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Methodology of Evaluation of Evolving Sociotechnical Systems
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Abstract

FEvolution of the technogenic world, the development of networked and cyber-physical systems includes mechanisms of socio-
environmental self-organization of techno-society through the transformation of human experience within the cycles of autopoietic self-
organization of the techno-environment. An essential role in the issues of creating new forms of emerging socio-technical systems that
include artificial intelligence technologies at the stages of formation and implementation of a technical project is played by the concept
of including mechanisms of self-organization and system development, which is related to the methodology of assessing the ergonomic
properties of the systems being created. Ergonomic assessment plays a unique harmonizing and corrective role in creating man-machine
socio-technical systems. The determining role in the formation of ergonomic assessment of socio-technical systems is shown to be played
by reduction mechanisms, which determine the evolution of these systems in the required direction. A socio-technical system with artificial
intelligence does not have a priori predetermined, clearly known and intelligible to authors and user’s properties, and displays them
only in a working context, which does not allow applying the usual methods of ergonomic assessment used in assessing the permanent
qualities of a socio-technical system concerning a human user. We noted the unique role of symbiotic relations in maintaining the
effective operation of socio-technical systems with distributed artificial intelligence considered to the processes of coherence-decoherence,
influencing the change of forms of organized complexity, and determining the system’s viability in the environment. We pointed to the
problem of inactivating technologically generated elements of the techno-environment into the socio-technical system’s evolving part.
Using the Internet as an example, we show that the free evolution of the techno-environment associated with excessive information
diversity of the social component of the network leads to acceleration of its evolution but reduces its social stability and sustainability.
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CaHkT-leTepbyprckmii nonuTexHNn4ecknii yHnsepcuteT lNeTpa Benukoro

MeTtooonorms oueHKu 9BOJTIOLUMNOHUPYHOLWNX COLUNOTEXHUNYECKUX CUCTEM
C NCKYCCTBEHHbIM UHTEJIJIEKTOM

DeoaryUs MexXHO2eHHO20 MUPQA, PA3GUMIUE CEMEBbIX U KUOEPPUIUUeCKUX CUCMeM KAIOYAIOM MeXAHU3MbL COUUAAbHO-CPe00-
801l CAMOOP2AHUZAUUU MEXHOO0WeCmed 3a cHem mpaHchopMayuU 4ea08e1ecKk020 ONblma 6 PAMKAX YUKA08 AYMON0IMUYECKOl
Camoop2anu3ayuy mexrHocpeosi. Basxcuyro poab 6 60npocax co30anus HOBbIX (hOPM GO3HUKAIOUUX COUUOMEXHUUECKUX CUCMEM,
BKANUAIOUUX MEXHON02UU UCKYCCMECHHO20 UHMEAACKMA HA IMANAX (OPMUPOBAHUS U Pearu3auuu MexXHU4ecKkoeo npoekma,
uepaem npuHAMAasn pa3pabomuuKamu KOHYenyus eKAI04eHUS MEXAHUZMO8 CAMOOP2AHUZAUUL U PA3GUMUS CUCIEMbl, C8A3AHHAS
¢ Memodono2ueil OUEeHKU IP2OHOMUUECKUX CEOLICME C030A8aAeMbIX CUCMEM. DPeOHOMUYECKAS OUeHKA u2paem 0cobyio 2apMOHU3U-
DPYIOWYIO U KOPPEKMUPYIOWYo poab npu co30aHUU YeA08eK0-MAWUHHbIX coyuomexnuyeckux cucmen. Ilokazano onpedeasiouee
3HAYeHUe 6 YOPMUPOBAHUU IP2OHOMUUECKOL OUCHKU COUUOMEXHUUECKUX CUCHEM MEXAHU3MO8 PeOYKIUL, KOMOpbie 0NPedensiom
HanpaeaeHue 36040UUU OAHHbIX cucmeM 6 mpebyemom HanpasieHuu. COUUOMEXHUYECKAas CUCmeMa ¢ UCKYCCMBEHHbIM UHMe -
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UUaibHyr yCI’nOlZ‘H/IGOCH’lb U cmabuabHOCMb.

AEKMOM QNPUOPHO He UMeem 3apanee 3a0AHHbIX, YeMKO U36eCMHbIX U NOHAMHBIX A8MOPAM U NOAb30BAMENAM CEOUCME, UX OHA
nposeasem moavko 8 pabouem KOHmeKcme, Ymo He HO360A59em NPUMEHAMb NPUBbIYHbIE MeMOObl IP2OHOMUUECKOLU OUCHKU, UC-
noab3yemoie npu OUeHke NOCMOSIHHbIX KA4eCme COYUOMEXHUMECKOU CUCMeMbl N0 OMHOWEHUIO K 4eA08eKY-N01b306ameo.
Ommeuena ocobas poab cumOuOMuUYeCKUX OMHOUWEHUL 6 Noddepicanul 3pdexmusrHou pabomo: COYUOMEXHUYECKUX CU-
cmeM ¢ pacnpeoeseHHbiM UCKYCCMEeHHbIM uHmenaiekmom. Paccmampueaiomes npoueccol KozepeHuuu-oexozepenyuu, 6au-
Alowue Ha cMeHy opM 0peanu308aHHOL CAOICHOCMU, Onpedesioujue JHCUu3HecnocobHocms cucmemst 6 cpede. [locmasaena
npobaema HAKMUBAUUU NOPONCOACMbIX MEXHOAOUAMU INEMEHMO8 MEXHOCPeObl 8 I80AI0UUOHUPYIOUYIO YACMb COUUOMEXHU-
yeckotl cucmemol. Ha npumepe cemu Hnmepnem noxkaszano, 4mo c60600HasI 280410UUSI MEXHOCPEObl, C8A3AHHAS C U30bIMOUHbIM
UHMOPMAYUOHHBIM MHO2000paA3UEM COUUAAbHO20 KOMNOHEHMA cemu, edem K YCKOPeHUI ee 380AI0UUlU, HO CHUJcaem ee co-

Karoueewte caosa: coyuomexHuveckas cucmema, ucxyccmeeimbni UHmeanrekm, camoopeanu3auusd, 36040UUA, UUKAbL AY-
monosmu4eckoeo 60n10WerHus, 3pcOHOMUKA, OUeHKa COUUaIbHblX cucmem

Introduction

The intensive formation and development of the
technogenic environment of human civilization ob-
served in recent decades is accompanied by an in-
crease in the complexity of the technogenic envi-
ronment, the development of technologies, gadgets,
machines, and mechanisms that combine into net-
work structures controlled by artificial intelligence
technologies. These processes lead to developing a
global evolving planetary techno-biological unity [1],
which exhibits the properties of self-organization and
self-development inherent in its system basis only on
living organisms and social communication.

The primary mechanism causing the processes of
global self-organization, development, and constitution
of the new systemic essence of the technogenic civi-
lization of Planet Earth is electronic communication,
which forms virtual interfaces connecting users with
artificial worlds of different degrees of virtuality [2].

Human users and artificial intelligent systems
and agents, including mobile robots and "smart en-
vironments,” become participants of social network
communications. Hybrid and artificial socio-tech-
nical systems of evolving types are emerging.

The network complexity world is developing.
Communication of observers, including artificial
agents forming a digital dynamic copy of the world,
plays a unique role in the logic of its functioning.

The probabilistic, quantum-like nature of inter-
actions in the emerging techno-biotic environment
of the self-organizing world includes mechanisms
of coherence and decoherence, ensuring the emer-
gence and collapse of complex forms of techno-en-
vironment organization. "Technologically, a human-
dimensional network-centric scenario of anthropo-
technosphere evolution is built" [3, p. 55]. There is
a world of organized complexity, manifested in the
intensive development and implementation of com-
puter technologies of management and control in all
spheres of human activity, including technologies of
artificial intelligence and virtual reality. It can be
said that the technogenic civilization is entering the
post-natural stage of its development, characterized
by increasing complexity and intellectualization of
the environment, intersystem integration, and the

appearance of multilayer virtual control environ-
ments, in general digitalization and hybridization of
real and virtual worlds.

In methodological terms, there is a change in the
forms of thinking of researchers and designers of
technogenic environment towards the application of
forms of post-non-classical rationality [4], the main
features of which in this context are:

— Socio-cultural determination of scientific and
design activity;

— Formation of the designer-researcher in the
process of learning and communication with other
project participants;

— The emergence of heterogeneous, including
different scientific specializations, research, and de-
sign communities;

— The design team’s consideration as an evolv-
ing, self-organizing human-dimensional system
within the current variant of technogenic culture.

Application of methodological principles of post-
non-classical rationality is expedient in case of
considering research and design objects as complex
self-developing systems possessing cyclic causality,
differentiation of external and internal space and
time, taking into account the factor of system evolu-
tion and history within some cultural environment.
Socio-technical systems with artificial intelligence
arising within the evolving technogenic environ-
ment can be referred to as design objects.

Post-nonclassical methodology
for the design of complex systems

The creation of complex systems is associated with
the design of their composition and structure suffi-
cient for the emergence of self-organization processes;
but the methodology and tactics of research and con-
duct of the design process are changing. The active
role of artificial intelligence technologies in solving
design problems shifts the emphasis from the defining
role of humans in the design of the technological en-
vironment to cooperative and mutually oriented com-
munication interactions with the intelligent environ-
ment, which are carried out in computer-aided design
systems. Virtual reality interfaces implementing in-
duced environments are used. The designer’s activity
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in such a virtual environment, which simulates the
design reality, allows effectively translating a person’s
creative abilities into a product. However, the design
of complex systems differs from classical design.

OIld mechanistic ideas about designing as the
joint implementation of an engineering project ex-
ecution algorithm that meets the technical assign-
ment are replaced by holistic models and concepts.

They reflect the world’s complexity in the process
of autopoietic self-organization of the environment.

The development of cyber-physical technologies
and flexibly networked machine design systems, the
introduction of industrial robots, and automation
tools bring new technological and production ca-
pabilities to create a complex technogenic environ-
ment. A distributed technological socio-technical
environment emerges, generating an elemental di-
versity of components from which new machines
and mechanisms are created.

The developer of a complex system cannot be
outside the process of the evolution of the design
environment. Submitting to its development logic,
it gives the system the required properties, but it
often does not understand the latent strategic goals
and the direction of the development of the system
being created. The designer is also not aware of the
consequences of the future of the negative impact
on a person the results of the functioning that arise
the self-organizing elements of the technosphere.

The use of symbiotic forms of interaction of the
person and intellectual environment of designing
[5] demands new approaches for the creation of ef-
fective socio-technical systems.

As a variant of human inclusion in the design
processes, a number of authors suggest "imagina-
tion technologies,” which are understood as methods
that allow users to discuss potential socio-technical
worlds from different points of view, imagining how
the development of new technologies can affect their
lives and the future of society as a whole [6, p. 233].
According to E. G. Grebenshchikova, socio-techni-
cal imaginaries play a unique role in designing the
future — mental constructs constructing the present
and future of science and technology, postulates the
development of social technologies focused on a pro-
active approach, proactive management, openness to
criticism, and active inclusion of social actors in the
discussion of potential socio-technical worlds [7]. As
applied to design activity, it is possible to speak about
the emergence of a hybrid techno-cultural environ-
ment in the design organization, which determines
the effectiveness of the project team activity.

Designing is local in space and distributed in time,
simultaneously being additional to the world. The pro-
cess of selective inactivation of the project through
technology and production in the evolving technogenic
environment, which may not be ready to introduce in-
novations containing potential danger for the human
elements of the techno-social organism, is essential.

Sociotechnical Systems with Artificial Intelligence
(Complex Sociotechnical Systems)

A unique role in creating socio-technical systems
considered in this article is played by the issues of
symbiotic mutually beneficial association of man and
technology within the evolving techno-environment.

A socio-technical system is a dynamic self-or-
ganizing element of a hybrid technogenic environ-
ment, arising and developing due to interaction and
communication between humans, technical infra-
structure, and technology.

Eric Trist and Fred Emery, who worked as con-
sultants at the Tavistock Institute of Human Rela-
tions [8], proposed this term in 1960.

Examples of such techno-social organisms are air-
ports, energy, transport, and other systems that con-
tain and implement computerized network forms of
cyclic communication, in which the group activities of
members of the labor collective are carried out.

Currently, socio-technical systems use artificial
intelligence technologies to optimize intra-system
processes by automating work with big data and typi-
cal procedures. Such systems can be called complex
socio-technical systems. Two types of communica-
tion processes work synergistically: self-organizing
communication in the human part of the system
and information circulating in the machine part of
the system. In their interaction, there may be prob-
lems of ensuring effective and comfortable human
interaction with the self-organizing communicative
techno-environment, the evolution, and autopoie-
sis, which can lead to the emergence of stressogenic
and destructive states in users and actors.

Complex socio-technical systems should be con-
sidered in the concepts of multiplicity, dynamic di-
versity, non-linearity, non-uniformity, the complexity
of self-organizing systems. The concept of comple-
xity of self-organizing systems reflects the continu-
ous dynamics of the world in all its fundamentally
unknowable quantitative-qualitative manifestations.
General intellect as a form of assessment of the capa-
bilities of a complex system is its emergent property
that allows the latter to effectively solve the problems
of active (formation of the artificial environment,
creative activity) and passive (adaptation, adaptation
to the environment) existence in the world.

E. N. Knyazeva generalizes the existing views on
complexity and complex systems, formulating and
detailing the characteristic properties of complex sys-
tems within the framework of synergetic paradigm:

— Complexity is a multitude of system elements
connected in a nontrivial way by original links.
Complexity is a dynamic network of elements con-
nected by definite rules;

— Complexity is the internal diversity of a sys-
tem, the diversity of its elements or subsystems that
makes it flexible and capable of changing its behav-
ior depending on the changing situation;
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— Complexity is a multilevel system (there is an
architecture of complexity);

— Complex systems are open systems, i.e., ex-
changing substance, energy, and/or information
with the environment. The boundaries of a complex
system are sometimes difficult to define (seeing its
boundaries depends on the observer’s position);

— Complex systems are systems in which emer-
gent phenomena (phenomena, properties) occur,
which cannot be "subtracted" from analysis of the
behavior of individual elements;

— Complex systems have a memory; they are
characterized by the phenomenon of hysteresis,
with a change in the mode of functioning processes
being resumed on the old traces (previous tracks);

— Complex systems are regulated by feedback
loops: negative, which ensures restoration of equilib-
rium, return to the previous state, and positive, which
is responsible for rapid, self-stimulating growth, in
the course of which complexity flourishes [9].

Obviously, the definitions given by E. N. Knyaze-
va’s complex systems are also applicable to socio-
technical intelligent systems. In this case, the in-
telligence embodied in the symbiotic form in the
system is a function of the complexity of the self-
organizing system.

Methodology for ergonomic assessment
of complex socio-technical systems

A special harmonizing and corrective role in cre-
ating man-machine socio-technical systems is played
by ergonomic evaluation, carried out in the process
of ergonomic expertise, carried out at different stages
of design and operation. This verifies the degree of
implementation in a ergonomic requirements project
that determines the quality and efficiency of man-
machine interaction in the system. However, the use
of this procedure in a socio-technical system with
artificial intelligence is complicated because it does
not have a priori predetermined, is clearly known,
and is understandable to authors and users proper-
ties. They manifest themselves only in a working
context, which prevents the application of the usual
ergonomic assessment methods used in assessing the
permanent qualities of a socio-technical system con-
cerning a human user. They can change continuous-
ly at different stages of the socio-technical system’s
existence and manifest themselves only in forms ac-
cessible to interpretation by the observer.

Only a human expert, including elements of cre-
ativity, aesthetics, group and individual professional
experience, and at the same time subjectivity and
randomness, carries out being a complex interdisci-
plinary procedure, ergonomic assessment.

In essence, any subjective evaluation, created by
man, is an attempt of reduction of his experience,

the essence and form of reality reduction performed
by consciousness within the limits of subjective re-
ality (which itself is a form of reduction performed
by consciousness, while objective evaluation is a re-
sult of processed data reduction in the information
system. Both assessments are forms of statistical
evaluation, data processing, and optimization.

Evaluation is always associated with measurement
and interpretation. The latter reflects the designer’s
dynamic picture of the world and is mainly subjective.
Attempts to automate the processes of interpretation
formation with the help of artificial intelligence algo-
rithms rely on big data processing and deep learning
technologies [10]. However, the replacement of natu-
ral intelligence by its technical counterpart artificial
intelligence is currently impossible due to the dif-
ference in their nature — active but probabilistic in
humans and passive, but deterministic in a computer
system despite their fundamentally joint information
base [11]. V. A. Lectorsky holds a similar position
and view, supplementing them with the notion of
postclassical logic derived from the process of meta-
physics, which proceeds from the fact that things and
other objects can and should be understood as a kind
of clots of processes [12].

When evaluating something, people traditionally
try to implement the principle of objectivity, which
requires excluding the subject from any evaluation
process because the latter does not allow to formalize
evaluation and leads to its division into external ob-
jective and internal — subjective. At the same time,
measurement and evaluation are always a process
of reduction carried out by an observer, in which
we understand something and someone (including a
person) making a distinction. In essence, evaluation
is the simplest model of the system being evaluated.
Generating models of the world is the primary func-
tion of consciousness, which tries to create and verify
the most effective and minimal models of reality [13].

Mathematical modeling is most often used in de-
sign as a discipline that works with models derived
from formalizing the results of reduction, but the in-
tuition and experience of the designer play a consider-
able role. In socio-technical systems, there are pro-
cesses of reducing the system’s world into evaluations,
which participate and are used to create directions and
forms of their further evolution. Each new state of a
socio-technical system is also the result of a continu-
ous reduction of its past states into simple models and
then evaluations. The reduction-evaluation-correction
cycles are fundamental for all socio-technical systems.

Observation plays a decisive role in evaluation
procedures (local reductions) and is connected with
the emergence of a system of distinguishing (ob-
server) and systems of processing and interpreting
data, transforming them into comprehensible (in-
consistently interpreted) results. The observer plus
the memory interpreter form a subject. Being a sub-
ject, an observer of the future, the designer always
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deals with reduced forms of the world represented
in his subjective world. His task is to make a dis-
tinction, which is always a reduction. In this case,
the quantum holistic nature of the world comes
into contradiction with concrete results of the real-
ity world represented in consciousness. Resolution
of this contradiction is possible only within social
relations and social evaluations formed in them.

Social evaluation is some integrity composed
of, but not reducible only to, reduced evaluations
of collective members. Due to the autopoietic and
probabilistic-random nature of emergent social in-
teractions in the collective, a social system cannot
be reduced to an object because any description
would be incomplete and represent some interpreta-
tion, which is always inherently inherent a reduction
of the actual social system. Multiple evaluations in
a nonlinear sum of unit reductions lead to confu-
sion and restoration of interpretation as wholeness,
which again becomes quasi-quantum-mechanical.

Thus, design is the process of constructing some
wholeness from local reductions created by design-
ers based on evaluations obtained in collaborative
work. The project is the reduced part of the future
growing out of the past. Implementation is the pro-
cess of transforming the project into reality. The re-
sult is the local realization of the project, which has
acquired the force of reality. Subjective reduction
transforms the project into reality and vice versa.

According to V. P. Zinchenko, a genome of spiri-
tual development arises, which cyclically combines
and complements the real and ideal forms of reality,
forming a spiral of evolution [14, p. 338]. The sub-
ject and technology are a tool and mechanisms for
transforming the reduced subjective forms of con-
sciousness into reality.

Designing is creating a product with given proper-
ties and multiple evaluations of its impact on the world
as a whole. Anything, in reality, is infinitely more
diverse than its design. It is an evolving complexity,
growing from an ideal form in the minds of the proj-
ect’s authors and realized in a variety of technological
and social relations and forms into a real product.

In 1972 Austin O. Roche, Phil Ray, and John
Frassanito were granted Patent No. 224,415 for the
Datapoint 2200 desktop personal computer, making
them the first personal computer [15]. They had
no idea how effective technology they had released
into the world, how significant the consequences of
what they had done for the progress of humanity
would be. The consequence of this was the total
computerization of all spheres of human existence
and activity and the independence of the technical
environment itself from man. There appeared cyber-
physical systems based on evolutionary principles of
development [16], including key characteristics:

— Independence of functioning of system com-
ponents;

— Managerial independence of the system com-
ponents;

— Geographic distribution;

— Evolving behavior;

— Evolving development processes.

Technology has gained the ability to replicate
human information behavior, create a digital pic-
ture of the world, and change it. This picture may
be unfriendly and dangerous for humans, but at the
same time, it may help ensure effective technosym-
biosis in socio-technical systems.

Mechanisms of self-organization
of evaluation activity in socio-technical systems
with artificial intelligence

The design of complex computer and communi-
cation networks and environments requires an ex-
amination of the impact of global effects of changes
occurring in the technogenic environment, espe-
cially in its interface elements that provide inter-
system relationships and integration of humans into
the technobiotic environment [17].

Let us note the dynamic nature of the develop-
ment of human-dimensional systems whose very ex-
istence is a continuous change of the environment in
the process of which there is a continuous entangle-
ment of macroscopic systems and the disintegration
of systems of interactions. Mechanisms that form the
system and its environment in the form of a superpo-
sition of macrosystems — coherence process and de-
stroy its entangled state — decoherence processes, as
a result of which classical interaction systems appear
before the observer [18]. The entangled states create
the subtle matter of the real world, and the reduc-
tion leads to the definite classical world. At the same
time, only creativity in the broad sense of the word
integrating different points of view on the evolution
of a complex system can overcome the deadening
force of reductionism preventing the development of
the formed version of the complex world.

We must admit that effective ergonomic assess-
ment of socio-technical systems is possible only
with multidimensional analysis, which includes
multiple perspectives on the system from internal
and external observers, allowing us to give an ob-
jective forecast of the system’s development. This
is possible with the emergence of a process of self-
organization in the evaluation mechanism during
the creation and functioning during the operation
of the socio-technical system.

Self-organization in the formation of assessments
in socio-technical systems

A number of conditions in the evaluation mecha-
nisms and multiple feedbacks are necessary for the
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inclusion of self-organization mechanisms in an
open socio-technical system:

— Multiple diversity of elements of the evaluation
system being at the first stage of its development un-
der disorganization, weak mutual connectivity;

— Non-equilibrium, leading to the system devia-
tions from the thermodynamic equilibrium of the
evaluation system;

— Non-linearity and instability of relations and
states between elements of the system lead to mul-
tiple variants of its development, the appearance of
new forms with insignificant changes in parameters.

The inclusion of artificial intelligence algorithms
in the work of the socio-technical system allows re-
ducing the diversity of its final structures and op-
timizing the possible variants of development and
resource provision.

Conclusion

The modern view of socio-technical systems with
artificial intelligence considers them as complex self-
organizing clements of the developing technogenic
environment. The primary mechanism of their emer-
gence and evolution is connected with the processes
of coherence — decoherence of the guided processes
of self-organization of technogenic environments
with the active influence of the human link and the
system of evaluations generated by the technical part,
optimizing the structure and functions of the system.
The emergence of multiple evaluations of the exter-
nal and internal state of the socio-technical system
leads to possible forms of its realization and evolu-
tion. Evaluation can be considered as a form of re-
duction of actual and potential states of the system
within the framework of post-nonclassical rationality
describing self-developing systems.

The system’s computer (technogenic) world ge-
nerates local digital reductions composed of exter-
nal observations of the system. They are subject to
formal laws and, as such, acquire the property of
computability and, consequently, can be realized in
digital form. The total digitalization of socio-tech-
nical systems attempts to use the reductions of the
real, holistic world to organize them. Diversity, sta-
bility, and stability of the flow of self-organization
processes in socio-technical systems with artificial
intelligence give social communications and choice
of development directions by symbiotic interactions
between artificial and natural intelligence.

An example of a global socio-technical system is
the Internet. In the process of its evolution, turning
into a dynamic digital copy of the real world leads
to its destruction because it is incapable of man-
aging the future, which is peculiar only to active
systems involving humans. It is necessary to take
a cautious approach to the total digitalization of
society because the multiple assessments arising in

the environment lead to the appearance of destruc-
tive copies of the world outwardly indistinguishable
from reality, but leading to the destruction of the
social mechanisms of self-organization of society.
The dominance of artificial intelligence distributed
in the Internet environment leads to the degrada-
tion of human society and the displacement of a
person losing moral and ethical reference points
from productive and creative activity.
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CaHkT-lNeTepbyprckmnn degepanbHbli UCCnenoBaTeNbCKUn LeHTp Poccuiickon akageMmmn Hayk

Mopenb aeueHTpanu3oBaHHOW KMbepgu3nyeckom cucTeMsbl,
YCTOMYNBO (PYHKLMNOHUPYIOLLEN B USMEHAOLLEMCA OKPY>XXeHUn*

Paccmampuearomces 6onpocet deyenmpanuzayuu u Ounamu4eckozo nepepacnpedeienus poiei 6 Kubephuzuveckux cucmemax
(KDC), npednaznavennvix ons pabomol 6 UIMEHAIOWEMC OKPYICEHUU U, 6 0COOEHHOCMU, 8 OMKPbIMbIX NPOCMPAHCMEAX, 20e
Cyulecmeyom noebvluleHHble PUCKU HOAOMKU MOOyaell u nomepu césa3u. B wacmuocmu, uccaedyromes memoods: deyeHmpaiu3ayuu
aneopummos ynpasnerus nosedernuem KOC u obecnevenus uzdbimoyHocmu ux KOMROHEHMO8 U ces3ell. Buisenen psod mpebosarnuil
K NOOOGHbIM cUCmeMam U OmMe4eHo, KaKue 02PAHUUEHUs @ CYUeCmEYIUWUX no0xXo0ax npensimcmeyrom peaiu3auyuu cucmem,
Y0084emeopAUUX IMUM MPedOBAHUAM, HA PUUYECKOM, CEMeBOM U NPUKAAOHOM YPOBHAX. i Kaxncoo2o yposHs npednrojceHvl
modeau nosederus KOC, komopsie obecneuugarom asmoHOMHoOe pacnpedeienue UHGPACMPYKMYPHbIX poaeli Meicoy KOMHOHeHmMa-
Mmu. Boinoaneno gpopmanvroe onucanue smux modeneii ¢ NOMOUbIO Ouazpamm 0esmensHocmu. Jmo no3604UN0 GbINOAHUMb CUHME3S
CMPYKMYPHO-nApamempuueckoi modeau agmoHomHol mooussnoti KOC, opuenmupogannoi Ha QYHKUUOHUPOBAHUE HA OMKDPbIMbIX
MmeppuUmopusax 6 yCA08Uusax OUHAMUYECK020 OKPYICEHUS U peuleHue NPUKAAOHbIX 3a0aY, 8bINOAHAEMbIX NOCPEOCMEOM CO2AACOBAHHO-
20 @3aumodeticmeust epynn moousbHolx azenmos. Modeav ompascaem npoyecc YHKUUOHUPOBAHUSA A8MOHOMHBbIX MOOUAbHbIX KDC
6 QUHaMU1ecKux cpedax u yuumoiéaem acneKmol yCMOUYU8OCMU CUCMeEMbl U ee peakyuu Ha decmpykmugHble osdeiicmeus. K npe-
UMYUECMBAM NPEeOA0NCEHHbIX MOdenell OMHOCAMCA JeyeHmpalu3ayus 3a0a4, omcymcmeue YeHmpaibHulX, KpUMUUecKux Y3108 u
Y3KUX Mecm, omcymcmeue mpeboeanuil NPSAMol eUOUMOCIU MelCcOy YCMPOUCMEAMU, MAA020 PACCMOAHUS MeNCOy HUMU, CMmayl-
OHAPHOCMU YCMPOUCME, 803MOICHOCMb PAOOMbL 8 HEUCCAeA08AHHOM OKpydcenuu. Pazpabamvieaembie peuienus opueHmuposamsl
Ha npumenerue, npexicoe 6ceeo, 6 cihepe buszHeca U npueOOHbL 0451 UCNOAL30BAHUSA, K NPUMEDY, HA NPOMbIULACHHbIX NPEONPUAMUSAX,
OCHAUEHHBIX MOOUABHBIMU POOOMOMEXHUYECKUMU YCMPOLICMEAMU ¢ Kamepamu, npu 00pabomie ceabcKoxo3sicmeeHHslx yeooui u
m. 0. JIpyeoii cpepoli npumerenus 16A5emcs blNONHEHUE MePPUMOPUANbHBIX UCCAe008AHUL, cnacameabHbix onepayull. Tlpumene-
Hue NPoepamMMHO-AnNapamublX KOMNAEKC08, Peaiuyuux npediolcerHbli n00xo0, no360aum 601ee MOYHO BbINOAHAMb U3YHEHUEe
MeCmHOCMU, 8 MOM HUCAe HeUCCAeO08AHHbIX MEPPUMOPULL C 02PAHUMEHHOU JOCMYRHOCMbIO 045 YeA06eKd.

Karwwuesvie caosa: kubeppusuueckue cucmemot, po6omst, apxumexmypa KOC, pacnpedensennvie cucmemol, 0eyeHmpaiu3zo-

6dHHbIE cUCMEMbL, ycmoﬁlmeocmb, HaodexicHOCMb

BBenenue

DyHKIMOHMpOBaHWE KUOEepGU3UUECKOU CH-
cteMbl (KDPC) B nMHAMUYECKOI cpeae COTpsike-
HO C TOBBIIIEHHBIMM PHCKaMM BBIXOHA M3 CTPOS
€e¢ KOMITOHEHTOB, IOTEPHU CBSI3U MEXIAY HUMU U
CJIO)KHOCTe B HaBurauuu. LleHTpannzoBaHHBIE
noaxoAbl K nocrtpoeHuio K®C mpu OTHOCUTEIb-
HOI IIPOCTOTE U yIOOCTBE B YIIPAaBICHUU MMEIOT
psio HEOOCTATKOB — B YACTHOCTHM, OTPAaHUYECHHYIO
MacIITabMpyeMOCTb, HAJIUYNUE Y3KUX MECT, YTPO-
3bl HapylLIeHMUSI CBSI3HOCTHU, a TaKXe MpoOJIeMBI
C JOCTYNHOCTBIO Ha OOJbLIMX MpOCTpaHCTBax [1].
TakuM oOpa3zoM, MMeeTCI HEOOXOOMMOCTb CO3-
JaHUSI YCTOMYUBBIX, CBSI3HBIX, ACLIEHTPAIMU30-
BaHHBIX KDC ¢ BO3MOXHOCTBIO TUHAMMYECKOIO
MOIKJIIOUEHUSI W OTKJIIOUECHUS MX KOMIIOHEHTOB.
B manHo# paboTe paccMaTprUBalOTCs BOIMPOCHI MO-
BoilIeHUsT HagexxHocTu KPC, QyHKIMOHUPYIO-
IIMX B OTKPBITOM MPOCTPAHCTBE U IMHAMNYECKOM
OKpYyXKeHMH. B yacTHOCTH, MCCIENYIOTCSI METOIBI

*UccnenoBaHue BbIMOIHEHO rpu nopaepskke PH® No 20-79-10325.

JelueHTpadu3aluy aJITOPUTMOB yNpaBJjeHUs MO-
BeneHueM KDPC u obGecrneyeHUsT M3OBLITOYHOCTH
UX KOMIIOHEHTOB U CBA3€EH.

CocrosiHHe HCCaeT0BAHMI

PaccmMoTpuMm  coBpeMeHHOE COCTOSIHME WC-
cienoBaHWil B obOiactu camoopraHuzanum KPC
MpU OTKAa3e OTAEJbHBIX y3JIOB MJIM KOMIIOHEHTOB.
B xoHTEKCTE paccMaTpuBaeMoi MpooeMbl HaubO-
Jiee aKTyaJbHO U3y4YeHUe UHIMIEHTOB, CBSI3aHHbBIX
C BIMSHUEM OKpPYXXalOllei cpeabl, BEAYIIUX K T0-
Tepe CBSIBHOCTU cuUCTeMbl. McciaemyeM M3BEeCTHBIE
ronxonbl K rnoctpoeHnto KAOC, ycToitunBoil K Ta-
KUM MHLUWJIEHTaM, W TMPOBEIEeM aHajinu3 COOTBET-
CTBMS U3BECTHBIX pellleHnit TpeboBaHnsaM K KDC,
(byHKIIMOHMPYIOLIMM B OTKPBITHIX TPOCTPAHCTBAX.

PaccmoTpuMm moaxonbl K mocTpoeHuio KOC,
CHUKAIOIIME BEPOSITHOCTh BO3HUKHOBEHUSI 3TUX
WHIUACHTOB. Jlid kjaaccudukanuy MOAXOA0B
yIn00OHO paccMaTpuBaTh UX B COOTBETCTBUM C YPOB-
Hamu Mogaenu ISO/OSI [2], koTopass comepXuT
CeMb YPOBHEH, Ha TMPaKTUKE OHU 4YacTO TPYIMIH-
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pytorcs. Llemecoobpa3HoO BBITIOJTHUTH 3Ty TPYIIITU-
POBKY TI0 XapakTepy 3ajay, KOTOpble peliarTcs
JJ1S1 TIOBBILIEHUST HAAEKHOCTU TakKux cuctem. Te
pelleHus, KOTopble OrpaHUYMBAIOTCS CrocobamMu
nepenayy JaHHBIX MO KaHajlaM CBSI3W UJIA OpraHu-
3alMel 9TUX KaHaJIOB, OTHOCATCS K (Ppu3nmyeckomy
U KaHaJbHOMY YpoBHsM. K ceTeBomy, TpaHCIOPT-
HOMY, CEAHCOBOMY YPOBHSIM OTHOCSITCSI PEILIeHUSI,
OCHOBaHHBIE Ha MapUIPYTU3allMU UM CO3MaHUU
OBEpJICMHBIX CeTeli M BUPTYaJbHBIX KaHAJIOB CBS-
3u. Pemienusi, yuuThiBarolue MpuKJIagHble 3a1a-
yn K®PC, oTHeceHBl K TMPUKIATHOMY YPOBHIO U
YPOBHIO MpeacTaBieHus. PaccMoTpuM 3TH ypOBHU
oapoOHee.

Ha ¢usnyeckomM M KaHaJlbHOM YPOBHSIX W3-
BECTEH psJ pelleHWii Ha OCHOBE IPOTOKOJIA
LoRaWAN wu ero aHaJIoroB, MO3BOJISIOIINX ITOBBI-
CUTb NaJbHOCTh U 3(P(PeKTMBHOCTH KOMMYHMKA-
uuu Mexnay y3namu KOC. Tak, B padore [3] mipen-
cTaBjieHa olieHKa 3(HeKTUBHOCTU OECIPOBOIHBIX
cereit LoRa, mpoaHanu3upoBaHO BIMSIHUE Tapa-
meTpoB ToA (Time on Air), butpeitT u paktop pac-
npoctpaHeHus (SF) Ha ypoBeHb NMPOU3BOAUTENb-
HoctH. B crathe [4] paccMoTpeHa OGecripoBOmHAS
ceHcopHas cetb (WSN), cMomenmpoBaHHasI B CH-
mynsTope Castalia ¢ MCIIOIb30BaHUEM TEXHOJIOTUH
Long Range (LLoRa), mokazaHbl 3aBUCMMOCTU KO-
sdpdummreHTa MOTepru OT MAapaMETPOB CUCTEMBI U
cpenbl. B pabote [5] n3yvyaeTcss BOBMOXHOCTb MC-
nonbs3oBanust LPWAN B cenbckux paitoHax. bia-
rogapss CUMYJISLUUSIM OLEHUBAETCS TPOU3BOAM-
teabHOCTh LORAWAN, KoTOpas siBisieTcs OnHON 13
OCHOBHBIX TOCTYITHBIX TexHosoruii LPWA ¢ Touku
3peHus ToKazaTejell MPOU3BOAUTEIbLHOCTU CETH,
TaKMX KakK IUara3oH, OXBaT, BPeMsl OXUIAHUST U
KO3 PUIIMEHT JOCTABKH MAaKETOB.

IIpy ToM, 4YTO psiag MPUBEACHHBIX PELICHUN
MO3BOJISIET PACIIMPUTDL 30HY CBSIBHOCTWM U TIOBbI-
CUTb HAJAECXKHOCTb OOMeHa AAaHHBIMU, OYEBUIAHO,
YTO OHU HE€ MPEAOCTABISIOT HCUYEPIBIBAIOIINX
BO3MOXHOCTe#l obecriedeHust cBsisHocTH KDC Ha
OGoJibllIMX mpocTpaHCcTBax. Kpome Toro, atu pe-
1IEHWs He paccMaTpuBalOT Ciyyau, KOraa cpena,
cojiepxallasi mpensiTCTBUS AJsl CUTHaja, He MC-
cliefiloBaHa U U3MEHYMBA.

Ha cereBoM, TpaHCMOPTHOM, CEAHCOBOM YPOB-
HSIX W3BECTHBI pEIUICHUS, TO3BOJSIONINE YIyU-
WuTh cBsA3HOCTHL KDC, pacmpenenuB (PpyHKUIUMN
nepenayu AAHHBIX MEXAY y3JlaMu M oOecredyuB
Mapuipytusamnuio. Takue pelreHuss TMO3BOJISIOT
BBITIOJHATH camoopranusainnio KOC Ha ceTeBoM,
TPAHCIOPTHOM, CEaHCOBOM YPOBHSIX W OOBIYHO
ocHoBaHBE Ha Tmogxome WSN, wucnonb3oBaHUU

mesh-ceTeil M yCTAaHOBJIEHUM MHOTOIEPEXOIHBIX
coenuHeHmii. Tak, B pabore [6] paccmaTpuBaeT-
csl cucTeMa Ilepeladyd TaHHBIX IS IepeMelaio-
IIMXCSI BOGHHBIX MOOMJIBHBIX rpyni. OnucaHHas
mesh-ceTh MO3BOJISIET AEHCTBOBATH y3jlaM He3a-
BUCHMMO ApYyT OT Apyra IJisl mpueMa U mnepenadyu
IaHHbIX. B cTarbe [7] mpeaioxeH MOoaXod K opra-
HU3alUM CBSI3U, B KOTOPOM KaxXIbliA areHT B CU-
cTeMe MOXET IIOKMHYTh CETh UJIM MPUHATH HOBEIE
COCNMHEHMS, U IJISI 3TOr0 pa3paboTaHBI YETHIPE
creuraabHBIX poToKoaa. B pabore [§] mpoBenen
OOILIMPHBI 0030p IIPOTOKOJOB MapLIPYTU3aLUU
Flying Ad-hoc (FANET), rme mompo6GHO omuca-
HBI CTpaTeruyd U MeTOABl MapuipyTuzanuu. Ilpu-
MmepoM ucnonbzoBaHuss FANET Moxer ciayXuTthb
pab6ora [9], rme mpemaoXeH MOAXOI K camMoopra-
HU3ALUW TPYNN OCCIMJIOTHBHIX JeTaTeJAbHBIX all-
mapatoB (bnJIA), ocHOBaHHBIN Ha ITOBEACHUU POSI
CBETIISTYKOB. TeM He MeHee, CIoco0 IpearojaraeT
HCIIOJIb30BAaHME ISl YacTU 3aJad LEeHTPaJbHOTO
y3Ja — CTaHILUU YIPaBICHUSI.

Ilonxonpl K AeLIEHTpadM3allid Ha CEaHCOBOM
YPOBHE COCTOST, KaK IPaBUJIO, B CO3MaHUM JIOTHU-
YeCKOoM (OBEpJICTHOI) CETH MOBEPX CYILECTBYIOIICH
¢m3udueckoii. OBepieiiHbIE CETU aOCTParupyroTCs
OT HMKeJIeXKAIlMX ITPOTOKOJIOB, U CETh MOXET HC-
MMOJIb30BaTh Pa3MYHYIO Cpedy Iepeaayd TaHHBIX
B pa3HBIX CErMEHTaX TeTEePOreHHOM CeTU. Y3JIbl
B KaXXIbIiA MOMEHT BpEMEHU MO ASPKMBAIOT U30bI-
TOYHOE YMCJIO COeIMHEHMI (CEaHCOB), pe3epBUPYSI
KaHaJbl nepegayy 1aHHbIX. OBepiieiiHbIe CETH MO-
I'YT OBITh YIIPaBIISIEMBIMU, TIe KaXXIOMY Y31y CeTH
M3BECTHBI BCE Y3JIBI CETHM M MX BO3MOXHOCTH, U
HEyHpaBJIsieMbIMU, TI¢ HA OOJHOMY U3 y3JIOB HE M3-
BecTHA moaHas Tononorus cetu [10]. ITpumep pac-
cMmaTpuBaeTcs B padore [11], ocHOBHASI uaest KOTO-
pOii — IIOCTPOUTH TOIOJIOTUIO JIOTUUECKOro AepeBa
moBepxX (pU3NYECKON CeTH, CHOPMUPOBAHHOM PO-
6oramu. OrpaHMYEeHNE COCTOUT B TOM, YTO METO[,
paccyMTaH TOJBKO Ha CTallMOHAPHBIE YCTPOICTBA.

[IpuBeneHHBIE MOAXOMBI CYILIECTBEHHO IIOBBI-
maioT cBs13HOCTh KDC. OHM MO3BONAIOT OUHA-
MUYECKM MepecTpanBaTh MapLIPyThl Hepeaadyu
JaHHBIX IIPY TMOAKIIOUCHUN W OTKJIIOYEHUHU Y3JIOB
K®C, Ho He mipemiaraloT pellieHUi 1JIg CUTyalluu,
KOI'Jla MapLIPyT HEBO3MOXHO MOCTPOUTH (K IpH-
Mepy, Ha MECTHOCTH, II¢ HEBO3MOXHO pa3BepPHYTh
y3JABI-TIEpeIaTYNKU C JOCTAaTOYHOM IJIOTHOCTBIO).
K Tomy Xxe, ceTeBO M TPaHCHOPTHBLIM YPOBHU
HE 3aTparuBaloT IpodJiieMy IiepepacHpencieHUs
MpUKJIagHBIX 3amad 1M poseir y3jioB. s aToro
HEOOXOAUMBI pellIeHUs, YYUThIBAIOIIEe ITPUKJIaa-
HOIl ypoBeHb (pyHKIIMOoHUpoBaHUs KDC.
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Ha mpuknamHoOM ypoOBHE YYUTBHIBAIOTCS POJIU
u mpukiagaeie 3agaun KPOC, a cymecTByoime
MOJAXO/bI TIO3BOJISIIOT MEepepacnpeaeasiTh 3TU PO
U 3a/au¥ U yOpaBisTh UMU. [IpuMepom SIBISIIOT-
cs1 moounbHbie KDC, monpoOHBI 0030p KOTOPBIX
npuBeaeH B pabote [12], rme paccMOTpeHBI OC-
HOBHbIE MCCJEAOBaTENbCKUE 3a4a4M MOOMJIbHBIX
K®C, kacatommecss 06e30MacHOCTH, 3SHEProrno-
TpeOsieHU s, TMHAMMYECKOTO OKPYXeHHus U o0e-
ClieyeHus1 cTabMabHOCTU cucTtembl. KpaTkoe u3-
JIOXKEHUE CYIIECTBYIOIIMX MEleHTPaJINu30BaHHBIX
apXUTEKTYP CUCTEM YIpPaBJCHUS B MPOMBIILICH-
HOCTM MpuBOAUTCS B pabote [13]. ABTOpHI yKa-
3bIBAIOT Ha pasfuuyMs MEXAY TpaaulMOHHOMU
LEHTPAJIU30BAHHON U HEPAPXUUYECKON apXUTEK-
TypaMH TI0 CPaBHEHHUIO C apXUTEKTypOUW NeleH-
tpanuszoBaHHBIX KPC. B crarbe [14] obcyxmaer-
cs TMOAXOA K aJanTUPYyeMbIM IMTPOU3BOACTBEHHBIM
K®C, ocHOBaHHBI Ha KOHTEHHEPHBIX TEXHOJO-
rusgx. B pabore [15] mpensoxeH AELEHTPaINU30-
BaHHBI AJTOPUTM KOOPAMHAUWM KOMITOHEHTOB
nmpou3BoAacTBeHHbIX KD C, KOTOpHIif B cpemHeM Ha
50 % mpeBOCXOOUT abTEePHATUBHBIC LIEHTPAIM-
30BaHHbBIC AJITOPUTMBI IO TIOKA3aTeJsIM MPOMYCK-
HOU CHOCOOHOCTH, CKOPOCTH paboThl U 3aJepXK-
KM, HO MPUMEHMM JIMIIb OrPAaHUYEHHO, TaK Kak
TpeOyeT M3BECTHOTO U CTaTMYECKOTO OKPYKEHUS,
a JeleHTpaau3alusl pacpoCcTpaHsIeTcs Julllb Ha
otnenbHble 3amaun KPOC. Takum obpa3om, mpu
WCTIOJIb30BAaHUU TIPEACTABICHHBIX MOAXOA0B, KakK
MpPaBuJIO, OCTAaeTCsd MOTPEOHOCTh B KPUTUUYECKUX
CTAllMOHAPHBIX y3Jax yhpaBjieHus U cbopa gaH-
HBIX, YTO HE BCeTJAa MOXET ObITh oOecreyeHo Ha
OTKPBITBIX TEPPUTOPUSAX C USMEHUUBOU CPENO.

Takum 06pa3oMm, Tp¥ HATUYUU MHOXECTBA OT-
JEeNbHBIX Pa3paboTOK OTCYTCTBYET MCUEpIbIBAIO-
1M TIOAXOM, B paMKax KOTOPOTO BO3MOXHO TIO-
ctpoeHne ycToiunBbix KDOC, GyHKIIMOHUPYIOLINX
Ha OTKPBITBIX TEPPUTOPUSIX B AMHAMUYECKON Cpefie.
Ha ocHoBe mpoBeneHHOro aHajin3a MOXHO chop-
MMpPOBaTh TMpemioxeHns: nmo opranusamuu KOC
C BBICOKUM YPOBHEM CBSI3HOCTH. Tak, cieayer:

— WCMOJIb30BaTh HECKOJbKO BUAOB THMITOBBIX
MHOTOIIE/IEBbIX B3aUMO3aMEHSIEMbIX Y3JI0B;

— BBIACISATh POJU, TOCTYITHBIE KaXIOMY BUAY
Y3JIOB, U peaJU30BbIBATh aJITOPUTMBbI UX TUHAMU-
YeCcKOoro Ha3HaYeHU s,

— u3beratb HaJWMUYUSI HE3aMEHUMBIX (KPUTHU-
yeckux) y3ynoB KDC;

— obecreuynTh U3OLITOYHOCTH y310B KODOC
KaXJ0ro BU/a;

— MCIIOJb30BaTh 00OpydoBaHUE, O0Iagarolee
JOCTaTOYHBIM AJISI UCCIIENYEMOM MECTHOCTHU YPOB-

HEM 3alllUTHl OT BO3AEHCTBUS OKpyXaloliel cpe-
OBl (BJIAaTH, IIBIJIM, TEMIIEPATYD);

— MIomAepXMBaTh aKTyaJbHbIE JAHHBIE O Tep-
PUTOpPHMH, YTO BKJIIOYaeT B cebs KakK IpeaBapu-
TEJAbHBI COOp JAaHHBIX, TaKk M TMepeodydeHue
K®C B nporecce paboTHI.

Mogaesan nosenennsa KOC

PaccmorpuM Monenu nopeneHust KOC Ha pas-
HBIX YPOBHSIX, KOTOPbIC OOECIICUMBAIOT ABTOHOM-
HOe pacmopeleieHre WHQPPACTPYKTYPHBIX poJei
MEXIy KOMIIOHEHTaMUu cucTteMbl. Ha ¢usnyeckom
M KaHAJIbHOM YPOBHSIX OTKa30M SIBJISICTCSI MOTEPSI
COCIMHEHUS y3Jla ¢ KaHAJIOM CBSA3U MO BHEIIHUM
(moTepst curHaja OT poyTepa) WIM BHYTPEHHUM
npuuynHaM. BHyTpeHHME IPUYMHBI MOTLYT ObITh
CBSI3aHBI CO CcOOEM CEeTeBOro OOOpPYIOBAHUS WU
C COCTOSIHMEM Y314, YCTAHOBUBILMMCS BCJICICTBUC
ero IoBeAeHUS (HampuMep, eCIU Y3ell IMOKHHYII
30HY AOCTMKMMOCTH poyTtepa). ClieHapuu padoThI
Ha 3TOM YPOBHE 3aBUCST OT TeXHOJIOrUi1 cBsi3u. [1pu
BBICOKOI MJIOTHOCTHU PacCIIOJIOXKEHUSI PETPAHCIISITO-
poB npuMeHUMBI Wi-Fi-ceTn, 111 607bIINX pacCcTo-
SHUN mupoko ucrnonab3dyercss LoRaWan. B mo6om
cy4dae OEHCTBMSA Y3/a JOJXKHBI ObITh HAIlpaBJICHbI
Ha BOCCTAHOBJICHVE CBSI3M, U COOTBETCTBYIOIIAS
JuarpaMma JaesdTeJTbHOCTU M300pakeHa Ha puc. 1.

—_—

[ BbINONHUTL NOUCK ceTelt j [I'Ipoaepmb Ayénvpyowpe cerv]

[Cetb
HangeHa)

YCTaHOoBUTbL Ay6nMpytoLLy 0
CeTb KaK OCHOBHYIO

[CeTb He
HanpeHa]

[HeT]

[EcTb paHee He BbiGpaHHble ceTn]

nO,CI,KJ'IKJ“Il/ITbCFI Kcetn c
MaKCMMalbHbIM CUTHA/IOM

[Maarp]

OxupaHve

[Bo3sparT]

[BuKeHMe Ha
6asy

[BbikntoueHwe]

OTkitoveHne

Puc. 1. IluarpaMma nesiTeJIbHOCTH AJISi BOCCTAHOBJIEHUS CBSI3M HA
¢u3nYecKomM ypoBHe

Fig. 1. Activity diagram for restoring connectivity at the physical level

[YpoBeHb curHana Bbile
nybavpytoweit cetu]
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K ceTreBOMy, TpaHCHOPTHOMY M CEAHCOBOMY
YPOBHSIM OTHOCSATCSI pellleHMs, OCHOBaHHbIE Ha
MapuIpyTU3alMd JaHHBIX W OBEPJCUHBIX CETSIX.
Takue pelieHUsT MO3BOJSIOT BBIMOJHSITH CaMO-
OpraHu3aIuio CeTU U OOBIYHO OCHOBAHBI Ha MC-
MoJib30BaHUM MoOuAbHBIX ad hoc-cereit (mobile
ad hoc networks, MANET) u, B wactHOCTH, Oec-
npoBonHbix mesh-cereit (Wireless Mesh Network,
WMN). IIporokonst MANET mpucnoco0ieHb
K M3MEHEHUSIM Tomojioruu [16], u mo 3Toi Tpu-
YMHEe UX IeJiecoobpa3Ho paccmatpuBaTh B KDOC.

Mapuipytuzauus 8 MANET GbiBaeT mpoakTuB-
HOM, Koraa y3Jibl IepUOJUYECKN PacpOCTPaHSIOT
CBOM TaOJMIIBI MapLIPyTU3aLlMKU MO CETH, U peak-
TUBHOM, KOTJa MapuipyT HaxXOOMTCS IO 3arpocy
C MOMOIIBIO ClieliMaabHbIX multicast-makeroB. He-
JIOCTaTOK MEePBOro crocoda — HeOoOXOAUMOCTD IO/~
JEPXKKU OONBIIOTO oObeMa JaHHBIX M MeaJIeHHas
peakuus Ha u3MeHeHus1. Bropoii cnocob xapakTe-
pusyeTcs 3anepXXKamMy MpU MOMCKE MYTU M orac-
HOCTBIO MEPErNoJHEHUSI CeTH CIyXeOHbIMU TMaKe-
TamMyd. [MOPUAHBIM BapuaHTOM, IIO3BOJSIOLIUM
CHU3UTh BJMSHWE 3TUX HEIOCTAaTKOB, SIBJISETCS
npotokon ZRP [17], ucnons3ymomuii poaKTUB-
HBII TIOAXOA MPU Tepeaade JaHHBIX BHYTPU 30HbBI
U PEaKTMBHBIM — MeXAy 30HaMM. Tak obecrneuu-
BaeTCs KjacTepu3alusl CeTU M CHUXKAeTCsd o0beM
nepegaBaeMbIX JaHHbIX. {1 paGoThl MOZOOHBIX
MPOTOKOJIOB TIpad ceTu AOJKEH ObITh CBSI3HBIM.
B cnyuyae paspeiBa HEOOXOAMMO W3MEHUTb TO-
MOJIOTUIO CETU. DTO MOXHO ClejaTh C MOMOIIIbIO
nepementieHust y3iaoB KOC mim mepepacmnpenese-
HUSI UX POJIEH, YTO BBIXOAWT 3a PAaMKH MPOTOKOJIA
MapIIpyTU3alMM U MOXET CKa3aTbCs Ha KayecTBe
BBITIOJIHEHM ST MMPUKJIAAHBIX 3aj4a4. TeM He MeHee,
WU3BECTEH psiJl Takux peieHuit [18, 19].

C ydeToM TpeOOBaHMI TMOKOCTH, MacCIITaOu-
PYEMOCTH, JIELIEHTPaJIM30BAHHOCTHU, YCTOMYMBO-
CTM K OTKazaM Ha MpPUKJIAJHOM YpPOBHE CleayeT
B TEPBYIO OuYepeAb paccMarpuBaTh (GperiMBOPKU
paboTEI ¢ OONBIIMMM OOBEMaMM MaHHBIX. Takoe
nporpamMmHoe obecrnedeHue (I10) nonxHO MMeETh
WHCTPYMEHTBI, KOTOpbIe o0ecrneyar ObICTpY1o Tiepe-
Javy, HaJexXHoe XpaHeHWe, periMKaluio u oOMeH
JTaHHBIMU. BONBIIMHCTBO TAKUX pEIICHUI Oa3upy-
J0TCSI HAa OTKPBITHIX (DpeiiMBOpPKax U TEXHOJOTUSIX
Bpone Hadoop, Spark m xonuermuum MapReduce.
Mx npeumylliecTBO 3aKjioyaeTcsi B BO3MOXHOCTHU
pacrpenesieHHOTO BbITIOJIHEHUST orepaiuii  00-
pabOTKM M CBEPTKU OONBIIOTO OOBeMa MaHHBIX,
a pY OoTKase y3ja ero pabora aBTOMaTUUYeCKU Tie-
penaeTcs ApyroMy y37y MPU YCIOBUU JOCTYITHOCTU
BXOAHBIX NaHHBIX. [Ipy 3TOM B cucTeMe eCTb eau-

HUYHBIE TOYKM OTKa3a — y3eJ1 MMEH, a BBICOKUE
3aJepKK1 pacIpene/ieHHBIX BBIUMCICHUM, IIpH-
eMJIeMbIC B ITAKETHOM peXuMe 00paboTKHU, HE IO-
3BOJISTIOT UCITOJIL30BaTh Kitaccmuecknii MapReduce
B peXHuMe peanbHOro BpeMeHH. s1 pemreHus
9TOM MpobaeMbl OblIM co3maHbl aApyrue Big Data
dpeiiMBopkH, B yacTHOCTU, Apache Spark, Takke
BXoASIINI B 3KocuctemMy Hadoop.

PaccmoTpuM moBeaeHME CUCTEMEI B CiIydae OT-
Ka3a y3jia JaHHBIX. Y3ell UMEH IIepUOANYECKH I10-
JlydyaeT KOHTpOJbHbIN curHal (heartbeat) u oTuer
o Osokax (block report) oT Kaxkaoro y3jia JaHHBIX.
Ecnu y3en mMeH He monydaeT KOHTPOJBHBIX CHUT-
HAJIOB MOJIbIIE OIPEAeJICHHOIO IIOPOrOBOr0 3HA-
YeHUSI OT OMNpeAeIeHHOIO y3jJa AAaHHBIX, TO OH
cuMTaeTcs "MEPTBBIM' MJIM HEUCIIpaBHBIM. B aToM
cllyyae cucTeMa 3alycKaeT IIPOLEeCC peIlIMKalluu
0JIOKOB, KOTOpbI€ OBIJIM PACIIOJIOXKEHBI Ha HENC-
IIPAaBHOM Y3JI€ COIVIACHO €T0 MOCJETHEMY OTYETY,
Ha HOBBIHU y3ei1. JlaHHBIe 11 pelIMKaliy rmepena-

?
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Puc. 2. inarpamMma aedaTeIbHOCTH AJIS CIy4asi 0TKa3a y3Jia JAHHbIX
Fig. 2. Activity diagram for the case of a data node failure
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I0OTCSI HAIPsIMY10 OT OJHOTO y3Jia JAHHBIX K APYTro-
My, MUHYS y3eJl uMeH. Jluarpamma AesiTeIbHOCTH
JUTST OTOU CUTYallUy IIpeacTaBeHa Ha puc. 2.

®opmanusanus cocTaBa, CBOWCTB U TMOBEAC-
Husa K®C no3BoaseT BHIIMOJHUTh CUHTE3 CTPYK-
TYPHO-IIAPAMETPUUYECKON MOIECIM aBTOHOMHOH
moounbHOI K®PC i1 PyHKUIMOHUPOBAHUS Ha
OTKPBITBIX TEPPUTOPUSIX B YCIOBUSIX IUHAMUYE-
CKOTo OKpyXeHMs. B kauecTBe BXOOHBIX JAHHBIX
MOJIEJIb MOJy4YaeT KOHEYHOE MHOXECTBO TE€TEpO-
reHHbIX pobororexHuyeckux cpeacts (PC), ux
TUNOB U MapaMeTpoB. Ha Beixome TpebyeTcs mo-
JIYIUTH Habop HemocTalommux KoMImoHeHToB KDC
IUISI KOPPEeKILMM COCTaBa CHUCTEMbl B ILIEISIX €€
YCTOMYMBOIO (PyHKIIMOHUPOBAHMUSI.

CTpyKTypHO-IIapaMeTpHuecKas Moaeb
aBTOHOMHO#I MoOMJIbHOM KD C

B oOumiem ciayyae aBTOHOMHass MOOUJIbHAs
K®C CPS moxeT OBITh ITpeACTaBIcHAa KaK KOHEY-
HBIT HaOop reTeporeHHbix PC:

CPS ={RS,|i =1, N},

rae RS; — Hekoropoe PC, a N — o6uiee yucio PC.

B ocHoBe cTpykTyphl Takoit KOC nexXuT KoHed-
Hoe ynciao V tunos PC, n kaxnoe PC RS, Bxonut
B COCTaB OJHOTO 13 Ha0opoB romoreHHbIX PC RSez,
(RS; € RSet,.). CooTBeTcTBeHHO, KPC MOXET Tak-
XK€ OBITh OIpeaeeHa CICAYIOIINM 00pa3oM:

CPS = {RSet,|RSet, ={RS,;|i =1,1,},v =1V},

rae [, — oOluee 4yKuCiIO 3aJeCTBOBaHHBIX B (Op-
mupoBannu KOC PC manHoro tumna.

Kaxnoe PC RS,; HEKoTOpOro Tuma v, B CBOIO
odepelb, MOXET ObITh IIPEACTABICHO CICIYIOLINM
KOpTEXeM IMapaMeTPOB:

RSVi = <Phw,S€I’lSW,ACtW>,

rae Ph,; — Habop Ppu3nyecKMX KOMIIOHEHTOB (ar-
rnaparHoe obecriedyeHue); Sens,; — HaOOp JaT4yu-
KOB, a Act,; — HAOOp MCMOJHUTEIbHBIX MEXaHU3-
MOB. JIaTYMKW M WCIIOJIHUTEIbHBIE MEXaHU3MBI
SIBJISIIOTCS BXOMHBIMU W BBIXOOHBIMH IIpeoOpa-
30BaTeIIMU cooTBeTcTBeHHO [20]. JdaTtumku co-
OvparT WH(POPMAIIMIO O COCTOSHHUU CPEIbI, a UC-
MOJHUTEIbHBIE MEXaHU3Mbl UI3MEHSIOT €TO0.

ITpu pa3zpaboTke aBTOHOMHOI MoOMIIbHOI KDC
0Cc0o00ro BHUMaHUS TpeOyeT BOIIPOC 0OecrneyeHu s

€€ OTKa30yCTOMYMBOCTU K AECTPYKTUBHBIM BO3-
nerictBusiM cpenbl. g atoro kaxkaoe PC ocHa-
maeTcs AyOJUPYIOIIMMHU KOMIIOHEHTaMM, W IS
kaxgoro PC xapakTepHO Hainuyue MASHTUYHBIX
KOMIIOHEHTOB B Habopax Ph,;, Sens,; u Act,. Ilpu
3TOM Habop AYOIUPYIOLIMX KOMITOHEHTOB D(RS)))
n koa(pduuumentsl permkauuu R(D(RS,)) 1o
YMOJIYUAHU IO UACHTUYHBI AJs1 Kaxaoro tuna PC v:

D(RS,,) = D(RS,,) ={DPh,, DSens,, DAct,}}, a= b;
R(D(RS,,)) = R(D(RS,,)), a= b,

rne DPh,, DSens, u DAct, — Habopbl ny0nupye-
MbIX (pU3MYECKUX KOMIIOHEHTOB, JaTYMKOB U UC-
MOJTHUTEJIbHBIX MEXaHU3MOB COOTBETCTBEHHO.

B cooTBeTcTBUM ¢ TIPUHSTON KOHIUEILIUEH
NyOaupyroliue KOMIOHEHTHl JIeaKTUBUPOBAHHBI,
noka He OyAyT 3aeiiCTBOBAHbI B CBSI3U C BBIXOJOM
M3 CTPOSI aKTMBHBIX KOMIOHEHTOB. Takum oOpa-
3oM, Kaxpaoe PC RS, Bxoxsiuee B coctaB KDC,
CBSI3aHO C HabopamMu NyOaupyeMbIX KOMIIOHEHTOB
DPh,;, DSens,;, DAct, u, COOTBETCTBEHHO, MOTYT
OBIThb OMpPENEJIEHbl CIEAYIOIINE OTOOPAKEHMUS:

fPh: RS, — DPh,,
fAct : RS ,; — Act;.

fSens : RS,; - DSens,;,

[IpyHyrMasa BO BHMMAaHHE O3TU BBIPaXKEHUS,
aBTOHOMHasg MobOuiabHass KOC CPS B TepMUHax
KOMTIOHEHTOB MOXET OBbITh OmpejaesieHa CIeayio-
LM 00pa3oM:

CPS = (Ph,Sens, Act, DPh, DSens, DAct, Lg, Hum),

rne Ph — HaOop aKTUBHBIX (PU3NYESCKUX KOM-
MOHEHTOB; Sens — HaOOp aKTHMBHBIX JaTYUKOB,;
Act — HaboOp aKTHBHBIX MCIIOJHUTEIBHBIX MeEXa-
HU3MOB; DPh — Habop pe3epBHBIX (PU3NYECKUX
KOMTIOHEHTOB; DSens — HabOp pe3epBHBIX JaTUM-
KoB; DAct — HabOp pe3epBHBIX UCHOTHUTEIBLHBIX
MEXaHU3MOB; Lg — Ha0Op JIOTMYECKMX KOMIIO-
HeHTOB; Hum — Habop Jull, BOBJEYEHHbBIX B MPO-
neccol pyHknuonuposanus KDC. Habop Ph —
3TO HA0OpP BCEX aKTMBHBIX (PU3MYECKUX KOMIIO-
HEHTOB, pa3MellleHHbIX Ha PC M KCIOJb3yeMbIX
B npouecce pyHKIuoHupoBanuu CPS:

Ph = U{Uth,-\DPhw-li :E} lv = l,V}.

v

Ha6opsr Sens, Act 1 HaboOpBI pe3epBHBIX DU-
3MYECKMX KOMIIOHEHTOB, JATYMKOB W MUCIIOJHU-
TEJIBbHBIX MEXaHU3MOB OIIPEACISIOTCS CXOXUM
obpaszom.

MexaTpoHuKa, aBTOMaTH3aMAsd, ynpasienue, Tom 23, Ne 4, 2022

181



Jlornueckre KOMIOHEHTHI Lg BKIIOYAIOT B ce0s
Bce ypoBHU [10, a Tak:xe nHGOpMaLIMIO HA YPOBHE
JaHHbIX, nHpopMauuu u 3HaHui [21]. [IpoTeka-
IOLIYE€ B 3TUX KOMIIOHEHTaX MPOLECCHl SBISIOTCS
MpEeNMYIIeCTBEHHO NH(POPMAIITMOHHBIMU.

BzaumoneiictBue moaeit ¢ KOC xapakrepusy-
eTCsl OIpedeIeHHOM BapMaTMBHOCTbHIO. Tak, 4ye-
JIOBEK MOXET OBITh KaK MOJb30BATEIEM CUCTEMBI
Humy, tax anemenTom Hump,, BHELIHEN 110 OTHO-
meHuo Kk KOC cpemsr:

Hum = {Humy, Humg,,}.

Omnpeneanm Hab0p QYyHKIIMOHAIBHBIX KOMIIO-
HeHTOB KDPC F kak Ha0Op COBOKYIMHOCTEN JIOTHU-
YeCKMX M (PU3MUYECKUX KOMIIOHEHTOB CHCTEMBbI,
KOTOpbIE NpU B3auMoAeHCTBUU (popMUPYIOT Oa-
30Bbl€ €NUHUIIBI (PYHKIIMOHAJIBLHOCTU:

F = {(Ph,., Lg;)|Ph; c Ph,Lg; c Lg,i = W}

[lo ompeneneHnI0 Kaxablii KOMIMOHEHT F, 00-
JajaeT anmapaTHbIMM W BBIYMCIUTEIbHBIMU
mouHocTsaMu, I1O, cnocobeH K B3auMOIEHCTBUIO
C IpYyTMMM KOMIOHEHTAaMU, CaMOAMAarHOCTUKE U
MHGOPMHUPOBAHUIO CBSA3aHHBIX KOMIIOHEHTOB 00
omunbOkax. OH TakxXe CBsSI3aH C OIpede/eHHBIM
HAabOpOM AAaTYMKOB M UCIOJHUTEIbHBIX MeXa-
Hu3MoB. Takue HaGoOpbl B COBOKYITHOCTH 0Opa3y-
10T Habop IpeoOpa3oBareneil PYHKIIMOHAIBHBIX
KOMITOHEHTOB TF:

Tr = {<Sensj,Actj>|Sensj c Sens,
Act; c Act,j =1,L},

YTO I03BOJISIET (PYHKIIMOHAJIbHBIM KOMITOHEHTaM
OCYIIECTBJISATh Pa3IMUYHOIO poaa Ipeodpa3oBaHUsI
Ha (PU3NYECKOM U JIOTUYECKOM YPOBHSIX B KOHTEK-
CTE€ B3AUMOJEMCTBU S C BHEIITHEN CPEION U MOJIb30-
BatensiMmu KDOC, BKIouast Kak oOMeH M Ipeobpa-
30BaHME SHEPIUU (MEXaHMUYECKOM, 3JeKTPUUYECKOM
U T. [.) Ha (pU3NUYECKOM YPOBHE, TaK U OOMEH, Ipe-
o0pa3oBaHU€ M CHHTE3 MH(OpMallMM Ha JIOrM4Ye-
ckoM ypoBHe. Takum obGpasom, mis moboit KOC
MOXET OBbITh OIPEIEIEHO OTOOpaxXeHue f:

fiF > 1Tr,

a aBroHoMHag MobOuibHasgs KPC, cooTBETCTBEH-
HO, MOXET OBITh oOXapaKTepu3oBaHa HabOpoOM
YIOPSIIOYEHHBIX TTap BUAA:

CPS ={<Fk,Trk>|Fk e F,Tr, e Tr,k =1,K}.

Cienyer OTMETUTb, UYTO 3JIEMEHTHI JI0O0TO
npeoOpa3oBaresisi MOTYT ObITb MHTEpOIepadesb-
HBbI, KaK CJIE€ICTBUE, HAOOPBI SJIEMEHTAPHBIX KOM-
noHeHTOB KPC, BXoasIine B COCTaB HEKOTOPOTO
npeoOpa3oBaresisi, MOTYyT BXOJUTb B COCTAaB He-
OTPaHUYEHHOr0 YKCJIa UHBIX MPeoOpa3oBaTeieii.

CoriacoBaHHOE€  B3aMMONEUCTBUE  HAOOPOB
dynkumonanpHbIx KoMnoHeHTOoB KDC u acconu-
WPOBAaHHBIX C HUMHU TIpeoOpa3oBaresieid mo3BOJIs-
eT obecrneuuTh MpenoctaBieHue cepBucoB KPC
Scps morpeoutensim Cons, B KauyecTBe KOTOPBIX
MOTYT BBICTYINaThb KakK WHbIe (PyHKIIMOHAJIbHbBIC
KOMITOHEHTBI, TaK U JIIOJU:

Cons = F U Hum.

CTouT Takxe OTMETUTDbL, 4YTO Ha60pb1 IIoTpe-
outesneil B obIIEeM cjly4dya€ MOI'YT OTIMYATbCA OJId
KaXxa0ro oTacjbHO B34ATOro CEpBuca K®C:

Consg = {Cons;| Cons; c Cons,i =1,n}.

Hanuuue ogHO3HAYHOM acCOUMATUBHOM CBSI-
31 MEXIYy HaOopaMU MOTPEeOUTENEN U CEpBUCAMU
K®C no3BojsieT HaM BBECTHU Clleayiollee oToopa-
>KEeHUe g:

g :Scps > {Consg| S =1,ser},

rae ser — oOllee YMCIO CEPBUCOB, MPEAOCTaBISI-
eMbIXx KDC. TTocKoJBKY CEPBUCHI peaIM3YIOTC
MOCPEACTBOM COIVIACOBAHHOIO B3aMMOACIICTBUS
pa3IMYHbIX (PYHKIMOHAJIBHBIX KOMIIOHEHTOB, TO
MOXET OBITh OIpeleieHO OToOpaxXeHue A:

TakuM 00pa3oM, KOMITO3WIIAS OTOOpaXeHUM
h ° g MO3BOJISIET YCTAHOBUTH COOTBETCTBUE MEXIY
MOTPEOUTENIMU CEPBUCOB U (DYHKIIMOHATBbHBIMU
KOMTIOHEHTaMM, HEOOXOAMMBIMM I peaiu3a-
LIMU COOTBETCTBYIOIIMX CEPBUCOB.

B 10 ke BpeMs KaxIblii mpeoOpa3oBaTeb TPaH-
3UTMBHO aCCOLUMUPOBAH C HEKOTOPHIM CEPBUCOM
CPS v aBnsieTcsl OMTHUM M3 CPENCTB €To MPeaoCcTaB-
JIeHUs. YUYUTbIBas WHTEpOonepadeabHOCTh MpPeoo-
pasoBaresieif, 111 KaXJIOro cepBuca Scpg MOXHO
OIpeAeuTh KOHEYHbINH Habop mpeoOpa3oBaTesiei,
peanusyonuX MpeaocTaBieHue JaHHOTO CepBrca
1715 rpynnsl norpedouteneit Consg:

e :Scps = UTr|Tr, < Tr,i = Ln}g|S =1,ser}.
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PaccmoTpum nmanee 0OOOIIEHHYIO TUHAMUYE-
CKYI0 MOIedb (DYHKIIMOHUPOBAHUS aBTOHOMHOM
MoouibHOi KDC. BBenem, cormacHo padoTte [22],
00001eHHBIN BeKTOp cocTosiHusa KDPC 1 BekTOp
BBIXOAHBIX XapakTepucTuk KDC:

x(t) =lxk, xp. ", y(0) =y, yrll*-

JonmycTM, HEKOTOpOe W3MeHeHUe u3nde-
CKOM cpenbl & p,(f) NPUBOAUT K U3MEHEHUIO 1 pa3-
JUYHBIX PU3NYECKUX MTApaMETPOB P, U perucTpu-
pyeTcsl JaTYMKaMM, B COBOKYITHOCTU (DOPMUPYIO-
LWKUMU Habop Sens;:

Py ={py € Plepy() > P, k =1,n};
Sens,; = {sens,; € Sens,|P, — Sens,, j = 1,m}.

[TockonmbKy KaXIblii NaTYMK sens; U3 HabOpa
JNaTYNKOB Sens, MOXET BXOAUTb B ONHO WJIM He-
CKOJIBKO TIOIMHOXECTB BUAA Sens, TaKUX YTO
Sens; < Tr, i=1,L, TO peructpauusi U3MEHEHU
JIATYUKOM Ssens,; TIPUBOAUT K U3MEHEHUIO COCTOSI-
HUI BCeX (DYHKIIMOHAIBHBIX KOMIIOHEHTOB Fj; < F,
¢ ubMMH TipeodpasoBarensimu Tr; < Tr accounnpo-
BaH JAHHBII JaTYMK. YUUTHIBAS, YTO C KaXKIbIM U3
npeobpazosareneit Tr;, i =1, L, accounmpoBaH 1e-
JIbliA HAOOp NATYMKOB Sens;, TO OOHOBJIEHHOE CO-
CTOSIHUE Xp(?;) Kaxaoro u3 (QyHKUMOHATbHBIX
KOMIIOHEHTOB MHOXecTBa F omnpenesnseTcs Ha oc-
HOBE JIMIIb Te€X U3MEHEHUI (PU3MYECKUX Mapame-
TPOB cpelbl P,, KOTOpPBIE OBUIM 3apETUCTPUPOBA-
Hbl JaTYMKaMu, TMpUHaIIexXawuMu Sens,. Ilpu
3TOM B Sens,; BXOIST TOJBKO T€ AaTYMKU, KOTOPbIE
3aperucTpUupoBaJ W3MEHEHMe BHEIIHeH cpeabl
(Sens,; < Sens,) n npuHaaIexXaT HAOOPY, BXOASILE-
MY B COCTaB COOTBETCTBYIOIIEro MpeodpazoBaTes
Tr; (Sens,; — Sens)):

Sens,; = Sens; N Sens,.

OTrBeT cucTeMbl Ha M3MeHEHUs WHPOpMalu-
OHHOTO OKPYXCHUsI &;,(f) BO MHOrOM aHaJIOTHYEH
OTBETY Ha U3MeHeHUs B ¢usnveckoin cpeme. Ho-
NYCTUM, M3MEHEHUE &) (f) TPUBOAUT K H3MEHE-
HUIO p JIOTUYECKHUX NMapaMeTpoB L,

Ly ={ly e Llg () > L, j =1, p)

W PETUCTPUPYETCH JIOTUYECKUMU KOMIIOHEHTAMU
K®C Lg, ¢ Lg Tockonbky kaxnabiii Lg, u3 Lg,
MOXET BXOAUTh B OJHO UJU HECKOJBKO MOAMHO-
xecTB Buaa Lg;, Takux uto Lg, < F;, i =1,M, co-

OTBETCTBEHHO pPErucTpalus W3MEHEHUN KOMIIO-
HEHTOM Lg,; NPUBOAUT K U3MEHEHWIO COCTOSHUIA
BCeX (YHKUIMOHAJIBHBIX KOMIIOHEHTOB F; < F,
C KOTOPbIMM acCCOLIMMPOBAH JaHHBI KOMIIOHEHT.
YuyutsiBas, 4TO ¢ KaXablM U3 QPYHKIIMOHATbHBIX
KOMIIOHEHTOB F; acCOLIMMPOBAH LIEJblii Habop JIO-
TMYECKUX KOMIIOHEHTOB Lg;, TO OOHOBJIEHHOE CO-
CTOSIHUE Xp(f;) Kaxaoro u3 (QYHKIMOHAJIbHBIX
KOMTIOHEHTOB MHOXecTBa F ompeaenseTcss HcC-
KJIIOYUTEJIBHO HA OCHOBE U3MEHEHU I JIOTUYECKUX
napaMeTpoB L,, 3aperMcTpUPOBAHHBIX KOMIIO-
HEHTAMU, MPUHALJIEXalIMMu Habopy Lg,, B KO-
TOPBI BXOASAT TOJABKO T€ JIOTMUYECKNE KOMITOHEH-
Thl, KOTOPbIE 3aperucTPUMpoOBaIM U3MEHEHUE JIO-
rM4yecKux napamerpos (Lg,; c Lg) u npuHamiexar
HA0Opy JIOTMUYECKHUX KOMIIOHEHTOB, BXOASILIEMY
B COCTaB COOTBETCTBYIOIIEr0 (PyHKIMOHATIBHOIO
koMmnioHeHTa F; (Lg, < Lg): Lg; = Lg, N Lg,.

OTMeTHM, YTO B 000MX Cllydyasix U3BMEHEHHE CO-
CTOSIHUS i-TO (DYHKIMOHAJIBHOTO KOMIIOHEHTa F;
MPUBOAUT K OMIOCPETOBAHHOMY U3MEHEHU IO COCTO-
SIHUU (UBMYECKUX U JIOTUYECKUX KOMIIOHEHTOB
CUCTEMBI, TPUHALJIEXAINUX HabopaM Ph; m Lg; co-
oTBeTCTBeHHO. Kpome Toro, nepexon i-ro yHKIIM-
OHAJILHOTO KOMIIOHEHTa U3 COCTOSIHUS X(f;) B CO-
CcTOsIHUE Xx(f;) MOXET WMHAYLUUPOBATb WM3MEHEHUE
BBIXOJIHBIX XapaKTePUCTUK CUCTEMBbI V(f), B 4acT-
HOCTH, TTOCPEACTBOM aKTHUBALIMU UCTIOJTHUTEIbHBIX
MeXaHU3MOB U3 Habopa Act;c Tr; Takum obpa3om,
JaTYMKM PearupyroT Ha M3MEeHeHUe (DU3MYEeCKOu
cpensl &py,(f), BcieacTBue 4ero opMupyeTcss HoBoe
COCTOSIHUE X(f;), aHAJOTUYHO CUCTEMA pearupyer
Ha W3MEHEeHHEe WHMOPMALIMOHHOTO OKPYXEHUS
E1¢(). VICTIOMHUTETbHBIE MEXaHU3MbI BBITIOIHSIOT
o0paTtHyl0 (YyHKIIHMIO, TTpeodpasysl yrnpaBasoliie
CHTHAJIBI CUCTEMEI B €€ HOBOE IpeacTaBiieHue y(7)
1 BO3JAEMCTBYS Ha (DU3MYECKYIO CPENY.

B KOHTeKCTe aBTOHOMHBIX MOOMIBHBEIX KDC
BaXKHO OTMETUTh, UYTO M3MEHEHHE B (PU3MUYECKOU
cpelie HE TOJBKO MOXET ObITh 3aperucTpUpOBaHO
HabOpOM AaTYMKOB BUIA Sens,, HO U MOXET MPO-
SIBUTHb ce0s1 KaK 0TKa3 HEKOTOPOTo Habopa husu-
YECKUX KOMIIOHEHTOB Ph,; Habopa 1aTYNKOB Sens,,
¥ Habopa WCIIOJHUTENbHBIX MEXaHU3MOB Act,,
BCJIENCTBUE  HEOJArompusiITHOTO  BO3ACUCTBUS
BHelHel cpenbl. OTKa3 Kaxaoro (pu3nyeckoro
xkomnoneHTa Phy (Phy, k =1,K) 3 nabopa Ph,
MPOBOLIMPYET OTKa3 psAaa PyHKIMOHATBHBIX KOM-
MOHEHTOB, B COCTaB KOTOPBIX BXOASAT KOMITOHEH-
Tbl Phyy. COOTBETCTBEHHO MPUHAIEXHOCTh He-
KOTOpOTO (DYHKIIMOHAJIBHOIO KOMIOHEHTa Fyj,
K Habopy OTKa3aBIIMX KOMIIOHEHTOB £, MOXHO
OTpPEeIeIUTh CAeAYIOIIUM 00pa3oM:
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Fy,

m

€ Fy, ecan

Ha6op ceperucoB KPC §,; oTka3 KoTOpbIX Oy-
JICT BBI3BAaH BBIXOIOM M3 CTPOsi Habopa F, Moxer
ObITh ompenesieH Kak S, = h(F,). BoccraHosie-
HUe ero paboThkl TpebyeT BOCCTAHOBJIEHUSI HA0O-
pa QyHKUMOHAIBHBIX KOMIIOHEHTOB F: OGnanast
nHopMalieil o Habopax BBILICAIINX U3 CTPOsS
busnueckux komnoHeHToB KOC Ph, u peseps-
HBIX (pU3MYEeCKUX KOMMOOHEHTOB DPh, MOXHO
oInpeaeanuTh HAOOP JOCTYMHBIX (PU3NUYECKUX KOM-
noHeHToB NPh nna ¢gopMupoBaHUsI (PYHKLMO-
HaJIbHBIX KOMIIOHEHTOB F,,,,, TOXIECTBEHHBIX MO
CYTU (PyHKUMOHATbHBIM KOMIIOHEHTaM Fig,

My -
NPh=| U Ph|Ph; € Fpi =1,1,, |0 DPR\Phy;
m=1

F, ={(Ph,Lg;)|Ph; c NPh,Lg; c Lg.i=1,M}.

HNsmenenne pusnyeckoil ctpyktypsl KOC BhI-
paxaeTcs cleAyIoluM o0pa3oM:

My
Ph=|J Ph|Ph, < F,

m=1

i =11, |v Ph\Ph,;

nm> m

My -
DPh=|DPho| \J Ph|Ph;  Fy,, i =11, [\Phy |\

m=1

My -
\| U Phj|Ph; e F,,,,,i=1,1,, |.
m=1

[MocnencrBust orkasza Habopos Sens,, U Act, BO
MHOT'OM aHaJIOTMYHBI ITOCJICACTBUSIM OTKa3a Habopa
(pu3nMUecKuX KOMIIOHEHTOB cHUCTeMBbl. OTKa3 Kax-
JOTO JaT4yMKa WM MUCIOJHUTEIBHOTO MeXaHu3Ma
MPUBOAUT K HapyILIEHUIO pabOTHI psija mpeodpaso-
BareJicil, B COCTaB KOTOPBIX BXOIST 3T JaTYUKU U/
WJIN UCIIOJIHUTENIbHBIE MeXxaHU3Mbl. COOTBETCTBEH-
HO, IPMHAIJIEKHOCTh HEKOTOPOIO IIpeodpa3oBaTe-
g Tr,,, K HAOOpY OTKa3aBIIMX NpeoOpa3oBaTeseit
Tir,sMOXHO ONPE/ICTUTD CIIEAYIOLIMM 0OpasoM:

Tr, € Tr,r, ecnn
ISens,y:Sensy < Try,, Sens,, € Sens,; v

ElACttkaCItfk c Tl’tm,ACttfk S Actlf.

Ha6op cepBucoB KOC S,; HapylieHue npeno-
CTaBJICHUSI KOTOPHLIX OyAeT BBI3BAHO BHIXOIOM U3
crpost Habopa Ti; MOXET OBITh ONpe/esieH Kak
Sy =e(Try). Bo3oOHOBICHHE €ro MpeaocTaBlie-

HUS TpeOyeT BOCCTAHOBJEHUS Habopa mpeodpa-
sosareneit Tr,: Obnanas uadopmarreii o Habopax
BBIILIEALINX U3 CTPOSI TaTYUKOB Sens,; UCTIOTHU-
TEJIbHBIX MEXaHU3MOB Acf, U COOTBETCTBYIOIINX
pe3epBHBIX Habopax DSens n DAct, MOXHO OIIpe-
JIenuTh Habopbl NSens, NAct niist GopMypoBaHUs
npeobpasosareneit 71r,,, TOXIAECTBEHHbIX MTPEOO-
pazoBaresnsam Try,:

My S
NSens =| J Sens;|Sens; € Try,,, i =1,1,, |V

m=1

U DSens\Sens,;

My -
NAct =| | Acti|Act; € Try,, i = 1,1, |U

m=1

U DAct\Act,;
Tr, = {<Sensj,Actj> | Sens; ¢ NSens,
Act; < NAct, j =1, M }.
COOTBETCTBYOLLEE U3MEHEHUE CTPYKTYPHI aB-

TOoHOMHOI MoOuabHOI KPC CPS niag ceHcopos
MOXKET OBITh OTPak€HO CIACAYIOIIUM O00pa3oM:

My S
Sens =| J Sens,|Sens; € Tr,,,., i =1,1,, |L
m=1

U Sens\Sens,s;

My
DSens = | DSens | | Sens;|Sens; € Try,,,

m=1

i=1,1, |\Sens;, |\

My R
\| U Sens;|Sens; € Tr,,,,, i =11, |.
m=1

HM3meHeHue HaOOpPOB MCITOTHUTEIbHBIX MeXa-
HU3MOB Act 1 DAct BbiTIONHsATCS aHaJlornyHo. -
KJIMYecKasi peaju3alusi OMUCAHHBIX MPOLIECCOB
nsMeHeHust cTpyKTypsl KDC, cocTossHUS ee KOM-
MOHEHTOB M BHEUIHEH Cpenbl OTpaxkaeT MpoLecC
(yHKIIMOHMPOBAaHUSI aBTOHOMHBIX MOOMJIBHBIX
K®C B auHamuueckux cpemax. OHa y4uThIBaeT
YCTOMYMBOCTh CHUCTEMBI K JECTPYKTUBHBIM BO3-
JEUCTBUSIM CO CTOPOHBI BHEIIHE cpeAbl U OMU-
ChIBAeT peaKklIMI0 CUCTEeMbI Ha TaKne BO3ICUCTBUSI.

3akiaoyenue

B crtaTbe BBHITIONTHEH aHAJKU3 COBPEMEHHOIO CO-
CTOSTHUST uccienoBaHuii moBeneHuss KOC mpu
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BPEMEHHOI TOTEpe CBSI3ZHOCTU CUCTEMbI M OTKa3e
ee y3J710B. BbIsiBIeHbI OrpaHUYeHM ST U3BECTHBIX Me-
TOAOB, MTOKa3aHO, YTO HET MCUYEPIBIBAIOIIETO TO/-
Xoma K MocTpoeHuIo ycronunBbix KPC, dhyHKIIN-
OHUPYIOIINX HA OTKPBITBIX TEPPUTOPUSIX B AMHA-
muueckoir cpene. ChopMmyanpoBaHbl TpeOOBaHUS
s takux KOC, mpenoxkeHbl MOmEIW TOBeIe-
HUs1, obecrnieunBalolle rnepepacnpenejeHue poaei
B KOC mpu BbIXOmE y3JI0B U3 CTPOSI, YTO TIO3BOJISI-
€T TOBBICUTH aBTOHOMHOCTH M HanexXHocTh KDC.
®opmanuzanus noeneHuss KPC mo3Bonuia BbI-
MOJHUTb CHUHTE3 CTPYKTYypPHO-MIapaMeTpuyecKoi
Monenn KPC, opueHTUpOBaHHON Ha (PYHKIIMOHHU-
poOBaHME HAa OTKPBITHIX TEPPUTOPHUSIX B TMHAMUYE-
CKOM OKPY>XEHWUU W pellleHre MPUKJIAIHbIX 3aaa4
MOCPEICTBOM COTJIACOBAHHOTO B3aMMOMAEUCTBUS
Tpynn MOOWJBHBIX areHToB. Mopenb OTpaxaer
npouecc ¢GYHKIMOHUPOBAHUSI aBTOHOMHBIX MO-
ounpHBIX KOC B fHHAMMYECKHUX Cpeaax.

K mpenmyiiecTBamM MPEAIOKEHHBIX MOIEIEH
OTHOCSTCS JeleHTpaau3alus 3agady, OTCYTCTBUE
KPUTUYECKUX Y3JIOB M Y3KMX MECT, BBIXOH U3
CTPOSl KOTOPBIX MPUBEAET K OTKa3aM B CHUCTEME,
OTCYTCTBME TpeOOBaHMI MPSIMON BUAMMOCTU WU
MaJioro pacCcTOSIHUSI MeXIy yCTpOiCcTBamMu, CTa-
LIMOHAPHOCTU YCTPOMCTB, BO3MOXHOCTb PabOThI
B IMHAMMWYECKOM M HEM3BECTHOM OKPYKEHUMU.

Pelilenusi oprieHTMpPOBaHbI Ha TIPMMEHEHUE,
Mpexjae Bcero, B OM3Hece W MPUTOMHBI JJISI UC-
MOJIb30BAHU S, K TIPUMEPY, HA MPEANPUITUSIX, OC-
HalleHHBIX MOOMIBLHEIMU PC ¢ KamepaMmu: mpu 00-
paboOTKe CEeIbCKOXO3IMCTBEHHBIX YTOMW, TOCTaB-
K€ TPy30B, 00CITyXUBaHUNU UHPPACTPYKTYpPHI. DTO
0COOEHHO aKTyaJibHO B 3aj1a4yax yrpaBJeHUs Mpo-
M3BOJCTBOM B mpuOamxkatoiywocs anoxy Industry
5.0, Tae xapakTepHO MCIOJb30BAaHUE TPUHIIUTIOB
caMOOpraHu3alMu U 3BOJIOIUMW MPU B3auMOJEH-
CTBMM CHCTEM WCKYCCTBEHHOrO WHTEJJIEKTa |
moneii [23, 24]. Apyrue cdepsbl TpUMEHEHHUS pe-
3yJbTaTOB — TEPPUTOPUATIbBHBIE HCCIEA0BaAHUS,
criacaTesbHbIe Orepalu, B KOTOPbIX TpUMEHEHE
MPeIJIOXKEHHBIX PelIeHU MO3BOJUT 0ojiee TOUYHO
BBITIOJIHSITh U3YUEHUE MECTHOCTH, B TOM YMCJIEe He-
WCCJIEIOBAHHBIX TEPPUTOPUI C OTPAHUYEHHOM O-
CTYITHOCTBIO IS YeioBeKa [25].

B nanbHeitiieM TmipeanojaraeTcsl MCCieI0BaTh
BOIIPOCHI TIPOEKTUPOBaHUS TreTeporeHHbIx KPC
[26] u paspaborath Momenb PC, IO3BONSIOLIYIO
BBITIOJIHSITH aBTOMAaTU3UPOBAHHYIO 3aMeHY MOAY-
neit PC npyruMu poGOTU3MPOBAHHBIMM areHTaMU.
IIpennonaraercs pa3padboTarh MOAXOJ K aJalTUB-
HOMY ympaBieHU1o UHdpacTpykTypoit KDOC mnsa
(byHKIIMOHMpPOBaHUS B U3MEHSIONIEICS cpeie.
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The article discusses the issues of decentralization and dynamic redistribution of roles in cyber-physical systems (CPS)
designed for working in changing environments and especially open spaces, where there are increased risks of module
Jailures and communication loss. In particular, decentralized methods for controlling the CPS behavior and ensuring the
redundancy of their components and connections are investigated. A number of requirements for such systems are identified
and it is noted what limitations in existing approaches impede the implementation of systems that satisfy these require-
ments at the physical, network and application layers. For different layers, behavior models are proposed, which provide
autonomous role distribution between components. This made it possible to synthesize a structural-parametric model of
an autonomous mobile CPS, focused on functioning in open areas and solving applied problems performed through the
coordinated interaction of groups of mobile agents. The model takes into account aspects of system stability and its response
to destructive influences. The advantages of the proposed models include task decentralization, absence of central, criti-
cal nodes and bottlenecks, no line of sight requirements or small distance between devices, ability to work in unexplored
environments. The solutions can be applied primarily in the field of business and are suitable for use in industrial plants
equipped with mobile robotic devices with cameras, for example, for agricultural tasks, or territorial exploration. The pro-
posed approach makes possible to study the terrain more accurately, including unexplored areas with limited accessibility
to humans. Also, the results obtained can be applied during rescue operations.
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ABTOMATU3ALUUA N YIIPABIIEHUE

TEXHOJIOM'MYECKMAMU NMPOLIECCAMU
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WU. 0. MuenuHueBa, acnupaHT, irina_yu_10@mail.ru,
0. B. JlutoBKa, A-p TeXH. HayK, npod., polychem@list.ru,
TamGOBCKMI rOCY4apCTBEHHbIA TEXHUYECKUI YHUBEPCUTET

Cucrema dBTOMaTU3NpoBaHHOro ynpasrneHunsa npoueccomMm HaHeCeHUA
ranbBaHN4YeCKoro noKpbitnsAa B BaHHe C TOKOHenpoBoAALLNM 3KPaHOM

Ob6cyacdaemes paspabomaHnas aemopamu A8momMamu3upo8anHas CUcCmema ynpasieHus npoyeccom HaHeceHus 2aib8aHo -
nokpeimuii, umerouias 08yxypogHesyio apxumekmypy. Ha nuscnem yposne ocyujecmensemcs ynpasienue mexHoaocuvecKkumu
napamempamu Kaxcooi 6aHHbL: CMAOUAUZAYUUSL MEeMNepamypsl U YPOGHs NeKMPOAUMA 8 6AHHe; CMAOUAU3AUUS UAU NPO-
epammHoe ynpasaerue snekmpuueckum mokom. Ha eepxnem ypoene pewaemcs 3adaua pacvema onmumaibHol KoHgpueypayuu
MOKOHeNnpogoosaue20 nephopuposanHo2o IKpana (0npedeasiomcesa YUucio U WupuHa omeepcmuii), odbecneuugarouwjeli MUHUMAAb-
HOe 3Ha4eHue HepagHOMEePHOCMU HAHECeHUs UUHK08020 NOKpbimus. [as amoeo paspabomana HeauHeliHas MamemamuvecKas
Mo0enb 2aNb8AHUMECK020 NPOUecca 6 6aHHe ¢ NepphopUpO8AHHBIM IKPAHOM, OMAUUAIOWASACA OM U36eCMHbIX 000a8AeHUeM
Kpaeewix yca08uil Ha MoKoHenpoeodsuem skpare. OmmeyeHo, 4mo HeAUHEUHOCMU CO0eplIcam YPasHeHus Mooeau, ONUCbIBAI0 -
wue epanutHble YCA08Us 60AU3U AHOOA U Kamoda 2arbeanuyeckol eantsl. llosmomy pazpaboman wucaeHHbIl Memood peuleHus
YypagHeHull modeau, omauuarowuiics peaiuzayueti memooa Heromona ¢ mamemamuueckom nakeme Maxima uepes nepena-
npaeaenue 66oda/gvi60da. B pabome onucan asreopumm pabomol ¢ MamemamuyeckKum nNAKemom, 0coOeHHOCMbIO KOMOPO20
A6asiemcs N0020MoB8KaA KOMAHO nakema 6 meKkcmoeom gopmame u NApCUHe NOAYHEHHbIX Pe3YAbMAMOE GblHUCACHUL MAKJce
u3 mexcmoeoeo gatina. Ipumensemoiii uucieHHbll Memo0 04 peuleHuUs CUCIeMbl YDAGHeHUU MOdeau umeem K6a0pamu4Hy
cKopocmb cxodumocmu, Y¥mo yKassieaem Ha e2o 3¢hpekmusnocms Ha 6oavuioid cemke, Hanpumep, u3z 900 y3r06. Muoeouuc-
ACHHbIE GLIMUCAUMENbHBIE IKCHEPUMEHMbL NOKA3AAU 0eCAMUKPAMHBLI GblUSPbIUL 80 8DEMEHU NO CDAGHEHUIO ¢ MPAOUUUOHHBIM
UMepayUuoOHHbLM Memoadom, ONUCAHHBIM 6 U38ECMHbBIX CIAMbAX.

Bnepsvie nocmasaena u pewena 3adava OuckpemHol ONMUMU3AYUU 0451 PA3PAOOMAHHOU ABMOMAMU3UPOBAHHOU CUCEMbL
YAPABACHUS NPOUECCOM HAHECeHUs 2anb8aHu4ecko20 nokpvimus. OcoOeHHOCMbI NOCMAHOBKU OAHHOU 3a0avu AGAAMCS 02pa-
HuYenus, 0OnycKawuue moabKo HOAHbI nepedop 803MONCHBIX 3HAUEHULl 8APbUPYEMbIX NAPAMEMPOs8, 00beM KOMOP02o He 6eAUK.
Tlosmomy ucnoav3osaics nocaedosamenvHulli areopumm peuwieHus 3aoayu onmumusayuu. Ilpugedenst KoMOUHAUUU B03MOIICHBIX
3HA4eHUll 6apbUpPyeMblX NAPAMempos U 3HaAYeHUs Kpumepus, a makice NPOAHAIUUPOBAHO 8DEMS PelleHUs. 3a0a4y ONMUMUAYUL.

Karwueenie caosa: asmomamu3upoearHasa cucmema ynpaeienusd, npouecc HaHeceHus eaab8AHU4ECK020 NOKPblmMUs, Kkpume-

pl,llj HepaeHoMepHOCmMU, mamemamu4eckas Moaeflb, Memoo Hb}OmOHa, onmumusayus, Memood noAH020 nepeﬁopa

BBenenue

DJIEKTPOIMTUYECKAE  IIPOLIECCHl  HaHEeCEHUS
raJlIbBAHMYECKNX ITOKPHITUI MUMEIOT IIMPOKOE IIPO-
MBIIIJIEHHOE ITIPUMEHEeHHNE: 3al1Ta U3ACINI OT KOp-
po3uu, MOBBIILIEHUE U3HOCOCTONKOCTH, COODIIIEeHNE
OTpaXkaTeJbHON CIOCOOHOCTU M T. A. [l HaHece-
HUS METAJUTONOKPBITUSI M3JEIME CHadaja IOIBEP-
raloT MeXaHWYECKONH oO0paboTKe, 3aTeM OCYIIIECT-
BJISETCS XMMHUYECKOE TPABJICHUE C IOCIEMYIOIIEH
npoMbiBKoi. Tonbko Tocjie 3Toro Ha odpaboTaH-
HYIO JeTajb (KaTold) B CHEUMAJbHO ITIPUIOTOBJICH-
HOM 3JIEKTPOJIMTE II0M IIOCTOSIHHBIM TOKOM HAaHOCSIT
CJIOM MeTaJiia OIpeAesieHHOM ToaluHbL. KauecTBo
MOJIy4aeMOro IOKPHITHS Ha KaTode OIpeleseTcs
pacnpenesieHreM MeTaJljia MO IIOBEPXHOCTU AeTaJIu.
ITosToMy BaxkHOI 3amaueil 31eCh SIBSIETCSl HaHece-
HUe 0oJiee paBHOMEPHOI'O MOKPHITHUSL.

Kak u3BectHO [1, 2], eciu HaHECTU MOKPHLITHE
Ha IJIOCKYIO JeTajlb B raJibBAHMUYECKON BaHHE, MBI
MOJYyYMM MNPOMUIb MOKPBHITUS, HATIOMMHAIOLINIA
1o popMe Tak Ha3bIBaeMoe "KOPBITO", T. €. Ha Kpasix
JeTaJlu TOJIIMHA raJibBAHMYECKOTO MOKPBITUS MO-
JKET HAMHOI'O IIPEBbIIIATh TOJIIMHY B LIEHTPE Ka-
Toga. DTOT 3(PPeKT 0O0BbICHSIETCI HepaBHOMEPHO-
CThIO DJIEKTPUYECKOTO MOJISI BOIU3U ITOBEPXHOCTU
karoaa. Enne Oosee ciaoxkHasi KapTUHaA pacipenese-
HUS TaJIbBAHUYECKOTO MOKPHITUS 10 TTOBEPXHOCTU
Karojaa HabJIromaeTcsl IpyU He TIOCKOM ero ¢opme.

Hunst cHUXEeHUS HEepaBHOMEPHOCTHM TrajbBaHU-
YECKOTO ITOKPBITHSI B IIPOMBIIIJIIEHHOCTH IIPH-
MEHSIIOT pa3jM4YHbIE METOABI, OJHUM U3 KOTO-
PBIX SIBIISIETCS MCIOJIb30BaHME TOHKUX TOKOHE-
MPOBOASAIIMX 3KPAHOB C OTBEPCTUSIMU. DKPaHbI
YCTaHABJIMBAIOT B IOIEPEYHOM CEUYEHHWU BAHHBI.
IIpu sTOM Ha pacrpenejieHUe MOKPLITUS BIUSIET
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MOJIOKEHNE 3KpaHa OTHOCUTEIBHO KaToma; YHC-
JIO, pacloJIOXeHUe U IIMpruHa oTBepcTHid. [Tonck
yKa3aHHBIX ITapaMeTPOB, IIPU KOTOPBIX MOJTydaeT-
csl Haubosiee paBHOMEPHOE IOKPBLITUE, B Pe3yjb-
TaTe TIpoBeAcHUs (U3NUECKUX DKCIIEPUMEHTOB
nokasbiBaeT [3, 4], 4TO DaHHBINA MPOLIECC CBSA3aH
C OYeHb OOJIBIIMMM 3aTpaTaMU BpeMEHH, MaTepU-
aJIbHBIX U (DMHAHCOBBIX pecypcoB. Beixonm 3 maH-
HOUW HETaTUBHOU CUTYallMM BO3MOXEH MYTEM HC-
MOJIb30BaHUSI MaTeEMaTUYECKUX METOIOB MOIEIU-
pOBaHM S, CUCTEMHOTO aHajJIn3a U ONTUMU3ALINN.

Ilenn paboThl — CO3mMaHMe aBTOMAaTU3UPOBAHHOMN
CHUCTEMBI yIIpaBJICHUS IIPOLIECCOM HAHECEHUSI rajib-
BAHOIIOKPHITHI, 0OeCHeuYnBaloIlleii MUHUMAJIbLHOE
3HAYCHHE HEPABHOMEPHOCTH IMOKPHITUS MyTEM MC-
TOJIb30BaHMS Tep(hOPUPOBAHHBIX TOKOHEITPOBOI -
LIMX 3KPAaHOB C ONTUMAJIbHBEIMU ITapaMeTpaMMU.

JIns nocTUKeHUS e HeoOXoauMo pa3pabo-
TaTh apXUTEKTYpPy CHUCTEMBI yIIpaBJEHMUS; MOCTa-
BUTH U PEIIUTH 3a4a4y ONTUMU3ALNN; TOCTPOUTH
MaTeMaTU4eCKYylo0 MOJAEIb TaJbBaHUYECKOTO IIPO-
1ecca B BaHHE C TOKOHENPOBOASIIMM Hepghopu-
POBaHHBIM 3KpaHOM M pa3paboTaTh YMCICHHBIA
METOJ pelICHUS €€ YpaBHEHUIA.

MaremaTruyeckasi HIOCTAHOBKA 33124

HcxonHble maHHBIE AJS MOCTAaHOBKMU 3adadyud
ONTUMU3ALIMU CIECAYIOILINE.

PaccmoTpuM ranpBaHMUYECKYI0 BaHHY, HMe-
oIy ¢GopMy napajiieienunena, ¢ pasMepaMu
nHa [/, l, mo xoopauHaTaM X, ), COOTBETCTBEH-
HO; C BBICOTOW CJIOSI 3JIEKTPOIUTA /3 (KOOpIMHA-
Ta Z) U C TUIOCKUM OE€CKOHEYHO TOHKUM aHOIIOM,
KOTOpBI MMeeT IIpsIMOYroiabHyI (opmy. Ilojo-
KMM, YTO aHOJ pacrojiaraercsl 1Mo LeHTPY BIOJb
CTEHKM BaHHBI, MapajjieibHO €. 3amaauMm X,
X, — KOOPIMHATBI PACMHOJOXEHUS KPAaeB aHOMA.
JleTanb-KaTod MOXET MMETh JI00yio (opmy; mias
MOCTPOCHMSI MaTEMaTHUUECKON MOAEIN U PEIICHU S
3alayyv ONTUMU3ALUY YIPOCTUM CUTYyalluIO, 3a/1aB
¢dopMy KaTtonga B BuIe MJIACTUHBI, KOTOpasi, KaK u
aHOII, pacriojlaraeTcsd IO LIEHTPY BIOOJb IMPOTHUBO-
MOJIOXKHOM aHONYy CTeHKM BaHHBI, IapaJlIeIbHO
eil. 3amaguMm X, X, — KOOPIMHATHI PACIOJIOXE-
HUsS KpaeB KaTtoma; L — mmpuHa Karoga. IlycTb
BHYTPM BaHHBI ITapajlJIeIbHO aHOMY pacroyiaraeTcs
MONepeYHbIi OECKOHEYHO TOHKMI MJIOCKUI TOKO-
HETMPOBOMSIINIA 9KpaH, KOTOPBIA UMEET OTBEPCTUS
NpsIMOYTOJIbHOM (DopMBL. BhicoTa 3KpaHa U TaKMX
OTBEPCTUM COBITAAAET C BBICOTOM CJIOS SJIEKTPOIN-
ta L, mMprHa skpaHa pasHa /;. [IpumeMm, yto Bce

OTBEPCTHUST UMEIOT MPSIMOYTOJIbHYIO (POpMY OMHA-
KoBoil mupuHbl PL. Yucno orsepctuii N, Ilpu-
Mep pacrloJIOXKEeHUS B TaJIbBAHWUECKOW BaHHE aHO-
Jla, KaToa M TOKOHETTPOBOSIIIIETO dKpaHa C IBYMs
orBepcTusiMu (N, = 2) mpencrasjieH Ha puc. 1.

Bua ToKOHENmpoBOASIIETO 3KpaHa, COOTBET-
CTBYIOIIETO puc. 1, mpeacTaBieH Ha puc. 2.

Hunst ynpolieHus 3aa4u NpruMeM JIOMYIIeHUeE,
YTO B JIIOOOM TOPM3OHTAJIBHOM CEUYEHWU BaHHBI
KOH(MUTYpalusl 3JEKTPUYECKOTro TOoJs He OyaeT
u3MeHsThbcs. Toraa Bce pacueTsl aJis Jo0oro ro-
PU3OHTAJBHOTO cedyeHus (nis aodoro 0 < z < )
OyayT skBHMBaJleHTHbl. COOTBETCTBEHHO, pacIpe-
JieJIeHVe TOJIIMHBI 8 TaIbBAHMYECKOTO TTOKPBITHUS
B TaKOM CeYeHUM OyIeT 3aBUCETh TOJBKO OT KO-
OpIUHATHL X: 3(X).

Maremaruueckasi TOCTAaHOBKA 3a7a41 ONITUMMU-
3alMU TIPUMET BUJ. HAWTU MUPUHY PL W 4ucio

y Xel Xer

....... x
Xar

Puc. 1. Topu3onTaibHOe ceueHHe rajbBAHUYECKOil BAHHBI C CET-
KOl 10 KOOPAMHATAM X H y

Fig. 1. Horizontal section of a galvanic bath with a grid along x
and y coordinates

0 Xal

Puc. 2. Bua TokoHenpoBoAsmero 3KpaHa
Fig. 2. View of a non-conductive screen
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N,; OTBepCTHl MPSMOYTOJBHON (OPMBI B TOKO-
HEIMPOBOISIIIEM DKpaHe, MPU KOTOPbIX KPUTEPHUid
HEpaBHOMEPHOCTM R MPUHUMAET MUHUMAJIbHOE

3HA4YCHUE!:

xcr — .
R:l J‘ deamin, )
L Xel 8min
e 8, = min (X)), min MUHUMAaJbHOE

xe[xep,Xer]
SHAQUYCHUC TOJIILIMWHBI ITOKPBLITUA Ha ITOBEPXHOCTU
Karonaa.

MaremaTuyeckas Mojaeb nmpouecca HaHECEHHUA
rajJbBaHH4Y€CKOro nNOKpbITUA

Hng cBg3u kputepuss R ¢ BapbUpPyeMbIMU Ta-
pamerpamu PL i N, MOCTPOMM MaTeMaTU4ECKYIO
MOJEb.

IIycth ¢(x, ) — moOTeHLMaJl 3JIEKTPUUYECKOro
MoJIsl B TOYKE C KOoOpauMHaTaMu (x, y). YpaBHEHUE
Jlarmaca, omuchIBaIOlIee paclpeneieHue IOTEH-
1Majia B IPOM3BOJILHOM T'OPU30HTAJIBHOM CEYCHUU
B 2JIGKTPOJIUTE raJibBAaHMYECKONM BaHHbBI, UMEET BUJ

2 2
00,99 . 2
ox oy

3amaauM rpaHUYHBIE YCJIOBUS, OMUCHIBAIOIINE
MOTEHLMAJbl TMOJSI Ha aHome, Karoae, CTeHKax
BaHHBI U1 TOKOHETIPOBOSIIEM IKpaHe.

[NoTeHuumansl nmoas Ha aHozme ¢(x, 0), x € [x,,

X, u xarone ¢(x, /), x € [x,, X.], CBSI3aHBI C TaK

HasbiBaeMbIMU GyHKUUAMU F (i) n F.(i,) aHOn-

HOM M KaTOMHOW mojsgpu3aluu [5] ciaemyomnuMu

COOTHOIIEHUSIMMU:

0(x,0) + F, (i, (x)) = U, §(x, 1) = F.(i.(x)) = 0, 3)

rae i,, i, — aHO[HAs U KaTOAHAasl IMJIOTHOCTU TOKQ;
U — aHomHOEe HaIpsXEeHUeE.

DyHKIUM TOASIPU3ALUUA  OMPEACNISIOTCS  all-
MMPOKCUMAIMeil 3KCIIepUMEHTAaIbHBIX JaHHBIX.

3aMeTUM, UYTO TOK TeUeT OT OOJIbIIETO MOTEH-
1yMajga K MeHbllemMy (OT aHoAa K KaToay — IO-
JIOXUTEJbHOE HampaBjieHUe ToKa BAOJbL ocu Oy).
3akoH OMa B 3TOM ciyyae B n1uddepeHnaaibHOR
(opme BOIM3M aHOAA M KaToaa MMEET BUI

. 0
la(x) = _Xa_d) , X € [xal’xar 5
e @
. 0
lc(x) :_X_q) 5 XG[XCI,XC,,],
O lx,1)

rae y — yac€jdbHasd IMPOBOAMMOCTDL 3JICKTPOJINTA.

Hanee onuliiueM rpaHUYHbIC YCIOBUS AJSI CTE-
HOK BaHHBI (OTCYTCTBHE TOKA Yepe3 CTEHKU — yC-
JIOBUE U30JSILUN):

W o ye0; 2 Z0, yelo1; )
0x|(0,) (L.y)
900 _0, xef0,x,0: 2 =0, x e (. 11: 6)
Y| x.0) Y| (x,0)
D 0, xe[0,x,); 2% —0, xe(x,. 1. (7)
ay (x,0) ay (x,1)

Hng mnnockoit OECKOHEUHO TOHKOM CTEHKU
C OTBEpCTUSIMU (TOKOHEIPOBOISIIEr0o 3SKpaHa)
rpaHUYHEIC YCIOBUS 3aUIIYTCS B BUE

0
a—d) =0, xe[x;'f),x;’f)],mzl,...,n, 8)
Yl(x.p)
rae p — y-KOOpAMHATa CTEHKW,; x;’l”),x;’f) — KO-

OpIMHATHl PACHOJIOXEHHUS KpaeB m-i 4acTU U30-
JISLIMOHHOIO 3KpaHa; # — YUCJIO TaKUX YacTei.
OrmetumM, uto n = N, + L.

Takum oOpa3zoM, MBI TOAYYMIA MaTeMaTH-
yeckyio moneib (2)—(8), pellleHHeM ypaBHEHUI
KOTOpOil siBasieTcs: (pyHKUMs ¢p(x, y) MOTEeHIIMaga
B KaXXJIOif TOUKE C KOOpAWHATaMu (X, y) raJbBaHU-
YyecKol BaHHbI. OTINYMe IOCTPOSHHOM MaTeMaTu-
YeCKOM MOIEIH OT U3BeCTHHIX [2, 8—10] 3akiioya-
eTcsi B 100aBJIEHUU IPAHUYHBIX YCIOBUM (8).

TonmuHa mojay4yaeMoro mOKpHITUSI Ha IeTalu
BBIUMCIISIETCS 10 3akoHy Papanest

k. .
3(x) = —Me j (x)At, )
p
e x € [x,, x,1; ky, — BNEKTPOXUMHUYECKMIA K-
BUBAJIEHT MeTaJlJla MOKPBITUS; p — IJIOTHOCTb

MeTajlla TIOKPBITUS; Af — BpeMsl Tipoliecca (Ha-
HeCEHMUsI TIOKPBITHST).

YncaeHHbIA METO pelIeHnus1 yPABHEHUI MOAEH

@—0)

3ameTuM, yTo 3amada (2)—(9) saBasieTCsS HEIu-
HEWHOM, TaK Kak COIECPXUT HEJIWHEWHBbIE Kpae-
Bble ycioBus (3). HailTu aHanuTHuyecKoe pelleHue
JaHHOM 3amayM, KaK MpaBUJIO, HE IPEICTaBIISIeTCs
BO3MOXHBIM, IO3TOMY OyeM pellaTh €€ YMCICHHO.
J1s1 3TOrO BBEIEM CETKY IO KOOpAMHATAM X U ).

x; =@ -Dhy, y; = -Dhy,

i=1..,Ny, j=1..,N,,

rae h, u hy — 1Iaru CeTKMU (T. €. YUCJIEHHOro NHTe-
IPUPOBaHMUSI) 110 X U Y COOTBETCTBEHHO, HyMepaIusI
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V3JIOB CETKH UAET C eNUHULBL, N, 1 Ny — MakcHu-

MaJIbHbie HOMEpa Y3JI0B 110 X U ) COOTBETCTBEHHO.
B 3amaue (2)—(9) 3aMmeHNM IIpOM3BOIHEIE TIEPBOTO

¥ BTOPOTO ITOPSIAKOB X PAa3HOCTHBIMM aHAJIOTaMMU:

0% . Gig =20, + i
ox? h; ’
82(1) ~ d)i,j 1~ 2¢1] + ¢1/+1
oy? h;

9l b=y

ox (O,y) hx

@ < ¢Nx,j _¢Nx—1,j .
ax ([’y) hx

0| %2~ bir,

0¥ (x0) hy

ol din, —Pin,-1

Y (x,1) hy

@ < (I)i,Np _(I)i,Np—l

oy (x,p) hy

rae N, — HOMep CJIosl CeTKH TI0 j, T[e pacrosara-
€TCs U30JISILMOHHBIN 3KpaH.

IlonyynM cucteMy HEIMHEUHBIX ajredpanye-
CKMX YPaBHEHUI:

¢i—1,j_2¢i,j+¢i+l,j ¢1/1 2¢lj+¢l/+l -0
h? hy ’
=2, ,Ny—1&j=2..,N,~1& j=N,,
l—pﬁk),...,p,(k”)&j:Np, k=1,.,N,;
0y — 01 . .
—Ljh L] =0,j=2..,N,-1& j#N,;
X
Oy —On 1/ . .
el Sl 20, j=2, N, - 1& j# Ny,
X
w:O,i:l,...,a,-1,a,+1,...,Nx;
hy
h
y
Gin, — i
%—0 i= (”’), ..,p}”’),mzl,...,Np,Jrl;
y
¢11+F ¢12 ¢ll U=O,i—a1,
5 hy
oy — 0
Oin, = Fe| X Gl A al 0,i=c¢p...pc
¥

e h, = hy, a;, a,, ¢, ¢, — HOMepa y3JIOB CETKH, TIe
HaXOJSITCS JIEBBII M MPaBbIil Kpasi aHOAA M KaToO-
Jla COOTBETCTBEHHO; p(”’) (M _ Homepa y310B
CeTKH, COOTBETCTBYIOUIUX KpasiM 4yacTedl W30Jisl-
LMOHHOrO 3KpaHa, m =1, ..., N, + 1.

OTMeTUM, 4TO MOJy4YeHHasi HEJUHEWHas CU-
CTeMa ajaredpanyeckux ypaBHEHWId 3aMKHYyTa, U
YHCJIO HEU3BECTHBIX B HEW paBHO g = NN,

OO0benMHUM HEM3BECTHbBIE BETMYUHBI

¢l,1a¢l,2’"‘5¢1,Ny’¢2,1a¢2,2"“5¢2,Nya~-, (10)
~3¢Nx,13¢Nx,25'--a¢Nx,Ny
B BeKTOp YV = [Wl:anng]T-

INepermuiiem cucteMy Kak

A(P) =0, (11)
rae A(W) — BekTopHas GyHKUUS OT V¥, comepxka-
1asi g KOMIIOHEHT.

Hnst HaxoxXAeHUs1 MPUOJMKEHHOTO pelleHus
¥* cuctremsl (11) Oymem mcnonb3oBaTh MeTon Hero-
ToHa. YTOOBI €ro MPUMEHUTh, HY>KHO IPaBUJIBHO
BBIOpPaTh BeKTOp HauasipHoro mpubamxernst WO
3aMeTuUM, YTO IpHU ABUKEHUM OT aHOAA K KaTomy
MoTeHIIMaa yobiBaeT. MakCUMabHBIM MTOTEHIIMAII,
KOTOPBII MOXET ObITb Ha aHoae (T. €. Ipu HyJe-
BoO#i moJsipu3auuu), paseH U, a Ha kaTtoge — 0 B.
Torna HayanpHOE MPUOIMXKEHUE HA TEPBOM cnoe
CeTKU MO j BO3bMEM paBHbIM \VS”U Nyl = = =

Ha TIOCJIETHEM CIIO€ \u(l SN, = ¢(0) =0 mpu
i=1,.,N.B HpOMe)KYTO‘{HBIX CIOSIX CETKH TI0 J
cz[enaeM JIMHEUHYI0 MHTEPIOSILIUIO:

yO g0 g Ny
(i*l)Nerj_ i,j N _1'
y

12)

Knaccunueckas yucienHasa cxema Metona Hrro-
TOHA UMeeT BUI [6]

¢ =D _vA ) TIAP D), (13)
e r= 1,2, 3, ... — HoMep uteparmu; VAP D) —
sIKOOMaH GYHKLUU A B TOUKE Pl

Yto06bl monayuuTh u3 ¢opMyiasl (13) Tekyuee
npuobanXKeHue K peueHuto cuctemsl (11), sKoou-
aH B (opmyse (13) mpu BBIYUCIEHUSIX He oOpa-
1IAI0T, TaK KakK omepalusi oOpalleHusI MaTpULIbI
TpebyeT OOJbLIOro 00beMa BBIUMCIECHUN Jaxe
CaMbIM OBICTPBIM METOIOM; Hampumep, npu N, =
= N, = 30 monyyaercsi HeJIMHEWHAsi CUCTeMa U3

900 ypaBHeHuil. BMecTo 3Toro opmyiny (13) MoxXHO
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IIPpUBECTU K CUCTEMC JIMHEUHBIX ypaBHCHI/Iﬁ OT-
HOCUTCIBbHO \P(r) BHUOa

VAP D)0 = yAp CDyp =D _ A gDy (14)

Hnsi pemieHusi cucrembl (14) HaubGosnee 3(d-
(beKTUBHBIM METOIOM Ha CErONHSINHHUI IeHb
saBisieTcss Moaudukanuss meroma laycca: LU-
pa3ioXeHue, UMILUIEMEHTUPOBAHHOE BO MHOTHMX
MaTeMaTUYeCKUX Ilakerax W Oubimorekax. Mpl
OylIeM UCIOJIb30BaTh CBOOOMHBIN MTAKEeT CUMBOJIb-
HBIX BRIYMCIeHUN Maxima [7], rme yxe peaan3o-
BaHo LU-pa3noxeHnue B metone HpioToHa.

[TpubnuxeHHoe peluieHue cucteMmnl (11) oymem
HCKaTh ¢ TOYHOCTHIO ¢. B makere Maxima Tou4-
HOCTb BBIYUCJIEHUN KOHTPOJIMPYETCSH NPOBEPKOW
3HAYEHUsI MOLYJISI pa3HOCTH BekTopos Wy W1
Ha COCEOHUX UTepaALUSIX:

Koraa BBIIIOJIHEHO YCIOBUE

p @ D g,
NpUOIMXKEHHOE pellleHue HaliieHo, T. €.
¥y,

PacnipeneneHye TONIIMHBI MOJYy4aeMOIo I10-
KpPBITHS Ha A€TalM BbIYMUCIsAETCS 1o popmyde (9).
YToObI paccuuTaTh €€ B MKM, MCIIOJb3yeM ClIedy-
IOLIEE€ COOTHOIIEHME C YUYETOM OTHON M3 (popMy
(4) 119 MJIOTHOCTU KAaTOAHOrO TOKa:

8(x) = lookﬂic(x)At = —IOO—kM"X @ At ~
P

P ay (x,0) (15)

kypox Qin,-1 = ®in
p h

~ 100 LAt

y

rne x €[x.,x.,l;i=cp,...,c.

Hns pacyeTa 3HAYeHUS KPUTEpUsT HEpaBHO-
MEPHOCTM 3aMEHMM OIIpeIeJIeHHbI WHTerpall,
Bxoasiuit B popmyny (1), AUCKPETHBIM aHAJIOTOM
no (opmyie Tpamneuui:

13+ e (3 )
R=pl— . 1*.2 [— IJ I =

min i=¢;+1\ Omin
¢, -1
8(x;) (16)
U |a) e, 2,0
= + + C/ - Cr
Cr =€ 26min 6min

Pabdora ¢ MmaremaTHueckuM nakerom Maxima

Ilepen BBI3OBOM ITakeTa Maxima B omeparyoH-
HOM cucteme Linux HY>XHO MOATOTOBUTH IJIsI HETO
TEKCTOBBIN (paiia ¢ koMaHgaMu. Bo n3bexxaHue Ha-
JIOXEeHMs (hailjloB MMs 3TOoro aiisia JOJKHO CO-
JIepxXaTh UAeHTU(UKATOPHI 3HAUCHU BapbUPYEeMbBIX
nmapaMeTpoB Kputepusi R. DT mapameTpbl OyayT
OITMCAHBI B CJAEAYIOIIEM IIYHKTE JaHHOM CTaThU.

PaccMoTpum anropuTM IOCTpOEHUST KOMaH]I-
Horo (aiina maxkera:

1. Onpenenuts Gyukuuu F, (i) u F.(i,), ykasbl-
Basl B KOHIIE 3HAK $, TaK KaK pe3yJbTaT He Hy>KHO
BBIBOIUTDH B KOHCOJIb.

2. BBIKJIIOYUTh MHOTOCTPOYHOE pPHCOBAHME
BbIpaKECHUU yepe3 display2d:false$, T. €. OCTa-
BUTb TOJBKO TEKCTOBBIN BHIBOI B CTPOKY.

3. 3arpy3uTh OMOJIMOTEKY C peau3alueirn Me-
Tona HpioToHa load(mnewton);.

4. YCTaHOBUTH TOYHOCTDH BBHIUMCICHUN
newtonepsilon:104-2§.

5. BesBaTh (pyHKkIMi0 Metoga HproToHa Ko-
MaHJ01 mnewton();, I KOTOPOil B CUMBOJILHOM
BUJI€ TTIOCTPOUTH CIAEAYIOIINE apTyMEHTHI: CIIMCOK
BBIPAXXEHU, CTOSIIIIMX B JIEBOM YaCTH KaxXIOTO U3
ypaBHeHUIl cucteMbl (11), CIIMCOK HEM3BECTHBIX
noteHuuanoB (10) u cnucok HayaabHBIX TIPUOIU-
KeHWU ISl HUX, 3apaHee BEIYMCICHHBIX 110 (op-
myge (12).

BrI30B makeTa M3 pacyeTHOM MporpaMMbl, Ha-
MACAaHHOU Ha s13bIKe C++, OCyIIeCTBIISETCS C T10-
MOIIIbIO CTaHIAPTHOI (PYHKIIUU system() S3bIKa
C ¢ nepeHanpaBjieHMEeM BBoAa Ha c(pOpMUPOBAH-
HbIIi KOMaHIHBIN (aiiJl 1 BBIBOAA B PE3YJIBTUPY-
IOIINI TEKCTOBBIN (haii.

ITocne paboThl makera HEOOXOIMMO OCYIIe-
CTBUTH HECJOXHBIN MMapCHHT IOJYyYEeHHOTO aii-
JIa B LEJISIX MOJYyYEHUsI IBYMEPHOTO MacCHBa IO-
TEHUMAJIOB ¢; ; B TaJIbBAHMYECKON BaHHE. TOTbKO
Mocjie 3TOr0 MOXHO BBIYUCIUTBL paclpenesieHue
TOJIIIMHBI IIOJIy4aeMOTO IIOKPBITUSI M 3HAYCHUE
Kputepus R.

Pemenne 3a1a4yv onTUMHU3ANMH

MHOToOYuC/IeHHbIE BBIUMCIUTEIbHbIE 3KCIe-
PUMEHTHI ¢ DUcKpeTHoi momenbio (11), (15), (16)
Mokasajau, 4YTO Ha 3HauYeHHWEe Kputepusd R ciabo
BJIUSIET IIOJIOXKEHHE OTBEPCTUIl B 3KpaHe (U3Me-
HeHue Ha 1.2 %), HO CUJIbHO BIMSIET YUCIO N, 1
mupuHa PL oTBepcTUit, KOrga 3KpaH TOCTATOYHO
OJIM30K K KaTOLIy.
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Takxe, HaYUMHAsE C HEKOTOPOro 3HadyeHust N,
Ha 3HaueHUEe R OKa3bIBaeT BIUSHUE U TMOJOXE-
HHE 3KpaHa, HO B JaHHOW paboTe MBI €0 CYUTAEM
KOHCTaHTOW. B onTMMM3alIMOHHOU 3amadye B Ka-
YeCTBE BapbUPYEMBIX MTapaMeTPOB UCTOIb3YIOTCS
BeqMIUHbl N, 1 PL B MPEANOIOXEHUH, YTO BCE
OTBEPCTUS UMEIOT OAWHAKOBYIO IIMPUHY U pac-
TOJIOXEHBl CHMMETPUYHO OTHOCUTEIBHO CEPEaU-
HBI 9KpaHa. Tak Kak aJropuTM UCIIOJb3YET CETKY,
JIOTUYHO BbIOMpaATh 3HauYeHue PL, paBHOE 4uUCITy
1IarOB CETKM, OXBATBIBAIOIINX KaXJ0€ U3 OTBEp-
ctuii. CiemoBaTeabHO, IIMPUHA KaXJIOTO OTBEP-
CTUS OyZIET pacCUMTBHIBATHCS Kak PL:h,.

Onpenenum TpaHULbI U3MEHEHMSI Bapbupye-
MbIX apametpoB. Llenyto Bennuuny N, Oyaem ns-
MEHATH OT | 10 3aJaHHOTO MaKCUMAaJIbHOTO YHUCTIAa
Npax OTBepeTU. JleBas rpaHua 414 LEJ0ro 3Ha-
yeHust PL paBHa AByM (UTOOBI TOJiE MPOXOIMJIO
Jepe3 OTBEPCTHsI), & MPaBYIO TpaHuly PLy,,(N,)
OMpENeUM TI0 3HAYCHUIO N,/

Ny=1=L, (N, +1)

b
Np,

PLmax(Npl) =

rae a] — wenast vacte yucna a; L,. — — MUHU-
MaJIbHasl IMMpPWHA W3OJSLMOHHBIX YacTel 3Kpa-
Ha, B3gTasg B IIarax CeTKW. MBI Mpeamnogaraem,
uro L,,

OnHako He Bce KOMOMHAIMK 3HaYeHW# N, U
PL 6ynyt monmyctumMbl. Kak ObBLJIO YKa3aHO BBHIIIIE,
OTBEPCTHUS Ha CETKE MOJKHBI pACIIoaraTbCs CUM-
METPUYHO OTHOCHUTEJIBHO CEpEeANHBI 9KpaHa. Tor-
Jia Hy>KHO Tipu BbIOOpe mapbl N, 1 PL BBIYUCIUTH
wupuny L, (N, PL) W30ISUMOHHBIX 4YacTeii

9KpaHa B LIarax CeTKu mo dopmyie
N,-1-N,-PL

N, +1

L, (N, PL) =

pl»

Ecnu nonyuyum nenoe 3HaueHue L, (T. e. U30-
JISIIMOHHBIE YACTU MOXHO YJIOXUTh Ha CETKE), TO
napa N, u PL siBisieTcst 1ONYCTUMOI.

TakuMm o6pa3oM, MBI MOJydYaeM CJCIYIOUIYIO
3a/lauy LEeJOYUCICHHOW ONTUMU3ALINN:

R(N ,;, PL) — min,
N, el Ny,

PL (2, PLyy (N )1,
Lpr(Npla PL) -

N ,, PL — nienvle.

(17)
ejoe,
pl»

ITockonbKy TIpaBasi TpaHWLA AJS Bapbupye-
MOTo mapameTrpa PL 3aBUCHUT OT BbIOOpa 3Haue-

HUs mapameTpa N,, To Ui peeHus 3anaqu (17)
OyZeM WCITOJIBb30BaTh METOJ IOJTHOTO Tepedopa.
JJaHHBIA MeTOm MMEET ABa MPEMMYIIECTBA: IPO-
CTOTa W TAapaHTUPOBAHHOE HAXOXIECHUE OITH-
MAaJILHOTO PEIICHUS.

HpnMep pelicHud 3aa9Y ONTUMHU3AIIUH

PacueThl mpoBemeMm Il peajbHOM rajbBaHU-
YeCKOM BaHHBI HIMHKOBAHUS, HA KOTOPOU MPOBO-
IUJINCh 3KCIEPUMEHTHI ISl IIPOBEPKM aleKBaT-
HOCTHU pa3paboTaHHON MaTeMaTHUUYeCKON MOJICIIH.

bynem paccMarpuBaTh HpoliecC LIMHKOBAaHUS
B LLIEJIOYHOM BJISKTPOJINTE, MUMEIOIIEM CAeAyIOLIni
coctaB: ZnO — 10 r/n, NaOH — 150 r/a, 6aeckoo-
Opaasyloias gobaeka "Okomer C 1b" — 3 r/m.

DOYHKIUN TOJISIpU3aLMKU OINKMCAHHOTO ILEJI0Y-
HOTO 3JIEKTPOJIMTA, NOJYyYEeHHBIE alllIpOKCUMAaIH-
el 3KCIepHMEHTAJIbHBIX JTaHHBIX METOIOM Hau-
MEHBIINX KBaApaToB, UMEIOT BUJ [5]

F,(i,) =12
F.(i,) = 0,0016i2 +0,055i, + 1,347,

rae sHaueHus F, u F.(i) u3mMepsaioTcsa B BOJIbTAX,
i. — B A/iM°.

Pasmepbl BaHHBI, aHO/IA, KaTOAA U TOKOHEIPO-
BOISILIEro dKpaHa cienytomue: /; =, = 0,986 nm
(manee Bce pa3Mepbl NPUOJUKEHBI K BeJIMUMHAM,
KpaTHBIM 1Iary YUCJIEHHOTO WHTEIPUPOBAHUS
ypaBHEHUI MaremaThdeckoi moaenm); /; = 0,14
aM; x,; = 0,272 nm; x,,. = 0,714 om; x,; = 0,34 nm;
X, = 0,646 1m; n = 3; p = 0,884 nm; x(l)—Oz[M,
x(l) = 0,238 v; x(7) = 0,374 nm; x§) = 0,612 1w

f’” = 0,748 am; x§ 5> = 0,986 aMm.

Yz[eanaﬂ HpOBOZ[I/IMOCTI:o BJIEKTPOJINTA LUH-
koBaHug y = 0,35 (OM',Z[M)_I.

DIEKTPOXUMHUUYECKU  SKBUBAJEHT  IIMHKAa
kye = 1,22 1/(A*4), IJIOTHOCTH LIMHKA p = 7,133 r/CM3,
BpeMsl HaHeceHMs IMOKphITUS At = 0,67 4. Kak
MoKa3ajii MHOTOUMCJEHHBIE HATypHBIE 3KCIe-
PUMEHTBI C LIMHKOBAaHMEM MJIOCKMX JAeTalieil, 3a
3TO BpeMs (OpMUPYETCsl MOKPBHITUE CPEAHEN TOJI-
IIMHOM 23 MKM, 4YTO SIBJsIETCS HauboJiee pacrnpo-
CTPAaHEHHBIM 3HAUYEHMEM B MAaIIMHOCTPOUTEIb-
HOI MPOMBILIJIEHHOCTH.

[Monoxum, 4TO K BJEKTpoaaM rajlbBaHUYE-
CKOM BaHHBI IOABEACHO ITOCTOSHHOE HaIpsXe-
uue U= 3,67 B

3HaueHMsI HOMEPOB OIMCAHHBLIX BBILIE Y3JIOB
cerku: N, =N, =30, N,=27, a;,=9; a, =22
c,_11 c, —20 p,<1>—1 <1> =8; <2> =12

p» =19; p<3> =23; p® =30.
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Puc. 3. Pacnpeneiienne nNoKpsITHS N0 NOBEPXHOCTH AeTajan (pa3-
MEPHOCTb 110 OCH X — CM, 110 OCH § — MKM), OTCYET 10 OCH X UJeT
OT Kpas KaToja
Fig. 3. Distribution of the coating over the surface of the detail
(a dimension along x axis is cm, a dimension along & axis is pm),
the x-axis reads from the edge of the cathode

B pesyabrare penieHus: 3agadyy ONTUMU3AUU
pa3paboTaHHOI IIpOrpaMMoOil Bce BO3MOXHEIE
KoMOuHauuu nap N, u PL u xputepust R B nipo-
LIEHTaX MPU 3TUX 3HAYEHUSIX CBEACHBI B TAOJUILY.
Kak BugHO U3 Hee, pellleHUEM 3aJadyu ONTUMM-
3alUU SBJSIIOTCS 3HauYeHust N, = 2 (T. e. ABa OT-
BEpPCTHUS B TOKOHEITPOBOASIIEM 3KpaHe) u PL = 7
(T. €. 7 1IaTOB MO CeTKe KaK IIMPHUHA KaXA0ro OT-
BepcTus). 3HaUYeHUsT KpuTepus: R IIpyU 3TOM paBHO
2 %, 9TO SIBJSICTC MUHUMAaJbHBIM Cpeay BCeX Ba-
puaHTOB. Bpems, 3aTpayeHHOE Ha MOJHBIN Tepe-
0op, Ha KoMmIlbloTepe c¢ mpoueccopom Intel Core
i5-9400 c TakToBoIi yactotoi 2,9 I'Tu cocTaBuio
306 MuH UK 5 9 6 MUH.

Pemenne 3aaaun (17) MeTOI0M MOJHOTO Mepedopa

Homep xomOuHanun Ny PL R, %
1 1 3 13
2 1 5 20
3 1 23
4 1 24
5 1 11 22
6 1 13 21
7 1 15 20
8 1 17 19
9 1 19 18
10 1 21 18
11 1 23 18
12 1 25 17
13 2 4 4
14 2 7 2
15 2 10 4
16 3 3 12
17 3 7 22
IpnMedaHue: CepbiM LBETOM OTMEYEH MUHUMYM KpuTepusi R.

Ha puc. 3 npeacraBiaeHo pacmpeaeneHue TOJ-
IIUHBI TOJYyYaeMOTO TMOKPBITHSI Ha JeTadud Tpu
OTNTMMAJILHOM 3HAaYE€HWU BapbUPYEMbIX Mapame-
TpoB. JIJ151 HArMIAHOCTA TOYKU COCTUHEHBI KyOu-
YECKUM CIUIAMHOM.

Takum oOpa3om, pelleHa 3ajaya MOMCKA OIl-
TUMaJbHBIX 3HAUYEHWI BapbUPyEeMbIX TE€pEeMeH-
HBIX — WUPUHBL PL n yucia N, OTBepCTHil TPsi-
MOYTOJIbHOW (DOPMbI B TOKOHEITPOBOASIIEM 3Kpa-
He, TIPU KOTOPBIX KpUTEepUii HEpaBHOMEPHOCTU R
MPUHUMAET MUHMMaJbHOE 3HaueHue. [IpuMeHs-
€MbIii YMCIIEHHBI METO. IJISI PEleHNsT CUCTEMBbI
(I11) — mucKpeTHOro aHajora ypaBHEHU MOAEIU
(2)—(9) — ummeeT KBagpaTMUYHYIO CKOPOCTh CXO-
JIUMOCTH, YTO YKa3bIBaeT Ha €ro 3(HeKTUBHOCTD
Ha ceTke 13 900 y3710B. MHOTOYMCIICHHBIE BBIYMC-
JIMTEJIbHBIE SKCIIePUMEHTHI MoKa3anu [2] pecsaTu-
KpaTHBI BBIMTPBIII BO BPEMEHU IO CPaBHEHUIO
C WUTEepallMOHHBIM METOJOM, OMMCAaHHBIM B CTa-
Thsix [8—10]. ABTOpBI HMCHOJB30BAIM peasinu3a-
nuio metona HpioToHa B MaTeMaTuuyeCcKoOM IaKeTe
Maxima uyepe3 nepeHanpaBieHue BBOAa/BbIBOAA.

CToNT OTMETHUTH, YTO JOOABIEHHUE €Ile OMTHOMN
BapbMpyeMO TIEpEeMEHHON — TIOJOXEHUs 3Kpa-
Ha OTHOCHUTEJIbHO KaTolda, a TaKXKe pacyeTbl IJIs
Karoja TPOM3BOJBbHON (hOpMbI MOTPEOYyIOT pas-
pabOTKM ONTUMMU3ALIMOHHOIO MeToda, bojee 3d-
(exTHBHOrO, YeM IOJHBIN mepedop, HAIpUMep,
pacnapaijieirBaHue IPUMEHSIEMOro ajJropuTma.

ApxuTeKTypa
ABTOMATH3MPOBAHHOW CHCTEMbI YNIPaBJIEeHUS

Haubonee pacnpocTpaHeHHBIM O0OpPYyIOBaHM-
eM IJIsI HaHECCHUS DJIEKTPOXMMUYECKUX IMOKPHI-
TUM B NPOMBIIIJICHHOCTU SBJSIOTCS TaJibBaHU-
yeckue JuHMU. Kak M3BecTHO, rajbBaHMYECKasl
JIMHUS COCTOUT M3 Habopa BaHH, B KOTOPBIX IIPO-
BOASTCS OIllepalluu TIOATOTOBKM AeTajieli (00e3-
KUpUBaHUE, TPaBJIeHUE U T. 1.); HAHECCEHUS IIO-
KpBITUSI (TaKMX BAaHH MOXET ObITh HECKOJIbKO);
3aKJIOUYUTEIbHBIX oIepaluii (IpOMbIBKa, CYIIKa)
[11—20]. st aBTOMaTU3UPOBAHHOTO YIIPaBJICHU S
TEXHOJIOTUYECKUMM IIpolieccaMu TajbBaHMYE-
CKOI IMHUU TpeAjiaraeTcs NByXYpOBHEBasl apXxu-
TeKTypa CUCTEMBI yIIpaBiaeHUs (puc. 4).

B 3aBucMMOCTM OT MpOLIECCOB, IPOTEKAIOIINX
B BaHHE, MOTYT M3MEPSITLCS CJICAYIOIINE TEXHOJO-
rm4yecKye mnapaMeTpbl: TeMIlepaTypa, YPOBEHb, TOK,
HanpsikeHre. Ha HUXKHEM ypOBHE OCYILIECTBIISIETCS
yIIpaBJIeHUE TEXHOJOTUYECKMMMU TTapaMeTpaMy Kaxk-
JIO BaHHBI: CTAOMJIM3ALIMSI TEMIepaTypbl U YPOBHS
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BruramcanTensHoe ycTpoitcTBo
BEPXHET O YPOBHA

——

BerucmutensHoe BerumcnurensHoe
ycTpoficTBO ycTpofictBo
YIpaBIeHns VIIpaBaeHus
npoueccaMu ... rpoLeccaMi
1-it N-u
ransBaHHd ecKoit ransEaHMYecK oif
BaHHBI BaHHEI

L1 L1

‘ Verpoficteo cegan ¢ obnextoM |

>

TlansBanudecKas IMHUA

Puc. 4. JIByxypoBHeBasi apXHTEKTypa CHCTEMbI YNpaBJIECHHS
rajJbBaHMYECKOM JMHHUEH

Fig. 4. Two-level architecture of the electroplating line control
system

BJIEKTPOJINTA; CTAOMIM3alMs WJIM IIPOrpaMMHOE
yIIpaBjIeHUe 3JICKTPUYECKIM TOKOM. B KauecTBe BbI-
YUCIUTEIBHOIO YCTPOMCTBA HMXKHETO YPOBHSI HC-
MOJIb3YIOTCS MUKPOIIPOLIECCOPHBIE KOHTPOJLIEPHL.

3ak.oueHue

B maHHOI1 cTaThe paccMOTpeHa pa3paboTaHHast
aBTOpaMM aBTOMAaTU3WPOBAHHAsI CUCTEMa yIpaBJie-
HUsI TIPOLIECCOM HAHECEHUs TaJIbBAaHONOKPBITHMA,
MMeIOLLast IByXypPOBHEBYIO apXUTEKTYypy. Berauciu-
TeJIbHOE YCTPOMCTBO BEPXHEr0 YPOBHS pEILaeT 3a-
Jady pacueTa ONTUMAIbHOW KOH(PUTYpalluu TOKO-
HeIpoBosllIero nepoprpoBaHHOro 3kpaHa. Mc-
XOIHBIMU JAHHBIMM JJISI pacyeTa sIBISOTCS (popma
M pa3Mepbl JeTajiid, MOCTYIMBIIC Ha 0OpabOTKY.
JIByXypoBHeBasi CHCTEMa IO CPaBHEHMIO C OIHO-
YPOBHEBOI OTIMYAETCS OOJbIIC HaIeKHOCTHIO,
rMOKOCTbIO; ITO3BOJISIET OCYILECTBIISITh IOOYEPETHOE
BHeJpEeHME MOACUCTEM YIIpaBIICHUS, a pacIpeaeie-
HUe (QYHKLUNA MEXAY BBIYUCIUTEIBHBIMU YCTPOIA-
CTBAMM HMXXHETO M BEPXHEr0 YPOBHS ITO3BOJISICT
HCITOJIb30BaTh 0o0Jiee IMPOCTYIO M, CJIEAOBATEIIBHO,
0oJiee IeIeBYI0 BEIYUCIUTEIBHYIO TEXHUKY.

Pa3paboranHasi aBTOMaTU3MpOBaHHasl CHUCTe-
Ma yIpaBJeHUs TaJlbBaHMYECKMMM IIpoOlLieCCaMU
MPUHSTA K UCIOJb30BAaHUIO HA TaJbBaHUUYECKOM
yuactke OOO "3aBoa TamOoBmosmMepman”.
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Abstract

The article has developed an automated control system for the electroplating process, which has a two-level architecture. At
the lower level, the technological parameters of each bath are controlled: temperature stabilization and electrolyte level in the
bath;, stabilization or software control of electric current. At the upper level, the problem of calculating the optimal configuration of
a non-conductive of electric current perforated screen is solved, providing a minimum value of the unevenness of the coating. For
this, a nonlinear mathematical model of the galvanic process in a bath with a perforated screen is developed which differs from
the known ones by adding boundary conditions on a non-conductive screen. It is noted that the nonlinearities contain the equa-
tions of the model describing the boundary conditions near the anode and cathode of the galvanic bath. Therefore, a numerical
method for solving the model equations is developed, which is distinguished by the implementation of Newton’s method in Maxima
(the mathematical package) through input/output redirection. The article describes an algorithm for working with a mathematical
package, a feature of which is the preparation of package commands in a text format and parsing the results of calculations also
from a text file. The applied numerical method for solving the system of model equations has a quadratic convergence rate which
indicates its effectiveness on a large grid, for example, of 900 nodes. Numerous computational experiments is shown a tenfold
gain in time compared to the traditional iterative method described in well-known articles.

For the first time, the problem of discrete optimization was posed and solved for the developed automated control system
Jor the electroplating process. A feature of the formulation of this problem are restrictions that allow only a complete enu-
meration of possible values of the varied parameters, the volume of which is not large. Therefore, a sequential algorithm for
solving the optimization problem is used. The combinations of possible values of the varied parameters and criterion values
are given, and the time for solving the optimization problem is analyzed.

Keywords: automated control system, electroplating process, criterion of uneven, mathematical model, Newton’s

method, optimization, exhaustive search method
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CoBMeCcTHOe UCnosib30BaHMEe MeXaTPOHHbIX CUCTEM
ansa opraHnsauum 3c¢pceKTMBHOro NPoTUBOAENCTBUA
CKOOPAWHNPOBaAHHOMY AENCTBUIO Topne NPOTUBHUKA

ynpaeaernue, cucmema CaMOHABedeHUs

Paccmompena 3adaua epynnogoeo npumeHerus MHOJICECMBEHHbIX UCMOYHUKOE WUPOKONOAOCHbIX UWYMO8 8biCOKOU UHMEH-
cugHocmU, 0eticmEYUUX 8 PA3AUMHbIX MOYKAX NPOCMPAHCMEA 6 medeHue 3A0AHH020 8peMenU U CO30AUUX 803MONCHOCMb
3auuuaeMomy ob6seKkmy cogepulumes MaHesp yKAoHeHus. Paccmompens cnocobvr 06pazoeanus nomex Ha OCHO8e INeKMPO-
63puiea. I[lpedaodiceno 6 Kavecmee NOJOOHbIX UCMOUYHUKOS UCNOAB308AMYb MeXAMPOHHblE YCMPOLUCMEa 2Uu0pOaKycmu4eckozo
npomugodeiicmeus, cnocoOHble 08UeAMbC 8 60OHOIU cpede U c030a8amb WUPOKONOAOCHYIO HOMeXY 3A0AHHOU UHMEHCUBHOCMIU.
Coemecmuoe npumereHUe MeXAmpPOHHbIX YCMPOUCME 045 3auUmbl MOPCK020 NOOBUNCHO20 00BeKma (yeau) onpedeasiem cymo
3adauu ynpasaenus. Paccmompen mMooeabHblll npumep npuMeHeHus MexampoHHbIX YCMPOUCMeE 8 3a0aHHOM CUeHapuu.

Karoueevie caoea: snexkmpos3pvié, mexamponHvle YCMPOUCMEa 2UOpPoaKycmu4ecko2o npomugodeicmeus, 2pynnogoe

BBenenne

AnepHoe opyxXue, KaK 3TO ONpPEAEIEHO B 00-
HOBJeHHOU BoeHHoO#l gokTpuHe Poccuiickoit
®enepauun, yrBepxaeHHon Ilpesuaentom Poc-
cuu B. B. Ilytuneim 25 peka6ps 2014 r., "Oyamer
OCTaBaTbCsl BaxXHBIM (haKTOpOM MpeaoTBpallie-
HUS SACPHBIX BOEHHBIX KOH(MINKTOB U BOGHHBIX
KOH(JIMKTOB ¢ MPUMEHEHUEM OOBIYHBIX CPEACTB
nopaxeHus (KpymHoMaciiTabHO BOWHBI, Peruo-
HaJbHOM BOIHBI)" [1, cT. 16]. Mcxomst u3 3TOTO T10-
ChlJIa MOXXHO OTMETUTH, UTO OTHOU M3 OCHOBHBIX
3anauy Poccuiickoii Peaepalivu 1Mo cAepXMBaHUIO
U TIPEIOTBPAILeHUI0 BOGHHBIX KOHMIMKTOB SBJISI-
eTcd "moanepxkaHue MoTeHIMaua SAepHOro cAep-
KWBaHUS Ha JOCTaTOYHOM ypoBHe" [1, cT. 21].

Mopckue cuiibl SAepHOTO CAepXKMBaHU S (HOPMU-
pYIOT OOIBIIYIO YacTh TOTEHIMANAa TITyOOKOTO OT-
BETHOTO yaapa cui siaepHoro cuepkuBaHus (CAC)
Poccun, TTOCKOJIBKY UM allpyioOpy MPUCYIA TOBBI-
IIEHHAs XXWBY4YECThb Oyarogapsl BBICOKOWH CKPBITHO-
CTU NEMCTBUI TIPU HAXOXJIEHUU B Mope [2].

AHanu3 3apy0eXHBIX MPOTPaMM CO3JaHUS HO-
BEUIIIMX CHUCTEM BOOPYXEHWS, PA3BUTUS COBpE-

MEHHBIX KOHIEMUUI MNpUMEHEHMS, HallpaBJIeH-
HOCTU 0O0€BOIi IOATOTOBKHU IIO3BOJISIET CcHeaTh
BeIBOA, uTO B CIIIA M cTpaHax 3amaaHoil KoaJu-
LAY TIPOBOAMTCS aKTHBHAasl IJIAaHOBasi MOITOTOB-
Ka BoopyXeHHBbIX CHUJI K BEIEHUIO BOWH HOBOIO
nokoJieHust mpotuB Poccuiickoit Megepanmm.
boeBrble neiicTBUSI 00BEAMHEHHBIX Boopy:keH-
HBIX CUJI IJIAHUPYIOTCSA B €IMHON MH(MOPMAaLIMOH-
HOI1 CeTH, C IIUPOKUM IpUMEeHeHeM UHdOopMaIu-
OHHBIX TEXHOJIOTUI U CeTELEHTPUUYECKUX METOIO0B
BeneHUs1 BOMHBI [3]. OcHOBY enuHON MHMOpPMaII-
OHHOM CeTU COCTaBIISIIOT OBICTPO pa3BEePThIBAEMBbIC
CUCTEMBI OCBEIIICHUS BO3AYIIHOM, HA3¢MHOM, HAl-
BOOHOU U MOABOIHOM OOCTAHOBKU KOCMUYECKOTIO,
BO3AYIIHOTO M MOPCKOro 0asupoBaHUS, 0ObeAU-
HEHHBbIE C CUCTeMaMU HaBUTAllUU U CBSI3H.
TopnenHoe opyxue (TO) g0 HacTosIIEro Bpe-
MEHM OCTaeTCsl OCHOBHBIM CPEICTBOM KakK s
0OpbOBI ¢ HAABOAHBIMU KOPAOISIMU U TOABOIHBI-
MU JIODKAMH, TaK M CPEICTBOM OOpHOBI caMUX
MOABOIHBIX JIOJOK IIPOTHUB HAIBOAHBIX KOpadjel u
MOABOIHBIX JIONOK BEPOSTHOro mpoTtuBHuKa. Cy-
LIECTBYIOIIME TOPIEAbI SIBISIOTCS BHICOKOTOYHBIM,
OBICTPOACHCTBYIOIIMM BUIOM OPYXUS, XapaKTe-
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PU3YIOIIMMCST OOJIBLION OaJbHOCTBIO JEUCTBHUS,
BBICOKOH CKPBITHOCTBIO TMPUMEHEHMs] W 3Hauyu-
TeJbHBIMU MHMOPMALIMOHHO-BBIUUCTUTEIbHBIMU
BO3MOXHOCTSIMU. Tak, B cocTaB OOpTOBOil armra-
patypsl Toprieabl MK-54, cocrosiieir Ha BOOpy-
xenuun CIIA u crpan HATO, Bxogut OBM tuna
AN/AYK-14 c BbBICOKOI TIPOM3BOAUTENBHOCTHIO
(okono 1,2 I'oric) ob6pabOTKM HAaHHBIX, amall-
TUBHBIMU aJrOpUTMaMU TIOMCKA, paclio3HaBaHMS
neneit u HaBeaeHus Toprens! [4]. Topnema MU-90
Impact, cocrosiiias Ha BOOPYXEHMH HEKOTOPBIX
crpaHn HATO, 1o gaHHBIM MHOCTPAHHbBIX HUCTOY-
HUKOB, C BBICOKOU 3((hEeKTUBHOCTHIO CIIOCOOHA
pa3obparbes ¢ cutyauuei u3 10...12 1eneit, BKIO-
4yas JJOXHBIE [5], BEIOETUTh U3 pealbHbIX MPUOPH-
TETHYIO 1IeJib U TMOPa3uTh €€ C BEPOSATHOCTHIO HE
menee 0,9 [6]. IIpu aToM KiaccudpuKauusg LEeTu
ocyliecTBisieTcs o 12 mapamerpam [6].

Jns HaBeAeHUST TOPIEAHOIO OPYXXKMs B HACTO-
silee BpeMs MCIOJb3YIOTCS aKTMBHO-ITACCUBHBIC
cucrembl camoHaBeneHus: (CCH) aBTOHOMHBIX
TOpIEN, a TakXe CUMCTeMbl HaBeAeHMUS IO KaHaly
CBSI3U C yIAJIEHHBIM omnepatopoM [7]. B mocnengnem
cjyyae HaBeACHME TOpIIeAbl OCYIIECTBISIETCS IO
MpoBOJaM, a B KayeCTBE CPEACTBa IejeyKazaHus
BBICTYMAaeT OOPTOBOM T'MAPOAKYCTUUECKUU KOM-
maeke (IFAK) moaBomHO# JIOAKU, OCYILECTBISIO-
meit araky. [TockoabKy MeXay aTakylollei Top-
Meaol M CpeacTBaMU OCBelIeHWsST OOCTAHOBKU M
o6paborku mHpopmauun I1JI nmeercss Henocpen-
CTBEHHAasl TPOBOAHASI CBSI3b, JAHHBIN BBICOKOTOY-
HBIIi KOMILJIEKC TOPIIEAHOTO OpyXHusl obecrevynBa-
€T TIOpaxeHue 1een ¢ oonpux auctaniui. [pu
atoM, ecau maccuBHass CCH Toprmeabr pabortaer
B yactoTHOM auarmasoHe ot 10 kI'm (MK54) [7] mo
15 xI'u (Black Shark), To akTBHasi — B AuMamna3oHe
25 xI'n (MK54)...30 xI'u (Black Shark). B pexxume
"teneynpasieHus” ¢ ucnoib3zoBaHuemM [AK mon-
BomHoi Jjonkm (Hampumep, AN/BQQ-X) 3ameii-
cTByeTcsl paboumii muamna3oH 4actoT oT 200 I'm mo
5,5 xI'u. B ycnoBusIX ceTeleHTpUYEeCKMX METONOB
BelIEHU ST BOMHBI LieJieyKa3aHUs MOTYT MOCTyMNaTh U
OT MHBIX CPENICTB MOABOAHOIO HAOMIOACHM I, TAKUX
KaK paJiuoruapoakycTuueckue Oyu ¢ auara3oHoM
gacTtoT ot 30 I'y mo 5 xI'm [8], rmapoakycTuyecKiie
KOMIJIEKChl HaJBOMHBIX KOpabjeid C 4aCTOTHBIM
nuarrazoHom ot 3 I'r mo 3 kIt [9].

Takum oOpazoM, miass 3pOEKTUBHOIO IPOTU-
BOJEWCTBUSI TOPIMEIHOMY OPYXMIO HEOOXOAMMO
co37aTh YCTPOWCTBO TUIPOaKyCTUUYECKOTO IpPO-
tusoaeiicteus (I'T1JI), cnocobHoe cpopMUpoBaTh
IIMPOKOTIONIOCHYIO THUAPOAKYCTUYECKYIO TOMEXY
B AuanasoHe yactoT oT 3 I'u no 30 kI

Cnpaeka: ycmpoiicmea T'll/] npedna3znauensvt 0ns
€030aHUs 2UOPOAKYCMUYECKUX NOMEX, AONCHBIX 2U-
dpoakycmuueckux uenel, UCKANCEHUS CHeKMPAaib-
HO-8DEMEHHbIX XAPAKmepucmuk eudpoaxKycmuue-
ckux noneil. O0Hol u3 Haubosee pacnpocmpaHeH-
Hoix 6 mupe cucmem I/l cmaara amepuxkaHnckas
AN/SLQ-25 "Hukcu". Toavko 6 BMC CIIA ew o60-
pydosanbl 6oaee 200 kopabaei. Ucnoimanus "Huk-
cu" 3aeepuienvt 6 1970 e., a 6 1974 2. ona npunama
Ha eoopyycerue BMC CIIA. Ha nodeodnusix nodkax
NOAYMUAU PACNPOCMPAHEHUEe CAMOXO00Hble NOCma-
HOBWUKU NOMEX — C80e00pa3Hvle mopnedsl, NOcCae
3anycKa umumupyrouue aKycmuveckue napamempbl
cyomapunst. B uacmuocmu, 6 CCCP ¢ 1974 ¢. na 6o-
opyoiceHue Obla NPUHAM CAMOXOOHbLE MHO20UEAEB0l
npubop 'L MI-74 "Kopynd". Ilo ceéoum eneuwtHum
00800am, OCHOBHbLIM COCMABHbIM YACMAM, IHEPSOCU-
1080l YCMAHOBKe, cucmeme YNpagaeHus 08UNCEHU-
eM, BCHOMO2AMENbHBIM CUCEMAaM U YCMPOUCMEaM,
2NeMEHMAaM CMbIKOBKU C MOPNEOHbIM annapamom
npubop ananozuyeHr anekmpu1eckoi mopnede. B pe-
acume nodasaeHus: NpUOOPvl U3AYUAIOM MOUHBIE
euopoaKycmuuecKue nomexu; 8 pedcume A08YUIKU
UMUMUPYIOM X0008ble WYMbL U IXOCUSHAAbL N00A00-
KU, MaHeapupys no npoepamme, cOOmeemcmeayouell
nogedeHulo cyoMapunvl npu YKAOHEHUU Om Npomu-
6010004HbIX CUA U OM CAMOHABOOAUUXCS MOophed.

CpenctBa uckycctBeHHoro uHtemiekra (MA),
B TOM 4YHCJIE¢ HA OCHOBe HelpoHHBIX cereid [10, 11],
HCITOJIb3yeMBIE B CHUCTEMaxX WHTEJJIEKTHOIO yIIpaB-
nenust (CY) TO, obecrieunBaioT BHICOKYIO BEPOSIT-
HOCTb ITonafgaHusI TOpHeAs! B 1eib. CUcTeMa MHTEI-
JIEKTHOTO YIIPABJICHUS CTPYKTYPHO M (PYHKIIMOHAJIb-
HO obobenuHsieT B ceoe CCH m mpuOOpHEBIN OTCEK
(ITO) Topnengl. 1o olleHKaM 3ariafHBIX ICTOYHUKOB,
BEPOSITHOCTb TOPaXKEHUsSI MOPCKOTO ITOJBOIHOIO
oobekTa (MIIO) omHoii Toprieaoit mpeskiiiaet 95 %
[5]. IIpu 3anmoBoii cTpenbOe BEepOSITHOCTh YHUUTO-
xeHnst MITO npubmmxaercsa k 100 % u nepexonut
M3 PACYETHOM KATErOprMHU B IIPAKTUUECCKYIO.

HecMoTps Ha akTHBHbBIE UCCIEAOBAHUS B 00J1a-
CTH CO3JaHMS U IPUMEHEHUS TPOTUBOTOPIIETHOM
damuTel (I1T3), Bkmovaromeir I'TIJl 1 anTHTOp-
nenHyio 3amuty (AT), 1o HACTOSIIEro BpeMeHU
B CIIEKTPE MHEHMI U3BECTHBIX 3apyOEXHBIX CIIC-
LIMAaJIUCTOB HET €IMHOIO MHEHUS O JCHCTBUTEIIb-
HO BeicOkO3(ddexTuBHOM cucteme IIT3. Kpome
TOro, MHOCTOSSHHOE paclliMpeHue BO3MOXHOCTEM
CHCTEM HaBeIECHUS TOpIen CHUxXaeT 3P(eKTuB-
HOCTh npuMeHeHus cpenctB [1T3, yro obOyciaoB-
JINBAET HEOOXOAUMOCTb UX COBEPIICHCTBOBAHMSI.

Ha ocHOBaHMM BBIIICU3JIOXKECHHOIO MOXHO
caesaTh BBIBOI O TOM, 4To Ajs 3amuthl MIIO ot
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TOPIIETHOTO OPYXMWS LEIecOOOPaA3HO MCKIIOUYUTH
noctyrmienue 8 CUY TO mHbopmaumm o cpene
¢dynkumonupoBanus MIIO, Tem caMbiM OJIOKU-
poOBaB BO3MOXHOCTM ITIOMCKa, paclO3HAaBaHUS U
BbIOOpa 1iejielt ¢ HaBeaeHUMeM aBTOHOMHoOro TO.
Jnst aTOro mpeajaraeTcs CYIIECTBEHHO YBeEIU-
YUTh YPOBEHb aKyCTUUECKOU MOMEXM B AMANa3o-
He aeiicTBUA ruapoakyctudyeckoit ctaHumu (FAC)
oOHapyxuTeysi (IpU TeJIeyNpaBJeHUN) U CUCTE-
Mbl aBTOHOMHOTO camoHaBeneHust TO.

K cpenctBam I'TIH, co3paroliuM HMCKYCCTBEH-
HblE TIOMEXM, OTHOCSTCSI YCTPOMCTBA, KOTODBIC
OPraHu3yIOT 3arpaauTe/bHYI0 WU TMPULIETbHYIO
nomexy ¢ Heablo 3arpyaHuth npuem CHUY aBto-
HoMmHOTOo TO nnau F'AC oOGHapyXuTesT TEPBUYHO-
ro uau BTopuuHoro curHama ot MIIO, a Takxe
crielMaJibHbie UMUTATOPbI, Ha3blBA€MbIE JIOXKHbI-
MU UEASIMU, ICTOYHUK LIYMOB KOTOPBIX yaaiseT-
cd B CTOPOHY OT 3alllMIIaeMOro o0beKTa, YBOIS
TOpIeabl B CTOPOHY OT HEro.

B nmaHHoli paboTe mpenJiaraeTcsl MCMOJb30BaTh
MHOXECTBEHHbIE MCTOYHMKM IIMPOKOIOJOCHBIX
LIIYMOB BBICOKOW WHTEHCUBHOCTH, JEWCTBYIO-
1IMe B Pa3JIMYHBIX TOYKaxX IMPOCTPAHCTBAa B Te-
YeHUE 3aJaHHOTO BPEMEHW W CO3JAI0IIME BO3-
MOXHOCTDH 3alllMIIAeMOMY OOBEKTY COBEPIIUTH
MaHeBp YKJIOHeHUs. [logoOHble MCTOYHUKU SIB-
JISIIOTCS MEXaTPOHHBIMU YCTPOWCTBAMU, CIIOCO0-
HBIMU JIBUTATbCSl B BOMHOW Cpele W CO37aBaTh
LIMPOKOIOJIOCHYIO TIOMEXY 3aJaHHOW MHTEHCHUB-
HocTh. COBMECTHOE MPUMMEHEHUE MeXaTPOHHBIX
ycTporcTB ais 3aimutel MITO (uenun) onpeaensiet
CyTb 3aJa4M yIpaBjJeHUS. DTU 3aJa4yl OTHOCITCS
K 3a7auaM TJIAHUPOBAHUSI aBTOHOMHBIX TPYTITIO-
BbIX MMCCHUI YIPABASEMbIX MUCTOYHUKOB TTOMEX
C ONTUMM3ALMEN TPACKTOPUU YKIOHEHUS LIEHU.

ITpu pemieHny Takoi 3aJa4M HEOOXOAUMO YUU-
ThIBaTh, YTO TOPIEAa MOXET JABUTAThCS MO JABYM
TUIAM TPAEKTOPUMN: NTOTOHHOM U KOJJIMU3UOHHOU.
Ha nmoroHHbIX TpaeKkTOpMsIX BEKTOP CKOPOCTH,
COBMAAIOLIMI C OCbIO TOpIEIbl, HaNpaBieH Ha
1neab. KonnausznoHHble TpPaeKTOPUU MMEIOT TMO-
CTOSIHHBIM YTOJI YIPEXACHUS MEXIY BEKTOPOM
CKOPOCTM TOpIieAbl W HaMpaBJeHUEM Ha 1Eb.
OH siBASIeTCSl MapaMeTpOM, KOTOPbI BhIOUpaeTCs
nepea BbICTPEJIOM Ha OCHOBAHWUU JaHHbBIX O LS.
Hexotopere CCH wcCITonb3yioT MeTOmBI IIPOIOp-
LIMOHAJILHOT'O HaBEJAEHU S, B CIyvyae KOTaa BeKTOP
CKOPOCTM HalpaBjeH Ha TOUKY YMpexXJIeHus, 3a-
JaBaeMylo pelieHreM TOPIEeIHOro TPeyroJbHUKaA.

M3BecTHO, 4TO MaibHOCTh XOJa COBPEMEHHBIX
topnien gocturaetr 15..20 kM. OCHOBHYIO 4acTh
JUCTAHIIMM TOpIeAa MPOXOAUT TOA AeHCTBUEM

CUCTEMblI aBTOHOMHOI'O YIIPaBJIEHUSI, YTO 3aMETHO
CHUXAeT BEPOSITHOCTb MOpaxXeHUs Leau. YToObl
N30aBUTHCS OT 3TUX HEAOCTATKOB, OBIIM pa3pa-
0oTaHbl MPOTHUBOJIOJOUYHBIE TOPHEALl C CUCTEMA-
MU yIpaBjieHUs 1o npoBogaM. B nmocienHue roabl
OHM TOJYy4YaloT BCE OOJblliee pacnpoCTpaHEHUE,
MOCKOJIbKY, KaK CUMTAIOT 3apyOeKHbIE Crelaan-
CTbl, OHU O0ECIEYMBAIOT OOJBIIYIO BEPOSITHOCTD
NOopaxXeHud LEeJU MO0 CPABHEHUIO C APYTMMU CHU-
cTeMaMM yHOpaBJIEHUS TOpHeJaMU U He ITIoJBep-
KeHBI peficTBuio moMex. Co3gaHne TaKuX TOpPIen
paclLeHUBAETCs Ha 3amajae Kak OQHO M3 Haubojee
Ba>KHbIX YCOBEPIIEHCTBOBAHUI IOABOJHOTO OpY-
XU B MMOCJIEBOCHHBIN IIEPUO/I.

B wmHOocTpaHHOI neyaTu IOJYEepPKMBAETCS, 4TO
MOJIOXKUTEJIbHOE CBOMCTBO TOpIIEN, YIIpaBJIsIeMbIX
M0 MPOBOAAM, COCTOUT B TOM, UYTO MpHU CTpEbOe
TaKMMHM TOpHegaMU HET HeOOXOOAUMOCTU UMETh
TOYHBIC JAHHBIC 00 3JIEMEHTAax IBUKEHUS 1IN U
paccuuThIBaTh TOUKY 3ajna. MOXHO BBICTPEIUTh
TOPIEAO Ha OCHOBE IIPUOJMXKEHHBIX JaHHBIX
U B JajibHEIIEeM KOpPpPEeKTUPOBATh €€ JIBUXKEHUE
B paiioH ueau. Takum ob6pa3oM, TOpreabl MOTYT BbI-
CTpeNIMBaThCs Cpa3y Ke MOocie OOHApPYXKEeHUS IIPO-
TUBHMKA, YTO PE3KO IMOBBIIIAET BEPOSITHOCTH IOMa-
ITaHWS B 1IeJb, OCOOEHHO Ha OONBIINX JTaJTbHOCTSIX.
YnpaaeHue Toprieaoi no MpoBogaM Aajio BO3MOXK-
HOCTb YCTPAaHUTb ITIOMEXU OT COOCTBEHHBIX 1IIYMOB
U YBEJIUYUTh CKOPOCTb €€ ABUXeHUs 10 60 ys3.

CoBpeMeHHBIe IIJIAHTOBBIE CUCTEMBI TeJIeyIIpaB-
JIEHUSI MMEIOT BBICOKYIO HAJEKHOCTh M NpPaKTU-
YeCKM HE HaJjlaraloT orpaHMYeHuii Ha MaHEBpPUPO-
BaHue I1JI. Kpome Toro, BCaeaCTBUE CBSI3U MEXIY
TOPIIEION M CPEeICTBaMM OCBEIIeHNUSI OOCTAHOBKM 1
obpabotkn mHPopmannu I1JI peanmsyercss BBICO-
KOTOUHBIN KoMIuieke TO, obecrneunBalounii mopa-
KeHue 1eJeii ¢ OOJIBITNX TUCTAHIIA.

SABienne 3JEKTPOB3PHIBA

B coBpeMeHHBIX CpencTBaX TAKTHUYECKOTO ITpO-
TUBOAEHCTBUS [JISI CO3MAHWUS aKyCTUYECKOW ITO-
MEX! TMPUMEHSIOTCS IbE303JEKTPOAKYCTUIECKIE
U3JTy4YaTeaId, UMEIOIIE OrpaHWYECHHBIC YaCTOTHBIN
U IWHAMWYECKMU Nuana3oHbl. BciaeacTBue 3TOro
JMTaHHBIE YCTPOMCTBA HE MOTYT OJHOBPEMEHHO BO3-
neticrBoBath 1 Ha CCH aBroHOMHOro TO, n Ha TAC
OOHapyXUTeNe s MOMaBACHUS TeJIeHABEICHUS.
CoOTBETCTBEHHO, BEPOSITHOCTD YCIIELTHOTO HaBeIe-
Hug TO Ha MIIO ocTaeTcst 1OCTaTOYHO BBICOKOIA.

IlogBoaHbIit 37eKTPOB3pHIB [12] BeaeacTBue
aJIeKTporuapaspindeckoro agdexra [13] B Makcu-
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MaJIbHOM CTEIIEHW YIOBJIETBOPSICT TPeOOBAaHUSIM
OpPraHM3allM MOIIHON IIMPOKOIIOJIOCHON MTOMEXM.
B aToM ciryuae maBieHue Bo (OpOHTE YOAPHOM BOJI-
Hbl gocturaer 108 I1a, Temmeparypa — 40 000 °C,
WHTETPAJILHBI YPOBEHb 3BYKOBOI'O JaBJICHUSI Ha
paccrossauu 50 m — 175 nb, uro Ha 40...70 nb, B 3a-
BUCHMOCTH OT YaCTOTHOTO AMAIa30Ha, IIPEBhIIIACT
YPOBHHM IIYMOM3JIYYEHHUSI MOPCKOTO ITIOJBOTHOIO
00BbEKTa M OTpaxXeHHOro sxo-curHaia. Ha puc. 1
MpeAcTaBjieHa OCHMJIJIOrpaMMa YPOBHSI ITOABOI-
HOTO IIyMa, C(pOPMHUPOBAHHOTO 3JIEKTPOB3PBEIBOM
MoirHocThIO 2 K. [IlupuHa crieKTpa IToaBOIHO-
IO 3JEKTPOB3PBIBA COCTABJISIET OT €AMHMUIL T'epPIl 10
JIEeCATKOB Kuiiorepil (puc. 2) U TMepeKpbiBaeT ya-
CTOTHBIE OUAIA30HBI BCEX THAPOAKYCTHUUECKUX
CpeICTB HAOMIOACHMSI, BHE 3aBUCUMOCTU OT HOCH-
telst (monBomukbie noaku (I1J1), HamBomHBIE KOpao-
1 (HK), apuanms, TO) (puc. 3).
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Puc. 1. OcumanorpaMmma ypoBHS JaBjieHus, ()OPMUPYEMOTo MOA-
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Fig. 1. An oscillogram of the pressure level formed by an underwater
electric explosion with a power of 2 kJ
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Fig. 2. The spectrum of an underwater electric explosion with a
capacity of 2 kJ
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Puc. 3. CnekTp 3JIeKTPOB3pbIBA W AMANA30HbI pa0oYMX YaCTOT
oOHapyKuTeei

Fig. 3. Electric explosion spectrum and operating frequency ranges
of detectors

Takum 00pa3oM, BCJIEACTBHE BLICOKOTO YPOBHS
aKyCTUUYECKOM TIOMEXM Ha IIOBEPXHOCTSX aHTEHH
o6optoBeix TAC obHapyxuteneit (I1IJI, HK, omycka-
€MBIX BEPTOJICTHBIX CTaHIWiI, aBUAIMOHHBIX OyeB)
CYILIECTBEHHO CHMXKAIOTCS JAJIbHOCTH OOHAPYKEHMSI
MIIO, u, cooTBETCTBEHHO, MPUMEHEHHUE TeJicHaBe-
neHust TO craHoBUTCcs HeBO3MOXHbIM. CHY aBTO-
HoMmHoro TO Takxke TepsioT GYyHKIIUM cCaMOHAaBene-
Hus Ha MIIO, 4To cylleCTBEHHO YMEHBIIIAeT BepO-
STHOCTBH TTopaxkeHus1 MITO TopriemHbIM Opy>KHeM.

MexaTpoHHO€E YCTPOiCTBO
THJIPOAKYCTHYECKOTr0 MPOTHBOAEHCTBHSA

CTpyKkTypHas cxema IMpeajaraéMoro ycTpoii-
crBa I'TI/I, Mo CcyTH SIBASIIOLLIErocsl MeXaTpOHHOM
CHCTeMOM 1 Ha3BaHHOTO aBTopamu "[lerapma’, n3o-
OpaxeHa Ha puc. 4. BHemHMiT B MeXaTpOHHOTO
Monynsa ycrporicta I'TI mpencrasieH Ha puc. 5.

MexarponHasa cucteMa I'TIJI npencraBaser co-
001 HabOp B3aMMOAECUCTBYIOLIUX APYT C APYroM
(cM. puc. 4) Momyneit:

* mpueMa TMApPOaKyCTMUEeCKHNX CUTHAJIOB;

* U3IyYEHUS TMAPOAKYCTUUYECKUX CUTHAJIOB,;

* yIOpaBJCHUS IBUXKCHUEM;

* (OopMHUPOBaAHMS TMAPOAKYCTUUYECKON MOMEXH,
a TakXe Y3JI0B: IPMBOIOB, ABMKUTEINS, pyJei
yIpaBJeHUS, Pa3psSAHON CUCTEMBI U T. 1.

B cTpykType cucteMbl WH(MOPMAITMOHHO-IO-
TAYECKOro B3ammoneiicTBus ycrtpoiictBa I'TI/,
MpeACTaBJICHHOM Ha puc. 6, ommpeneeHbl CIeayIo-
IIME OCHOBHBIE MEXaTPOHHBIE MOIYJIU: BXOMHOM,
aHaJIM3UPYIOlIe-KOMaHAHBIN, yIIpaBJeHMs Mapa-
MeTpaMu JABMKEHWS U YIpaBAeHUS MapaMeTpaMu
BBICOKOBOJITHOT'O pa3psija.

Bxoodnoii modyas o0beguHSIET TUIAPOAKYCTHUYEC-
CKYI0O aHTEHHY, IpedBapuTeJbHbIE W OCHOBHbIC
YCUJIUTENIM, aHaJIOro-1uGpoBoii mpeodpa3oBaTeb.
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nocturaromast 10" dromnc [14],
U MHWHUATIOpU3ALUSI  COBpe-

4— Kosmmtaa, mibopimmonuit i v MEHHBIX BBIYUCIUTENBHBIX YCT-
wmxennen | 7 pPOMCTB TMO3BOJISIIOT CO3/1aTh all-
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e HUMAaJbHBIMU raGapuTHBIMU

! yerponers: |, [Tezoem | pasMepaMiy U MacCoii.
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TpaKcdopuatop
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TMoaynpoBoIHHED mesd  IHEITHH
B T | )
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MMTYTRCOD MPAIK
KORICECATOR

anaia ppescrnoll mTepma

ey

- ‘

Mpamu 6biCOKOGOAbMHO20 DPA3-
pAda o0ecrieunBaeT yrpaBieHue
napaMeTpamMu (aMILIATYyIOW M
MEepUOIOM CJIEIOBAHMSI) BBICO-
KOBOJIBTHBIX Pa3psiioB B BOAHOM

Puc. 4. Crpykrypa npeanaraemoro ycrpoiicrsa I'TIJI

Fig. 4. The structure of the proposed hydroacoustic counteraction device

Puc. 5. BHemnnmii Bua MexaTponnoro moayuas ycrpoiicrsa I'IIJI
Fig. 5. Appearance of the mechatronic module of the hydroacoustic
counteraction device

Arnaauzupyroue-komanoOHbIlE MOOYAb — ITO TIpe-
K€ BCETO BBICOKOIIPOM3BOAMTENBHBIN IpolEeC-
COp, aJITOPUTMHUYECKOE M TpOrpaMMHOEe obecrie-
yeHue. [Ipy 5TOM BbICOKAST IPOU3BOAUTENBHOCTb,

cpeze.

Modyav ynpaeaenus napame-
mpamu 0guiceHus oodecreunBaeT
HEOOXOOUMBIE PEXHWMBI ABUXKEHUS TI0 KypPCY, CKO-
pocTH U TiIyOnHe MexaTpoHHOM cucteMbl I'TI/I.

Bce Monynu ob6benmHeHbl MEX1y COOOM 1IMHAa-
MU Mepeaadyn TaHHBIX.

NHubopmanms o mapamMeTpax OKpyXKarllel cpe-
ITbI U BHEIITHEW 0OCTaHOBKE MOCTYIIAET OT BXOIHOTO
MOIYJIS HAa aHAJTU3UPYIOIIE-KOMAHIHBIA MOIYJb,
T BBITIOJTHSAETCS OLIEHKA TAaKTUYECKON CUTYyalluu
¥ BBIpA0ATHIBAIOTCS KOMAHIbl HA MOIYJIb YIIpaBJe-
HUS TTapaMeTpaMy IBUXEHUS U MOMYJb yIpaBJe-
HUS apaMeTPaMU BBICOKOBOJIBTHOTO pa3psijia.

M3 paccMOTpeHHBIX MONYJEW MeXaTpOHHOU
CUCTEMbl HaWOOJBIIMN MHTEPEC TNPeaCTaBISICT
MOIYJIb YIIPABJICHUS TTapaMETPAMU BBICOKOBOJIBT-
Horo paspsaaa (MMY I1BP) (puc. 7).

Bxoonoii Aranuzupyouie-KoManHoHblil Jnexmponnoe ucnoiHumensHoe Inexmpomexnuiecxoe
MOOyIH MOOY1b ycmpoiicmeo HCNOTHUMEIbHO?
ycmpoiicmeo
Ananuz Kosanoa 1. YpoBeHs 3apAIKH B =
Oprmm 3aJaHHEIX EMEOCTHOIO HAKOITHTELA Hcomml;:;.m
Texymas TIapaMeTpOB HMITYJIECOB JHEPrHH b Ma:ma}li?zgnﬂoﬁ
TAC . 2. BpeMa 3aJiepKKH E pe
ShEin Re— 3 CHEeIYIOMEro HMITyIbCca pen
L I OTHOCHTENEHO KoHTpoms
TEpaMETpon Ammwer LS S napaMeTpoB
-~ HMITYTIBCA
* Komanoda [
Mexanuueckoe UCNOTHUMENLHOE YCMPOTCMEO
(c Koopounamuo-napamempuiecKum Kop o | T—
napamempamu ynpaeneria OgudiceHem) = Wl a
1.CKOpOCTE BpallleHH 3MeKTPOBHraTeNns
2. Vron ropH30HTANBHEIX pyneii
3. Yron BepTHKANBHEIH pyneit
Mooyns ynpaenenun napamempamu Mooyns ynpaenenusn
osudcerUA napamempamu 66ICOK060/IbINHOZ0 PA3pAOa

Puc. 6. Undopmannonno-aoruyeckoe B3auMoaeiicTBue MexaTponnbix moayJeii cucrembl I'TIL

Fig. 6. Information and logical interaction of mechatronic modules
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OCHOBHBIMY 3JIEMEHTAMU MOIYJIS SIBJASIOTCS:

* ©MKOCTHOW HAaKOIMUTEJb JEKTPOIHEPTUH;

* 3apsSIIHOE YCTPOWCTBO;

* WCTOYHUK MUTAHUS;

* MOTpyXHas 3JeKTpopa3psiaHasl CUCTEMA;

* ycrporictBa kommyTauuu (K1 u K2);

* cXemMa M3MepeHMs B COCTaBe JaTYMKOB ToKa
YW HampsIKEHMSs, a TaKXKe aHaJoro-uudpoBoro
npeobpa3oBarels;

* WCIIOJHUTEJbHBIE YCTPOMCTBA
(M1 n U2) kommyTaTopamu.
3apsiiHOE YCTPOMCTBO MpenHa3HauYeHo JJisl 3a-

PSIKA €MKOCTHOTO HAKOMUTENs IHEPruud A0 3a-

JAHHOTO YPOBHSI HampsKeHWsI, TIPUYEM YPOBEHb

3apsSIKU OMPENEsSIETCS BPEMEHEM 3aMKHYTOTO CO-

ctossHug komMmyTaropa Kl1. Yem Gosbliie BpeMeHU
koMmMmyTarop K1 HaxomuTcss B 3aMKHYTOM COCTOSI-

HUM, TeM OOJIble YPOBEHb 3apsIJKM €MKOCTHOIO

HakonuTens sHepruu. [lpu 3aMbIKaHUU KOMMY-

taropa K2 3amaceHHasi aJeKTpPO3HEpPrusi MocTy-

MAaeT Ha MOTPYXHYIO 3JEKTPOPAZPSITHYIO CUCTEMY

yIIpaBieHUs

HUMUTUPOBATh ylajeHue oO0beKTa Ipu (pakTUde-
CKOM JBMXXEHWH TapajjeIbHBIM KypPCOM C ITOCTO-
SIHHOI CKOPOCTBIO (BapuaHT 1), a B ciiy4ae yMEHb-
IICHUS TIEpUOAa CJIEAOBAHUS UMITYIbCOB U YBEIH-
YEHUS aMIUIUTYIbl — UMUATUPOBATh PUOIUKEHME
o0BbeKTa (BapuaHTt 2).

CreHIoBble M HaTypHBIE HCHBITAHUS pabo-
TocnocoobHoctTn MMY T1BP, nmpoBeneHHble, co-
OTBETCTBeHHO, B MapTe—wumoHe 2021 T. Ha Ma-
tepuanpHoii 0aze HIIO "Cneumarepuainor”
(r. Cankrt-IletepOypr) u B ntoxe 2021 r. Ha ruApoOa-
KycTuueckoM moauroHe AO MOpPCKOro moaBOIHO-
ro opyxus "I'mapornpudop” B 0yxte Bmagummupon-
ckas Jlagoxckoro o3epa, MOATBEPAUIN BO3MOXK-
HOCTb yIIpaBJeHUS MapaMeTpaMu uMmiyabca. [lpu
CTEHAOBBIX MCIBITAHUSIX T€HEPUPOBAJINCh CEPUU
HMITYJIbCOB C pa3MYHON aMILUTUTymou (puc. 9).

Ha puc. 10 (cM. BTOpYIO CTOPOHY OOJIOXKI)
MpeacTaBjeHa packaapoBKa CheMKH UMITYJIbCa, Te-
HEPHPYEMOT0 MOIYJIEM, KaMepOil BBICOKOCKOPOCT-
HOI CheMKU. 31ech C MHTEPBAJIOM 4 MC OTOOpaKe-

(IT9PC), xoTopast obecrieunBaeT
(opMupoBaHNE BHICOKOBOJIETHO-
TO 2JIGKTPUYECKOTO pa3psiaa uye-
pe3 pa3psSIHBIA IIPOMEXYTOK U
npeodbpa3zoBaHUEe BJEKTPUYECKON
SHEpPIrum B FH,Z[pO,Z[I/IHaMI/I‘ICCKI/Iﬁ

UMITYJIbC.
KoHTponb mapaMeTpoB 3JeK-
TPUYECKOTO UMIIYJIbCa 4Yepe3

[MBPC ocyuiecTBasieTcs: ¢ MOMO-
1IbIO CXEMbI U3MEPEHUS B COCTA-
Be JAaTYMKOB TOKA W Hampsixke-
HHSI, a TakKxXe aHaJoTro-Iudpo-
BOTO Tpeobpa3oBaTelis.

OOmee ympaBieHUE, TIOPS-
JOK M3JIyYeHUS TUAPOAWHAMU-
YeCcKMX MMIYJIbCOB, aHalInu3 pe-
cypca U COCTOSIHMSI CUCTEMBI,
a TakXe KayecTBa BbICOKOBOJIBT-
HOTO paspsiga OCYLIECTBIISIETCS
OOPTOBBIM KOMMBIOTEPOM.

ITpu ynpaBieHnuu napameTpa-
MU BBICOKOBOJIBTHOTO pa3psiia
(aMIIUTYION U TIEPUOIOM ClIe-
JIOBAaHU ST UMITYJIbCOB) BO3MOXHO
WMUTUPOBATh pa3JWyYHbIE "TO-
BeAeHYECKME" IIPU3HAKM MeXa-
TPOHHOI CHUCTeMHI (puc. 8).

Tak, B ciydae yBEIUYEHUS
nepuoja Ciaef0BaHWs UMITYJIbCOB
U TIpU OTHOBPEMEHHOM YMEHb-
IEHUW aMIUTUTYIbl BO3MOXHO

Kovanoa: BpeMeHHAA 3a/IePKKa MeATY HMITY/TbCAMH

Komanda: umucio HMITyIsCcoB (YpOBeHb HITy4eHHA)

1. OGpaGoTKa PE3y/IBTATOB HIMCPCHHH
2. Brjzaua KOMaHI B COOTBETCTBHH
€ MOCTARNCHHBIMHE 3aJIATAMH

]
Cu Henonmuurensnoe Henonanrensroe
AeTE yCTpoiicTBo yerpolicTeo
| 1 L = Horpyxmnan
Herounnk JapanHoe _~ 1 1 NEKTPOpaspAaHas
mHTaHEs [ | ycrpolicreo 1 [ cHeTeMa
| I ¥
KommyTarop == I
EmxocTHoil I Paspsmastii
HAKOIHTECE
SHeprim : NPOMEAYTOK
Boproeoii koMusioTep I
I
|

Cxema uzy 1eperud

Puc. 7. MexaTpoHHbIii MOAYJIb YNPaBJEeHHs NapaMeTPaMH BbICOKOBOJBTHOIO pa3psaaa
(MMY IIBP)

Fig. 7. Mechatronic module for controlling high-voltage discharge parameters

Bapmant 1

x

UI' T l T l T l T I T l T l VO
(DaxTHYecKOe JIBHKEHHE V. kype Pr—
Habmonaemoe JABi#keHHE V. xype Pr—

Bapmnant 2

I

T
T Breafiranfi Tran ll THAL !- T+Ats T+Al, [ V., Kype
Ll:_"—.:—H. . . !... | =

DakTHYeckoe JBHKeHHE V. Kype

Habmonaemoe npmwkenne
Vi,
Hyumanyus «ydarennen 1+ KYpPGy

Bapmant 3

DaKTHHCCKOS [BIKCHHE

HaGmotacuoe mmokcre __———_—_————————
Vi, KYPC2

Hmumanusa «conudicenuey

Puc. 8. UmMutanusa "noseaenyeckux" npu3HAKOB MEXaTPOHHOH CHCTEMbI
Fig. 8. Imitation of "behavioral” signs of a mechatronic system
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Puc. 9. Cepus u3 23 uMnyJabCoB ¢ pa3jIM4HOil aMIJIUTYAOM, cre-
HepupoBaHubix MMY IIBP

Fig. 9. A series of 23 pulses with different amplitudes

Ha KapTUHA SIBJICHMI, BO3HUKAIOIINX B pe3yJbTaTe
cpabaThIBaHMSI YCTAHOBKM: MPOOOIT BOMHON Cpenbl
U vckpoBoii pa3psn (0 Mc), B3ppIBHOE paclliupeHue
KaHaja paspsga u oOpaszoBaHue Iy3bIpsd (4 MC),
MaKCHUMaJIbHBII 00BbeM ITy3bIps (8 MC), €ro CXJIOMBI-
BaHue (12 Mc) 1 3aTyxarouue Imyabcauuu (16 mc).

B xome HarypHbIX ucneiTanuun MMY TIBP
Obl1a BepuduImpoBaHa GU3NKO-MaTeMaTHuIecKast
MOJIeJIb MEXaTPOHHOI'O0 YCTPOMCTBA Ha 0a3e 3JIeK-
TpOruapaBIndeckoro 3@@dexkra Kak HCTOYHUKA
MOIIIHOW IIMPOKOIOJOCHON THUAPOAKYCTUYECKON
noMexu (puc. 11, cM. BTOPYIO CTOPOHY OOJIOXKU).

Ilo pe3yiabpraTaM CTEHIOBBIX M HATYPHBIX MC-
NBITAHUN ITOJIY4eHO MHOATBepXKIcHHE d(PPeKTUB-
HOCTU paOOTHI MOAYJIS.

B cBg3u ¢ akrtyanbHOcThlO 3amuTel MITIO ot
TO, nnst cokpalleHUsT BpEMEHHOTO M MaTepHalib-
HOTO PECYpCOB Ha pa3pabOTKy HOBOM MeXaTpOH-
Hoit cuctembl I'TIJ cuctem camoHaBeaeHust TO u
I'AC oGHapy:kuTeeil BO3MOXHA €€ peajln3alus Ha
0a3ze y:ke pa3paboTaHHOI MajiorabapuTHOU TopIie-
apl MMT [15, 16] co ciaenyomuMu TaKTUKO-TEX-
HUYECKMMHU XapaKTePUCTUKAMMU:

JUIAHA, MM . . . oot e e e e 3200
Kamubp, MM . .. ... ... .. 324
Macca BB, KT . ... .. .. 60
HanbHocTb meiictBust CCH, M . . .............. 2500
TayoMHa X0ma, M. . . ..o oot e 1o 600
CKOPOCTb XOAQ, ¥3. « + v v v v e v v no 50 (6onee 25 m/c).

Hcnonb3oBaHHas B KAYECTBE DKCIEPUMEHTAJb-
Horo Hocutens MMY TIBP topriena cocrout us
CJENYIOIIMX OCHOBHBIX 3JIEMEHTOB. TOJOBHOTO
orceka (I'O) ¢ CCH; 6oeBoro 3apsiiHOro otaese-
HHUSI CO B3pHIBUATHIM BEILIECTBOM U B3pHIBATE/ISIMU
(B30); npubopHoro otceka (I10); sHeprocuaoBoro
orceka (DCO) ¢ OBUXKUTENEM U PYJISIMU yIIpaBjie-
Hus [15] (puc. 12, cM. BTOPYIO CTOPOHY OOJIOXKH).

Hnsa npeodbpazoBanus Topneabl B cuctemy I'TII
npeanaraercs 3aMeHUuTh b30 Ha 2/1eKTposHepreTH-
YECKYI0 YCTAaHOBKY C 3JICKTPOIHBIMU IapaMH, KO-
TOpast UMEET Te XKe radapuTHHIC U BECOBBIC XapaKTe-
puctuku (puc. 13, cM. BTOPYIO CTOPOHY OOJIOKKIN).

B nanHoO# ycTaHOBKE HE0OXOnMMO A0padOTaTh
IJIaTy YIpaBJICHUS, PACIIOJIOXEHHYIO B IIPUOOp-
HOM OTCEKe, OpPUEHTHUPOBAaHHYI0O Ha OoJjiee MOIII-
HBIII TIpOLIECCOpP M IIpOrpaMMHOE oOOecIieueHue
nns peweHus 3agad I'TI, TeM camMbIM co31aTh
CUY I'T1l, ooveaunsomyio B ceoe CCH u 10 u
otnnyHyto or CHUY TO.

3anava rpynmoBoro ynpasJICHUA

Knaccuyeckue 3akoHBl HaBeaeHMsI, Haubosee
SIPKMM MPUMEPOM KOTOPBIX SIBJISIETCSI IIPOMHOPLIM-
oHanbHasg Hapurauust (I1H), nemoHcTpmpoBamm
CBOI0 3((EKTUBHOCTh B aJITOPUTMAaX HABEAEHUS Ha
1IeJIb BIUIOTh IO Hadana 1970-x rr. OmHako K cepe-
auHe 1970-x rr. Bo3moxxHoctu I1JI-1mieneit mo mpo-
THO3UPOBAHMIO TpaeKTopuil arakymwiiero TO 1o-
Ka3ajau, 4YTO OpyXHe C HaBeACHUEM IO IPUHIIUITY
I[TH moxeT ObITb HEI(EHEKTUBHBIM MPOTUB HUX.
K TomMy BpeMeHM HNpUMEHEHUE TEOpUH ONTUMAJb-
HOTO yIpaBJieHUs K 3aJadyaM HaBelIeHUS yxKe ObLIo
JMIOCTaTOYHO Pa3BUTO, YTO ITO3BOJIMJIO IPEIJIOXKUTH
HOBbIE M TOTCHIIMAJBHO 0OoOJiee IIEPCIICKTUBHBIC
MPOEKTHI 3aKOHOB HaBEACHMSI, UCIIOJIb3yeMbIE B MH-
teuteKTHBIX CCH. TIpumepHO B 3TO BpeMs BBIUKC-
JINTEJIbHAsI MOIIHOCTb, HEOOXoauMasl IJIsl peau-
3allMM TaKMX IIEPEIOBBIX aJITOPMTMOB, ObLIa YXKe
BIOJIHE MOCTATOYHOM AJIsS TOro, YTOOBI CAENIAaTh MX
MMPUMEHEHWE MpPaKTUYHBIM. BOJBIIMHCTBO COBpe-
MEHHBIX 3aKOHOB YIIPaBJIECHUS BBIBEACHBI C UCHOJIb-
30BaHMEM JMHEWHO-KBaaparudHoit (LQ) Teopum
OINITMMAJIBHOTO YMpaBJIeHUS OJs MOJyYEeHHUS aHa-
JIMTUYECKUX PELIeHUI ¢ oOpaTHOM CBsI3bi0. MHO-
M€ M3 COBPEMEHHBIX (hopMajv3aldii yYUTHIBAIOT
MaHEBp LIeJIM, YTO MO3BOJISIET UMETh NIEJI0 CO CIie-
HapusMU, YYUTHIBAIOIIMMHU BBICOKYID MaHEBpPEH-
HOCTb 1IeJIM (0OCOOEHHO 3TO KacaeTcs 3aJad TepMU-
HaJILHOro HaBeaeHus). JocTynHoCTh MHGpOpMaLUU
00 YCKOpPEHHUM 1IeJIM JJIs1 3aKOHA HaBeIEeHUSI BapbU-
pyeTcs B 3aBUCHUMOCTH OT BO3MOXHOCTEH M THIIA
JaTyvKa HaBeIeHUSI M KOHKPETHOU (DOpMYINMPOBKU
3aKOHa HaBeneHus. Kak mpaBuiio, B COBPEMEHHBIX
dopMynnpoBKax AeaeTcsl sIBHOE IIPEAIIOJIOXEHNE
0 IMHAMMWYECKMX XapaKTePUCTUKAX LIeJIN, TOPIIeIbI
1 BO3MOXHOCTSIX aBTonujoTa. OKa3bIBaeTcs, YTO
IIH siBsteTcss onTUMa bHBIM 3aKOHOM HaBeICHUS
B OTCYTCTBME BPEMEHHOI 3aJep>KKU B aBTOIIMJIOTE
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Puc. 14. Tpazmunomiaﬂ TONOJIOrHsA HABCACHUA, HABUTAIIMU U YIIPABJCHUA N yl'lpaBJ'lﬂeMOﬁ TOpHeabl

Fig. 14. Traditional guidance, navigation and control topology for

(M TIpY HEKOTOPBIX APYTUX IIPEANoiaraéMbIX YCIIO-
BHUSIX). XapaKTep oOpaTHOM CBSI3U 3aKOHA HABEIEH U ST
MpY CaMOHABEACHUU MO3BOJISIET TOPIEAE KOPPEKTU-
poBaThb HETOYHBIC MPOrHO3bl MaHEBpa LEJIU U OpPY-
roii HEeMOIYJIMPOBAHHON TUHAMUKE (KaK MOKa3aHO
Ha puc. 14). OTMeTuM, 4TO TpeOOBaHME MOBHLIILICHN S
MPOU3BOAUTEILHOCTUA MPOAOIKAET CTUMYJIUPOBATh
pa3paboOTYMKOB ONTUMATbHBIX 3aKOHOB HABEICHMUS,
YaCTUYHO 3aCTaBJISISI YIUTHIBATh (BK/IIOYATh) OoJiee
NoaApOOHYI0 TMHAMUKY MEPEXBATYUKOB U UX LETCH
[17—23], 9yTO 3HAYUTEIHHO YCIOXHSIET 3aJady Ipo-
tuBoaeiicteust CCH TO.

Hust obecrieueHUss 3¢ HEKTUBHOTO ITPOTUBOACTH-
crBuss CCH Toprien, oco6eHHO mpu 3ajime, HeoO-
XOIMMBbI COIJTACOBAHHbBIE AECHUCTBUS MEXaTPOHHBIX
cucteM I'TIJI (arenTos). Ilpu 3TOM clemyeT MMeTh
B BUAY, YTO LIEHTPAJIM30BAHHOE YMNpPABJICHUE CHU-
creMamu I'TIJI mo akycTryecKOMy KaHaay MpaKTh-
YEeCKM HEBO3MOXHO BCJIEICTBUE BBICOKOIO YPOBHS
nomexu, popmupyemoit camumu cucremamu [T/,
OnTudecknii KaHaJ UMEET BechMa MaJIblii pagnyc
JNENUCTBUS W HEIIPUEMJIEM IIJIs1 KOOPAWHALIMU JEH-
crBug cucteM I'TIJ] Ha ygajeHUM COTHU METPOB.
st Takoi CUCTEMbI HE MOXET ObITh LICHTPAIU30-
BAaHHOTO OpraHa (Jmaepa) yIpaBJICHUs ITOBEACHU-
€M Kaxjoro areHra. [Ipu aToM JJoKaJdbHBIE U, B 10-
CTaTOYHOW CTETNEHU, CIAyYaHbIE B3aUMOACUCTBU S
ycrporictB I'TIJl moaXHbI OPpUBECTU K BOZHUKHO-
BEHMIO "KBa3WHWHTEIJIEKTYyaJIbHOTO" TJIOOAJILHOTO
noBeAeHUS Beell cucteMbl mpoTuBoaeiicTus TO.

3agaya COBMECTHOTO WCIIOJIb30BAaHUSI MeXa-
TPOHHBIX CHUCTEM [JISI OopraHu3auuu 3(Pp¢heKTUB-
HOr0 MNPOTUBOACUCTBUS CKOOPAUHUPOBAHHOMY
JEMCTBUIO TOpIEA MPOTUBHMKA OTHOCHUTCS K 00-
JIACTU peLIeHM S 3aJa4yu B YCIAOBUSIX MPOTUBOIECH-
CTBUS U HenoJHOTH nHpopmauuu (PP/TP, PP —
path planning; TP — trajectory planning) [16, 17].

a guided torpedo

Pemienne paHHOM 3amayyd OOJXKHO IIPUBECTH
K CO3JaHMIO METOIOB U aJITOPUTMOB COBMECTHOTO
MMPUMEHEHUSI MEXaTPOHHBIX YCTPOMCTB U IOMCKa
WX ONTUMAaJbHBIX TPACKTOPUU TPU MPOTUBOMACH-
CTBUM OAMHOYHOMY HJIM CKOOPAMHHPOBAHHOMY
JIENCTBUIO TOPIEH MPOTUBHUKA.

B o0uiem ciayuae 3amayu B YCIOBUSX IIPOTUBO-
JIENCTBUSI M HEIOJHOTH MHPOPMALIMU PEIIaOTCS
CIIEAYIOIIMMU METOIAMMU:

* IUIAHMPOBAaHME MUCCHUI YIIPaBISIEMBIX OOBEK-
TOB, B TOM YHCJI€ Y TPYNIIOBHIE;
nugdepeHIMaIbHbIE UIPHI,
¢ 1oxHo# uenbso u ATD.

I[Ipu sTOoM KpuTepusMM 3amad B pPa3IMYHBIX
IMOCTAaHOBKAX BBICTYIIAIOT:

* peCcypCHbIC KPUTEPUU;

BEPOSITHOCTHEBIC KPUTEPUH;

MHOPMALIMOHHBIE KPUTEPUU,

BpPEMEHHbBIE KPUTEPUU;

TOYHOCTHBIC KPUTEPUH;

rMOpUAHBbIE KPUTEPUU;

BEKTOPHBIE KPUTEPUMU.

[lepeiimem K maTeMaTU4eCKOl (opMmanu3alumu
mpooOyseMbl. bymeMm cuuMTaTh, 4YTO CTaBUTCS 3ajgada
MNPOTUBOACUCTBUS OOMHOYHON Toprene. M3Bect-
Hbe1i aaroputM CCH Toprensl 1o3BOJISIET OLIEHH-
BaTh HaIpaBJICHUE €€ IBUXXCHUS PU HAJIUUYUU HC-
KYCCTBEHHEIX IToMeX. IlycTh pelnaroiiee mpaBriio
OINpeeNsieT MOJOXEHNE Leau 7(f) TIpU ee peasb-
HOM HaXOXJIEHHWHU B TOUKE #(f) B HEKOTOPOI JeKap-
TOBOM cHUCTeMe KOOpAuHAT. TeKylue MOJOXEHU S
MeXaTPOHHBIX YCTPOMCTB OyIeM 3aJaBaTh BEKTOpa-
Mu r(f), i =1, ..., N, tne N — 4ucao MexaTpOHHBIX
YCTPOMCTB, a IIOJIOXEHHE TOPIIEABl — BEKTOPOM
ro(?). Toraa peatouiee nMpaBuao OyaeT UMETh BUJL

(1) = O (1), 1y (1), 11 (1) .., Py (1)) (1

B TOM 4YHuCIE
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IlJ'IH OIMUCaHUA OIBUXKCHUA LEJIN U MEXaTPOHHBIX
YCTpOﬁCTB MOXHO HMCIIOJIb30BaTh YIIPOIICHHLIC MO-
AN TMHAMUKU 9TUX 06’LCKTOB, cyuTad 4To

r(#) = o(r(@), 1 (), 1, (1),...,ry (0, u(®)), (2
ri(t) = u;(1), Q)

rae u(f), u(f) — ynpaBJIeHUS LEJIU U MEXaTPOHHBIX
YCTPOMCTB COOTBETCTBEHHO.

[Mpu peanusauuu JOTOHHON TPaeKTOPUU TOP-
rneaa yrpasJsieTCs 10 3aKOHY

F—r

@)

ro(f) = v — )
| — ro
T1e vy — CKOPOCTb TOPIEbI.

TepMUHAJIbHBIM KPUTEPUEM 3aJauyd SBIISETCS
pacCcTOSHUE MEXIY LIEIbI0 U TOPIIEAON B 3amaH-
HBIIA MOMEHT BpemMeHU 7T, a UMEHHO

©)

3ajgaya oNTUMM3ALMU 3aKJIIOYAETCS B MaKCH-
MU3aluu Kkputepus (5):

Rlty gyt ] = [T = (T

(6)

max  Rlu,u,...,uy]
UUp,.. Uy

npyu AMHAMMUYeCKUX orpaHunueHusax (1)—@4).

JlaHHas 3agaya MOXeT ObITh pellieHa MeToda-
MU ONTHUMAaJbHOTO YIIPaBJEHMS, HAIPUMED, MPU
YCJIOBUHM, UTO ypaBHeHUE (1) gBaseTcsa aaredpau-
yeckuM. Ha ocHoBaHuuM HaOJogeHUI Bbipada-
THIBAIOTCSI KOMaHAbl 110 IlapaMeTpaM I'e€Hepaluu
3JIEKTPOB3PHIBOB U peXMMaM ABUXEHUS KaxKI0u
MmexaTpoHHoi cuctemoit I'TIJ. Ilo cytu, aTo on-
HOpaHTOBasl CaMOOPTAaHU3YIOIIASICA CETh, Xapak-
TePHO OCOOEHHOCTBHIO KOTOPOM SIBISETCS CIIO-
COOHOCTb areHTOB K KOJIJIEKTUBHOMY ITOBEACHUIO
MpU pellleHUU oOlleli 1eJIeBol 3a1a4d U B3aMMO-
JNEVCTBUIO MEXAY COOOU IJISI pEIICHUS 3TOU 3ama-
yu [18]. [IpuBeneHHast o011asi MOJEIb MOXET ObITh
HCIIOJIb30BaHAa B UMUTAllUOHHOM MOJEJIMPOBAHUN
MOCJe KOHKpeTU3aluy TUHAMUKHU CUCTEMBI, CIIO-
cO0O0B HAOIIONEHUS U TpaBUJI ynpaBiaeHusa. UMu-
TAllMOHHOE MOAEIWPOBAHUE TO3BOJSECT CPABHU-
BaTh pa3HbIe CIOCOOBI YMNpPaBJICHUS HOCUTEIEM
M HWCTOYHMKAMH IIMPOKOIIOJOCHBIX ITOMEX Ipu
3agaHHOM ynpaBiaeHun TO u BrIOMpaTh HaubO-
Jiee IpueMJIeMble ClieHapuu IOBEACHUS B 3ajaue
npotuBoaeiictBusa TO. [pyrue 3amaum TpeOYIOT
JOTIOJTHUTENBHBIX WCCIAENOBAHUN M pa3pabOTKU
METOIOB WX pelIeHus. B BMAY BBICOKOM CIIOX-
HOCTH 3aJayM pacCUMTHIBATh Ha IOJyYEeHME aHa-
JIMTUYECKOro pellleHUsI He mpuxoautcs. OmHaKo

MOXHO KOHKPETH3MPOBATh KJIACCHI (PYHKIIHIA,
BHYTPM KOTOPBIX IPOMCXOIMT IOMCK YHpaBJe-
HUIi, U C TIOMOIIbLI0O UMUTALIMOHHOIO MOICIUPO-
BaHMS U TIOMCKA SKCTPEeMyMa Ha BEIIECTBEHHBIX
MPOCTPAHCTBAX HAMTU HEKOTOPHIE CYyOONTUMAIIb-
HBIC pelleHUS.

[pyroe mommyctTuMoe YIIpOIIeHHe — OUCKPeTH-
3alMs MCXOOHOW 3amayu. BmecTo HempepbIBHBIX
(byHKILIMIA, ompeneeHHbIX Ha KOHTUHYYME 3Haue-
HUI BpeMEHH f, pACCMOTPUM 3HAYECHMSI BCEX OIpe-
JEeNeHHBIX paHee (QYHKUU B MOMEHTHI BpPEeMEHM
{t}, i=0,1, .., K, i=0, 1, 2, ..., K, koTOpBIE, Ha-
IIpUMep, MOTYT OBITH BBIOPAHBI M3 MHOXECTBA MO-
MEHTOB, B KOTOpPbIE IIPOBOASATCS M3MepeHus. Torma
muddepeHIInaNIbHBIE YPAaBHEHUS 3aMEHSTCS Ha KO-
HEYHOPA3HOCTHEIE, a 3aja4a ONTUMHU3AIUH JTIF000T0
13 (PyHKIIMOHAJIOB CTaHET 3aJaueil KOHEUHOMEPHOM
ONTUMM3ALMM, IJISI PElIeHUsI KOTOpOoi pa3pabo-
TaHO OOJBIIOE YMCIIO MeTOmoB. Ecim BpeMeHHBIC
NPOMEXYTKM 4, — ¢, i =1, ., K, i=0, 1, 2, .., K,
HEBEJIMKH, MOXXHO CUMTATh, YTO KaKIbIi U3 OOBEK-
TOB JIBUXKETCS 10 OTPE3KY MPSIMOM NpH ¢ € [t,—;; 1],
i=1,.,K i=0,1,2, .., K B TtakoM ciydae Tpa-
EeKTOPHUU JTBUXEHUS 00BEKTOB OYyIyT MPEICTABISATh
c000i1 K-3BeHHBIC JIOMaHbIC, A BEIYMCIICHNSI, BO3HU-
Kalolllue Mpy NPUMEHEHUH METOJIOB ONTUMU3ALINU,
MOT'YT OBITh IIPOBEACHHI aHAJUTUYCCKU, W 3agada
OINTUMM3AINM MOXET OBITh CBEIeHA K PEIICHUIO Ce-
puu CJIAY, 4To 1o3BOJISIET HAJIESIThCS HAa YCKOpPEHUe
BBIYMCJICHUIA. DTO BaXXHO B CBSI3M C OIPaHUYECHHO-
CThIO SHEPropecypCoOB paccCMaTPUBAEMBIX OOBEKTOB
1 BpEMEHM Ha TIPUHSITHE PELICHUS.

IIpumep cueHapuss NnpUMEHEHUS

B nanHOM clieHapuu paccMaTpuBaeTCs CIydai
aTaky OOMHOYHOW TOpIHEAbl Ha HOCHUTENb, KOTO-
Pl ABUTAeTCS mona yrjiioM K ocu X. B 3amaue me-
pexBaTa BaXkXHO COOTHOIIEHHE CKOPOCTE paccMa-
TpUBaeMbIX 00BbeKTOB. CKOpOCTh TOpIieanl (Arta-
KYIOLLEro) v, Bbille cKopocTu Hocutens (Lleam)
Vr U CKOPOCTU aBTOHOMHBIX MCTOYHUKOB LIYMOB
(3alIUTHUKOB) V), TpUYeM ckopocThb Llenu Brilie
CKOpOCTH 3alllUTHHUKA:

vy = 15 m/c; vy = 5 m/c; v = 10 m/c.

CCH Topneabl pearupyeT Ha IEepBUYHOE aKy-
CcTUYeCKoe Iojie 0OBbEeKTOB M B Hayajle aTakKd BO
BCEX CLIEHAPUSIX COCPENOTOYEHA Ha 1IIyMe HOCUTE-
. PaccMaTpuBaeTcsd MoOeIMpOBaHUE OIS IIPO-
cTerimnx (U3NYECKUX MOJENIell pacrpocTpaHe-
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Puc. 15. 3apucumocTsb n3nyyaemMoro 3amuTHUKOM IIYMa OT BpeMEHH
Fig. 15. Dependence of the noise on time

HMS CUTHAJIOB B Cpeie M JTMHAMMYECKUX MoJeIei
IBUKEHUS IOOBOAHBIX O0BEKTOB, KOTOPOE TEM He
MEHee JaeT MOHSITh NePCIEeKTUBHOCTD IIpeaiarae-
MOTO IOIXOAa M TaKTHK IIPUMEHEHUS YCTPOICTB.
I'mapoakycTUYeCKMA CUTHAJ, U3JIy4aeMblii HO-
CUTEJIEM, CYUTAETCS ITOCTOSTHHBIM U paBHBIM 60 nb.
CurHaj, HEelpepbIBHO M3JIydyaeMbIil 3alllUTHUKOM,
MpPEICTaBIsIeT COOOl TUAPOAKYCTUIECKIE UMITYIIb-
CHl C MOCTOSIHHBIM IIEPHOAOM 2 C, MHTEHCUBHOCTH
KOTOPBIX MEHSIETCS 110 SKCITOHEHIIMAJILHOMY 3aKOHY
3a 31 2 ¢ ot 100 mo 20 nb. 3aBUCMMOCTb TaKOTO
CHUTHAaJIa OT BpeMEeHHM IpuBeIeHa Ha puc. 15.
Ilonaraem, 4ToO B Cpelie CUTHAJIBI 3aTyXaloT 00-
paTHO MPOIOPIMOHATBLHO KBAaApaTy PacCTOSTHUSL.
IIpennaraeMasi TaKTHKA 3alIMTHI COCTOUT B 3aIly-
CK€ B pa3HBIe MOMEHTHEI BpEeMEHU HOCUTEIIEM IBYX

YCTPOMCTB, KOTOpBIC MOOJMXHBEI oOManyts CCH
TOpPIIEbI, TEM CaMbIM J1aB BO3MOXHOCTb HOCUTE-
JI10 30eXaTh aTakKy U MOKUHYTh PaliOH JEUCTBUS
cpenacts. HauanbHOe paccTosiHHME MeXIy Topre-
noil 1 HocuTesieM paBHoO S, = 10 kM. [TonHOE Bpe-
Ms MoaenupoBaHusa T = 30 MHH, YTO COOTBET-
CTBYET 3aIlacy TOILUIMBA TOPIICIHI.

PesynbraThl MOIENMPOBAHUS TPUBEICHBLI Ha
puc. 16. Ha rpaduke cieBa mokasaH Claydaii B OT-
CYTCTBUE YCTPOMCTB 3alllMTHI, a ClIpaBa — B cJiyyae
UX IMpuMeHeHus. BuaHo, 4To Hann4yme 3aliuTHH-
KOB T03BOJISIET HOCHUTEII0 M30eXaTh YHUUTOXKE-
Husi. BbIOOpOM MOMEHTOB 3allycKka M HalpaBJie-
HUS JIBUXEHUS MEXaTPOHHBIX YCTPONMCTB MOXKHO
JOOUThCS U JYYIIETO pe3yJibTaTa, peliast 3agady
ONTUMMU3ALIUHU, TOCTABJIEHHYIO paHee.

3akiaouenue

B cratbe mpennoxeH Moaxon K OpraHM3aluu
npotuBoaeiicTBusl TO BEpOSITHOrO MPOTUBHU-
Ka Ha OCHOBE COBMECTHOTO NMPUMEHEHUS MeXa-
TPOHHBIX YCTPOWCTB, WCHOJB3YIOIIUX SIBJIEHUE
2JIEKTPOB3pBIBa A1 npotuBoaeiicteust CCH TO
A pellariiuXx TPYNMNOBYIO 3a4ady yIpaBJeHUS
B menasgx 3amutbl MIIO ot mopaxenus. Ilpu-
BEICHHBIN KJIacC 3ajay MpearnosaraeT MCIOJb-
30BaHME aTaKyeMbIM MEXaTPOHHBIX YCTPOUCTB,
WUTPAIOIIUX POJIb MOOUJIBHBIX 3aIIUTHUKOB, B Ka-
YeCTBE KOTOPBIX MOXKET BBICTYIATh KaK CAMOXO/I-
HBII UCTOYHUK TOMEX, OTBJEKAIOIINN Ha ceds
aTaKyoIIil 00beKT (pakeTy WU TOPHEAyY) MyTeM

¥, km ¥, kM
20 20
N
O". o‘.v
" . 2
151+ : 1 ‘!"' + .'::g..‘
v R 151 Leenet
_o":o.’ x.t.'.o:.‘..o .t
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Puc. 16. TpaekTopun ABUKEHHSA 00BEKTOB
Fig. 16. Object movement trajectories
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€ro mepexsaTra, Tak W ymapHbiii PTK, Hampas-
JICHHBI Ha YHUUYTOXEHHWE OMNAacHOTO OOBEKTa.
XapakTepHO OCOOEHHOCTBIO PACCMOTPEHHBIX
337a4 SBJSIETCA HEIOJIHOTa alpuoOpHON MH@Op-
Malu¥u O NUCTAHIIWU 0 aTaKYIOIIEro o0beKTa 1
BO3MOXHOCTh MTHOBEHHOI'O MCIIOJIb30BAHUS aK-
TUBHBIX cpencTB. [lokazaHo, 4TO HamM4ue Haxe
TOJILKO BTOPOI'O 3alllUTHUKA 11eJieco00pa3Ho, Tak
KaK 3HAYUTEIBHO YBEJIWYUBAET BpEeMS MepexBa-
Ta MO0 CPABHEHUIO CO CIYYaeM JUIIb OTHOTO 3a-
IMTHUKA. TakxXe MOMOJHUTENbHBINA 3alIUTHUK
YBEJIMYNBAECT BEPOSATHOCTH BBIOOpA IJISI TIPOME-
XXYTOYHOTO MpECeNOBAHUS WMEHHO OJHOTO W3
3alIMTHUKOB BMECTO OCHOBHOW mnenu. Ilpu 3a-
JAHHBIX B PACCMOTPEHHBIX MOJEJISX YCIOBUSX IO
CTApTOBBIM TMO3ULUAM, CKOPOCTSAM 1 3amacy Xonaa
B CJIy4ae peaJlbHOTO OTBJICYEHHUSI TOPHENBI Ha 3a-
IMATHUKOB TIPU CI€TOBAHWUU MOCTPOCHHBIM CXe-
MaM BBINyCKa 3allMTHUKOB TOpIEAe He XBaTUT
3araca TOIJIMBA HAa MOPaXeHWE OCHOBHOW LIEJIH.
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The article proposes an approach to the organization of counteraction to the probable enemy on the basis of the joint use
of mechatronic devices using the phenomenon of electric explosion to counteract homing systems and solving a group control

MexaTpoHuKa, aBTOMaTH3aMAsd, ynpasienue, Tom 23, Ne 4, 2022

207



task in order to protect the target from defeat. The above class of tasks involves the use by the attacked of mechatronic devices
that play the role of mobile defenders, in the quality of which can act as a self-propelled source of interference, distracting the
attacking object (missile or torpedo) by intercepting it, and a shock RTK aimed at destroying a dangerous object. A characte-
ristic feature of the considered tasks is the incompleteness of a priori information about the distance to the attacking object and
the possibility of instant use of active means. It is shown that the presence of even only a second defender is advisable, since it
significantly increases the interception time compared to the case of only one defender. Also, an additional defender increases
the probability of choosing one of the defenders for the intermediate pursuit instead of the main target. Under the conditions
set in the considered models for starting positions, speeds and power reserve, in the case of a real torpedo attack on defenders,
when following the constructed schemes for the release of defenders, the torpedo will not have enough fuel to defeat the main
target. The methods of interference formation based on electric explosion are considered. It is proposed to use mechatronic
hydroacoustic counteraction devices capable of moving in an aquatic environment and creating broadband interference of a
given intensity as such sources. A model example of the use of mechatronic devices in a given scenario is considered.

Keywords: electric explosion, mechatronic devices of hydroacoustic counteraction, group control, homing system
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MocCKOBCKUI NONUTEXHUYECKUIN YHUBEPCUTET

PacueT n onTumusauma pabortbl MexaHM3mMa peKoHcurypaumm
KONeCHO-ryCEHUM4YHOro MobunbLHOro po6ora

Paccmompena akmyaavhas 3adaua co30aHus mpancnopmHo2o A8MOHOMHO20 poooma 045 pabomol 6 HeCmPYKmypupoeaH-
HOU cpede u 6 ycaoguax upezgviuatinoix cumyayui. Koncmpykyus poboma codepicum KOMOUHUPOBAHHYIO CUCMEMY O8UNCU-
meanetl, COCMOAWYIO U3 MPAHCHOPMUPYEMBIX SYCEHUUHBIX U KOAECHbIX ePYNN, KOMOpas NO3804i1em nepemeuw,amscsi no pas-
AUYHBIM 8UOAM NOBEPXHOCMEl, 8KAIOUAS YCA08US YPOAHUCMUYECKO20 OKPYJceHUs, 20e HeobXxo0umo npeodoieeams npensm-
CMeUs CA0NCHOU KOHueypayuu, 6KA04as 1eCmHU4Hble Mapuiu. Jleucenue no poéHol NOGEPXHOCMU OCYUeCmMA1emcs moabKo
KOAEeCHbIMU 2DYNNAMU C 8MAHYMbIMU 8bI0GUICHBIMU IAEMEHMAMU NPU NOOHAMbBIX 2YCEHUYHbIX ePYNNAX, 4mo obecneuugaem
NOBbIUEHHYH) CKOPOCMb Q8UMNCeHUs yempolicmea. JleuiceHue no HepoeHOU NOGEPXHOCMU OCYUeCMENSemCs MOAbKO 2yCeHUuY-
HbIMU eDYRNAMU, NPU IMOM KOAeCHble 08UNCUMeNU NOOHAMbL, YMO 0becneuusaem nOGblUeHHYH NPOXOOUMOCMb O CPAGHEHUI)
¢ POBHOU nogepxHocmbio. JlecmuuuHble Mapuiu U NPenamcmeus CAONCHOU 2eOMempu4ecKol Gopmvl MO2Ym npeodoie6amscs
npu 00HOBPEMEHHOM UCNOAb308AHUU KOACCHbIX U 2YCEHUUHBIX ePYRN, NPU IMOM Y204 NONONCCHUS KOAECHbIX 2PYNN OMHOCU-
MeAbHO 2YCeHUYHbIX 2PYRN NPU PeKOHPuUeypayuu poboma onpedeisemcs pamepamu u Gopmol cmynenei 1eCMHUMHO20 MAPULA
u npenamcmeui. baok pexongueypayuu poboma evinosHeH 6 6ude pbiuaANCHO20 YCMPOUCMEa ¢ IMeKMPUHeCKUMU YUAUHOPAMU,
UMernue20 603MONCHOCMb camobnokuposku. OH peasusyem nepekirHenue KOAECH020 U 2YCeHUUHO020 DeNCUMO8 08UNCEHUs
poboma, a makyice nodsem KoAeCHOU epynnvl Ha mpelyemvlii yeoa npu npeodoseHuu npensmcemeuii. Ilpogeden anaius KoH-
CMPYKYUU U pacHem pbiuainCcHo20 Mexanusma KoaecHo-2yCeHUMHoU MoouibHol naamgopmel. Paspabomana kunemamuveckas
Mmodens 6a0ka pekongueypayuu. Iloayuenst coOomHoueHUs Mexucoy yeaamu u OAUHAMU PbiUA208, A MAKICE 83AUMOCES3b MeNCOY
Yen080l CKOPOCMbIO nepeMeljeHus Pbluae08 U CKOPOCMbIO 08UNCEHUS MOAKAMENs IAeKMPUYECK020 UUAUHOPA PblYANCHO20
mexanuzma. Onmumusayus pabomsl 640Ka peKoHpueypayuu nposedeHa nymem co30aHus e2o Mamemamu4eckoi modeiu 01
npoepammupoganus 6 nakeme MATLAB. Onpedenena yeneeas pyukyus u oepanutenus Ha pabomy cucmemsl. B pezyssmame
M00eAupo8aHus NOAYHeHbl YAYHUleHHble MeXaHu4eckue xapaKkmepucmuku 040Ka peKoHnpueypayuu, darnujue 803MONCHOCMb
001ee MOUHO20 YNPABAEHUS NPU CHUICEHUU MPeOyeMblX YCUAUL UCNOAHUMEAbHO20 MEXAHU3MA.

Karoueenie caosa: mpancnopmHuulii pobom, K0AeCHO-2yCeHUUHA KOHCMPYKUUs, 010K peKOHGueypayuu, pul4aicHslii Mexa-

HU3M, KUHemamu4eckas Man./lb, onmumusauus

BBenenne

B ycnoBusix ype3BblUaliHbIX CUTYallUi, HATIPU-
Mep Mpu TMoxapax, U MpU MPOBEACHUU OMACHBIX
IJIST JyejloBeKa olepaluii, TaKMX KakK pa3MMHU-
poBaHUE, HEOOXOAMMO ITOCTaBUTHh COOTBETCTBY-
jolllee TEXHOJIOTMYECKOe, WHCMEKIMOHHOE WU
cracareJbHOe 00OpylOBaHHME B pabodyylo 30HY
B aBTOMaTUYECKOM peXuUMe. YIOOHBIM pelleHreM
3a/lauM SIBJSIETCS UCIMOJIb30BaHUE TPAHCIIOPTHBIX
poOOTOB, MMEIOIIMX COOTBETCTBYIOIIEE 0OOpYI0-
BaHWE Ha CBOEM OOPTY.

CxeMbl TpaHCIOPTHBIX aBTOHOMHBIX ILJIAT-
(opM A5 paboThl B HECTPYKTYPUPOBAHHOM Cpe-
Je U B UPE3BbIYAMHBIX CUTyallMsIX, B YACTHOCTU
IJIST  omepalluii pa3MMHUPOBAaHMS, paccMaTpu-
BaJuch B pabotax [1—4]. CyuiecTByloT TpaHC-
MOPTHBIE POOOTHI AJSI MPUMEHEHUS B YCIOBMSIX
Ype3BbIYAMHBIX CUTYallMii, UMEIOIINEe TYyCEHUY-
HbIE TPYIIL M TAaThOpMy AJsl YCTaHOBKU OOp-
TOBOro obopymoBaHus [5—8]. DT poOOTH MMe-
0T BO3MOXHOCTb TIepEeMEIIEHUSI B HEM3BECTHBIX
WA BHEAOPOXHBIX YCJIOBHUSX, OMHAKO HE MOTYT
MpeoaoJieBaTh MPENSITCTBUS, B YaCTHOCTH, CpaB-
HUMBbI€ C BBICOTOM T'YCEHMYHBIX TPYII, a TaKXe

HE B COCTOSIHMM IMepeMellaTbcs 10 CTyIeHbKaM
JlecTHUYHOro Mapiua. M3-3a oTCyTcTBUSI Kojec
OHM 00J1a1aI0T HU3KOM CKOPOCTHIO IBUXEHUS IO
POBHBIM TOBEPXHOCTSIM, YTO 4YacCTO HEOOXOAUMO
IS CAMOCTOSTEIbHOIO OBICTPOrO MoMnagaHusl po-
00Ta B 30HY IPOBEACHUS pabOT ¢ MecTa AUCI0Ka-
LU 110 MAaruCTPaIsIM.

DTHU HETOCTaTKU OTCYTCTBYIOT B KOJIECHO-TY-
CEHMYHBIX KOHCTPYKLUSAX MOOMJILHBIX POOOTOB,
KOTOpPbIC MO3BOJSAIOT IMepeMellaThbCs MO pasjiny-
HBIM BHUJAaM IIOBEPXHOCTE!, BKJIOYas YCJIOBUS
ypOAHUCTUYECKOTO OKPYXEHUS, Tae HeoOXOaruMO
MpeonoJeBaTh MPEMSATCTBUS CIOXHON KOHGUIY-
paluu, Hampumep JecTHUYHbIe Mapiuu [9]. Ta-
K1e pOOOTHl MMEIOT BO3MOXHOCTH ABUTaThCsAd Ha
POBHBIX IIOBEPXHOCTSAX CO CKOPOCTbIO, ITPEBBI-
1IAIOLIEH CKOPOCTh MepeMelleHNsT TPAaHCIIOPTHBIX
CpeacTB, 00OPYAOBAaHHBIX ABMKUTEISIMU TOJbKO
I'YCEHUYHOTO THUIIA, a TaKXe COXPaHSIIT pecypc
I'YCEHUYHBIX TPAKOB, MOABEPXKEHHBIX M3HOCY IpU
IBUXEHUM II0 TBEPALIM ITOBEPXHOCTSIM, TaKUM
Kak acdanbT uin 6etoH. Ilpu 3ToM He MOBpexk-
Jal0TCsl caMU MarucTpaiu. DTU KOHCTPYKIIUU 00-
JIaialoT IIMPOKMMHU BO3MOXHOCTSIMU TSI IBUKE-
HUSI O IEePeceYeHHON MECTHOCTHU CO CJOXHBIM
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penbeoM, a Takxke A8 TMPEOAOJIEHUS IIpe-
MATCTBUN pa3aMyHON (DOPMBI, B TOM YHMCJIE C BbI-
COTOM 0OJIbllIel, YeM BbICOTA I'YCEHUYHBIX TPYIITI.
B Hactosiiiee Bpemsi pa3pabaThIBalOTCS pas-
JUYHBIE MEXaHW3Mbl PEKOH(MUIypalluy aBTOMAaTU-
YECKUX CHUCTeM, B 4yacTHOCTH, B IlI3HbsIHCKOM MH-
ctutyTe apromatu3anuu B Kurae [10—21]. OmHako
CTPYKTypa 3THUX MEXaHU3MOB CJIOXKHAsl U TPYIHO
yIipaBisieMasi, YTO CHUXKaeT HAAEeKHOCTh (DyHKIIU-
OHMpPOBaHUS poboTa. B maHHOU pabote mpeniara-
€TCsI UCTIOJIb30BaTh OJIOK ST PeKOH(MUTYpalli PO-
0o0Ta B BUJIE LLIAPHUPHOTO YCTPOMCTBA C JIEKTpUUe-
CKUMU IUJIMHAPAMHU, KOTOPOE AaeT BO3MOXHOCTD
TMOKOro M HaAEKHOro yIpaBJeHUS IBUKEHUEM
poboTa B 3aBUCMMOCTH OT KOHKPETHOM CUTYalLlMU.

KoncTpykuus MoOHIbBHOTO podoTa

KoncTpykunsg podora cogep:KUT KOMOMHUPO-
BaHHYIO CHUCTEMY IBUKUTEJCH, COCTOSIIYIO H3
TpaHC(OPMUPYEMBIX TYCEHUUHBIX U KOJECHBIX
rpynn (puc. 1, cM. TpeTbIO CTOPOHY OOJIOKKMN).

PoGoT wumeeT nBa TYCEHUYHBIX IBUXKUTENS,
PACITONIOXKEHHBIX MO OOKaM MiaaTdOpMBbl JJIsT 000-
pyIOBaHUSI, U JBa KOJECHBIX IBUXUTENS, YCTa-
HOBJICHHBIX CIIepedud U C3aAu ILJIaThOpMbl MEXIY
ryceHMUYHbIMU rpynmamu [4]. biaok pekoHdury-
paluu IO3BOJISIET TpaHCHOPMUPOBATh POOOT IS
MIPEONOJICHMS Pa3IMYHBIX IPENSTCTBUM (pUC. 2, CM.
TPETBIO CTOPOHY OOJIOXKKM). JIBUXKEHME MO POBHOM
TMOBEPXHOCTHU OCYILECTBJISIETCS] TOJIBKO KOJIECHBIMU
rpynIaMu C BTSHYTBIMM BBIABUXKHBIMM 3JIEMEH-
TaMU IIPU THOOHSITBIX T'YCEHUYHBIX TIpyIINax, 4YTO
o0ecreyrBaeT MOBBIIIEHHYIO CKOPOCTb JIBUKEHUS
ycTpoiicTBa (puc. 2, a). JIBuxKeHue 110 HEPOBHOM 110~
BEPXHOCTHU OCYILUECTBJISIETCSI TOJIBKO I'YCEHUYHBIMU
rpymnmnamMu (puc. 2, 6), Ipu 3TOM KOJEeCHBIE TBUKU-
TE€IW IOAHSITHI, YTO OOECIeYMBAET IIOBBIILIEHHYIO
MIPOXOAMMOCTD I10 CPaBHEHUIO C POBHOI ITOBEPXHO-
CThi0. JIeCTHUYHBIE Mapllid M IPErsaTCTBUS CIOX-
HOI TeoMeTpu4ecKoil (GOpMBI MOTYT MPEOIOJIEBATh-
¢S IIPpY OMHOBPEMEHHOM HCHOJIb30BaHUM KOJIECHBIX
U T'YCEeHWYHBIX TPYII, IPU 3TOM YToJ IOJOXEHUS
KOJIECHBIX T'PYIII OTHOCUTEIHLHO TYCEHUYHBIX I'PYIIIL
orpenensieTcss pasMepamMu U (QOPMOI  CTyTeHel
JIECTHUYHOIO Mapliia U IPensaTCTBUM (puc. 2, 8).

Baok pekondurypanum podora

biok pexkoHdurypanuu podoTa, BBIITOJTHEH-
HBIM B BUJE LIAPHUPHOIO YCTPOMCTBA C BJIEKTPU-
YeCKMMU UMJIMHAPaMU, IOKa3aH Ha puc. 3.

Puc. 3. Baok pekondurypanumn podora:

1 — TTIOBOPOTHBIN phIUar; 2 — IAaTyH; 3 — KOJECHBIN pbryar; 4 —
OCHOBaHHUE; 5 — 3JEKTPUYECKUI UMJIUHADP; 6 — KOJEeCco ryce-
HUYHOW I'PYIINbI; 7 — I'yCeHUIa; & — KOJIECO KOJECHOM I'PYIIIbI;
9 — nurardopma pob6oTa

Fig. 3. Robot reconfiguration block:

I — swing lever; 2 — connecting rod; 3 — wheel lever; 4 — base;
5 — electric cylinder; 6 — track wheel; 7 — caterpillar; & —wheel
of the wheel group; 9 — robot platform

Korma pexxuM IBUXXEHUS IEPEKIIIOUaeTCs C I'y-
CEeHMYHOTO Ha KOJICCHBIM, TOJKATENIb DJIEKTpUYeC-
CKOTr0 UMJMHAPA BBIABUTACTCSI, TOJKAs ITIOBOPOT-
HBIM phlYar ¥ OpraHu3ys BpallleHHe BOKPYT TOY-
K1 A. [1oBOpOTHBII phIYar IIPUBOIUT B IBUXKCHUE
LIaTyH, KOTOPBIK TOJAKAET KoJeCHbIN poryar. [locie
TOr0 KakK TOJKaTeJIb MOJHOCTHIO BEIABUHYT, IIOBO-
POTHBII phIlYar HaXOOUTCS B BEPTUKAJIBHOM II0JIO-
KeHuu. B 370 BpeMs 1maTyH GJI0KHUPYET PhlYakHOe
yCTpoicTBO. Bubpaumm mnpu ABMXXKEHUU poOOTa
BOCIIPMHUMAIOTCSI 1IaTYHOM B BepTHKAaJIbHOM Ha-
IIpaBJeHUM, 4YTO MPEAOTBpalllaeT IIOBPEXICHUE
BJIEKTpUUECKOro nuianHapa. Koroa pexxum aBuxe-
HUS TIEPEeKII0YaeTCs C KOJIECHOTO Ha I'YCEeHUYHBIH,
TOJIKATEeJIb JIEKTPUIECKOTO LIMJIMHAPA BTSITUBAET-
csl, ¥ TIOCJIEAOBAaTEIbHOCTD ABUXKEHMSI MEHSIETCSI Ha
obpatHyto. Ilocie 3aBepieHUST IBUKEHUST PhIYaK-
HOE YCTPOMCTBO CHOBA OJIOKMPYETCSI.

VropoileHHass KMHEMaTU4YecKasi MOJEIb MeXa-
HM3Ma TI0Ka3aHa Ha puc. 4.

B cucreme xoopnuHatr xAy’ 0003HAUUM IJIMHY
MMOBOPOTHOTO pblyara /,p, IIUHY WaTyHa /g, 1I1-
HY KOJIECHOTO pblyara /- 1 pacCTOSIHUE MEXY MO-
BOPOTHBIMU COWJIECHEHUSIMU [, p. 1751 2TUX 3Haue-
HUI 3aIuileM 3aMKHYTO€ BEKTOPHOE YpaBHEHUE:

1)

ZABel(Pl + lBCe“PZ = lAD + ZDCe“P3,
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CooTHolieHue A yTrJIOBOM
CKOPOCTM MOXET OBbITh ITOJY-
yeHo M3 ypaBHeHMs (1) mytem

nnddepeHIUPOBaAHUSI:
Yo
o=7—-"—7-—, )
[4£(0; - 0,)
rIe vy — CKOPOCTb JBUXEHMUS

TOJKATEeJIs DJIEKTPUIECKOTO I~
JWH]IpA,

Puc. 4. KuneMmaTHyeckas Mojaejb MeXaHH3Ma:

EF — TemeckommuecKkasl Tsra IIpuBOaA, 1 — BEPXHEC IIOJIOKCHHME KOJIECa, 2 — HUXHee

MOJIOXEeHUe Kosieca; 3 — ypoBeHb IMIaThOPMBI
Fig. 4. Kinematic model of the mechanism:

EF — telescopic drive rod; I — upper wheel position; 2 — lower wheel position; 3 — platform level

TIE @p, ¢y, P3 — YIJIBI MEXAY KOJECHBIM PbIlYarom,
1IATYHOM, MOBOPOTHBIM PbIYaromM M OChio X’

N3 ypaBHeHUs (1) MOJIYyIUM CIIEIYIOLINE COOT-
HOLLIEHUS:

b++a*+b*-c?
@3 = 2arctan ,
a-c

@

rie a=1,y-1,45C080; b=-l,psino;

3 a’ +b? +112)c —11220
2lpe
CooTHOUIEHUE MEXAY YIJaMU U JJIMHAMU Pbl-

YaroB MOXHO TMOJYYUTb B CUCTEME KOOpAWHAT
XxAy:

¢ =61 =B 3)
lEF = ZO + 8,
rae lO — HOMMHAaJIbHadad IJIMHa 3JICKTPHUYCCKOI'O

LHUJIMHAPA; & — NJVUHA BBIABUXECHUS JIEKTpUYC-
CKOTO LMJIMHpA.

PasHu11a BBICOT MEXIY CaMON HU3KOW TOYKOU
KOJIECA ¥ CAMOU HMUKHEU TOYKOM T'YCEHUILIBI OIpe-
JEeJISIETCS KaK

h=Ipysin(e;+p)—r+R, 4)
rie r — paauyc KoJjieca KOJIECHOI rpymmbl; R —
pamuyc Kosieca T'YCEHMIbI; [y — IJTMHA KOJec-
Horo pbryara. IIpu KOJeCHOM pexXUMe IBUXEHUS
3HAaK A TOJOXUTEIbHBINA, a IIPU TYCEHUYHBINA pe-
KUMe — OTPHULATEIbHBIIA.

/ —

®; = o 4891 — 5) . (6)
Ipc(p3—9)

[ToryyeHHBIE COOTHOIIIE-

HHUS OIIMCHIBAIOT B3aMMOCBSI3b
DJIEMEHTOB KOHCTPYKIWH, WU
WX MOXHO WCHOJb30BaTh s
YHOpaBIICHUS KOJCCHBIMHU DPBI-
yaraMy IIpM COOTBETCTBYIOLIEH
pexkoHduUrypauum poodora.

OnTuMH3aIMs peXAMA PEKOHPUTYPAIMH

Ontumuzanuss padboThl 0J0Ka peKoHGpUIypa-
LMY TIPOBOJMUTCS IIYTEM CO3JaHUS €ro MaTeMaTu-
YeCKOIl MOJEeIN AJIs1 IpOorpaMMUpPOBaHUS B IaKe-
Te MATLAB.

IlepeMeHHBIC MOIEIN MOXHO 3aIliMcaTh Kak

T
X=[XI,X2,...,X6] = (7)
T
= [lAB’ lBCB IDC’ lADs lAEB IIF] .

B MoMeHT, Korma TOBOPOTHBIN pbhIYar Haxo-
JIUATCSI B BEPTUKAJTBHOM TTOJIOKEHUH BMECTE C Ii1a-
TYHOM, BBINOJHSIETCSL ycloBHE: ¢ = 3n/2 — B,
KoTopoe BbITeKaeT u3 ypaBHeHust (1). LlemeBas
(yHKIIMST TIpU 3TOM ompeaensieTcsl Kak

min F(x;) = |(P2 -(3n/2 - B)|- )

181 M1aBHOTO MepeMelleHu sl pblyaroB opmy-
JUpyeTcsl TpeboBaHUE K YIJIOBON CKOPOCTHU

min F2 (-xi) = |0)3 max 0)3min| : )

[Mpeamonaraercs, 4YTO TSra 3JIEKTPUYSCKOTO
IUJIWHIPA J0JKHA OBITh MUHUMAJILHO JOCTATOY-
Hoii. Korna MexaHu3M HaXxoguTCS B MOJIOXEHUU 1
(puc. 4), TonkaTeab MMEET HAWOOJIBIIYIO TATY,
a Korma ryCeHHWIIa OTpbIBaeTCs OT 3eMJIM, U KO-

Jleca OMupaloTcsl Ha MOBEPXHOCTh MepeMelleHUs
(h = 0), TaTa MaKCUMAaJbHA.
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Puc. 5. CuyioBas AuarpaMma pbi4aroB MexXaHu3Ma:

0)

a — 1IaTyH; 6 — KOJIeCHBbIM pbiuar (K — cuja TATY 3JeKTPpU4YecKoro HuauHapa, K’ — cocTapisiioliast Cuja TSIXeCTH KoJieca)

Fig. 5. Power diagram of the mechanism levers:

a — connecting rod; 6 — wheel lever (K — traction force of the electric cylinder, K ‘— component of the wheel gravity)

Ha puc. 5 mokazaHa cujioBasi guarpaMma pbl-
4YaroB MeXaHU3Ma.

[Tockonpky cuia WHEPUUM pbIYArOB MaJa,
MOXHO HCIOJb30BaTh CTATUYECKUI aHAJU3 BMeE-
CTO JNMHAMUYECKOTrO, HE YYMTBHIBAs CUJY TSXe-
CTU M CWJIy MHEPLUU LaTyHa. BekTopHas cymma
BHEUIHUX CUJI U MOMEHTOB ToueK A u D paBHa
HyJ10. 111 TOUKM A MOMEHTBI ONPEENSIIOTCS Ye-
pe3 CooTHOLEHUS /4 psin(p, — @) U [, gsin(6; — 6,).
Hns touku K MOMEHTBI COOTBETCTBEHHO OIpe-
JENSII0TCS 4epe3 COOTHOIIEeHUs [pycos(p; + B) u
lopsin(e, + @3). CraTuueckuii 6ajnaHC CUJ TIpU
obireM Bece pobora G ompenensieTcss Kak

Qlcp sin(@, +@3) 4p sin(0; - 6,) =
G . (10)
= EIDH cos(@s +P) 45 sin(e; — ;).

OTcroga nmoaydaem

0- G Ipy (o3 +B) 4psin(e; —¢p) '
2 lep(@y + @3) 4 sin(0; - 6;)

Korna koneca kacaroTcs MOBEPXHOCTHU TIEpeMe-
LIEHMS U MOAHUMAIOT MaaTdopMy, ASUCTBYET CUia
taru Q sieKTpuueckoro nmimHapa. Korma kose-
ca TIOMHSTHI, a4 TYCEHUIIbl KacaloTCsl TOBEPXHOCTHU
TIEpEMEIIICHN I, BOSHUKAET CUJIA HATSIKEHUSA q. JLis
CWJIBI TSATM MOXHO 3amucaTb minf3(x) = Qpayo
a JUISl CAJIBI HATSIXKEHUST UMeeM minFy(X;) = Gpax-

Takxum oOpaszom, oOmag menaeBas (GYHKIUSA
ONTUMAJIILHOM KOHCTPYKIIMU OJIOKa PEKOHQUTY-
palvy 3aMAIIETCS KaK

(11)

F(x;) = mFi(x) + 1B () + 13 F5(x;), - (12)

TOE W, Ly, K3 — BECOBBbIE KOIGDPUUMEHTHI, CyMMa
KOTOPBIX paBHa l.

K orpaHuuyeHusiM B MOIEIU OTHOCUTCS BbI-
coTa naaT@opmbl, KOTOpasi B PEXUME ABUXKEHUS
Ha KoJjiecax JAOJKHa COOTBETCTBOBATH YCJIOBUIO
|Ainl = hy. B peXxume ryCeHMYHOTO JBUKEHUST BbI-
coTa MoabeMa KoJieca JOJIKHA COOTBETCTBOBATH
YCIOBUIO |A,,,| > H,. B TYCEHUYHOM peXuMe 3JIeK-
TPUYECKMI LIMJIMHAP B KOHEYHOM TOJIOXECHUU
JOJIXKEH HAXOOMUTBHCS TOJA OINpPEIEIEHHBIM YIJIOM
HE TMapaJuleJIbHO LIATYHY, a PACYETHBIN Yrojl ¢ He
JOJIKEH OBITh MEHBIUE Gp,,,.IaKMM 0Opa3om, Ma-
TEMATUYECKYIO MOJIEJb MOXHO 3amucaTh Kak

min F(x;);

Lap <l4g;

Ipc <1485

Ipc <14p;

Lap <lap —1Igc +1pcs
-6< -0

(13)

max>

Lag = liFs

Tak kak cTaHIapTHas BBICOTA U ULIMPUHA
JIECTHUYHOU cTymneHuM paBHa 160x260 MM, TO
1Tl MofieTupoBaHus BeiGupaem 160 mm < |A.. |,
180 MM < |A,,;,|- Cuaa TATH 371eKTPUYECKOTO 1M~
auHapa coctasisier 6000 H, 3., 100 MM,
ly =205 MmM. PazHuLia X00a MeX 1y Ha4aJIbHOW UTU-
HOM M MaKCHMaJbHBIM YJJIMHEHWEM TOJIKATEJs
3JIEKTPUYECKOro UMIMHApa cocTaBiaser 105 mw,
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CJIeI0BaTeNbHO, [y = 8, = 105. 3amanum ocrasb-
Hble mapaMmeTpbl Kak r = 127 MM, R = 142 mwm,
B =45, G = 1200 H, vy = 12 mm/c, y; = 0,8,
w =0,1, u; =0,1.

T T T T T T T T
X:0
250 ¥:203.7 — =— —HauaaLHoe INaIeHHe h
’ Onrumuzauma

Buicora hym

X0 WIeKTPHYECKOTo WHANIAPA, MM

Puc. 6. Ynpasienue BbICOTO# MOAbEMA KOJECHOM IPymHmbI
Fig. 6. Lifting height control of the wheel group

6000 T T T T T T T T T

L = = = Hauansnoe snauenne| |

5000 =
OnTummsauns

4000 |- | -

3000

Cuaa marn Q, H

-1000

h
<2000 P

-3000 1 L L L L 1 1 L 1
10 0 30 40 50 60 70 50 90 100

Xoa 1eKTPHUECKOT0 IIVTHHIPA, MM

Puc. 7. OnTuMu3anmMs CHJIbI TSITH 3JEKTPHYECKOTO MUIUHAPA
Fig. 7. Traction force optimization of the electric cylinder

CpaBHHTE/IbHbIE 3HAYEHHUS TAPAMETPOB KOHCTPYKIIMH

Comparative values of design parameters

OnTumMu- Hauanb- Ontumaib- 3a- 3HaueHMe
3UpyeMbIil | HOE 3HaUe- | HOe 3Have- | NAHHBIM | Tapame-
napameTp | HUe, MM HUE, MM napameTp Tpa
lip 80 95,5 Ipy 290 MM
Ipe 60 65,1 Ly 305 MM
Ipc 42 49,2 IN 205 MM
Lip 58 65,8 B 45°
L 126 145,6 Gmax 100 mm
Lp 126 145,6 r 142 MM
1200 mMm
1200 H

C moMOIIIbI0 MHCTPYMEHTApUsI ONTUMM3ALUN
MATLAB yxazaHHas Bblllle MareMaThudecKas
MOJeJib TIpeoOpasyeTcsi MPOrpaMMHBIM ITYTEM.
3HavyeHre KaXJI0ro mapaMeTpa IMoJydyeHO MyTeMm
BBOZa B MpPOrpamMMy OINTHMU3WPYEMBIX Iapame-
TPOB, KakK TOKa3aHO B Tabaule, riae ONTUMU3U-
POBAaHHOE 3HAYEHUE OMPEAEJICHO 0 MEPBOro Je-
CATUYHOTrO paspsiia.

PesynbpraThl MoOmenupoBaHUS padoOThl OJIOKa
pekoH(puUTrypauuu ¢ HadyaJbHBIMA U ONTUMU3UPO-
BaHHBIMU 3HAYCHUSIMU TIPUBEACHBI Ha pPUC. 6 TIpU
YIIPaBJEHUM BHICOTOM MOABEMAa KOJIECHOU TPYTITIHIL.

BunHo, yTOo onTUMU3MpPOBaHHAsl KpUBasl UMe-
eT 0oJjiee JIMHEHHYI XapaKTePUCTUKY, YTO AAET
BO3MOXHOCTb 00JIe€ TOUHOTO YIPaBJIECHUSI.

Ha puc. 7 mpencrasiieHbl pe3yabTaTbl OMNTH-
MU3alMN CUJIbI TSATU 3JEKTPUYECKOTO LIMJIMHIPA
B 3aBUCUMOCTH OT €ro paboyero xoja.

Pe3koe m3MeHeHVe CHUJIOBOW XapaKTePUCTUKU
MPOUCXOAUT B MOMEHT IMEPEKIIOUYEHM S KOJECHOTO
pexuma Ha TyCeHM4Hoe aBuxeHue. OnTumusa-
LMS TIO3BOJISIET TPOBOAUTD YIIPABJIEHUE MO OoJiee
[JIaAKON XapaKTepUCTUKE U B MEHbBIIEM AUaIa3o-
He TpeOyeMbIX YCUJIUIA.

3akioyeHue

[IpoBenaeH aHaaM3 KOHCTPYKLIMU U PACUET PhI-
YaXHOI'0 MEeXaHM3Ma KOJIECHO-TYCEHUUYHOIO0 MO-
ounpHOro pobota. Ha 6a3e TUIMOBOTO phIYaXKHOTO
YCTPOMCTBA C BO3MOXHOCTBIO CaMOOJIOKHUPOBKU
MOCTPOEH OJIOK peKOH(PUTYpaluu MOOUJIBHOTO
poboTa, pealu3yolUi MepPeKIYeHUE KOJECHO-
ro U IT'YCEHMYHOI0 PeXUMOB ero ABuxeHus. Pas-
paboTtaHa KMHeMaTndeckass MOAesib OJ10Ka peKOH-
durypanyu m mOpeasioXeH MeTon ONTHUMU3alUU
rmapaMeTpoOB pHIYaXXHOro MexaHu3ma. B pesynb-
TaTe MOMAEIMPOBAHUSA IIOJAYyYEHBI YIyYIIEHHBIC
MeXaHMYeCKUe XapaKTepUCTUKU 0JI0OKa peKOHDU-
rypaluuy, Jaioliue BO3MOXHOCTL 00jiee TOYHOIO
yIIpaBJICHUS TIPU CHUXXEHUM TPeOyeMbIX YCUIINA
HUCIIOJTHUTEIBHOTO MEXaHU3Ma.
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Calculation and Optimization of the Wheel-Track Mobile Robot
Reconfiguration Mechanism
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The actual problem of an autonomous transport robot design for work in an unstructured environment and in emer-
gency situations is considered. The design of the robot contains a combined system, consisting of transformable track and
wheel groups, which allows moving over different types of surfaces, including the conditions of the urban environment, in
particular flights of stairs. Movement on a flat surface is carried out only by wheel groups with raised track groups, which
provides an increased speed of the robot. Movement on uneven surface is carried out only by track groups, while the wheel
groups are raised. It provides increased cross-country ability. Staircase and complex obstacles can be overcome with the
simultaneous use of wheel and track groups at angle of the wheel groups relative to the track groups during reconfiguration
of geometric shapes and steps of the staircase and obstacles. The robot reconfiguration unit is made in the form of a lever
mechanism with electric cylinders, which can be self-locking. It implements the switching of the robot movement modes, as
well as lifting the wheel group to the required angle for overcoming obstacles. The analysis of the design and calculation
of the lever mechanism of the wheel-track robot is carried out. A kinematic model of the reconfiguration unit has been
developed. Relationships between the angles and length of the levers, as well as between the angular velocity of movement
of the levers and the speed of movement of the electric cylinder pusher of the lever mechanism are obtained. Optimization
of the reconfiguration block operation by creating its mathematical model for programming in the Matlab package is done.
The target function and restrictions on the system operation have been determined. As a result, improved mechanical cha-

racteristics of the reconstruction unit are obtained.

Keywords: transport robot, wheel-track structure, reconfiguration block, lever mechanism, kinematic model, optimization
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TEMATUYECKHE HAIIPABJIEHUSA KDW—-2022:

— UHTCJUJICKTYAJbHBIC TPAHCIIOPTHBIC CUCTEMBI,

— uudpoBbIe TEXHOJOTUM B C(hpepe rocyrapcTBEHHOTO U MYHULIUMMAJbHOTO YIIPaBAEeHUS;

— uudposast unayctpus 4.0;

— Knubepbe30macHOCTh HOBOTO BPEMEHU;

— 3KocucTeMa QUHTEX;

— WHHOBAILIMU, UHTEIPUPOBAHHbIE B OU3HEC;

- HI/I(I)I)OBI)IG TEXHOJIOTUU B 30PaBOOXPAaHCHUUN U MECOANIINHE,

— uu¢pOBLIE TEXHOJIOIMHU B 00pa30BaHUU;
— 1U(POBBIC TEXHOJIOTUU B KYJIBTYPE;

— UUdpPOBBIC TEXHOJOTUH B C(pepe CeTbCKOTO XO3MCTBA.

MHubopmaniysa 006 yCIoBUSIX yYacTHUS B pa3IMUHBIX MEPOIIPUSATUIX (opyMa, aIrOPUTM perucTpauuu, nHhopMalus o
nyOJUKallMM HAyUYHbIX CTaTell U Mpe3eHTalluii, a TaKKe NMoJHbII apxuB MaTepuasoB KDW—2021 npencraBieHbl Ha caiiTe
kazandigitalweek.ru/kazandigitalweek.com.

TMPUTJIAIIIAEM K ITYBJIUKAIIUU CTATEN

CTarby IPUHUMAIOTCS B CTPOTOM COOTBETCTBUM C TeMAaTUUSCKMMM HAIpPaBJICHUSIMU. ABTOpP IOJIKeH yKa3aTh TeMaThye-
CKOe HallpaBjieHUe CTaTbU. Bce cTaThy MPOXOmsiT MPOBEPKY MpOrpaMMoil "AHTUIIAruaT" U ABYCTOPOHHEE CJIeNOoe peleH3M-
poBanue. [lociae oTGopa 3KCHEPTHOM T'PYIITON CTaTbM OymIyT onyOJMKOBaHBI B COOpHMKE MarepuajioB ¢opyma. Bo3amoxHa
nyoIMKanus B XypHaiaxX, BKJIIOYECHHBIX B MEXIYHAPOIHYIO pedepaTUBHYIO 0a3y JaHHBIX Scopus M pereH3upyeMbix BAK,
nHaekcupyembix B PUHLI. Cratbu npuHumaioTcst 10 1 utoHs 2022 roaa Ha 3JIeKTPOHHBIM afpec: org@kazandigitalweek.ru.
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AWHAMUKA, BAJTIUCTUKA, YINTIPABJIEHUE

AOBUXEHUEM NETATEJIbHbIX AMNMAPATOB

YK 62-50 DOI: 10.17587/mau.23.216-224
H. E. 3yboB, a-p TexH. Hayk, npod., nezubov@bmstu.ru,

B. H. Pa6uyeHko, O-p TexH. HaykK, npod., ryabchenko.vn@yandex.ru,
A. B. NMponetapckui, o-p TexH. HayK, npod., pav@bmstu.ru,
MI'TY nm. H. 3. BaymaHa, r. Mocksa,

MAO PKK "OHeprus" nm. C. . Koponesa, r. Kopones MO

O6 ogHOM noaxoae K CUHTe3y pobacTHOM cUcTeMbl cTabunusauumn
NPOAONIbLHOrO ABUXEHUA rMNOTEeTUYECKOro camMmorneTa

s auneapu3zoeannol modeiu 4emeepmozo Nopao0Ka NPo0oAbHO20 OBUNCEHUS AeMAMeAbH020 ANNApama CamoNemHo20
muna ¢ mpems OpeaHaMu YAPAGACHUs NOAYYEHbl AHAAUMUYECKUEe BblPANCEHUS 3AKOHO8 YNPABACHUS, 00eCneyU8aouux po-
bacmHuocmb no 00HOMY U3 K0 Puuuenmos modeau 06seKma ynpasieHus, umerou,eeo HauMeHbull 0uana3ox pa3opoca 3nave-
Hul. B kauecmee maxozo ko3puyuenma paccmampusaemces npupauierue N00sEMHOU CUAbL 8 3AGUCUMOCMU OM NPUPAUEHUS
yeaa amaku u yeaa HAKAOHA mpaexkmopuu. B ocnogy pabombel noasoxcena opucunanvhas 0eKomnozuyus modeau obsexma
ynpaeaenus u pa3pabomanHuiii Ha ee 0cHO8e Memod ModaavHo2o cunmesa. Ilouck pobacmuoeo ynpaeienus 6azupyemcs Ha
napamempusauuyu MHOJNCeCMed peuleHull U Ha3HaA4eHUU COOCMEEeHHbIX 3HAYeHUL 3aMKHYmol cucmemol. Hoes smozo nodxooda
cocmoum 6 caedyrouem. Ecau das 3adannoeo o6sexma ynpasaenus Haumu 6 AHAAUMUYECKOU Gopme 6ce MHOICECMBO 3AKOHO8
ynpaeaenus ¢ 06pamHoil c853b10, 00eCNeHUaWUx 3a0aHHOe MHONCECMBO COOCMBEHHbIX 3HAYEHUU, MO ¢ NOMOUBLIO COOM-
eemcmeyouell napamempu3ayul 3mo20 MHONCECMEA MOICHO 6bl0eAUMb NOOMHOICECMEO POOACMHbIX 3AKOHO8 YNPAGACHUSA NO
OMHOWEHUIO K MOMY UAU UHOMY pakmopy. B ocHogy noayuenus napamempu3oeaniozo peulenus 3a0a4u cunmesa 0via0 noao-
JceHo npeobpazoganue nodobUs 0451 Mampuybl cO6CMBEEHHbIX 3HAUEHUU HYAe8020 YPOBHS 0eKOMNO3UUUU 006eKMa YRPAGACHUS.
Ilpugedennvt pezysomamol YUCACHHO20 MOOCAUPOBAHUS YAPABACHUS NPOOOAbHBIM O8UNICCHUEM AemamenbH020 dnnapama ¢ uc-
nOAb306AHUEM CUHME3UPOBAHHBIX aHalumu4eckux 3akonos. Ilo eco pezyromamam oyeHero éausnue Kod3gguyuenma mooenu,
npu Komopom 045 He poOACMH020 AHAAUMUYECKO20 3AKOHA YNPABACHUS NemMAameabHbll annapam 6 npoooAbHOM O8UNCCHUU
mepsem ycmouuugocms. Ommeuero, umo pooacmublli 3a4K0OH YAPABACHUS He UMeem 02DAHUYEHUL N0 OMHOUWEeHUI0 K ouubKe
3a0aHUS pACCMampueaemozo Kodp@uuyuenma mooeau, xapaKxmepusyouiezo npupaueHue no0seMHol CUlbl 1eMaAmeabH020 an-
napama 6 3a8UCUMOCMU OM NPUPAUEHUS YeAa AMAKU U YeAa HAKAOHA MPaeKmopuu.

Karwueevie caosa: npo@o/lbﬁoe 06umceﬁue, eunomemu4eckull 1emamenbHolll annapam camojnentHoco muna, mamema-
muu4ecKkas Man/lb, aeKOMnO&’LluUOHHblIZ Memod M00aabHO20 CUHmesa, cucmema ¢ MHo2umu 8X00aMu U MHO_UMU 8bIX00aAMU

(MHUMO-cucmema), pobacmuoe ynpasieHue

Beenenne

CoBpeMeHHbIe TIOAXOAbl K CHUHTE3y poOacTHO-
ro YIpaBJIEHWS BKJIIOYAIOT OOIIMPHOE MHOXECTBO
METOIOB M MOIXOMOB, CPEIW KOTOPBIX BBIAEIUM
crnepylomue [1, 2]: MeToobpl Ha OCHOBE POOACTHBIX
KpUTEpHUEB yCTOMUYMBOCTHM MuxaiiyioBa, HalikBu-
cra n1 Hwmkunna—Ilongka; QFT-meTonsr; mMeTo-
OBl p-cuHTe3a u LMI-mMeTonsl; MeToabl (yHKIIMA
JIanyHOBa; METOOBI Ha OCHOBE WHTEPBaJIbHBIX
kputepueB yctoilunBoctu JlnnaroBa—CokoyoBa
u XaputoHoBa; metoasl LQ- u L;-ontumuszanuu;
METONbl ONTMMHU3ALMKM B IIPOCTPAHCTBAX Xapau
(metonsr H,- u Heo-cuHTE3a); METOOBI, OCHOBaH-
HBIE Ha TIPUHIIMTIE TTYOOKOH 0OpaTHOM CBSI3M U AP.

YuuTeIBas CI0XHOCTh CUHTE3a MU OTHOCUTEb-
HO Malylo IMpakKTHYECKYI0 MPUMEHUMOCTbH yKa-

3aHHBIX METOIOB, B JaHHOW paboTe MIs 3amgauyu
CTabMJIM3alMK TIPOJOJIBHOIO IBUXEHUS THITOTE-
THUYECKOTrO JIETaTeJIbHOIO allfapaTa CaMOJIETHOTO
THUIIa TIpeasiaraeTcs IOAXOd, B OCHOBY KOTOPOTO
MOJIOKEH aHAJUTUYECKUI CHMHTE3 C MCIO0JIb30Ba-
HUEM IEKOMITO3UILIMOHHOTO MeTOAa MOAaJIbHOro
yIpaBJeHWsT B MPOCTPAHCTBE COCTOSTHUIA OMHA-
MUYECKON CHUCTEMBL.

Mpes sToro momxoga COCTOUT B CIIEAYIOIIEM.
Ecnu nnst 3amaHHOro 00beKTa yIpaBlIeHUsT HANTH
B aHAJIMTHYECKOM (hopMe BCe MHOXECTBO 3aKOHOB
yIpaBjieHHsT C OOpaTHO CBsI3blO, OOecCIeYnBa-
IOLIMX 3aJaHHOE MHOXECTBO COOCTBEHHBIX 3Ha-
YEHUIA, TO C MOMOIIBIO COOTBETCTBYIOLICH Iapa-
METpHU3allMM 3TOTO0 MHOXECTBA MOXHO BBIICIUTH
IMOAMHOXECTBO POOACTHBIX 3aKOHOB YIIPaBJICHUS
10 OTHOIIEHHIO K TOMY MJIM MHOMY (DaKTOopYy.
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MaremaTnyeckas MojaeJb
NMpoaO0JIbHOTO NBHU2KCHHA CAMOJIETA

Bynem paccmarpuBaTh TMHEApU30BAHHYIO MOICIIb
JIETATEJILHOTO arriapara CaMOJIETHOIO TUIIA C TPeMs
opraHamu ympaBJeHUs clenyroiero suaa [3]:

X =Ax+ Bu (1)
C MaTpullaMU KO3(PHUIIUEHTOB
14 0 o 0 o P 0 0
-a, -a,+a, -a, a
V8 o s B 3pp
Ao a, -ay+a, 0 ay 'e 0 aF a
4 a o, o | B dpp ’
ap, p, y. ~y, 0 Ay, Gy,
0 1 0 0 0 0

SJIEMEHTHBI KOTOPLIX ABJIAIOTCA KYCOUHO-IIOCTOAH-
HbIMHM BEJIMYMHAMU, 1 BEKTOpaAaMU

AV

AP
A©O

X = , U=\ 9,
Ao,

Av SPB

3nech AV — OTKJIOHEHME MOl BEKTOpa CKO-
pocTu; AQ — OTKJIOHEHUE YIjla HaKJOHA TPaeKTO-
puM; A®w, — OTKJIOHEHHE YIJIOBOI CKOPOCTHU B Ka-
HaJle TaHraxa; Av — OTKJIOHEHHE yIjla TaHTaXka;
AP — OTKJOHEHHE MOIYJS BEKTOpa TATU JBHUIa-
TeJISA; 8, — YTOJ OTKJIOHEHUSI PYJISt BHICOThI; &, —

roJ OTKJIOHEHWsl crabuiausaropa; a’, a’, a®
s X P X

14 0 o vV o ® P ) pB 8

a,, ay, ay, Ay, Ay , ami, ay, ayr, a,”, amz,

5
a,” — xK03(pGULUMEHTHI TuHeapusauuu [3].
BelleM JJIs KPaTKOCTU 3alKucy 0003HAYCHUS

_ V _ 0 o _ o _ |4
ayp =0y, dpp =—04y +4a,, 4y =-04y, 4y __ayﬂ

_ 0 o _ o _V _ a0
ay, =—ay +ay, Gy =-ay, a3 =d,, G3p= asmz,

_ o _ o _ P _ pB
a33 =-a,°, A3 =0y, by=ay, by=a,

5
by; = aiC, by, = Ay’ byz = af:fz, TOrga OOBEKT
ynpasyieHus (1) B pa3BepHYTOM BHUAE 3alUAIIETCS
CIEAYIOIINUM 00pa3oM:

AV ayp ap 0 a AV
AB ay ayp 0 ay || A6 N
Ao, ay Az Gy Ay || Ao,
AD 0 0 1 0 ) Av
b 0 0 @
I AP
0 by by AS
pB
0 by by || s
0o 0 O ¢

CuuTast Bce KOMITOHEHTHI BCKTOpa COCTOA-
HUA IMOJTHOCTBIO Ha6J’IIOI[aCMI)IMI/I, 6yz[eM HNCKAaTb

ympapiaeHue s monenaud (2) B Buae 3aKoHa 00-
paTHOI CBSI3W BUIA

u=—Kx,

(©)

roe K — nckomMasi Marpuiia koappuineHToB (Ma-
TpHUIIA PETYISITOPA).

3anava pPa3MelieHus MoJaICoB

Bocnionb3yemcs 1€KOMITIO3ULIMOHHBIM METO-
JIOM MoJaJibHOro cuHTe3a [4, 5], cyTh KOTOpPOTO
3aKJjmpyaeTcs B ciaenytoiieMm. s AuHaMu4yecKoi
cucteMbl (1) paccmarpuBaeTcsl yIipaBlieHHUE C 00-
paTHOI1 cBs3bIO (3), KOTOpOe obecriednBaeT Tpedo-
BaHMSI Ha pa3MellleHHEe MOJIOCOB 3aMKHYTOI CH-
cTeMbl (COOCTBEHHBIX 3HaUeHUU MaTpull A — BK)
1 BKJII0YaeT B ce0s1 MHOI'OYPOBHEBYIO JEKOMIIO3U-
LI CUCTEMbl C MHOTMMMU BXOJaMM W MHOTIMMU
BoixogamMu (MIMO-cuctemsr) (2). IIpu 3ToM 4duc-
JIO YPOBHEN OEKOMIIO3UIIUU OIMpeAessieTcss OTHO-
IIEHUEM pa3MEpPHOCTH BEKTOpa COCTOSIHUSA K pas3-
MEPHOCTM BEKTOpa YIIPaBJICHUS U OKPYIJISETCS
B OOJIBIIYIO CTOPOHY IO 1I€JIOTO YKCJIa.

Hnsg paccmarpuBaeMoro ciydvas OyaeM MMEThb
JIBA YPOBHS, COOTBETCTBEHHO: HYJIEBOM U IIEPBbLIA.
HJ1s1 KaXXa0ro ypOBHS JOJKHBI OBITH OIIPeaeIeHbI
MaTpulbl A 1 B coriacHo (1) Ha OCHOBaHUMU Clie-
OVIOIIMX BbIpAaXXCHUM:

— HYJIEBOI (MCXOOHBIN) YPOBEHb JEKOMIIO3ULIU

Ay= A, By = B, “)
— TMepBblil YPOBEHb JEKOMITO3ULIUN
Ay = By AyBy*, B, = By AyB,, ®)

rae B*" = null(B") — genutenb HyJs, T. €. MaTpU-
112, YIOBJETBOPSIONIAS CICAYIOIINM yCIOBUSIM [4]:

BB =0,_y (6)

B*" — nceBnoo6parHas MaTpuna Mypa—IleHpo-
y3a, T. €.

BLBLJrBL — BL BL+BLBL+ — BL+
(BLJrBL)T — BL+BL, (BLBLJr)T — BLBLJr.
Teopema [4, 5]. Ecntu MIMO-cucrtema (4) noJ-

HOCTBIO ympaBigeMas, M Matpuua K eR™"
yIOBJIETBOPSIET (hOpMYIaM

K = Ky=ByA-FyB;, By = KBy + By; (7)
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K, = B4 - KB/, (®)
Torma
2
eig(4 - BK) = | eig(F_,),
i1
e eig(F,), eig(F]) — COOCTBEHHbIE 3HAYECHMUS

KaXJ0ro ypoBHSI J€KOMIO3ULIMM, ONpeesieMble
COOTBETCTBYIOLIMMU MaTPULIAMHU.

3aMeTUM, 4TO NPUBEIEHHOE MHOXECTBO 3aKO-
HOB yIIpaBJICHUS 3aJaeTcs MPOU3BOJIOM B BbIOOpE
matpuil B+ — nmenuteneit Hyas u marpui, dop-
MUPYIOLIMX COOCTBEHHBIE 3HAYEHUS Y 3aMKHYTOMI
cuctembl F;_,i=172.

JlaraeT OMNpeleeHUe M BBIYMCICHUE CIIEAYIOLINX
MaTpUIL;

by 0
Bi=| 0

ay; a, 0 ay
Ay = A= ay ayp 0 ay ,
azy 4z dz3 Qg
0 0 1 0 o)
by, 0 0
By=B- 0 by by ,
0 by by
0O 0 0
B& = (0 00 1),
0 0

(byy (b33 + b33) — bys(byybas + bisbs3))/dy  (byy(bys + bis) — bys(byybys + bysbss))/dy 0|,

0 (by3(b3y +b3y) = byy(byabys + byybs3))/dy  (b33(b3y + b3y) — byy(bybys + byybss))/dy 0

M3 npuBeneHHOU TeOpeMBl CAeayeT, YTO 3aKOH
yrnpasaeHus (3) ¢ marpuueit K € R™", ynosiuer-
Bopsitoleii cooTHoweHusim (7), (8), odbecneynBaeT
BBINOJIHEHME TpeOOBaHUS 3aJaHHOIO pa3Mellle-
HMS TOJIOCOB M, COOTBETCTBEHHO, SIBJISIETCS pe-
3yJIBTaTOM 3aJadyM CHHTe3a yIIpaBJIeHMUSI.

Bmecte ¢ TeM, 0COOEHHOCTBIO JMHEapU30BaH-
HOI Monenu camosieTta (2) ABASIeTCS HaJau4yue Ta-
paMeTpruuecKoil BO3MYILIEHHOCTU KO3 (hUILIMEHTOB
nuHeapusauuu. I[IpoBeneHHbIe B padoTe [6] mccie-
JIOBaHUS MOKa3aju, YTO KO3(PDOUIIMEHT, XapaKTe-
pU3YIOIIMI IpHUpallleHUe MOAbEMHOM CUJIbI B 3a-
BUCHMOCTU OT IpHUpalleHMs] yria aTaku M yrja
HaKJOHa TpaeKTOpUM, MMEET Haubojee OorpaHu-
YEHHBbI IMana3oH TOYHOCTU €ro OMNpeAcieHUS,
Mpy KOTOPOM HE€ HapyllaeTcs YCTOMYMBOCTDH 3aM-
KHYTOM 00paTHOI CBSI3bI0 AUMHAMUYECKON CUCTEMBbI
(cTabunuszupyeMoro IBuUKeHUS). TakuMm obOpa3om,
CTaBUTCS 3aJaya aHAJUTUYECKOro CHUHTE3a Ma-
TpULBI KO3(GUIIMEHTOB 00paTHOI CBSI3U B 3aKOHE
ynpasieHus (3), KoTopass obecreyuBaeT poodacT-
HOCTb CTAOMJIM3allMU MPOAOJBHOIO ABMXEHUS JIA
110 OTHOLUEHUIO K KOODPULIMEHTY dyy = —a;’ +ay.

AHAIMTHYECKHII CHHTE3 3aKOHOB YNpPaBJIeHHUS

[IpumeHeHMe MoaXoda, OCHOBAHHOI'O HA HC-
MOoJb30BaHUU cOOTHolueHUui (4) — (8), mpenro-

Al = Bd_AOBd_ T = Oa Bl = BS_AOBO = (O b32 b33),
Bl = (0 by, /(b3; +b3)  by3/(b3 +b33))".
Ha3Haqu1/IeM IO pe3yjbTaTaM Npe€aBapUTECIb-

Horo anHanusza marpuu u3d (7), (8), Hampumep,
B CJIeAYyIOLEeM OOIlIEeM BHUIE:

Jo 0 0
F=F=0 fuo Jfi| H=/A 10
0 —fo3 Jo2

orpeneseTcs Lesib 3a1auyl CUHTe3a.

CornacHo ¢opmyiae (7) tpebyemass MaTpulia
K03 OUILIMEHTOB B 3aKOHE YITPABJIEHUS, C YUYECTOM
TOrO, YTO

0
~bsy fi1 / (b3y” +b33%) )

OIMpCACINTCA BbIPpaAKCHUEM

Ky =FB -BA =

K = Fy(By + K\By) —(By + K\By) 4 =

(@ = fo)/byy ap/byy 0 ay4/byy (11)
= ky) ky, kys kyy |,
ks, k3, kss ksy

rac
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kyy = (ay b33 — a31093)/(bryb33 — by3b3,),
kyy = (ayyb33 — azbys + b3y fo3 -
= b33/02)/(b23b33 = by3b3,),
ky3 = by3£02/(b2yb33 — by3b3;) -
= b2 o3/ (byyb33 — by3bs;) -
— a33by3/(by2b33 — by3bs;) —
— byy i1/ (b3, + b33),
k4 = ay4b33/(brybs3 — by3b3;y) —
— a34Dy3 /(D333 — by3b3;) +
+ b32f02fll/(b322 + b323) +
+ b33f03f11/(b322 + b323),

k31 = ~(ay1b3; — a3165,)/(bryb33 — by3b3,),
k3y = (azy0y; — ayyb3y + b3y foy +
+ b33f03)/(b2yb33 — by3b3,),
k33 = azsbyy /(byrb33 — bysbs;) —
= b3y f02/(b2yb33 = by3b3,) -
=by3f03/(by2b33 — by3b3;) —
~ b3 /1 / (b3 + b3y),
kg4 = as3sbyy /(brybs3 — by3bs;) -
= Qy4b3y /(byyb33 — by3b3;) -
- b32f03f11/(b322 + b323) +

+ b33 fo2 /(b3 + b33).

OcyluecTBUM  ITapaMeTpU3alMil0  PELICHUS
(11)—(13) ¢ wucnonab3oBaHUEM MpeoOpa3oBaHUS
nogodus [4] nasg mMaTpulbl COOCTBEHHBIX 3Haue-
HUIi HYJEeBOro ypoBHs aekommnosuuuu F, B pe-
3yabraTe BMecTo popmynnl (11) Oymem nMeThb

K, =TFRT ' (Bf + K,By) - (Bj + K\By) Ay, (14)

rae T — HeBBIpOXIECHHAsT KBaJapaTHasi MaTpuIia 3a-
JaHHBIX pa3MepoB. [1o pe3ynbraTaMm mpeaBapuTeIb-
HBIX BBIYMCIICHUI Ha3HaYuM 7 B CJIeAYIOLIEM BUIE:

1 00
I 0]
t 1

(12)

(13)

T = (15)

0
0
3pech t — TapaMmeTp, KOTOPBI MOXET IPUHH-

MarThb J100ble 3HaYeHW ST N3 MHOXECTBA IeCTBUTEb-
HbIX ynces. Torga BeipaxeHue (14) mpumeT BUa

(@ = fo1) /by apn/by 0
k3 k33

m m
k32 k33

ayy /by
k34

m
k34

m kai » (16)

ks1

raoc

k3 = (aybs3 — azbys + by, fo3 —
= b33 f02 + b33./038)/(byabsz — by3bsy),
k33 = (by3(for — fo3t))/(byabsz — byzhsy) —
— (b22/03) / (byyb33 — by3bsy) -
— (b3 1))/ (b3 + bs) -
= (a33by3)/(byybs3 — by3bs;y),
kznzt = (ay4b33)/(byyb33 — by3bs;) -
= (a340,3)/(byyb33 — by3bs,) +
+ (bsof11(for — fo31))/(b3y + b3y) +
+ (b33 fo3/11)/ (b3 + b33),
k35 = (b33 fost® + bsy fost — anbsy +
+ a3pbyy + b3y foa + b33£03)/(brybss — bysbsy),
k33 = (a3305)/(byabs3 — by3byy) —
- (b33f11)/(b322 + b323) -
— (byy (fo2 + f031))/(byybs3 — by3bsy) —
— (by3£y3(t? +1))/(byybs3 — bys3bsy),
k3 = (a34by3)/(byybs3 — by3bs;) —
= (a34b33)/(byabs3 — bysbsy) +
+ (b33.f11(for + fos))/ (b5 + b33)
— by fon i1 (17 + 1)) /(B3 + b33).
Ananu3 BblpaxeHuii (17) mokasbIBaeT, 4YTO KO-
abGULIMEHT a,, BXOTUT B TapaMeTphl 3aKOHA yTIpaB-
neHus kys, k35 . CrenoBareabHO, YTOOBI UCKITIOYUTD
MpsSIMOE TPUCYTCTBHE YKa3aHHOro Ko3(hduIIMeHTa
MOIEIN B Marpulle KO3(PPUILIMEHTOB yCUIEHUS 00-
paTHOM CBS3M, IOCTYIUM CJIAELVIOIIMM OOpa3oM:
Ha3HauyuMM B Matpuue nonodus (15) t =-2b;,/bs;,
a MHMMYIO YacTb KOMIIJIEKCHO CONPSIKEHHOM Mapbl
Joo £ ify; omnpemenuM paBHOM  fo3 = ayyb33/2b3,.
B pesynbraTe monayduMm MaTpuily Koa(OUIIMEHTOB
00paTHOI CBSI3U CJIEAYIOLIETO BH/IA:

{17)

(all_fOI)/bll ay, /by 0 a4/by
K, = ky) (b32f03 = a32bys = b33 f02) / (b2abss —basbsy) k35 kg (18)
k3 (032b22 +b3y foo + b33f03)/(b22b33 - b23b32) k33 k34
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HeTpynHo mpoBepuTh, YTO HAaHHAST MaTpulia
SIBJISIETCS poOacTHOM (maxke, cKopee, MHBapHUaHT-
HOI4) IO OTHOLIEHUIO K KOODOULMEHTY ay,.

3HAYUM T10JII0Ca TI0 YPOBHSIM JI€KOMITO3UIIMHU CJie-
IYIOIIMM 00pa3oM:

|
|
|
|
B coorBercTBUmM ¢ dopmynamu (3), (11)—(13), i -0,537 0 0
(16)—(18) monyuum ! F=F= 0 -0,65 -0,1090 |,
| 0 0,1090 -0,65
AV | F =-2,75
(ay = fo)/byy apn/byy 0 ay /by A0 | ! T
— k k k k (19) | HDCI[HOHO)KI/IM, YTO UCTUHHOC 3HAYCHHEC KOB(I)-
u 21 22 23 24 A !
X p i ) o, | (uLMEHTa a,, OTIMYAETCA OT MOJEIBbHOTO 3HAYEHNUS
3 32 33 34 AL ! (mast KOTOpPOro Ml omnpenenuin ympasieHue (19)).
| *
IS He pOGACTHOTO (OGBIYHOr0) 3aKOHA YIpaBic- | O003HaYMM 3TO 3HAUYEHUE KaK d,,. B 3TOM ciydae
N | B COOTBETCTBUM C BbIPAXEHUEM (10) ¢ yueToMm TOTO,
AV
(a1 = fo1) /by ay /by 0 ay/by A0
u,= ky) (b32fo3 — @3obas = b33 fu2) / (baabss = bysbyy) kys  kia Ao (20)
ks, (@32b2y + b3afon + b33 fo3) / (baabss = bashsy) k33 k3a AUZ

JUJTIST poOACTHOIO 3aKOHA YITPaBJICHUS.

Kax BuaHo, 3akoHbl (19) u (20) npeacraBasiior
c000i1 aHaJTMTUYECKUE BbIPAKEHU I, KOTOPbIE MOTYT
OBITh UCTIOJIb30BAHBI JJ151 BBIUMCIIEHU ST KOHKPETHBIX
CUTHAJIOB yIIpaBJeHUs. DTU BbIpaXeHUST UMEIOT OT-
HOCHUTETHLHO KOMITAKTHBIN BUI U MOTYT OBITh JIETKO
peain30BaHbl B peajbHOM MaclliTabe BpeMEHU.

*
4TO f(3 = Ayy033/2b3,, Ha3HAYMM MOJIOCA 10 YPOB-
HAM JEKOMIIO3ULINU COITIAaCHO BbIPAXKEHUAM

-0,537 0 0
F=F-= 0 -0,65 —fu3 |,
0 fo3 0,65
F =-275.
Ilo pesynpraTamM MomeaWpoBaHHS OBIJIO yCTa-
*
HOBJIEHO, YTO TIPY 3HAYEHU X dyy, paBHBIX —0,93,
U, COOTBETCTBEHHO, fy; =-0,10908 3amkHyTas
crcTeMa C OOBIYHBIM 3aKOHOM YIIpaBJIEHUSI CTa-

HOBUTCA HCYCTOﬁQHBOﬁ, IIOCKOJIBKY €€ II0JI0Ca
coBmagarT COo CICAYIOIIMM MHOXCCTBOM:

YuciaenHoe MoaeJMpoBaHNe

s mpoBepKU MOJYUEHHBIX pe3yJabTaTOB BOC-
MOJIb3YyeMCSl YUCTOBBIMU 3HAYCHUSIMU MaTpPUIl KO-
3(pGULMEHTOB CleayolIero BUa:

~0,0160 -0,46 0  -9,8 = 55
_ _ C1g - =
4| 00012-0,26 00,0620 = (~2,56355; —0,81789; 0,00144; —0,537},
20,0130 -2,70 —1,04 —0,006
0 0 1 0 TOoraa Kakxk IJisd p06aCTHOro 3aKOHa YIIpaBJICHUA
~0,0004456 0 0 uMeem
0 ~0,02335 -0,0107
B= : i cig(4 — BK) =
0 -1,33 0,31 = (—2,5859; —0,3970 + 0,7098i; —0,537).
0 0 0

CoOTBETCTBEHHO JJIs1 pOOACTHOTO YIIPaBICHUS
MaTpuila Ko3PPUIIMeHTOB OOpaTHON CBSI3M BBI-
MISIUT CIEAYIOINM 00pa3oM:

CornacHo BeipaxeHuto (10) ¢ yyeToM TOro, 4to
paHee OBLIO OMNPENENEeHO fy3 = dyby3/2b3,, Ha-

-0,1169 0,1032 0 22,1992
K, = 10*| -0,000003368 0,001145588 —0,00024247 —0,00003645
0,00001852667 -0,01357317 0,0007477 0,0004041089
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Puc. 1
Fig. 1
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Fig. 2
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[Mpn sTOM MaTpulla COOCTBEHHOM TUHAMUKU
B 3aMKHYTOM KOHTYpe€ "JleTaTeJbHBbIil armapar —
cHCTeMa yIIpaBjeHUs" NPUHUMAET BU]I

A-BK, =
0,537 0 0 0

0  —1,44795 0,023556 0,09682
|0 2918197 -1,932 0,770
0 0 1 0

Ecnu nipu MonenmpoBaHUU 3HAYECHUS azz usMe-
HATb B APYI'YIO CTOPOHY, TO, COOTBETCTBEHHO, Ha-
pyLIEHWE TPAHULIBI YCTOMYMBOCTU HE HACTYIIAET.

g HayaJIbHBIX 3HAYEHU I BEKTOPA COCTOSTHU S

(AV A8 Aw, Av)" = (AV AB Aw, Av)" =
= (8,00 0,2 -0,42 -0,52)"

NPy WCTUHHOM 3HAuYeHUU KO3DOULUEHTA a,,
MpU KOTOPOM HE POOACTHBIN 3aKOH YINPABJIEHUS
MPUBOAUT K MOTEPE YCTOMUYUBOCTU MPOIOJIBHOTO
IBUXEHUsI, Ha puc. | mpenctaBieHbl rpaduKu mne-
PEXOIHBIX MPOLIECCOB MO KOMIIOHEHTaM BeKTOpa
COCTOSIHUSI, COOTBETCTBYIOIIME DPOOACTHOMY 3a-
koHy. Ha nuarpammax puc. 2 npuBeIeHbl 3Haye-
HUS YIIPABJISIOIIMANA BO3ACUCTBUN.

3akaoyenue

PaccMoTpeH moaxod K pelieHuIo 3aaadyu po-
0acTHOro CHHTE3a Ha OCHOBE OPUIMHAJILHOTO
MeTOoJa MOJAJILHOTO CHHTE€3a C MHOIOYypPOBHEBOM
JEKOMIIO3UIIMEN MOIENM OOBEKTa YMpaBICHUS,
MO3BOJISIONIMI B aHAJIMTUUYECKOM BMJE IMOJydyaTh
MHOXXECTBO 3aKOHOB YMpaBJieHHsI, 00ecleuynBalo-
IIMX OOHO M TO K€ 3aJaHHOE pa3MelleHHe CO0-
CTBeHHBIX 3HaueHu#. IlTorck pobacTHOro 3akoHa
yHOpaBJICHUS OCHOBaH Ha MapaMeTpuU3alliyd 3TOrO
MHOXECTBA C MMOMOIIBIO HEBBIPOXKICHHOTO Mpeoo-
pazoBaHus monobus. [lpuBeneHHblE pe3yabTaThbl
YUCJICHHOTO MOACIMPOBAHMS YIIPABICHUS IIPO-
IOJbHBIM JBUXEHUEM JieTaTeJbHOro allapara
C MCIOJb30BAHHUEM CHHTE3MPOBAHHBIX 3aKOHOB
MOATBEPAMIIN, YTO POOACTHHIN 3aKOH YIIPABJICHU S
He MMEET OTPaHWYEHUI 110 OTHOIIEHUIO K OIIMNO-
Ke 3amaHus Ko3¢huinueHTa MOJean, XapakKTepu-
3yIOLIero IpHpallleHhe MNOABEMHON CHJIbI JieTa-
TEJAbHOI'O almapaTa OT MpHUpalleHUs yrjia aTaku
W yIjla HakKJoOHa TPaeKTOpUU. DTH pe3yJbTaThl,
Hapsiay ¢ paHee onyoaukoBaHHbIMU [7—18], mom-
TBEPXJAIOT BeCbMa 3HAUYMTEJbHbIE BO3MOXHOCTU
paccMaTpuBaeMOro MeTola MOJAJbHOTO CMHTEe3a.
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Abstract
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For a linearized model of the fourth order of longitudinal motion of an airplane-type aircraft with three controls,
analytical expressions of control laws are obtained that ensure robustness according to one of the coefficients of the model
of the control object having the smallest range of values. As such a coefficient, the increment of the lifting force from the
increment of the angle of attack and the angle of inclination of the trajectory is considered. The work is based on the
original decomposition of the control object model and the modal synthesis method developed on its basis. The search for
robust control is based on the parametrization of a set of solutions and the assignment of eigenvalues of a closed system.
The idea of this approach is as follows. If, for a given control object, we find in an analytical form the entire set of feedback
control laws that provide a given set of eigenvalues, then with the appropriate parametrization of this set, we can distinguish
a subset of robust control laws with respect to a particular factor. The basis for obtaining a parameterized solution to the
synthesis problem is the similarity transformation for the matrix of eigenvalues of the zero level of the decomposition of the
control object. The results of numerical simulation of the control of the longitudinal motion of the aircraft using synthesized
analytical laws are presented. Based on its results, the influence of the coefficient of the model is estimated, at which, for a
non-robust analytical control law, the aircraft loses stability in longitudinal motion. It is noted that the robust control law
has no restrictions with respect to the error of setting the considered coefficient of the model, which characterizes the incre-
ment of the lifting force of the aircraft from the increment of the angle of attack and the angle of inclination of the trajectory.

Keywords: longitudinal motion, hypothetical aircraft of aircraft type, mathematical model, decompositional method of
modal synthesis, system with many inputs and many outputs (MIMO-system), robust controlterminal
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