modeling the inrush current as a function of the
number of turns.
Since R

of turns N, I, .

wotat @nd L., depend on the number
can be expressed as follows:

L (V) = Vo - (6)
kpN + Rpge + Ry

Modeling the starting angular velocity as a function
of inrush current.

The starting angular velocity o, depends on the
starting torque T, , generated by the inrush current. In
this case, the torque is defined as follows:

T, start - KtI start” (7)

where K, is the motor torque constant.

' Accor.dlngly, the startln.g angular .VGIOCIty Ogpart
is determined by the equation of motion, where the
resisting forces at the starting moment do not affect its
value:

K.

t”start
0 =—— 8
start J ( )
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An increase in inertia J leads to a decrease in the
starting angular velocity o, ; therefore, the motor
requires more time to accelerate to the initial revolutions.

It is now possible to express the dependence of /

and o_, . by the number of turns:

tart
start

Tgiart (N) = Vot . )
kpN + Rpge + Ry

N) = KtVbat
Ogart (N) = .
J(kgN + Rpge + Ryy0)

(10)

To account for variations in the system, random
disturbances may be added to the resistance and
inductance values:

e winding resistance R hase = (1 +0,)k,N, where 3, is
the random variation of the winding resistance;

o winding inductance L, = (1 + 8, )k, N?, where §,
is the random variation of the winding inductance.
Subsequently, taking possible variations into

account:

e inrush current

L (N) = et SNV
st (1+82)kpN + Rpg + Ry,

e starting angular velocity

KtVbat
Ogiar (V) = :
J((A+3p)kpN + Rpge + Ryy)

(12)

Angular velocity is converted to revolutions per
minute (rpm) as follows:

60

RPM =W, —-
start start o

(13)

The starting speed, taking variations into account,
has the following form:

60
RPMstart(N) = Costart(N)z =
KV, 60 (14)

2mJ((1+8)kgN + Rpge + Ryy)|

This model expresses the dependence of the motor
starting speed RPM, . on various factors such as
number of turns N, supply voltage V},,, resistance R,
winding inductance, and moments of inertia of the
system. The motor torque 7' is proportional to the current
flowing through the windings, taking into account the
coefficient K, which reflects the design of the motor.
On starting, the motor encounters a resistive torque
that is determined by the resistance of the windings and
external circuits (controller Rpq~ and battery R, ), as
well as by the internal friction.

The equation takes into account variations in
winding resistance d, that may occur due to heating or
other external factors. The resistance of the entire system
is expressed as the sum of (1 +8)kpN + Rpg + Ry ..

Winding inductance affects the response time of
the motor; however, the presented model takes the
inductance into account indirectly by changing the
electrical parameters (resistance and voltage drop). An
increase in the number of turns N results in a decrease
in the starting speed due to an increase in the total
resistance of the system. An increase in the supply
voltage V, ,, increases the starting speed. Variations in
the winding resistance 6, and other system elements
can significantly reduce the starting efficiency of the
motor.

Therefore, the presented model shows the
dependence of the starting speed on the electrical and
mechanical parameters of the system. It takes the actual
state of the components into account, thereby allowing
the motor design to be optimized and the desired
performance to be achieved.

The simulation results of the inrush current
corresponding to Figs. 2—4 are shown in Fig. 6. Here,
the experimental and calculated dependence of the
inrush current on the number of turns at 6 V battery
voltage is shown. At other battery voltages, a similar
good agreement of the calculated and experimental
values was observed. Thus, the constructed model is
capable of describing the actual dependencies of the
inrush current.

0.35
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<0.25
5
0.20
3
20.15
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=}
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0.05

0
8 9 10 11 12 13 14 15 16

Number of turns in the winding, pcs.

— Experiment - - Simulation

Fig. 6. Experimental and calculated dependence
of the inrush current of the upgraded motor
on the number of turns in each winding
at 6 V battery voltage

Of particular interest are the results obtained when
simulating the motor efficiency shown in Fig. 7. It can
be seen that, at the number of turns less than 8 and more
than 14, the efficiency values are minimal, particularly
compared to the range of turns from 12 to 14. In other
words, when the number of turns in the winding is low, the
efficiency of the motor is also low due to the insufficient
intensity of the magnetic field. When the number of turns
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exceeds 14, low torque is observed due to high power
losses at the winding resistance.

120
100
> 80
>
2
5 60
©
E 40 -=-5V
—~— 6V
20 -7V
0
6 7 8 9 10 11 12 13 14 15 16

Number of turns, pcs.

Fig. 7. Motor efficiency as a function of the number of
turns in each winding at battery voltages of 5-7 V

The above results allow us to conclude that the values
corresponding to 15 and 16 turns should be removed
from the data series for inrush current and starting speed
of the motor. At the same time, it is also unreasonable to
add the values for 6 and 7 turns, since the corresponding
efficiencies are too low. In this case, the full functional
dependencies between starting speed and inrush current
can be obtained. The dependencies of the number of
turns on the inrush current and their approximations at
three levels of battery voltage are shown in Fig. 8.

3.7
3.6
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3.3

Ig RPM4i TPM

3.2 "5V
. A BV

3.1 .7V

3.0

0.15 0.20 0.25

Inrush current, A

0.30 0.35

Fig. 8. Number of turns as a function of inrush current at
different battery voltage levels

It can be seen that all three curves can be
approximated by linear relationships [15], with the angle
of inclination of these lines being the same.

In addition to the mathematical model proposed
above, a parametric model allowing sufficiently simple
and fast engineering calculations was developed. This
model predicts the value of the starting speed RPM, ,
from the value of the inrush current /i, . and the battery
voltage V,,, for the range of turns in the winding
from 8 to 14. As a result, the following analytical
relationship was obtained:

lgRPM., . =18171

1
mn+§%m+22

(15)

start

Thus, it becomes possible to calculate the starting
speed from the easily measured characteristics of the
inrush current and battery voltage for different numbers
of turns. This facilitates the process of motor design with
predetermined characteristics.

The table shows the motor revolutions calculated
using formula (15) compared with the values measured
experimentally for a 5 V battery.

The table shows that the relative deviation
between the calculated and experimental values did
not exceed 6%. For other battery voltages, the relative
deviation did not exceed 9%.

Therefore, it can be concluded that the equation
proposed in this work can be used to determine the
motor starting speed at the design stage with sufficient
accuracy for engineering calculations.

CONCLUSIONS

In this work, we propose a mathematical model
for an upgraded BLDC motor, which showed good
agreement with the actual prototype. This model can be
used to determine the optimal number of turns in each
winding by calculating the motor efficiency.

Table. Comparison of the values of the motor starting speed obtained experimentally and based on calculations

according to Eq. (15) at a battery voltage of 5V

Number of tums in each Inrush current, A Motor star‘Fing speed, Motor starting speed, Relative deviation
motor winding, pcs. experiment calculation
8 0.30 2293 2345 2%
9 0.27 2017 2068 3%
10 0.23 1833 1749 5%
11 0.21 1712 1609 6%
12 0.20 1576 1543 2%
13 0.19 1452 1480 2%
14 0.175 1310 1390 6%
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A parametric model to calculate the starting speed of
a BLDC motor based on the values of inrush current and
battery voltage was developed. The relationship between
the starting speed of the upgraded motor and the basic
characteristics of power supply and ESC controller,
which can be easily measured, is presented. The equation
obtained allows engineering calculations to be carried
out at the motor design stage.

In order to obtain similar dependencies for motors of
other configurations, further research and construction
of appropriate mathematical models is required. In
addition, the presence of the constant summand “2.2”
in formula (15) assumes that not all fundamental
dependencies have been discovered and that the engine

revolutions might be determined by three, rather than
two, physical quantities. Further research should verify
this hypothesis.
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Abstract

Objectives. The authors conduct an analytical review of available optimization methods and simulation tools
to identify their key features, effectiveness, and possible applications. The aim was to form an integrated picture
of modern approaches, which may facilitate decision making when selecting the most appropriate method for
a particular task. The key objective was to review and classify various optimization tools, which of theoretical and
practical value for developers of new models.

Methods. Scientific publications and analytical materials were retrieved from specialized databases and technical
documentation libraries.

Results. The analysis and classification of existing optimization methods allowed the authors to identify their
advantages, disadvantages, and application features, as well as to determine the relationship between theoretical
concepts and their practical implementation. During the analysis, various optimization approaches were considered,
covering both classical and modern simulation methods.

Conclusions. The importance of informed selection of optimization methods, which raise the efficiency and accuracy
of simulation procedures, is highlighted. The results obtained indicate the need for further study and comparative
analysis of the methods used in practice in order to establish their efficiency and applicability in various scenarios.
Future research directions include experimental testing of the effectiveness of various approaches based on several
models in order to determine their advantages and disadvantages for a more informed selection of the method
suitable for a particular task.

Keywords: optimization methods, application features, multi-criteria optimization methods, optimization algorithms,
evolutionary algorithms, optimization of digital models, optimization problem, optimization software tools
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Pe3iome

LUenu. Llenb ctatby — NpoBECTU aHaNUTUYECKNA 00630p METOJ0B U UHCTPYMEHTOB ONTUMMU3ALINK, NCMOJb3YEMbIX
B MOOENNPOBaHUM, ANS BbISBIEHUS UX KITIOHYEBbIX 0COOEHHOCTEN, 3P DEKTMBHOCTY U 0O1acTel BO3MOXHOIo npume-
HeHus. ViccnegoBaHme HanpaBneHo Ha GOPMUPOBaHME LENOCTHOW KapTUHbI COBPEMEHHbLIX MOAX0A0B, YTO MO3BOANT
creumanncTam BblbupaTb Hanbonee yaoodHble MeToAbl ANs peLleHns pa3HoodpasHbIx 3aaa4y. KnoyeBas 3agada — co-
CTaBUTb CUCTEMATU3NPOBAHHOE NpeacTaB/ieHne 00 MHCTPYMEHTaxX ONTMMU3aLUMM, OXBaTbIBalOLLEE Pa3/INyHble Me-
TOOVKN N NOAX0Obl, KOTOPblE 0OecneyaT Kak TEOPETUYECKYIO, TakK U MPaKTUYECKYIO LIEHHOCTb 415 pa3paboTkm bonee
3 PEKTUBHbIX MOAENEN.

MeToabl. [Ina 0OCTMXEHUS NOCTaB/IEHHbIX LieNei nccneqoBaHe OCHOBLIBAIOCh HA OOLLIMPHOM BbIOOPKE Hay4YHbIX
nyénukauuin u aHannMTUYecKuUx MmaTepmanos, 0TOOPaHHbLIX U3 CreLnanmM3npoBaHHbIX 6a3 AaHHbIX U TEXHUYECKOW A0-
KyMeHTauumn.

PesynbTaTbl. [IpoBeaeHbl aHanM3 1 Knaccudukaums CyLLEeCTBYIOWNX METOA0B ONTUMM3ALLNA, YTO NO3BOAWSIO Bbl-
SIBUTb UX CUJIbHbIE U cnabble CTOPOHbI, 0COOEHHOCTU NPUMEHEHUS, a TaKXXe ONpPeaemTb B3aMOCBA3b MEX/y Te0-
PETUYHECKNMM KOHLIEMLMSMM U NX NPaAKTUYECKOW peannsaumen. B xoge aHanmaa paccMOTPEHbl pasnnyHble Noaxoabl
K ONTUMN3aLUMM, OXBaTbIBAIOLLME KaK KIlaCCUYECKNEe, Tak U1 COBPEMEHHbIE METObl, HTO 06ecne4ymsnio BCECTOPOHHUN
00630p NPMMEHUMBbIX NOAX000B B MOAENNPOBAHUN.

BbiBoAbl. [MpoBeaeHHOE nccnesoBaHne NoATBEPXAAET BAXXHOCTb MPaMOTHOro nogdopa MeToAoB OnNTUMU3aLmN,
41O cnocobcTByeT 6onee 3pPEKTUBHOMY M TOHHOMY MOAENMPOBaHUIO. [MoNyYeHHble pe3ynbTaThl NOA4YEPKMBAOT
HEoOX0AUMOCTb AaflbHENLLEr0 N3YHEeHUS U CPaBHUTEIbHOIO aHannM3a MeTo0B Ha NPaKTUKe C Lienbio 6onee rnybo-
KO0 NOHMMaHNSA UX 3PPEKTUBHOCTM U MPUMEHUMOCTU B PA3/INYHbIX YCIOBUSX. [epcnekTnebl OyayLimx nccneno-
BaHWI BKMOYAOT 3KCNEPUMEHTaNlbHOEe TeCcTUpoBaHne apPekTUBHOCTIN PasnnyHbIX NOAX0A0B Ha 6a3e HECKObKNX
MOZEeNen, 4To NO3BOSINT ONPEAeNUTb X NPEMMYLLIECTBA U HeaoCcTaTku ans 6osiee TO4HHOro Bbibopa MeToaa B 3aBU-
CUMOCTN OT cneuudmnkn 3aaay.
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Mpo3spavyHocTb hUHAHCOBOW AeATENIbHOCTU: ABTOPbI HE UMEIOT GMHAHCOBOW 3aMHTEPECOBAHHOCTM B NMPEACTaB/IEH-

HbIX MaTepunanax nin MmetTogax.

ABTOpbI 329BASIOT 06 OTCYTCTBUMN KOHDNNKTA MHTEPECOB.

INTRODUCTION

Optimization plays an important role in simulation
modeling, allowing optimal results to be obtained,
resources to be saved, and the quality of developed
products to be improved. Optimization is becoming
an essential element of modern engineering processes
aimed at solving complex problems and achieving high
technological standards [1]. However, to ensure the
efficiency and accuracy of optimization, unnecessary
repetition should be avoided while taking into account
the diversity of methods and their complexity in
software implementation. This is particularly important
in such areas as design activity [2], energy [3], and
healthcare [4], where even minor improvements may
yield significant consequences.

A bibliometric analysis of optimization techniques
conducted in [5, 6] described the evolution of the concept
of “optimization” from trial and error to more formalized
approaches. Due to the rapid progress in this direction,
continued efforts are required to trace new methods for
an approximate solution to optimization problems and
review their computational aspects, applicability areas,
and practical merits. The choice of an optimization
method must be tailored to the specific features of the
models. This requires consideration of the requirements
for suitable methods and tools based on the nature of the
models and the characteristics of the systems in order
to create more flexible and adaptive conditions for the
developer [7, 8].

The relevance of the analysis of optimization
methods is explained by a number of factors, including
the increasing complexity of sociotechnical and
socioeconomic systems, the growth of computing power,
and the emergence of more efficient methods [9, 10].

In this article, we carry out an analytical review
of optimization methods with the purpose of their
classification and assessment of their applicability in
simulation modeling. Consideration of a large variety
of optimization methods and their further analysis
simplifies the research process and makes optimization
approaches more accessible to a wider range of
specialists.

RESEARCH METHODS

The aim of this literature review was to identify key
optimization methods that are used in various research
areas. The growing interest in model optimization
problems has generated a significant amount of research
over the past few years, which highlights the relevance
and importance of developing efficient optimization
methods.

Aliterature review was conducted using the databases
of Scopus!, Russian Science Citation Index?, and the
List of the Higher Attestation Commission for Academic
Degrees and Titles® (VAK) under the Ministry of Science
and Higher Education of the Russian Federation. The
literature search was conducted using the following
keywords: optimization type, multicriteria optimization
methods, computational complexity of optimization
methods, parallel computing, optimization methods,
decision making, optimization algorithms, evolutionary
algorithms, statistical methods, mathematical methods,
simulation modeling, model optimization, optimization
problem, optimization problems. The total number of
articles on these queries for the period of five years
comprised 434.

The analysis of the retrieved articles was performed
to identify the most common optimization methods used
in different research areas. Figure 1 presents the results
of the conducted analysis, i.e., the ratio of published
articles on the topic to the total volume over the past
five years.

Model optimization methods determine the
conditions of existence of an object or process under
which the highest value of some property of this object or
process is achieved. They are used to search for optimal
solutions to various problems where it is necessary to
optimize certain parameters or criteria [11].

! https://www.scopus.com/. Accessed October 29, 2024.

2 Russian Science Citation Index is a database that
distinguishes the best Russian journals and places them on the
Web of Science platform.

3 Higher Attestation Commission under the Ministry of
Science and Higher Education of the Russian Federation. https://
vak.minobrnauki.gov.ru/ (in Russ.). Accessed October 29, 2024.
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Fig. 1. Share of articles in different research areas over five years

The results offer an integrated picture of optimization
methods and their classification, enabling researchers to
select a specific model optimization method depending
on the objectives, type of optimization, ability to account
for complex target functions, and the advantages and
disadvantages of the methods.

CLASSIFICATION OF OPTIMIZATION METHODS

Optimization methods can be divided into two
categories: those based on the estimation of parameters of
the a posteriori distribution, and those based on imprecise
and approximation estimation. The a posteriori estimate
is an estimate obtained empirically by performing an
experiment, while the approximation estimate is an

Classification
by categories
I

A 2 L 4

estimate approximated to real values. Within the latter,
two more subgroups can be distinguished: those based on
evolutionary algorithms and those based on simulation
modeling. The classification of optimization methods
developed by the authors is shown in Fig. 2.

Stochastic optimization modeling
by Monte Carlo method

The Monte Carlo method is widely used in
stochastic modeling, especially in situations where
probabilistic parameters need to be taken into account.
The popularity of this method is explained by the
possibility of predicting different outcomes based on
probabilistic factors.

= Methods = Methods based
based on estimation on imprecision

of parameters and approximation
of the a posteriori distribution estimation

1) Maximum likelihood
estimation method

2) Bayesian method to
account for a priori
information in the
framework of parametric
statistics

1) Stochastic optimization
modeling by Monte Carlo
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simulation

3) Interpolation
optimization
of the probability
distributions

4) Mixed-integer
optimization
programming
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= Methods based =]
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methods

1) Differential evolution

method 1) Optimization
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algorithm models of strategic

system interactions
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hybrid simulation with
embedded process
optimization

3) Global optimization
method with annealing

4) Particle swarm
optimization method
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6) Artificial bee colony
method

7) Dual annealing method

Fig. 2. Classification of optimization methods
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The process of stochastic Monte Carlo modeling
includes the following steps: generation of random input
data, execution of simulation, generalization of results,
and evaluation of phenomena, which can be generally
described by the formula:

1Y
mc=ﬁi§f(l), (1)

where mc is the estimation of the phenomenon by the
Monte Carlo method, N is the number of the performed
simulations, f{7) is the result of the ith model run.

Unlike deterministic approaches that involve
strict adherence to fixed algorithms, the Monte Carlo
method is based on a multiple repetition of
experiments (simulations) using random input data.
Each run of the model yields one possible result, and the
multitude of such results makes it possible to estimate
the statistical distribution of outcomes and, thus, to
predict probabilistic phenomena more accurately.

The process of stochastic Monte Carlo modeling
includes such stages as generation of random input
data, modeling, accumulation of results (the results
of each individual modeling are saved), evaluation of
phenomena, where statistical processing is performed
on the basis of accumulated data and mean values,
dispersions, probabilities of occurrence of events, and
other characteristics are calculated.

The application of the Monte Carlo method is
not limited to one specific area, finding application in
various forecasting tasks. For example, the Monte Carlo
method was used in combination with an error function
in the form of a Gaussian function to predict the spread
of the COVID-19 virus in Italy [12]. The authors
conducted 150 Monte Carlo simulations to obtain an
accurate prediction of the number of deaths in China
and Italy.

The Monte Carlo method was also applied to
compare the performance of multicriteria prioritization
methods for selecting the sites for solar power plants
in Iran [13]. The study used two reliability measures to
evaluate different prioritization methods, and the Monte
Carlo simulation evaluated the reliability values in each
of these methods by conducting sensitivity analysis.

Optimization by the maximum likelihood
estimation method

The method of maximum likelihood estimation (MLE)
is a statistical approach widely used either alone or
in combination with other methods to process data in
research or problem solving. The method provides
an estimation of unknown parameters by maximizing
the likelihood function, being used for a variety of
purposes [14].

The MLE method searches for the value of 0 at
which the likelihood function is maximized:

Oy g = arg maxyL(0X), 2)

where X is the data sample, 0 is the parametric model;
L(01X) is the likelihood function that, for a given model,
measures the probability of obtaining the observed data X
given the value of the 0 parameter.

This algorithm for implementing the method can be
interpreted as follows: provided that the observed data
can be described by a certain statistical model, MLE
selects such model parameters that make the observed
data the most probable ones.

The basic steps of the maximum likelihood method
include defining the parametric model, formulating
the likelihood function, and maximizing the likelihood
function.

The maximum likelihood method is widely used in
statistics to estimate parameters in various models, such
as linear and generalized linear models, factor analysis,
structural equation modeling, hypothesis testing, confidence
interval formation, and discrete choice models. It is based
on maximizing the likelihood function, which reflects
the probability of selecting a particular parameter given
known events. The MLE method is aimed at finding the
parameters at which the results obtained by the model are
most consistent with the actual data. The estimation of
the parameter correctness is performed using the Akaike
information criterion, which balances the model complexity
and increases the validity at the optimal ratio with the
maximum likelihood. The model with the minimum Akaike
information criterion and the maximum likelihood value is
considered the best. The following formula for the Akaike
information criterion (AIC) is used:

AIC = —2InL + 2K, A3)

where L is the value of the likelihood function of the
model (conditional probability of obtaining observed
data with given model parameters), K is the number of
model parameters.

The AIC can be understood as a measure of the
trade-off between model accuracy and its simplicity. In
cases where the model is extremely complicated (e.g.,
contains a large number of parameters), it may produce
a good fit of the data, but fail to generalize the data. The
AIC criterion avoids this problem by adding a penalty
for increasing the number of parameters.

Optimization in Bayesian models

Bayesian models are based on Bayes’ theorem,
which offers a way of updating probability estimates of
model parameters based on new data. These models take
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into account a priori information about the parameters
and adjust this information to the observed data. Bayes’
theorem is defined by the formula:

P(0| D)= %, “4)

where 0 is the vector of model parameters; D is the
data set on which the model is trained; P(0|D) is the
a posteriori probability of the model parameters given
the data; P(D|0) is the probability of the data given the
model parameters; P(0) is the a priori probability of the
model parameters; P(D) is the marginal probability of
the data.

The application of Bayesian models begins with the
specification of an a priori distribution that reflects the
initial assumptions about the model parameters. This
distribution can be informative provided the presence
of evidence from previous studies, or uninformative
provided the minimum initial assumptions. The
likelihood ratio is then calculated, which shows the
likelihood of the observed data to be observed under
different parameter values. In the next step of applying
Bayes’ theorem, the a priori distribution is combined
with the likelihood to obtain an a posteriori distribution,
which reflects the updated knowledge of the model
parameters after accounting for the data. The resulting
a posteriori distribution is interpreted to estimate
parameters, determine confidence intervals, and make
other statistical inferences. Thus, Bayesian models are
amethod that enables combining a priori knowledge and
new data for a more accurate parameter estimation [15].

Such models are used in statistical analysis, machine
learning, and other areas where uncertainty must be
accounted for and probability estimates updated as new
data become available.

For example, [16] proposed a mathematical model
for detecting anomalous observations using neural
network sensitivity analysis. The use of the Bayesian
approach enabled the researchers to take into account
the uncertainty parameter and accumulate knowledge
about the data behavior. This makes the method effective
for anomaly detection in complex multidimensional data
spaces, such as medical monitoring or disease prediction
systems.

In the economic domain, Bayesian models are
helpful in assessing the impact of tax schemes on
different social groups [17]. The use of theoretical
foundations of planned economy in combination with
Bayesian methods enables analysis of the probabilistic
effects of changes in tax policy and developing optimal
taxation schemes that take into account the uncertainty
of initial data and forecasts. Bayesian methods are used
in the development and analysis of machine learning
algorithms, especially in optimization problems.

For example, the authors [18] proposed a machine
learning model for organizing employee performance
in remote and hybrid modes. The Bayesian approach is
effective in estimating the uncertainty of the data related
to employee performance, taking into account the
probability distribution of various factors such as work
schedule, team interaction, and workflow features. This
makes the model more adaptive and flexible.

Interpolation optimization
of the probability distributions

Interpolation optimization of the probability
distributions is a method that combines interpolation of
data with the construction of probability distributions
to fill in intermediate values between known discrete
points. Splines, i.e., smooth piecewise polynomial
functions that can approximate complex relationships
with a high degree of accuracy, are used for this purpose.

In this approach, the key problem is to construct
a function that not only passes through given points of
probability distributions, but also preserves their important
characteristics, such as the mathematical expectation. To
construct splines, we define the following function [19]:

c; d;

S =a, +bi(x—xl.)+?’(x—xi)2 +E’(x—xi)3, (5)
where a;, b;, ¢;, d; are the coefficients to be determined
at each of the segments; i =1Ln, x; ;| <x<x,.

The method is applied in cases where it is
necessary to predict the probability distribution values
at intermediate points on the basis of discrete data. For
example, in models, splines can be used for interpolation
of the probability distributions in time or by the values
of the parameters.

Special attention is paid to preserving the mean
characteristics of the distribution. To that end, splines
are used, which provide coincidence of the mathematical
expectation of the approximated function with the
mathematical expectation of the original distribution.
This approach makes it possible to preserve statistical
properties of the data, which is especially important
in tasks where correct representation of probabilistic
characteristics is required.

One example demonstrating the application of this
approach is the study of failures of complex systems
under combined loads. The work [20] described an
interpolation method that enables the probability of
system failure to be estimated from a limited amount of
test data under different types of loads. The use of splines
to interpolate failure probabilities makes it possible to
recover distributions for intermediate values of load
parameters while preserving the original statistical
characteristics.
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Another example is related to solar radiation
modeling, where splines with preservation of the
mean value are used for interpolation of solar activity
data [21]. The author proposed an interpolation
method that can correctly reconstruct the distribution
of solar radiation at intermediate points of the time
series, ensuring the coincidence of the mathematical
expectation of the spline function with the initial
average value.

Mixed-integer optimization programming

Mixed-integer programming is
optimization task [22]:

the following

max{cTx:b! <Ax<b2,d! < dez,xl. €S}, (6)

where bl, b2, ¢, d!, d2 e R™; Aisareal mxn -matrix;
X is a n-vector of variables (unknowns); S < {L, ..., n} is
a set of integer variables, and X; is a subset of S bounded
by integers.

Several approaches are used in practice for solving
mixed-integer programming problems.

The branch-and-bound method [23] is based on
splitting the original problem into subproblems, each
of which is solved separately. The main idea is to build
a decision tree, where the search space is partitioned
at each level, and binding is used to exclude irrelevant
variants based on the solutions of previous nodes of the
tree. This method is used in logistics problems where
it is necessary to consider both integer and continuous
variables, e.g., when optimizing delivery routes.

The method of cutting planes [24] is aimed at
improving the approximate solution by adding new
constraints that exclude non-integer solutions from
the domain of admissible solutions. Such constraints,
referred to as “cuts”, gradually refine the search domain
and improve the quality of the solution. The cut method
is frequently used in inventory management and resource
allocation problems.

Decomposition methods [25], such as Benders’
generalized decomposition, involve breaking down
a complex problem into simpler subtasks. Each of the
subtasks is solved separately followed by combining the
results to obtain a solution to the original problem. This
approach is effective for large-scale problems, e.g., in
network planning or power system modeling problems.

The study presented in [26] carried out a detailed
analysis of these methods and their application in linear
and nonlinear optimization problems. The specific
features of each approach and their effectiveness
depending on the specifics of a particular problem
were the research focus. The examples include both
scheduling and model optimization problems where
mixed constraints need to be considered.

Event tree-based optimization simulation

A decision tree is a method for modeling,
classification, and regression [27]. It is a hierarchical
structure in which each node represents a test of some
attribute, each branch represents the result of the test,
and the leaves contain the values of the target variable
or the decision. Decision trees enable the construction
of models capable of making decisions based on the
analysis of multiple input attributes, which makes them
useful in the tasks of data analysis and forecasting.

Problems that require consideration of the time factor
and probabilities of the sequence of events are solved
using continuous event trees [28]. Such structures further
develop the idea of decision trees and enable modeling
of the temporal dependencies and probabilistic nature of
events. In such trees, events are described by statistical
probabilities or exponentially distributed event rates.

Events in the event tree are associated with statistical
probabilities or Poisson-exponentially distributed
constant rates. For example, component failures typically
occur at some constant failure rate A (constant hazard
function). In the simplest case, the failure probability
depends on the rate A and the exposure time #:

P=1—-¢™, (7)

where P = At, if At < 0.001.

This formula describes the exponential distribution
of events characteristic of processes that occur randomly
over time, such as failures of equipment or other systems.

Continuous event trees are useful for risk assessment
in projects where time-dependent chains of events are
possible. For example, in project management, an event
tree can model the risks associated with equipment
failures or delays in the process, taking into account
the probability of problems at each stage [29]. This
approach provides an opportunity to predict the probable
scenarios of event development and develop strategies
for risk minimization.

Optimization in game-theoretic models

Game-theoretic modeling is a method of analyzing
strategic interactions between participants in order to
optimize their strategies [30]. This method is widely used
to study situations of conflict or cooperation, where each
participant seeks to maximize their gains or minimize
losses depending on the decisions of other participants.

A key concept in game theory is the Nash
equilibrium. A Nash equilibrium occurs when no
participant has motivation to change their strategy given
the selected strategies of other participants. This means
that given each player’s strategy, no one has the desire
to change their actions, since any deviation from the
current strategy will not improve their winnings.
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Mathematical formulation: (S, H) is anoncooperative
game of n persons in normal form, where S is the set of
pure strategies, and H is the set of wins. When each
player i €{l, ..., n} chooses a strategy x{i} belonging to
S in the strategy profile (x{1}, ..., (x{n}), player i
receives his win H{i}(x). A strategy profile x" {i} € S is
a Nash equilibrium if changing one’s strategy from x" {7}
to x{i} is not profitable for any player i, i.e., for any
player i: H; (x")> H, (xl.,x:.).

The work [31] was dedicated to solving optimization
problems under uncertainty using game theory, in
particular, a move-by-nature model. This model is
applied when a participant (player) interacts with
an external environment whose behavior cannot be
controlled and which is represented as “nature” or an
external uncertainty factor. Three classical criteria were
used to select the most optimal strategy, including Wald,
Bayes, and Hurwitz criteria.

Embedded optimization methods
in discrete-event and hybrid models

Discrete-event and hybrid modeling with embedded
process optimization represent methods for optimizing
system processes in the context of scientific research.
Discrete-event modeling enables the representation of
a system as a set of entities and resources, emphasizing
the changes associated with discrete events. Conversely,
hybrid modeling combines discrete and continuous
aspects, thus providing a more accurate reflection of the
dynamics of systems [32].

Process optimization embedded in the models is an
integrated mechanism aimed at automatic parameter
adjustment, efficient resource management, and
dynamic process adaptation during the simulation
process.

This optimization approach is effective for simple
variations in the parameters being varied (e.g., different
discrete values of resource capacity); however, it
becomes significantly more complex with the advent
of differently structured process implementations. In
addition, some of the existing simulation environments
equipped with a built-in process optimization subsystem
assume manual configuration of replications. This
causes difficulties due to the large number of replications
required for the task and the probability of human error;
thus, the user may accidentally omit the optimal variant
from the list of runs.

Hybrid modeling is being increasingly used to
describe complex socioeconomic and sociotechnical
systems. This approach includes combinations of basic
paradigms of simulation modeling. Hybrid modeling
allows the system to be considered from different
perspectives, thereby providing a more complete and
accurate picture of its behavior [33].

Differential evolution method

The differential evolution method is one of the
evolutionary modeling methods designed to solve
multidimensional optimization problems. According to
the classification of optimization methods, it belongs to
the class of stochastic methods due to the use of a random
number generator in the process of finding a solution.
It also uses some ideas of genetic algorithms; however,
unlike such algorithms, it does not require working with
variables in binary code.

The algorithm behind this method starts with
initialization of the initial population of points
(candidates), which is randomly generated in the search
space. This population represents potential solutions
for the optimization task [34]. The next step involves
selecting three random points (vectors) from the current
population. These three points will be used to create
anew vector that represents a descendant in the mutation
process.

Difference vector refinement is the creation of a new
vector (descendant) by the difference of two random
vectors multiplied by a scaling factor. This step simulates
mutation, introducing diversity into the population and
providing new candidates for optimization.

The next stage is crossing (crossover), where the
elements of the new vector are compared with the
elements of the base vector. If an element of the new
vector is better (smaller) than the corresponding element
of the base vector, it replaces the corresponding element
of the base vector. This mechanism ensures preservation
of the best characteristics of vectors in the population.
Adaptability is assessed by using a target (cost) function.
The new vector is evaluated, and if being better (has
a lower cost) than the old vector, the new vector is
accepted into the population.

The steps are repeated until a stopping criterion is
reached, such as the maximum number of iterations or
reaching the desired level of fitness. Thus, the differential
evolution method effectively and iteratively improves
the candidate population in search of an optimal solution
to the optimization task.

Genetic optimization algorithm

Genetic algorithms are an evolutionary optimization
method based on the mechanisms of natural selection
and genetic evolution [35]. This method is aimed at
finding an optimal solution to a problem by simulating
the evolutionary process. The algorithm starts with
initialization, which creates an initial population
consisting of a set of possible solutions to the problem
represented as chromosomes, where each chromosome
encodes a particular solution in the search space. At each
step of the algorithm, the fitness of each individual is
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evaluated using a target function whose value reflects
the quality of the corresponding solution. Individuals
with the highest adaptability gain an advantage in the
selection process for further stages of evolution.

The evolutionary process is based on the operations
of selection, interbreeding, and mutation. Selection is
carried out to select the best adapted individuals that
form the basis of a new population. Inbreeding combines
the genetic data of two parents, producing offspring with
combined characteristics, which facilitates the study of
new combinations of traits. Mutation introduces random
changes to the genotype of individual chromosomes,
enabling the exploration of new regions of the solution
space and preventing the algorithm from converging
prematurely into local extrema. Once these operations
are applied, a new population is formed to replace the
previous one. The process is repeated until a given
number of iterations is reached or a solution with an
acceptable level of quality is obtained.

The efficiency of genetic algorithms is largely
determined by tuning the key parameters such as
population size, mutation and crossing probability, and
the number of iterations. These parameters regulate
the balance between exploring the solution space and
refining the current optimal values, which makes this
approach particularly versatile.

For example, the researchers [36] considered the
application of a genetic algorithm based on the theory
of natural selection to solve optimization problems. The
authors demonstrated the effectiveness of the proposed
approach using the example of optimizing the load
distribution function in resource-constrained systems.
A genetic algorithm was used to find the optimal
distribution of tasks among the available computational
nodes in such a way as to minimize the total execution
time and simultaneously balance the load between the
nodes.

Global optimization method with annealing

The global optimization method with simulated
annealing is a heuristic algorithm that found its inspiration
in the physical process of metal annealing [37]. The
method has become part of the toolbox for solving
complex global optimization problems, particularly in
situations where the search space may be complicated,
containing many local minima or having uncertain
characteristics.

The basic concept of the method simulates the
process of material cooling after heating. The initial
“temperature” of the algorithm determines the degree
of aggressiveness of its steps in the solution space. At
the initial stages of the process, the algorithm is more
tolerant to random changes, which enables it to avoid
getting stuck in local minima. Over time, the temperature

gradually decreases, which reduces the probability of
making the worst decisions, making the algorithm more
focused on finding global optima.

The mechanism of operation of the global
optimization method with annealing enables the
algorithm to easily overcome local minima, due to
random natural wandering through the solution space.
This provides a wider coverage of the search for optimal
solutions in complex and multidimensional spaces.

Particle swarm optimization method

The method of particle swarm optimization (PSO)
is one of the heuristic algorithms inspired by the
collective behavior of natural systems, such as flocks
of birds or schools of fish [38]. The algorithm is used
to solve optimization problems, particularly when the
search space is characterized by high dimensionality,
nonlinearity, and the presence of multiple local optima.

PSO is based on the idea of simulating the motion of
particles, each of which represents a potential solution
to the problem. Each particle is characterized by its
position and velocity, which are updated at each step of
the algorithm. The update is based on two key factors:
the personal experience of a particle (the best position it
has previously discovered) and the collective experience
ofthe group (the best solution found among all particles).
This enables particles to simultaneously explore the
search space and focus on the most promising areas [39].

The PSO algorithm has several parameters, such
as inertia coefficient, cognitive and social influence
parameters, which determine the dynamics of particle
movement and their ability to explore and search. Proper
tuning of these parameters helps to balance between
global exploration of the solution space and its local
exploration.

Applications of the PSO method cover a wide range
of optimization problems including machine learning
and neural network design, finding application in various
engineering and scientific fields.

Ant colony optimization method

Ant colony optimization (ACO) is a heuristic
method developed based on observations of the
collective behavior of ants in nature [40]. It is based
on the concept of using pheromones and stigmergy to
solve optimization problems. The principle of ACO
is based on modeling the behavior of ants that leave
a chemical trace—pheromones—when searching for
food. These traces serve as a guide for other ants,
increasing the probability for them to follow the same
route.

One specific feature of this algorithm consists in
dynamic updating of pheromone traces. In this case,
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shorter and more efficient routes are reinforced by more
pheromones left by ants. This mechanism enables the
algorithm to gradually concentrate on the most optimal
solutions, eliminating less promising routes [41].
The ACO method is effective in problems where it is
necessary to explore a large space of possible solutions
and select the best of them.

The application of ACO covers a wide range of
optimization problems. These include, e.g., solving
routing problems and finding optimal paths in networks,
such as transportation systems or computer networks.
Parallelization of the algorithm, which consists in
dividing the work into several independent agents,
makes it possible to significantly reduce computation
time and make the algorithm applicable to problems
with a large number of variables.

Artificial bee colony method

The artificial bee colony (ABC) method is an
optimization algorithm that simulates the strategies
of bees searching for food sources in nature [42]. The
algorithm distinguishes three types of bees: workers,
observers, and scouts.

At the initial stage, there is preliminary information
about the location of food sources representing
admissible solutions to the optimization task. The
worker bees head to these sources, search in their
vicinity, and memorize new solutions that improve the
parameters of the task.

After the search phase is completed, worker bees
return to the hive and relay information to observer
bees about more attractive sources. The observer
bees probabilistically select a source to start their
search, conducting it in the same way as the worker
bees. New solutions are retained only when the
quality improves on the given parameters. The search
process continues until a given number of iterations
is reached [43].

Table. Comparison of optimization methods

Dual annealing method

Dual annealing is a stochastic global optimization
method that is an extension of the simulated annealing
algorithm [44]. The method is designed to improve the
efficiency of finding the global optimum by using a local
search algorithm in addition to the simulated annealing
procedure. This approach improves the accuracy of
finding the optimal solution, particularly in problems
with a large number of local extrema.

The basic principle of dual annealing implies
the initial application of the stochastic global search
process based on the principles of thermodynamic
annealing.  Simulated annealing  successfully
determines the region of the solution space in which the
global optimum is located, although not guaranteeing
the exact solution inside this region. To overcome
this limitation, the dual annealing algorithm applies
a local optimization method to the solution found
by simulated annealing in the final step. The local
search enables the refinement of the solution found,
minimizing the risk of missing the global optimum
due to insufficient exploration of a limited region of
the solution space.

The dual annealing algorithm is successfully
applied in problems where the search space is
complex and multidimensional, containing many local
extrema. Dual annealing demonstrates high efficiency
in engineering when solving design optimization
problems, in development of complex technological
systems, or in tuning hyperparameters in machine
learning models. Its ability to combine the advantages
of global and local search makes this method versatile
and solvable.

Nevertheless, a detailed study of evolutionary
optimization methods is a separate area of scientific
research.

A comparative analysis of optimization methods is
presented in the table.

Method Type Field of application Advantages Disadvantages
. L Simulation of random .
Stochastic optimization u o . . Requires a large number
. . processes, probability Simple, versatile, .
modeling Stochastic R o . of calculations, can be
estimation, optimization high accuracy . .
by Monte Carlo method computationally expensive
of complex systems
Optimization Estimation of the model Requires knowledge of the target
by the maximum Deterministic arameters based on data Accuracy, efficiency | function form, can be sensitive
likelihood method p to the choice of initial values
Obtimization Probability analysis, Accuracy, flexibility, | Requires knowledge
iana esian models Deterministic | consideration of a priori consideration of the target function form,
Y data, forecasting of a priori data can be computationally expensive
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Table. Continued

Method Type Field of application Advantages Disadvantages
. . . S . . Requires knowledge of the target
Differential evolution . Global optimization Efficiency, resistance qau & - a1g
Evolutionary . . . function form, can be sensitive
method of the multivariate functions |to local minima .
to parameter selection
. P o . . Stability to local Requires a large number
Genetic optimization . Finding optimal solutions vty . q A8
. Evolutionary . minima, solving of calculations, can be
algorithm in complex problems Lo . .
multicriteria tasks computationally expensive
S Simulation of metal . . Requires a large number
Global optimization . v . Efficiency, resistance qu . genu
. . Evolutionary | annealing process to find . of calculations, can be
method with annealing o to local minima . .
the global minimum computationally expensive
Collective search .
. . . . . Requires a large number
Particle swarm . for optimal solutions, Efficiency, resistance .
L Evolutionary . . . of calculations, can be
optimization method simulation of the bee swarm | to local minima . .
. computationally expensive
behavior
T . . Requires a large number
Ant colony optimization . Shortest paths search, route | Efficiency, resistance .
Evolutionary L - of calculations, can be
method optimization to local minima . .
computationally expensive
e Simulating the behavior of . . Requires a large number
Artificial bee colony . & Efficiency, resistance q . g
Evolutionary | scout bees and forager bees . of calculations, can be
method . to local minima . .
to find solutions computationally expensive
. . Requires a large number
. . Use of two temperature Efficiency, resistance .
Dual annealing method | Evolutionary . of calculations, can be
modes to local minima . .
computationally expensive
. . Requires knowledge
Event tree-based . Risk analysis, assessment of o d 5
e . Stochastic ... |Accuracy, flexibility | of the target function form,
optimization simulation event occurrence probability . .
can be computationally expensive
Interpolation . Requires knowledge
RO . Modeling of complex o ;
optimization of the Stochastic ng ol comple Accuracy, flexibility | of the target function form,
e probability distributions . .
probability distributions can be computationally expensive
Mixed-integer . P Requires knowledge
xec-ntes L Solving optimization tasks . d 5
optimization Deterministic s . Accuracy, efficiency | of the target function form,
. with discrete variables . .
programming can be computationally expensive
S Analysis and optimization of Requires knowledge
Optimization in game- s .. . I .
theoretic models Deterministic | strategies in the competitive | Accuracy, flexibility | of the target function form,
environment can be computationally expensive
. T . Requires knowledge
Discrete event and . Optimization of dynamic o qu wieds
. Stochastic i1 g Accuracy, flexibility | of the target function form,
hybrid models systems with discrete events . .
can be computationally expensive

Stochastic methods are used in various fields due to

Evolutionary algorithms work by creating candidate
populations, subjecting them to evolutionary operators
such as crossbreeding, mutation, and selection
to gradually improve the population toward the
optimization of a given function. The methods can also
be used for multicriteria optimization when multiple
target functions need to be considered.

their capacity to estimate model parameters, account for
various probabilistic factors, and for model fitting.

In deterministic optimization methods, the process
is completely defined and predictable. Deterministic
optimization algorithms seek to find a solution by
following a strictly defined set of rules or procedure.
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On the basis of the conducted review, the following
algorithm for selecting the necessary optimization
method can be proposed:

o first, determine the quality of the input data,
completeness of the sample, and the number of
attributes to be considered;

e then, select a group of methods based on a posteriori
or approximation estimation;

e considertheapplication area, estimate the complexity
of the system, and select the optimization object;

¢ finally, select the method depending on the task and
expected results.

CONCLUSIONS

In this article, we carry out an analytical review of
optimization methods and provide their classification.
The methods under consideration are distinguished
into two main groups: those based on the estimation of
a posteriori distribution parameters, and those based

on an inaccurate and approximation estimation. The
advantages and disadvantages of each method in terms
of'its applicability in simulation modeling are discussed.

The results of the study can be used when conducting
scientific research in the field of model optimization
problems and for the practical tasks of developing
models and decision-support systems on their basis.

Future research should be aimed at a detailed study
of evolutionary optimization methods and a comparison
of the performance and applicability of optimization
methods based on various models.
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Abstract

Objectives. The work set out to consider the problem of identification of decentralized systems (DS). Due to the
increasing complexity of systems and a priori uncertainty, it becomes necessary to identify appropriate approaches
and methods. In particular, this concerns the parametric identifiability (Pl) of DSs. This condition can be explained
in terms of the complexity of the DS and the presence of internal relationships that complicates the process
of parametric estimation. Thus it becomes necessary to propose an approach to Pl based on meeting the conditions
of the excitation constancy that takes subsystem relationships into account. A class of nonlinear DS is considered
whose nonlinearities satisfy the sectoral condition. By taking this condition into account a more rational approach can
be taken to the analysis of the DS properties. The work additionally set out to: (1) develop an approach to the analysis
of the properties of adaptive identification systems (AIS), taking into account the requirements for the quality of the
processes and synthesis of adaptive parametric algorithms; (2) investigate the possibility of using signal adaptation
algorithms in DS identification systems and searching for a class of Lyapunov functions for the analysis of AIS with
such algorithms; (3) model the proposed methods and algorithms in order to confirm the results obtained.
Methods. The research is based on adaptive identification, implicit identification representation, S-synchronization
of a nonlinear system, sector condition, and Lyapunov vector function methods.

Results. The conditions for the parametric identifiability of the DS at the output and in the state space are obtained.
A criterion is proposed for estimating the stability of an AIS with signal adaptation. Algorithms for adjusting the
parameters of an AIS are synthesized. The exponential dissipativity of the evaluation system is confirmed. The
influence of interrelations in the subsystems on the properties of the obtained parameter estimates is considered.
An adaptive algorithm can be described by a dynamic matrix system if a functional constraint is imposed on the AIS.
The proposed methods and algorithms are modeled to confirm their validity.

Conclusions. Considering the problem of identifying nonlinear DS under uncertainty, estimates have been obtained
for the nonlinear part of the system satisfying the quadratic condition. The parametric identifiability of nonlinear
DS has been confirmed. Algorithms for parametric and signal adaptive identification have been synthesized. A class
of Lyapunov functions is proposed for evaluating the properties of an adaptive system with signal adaptation. The
exponential dissipativity of processes in an adaptive system is demonstrated.

Keywords: adaptive identification, identifiability, exponential stability, excitation constancy, Lyapunov vector
function, signal adaptation, sector condition
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HAYYHAA CTATbA

O0 uaeHTHPUKANMH JEHEHTPATU30BAHHBIX CUCTEM
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e Moctynuna: 11.11.2024 » Aopa6oTaHa: 18.01.2025 ¢ MpuHaTa k ony6nukosaHuio: 21.05.2025

Pesiome

Llenun. PaccmatpuBaeTca 3agaya naeHTudukaLmm oeueHTpann3oBaHHbix cuctem (AC). YenoxHeHve cuctem n anpu-
opHasi HeonpeaeneHHoCTb TPebyoT pa3paboTky COOTBETCTBYIOLLMX NMOAXOA0B M METOAO0B. DTO KacaeTcs, npexae
Bcero, napametpuyeckoi ngeHtnduumpyemoctn (M) AC. Takoe COCTOAHNE MOXHO 0ObACHUTL CNOXHOCTbIO [C,
HaM4Mem BHYTPEHHMX B3aMMOCBS3Ee, KOTOPbIE YCIIOXHSIM MPOLLECC NapamMeTpUYeckoro oLeHnBaHms. Heobxoammo
npeaioxXnTb noaxon, k M, 0CHOBaHHbIN Ha BbINOJSIHEHUN YCITOBUS MOCTOSIHCTBA BO30Y>XXAEHWS 1 yHeTE B3aMMOCBS3EN
B noacuctemax. PaccmaTtpmBaeTcs Knacc HenMHenHbIX 4C, HENIMHENHOCTU B KOTOPbIX YAOBNETBOPSIOT CEKTOPHOMY
YC/OBUIO. YYeT 3TOro ycnoBusi No3BossieT 060CHOBaHHO MNOAOWTY K aHann3y cBoiicTs [1C, 4To ABNsSieTCcs 0AHOM 13 Le-
nen gaHHoro uccneposaHus. Kpome Toro, uenamu paboTsl aensoTcs: 1) paspaboTka noaxoaa K aHanvay CBOWCTB
aganTuBHbIX cuctemM naeHtuounkaumm (ACK) ¢ ydetom TpeboBaHMIA K Ka4eCTBY MPOLECCOB U CUHTE3 adanTUBHbIX
napameTpu4eCcKnx anroputMoB; 2) NCCnefoBaHMe BO3MOXHOCTU MPUMEHEHNS anrOPUTMOB CUMHANIbHOM adanTtaumm
B cuctemax naeHtndunkaumm AC n nonck knacca ¢yHkumin JlanyHoBa ans aHanu3a ACU ¢ Takumu anroputMmamu;
3) mooennpoBaHve npeanaraemMbiXx METOAOB M aITOPUTMOB C LIENbIO MOATBEPXAEHMS MOMYYEHHbIX PE3Y/bTaTOB.
MeToabl. [MpumeHaloTCa MeTon afanTUBHOM MaeHTUdUKaUUN, HeaBHOe MAEHTUOUKALMOHHOE NpeacTaBlieHne,
S-CMHXPOHN3ALNSA HENIMHENHOM CUCTEMbI, CEKTOPHOE YCNIOBME, METOA, BEKTOPHbIX GYHKLMIA JIanyHOBA.
Pe3ynbTatsl. [TonyyeHbl ycnosus M ,C no BbixoQy 1 B NPOCTPAHCTBE COCTOSHUSA. [peanoxeH Kputepuii, no3Bo-
NSO NONYYUTh OLLEHKM yCTonuYmnBocTn ACU ¢ curHanbHol apantaumen. CUHTE3MPOBaHbI aNrOPUTMbl HACTPOMKN
napameTpoB ACW. lokazaHa SKCnoOHeHu anbHas AUCCUNATUBHOCTb CUCTEMbI OLLEHMBAHNS. PACCMOTPEHO BAUSIHNE
B3aMMOCBS3€el B NoACUCTEMAX Ha CBOMCTBA MoJly4aeMblX OLEeHOK napameTpos. [TokasaHo, YTo afanTUBHbLIA anro-
PUTM MOXHO OonmncaTb ANHAMUYECKON MATPUYHOWM cuctemon, ecnu Ha ACY HanoxmnTb GYHKUMOHANBHOE OrpaHmye-
Hve. BbinonHeHO MoaennpoBaHme npeajiaraeMbix METOO0B U alirfOPUTMOB.

BeiBOoAbl. PaccmoTpeHa npobnema naeHTndunkaumm HenvHenHoix 1C B ycnoBmsx HeornpeaeneHHocTu. [MonyyeHsl
OLEHKN AN HENIMHENHOM 4YaCcTn CUCTEMbI, YAOBETBOPSAIOLLEN KBaApaTUYHOMY ycnosuio. JokadaHa NN HennHen-
HbIX [1C. CMHTE31pPOBaHbI aNrOPUTMbI MAPAMETPUYECKON 1 CUTHANTIbHOW aaanTUBHOM naeHTudukaumn. Npeanoxex
Knacc GyHkUnn J1anyHoBa ons OLEeHKM CBOMCTB afanTUBHOW CUCTEMbI C CUMHANIbHOW agantauven. JokazaHa akcno-
HeHumnanbHas AMCCMNaTUBHOCTb NMPOLLECCOB B a4anTUBHOM CUCTEME.

KnioueBble cnoea: agantueHas naeHTUdUKaLMS, UOASHTUDULMPYEMOCTb, SKCMOHEHUManbHasa yCTOMYMBOCTb, MO-
CTOSAHCTBO BO30YXAeHWNs, BeKTopHaa GpyHKUMA JIanyHoBa, CUrHanbHasa agantaums, CeKTOpHOe YC/ioBMe

Ansa untupoBaHua: Kapabytos H.H. O6 maoeHTudumkaunm OeueHTpannu3oBaHHbIX cuctem. Russian Technological
Journal. 2025;13(4):95-106. https://doi.org/10.32362/2500-316X-2025-13-4-95-106, https://www.elibrary.ru/EFGVQG

Mpo3spa4yHoCTb HPUHAHCOBOI AeATeNIbHOCTU: ABTOD HE NMeeT GUHAHCOBOW 3aMHTEPECOBAHHOCTY B NpeacTaB/ieH-
HbIX MaTepuanax uiM metTonax.

ABTOp 3asBnsieT 06 OTCYTCTBUN KOHDNNKTA MHTEPECOB.

* Penakiys IPUHOCHUT CBOU COOOJIE3HOBAHMS B CBsI3U ¢ koHunHOW Hukomnass Hukonaesuua KapabyToBa nociie npuHATHS PyKOITHUCH
K IyOJTUKAIHH.
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On the identification of decentralized systems

Nikolay N. Karabutov

INTRODUCTION

Decentralized control systems are widely used
to solve various problems. In most cases, the focus
is on ensuring the stability and quality of a system.
Typically, decentralized systems (DS) operate under
conditions of insufficient a priori information [1-7].
Various approaches and methods are used for the
management of DS. Identification methods based on
adaptive observers [2, 5], neural networks [6], frequency
methods [7], model-based approaches [8], correlation
analysis, and least squares methods [9] are used to
recover the missing information. In [10], a two-step
identification procedure is implemented. After applying
adaptive control regularities, various procedures are
used to estimate their parameters [11-13].

The analysis shows that different identification
procedures and methods can be applied depending on the
subject area for which a DS is being developed. Existing
parametric uncertainties are typically compensated by
adjusting the parameters of the adaptive control law.
However, retrospective identification methods do not
always take into account the current state of the system. In
addition, the properties of the proposed algorithms and the
identifiability of the system itself, as well as the influence
of links in the system, are not always taken into account.
This is compensated by the use of multistep identification
procedures.

The present work considers the problem of adaptive
identification of nonlinear DS (NDS) with nonlinearities
for which the quadratic condition is satisfied (Section 1).
Section 2 analyzes the important problem of parametric
identifiability (PI) of an NDS in both the state variable
space and the output space. The influence of the properties
of the information space of the system on the PI is analyzed.
An approach for the synthesis of adaptive algorithms (AA)
for identification based on the second Lyapunov method
is proposed. Two classes of algorithms, parametric and
signaling, are considered. The properties of the identification
system are studied. The exponential dissipativity of the
adaptive identification system (AIS) is proved.

1. PROBLEM STATEMENT

The system consisting of m interconnected

subsystems is considered:

m
X =AX +Bu+ Y AX (X)),
S =L, j#i (1)

where X; e R", Y; e R% are state and output vectors
- m
of S, subsystem, u; €R is control, i=1,m, Y n =n.

i=1

Elements of matrices A; € R"*"i,B, e R" ,A; € R

are unknown, C; € R%". The matrix Kij reflects the

mutual influence of the S; subsystem. F; (Xi ) eR"

takes into account the nonlinear state of the S; subsystem,

and the matrix A; €.7" is Hurwitz (stable).
Assumption 1. F(X)) belongs to class

g (nl,nz): o
= {F(X) eR" ;X <F(X)<m,X, F(0) = 0}
and satisfies the quadratic condition
(r,X-F(X))" (F(X)-m,X)>0, (3)

where ; > 0, 7, > 0 are given numbers.
The mathematical model for system (1) is the
following:

m. o~ 4)

where K; €..7" is the Hurwitz matrix with known
parameters; X; is the model state vector; A;, B,, and

A,-j are adjustable matrices of appropriate dimensions
and F; is the a priori given nonlinear vector function
with known structure. The matrix K is chosen according
to control or identification system requirements.

It is necessary to find algorithms for estimating the

parameters of model (4) based on the analysis of the set of
measurement data L= {Xl. (), u; (1), X0, tel= [to,tk ]}
(J is the data acquisition interval; #is the time; and t, t, are the
beginning and end of the time interval) and satisfying
assumption 1, such that

lim X, () - X, (1) <5,
[—
where 8, > 0.

2. ON THE IDENTIFICATION
OF THE S; SUBSYSTEM

The possibility of parameter estimation depends on
the identifiability of the S, subsystems. It is known that
in adaptive systems, the excitation constancy
condition (marginal non-degeneracy) of elements I ;
should be satisfied when implementing estimation
algorithms.

Let the function u(7) satisfy the excitation constancy
condition:
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Loy, le?(t)saui Vte[to,to +T], 5)

where &y, ,0,, are positive numbers, 7> 0. Further, the
1
condition (5) is written as u,(1) €27, 5 . Ifu(f) does
=Uu; >y
not have the excitation constancy property, then it is
written as u; (1) g @7, g oru,(H)gce .
=u;’ u;

Note 1. For the identification (identifiability) of
nonlinear systems, condition (5) should be chosen taking
into account the S-synchronizability of the nonlinear
system [14]. In this case, property (5) is written in the
following form:

, (Qu[ <ul(1) < a, )&(Qui (o) = Qs(co)),

where Q”i (o) is the set of frequencies u; g(w) is the

set of admissible frequencies of the input u,, providing
S-synchronizability of the system. In the following, the

excitation constancy property is denoted by %‘%u o
0y,
noting that it guarantees 7(15 5
—Uu;>"u;
The model (4)

is considered to obtain the
identifiability ~conditions of S, For the error

E; = Xi —X,, the following equation is derived:

E, =K,E, + AA)X; + ABu; +
M 6
+ > AAX; HAF (X)), ©
Jj=Lj#i
where AAI :Ai _Ai’ ABI :ﬁi _Bi’ AKZ] :KU _Kij’

AF; = ﬁ‘i —F, are parametric discrepancies.
Lemma 1. If the nonlinearity F(X) e R” belongs to
the class F(X)e. 7§ (nl , nz) and

T X<F(X)<n,X, (7

then the following estimate holds for F(X):
2 —
[F(O" < naix ®)

where XeR", n, > 0, m, > 0, 1 =n(n1,n2) >0,
Oy =0y (X) > 0.

Lemma 2. If the conditions of Lemma 1 are satisfied,
then the following estimate holds for AF(X):

AFTAF <2nay + 8,

2

where N=2%+7°, T=mn,,n=m, +n,, 5> 0.

Consider the system (6) and the Lyapunov
function (LF) ¥; (E;) = 0.5ETR,E;, where R, =R] >0

1
is a positive definite symmetric matrix. We denote the

matrix norm AA;: "AAZ- " =, /Sp(AAiTAA s
HAKU :,/Sp(AA;AAij), Sp(+) is the trace of the
matrix.

Theorem 1. Let 1) the matrix A; €./

2) X;(t)e %’@xi ax, ,Xj e %’@Xj »axj u,(t) e ?/l“(dw 4, ;

1 1

and 3) the conditions of Lemmas 1, 2 are satisfied
for F(X,). Then the subsystem (1) is identifiable
on the set I ;, provided that

2{&&. aa, | + q, |aB,[ +

(€]
mo — 2 _ _
+ . Z ,an HAAIJ“ +2nocxi +8Fi <AV
Jj=Lj=i

where Xl- =A; —k;, A, >0 is the minimum eigenvalue of
the matrix Q,, k£, > 0, K,R, +K;/R; =-Q;, Q, is a
positive symmetric matrix, N=2%+n%, © = T+,
T=m",, 8Fi >0.

If the conditions of Theorem 1 are satisfied, then the
S, subsystem is called identifiable on the set I
or &7y -identifiable.

1

We consider the identifiability of the subsystem S,

on the set “Input—Output™:

I[O,Yl- = {Yi(t)’ Hl-(t), Yj(t)a tel :[to,tk]}.

For the §; subsystem, the following representation
is true:

Y, = A#’in. + B#,i”i +

mo o (10)
+ > A, Y, +CIF(CY,),
j=Lj#i
- # T - ~ -
where C; =(CTc;) €T, A, =C/A,C;. B, =CIB,

~ hum & .
A#,ij =Cj Al.jCj, # 1is the
pseudoinversion.

Taking into account the specificity of equation (10),

the model for (10) has a similar structure to (4). We
E,, =Y,-Y, and LF

sign of the matrix

introduce  the
_ T
Vs (E#J ) =0.5E] R,E, .
Theorem 2. Let: 1) the matrix A#,ie%/ ’;
DY, o Y07, v, u () e@7,

€Iror

a a 8,
; Y L

3) the conditions of Lemmas 1, 2 are satisfied for F(X);
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and 4) the S, subsystem is observable. Then the
subsystem (1) is identifiable on the set ]Io,Yi’ provided
that

Z(aYi Jaas [+ a, |aB,| +

m — 2 _
+ Z dy, “AA#J] “ +21‘|(in +6Ft Shy Vi
J=1,j#i
where  AAy, =A,, — Ay, ABy, =By, -By;,
AR, =Ay;—Ay AF=F—F 7, >0

The proof of Theorems 1 and 2 is reduced to ensuring
the non-positivity of the LF derivatives.

3. SYNTHESIS OF ADAPTATION ALGORITHMS

We consider the LF 7 (Ei ) =0.5ER,E; whose
derivative on the motions (6) has the following form:

— T T
V,=-ETQ,E, +EJR, x

m
x[AAiXi +ABu; + . AAX; +AF, (xi)J.
j=1,j#i

We require that in the process of adaptation the
following functional constraint is satisfied:

V <—y;(AA;,AA, AB, AF)),
where
1(AA;.AA;,AB;, AF, ) = 0.5((p A, O]2A, of +

+ 03, QRO + o0, OB+ o3, 0% 0 )
Pa, (0, 95 (). g (1), ¢ (1) are bounded non-
negative functions. Then
M =V; +y; =—EJQE; +7(AA,,AA,, AF, ) +
mo (11)
+ETR, {AAI.XI. +ABu; + D AAX HAF (X, )J
j=Lj#i

From the condition n < 0, the AA is derived, as
follows:

A T
AA; =T, ((pAi A +ERXT),

— A T
ARy =Ty, (%l_jAAij +ERX] ) (12)

i [

AB, =-Ty ((pBijABi +R.E.u.),

where T’ A r A’ and T p, are diagonal matrices of

corresponding dimensions with positive diagonal
elements. This guarantees the stability of the adaptation
processes.

3.1. Parametric algorithm for F;

Parametric and signaling algorithms can be
used to estimate F, We consider the parametric
approach [15].

Assumption 2. The function F(X)) is defined on the
following set:

F, e]FFi :{Fl. € Ng (Tcl,nz):Fl.(Xi):

=FT (Xl.,Nl.yl)Ni’z, (13)

N, =[NJL.NL TN, e Ni,a},

where Ni’a = {Ni eR":N; <N; < N;} is  the
a posteriori formed parametric domain for F; E,ﬁ are

the vector bounds for N, understood as n; € N;, 7; € Ni;
N, | is the a priori known vector of nonlinearity
parameters, N; , is the a priori unknown set of
parameters, which is further considered as a vector to be
estimated. Some elements of N;, Ni may be unknown.
The structure I:‘l. (Xl. Ni ) is formed a priori taking into
account the known vector N, ;.

It follows from (13) that the estimate of the vector
function F(X,) in the identification step is sought in the
following form:

A

F.(X,)=FT (Xi’Ni,l)Ni2’ (14)

s

where Ni,l eR"1 is the a priori estimate of known
parameters, Ni,z eR":2 is the vector of adjustable
parameters.

We assume N; =N, UN;,. The set N, cR"l
(Nl.,1 € Ni,l) contains elements that are not available for
tuning with AA. The elements N;, €N, , < R"2 are
estimated in  the identification  step. The

matrix Fl.( y,Ni’l) is formed in the step of structural
synthesis (analysis) of the system. The representation (14)
is a consequence of the proposed parametric concept
for F(X)). A

Note 2. The vector N;; can be tuned iteratively
based on the forcing algorithm [15].

Since AF=F[T (y, Ni,l)NLz -F,(X;), then from

the condition Vl <0 we obtain AA for Ni’z, as follows:

Russian Technological Journal. 2025;13(4):95-106

99



On the identification of decentralized systems

Nikolay N. Karabutov

N, = _rFi (‘PFi Ni,+ F'RE, (Xi’Ni,l ))> (15)

where I'p is a diagonal matrix with positive diagonal
1

elements.
In the following, the system (6), (11), (15) will be
denoted as AS ;5 to simplify the references.

3.2. Signaling algorithm

We consider the following model:

LS (16)
+ z A X+,

L

and the error equation:

E, =K.E. + AA X, + ABu, +
o (17)

Z AX;+U (X)) -F(X).

j=Lj
The LF derivative has the following form:
V;=-ETQE, +E[R, x
LI (18)
x| AAX; +ABu; + > AA X, +U, ~F, |,
j=L,j#i
and the algorithm for U, is as follows:

U,=-DRE, (19)
where D; e R is the diagonal matrix with positive
elements.

Since  F;(X;)e. /g (m.m,),
for F(X)).

We use the approach described in [16]. Choose the

Lemma 1 holds

clements of the matrix D, from the condition
||Dl. || >d; zna X, Then we obtain the following
for (18):

7 — _gT T

V.=-E;QE, +E;/ R, [AAI.Xi +ABu; +
20)
n —_—

+ D, AAX;-DRE,-F |

j=l.j#i

Since E/R,D;RE; >2moy AV,
the smallest eigenvalue of the matrix R, then

where &Ri is

/ T
V,<-oV, +E]R,

(21)
X{AAX +ABu, + Z AAUX]J,
J=1,j#i

where c=A

After
following:

Q" 2ngxi &Ri .

simple transformations we obtain the

RS (NI e

¥ a | J

J=lj#i

If the condition

2(axi ||Ml||2 +a, [aB, ||2 +

+ Z OLX “AAUH +noclX oV;
J=1,j#i

is  satisfied, then the  system (16) at

(ul- ®),X; (), X j (t)) €@ ¢ isparametrically identifiable

on the set {ui @), X;(®), X j (t)} on the class of
algorithms (12), (19).

For ease of references, the system (6), (12), (19) is
denoted below as A4S, 5,

4. ADAPTIVE ALGORITHM
AS A DYNAMIC SYSTEM

The considered approach to AA synthesis is based
on meeting stability properties and is typical of AIS.
Attempts to obtain more complex AAs involve imposing
constraints on the system. This approach requires
certain knowledge and does not always lead to workable
algorithms. Below, a method is proposed that takes into
account a number of requirements for AIS.

Consider the synthesis of AA using the matrix A, as
an example. We apply LF, as follows:

VA(E;,AA;,AA, )= 0.5ETR.E, +0.55p(AATAA, ).

We require that the functional constraint is satisfied:

VA <y, =—a,Sp(AATAA,).

Then for my = V.l-A + OLASp(AAiTAAi) on the
motions (6) we obtain the following:
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na =-ETQE, + ETR,AA X, +Sp(AATAA, )+
+Sp(AATAA, )+ 0, Sp(AATAA, ).

Hence AA follows for AA;:

_ A T
AA; =-AA; —a,AA, - rAiEiRin‘ .
LetAA; = Z,. Then

Z,=2,,
Saa Z,=-o0,Z, -7, -, ERXT
P A

Thus, we obtain the AA whose state is described by
the S, , system, provided that the functional constraint
X = 0 is imposed on the AIS.

Note 3. Theoretically, different classes of
algorithms can be obtained from this approach. Their
implementation requires further structuring, taking into
account the operating conditions of the loop system.

5. ADAPTIVE SYSTEM PROPERTIES
5.1. The ASA,_.i system
We consider the AS ;. and A4S, systems along
i j
with LF ¥;(E;)=0.5ETR,E,,
Vi =0.5-Sp(AATT;1AA, ) +
m —_— —_—
+0.5) Sp(AATT;'AA, )+

J=1

- -1
+0.5ABIT;!AB; + 0.5AN{2rNi ,ANN -

(22)

Theorem 3. Let: 1) there exist LFs V(#) and Va 1G]
admitting an infinitesimal upper limit; 2) A; €..77;
3) Aij guarantee the stability of the S, subsystem;

> I e .
HX;(t)ew ax, ax, X;()ew @xj ax; u(tyez (Q"i a,’

5) F FFi , where FF,- is the set of functions belonging

to -/, 6) the system of inequalities is valid for the

vector LF W, :[Vi,VA,i]T :
2 _

. 2
Vi < i EKi {V }— H; °F,
. = 1 1
Vai Yail Jossy,

Sxa,ipi _Bxx,i

» (23)

Aw, L;

1

where ui,Ki,Sm’i,pi,BM,i,GFi,SN,Z- are positive

numbers depending on the parameters of the S, subsystem

and the characteristics of the information set;
and 7) the upper solution for W; satisfies the system of

equations vai = AVVi SWi +L;, provided that
w (£) <5, (¢) V(tZtO)&(wp(to)Ssp(tO)),

p=e,i;A,i for elements W, w, € W, 5y € Sw.- Then
1

the system is exponentially dissipative with the following

estimate:

t
W.(1) < eAWf("tO)sWi (1) + JeAWi(t_T)Lidt, (24)
fy
if

“z‘zf’xx,i 2269, iP;- (25)

The limiting properties of ASy ; are determined by
the elements of the vector L, If the structure and the

parameters of the vector Ni,l are known, then the
subsystem is exponentially stable, provided that
Fl. ECE.

We consider the ASp; ; system consisting of the
ASp; m ASp ; subsystems. For ASg; ;, the following
system of inequalities applies:

W, | |Aw, 0 I'w. ] [L,
v.[5l 0o Ay (W |TL, ] @9
W; w LY L

J

where AWi and L, are of the form (23).

The conditions for exponential stability are as
follows:

2 2
My ka,i = ZKiSX(x,ipi’ K B?ux,j = 2KjSXU~’jpj'

5.2. The AS, g system

We consider the LFs V(#) and
— -1
Vagi=0-5-Sp(AATT1AA, )+

m
+0.5) Sp(AAJT;'AA,; )+ 0.5AB]T;1AB, +
j=1
t
+0.5[ Ay BT (1A Fy(v)dr,
to 1 1
where AUi F,=U, -F,.

Theorem 4. Let the following conditions be
satisfied: 1) there exist LFs V() and VAS,i (t) admitting
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an infinitesimal upper limit; 2) A; €.77; 3) Kij

guarantee the stability of the S, subsystem;
4) Fl.(Xl.)eJ/VF“(nl,nz); 5) ui(t)e%?éui,&ui,

. (NG _ . [z 2% _ : 1
X;() e (/@Xi,axi, X](t)e ,/lej’axj, 6) in some
> 0
FTA, F, = 2 Ay FIP) s valid at £>>1,:

i Ay = "Fl" +“ v, ’H is valid at 0>

7) the system of inequalities for the vector LF

origin region there exist such v, that

- -T
WS’Z. = _Vl.,VAS,l._ is satisfied:
o [ 2
Vi < 1 0 AS,i I:VI ]+
Ao
= ?ASJ SASzp’ BAS”' WSJ
We v S
s Avy BNC)

0
+ — |
{\/0. 125vl.niotxi }

Lg

i
>

where u,-,KAS,I-,SA'i,pI-,BAJ,Vi,n,- are positive numbers

depending on the parameters of the A4S ¢ subsystem
1

and properties of the information set I ;;and 8) for the

upper

SWSi = AWS,iSWS,i +Lg ; is valid, provided that

solution Wg;, the system of -equation

w, (£) < 5, (0) V(tZtO)&(wp(to)Ssp(tO)),

p=e,i; Ag; forelements WSi’ W, € WSi’ s, €Sw. -

P S,i

Then the A4S, g system is exponentially dissipative
1

with the following estimate:

A t—t,
W, ()<e w, (1=0)

SWs. (o) +
L Aw. (- (28)
+ Ie WSi( G)Ls,idG,

)

: 2
if 7B 229,88 -

It follows from the that using the
AS g system gives biased estimates of the S, subsystem

results

parameters.

The scheme used to prove Theorems 3, 4 is given
in[17].

Note 4. It should be noted that signaling algorithms
are widely used in adaptive control systems. Their use is
justified on the basis of ensuring the non-positivity of
the LF derivative. This is due to the use of quadratic LFs,
which incompletely reflect the specificity of the

processes in A4S ;g systems. The LF VASi proposed in

the paper makes it possible to substantiate the properties
of the A4S, ¢ system and to obtain estimates of the
1

quality of its functioning.

Note 5. Algorithm (19) is a compensation control.
Therefore, the term “signal adaptation” (SA) only refers
to the choice of the gain matrix in (19). In identification
problems, the SA use depends largely on the quality
requirements of the identification system.

Note 6. The results obtained in [I5] can be
used to analyze the properties of the algorithm (12)
with @, = 0.

6. EXAMPLE

We consider the following system:

Y| |0 1 [ x, 0 0 0
Sy [’&12}_{_‘121 —azj[xu}{aszJ{bjul+Ll}f](x“),

=0 (29)
S - Xy = —ayxy +@yx ) +byuy + 5 fy (X)),
Vo) =X,

where X = [xn xlz]T; ¥, 1s the state vector and the
output of the S, subsystem; u, is the input (control);
S1Gq) sat(x,;) is the saturation function;
J>(x,) = sign(x,) is the sign function; and y, is the output
of the S, subsystem. The parameters of the system (29)
are: by =1,a,,=2,a,,=3, ay=15, ¢, =1,a,=125,
a,=0.2, b, = 1, and ¢, = 0.25. The inputs u(r) are
sinusoidal.

Since the variable X, is not measured, the S,
subsystem is transformed to the form where only the
observable variables are used. Applying the approach
from [15], the representation in the “Input—Output”
space for S, is obtained:

n=-a oy, +[312px2 +b1pu] +tapry. (30)

where «;, a,, B,,, b;, ¢, are the coefficients to be
estimated; u > 0,

Py =THP, TV Py =MD X,

o o (31
Py = WPy Ty, Pp = —bp s+

The phase portrait for S, is shown in Fig. 1. The
processes in the subsystem are nonlinear. In addition,
there is a relationship y, = y,(y,) between y, and
¥, (coefficient of determinationis 75%), which is reflected
in the properties of the S, subsystem (see Fig. 1). In
particular, y, affects the S-synchronizability of S| and the
parameter estimation. Applying the approach from [15],
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it can be concluded that the subsystem S, is structurally
identifiable.

1.00 25
120
0.75 1
411.5
0.50 1 110
' {05
025 v
40.0
0.00 1 05
4-1.0
-0.251
_ 1-15
-0.50 N : 2.0
-2.5 0.0 2.5 5.0

Y1

Fig. 1. Phase portrait of the S, subsystem

The models for the S, and S, subsystems are as
follows

0 =—kie +ayy + c"zlzpy1 + o)
+ Blsz2 +b11”u1 +élpf1’

Py =—kyey + a5y, +ayy; +byuy +61 15, (33)

where k,, k, are a priori positive numbers, ¢; = J; -y,
ey =3, —», are identification errors, and @;,a;,b;,¢;
are adjustable parameters.

The algorithms (12) with @, = 0 are used to adjust the
parameters of the models, as follows:

17 a2 q2 = Ve @by

Pip = VB, 6P, (34)
b =-vpep, ¢ = Ve aPy>
ay = Ya,©2Y2>% =Vg,% )1
(35)

by ==1p, ey, & =1, €2/

where yaij >0’Y‘7ij >0, yﬁij >0’ybi > O,YCI_ >0 are the
gain coefficients of the adaptation loop.

The process of adjusting the model (32) parameters
for S, is shown in Fig. 2.

The results of evaluating the adequacy of models (32)
and (33) in the output space are shown in Fig. 3.

In Fig. 4, the dynamics of the adjustment processes
of the model (33) parameters depending on e, is
shown. It can be seen that the processes are nonlinear
in the AIS for the S, subsystem, while the adjustment
process is more regular in the AIS for the S, subsystem.

The parameter adjustment processes of models (32)

and (33) are mu

Ititemporal (Fig. 5).

We consider the AIS with SA for §,. We apply the

model:

Vy =—kyey +ayy, + a5y, +byu,y + Ug,, (322)

where Ugy = —dye,x,.

2
1
= L u L] n L] = = u L ] ] a L ] L L
o
2
[0}
5]
IS
©
@
o
o
©
(]
=
_4 T T T T
0 100 200 300 400 500
t
Fig. 2. Tuning of model (32) parameters:
(1) B11,(2) €11, (3) &1, (4) &, and (5) by
Yo
-4 -2 0 2 4
4 ; 2.50
3 m
11.25
2 -
o1 {0.00 y
.V1 . Y2
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-3 ———— 250
-3 -2 -1 0 1 2 3 4
"
Fig. 3. Adequacy of models (32) and (33)
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Fig. 4. Tuning of model (33) parameters
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Fig. 5. AIS phase portrait in error space

The results of the AIS with SA are shown in Figs. 6-9.
In Figs. 6 and 7, the adjustment processes of the model (32)
parameters and the adequacy of the models in the output
space are shown. The dynamics of the processes in AIS and
the SA signal variation as a function of the identification
error for the S, subsystem are shown in Fig. 8.

The results of AIS modeling with SA show that the
output of the §, subsystem influences the AIS parameter
adjustment of the §; subsystem. Therefore, provided that
the requirements for the quality of the adaptation process
are met, identification systems with SA should be used.
Nevertheless, despite the compensating properties, SA
may lead to complication of processes in AIS.
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o 154 .. EREEEE TR a4,
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= ool ] [
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Fig. 6. Tuning of model (32) parameters
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Fig. 7. Adequacy of models (32) and (32a)
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Fig. 8. AIS phase portraits
and SA output in error space
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Fig. 9. Tuning of model (32a) parameters

CONCLUSIONS

An approach for the identification of NDS
under uncertainty is proposed. The class of NDS
is considered where the nonlinearity satisfies the
sector condition (quadratic coupling). Estimates
of the nonlinearity are obtained. The presence of
internal correlations significantly complicates the
problem of parametric estimation. Here, the problem
of NDS identifiability plays an important role. The
PI conditions of the DS are obtained both for the
output and in the state space. These are based on the
verification of the excitation constancy condition. The
PI is shown to be influenced by the interconnections
between the subsystems. Algorithms for parametric
and signal adaptive identification of DSs are obtained
along with the properties of signal-adaptive DS. For
the first time, a justification of the stability of AIS
with the above class of algorithms is carried out based
on a special class of Lyapunov functions used for this
purpose. The proposed approach to AA synthesis takes
into account the requirements of the identification
system.
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Abstract

Objectives. The work considers critical processes involving excess energy, which include combustion and
explosion, destruction of materials, crystallization, sintering of materials, etc. The results of numerical modeling of
the turbulence of the combustion process (laminar—turbulent transition) and the patterns of phenomena associated
with the laminar—turbulent transition in critical processes are studied.

Methods. Thermodynamic analysis was used to outline the trajectories of a system’s evolution and identify areas of
laminar combustion stability during combustion, as well as metastable and labile regions where laminar combustion
is unstable. An energy analysis approach was used to solve research problems involving the study of the redistribution
of excess energy and the formation of distinctive structural features and parameters of the object and processes.
Results. The results of a numerical experiment of the vibrational turbulence regime of the combustion process
are presented as an interaction of the Rauschenbach resonance and laminar—turbulent transition. The resonance
occurring during kinetic energy pumping, which implements the discharge of excess energy, is modeled on a variety
of local equilibrium. In order to explain the new concepts that arise in this case, the resonance of the adiabatic
hydrodynamic process is described. The possibility of avoiding resonance through the mechanism of dumping
excess energy by turbulence of the laminar process is confirmed by the results of field experiments.

Conclusions. The possibility of avoiding resonance in vibrational combustion due to disruption of the local
equilibrium from the manifold by turbulence of the laminar process (approximation of local equilibrium) during
pumping kinetic energy is demonstrated. During the combustion process, areas of laminar combustion stability are
identified, along with metastable and labile areas where laminar combustion is unstable. However, this does not
mean that signs of turbulence will not be observed in the stability region in its developed state: in these regions the
diffusion of perturbations will blur them, whereas in the instability regions the process of negative (Cahn) diffusion will
result in their concentration. It can be assumed that the instability regions of a homogeneous system are sources of
perturbations, while the stability regions are sinks.
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Pe3iome

Llenu. O6beKTOM NCCneaoBaHus ABASIOTCS KPUTUYECKNE NPOLLECChl C M3ObITOYHONM dHeprue, K KOTopbiM OTHO-
CATCS NPOLLECCHI TOPEHUSA U B3PbiBA, pa3pylleHns mMaTepuanos, KpUctannnusaunm, cnekaHnus matepuasnos v ap.
MpeomeTom nccnenoBaHus ABNSIOTCA Pe3ynbTaTbl YACIEHHOro MoAenMpoBaHusa Typbynmsauny npouecca rope-
HUS (NaMUHAPHO-TYPOYNEHTHOro Nepexoaa) 1 3aKOHOMEPHOCTEN SIBIEHUI, CBSA3aHHbIX C TaMUHAPHO-TYPOYNeHT-
HbIM NEPEX0A0M B KPUTUYECKMX NPOLLECCaX.

MeTopabl. Vicnonb3oBaH TepMOAMHAMUYECKMIA aHaNn3, 0603HAYMBLLMIA TPAEKTOPUX SBOJIIOLMK CUCTEMbI U MO-
Ka3aBLLUMIA, YTO B MPOLECCE MOPEHNs CYLLLECTBYIOT 0611aCTV YCTONYMBOCTU JTAMUHAPHOIO FOPEeHust, a Takke meTa-
cTabunbHble 1 nabunbHble 06NacTu, roe naMmmMHapHoe ropeHne HeyCcToMUYMBO. NpUMeHeH aHepreTNYecknii Noaxom,
K pELLEeHVIO 3a4a4 nccnegoBaHust, Npy KOTOPOM OCHOBHOE BHYMAHUWE YOENSeTCa BONnpocam U3yyeHns nepepacnpe-
neneHns N3bbITOYHOM aHeprun 1 GoPMUPOBAHUS OTIINYMUTENbHBIX MPU3HAKOB CTPYKTYPbI 1 MapamMeTpoB 00bekTa U
NpoLEeCCOB.

PesynbTathl. [lpeacraBneHbl pe3ynbTaThl YACEHHOrOo 9KCnepuMeHTa BUOPAaLMOHHOIO pexunuma Typoynusaumm
npoLecca ropeHusi, kak B3aMmMmoaencTeme pes3oHaHca PaylieHbaxa v naMmHapHo-TypOyneHTHoro nepexoga. Ha
MHOroo6pa3sunmn oKanbHOro PaBHOBECUS CMOAENMPOBAaH PEe30HAHC NPU Hakayke KMHETUYECKOW aHeprun, peanm-
3yloLWmMii COPOC N3OLITOYHOM dHeprun. nsa nosiCHEeHN BO3HUKAOLLMX NMPY 3TOM HOBLIX MOHATUIA ONKUcaH Pe30HaHC
aamabaTnyeckoro rmapoaMHaMmMyYeckoro NpoLecca 1 nokasaHa BO3MOXHOCTb U3bexaTb pe30oHaHC 4Yepes3 Mexa-
HM3M cOpoca N3BbLITOYHOM aHEepPrn Typbynrsaumen naMmrmHapHOro NPoLecca, YTo NoATBepXaaeTcs pesdysibTataMu
HaTYPHbIX 3KCNEPUMEHTOB.
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BbiBOAbI. [T0Kka3aHo, YTO B BUOPALLMOHHOM FOPEHUN MOXKHO M36exaTb Pe30HaHC 3a CYeT CpbiBa C MHOroobpasns
JIOKaNIbHOrO paBHOBECUS TypOynnaaumein naMmMHapHoOro npouecca (NpubamXeHns 1oKanbHOrO PaBHOBECKS) Npu
Hakayke KMHeTU4eckor aHeprun. B npouecce ropeHns CyLecTByOT 061aCTV YCTONYMBOCTU TAMUHAPHOIO rope-
HUS, a Takke MeTacTabuibHble U nabunbHble 061acTn, rae NaMMHapPHOE ropeHne HeyCTOMYMBO. IOTO HE O3Hava-
€T, YTO B 06/1aCTUN YCTONYMBOCTU He ByayT HabMoAaTbCS NPU3HAKN TYpOYIEHTHOCTU NPU €€ Pas3BUTOM COCTOSIHUN
1 B 9Tnx obnactsax auddyavsa BO3MyLLEHWI ByaeT ux pasmblBaTh, TOrAa Kak B 00/1acTaxX HEYCTOMYMBOCTY MPOLLECC
«OTpUUATENbHOM» (KAHOBCKOW) Anddy3nmn 6yaeTt nx KoOHUeHTpupoBaTtb. CaenaHo npennonoxeHune, 4To ob6nactu He-
YCTOMYMBOCTN FOMOI€HHOM CUCTEMbI ABASIIOTCSA MCTOYHMKAMM BO3MYLLIEHUI, @ 061aCTN YCTONYMBOCTU — «CTOKAMM».

KnioueBble cnoBa: namMmHapHO-TypOyNeHTHbI Nepexoa, AeTOHaLMs, FOpeHne, aHeprus, aAnddy3us

Ana untupoBaHusa: Pagkesund E.B., CtaBposckuii M.E., BacunseBa O.A., flkoeneB H.H., Cugopos M.N. Mogenvposa-
HVe OEeTOHALMOHHOIo pexmnma, Bo30yxaaemMoro Typobynumsauuein npouecca ropenus. Russian Technological Journal.
2025;13(4):107-122. https://doi.org/10.32362/2500-316X-2025-13-4-107-122, https://www.elibrary.ru/FXQFZG

MpospayHocTb hMHAHCOBOW AeATENbHOCTU: ABTOPbI HE UMEIOT PUHAHCOBOM 3aMHTEPECOBAHHOCTM B MPEACTaB/EH-

HbIX MaTepuanax nian MetToaax.

ABTOpbI 329BNASI0OT 06 OTCYTCTBUN KOHDINKTA MHTEPECOB.

INTRODUCTION

According to the logic of the Cahn—Hilliard
formulations of the theory of nonequilibrium phase
transitions [1, 2] and Debye’s theory of critical
opalescence [3], critical phenomena are described
solely as excess energy processes while omitting the
details of chemistry. The degradation of a laminar
process by a turbulent process is shown to lead to energy
dissipation [4—8]. Turbulence is hypothesized to be “one
of the mechanisms of nucleation of a stable detonation
zone” [4]. This hypothesis is confirmed experimentally
by Shiplyuk! et al. [9-11] by applying an adjustable
inhomogeneity on a streamlined surface. Of particular
interest here is the location and timing of the disruption
of the local equilibrium manifold during the release of
excess energy by turbulence of the process.

In the present work, energy is conceptualized in
different forms:

(a) chemical energy is represented in terms of
concentrations;

(b) the nonequilibrium part of the free energy
according to Cahn is the concentration gradient;

(c) the mechanical component is in the form of
a “gradient” of stresses (structured as a spring),
which produces a coherent spinodal [11];

(d) by analogy, the kinetic energy of vortices (as quasi-
particles, fluid particles of continuum mechanics)
can be added.

The energy method is characterized by its clarity
and simplicity for solving a wide range of problems.
However, in order to outline the simplest practical
methods of acting on an oscillating system and to
provide its full theoretical description, it is necessary to

I Shiplyuk AN. Growth of perturbations and control
of boundary layers at hypersonic speeds. Dr. Sci. Thesis
(Phys.-Math.). Novosibirsk, 2005. 320 p. (in Russ.).

take feedback mechanisms into account. A well-known
but poorly studied transient process involves switching
from laminar to turbulent modes.

PROBLEM STATEMENT
FOR THE SIMULATION OF TURBULENCE
IN VIBRATING COMBUSTION

The present work sets out to solve the following
problems:

e derivation of the model of laminar combustion in
the field of gravity with energetic consideration of
hydrodynamics;

e vortex energy, degradation measure of laminar
combustion, entropy, and free energy of the
turbulence process of laminar combustion;

e sign-variable diffusion, an analog of the Cahn-
Hilliard operator in the internal energy equation
(closure of the disturbance from the manifold of the
laminar combustion process);

e numerical experiment of the vibrational mode
of combustion turbulence as an interaction of
Rauschenbach resonance [5] and laminar—turbulent
transition.

TURBULENCE MECHANISM
FOR VIBRATIONAL COMBUSTION

In [6-8], a vibrational explosion (resonance
when pumping kinetic energy) implementing excess
energy discharge is modeled on the local equilibrium
manifold (within the laminar process of the local
equilibrium approximation). In [8], the resonance of an
adiabatic hydrodynamic process is described to explain
the new concepts arising in this case. The possibility of
avoiding the resonance through the mechanism of excess
energy discharge by turbulence of the laminar process is
empirically confirmed in [12].
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According to I1.G. Barenblatt, a transformed E.
state occurs in vibrational combustion where the W= kopnBe RT A3)

mechanism of excess energy release is either resonance
or turbulence of the process. For a single active
component, the global inhomogeneity of the system
can be characterized as an inhomogeneous enthalpy
distribution across the flow (mixture). When pumping
kinetic energy in the combustion process in the phase-
space field of gravity described by variables (volume V,
pressure P, temperature 7, reduced amount of active
component 7, entropy S, internal energy £, velocity of
the active component u,, and velocity of the passive
component u,), the enthalpy increment is a full
differential on the local equilibrium manifold [5], on
which the laminar process (in the local equilibrium
approximation) is described by equations (1)—(4) of
the classical two-component model of the combustion
process in the gravitational field:

0p+0,(pU) = exAp, (1)

0,((1—con)puy)+0 ((1- con)pu%) +0,P=
=gpAu, + &g (I=cyn),

0, (conpuy) + 8x(conpu12) +0, P=

=gpAuy + €4CoP

p%E + PdivU =eg AE,

where p is density; x is the spatial variable; # is time; ¢ is
the concentration of active component; _ is the free fall
acceleration; e, = 1/Re; Re is the Reynolds number;
eg =&/ (p«Ux Ly); p« is the characteristic density of
homogeneous mixture; U is the characteristic velocity
of homogeneous mixture; L.« is the characteristic size of
medium; ¢ is the kinetic viscosity; the average velocity

d
of mixture is U = cynuy +(1—cynlu,; = =0,+U0;

kinetic equations [13, 14] are:
d
chTzax(kﬁxT)+QW(n,T), 2
where c is the molar concentration and Q is heat.
d
pEn =0,(pDO NNn)—W(n,T),

where D is the mobility coefficient; NNn is the reduced
amount of the active component of the two-component
mixture.

where k is the reaction rate constant at temperature; f3 is
the reaction order; R is the universal gas constant; Ex is
activation energy.

The closing equations in this case are the equations
of state:

Py
P=(y-DpE+—=p—pg(x,e)+
Po 4)

+ TSp+npu+ RnTp,

where y is the adiabatic exponent; Pa% is the initial
adiabatic pressure; p, is the density; g is the gravitational
constant; e, = 1, 0, 0; p is the chemical potential.

duy (T 2
S+nS+n Ho( )+Rln nTp =0, (5
dT 2

1y TP

where p, is the chemical potential at the input 7 is
the temperature; n, is the reduced amount of active
component.

Here, the primary hypothesis states that the
mechanism of the laminar—turbulent transition in the
combustion process during the kinetic energy pumping
is represented by diffusive stratification. In the one-
dimensional case, this is implemented by a striped
structure of interleaved layers with large (turbulent
layers) and small (laminar layers) gradients of
variables. The increased entropy of the system during
the transition from the laminar to the turbulent state
is represented in the form of the entropy of mixing of
specific volumes (layers of an ideal mixture) having
different values of the hydrodynamic component of
the enthalpy, as well as the work against gravity, the
energy component of the combustion process, and the
component due to compressibility.

TURBULENCE OF VIBRATIONAL
COMBUSTION. PUMPING

For vibrational combustion, it is natural to take
the ratio of the vortex energy density H,, to the kinetic
energy density (a measure of laminar combustion
degradation) as a measure of the process degradation
due to the laminar—turbulent transition, as follows:

pH

1

h= ,
~pU?
ZP

where M is the local equilibrium manifold.
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At the same time, the energetic influence of gravity
on the laminar—turbulent transition in the combustion
process is taken into account. To construct the second
order phase transition, it is first necessary to construct
an analog of the Landau—Ginzburg potential (specific
Gibbs free energy). We investigate the possibility
of extending the concept of nonequilibrium phase
transitions as conceptualized in the Cahn—Hilliard
spinodal decomposition theory to include the laminar—
turbulent transition of the kinetic energy pumping
combustion process. Here, the condition for breaking
the local equilibrium manifold is formulated using the
degradation measure of the laminar combustion process.
We now turn to new variables. We introduce pumping by
analogy with the laser terminology of Haken [15]:

_(r=DpE

3 iz

(6)
where U is the internal energy.

We denote the laminar—turbulent transition variable
by

H
h=gﬁ%=§+w

where the number of vibrational turbulence is:

Py
—poEy —Pg(x.€) +pi(p —pg)+
V= - 0
pU?
dpy(T)
T + 1o (T) = RT |n
[ ar TR P

b

pU?

where E|, is the initial internal energy.
The vortex energy is as follows:

Hy =(y—D(pE —pyEy) —pg(x,e)+

PY du, (T
+Ld(p—p0)+{—T Ho( )+p0(T)—RT}np=
Po T
dpy(T)
:Rld,g_eromb+|:_T AT +uo(T) [np—

- (y - l)p()E() - Pa%:

Pa
where B4, =(y—DpE+ pip - p38g (x,e;) is the

0
pressure of adiabatic hydrodynamic process in the
gravity field and P, = RTnp is the Mendeleev—
Clapeyron equation.

The initial partial pressure P;zi =const, as well as
P, = const, and the initial internal energy E, = const.

As shown below, the condition for the excitation of
turbulence has the form of v « 1. It should be noted
that, for v — 0, a larger U? denotes more developed
turbulence (v is an analog of the Reynolds number).

The condition for the nucleation of the laminar—
turbulent transition in vibrational combustion (feedback)
is that the vibrational turbulence number is sufficiently
small (v — 0) provided that U? — co. The latter is true if

— >0, (7)

being verified by a numerical experiment.

LAMINAR-TURBULENT TRANSITION POTENTIAL
OF THE COMBUSTION PROCESS, F(E, v)

The laminar—turbulent transition in vibrational
combustion occurs when the velocity of the passive
component at the input increases. This corresponds to
phase transitions in systems of poorly soluble liquids
with a lower critical point for stratification (in such
systems, stratification occurs when the temperature
increases, which corresponds to an increase in enthalpy;
in hydrodynamic systems, it corresponds to an increase
in the hydrodynamic component of the total enthalpy).
It is known from experiments that a mixture of turbulent
and laminar layers (sponges in Landau’s terminology)
can be considered as a perfect mixture for which the
entropy of the laminar—turbulent transition process is:

s =(h)=—(hIn(h?) + (1 — B®)In(1 — K2),  (8)
h=&+v,v—0,if |U — . 9)

The distribution / represents the excess enthalpy
of an inhomogeneous thermodynamic system with
respect to a homogeneous one. Here, 4% and s are the
dimensionless enthalpy and entropy of the laminar—
turbulent transition, respectively. The dimensionless
Gibbs free energy G of the laminar—turbulent transition
process is given by

F(i;a’vcomb) = hczomb _a(vcomb )hczombs(hczomb)’ (10)

which is an analog of the Gibbs—Helmholtz equation
AG = AH — TAS, where the intensive variable
T (temperature) is represented by the parameter

UV eomp )2 > teflecting the relationship between
temperature and enthalpy H due to the energy intensity
of the medium (analog of the heat capacity); o is
a parameter on the design interval; v . is the number
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Fig. 1. (a) Potential F(§; a; v

comb)

of turbulence at heat pumping; 4, . is the calculated
enthalpy. Here, the function a(v ) is defined by the
graph shown in Fig. 1b. The plots of the potential
F(& 0,V mp) at v = 0.2 and different values of a are
shown in Fig. 1a.

We perform the correction of the potential
F(& 0,V o) according to [13], as follows:

1) for=1<v, . <0,—1+v[<E<1+][v| we set:

F(Z;’vcomb) =
{F(&,vcomb), 0<E<1+] Vv omb [, (11)
(k2@ - n2O)+F (0,veomp))» §<0.

The constant y_is found from the condition

2y v= dié_,F(O’v) =2v(1+2av2 In(v?) +

+ ol =2av?)In(1-v?2))

or
y_=(1+2av3n(v?) + a(l — 2v?)In(1 — v?)).

2) for0<v<05,-1-v<g<l-—-v

F(é’vcomb) =
_ F(&’Vcomb)’ ~Veomb <g<1- Veomb>
v.&1(5), E<l-v.

2.5
2.0
1.5
1.0
0.5

-0.6 -04 -0.2 0 0.2 0.4 0.6

Veomb

()

atv=0.2 and different values of a = 0.2, 0.3, 0.4, 0.5, 0.6;
(b) dependence a(v

comb)
The constant y, is found from the condition

y+g"l (_Vcomb) = F"(_Vcomb >~Veomb )-
Here,
gl(f;, V)= h2(1 +o(l — hz)Gln(l - hz)).

The plots of the Ilaminar—turbulent transition
potential are shown in Figs. 2a and 2b.

BREAKDOWN EQUATION OF THE LOCAL
EQUILIBRIUM MANIFOLD (INSTABILITY
OF THE LAMINAR PROCESS OF APPROXIMATION
OF LOCAL EQUILIBRIUM)

The work sets out to demonstrate that kinetic energy
pumping leads to an excess of energy in the laminar
process as the local equilibrium is approached, thus
causing its instability. The latter is expressed either by
resonance or by breaking out of the local equilibrium
manifold, which is characterized by process turbulence.
Through the process turbulence, the excess energy
generated by the kinetic energy pumping is “dumped.”
The mathematical model of process turbulence can be
described as follows.

In order to simulate the breakdown of the local
equilibrium manifold, represented by the breakdown of
the laminar combustion process at mixture heating in the

1.0
0.8
0.6
0.4
0.2
0
-0.2

-0.4
-15 -1.0 -0.5 0 0.5 1.0

'S

Fig. 2. Potential F(E; v) (a) v=—-0.20, —0.10, —0.05;
(b)v=0.05,0.10, 0.20

Russian Technological Journal. 2025;13(4):107-122

112



Simulation of the detonation regime excited
by combustion process turbulence

Evgeny V. Radkevich
etal.

phase space of dimensionless variables (E , Uy, Uy, Py T, n),
itis necessary to move to new variables (&,4;,,,p, T, n),
namely, the pumping & as a variable of the laminar—
turbulent transition. The equations

p%E+]5divU:0; (y-DE=¢.U2 (12)

allow us to obtain for the pumping:

5 d d -~ - T

2 E+2pUE—U =p—(U?E)=—(y-1)PdivU,
7 PUE U =p—= (U =—(y-1)

is the temperature

where P is the pressure; df

difference.

d P -~ (y-DP T -
H p—=+—=—"—=U+-——= divU =0.
enee pdté 7 U?

Here,

d 1d 1 ~d
L= p0)-~0Lp-
dt p dt p dt

=E[—ai((l—con)pu%)—ajP+8g(l—con)p—
o - 1~ .

— 0 (o) = 0P +E,¢fip] +EU8i(pU).

Finally:

d, 2 o

P2 = 2210, cypid) +

+ 0 (coiipii ) +20.P - &,P] +

i, A =DP o
+280;:(pU) + 02 divU =0.

We now regularize the equations of momentum
and the equation of continuity (hydrodynamics) by the
viscosity:

0;p+0:(pU) =g Ap, (13)
07 (1= cyit)pity) + 05 (1 - cyfi)pii3 ) + 0 P =
=§g(1—c0ﬁ)f>+éRAzz2,

0; (conpuy) + 05 (conpu1 )+ 05 P=

= sgconp + SRAul,

where U = Coht U  +(1- coﬁ)U , 1is the average velocity
of the mixture; Re=1/¢g,
Re=n, /(UsLls) =np / (pxUxLs)is  the
number of homogeneous state P, 7, T*,uik , u; ;Mp 1s the

Reynolds

dynamic viscosity in Reynolds number;
U, = c*n*uf + (1= cni )Us is the characteristic velocity
of homogeneous mixture; Ls« is the characteristic size of
the medium; € is the dynamic viscosity.

From the equation for the internal energy, we derive
the equation for the pumping, in which a covariant
Cahn diffusion (Cahn operator of variable diffusion) is

introduced:

ﬁ% ——‘t’[a (1 coi)pid) +

+0; (conpul )+ 26XP + Sgp] +

VP 09

260, (pU) +
= 6)5 [?ag (F@E V) - ézKa)ZcEa‘)]’

where g, is the Cahn alternating diffusion,
D=D/ (pxU«L:T:), D is the mobility coefficient, and
the potential F in this case is F(&,v) = agé(é, V).

We add the kinetic equations for temperature and
reduced substance 7. Finally, we obtain a model of
vibrational combustion turbulence in hydrodynamics,
kinetics, and pumping:

0;p+0:(pU)=ER AP, (15)

8; (1 - cyit)pity) + 0((1— cyi)pa2 )+ &, P =

= &g (1= co)p + &g Aily,

0; (conpty) + 05 (conpu1 )+0; P=

= égcoﬁ()+sRAu1,
__d c s s -
pe—r =0.(M0:1)+ISW (i, T), (16)
d e~
pg” =0;(pDOn)-W(n,T),
B
W =kpiiPe RT, (17)
d, 2 e
pfﬁ—é[éi((l—con)pu§)+

+0- (conpu1 )+20- P+8gp]+2§6 PU)+ (18)

LJODP e s s (
U2

Iwz

[F(EV) - ?112(52&]}
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_dji, (T 5
{—T ”;75 )+ﬂo(T)Jﬁ§a (19)

NUMERICAL EXPERIMENT
OF THE MODEL (15)—(19)

In order to establish the possibility of combustion
turbulence, we perform numerical experiments of
model (15)—(19) on a segment X €[0,1] with boundary
conditions to control the kinetic energy pumping rate:

ity lz_o= 13 1+ V)03p 5= 03P |z =
=031l 320= Oty 521 = 05T |50 = 05T |52 = 0,
Oxlly 3y = 03 |5 = 05715 =0,

ax& |x=0: axé::' |x=l = 6)6” |x=0: ax}‘L |x=1’

(where p= ﬁ'comb &, v)—é%(a)%a, ﬁcomb is the free
energy resulting from the calculation) and initial
conditions modeling, in the one-dimensional case, the
injection from the nozzle of the combustible component
of a two-component mixture:

Plico=Po =1 4 ;o= ﬁlo =02,
iy |_g=19 =02, T|;_o=T; =10,

E, =100. Initial data for pumping &, = const from the

lability zone of the potential £, (£,v,) (index v is
the velocity turbulence) is:

B =0.04,8, =0.01.

Example 1 (Figs. 3a—3h). The resonance elimination
by turbulence (far from resonance), for j = 1 in the
standard chemical potential formula:

ity (T) =7, [B* ~(R+ A*);—j.], (20)
0

where [ (f ) is the chemical potential; To is the initial
temperature; T,Bi, A« are constants; and R is the
universal gas constant.

The basic turbulence parameters for vibrational
combustion are u;(0) = u,(0) = 10, £(0) = 0.2, p(0) = 1.
The cross sections in all the plots below are ¢ = 0.005,
0.01, 0.025, 0.035, 0.05, 0.065, 0.125; 7(0) = 10.

As can be seen in Fig. 3a and 3b, the pressure
increases and the entropy decreases, i.e., deflagration
becomes detonation when turbulence is involved. There
is an increase in temperature and density.

Example 2 (Figs. 4a-4j). The resonance
elimination by turbulence (for critical values
A« + R =3), forj=4in (20). We consider the account
for the basic turbulence parameters of vibrational
combustion: u,(0) = u,(0) = 10, £(0) = 0.2, p(0) = L.5.
For all plots below the  cross-section
t=0,0.005,0.010, 0.025, 0.035, 0.050, 0.065, 0.125.
The first case (base case): 7(0) = 5. The pressure and
the entropy increase significantly. There is a wide
zone of the detonation mode of the vibrational
combustion (in the absence of turbulence, there was
a narrow zone of the detonation combustion close to
the resonance [3]). The internal energy increases but
decreases relative to pumped kinetic energy & — 0.
A part of the pumped kinetic energy is converted into
heat.

Example 3 (Figs. 5a—5j). The resonance elimination
for j =4 (20) (far from the critical resonance parameters),
at low temperatures, with the basic turbulence parameters
u,(0) = u,(0) = 12, §(0) = 0.2, p(0) = 1.5, and the cross-
section ¢ = 0, 0.005, 0.010, 0.025, 0.035, 0.050, 0.065,
0.125. Here, 7(0) = 0.8. The pressure and the entropy
decrease. The internal energy increases but decreases
relative to pumped kinetic energy & — 0. A part of the

kinetic energy is converted into heat (T and

iy increase).

Example 4 (Figs. 6a—6j). The resonance elimination
by turbulence (close to the critical resonance parameters)
for j = 4 in (20), at low temperatures, u,(0) = u,(0) = 8,
£(0) =0.2, p(0) = 1.5, cross-section ¢ = 0, 0.005, 0.010,
0.025, 0.035, 0.050, 0.065, 0.125; 7(0) = 0.8.

The entropy decreases and the pressure increases (the
same as before turbulence, but the detonation zone is
much wider). The internal energy increases but decreases
relative to pumped kinetic energy (§ — 0). A part of the
pumped kinetic energy is converted into heat (the
internal energy E and T increase).

Example 5 (Figs. 7a—7j). Mixing. Numerical
experiment (20) forj=4, 4« + R =0.5 (base parameters);

= =7 -1 — ;0 — . 7 —70 _ .
fl;_y = fiy = Lo f;_g=u =0.2; Uy lr_g=uy =0.2;

T li_o=Tp, =10 are constants; 7;_o=7 =0.5,
x¥€(0;0.3)U(0.4,0.5), 7n|;_,=0.66, xe(0.3;0.4);
E.=100, ¢ = 0, 0.005 0.010, 0.025, 0.035,

0.050, 0.065, 0.125; initial data for internal energy
EO = const, f’o =8, u, =8.

Resonance elimination for mixing. Modeling the
injection of the combustible component of a two-
component mixture from three nozzles in the one-
dimensional case with initial conditions.
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Fig. 3. Numerical experimental results of model (15)—(19) on the segment xe [O,J] for different t:
(a) S; (b) P; (c) dy; (d) dy; (e) reduced amount of substance 77; (f) V; (g) T; (h) 6
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Fig. 4. Calculation results for the basic turbulence parameters of vibrational combustion for different t:
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The entropy and the pressure continue to decrease (as

before turbulence). However, as the velocity @2 of the
neutral component at the input increases, detonation
combustion mode occurs. The numerical experiment
also predicts a detonation combustion mode. Meanwhile,
temperature, density, and internal energy increase. The
pattern of the plots reflects the effect of gravity. Similar
numerical experimental results are obtained for
resonance elimination by turbulence j = 4 in (20) under
mixing, with an increase in the initial velocity of the

passive variable ﬁg =10. As the velocity of the neutral

component u, at the input increases with mixing, the
detonation combustion mode occurs.

CONCLUSIONS

The described studies support the conclusion
that the thermodynamic method offers fundamental
possibilities for studying the evolution of a system (in
this case, the tendency of stratification into “turbulent”
and “non-turbulent” combustion). It should be noted
that the applied thermodynamic analysis can only
indicate process evolution trends (main possibility of
implementation) and the choice of system evolution
trajectory, but not the speed of this process. The analysis
confirms that regions of laminar combustion stability
develop during combustion, along with metastable and
labile regions where laminar combustion is unstable.
However, this does not imply that there will be no signs

of turbulence in the developed state of the region of
stability. The diffusion of perturbations in these regions
will dilute them, while in the regions of instability the
process of “negative” (Cahn) diffusion will concentrate
them. It can be assumed that regions of instability of
the homogeneous system are sources of perturbations,
and regions of stability are sinks. These assumptions
have been verified by numerical experiments using the
mathematical model described above. When starting
from the initial thermodynamic model, the mathematical
model of the laminar—turbulent transition during the
combustion as an analog of the nonequilibrium phase
transition can become complicated.
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Abstract

Objectives. The study set out to substantiate the principles of Industry 5.0 as a necessary development for the
classical model of economic growth proposed by Solow. An adapted and expanded Solow model is presented that
takes into account technological progress, as well as social and environmental aspects, which influence long-term
development and economic growth in the context of the Russian economy.

Methods. The main results of the work are obtained through a comparative analysis of the distinctive features
of Industry 3.0, Industry 4.0, and Industry 5.0 in the context of an extended Solow model and an expert survey
to assess the factors influencing economic growth.

Results. In orderto substantiate the necessity of transition to more promising models of production and development,
the main distinguishing features of Industry 3.0, Industry 4.0, and Industry 5.0, are shown to be determined by unique
orientations, technologies, objectives, approaches to working with data, and types of interfaces. The Russian
economy is shown to be insufficiently prepared for the challenges of Industry 5.0. The principles of Industry 5.0 apply
to such factors of the Solow economic growth model as labor, capital, and technological progress, as well as human
capital, natural resources, and the current technological level. A survey of experts was conducted to assess the
contribution of factors to production processes. The extended Solow model is a convenient tool for developing
specific economic policy strategies based on the analysis of the interrelated factors.

Conclusions. The transition to Industry 4.0 technologies and subsequent planning for the implementation
of Industry 5.0 technologies are necessary steps prior to the creation of an innovative and competitive economy.
The conducted expert survey exemplified the different contributions of various factors to Industry 5.0 production
processes, including a decrease in the role of capital and labor, along with a concomitant increase in the
importance of human capital, technological development, and natural resources. This transition is evidenced by the
presented numerical values for the Solow model coefficients for Industry 3.0, Industry 4.0, and Industry 5.0. Such
Industry 5.0 priorities not only do not contradict economic growth, but can be expected to enhance itin the long term.

Keywords: Industry 3.0, Industry 4.0, Industry 5.0, technologies, comparative analysis, Solow model, human capital,
digitalization, innovative economy
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Pe3iome

Llenu. Llenb cTtatbn — gokasatb, 4To npuHumniel MHaycTpumn 5.0 SBnsoTCS HE06X0AMMbBIM Pa3BUTUEM ANIS Klaccuye-
CKOW MOEenm 3KOHOMNYECKOr0 PoCTa, npeanoxeHHon Conoy. B ctatbe mogens Conoy agantnpoBaHa 1 paclumpe-
Ha HOBbIMU dakTopamMm, KOTOPbLIE YHUTBIBAIOT TEXHOIOMMYECKNA MPOrpece, coumanbHbie U 3KO0rMYeckme acnekThbl
1 B KOHTEKCTE POCCUINCKOM SKOHOMMKM OKa3bIBAIOT BAUSIHNE HA ONTOCPOYHOE Pa3BUTUE N SKOHOMUNYECKUI POCT.
MeToabl. OCHOBHbIE pe3dynbTaTbl PabOoThl MOMYYEHbI C MOMOLLIO CPABHUTENBHOIO aHanmn3a OTIMYUTENbHbLIX 0CO-
6eHHocTen Nnayctpumn 3.0, MHaycTtpumn 4.0 n MHpycTtpum 5.0, pacumpeHHoii moaenn Conoy 1 aKCnepTHOro onpoca
019 OUEHKN HakTOPOB, BANSAIOLLMX HA SKOHOMUYECKNIA POCT.

PesynbTatbl. [1ns 060CHOBaHUS HEOOXOAMMOCTM nepexofa K 6onee nepcnekTMBHbIM MOLENSM NMPOM3BOACTBA
N PasBUTUS BblAENEHbI OCHOBHbIE OTIMYUTENBHbIE 0cO6eHHOCTU MHaycTpum 3.0, Mhayctpun 4.0 n MHayctpun 5.0,
onpenensieMble YHUKaNbHOW OpveHTaUMen, TEXHONOMMSAMU, LensMmn, nogxoaamm K paboTe ¢ AaHHbIMAU 1 TUNamm
MHTEPGdENCOB. YCTAaHOBMEHO, YTO POCCUINCKAs 9KOHOMMKA NOKa HeAOCTaTO4HO roToBa K Bbi3oBam MHaoycTpum 5.0.
JokaszaHo, 4To npuHumnel MHgyctpumn 5.0 pacwumpstoT Takme dakTopbl MOAENN 3KOHOMMYECKOoro pocta Conoy, Kak
TPYA, Kanutan n TEXHONOrMYecknii Nnporpecc, Ao0aBnsas YenoBeYeCckuiA kannTan, NPMpPoaHbIE PECYPChI U YPOBEHb
TexHonoruin. ing oueHkn Bknaga GakTopoB B NPOM3BOACTBEHHbIE MPOLECCHI MPOBEAEH ONMPOC 9KCNEPTOB. PacLum-
peHHas mogenb Conoy SBASETCS MHCTPYMEHTOM /19 pa3paboTKy KOHKPETHbIX CTpaTernii B 061acT 3koHOMMYe-
CKOW NONNTUKM HA OCHOBE aHann3a B3anMOCBA3aHHbIX HGakTOpOB.

BbiBoabl. [Mepexopn k TexHonornsam Mugyctpum 4.0 n nocnenyoLwee niaHMpoBaHME BHEAPEHUS TEXHONOrNI MHay-
cTpun 5.0 aBns0TCS HEOH6XOAVMMBIMY LLIAramMu 419 CO3aHUS MIHHOBALVMOHHOW N KOHKYPEHTOCNOCOOHO 3KOHOMUKN.
[MpoBeaeHHbI ONPOC 3KCNEePTOB Aoka3a pasHblii Bkiag GpakTopoB B MPOU3BOACTBEHHbIE NPOLLECCHI: YMEHbLUEHNE
ponu kanuTana n Tpyaa, POCT 3HAYMMOCTM YETOBEYECKOro Kanurana, TEXHOIOrM4eckoro passmuTnsg U NpUpPOaHbIX
pecypcos B IHaycTpum 5.0. Takme npuoputetsl MHaycTpumn 5.0 He TONbKO He NPOTUBOpPEeYaT 3KOHOMUYECKOMY PO-
CTY, HO 1 MOT'YT €r0 YCUINTb B ONTOCPOYHOM NepcnexkTuBe.
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Mpo3spayHocTb pMHAHCOBOM AeATENbHOCTU: ABTOPbI HE UMEIOT PUHAHCOBOM 3aMHTEPECOBAHHOCTHY B NMPEeACTaB/IEH-

HbIX MaTepuanax nin Mmetogax.

ABTOpbI 3251BNSIIOT 06 OTCYTCTBUM KOHMIMKTA UHTEPECOB.

INTRODUCTION

Contemporary Russia has two distinctly pronounced
trends of the economic development that make it
unique. The formation of a “knowledge economy” in
the first decade of the 21st century was focused on the
latest knowledge, innovations, and the development
of an information society. The process of universal
digitalization that actively unfolded since 2010 has led
to the development of digital innovation and increased
digital competition [1].

Digitalization in Russia differs significantly
by sector. According to the Ministry of Digital
Development, by the beginning of 2024, more than 90%
of government services were provided electronically via
the Gosuslugi services portal.! The Russian financial
sector has always been a leader in the implementation
of digital technologies,”> while retail companies are also
constantly increasing their budget for informatization
by implementing integrated solutions.> However, the
level of digitalization used in industrial enterprises is
characterized by the chaotic use of individual digital
solutions. According to a study by the Russian consulting
company SBS Consulting, the level of digital maturity
of large and medium-sized manufacturing companies in
Russia is only 26.6%.4

The digital transformation of industry involves
the use of digital solutions to improve the production
efficiency and then apply these solutions to the activities
of the enterprise as a whole to enable prompt responses
to emerging problems [2]. For this reason, many Russian
industrial enterprises remain critically dependent on
the implementation of Industry 4.0 technologies. This

! Digitalization in Russia: New Development Vectors in
2024. https://www.sostav.ru/blogs/277074/50927 (in Russ.).
Accessed November 10, 2024.

2 Digitalization of the financial sector 2024. https:/
generation-startup.ru/calendar/82432/ (in  Russ.). Accessed
November 10, 2024.

3 Three IT trends in eCommerce in 2024. https://www.retail.
ru/rbc/pressreleases/tri-trenda-it-v-ecommerce-v-2024-godu/
(in Russ.). Accessed November 10, 2024.

4 Analysis of the digitalization level of Russian
manufacturing enterprises. https://www.tadviser.ru (in Russ.).
Accessed November 10, 2024.

dependence is exacerbated by labor force shortages and
the need to increase labor productivity.*

The chaotic implementation of technological
solutions in industrial enterprises inherent in Industry 3.0
approaches has revealed a number of key problems in
the context of the Industry 4.0, including human factors
and emerging environmental hazards. Issues related to
mismatches between different aspects of the economy
include inefficient production and consumption patterns,

significant social differentiation, social instability,
ete. [3].
The current emphasis of global economic

development and scientific research is changing from
the robotization and automation inherent in Industry 4.0
to the development of sociocentric and environmentally
sustainable technologies. Here the focus is placed on
human—machine interactive systems in which humans
act as creative participants in collaboration with robots.
Traditional enterprises are giving way to the digital
ecosystem, which opens new opportunities for the
economy, but also brings risks of digital monopolization
in virtual sectors [4]. Given these changes, the need for
transition to the Industry 5.0 paradigm becomes obvious.

As a new industrial model, Industry 5.0 naturally
emerges from the expansion of Industry 4.0. Industry 5.0
heralds a multiple increase in production efficiency and
flexibility through automation, process optimization,
and improved cooperation between humans and
the technosphere. In response to the threat of job
losses resulting from the introduction of Industry 4.0
technologies, Industry 5.0 opens up new opportunities
for the creation of specialized jobs related to the
management and maintenance of new technologies.

The feasibility of transition from Industry 3.0
to Industries 4.0 and 5.0 is especially relevant for
the Russian economy, where technologies become
a critical factor of competitiveness and are increasingly
necessary to ensure the country’s technological
sovereignty. Industry 5.0 represents a qualitatively
new stage in the development of production processes,
characterized by an emphasis on a human-centered
approach and the concept of sustainable development.
The introduction of innovative technologies in this
paradigm significantly increases production efficiency,
which becomes especially important in the context of
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demographic changes, shrinking labor resources and the
need to improve the living standards of the population.
Adaptation of the Russian economy to these challenges
requires a comprehensive analysis and development of
system solutions, which emphasizes the relevance of
this study.

LITERATURE REVIEW

Currently, there is a significant increase in the number
of scientific publications devoted to various aspects of
the Industry 5.0 [5]. Many contemporary works focus
on global problems of sustainable development, health
care, education, industry, and technology development.
Studies reflect different views on the terminology of the
subject area, as well as questions concerning whether
Industry 5.0 is a new paradigm or the next stage of
Industry 4.0 development.

Nahavandi describes Industry 5.0 in terms of
a vision of the future of humanity. According to this
perspective, production within Industry 5.0 combines
the advantages of advanced technologies with creativity
and human problem-solving skills, which are aimed at
making production processes more efficient and flexible,
as well as reducing the risk of accidents and injuries [6].
The author argues that the fifth industrial revolution will
occur when smart devices are fully integrated with the
human mind and the physical world. Such cooperation
will ensure high efficiency, production flexibility, and
waste minimization.

In [7], it is argued that Industry 5.0 is aimed at
enhancing the experience of end-users through the
application of various available tools, including artificial
intelligence and robotics. The article [8] outlines a design
approach in which human operators and intelligent
machines form collaborative teams.

In [9], Industry 5.0 is presented as a paradigm
aimed at overcoming global social problems resulting
from previous industrial revolutions. According to the
authors, this paradigm is based on the idea of human-
centered intellectual environment and its interaction
with robotic systems.

In [10], Industry 5.0 is understood as a renewed
human-centered industrial archetype that transforms
the processes of industrial production. Examples of
technologies that contribute to this transformation
include artificial intelligence (Al), blockchain, and the
Internet of Things.

In [11] an overview of the benefits of human
interaction with the technological environment in
industrial automation is presented. The authors consider
Industry 5.0 as an evolution of Industry 4.0, in which
creative humans collaborate with intelligent systems
to improve the efficiency, speed, and scalability of
manufacturing systems. Industry 5.0 is also seen in [12]

as an extension of Industry 4.0 with a greater emphasis
on human-centered interaction with computers.

The article [13] focuses on education to develop the
necessary skills and competencies that enable employees
to adapt to Industry 5.0 and changes in the university
landscape.

A number of authors study common aspects of
Industry 5.0 and Industry 4.0 in parallel. For example,
article [14] describes the technological elements
common to Industry 4.0 and 5.0.

Problems arising in connection with Industry 5.0 are
also considered by Russian researchers. Thus, review
studies are presented in the articles [15] and [16].
The authors of the article [17] argue that Industry 5.0
involves an integration of virtual and real worlds. The
authors of the article [18] point out the advantages of
the Industry 5.0 technologies for oil and gas companies.

The article [19] considers the problem of diagnostics
of meso-economic systems in the process of evolution to
the Industry 5.0. The authors put forward and substantiate
the hypothesis about the existence of basic factors
affecting the development of the economic system in the
conditions of this transition, and propose a classification
of methods for the study of such systems.

In general, the analysis of scientific literature has
shown that the readiness of the Russian economy
to respond to the challenges of the Industry 5.0 is
insufficiently studied. In conclusion, it should be noted
that Industry 5.0 is a relatively new concept. Thus, despite
the noticeable increase in the number of works in this area,
the formation of strategies for transition to Industry 5.0
technologies is still fragmentary. Examples are presented
in the national programs of some countries (here we can
highlight the EU program “Industry 5.0”, “Made in China
—2025”, and the Japanese “Society 5.0”) [20].

RESULTS

Analysis of the publications allowed us to identify
the main distinguishing features of the Industry 3.0,
Industry 4.0, and Industry 5.0 (figure), which are defined
by their unique orientation, technologies, objectives,
data approaches and types of interfaces.

From the figure it can be seen that each successive
industrial revolution represents a significant step
in the development of technologies and production
methods aimed at increasing efficiency, flexibility, and
eliminating human error factors in production processes.
In Industry 5.0, the interface between humans and the
technological environment has been significantly
improved to include advanced technologies such as
virtual and augmented reality.

A number of academic economists characterize
Industry 5.0 as a “revolution of human participation,”
where industrial growth is organically combined with the
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solution of socioeconomic issues through the synergy of
cyber and physical spaces [23]. One of the advantages
of such synergy is the integration of intelligent systems
with current work processes, resulting in an increase in
operational efficiency in general.

The evolution presented in the figure is relevant in
the context of the Russian economy. At present, Russia is
actively seeking to accelerate the introduction of digital
technologies. Thus, in 2017 the Ministry of Industry and
Trade of the Russian Federation initiated the national
program “4.0 RU aimed at digital transformation of
all stages of the production process in accordance with
the concept of Industry 4.0. However, with the launch
of the national project “Digital Economy”® in 2018,
the focus shifted towards the introduction of so-called
“end-to-end technologies” aimed primarily at improving
the social sphere, including identification systems and
digital services for the population. This shift in priorities
has led to a slowdown in digitalization processes in the
industrial sector, as well as the lack of integrated digital
infrastructure at the enterprise level, which makes it
difficult to implement a unified digital environment
within the national economy.

Regulatory documents testifying to the ongoing
digitalization of government structures and the social

5 https://niieap.com/2017/07/24/minpromtorg-rossii-i-
ryad-vysokotehnologichnyh-kompanij-predstavili-tsifrovoj-
proekt-v-sfere-aviastroeniya-industriya-4-0/ (in Russ.). Accessed
November 10, 2024.

6 http://government.ru/info/35568/ (in Russ.). Accessed
November 10, 2024.

sphere include the national program “Digital Economy”
and the nine federal projects it encompasses, of which
“Digital Technologies” and the national project “Data
Economy”” currently under development are examples.
However, the fully-fledged digital transformation of
Russian industry requires the restoration of priorities in
the field of digitalization of production processes and
the development of specialized program documents
aimed at supporting enterprises in the real sector of the
economy.

In addition, these program documents do not
sufficiently take into account the human factor, which
plays a central role in Industry 5.0. The accessibility and
inclusiveness of new digital solutions for all segments
of society should also be taken into account to avoid
deepening the digital divide. It becomes increasingly
clear that the data economy is not just about simply
using new digital technologies in the economy, society
and everyday life, but also includes the creation of
a country’s own scientific, educational, technological,
industrial, socioeconomic and cultural base to ensure its
technological sovereignty through import substitution
and integration into global value chains.

The transition to Industry 5.0 in Russia is
accompanied not only by prospects, but also by various
challenges. Since the introduction of innovative
technologies requires highly qualified specialists, one
of the key challenges involves the need to train and
retrain labor resources. In particular, the following

7 https://HanMOHANBHBIENPOEKTH.ph/new-projects/
ekonomika-dannykh/ (in Russ.). Accessed November 10, 2024.
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challenges can be noted: exponential growth of data
volume, increased vulnerability to cyberattacks, job cuts
in enterprises, lack of consideration of ethical issues of
artificial intelligence. At the same time, Industry 5.0
envisions increased efficiency of production processes
through automation and improved interaction between
the technological environment and humans. Thus
Industry 5.0 opens new perspectives for the creation of
jobs related to the maintenance of new technologies.

While the transition to Industry 4.0 and 5.0 does
not imply an automatic and immediate transition for all
enterprises of the national economy, the introduction of
new technologies and management methods at some
enterprises may serve as a catalyst for others, creating
a snowball effect according to which the number of
enterprises involved increases over time. Awareness
of the trends and challenges of Industries 4.0 and 5.0
is necessary for Russian enterprises to maximize their
resources and capabilities and successfully complete the
transition to Industry 4.0.

Despite the significant potential advantages
conferred by the transition to Industry 5.0, this process
in the Russian economy faces a number of serious
barriers. Key among these are insufficient readiness of
technological infrastructure and limited investment in
research and innovation activities. The introduction of
advanced technologies is hindered by the current level
of equipment of enterprises, which does not yet meet
the requirements of Industry 5.0. Limited investment
in research and development also significantly hinders
innovative development [24]. The elimination of these
barriers requires a comprehensive approach and state
support.

Taking into account that Industry 5.0 “represents
the next stage of industrial development” [21], when
approaches “to business management emphasizing
the human factor”® are radically changing [21], it is
important to be guided by the following principles of
Industry 5.0 [4, 21, 22] in order to successfully overcome
the listed challenges and barriers:

1. The principle of human-centeredness implies
production processes that are based on human needs.

2. The principle of digitalization requires the full use
of advanced digital technologies in the production of
goods and the provision of services.

3. The principle of integration implies not only
the introduction of technologies to automate
production, but also the formation of proper
conditions for effective interaction between humans
and the technological environment, utilizing the best
qualities of both parties.

8 Industry 5.0: The Human-Centered Future of Business
and New Growth Strategies. https://pakhotin.org/technologies/
industry-5/ (in Russ.). Accessed November 10, 2024.

4. The principle of synergy implies the use of
modern technologies (cloud technologies, artificial
intelligence, etc.) to automate production processes
while retaining a significant human role in
management.

5. The principle of optimization implies the search for
models of economic activity that minimize the use
of resources to achieve maximum efficiency in the
interaction between humans and the technological
environment.

6. The principle of virtualization implies the creation
and implementation of digital twins of physical
objects and production and management processes
to augment analytics and artificial intelligence
applications.

7. The principle of platformization implies connection
to a single information space of various users for
interaction, systems and equipment along the entire
chain of the production life cycle.

8. The principle of personalization implies the
creation of systems that will enable mass production
of personalized products and services using digital
technologies.

9. The principle of ecosystemness implies bringing
together elements disparate in time, space, and
types of industries to create technology and business
collaborations.

10. The principle of environmental friendliness implies
implementation of energy-efficient technologies
in order to reduce the negative impact on the
environment.

We may note that each industrial revolution forms
its own unique principles. For example, at the stage
of Industry 3.0 development, the main focus was
on automation and the introduction of electronics,
which reduced the relevance of human-technology
integration that nevertheless became a key principle for
Industry 5.0. At the stage of Industry 4.0 development,
where digitalization and the spread of the Internet of
Things dominate, principles such as environmental
friendliness and human interaction with the technological
environment also play a secondary role. At the stage
of Industry 5.0 development, the focus shifts to the
integration of digital technologies and the human factor,
which requires the creation of comprehensive program
documents, including by the government and the state,
which are aimed at stimulating business and industry to
implement new digital technologies. Special attention
should be paid not only to large state corporations,
but also to private small and medium-sized industrial
enterprises.

Incorporating the principle of human-centeredness
into production processes provides opportunities to
increase productivity and create more sustainable
business models. This involves not only modernizing
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technologies, but also adapting them to the real needs
of society. In Russia, human-centeredness can be
a key factor in the successful implementation of new
technological solutions due to increased employee
satisfaction, which encourages them to learn and
develop, resulting in improved customer experience.

MATHEMATICAL MODEL
OF THE PRODUCTION FUNCTION

Comparisons between different industrial revolutions
can be made using economic growth models. For
example, using the Solow model, it is possible to trace
what significant changes in production processes each
subsequent industrial revolution brings, as well as to
conduct studies of growth processes under conditions of
continuous technological development. In this case, the
so-called production function is analyzed, which defines
the relationship between the volume of production 7Y,
the number of workers L, the amount of capital K and
technological progress A:

Y =AK°L!™, (1)

In formula (1), the value of the parameter o, which
falls within the range from 0 to 1, determines how much
of the production is provided by capital.

Typically, the three main factors of production,
comprising labor, capital, and technological progress, do
not provide a complete picture of the production process.
In such cases, extended models are used, or additional
variables are added for deeper analysis. For example,
the extended Solow model [25] can be formalized as
follows:

Y = AK*LPHYNORE, (2)

In the extended model, in contrast to the original one,
new factors are introduced: human capital H, natural
resources NN and the current level of technology R. The
model parameters (a, B, y, 8, and €) determine the impact
of these factors on the production process (elasticity of
output with respect to each production factor). The sum
of the values of these parameters should be equal to 1
to ensure the completeness of accounting for all factors.
For example, o shows by how many percent output ¥ will
change if the capital K changes by 1 percent provided
that the other factors remain unchanged.

For each industrial revolution, the coefficients of
the model should take different values. Let us consider
considerations on the values of the parameters of the
extended Solow model in the context of Industries 3.0,
4.0, and 5.0.

Industry 3.0. Capital K plays a key role in
Industry 3.0 as physical inputs (machinery, equipment)

remain the basis of production. Labor L also remains
important in Industry 3.0, but arguably has less influence
compared to machinery and equipment. Human capital,
education, and skills H are less important as compared
to physical resources and technology. The influence of
natural resources N depends largely on the specifics
of the industry, but is still significant, especially in the
production of raw materials. The level of technology
development R is quite important, but not as important
as in Industries 4.0 and 5.0.

Industry 4.0. Capital K remains important; however,
the main vector of development is focused on innovative
technologies and digitalization of production. With
automation and the use of robotics, the human factor L
is less significant compared to Industry 3.0, and training
and skills A become more important as highly skilled
professionals are required to work with new technologies.
Considering sustainability and eco-efficiency, the impact
on natural resources N may be less, while the impact of
R technologies, especially digital technologies, may be
significant for production.

Industry 5.0. Capital K in the form of intellectual and
digital capital becomes the main factor of production.
Human resource L is still important, but more attention
can be paid to creativity, innovation, and interdisciplinary
cooperation. In Industry 5.0, education, creativity, and
flexible skills H are key factors. Sustainability priorities
and environmental awareness determine the importance
of minimizing the use of natural resources N. The
influence of advanced R technologies such as artificial
intelligence or nanotechnology becomes a major
determinant.

The setting of coefficients a, B, v, 6, ¢ for each
Industry X.0 iteration depends on the specific conditions
and objectives of a certain industrial sector. In order
to numerically determine the values of the coefficients
of model (2), an expert survey was conducted. To
ensure the representativeness and reliability of the
study, 110 experts were recruited representing various
sectors of the economy, including higher educational
institutions (RTU MIREA and R.E. Alekseev Nizhny
Novgorod State Technical University), academic
research centers, industry, and business (Nizhny
Novgorod Regional Branch of the All-Russian Public
Organization “Free Economic Society of Russia”),
which is generally sufficient for such studies [26].
This approach made it possible to cover a wide range
of opinions and ensure the diversity of views on the
importance of various factors of production. The experts
were asked to assess the contribution of five major
factors to the total output for three industrial revolutions.
In doing so, each expert had to allocate the factors such
that their sum for each industrial revolution equaled 1.
The data obtained from the survey were averaged to
obtain the total coefficients (Table).
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Table. Distribution of coefficients of the extended Solow model

Industry o B Y )

Explanation

3.0 0.32 0.18 0.16 0.1

Capital has the largest impact on output, indicating that
Industry 3.0 is capital intensive. The contribution of
labor is significant, but less than that of capital. Human

0.24 capital, important, but inferior to capital and labor.

The contribution of natural resources is small. The high
contribution of the level of technology development
emphasizes the importance of technological progress

4.0 0.26 0.16 0.19 0.09

0.3

Capital contribution is high, but less than in Industry 3.0.
The contribution of labor is reduced compared

to Industry 3.0. Human capital contributes more than

in Industry 3.0. The contribution of natural resources
remains the same as in Industry 3.0. The highest
contribution among all factors is given to the level

of technology development, indicating a high dependence
on technological innovation

5.0 0.21 0.11 0.24 0.14

0.3

Lowest contribution of capital and labor among all
industries. Highest contribution of human capital,
emphasizes the importance of knowledge and skills.
Higher contribution of natural resources compared
to other industries. Contribution of technology
remains high

According to the presented comparative analysis of
the contribution of each factor to production in the context
of Industries 3.0, 4.0, and 5.0, we can state that the relative
contribution of capital is decreasing. The role of labor is
also decreasing, generally indicating less dependence on
the quantity of labor. On the contrary, the contribution
of human capital increases, emphasizing its extreme
importance. The role of the factor related to natural
resources remains relatively stable, with a slight increase
in Industry 5.0, while the importance of technological
development remains consistently high, indicating the
importance of innovation for economic growth.

Thus, each industrial revolution has its own
peculiarities and differences regarding the contribution
of each factor, which should be taken into account when
designing economic policies and investment strategies.
Although from a theoretical point of view the distribution
of the coefficients a, B, v, 8, € seems reasonable, in order
to fully confirm the fairness and adequacy of the model
in practical application, it is necessary to carry out its
empirical verification.

CONCLUSIONS

The present study discusses conceptual differences
between Industries 3.0, 4.0, and 5.0, including unique
orientation, technologies, and goals, as well as approaches
to data handling and communication. Special attention
is paid to the justification of the need for accelerated

implementation of Industry 5.0 technologies in Russia. Itis
noted that the Russian economy is insufficiently prepared
for the challenges of Industry 5.0. The main obstacles
are the lack of a clear government strategy for digital
transformation of industry, the low level of digitalization
of most industrial enterprises, limited funding and support
for small and medium-sized industrial companies in the
implementation of advanced technologies, and a lack
of qualified personnel. However, the introduction of
Industry 4.0 technologies and planned transition to
Industry 5.0 technologies are seen as necessary steps for
the formation of an innovative and competitive economy.

The following conclusions can be drawn on the
basis of the conducted research: although the transition
to Industry 5.0 technologies in the Russian economy is
at an embryonic stage, the need to accelerate this process
is obvious. Recommendations for accelerating the
transition include: the development of a clear strategy for
the implementation of Industry 5.0 principles at the level
of the national economy, strengthening of state support
for small and medium-sized industrial enterprises, and
the creation of specialized educational programs to train
personnel to work with new technologies.

The Solow model can serve as a basis for the
development of economic strategies aimed at accelerating
the implementation of the principles and technologies of
Industry 5.0. The Solow model can be used to analyze
the impact of technological change on long-term
economic growth, taking into account the importance of
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investment in research and development, as well as the
impact of human capital and technological progress on
the growth of gross domestic product. However, these
conclusions are based on theoretical assumptions and
expert assessments, which require further empirical
confirmation. To fully justify the proposed strategic
steps, it is necessary to conduct additional research and
test the model on practical data. Here the importance of
financial capital and investments in critical infrastructure
and human capital development should be emphasized,
due to the significant costs and comprehensive analysis
required to support the transition to new technologies.
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Abstract

Objectives. In the context of aggressive sanctions and unfriendly behavior of competitors, the multi-sectoral
structure of the Russian economy is undergoing a process of rapidly restructuring to increase its competitiveness
and import independence. The locomotive of this process is the electronic industry, whose products influence
almost all aspects of the economy and society. This indicates the decisive role of the electronic industry in the lives
of Russians. Thus, the inventorization of the productive forces of the electronic industry presented in this article
constitutes a necessary step towards an effective and optimal solution to the problems at hand.

Methods. Classical methods of studying the socioeconomic relations of a complex system are used to consider the
example of the electronic industry along with its sub-sectors, enterprises, and other organizational forms. The system
analysis method is applied to management problems emerging at three levels: macro-, meso- and micro-level. The
induction method of inventory management is supplemented by the deduction method representing an analytical
movement from the electronic industry as an integral system to individual factors of the reproduction process.
Results. The first step of a practically feasible implementation chain of digital technologies in industry management
should consist in an inventory of all reproduction factors. The presented rationale and detailed inventory program are
compiled into a management block diagram in the format of digital twins of electronic industry enterprises.
Conclusions. The barriers facing the Russian electronic industry in the form of foreign competitors are not
insurmountable. Sanctions and unfriendly actions of foreign competitors represent an opportunity the Russian
electronics industry to overcome such barriers to significantly accelerate the scientific and technological,
organizational, and managerial development of the industry. The country’s leadership and industry actors are
aggressively implementing a program for developing the electronic industry as the locomotive of the entire economy.
The inventory presented in this article will serve to facilitate a resurgence of the Russian electronics industry with
respect to foreign competitors.
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HAYYHAA CTATbA

NuBeHTapU3alUd YJIEKTPOHUKHU —
(pyHIAMEHT NPOPHIBA B JIHACPbI

B.B. lLUnak ©

MUP3A — Poccuricknii TexHosorm4eckuii yimsepcutet, Mocksa, 119454 Poccus
@ AsTOp An9 nepenvicku, e-mail: morser@yandex.ru
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Pe3iome

Llenn. MHorooTtpacneBas CTPyKTypa pOCCUNCKOM 3KOHOMUKM B YCJTOBUSAX arpPeCCUBHbIX CAHKUUI U He4PYXECTBEH-
HOro NOBeAEeHNS KOHKYPEHTOB MPUHANAa 3TOT BbI3OB M YCKOPEHHO PECTPYKTYPU3NPYETCH, NOBbILIAA CBOK KOHKY-
PEHTOCNOCOBHOCTb U MMMNOPTOHE3ABUCMMOCTb. JTOKOMOTMBOM 3TOr0 NPOLIECCA SBASETCS 9N1IEKTPOHHAS NPOMbILL-
JIEHHOCTb, NPOAYKLUMNSA KOTOPOI OnpeaensieT 1 BANSIET NPakTUYECKM Ha BCE CTOPOHbI 9KOHOMUKM 1 00LLecTBa. 9TO
CBUIETENbCTBYET 00 ONpPeaensitoLLEel POSIY SNEKTPOHHOWN MPOMBbILLIEHHOCTM B XW3HM POCCUsIH. HacToswasn ctatbs
nokasbiBaeT NepBbIN War Ha Nyt K 3OOEKTUBHOMY 1 ONTUMaNbLHOMY PELLEeHUIO CTOALLMX 3a4a4 — MHBEHTapu3aumio
NPON3BOAMTESIbHBIX CUJ1 3JIEKTPOHHON NPOMBbILLIIEHHOCTN.

MeToabl. VIcnob30BaHbl KilacCUYeCckue MeToabl NCCnefoBaHNsA CoLManibHO-39KOHOMNYECKNX OTHOLLEHWIA CIIOXHOM
CUCTEMBbI, KOTOPOW ABNAETCSH 3JIEKTPOHHASA NMPOMBbILLIIEHHOCTb C BXOAALLMMMN B HEE MOo40TPACASIMU, NPeanpUAaTUaIMmn
1 opraHmsaumsmn. NpuMeHeH METOA CUCTEMHOMO aHanmM3a NpobieM ynpaBieHns Ha Makpo-, Me30- 1 MUKPOYPOB-
HAX. MeToa, HOYKUMK, K KOTOPOMY OTHOCUTCHA MHBEHTapmn3aums, A0MOJIHEH B UCCIIef0BaHUM METOO0M AeOyKUMN,
T.€. aHaJINTNYECKUM OBMXKEHNEM OT 3JIEKTPOHHOW NMPOMBbILLIIEHHOCTU Kak LLeJIOCTHOM CUCTEMBI K OTAE/IbHbIM (hakTo-
pam BOCMNpPOM3BOACTBEHHOIO NpoLecca.

Pe3ynbTaTbl. BoiCTpOEHa peanbHas 1 NpakTM4eckn OCYLLEeCTBMMAN Lernoyka BHegpeHUa umdpPOBbIX TEXHOIOM NN
B ynpasJieHe OTpac/bio, NEPBbLIM LLIArOM B KOTOPOW A0JKHA CTaTb MHBEHTapu3aumsa Bcex pakTopoB BOCMNPON3-
BoacTea. NpencrasneHbl 060CHOBaHWE 1 pas3BepHyTas NporpamMmmMa MHBEHTapU3aLMm, KOTOpble BEIBOAST HA peanu-
CTUYHYIO Lieflb, CKOMIMOHOBAHHYIO B B10K-CXEMY yrpaBfieHus B dopmaTte «LndpoBO ABOVHMK 3NEKTPOHHOM Npo-
MbILLJIEHHOCTU — UMMPOBbLIE OBOMHUKM MPELNPUATUN SNEKTPOHHON MPOMBbILLIIEHHOCTU».

BbiBoabl. OTCTaBaHME POCCUNCKOM SNEKTPOHHOM NPOMBILLIIEHHOCTU OT MHOCTPAHHbIX KOHKYPEHTOB HE ABNSETCS
HenpeoaonnMmMbiM. CaHKUMN U HEAPYXECTBEHHbIE AENCTBUS NHOCTPAHHbLIX KOHKYPEHTOB MO3BOAUAN POCCUNCKOWN
3NEKTPOHHOW NPOMBILLNIEHHOCTU WX HUBENNPOBATbL, NMPEOAONIETb U CYLLECTBEHHO YCKOPUTL KaK Hay4YHO-TEXHOJ0-
rmyeckoe, Tak n opraHM3aLumoHHO-yNpaBieHYeCcKoe pas3BuTme oTpaciv. PyKoBOACTBO CTpaHbl U OTPaciu HacTy-
naTesibHO PeasnayloT NPorpaMmmMy PasBUTUS 3JIEKTPOHHOW MPOMBbILLIEHHOCTU Kak JJOKOMOTMBA BCEN 3KOHOMUKN,
a npoBefeHNE MHBEHTaPMU3aLMN MO3BOJIUT HAMNPaBUTbL OTPAC/b B 0OFrOH MHOCTPaHHbIX KOHKYPEHTOB.

KnioueBble cnoBa: MHBEHTApU3aLMs, SNEKTPOHMKA, MUKPOINIEKTPOHMKA, ANIEKTPOHHAA NPOMBbILLIEHHOCTW, FrEHe-

panbHas cxema, M'MCI, mynbTrareHTHas Moaesb

Ana uutunposanua: Llnak B.B. VMHBeHTapusauus anekTpoHuku — dyHOAMEHT npopbiBa B nuaepbl.  Russian
Technological Journal. 2025;13(4):135-148. https://doi.org/10.32362/2500-316X-2025-13-4-135-148, https://www.
elibrary.ru/YYMNZI

Mpo3payHocTb pMHAHCOBOW AeATEeNbHOCTU: ABTOP HE nMeeT GUHAHCOBOW 3anHTEPECOBAHHOCTU B NPeACTaB/IEH-
HbIX MaTepuanax uam meTogax.

ABTOp 3asB151€T 06 OTCYTCTBUM KOHGMNKTA UHTEPECOB.

136

Russian Technological Journal. 2025;13(4):135-148


mailto:morser@yandex.ru
https://doi.org/10.32362/2500-316X-2025-13-4-135-148
https://www.elibrary.ru/YYMNZI
https://www.elibrary.ru/YYMNZI

Electronics inventory as the foundation of a breakthrough into global leadership

Vasily V. Shpak

INTRODUCTION

The development of any complex economic system
becomes more effective when there is an objective
and complete understanding of the actual means for
its achievement. The development of the Russian
electronics industry in recent years has demonstrated
stable positive dynamics in accordance with the goals
set by the country’s leadership. However, in order to
maintain and increase the pace of development, it is
necessary to work on increasing the efficiency of
interaction between all industry participants. A basis
for this consists in constructing a general scheme of
development and location of productive forces of
electronics. A systemic idea of the available resources
for the basis of the general scheme can only be provided
by a large-scale and all-encompassing inventory of
all production factors available to public and private
enterprises.

1. IMPLEMENTATION OF THE STATE POLICY
FRAMEWORK IN THE ELECTRONICS SECTOR

Since the approval in January 2020 of the Strategy
for the Development of the Electronic Industry of
the Russian Federation for the Period until 2030!,
the industry has been demonstrating notable growth
in all key indicators (Fig. 1). Despite external
restrictions  (COVID-19  pandemic, intensifying
sanctions, etc.), the volume of Russian electronic
products has been growing every year. By the end
of 2024, according to preliminary data, Russia will
produce electronic products, including components and
equipment, worth RUR 3.36 tn.

Over the same period, the number of employees
in the industry grew by only 10%. On the one hand,
this is insufficient, with estimating showing that the
industry workforce will need to be bolstered by at
least another 50000 people by 2030. On the other
hand, the faster growth of production volume as
compared to the number of employees shows that
labor productivity in the industry is growing faster
with output per employee/year having already
reached RUR 6 min.

An important indicator of the effectiveness of the
state policy in the electronics sector is the accelerated
growth of the nomenclature of Russian electronic

products. By the end of 2024, the register of Russian
radioelectronic  products? contained more than
29000 items, of which at least 20% were electronic
components. This applies not only to the industrial
sector, but also to consumer goods. In particular,
Russian laptops and tablets are no longer rare. Such
products have reached the retail market, with many
brands demonstrating competitiveness in price and
quality with foreign analogs.

Production 6.30
of electronic
products,

RUR tn

Number of products o9
in the unified

register of Russian
radioelectronic

products,

thousand items

5.5

2020 2022

2020 2022 2024 2030 (Purpose) 2024

Fig. 1. Dynamics of industry development indicators
in 2020-2024

Such dynamics became possible largely due
to the launch of a systemic set of support tools and
increased sources of industry financing (Fig. 2).
Here it is important to note that the range of support
measures is designed for all stages of the life cycle
from development to production and introduction
of electronic products [1]. These are mainly subsidy
support measures, where a part of organizational costs
for the creation of new technologies and products is
compensated in exchange for achieving the indicators
for the commercialization of developments. In total,
as of the beginning of 2025, more than 500 projects
are being implemented in the outline of the Ministry
of Industry and Trade of Russia’, of which more
than 100 are at the stage of commercialization.
New products have already been sold to a value of
about RUR 100 bn. Budget financing in the period
of 2020-2024 amounted to over RUR 430 bn, while
for the next three-year period, it is planned at the level
of RUR 250 bn.

In addition, more than 240 projects in the field of
electronics are being implemented by foundations and
development institutions, including the Russian Science
Foundation®, Innovation Promotion Fund’, Advanced
Research Foundation®, Industrial Development Fund’,

! Order of the Government of the Russian Federation No. 20-r dated January 17, 2020 “On Approval of the Strategy for the
Development of the Electronic Industry until 2030.” http://government.ru/docs/38795/ (in Russ.). Assessed May 07, 2025.

2 https://gisp.gov.ru/pp719v2/pub/prod/rep/ (in Russ.). Assessed May 07, 2025.

3 Ministry of Industry and Trade of the Russian Federation. https://minpromtorg.gov.ru/ (in Russ.). Assessed May 07, 2025.

4 https://rscf.ru/ (in Russ.). Accessed May 07, 2025.

5 https://fasie.ru/ (in Russ.). Accessed May 07, 2025.

6 https://fpi.gov.ru/ (in Russ.). Accessed May 07, 2025.
7 https:/frprf.ru/ (in Russ.). Accessed May 07, 2025.
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Fig. 2. Measures to support the industry

Skolkovo Fund®, and the Technological Development
Agency®.

In addition to direct financial measures for
stimulating specific projects, one of the most important
measures to support enterprises and organizations in
the industry is the provision of tax benefits in terms of
insurance premiums and income tax!% !, To date, more
than 600 companies in the industry have benefited from
these incentives. In 2022-2024, electronics companies
and organizations will save more than RUR 180 bn as
a result, which is comparable to the amount of direct
state support.

Although the Russian electronics industry is
already demonstrating healthy growth, the country’s
leadership has set even more ambitious goals. A new
impetus to the industry development was given by the
decision of the President of the Russian Federation
Vladimir Putin, who approved the “Fundamentals of

8 https://sk.ru/ (in Russ.). Accessed May 07, 2025.
° https://atr.gov.ru/ (in Russ.). Accessed May 07, 2025.

the State Policy of the Russian Federation in the field
of development of electronic and radioelectronic
industry for the period up to 2030 and further
prospect”!2, representing the main strategic document
for the development of electronics. The general
goal is proclaimed technological sovereignty of the
Russian electronics industry. The documents also
approved indicators for achieving this goal (Fig. 3),
including:
(1) continued growth of industry revenue up to
RUR 6.3 tn per year (2.4 times growth by 2023);
(2) meeting domestic demand for electronic products
by at least 70%;
(3) ensuring sovereignty over resources and means of

production;

(4) further technological development and
industrialization of topological standards of 28 nm
and lower.

10 Resolution of the Government of the Russian Federation No. 1310 dated July 22, 2022 “On Approval of the List of Electronic
(Radioelectronic) Products for the Purposes of Application of Reduced Tax Rates for Corporate Profit Tax and Tariffs of Insurance
Contributions.” http://publication.pravo.gov.ru/Document/View/0001202208010004 (in Russ.). Accessed May 07, 2025.

I Resolution of the Government of the Russian Federation No. 1311 dated July 22, 2022 “On Approval of the List of Materials and
Technologies for the Production of Electronic Component Base (Electronic Modules) for the Purposes of Applying Reduced Tax Rates
for Corporate Profit Tax and Insurance Contributions Tariffs.” http:/publication.pravo.gov.ru/Document/View/0001202208010009

(in Russ.). Accessed May 07, 2025.

12 Decree of the President of the Russian Federation No. 344 dated May 12, 2023 (in Russ.).
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Fig. 3. Ensuring technological sovereignty in electronics

It is also necessary to ensure the development
of new materials, which are especially important
for microwave electronics, power electronics, and
optoelectronics. To date, in particular, specific
plans have been drawn up for the development of
technologies for the use of gallium arsenide and
gallium nitride, as well as silicon-germanium and
silicon carbide [1].

In order to maintain the dynamics of the industry’s
development and to achieve the target benchmarks,
it is necessary to improve the efficiency of work
within the industry in order to optimize support
measures and obtain a synergetic result. At the
micro level, i.e, at the level of the economy of the
enterprises of the industry, the main specific goal is to
improve production efficiency and labor productivity
growth. Here relevant tools include the principles
of lean production [2] and scientific organization of
labor!3, whose positive effects have been repeatedly
confirmed'.

At a higher level of organization, which can be
referred to as the meso-level of management [3],
it is the growth of efficiency of interaction of all
industry participants both among themselves and
with external suppliers and consumers of electronics
products in order to achieve the strategic indicators
set at the highest macro-level by the President of
the Russian Federation and the Government of the
Russian Federation (Fig. 4). In this respect, the
achievements of the Russian electronics industry
in the recent past serve as a foundation [4, 5]. An

effective tool consists in the proven technology
of sectoral planning and management as set out in
the General Scheme of Development and Location
of Productive Forces of the Electronics Industry
for the strategic depth of planning [6, 7]. Quality
planning requires a reliable basis in the form of
complete information on the real state of productive
forces of the electronics industry. This can only be
provided by a complete inventory in the industry
carried out irrespective of the various organizational
and legal forms of legal entities and their forms of
ownership. Such an inventory will present a real
picture of the electronics industry economy to enable
organizations to identify the optimal application of
their competencies and qualifications.

2. SCIENTIFIC APPROACHES
OF PROFESSOR V.M. SIMCHERA

Professor V.M. Simchera defined the general
inventory of electronics and the entire economy of
Russia as a one-time accounting (census, censorship,
audit, revaluation) of all available material, labor,
financial and intellectual assets of the industry (country),
comprehensively characterizing its general condition
and wealth, its total national wealth in all forms of
ownership, types, and areas of activity in specific
conditions of space and time'”.

According to Simchera, the results of the inventory
serve as “the most complete source of primary data,
the most reliable tool for verification of existing

13 https://HanuonanbHBIENPOEKTHL. pd/news/umnaya-optimizatsiya-chto-takoe-berezhlivoe-proizvodstvo-i-zachem-ego-vnedryat/

(in Russ.). Accessed May 07, 2025.

14 https://mponssogurensHocTh.pd/ (in Russ.). Accessed May 07, 2025.
15 Manuscript archives of Dr. of Economics, Prof. V.M. Simchera (in Russ.).
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Fig. 4. Strategic planning of industry development

assessment databases of big data and knowledge
bases, their basis of foundations, a kind of initial
reference point, outside or bypassing which it is
impossible to verify and nominate the state of the
country even in the crudest form.”'® The development
of events since February 2022 demonstrates the
acute nature of the issue of inventory management.
At that point, the Russian economy began to receive
unexpected blows of Western attackers on its most
vulnerable points, which until then had seemed quite
solid.

Whether at any particular moment or in terms
of the dynamics from the past to the future, it
is impossible to see the whole without precise
knowledge of the state of productive forces of the
economy. This involves measuring achievements and
failures to objectively assess its state and potential
in both favorable and critical situations. Thus a deep
knowledge of the entire system of productive forces
of the country’s economy in all the diversity and
integrity of production and economic relations is
necessary to avoid gross errors and develop a capable
management system.

It still seems astonishing that the Russian
privatization was carried out by its executors without
scientifically substantiated data on the role of each
enterprise in the life of the country, which could be
obtained only as a result of a total inventory. This
fact alone calls into question the ideas underpinning

the irresponsible and inequitable privatization of
property that belonged under the Constitution!” to
all citizens of the country in an equal, inheritable,
and inalienable share. In the first place, these
ill-considered, hasty, and harmful actions affected
the most advanced sectors of the national economy in
general—and electronics in particular.

Since is very difficult to quantify the damage that
was caused to Russia by the leaders of privatization
in the 1990s, we will refer to the estimates of
V.M. Simchera, who considered the damage to the
national economy and population of Soviet Union
during the Great Patriotic War at 1.0 tn American
dollars of the mid-20th century or USD 17.9 tn,
which were circulating in the 1990s. V.M. Simchera
estimated privatization and collapse of the USSR
no less than 100 tn modern American dollars [8, 9].
The President of the Russian Federation and
the Government of the Russian Federation are
actively engaged in trying to compensate for this
damage.

Taking the form of classical census surveys,
inventorization has been conducted on a regular basis
every 5-10 years in developed countries since the
middle of the nineteenth century. However, in Russia
there have never been general regular censuses; as
a consequence, there is a lack of reliable cadaster
of data and full-fledged statistics of the Russian
economy.

16 Manuscript archives of Dr. of Economics, Prof. V.M. Simchera (in Russ.).
17 Constitution of the USSR, Chapter 2 “Economic System”, Article 10 (adopted at the Extraordinary Seventh Session of the
Supreme Soviet of the USSR of the Ninth Convocation on October 7, 1977 (in Russ.).)
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3. JUSTIFICATION
OF THE NEED FOR INVENTORY

More than 80 different strategic planning
documents and development programs have
been adopted in Russia (e.g., “Strategy for the
Development of the Russian Electronic Industry until
2030,”!8 “Strategy for the Production of Stringed
Musical Instruments,”!® etc.). All of these are based
on different worldview platforms, methods of goal-
setting, dimensionalities, as well as variations in the
scope and coverage of the tasks to be solved. Since
each initiator of such documents sees their strategy
as the dominant one, mechanisms and technologies
are proposed to achieve the set goals. However,
due to the lack of even the most general idea of
actually available resources and opportunities,
one has a holistic view of the structure, capacity,
and distribution of productive forces today. It is
clear that disparate and unconsolidated strategic
planning documents and development programs
can be implemented only accidentally—and, as
previous experience shows, only fragmentarily. And,
if a disruption in the production of stringed musical
instruments will be an unpleasant fact, the lack of
electronic components, equipment and electronic
products will be a disaster for the economy of the
whole country.

Clearly, the other extreme of investing all
funds in electronics should also be avoided:
electronic products must grow proportionally to
demand. However, it is remains impossible to
metrically determine the existing proportions in
the country’s economy and dynamically forecast
the optimally balanced development of industries
and enterprises of both electronics producers and
consumers without a total and coherent inventory.
Consequently, it already becomes clear at this step
of scientific analysis that only multidirectional
detailed and reliable knowledge of the structure of
productive forces of each industry and the country’s
economy can ensure the growth of electronic
products production in proportion to the growth
of productive capacities and solvent demand of
electronics consumers.

The necessary total inventory should be based
on unified databases and knowledge, as well as on
unified functional and instrumental support, which

is unfortunately still only being formed in the
academic community. In terms of its dimensionality,
structure,  scale, and coverage, involving
a multitude of fixed factor indicators and schemes
of their multidimensional functional-cost analysis,
technical regulations, standards, registers and other
fundamental system characteristics, the Russian
electronic industry has no analogs in the world. For
this reason, any borrowing of foreign tools will be
unsuitable for practical purposes.

Successful management of the country’s
economy, industry, enterprise, city, family requires
reliable information that represents an undistorted
image of any managed object or process. Such an
adequate virtual model can now be formed digitally.
However, since an image cannot be created on the
basis of analytical “average ceiling” representation,
it will be necessary to obtain first-hand genuine
(ontological) primary data, which can be collected
and processed only through a total inventory of
economic and business objects and processes in
which they are involved. Between two related
inventories, it is necessary to regularly conduct
clarifying continuous or selective, statistical,
and non-statistical measurements of changes and
dynamics of productive forces. The necessary
inventory of intellectual, organizational, material-
technological, and financial resources allocated
for the development of electronics is currently
being formed in the Ministry of Industry and
Trade of Russia. This task, which falls within the
achievement purview of Russian developers of big
data platforms [10], can be easily supported by the
current capabilities of Russian supercomputers2?.

The process of adaptation to Western sanctions
and planning for the development of the Russian
economy can become more effective if reliable data
on all elements of the structure of productive forces
(production facilities and qualified personnel) are
obtained along with the potential for their effective
utilization in the current environmental conditions.
In order not to assume unfulfilled obligations, it is
necessary to carry out a complete inventory and
establish specific responsible executors for the efficient
use of production funds.

As aresult of the lack of reliable information about
the country’s productive forces, including the lack of
strict control over top managers, the Russian economy

18 Order of the Government of the Russian Federation No. 20-r dated January 17, 2020 “On Approval of the Strategy for the
Development of the Electronic Industry until 2030.” http://government.ru/docs/38795/ (in Russ.). Accessed May 07, 2025.

19 Order of the Government of the Russian Federation No. 1582-r dated June 11, 2021 “On Approval of the Strategy for the
Development of the Musical Instruments and Sound Equipment Industry for the Period until 2030.” http://government.ru/docs/42466/

(in Russ.). Accessed May 07, 2025.

20 http://top50.supercomputers.ru/newsfeed (in Russ.). Accessed May 07, 2025.
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is developing at an insufficient pace to overtake modern
leaders in electronics. This applies to electronics,
foreign exchange reserves, durable goods, and food.
However, without scientifically sound and verified
practices, in which total inventory plays a paramount
role, it will be extremely difficult to move to the
stage of sovereignty. While the task of responding
to sanctions and other challenges is undoubtedly
urgent, the important business of inventory cannot
be neglected, since in the long term this will provide
the country and the population a sustainable positive
boost in development terms.

For decades already, instead of joint and creative
work on the inventory of the economy, “effective
managers” have been fighting for some Western
ratings, like Moody’s?!, Fitch Ratings?2, in order to
report about the increase in the rating of the country,
or a particular university, bank, etc. What ended
their struggle is now clearly visible, despite nothing
catastrophic having happened to the Russian economy
as a result.

Under the new conditions of the economic war
of the West against Russia, it is obvious that it
the development and nationwide discussion of an
independent inventory strategy-program is required.
This should be transferred to the development of
organizational structures of industry management and
the creation of the general scheme of development
and location of productive forces of the country in
sectoral, territorial, and generalizing formats [1].
The first step in the form of the General Scheme
of Electric Power Industry Development by the
Government of the Russian Federation?3 has already
been taken.

4. INVENTORY OBJECT

When taking a systematic approach to the creation
of an inventory, its objects should be sectoral and
territorial proportions of the distribution of productive
forces, along with the resulting parameters of the rate
of development of socioeconomic processes in Russia.

Many independent experts try to compare the
state of the economy of Russia and Western countries.
However, they do not take into account that the

21 https://ratings.moodys.com. Accessed May 07, 2025.
22 https://fitchratings.com/. Accessed May 07, 2025.

Russian Empire in 1917 and the USSR in 1991 lost
5.3 miIn square km or almost 1/4 of its territories,
involving more than 140 mln people or half of the total
population, along with two thirds of the production
potential and accumulated national wealth. Such
huge losses have not known any state for the whole
millennial history. If these losses are included in the
calculations and ratings, the conclusions will be quite
the opposite.

The years of the country’s economic development
following the destructive years of privatization have
demonstrated that the liberal-capitalist model of
society lacks unity of views on the integral system
of socioeconomic relations. Accordingly, it is unable
to realize the effect of synergetic multiplication of
productive forces and production relations. Liberal
globalization leads only to the loss of sovereignty and
prohibitive dependence of the country on the world’s
transnational corporations. The President of the
Russian Federation Vladimir Putin has formulated in
the most general form the thesis that dying liberalism?*
and private property?> [11] do not unite, but rather
divide people according to their selfish ends, which
will inevitably lead to the failure of the country’s
economic policy. Liberals throughout the modern
historical period have tried to dictate their will to
the world. However, since their will proceeded from
the interests and values of the rulers of the artificial
human habitat represented by the capitalist economy,
it constantly conflicts with the natural interests of the
majority of people.

In order to follow the course outlined by the
President of the Russian Federation Vladimir Putin,
the private property that appeared in the course of
ill-considered and hasty privatization should be
systematically replaced by property that is understood
as part of the state, thus functioning as a single integral
ensemble. This is the root and quintessence of the
country’s economic sovereignty.

It is not necessary to prove that, despite the current
contradictory Russian reality and series of sanctions
against Russia and its citizens, future changes can only
be constitutional. Such reforms that take into account
real inertia processes and national traditions can be
optimal in speed and depth.

23 Order of the Government of the Russian Federation No. 4153-r dated December 30, 2024 “On Approval of the General Scheme
of Electric Power Industry Facilities Location until 2042.” http://government.ru/docs/53923/ (in Russ.). Accessed May 07, 2025.
24 Interview with the President of the Russian Federation V.V. Putin on the eve of the G-20 summit. http://www.kremlin.ru/events/

president/news/60836 (in Russ.). Accessed May 07, 2025.

25 Private property is a part of national property that has become dependent on capitalists (e.g., the closure of enterprises in Russia).
Partial property is the national property that is transferred to private managers who can ensure its most efficient use.
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The President of the Russian Federation
Vladimir Putin pursues the following line2%: all
processes in Russian society and economy should
follow from the consensus of the social contract to
become a program of general civil accord, thus uniting
the healthy forces of Russian society and its allies
on the principles of common sense. Along with the
general progress of friendly countries, the success of
the electronics industry as the most technologically
advanced branch of the country will be characterized
by the speed and scope of the universal transition
from the present private economy to an economy
of pragmatic altruism. The production of various
goods with the condition of obligatory reproduction
of resources in the natural environment in order to
guarantee the basis for sustainable development of
future generations should be considered as the norm of
future social relations. It is this world outlook criterion
that should form the basis for the inventory of the
country’s productive forces and the elaboration of the
general scheme for the development of the economy
in general and electronics in particular. We can and
should use the systemic global economic crisis as
a chance for harmonious development of economy and
society in Russia, as well as in countries that share
Russia’s system of values.

Thus, the object of inventory consists in the entire
system of socioeconomic relations in Russia, in which
electronics plays an increasing and indispensable
role. It is now clear that by grasping this crucial link,
it is possible to pull the whole chain to a new phase
of progress: the first step should be a nationwide
inventory.

The inventory should metrically accurately reflect
the real advantages of Russian economy, including the
vast natural and skilled human resources used by private
owners to barely one-third of their useful capacity.
The backbone of the country’s former intellectual and
military potential has been preserved and recently even
multiplied. However, this advantage has not yet been
statistically measured, which means that it is difficult to
use it effectively as a basis. Progressive improvement
of legislative, informational and administrative-
technical support of the Russian economy is already
yielding tangible results, especially under the
conditions of unprecedented sanctions pressure on
the country and the economy. Thanks to the persistent
implementation of scientific programs, new “windows
of opportunity” have been opened for the transition of
Russian economy to the sixth mode [12, 13] of future

development of Russia and the world. As part of this
process, the electronics industry will be assume one of
the most prominent positions.

Methods and tools for managing the country’s
economy and any industrial sector should be chosen
depending on the reliability, completeness, and
integrity of knowledge about the socioeconomic
situation and the objective needs of economic and social
development. Currently, no manager starting from the
micro-level of enterprises and ending with meso- and
macro-levels can be confident in assessing the current
state of the managed object and the formation of
a winning strategy for further development due to the
lack of a holistic picture and the inability to assess the
risks beyond the extremely narrow boundary of the
sphere of opportunities. Winston Churchill humorously
observed that he trusted only those statistics that he
himself falsified. Without an inventory, there is no
understanding of the extent to which information
about the state of affairs in the economy is falsified,
or who exactly falsified it and how. Today, there are
no longer any proponents of investing the country’s
reserves in Western financial jurisdictions rather than
in the country’s productive potential. It is easy to
imagine what NATO and the European Union would
say now if the frozen USD 300 bn?” had been invested
in the production potential of Russian electronics and
related industries.

In his recent articles and speeches, V.M. Simchera
authoritatively argued that none of the socioeconomic
programs in Russia in the 21st century was ever
implemented [14]. Of course, some officials can
be accused of incompetence, but the majority of
Russian managers and scientists sincerely wished
for the fulfillment of the plans. This is the best
proof that the specialists who adopted the planned
guidelines simply did not realize where they were
located.

I would like to emphasize that specialists of
economic management bodies present detailed
accounts of the true state of affairs in the sphere of
their competence, but life goes on in its own way.
People move to other jobs, retire, etc. Along with
the individual specialists, the knowledge they were
carrying also disappears from their offices. New
appointees need time to form a holistic idea of the
assigned work, which hinders development. For this
reason, the inventory, organizational management
structure, and general development scheme of
productive forces of industries and the economy should

26 Putin V.V. ASI Forum “Strong Ideas for New Times,” 2022. http://www.kremlin.ru/events/president/transcripts/69039 (in Russ.).

Accessed May 07, 2025.

27 https://www.rbc.ru/economics/13/03/2022/622dd6ee9a7947081b63341c?ysclid=m3ujyuye2217113543 (in Russ.) Accessed

May 07, 2025.
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be formalized in the form of integral, but constantly
updated data, which is approved at a high state level.
In this case, people may change, but newcomers will
have a formalized initial base and material traces of
its development by the previous manager. This will
significantly increase the efficiency of management,
especially at the sectoral meso-level, along with the
responsibility of officials for their decisions, which
will be reflected as author’s innovations in the
organizational structure and the General Scheme of
Industry Development.

5. MEASURES TO IMPLEMENT
THE INVENTORY PROGRAM

The program of inventory of productive forces of
the country developed by the group of specialists under
the leadership of V.M. Simchera included 77 measures,
which should provide the management bodies with
reliable information in the context of 280 indicators.
Here it is advisable to consider the most significant for
electronics provisions.

The electronics industry was  seriously
underfunded in the period up to 2020, while the
demand for its products was growing at a faster
rate. As noted above, the right decisions have by
now been made to significantly increase capital
investments in the industry. Under these conditions,
it is especially important to balance them in terms
of time, territorial location, and technological level
with parallel training of specialists for future new
production facilities. Fortunately, sanctions have
forced Russian consumers, who previously ordered
foreign-made electronics, to turn their attention to
Russian manufacturers. The inventory should provide
a clear picture of the current and future ratio between
the primary factors of production consisting of fixed
assets and highly qualified personnel, both temporally
and territorially.

One of the bottlenecks in the electronics
industry is the rapid obsolescence of the production
and technological potential of enterprises, which
sometimes significantly outpaces the rate of physical
wear and tear of equipment. A complete census and
cost estimation of electronic industry equipment will
permit an optimization of depreciation charge norms,
as well as forming an approach to determining the
types of equipment subject to accelerated depreciation.
This “accounting” issue is so significant for the
electronic industry enterprises that its solution cannot
be postponed under any circumstances. Otherwise, the
technological lag of the industry will grow and may
become catastrophic.

28 https://gisp.gov.ru/ (in Russ.). Accessed May 07, 2025.

One of the most significant factors of efficiency of
electronics and entire economy include specialization,
cooperation, and the optimal size of enterprises.
Our global competitors are represented by giant
transnational corporations that deploy thousands
of small and medium satellites around the main
economic entity. Privatization, which destroyed
sectoral, inter-sectoral cooperation links and clusters
of co-operators along the entire chain from research
and development (R&D) to the production of finished
goods, has not yet been assessed from the position
of optimality and efficiency of modern production.
Without a comprehensive inventory, the current
situation is difficult to assess and consequently
almost impossible to improve. In this regard, all
existing reports on R&D performed in ministries and
departments should be subjected to inventory and deep
scientific audit, with the obtained results be put up for
auction for their commercialization on the basis of
a public—private partnership.

In addition, the inventory will provide a metric for
weighing all the factors that influence productivity and
form a clear program for generating the required number
of high productivity jobs.

A significant development problem consists in the
gap between the performance of enterprises, industries,
as well as the economy as a whole, as measured in
physical and value terms. In addition to solving the
problem of assessing the production and technological
potential of industries, the proposed inventory will
permit the establishment and accounting adjustment
of manufactured products to be as close as possible
to the final physical and natural results, thus reflecting
the real shifts in the economy and the actual situation
of people in society. This is not a private task, but
a question of manageability, since artificial cost
indicators under conditions of galloping inflation and
the dominance of the shadow economy reflect little
more than errors and mistakes. It will also make it
possible to measure the welfare of the population in
natural units.

There are already tools that can be used to carry
out the first wave of industrial inventory, both in
terms of the production capacities of enterprises and
the products they produce. For example, a catalog of
industrial products manufactured in Russia has been
formed on the platform of the State Information System
of Industry (SISI)?8. The catalog contains information
on more than 1.6 mln units of products, including
more than 360000 units of Russian industrial products
with an indication of the manufacturer, the commodity
nomenclature of the Eurasian Economic Union,
and, with respect to certain Russian radioelectronic
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products, the component parts of Russian origin.
As for Russian radioelectronic products, the catalog
is used as a basis for building the entire system
of preferences and state support for the industry.
The relevance and completeness of information
on the confirmation of Russian origin is realized
automatically within the framework of integration
interaction with the service of implementation of the
Decree of the Government of the Russian Federation
dated July 17, 2015, No. 719%°.

SISI also contains tools for describing the
production capacities of enterprises, entering
information on the volume of production, shipment
and sale of goods, including exports, both on
the industrial enterprises themselves and the
characteristics of their industrial products, taking
into account their sectoral affiliation and the level
of digital maturity of industrial enterprises. By
carrying out verification and operational monitoring
of the financial and economic status of systemically
important producers of industrial products, it also
becomes possible to assess the economic stability of
producers in real time.

When supplemented with the necessary industry
reliable statistics, including the results of “big data”
analysis from open sources, an inventory knowledge
base is created having possibilities of seamless
integration of the SISI with the accounting systems of
enterprises to simplify the mechanism of operational
automated collection and processing of the necessary
data. The current level of SISI development is already
sufficient to start the inventory of industrial products
and enterprises producing them in Russia. This will
form the basis for territorial and production planning
at a strategic depth.

In addition, the basic architecture of the industry
decision support system has been designed to date.
The complex of “Multi-agent network-centric
model of electronics resource management” [15],
“Organizational structure of industry business process
management,” and “General scheme of development
and location of productive forces of electronics for the
period up to 2050” will form the basis for strategic
planning of development of the electronics industry,
starting from the detailed goals and objectives facing
the national economy (industries, territories), which
are formulated by the country’s leadership, and
ending with the optimization of industry cooperation
and logistic interconnection of co-executors of both
state tasks and enterprises working in the unregulated
market.

In order to obtain the necessary qualitative data,
separate systematic analytical studies in the field of

development of electronic engineering (including
materials, chemistry), photonics technologies, human
resources have been carried out in recent years. This
formed the basis to approve comprehensive programs
for the development of electronic engineering and
photonics. However, it is necessary to complete such
work in the field of microelectronics technologies,
along with power and microwave electronics, passive
electronics and electrical engineering, as well as to
continue the expansion of comprehensive studies of
the state and development prospects of all electronics
technologies, the customization of systems of industry
and state statistics, and determination of approaches to
territorial and production planning and compilation of
inter-sectoral balances [16].

The inventory should be the starting point for the
fundamental implementation of digital technologies in
the management of the electronics industry, the flowchart
of which can be visualized as follows (Fig. 5).

CONCLUSIONS

The proposed inventory of the Russian electronics
industry and the country’s economy as a whole will make
it possible to restore the reliability of statistical data,
which is currently the subject of considerable doubts.
By systematizing and evaluating the obtained data, it
also will be possible to more responsibly counteract the
leakage of sensitive information from Russia.

In order to prepare, conduct and continue this
crucial work it is necessary to restore in Russia the
work on operational tracking of the dynamics of the
pro-inventorized parameters of the Russian economy
and their comparison with the world’s best scientific,
technical and technological achievements and standards.
The necessary revival of methodological and factual
work on the formation of the necessary balances
should start from individual product graphs linking all
co-executors and product-service platforms, which
balance the reproduction process on the scale of sub-
sectors of the electronics industry, and end with the
sectoral balance of ordered results with available
resources. This should be carried out in conjunction
with the integral inter-sectoral balance of the country’s
economy. Synchronization of this work with the national
inventory will ensure the reliability not only of sectoral
management, but also the maintenance of the proportions
of the Russian economy as a whole. This approach will
make it possible to synergistically accelerate the pace
of economic development of the community of friendly
countries and introduce a qualitatively new meso-
economic management platform in the format of an
electronic industry digital twin.

29 http://government.ru/docs/all/102816/ (in Russ.) Accessed May 07, 2025.
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