Tom 29
5(144)
2023

SIPACIE SCIENCHE
TECENOLOGY

+ | KOCMIUHA HAYKA "
il ITEXHOTIOTTS ~ "™

HAYKOBO-TIPAKTUYHWI )KYPHATT + 3ACHOBAHO BJIIOTOMY 1995p. + BUXOOWTH 6 PA3IBHAPIK + KUIB

3MICT

Kocwmiuni anapatu i KOprcHe HABAHTAXKEHHS

Pylypenko O. V., Khoroshylov S. V., Nikolayev D. O. De-
velopment of vibration protection systems of space-
craft — state of the art and perspectives..............

JIuHaMika Ta ynpaBjiiHHA KOCMIYHHUMH anapaTaMu

Konobpodos B. I'., Jluxoaim M. I., Tseyp B. M., Bacuab-
Koecvka I. 0., Konobpodoe M. C. IMOBipHicTb po3pis-
HEHHs LiJli KOHTPACTHO OOMEXEHOIO TEIJIOBi3iiiHOI0
CHCTEMOIO O€3MITOTHUKA . . . o e ovvvee e eeeeenn e

Bamoboas O. O., Kaayacuros 1. B., bapaxos K. I1., Kon-
dpamobes A. B. Orsiz i aHammi3 cydacHMX KepOBaHUX CHUC-
TE€M TOYHOTO MOBITPSIHOTO IECAHTYBAaHHS BAHTAXIB . . .

Kocmiuni MmaTepianu Ta TexHoIorii

fOpkoeé b. B., [lempenxo O. M., Acmonoscvkuii C. IO.,
Boponoscokuii JI. K., Kyaaein C. M. TlinBunieHHs1 TO4-
HOCTI MepepaxyHKy BUTPAT MOJIEJIbHOTO ra3y (Ar) y BU-
TpaTu KCEHOHY TP BUKOPUCTaHHI KaIISIPHUX ApOCe-
JIiB y cucTeMax nojavi podoydoi pevosunu EPY

Hayku npo XutTs B KOCMOCI

Kpucanosa H. B., /lyoapenko M. B., Ilacmyxoe A. O.,
Cisxko P. B., Kaaunoscvxa JI. M., Jlprox M. M., Hazapo-
eéa A. I., Il'ymuu I. 1., llnaxosuii B. B., Ilozonaxosa H. I
OLiHKa TOTEeHIiifHOT HEeWpPOaKTUBHOCTI Y HEPBOBUX
TEPMiHAJISIX TOJIOBHOTO MO3KY KOMITOHEHTA TUTaHeTap-
Horo iy ¢ynepery C60

20

33

51

CONTENTS

Spacecrafts and Payloads

Pylypenko O. V., Khoroshylov S. V., Nikolayev D. O. De-
velopment of vibration protection systems of space-
craft — state of the art and perspectives. .............

Spacecraft Dynamics and Control

Kolobrodov V. G., Lykholit M. 1., Tiagur V. M., Vasylkovs-
ka I. O., Kolobrodov M. S. Probability of target discrimi-
nation by the contrast-limited thermal vision system of a

Vambol O. O., Kaluzhynov 1. V., Barakhov K. P., Kondra-
tiev A. V. A review and analysis of existing guided preci-
Sion airdrop SyStems . . ...t

Space Materials and Technologies

Yurkov B., Petrenko O., Asmolovskyi S., Voronovskyi D.,
Kulagin §. Increasing the conversion accuracy of model
gas (Ar) consumption into xenon consumption when us-
ing capillary tubes in the working substance feed systems
of electric propulsion

Space Life Sciences

Krisanova N. V., Dudarenko M. V., Pastukhov A. O.,
Sivko R. V., Kalynovska L. M., Driuk M. M., Nazaro-
va A. G., Gutich 1. 1., Shliakhovyi V. V., Pozdnyako-
va N. G. Evaluation of the potential neuroactivity in the
brain nerve terminals of the C60 fullerene planetary dust
COMPONENT. . .ottt

33

51

© Bunageub B/ «Akanemnepionuka» HAH Ykpainu, 2023



AcTpoHoMis it acTpodizuka

Kozax I1. M., Jlyk’anux 1. B., Kosax JI. B., Cmeas O. b.
BukopucraHHs reoae3nyHoi, TeOLeHTPUYHOI Ta TOMO-
LIEHTPUYIHUX CUCTEM KOOPAMHAT Y METEOPHill aCTPOHO-
Mil Ta CYMKHMX 3aHAYAX © . oo vveveeveeeeeeennnns 69

Shatokhina S. V., Relke H., Yizhakevych O. M., And-
ruk V. M., Mullo-Abdolov A. Sh. Asteroid positions based
on the Dushanbe part of the FON project observations 79

Kompaniiets O. V. Multiwavelength properties of the low-
redshift isolated galaxies with active nuclei modelled with

CIGALE ... ... 88

Kocmiuna Hasirauis Ta 38°130K

Bykov V., Osinovyj G., Kozis K. Methods of active and
passive electronic protection small ground objects from
radiometric millimeter detection systems

IcTopis KocMiYHUX TOCITIKEHD

o 60-piuyusgs M. O. MitpaxoBa .. ..................

Astronomy and Astrophysics

Kozak P. M., Luk’yanyk 1. V., Kozak L. V., Stelya O. B.
Improving the use of geodetic, geocentric, and topocen-
tric coordinate systems in meteor astronomy and related
taSKS . .o 69

Shatokhina S. V., Relke H., Yizhakevych O. M., And-
ruk V. M., Mullo-Abdolov A. Sh. Asteroid positions based
on the Dushanbe part of the FON project observations 79

Kompaniiets O. V. Multiwavelength properties of the low-
redshift isolated galaxies with active nuclei modelled with
CIGALE . ...

Space Navigation and Communication

Bykov V., Osinovyj G., Kozis K. Methods of active and pas-
sive electronic protection small ground objects from ra-
diometric millimeter detection systems . .............

History of Space Research
To the 60th anniversary of Mukola O. Mitrakhov . .. ...

Ha nepwiti cmopinyi o6kaadunku — 3anexHictb O-C MONI0XeHb aCTePOIiB Bi/l IIBUAKOCTI 3MiHU KOOPIUHAT
(muB. crartio Shatokhina S. V., Relke H., Yizhakevych O. M., Andruk V. M., Mullo-Abdolov A. Sh. Asteroid
positions based on the Dushanbe part of the FON project observations, P. 79—87)

Kypnan «KocmiuHa Hayka i TEXHOJIOTisI» BKJIIOYEHO J10 MepetiKy HayKoBuX (haxoBUX BUAAHb YKpaiHu,
B AKX MyOJIIKYIOTbCS Pe3Y/IbTaTH JUCEPTALIHMX POOIT Ha 3100yTTS HAYKOBUX CTYIEHIB
JIOKTOpa i KaHauaaTa (i3MK0-MaTeMATHYHNX, TEXHIYHUX, 0i0JOTIYHIX, T€0IOTIYHUX TA IOPUINYHIX HAYK

Bianosizamsauii cekperap penakunii O.B. KIMMEHKO

Anpeca penakuii: 01030, Kuis-30, Bys1. Bomonumupceka, 54
Teit./dakc (044) 526-47-63, exn. moinra: reda@mao.kiev.ua
Be06-caiit: space-scitechjournal.org.ua

Cainonrso npo peectpauito KB Ne 1232 iz 2 motoro 1995 p.

IlepepeectpoBaHo MiHicTepcTBOM locTulii Ykpainu 21.11.2018 p.,

Csigourso cepist KB Ne 23700-13540 ITP

Minnucano o npyky 13.11.2023. ®opmar 84 x 108/16. TapH. HbroTOH.
YM. mpyk. apk. 11,13. O6:.-Bun. apk. 11,39. Tupax 50 mpum. 3am. Ne 7091.

Bunagsels i BurorosmoBau B/l «Akanemnepionuka» HAH Ykpainu

ByJ1. TepeleHkiBcbKa, 4, M. Kuis, 01024

CaimonrBo 1po BHeceHH: 10 JlepkaBHOTO peecTpy cy6’ekTiB BumaBHU4oi cripaBu cepii 1K Ne 544 Bin 27.07.2001 p.



KocMmivHi anapaTu | KOpUCHE HABAHTAKEHHS
Spacecrafts and Payloads

https://doi.org/10.15407 /knit2023.05.003
UDC 629.7.02

0. V. PYLYPENKO, Director, Head of Department, Academician of the National Academy of Sciences of Ukraine,

Dr. Sci. in Tech., Professor, Corresponding Member of the IAA, Honored Worker of Science and Technology of Ukraine,
Winner of State Awards in Science and Technology of Ukraine and M. K. Yangel Prize of the National Academy

of Sciences of Ukraine

ORCID.org/0000-0002-7583-4072

S. V. KHOROSHYLOV, Leading Researcher (staff), Dr. Sci. in Tech., Professor

ORCID.org/0000-0001-7648-4791

D. O. NIKOLAYEY, Postgraduate Student

ORCID.org/0000-0001-5570-6041

Institute of Technical Mechanics of the National Academy of Sciences of Ukraine and State Space Agency of Ukraine
15 Leshko-Popel Str., Dnipro, 49005 Ukraine

DEVELOPMENT OF VIBRATION PROTECTION SYSTEMS OF SPACECRAFT —
STATE OF THE ART AND PERSPECTIVES

Vibration loads on the launch vehicle and spacecraft can reach a high level, leading to abnormal and emergency situations. Therefore,
the spacecraft structure must not only support the payload and subsystems of the spacecraft but also have sufficient strength and rigid-
ity to exclude any emergencies (damage, destruction, unwanted deformations of the structure, failure and failure of instruments and
equipment) that may interfere with the success of the mission. The article aims to analyze the state of research on the design of vibration
protection systems for spacecraft launched into working orbits by modern launch vehicles. The results of this analysis will contribute
to the development of fundamental schemes of vibration protection systems and methods for effectively suppressing spacecraft spatial
vibrations.

1t is shown that the development of new promising vibration protection systems will take place in the following directions: increasing
the frequency range and damping parameters of the dynamic coupled system of “spacecraft and vibration isolation system”; changing
approach to vibration suppression of the entire spacecraft (as a whole unit) to setting up the system for damping individual (the most re-
sponsible and vibration-sensitive) spacecraft; the use the spacecraft active vibration suppression system in combination with a passive
vibration protection system, use of schematic diagrams of spacecraft vibration protection systems with the introduction of hydraulic,
electromagnetic and mechanical functional elements in order to increase the efficiency of vibration isolation systems; active suppres-
sion of random vibrations in outer space during the operation of various spacecraft systems (due to disturbances from engines of orbit
correction systems, etc.); using the adapter structure to perform the functions of a passive vibration protection system of the spacecraft.

Keywords: spacecraft safety, launch environment; vibration loads; launch vehicles; acoustics; random vibration; vibration isolation;
control system algorithms; space flight, liquid rockets.
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1. INTRODUCTION

The global space engineering field’s operations were
drastically altered with the beginning of the New
Space paradigm. The New Space requires com-
mercialization, which leads to changing the central
driving role from government-funded organizations
to privately owned ones. As SpaceX and many oth-
er private companies have proved, getting the com-
mercial value to push more investment into the space
sector requires more efficient and cheaper designing
and development processes [29].

Higher mobile Internet speed or improvement in
the harvest prediction quality has its own cost, which
depends on the delivery cost of the satellite to orbit.
Reducing the cost by launching multiple small satel-
lites together is the way the space industry goes. More
satellites per launch decrease the cost of spacecraft
delivery to orbit. However, different factors block the
progress here, and the satellites/spacecraft’s struc-
ture and ability to handle dynamic loads during the
launch phase is one of them.

The active phase of the flight of launch vehicles
(LV) is characterized by the development of various
kinds of vibrations of the LV structure, which are

<«——  Aerodynamic forces
on the launch vehicle fairing

Information from spacecraft
vibration sensors

Computer processing
information about
the current values

Activators of the active system
of vibration protection of spacecraft

N\

| Spacecraft control system

of spacecraft vibrations

- Liquid propellant propulsion
system thrust fluctuations

Figure 1. Interaction of functional modules of the spacecraft
vibration isolation system with the launch vehicle control
system
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transmitted through its interface to the spacecraft
(SC). Due to various reasons, these vibrations appear
in the low and high-frequency ranges. Vibration is
a harmful factor both for its source (i.e., mainly for
the rocket propulsion system itself) and for the ob-
ject of application of the force action — the launch
vehicle body, which includes a spacecraft launched
into working orbits with complex, expensive instru-
ments and sensitive to vibrations by equipment [13].
Vibration loads on the structure of the launch ve-
hicle and spacecraft can reach a high level and lead
to abnormalities and emergencies [4, 13]. Therefore,
the structure of a spacecraft with an adapter must
not only support the payload and subsystems of the
spacecraft but also have sufficient strength and rigid-
ity to exclude any emergencies (damage, destruc-
tion, unwanted deformations of the structure, failure
and failure of instruments, and equipment) that may
interfere with success missions. Furthermore, the
spacecraft must resist the actual action of all vibra-
tion loads. Therefore, its structure, components, and
measuring instruments must be designed so that vi-
bration indicators are minimal in a wide frequency
range [12, 21, 27, 46, 47].

Maintaining the operability and operational char-
acteristics of various spacecraft systems [15, 20, 30,
39, 48] during their launch into a working orbit and
during their operation in orbit is no less difficult de-
sign task in comparison with the task of ensuring the
integrity and strength of the spacecraft.

Moreover, when a spacecraft moves along an or-
bit in zero gravity (due to the low level of dissipative
forces), disturbances from the operation of rocket sys-
tems (for example, from engines of spacecraft motion
correction systems) can lead to the development of
long-term oscillatory movements of optical cameras
and spatial modules of solar batteries. When a satellite
is in orbit, micro-vibration generated by its actuators
(such as the launch and operation of orbit correction
system engines, deployable mechanisms, and other
factors) will affect the imaging quality of the camera
[15]. Such oscillatory elements of the spacecraft are
subject to damping by artificially introducing dissipa-
tion into the vibration isolation system. The isolation
system active type KA can effectively reduce the reac-
tion wheel micro-vibrations on the camera and subse-
quently increase the image quality [23].
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Spacecraft vibration protection systems are un-
doubtedly necessary in a critical case when, based on
the results of ground tests of the spacecraft (taking
into account the forecasts of dynamic vibration ac-
celerations of the rocket), the spacecraft designers
concluded that it is impossible to meet the require-
ments for the spacecraft in terms of strength stan-
dards [1, 2, 26, 39].

In the theory of vibration protection systems (see,
for example, [14, 19, 24, 42]), methods and means
of protection against vibration are classified. By this
classification, methods that reduce vibration trans-
mission by using additional devices built into the
structure of machines and building structures are
divided according to the principle of their action:
vibration isolation methods and vibration damping
methods. Using an additional energy source, vibra-
tion isolation methods are divided into passive vibra-
tion isolation methods and active vibration isolation
methods. According to the type of dynamic impact,
they are divided into methods of power vibration iso-
lation and kinematic vibration isolation [23]. Finally,
according to the principle of operation, vibration
dampers are classified into shock vibration dampers,
dynamic vibration dampers, spring pendulum, ec-
centric, hydraulic, and others.

Modern launch vehicles, as a rule, launch several
dozen spacecraft of various types into working or-
bits (in particular, a record number of 149 low-mass
spacecraft were simultaneously launched by the In-
dian launch vehicle PSLV [32]). Such spacecraft are
attached to a specially designed adapter (dispenser).
The vibration amplitudes of a particular spacecraft
will also depend on the mechanical characteristics of
the dispenser and the parameters of the fastening of
the spacecraft. Thrust oscillations of launch vehicle
engines, leading to spacecraft vibrations, can also of-
ten be difficult to predict in terms of amplitudes and
frequencies of oscillations, depending on the launch
conditions of the launch vehicle, and may differ
from the experimental values recorded in bench tests
[2, 3,8, 33, 35].

Under these conditions, it is advisable to use ac-
tive (or semi-active) means of suppressing vibrations
of the spacecraft (for example, the active vibration
isolation system of the Chinese launch vehicle [43],
the vibration isolation system of the Arian-5 launch

vehicle [37]), in which the vibration parameters of
specific spacecraft during the flight of the launch
vehicle are processed (analyzed using specially de-
veloped computer algorithms) in the launch vehicle
control system and then transferred to the activators
of the vibration isolation system of the spacecraft,
i.e., the vibration isolation system is actively tuned to
the parameters required at the moment. Fig. 1 shows
a schematic diagram of the interaction of functional
modules of such a vibration isolation system with
spacecraft vehicle systems.

The article aims to analyze the state of research on
the design of vibration protection systems for space-
craft launched into working orbits by modern launch
vehicles. The results of this analysis will contribute to
the development of fundamental schemes of vibra-
tion protection systems and methods for effectively
suppressing spacecraft spatial vibrations.

2. FLIGHT DYNAMIC LOADS FROM THE SIDE
OF THE MODERN LAUNCH VEHICLES

FOR THE DESIGN AND EXPERIMENTAL
TESTING OF SPACECRAFT

When choosing the parameters and developing the
vibration protection system, they primarily rely on
the data of flight tests of the launch vehicle, based
on which the acting loads on the spacecraft are de-
termined [1, 39] during the launch and flight of the
launch vehicle, on the results of numerous vibration
tests of the spacecraft on unique stands [13, 26, 29].
When processing the vibration protection system, it
must be taken into account that during ground tests
of the spacecraft, the dynamic characteristics of the
system with the spacecraft are almost impossible to
fully reproduce since the dissipative forces and sur-
face tension forces realized in flight under micro-
gravity conditions will be somewhat different than
under the conditions of the earth gravity [3].

High levels of vibrations of the structure of the
launch vehicle with the spacecraft are usually recorded
during the launch of the launch vehicle, the start and
stop of its engines, the separation of stages, the sepa-
ration of the ejected compartments, tanks, and asso-
ciated payloads, during transient processes associated
with a change in the engine operating mode (Fig. 2
shows an example the longitudinal components of vi-
bration accelerations of the launch vehicle).

ISSN 1561-8889. Kocmiuna nayka i mexnonoeis. 2023. T. 29. No 5 5



0. V. Pylypenko, S. V. Khoroshylov, D. O. Nikolayev

-

Longitudinal accelerations, g

|
Flight time, s

Figure 2. Representation of the dependence of the longitudi-
nal accelerations of the spacecraft structure on the flight time
of the launch vehicle, recorded in the low-frequency range in
steady and transient modes during its launch by a three-stage
launch vehicle with a rocket engine (/, 2 — start and stop
the propulsion system of the first stage of the launch vehicle,
3 — stop the operation of the propulsion system of the second
stage of the launch vehicle, 4 — transient processes, 5 — site
of active flight of a launch vehicle with a working propulsion
system of the third stage)
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Figure 3. Quasi-static and dynamic loads acting on the
spacecraft during its launch into an orbit in various frequency
ranges and implemented during vibration testing of spacecraft
of various types and masses
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During the launch and flight of the launch vehicle,
the following dynamic and static loads act on the
spacecraft [12]:

e quasi-static overloads (during liftoff and launch
into orbit),

* harmonic (quasi-harmonic) vibrations during
transient processes (when launching into orbit),

e random vibrations caused by oscillations of an
irregular nature (while launching into orbit),

* acoustic loads (when launching into orbit),

e shock loads (shocks) — impulsive vibration im-
pacts caused by the effects of shock waves arising from
the operation of pyrotechnic devices (during the sep-
aration of the fairing and the third stage, during the
separation of the spacecraft from the launch vehicle).

The cause of spacecraft vibrations can also be
longitudinal vibrations of a liquid launch vehicle
(POGO) [33, 34] or pressure oscillations in a solid
rocket engine [8], oscillations of the free surface of
the liquid in the fuel tanks of a liquid launch vehicle
[12], the action of pyrotechnic systems [17, 35], wind
action, turbulent disturbances, and aerodynamic
forces during the flight of a launch vehicle in dense
layers of the atmosphere [13].

The vibration levels of a spacecraft during its
launch into a working orbit [20, 39, 46] are mainly
determined in several frequency ranges (Fig. 3):

a) vibrations of the launch vehicle structure dur-
ing transient processes (with frequencies less than 80
Hz) due to changes in the parameters of the working
processes in the rocket engine,

b) random vibrations and acoustic loads — with
frequencies from 20 to 2000 Hz,

¢) shock loads — vibrations with frequencies from
100 to 10000 Hz due to the pyrotechnic effects of
shock waves.

Vibration loads during transient processes (dur-
ing launch, a transition from one propulsion system
(PS) thrust mode to another, engine shutdown, stage
decoupling) are decisive for the design of the main
power structures of the spacecraft: elements of the
spacecraft to be withdrawn, supports, solar panels,
and antennas, fixtures for measuring instruments and
others. In addition, random vibration loads drive the
design of lightweight spacecraft structures such as an-
tennas and solar panels. Finally, the shock load im-
pact amount is essential for the design of electronic
components and instrumentation.

The basis for calculating the structure of the space-
craft [3, 20, 39] is the determination of the static and
dynamic loads acting on the spacecraft during the
flight of the launch vehicle, the design verification,
and the experimental testing of strength. At the same
time, optimizing the spacecraft should also reduce its
size and cost.

Typical technical requirements for the spacecraft
structure relate to the following items [46]:
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— structural strength,

— stiffness,

— mass properties,

— dynamic characteristics of the structure,

— the range of vibration accelerations and dis-
placements of spacecraft structural elements in the
longitudinal and transverse directions (dynamic en-
velope [42]),

— damping,

— interface (connection of the spacecraft with the
launch vehicle).

The strength of the spacecraft structure is con-
firmed by the conclusion on static strength, made
based on the results of static tests, and the conclusion
on vibration strength, based on the results of dynam-
ic tests [4, 7, 9].

According to [4, 13], the development of the
spacecraft vibration strength is carried out by its dy-
namic tests at various levels of filling the tanks with
propellants (or its simulators), as well as admissible
(in terms of testing safety) pressurization. Vibration
tests are carried out on the complete spacecraft or its
compartments and units, equipped with standard on-
board systems, instruments, and units (or their over-
all mass models). As a margin of safety, it is advisable
to test the spacecraft for a combination of maximum
loads [45].

Vibro-strength tests of the spacecraft for flight load-
ing cases are carried out for harmonic vibration (in the
frequency range from 5 to 20 Hz) and random vibra-
tion (in the frequency range from 20 to 2000 Hz) [13,
46]. Equivalent harmonic vibration tests may replace
random vibration tests. If spacecraft acoustic tests are
provided, vibration strength tests are carried out only
for harmonic vibration at frequencies up to 100 Hz.

In order to determine the resonant frequencies
of the spacecraft and its components, as well as to
confirm the safety of the structure during vibration
strength tests (an essential criterion for safety is the
absence of a shift in the resonant frequencies of the
spacecraft structure relative to their original posi-
tion), before and after vibration strength tests, tests
are carried out to determine the amplitude-frequency
characteristics spacecraft (i.e., the SC is loaded with
harmonic vibration of a trim level). These resonant
frequencies (natural frequencies of the spacecraft)
must be within the appropriate frequency range to

ISSN 1561-8889. Kocmiuna nayka i mexnonoeis. 2023. T. 29. No 5

prevent dynamic coupling with main excitation fre-
quencies.

The spacecraft’s rigidity, dissipative and mass char-
acteristics determine its natural oscillation frequen-
cies. The values of these parameters are interrelated:
giving the structure additional rigidity increases its
strength but, at the same time, increases its weight
and natural frequencies. In this regard, the choice of
the values of these parameters results from a complex
compromise solution: the rigidity of the spacecraft
structure must be sufficient to provide the necessary
strength but not too high to not lead to a significant
increase in the mass of the spacecraft. At the same
time, the rigidity of the spacecraft must ensure a par-
ticular localization of the dominant natural frequen-
cies of the spacecraft, such that these frequencies are
outside the ranges in which the main excitation fre-
quencies are located (in particular, the frequencies of
POGO oscillations of a liquid launch vehicle). As for
the damping parameters of the spacecraft structure,
their values are determined based on the results of ex-
perimental studies of the developed spacecraft or its
prototypes. In the absence of experimental data, the
relative damping is assumed to be equal to the level
of weakly damped systems, i.e., from 0.01 to 0.02 (or
1—2 % of a critical value of the damping factor).

3. THE STATE OF DEVELOPMENT OF VIBRATION
PROTECTION SYSTEMS FOR SPACECRAFT
LAUNCHED INTO WORKING ORBITS

BY MODERN LAUNCH VEHICLES

For spacecraft vibration isolation, several developed
vibration protection systems (for example, [6, 37,
43,47, 48]) are currently designed and offered in the
space services market. They use various workflow
management systems in vibration protection sys-
tems. Let us consider the primarily developed space-
craft vibration isolation systems, which are interest-
ing for their design solutions and have characteristics
verified by experimental data.

3.1. Active vibration isolation systems. The papers
[43, 44] present an active vibration isolation system
WSVI of a spacecraft, which is installed between the
adapter and the spacecraft to prevent damage to the
spacecraft during the launch of the spacecraft into or-
bit. The WSVI system consists of support leaf springs
(Fig. 4), coil motors (VCM), and actuator supports
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Figure 4. The layout diagram of the WSVI system (a: 1 — fair-
ing, 2 — spacecraft, 3 — WSVI system, 4 — adaptor) and the
layout of the supporting leaf springs on the KA adapter (b:
5 — supporting leaf spring, 6 — VCM, 7 — support)

Figure 5. Schematic diagram of solenoid coil motors (VCM)
and actuator supports of the WSVI system (/ — soft iron, 2—
magnet, 3 — steel, 4 — mover, 5 — liner bearing, 6 — coil
support, 7 — coil)

(Fig. 5). Based on the electromagnetism theorem,
the VCM electromagnetic drive was converted into
a viscous damper (Fig. 5). In the actuator, the par-
ticular shape and configuration of the permanent
steel magnet contribute to the formation of a regular
magnetic field, where the magnetic field line mainly
passes through sections I and II (Fig. 5) when cross-
ing the air gap. Furthermore, magnetic steel with
high magnetic permeability restrains the magnetic
field line’s spread, preventing its divergence.

The insulation performance of the WSVI system
has been verified through simulation and experi-
ment. The authors created a dynamic WSVI device
model to evaluate system performance. The dynamic

8

characteristics and responses to external excitation of
a spacecraft with a WSVI installed on it are studied.

On an experimental device, frequency-varying
sinusoidal vibration tests were carried out in both
transverse and longitudinal directions to determine
the insulation performance of the proposed WSVI
system. As a result of the experimental study, it was
determined that in the case of a lateral experiment,
the amplitude at the resonance peak significantly de-
creased from 29.15 to 11.23 m/s2. On the other hand,
in the case of a longitudinal experiment, the response
at the system’s resonant frequency decreases from
88.88 to 27.46 m/s? due to the contribution of elec-
tromagnetic damping.

The designed WSVI device takes up little space, is
light in weight, and also satisfies the design require-
ments for vibration isolation without changing the
design of the payload adapter fitting. In addition,
the test results show that the new WSVI device can
significantly reduce the amplitude of the spacecraft
vibration response, which is suitable for suppressing
spacecraft vibration.

It should be noted that even in the last century,
the concept of using magnetohydrodynamic (MHD)
effects [36] was proposed in the problems of orien-
tation and stabilization of rotating spacecraft with
elastic elements such as whip antennas and solar bat-
teries and with tanks partially filled with propellant
components. The proposed MHD element in the
form of a torus with a highly electrically conductive
magnetized fluid, being included in the spacecraft at-
titude control loop, opens up the possibility of creat-
ing hingeless (unlike flywheel systems and gyrodines)
systems of uniaxial orientation that do not require the
expenditure of a working fluid. Fundamentally close
to those described above are the design solutions pro-
posed by the author of this direction for suppressing
spacecraft vibrations caused by POGO vibrations of
a liquid rocket.

In the work (Fei et al. [10]), the authors explored
an active technology for vibration isolation of an en-
tire spacecraft based on predictive control during a
launch vehicle flight. Fig. 6 is a schematic diagram
of the active control of the system. Considering the
rocket design’s special conditions, a pneumatic-type
vibration isolation system is used here. Furthermore,
to improve the dynamic performance of the isolation
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Figure 6. Schematic diagram of the active control of the spacecraft vibration isolation system

Figure 7. From left to right: @ — the concept of an active isolator (/ — payload, 2 — launcher, 3 — metallic suspension, 4 — force
transducer, 5 — piezoelectric actuator); b — image of an APA 100 M linear piezoelectric actuator from Cedrat Technologies
used for experiments (one piezoelectric unit is used as a force sensor and the other as an actuator); ¢ — simplified model of one

degree of freedom payload mounted on such an insulator

system, a cascade control with a two-loop structure
and a predictive control algorithm for monitoring the
pressure in the internal loop of the system are pro-
posed. The developed pneumatic servo system dem-
onstrated strong non-linearity. Moreover, to solve this
problem, this paper proposes and applies the meth-
od of multi-model control in combination with the
MPC (model predictive control) model, where the
piecewise linear models on which the controllers are
built are obtained by integrating models with data at
operating points. Furthermore, a strategy for switch-
ing to the lead is proposed to increase the tracking
speed, the feasibility and effectiveness of which have
been proven experimentally. In addition, by “reset-
ting” the forecast horizon and weight matrices of
the MPC algorithm, the impact of a significant time
delay caused by a long pipeline on the performance
of the control system is effectively suppressed. These
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recently proposed approaches significantly improve
pressure-tracking performance. Thus, with this de-
sign, real-time monitoring of system pressure can be
guaranteed, and, therefore, the authors believe that
the active control system can operate in a higher fre-
quency range.

In [41], A. Souleille et al. showed that installing
passive spacecraft vibration isolators could harm the
amplification of the spacecraft’s low-frequency os-
cillatory movements due to suspension resonances.
This paper introduces a new concept of active at-
tachment for acrospace cargo (see Fig. 7 for an active
insulator concept). Although the mount is easy to
install on the launch vehicle for spacecraft vibration
isolation, it serves two purposes.

The first goal is a high level of damping of both
suspension dynamics resonances and system elastic-
ity resonances without compromising the isolation
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Figure 8. Schematic diagram of the active vibration damping
system of the space platform

and large stability margins of the closed-loop system
due to the co-location of the actuator and sensor.
The second is a broadband reduction in the dynamic
force transmitted to the payload, achieved at 16 dB.
The presented concept was investigated numerically
and experimentally on an insulator with one degree
of freedom. A commercial insulator was chosen for
the demonstration. Experimental testing on test
benches with multiple degrees of freedom has shown
that force feedback can dampen both suspended and
elastic modes (the first and second modes, respec-
tively) and significantly reduce the transmitted force
in some wide frequency ranges.

A space platform’s active vibration damping sys-
tem, presented by Joseph V. Fedor in a US patent [9],
is proposed for oscillatory movements while bend-
ing in two orthogonal directions. During torsion of
flexible ends of the platform in each of three mutu-
ally perpendicular axes (the principle diagram of the
active system operation is presented in Fig. 8). The
system components for each axis include an acceler-
ometer, a signal filtering and processing device, and
a DC motor.

The torque of the motor, when driven by a volt-
age proportional to the relative speed of the vibrat-
ing tip, generates a reactive torque to counteract and,
therefore, damp vibration at a certain modal velocity.
Thus, with a single sensor/actuator pair, it is intended
to damp several vibration modes. Furthermore, when
a three-axis damper is located on each of the main
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platform ledges, all kinds of vibrations of the system
can be effectively damped.

Samuel W. Sirlin [40] notes that the guidance re-
quirements for space science payloads will become in-
creasingly stringent. However, for cost-effectiveness
reasons, the trend will move away from free-flying
single payload spacecraft towards large multipurpose
spacecraft. In the face of such a demanding dynamic
environment, future space stations will host attached
payloads, some of whose guidance requirements ap-
proach those of free-flying space telescopes. This
publication describes the developed finite element
model of the active soft attachment of the spacecraft,
which is controlled based on a piezoelectric polymer
polyvinylidene fluoride. The model includes geo-
metric nonlinearities associated with the possibility
of a large deflection of the soft mount. This model
is combined with a simple space station model, and
then simulations are performed in both linear fre-
quency and time domains. The possibilities of broad-
band interference suppression are demonstrated in
the frequency domain and the nominal mode.

The study [49] presents a new active variable vi-
bration isolator (AVS-VI) used as a vibration isola-
tion device to reduce excessive vibration of the entire
spacecraft isolation system. The AVS-VI consists of
a horizontal spring, a positive spring, a parallelo-
gram linkage, a piezoelectric actuator, an accelera-
tion sensor, viscoelastic damping, and an active PID
controller. Based on AVS-VI, the generalized vibra-
tion transmissibility, determined by the non-linear
output frequency characteristics and energy absorp-
tion coefficient, is applied to analyze the isolation
characteristics of the entire spacecraft system using
AVS-VI. AVS-VI can perform variable severity adap-
tive vibration suppression for the entire spacecraft
system, and the analysis results show that AVS-VI
effectively reduces the extravagant vibration of the
entire spacecraft system, where vibration isolation is
reduced to more than 65 % under various accelera-
tion excitations. Finally, various AVS-VI parameters
are considered to optimize the entire spacecraft sys-
tem based on the generalized vibration transfer and
energy absorption rate.

The right software for active vibration control is
crucial as it affects the system’s overall performance,
including sensors and actuators’ optimal utiliza-
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tion, without compromising any other mechanical
or structural parameters. Modern software platforms
are essential in designing and implementing active
vibration control systems. The main functions of
these software platforms are simulation and model-
ing, controller design, real-time control and system
monitoring [28].

3.2. Semi-active vibration isolation systems. A study
by Behzad Jafari [18] aims to analyze the feasibil-
ity of implementing a semi-active system instead of
a passive one and compare its potential benefits in
attenuating the transmission to sensitive spacecraft
components during the launch phase.

First, a passive system was studied, and a tech-
nique for optimizing the design in the frequency and
time domains was formulated. The optimized passive
system is then used as the basis for comparing the
performance of the active system.

Semi-active control strategies based on Skyhook
(SH) and combined damping control (Skyhook and
Acceleration Driven Damping, SH-ADD) have been
used to control the damping of the insulator between
the spacecraft and launch vehicle to dampen vibra-
tion. The results showed that the semi-active system
has a significant advantage over the passive system
in attenuating vibrations when the excitations are
harmonic or narrowband. However, the results were
not as promising with random broadband excita-
tion (which is a realistic model of the excitations a
spacecraft experiences during launch). This calls into
question the practical effectiveness of using a semi-
active system in the entire spacecraft vibration isola-
tion system. Further research work with experimen-
tal tests is needed to test whether semi-active systems
can have practical applications in the entire space-
craft insulation system.

R. G. Cobb [7] describes the design and field test-
ing of a Vibration Isolation and Suppression System
(VISS) that can be used to isolate precision payloads
from spacecraft interference.

VISS uses six hybrid isolation struts in a hexapod
configuration. The centerpiece of this concept is
a new hybrid drive concept that provides both pas-
sive isolation and active damping (Fig. 9). Passive
isolation is provided by the flight-proven D-shaped
design. An active voice coil system complements
the passive design. The active system is used to im-
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Figure 9. Schematic
diagram of the Semi- m
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prove the performance of the passive isolation sys-
tem at lower frequencies and provide payload control
capability.

3.3. Passive (without feedback from the launch vehi-
cle control system) spacecraft vibration protection sys-
tems. The passive vibration isolating system includes
the pneumatic vibration protection system of the
spacecraft [30, 31]. The pneumatic system protects
the spacecraft from longitudinal vibration loads dur-
ing its launch into working orbits. The main compo-
nent of the vibration protection system is the elastic-
dissipative module. In addition, guide elements are
used to ensure one-dimensional movement of the
vibration protection system structure along the lon-
gitudinal axis of the launch vehicle.

Mathematical modeling of the low-frequency dy-
namics of the vibration protection system with space-
craft has been performed. It is shown that the instal-
lation of a vibration protection system between the
upper stage of the launch vehicle and the spacecraft
provides a reduction in the level of longitudinal vibra-
tion loads on the spacecraft in the frequency range
from 5 to 100 Hz by a factor of two or more, which
meets the requirements set by the spacecraft develop-
ers. Fig.10 contains the results of mathematical mod-
eling of longitudinal vibration accelerations of space-
craft of various masses during launch and flight of the
launch vehicle (during the operation of the propulsion
system of the first stage), obtained using experimen-
tally confirmed models of the dynamics of vibration
protection modules of the spacecraft (where z is the
amplitude of the coordinate of the center of mass of
the spacecraft, ¢ is the amplitude of the base coordi-
nate vibration protection module during its harmonic
excitation). As follows from the figure, installing this
spacecraft vibration protection system on this launch
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Figure 10. Gain coefficients (a) of the elastic-dissipative module of the vibration protection system in terms of displacement z/g
at various static overloads of the spacecraft (10.8g, 5.0g, 2.5g) and the results (b) of determining the calculated maximum level of
spacecraft vibration loads during launch and LV flight (4,, is the upper envelope of vibration accelerations in the section of the
upper frame of the LV structure, A4, is the upper envelope of vibration accelerations in the section of the center of mass of the

spacecraft for spacecraft masses of 4000, 2500, 1200, 400 kg)

vehicle reduces the maximum level of spacecraft vi-
bration loads by three or more times.

Given the efficiency of this passive vibration pro-
tection system, its use will significantly expand the
possibilities of launching spacecraft for various pur-
poses into working orbits and increase the competi-
tiveness of launch vehicles with a vibration protec-
tion system in the global space services market.

Based on research by Park et al. [29], a triaxial
passive launch vibration isolation system based on
shape memory alloy (SMA) technology was devel-
oped to significantly attenuate launch dynamic loads
transmitted to small-weight spacecraft. This provides
excellent damping performance with super-elastic
SMA blades reinforced with multi-layered thin plates
with viscous lamellar adhesive layers of acrylic tape
(Fig. 11).

The main characteristics of the proposed insula-
tion system with different amounts of viscoelastic
laminates were obtained from a static load test. In ad-
dition, the performance of the design has been vali-
dated under start-up conditions simulating sine and
random vibration tests.

The design of systems with passive isolation is often
carried out “on one axis”, while the performance re-
quirements have several degrees of freedom for most
applications. [16] performed a six-by-six channel
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gain optimization that required a deep understand-
ing of the underlying system perturbations, payload
performance needs, envelope constraints, and mass/
cost weighting. It is shown that the analysis of singu-
lar values of the noise transfer function matrix in the
frequency domain is effective in constructing a single
curve for multiaxial isolation. Various passive isolation
limitations are listed as limitations on the optimiza-
tion process. The results of the design analysis and
optimization of the kinematic hexagonal (six support)
installation of a hypothetical commercial payload of a
laser communication terminal are presented.

CSA Engineering, Inc. [25] performed analy-
sis, design, and testing for the Los Alamos National
Laboratory as part of the FORTE spacecraft vibra-
tion reduction program. The technical goal of the
work was to reduce the response to the location of
payload elements when exposed to the dynamic load
associated with launch and proto-qualification tests.
The end product of the work was a set of viscoelas-
tic struts that were fabricated, tested, and installed
in the FORTE design. CSA developed the Nastran
finite element model of the FORTE design, worked
with LANL to select the best approach to implement
passive damping, performed analytical trade studies
using the system FE model and the strut FE model to
determine the best viscoelastic strut design configu-
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Figure 11. Configuration of the Proposed WSVI (¢ — Isometric View, b — Inside View)

ration, performed material testing, fabrication assis-
tance struts, perform direct comprehensive strut stiff-
ness tests, and help evaluate strut performance based
on random vibration test measurements. The addi-
tion of viscoelastic struts bogged down the dynamics
of the decks, and shearing the viscoelastic material
dissipated vibrational energy in a critical frequency
band and reduced the vibrational response on key
spacecraft components.

Viscoelastic struts were used with force-limited vi-
bration testing, special brackets modified to provide
isolation, and altered system mass distribution to
successfully reduce FORTE vibration.

The paper [47] demonstrates the possibility of
protecting a spacecraft from dynamic loads using
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vibration and shock isolation systems for the entire
spacecraft. The basic concept of isolating the entire
spacecraft is to isolate the entire spacecraft from
the dynamics of the launch vehicle. Two different
systems are considered here: the SoftRide system,
a low-frequency (10—50 Hz) isolation system, and
the ShockRing system, designed to attenuate high-
frequency loads (70 Hz and above), including shock
loads. All seven flights of the CSA SoftRide systems
(the layout of the vibration isolation system can be
judged from the photo in Fig. 12) demonstrated ex-
cellent load reduction when analyzed by coupled
loads and confirmed by flight telemetry data. In par-
ticular, Fig. 13 shows the flight data of vibration ac-
celerations before and after the SoftRide vibration
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Figure 12. Element of the SoftRide vibration isolation system
and the arrangement of these elements on the KA adapter
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Figure 13. STEX flight data — below and above isolators for
the Taurus/STEX SoftRide isolation system

isolators during the launch of the STEX spacecraft by
the Taurus launch vehicle.

Component testing was performed on the Shock-
Ring using a specially designed air gun that can
generate 10000 g on the test item. These tests dem-
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onstrate a significant reduction in the shock load
transferred to the payload. Next, the results of system
tests, consisting of a spacecraft simulator, payload
attachments, an avionics section, and a shock plate,
are discussed. The system tests used pyrotechnic de-
vices to achieve high test impact levels. Finally, the
flight data of the first flight will be discussed.

Atrticle [5] reviews the latest vibration defense sys-
tems of spacecraft payload for further possible use
in suborbital missions of reusable launch vehicles. A
brief description of the vibroacoustic environment
of the Orbital Science and Kistler Aerospace small
launch vehicles indicates the deep level of random
vibrations, shocks, and acoustics that the payload
must withstand. The same random oscillations were
found in the entire family of sounding rockets: Black
Brant, Orion, Nike-Orion, Taurus-Orion, and Terri-
er-Orion. This review also presents recent flight ex-
periments designed to test isolation systems at launch
or in orbit. While in-orbit vibration isolation systems
have been active-passive systems that have recently
used bright designs and new control algorithms, in-
cluding those based on adaptive neural networks,
launch isolation systems have evolved from passive
to active-passive systems, which have recently been
tested during the VALPE-2 experiment. Active-pas-
sive launch systems provided a 10-fold reduction in
vibration versus the 5 to 1 provided by passive sys-
tems. In addition, active-passive systems in orbit re-
duced vibration by about ten times.

The paper [50] explores a method for evaluating
the characteristics of vibration isolation of discrete
vibration isolation of flexible spacecraft. First, a dy-
namic model of a discrete integral spacecraft system
has been constructed, and a reduction of the mod-
el has been proposed. The analysis of the vibration
isolation method of vibration transmission from the
vibration isolator to the satellite is discussed. The es-
timation method is then studied from the perspective
of simulation and experiment, and the results show
that the theoretical analysis is correct. Next, a meth-
od for estimating the power flow of a discrete integral
spacecraft of a flexible spacecraft is presented. Based
on the study of the power flow of vibration isolation,
it is shown that the proposed method complements
the shortcomings of vibration transmission. Finally,
it is proposed to evaluate vibration isolation perfor-
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mance by combining the vibration transmission at
some key points in the satellite and the power flow of
the vibration isolator.

Dynamic launch loads are the driving force behind
the structure of any spacecraft, but they can be espe-
cially significant for small spacecraft on solid rocket
launchers [11]. In this case, we often have an unen-
viable combination of demanding launch loads and
sensitive spacecraft components in the form of unique
scientific or remote sensing instruments. Passive vi-
bration isolation of the entire spacecraft has proven
to be a valuable tool in reducing these dynamic loads,
thus reducing the overall risk of mission success. The
NASA Orbiting Carbon Observatory (OCQO) mission
will use the flight-tested CSA Engineering SoftRide
passive containment system during the launch.

Hamilton Sundstrand Sensor Systems made the
payload for scientific instruments. NASA’s Kennedy
Space Center managed the acquisition of the Taurus
launch vehicle built by Orbital Sciences Corporation
and the SoftRide vibration isolation system built by
CSA Engineering. The OCO spacecraft was dynami-
cally tested on the SoftRide UniFlex insulation sys-
tem under the “test in flight” philosophy. A few of
the 12 satellites that used SoftRide on the Pegasus,
Taurus, Minotaur, and Atlas V launch spacecraft in-
cluded the SoftRide isolation system in the spacecraft
level vibration tests. Testing at the spacecraft level
with an isolation system presents unique challenges
that do not arise during conventional vibration tests
at the level of an uninsulated spacecraft. Therefore,
the development of the OCO vibration test has been
done, focusing on how the inclusion of the Soft-ride
system has influenced this development. Test results
show how the spacecraft/SoftRide system responded
during testing. During the vibration tests, unique
problems arose with the control of the low-frequency
vibration-isolated system.

The SoftRide entire spacecraft isolation system
was selected for implementation on the OSTM/
Jason 2 mission based on the likelihood of meeting
load reduction criteria and cost and timing consid-
erations. Reference [22] provides a) an overview of
the study that resulted in the selection of SoftRide,
b) the process of designing, analyzing, and testing the
SoftRide system, as well as some of the design prob-
lems and their solutions, and ¢) a summary of the
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KSC/JPL independent risk assessment-associated
with the SoftRide program. The SoftRide solution
for OSTM/Jason 2 demonstrated the adequacy of
the legacy qualification for the launch configuration.
Along with some design problems and their solu-
tions, and ¢) a summary of KSC/JPL’s independent
assessment of the risks associated with the SoftRide
program. The SoftRide solution for OSTM/Jason 2
made it possible to demonstrate the adequacy of the
legacy launch qualifications for the launch configu-
ration. Along with some design problems and their
solutions, and c) a summary of KSC/JPL’s indepen-
dent assessment of the risks associated with the Soft-
Ride program. The SoftRide solution for OSTM/
Jason 2 demonstrated the adequacy of the legacy
qualification for the launch configuration.

It is known that the traditional payload attach-
ment (PAF) fitting does not provide any vibration
isolation due to its high rigidity. The paper [3] theo-
retically investigates the vibration isolation of the en-
tire spacecraft as a direct and practical approach to
ensuring the successful launch and orbital placement
of a spacecraft. Given the stiffness and vibration iso-
lation design issues that most concern designers, the
Spacecraft Vibration Isolator (WSVI) study consists
of two parts. The stiffness characteristic is studied
with reliability analysis and experimental data in the
first part. Concerning WSVI, a study was made on
the function of ribs to impart rigidity and damping
to vibration isolators. The second part discusses the
problems caused by stiffness changes. Simulated and
experimental data show that the transmission coeffi-
cients combined with the stiffness can be reduced by
installing a vibration isolator between the spacecraft
and the launch vehicle.

4. DISCUSSION

The considered examples of active and passive sup-
pression of spacecraft vibrations in the active part of
the Launch Vehicle flight trajectory showed the need
to take into account, when designing vibration isolat-
ing systems, the requirements for their performance
during oscillatory movements of the spacecraft in
several degrees of freedom (such requirements are set
out, for example, in [41]).

As follows from the analysis of the above works
on the dynamics of vibration-isolated spacecraft
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systems, when designing a spacecraft as a mechani-
cal system, circumstances and phenomena may not
be completely determined, leading in some cases to
a loss of strength and performance of both the entire
spacecraft and during the operation of its tools on
orbit. The uncertainty of the dynamic characteris-
tics of the spacecraft exists in the case of launch-
ing numerous spacecraft of different customers. In
this case, active means of suppressing spacecraft
vibrations should be developed, considering pos-
sible resonance phenomena in the dynamic system
“adapter-spacecraft” that were not detected during
ground tests.

Some problems of physical and mathematical
modeling of working processes in vibration protec-
tion systems remain unresolved. In particular, in the
conditions of airless space and weightlessness, spatial
oscillations of the spacecraft can be carried out with
vibration damping different from the work of damp-
ing forces under conditions of ground vibration tests
[38]. Therefore, this phenomenon must be consid-
ered when analyzing and generalizing the results of
the experimental determination of the characteristics
of the vibration protection system [1].

Problems remain in designing a vibration protec-
tion system to achieve the required quality of passive
vibration suppression with a minimum spacecraft
weight. At the same time, in the case of suppression
of high-frequency vibrations of the spacecraft [44]
using electromagnetic activators (active vibration
isolating systems), the need to introduce additional
elastic forces into the system (i.e., elements of passive
vibration damping) is shown [29].

When designing spacecraft vibration isolation
systems, the notable increase in the spacecraft over-
load during the spacecraft launch into the working
orbit is often not considered. This can significantly
change the efficiency of a passive vibration protec-
tion system [30] since with a significant increase in
the longitudinal acceleration of the launch vehicle
in flight, and hence the weight of the spacecraft,
the elasticity and the lowest natural frequency of
the dynamic system “vibration protection system —
spacecraft” change.

When launching up to several dozen autonomous
spacecraft into working orbits, an adapter (dispenser)
is made, usually of an original design, having a com-
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plex spatial configuration for the sound installation
of individual spacecraft, which, as a rule, have differ-
ent masses and natural frequencies. In this case, the
task of vibration protection is promising not for the
spacecraft as a whole but for the active “tuning” of
vibration protection systems to actively suppress the
vibration of each spacecraft or the most sensitive to
vibrations of the spacecraft.

5. CONCLUSIONS

The analysis of the current state of development of
vibration protection systems for spacecraft launched
into orbits by modern launch vehicles is carried out.
Such analysisisinstrumental in choosingthe direction
of practical design of spacecraft vibration protection
systems and in determining fundamentally new
means and schemes of vibration isolating systems and
methods for effectively suppressing spatial vibrations
of spacecraft.

The development of spacecraft vibration protec-
tion systems has a history of more than 20 years. At
the present stage of the development of space launch
vehicles, some space vehicles have been developed
jointly by vibration protection systems and tested on
special vibration stands. Moreover, different launch
vehicles used SC vibration protection systems in
some missions. In particular, 19 vibration protection
devices and systems of the SoftRide family, starting
from 1998, have been used for vibration protection
of spacecraft put in orbit by the Taurus, Taurus XL,
Minotaur I, Pegasus, Delta 11, Delta 4-H, Falcon I
launch vehicles. At the same time, for the spacecraft
for modern launch vehicles, many problems of cre-
ating advanced vibration isolation systems remain
relevant, the solution of which will increase the effi-
ciency of means for suppressing spacecraft vibrations
while reducing the requirements for the strength of
their design.

Thus, developing spacecraft vibration isolation
systems is a persistent global trend. For future re-
search in Ukraine’s rocket and space industry, the
introduction of advanced vibration isolation systems
for modern spacecraft is promising. The research will
be carried out in the following areas:

* use of an active spacecraft vibration suppression
system in combination with a passive vibration pro-
tection system;
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* increasing the frequency range and damping pa-
rameters of the spacecraft;

e changes in the approach to vibration suppression
of the entire spacecraft (as a whole) to an approach
with system tuning for damping individual (the most
critical and vibration-sensitive) spacecraft;

e application of schematic diagrams of spacecraft
vibration protection systems with the introduction of
hydraulic, electromagnetic, and mechanical func-

tional elements in order to increase the efficiency of
vibration isolation systems;

e active suppression of random vibrations during
the operation of various spacecraft systems in outer
space (during disturbances from engines of orbit cor-
rection systems and others);

* use of the adapter (dispenser) design to perform
the functions of a passive vibration protection system
of the spacecraft.
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IHCcTUTYT TEeXHiUHOT MexaHiku HalioHanbHOI akageMii HayK YKpaiHu
Ta Jlep>kaBHOro KOCMi4HOIO areHTCTBa YKpaiHu
ByJ1. Jlemiko-TTonens 15, Aninpo, Ykpaina, 49005

PO3POBKA CUCTEM BIBPO3AXUCTY KOCMIYHUMX AITAPATIB — CTAH TA IIEPCIIEKTMBA

BiOpariiiHi HaBaHTaXKeHHSI Ha pakeTy-HocCilt i KocmiuHuit anapaT (KA) MOXyTb 1OCSIraTM BUCOKOTO PiBHSI i MPU3BOAUTHU
JI0 HEILTAaTHUX i aBapiliHuUX cutyauiii. KOHCTpyKIis KOCMIYHOro amapara MOBUMHHA HE TUIbKM MiATPUMYBATH KOpPHCHE
HaBaHTaxKeHHs i migcuctemu KA, ajie i MaTh JOCTaTHIO MILIHICTD i X)KOPCTKICTh, 11100 BUKJIIOYMTH OYAb-5Ki aBapiiiHi cuTyalii
(TTOLLIKOIXKEHHS, pyHHYBaHHS, HebaxkaHi aedopmaliii KOHCTPYKLIi, BUXi/J 3 JJaay i BUXiJ 3 Jaay NpujiadiB i o0JlagHaHHs), sIKi
MOXYTh MEPEIIKOAUTH yCIiX Micii. OCHOBHOIO METOIO CTaTTi € aHaJli3 CTaHy AOCTIIXKEeHb AMHAMIKU CUCTEM BiOpO3axuCTy
KOCMIUHUX arnapariB, 110 BUBOJASTHCS Ha poOOYi OpOITM CydacHUMM paKeTaMHu-HocisiMu. Pe3ynbraTu 1bOro aHajizy
CIIPUSATUMYTH PO3POOIIi MPUHIIMIIOBUX CXeM CHCTEM BiOPO3aXMCTy Ta METOMIB €(DEKTUBHOTO NeMII(pyBaHHS MTPOCTOPOBUX
KOJIMBaHb KOCMIUYHUX araparis.

IToka3aHo, 1110 PO3BUTOK IEPCHEKTUBHUX CUCTEM BiOpOIi30JIsiii BiZOyBaTUMETLCS Y HANIPSIMKY: 30iJIbLIEHHS] YaCTOTHOIO
Jiara3oHy Ta MoKa3HUKiB aemripyBaHHs KA; nepexoay Bia nemndyBaHHs Biopailiit KA (B LijoMy) 10 HACTPOIOBAaHHS CUCTE-
MU Ha JeMIipyBaHHS OKpeMUX (HaiOiabIl BiAMOBiNaTbHUX Ta UyTJIMBUX 10 BiOpallii) KA; BUKOpUCTaHHSI CUCTEMU aKTUBHOTO
nemrndyBaHHS BiOpauiii KA y noegHaHHi 3 TaCMBHOIO CUCTEMOIO BiOPO3axUCTy; BUKOPUCTAHHS MPUHIUIIOBUX CXEM BiOpO-
3axucHUX cucteM KA i3 BBeAeHHSIM TiIpaBIiuyHUX, €JIeKTPOMATHITHUX Ta MeXaHIYHUX (PYHKIIIOHATBHUX €JIEMEHTIB 3 METOIO
MiABUILIEHHS e(PEeKTUBHOCTI BiOPOi30II0BaIbHUX CUCTEM; aKTUBHOTO MPUTHIYEHHS BUITAAKOBUX BiOpalliil y BITKpUTOMY KOC-
MOCI T/l Yac poOOTH Pi3HUX CUCTEM KOCMIUHOTO KOpabsi (Ipu 30ypeHHSIX Bill IBUTYHIB CUCTEM KOPEKIIii OpOiTH TOIIO); BU-
KOPMCTaHHS KOHCTPYKIIii ananTtepa it BAKOHaHHS DyHKILii macuBHOI Bibpo3axucHoi cuctemu KA.

Karouoei caosa: 6e3neka KOCMiYHOTO anapara, cepeoBUIIE 3ayCKy, BiOpalliiilHe HaBaHTa>KEHHS, KOCMIUHUIA anapar, akyCcTu-
Ka, BUMAaJIKOBa BiOpalLlis, BIOpOi30JIsLLisl, AITOPUTMU CUCTEMU KEPYBaHHS, KOCMIYHi MIOJIbOTHU, PIAMHHI PaKeTH.
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2 Ka3eHHE TiIIPUEMCTBO CIIeLiaTbHOTO PUIAN00YNyBaHHS «ApCEHAT»

Bya. Kus3iB Octposbkux 8, Kuis, Ykpaina, 01010

PIMOBIPHIQTB PO3PISBHEHHA I1JII KOHTPACTHO OBMEXEHOIO
TEILIOBI3IMHOIO CUCTEMOIO BE3IIIVIOTHUKA

OcHawenHs cy1achux 6e3ninomHux AiMmaibHux anapamie MenaoGiziliHuMU Kamepamu po3uuproe MOJICAUBOCMI BUKOPUCIAHHS IX Y
6y0b-AKUX YMOBAX HABKOAUUWHBORO CEPed08ULA, W0 0036045€ 30IlCHIOBAMU e(peKmUBHY NOGIMPAHY PO3GIOKY 4l GUKOHAHHS IHUIUX
obotiosux 3aday. [onoeHumu 3adauamu 3 po3pizHeHHs yinell € euseaeHHs, po3nisHaganns ma idenmugpikayis. Haseni memoou i anreo-
DpUmMMU 8U3HAYEHHS UMOBIPHOCMI PO3DIZHEHHS Uinell He 003604510Mb eeKMUBHO | WEUOKO PO3PAX08YEamu nepeaiveni UMoBIipHOCmI
6 3anedxcHocmi 8i0 danvHocmi 0o Yini.

Memoro cmammi € po3pobka H06020 Memody po3paAXyHKY UMOBIPHOCMI GUABAEHHS, PO3NIZHABAHH Mma I0enmugikauyii 00’ ekma
(uini) mennogiziiiHO0 CUCMEMOI CHOCINEPEIICeHHSL.

Po3pobaero yoockonanenuit memod i areopumm po3paxyHky UMoeipHOCMI 8UABAEHHS, PO3NI3ZHABAHHS | idenmugbikauii 00’exkma
(yini) mennogiziliHON CUCMEMOI0 CROCMepedceHHs Ha 0CHO8I Kpumepito [lconcona 3eiono iz cmandapmom HATO 4347, anpok-
cumauii lyarvya nopoeosoeo Konmpacmy CApULIHAMMSA 0Nepamopom 300padceHHs Ha eKpaHi ducnaes, a maxkoxc 3a 00NOMO20H
uinvoeoi Qynkuii nepedaui timogipnocmi ma (yuKyii nepedaui iimosipHocmi no dasvrHocmi 0o yini. Hasedeno npukaad po3paxyHky
1LMogipHOCMI pO3pI3HeHHA Yini. 3anponoHoBanUll areopumm 0036045€ ONEPAMUBHO PO3PAXY8AMU LIMOGIDHICIb GUABAEHHS, PO3NI3-
HaBaHHa ma i0enmugbiKauii yini KOHMPACMHO OOMENCEHOH MENN0BIILIHOI CUCMEMO) Oe3NiN0MHUKA.

Karouoei caosa: 6e3ninomuuil AimanvHuii anapam 3 menaogiziliHor Kamepoio, UMOGIPHICIY BUABNCHHS, PO3NIZHABAHHA MdA i0eHMU-
Qikayii yini; darsHicme 00 yini; NOPo2OBULl KOHMPACM CRPULIHAMMS, QYHKUiA nepeda4i timosipHocmi no darsHocmi 0o yini.

LutyBanus: Koro6ponos B. I, Jluxomit M. 1., Taryp B. M., Bacuiskosebka 1. O., Kono6ponos M. C. iMoBipHicTb po3-
PiZHEHHSI LiJi KOHTPACTHO OOMEXEHOI0 TeIIOBi3iiiHOI crucTeMolo Oe3MifoTHUKa. Kocmivna nayka i mexnonoeis. 2023. 29,
Ne 5 (144). C. 20—32. https://doi.org/10.15407/knit2023.05.020
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Hmogipricmo po3pizHeHHs Yini KOHMPACMHO 00MeNCEHOH MEeNA0BI3IHHOK CUCIEMON Oe3niN0OMHUKA

BCTVYII

3 royarky ABaALSTh IEPIIOro CTOJITTS TEILIOBI30pU
3HAWIIIM ITMPOKE 3aCTOCYBAHHS B Pi3HMX TaTy3sX
HayK{, TEeXHIKM I aepOKOCMIYHOI IPOMMCIOBOC-
Ti [3, 5,6, 19]. Binbiricte cydacHUX 0e3MiIOTHUX
mitanpHux anaparisB (BITJIA), abo gpoHiB, ocHale-
Ha TeIJIOBI3iHHMMM KaMepaMu, 1110 T03BOJISIE TXHE
BUKOPUCTAHHS 11iJI0A000BO Yy CKJIaAHUX MOTOIHUX
ymoBax [3, 19]. TerosiziiiHe 300pakeHHSsI, OTPU-
MaHe TaKMMU KamMepaMM, Ha eKpaHi JUCILIesT aHaTi-
3YETHCS OINEPATOPOM TSI TPUMHSITTS BiIMIOBIAHOTO
pimeHHs. JIpoHM TaKOX MacOBO 3aCTOCOBYIOThCS
y BIMICBKOBIli cripaBi, HacamIiepen ISl 34iliCHEHHS
MOBITPSIHOI PO3BiIKM — SIK TAKTUYHOI, TaK i cTpare-
riYHOI, a TAKOXK JIJII HAHECEHHST BOTHEBUX YAapiB I10
Has3eMHUX IiIsax [6, 19].

OCHOBHUMU CITOXUBYMMU XapaKTepUCTUKAMU Ta-
KUX TeII0Bi3iitHuX cuctem crioctepexxeHHs (TTICC)
€ TIPOCTOpOBa i TeMIlepaTypHa PO3MiAbHICTb, MaK-
CMMaJIbHi HaJbHOCTI BUSIBJIGHHSI 1 pO3Mi3HaBaHH:
iy, abo BimmoBinHi imoBipHocTi [1, 7, 11]. Li xa-
PaKTEepUCTUKI OOMEKEHi ITPOCTOPOBUM ab0 eHepre-
TUYHUM po3aiieHHsIM [14]. HocnimkenHio TITCC,
OCHOBHMMM KOMIIOHEHTAMM SIKUX € OO’€KTUB i
MpUiiMay BUIIPOMiIHIOBAHHSI, MPUCBSIUYEHO 3HAYHY
KiJIbKiCTh HayKOBUX Tpalib [2, 8, 10, 12, 18]. BogHo-
4yac MPakTUYHO HEMAa€E JOCTiIKEeHb 3 PO3POOKU Me-
TOJIB i aITOPUTMIB BU3HAYCHHSI IMOBIPHOCTiI BUKO-
HaHHS TIOCTaBJICHOIO 3aBIaHHs i3 PO3Pi3HEHHS 1Ii-
JIeil (BUSIBIIEHHSI, pO3Ili3HaBaHHS Ta imeHTU(iKallil)
B 3aJIEXKHOCTI Bin ganbHOCTI 10 wimi. i iimoBipHOCTI
0OMesKeHi KOHTPAacTOM 300paskeHHS abo IIyMaMu
TIICC. ¥V oCHOBiI LMX CKJIaJHUX METOJIB JIEXUTh
PO3paxyHOK BiTHOIIIEHHSI CUTHAJI/IIlyM Ha BUXO.i
MaTpUYHOIO MpuiiMaya BUIpoMiHioBaHHS (MIIB)
3 ypaxyBaHHSM XapaKTepUCTUK O0’€KTa CIloCTepe-
JKEHHSI, BiIcCTaHi MiX LIJIJTIO i TETIJIOBI30POM, a TAKOXK
temniepatypHoi yytinBocTi TIICC i 3aKoHiB 30po-
Boro crpuiiHarts [1, 7, 9, 11]. OnHak ui MeToau He
TO3BOJISIIOTH OTIEPATUBHO pO3paxyBaTh HMOBIPHOCTI
BUSIBJICHHSI, pO3Mi3HaBaHHS a0o0 igmeHTMiKalii mim
JIJIs1 TOBiJIbHO 3a/1aHOT BifICTaHi 10 1Iii.

1. TIOCTAHOBKA 3AJAYI

MerTo10 cTaTTi € po3poOKa OLIBII JOCKOHAIOIO Me-
TOLY i aJlTOPUTMY PO3PaXyHKY MMOBIpPHOCTI BUSIB-

JICHHSI, pO3Ii3HaBaHHs Ta imeHTM(ikalii 00’exTa
(i) TEIUIOBI3IHOIO CHCTEMOIO CIIOCTEPEXEHHS
Ha 3afaHiil BiACTaHi DO LiJli HA OCHOBI KPUTEPilO
JI>koHCOHa i MOPOroBOrO0 KOHTPACTy CIPUNAHSITTS
OIepaTopoM 300paKeHHS Ha eKpaHi AUCTLIes.

2. KOHTPACTHO OBMEZKEHI TEILTTOBI3OPU

2.1. Ilpocmoposa posdiavna 30amuicme. 1ns TITICC
BUKOPUCTOBYIOTh Di3Hi BUIM PO3MiJEHHS: MpO-
CTOPOBE, EHEPreTUYHE, CEeKTpajibHe, yacoBe. s
oinbiiocti TIICC BaxinBO 3a0€3MeYnTH HEOOXiaHE
MPOCTOPOBE 1 €HEPreTUUHe PO3iJIEHHS.

[pocropoBa wacrora v, .., TPU SKiil MOmIy-
JANiiHa mepegaBanbHa (yHkigs (MII®) TIICC
3MEHIIYEThCSI JO TIEBHOTO PiBHSI, HAINpPUKIIAL 10
3HAYEHHS IOPOrOBOr0 KOHTPACTy, L0 CIpUiiMa-
€TbCS OINEPATOPOM, YACTO CIYXKUTb MipOIO TTPOCTO-
POBOTO PO3IUIEHHS. 3a TaKy IIPOCTOPOBY YacTOTY
MOXXHa NpUIHATH yacToty Haiiksicra vy, sKa 10-
PIBHIOE TIOJIOBMHI YaCTOTU TMPOCTOPOBOI BUOIpKHU,
o 3airicHoeThest B TTICC 3 MITB.

I[Tim wac mogemoBaHHsl TIICC BUKOPUCTOBYIOTh
Pi3Hi MoJelli, B SKUX BPaxOBYIOTh SIK ITPOCTOPORBY,
TaK i eHepreTUYHy pO3MiJbHY 3JaTHICTh CUCTEMU.
SK mpaBuiIo, Iia Yac JOCiIKEHHS MPOLECiB po3-
nizHaBaHHs1 00’ekTiB 3a nonomoroto TTICC Buko-
PUCTOBYIOThCS Taki mozeni [5, 7, 16, 17]:

1. Mopgenb a1t KOHTpaCTHO OOMEKEHUX CUCTEM,
sIKa BpaxoBYE MpOIycKaHHsI atMocdepu 6e3 crio-
TBOPEHb 300PaXKEHHSI.

2. CtaHgapTHa MOJENb JJIsI CUCTEM, OOMEXEHUX
LIyMaMH, sika BpaxOBY€E MPOMYCKaHHsSI aTMochepu
0e3 CIOTBOPEHb 300paKeHHSI.

B ocHoBHOMY TTICC MatoTh ABi MOPOroBi UyTIu-
BOCTI: ITOPOTOBY UyTJIMBICTh 30pOBOro aHai3aTopa
orepaTopa i moporoBy uyTiuBicTe MIIB.

2.2. Konmpacmno oomexnceni cucmemu. Teraosi-
3iliHa cucTema CIIOCTepeKeHHSI CTBOPIOE 300paXkeH-
H$1 00’€KTa, HAMPUKJIAJA IITPUXOBOI MipH, Ha eKpaHi
JMCIUIes] 3 MEBHUM KOHTPACTOM, SIKW cripuitMae
croctepiray (ornepaTop). 30poBuit aHaIi3aTOp (OKO)
crocTepiraya Ma€ TIeBHMUIA IMOPOrOBUII KOHTpPACT,
SKUI 3aJIEXUTh Bill IPOCTOPOBOI YacTOTU V. 30-
OpaxeHHs1 Mipu. 31 30iIblIIEHHSIM TTPOCTOPOBOI Yyac-
TOTH 300pak€HHSI MipU KOHTPACT 300paKeHHST MixX
CBITIMMU i TEMHUMM CMyraMu 3MeHIIyeTbcsl. Ha

NEBHIM MPOCTOPOBIi YacToTi v, ... CMyrd B 30-
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Mg, Cp
1.0

0.8
0.6
0.4

0.2

1
0.3 0.8 1.3 1.8
v, 1/Mpan
Puc. 1. J1o BU3HAYEHHSI MAaKCUMAaJIbHOI CMYTHU TPOITYCKaHHS
KoHTpacTHO obmexkeHoi TIICC: 1 — MII® TerutoBizopa,
2 — TIOpPOTOBUI KOHTPACT v, CIIPUIHSATTSI 300pakKeHHS orle-
paTopom

OpakeHHi He criocrepirarotbes. Ll MakcumanbHa
NPOCTOPOBA YaCTOTA V. . Y 300paxKeHHi i Xxapak-
TepU3ye rpaHuuHe npoctopoBe posaineHHst TIICC,
tobTo cuctema «ITICC — omeparop» IIpONYyCKae
MpPOCTOPOBI 4YaCTOTU TibKKA Yy Mexax Big 0 mo
Vymaxe (PUC. 1). Tomy TIICC, siki nparoroTs y na-
HUX YMOBaX, Ha3UBalOTh OOMEXXEHUMMU 3a KOHTpAac-
TOM, 200 KoHmpacmuo oomedxcenumu. BepxHsi Kpuba
onucye MIT® M TIICC. I1pocTOpoBy 4acToTy BU-
3HA4alTh y To4li nepeTuHy rpadikis MIID M i
MMOPOrOBOTO KOHTPACTY CE]th COPUMHATTS 300pa-
KeHHs1 ontepatopoM. Iig yac poboTu Takoi cucteMu
00’€KT CHOCTEpPEKEHHSI PO3PI3HSETHCS TUIbKU B
TOMY BUIIAKY, KOJIK TOT0 KOHTPACT ITePEBUILIYE T10-
poroBe 3HauyeHHs. IcTOTHO, 0 B maHil cuTyaiii
BiIHOIIIEHHST CUTHAJI/IIIYM Ha BUXOJi CUCTEMM BBa-
JKAa€EThCSI TOCTaTHBO BEJIMKUM, a TOMY OOMEXEHHS
MPOCTOPOBOIO PO3MiIJIEHHS BU3HAYAIOTHCS TiJbKU
HU3bKUM KOHTPACTOM.

2.3. Kpumepiii JInconcona 0as ouinku eghpexmue-
Hocmi menao6iziiinux cucmem cnocmepexcents. J1o-
cimKkeHHs eeKTUBHOCTI (performance — MpoayK-
tuBHOCTI) IY-cucTteM crocTepexkeHHsI TPUBaIOTh
roHaa 60 poKiB y Biagil AOCHiIKEHb i po3p0oOOK
apmii CHIA. Pe3ynbrat UMX AOCHIIKEHb BUKO-
PUCTOBYIOTbCSl OinblIicTIO ekcrepTiB 3 [Y-cuctem
y cBiTi. bynu po3pobieHi Momeni TemnaoBi3opiB,
sIKi BUKOHYBAJIM 3aBIaHHSI BUSBJCHHS, PO3IMi3Ha-
BaHHS Ta igeHTUdIKaLlil TAKTUUHUX LIiJIell Ha ToJi
0o010. HaiironoBHilie, 110 BiliChKOBI KOpHUCTyBaui

22

LAX MOJIeIe PO3YMilOTh SIK METPUKU, MepeadadeHi
MOJIEJISIMU, CIIBBITHOCSITHCS 3 TUM, SIK TIpaIlOBaTH-
MYTb CUCTEMU Ha 1o 0010.

OCHOBHY TinoTe3y IS MOAEIe MpUIamiB Hid-
Horo 6aueHHs (ITHB) 3ampononoByBaB JIXKOHCOH y
1958 poui [15, 18]. 3rigHo i3 i€ MoaeIO 31aT-
HICTh CTIOCTepiraya BUSBIISITHA, BU3HAYaTH OPi€EH-
Tallito, po3Mi3HaBaTU Ta iIeHTU(}iKyBaTU BiliCHKOBI
Liti, 110 repedyBaloTh Ha IIeBHOMY (POHI, 3a OO~
mororo ITHB, 3anexxuTh Bi TOro, HacKiJbKu 100pe
BiH MOXe pO3Pi3HSITH IITPUXOBI cMyru Mipu Dyko
3 Pi3HUMU IIPOCTOPOBMMU YaCTOTAMM i TUM CaMUM
TeMIlepaTypHUM KOHTpacToM AT BiZHOCHO (poHY,
110 i Lisb:

AT =T, -T,, (1)

ne T,i T, — Temriepatypa MOBEpXHi LiJi i POHY Bia-
MOBITHO.

[Momanbmuii  po3BUTOK MogemoBanHss TITICC
MoJsIraB y CTBOPEHHI MPOCTOi Y BUKOPUCTaHHI MO-
JIeJTi, sIKka BpaxOBY€E XapaKTePUCTUKM TECT-00’€KTa Y
BUTJISIAI IITPUXOBOI Mipu PyKo (po3Mipu, TeMrepa-
TYpPHMIA KOHTPACT, IPOCTOPOBA YacTOTa Mipu), I0-
cJ1abJIeHHST BUIIPOMIHIOBAHHS Bifl 1IiJli B aTMocdepi,
mapaMeTpy OINTHUYHOI CHUCTeMHM (miaMeTp BXimHOIL
3iHnIi, (OKyCHA BiACTaHb i KOEMILiEHT IPOITyC-
KaHHS), MpuiiMaya BUMPOMIHIOBaHHS (PO3Mip
MiKCeJiB, po3Mip MaTpHIli, MATOMa BUSIBIIOBAJIbHA
3[JaTHICTb), €JIEKTPOHHOI CUCTEMU OOPOOKU CUTHA-
niB MIIB; nucrnieii i 3aKoOHU 30pOBOTO CIPUMHSITTS
OIepaToOpOM TEILIOBI3ITHOTO 300pakeHHSI 3 eKpaHy
nucruiesi. 3 i€ METOI OyJ10 BUKOPUCTAHO MiHi-
MaJbHO PO3AiIbHY pizHuIIo Temmepatyp (MPPT)
SIK (YHKIII0O TIPpOCTOpoBOoi dacToth Mipu Dyko.
Takuii mioxim J03BOJMB MOPIBHIOBATH Pe3yJIBTaTUA
crnocTepeXeHHsT (POHOBOI LIJIbOBOI OOCTAaHOBKU Y
MOJILOBUX YMOBaxX 3 JIJAOOpaTOPHUMM BUMipIOBaH-
HSIMM XapaKTEepUCTUK TeIlioBi3opiB. Po3pobiieHa
MoOJeb J03BOJIMJA aHajli3yBaTH i OITUMi3yBaTU
TIICC pi3zHOro npu3HayeHHs, i HacaMIlepe TeIio-
Bi3iiHI IPULILIN.

Mogpens TIICC pgnst po3pi3HeHHS 1Iij1i, SKa BU-
KOPHMCTOBYE KOHIIerIlito JI[’)KOHCOHa i MOPOroBOro
KOHTpacTy, HaBelleHO Ha puc. 2. TemmnepaTypHuit
KOHTpAcCT LiJli A7 3MEHIIIYETHCS 32 paxXyHOK Oc1a0-
JICHHSI BUTTPOMiHIOBaHHS B aTMocdepi, TOOTO

AT =ATrt,(R), 2)
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MI® (v,)

Mipa ®yko At™mocdepa
TIcC AT
/ . v
Y max, ¢ : Y
x [« R > —
®yukuis TRTPF O®yukuis TTPF Vi i
[lepeTBOpEeHHS
NPOCTOPOBOI YaCTOTU
V,.,, B UMCIIO Map
wtpuxiB N Mipu @yko

N

¥, 1p

Puc. 2. Mopenb TITCC s nmporHo3yBaHHSI BAUKOHAHHS 3aBIaHHS CITOCTEPEKEHHSI, sIKa
BUKOPHCTOBYE KOHIIEIIIit0 [I’)KOHCOHA i TTOPOrOBUIA KOHTPACT

ne t,(R) — iHTerpaiabHUii KoedillieHT MponycKaH-
Hs1 atMocdepu, R — Bincranb mixk 1iuto i TTICC.
PisHuusg TteMrmepaTyp BiINOBiZa€ MPOCTOPOBiit
4acToTi v, ,, MipH, o crocrepirae TIICC, sika 3a-
JIEXUTD Bil KPUTMYHOTO po3Mipy 1ini /., i Bincrani
R. Yucno wrpuxiB (nepioniB) mipu Myko, po3ra-
IIOBAHMX Y3[0BXK KPUTUYHOTO PO3MIpY /. i, BU-
3HaYalThCs 3a (hOPMYJIOIO
N [nepioniB] =
= v, » [Mepionis/mpan] /.. [Mpar |. 3)
VY 3anexxHocCTi Bij BiicTaHi R YMCI0 NIEpioliB Mipu
®yKo, pO3TAIIOBAHNX Y3IOBX KPUTUIHOTO PO3MIipy
[, 1isti, BU3HAYUMO 3a (OPMYJIO0
l
N=v,,=, )
ne [, BUMIpIOETbCSL B METPax, R — B KijloMmeTpax.
Yucno mtpuxiB N OyneMo BUKOPUCTOBYBATHU JIJIst
BU3HAYEHHS MMOBIPHOCTI BUKOHAHHSI 3aBHAHHS i3
crnocTepexxeHHs 1iti. Ha puc. 2 mokazaHO BIUIMB
MOIIMHAHHS BUIIPOMIHIOBAaHHS B aTrMmocdepi Ha
TeMIlepaTypHUId KOHTpACT it A7, 110 IIPU3BOIUTH
JI0 1Oro 3MEeHILeHHs A0 BeJUYMHU AT’ y TUIOLIMHI
BXiIHOI 3iHWII 00’€KTMBa TeruioBi3opa. Baximso,
IO MPU LILOMY JUTsl KOHTpacTHO oomexkeHux TIICC,
TeMIiepaTypHUI KOHTPACT B TEIUIOBI3ilfHOMY 300pa-
JKEHHi TecT-00’€KTa Ha eKpaHi JUCTIIes 3aIUIIAETh-
Csl He3MIHHMM. Y Toulli mepeTuHY rpadikiB GyHKIIii
Ms(vy) iC E,th(vy) BU3HAYAEMO TTPOCTOPOBY YACTOTY

Vy,p» @ TIOTIM 32 (hOpMYJIOIO (4) PO3PAXOBYEMO MaK-

CHUMaJIbHE YMCIO0 TepioiB Mipy Dyko N, 1110 po3pi3-
HSIIOTBCS Y3/I0BX KDUTUIHOTO PO3MIpy wifi /.

MMOBIpHICTP BMKOHAHHSI 3aBAaHHS CIIOCTEpe-
XKEeHHs1 (BUSIBJIGHHSI, Opi€HTallisl, po3Mi3HaBaHHS,
ineHTUdiKalisg) BU3HAYAEMO 32 JTOIOMOTOIO 1ILJIbO-
Boi (yHKIi1 nepegayvi WmosipHocti TTPF (Target
Transfer Probability Function), sika po3paxoBy€eThCs
3a popmyioro [3, 7, 18]

(N/Np)

P(N)=———D° | 5
() 1+(N/Np) ®

e P — MIMOBIpHICTb BUKOHAHHS [IEBHOIO 3aBIaHHS
crnocTepexxeHHs1, N — KUIbKICTh map IITPUXiB Mipu
@DyKo, MO0 PO3MIIIYIOTECA Y3MOBX KPUTUIHOTO
po3mipy wifi, N, — KilbKiCTb Map INTPUXiB 3riHO
3 KpuTepieM JIXXKoHCOHa, sika 3a0e3redye WMOBip-
HIiCTb BUKOHAHHSI [IEBHOTO 3aBAaHHSI CITIOCTEPEKEH-
Ha P=50%, k=2.7+0.7(N/Np).

Tabauysa 1. KinbKicTs nepioais (nap urrpuxis) mipu N,
Y3/10BK KPUTHYHOTO PO3MIpY IiJii 1151 iIMOBIPHOCTi BUKOHAHHS
3aBaaHHs cnocrepexenns P = 50 % (kpurepiii [[koHCOHA)

3aBanHs KinbkicTb nepionis Mipu

JUIA CITOCTEPEKECHHA HATO [7] MOHOFpa(biﬂ [3]
BusiBnenns 1.0 1.0
OpieHTatist — 2.5
PosnizHaBaHHs 3.0 4.0
Inentudikaris 6.0 8.0
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Tabauys 2. Kpurepii auckpuminanii 3 BAKOpUCTaHHAM niaxoxy /[>koHcoHa (rpaHMYHA YaCTOTA)

PiBeHb
JMUCKPpUMiHALLi

[MpusHaueHHs

1-D nepionis y3moBx
KPUTUYHOTO po3Mipy Ny,

2-D niepioniB y3moBx
KPUTHYHOTO po3mipy Ny,

BusisneHHst 1iJ1b BilCbKOBOTO MPU3HAYEHHS TPUCYTHS 1.0 0.75

PosnizHaBaHHS | KJ1ac po3Ii3HaBaHHS, 10 SIKOTO HAJEXKUTh LiJib 4.0 3.0
(TaHK, BaHTaXiBKa a00 OpOHeTeXHiKa)

Inentudikaiiss | BKaxith TUII 1iti (tank M 1A, Tank T62, TaHk T72) 8.0 6.0

Ilro dyHKIiI0 OyJ10 OTpUMaHO B pe3yJibTaTi Be-
JIMKOI KiJIbKOCTI E€KCIIepMMEHTAIbHUX IMOJbOBUX
nociimkeHb. Hanpukian, mns iimosipHocti 50 %
BUKOHAHHS Pi3HMX 3aBIaHb i3 CIOCTEpPEXEHb LIl
y Tabu. 1 [3] HaBegeHO cepemnHIO KiabKiCTh IIepPioIiB
mipu @yko. Lli gaHi yacTo Ha3WBAIOTh KPUTEPIEM
JI>xoHCOHA.

IMOBipHiCTb piBHS CrIOCTepeKeHHsI (BUSIBICHHSI,
po3mi3HaBaHHsI a00 ineHTU(diKallis ) BUBHAYAETHCS 32
JIOITOMOTOI0 11TbOBOI (PYHKIIIT Ieperadi MMOBIpHOCTI

1.2 1.6 20 24

0 1
0.4

018 218 N/N,
Puc. 3. LlinvoBa dyHKLis nepeaayi itmoBipHocTi TTPF

P
0.8
0.6
0.4

0.2

1.2 1.6 R/R,,

0 1
0.4

1
0.8
Puc. 4. Oyukuis TRTPF: 3ai1exXHiCTh MMOBIpHOCTI BUKO-

HaHHS 3aBAaHHs crioctepexkeHHst P(R) Bin BiacraHi R Mix
uimio i TIICC

24

TTPF i ooupaetbes i3 Tab1. 2 1j1s1 TIMOBIPHOCTI BizI-
noiaHoro piBHa P(Ns,) = 50 % [3].

IMOBipHICTb BUSIBJICHHSI, pO3Mi3HaBaHHS abo0 ideH-
TudiKallii MoTiM BU3HAYaeThCS 3a JoromMoroio 77TPF

K [3]
N JZ'HOJ[I\Z’\;J

NSO

-

N
2.7+0.7[—
N,
1{ N ] %
N 50

Ipadik pyHKIii (6) HaBeneHO Ha puC. 3.

AHaJIOTiYHO 0 LiJIbOBOI (PYHKIIII TTepegayi iMo-
BipHOCTI TTPF nponoHyeThCsI BBECTU HOBY (DYHK-
il Tepenaydi WMOBIPHOCTI IO NaJbHOCTI A0 Lt
(rang) (Target Rang Transfer Probability Function)
TRTPF. 13 cuctemu piBHAHB (3), (4) i (6) MaeMo
¢yHkuio P(R), sika Ma€ BUTJISI

(1250]2.7_‘_0.7(1;50]
p(R)=—R

R

. (6)
J

(7

ne R50 — Bigctanb Bin TIICC go wiii, npu sKiii BU-
KOHYETBCS TEeBHE 3aBAaHHS CIIOCTEPEXEHHS 3 iMO-
BipHicTio 50 % 3rimHo i3 KpuTepiem JI>KoHCOHA.

Ha puc. 4 nHaBeneHo rpagik ¢ynkuii (7). as
oTpuMaHoi iiMmoBipHocTi P(R) i3 rpadika, 1110 HaBe-
JIIeHMIi Ha puc. 4, BU3HAYaEMO BiIHOIICHHS RSO/ R.

3. MOIYJIALIIHA ITEPEJTABAJTBHA
OYHKIIA TEIIOBI3OPA

Meta UbOro po3aily IOJsITa€ B PO3pOOLIi METOMY
BU3HAUYEHHS MOAYJISILIMHOIL IepenaBaabHOI (DyHKIIT
TEIJIOBi30pa, M0 CKJIady SIKOTO BXOHSATH O0’€KTUB,
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EnextponHa

O0’exTUB

cucrema

Jucnneit l W,

W,  MBM

Onepatop
[ory

—

P

Puc. 5. ®ynkuionansHa cxema TIICC

MiKpoOOJIOMETpHUUHA MAaTPULIsSI, €JICKTPOHHA CUCTE-
Ma i AUCIJIeH, 1110 J03BOJUTH ONTUMIi3yBaTU XapaK-
TEPUCTUKHN TETUIOBiI30pa IUISI BUPIIIIEHHST KOHKPET-
HOI 3aJ1a4i CIIOCTEPEKEHHSI.

®yukitionansHy cxemy TITCC HaBeneHo Ha puc. 5.
[HdpayepBOHEe BUMTPOMiIHIOBaHHSI Bifl 00’€KTa CIO-
CTepeXXEeHHS MOCIa0MI0EThCST B aTMOcdepi i Haaxo-
INTb 10 BXimHOI 3iHK1I 00’ekTUBa. O0’€KTUB hOp-
mye IY-300paxkeHHsT 00’ekTa i OHY Ha UYYTJIMBINA
MoBepxHi MikpoboiaomerpuyHoi Marpuli (MBM).
Enextpuunmnii Bineocurtan 3 MbM o0pobisieTbest
eJeKTPOHHOIO CUCTEMOIO i HaIXOMWUTh IO KaHaITy
3B’SI3KY Ha IyJIBT KepyBaHHSI IPOHOM, IMCILIEN
sIKOro (hopMye Ha eKpaHi 300paxkeHHsI 00’ eKTa y BU-
IUMiii 00J1aCTi CIIEKTPY.

Marematnuny moxenb TIICC GygeMo po3ris-
JatTyu B 00J1acTi 4acToT (IPOCTOPOBUX i YaCOBUX),
BBaXKalouMd III0 BOHA € JiHiliHOIO iHBapiaHTHOIO
cucremoro. Ilpu 1pomMy BBaxkalTh, 110 OO’€KT i
¢OH BUIIPOMiHIOIOTh HEKOTEPEHTHO, a KOXKEH eJie-
MeHT TIICC Mae cBOI0 MOOYIISILINHY ITepeaaBaJbHy
¢bynkuio. Y unx ymopax MII® TIICC M, Bu3Ha-
yaeTbcsl 100yTkoM MIID 1i okpeMMX eJIeMEeHTIB:
o0’extBa, MBbM, enekTpoHHOro 0OJlOKa Ta AMC-
miest. JI1s1 OoTHOBMMIPHOTO BUITAIKY MAEMO

M,(v,)= M,(v, )M, (v, )M, (DM (DM (), (8)

ne M,(v,), Mp (v OMp(), Mg(t) i My(v,) — MIID
00’extBa, MBM, eneKTpoHHOTO OJIOKY i IMCILIEs
BIAIIOBITHO.

BucokosikicHi 00’€KTUBM 0€3 LIEHTPAJILHOTO eK-
paHyBaHHS 3 JiaMETPOM BXiIHOI 3iHUILI Dpo MOX-
Ha po3rysiaaTy K audpakuiitHo oomexeHi, MITO
SIKMX BU3HAYa€eThC PyHKILiEO [1]

2
Z(arccosx —x\1—-x2),skmo 0 < x < 1,
T

0, AKIIOo X > 1,

M,(v,)= 9)
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ne ,
f
xX=A=2v_.
Dpo *
Ipadix MIT® gudpakiiitHo 0OMeXXEeHOTo 00’ €K-
THUBA HaBeIEHO Ha puc. 6.
st COpoLIeHHST MaTeMaTMYHMX I1€PETBOPEHb
aIpPOKCUMYEMO CKJIaAHy (yHKUi0 (9) MiHiTHOIO
¢yHKI1IiEIO

1-1.218x, gxmo 0 <x<0.821,
M,(v,)= (10)
0, Ko x > 0.821.
OnHoBuMipHa nipoctopoBa MIT® Mikpoboiome-
TPUYHOI MaTPULIi alIPOKCUMYETHCS (PYHKITIEIO [§]

(11)

ne W — mepioi MaTpuyHOi CTPYKTYpH, Wy — PO3-
Mip YyTJIMBOI TUIOIIAAKHU MTiKCeIs.

Yacosa MIT® MBM € npoctopoBuM (iIbTpoM
HU3BKUX YAaCTOT, SIKUI alTPpOKCUMYETHCST (PYHKIIIEIO
[11]

MDS(V),) = sinc(WDvy )sinc(vay),

1

J1+4n%t f2

Iie t;, — MOCTiiiHa Yacy MikpoOosoMeTpa.
MII® enexkrpoHHOro 60Ky M (1) MOAENIOETHCS
¢insrpamu barrepsota n-ro mopsaky [1]. CydacHi

Mp, = (12)

MO
0.8
0.6
0.4

0.2

0.2 0.4 0.6 0.8 x

Puc. 6. MIIO® nudpakuiiino ooMexxeHOTo 00’eKTrBa (Tpa-
ik 7) Ta ii niniitHa anmpokcumariis (10) (rpadik 2)
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Puc. 7. 3B’5130K MixK KyTOBUMM TIPOCTOPOBUMU YACTOTAMM Y IMPOCTOPI CIIOCTEPEXKEHHS

o . .
V), 1 TIPOCTODI MPEAMETIB V),

€JIEKTPOHHI 6;10kM MaroTh M (f) = 1 [7]. MI1® nuc-
Tiesi anmpoOKCUMYETbCS (DYHKIIIEID, aHAJIOTiYHOIO
MII® MBM, 10610

MD(vy)zsinc(WDvy)sinc(vay). (13)

I3 HaBemeHol Ha puc. 5 y3arajbHEHOI CXeMu
TIICC BunHo, 1110 MIT® 06’ekTrBa i MBM BH3Ha-
YalThCs B 3a0Hil (DOKaNbHIl IJIOIIMHI 00’ €KTUBA,
a MII® pucrtes — y IJIOIIMHI eKpaHa AUCILIES.
Cnig TakoX BiI3BHAUWUTH, 110 Y OUIBIIOCTI BUITAl-
KiB ITPOCTOPOBY YacTOTy v, BU3HAYAIOTb y MpOCTOpi
MpeaMeTiB i BAMipIOIOTb Y Mpaz[—1 Kpim Toro, yaco-
Bi MIT® MBM i eneKTpoHHOI0 0JI0KY 3aJiexXaTh Bil
4YacoBOI YaCTOTH f.

3B’S130K MiX KyTOBOIO IIPOCTOPOBOIO Vi i yaco-
BOIO fYaCTOTaM1 BU3HAYAIOTh CITiBBiTHOLIEHHSIM [ 1]

b

Viar
t,
ne ;) — KYTOBUI pO3Mip IiKCeIst MaTpuli,
(bopMyBaHHSI CUTHAILy OJHUM IiKCEJIeM.

BcraHoBuMO 3B’S130K MiX KYTOBOIO IIPOCTOPO-
BOI0 YaCTOTOIO Y IPOCTOPi CIIOCTEPEXKEHHS Vya i
MPOCTOPi MpeaMETiB Vygs

T, (14)

to —yac

BUKOPHMCTOBYIOUM pHC. 7.
Hexaii y miommHi mpeaMeTiB Ha BiacTaHi R Bif
TIICC posramoBaHo Mipy ®yko 3 JiHiiiHUM Tepio-
oM th. Toni KyToBuit mepiof i MPOCTOpoBa YacTo-
Ta BUBHAYAIOTHCS SIK

W,

—_
By =

1 R
By W,

O6’extuB (hopMmye 300pakeHHsT Mipu Dyko 3
JIHIMHUM TIepiogoM Wt;) i KyTOBOIO IIPOCTOPOBOIO

(15)

Ve =

26

4aCcTOTOIO

o _fo _ R

v -

W, W

MBM ¢popMye Ha ekpaHi OUCILIES 300paKeHHS

Mipu PyKo 3 epiogoM Wt; , SIKE CITOCTepirae ore-

paTop, 1110 TiepedyBa€e Ha BIICTaHi R p Bil TUCTIIES.

KyToBuii niepiog 1boro 300paxkeHHsI i KyToBa Ipo-
CTOPOBA YAaCTOTa BU3HAYAIOTHCH SIK

1 RdE

By Wi

3 ypaxyBaHHsM cITiBBigHOIIeHD (16) i (17) BcTa-
HOBJIIOEMO 3B’SI30K MiX KyTOBHMMU MPOCTOPOBUMU

(16)

ya:

"

W "
B = Vya

(7)
RdE

. 0.
4ACTOTAMM Y TIPOCTOPi CTIOCTEPEXEHHs Vi, i TIpo-
CTOpI MpeaMETiB v, ,
"o_ RdE _ RdE _ RdE
ya w" - w! o vya (18)
tp th el f oB el
ne B, = Wt;', / Wt;, — enextpoHHe 30inbmenHs TIICC.

Kyrose 30inbmenns cucremu «TTICC — omepa-
TOP» BU3HAYAIOTh SIK (pUc. 7)

_teBl, B, Wp R

thtp Btp RdE ‘/th

Tomy cniBBinHOIIEHHS (18) MOXXHa moiaT y BuU-
et

Wo S Sy
RdE W' RdE

(19)

S

n__Y

vy = o

IMpencraBumo MIT® okpemux ckinamopux TIICC

y BUIISIAIL (DYHKIIIN, SIKi 3aJIeXXaTh Bill KyTOBOI IIpO-
CTOPOBOI YACTOTHU Y MPOCTOpi 06’ekTa (puc. 7).

MII® 06’exTrBa BU3HAYMMO i3 pyHKii (11), ne

=\

(20)

v
a
X ’V .

po
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Toni

v D
1-1.2180 =, skwo 0< v, <0.821—22,
Vya)= Dpo 7

0, AKmo v, >0.821

M, (
po

(21)
ITpocTopoBy MIT® MBM BuzHaunmo i3 GyHKIIii
(11), siky npeacTaBUMO y BUTJISIIL

Mpy(v,,)= sinc[%vyajsinc(%vw} (22)

Yacopy MI1® MBM BusHaumnmo i3 pyHkiii (12),
sgKa 3 ypaxXyBaHHSIM CITiBBimHomIeHHs (16) MaTtnme
BULJISA]L

2 2
t W
Mp(v,,)= 1+4n2£2] (—D] v
t fl ) »a
[ [

-0.5

. (23)

Ocrarouno MIT® gucruiest BUBHAYMUMO i3 (PyHK-
wii (13), sika 3 ypaxyBaHHSIM cHiBBimHOIIEHHS (16)
MaTuMe BUTJISIL

M,v,,)= sinc[fi,/gel vya]sinc(fzgel vyaj. (24)

PosristHemo nipukiian po3paxynky MIT®O TIICC,
sIKa Ma€ TaKi XapaKTepUCTUKU:

* 00’ekTUB — (okycHa BiacTaHb f, = 70 MM,
JIiaMeTp BXiTHOI 3iHMIII Dp o= 70 MM.

* MBM — poswmip mikcens V= 17 Mk, po3mip
4yTJIMBOI IUIOIIANAKY V) = 14 MKM, pO3Mip MaTpuLi
Xp= 6.8 MM, mocTiiiHa 4acy ¢, = 10 Mc, 4acToTa Ka-
IIpiB ff = 50 Iig;

* IMCIIER — po3Mip mikcenst V;= 17 MKM, po3-
Mip KOJIbOPOBOI IPYITH TIKCEIsA V= 15 MKM, po3mip
ekpaHa X;= 9.6 mm.

Ha puc. 8 HaBeneHO MOAYJSLIHI nepenaBaibHi
¢ynkuii okpemux ckiaagoBux TIICC i itoro pe3yiib-
tyroua MITD (8).

Ananiz dyHkiii (8), (22)—(24) i ixHix rpadikis
1oKa3as, 1110:

1. MII® okpeMUX CKIAJOBUX BU3HAYAIOTHCS,
sIK TIpaBujo, B pisHux Micisix TITCC: o6’ekTuBa i
MBM — B 3agHiit ¢poKalbHIi IUIOIIMHI 00’ €KTHBA;
IHUCIUIesT — Y IUIOIIMHI eKpaHa aucruiesi. Yacosa
MII® 3anexxuTh Big yacoBoi yacToTu. I1py Bu3Ha-
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Vi MPAIL
Puc. 8. Mopynsauiiiai nepenaBanbhi pynkiii TIICC: 1 —

MII® o06’exTuBa, 2 — npoctopoa MII® MBM, 3 —gacoBa
MII® MBM, 4 — MII® nucnnest, 5 — cymapHa MI1® TITK

yeHHi octatoyHoi MIT® TIICC HeobxigHO, 1100
yci MIT® ckitagmoBuX KaHaly poO3IJisIalnuch y MeB-
Hil TToIIMHI a60 mpocTopi. st 3pydHOCTI Impak-
TUYHOTO 3aCTOCYBaHHS MpomnoHyeTbess MITD ycix
CKJIaJIOBUX PO3IJISIAATH y IIPOCTOPI «00’EKT CITOCTE-
pexxeHHst — TTICC» sik (yHKIIi1 KyTOBOi MPOCTOPO-
BOI YaCTOTH.

2. HaitGinpmii BIUIMB Ha MOTipIIEHHS pe3yJIbTy-
1o40i MII® TIICC M (v,) mae nmpocroposa MIID
MBM M, (v,,), Ka BU3HAYAETHCSI PO3MIPOM ITiK-
cena. Ha vacrori Haiiksicra vy, = 2 MM ! BimOyBa-
€TBCS 3HMXKEHHSI KOHTPACTy 3a paxyHoK MBM no
28 %, mudpakiifHO oOMeXeHOTo 00’€KTHBa IO
71 %, nucrutes 10 62 %. Ipu npomy cymapaa MIT®
TIICC M(vy) = 0.095.

3. Pesynbryioua MIT® TIICC nmobpe anpokcu-
MYETbCS rayccoBolo dyHkiieto [11]

2,22
Ms,ap(an) =exp(-2mr, Vi),

(25)

I Fy,, MPAIl — KyTOBMI pajiiyc 300paxeHHsI TOYKO-
BOTO JDKepesia BUIIPOMIHIOBAHHS, SIKE CIIOCTEpirae
oriepaTop Ha eKpaHi TUCTLIes .

Takum YMHOM, MU TIPOTIOHYEMO po3rsimati MITdD
TETJIOBi30pa Y IIPOCTOPi «00’EKT CITOCTEPEXKEHHS —
TIICC», 110 103BOJIsSIE pO3paxOBYBaTU KYTOBY PO3-
JIUJIBHY 34aTHICTh KOHTpacTHO ooMexeHoro TTICC.
OtpuMai aHaniTH4YHi BUupasu MIT® okpeMux KoM-
IMOHEHTIB J03BOJISIIOTh ONTHUMI3yBaTU XapaKTepuc-
ik TIICC mist BupillleHHS KOHKPETHOI 3amadi
CITOCTEPEKEHHSI.
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4. TIOPOTOBUI KOHTPACT CIPUMHATTA
TEIJIOBI3IITHOTO 30BPAXKEHHS

3aaTHiCTh TepeadaunTy MMOBIpHICTb BUSIBJICHHS,
pos3nidHaBaHHS abo imeHTUdiKauil Uit 9K QyHK-
1isl miarma3oHy 3aJIeXXUTh Bill TOTO, HACKIJIBKU 100pe
0auyuTh JIIOJICHKE OKO; 11€ OIIMCAHO N0P020BOI0 YYHK -
uiecto konmpacmy (CTF). 3o0paxxeHHs BUIHO Ha
JIUCIUIESIX, SIKi IIPallloIoTh i3 00MEXEHOI0 YaCTOTOIO0
KaJIpiB, i Yepe3 0OMeXXeHHsI CeHCOpa YaCTO BUHUKAE
mwym aucruies. Lle 3ymMoBiI0€ BUMOTY BU3HAUUTHU
CTF oka 6e3 11ymy i MOjieJib, siKa alipOKCUMYE 1110
¢ynkuito. PoboTa, onmmcaHa TyT, 3aCTOCOBYEThLCS IO
OyIb-SIKMX CUCTEM Bi3yaJizallii He3aJexKHO Bijl TOTO,
Yy CIPUIMAIOTh 11i CUCTEMU BUANMeE abo iHdpauep-
BOHE BUIIPOMiHIOBaHHS 32 YMOBH, 110 CUCTEMA 30-
OpakeHHSI CTBOPIOE BIITIHKU CIpOro 300pakeHHS,
sIKe 0auMTh JIIOIChKe 0KO. MU BU3Ha4aeEMO (PpyHK-
11i10 KOHTpACTy oueit 7151 Oyib-sIKOTO BiITiHKY CipO-
ro aucruiest (Harpukiaza, IJIOCKA MaHeb).

[Topir koHnTpactHocTi Ta metpuka TTP (Target-
ing Task Performance) — 11e 30aTHICTh ITepe10auYnTH
MNMOBIpHICTh BUSIBJIEHHSI, pO3ITi3HaBaHHS a0o0 ifgeH-
tidikalii izi. BoHu xapakTepu3y1oThcs PyHKIIIEIO
noporoBoro KoHrpacrty 3o00paxeHHss CTF (contrast
threshold function) B 3a1eXHOCTi Bil IpOCTOPOBOL
YacTOTU 300pakKeHHs 1IiJIi Ha eKpaHi AUCILIes, SIKe
Jobpe OaumTh JMoachbke oko. Ha Burisan (yHKIil
CTF BruMBaoTh YyacToTa KajapiB i LIyMU AUCILIES.
[Ipu BM3HAYEHHi ITOPOrOBOr0 KOHTpPACTy 300pa-
>KeHHSI 11 (haKTOpU y OLTBIIIOCTI BUIAAKIB HE Bpa-
XOBYIOTBCS.

Y moHorpadii [3] po3rissHyTo mOporoBy (OyHK-
11i}0 KOHTPACTy HE030POEHOI0 OKa, SIKE CIIOCTepirae

Expan

Puc. 9. Posnonin sickpaBocTi B 300paxkKeHHi TecT-00’€KTa
Ha eKpaHi gucruiest Juisi BUMipIoBaHHSI (DYHKILii MOpOroBo-
ro KOHTpacTy orepaTopa: th x W, — po3mip TecT-00’eKTa,
V,, — MPOCTOPOBA YaCTOTA TecT-00’eKTa

28

CUHYCOITaJIbHUM MaJIIOHOK Ha iaeaJbHOMY AWCILIel
BEJIMKMX PO3MIpIiB, B IKOMY BiICYTHI IIIyMM.

Jns BU3HAYEHHSsI MOPOrOBOTO KOHTpAcTy 300pa-
xkeHHsa CTF 3a gormomMorormo KoMIT'ioTepa CUHTE3Y-
€TbCSI TECT-00’€EKT y BUTJISII CUHYCOITaIbHOTO PO3-
MOy SICKPAaBOCTi eKpaHy, SIKUil € (pyHKIIi€I0 KyTa
0, 3 amrutityno0 L, i cepeqHboo sICKpasicTio L,
(puc. 9).

SckpaBicTb TeCT-00’€KTa OMUCYETHCS (PYHKIIIEIO

. 0 0
Ltp(eh) =L, +L, s1n(2nvtp9h Jrect V—h rect| —— |,
tp tp
(26)
Jie TTPOCTOPOBA YACTOTA V,, BUMipIOeThes y Mpan!, a
0,,90,, le i th — B Mpas.
KonTpact TecT-00’€KTa BU3BHAYAETHCS SIK

Lmax _Lmin
Ctp(vtp) = L—

)

max + Lmin
ne Lmax i Lmin — MaKcHMaJlbHa i MiHiMaJIbHa SICKpa-
BicTb pucruies. 13 dopmymu (26) maemo: L =
=L, +L,ilL;,=L,—L,.

I3 puc. 9 BugHO, 1110 Ctp JIEXKUTh y Mexax Big 0
no 1. Jlng dikcoBaHoro 3HayeHHs1 L,, OCKiJIbKH
SICKpaBICTh HE MOX€ OYTM Bil’€MHOIO, HaiiMeHIIIe
3Ha4YeHHs L, nopiBHIOE L, a 1ie 03Havae, 110 MaK-
CUMaJibHE 3HAYeHHS Ctp nopiBHioe 1. [Ins dikcoBa-
HOTO 3HAYEHHS LO HaiMeHIle 3HaYeHHd L “ JIOpiB-
Hioe 0, a HaliMeHIIe 3HAYeHHS Ctp nopiBHIOE (.

[Mpouenypa BumiproBanHsi CTF monsirae B Ha-
crynHoMy. CuHycoigaabHUii TecT-00’€KT BUITAIKO-
BUM YMHOM BiZ0OOpakaeThCsl y BEpXHilt a00 HUKHIM
YaCTUHI TUCILIes], a CIIocTepirad MoBUHEH BU3HAYU -
TH, B SIKiil YaCTUHI OUCILIES 3 IBUTHCS 11a0JOH — Y
BEPXHill Y1 HYDKHIMN.

I1pu 3agaHnX IPOCTOPOBIilt YaCTOTI Vi i cepenHii
SICKPABOCTi TeCT-00’€KTa L, KOHTPACT TECT-00’€KTa
3MEHIIYEThCA IUIAXOM 3MEHLIEHHS L, TaKUM 4u-
HOM, 11100 MOAYJbOBAHUI CUTHaI OyB Jieb MOMIT-
HuM. TecT-00’€KT HYJIbOBOIO KOHTPACTY BUITAIKO-
BO BiZloOpaka€eThbcs y Oyab-sKili TOJOBUHI €KpaHy, a
TeCT-00’€KT 3 Jielb IIOMITHUM KOHTPAacTOM — B iH-
1IIi#1 110JI0BUHI eKpaHy. CriocTepirad moBUHEH BUPi-
LIUTHU, e IepeOyBa€ MOMYIbOBAHUI TECT-00’EKT. Y
3aJIEXKHOCTI BiJl ICKPaBOCTi L i POCTOPOBOI YacTo-
TH V,, BU3HAYAETCS, SIKA YACTUHA EKPAHa MaJia Tpu
YBepTi NMpaBubHOI Biamogigi. Lle Oyne BimmoBigaTu
iMoBipHOCTI BusiBiaeHH 50 %.

(27)
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ExcnepuMeHTabHO BCTAHOBJIEHO, 1110 Y BUMAA-
Ky, KOJIM PO3Mipu TeCT-00’€KTa th x W, nepesu-
myoTh 15°, TO (YHKIiS HOPOroBOro KOHTPACTY
Maiike He 3aJIeXKUTh BiJl po3Mipy th x W,,.

ExcrnieprMeHTaIbHi AOCTIIXKEHHS CBig4aTh Mpo
Te, 1110 MOPOrOBUI KOHTPACT CIPUNHSTTS 300pa-
keHHs1 C, ; 3aleXUThb Bl sicKkpaBocTi ¢oHy Lg, i
KyTOBHX PO3MIpiB €JIeMeHTa po3KJiaay 300pakeHHsI
3wy . [Toporoswuii KouTpact C,, ,;, pi3KO 3MiHIOETBCSA
31 30IbLLIEHHAM SmE no 10...20" i mani 3MIiHIOETh-
cs HeicToTHO. IHOAI BBaxkaroTh [11], o HalionTH-
MaJIBHILIMM TMOPOTOBUM KOHTPAcCTOM € BeJWYMHAa
Cv’th’opt =0.027.

J1st anmpokcumallii ToporoBoro KOHTpacTy iHOAi
BUKOPUCTOBYIOThH (DYHKIIit0, 3arpornoHoBany Ilynb-
uem [13]:

Cg
exp(—¢;v,, ) —exp(—c,v ,
ne Cp = 0.01033 — koHcranTa, ¢, = 0.1138°, ¢, =
= 0.325°, v, rpan~! — mpoctoposa yacrora. Ilin
yac pociimkeHHss TIICC y Oinbliocti BUMNAAKIB
MPOCTOPOBY YacTOTY BUMIpIOOTh Y Mpan '. [Ipu-
gomy 1 rpax~! = 0.01745 mpan~!. ¥ upomy Buman-
Ky TIOCTiliHi KoedillieHTn y (popmyi (28) MaTumMyTh
3HaueHHs ¢; = 1.986 mpanic, = 5.673 mpan.

Crm(Vi)= , (28

5. AITOPUTM BU3HAYEHHS BIOZCTAHI BIJI

IIIT 1O TIICC TP BUKOHAHHI 3ABJJAHHA
CIIOCTEPEXEHD 3 TEBHOIO IMOBIPHICTIO HA
OCHOBI ®YHKIIIA TTPF1 TRTPF

1. Busznagaemo npoctopoBy yactoty Mipu Dyko
rpaiyHUM METOJIOM i3 piBHSIHHS

M) = Cg,(v,), (29)
sika 3abe3rneuye piBHicTb MIT® TIICC Ms(vy) i mo-
pOroBOro KOHTpPacTy CE’tp(vy) y TIpocTopi 00’€KTa
CITOCTEPEKEHHSI.

2. 3a ¢dopmynoo (4) po3paxoBYEMO KiJIbKiCTb
nepionis N Mipn @yKo y310BXK BEpTUKAJIBHOTO Ha-
OpsIMKY (KPUTUYHOTO po3Mipy Liii I, ), Ae BUco-
Ta 1iai lcr BUMIPIOETHCS B MeTpax, BiAcTaHb R 110
IIJIi — B KiJIoMETpax, a MpoOCTOPOBa 4acTOTa MipHu
Y, — ¥ Mpal (puc. 2).

3. 3a 3aIaHUMU TEMIIEpATypaMu MOBEPXHi L 7
i dony T} 3a dhopmynoro (1) pospaxoByeMo TemIie-
patypuuii KoHtpact AT =T, —T,, axkuii 10piBHIOE
TeMITepaTypHOMY KOHTpacTy Mipu DyKo.

Yy
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4. TemmnepaTypHuii KoHTpacT AT 3MEHIIYETHCS
3a paxyHOK ITOTJINHAHHSI BUIIPOMiHIOBAaHHS B aT-
Mocdepi 3a 3akoHOM byrepa — JlambGepra, ane npu
HaIXOMXKEHHI IO BXiZHOI 3iHUIi 00’€KTHUBA 32 YMO-
BU MEPEBUILICHHST IOTO MOPOrOBOTO KOHTPACTY BiH
He BIUIMBa€ Ha nmpoctopose posaiieHHst TIICC.

5. 3rimHo i3 kpurtepieM JXKoHCOHa 11 MOBIp-
HOCTI BUKOHAHHS 3aBIaHHs criocTepexeHHs 50 %
i3 Tabj. 2 BM3HAYAEMO KIiJIbKICTh IIEPiOfiB Mipu
Y3I0BX KPUTUYHOTO PO3MIpy Lili: ISl BUSIBJIEH-
HI— Ny 5o =1,N,5=3, N, 5=0.

s Bu3HaueHo1 KiibKocTi nepioais N Mipu dyko
3a opmyitoto (6) mst pyukii 77PF a6o ii rpadika
(puc. 3) BU3HAYaEMO MMOBIPHICTb BUSIBJICHHSI, PO3-
Mi3HaBaHHs a00 imeHTUdIKaLT LiTi.

6. I3 popmynu (4) 3HaXOAMMO BiACTaHi OO LI,
Ha SIKUX BUKOHYETHCS 3aBIaHHS CIIOCTEPEKEHHS 3
yiMoBipHicTio 50 %:

l
— Ccr
Ry, = —, (30)
. . . 50 . .

s Bu3HaYeHOI BiacTaHi A0 LiJIi JJ1S1 BAKOHAHHS
3aBIaHHs CITOCTEPEXKEHHS 3 ITEBHOIO MMOBIpHICTIO
3a hopmyuioro (7) aist pysukuii TRTPF a6o ii rpadi-
Ka (puc. 4) BU3BHAYaEMO BiJICTaHi BUSIBJICHHSI, PO3-

Mi3HaBaHHS a00 imeHTUIKaLIiT 1IiTi.

Vytp

6. ITPUKJIAZL PO3PAXYHKY

7151 IpaKTUIHOTO 3aCTOCYBaHHSI 3aIIPOITOHOBAHOTO
METOIy BU3HAUCHHS MMOBIPHOCTI BUSIBIICHHS, PO3-
Mi3HaBaHHS Ta ineHTUbiKalii posrisiHemo TIICC,
sIKa Ma€ TaKi XapaKTepUCTUKU.

e TerutoBizop — 00’ekTUB: (OKYCHa BiIcTaHb
f, = 70 MM, niameTp BXiTHOi 3iHMLI Dpo =70 MM,
MikpoOoJioMeTpruYHa MaTpuls: ¢dopMaT MaTpUIli
320 x 240 nku, posmip mikcenst V= 17 MKM, 10-
cTiiiHa Jacy ¢, = 10 Mc, yacroTa Kaapis j} = 50 Ii;
JAMCIUICH: pO3Mip MiKceas vy = 15 MKM, po3mip
ekpaHa ¥, = 7.2 Mm.

* OO0’EKT CIOCTEpPeKEHHSI — TecT-00’€KT, IO
BUKOpUCTOBYEThCA B ctaHaapTi HATO 4347 nns
BU3HAYEHHSI MaKCHMaJIbHOI JaJbHOCTI BUSIBJICHHS
uimi TITCC i Mae Taki ImapaMeTpy: CIEeKTpaJIbHUIA
Jiara3oH BMIIPOMiHIOBaHHS 00’ekTa i ¢doHy 8...
14 MKM, TeMIlepaTypHUII KOHTPAcT MiX 00’€KTOM
i 3agHiM (oHOM (BimHOocHO Temmepatypu AUT B
T, = 288 K) — AT, = 2 K, posmipu thx th=
=23x2.3M%
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Puc. 10. Monynsuiitni nepenaBainbHi dyHkuii: 7 — MITD
00’ekTuBa, 2 — npocroposa MII® MBM, 3 — yacosa MI1®D
MBM, 4 — MITI® — gucrutest, 5 — cymapua MIT® TIICC

* YMOBHU CIOCTEPEXKEHD: 3MiHA II0YaTKOBOI'O TEM-
MepaTypHoOro KOHTpacty AT, Mixk 00’€KTOM i 3atHiM
(boHOM yHacifOK MocaadieHHs BUTTPOMiHIOBaHHSI B
atMocepi BpaxoByeThcs 3akoHOM byrepa — Jlam-
Oepra (2), IK1ii Ma€ BUTJISIT,

AT(R) = AT, exp(—k ,R), (31)

ae R, KM — jajnbHicTh, K, = 0.2 KM~ ! — moKasHUK
TOCIa0IeHHST T CIIPUSTIIMBUAX YMOB TIPOITYCKaH-
Hs aTMocdepu.

[MocnimoBHICTH pO3paxyHKiB HACTYITHA.

1. 3a popmynamu (10)—(12) i (8) po3paxoBye-
Mo MII®D o6’ekTuBa, mpocTopoBy i yacopy MIT®d
MBM, nucmines i cymapny MIT® TITCC y npocrtopi
i1, BUKopucToByoun popmyiy (12). Ipadiku mux
¢yHK11iii HaBeneHo Ha puc. 10.

2. 3a ¢opmynoro (28) BU3HAYAEMO ITOPOrOBUIA
KOHTpPAcCT y IPOCTOPi 00’€KTa, BpaXOBYIOUH 3B’ SI30K
MiX IIPOCTOPOBUMU YaCTOTAMM Y IIPOCTOPAX oIepa-
TOpa i 00’€KTa CIOCTEPEKEHHS, SIKWUil BU3HAYAETHCS
criBBigHomeHHsIM (18). Toai moporoBuii KOHTpacT
Oyje BU3HavyaTucs 3a (popmMysoro

C
CE,th(Vya) E =
exp(— 1986v .)—exp(— 5673\/},@)
CE
R R
exp| —1.986—E-v  |—exp| -5.673—%-v
JoB JoBe
(32)

30

Jie KyTOBa MPOCTOPOBA YACTOTA V), BUMIiPIOETHCS B
3 YMOBM 3HaXOIUMO:
* pokycHy BincTaHb 06’ektBa f, =70 MM,
W, 72
= "2 =176,
th 4.08
* ONITUMAJIbHY BiICTAaHb MiX €KpaHOM OuCIUIes i
oneparopom [11] R;z=6Y,=43.2 mm.
Hdnsa 1ux mapameTpiB po3paxyHKoBa (opmyia
(32) maTuMe BUTLJISIA

* €JIEKTPOHHE 30UTbLIEHHS B, =

Coo (v )= 0.01033 (33)
Eth\"ya exp(—0.696Vyu)_eXP(_1'972V)'a) .

3. MincraBnastemo cymapay MIT® TIICC i mo-
poroBuii koHTpacT (33) a0 piBHsSHHS (29). Y Touli
nepeTuHy rpadikis byHkuin M (v ) iC £, th( ) BU-
3HAYaEMO MPOCTOPOBY YACTOTY MlpI/I CDyKo
=22wmpag!.

4. 3a ¢popmyoio (4) po3paxoByEMO MaKCUMallb-
HY KUTBKIiCTb TiepiomiB Mipu @yko N, 110 po3pi3Hs-
I0ThCsl Y3I0BX KPUTMYHOIO po3mipy uimi /.. Ha-
MPUKJIA, IJIs BimcTaHi 10 TecT-00’ekta R = 1.7 kKM
Maemo N = 3.

5. 3rigHo i3 Kputepiem JIXXoHCcOHa i1 HMOBIp-
HOCTi BUKOHAHHSI 3aBIaHHs crioctepexkeHHs 50 %
i3 TabJyl. 2 BM3HAYAaEMO KUIBKICTh IepiomiB Mipu
Y3I0BX KPUTUYHOTO PO3MIpy Liji: JJIs BUSIBJICH-
Ha— N 450 = = 1; nj1s po3mizHaBaHHSI — Nr) 50= 3; g
iz[eHTM(blKauu N. 050 = =6.

Jns BU3Ha4YeHoi KiabKocTi nepiofis N = 3 mipu
®dyxko 3a dopmyioro (6) mia ¢yukuii 77PF a6o ii
rpadika (puc. 3) BHU3HAYAEMO WMOBIpHICTb BU-
SIBJICHHS, p03Hi3HaBaHH${ abo imeHTUIKAaLIT 1iTi:
P;=99%,P.=50%, P,=10 %.

6.13 (I)OpMme “4), HKy MPeaICTaBUMO Y BULJISIAL

Vi =

l
R,=v , —<.
50 stp N50
po3paxoByemo Binctani Big TIICC mo uini, mpu
SIKift BAKOHYETBCS TIEBHE 3aBIAHHST CTIOCTEPEXKEHHS
3 ﬁMOBipHiCT}O 50 % 3rimHo KpuTepito J>koHCOHa:
dso SOKMR50 1.7 kM, R; 5= 0.84 xM.

7. 3a dopmyitoto (7) ast (bYHKI_Ill TRTPF Bu3Ha-
yaeMO MMOBIPHICTh BUKOHAHHSI 3aBIaHHs Ha 3aja-
Hili Bincrani R. [1ns oTpumanoi iimoBipHocTi P(R) i3
rpadika, HaBeIeHOro Ha puc. 4, BU3HAYaEMO BiJHO-
weHHs Ry,/R, sike 114 Bincrani R = 1.7 km no3sonse

(34)
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Hmogipricmo po3pizHeHHs Yini KOHMPACMHO 00MeNCEHOH MEeNA0BI3IHHOK CUCIEMON Oe3niN0OMHUKA

BU3HAYMTH HMOBIPHOCTI: BUusBIeHHA — P, = 0.99,
posnisHaBaHHa — P, = 0.5, ineHTudikanii Pl. =0.1.

BICHOBKHU

Po3po0biieHo Ginbln 1OCKOHAIMWN (3pyIHMII) METO/,
1 QJITOPUTM PO3paxyHKy WMOBIPHOCTI BUSIBICHHS,
po3ni3HaBaHHS i ineHTUbiIKaLlil 00’ ekTa (11i1i) Temn-
JIOBI3ilAHOIO CUCTEMOIO CITOCTEPEXKEHHS Ha 3aJaHiil
TIaTbHOCTI, B OCHOBI SIKOTO JICKUTh KpUTepiit I>KOH-
COHa i MOPOroBU KOHTPACT CIPUHHSTTSI oIlepa-
TOPOM 300paKeHHsI Ha €KpaHi JAUCIUIesI, a TaKOoX
dyukuiit TTPF (6) i TRTPF (7).
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PROBABILITY OF TARGET DISCRIMINATION BY THE CONTRAST-LIMITED
THERMAL VISION SYSTEM OF A UAV

Equipping modern unmanned aerial vehicles (UAVs) with thermal imaging cameras expands their potential utilization in various
environmental conditions, enabling efficient aerial reconnaissance and execution of combat-related tasks. The primary objec-
tives for target discrimination encompass detection, recognition, and identification. However, existing methods and algorithms
for determining the probability of distinguishing targets do not offer an efficient and swift means of calculating these probabili-
ties based on the target’s distance.

This article aims to develop a novel method for calculating the probability of detecting, recognizing, and identifying an
object (target) using a thermal imaging surveillance system. The proposed approach involves an improved algorithm that utilizes
the Johnson criterion, as per the NATO standard 4347, the Schultz approximation of the threshold contrast for the operator’s
perception of the image on the display screen, and incorporates the objective function of probability transfer along with
probability transfer functions based on the target’s distance. An example illustrating the calculation of the target discrimination
probability is included to provide clarity. With the suggested algorithm, the probability of detecting, recognizing, and identifying
the target through the contrast-limited thermal imaging system of the drone can be rapidly calculated.

Keywords: unmanned aerial vehicle with a thermal imaging camera, probability of detecting, recognizing, and identifying the
target, target range, threshold contrast perception, probability transfer function based on the target distance.
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OIVIAL I AHAJIT3 CYYACHHUX KEPOBAHUX CUCTEM
TOYHOTI'O ITOBITPAHOI'O JECAHTYBAHHA BAHTAXIB

Ha cvoeo0niwniii denv € axmyanvHum po3pooaeHHS cucmem 3a0e3neueHHs 00CMAasKu Ha CReuianbHi MauOaHUUKU NPU3EMACHHS Ma-
KUX 00°eKmie paKkemuo-KocmiuHoi mexHiku, wo nioasearnms NOPAMYHKY abo NoO8MOpPHO20 suKopucmattio. lo makux 06exme 6io-
HOCAMbC pakemui 08ueyHu ado NPUCKopro8adi nepuiux CmyneHie paKkem-Hociie. 3acmocysants mpaouyilinux napauymHux cuc-
mem He 3ae2icou 3abe3neuye HeoOXioOHy UMOGIPHICIMb GUKOHAHHS NOAbOMHOR0 3A80AHHS, W0 CYMMEBO 30iNbULYE PUSUK BUHUKHEHHS
Hebe3neuHux cumyauiti 013 HaceaeHHs ma HA3eMHOI IHgpacmpyKmypu.

B cmammi npogedenuii ananiz icHyloMux Kepoganux cucmem movHo20 NOGIMpsHo20 decanmysanns. Pozenanymo koncmpyxmueni
0co0AUB0OCMI PI3HUX MUNIB KEPOBAHUX CUCIEM MOYHO20 NOGIMPIHO20 0CAHMYBAHHS 8AHMAICIE MA IXHIX MEXHIYHI XapaKmepucmuku.
Buznaueno eonosmi Hedoniku ma cunbhi cmopoHU po32AAHYMUX KePOBAHUX CUCHEM MOYHO20 NOBIMPHO20 0eCAHMYB8AHHS GAHMAICIE.

Ipynmyiouuce Ha npoeedeHomy ananisi po3pobaerHo Munogy KOHCMpyKmueHy cxemy 043 npeOCmaeHUKa cimeiicmed Kepoeanux cuc-
mem Mo4HO020 noBimpsHo20 decanmyeanns eanmaxcie. Tlokasano, ujo npoeedenHs excnepumeHmanbHUx 8UNPoOy8ans po3podneHoi
MUNOB0I KOHCMPYKMUBHOI CXeMU 3 GUKOPUCMAHHAM Qi3U4HOT QUHAMIYHO NOOIOHOT MoOeni € Hallbinbu epeKMUBHUM | PAUIOHANbHUM.

Pospobaeno dunamiuno nodiony moodenb 041 npoeederHs 8IONPAYHBAHHS CUCMEMA A8MOMAMUYHO20 KePYSaHHs, d MAaKoNC 015
npogedents eKCcnepumMeHmanbHuxX 00caiodicenb KOHCMPYKUii Keposanux cucmem mouH020 NOGIMPSIHO20 0eCaHmy8aHHs 6AHMAICIE.

0b62060protomocs nepcheKmueu N00ANbUUX 00CAI0NCeHb, CRPAMOBAHUX HA PO3POOAEHHS CIMELCIBA KepOBAHUX CUCHEM MOYHO20
noGImpsiHO20 decaHmy8anHs 6aHMAdNCie 3a PaAxyHOK GUKOPUCMAHHS eKCHepUMEeHMAnbHoi cucmemu 045 8ionpayoeants moougixka-
Yiil KOMNOHYBAHHS [ KOHCMPYKYil 0430801 M0OOeni 3 GUKOPUCMAHHAM NPUHUUNY MACUMAOY8aHHs 3a meopiero nodibHocmi.

Karouoei caosa: napawymna cucmema, cucmema mouHoi nogimpsaHoi 0ocmasKu 6aHmMaiCie, KOHCMPYKMUBHA cxema, OUHAMIYHO
nodiona modens.

LurtyBauusa: Bambons O. O., Kamyxunos 1. B., bapaxos K. I1., KonnpatseB A. B. Ornsin i aHami3 cydacHUX KepoBaHUX
CHCTEM TOYHOTO TIOBITPSTHOTO IeCAaHTYBaHHS BaHTaXiB. Kocmiuna nayka i mexuonoeia. 2023.29, Ne 5 (144). C. 33—50. https://
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0. O. Bambonn, 1. B. Karyncunos, K. Il. bapaxos, A. B. Kondpamoveg

1. BCTYII

OaHuM i3 HAOLIbII BaxKJIMBUX MOKA3HUKIB paKeT-
HOCIIB KOCMIYHOro IIpM3HAY€HHSI SIK TPaHCIOPT-
HOTO 3acO00y € MUTOMA BapTiCThb BUBEAEHHS KOPUC-
HOTO HaBaHTaXXEHHS Ha LIJIbOBY OpOiTy, 1110 Oe3Mo-
CepeIHbO 3AJIEXKUTh Bifl BUTpAT Ha BUTOTOBJIEHHS
pakeT-HOCIiB [23, 34]. OgHuM 3 Haile(heKTUBHIIINX
IUISIXiB MiHiMi3allii BapTOCTi paKeT-HOCIiB € MO-
BTOPHE BUKOPUCTAHHS IXHiX KOIIITOBHUX €JIEMEHTIB
[10, 35, 39]. CkopoueHHs1 (hiHAaHCOBUX BUTPAT, 1110
OTPUMYIOTbCS BiJl MOPATYHKY Ta MOBTOPHOTO BU-
KOPMCTaHHSI TaKMX €JIEMEHTIB paKeTHO-KOCMiYHOL
TeXHiKM, SIK paKeTHUX IBUTYHIB a00 IMPUCKOPIOBa-
4iB MEPIIOro CTyIeHsI paKeT-HOCIiB, CTBOPIOE YMO-
BU JUUISI PO3pOOKM CUCTEM, 3JaTHUX 3a0e3neuyBaTu
JIOCTaBKY TaKMX BaHTaXiB Ha CHeEllialbHI MaligaH-
yuku mpusemyieHHs [9, 10, 24, 33]. ITloBepHeHHs
Ha 3eMJII0 TaKUX 00’ E€KTIB CYTTEBO 30iJIbILIYyE PU3MK
BUHUKHEHHS HeOe3MeUHUX CUTYalliil JJ1s1 HacesaeH-
H$ Ta HazeMHoI iHdpacTpykTypu [13, 16, 40]. 3 me-
TOIO 3MEHILIeHHST PU3UKIB U1 JIIOAEH Ta MaiiHa He-
00XigHO 3a0e3MeYnTH MaKCUMAaJIbHYy BepTUKAJbHY
LIBUAKICTb MPU3EMJIEHHS 11 CUCTEM BMCOKOTOY-
HOT IOCTaBKM BaHTaXiB — He Oiybiie 5 m/c [41]. 3a
JIOTIOMOTOI0 OQTICTUYHUX PO3PaxyHKiB TPAEKTOPil
MOBEPHEHHSI KOCMiIUYHUX amapaTiB, 1110 PSITYIOTbCS,
MOXHa BU3HAYMTHU TiJIbKW y BCTAHOBJEHUX AOIMYC-
Kax [27]. Tomy po3paxyHKOBa TOUYKa JJisl BBEACHHS
mapalryTHOI CUCTEMM 3aBXIW BigoMa IIPUOJIM3HO
[14, 29]. BinnoBinHo napainiyTHa CUCTEMU IMOBMHHA
MaTH JI0CTaTHIO 3aTHICTh 10 TUIaHYBaHHS Ta MO0~
JIaHH$I BILUIMBIB BITPY JIJ1sS1 TOUHOTO MPU3EMJIEHHS Ha
3alaHUN TTOCAAKOBUI MaiIaHY UK.

Y Garatbox KpaiHax, 30KpeMa i B YKpaiHi, BeAyTh-
csl poOOTU 31 CTBOPEHHSI CUCTEMU BHCOKOTOYHOTO
MOBITPSIHOTO JeCaHTyBaHHS BaHTaxkiB. B iHo3eMHiit
JIiTepaTtypi 1i CUCTEMM OTPUMAJIM 3arajibHe Halime-
HYBaHHS: CHUCTEMM TOYHOI HaBEIEHOI ITOBITPSIHOL
noctaBkM BaHTaxiB — “Guided Precision Aerial
Delivery System” (GPADS).

BukopucranHsg aepoaMHaMIYHUX I1apallyTiB
JIO3BOJISIE  O€3IeYHO 3iliCHIOBaTU JIeCaHTyBaH-
HSI 3 BeJIMKOI BUCOTU Ta Ha 3HA4Hiil Bimcrani [5, 6,
31, 32]. BukopucroByioun riodajbHiI HaBiraliiiHi
cuctemu mnosuiiionyBaHHs1 (GPS) Oyjo gocsirHyTo
BHCOKOI TOYHOCTI CITyCKY BaHTaxiB, Ha JaHUU MO-

34

MEHT KPYTrOBe IMOBIpHE BiIXWJIEHHSI CTAHOBUTH HE
oinbiie 100 M. 30poiiHi CUIM MPOBIAHUX KpaiH BXKe
BU3HAIOTh TepeBary KEPOBAHUX CUCTEM TOYHOTO
JIeCaHTYBaHHSI Y TIOMOBHEHi IepegoBUX BiliCBKO-
BUX ITiApO3aiiB a00 oKkpeMux rpym. JlecaHTyBaHHS
BaHTaXiB 3 BeInKoi Bucoty moHam 9000 M mae MoxK-
JIMBICTh YaCTKOBO a00 HAaBiTh MOBHICTIO YHUKHYTH
Bxony B 30HY ypaxeHHs ITITO nporuBHuka. Kpim
TOr0, MOXJIMBICTb CKUJIAHHSI BaHTaXiB Ha 3HAYHO-
My BinganaeHHi moHan 10 KM J03BoJIsIE 3iliICHIOBATH
JIeCaHTYBaHHSI BaHTaXiB He PO3KPUBAIOUYU TOUHOTO
Ha3eMHOTro PO3TalllyBaHHSI BJIACHUX BIHCBK Ta MO-
3ULIiH Ha 3eMJTi. 3aCTOCYBaHHSI TIEBHUX MapallyTHUX
CUCTEM € KOPUCHUM, OCKIJIbKW aJITOPUTMU aBTO-
MiJIoTa aBBTOHOMHUX KEPOBAHUX MUJIOTHUX ONMHUIIb
31aTHI KOMITEHCYBAaTH MiCILIEBi BiTpH IIif] Yac MOJIbO-
Ty Ta 3[iliCHIOBATU TOYHE KePYyBaHHS 10 3amporpa-
MOBAHOTO IMYHKTY MPU3HAYEHHSI.

2. AHAJII3 ITPOBJIEMH
I IIOCTAHOBKA IIEI JOCTIKEHHA

Ha croropHilliHili AeHb 3aCTOCYBaHHSI Tpaaulliii-
HUX TapalllyTHUX CUCTEM He 3aBXAu 3abe3reuye
HEOOXiTHY WMOBIpHICTh BUKOHAHHSI TTOJbOTHO-
ro 3aBJaHHS: JIECAHTYBaHHS BAaHTAXiB B TiPCbKUX
yMOBax, B palioHax 3i CKJIagHUM peabedoM Miclie-
BOCTI, JlicaX, B YMOBax CKJIQIHUX METE€OPOJIOriuHOL
CUTYallil Ta Mijl yac MpUPOJAHUX U TEXHOTEHHUX Ka-
TacTpod. 3BUYAHO, HEKEepOBaHi ITapallyTHi CHUC-
TeMU CUJIBHO 3ajieXXaTh Bil MOTOJHUX YMOB i Bif-
Pi3HSIIOThCSI HEBUCOKOIO TOYHICTIO MPU3EMJIEHHS.
YCmimHiCT BUKOHAHHSI MicCili BMMara€ BHMCOKOIL
TOYHOCTI JeCaHTyBaHHS, siIka MOxXe OyTu 3abes3mne-
YyeHa KePOBAaHOIO CMCTEMOIO TOYHOTO IMOBITPSHOTO
JIECAHTYBaHHSI BAaHTAXIB [UISl LUMPOKOIO CHEKTPY
BaHTaxiB (Bix 0.1 10 3 1).

KepoBaHi cucTeMn TOYHOTO MTOBITPSIHOTO AeCaH-
TyBaHHSI BaHTaXiB — 1I€ aBTOHOMHI TPaHCHOPTHi
3aco0M, SIKi JECAHTYIOThCSI 3 OOpTy aBialliflHOTO
TPaHCIIOPTHOTO 3acoly TiJ KEpOBaHUM KpPYIJIUM
rnmapairyTom abo MpsIMOKYTHUM KYMOJIOM Mapa-
ruiaHy. Taki cUCTeMU aKTMBHO BUKOPUCTOBYIOThCS
30pOMHNMMMU CUJIaMU TIPOBIIHMX KpaiH CBiTy Haii-
yacTinle sIK cnocid TWioBoro 3ade3neyeHHs 6oiio-
BUX TIAPO3IiIiB, a TAKOX IIpU IIPOBEIEHHI ryMa-
HITapHUX ¥ pITIBHUX oIrlepaliil. BoHu € cyyacHum
MIPOIYKTOM €BOJIIOLIII METO/IiB MOBITPSIHOI JOCTAaBKU
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a0o nIecaHTyBaHHS, SIKi HAOYy/IM IIMPOKOTO MOIIM-
peHHs mig yac JIpyroi cBiTOBOI BiliHM.

Ciig 3a3Ha4YUTH, IO KEPOBaHi CUCTEMU TOUHO-
ro MOBITPSIHOTO JeCaHTYBaHHSI BaHTaXiB MOXYTb
BUKOPHCTOBYBATUCH TTiJT YaC BUKOHAHHS MiCiid y
BaXXKKOJOCTYITHUX palloHaX, sIKi XapaKTepu3ylOTh-
Ccsl BaAXKMMHU iHGPACTPYKTYPHO-KJIiMaTUYHUMU
OOMeXXeHHSIMU (IIUPOKUI Hialla30H METEeOpPOJIO-
riYHUX YMOB Ta TeMIlepaTypd HaBKOJMUIIHBOIO
cepeaoBuIlia, BOJIOTICTh Ta aTMOC(EPHUI THUCK,
CWIbHUI TOPUBYACTUI BiTE€p, BUCOKA XMApHICTb
Ta OMaju, HU3bKa BUAUMICTb, I'PO3U), CKIATHUM
peibeoM UM cIabOPO3BUHEHICTIO iH(MPACTPYK-
Typu. 3a3Buyaili Taki YMOBM He IO3BOJISIIOTH 3a-
CTOCOBYBaTHU Ha3eMHUI TpaHCIOPT a00 cTaHAAPT-
HY JIOCTaBKYy MOBITPSIM aBialli€lo 3i 3MiACHEHHSIM
nocagKku y TOYLi MpU3HAYEHHS, TOMY HEOOXiITHe
¢GopMyBaHHSI METOIOJIOriT PO3BUTKY Ta (PYHKIIiO-
HYBaHHS TPAHCIIOPTHOI aBialliliHOI MOOUIBHOCTI Y
BaXKKOJOCTYITHUX paiiOHaXx.

TToTpeba y cneliasizoBaHUX aBialliiHUX CUCTe-
Max, IO PO3pOOJISIIOTHCS JJISI TOCTaBKU BaHTaXiB
Yy BaXKOJOCTYIHi paiiOHHU, aKTyajbHa Yy OaraTbox
cdepax 3acTOCyBaHHSI: 3a1100iTaHHST aBapITHUM TeX-
HOTEHHUM CUTYallisiM, pO3TalllOBAHUX Y TiPCbKUX
paiioHax, JOCTaBKa BaHTaXiB y pailoOHU CTUXIMHUX
JIMX, Y Tapsiyi TOYKU, OorlepaTMBHE NTOCTaYaHHS MpPo-
IYKTIiB XapuyBaHHSI, iHIIIMX TOBApiB CIIOXMBAHHS Ta
MeIMKaMEHTIB, 00JIamHAHHS IJIsI HAyKOBUX JOCJIiI-
>K€Hb, 3aITYaCTHUH JIJIS1 PEMOHTY TOLIO.

[TapamyTHi cucteMu Ha OCHOBI TUIaHYBaJbHUX
napailyTiB OCHAIYIOTbCSI CUCTeMaMM CTaOiTizalii
MOJIOXKEHHSI BaHTaXy Ta CUCTEMaMU JAUCTaHIiHHO-
ro kepyBaHHsI (RCS — Remote Control Systems).
CyyacHi IepcrieKTUBHI CUCTEMU KEepyBaHHS 3 BU-
KOPUCTAaHHSIM IITYYHOTO IHTEJIEKTY Ha OCHOBI HEM-
POHHUX MepeK A03BOJISIOTh JOCSATTU dYKE BUCOKOT
TOYHOCTI TOCAAKW BaHTaXy. 3aCTOCYBaHHSI CUCTe-
MM B3a€EMHOTO OOMiHY JaHUMU MiX MapairyTHUMU
cucteMamu (Tak 3BaHa cucteMa “Piii”’) 103BOJIUTD
3 BUCOKOIO TOYHICTIO 3[IMCHIOBAaTU J€CAHTYBaHHSI
IpyIny BaHTaXiB. TaKoX Mpoliec JOCTaBKY BaHTAXy
MOX€ BKJIIOYATH 3aCTOCYBAHHS MPUCTPOIB IS MO-
IIIYKY BaHTaXy, a IIeBHA KOHCTPYKIIisl 3a0€3MeYUTh
HaOiHICTh NPU3EMJICHHS BaHTaXKY.

VY cBiT/i cKa3aHOro BUIIIE LiISIMA HALIOTO A0CTi-
JIKeHHS OyIyTh:
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1. AHani3 xapakKTepUCTUK CYyYaCHUX KepOBaHUX
CHCTEM TOYHOTO TMOBITPSIHOTO JeCaHTYBaHHSI BaH-
TaxiB.

2. Po3pobinieHHs1 Ha 0a3i pe3yabTaTiB IpoBeae-
HOTO aHaJli3y TUIIOBOI KOHCTPYKTUMBHOI CXEMU IS
MpeacTaBHUKA CiMeiCTBAa KEPOBAHOI CUCTEMU TOY-
HOTO TTOBITPSTHOTO IeCAHTYBaHHST BAHTAXKiB.

3. AHATI3 TA Y3ATATbHEHHA XAPAKTEPUCTUK
CYYACHHUX KEPOBAHUX CUCTEM TOYHOI'O
MOBITPAHOI'O JECAHTYBAHHA BAHTAXIB

P0o3p0o0KOI0 i TEXHOJIOTIEI0 CTBOPEHHS KEPOBAHUX
CHCTEM TOYHOTO TTOBITPSHOTO TeCaHTyBaHHS BaH-
TaxiB Ha CLOTOIHIILIHIN IEHD 3aliMacThCSI OOMEXKE-
He uncio kpaiH city: CLIA, ®panmis, Himeyun-
Ha, Kanana, Pocist i Kuraii. Ak npasuio, nepeaosi
PO3pPOOKM B LIbOMY HAMpPSIMKY € 3aKpUTUMMU. Pery-
JISIpHE 3aCTOCYBaHHS MOAIOHUX cucTeM 30pOHM-
mu cunamu CIIA Bimome 3 2008 poky i 3ailicHIO-
BaJIOCh IIPU TMPOBEJACHHI BiliICbKOBMX OIlepalliii B
Adranicrani, Ipaky ta Cupii. CyyacHi KepoBa-
Hi CMCTEMHM TOYHOIO ITOBITPSIHOTO AECAHTYBaHHS
BaHTaXiB JOCATJIM BUCOKOTO CTYNEHS TOYHOCTI
MpU HaBeJeHHI Ha HepyXoMy Llijib Ha cyli. Y He-
naBHiX KoH(uiKkTax B Ipaky Ta Adranicrani BITC
CIIA Tta apmia CIIA mnoxiiagaaucs Ha TOBITpsi-
HY JOCTaBKYy /ISl TIOMIOBHEHHSI 3aMaciB MepeaoBuX
omnepaTuBHUX 0a3, sKi OyJIM LIMPOKO PO30Cepes-
JKEHi Mo perioHy omepalliil i yacTo nepedyBaiu Ha
repeciyeHii MiCLeBOCTi.

Kommanisimu “Boeing” ta “Vertigo”, a Takox
BIIC CIIA 6yno po3po0JieHO i 3aIpOIIOHOBAHO
HU3bKOBUTPATHY KEPOBAHY CUCTEMY JIeCAaHTYBaHHSI
(AGAS) (puc. 1).

Llei1 MPOEKT MiCTUTh HU3bLKOBUTPATHE KOMaH/I-
He KepyBaHHsI, CUCTeMYy HaBeACHHsSI Ta Hapirauii
necaHTyBaHHsI. OCHOBHOIO MeTOI0 NpoekTy AGAS
€ PO3MIllIEHHSI CUCTEMU KOMAaHIHOTO KE€PYBaHHS B
KJTAaCUIHUX BaHTAXKHUX TapalryTax Kpyrjioro TUITY
Ta'y CTaHAApPTHOMY BaHTaXXHOMY KoHTeliHepi. KoH-
CTPYKTHMBHO KOHILIENT BKJIIOUA€E B cede 3aCTOCYBaH-
Hs1 moayiss GPS Ta nmaBauiB HampsIMKiB, a TaKoX
010Ky MapmpyTtu3saitii. KpiM Toro, y mpoexTi 0yso
peajti3oBaHO BIPOBAIKEHHS MPUBOIY IMTHEBMAaTHY-
HUX IOTyYHMX M’g3iB. HaBirauiitHa cucrema i Mo-
IyIb KepMYBaHHS TiIKJII0YAIOThCS 10 CTaHAAPTHOIL
BaHTaXXHOI I1aThopMu
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Puc. 2. Tlaparnan 3 noasiitHo0 061IMBKOI0 [20]

Ax oyno 3asBieHo, cuctema AGAS 2000 moxe
3a0e3MeYnTH JeCAaHTyBaHHS KOPHMCHOTO HaBaHTAa-
JKeHHS$ B OJIHY TOHHY, KpiM TOTO, KpyroBe iMOBipHe
BiIXWJIEHHSI CTAaHOBUTH 10 220 M y BUMAAKY, KOJIU
BUKOPMCTOBYIOThCS 3aIIpOorpaMoBaHi J1aHi (mpodijib
MICLEBOCTi, ILIBUAKICTb ITOJbOTY, METCOPOJOryHi
gani). IIpy pboMy Kpyrose iMOBipHE BiIXUJICHHS
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Puc. 3. llpyHuMn 3acTOCyBaHHSI BUCOTHOI MapariaHo-pa-
KETHOI CUCTEMU aBTOHOMHOTO HaBeleHHsI [15]

CYTTEBO 3MEHILYEThCS 10 40 M, KOJIU CUCTEMa BUKO-
PUCTOBYE i1 00pOOJISiE TaHi B pexXuMi oHJaiiH [18].

KepoBaHa cructema TOYHOTO MOBITPSIHOTO JeCaH-
TyBaHHsI BaHTaXiB 3aCTOCOBYETbCS Yy aBTOHOMHil
BHCOKOIIJIaHYBaJIbHil TOBITPSIHIN cUCTeMi TOCTaB-
ku. Tak, Hanpukian, € cucrema [20], mo ckiana-
€TbCS 3 MPSIMOKYTHOIO TaparuiaHa 3 TOABiliHOIO
ob6mmBKoo iomieto 200 M2 Ta KOPUCHOTO HAaBaH-
taxkeHHs 230 kT (puc. 2).

3aCcTOCOBYEThCS aHaJli3 ONTUMAJIbHOTO KepyBaH-
HS JIsE TTOOYOOBM TPAEKTOPili B peajbHOMY daci.
OTpumaHa B pe3y/ibTaTi CUcTeMa HaBeACHHS Ta Ke-
pyBaHHSI BKJIIOYAE BiICTEXKEHHSI LIi€T OMOPHOI Tpa-
€KTOpil 3 BUKOPUCTAaHHSIM HEJIiHiHHOrO KOHTpOJIe-
pa CTeXXKeHHSI.

Ha ocHoBi npunuuiy makcumymy IloHTpsirina
CHHTE30BaHO OITHMAJIBHY CTpaTeTilo KepyBaHHS
CUCTEMOIO JOCTaBKM KOPUCHOTO HaBaHTaXKEHHS
napamniaHa “Pegasus”. Pazom 3 HamiliHuMm anro-
PUTMOM TIpSIMYBaHHSI TPAEKTOPIEIO 1€ TO3BOJIUIO
YCITITHO PO3POOUTH i 3MOACTIOBATHA MOBHUI aJiro-
PUTM HaBeleHHs Ta KepyBaHH [20].

3acTocyBaHHSI KEPOBAaHUX CHUCTEM TOYHOTO IO-
BITPSIHOTO JIeCAaHTYBaHHsI BAaHTaXXiB MOXJIMBE I 1151
pakeTHoi TexHiku (puc. 1—3). 3ampomnoHOBaHO
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a

Puc. 4. KeposaHa BucotHa cucreMa aecantyBaHHs (GPHAR) [10]: a — po3kpuTta KepoBaHa BUCOTHA CUCTEMA JeCAaHTYBaHHS,

0 — 3ibpaHa KepoBaHa BUCOTHA CHCTEMA IECAHTYBAaHHHSI

CTpaTerilo aBTOHOMHOTO HaBEAEHHS IJId BUCOTHOI
MapariaHO-PaKeTHOI CHUCTEMHM, SIKa BPaxXOBYE II0-
CTiIiHUM i 3MiHHUI Yy yaci Bitep [15]. Byjio po3po6-
JICHO HOBMI aJirOPUTM reHepallil TpaeKTopii HaBe-
JIEHHSI Ha BEJIMKY BUCOTY, J€ €HEepProcrioXrBaHHs
HUXKYE, HiX JUIs HasiBHOTO ajlropuTtmy. Kpim Toro,
OyJIO BIOCKOHAJIEHO afaNTUBHUI 3aKOH HaBEeAECHHSI
JUIs. 30UIBIIEHHST IIBUAKOCTI 301KHOCTI MOMWJIKUA
CJIiIyBaHHS TpaeKTopielo. Pe3ynbraTu MoaetoBaH-
Hs MiATBEpIXYIOTb €(EeKTUBHICTb CTpaTerii aBTO-
HOMHOTrO camMoHaBeaeHHs. OaHaK s MOAIbIIOL
nepeBipky ePEeKTUBHOCTI 3aMPONOHOBAHOTO METO-
Iy HeOOXiTHO MPOBECTHU MEBHI JTOCIIIIKEHHS Ta BU-
npoOyBaHHsI. HeoOXigHO PO3MISIHYTU MOXJIMBICTh
3aCTOCYBaHHSI aBTOHOMHOT'O BUKOHABYOTO MeXaHi3-
my [11]. KpiMm Toro, komyHikaiiito cucteMu Heo0-
XiTHO BpaxoBYBaTH ITifl Yac MPolleCy aBTOHOMHOTO
HaBeJeHHS [8].

V pamkax niporpamu NASA “Flight Opportunities
Program” (FOP) Oys0 ycriniHo npoBeaeHO BUIIPO-
OyBaHHSI cucTeMU KepoBaHoro naparmiasa [10]. Ke-
poBaHa cucTeMma JieCaHTyBajlacsl 3 BUCOTU OJIM3bKO
17.5 kM, 3aranbHa Maca cuctemu ctaHoBua 100 Kr,
a moma napariana — 21 M2 1lg nporpama mana
HU3KY liiJIeil, a came: JTOCHiAUTU MOBEIiHKY Kepo-
BaHOI CUCTeMU y BUCOTHOMY Miamia3oHi MOJIBbOTY;

BilmpalioBaTh TEXHOJIOTil0, IOB’SI3aHY 3 pPO3rop-
TaHHSIM Ta TTOJILOTOM TIapariaHy Ha BMCOTI TTOHAJ
7.5 kM Haj piBHeM Mops (puc. 4). [IpoBeaeHi no-
CJTIIIDKeHHST TIO3BOJISIIOTh Hajali BUKOPUCTOBYBATH
JlaHy CUCTeMY JIJIsl KOCMiYHMX arapariB, 1110 TTOBep-
TalThcsa. BupilryBaaucst Tpu OCHOBHI TeXHiuHi 3a-
Jlayi: yCIilllHe pO3ropTaHHsI MaparjiaHa; 1OCSTHEeH-
H$l CTabiTbHOTO BCTAHOBJIEHOIO PEKUMY IOJIBOTY,
JIEeMOHCTpallisl cTabibHOrO 1 mepeadadyyBaHOro
BIATYKY Ha KepiBHI BIUIMBU OJIOKY KepyBaHHS. Y
XOJIi BUTIpOOYBaHb yCi TpU 3aBOaHHS OyJI0 BUKOHA-
Ho ycriiiHo. Cuctema OyJia YCIilllHO BUITyIlIeHa, a
MoTiM OyJIO 3HilICHEHO CITyCK 3a CLIeHapi€M, ITiCIIs
SIKOTO cUCTeMa Tepeiiliuia 10 aBTOHOMHOTO CITYCKY
(puc. 5).

CI1ycK 3a ClieHapieM SIBJISIB IIOCTiTOBHICTD JIIBUX i
MpaBKUX MOBOPOTIB, SIKi MOBTOPIOBAJIMCS 0 MEPEX0-
[y B aBTOHOMHUI CITyCK Ha BHUCOTi OJIM3bKO 3.5 KM
Han piBHeM Mops. Jlani, 3i0paHi IIim yac mosibo-
Ty, BKmovanu gadi GPS, iHepiiliHi Ta KOHTPOJIbHI
JlaHi, 3apeecTpoBaHi Ha OOpTy OOPTOBOro OJIOKY
KepyBaHHSI, BiJleO0 BUCOKOI UiTKOCTi Ta aTMOC(hepHi
JlaHi MeTeopoJioTiyHoro 3oHaa. OTpUMaHi aaHi 10-
3BOJIMJIN 3pOOUTH DS BUCHOBKIB IIOIO JIBOTHUX
XapaKTepUCTUK, TOB’SI3aHUX i3 MOJLOTOM Ha Iapa-
TJIaHi HA BEJIMKIiil BUCOTI.
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Puc. 6. Cuctema Onyx ML 3 imiTalli€ero KOpUCHOIO HaBaHTa-
JKEeHHs1 MakcuMalibHoo Macoto (70 kr) [30]

e -\_-‘.‘

Puc. 7. AMepukaHCbka KepoBaHa CHUCTeMa JIeCaHTyBaHHS
BaHTaxiB JPADS [2]

Cucrema “Onyx Micro Light” (Onyx ML) —
e cucrema, sKa HajexuTb g0 cuctem “The Joint
Precision Airdrop Systems Micro Light Weight”
(JPADS-MLW) [30]. [i 6ymo pospo6GieHo 3 Me-
TOI0 3aJ0BOJICHHSI BUMOI TOYHOIO JE€CaHTyBaHHS
IUIST IMCTaHUiHOI MeIW4YHOI MiATPUMKU Ta eBa-
kyauii “The Joint Medical Distance Support and
Evacuation” (JMDSE) (puc. 6).

ITporpama JMDSE 3a6e3neuye miaTpuMKy mopa-
HEHUX Ha 10JIi 0010 3a JOIMOMOI0I0 BUCOKOTOUHOIO
MEINYHOTO MOCTaYaHHS, TeJIEMEIULIMHU, a TaKOX
IS 3B’ 513Ky 3 110JieM 0010 Ta aBTOMAaTU30BaHUX CUC-
TeM MiATPUMKHU, eBaKyallil MopaHEeHUX Ha MoJii 6010.
Onyx ML mae 31aTHICTh TOCTaBISATA MEAWYHI BaH-
Taxi, gaBadi abo podoru Baror Bixg 4.5 go 70 Kr 3
Pi3HUX ITIJIOTOBAaHUX Ta OE3IMTUIOTHUX IJIaTdOpPM Ta
cucteM. Onyx ML, gx 3a3Ha4yaloTh BUPOOHUKU, €
IMOBHICTIO ABTOHOMHOIO Ta HEIOPOTOl0 CHUCTEMOIO,
BUKJIIOYHO IIPOCTOIO B €KCILIyaTallii.

Bcio cuctemy mMoxe yrnakoBaTH, 3MOHTYBaTH Ta
3alporpamMyBaTv OJMH MOHTaXHUK MEHII $SIK 3a
30 xB. OnHa cucremMa MminBicKu/KoHTelHepa Ta 6op-
ToBuii 010K KepyBaHHSI (AGU) MOXYTb BUKOpPUC-
TOBYBATHCh 3 HaBicaMM pi3HMUX po3Mmipis [30].

3nebinbioro amepukaHcebki cuctemu JPADS 3a-
CTOCOBYIOTHCS [IJIsSI IOCTaYaHHS IiAPO3IiUTIB CIIeLli-
aJIbHOTO TIPU3HAYEHHSI TIPU HECTIPUSITIUBUX JIJIST TTO-
JILOTIB aBiallii yMoBax (HU3bKa XMapHiCTh, OOMexKeHa
BuauMicTh) [1, 3, 7, 19, 21]. I1epiie 6oitoBe 3acTOCy-
BaHHs cuctemu JPADS BinGynocs y ceprai 2006 p. B
Adranicrani. Cuctemy JPADS otpumanu i 36poiiHi
Cuu YKpaiHu Ta yCIillHO BUTTPOOYyBad Ha MOJiro-
Hi I yac MOKa30BMX BUITPOOYBaHb HOBUX 3pa3KiB
MOBITPSIHOAECAHTHOI TEXHiKM iHO3eMHOIo BUPOO-
HULITBA JJIs1 JOTIPaBJISTHHS BaHTaxiB (puc. 7) [2].

Cucremu necaHtyBaHHs1 BaHTaxiB JPADS no-
3BOJISIIOTh 3MiMCHIOBATU JE€CAHTYBAaHHS BaHTaXiB
3 BUCOTU 10 7500 M Ta B 3aJIeXKHOCTI BiJl CUCTEMU
MakcuMalibHa Bara moxe Oytu 900 xr ado 4500 kT
JlecaHTyBaHHSI BaHTaXy y MOBITpi BiJl OT0 TOUKU
MPU3EMJICHHSI MOXE CSraTu 10 25 KM, a 1ie B CBOIO
Yyepry HaJa€ MOXJIMBICTD JIiTaKy MPOBOIUTH I€CaH-
TyBaHHSI HE 3aXOJsYM B 30HY 3aCO0iB IPOTUIIOBI-
TpsiHO1 000poHU. ITpu 1IboMY Mijg yac necaHTyBaHHS
JIEKIbKOX BaHTaXiB BOHU MOXKYTh MPU3EMIISITUCS
Ha BigcTaHiy 150 M OIMH Big OMHOIO 3 TOUHICTIO 10
80 % (pmc. 8) [2].
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Touna Hagirauist cuctema HaBeaeHHs JPADS Bu-
KOpUCTOBYE BiiicbkoBi naHi GPS, B xoai moiasoTy y
peXuMi peasbHOTO Yyacy BiIOyBa€eThCsl HOro KOPUTY-
BaHHS B 3aJIEKHOCTI Bill TOTOMHUX YMOB.

CBoro yacy A0CHiIHULIbKUIA LEHTP COJAaTChKOTO
cnopsukeHHst apmii CIIIA BucnoBuB 1oTpe0dy y Iie-
PENOBUX CUCTEMaX KepOBAHOTO JeCaHTYBaHHs BaH-
taxiB. OcoOJMBUI1 iHTepec OyB MOB’A13aHUI i3 TIpO-
TrpaMoI0 NeCaHTyBaHHS BAXKKMX KOPHCHUX BaHTaXiB
3 BEJIMKOI BUCOTH 3 BUKOPMCTAHHSIM aBTOHOMHOTO

HaBeJIeHHSsI, HaBirailii Ta KOHTpoJit0. B 0CHOBI Tex-
HIYHOTO ITiXOMY IO IIUX BUMOT JICKUTD TTOETHAHHS
JIBOX BiTOMUX TEXHOJIOTIIA:

1) BUKOpUCTaHHsI MaparjaHa 3 BeJUKOW ILUIO-
e, po3pobjieHoro KommaHieo “Pioneer Aero-
space”, SIKMii BUKOPUCTOBYBaBcs y ITporpami NASA
“Advanced Recovery Systems”(ARS);

2) 3acTOoCyBaHHSI CMCTeMU HaBiraiii, HaBeJaeHHsI
ta KoHTpomo ORION™ na ocnosi GPS. Cucrema
Oysa po3pobiaeHa komraHielo SSE Inc. mist HeBenu-
KMx TapariadiB. KoMmOiHallis X ABOX TEXHOJIOTIi
Oy/la UEHTPaJbHOIO YACTUHOIO MPOTpamMu BUIIPO-
oyBaHb “The Guided Parafoil Air Delivery System”
(GPADS). OcHoBHa MeTa mporpamu IoJjsrajia B
TOMY, 11100 MPOJIEMOHCTPYBATU MPUIATHICTh CUCTE-
mu “Advanced Recovery Systems” (ARS) mis cra-

Oinizalii, yHOBUIBHEHHSI Ta TOYHOTO IIPU3eMJICHHS
IIUPOKOTO CTEKTPY BifICHKOBUX KOPUCHMX HaBaH-
TaXXeHb Ha TTOTNepeIHbO BUOPaHUX MaliTaHJYMKax.

OnucaHo 6a30By MOC/iIOBHICTb MO/l TECTY Ha Ta-

ninHs ms nporpamu GPADS. byno 3po0jieHo 3Mi-

HU 10 KoHirypauii cuctemu ARS i mocigoBHOCTI

orepauiit, mig i aganrauii 10 BiICbKOBUX ITOTPeO

nIecaHTyBaHHsI. Moaudikaliiss BkiIouae Oe3moce-
pemHe pO3TOpTaHHS KpWiia IapariaHa 3a JOITOMO-
rol0 IapallyTa, BKJIIOYEHHS YHiBEepCaJIbHOTO Bif-

OKPEMJIIOBAHOTO KPIIJICHHSI, iHTeTpallil0 aBTOHOM-

HOroO HaBeIeHHsSI Ta KOHTpoyto Ha ocHoBi GPS, a

TaKOX BKJIFOUEHHSI OiJIbIIIOTO KpuJia MaparuiaHa st

30UIbIIEHHST BAaHTaXKoIigiioMHoOCTi [37].

V Higepnanaax komnanist “Dutch Space” y criB-
npaui 3 HaiioHaabHOIO aepoKOCMidHOIO Jiabopa-

Topiero NLR po3pobuia cucteMy TOUHOI JOCTaBKU

BaHTaxiB Macoto Bix 100 mo 1000 xr. Inst pizHUX

BaroBUX KaTeropiifi BUKOPMCTOBYEThCS TapalryTHa

cucTeMa 3 TOBITPSTHUM TOTOKOM, 1110 Habirae. 3a-

IIPpOINIOHOBaHa CUCTEMA NECAHTYBAHHA BUKOPUCTO-
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Puc. 8. lapamyrHa cuctema JPADS [2]

Puc. 9. Cucrema SPADES ¢ mapamanom Firefly Ta kopuc-
HUM HaBaHTaxeHHsIM 500 kr: / — miatdopma, KOpUCHE
HaBaHTaXeHHs Ta OJIOK KepyBaHHs, 2 — maparuiad Firefly,
3 — KoH(irypallis 6JI0Ky HaBeIeHHsI Ta KEPYBaHHS CUCTEMU
SPADES, 4 — 610k kepyBaHHs cuctemoio SPADES
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Puc. 11. KepoBaHa crctemMa TOYHOTO TTOBITPSTHOTO necaHTyBaHHs BaHTaxiB FireFly 11® [10]

By€ iHdopMaliito npo Micue3HaxomkeHHsT GPS mis
ABTOHOMHOTO TOJIbOTY A0 TOYKU AOCTAaBKU. Y MU-
HYJIOMY aBTOHOMHa cucTeMa goctaBku “The Smart
Parafoil Autonomous Delivery System” (SPADES)
BXXe JIEeMOHCTpYBaJia JJOCTaBKYy KOPMCHOTO HaBaH-
TaXXeHHS B 3alIpOrpaMoOBaHi Ha3eMHi TOYKHU 3 TOU-
HicTio Buie 3a 100 M 3a momomoroio G9-Galaxy

40

(160 kr), TaHgemMHoro maparuiaHa (250 kr) “Aera-
zur” (puc. 9) [38].

Kpim Toro, Komasisi po3po0uiia CUCTEMY 1 IS
moTped apMii, sIKa po3paxoBaHa Ha KOPUCHE HaBaH-
taxeHHs Bix 100 o 1000 Kr 3 ogHUM OJIOKOM Ke-
pyBaHHs. s Bepcist ctana noctynHoto 3 2007 poky.
s MOKPUTTS BKA3aHOTO Jiana3oHy KOPUCHOTO
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HaBaHTaXEeHHSI 3aCTOCOBYBAJIMCh TPU TUIM Mapa-
mianiB: 100...250 kT, 250...500 xr Ta 500...1000 k1.
st BUKOHaHHS Micii 00OpTOBOMY MpPOLIECOPY HE
MOTPiOHO XOJHOI iH(hopMallii mpo Mpodiab BiTPY.
[HbopMaltis mpo BiTep MoTpiOHA JIMIIIE Mij Yyac ria-
HYBaHHSI Micii, 11100 OLIiHUTH 00’€M TIOBITPSI Ta BU-
3HAYUTU TOUKY JecaHTyBaHHs. [Ipouecop Kopurye
BILIMB BiTpY, BU3Hayar4u iH(opMallito mpo BiTep y
oJIbOTi. BUKOpucTOBYIOUM naparmiaH 3 KoedilieH-
TOM TUJIaHYBaHHS 3 B YMOBaX LITUJII0, MOXHA OTPU-
MaTH JaJbHICTh NOaIbOTy 0113bK0 10...20 KM, SKIIIO
cHcTeMa CKUIaeThes Ha Bucoti 7600 M. 3 ypaxyBaH-
HSIM BIiTPOBOTO 3HECEHHSI e(eKTUBHA IMCTaHLLis
MoOKe 30ibIUTUCH 10 50 KM i 6ib1re [26, 38].

Cnin 3a3HauYUTH, IO Micasl OKyrmallii ABTOHOM-
Hoi Pecniyosniku Kpum y 2014 p. ennHuii y KpaiHi
deoaocilichKnii TapallyTHUM 3aBOJ OMMHUBCS Ha
OKYyMOBaHill TepuTopii, i TUM caMuM Yy 30pOHUX
Cutax Ykpainy BUHUKIIU IIPOOJeMHU 3 OHOBJICHHSIM
3ac00iB MapalryTHOTO IapKy BITYM3HSIHUX I€CAHT-
HO-IITYPMOBUX BilicbK. OIHaK MOCTilHO TTOIOBXY-
BaTU CTPOKM eKCIulyaTallii HasiBHMX TapaiiyTiB i
CUCTEM HEMOXKJIMBO, TOMY 3 OJJHOTO OOKY PO3IJIsijia-
I0ThCSI MOXKJIUBOCTi IPUIMHSTTSI Ha 030poeHHsT 3CY
HU3KM TTapallyTHUX cucteM BupoOHuuTBa CIIIA
a00 po3po0JIeHHS BJIACHOI KEPOBAHOI CUCTEMMU TOY-
HOIO IIOBITPSIHOTO JeCcaHTyBaHHSI BaHTaxiB. Bu-
MpOOOBYBaHHS MEBHUX KEPOBAHUX CUCTEM TOYHOIO
MOBITPSIHOTO AecaHTyBaHHs BaHTaxiB MicroFly I1
ta FireFly BinOyBanucs B YkpaiHi [4]. Tak, kepo-
BaHa cUCTeMa TOYHOTO TMOBITPSIHOTO JIeCaHTYBaHHSI
BaHTaxiB MicroFly Il mpusHauaeTbcst 115 AecaHTy-
BaHHS 3 JIiTaKiB 030pO€EHHS Ta BiiChKOBOIO MaiiHa
Barow A0 225 Kr y 3aBOJCHKIiil Tapi Ha IIBUIKOCTI
MoJIb0Ty 10 277 KM/Toa 3 BUcoT Bix 1067 no 7468 M
(puc. 10) [4, 28].

KepoBany cucremMy TOYHOIO IIOBITPSIHOTO [i€-
cantyBaHHs BaHTaxiB FireFly 1I mpusHaueHo mis
JeCaHTyBaHHS 3 JIiTaKiB TUITy AH-26 030pO€HHS Ta
BilicbkoBoro MaiiHa Baroto 10 1090 Kr y 3aBoaChKiii
Tapi Ha IBUAKOCTI MOJbOTY 10 277 KM/TO/ 3 BUCOT
Bin 1524 no 7468 m (puc. 11) [4, 12].

PazoM 3 TuM 4epe3 BUCOKY BapTicThb (OJIM3bKO
10 TucC. moj.), JaHa cucTema, B 3arajlbHOMY 00CsI3i
JIECAHTOBAHUX BaHTaXiB, BUKOPHUCTOBYETHCS O0-
MeXeHO. AJie He MEHIII SIK 25 KpaiH CBITY MalOTh Ha
CBOEMY O30pOEHHI CHCTeMU KEepOBaHOTO TOYHOIO
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MOBITPSTHOTO JI€CaHTYBaHHS BaHTaXiB, Xo4ya i B 00-
MEXEHUX KiTbKOCTIX [3].

4. PO3POBKA TA ITPOEKTYBAHHA
3ATAJIbHOT CXEMM CUCTEMU
TOYHOI'O MMOBITPAHOI'O JECAHTYBAHHA

3a pesyabraTaMu TIPOBEACHOIO aHajizy cydac-
HUX KEPOBaHMX CUCTEM TOYHOTO IOBITPSIHOTO je-
CaHTYBaHHSI BaHTaXiB MOXHa Big3HAYMUTH, 110 BCi
PO3IJISIHYTI CUCTEMU MalOTh TUIIOBY KOHCTPYKIIiIO
(puc. 12). KoHCTpYyKTUBHO CUCTEMU CKJIadalOThCS
3 TAKMX OCHOBHMX YAaCTHUH: KYITOJI TTaparuiaHa, 610K
KepyBaHHSI, MiIBiCHa cucTema, ruiaTdopMa Ta Ko-
pUCHE HaBaHTaXXEHHSI.

Ha ocHOBi CBiTOBOro i BiTYM3HSIHOTO JOCBiIy
Oy/J0 BUpIlIEHO BUKOPMUCTOBYBATU THUIIOBY KOH-
CcTpYKTUBHY cxeMy (puc. 13). KepoBaHa cuctema
TOYHOTO MOBITPSIHOI'O AeCaHTYBaHHSI BAHTaXiB Oye
CKJIAIaTUCS 3 TAKUX OCHOBHMX €JIEMEHTIB: KyIOJI

Puc. 12. Tlepen nonboTHa KoH®iIrypaiis cuctemu SPADES
[38]: I — Kymonm cucTteMu Yy CKIaJeHOMY CTaHi, 2 —
CTPOIM KyITOJy TapaiiyTa, 3 — OJIOK KepyBaHHSI CUCTEMU,
4 — migBicHa cucTeMa, 5 — KOPWMCHE HaBaHTaXeHHS, 6 —
miaropma
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Puc. 13. 3aranbHuii BUTJISI KEPOBAaHOI CUCTEMM TOYHOTO
MOBITPSTHOTO JIeCAaHTYBaHHS BaHTaXiB: / — KYIIOJ MapaliryTa
MEeBHOI KOHCTPYKIIii, 2 — cTponu mnapaiiyta, 3 — 0J0K
KepyBaHHSI CUCTEMOIO, 4 — CTpONU ITiJABICHOI CHUCTEeMHU,
KOpUICHE HaBaHTaXeHHsI, 5 — KOPUCHe HaBaHTaXeHHs, 6 —
matpopma

Puc.

14. 3aragpHUil BUDISAN KOHCTPYKIIii
KEpPOBaHOI CHUCTEMM TOYHOTO TIOBIiTPSTHOTO I€CaHTyBaHHS
BaHTaXiB: / — KyIOJ TapaliyTa TeBHOI KOHCTpYKIii, 2 —
HEepBIOpU Tapailyta, 3 — CTPOIM mapaiiyra, 4 — CTpOIu
YIpaBJIiHHSI ITapalryToMm, 6 — claiaep

raparryTa
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mapaiiyTa meBHOI KOHCTPYKIIii, CTpoIu, OJ0K Ke-
pyBaHHSI, CTPONH ITiABICHOI CMCTeMH, KOPUCHE Ha-
BaHTaXXeHHsI Ta MjaT(Gopmu.

Crin 3a3HauYUTH, 1O MOMIOHE KOHCTPYKTHUBHE
pillleHHsT OyJe 3aCTOCOBaHO JUISl BChOTO CiMelicTBa
TOYHOTO TIOBITPSIHOTO JE€CAaHTYBaHHSI BaHTaXiB y
BKa3aHOMY Jiala30Hi BaHTaXiB.

IlepenbavyaeTbcsi, IO KYIOJ CHUCTEMU TOUYHOTO
MOBITPSIHOTO JI€CAaHTYBaHHsI BaHTaXiB Oyde CKJa-
JaTUCS 3 KYMOJIy €JIICoIoaioHo1 (popMu, BUTOTOB-
JIEHOTO 3 HEMJIOHY HM3bKOI MOBITPOIIPOHMKHOCTI.
CTponu KymnoJyly BUTOTOBJISIIOTHCS i3 CHELiaIbHOTO
LIHypa 3i cjaiaepoM, SIKMH KOHTPOJIIOE IpoliecC
pO3ropTaHHS KYIOJTYy.

BinbHi KiH1Ii miABiCHOT cMcTeMU Min’eaHaHi 3’el-
HYBaJIbHUMU JlaHKamMu 10 ctporn (puc. 14). Kymon
cucteMu Mae popMy Kpuja i CKIIaJaeTbCs 3 BEpX-
HBOTO i HIKHBOTO mojoTHUII. Lli mogoTHUIIA MO-
€IHaHi M coboro HepBlopamu. HaBegeHe BHKO-
HaHHS (OPMYE KYIIOJI HaiBeTINTUYHOI popMu 3
MEeBHOIO KiJIbKICTIO OTBOPIB Ha MepeaHiil KpOoMIIi.
HasBHicTb OTBOpiB 103BOJIMTH TOBITpIO, IO Ha-
Oirae, yTBOPUTH TUCK MIX BEPXHIM Ta HWXKHIM I10-
JIOTHUILEM, 1110, B CBOIO Uepry, 3a0e3MeUnTh KyIoay
fioro bopMy Ta XapaKTepUCTUKH TJIaHEPYBaHHSI.

Vci HepBIOpM MalOTh OTBOPU OBaJIbHOI (POpMU
JIJIS1 CTBOPEHHS TTOBITPSTHOTO TTOTOKY B3/10BX BCbOTO
Kynoay-kpuia. Kpim Toro, HepBopu, MaloTh CTPid-
KU JJ151 pO3TIOAiy HaBaHTaXKEHHSI.

CTtponu 3akpiruisitoTbCsl B TOYKaX KpiIlJIeHHS,
sIKi po3TallloBaHi Ha KOXHiii HEpBIOPi B3IOBX XOp-
nu. Crioci6 moOynoBU KOHCTPYKIii — KacKaIHUIA,
TOOTO CTpONU OYAYyTb PO3XOIMTUCS KacKaIoM Bif
nepeaHbol A0 3aJHbOT KPOMKM Ta 3JIiBa HarpaBo. B
pe3yJbTaTi TAKOro KOHCTPYKTUBHOIO pillIeHHS Oy1ie
¢dopmMmyBaTHCS YMOBHA MipaMina 3 4OTUPHOX BEPXHIX
CTpom, MPUEIHAHUX IO OAHIEI HMKHBOI CTPOIIU.
HaBeneHe KOHCTPYKTMBHE BUKOHAHHSI HAJa€ 3MO-
Iy 3MEHIIUTU Macy Ta 00’€M, KpiM TOro, IEBHUM
YUHOM ITiIBUIIYE aepoOAMHAMiuHi Ta MillHiCTHi Xa-
PaKTEepUCTUKM KOHCTpyKIii. J1sT MaHeBpyBaHHS
KYMOJIOM BUKOPHUCTOBYIOThCSI CTPOMNM KEepyBaHHS,
SKi MOB’SI3aHi Ta KOHTPOJIIOIOThCS OJIOKOM aBTO-
HOMHOro KepyBaHHS. Po3nofiieHHs HaBaHTaXeH-
HSI IJIs TUIAaBHOTO MOCJIIAOBHOIO PO3KPUTTS peai-
3YETBCS 3aBIOSIKU Clalaepy, SIKU e(peKTUBHO PO3-
MIJISIE CTPOIMN.
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bnok aBTroHOMHOrOo KepyBaHHs (puc. 15) po3s-
TAlllOBYETbCS  HaJ, KOPUCHUM HaBaHTaXXEHHSIM
(puc. 16). B1ok aBTOHOMHOTO KepyBaHHS € KOHTE1-
HEPOM, B SIKOMY PO3TalllOBYIOTHCSI OCHOBHi CKJ1a/lOBi
CHCTEMM TOYHOTO TOBITPSIHOTO JeCaHTyBaHHSI BaH-
TaxiB, a caMe: IIporpaMoBaHUIl TIPUCTPiil KepyBaH-
HS cucTeMmolo, npuitmau curHaiis GPS, npuiimau
Ta TiepenaBauy CHUTHaiB, KOMIIac, OJIOK KepyBaHHS
crporiamu. CTpornu KepyBaHHSI IPUBOISTLCS B IilO
MpuBoAaMU KepyBaHH:. ZK1BIeHHS 0JI0OKa aBTOHOM-
HOTO KepyBaHHsI BimOyBa€TbCs Bill aKyMYJISITOPHOL
Oatapei. bjok aBTOHOMHOro KepyBaHHs (puc. 15)
3’€IHYETHCS 3 KOPUCHUM HaBaHTaXKEHHSIM CTporna-
MM 3 YOTMPBLOX CTOPiH, YTBOPIOIOUM ITipaMiTaibHy
crpyktypy. Ciin 3a3Ha4yMTH, IO ITiABiCHA CHUCTeMa
CKJIaJAEThCI 3 YOTHMPHOX KapaOiHiB, sIKi 3aKpiIlIto-
I0TbCS 10 KOPMCHOTO HaBaHTaXeHHs. YoTupu cTpo-
M1 MiABICHOI CUCTeMU 3’€IHaHi y LIEHTPi, YTBOPIO-
I0OUYM €IMHY TOUKy 3’egHaHHs. [{o 00Ky aBTOHOM-
HOTro KepyBaHHSI YOTMPU CTPOMU KPIILISATbCS yepes
KPOHIITEMHU 3 IITU(TAMU YOTUPMA METISIMMU.

ITnardopma st po3rallyBaHHSI KOPUMCHOTO Ha-
BaHTaXXEHHsI Ma€ OaJKOBY KOMIMO3WUTHY KOHCTPYK-
1Iito 3 eJeMeHTaMM KpiruteHHs1. CydyacHi MaTepianm,
TEXHOJIOTii BUPOOHULTBA Ta METOAU TPOEKTYBAHHS
JTIO3BOJISIIOTh BUPILIATUA 3aAady CTBOPEHHS KOMIIO-
3UTHOI KOHCTPYKIIii 3 MiHIMaJIbHOIO MacolO Ta BOJ-
HOYaC AOCTAaTHIMM MILHICHUMM Ta XOPCTKiCHUMU
xXapakTepucTukamu. KpurepieM npoekTyBaHHS [Jis1
1aTopMu BUCTYIIa€ KpUTEPilt MiHIMyMy Mac, 1110
BMMarae CKJaJIHOro rpolecy BUbopy marepiaiy, mpo-
€KTYBaHHsI Ta ONTUMI3allil KOHCTPYKIIii raaTdhopmMu
B LIJTOMY, @ TAKOX BU3HAYEHHSI TEXHOJIOTi1 BAPOOHMU-
utBa. [1pu npoekTyBaHHI JIaT(OPMU BUKOPUCTOBY-
IOThCSI J0OpEe BilOMi METOAMKM MPOEKTYBAHHS Oai-
KOBMX KOMITO3UTHUX KOHCTpYKLiil [22]. BogHouac
BUKOPUCTAHHS METOHIB TOIIOJIOTIYHOI ONTHMIi3allil
KOHCTPyK1ii [17] m03BoJIsiE OTpMATh KOHCTPYKIIIO
3 MiHIMaJIbHOIO Macoo. TexHoJoTiyHa peatizaiis
€JIEMEHTIB KOMITO3UTHOI KOHCTPYKIIil MOXJIuBa 3
BUKOPUCTAHHSM $SIK TPAIULIIAHAX METO/IiB BUPOOHM -
LITBa (BUKJIaJaHHSI, HAMOTYBaHHSI TOILIO), TaK i 3a 10-
nomoroto 3D-apyky. 3actocyBaHHs1 3D-npyKy crae
AKTyaJIbHUM Y TIOENHAHHI 3 BUKOPUCTAHHSAM IIPO-
LIeCy TOITOJIOTIYHOI ONTHMI3allii KOHCTPYKIIi [36].
CkiamaHHs JeIKUX €JIEMEHTIB KOHCTPYKIIii MOXJIH-
B€ 3a JJOITIOMOT'OI0 HEPO3’EMHUX KJIEHOBUX 3’ €IHAHD,
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Puc. 15. 3aranbHuii BUTIISII 6JI0KY aBTOHOMHOTO YITPaBIiHHS
KEpOBaHOI CUCTEMM TOYHOIO MOBITPSIHOIO JI€CaHTYBaHHS
BaHTaXiB

Puc. 16. PozrairyBaHHsT 6JI0OKY aBTOHOMHOTO YIpaBIiHHS
KEepOBaHOI CUCTEMM TOYHOIO MOBITPSIHOIO JIeCaHTYBaHHS
BaHTaXiB

BiloMi Mozei po3paxyHKY J03BOJISIIOTh PO3paxyBaTU
Ta ONTUMI3yBaTH MapaMeTpy 3’€IHaAHb KOMITO3UTHUX
eJIEMEHTIB KOHCTPYKILIi [25].
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Puc. 17. 3aranbHuil BUIISIA 3alIPOMOHOBAHOI KOHCTPYKIIii
KEpOBaHOI CHUCTEMU TOYHOTO TIOBITPSIHOTO IEeCAaHTYBaHHS
BaHTaxiB

3arajqbHU BULJISII 3alPOINOHOBAHOT KOHCTPYK-
Lii KepoBaHOI CUCTEMM TOYHOI'O ITOBITPSIHOIO Je-
CaHTyBaHHS BaHTaxXiB 300paxkeHo Ha puc. 17. Ciin
3a3HAYMTHU, 110 HaBedeHa KOHCTPYKIIisI € TUIIOBOIO
JIJISI BCbOTO CiMEICTBA KEPOBAHUX CUCTEM TOYHOTO
MOBITPSIHOTO AeCaHTyBaHHS BaHTaxiB. He3Baxkaro-
YK Ha Te, 1110 KOHCTPYKIlisl MA€ TUIIOBY CTPYKTYpPY i
HaOip eJeMEeHTIB, JesIKi eJIeMeHTHU (pOo3MipH KyIIojia
napaniyTa, KiJibKicTb HEPBIOp, CTPOII TOII0) OYyAyTh
3aj1eXaTu BiJl MACOBUX Ta TabapUTHUX XapaKTepUC-
TUK BaHTaXYy, 1110 JIECAHTYEThCSI.

TakuM YyMHOM, MacoBi Ta rabapuTHi XapaKTepuc-
TMKHW BaHTaxy OyayTh CKJIaJaTH psia IJIsl ciMeicTBa
KEpPOBaHUX CUCTEM TOYHOTO MOBITPSIHOTO JECAHTY-
BaHHSI BaHTaXiB, SIKMiI Oyle BiANOBiZaTH II€BHUM
rabapuTHUM XapaKTePUCTUKAM IS TUIIOBOI KOH-
CTPYKLii, i TOAI fesiKi mapaMeTpy KOHCTPYKIIii, Ha-
npukian L, b, H, h;, h,(puc. 17), cTaioTh 3MiHHUMH.

5. IEPCIIEKTUBH MMOJAJIBIINX TOCHIIZKEHD

BinznaueHi BuIlle 0OCTaBUHM ITiATBEPIXKYIOTh HeE-
OOXITHICTh YIPOBAIXKEHHSI MPUKJIAIHOI AEPKOI0-
J>KeTHOI TeMy MiHicTepcTBa OCBITH i HayKu YKpai-
aHr Ne JIP 01220001159 (2022—2023 pp.) “Po3po6-
JIEHHSI METO/IiB 1 3aC00iB MPOEKTYBaHHS CiMeliCTBa
KEpOBaHUX CUCTEM TOUHOTO MOBITPSIHOTO AECaHTY-
BaHHSI BaHTaXiB”, CMPSIMOBAHOI Ha PO3POOJIEHHS
ciMelicTBa KepOBaHUX CUCTEM TOYHOTO MOBITPSIHOTO
JECAaHTYBaHHSI BAaHTaXiB 32 paXyHOK BUKOPUCTAHHS
eKCITepMMEHTaIbHOI CMCTEMU JJIsI BilIpalroBaHHS
moauikalliii KOMIIOHYBaHHS i KOHCTPYKIIiii 6a30-
BOI MOJIeJli 3 BUKOPUCTAaHHSIM IIPUHIIAIY MacIlITa-
OyBaHHSI 3a TEOPI€IO MOAIOHOCTI.
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TTomanwlira peajizalisi HaBeAEHOI TUITOBOI KOH-
CTPYKILii JUTS CiMelicTBa KEPOBAHUX CUCTEM TOYHO-
ro IIOBITPSIHOTO JIeCAaHTYBaHHS BaHTaXiB MOXJIMBA
TIIbKM MiCJsl TMPOBEIEHHS eKCIepUMEHTAIbHUX
IOCIIIKeHb Mia Jyac mojboty. Ilepi 3a Bee, mim yac
E€KCIIEpUMEHTAJIBHUX AOCHIIKEHb HEOOXiMHO HO-
CJiANTHU Ta BiAMpalloBaTh CUCTEMY aBTOMAaTUYHOTO
KepyBaHHSI JUIsI pO3po0JIeHOI KEepOBaHOI CUCTEMU
TOYHOTO TIOBITPSIHOTO JeCaHTyBaHHSI BaHTaXiB, Ii
MOBEIIHKY Ha Pi3HUX eTallaxX MOoJbOTY, Bill ITOYaTKy
aBTOHOMHOTO CIYCKY JO MOMEHTY IMPU3eMJICHHS.
OtpuMaHi pe3yJbraTy aHai3ylOTbCs, i y BMIIal-
Ky HEKOPEKTHOi pOoOOTH CHUCTEMU aBTOMATUUYHO-
ro KepyBaHHsI Ha OKPEMHUX HiJsSIHKaX MOJbOTY YU
Mg yac BUHUKHEHHS TMO3allTaTHUX CUTYyalliii abo
B LIUTOMY cHcTeMa Oyje MoTpedyBaTh MOMAIbIIOTO
JIOOTpalloBaHHs. 3Ae0ibIIOro A0OoMpalloBaHHS
OyIyTh TMOB’A3aHi 3 aJAropuTMaMU OJIOKY CHUCTEMU
aBTOMAaTUYHOTO KepyBaHHS, B IKMX 3aKJa/leHi MeB-
Hi MaTeMaTU4Hi MOJIEeJIi OJIbOTY i SIKi 3ajieXaThb Bil
MacOBUX Ta T€OMETPUYHUX IMapaMeTpiB ISl KOH-
KPETHOTO MpeJAcTaBHUKA CiMeCcTBa KEPOBAHOI CUC-
TeMU TOYHOTO MOBITPSIHOTO JI€CAHTYBaHHSI BaHTa-
XkiB. KpimM Toro, pe3ynasratu BUIIpoOyBaHb MOXYTb
BIUIMHYTU i Ha MOXJIMBE JOOITpallOBaHHSI OKpe-
MUX €JIEMEHTIB Y KOHCTPYKIIil B IL[LJTOMY.

€ nexiyibKa MOXKJIMBOCTE MPOBEIEHHS MOIiI0HOro
pOomy AOCIiIKEeHb. 3BiCHO, Hall00’ EKTUBHILLII pe3yJib-
TaTU MOXKJIMBO OTPUMATHU TUIBKM ITiJl YaC HATypPHOTO
€KCIepMMEHTY TOTOBOIO IpelcTaBHUKA CimelcTBa
KEpPOBAHUX CHUCTEM TOYHOIO MOBITPSIHOTO AECAHTY-
BaHHS BaHTaXiB. | HaBiTh y 1IbOMY BUTIAIKY MepeKia-
JlaTy pe3yJbTaTu Ha iHIIMI 00’€KT ciMeiicTBa Kepo-
BaHUX CUCTEM TOYHOTO MOBITPSIHOTO IE€CaHTyBaHHS
BAHTaXiB, 3 IHIIMMUA MAaCOBUMU Ta TEOMETPUUYHUMU
XapaKTepUCTUKaMU, Oyae MOXJIMBUM TiJIbKU i3 3a-
CTOCYBaHHSIM IEBHUX KOe(illiEHTIB, a 1€, B CBOIO
Yyepry, AacTb MEBHY MOXUOKY Yy pe3y/IbTaTax aHaJlizy.
Kpim Toro, HaTypHi BUIIpoOyBaHHSI TOTOBOTO IIpeI-
CTaBHUKa CiMelcTBa KEpOBaHUX CUCTEM TOUHOTO IO~
BITPSIHOTO JI€CAHTYBaHHSI BAHTaXiB MOTPEOYIOTh BU-
COKMX MaTepiaJlbHUX BUTPAT, SIKi 3BOMISITh HaHiBEIlb
TOYHICTb Ta MIPUAATHICTh PE3YJIbTaTiB EKCIIEPUMEHTY
IUJISL BCbOTO CiMENCTBA KEPOBAaHUX CUCTEM TOYHOTO
MOBITPSIHOTO IeCAaHTYBaHHS BAaHTAXiB.

YucioBe MOJETIOBAHHS CITyCKY KEPOBAHUX CUC-
TeM TOYHOTIO IOBITPSIHOIO JA€CAaHTYBaHHS BaHTaXiB
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3a JOMOMOIOI0 CYYaCHUX MpPOrpaMHUX MPOIYKTiB
MOXe OyTM aJIbTEPHATUBOIO HATYpHOrO BUIIPO-
OyBaHHs. Kpim TOro, € MOXJIUBICTh Y MPOBEAEHHI
YHCEJIbHOTO MOJEJIIOBaHHS sl BCiX Bapialliii ci-
MelicTBa. be3ayMOBHO, Take MOAETIOBAHHS BUPIIITYE
psia mpo6JieM, MOB’SI3aHUX 3 KOHCTPYKIIIEIO CUCTE-
MM, JI03BOJISIE BMKOHATU TIEBHI OOIpPAIIOBAHHS
eJIEMEHTIB CUCTEeMU, TOKpAILLMTHU MacoBi, MilIHiCHi
XapaKTepUCTUKM KOHCTPYKIIi Ta ii OKpeMHuX eje-
MeHTiB. OjiHaK yuceslibHE MOJIEIIOBAHHS HE 3MO-
K€ HagaTU BIAIOBIIb IIOA0 KOPEKTHOCTI poOOTH
0JIOKY CUCTEMM aBTOMAaTUYHOIO KEpyBaHHS, HOro
B3a€EMO3B’SI3KY 3 eJleMeHTaMu KOHCTpyKUii. Kpim
TOTO, BiMIpalllOBaHHS MOBEIiHKM CUCTEMHU B LIiJIO-
My Ha pi3HMX eTanax CIyCKy YMCEeJIbHUMU METoAa-
MU HeMoxJiuBe. OTXe, YyrcelbHe MOJETIOBAHHS €
MPUUHITHAM Ha eTalli MPOEKTYBAHHS Ta OITUMi-
3allil KOHCTPYKIIil i HE MOX€ 3aCTOCOBYBATUCS IS
BiImpalroBaHHS B3a€EMO/il CUCTEMU aBTOMAaTUYHO-
ro KEPYBaHHSI 3 KOHCTPYKILI€EIO.

[HmMi nUIsIX eKCnepuMeHTaIbHOTO JOCTiIKeH-
HSI € BUKOPUCTaHHS (hi3UYHOI AUHAMIYHO MOAIOHOL
moaedi. Jasi Lpboro TUMy AOCIiIKEHHSI CTBOPIO-
€TbCSl AMHAMIYHO MOAiOHA MOJeJNb, Ha SIKiid BcTa-
HOBJIIOIOThCSI MIPWIAIM 3alMCy MapaMeTpiB MOJIbO-
Ty, KPiM TOTO MOXJIMBE BCTAHOBJIEHHS U cUCTeMU
aBTOMaTUYHOTO KepyBaHHs. duHaMiuHO momiOHa
MOJIE/Ib 32 CBOIMM MAaCOBUMMM Ta rabapUTHUMU Ta-
pamMeTpaMH BilIOBiZa€ MEBHOMY WICHY CiMEMCTBa
KEPOBaHUX CUCTEM TOUYHOTO MOBITPSIHOTO JECaHTY-
BaHHSI BaHTaxiB. JlaHWi1 TUIT BUIIPOOYBaHb HE MO-
TpeOye NecaHTyBaHHSI AWMHAMIYHO TOI0HOT MOJIeTi
3 HOCisl. 3amycK BiOyBa€ThCs 3 3eMJIi 3 IOTTOMOTOIO
CTBOPEHHS IITYYHOTO MOBITPSIHOIO MOTOKY MEBHOI
IIBUAKOCTI Mia Kymoi mapaiiyta. I1ig yac mojaboty
PEECTPYIOThCS TapaMeTpu, a IMicjs MPU3eMJIEHHS
JaHi MOJBOTY 3YUTYIOTHCS i 00po0saioThes. Ilicisa
00pOOKM JaHUX IIPOBOIMTHCS aHaJi3 i POOJISITHCS
BUCHOBKHU. OTXe, TaKWil TUMN eKCIepUMEeHTalb-
HOTO JOCHiKEHHSI, 3 BUKOPUCTAHHSIM (hi3uuHOI
JIWHaAMIYHO MOAiOHOI MOJEsi, JO3BOJISIE MPOBECTU
BUIPOOOBYBAHHS JUJIsI IIMPOKOTO Jiara30Hy CiMeli-
CTBa KEPOBAHUX CUCTEM TOYHOTO MOBITPSIHOTO Jie-
caHTyBaHHS BaHTaxiB. KpiMm Toro, BUTpatu Ha naHi
JIOCJIII>KEHHS CTaloTh HabaraTo MEHIIMMU Y ITOPiB-
HSIHHI 3 HATypHUM €KCIEPUMEHTOM, OCKIJIbKM HeE
Ma€ IoTpeOM y eKCIUIyaTallii ITi 4ac IpOBeAeHHS
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HO MOoi0HOI Moaei
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Puc. 19. Bun A ta Bua b ¢iznuHoi 1MHaMivyHO MOAIOHOT MO-
neti

eKCIepUMEHTY JOPOIoro Hocis (J1itak abo reaikori-
tep). Ciim TakoxX 3a3HAYUTHU, TOYHICTh pe3yJIbTaTiB
CYTTEBO MiABUILYETHCS Y BUITAKY [IPOBEICHHS YHC-
JIOBOTO MOJIC/TIOBAHHSI, SIKi [PYHTYIOThCSI HA Pe3yJib-
Tarax, OTpMMAaHMX 3a JOIOMOI0oI0 (pi3MYHOI IMHA-
MiYHO MOJiOHOI MoAEi.

TakuM 4YMHOM, TIPOBEACHHS €KCIIEPUMEHTAIb-
HUX BUIIPOOYBaHb 3 BUKOPUCTAHHSIM (Pi3UYHOT OU-
HaMiYyHO TToi0HOI MOoIeTi € HalOibII e(DEKTUBHUM
i pauioHasibHUM. Tomy OyJI0O NpUIHSATE PillIEHHS
Ipo CTBOpPeHHS (i3MYHOI AMHAMIYHO MOAIOHOL
MOJEI.

3amporioHoBaHa (i3MyHA AWMHAMIYHO ITOdi0OHA
MOJIeJIb Ma€ BUIJISIA, TTOKa3aHuit Ha puc. 18, 19. B

45



0. O. Bambonn, 1. B. Karyncunos, K. I1. bapaxos, A. B. Kondpamoves

Hiztomy (iznyHa AMHAMIYHO MTOAIOHA MOJE/Ib € Me-
TaJIEBOIO PAMHOIO KOHCTPYKIII€IO TIEBHUX PO3MipiB.
Ha pami BcTaHOBIIIOETBCS OABUTYH, a B LWIiHAPUY-
Hilf YacTMHiI KOHCTPYKIIil BCTAaHOBJIEHO TIpoIieJiep,
sIKili 3’€IHAHO 3 JBUTYHOM. 3a3HaueHa KOHCTPYK-
IIisI BCTAHOBJIIOETHCS 1 3aKPITUTIOETHCSI HA BO3UKY,
SIKMI Mae JIBi OCi, Ha IKUX 3aKpiIJIeHO TPpHU KoJjieca
(puc. 18, 19). Bcsg KOHCTPYKIIisl Ma€ 3MOTY BiJIbHO
repecyBaTUCS 110 ITIOBEPXHI.

Ilepen excriepyMeHTAIbBHUMU TOCTIRKEHHSIMU 10
KOHCTPYKIIii KPITJIATHCSI CTPOITH 3 KYITOJI0M ITapaliry-
ta. [TapaliryT noBuHeH OyTH po3MpaBieHU IEBHUM
yrHoM. [licist BKIIIOUEHHSI IBUTYHA KOHCTPYKILisI
MOYMHAE PyXaTUCS, CTBOPIOIOUYM HaOiratoumii MmoTik
MOBITPS, SIKMIA MOTPATUISIE i KyIToJ MapariyTa. Ta-
KWM YMHOM, CTBOPIOETbCS MMiAHOMHA CUJIa, SIKa IMij-
HiMa€e BCIO KOHCTPYKILito y noBiTpsi. KepyBaHHS mo-
JIbOTOM KOHCTPYKIIil BiOYBa€THCSI y AMCTAHLITHOMY
pexxumi. IIpoTsirom BChOIO IOJBOTY BiIOYBAETHCS
peecTpallisg mapaMeTpiB IIOJbOTY IIpWIagaMM, SIKi
BCTAaHOBJICHO Ha paMi JUHAMIYHO MOAiOHOI MOIEIIi.

BUCHOBKH

1. IlpoBeneHo aHami3 BiZKPUTUX IKEpes, MPUCBSI-
YEeHMX JOCJIIKEHHSIM Ta HapoOKaM B rajy3i CTBO-
PEHHS KEPOBAHUX CUCTEM TOYHOTO MTOBITPSTHOTO e~

JIITEPATYPA

CaHTYBaHHS BaHTaXiB. PO3MISIHYTO KOHCTPYKTUBHI
0COOJIMBOCTI Pi3HUX TUIIIB KEPOBAHUX CUCTEM TOY-
HOTO MOBITPSIHOTO AeCAaHTyBaHHS BaHTaXiB Ta IXHi
TEeXHIYHi XapaKTepuCTUKU. B3HaueHO roJ0BHI He-
NOJIIKM Ta CUJIbHI CTOPOHU PO3IJISHYTUX KepoBa-
HUX CHUCTEM TOYHOIO MOBITPSIHOTO JeCaHTYBaHHS
BaHTaXiB.

2. Ha ocHOBI CBITOBOTIO i BITYM3HSIHOT'O JOCBIIY, a
TaKOX Pe3yJbTaTiB MPOBEAEHOIO aHalli3zy OyJio po3-
pOOJIEHO TUTIOBY KOHCTPYKTUBHY CXEMY IJIST TIpEIi-
CTaBHUKa CiMeiCTBa KEepOBaHMX CHCTEM TOYHOTO
MOBITPSIHOTO JIeCaHTYBaHHSI BaHTaxiB. KoHCTpyK-
TUBHO KepoBaHa CHUCTeMa TOYHOTO IOBITPSIHOTO
JleCaHTYBaHHSI BaHTaXiB Oyjle CKIamaTUCs 3 TaKuX
OCHOBHMX €JIEMEHTIB: KYyIOJ IapaliyTa IeBHOL
KOHCTPYKIIil, CTpOIM, OJOK KepyBaHHSI, CTPOIU
MigBICHOI CUCTEMHM, KOpPHMCHE HaBaHTaXXEHHS Ta
iaropmu. Crig 3a3HAYUTH, 110 MOAIOHE KOH-
CTPYKTUBHE pillleHHsI Oy/e 3aCTOCOBAaHO MJISI BChO-
ro ciMeiicTBa TOYHOTO TOBITPSTHOTO JAeCaHTYBaHHS
BaHTaXiB y BKa3aHOMY Jialla30Hi BAHTAXIiB.

3. Po3po6isieHO nMHaMiuHO MOAIOHY MOAeb st
BiIMpalltoBaHHsI CUCTEeMU aBTOMAaTUYHOTO KepyBaH-
H$I, a TAKOX JUISI IPOBEACHHS eKCIIepMMEHTaTbHUX
JIOCJTIIDKEHb KOHCTPYKIIil KEPOBAHUX CHUCTEM TOY-
HOTO MOBITPSIHOTO I€CAHTYBaHHSI BAHTaXiB.

1.

46

Apysemri C. B., onro O. C. Bumoru tTa yMoBM eKCILTyaTallii aBiallifHUX CUCTEM JOCTaBKM BaHTaXiB Y BaKKOIOCTYITHI
paitonu. TpaHcropt. ABiatist. Sxicms ma wcumms. 2017. Ne 3. C. 11—16. https://www.ql-journal.ru/arc/2017_3.pdf

3CY oTpumasn aMepMKaHChKi KepoBaHi cucTeMMu OecaHTyBaHHS BaHTaxiB. URL: https://mil.in.ua/uk/news/zsu-
otrymaly-amerykanski-kerovani-systemy-desantuvannya-vantazhiv/ (1ata 3sepHeHHsi: 30.01.2023).

TIpokodres C. 3akopmaoHHI MMapalnryTHi cUCTeMH IS necaHTyBaHHs BaHTaxiB. URL: https://invoen.ru/vvt/zarubezhnie-
parashutnie-sistemi-desantirovanie-gruzov/ (nata 3sepaenss: 30.01.2023).

Ityyn O. Amepukancbki mapamrytu mist CCO Ta mecaHTy TeCTyloTh YepHiriBehbki Haykosili. URL: https://armyinform.com.
ua/2019/08,/20/amerykanski-parashuty-dlya-sso-ta-desantu-testuyut-chernigivski-naukovczi / (mara 3BepHeHHs: 30.01.2023).
Benney R., Krainski W., Onckelinx P., Delwarde C., Mueller L., Vallance M. NATO Precision Airdrop Initiatives and
Modeling and Simulation Needs. RTO Applied Vehicle Technology (AVT-133) specialist meeting on Fluid Dynamics of
Personnel and Equipment Precision Delivery from Military Platforms (October 2—6 2006, Vilnius, Lithuania). https://
www.researchgate.net/publication/235099001_NATO _Precision_ Airdrop_Initiatives_and_Modeling_and_Simulation_
Needs (mata 3BepHeHHs: 30.01.2023).

Cacan M. R., Scheuermann E., Ward M., Costello M., Slegers N. Autonomous airdrop systems employing ground wind
measurements for improved landing accuracy. IEEE/ASME Transactions on Mechatronics. 2015. 20, Ne 6. P. 3060—3070.
doi: 10.1109/TMECH.2015.2405851

Civelek B., Kivrak S. A Review on the Precision Guided Airdrop Systems. Int. J. Latest Technology in Engineering. Manage-
ment & Appl. Sci. 2019. 8, Ne 1. P. 13—17. https://www.ijltemas.in/DigitalLibrary/Vol.81ssuel/13-17.pdf

de Freitas E. P, Olszewska J. 1., Carbonera J. L., Fiorini S. R., Khamis A., Ragavan S. V., Barreto M. E., Prestes E.,
Habib M. K., Redfield S. Ontological concepts for information sharing in cloud robotics. J. Ambient Intelligence and Hu-
manized Computing. 2020. P. 1—12. https://doi.org/10.1007/s12652-020-02150-4

ISSN 1561-8889. Kocmiuna nayka i mexnonoeis. 2023. T. 29. No 5



Oens0 | ananiz cy4acHux Kepo8anux cUCmem MmoYHo20 NOGIMPAHO20 0ecaHmy8anHs 6aHMAN}Ci6

10.

11.

12.

13.

14.

15.

16.

17.

18.
19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

. Dek C., Overkamp J.-L., Toeter A., Hoppenbrouwer T., Slimmens J., van Zijl J., Areso P., Ricardo M. R., Hereijgers S.,

Kilic V., Naeije M. A recovery system for the key components of the first stage of a heavy launch vehicle. Aerospace Sci. and
Technol. 2020. 100. 105778. doi.org/10.1016/j.ast.2020.105778

Dunker S., Huisken J., Montague D., Barber J. Guided Parafoil High Altitude Research (GPHAR) Flight at 57,122ft. Proc.
23rd AIAA Aerodynamic Decelerator Systems Technology Conference. 2015.

Fiorini S. R., Bermejo-Alonso J., Goncalves P., de Freitas E.P., Alarcos A. O., Olszewska J. 1., Prestes E., Schlenoff C.,
Ragavan S. V., Redfield S. A suite of ontologies for robotics and automation. /EEE Robotics and Automation Magazine. 2017.
24, No 1. P. 8—11. https://doi.org/10.1109/MRA.2016.264544

FireFly® Guided Precision Aerial Delivery System. URL: https://airborne-sys.com/wp-content/uploads/2016/08/ASG-
FireFly-20170207-English.pdf (zara 3BepHenHs: 30.01.2023).

Gladky E. G. Determination of the hazardous zones in the impact areas of separated parts of launch vehicles under the
uncertain altitude of their initial destruction. Space Science and Technology. 2015. 21, Ne 6 (97). P. 49—55. https://doi.
org/10.15407/knit2015.06.04

Gladky E. G. Evaluation of hazard for linear objects in case of launch vehicle failure in flight phase. Space Science and Tech-
nology. 2019. 25, Ne 4 (119). P. 22—28. https://doi.org/10.15407 /knit2019.04.022

GuoY.,, YanJ., Wu C., et al. Autonomous Homing Design and Following for Parafoil / Rocket System with High-altitude.
J. Intelligent & Robotic Syst. 2021. 101, Ne 73. https://doi.org/10.1007/s10846-021-01339-9

Herrington S. M., Renzelman J. T., Fields T. D., Yakimenko O. A. Modeling and control of a steerable cruciform parachute
system through experimental testing. ATAA Scitech 2019 Forum, 2019. https://doi.org/10.2514/6.2019-1074

Hu Z., Vambol O., Sun S. A hybrid multilevel method for simultaneous optimization design of topology and discrete fiber-
orientation. Composite Structures. 2021. 266, 113791. https://doi.org/10.1016/j.compstruct.2021.113791

Jorgensen D., Hickey M. The AGAS 2000 Precision Airdrop System. Infotech @ Aerospace: Arlington, VA, USA, 2005. P. 1—11.
Jézwiak A., Kurzawinski S. The concept of using the joint precision airdrop system in the process of supply in combat ac-
tions. Military Logistics Systems. 2019. 51, Ne 2. P. 27—42. https://doi.org/10.37055/slw/129219

Kaminer I., Yakimenko O. Development of control algorithm for the autonomous gliding delivery system. Proc. 17th AIAA
Aerodynamic Decelerator Systems Technology Conference and Seminar (Monterey, CA, USA, 19—22 May 2003). 2003.
P. 2116. https://doi.org/10.2514/6.2003-2116

Klinkmueller K., Wieck A., Holt J., Valentine A., Bluman J. E., Kopeikin A., Prosser E. Airborne delivery of unmanned
aerial vehicles via joint precision airdrop systems. Proc. AIAA Scitech 2019 Forum (San Diego, CA, USA, 7—11 January
2019). https://doi.org/10.2514/6.2019-2285

Kondratiev A., Gaidachuk V., Nabokina T., Tsaritsynskyi A. New possibilities in creating of effective composite size-stable
honeycomb structures designed for space purposes. Integrated Computer Technologies in Mechanical Engineering. Adv.
Intel. Syst. and Computing book ser. AISC 1113. 2020. Ne 5. P. 45—59. https://doi.org/10.1007/978-3-030-37618-5_5
Kondratiev A. V., Kovalenko V. O. Optimization of design parameters of the main composite fairing of the launch vehicle
under simultaneous force and thermal loading. Space Science and Technology. 2019. 25, Ne 4 (119). P. 3—21. https://doi.
org/10.15407/knit2019.04.003

Knacke T. W. Parachute Recovery Systems Design Manual. Naval Weapons Center, China Lake, CA. Santa Barbara: Para-
Publishing. CA 91340-4232. P. 5-5, 5-118, 5-119.

Kurennov S., Barakhov K., Vambol O. Topological optimization of a symmetrical adhesive joint. Island model of genetic
algorithm. Radioelectronic and Computer Systemsthis. 2022. 2022, Ne 3. P. 67—83. https://doi.org/10.32620/reks.2022.3.05
Lingard J. S. Ram-air parachute design. 13th AIAA Aerodynamic Decelerator Systems Technology Conf. (Cyearwater Beach,
May, 1995). Modern parachute precision aerial delivery systems.

Ma L., Wang K., Shao Z., Song Z., Biegler L. T. Direct trajectory optimization framework for vertical takeoff and vertical
landing reusable rockets: case study of two-stage rockets. Engineering Optimization. 2018. 51, Ne 4. P. 627—645. https://doi.
org/10.1080/0305215x.2018.1472774

MicroFly II® Guided Precision Aerial Delivery System. URL: https://airborne-sys.com/wp-content/uploads/2016/08/
ASG-MicroFly-11-20170203-English.pdf (nata 3BepHennsi: 30.01.2023).

Murali N., Dineshkumar M., Arun K. W,, Sheela D. Guidance of parafoil using line of sight and optimal control. /FAC Proc.
2014. 47. P. 870—877.

Onyx ML® Precision Airdrop System. URL: http://www.cimsa.com/pdf/parachute/ONYX%20%20ML_ENG.pdf (mara
3BepHeHHs: 30.01.2023).

Pramod A., Shankaranarayanan H., Raj A. A. B. A Precision Airdrop System for Cargo Loads Delivery Applications. Int.
Conf. System, Computation, Automation and Networking (ICSCAN). 2021. P. 1—5. https://doi: 10.1109/ICSCANS53069.
2021.9526453

ISSN 1561-8889. Kocmiuna nayka i mexuonoein. 2023. T. 29. Ne 5 47



0. O. Bambonn, 1. B. Karyncunos, K. I1. bapaxos, A. B. Kondpamoves

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Rakesh R., Harikumar R. Autonomous Airdrop System Using Small-Scale Parafoil. Int. Conf. Computer Communication and
Informatics (ICCCI). 2019. P. 1—6. https://doi: 10.1109/ICCCI1.2019.8822085

Rimani J., Viola N., Saluzzi A. An Approach to the Preliminary Sizing and Performance Assessment of Spaceplanes’
Landing Parafoils. Aerospace. 2022. 9. P. 823. https://doi.org/10.3390/aerospace9120823

Slyvyns’kyy V., Gajdachuk V., Kirichenko V., Kondratiev A. Basic parameters’ optimization concept for composite nose
fairings of launchers. 62nd Int. Astronautical Congress, IAC 2011 (Cape Town, 3—7 October 2011). Red Hook, NY: Curran,
2012.9. P. 5701—5710.

Tomanek R., Hospodka J. Reusable Launch Space Systems. MAD. Magazine of Aviation Development. 2018. 6, Ne 2. P. 10—
13. https://doi.org/10.14311/mad.2018.02.02

Vambol O., Kondratiev A., Purhina S., Shevtsova M. Determining the parameters for a 3D-printing process using the fused
deposition modeling in order to manufacture an article with the required structural parameters. Fast.-Eur. J. Enterprise
Technol. 2021.2, Ne 1 (110). P. 70—380. https://doi.org/10.15587/1729-4061.2021.227075

Wailes W., Harrington N. The Guided Parafoil Airborne Delivery System Program. 13th Aerodynamic Decelerator Systems
Technology Conf. (Clearwater Beach, FL, USA, May15—18, 1995). https://doi.org/10.2514/6.1995-1538

Wegereef]., Leiden B. V., Jentink H. Modular Approach of Precision Airdrop System SPADES. Proc. 19th AIAA Aerodynamic
Decelerator Systems Technology Conf. and Seminar (Williamsburg,VA, May 21—24, 2007).

Weinzierl M. Space, the Final Economic Frontier. J. Economic Perspectives. 2018. 32, Ne 2. P. 173—192. https://doi.
org/10.1257 /jep.32.2.173

Xing X., Feng L., Chen M., Han Y., Guo Y., Chen X. Modeling and research of a multi-stage parachute system for the
booster recovery. Proc. Institution of Mechanical Engineers, Part G: J. Aerospace Engineering. 2022. https://doi.org/10.1177/
09544100221118238

Zhang M., Xu D., Yue S., Tao H. Design and dynamic analysis of landing gear system in vertical takeoff and vertical landing
reusable launch vehicle. Proc. Institution of Mechanical Engineers, Part G. J. Aerospace Engineering. 2018. https://doi.
org/10.1177/0954410018804093

REFERENCES

1.

2.

10.

11.

48

Aruvelli S. V., Dolgov O. S. (2017). Requirements and operating conditions of aviation cargo delivery systems in hard-to-
reach areas. Transport. Aviation. Quality and life, Ne 3, 11—16. https://www.ql-journal.ru/arc/2017_3.pdf [in Russian].
The Armed Forces received American guided cargo landing systems. (2020). URL: https://mil.in.ua/uk/news/zsu-otryma-
ly-amerykanski-kerovani-systemy-desantuvannya-vantazhiv/ (Last accessed: January 30, 2023) [in Ukrainian].

Prokofiev S. (2019). Foreign parachute systems for dropping cargo. URL: https://invoen.ru/vvt/zarubezhnie-parashutnie-
sistemi-desantirovanie-gruzov/ (Last accessed: January 30, 2023) [in Russian].

Shtupun O. (2019).Chernihiv scientists test American parachutes for air defense and landing. URL: https://armyinform.
com.ua/2019/08/20/amerykanski-parashuty-dlya-sso-ta-desantu-testuyut-chernigivski-naukovczi/ (Last accessed: Janu-
ary 30, 2023) [in Ukrainian].

Benney R., Krainski W., Onckelinx P., Delwarde C., Mueller L., Vallance M. (2006). NATO Precision Airdrop Initiatives
and Modeling and Simulation Needs. RTO Applied Vehicle Technology (AVT-133) specialist meeting on Fluid Dynamics
of Personnel and Equipment Precision Delivery from Military Platforms (October 2—6 2006, Vilnius, Lithuania). URL:
https://www.researchgate.net/publication/235099001 _NATO__ Precision_ Airdrop_Initiatives and Modeling_and_Sim-
ulation_ Needs (Last accessed: January 30, 2023).

Cacan M. R., Scheuermann E., Ward M., Costello M., Slegers N. (2015). Autonomous Airdrop Systems Employing Ground
Wind Measurements for Improved Landing Accuracy. IEEE/ASME Transactions on Mechatronics, 20, Ne 6, 3060—3070.
https://doi: 10.1109/TMECH.2015.2405851

Civelek B., Kivrak S. (2019). A Review on the Precision Guided Airdrop Systems. Int. J. Latest Technology in Engineering.
Management & Applied Sci., 8, Ne 1, 13—17. https://www.ijltemas.in/DigitalLibrary/Vol.81ssuel/13-17.pdf

de Freitas E. P, Olszewska J. 1., Carbonera J. L., Fiorini S. R., Khamis A., Ragavan S. V., Barreto M. E., Prestes E.,
Habib M. K., Redfield S. (2020). Ontological concepts for information sharing in cloud robotics. J. Ambient Intelligence and
Humanized Computing, 1—12. https://doi.org/10.1007/s12652-020-02150-4

Dek C., Overkamp J.-L., Toeter A., Hoppenbrouwer T., Slimmens J., Zijl J. van, Areso P., Ricardo M. R., Hereijgers S.,
Kilic V., Naeije M. (2020). A recovery system for the key components of the first stage of a heavy launch vehicle. Aerospace
Sci. and Technology, 100, 105778. https://doi.org/10.1016/j.ast.2020.105778

Dunker S., Huisken J., Montague D., Barber J. (2015). Guided Parafoil High Altitude Research (GPHAR) Flight at
57,122ft. Proc. 23rd AIAA Aerodynamic Decelerator Systems Technology Conf. (Daytona Beach, FL).

Fiorini S. R., Bermejo-Alonso J., Goncalves P., de Freitas E. P., Alarcos A. O., Olszewska J. 1., Prestes E., Schlenoff C.,
Ragavan S. V., Redfield S. (2017). A suite of ontologies for robotics and automation. /EEE Robotics and Automation Maga-
zine, 24, Ne 1, 8—11. https://doi.org/10.1109/MRA.2016.264544

ISSN 1561-8889. Kocmiuna nayka i mexnonoeis. 2023. T. 29. No 5



Oens0 | ananiz cy4acHux Kepo8anux cUCmem MmoYHo20 NOGIMPAHO20 0ecaHmy8anHs 6aHMAN}Ci6

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

FireFly® Guided Precision Aerial Delivery System. URL: https://airborne-sys.com/wp-content/uploads/2016/08/ASG-
FireFly-20170207-English.pdf (Last accessed: January 30, 2023).

Gladky E. G. (2015). Determination of the hazardous zones in the impact areas of separated parts of launch vehicles un-
der the uncertain altitude of their initial destruction. Space Science and Technology, 21, Ne 6 (97), 49—55. https://doi.
org/10.15407/knit2015.06.04

Gladky E. G. (2019). Evaluation of hazard for linear objects in case of launch vehicle failure in flight phase. Space Science
and Technology, 25, Ne 4 (119), 22—28. https://doi.org/10.15407/knit2019.04.022

Guo Y., Yan J., Wu C., et al. (2021). Autonomous Homing Design and Following for Parafoil / Rocket System with High-
altitude. J. Intelligent & Robotic Systems, 101, Ne 73. https://doi.org/10.1007/s10846-021-01339-9

Herrington S. M., Renzelman J. T., Fields T. D., Yakimenko O. A. (2019). Modeling and control of a steerable cruciform
parachute system through experimental testing. ATAA Scitech 2019 Forum. https://doi.org/10.2514/6.2019-1074

Hu Z., Vambol O., Sun S. (2021). A hybrid multilevel method for simultaneous optimization design of topology and discrete
fiberorientation. Composite Structures, 266, 113791. https://doi.org/10.1016/j.compstruct.2021.113791

Jorgensen D., Hickey M. (2005). The AGAS 2000 Precision Airdrop System. Infotech @ Aerospace: Arlington, VA, USA,
1—11.

Jozwiak A., Kurzawinski S. (2019). The concept of using the joint precision airdrop system in the process of supply in com-
bat actions. Military Logistics Systems, 51, No 2, 27—42. https://doi.org/10.37055/slw/129219

Kaminer 1., Yakimenko O. (2003). Development of control algorithm for the autonomous gliding delivery system. Proc.
17th AIAA Aerodynamic Decelerator Systems Technology Conf. and Seminar (Monterey, CA, USA, 19—22 May 2003), 2116.
https://doi.org/10.2514/6.2003-2116

Klinkmueller K., Wieck A., Holt J., Valentine A., Bluman J. E., Kopeikin A., Prosser E. (2019). Airborne delivery of un-
manned aerial vehicles via joint precision airdrop systems. Proc. AIAA Scitech 2019 Forum (San Diego, CA, USA, 7—11
January 2019). https://doi.org/10.2514/6.2019-2285

Kondratiev A., Gaidachuk V., Nabokina T., Tsaritsynskyi A. (2020). New possibilities in creating of effective composite
sizestable honeycomb structures designed for space purposes. Integrated Computer Technologies in Mechanical Engineer-
ing. Adv. Intel.Syst. and Computing book ser. AISC 1113, Ne 5, 45—59. https://doi.org/10.1007/978-3-030-37618-5_5
Kondratiev A. V., Kovalenko V. O. (2019). Optimization of design parameters of the main composite fairing of the launch
vehicle under simultaneous force and thermal loading. Space Science and Technology, 25, Ne 4 (119), 3—21. https://doi.
org/10.15407/ knit2019.04.003

Knacke T. W. Parachute Recovery Systems Design Manual. Naval Weapons Center, China Lake, CA. Para-Publishing,
Santa Barbara, CA 91340-4232, 5-5, 5-118, 5-119.

Kurennov S., Barakhov K., Vambol O. (2022). Topological optimization of a symmetrical adhesive joint. Island model of
genetic algorithm. Radioelectronic and Computer Systemsthis, 2022(3), 67—83. https://doi.org/10.32620/reks.2022.3.05
Lingard J. S. (1995). Ram-air parachute design. 13th AIAA Aerodynamic Decelerator Systems Technology Conf. (Cyearwater
Beach, May, 1995). Modern parachute precision aerial delivery systems.

Ma L., Wang K., Shao Z., Song Z., Biegler L. T. (2018). Direct trajectory optimization framework for vertical takeoff and
vertical landing reusable rockets: case study of two-stage rockets. Engineering Optimization, 51, Ne 4, 627—645. https://doi.
org/10.1080/0305215x.2018.1472774

MicroFly II® Guided Precision Aerial Delivery System. URL: https://airborne-sys.com/wp-content/uploads/2016/08/
ASG-MicroFly-11-20170203-English.pdf (Last accessed: January 30, 2023).

Murali N., Dineshkumar M., Arun K. W., Sheela D. (2014). Guidance of parafoil using line of sight and optimal control.
IFAC Proc., 47, 870—877.

Onyx ML® Precision Airdrop System. URL: http://www.cimsa.com/pdf/parachute/ONYX%20%20ML_ENG.pdf (Last
accessed: January 30, 2023).

Pramod A., Shankaranarayanan H., Raj A. A. B. (2021). A Precision Airdrop System for Cargo Loads Delivery Applica-
tions. Int. Conf. System, Computation, Automation and Networking (ICSCAN), 1—5. https://doi: 10.1109/ICSCANS53069.
2021.9526453

Rakesh R., Harikumar R. (2019). Autonomous Airdrop System Using Small-Scale Parafoil. /nt. Conf. Computer Communi-
cation and Informatics (ICCCI), 1—6. https://doi: 10.1109/ICCCI.2019.8822085

Rimani J., Viola N., Saluzzi A. (2022). An Approach to the Preliminary Sizing and Performance Assessment of Spaceplanes’
Landing Parafoils. Aerospace, 9, 823. https://doi.org/10.3390/aerospace9120823

Slyvyns’kyy V., Gajdachuk V., Kirichenko V., Kondratiev A. (2012). Basic parameters’ optimization concept for composite
nose fairings of launchers. 62nd Int. Astronautical Congress, IAC 2011 (Cape Town, 3—7 October 2011). Red Hook, NY:
Curran, 9, 5701—5710.

ISSN 1561-8889. Kocmiuna nayka i mexwnonoeis. 2023. T. 29. Ne 5 49



0. O. Bambonn, 1. B. Karyncunos, K. I1. bapaxos, A. B. Kondpamoves

35. Tomanek R., Hospodka J. (2018). Reusable Launch Space Systems. Magazine of Aviation Development (MAD), 6, No 2,
10—13. https://doi.org/10.14311/mad.2018.02.02

36. Vambol O., Kondratiev A., Purhina S., Shevtsova M. (2021). Determining the parameters for a 3D-printing process using
the fused deposition modeling in order to manufacture an article with the required structural parameters. Eastern-European
J. Enterprise Technologies, 2, No 1(110), 70—80. https://doi.org/10.15587/1729-4061.2021.227075

37. Wailes W., Harrington N. The Guided Parafoil Airborne Delivery System Program. 13th Aerodynamic Decelerator Systems
Technology Conf. (15—18 May 1995, Clearwater Beach, FL, USA). https://doi.org/10.2514/6.1995-1538

38. Wegereef J., Leiden B. V., Jentink H. (2007). Modular Approach of Precision Airdrop System SPADES. Proc. 19th AIAA
Aerodynamic Decelerator Systems Technology Conf. and Seminar (Williamsburg, VA, May 21—24, 2007).

39. Weinzierl M. (2018). Space, the Final Economic Frontier. J. Economic Perspectives, 32, Ne 2, 173—192. https://doi.
org/10.1257 /jep.32.2.173

40. Xing X., Feng L., Chen M., Han Y., Guo Y., Chen X. (2022). Modeling and research of a multi-stage parachute system for
the booster recovery. Proc. Institution of Mechanical Engineers. Part G: J. Aerospace Engineering. https://doi.org/10.1177/
09544100221118238

41. Zhang M., Xu D., Yue S., Tao H. (2018). Design and dynamic analysis of landing gear system in vertical takeoff and verti-
cal landing reusable launch vehicle. Proc. Institution of Mechanical Engineers. Part G. J. Aerospace Engineering. https://doi.
org/10.1177/0954410018804093

Cmamms Hadiilwaa 0o pedaxuyii 03.02.2023 Received 03.02.2023
Ilicas doonpayrosanns 19.05.2023 Revised 19.05.2023
Tputinamo do dpyky 25.07.2023 Accepted 25.07.2023

0. 0. Vambol !, Ph.D. in Tech., Associate Professor

ORCID: https://orcid.org/0000-0002-1719-8063

E-mail: olexii.vambol@khai.edu

1. V. Kaluzhynov !, Ph.D. in Tech., Leading researche

SCOPUS: https://www.scopus.com/authid/detail.uri?authorld=57221046997
E-mail: kaluzhynov@gmail.com

K. P. Barakhov !, Ph.D. in Tech., Associate Professor

ORCID: https://orcid.org/0000-0003-1714-7917

E-mail: kpbarakhov@gmail.com

A. V. Kondratiev 2, Dr. Sci. in Tech., Professor, Professor

ORCID: http://orcid.org/0000-0002-8101-1961

E-mail: kondratyev_a_v@ukr.net; andrii.kondratiev@kname.edu.ua

' National Aerospace University “Kharkiv Aviation Institute”

17 Chkalov Str., Kharkiv, 61070 Ukraine

20. M. Beketov National University of Urban Economy in Kharkiv
17 Marshal Bazhanov Str., Kharkiv, 61002 Ukraine

A REVIEW AND ANALYSIS OF EXISTING GUIDED PRECISION AIRDROP SYSTEMS

The development of airdrop systems for special landing sites of rocket-space techniques, such as rocket engines or boosters of the
first stages of launch vehicles, which are salvageable or reusable, is an actual problem today. The traditional parachute systems
don’t always provide the necessary accuracy for completing a flight task, and this significantly increases the risk of dangerous
situations for civilians and infrastructure. The article is devoted to the study of the analysis of existing guided precision airdrop
systems. The design features of various types of guided precision airdrop systems and their technical characteristics are consid-
ered. The main advantages and disadvantages of the considered guided precision airdrop systems are determined. Based on the
analysis, a typical design scheme has been developed for a typical representative of the family of guided precision airdrop systems.

It is shown that the exploitation of experimental tests of the developed typical structural scheme with a physical dynamically
similar model is the most effective and rational. A dynamically similar model has been developed for testing the automatic
control system and for conducting experimental studies of the design of controlled systems for guided precision airdrop systems.
The prospects for further research are discussed and aimed at developing a family of controlled systems for guided precision
airdrop systems through the use of an experimental system for testing modifications to the layout and designs of the basic model
using the principle of scaling according to the theory of similarity.

Keywords: parachute system, guided precision airdrop system, design scheme, a dynamically similar model.
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IIABUINEHHA TOYHOCTI IIEPEPAXYHKY BUTPAT MOAEJIBbHOI'O
T'A3Y (Ar) Y BUTPAT KCEHORHY ITP BUKOPUCTAHHI KATILISIPHUX
JAPOCEJIB Y CUCTEMAX I1OJAYI POBOYOI PEHOBUHU EPTY

3anponoHoeaHo yOoCKOHAAeHHA MemOOUKU NepepaxyHKy Macoeoi sumpamu mMooenvHo2o 2asy (apeox) 0o Macogoi eumpamu po-
601020 2azy (KceHow) y Kaningpuux mpyokax. Ompumano pe3yibmamu eKcnepumenHmanbHoi nepesipku idomoi memoouku nepe-
PAXYHKY MACOBUX 8UMPAM MOOEAbHO20 2A3y apeoHy, aka 6azyemvcs Ha 3axkori [lyazeiins ons aaminaproi meuii 3 moynicmio 6io —21
00 30 %, y macosi sumpamu po6o40eo 2azy KCeHOHY, AKUL 8UKOPUCHOBYEMbCA 8 ACKMPUHHUX PAKEMHUX 08USYHHUX YCMAHOBKAX.
Ha ocnoei excnepumenmanvhux docaiodicensb 6yn10 3anponoHo8aHo y 8idomy memoouxy nepepaxyHky eumpam 8ecmu nonpasoyHuil
Koegiuienm, aKuil 3arexcums 8i0 GHympiuHb020 diamempa Kaniiapa. Beedenns nonpasounoeo koegiyicnma 003604Un0 CYmmeEo
3MeHuUmMU NOXUOKY NepepaxyHKy 3Ha4eHb MAco8Ux 8UMpam apeory y macogi gumpamu Kcenony do 4 %.
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daui pobo4oi penosuHU eAeKMPUYHUX PAKEMHUX OBUEYHHUX YCMAHOBOK MAN0I Ma cepeOHboi NOMYICHOCMI ma Npu 8UNPOOYEaHHIX
cucmem nodaui po6o4oi peuosunU Ha Pi3HUX emanax po3pooKu ma 8ionpayrO8aHHs.
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BCTVYII

Binomo, 110 enekTpuyHa pakeTHa ABUTYHHA ycTa-
HoBka (EP/Y) HesanexHO Bim TUIly JBUTYHA Ta
po0oYOoi peYyoOBUMHU Ma€ TaKi OCHOBHI €JIEMEHTU:
eJIEKTPUYHMUI paKeTHUU OBUTYH, CHUCTeMy 30epi-
raHHs Ta IMoJadi po0o4oi peyoBUMHM (Xenon storage
and feed system — XFS) Ta cucremy nepeTrBopeH-
H$1 eJIKTpUUYHOI eHeprii Ta KepyBaHHs (Power pro-
cessing unit — PPU). Cucrtema nogaui rpae cyTre-
BY POJIb Y CKJIali IBUTYHHOI YCTAaHOBKU. TOYHICTb i
CTa0iIbHICTh MapaMeTpiB, a TaKOX HaAiliHICTh po-
00TU cucTeMU Mojayi rapaHTy€e Mojaady MOTPiOHUX
KIJIBKOCTEl poOOUYOi peYOBUMHM B aHOAHUM 00K Ta
MOPOXHUCTUM KaTOJ €JeKTPUUYHOI PAKETHOI JBU-
TYHHOI YCTaHOBKM, IIIO 3a0e3IIeuy€e 3aJaHi pexXuMu
poOOTU NBUTYHA Ta HEOOXiIHiI mapaMeTpu JBUTYH-
HOi ycTaHOBKHM B Liijiomy. Cuctema 30epiraHHsI Ta
Mmojiadi po6ovoi peYOBMHHU € CKJIATHOIO TEXHIYHOIO
CUCTEMOIO, SIKa MiCTUTh Pi3HOPIiIHI eJIeMEHTH: 0aK
BHICOKOT'O TUCKY JIsI 30epesKeHHSI poO0Y0i peyoBU-
HU; €JICKTPOMArHiTHi KJaraHu JJisi KepyBaHHS po-
0O0TOI0 CUCTEMM MOAAYi; peCUBEPU I cTaOimizalii
THCKy po0OOYOi peyOBMHM; HarpiBadi, sIKi 3a0e3-
MevylTh TeMIlepaTypHi peXUMU CUCTeMU Mojadi;
CUCTeMY TPYOOITPOBO/iB; JaBayui TUCKY, TeMIIepaTy-
pu TOIO. Y TIEpeNliueHnX eJIeMEHTaX CUCTEMU IMO-
Jadi BigOyBalOThCsl pi3HOMaHITHI (hi3W4Hi mpoliecH,
SIKi OTIMCYIOTBCS PiI3HUMM MaTeMAaTUYHUMHU MOJE-
assmu. ToMy po3paxyHOK €JIEMEHTIB Ta BY3JIiB CUC-
TEeMU I10Javi He € TPUBiaJIbHOIO 3aJa4el0 Ta BUMAarae
HasIBHOCTI ITI€BHUX aJITOPUTMIB.

OnHUM 3 KJIIOYOBHX €JIEMEHTIB CUCTEMU IOAavi,
SIKMW 3HAYHOIO MipOI0 BM3HAYa€ TOYHICTh Ta CTa-
OiTBHICTD 11 pOOOTH, € OOMEXyBaui BUTpaT poOOUOi
PEYOBUHU. Y pOJIi TAKMX OOMEKyBadiB MOXKHA BUKO-
PUCTOBYBaTH: TaKeT APOCEJbHUX I1ali0 3 OTBOPOM
MaJioro giameTpa; KamiJsapHY TPyOKY; eJIEMEHT 3 10~
puctoro metairy; MEMS (microelectro-mechanical
systems) [9].

BukopucranHs apocelbHUX IIail0 € HalOLIbII
MOIIMPEeHOo0 IMpakTukow [5]. OmHak ciim Bpaxo-
ByBaTH, 1110 BUTPATU KCEHOHY Yy IBUIYHaX MaJloi
Ta CEepeIHbOI ITOTYXKHOCTI CTAHOBJISITH MEHII HiX
1.5 mr/c B anon i jo 0.2 Mr/c — B katon [10—13].
OTBOpU B APOCEJbHUX Iaidax MIsl TAaKUX BUTpAT
MOBMHHI O0yTn MeHIIMMH Bix 0.1 MM [16], o go-
CHUTb BaxKKO pealizyBaTH, a 3 BpaXyBaHHSIM ITOXMOOK
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MPU BUTOTOBJICHHI KOXEH HOBUM MaKeT APOCEib-
HUX a0 MaTUME YHiKaJIbHi XapaKTepUCTUKU. [lo
TOTO X 151 3a0e3MeYeHHsT BUTpaT poO0OYOi peyoBH-
HU Yy KaToJ MOTpiOHA 3HAaYHAa KiJIbKICTh IPOCEIbHUX
11ai0, 110 30ibliye rabapuT ooMeKyBaya BUTPAT
y MOPiBHSIHHI 3 BUKOPUCTAHHSIM iHILIMX €JIEMEHTIB.
Bukopucranns nopuctux eaeMeHTiB Ta MEMS mo-
TpeOYIOTh 1OJATKOBUX AOCJIiIKEHb Ta BUCOKUX I'PO-
LIOBUX BUTpPAT BiATIOBiTHO.

TakuM YMHOM, OTHUM 3 TIEPCIIEKTUBHUX €JIEMEH -
TiB JJIs1 CTBOPEHHSI OOMEXyBadiB BHUTpaT poOOYO1
PEYOBHUHU € BUKOPUCTAHHS JOPOCEIiB, BUTOTOBJIE-
HUX 3 KamiisgpHoi Tpyoku. KaminsspHa Tpydoka mae
BiITHOCHO HU3bKY BapTiCTh i, 1110 BaxKJIMBO, APOCEI,
BUTOTOBJIEHI 3 TPYOOK OJHI€EI IapTii, MalOTh JOCUTh
OJIM3bKi ITapaMeTpu.

IOCTAHOBKA 3AJAYI

ITicis eTary mpoeKTyBaHHS, PO3PaxXyHKIB Ta BUTO-
TOBJICHHSI CCTeMa IIofadvi Ta yci ii eJIeMeHTH MalOTh
MPOUTH PSII TECTIB Ha BIAIIOBIAHICTb 3aKIageHUM
xapakTtepuctukam. OgHakK Mpu TeCTyBaHHI 0OMexXy-
BayuiB BUTpaAT poboyvoi peyoBuHu 11 EPIY, HaBe-
JIeHuX y poboTtax [12, 17], po3paxyHKOBi 3HaUEHHSI
He 30iralotbcs 3 pakTMyHUMMU. Lle moB’sg3aHo 3 TUM,
1110 HasIBHI METOIUKU pO3paxyHKy KamiisipiB [9] He
BPaxOBYIOTh ITOXMOKU MMPU BUPOOHUITBI Ta MOXUO-
KM 3aMipy (haKTUYHOTO AiaMeTpa KaIlUISIpHUX TpY-
00K. P030ixKHOCTI MiX po3paxyHKOBMMH Ta (hak-
TUYHUMU MapaMeTpaMUu BUKJIMKAIOTh HEOOXiHICTh
JIOAATKOBUX TECTiB OOMEXyBadiB BUTpaT poOOYOi
pedyoBUHU. bepyun 1o yBaru, 1o y poJii podouoi pe-
YOBUHM BUKOPUCTOBYETHCSI TOPOTUI KCEHOH, MPO-
TMOHYETHCS 3aMiCTh KCEHOHY BUKOPUCTOBYBATU MO-
JICJIbHUM Ta3 aproH.

MeToa MonenbHOTO ra3dy akKTMBHO BUKOPUCTO-
BYETHCSI KOMIIAHISIMU BUPOOHMKAMU BUTPATOMIpiB.
BignoBimHO IO LBOro MeTOAY BHUTpaTa pPOOOYOTO
razy BU3HAUa€ThCsl NOOYTKOM BUMIpSIHOTO 3Ha-
YEHHSI BUTpaTHU MOJEJbHOTo raszy i KoedillieHTa
rnepepaxyHKy. Y poJii Iboro KoedilieHTa MOXYTh
BUKOPUCTOBYBAaTUCh BiHOLLIEHHSI MOJISIPHOI MacH,
KoeilliEHTiB TETJIONMPOBIAHOCTI a00 3HAUEHHS M-
HaMi4yHOi B’SI3KOCTi MOJIEJIbHOIO i pobouoro rasy [2,
4, 6, 14]. Ane nmpocTte BUKOPUCTaHHS KoedillieHTa
MepepaxyHKy He JIa€ TOCTaTHbO TOUYHUX Pe3yJibTa-
TiB, SIK 3a3Ha4e€HO y poborax [4, 6], moXubKa TaKoro
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[lidsuwenns mounocmi nepepaxyHky umpam mooeavhoeo 2azy (Ar) y eumpamu KceHOHY npu 6UKOPUCMAHHI KaniAapHux opocenie. ..

repepaxyHKy JIEXUTh y aiarma3oni £10 % ta € 0co6-
JINBO HU3bKOIO MPU HEBEJUKUX BEIMYMHAX MaCO-
BUX BUTpaAT. A 3rigHo 3 ganumu «Stanford Research
Systems» ISl MEBHUX Ta3iB, 30KpeMa KCEeHOHY, I0-
XMOKa TiepepaxyHKy Moxe TmepeBuimyBatu 20 %
[15]. BuxkopucTaHHsI HassBHOI METOOWKMU Iiepepa-
XYHKY [1, 2] BeIUYMHM BUTpPAT MOJEIBHOIO ra3y y
BEJIMUMHY (DAKTUYHUX BUTPAT KCEHOHY Ha MPaKTU-
1Ii IMoKa3ajo po30iXKHICTh PO3PaXyHKOBHUX JaHUX 3
eKCcIepuMeHTaTbHUMU 3HaYeHHsIMU 10 30 %.

JloCTyITHI pOoOOTH 3 IOJINMIIEHHS MNEPEPaxyHKyY
3a JOTIOMOIOI0 eMITipUUHUX KOpeJisiliii, BUKOHaHi
kommaHismMu «Lockheed Martin Energy Research
Corporation» Tta «Machine Dynamics Division»,
JO3BOJISIIOTh TMiABUIIATU TOYHICTb MEpepaxyHKy 3
10 o 2 %. OmHaK BOHM HE CTOCYIOTHCS KCEHOHY i
JIO0 TOro X 3poOJieHl ISl OiMbIIMX 3HAaYeHb BUTpAT
rasy. ¥ uux po0oTax OTpUMaHO BUCHOBOK, IO IS
KOXHOT'0 KOHKPETHOT'O ra3y TOUHICTb MepepaxyHKy
3a MMPUUHATUMU METOJJAMU € YHIKAJIbHOIO B 3aJI€X-
HOCTI BiJl MOIEJTLHOTO Ta peaJbHOTO Ta3iB [6, 14].
KomnaHiero «Bronkhorst» misi kaniOpyBaHHSI BU-
TpaToOMipiB Ha MOBITPI, a30Ti a00O aproHi Ta MoJATb-
IIIOTO IXHBOTO MepepaxyHKy Y iHIIIi Ta3d BUKOPUCTO-
BYIOTbCSI TEOPEeTUYHI (popMyn, MoaU(piKoBaHi eM-
MmipnyHMMU KoHcTaHTaMu [3]. OaHaK 1i KOHCTaHTH
miniopaHi 11 KOXXHOI KOHKPETHOI MOJIEIi BUTPaTO-
Mipa, i KOMIaHi€I0 HE PO3TOJIOIIYIOTHCS.

TakuM 4yMHOM, pe3yjbTaTh PO3PaxyHKiB BUTpAT
poboUYoi pevyoBMHU, OTPUMMaHi IS MOJEIbHOIO
rasy, HeoOXiTHO KOPUTYBaTU JJIsl peajbHOro pobo-
4yoro razy — KceHoHy. ToMy nmoctaHoBKa 3ajadvi 1mo-
JISITA€ y TiABUILIEHHI TOYHOCTI MepepaxyHKy BUTpaT
MOJEIbHOIO ra3zy (Ar) y BUTpaTH poOOYOTo Trasy
(Xe) mo MpUITHITHOIO PiBHS HAa OCHOBI €KCHEpHU-
MEHTaJbHUX TOCTIIXKEHb 1 BBEACHHSM J0IaTKOBUX
Koeilli€EHTIB y METOAMKY IepepaxyHKy |1, 2].

BUPIIIEHHS ITOCTABJIEHOI 3AJTAYT

Y cyyacHuX cxeMax CHUCTeM Iojadi podoyoi pevo-
BUHU IS €JIeKTPUIHUX PAKETHUX IBUTYHHUX yCTa-
HOBOK MaJIOi Ta CepeHbO1 MOTY>KHOCTiI TUCK pOOO-
YOro ra3y Ha BXO/Jli B Kamisap JIEXKUTb y Mexax ...
306ap [7, 8, 17]. Takum unHOM, ITPaKTUYHA METOIU-
Ka TepepaxyHKy rnapameTpiB KamiJISipHUX JApOCeiB
Mae OyTu cOKycOoBaHa Ha Jiara30H TUCKY Bin 1 1o
3 Oap Ta Jaiarma3oH MacoBUX BUTpaAT poOOUYOi peuoBH-
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Hu Big 0.05 mMr/c no 2 Mr/c, 1110 MOBHICTIO IEPeKPU-
Ba€ Jiaria3oH ImapaMeTpiB poOOTH CUCTEMM Momadi
IJIs1 eJIEKTPUYHMX PAaKETHUX ABUTYHHUX YCTAHOBOK
MaJloi Ta cepeHbOI MOTYKHOCTI.

[ns TeopeTUYHUX PO3PaxXyHKiB BUKOPUCTOBY-
€TbCSl Bijoma (opmynia mepepaxyHKy MnapameTrpiB
MOJIEJILHOTO ra3y 10 poO0YOro, OTpUMaHa i3 3aKOHY
ITyazeitnsa pist naminapHoi Teyii [1, 2]:

mXeThzmAr'M'pi’ (1
pAr 11)(e
A€ My, — TEOPETUYHI MaCOBi BUTPATU KCEHOHY,
mr/c; m,, — (GaKTU4YHi MAacoBi BUTPaTHU aproHy,
MI/C; My, 1 Myx. — AMHAMiYHA B’A3KiCTb aproHy i
KceHony, IT; p,. 1 py, — LWIBHICTL aprony i kce-
HOHY, KT/M>.

YucaoBi 3HaUeHHSI HaBEIECHUX MapaMeTpiB BH-
3HavarThes BignmosinHo mo NIST B 3amexXHOCTI Bix
BXiJIHOTO TUCKY Ta TeMIlepaTypH.

Ha miepiiomy eTari 1ocitiakeHb 0yJIo BU3HAYEHO
Pi3HULIIO MK TEOPETUYHMMU i peaTbHUMU 3HAUYCH -
HSIMHM BUTpAT poOOYOi PEYOBMHMU Uepe3 KamiJspHi
TpyOKku. 1 poOiT Ha mepiioMy eTari OyJI0 CTBO-
PEHO eKCIIEpMMEHTAJIbHY JIa0OpaTOPHY YCTaHOBKY,
sIKa 3a0e3I1euye HeoOXimHI pesKuMU poOOTH.

CTpyKTypHY CXeMy €KCIIepMMEHTAJIbHOI yCTa-
HOBKMU JUIS1 BUMiplOBaHHSI (paKTUYHUX MAaCOBUX BU-
Tpat Ar Ta Xe yepe3 KallisapHi Apoceti 300paXkeHO
Ha puc. 1.

st pocigkeHb Oya10 oOpaHO ciM 3pa3KiB Karli-
JISIpHUX TpyOoOK 3 Hepxasitoyoi ctaii 12XI8HI10T
pi3HOro AiaMeTpa Ta JOBXWHM (OuUB. TaOd. 1), ski
BUKOPHMCTOBYIOTbCS Yy pealbHUX CHUCTeMax Momadi
po00Y0I pEYOBUHU €JIEKTPUIHNX PAKETHUX IBUTYH-

Tabauys 1. IlapameTpu 3pa3KiB KamiJsspHAX TPYOOK,
BiZiOpaHMX 111 TOCTiKEeHb

Howmep 3paska L, Mm dBH! MM
1 5.65 0.06 x 0.2
2 18.6 0.06 x 0.2
3 27 0.06 x 0.2
4 67.5 0.06 x 0.2
5 100 0.06 x 0.2
6 11.1 0.04x0.2
7 23 0.04 x0.2
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Puc 1. CtpykTypHa cxema eKCIiepruMeHTaIbHOI ycTaHOBKU: GS — 0ajloH 3 aproHoM abo 3 KCeHOHOM, TV — BEeHTWIIb 0aJIOHY,
PR — penykrop, V — kpan nBonosutiitnuii, F — ¢insrp, P — naBau tucky, CP — 06’ekT BUnpoOyBaHb (KamiJsspHUii 1po-
cenb), BR — Butparomip Bronkhorst FG-111B, VP — BakyymHuii Hacoc

m, MT/C
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Puc. 2. 33.]16)]'(H1CTI) (haKTUYHUX (CYL[UII)IjIl JIiHiT) Ta pO3paxOBaHUX (Hy.HKTI/.Ile {nHu) MacOBMX BUTPAT /it KCEHOHY Bill TUCKY P,
Ha BXOJIi KaImiJspHuX Tpyook. Llndpu 6isig KpuBUX — HOMepHU 3pa3KiB 3TigHO i3 TadI. 1

HHUX YCTAaHOBOK po3po0ku koMmaHii «Space Electric
Thruster Systems».

ITOPIBHAHHA EKCIIEPUMEHTAJIbHUX
JAHUX 3 TEOPETUYHUMUN

BumipsiHi 3HaueHHSI (haKTUYHUX BUTPAT KCEHOHY
MpU BUKOPUCTAHHI Pi3HUX KaNiUISIPHUX TPYOOK Ta
TEOPETUYHI 3HAUEHHSI BUTPAT, O0UYUCIEHUX 3a (hop-
MmyJioro (1), HaBeAaeHO Ha puc. 2. Pesynsrati oTpu-
MaHO IS Aiala3oHy TUCKY Ha BXOJi KaIlISIpHUX
Tpyook 1...3 6ap. KaminsgpHi TpyOKH, sIKi TecTyBa-
JIMCs, 3a0€e3MeYyii BUTPATU KCEHOHY B Jiama30Hi
0.05...2.0 mr/c. Ha puc. 2 BBeleHi Taki MO3HAUYKMU:
P,,, — BXimHUWI TUCK, Oap; 7y, — (HaKTUIHi Maco-
Bi BUTPATH KCEHOHY, MT/C; 7ty r, — 3HAYEHHS Ma-
COBMX BUTPAT KCEHOHY, OTpMMaHi 3a (opMyJioro
(1) uepe3 3HaueHHS (aKTUYHUX BUTPAT apTOHY
1, , MI/C.
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HIinpHicTh i AUHAMIYHA B’SI3KiCTh aproHy Ta Kce-
HOHY [JIs1 pO3paxyHKiB BU3HauyaluCh 3a NaHUMU
NIST mis BiamoBigHOTO TUCKY P, i TeMIiepaTypu
muttoc 24 °C.

Ha ocHoBI gaHux puc. 2 oTpUMaHO BiTHOCHI BijI-
XWJIEHHS 0 pOo3paxOBaHMX 3HAYEHb BUTPAT KCEHOHY
Ty 1p, BUL 3HAY€Hb (DAKTUYHUX BUTPAT 7y, SAKi Jie-
KaTh y Aianas3oHi Bix -21 go +30 % (nuB. puc. 3), 1m0
BKa3y€ Ha HEOOXiAHICTb BBEACHHS BiIIIOBIAHUX I10-
npaBokK 10 ¢opmynu (1) mist 3MeHIIeHHST ITOXUO0K
MpU NepepaxyBaHHi BeJIMYMH BUTPAT poOOUYOTro rasy.

YTOYHEHA ®OPMYVIJIA IIEPEPAXYHKY
ITAPAMETPIB MOJEJIBHOI'O TA3Y 1O POBO4Y0I'0O

Ha apyromy erami nociigkeHb OyJ10 MHpOBEAECHO
yTouHeHHs1 ¢Gopmyau (1) Ta MOpPiBHSIHHS OHOB-
JIEHUX TEOPEeTUYHUX 3HadyeHb i3 pakTuyHuMmu. I3
puc. 3 BUOHO, 110 3HAUYEHHS MACOBUX BUTpAT Kce-
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Puc. 3. BigHOCHI BiIXUJIEHHS & poO3paXxOBaHUX 3HAYeHb MACOBMX BUTpaT

KCEHOHY 7it 5 . BIIl 3Ha4eHb (DAKTUYHUX BUTPAT ity

C
1.2
N e L Y P, Wi
0.4
0 . | I 1
0.2 0.4 0.6 0.8 m,, mr/c

Puc. 4. 3anexnictb Koedinienta C Bifl 7, s Karinapis 3 d = 0.06 mm

o
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1
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1
008 0.0  0.12 m,, wr/c

Puc. 5. Te x nna kaninspis 3 d = 0.04 Mmm

HOHY, OTpMMaHi Ha OCHOBi BUMipIOBaHb MaCOBHUX
BUTpAT aproHy, nepepaxoBaHux 3a ¢dopmyJoro (1),
HEIOCTAaTHLO TOYHI i BiIXUJISIOTHCS Bil (haKTUIHUX
Ha —21...+30 %. Tomy no dopmymu (1) mpomnoHy-
€ThCSI BBOAUTU MOMpaBoYHUIT KoedilieHT C:

Ha puc. 4 Ta 5 HaBeneHO 3aJIeXXHICTh KoeillieHTa
C Big BUMIipSIHUX 3HAa4e€Hb MAacOBHMX BUTpaT aproHy
m,, Ta alpOKCUMAaLllis METOIOM HaMeHLIMX KBa-
nIpatiB. Buxoasium i3 3ajiexkHOCTEl, HaBEJICHUX Ha
puc. 4 Ta 5, orpuMaemMo GhopMyJy 1 BUSHAYESHHS
nornpaBoyHoro koediuieHTta C B 3a1€XKHOCTI Bix 1ia-

. _ . T]Ar pXe
Myerp = C 1y, - R ) MeTpa Kaltijspa:
pAr T]Xe
Koediuient C BU3HAYa€THCA 3a JOITOMOTOIO (haK- C=(0.803-0.585-d)- mg(ro-°52+d) (3)
TUYHUX MAaCOBUX BUTpaAT Ta PO3PaXyHKOBMX 3Ha-
YeHb, OTpUMaHuX 3a opmyJoro (1). ne d — BHYTPIIITHIN JiaMeTp Kariisipa, MM.
ISSN 1561-8889. Kocmiuna nayka i mexwnonoeis. 2023. T. 29. Ne 5 55
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m, MT/C
3.0

2.0

P.

2.0

inl>

bap

Puc. 6. 3anexHicTb pakKTUIHUX (CYLIBHI JTiHil) Ta 00YMCIECHHX 3 ypaxy-
BaHHSIM TTOMPaBOYHOro KoedilieHTa (MyHKTHUPHI JiHii) MacoBUX BUTpaT

P,

7it KCEHOHY Bill TUCKY P,

Ha BXo/i Karijisipaux Tpyook. Lindpu 6iist kpu-

BUX — HOMEPHU 3pa3KiB 3riHoO i3 TabJ1. 1

8, %
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2+ 7+ .
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Puc. 7. BITHOCHI BiIXWJIEHHS § 3HaYEHb MACOBUX BUTPAT KCEHOHY fity
pospaxoBaHux 3a (HopMyIIolo (5), Bill 3HaYeHb (PAKTUYHUX BUTPAT fity,

OCKiJIbKM BCi BUITPOOYBaHHS MPOBOAUINCH TIPU
temrepatypi Big +23 °C no +25 °C, a po3paxyHKu
MPOBOAWJIUCH [IJIsI cepelHboi TemiepaTypu +24 °C,
TO IIapaMeTpU aproHYy i KCEHOHY (IuHaMidyHa B’sI3-
KiCTb i IIiJIbHICTH) OYAYTh 3aJIexKaTu JIIIE Bill TUCKY
Ha Bxofi B Karniisip. 11100 BUKIIOUMTA BUKOPUCTaH-
Hs1 naHux NIST, BigHOLIEHHS] mapaMeTpiB aproHy i
KCEHOHY MOXKHa 004MCIIIOBaTH 3a (hOPMYJIOI0

Nar Pxe

pAr 11)(6

ne P,,, — BXiIHWIi TUCK, Gap.

56

=3.2314+0.011-P.

inl>

C))

[TincTaBuBiK piBHSIHHA (3) Ta (4) y piBHSHHS
(2), orpuMaemo 3arajibHy (oOpMyJTy /11 BUBHAUYEH-
Hs1 (PaKTUYHUX MACOBUX BUTPAT KCEHOHY HAa OCHOBI
BUMIpiB (paKTUYHUX MAaCOBUX BUTPAT aprOHY:

titgery, = (0.803—0.585-d)
i, 09484 (3231 40.011-P, ), (5)

X My,
ne d — BHYTPIIHIN diaMeTp Kanisapa, MM; #1, —
(hakTMYHA MacoBa BWTpara aprouy, mr/c; P,, —
BXiIHUI TUCK, Oap.

ITopiBHSIHHS (paKTUYHUX BUTPAT KCEHOHY Ta BU-
Tpart, po3paxoBaHuX 3a ¢opMyioio (5), HaBeIeHO Ha
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puc. 6, a Ha puc. 7 HaBeIEHO BiIHOCHI BiIXWIEHHS
0 pO3paxoBaHUX 3HAYEHb BUTPAT KCEHOHY Hiy.1y
3a ¢opmyiolo (5) Big 3HaYeHb (PaKTUYHUX BUTPAT
Ny, 3 TAHUX PUC. 7 MOXKHA 3pOOUTH BUCHOBOK, 1110
nmoxubKa BU3HAYEHHSI MAaCOBUX BUTPAT KCEHOHY Ha
OCHOBIi BUMipIOBaHb BUTPAT aproHy Ta 3 ypaxyBaH-
HSIM MOMNpaBOYHOro KoedilieHTa (5) Oyae cTaHOBU-
™ Bin -3 mo 4 %.

BUCHOBKU

3a pe3ynbsraTaMy JOCTiIKeHb OYJI0 ITiIBUILIEHO TOY-
HIiCTb TepepaxyHKy MacOBUX BUTpaT MOMAEJbHOTO
razy aproHy y MacoBi BUTpaTu poOOUYOro rasy Kce-
HOHY 3a JOIOMOIOI0 BUKOPUCTaHHS (hopmynaun (5).
[Moxnbka BU3HAYeHHSI MAaCOBUX BUTPAT KCEHOHY 3a
dopmymnolo (5) oyme craHosutn 4 %, Ha BigMiHy

JIITEPATYPA

Bin 3arajgpHOMNpuUiiHATOLI hopmynu (1), AKa gae mo-
xuOKy Bin -21 mo 30 % [t TakuxX YMOB, IO Oy
MiATBEpIKEHI MpY BUITPOOYBaHHSIX:

* Jliara3oH TeMIepaTyp MOACIbHOIO rayy — Bij
+23°C o +25 °C,

* Miara3oH BXiZHOTO TUCKY — Bim 1 mo 3 Gap,

* BHYTpiIIHi miameTpu Karmigsgpa — 0.06 MM abo
0.04 mm.

BukopucTaHHs MOIEIbHOTO Ta3zy aproHy Ta Mo-
JANIBIIOTO TIepepaxyHKy MOro BUTpaT Y BUTpaTHU Kce-
HOHY 3a J0ornoMorow gopmynu (5) 103BoJSIE 3HAUHO
(3aj1exxHO Bif 00cITy BUIIPOOYBaHb) 3HU3UTH BUTPATU
KCEHOHY IIpY po3po0lii, BilMpaltoBaHHI Ta BUIPOOY-
BaHHSIX CUCTeMMU IToAavi Ta Miadopi KaliIsIpHUX ApO-
CEJIiB UTSI CCTEM TIO/Iavi eIEKTPUYHUX PAKETHHUX IBH-
TYHHUX YCTAHOBOK MaJIOl Ta CepeIHbOI MOTYXKHOCTI.
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INCREASING THE CONVERSION ACCURACY OF MODEL GAS (Ar) CONSUMPTION
INTO XENON CONSUMPTION WHEN USING CAPILLARY TUBES IN THE WORKING
SUBSTANCE FEED SYSTEMS OF ELECTRIC PROPULSION

The article discusses the possibility of improving the method of converting the mass flow rate of the model gas (Ar) to the mass
flow rate of the working gas (Xe) in capillary tubes. The well-known method of such conversion, which is used in electric propul-
sion systems, is based on Poiseuille’s law for laminar flow. The results of the experimental verification of the method showed the
accuracy from —21 % to 30 %. On the basis of the conducted experimental studies, it was proposed to enter a correction factor
depending on the inner diameter of the capillary into the existing methodology of mass flow recalculation, which made it pos-
sible to significantly reduce the error of recalculation of Ar mass flow rate into Xe mass flow rate to £4 %.

Increasing the accuracy of the calculation allows the wide use of argon model gas in the selection of capillary flow restrictors
for feed systems of low- and medium-power electric propulsion systems and during testing of assembled systems at various stages
of development and testing.

Keywords: electric propulsion system, xenon feed system, capillary throttle, model gas, working gas, recalculation of mass flow
rates of the working substance, experimental studies.

ISSN 1561-8889. Kocmiuna nayka i mexwnonoeis. 2023. T. 29. Ne 5 59



Hayku npo KutTs B KOCMOCI
Space Life Sciences

https://doi.org/10.15407 /knit2023.05.060
VK 523.3-36:523.43-36:577.112.384.4:577.175.82:612.815.1

H. B. KPUCAHOBA, crapui. HayK. CIiBpo0., KaHI. 6ioJ. HayK
M. B. AYIAPEHKO, Mmoo, HayK. CITiBpoO.

A. O. ITACTYXOB, Hayk. criiBpo0., KaH. 0i0JI. HayK

ORCID: 0000-0001-5837-6412

E-mail: pastukhovart@gmail.com

P. B. CIBKO, Hayk. cniiBpo0., KaH/. 0i0J1. HayK

JI. M. KAIMHOBCBKA, acmiipanT

ORCID: 0000-0002-3741-7040

M. M. JIPIOK, acmipanT

A. T. HABAPOBA, nipoB. iHX.

I. I. T'YTHUY, nabopaHT

B. B. IIVIAXOBUM, inx. | Kar.

H. I'. [TIO3THAKOBA, ctapiir. HayK. CriBpo0., KaHIl. 6ioj1. HayK
ORCID: 0000-0001-9922-5389

IncTuTyT Gioximii im. O. B. INannanina HauionanbHoi akageMii HayK YKpaiHu, Bigaiin HeipoxiMii
ByJ. JleonTtoBuua 9, KuiB, Ykpaina, 01054

OLIIHKA MOTEHIIAHOI HEMPOAKTUBHOCTI Y HEPBOBUX
TEPMIHAJIAX TOJIOBHOI'O MO3KY KOMITIOHEHTA
IIVIAHETAPHOTO ITJTY ®YJIEPEHY C60

Jlocaioncenns inghpauepsoroeo cnekmpy cepedosuuja nianemaproi mymannocmi Te 1 6us6uno eunpomin8aHHs X0100HUX i Heli-
mpanvhux gyaeperie C60 ma C70. Pezyabmamu ananizy iHghpauepeoHux cnekmpie, ompumanux 3a 00noMo20t0 KOCMIYHO20 mene-
ckona «labonr» ocmamouno dosenu nHasgnicmo y mixczopsanomy cepedosuuyi gyrepery C60. 1li seauki gyeneyeco8micti MoeKyau
MO2ICYmb Ymeoposamucs i nepedysamu y Midic30psHOMY cepedosuiyi, a maxkodic € Kanouoamamu 045 nOSCHeHHs 06aeambox ouqQy3-
HUX cMYye MINC30PAH020 NOAUHAHHA. Y 0aHili po6omi OYiHI08ANACh NOMEHUYILIHA HelPOAKMUBHICMb KOMIOHEHMA NAAHEMAPHO20
nuny gyaepery C60 y i301608aHUX HEPBOGUX MEPMIHANAX 20408H020 MO3KY wypis. [lokaszano, wo dyarepen C60y nHeonpominenomy
cmani y konyenmpayii 0.05...0.25 me/ma He 3MiHI08a6 no3aKkaimunni pigni 36y0xcyeansroeo neiipomediamopa L-[1*Clenymamamy
ma eanvmisroeo Heiipomediamopa [PHJTAMK y npenapamax nepsosux mepminaneii 201061020 Mo3Ky. O0nax niosuiyeHHs KoH-
uenmpayii 0o 0.5 ma 1.00 me/ma npu3eoduno 0o 3pocmanns nozaxkaimunnux pieuie L-[1*Cleaymamamy ma [PHITAMK. To6mo,
yrepen C60 ne sukaukae 03HaK 20cMpoi HelPOMOKCUMHOCII Y HePBOBUX MePMIHANSX 20A06HO20 MO3KY Y MeNCaX KOHUEHMPAayitl
0.05...0.25 me/ma. Oduak, epaxosyrouu, ujo C60 niddacmocs homooKUcIeHHIO, MOJICHA OYIKY8amuU, Wo iH Modice Habyeamu Heli-
POMOKCUMHUX 8aacmueocmell in Situ.

Karonosi caosa: naanemapnuii nua, L-[*Cleaymamam, [PHITAMK, cunanmocomu, Hepeosi mepminani 201081020 MO3KY, n03d-
KAImuHHI pieni Hellpomediamopie.
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BCTVYII

3a ocTaHHi ACCIATWIITTS 3a JOIIOMOIOI0 acTpo-
HOMIYHUX CIIOCTEePEXEHb Y Pi3HUX CEpeaOoBHUIIAX
OyJIO BUSIBJCHO HU3KY MOJIEKYJ i pi3HOMaHITHUX
03HaK MixX30psiHOro nujiy. Benunka yactuHa nuy,
10 BM3Hayvae (hi3MKO-XiMiuHi XapaKTepUCTUKU
MiX30pSIHOTO CepeoBUIIA, YTBOPIOETLCS Y BiATO-
KaX aCHMMITOTUYHHUX TIraHTChKMUX 3ipOK-TiraHTiB
i gaji nmepepoOJIIETbCS, KOIU i 00’€KTU CTalOTh
maHeTapHUMU TymaHHocTsIMU. Y 2010 poui mo-
CJIIKeHHS iH(pauepBOHOTO CHEKTPY CepeloBUIA
IiaHeTapHoi TyMaHHOCTI Tc 1 BUSIBUIIO BUIIPO-
MiHIOBaHHSI XOJOOHUX i HEUTpalbHUX (PyJiepeHiB
C601 C70. Lli 1Bi MOJIEKYJIX CTAHOBWIIM KiJIbKA BiJl-
COTKiB JOCTYITHOTO KOCMiUHOI'O BYIJIEILIO B LIbOMY
perioHi, 1110 BKa3yBajo Ha Te, 110 y MEBHUX yMO-
Bax (yjnepeHu MOXYTh €(eKTUBHO (DOpMYBaATUCS
y KocMoci [14].

JlaHi, oTprMaHi 3a JOIMOMOTIo0 iH(ppauepBOHOTO
cnekTporpada Ha KOCMIYHOMY TeJlecKoIli Spitzer B
2012 p., Brepiue Haganu gokasu HasBHOCTI C60 y
TBepaiit ¢asi 6iHapHoi cuctemu XX Oph, 1o ckia-
nmaetbes 3 mizHboro (MT7III) riranta Ta paHHBOI
(BOV?) 3ipku. Tapsiua 3ipka 11i€i cuctemu € cyoxkap-
aqukoM B, sgkmii oToyeHMit iOHiI30BaHOI OOOJIOH-
KOIO Ta 000JIOHKOIO, 1o MicTuTh C60, iMOBipHO y
dopwmi gucka [19].

Hanpukinui 2015 p. rpymi mBeduapchbKux Ta
HiIMEUbKUX JOCIiIHUKIB, O4Y0JIIOBaHil JI>)koHOM
Maiiepom i3 bazenbchbKOro yHiBepCUTETY, BOAIOCS
JIOBECTH Y J1JaOOPAaTOPHUX YMOBAX HASIBHICTb Y MiXK-
30psHOMY TpocTtopi (yaepeny C60™, 1o mas mo-
3UTHUBHUM 3apsia. bynu npoaHaizoBaHi ioHU dyie-
pena C60" y rasosiii ¢asi, mpu remneparypi 5.8 K.
OtpuMaHi ceKTpu B iH(ppauyepBOHill 00JacTi TOU-
HO 30irajaucs 3 aBoMa IUMY3HMMHU MiX30pSHUMU
JIiHiIMU. 3a OoLliHKaMM BYEHUX, Y Lil (popmi Moxke
repedyBaTH 10 0.9 % KocmiuHOTO ByTIIerio [15].

Y 2019 p. pesyasratu aHamizy iH(hpadyepBOHUX
CMEKTPiB, OTPUMAHUX 3a JOMOMOIOK KOCMiYHOIO
tesieckorna «[ab0a» 0cTaTOuHO JOBEIW HASIBHICTD Y
Mix30psiHOMY cepenoBullli dynepeny C60+. Cris-
BiIHOIIIEHHS TOBXWH XBWJIb i CUJIM Aialla30Hy BU-
SIBUJIUCH JTOCTAaTHHO IOAIOHMMU A0 THX, SIKi Oyam
BU3HAYEHi B OCTAHHIX JJa00OpPaTOPHUX €KCIIEPUMEH-
tax. lle migTBepaMIIO TIMOTE3M MpPO Te, IO BEIUKI
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BYIJIELIEBOBMIiCHI MOJIEKYJIM MOXYTb YTBOPIOBATUCS
i mepedyBaTH y MixK30pSIHOMY CEPEeIOBUILI, a TAKOX
€ KaHauaaTaMu JJ1sl HOSICHEHHS 6aratbox AuGy3HUX
CMYT MiXK30pSIHOTO IoranHaHHA [17].

HeoOxigHo migKpecanTH, 110 IIpU JTOBrOTpHUBA-
JIVX TIJIOTOBAHUX KOCMIYHUX MICiSIX OTHI€I0 3 MOX-
JIMBUX TIPUYMH BUHUKHEHHS TOpYIIEeHb (hyHKIIiO-
HYBaHHSI MO3KY MOXe OyTU BIUIMB ILJIAHETAPHOI'O
Ta MiXK30pPSHOTO MWJIY, CKJad i BJACTMBOCTI SKO-
ro, a TaKOX BIUJIMB Ha 3[0pOB’S JIOJUHU, 30KpeEMa
HENWpPOTOKCUYHA Jisl, HEJOCTATHbO JOCHIIKEHI [5,
6, 23]. INokaszaHo, 110 YaCTUHKHK MiCIYHOTO ITVITY
copOyIOThCS Ha cKadaHIpax i IOTparIssioTh Bcepe-
JUHY KocMiuyHMX cTaHLiil [32, 40]. BHacnigok 0e3-
MOoCepeIHbOT0 KOHTAKTy 3 YaCTUHKAMU MiCSIYHOTO
MUY TIPOTITOM JIEKUTBKOX MICiii «ATIOIJIOH» CHO-
CTEpIirajloch MOIPa3HEHHS OYEN, NMXaTbHUX LILIAXiB
Ta IIKipu acTpoHaBTiB. byJlo mpoaeMoHCTpoBaHO,
110 MIiCSYHUMIA TTWJI, @ TAKOX HAHOYACTUHKU € TPU-
yrHOIO 3ananeHHd [13, 16], sgxe, K BiZoMO, MOXe
3MIiHIOBaTU IIPOHUKHICTH TIe€MaToO-eHIe(paTiYHOro
b6ap’epy [1]. HeiliporokcuuHa miss HaHOYAaCTUHOK
MOXe pealli3yBaTUCh uepe3 iHTiOyBaHHSI CHUHTE3y
Helpomeniatopa, 3MiHYy TTOTOKY iOHIB 4yepe3 Kili-
TUHHiI MeMOpaHH, OJIOKYBaHHS TPaHCIIOPTY HEMpo-
MediaTopiB Yy HEPBOBUX 3aKiHYEHHSIX TOJJIOBHOI'O
MO3Ky [9, 10, 12].

MeTo10 HaIOro AOCIAXEHHS Oy/l10 MpPOBEeCTU
OLIIHKY TOCTpPOi HEMPOTOKCUYHOCTI KOMEPIiiHO-
ro mipemnapary ¢yiaepeny C60 («Sigma», CILA), gk
KOMIIOHEHTa TuiaHeTapHoro mnwiy. [0 mety Oyio
peajti3oBaHO IILJISIXOM OLIHIOBaHHSI OfHI€E 3 KIIIO-
YOBUX XapaKTEPUCTUK CUHAINTUYHOI HelpoTpaHC-
Micil 3 BUKOPUCTAaHHSAM MPECUHANITUYHUX HEPBO-
BUX TepMiHaJieil (CUHAINTOCOM), BUIIJICHUX 3 KOPU
BEJIMKUX TTiBKYJIb TOJOBHOI'O MO3KY Iypa. Y Hep-
BOBMX TE€PMiHAJSIX IOCHIIKYBaId IMO3aKIITUHHUMA
piBeHb pamioOaKTUBHO MIiYEHUX HEMpOMediaTOpiB
L-[“C]rnyramaTy Ta raMma-aMiHOMAcJSTHOI KHC-
notu ([PH|TAMK).

HeoOxinHo 3a3HauuTu, mo rayramar i TAMK e
BiIMOBIZHO KJIIOUOBMMHU IIBUAKUMU 30yIJIMBUM
Ta raJIbMiBHUM HelpomeniaTopaMM Y LEeHTpaJibHil
HepBoBiil cuctemi. [TopylieHHs TpaHCHOPTY/TOME-
ocrasy rinyramary Ta TAMK cnpusie HeiipoHanbHil
TUC(YHKILT Ta MaTOreHe3y OCHOBHUX HEBPOJIOTiY-
HUX po3nanis [4, 24].
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MATEPIAJIA TA METOAU TOCIIIXEHD

1. Mamepiaau. Y poGoTi Oyau BUKOPUCTAHI Taki
peaktuBu: @ynepen C60, HEPES (N-2-hydroxy-
ethylpiperazine-n-2-ethanesulfonic acid), EGTA,
EDTA, ¢ikonn-400, aMiHOOKCHMOLITOBA KKCJIOTa,
[JIyTaMart, CIMHTWIALIMHA pimrHa Sigma-Fluor®
High Performance LSC Cocktail, KOMIOHEeHTH iH-
KyOaliifHOTO cepeaoBUIIA HEPBOBUX TEPMiHAJIEH —
«Sigma», CIHIA; [*H]TAMK, L-[!*C]rayTtamar,
«Perkin Elmer» (CIIIA).

2. Emuuni nopmu. Bci ekcriepyuMeHTH OyJIM BU-
KOHaHi BiamnoBigHo 10 «IIpaBui nmpoBeaeHHST poOiT
3 BUKOPUCTAHHSIM €KCIEPUMEHTAIbHUX TBApUH»,
3aTBepmKeHnX KoMiciero 3 gorisimy, yTpuMaHHsS i
BUKOPUCTAHHS eKCIEepUMeHTalbHUX TBapuH IH-
ctutyty 0ioximii iMm. O. B. [Tamnanina HAH Ykpainn
(IMTpotokon Ne 1 Bix 14.01.2020).

HocniKkeHHsT MPOBOAWIN Ha OiMX Iypax-cam-
uax ginii Wistar. IlypiB yTpuMyBaau Ha cTaHaapT-
HOMY palliOHi BiBapilo.

3. Budiaenns ouuwienoi pparuii cunanmocom 3 2o-
A106H020 MO3KYy uwgypie. CUHAIITOCOMM BUIIISUIM 3a
metogoM Kortmana [18, 29]. ¥V ekcriepumeHTax BU-
KopucToByBanu 1ypis Baroo 150...200 . V gexari-
TOBaHMX TBapUH Opajii BeJIMKi MiBKyJi TOJOBHOTO
MO3KY, BiJOKpEMJIIOIOUM CTOBOYPOBY YaCTHUHY Ta
MO3040K. [IJ1s1 oTprMaHHs pakiiii CMHaIITOCOM ro-
TyBajiu 20 % roMmoreHat, BAKOPUCTOBYIOUM CKIISTHUI
romoreHizatop ITorrepa (3azop 0.2 mm). Cepen-
oBuie BuaiieHHs mictiiio 0.32M caxapo3u, 5 MM
HEPES-NaOH pH 7.4, 0.2 MM EDTA. Tomorenar
ueHtpudyryBanu npu 2500g 5 XB 1151 BiToKpem-
JIEHHSI siiep, KPOBOHOCHUX CYAMH, 3pyHHOBaHUX
HepBoBUX KIiTUH. [lomanblie HeHTpUGYryBaHHS
HagocanoBoi pizuau pu 12000g 10 XB. 103BOJISIIO
OTPUMATH «I'PyOy» MITOXOHApiabHY (Ppakliito, 110
MiCTHJIa MITOXOHIpii, CHHANITOCOMM, Mi€iHi30Ba-
Hi 3anuiiku. Ocan pecycrieHAyBaau B CepeIOBUILLL
BUIIJIEHHS Ta HAHOCWJIM Ha TrpamieHT (iKoJy, KU
MictuB 13, 6, 4 % ikos, MpUTOTOBaHMUI Ha CEpe-
OBUILI BUAIEHHS, i neHTpudyryBaiau npu 70000g
45 xB Ha GakeT-poTopi. PpaKiito CHHATITOCOM, IO
OTpUMYBaIN B iHTepdasi Mixx 13 i 6 % pozumHaMm
dixkoiry, 30Mpain, PO3BOAMIN CEPEIOBUILEM BUIIi-
JneHHs 1:4 ta uentpudyrysaau npu 15000g 20 xa.
OTpuMaHuii ocad CyCHeHAyBaJll B CEpeIOBUILI,
gke mictmio y MM: NaCl-126, KCI1-5, MgCl,-1.4,
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NaH,PO-1.0, HEPES-20, pH 7.4, D-rmoko3sy-10.
Bci onepauii npoBoauiau ripu 0...4 °C. Bci po3unHn,
sIKi BUKOPUCTOBYBAJIU B OlepallisiX BUMIJIEHHS CU-
HAMnTOCOM Ta MOAAJBIIOTO JOCIAXKEHHS MPOLIECIB
BUBUIBHEHHS HelipoMeiaTopa, MOCTIHHO HacHU4y-
Baiv kKrcHeM. KoHIIeHTpallito MpoTeiHy BU3HAYaIl
3a MeTtojoM JlapcoHa Ta iH. [25].

4. Busnavenna nosaxaimunnoeo piensa L-[1*CJaayma-
mamy y npenapami cunanmocom. CyCrieH3isl CUHAII-
TOCOM PO3BOIMIIACS CTAHIAPTHUM COJTBOBUM PO3UH-
HOM Tax, 1110 Mmictuia 1 mr mpoteiny/mi, i micis 10
XB TpeiHky6aii npu 37 °C HaBaHTaxyBamu L-[!4C]
ryramarom (500 HM, 238 MKi/MMos) B Kanbllie-
BOMY CTaHIAPTHOMY COJIbOBOMY PO3YMHi YIPOJOBX
10 xB. ITicst LBOTO CyCIIEH3isI CHHAIITOCOM BiMMBa-
nacsg 10 o6’emamMu cTaHAAPTHOTO COJIBLOBOTO PO3YN-
Hy i po3BoauiIacs 10 KOHIEHTpalii 1 MT mpoTeiny,/mit
1 Bimpa3y BUKOPHCTOBYBajacs IJisi BUBHAYCHHS BU-
BibHeHHs L [!4C|ryramary 3 cuHantocom. AJik-
Botu (120 mxu, 25...30 Mxr HaBaHTaxeHux L [14C]
[JlyraMaToM CHUHAITOCOM), TpeiHkyOyBaau 10 xB
npu 37 °C, moTiM aonaBajiy BoaHy cycrnieHsito Dye-
peny C60 y konuentparii 0.05...1.00 mr/mn. ITosza-
KJIiTUHHUIL piBeHb L-["*C|riyramary BU3HAaYamM SIK
HeCTUMY/IbOBaHe BUBLIbHeHHs L-['4Clriyramary 3
CHHAINTOCOM y Oe3KaJIbI[iEBOMY CEpPEIOBUILL 3a 6 XB.
CycnieH3ilo CMHANTOCOM IIBUAKO OCAIKyBaJIU Y Mi-
kpoueHTpudysi «Eppendorfs npu 10000g mpoTtsirom
20 c¢. AnikBotu Hagocany (90 MKiI) Ta COJOOLTi30-
BaHOTO JonelwicyibdaToM HaTpito ocamy (90 MKIT)
3MILYBaAM 31 CUMHTWISLINHOIO pinvHOI0 Sigma-
Fluor® High Performance LSC Cocktail (1.5 mu) Ta
BU3HAYaIM paJioaKTUBHICTb 3a I0TTOMOTOI0 CLIMHTU -
qsuiinoro mivmnbHuKa Hidex 600SL (DinnsHmis).
3aranpHUil BMICT pamioakTWBHO MideHoro L-[!4C]
rJlyraMaTty BU3HAYalld SIK CyMy pPallioaKTMBHOCTI y
aJTiIKBOTI HaJ0camy Ta Y aJikKBOTi COMIO0LIiI30BaHOIO
ocamy. IMozaxmituHHuit piBeHbp L-[!*C]riyramaty
o0YHMCTIOBaIN SIK BiZCOTOK BiJ 3arajJbHOI0 BMiCTY
panioakTuBHO MiueHoro L-[!*C]miyramary, Hakonu-
YeHOro cMHarrocoMamu [8, 36].

5. Busnauenns nosaxaimunnozo piens [SHJTAMK
y npenapami cunanmocom. CunHanrocomu (2 Mmr
MpOTEeiHYy/MJI) B OKCUITE€HOBAaHOMY CTaHJIApTHO-
My COJIbOBOMY pO34YMHi, sikuii MictuB 10 MKM
aMiHOOKCHOIITOBOI KMCJIOTH, iHKyOyBaau 5 XB IIpU
37 °C y npucytHocTi 5107 M (0.1 Ki/mn) [PH]TAMK.
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[Ticnst oxonomkeHHsT Ha JIbOLY CYCIIEH3il0 BTpUYi
PO3BOJAMIN OXOJOKEHUM COJILOBUM PO3UMHOM i
uentpudyrysanu ripu 4000g 5 xB. Ocan cycrnieHayBa-
Jm nipy Temnepatypi 4 °C i KoHLEeHTpallii ITpoTeiHy
1 MT/MJ1y COTLOBOMY PO34MHi, sikuii micTuB 10 MKM
aAMiHOOKCHUONTOBOI KucJI0TH. CHHANTOCOMM, IIIO
akymymosaau [PH]JTAMK (1 Mr npoteiny/mi), He-
raifHO BUKOPHMCTOBYBAJIM [UISI BUBYEHHS IIPOIIECIB
BuBinbHeHHs TAMK. AnikBoTu (120 mxi1, 25...30 MKT
HaBaHTaxeHux [SH|TAMK cuHantocom), mpeiH-
kyoyBaym 10 xB nipu 37 °C, notiM nogaBajii BOAHY
cycriensito Pynepeny C60 y konueHTparigx 0.05...
1.00 mr/mn. TMozaxmitunHuit pisens [PH]JTAMK
BU3HAYAIN SIK HECTUMYJIbOBAaHE BUBiLIbHeHHs [PH]
TAMK 3 cunanrocom 3a 6 xB. CycleH3il0 CUHAaII-
TOCOM IBUAKO OCaIXyBaJM Yy MiKpoueHTpudy3i
«Eppendorf» ipu 10000g npotsirom 20 c. AliKBOTH
Hagocanmy (90 MKII) Ta COMIO0LTI30BAaHOTO AOMCIINI-
cyiabdaroM Hatpilo ocamy (90 MKiI) 3milnyBanm 3i
CLUMHTWISALIMHOIO pinuHolo Sigma-Fluor® High
Performance LSC Cocktail (1.5 mi) Ta BU3Hauanu
pPadioaKTUBHICTb 3a JIOMOMOIOI0 CUMHTWISLIMHOIO
nmiunnbHrka Hidex 600SL (DinsHmist). 3aranbHuii
BMicT paioakTusHO MiveHoi [PH|TAMK BusHauanu
SIK CyMY PajlicaKTUBHOCTI Y allikBOTi Hajocaay Ta y
aJIiKBOTI coJrobOiTI30BaHOTO ocamy. [To3akmiTHHHWI
pisens [PH|TAMK o6uucaioBaiu K BiICOTKOBY
JIOJTIO Bifl 3araJlbHOro BMICTY pagiOoaKTUBHO MideHOI
[*H]TAMK, HakomueHoro cuHartocomami [11, 30].

6. Cmamucmuuna o6po6xa pe3yavmamie. Pe3ynb-
TaTu TipeAcTaBieHo sk cepeaHe + SEM B n He3a-
JIEXKHUX eKcrepuMeHTax. Pi3HULII0 MixX 1BOMa Tpy-
namMy TIOPiBHIOBAJIM 3a JIOMOMOTOI0 OJHO(hAKTOP-
Horo gucriepciiinoro ananizy (One-way ANOVA).
PisHuust BBaxanacst mocrosipHoto mipu p < 0.05.
CratucTyHa oopobOKa JaHuX, ImodymoBa Irpadikis
i po3paxyHKu (PyHKIUi MPOBOIUIN 3 BUKOPHCTaH-
HsM niporpamu Excel.

PE3VJIBTATU TA OBTOBOPEHH

Na'-3anexni Tpancnoprepu niyramaty tTa TAMK e
KJIIOYOBMMU yJyaCHUKAMU TepMiHallil CMHANTUYHOL
HEWPOTPAHCMICIi Ta OIMOCEPEAKOBYIOTh TMOTJTMHAH-
HSI HEelipoMeIiaTopiB y LUTOILJIa3My Ta BCTAHOBJICH-
HsI MO3aKJIITUHHOrO piBHS HeipomeniaTopis [7]. Lli
TpaHCIOPTEPU BUKOPHUCTOBYIOTH €JIEKTPOXiMiUYHMIA
rpazgient Na* /K" yepes rutazmatnyHy MmeMOpaHy K

pyuwriiiny cuiy. [TopylleHHST TO3aKIiTUHHOTO PiBHS
rjyTamaTy MpU3BOJIUTh 10 HEHPOTOKCUYHOCTI Ta 3a-
ruoesTi MOCTCMHANTUYHUX HEWPOHIB 3aBIsIKU Haj-
MipHOMY 30y/KEHHIO TJIyTaMaTHUX PELENTOpiB Ha
ixHit MemOpaHi. ITigBuIIeHHS MO3aKJIITUHHOTO PiB-
Hs1 TAMK Moxxe npu3BecTy J0 MOpYIIEeHHS OalaHCy
30yI>KeHHSI-TaJIbMyBaHHSI Y HEPBOBIM CUCTEMI.

V Hamux excriepuMeHTax OyJio IT0oKa3aHo, IO
dynepen C60 y mianmazoHi KoHueHTpauiii Bim 0.05
10 0.25 Mr/mMJ1 He 3MiHIOBaB MO3aKJiTUHHOTO PiBHS
L-['*C]ryramaTy y npenaparax CHHAITOCOM.

K nokazaHo Ha puc. 1, a, TO3aKIiTUHHUN piBeHb
L-['4C]rnyramaTy y mpenapaTax CHHAIITOCOM IOPiB-
HioBaB 17.51 £ 0.46 % Bin 3arajbHOI KiJIbKOCTI Ha-
KOIMUYEHOI0 CMHANTOCOMaMM PallioaKTUBHO Miue-
Horo L-[*C|rnyramary B xoHTpomi, 17.36 £ 0.39 %
ripu HasiBHOCTI 0.05 Mr/™Ma dyepery C60 [F( 12~
=0.06, p =0.79, n = 12], 17.88 £ 0.51 % npu Ha-
sBHocTi 0.10 mr/™Mi1 dyrepery C60 [F(1.22) = 0.31,
p=0.57,n=12], 18.58 £ 0.42 % npu HaIBHOCTI
0.25 mr/min dynepeny C60 [F(1_22) =3.24, p=0.08,
n=12].

OpnHak npu 30i1blIeHHI KOHUEHTpallil QyjiepeHy
C60 10 0.50 mr/muri 1.00 Mr/MJ CIToCTEPiraioch -
BUIIEHHS Mo3aKIiTUHHOTO piBHA L-[14C]rnyramary
y npenapaTax CUHAITOCOM, SIKUil ctTaHOBUB 35.21 +
+ 1.18 % Bim 3araIbHOI KiJIbKOCTI HAKOITUYEHOTO CH-
HaNTOCOMAaMU PafioakTUBHO MiueHoro L-[!4Clry-
TaMaty npu KoHueHTpariii pynepeny C60 0.50 mr/mi
[F(1_22) =212.49,p<0.001,n=12],1a37.84 £0.85%
Jutst KoHueHTpauii pynepeny C60 1.00 mr/min [F(1.22) =
=483.39, p <0.001, n = 12] (puc. 1, a).

MoszakniTunHuit pisens [SH|TAMK y npenapari
CMHANTOCOM TaKOX He 3MiHIOBaBCS MPU HasIBHOC-
Ti dynepeny C60 y niama3oHi KOHLIEHTpaLiil Bin
0.05 mo 0.25 mr/mn i ctanoBuB 18.94 + 0.29 % Bin
3arajibHOI1 KUJIBKOCTI HAKOMUYEHOI CHHAITOCOMa-
MU pagioakTsHo MiueHoi [SH][TAMK y koHTpoui,
18.89 % 0.37 % npu HasiBHOCTI 0.05 Mr/mit dyepe-
Hy C60 [F(1.22) =0.01, p =091, n = 12], 18.96 =
+ 0.62 % npu HasiBHOCTI 0.10 MT/™M7 dynepeny C60
[F(l.22) =0.0007, p =097, n = 12], 19.68 £ 0.61 %
ripu HasiBHOCTI 0.25 mr/™ma dyiepery C60 [Fi2)=
=1.29,p=0.26, n = 12] (puc. 1, 6).

IMinBuiiennus koHueHtpauil dynepeny C60 B
cycrieHsii cuHanTocoM, HaBaHTaxeHux [T H]TAMK,
g0 0.50 mr/ma i 1.00 Mr/ma Tak camo, sIK i B eKc-
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Puc. 1. Toszaknitunni piBHi L-['*C]rayramary (a) ta [*H]
TAMK (6) y npenaparax CMHanTOCOM MpU HasiBHOCTI (y-
nepeny C60 y konuenrpamisx 0.05...1.00 mr/mr. JaHi npes-
CTaBJICHO Y BUIJISIAI cepeaHboro 3HaueHHsT + SEM, n = 12,
*¥% _ moCTOBipHA Pi3HULIS MMOPIBHSIHO 3 KOHTPOJIEM Ha piBHi
2 <0.001, n.s. — A0CTOBiIpHOI pi3HUIL HEMA€E

nepuMmeHTax 3 L-[!*C]riyramaToM, HpU3BOIMIO
10 3pocTaHHs Mo3akiitTuHHoro pisHs [PH|TAMK,
aKkuii popisHoBaB 21.55 + 0.46 % Bin 3aranbHOI
KUJIBKOCTI HAaKOMMWYEHOI CMHANTOCOMAaMM palioak-
tuBHO MiueHoi [*H|TAMK npu konuentpauii ¢dy-
nepeny C60 0.50 mr/mn [F(1.22) = 25.52, p < 0.001,
n=12], Ta 22.17 + 0.65 % 1npu KoHHeHTpatil Py-
nepeny C60 1.00 mr/mia [F(1.22) = 22.63, p < 0.001,
n=12] (puc. 1, 6).

To6Tto, dymepen C60 y konuenrtparii 0.05...
0.25 wMr/mMa He 3MiHIOBaB MO3aKJITUHHI piBHI
L-[!4C]rnytamaty Ta [’ H]TAMK y mpenaparax He-
PBOBUX TepMiHaJeli TOJJOBHOIO MO3KY, ajlie y mdia-
ma3oHi KoHIeHTpairiit 0.5...1.00 mMr/Mi O6yio 3apee-
CTPOBAHO 30iJIbIIIEHHST MO3aKJIITUHHOTO PiBHS 000X
HelipoMeiaTopiB.

3 MOMEHTY CBOTro BiikpuTTs dysepeH C60 npusep-
HYB yBary 0i0JIOriB 3aBASIKM CBOIl YHIKaIbHIiM XiMil Ta
MOTEHLITHOMY GiOJMIOTiYHOMY 3acToCyBaHHIO. Moro
BiTHOCHO Bequkuii po3mip (~0.7 HM), apxiTekTypa

64

MOPOKHUCTOI chepu, LIMPOKa eeKTpUUYHa KOH t0-
rauist, e1eKTpoiIbHICTb, CUMETPIisl, HU3bKa TOKCHUY-
HICTb i 3MaTHICTh HAKOITMYYBATUCS Yy O10JTOTIYHUX TKA-
HUHaX — BCE 116 CTBOPIOE YHIKaJIbHI MOXJTABOCTI JIJIST
3actocyBaHHsa ¢yiaepeHy C60 y IIMPOKOMY CHEKTPi
rajry3eit Bim MmaTepiajo3HaBCTBA O MEAUIIUHU.

®ynepen C60 TakoX MPUBEPHYB 3HAYHY YyBary
CBOIM IMOTEHLIAJIOM SIK aHTUOKCUJAHT i MOIMHaY
ADK (aktuBHMX (opM KHUcHIO) [28]. Byno moka-
3aHO, 110 TToXimHi ¢yiaepeHy C60 MOTIMHAIOTE P
BUJIBHUX paJiuKajiB, 30KpeMa CynepoKCUIHI Ta Tif-
pokcuiibHi paaukanu [41]. Takox Oyjo mokaszaHo,
110 pi3Hi noxinHi dynepeny C60 MOXyTh JIOKai3y-
BaTUCS Ha MITOXOHApiaJbHilt MeMOpaHi i 1110 ¢yne-
pex C60 MoXe BIUTMBATH Ha (PYHKIIIIO MiTOXOHAPIi
in vitro [34], Ta 3p00JeHO MPUITYLIEHHS, 110 ¢yJie-
pen C60 MoXe JTOKaIi3yBaTUCS Ha MITOXOHIpiasib-
Hilt MeMOpaHi in vivo Ta I€TOKCUKYBAaTU MiTOXOH-
npianbHi ADK. 3rigHo 3 TinoTe30i0 1ie MTOBUHHO
3aro00irTM MOIIKOIKEHHIO KJTUH 1 MOM’SKIIUTU
JIOBTOCTPOKOBY TOKCUYHICTh MITOXOHAPiaTbHUX
ADK, MOXIMBO HaBiTh MTPOJOBXUTHU 310POBY TPU-
BaJIiCThb XXUTTS, SIKILIO MITOXOHApiajbHi 200 BiJIbHO-
paguKaJibHi Teopil CTapiHHS BUSBISATHCS iCTOTHUM
BHECKOM Y IOBTOJIITTS JIIOAUHU.

OpHUM i3 HaOUIBII BpaxkarounX pe3yJIbTaTiB 10-
crimkeHb BIUMBY GynaepeHiB C60 in vivo oTpuMaHO
y €KCIIepUMEHTI, SIKMI MOoKa3aB, 110 Ipyna IIypiB,
IKUM 3 IOHOCTI BBoguau dynepen C60, posunHe-
HUIT B 01uBKOBIl ol (C60-00), Majia IToIoBKeHY
CepeHIO TPUBAIICTh XUTTS (36itbieHHs Ha 90 %)
MOPiBHSHO 3 1lYPaMMU, SIKi OTPUMYBAJIMY JIUILIE 103y
3 oauBKOBo10 oJjieto (OO) abo B3araji 6e3 Hivo-
ro [3]. OgHaxk iHIlle OOCTiIKEeHHS HaJalo J0Ka3u
mKignmuBoro BBy C60 Ha eMOpioHM MUILIE in
vitro Ta in vivo [39], Tomi SIK psim OOCTiIKeHb Oy
30Cepel’kKeHi Ha 3aXUCHUX BJIACTUBOCTSX (pyjepeHy
C60 y KOHKpPETHUX MOJIEIAX YITKOMKeHHS [2, 35].
JloCmiIXeHHsT TPUBAJIOCTI XKUTTS TPU3YHIB OYJI0
MPOBENIEHO TAKOX 3 BUKOPUCTAHHSIM MOXiAHUX Dy-
JIepeHiB, KapOoKcudyaepeHiB, IKi MalOTh BaXK/IMBi
(diznuHi Ta XimiuHi BigMiHHOCTI Bin ¢ynepeny C60.
Muii, sKi oTpuMyBain KapOoKcudynepeH, >KWin
Ha 11 % noBlile, HiXK KOHTPOJIbHI MUIII 3 TTOKpalle-
HO0 KOTHITMBHOIO IisuTbHicTIO [31].

Takyum 4YmHOM, OOCIIIKEHHS BUSBUJIA Pi3HO-
MaHITHUIA BIUB (ynepeHiB C60 in vitro Ta in vivo.
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IToTeHuiliHa 30aTHICTH IPOAOBXUTH TEPMiH XKUTTS,
1 pO30iKHICTH B OTPUMAHUX PE3yJIBTaTaX, MOXKIIH-
BUIA TOKCUYHUI BILJIUB 3a MEBHUX YMOB, OCOOJIMBO
B YMOBaX JIOBTOTPUBAJIMX KOCMIYHUX MicCili, TTOTpe-
0Oye MOmaJbIINX AOCTIIXEHb, SIKi € Haa3BUYAHO
LIHHUMU.

JlitepaTypHi JoKepesia cBiguaTh, 1o dyiaepeH C60
pyliHyeTbcs min giero Y®-onpomineHHs [38]. ITo-
BiIOMJISIIOCSI TaKOXK IPO TOJiMepu3allilo Ta arpe-
rauiio (yjepeHy Iicisl BIUIMBY CBIiT/a, 1110 CBITYUTh
mmpo Te, mo 3 C60 MOXyTh BiIOyBaTHCS YUCICHHI
nepeTBopeHHs [22, 37].

®ynkuioHanizoBaHi nmoxigHi gynepeny C60 oynu
JOCHIKEeHi SIK MPOTUITYXJIMHHI (poToceHCcuobiiza-
Topu y poTonMHaMivHii Tepamii [21], TpoTUBIpyCHi
MOJIEKYJIU SIK iHTi0iTopr mpotea3u BIJI [20], BekTo-
PU IOCTaBKM JIiKiB JJ1s1 TIenTUaiB [33], reHiB Ta iHIImx
BEJIMKUX MOJieKyJ [27, 42], a TaKOX areHTH JiarHoC-
TUYHOI Bidyasizaliil sk MeTajeBi KoH 1oratu [26].

Bpaxosytouu, mo ¢ynepern C60 migmaeTtbes Go-
TOOKMCJIEHHIO, MOXHA O4YiKyBaTH, 1110 BiH MOXe Ha-
OyBaTH HEMPOTOKCUYHUX BiacTUBOCTeM in situ. Lle
MUTaHHS TTOTPIOHO NOJATKOBO JOCTIIXKYBaTU Yy MO-
JeTbHUX EKCIIEPMMEHTaXx, 110 aBTOpU poOOOTH Tia-
HYIOTb BUKOHATH Yy MOAQIBIIUX TOCTIIKEHHSIX. 30-
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EVALUATION OF THE POTENTIAL NEUROACTIVITY IN THE BRAIN NERVE TERMINALS
OF THE C60 FULLERENE PLANETARY DUST COMPONENT

A study of the infrared spectrum of the environment of the planetary nebula Tc 1 revealed the radiation of cold and neutral
fullerenes C60 and C70. The results of the analysis of infrared spectra obtained using the Hubble space telescope conclusively
proved the existence of C60+ fullerene in the interstellar medium. These large carbon-containing molecules can form and exist
in the interstellar medium and are candidates to explain many diffuse interstellar absorption bands. In this study, the potential
neuroactivity of the C60 fullerene as a planetary dust component was assessed in the isolated rat brain nerve terminals. It was
shown that C60 fullerene in the unirradiated state at concentrations of 0.05—0.25 mg/ml did not change the extracellular levels
of excitatory neurotransmitter L-[!*C]glutamate and inhibitory neurotransmitter [’H]GABA in the preparations of rat brain
nerve terminals. An increase in fullerene C60 concentrations up to 0.5 and 1.00 mg/ml was accompanied by an increase in the
extracellular levels of L-[4C]glutamate and [PH]GABA in the preparations of nerve terminals. Therefore, fullerene C60 did not
cause signs of acute neurotoxicity in the brain nerve terminals within the concentration range of 0.05—0.25 mg/ml. However,
given that C60 undergoes photooxidation, it can be expected that it may acquire neurotoxic properties in situ.

Keywords: planetary dust, fullerene C60, L-[!4C]glutamate, [3H]GABA, synaptosomes, brain nerve terminals, extracellular
neurotransmitter levels.
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BUKOPVCTAHHA TEOJE3NYHOTL, TEOIIEHTPUYHO]
TA TONIOLEEHTPUYHUX CUCTEM KOOPIIMHAT
Y METEOPHIIT ACTPOHOMIi TA CYMIKHMX 3AJTAYAX

Po3zensoaemocs 3adaua euxopucmanus 2e00e3uttoi, eeoueHmpuyHoi ma MonoOUeHMPUUHUX CUCIEM KOOPOUHam npu oopoodyi 8ideo-
cnocmepedicenb Memeopie ma iHuux OUHamiuHux 00’ekmie y 3emuitl ammocghepi. /s memeoprux eucom dianaszony 0...200 km ma do-
BINLHUX WUPOM 3eMHO20 enincoida 00uUcaoemsCs pisHuYs 2e00e3U4HOI ma eoyeHmpuyHoi Wupomu,; i0n0gioHa Kymosomy 3mMiyeHHIO
0082ICUHA Dy2U 3eMHO20 MEPUOIaHA; MA PI3HULS 200e3UHHOI Ma 2e0UeHMPUMHOT BUCOMU HAO 3eMHUM enincoidom. Pobumucs éucrHosok
npo me, w0 Npu 0OMUCAEHHSX KIHeMAMUYHUX NAPaMempié Memeopie ma mpacKmopHUx UMIPIOBAHHSIX 34 CHOCMeEPelCeHHAMU banic-
Mu4HUX 00°€KMi6 Ha 32a0AHUX GUCOMAX MA BEAUKUX GIOCIAHSAX MIJC NYHKMAMU CNOCMePedCceHb ONMUMANbHUM 8UOOPOM € 2eoueH-
MPU4HA YU AHANO02IMHI MONOUEHMPUYHI cUcCmeMU KoopouHam, 6e3 8UKOPUCMAHHS 20PU3OHMANbHUX CUCMeEM KOOPOUHAm K NPOMIdic-
Hux. Taxa sc cucmema KoopouHam 8UKOPUCMOBYEMbCA NPU 2€OUEHMPUHHO-2eNI0UEHMPUHHUX nepemeopeHHaxX neped be3nocepeonim
00UUCNCHHAM eneMeHmi6 eeaioyeHmpu4Hux opoim memeopoidie. Biomiuaemocs, wo npu HaneceHHi nPoEKYiil mpaekmopiii Memeopie Ha
Kapmy 3emai 3 Memoro NOWLYKY iXHIX 3aAUWKIE — Memeopumie — caid pobumu nepexio 6id eeoueHmpuuHoi 0o 2eo0e3utHoi cucmemu
KOOpOuHam, OCKiNbKU PI3HULS MIDC HUMU Modice cseamu Oinvut Hidie 11 kymosux miHym dyeu oas 00’ €ekmie, po3mauio8anux Ha UComi
100 km Hao nosepxuero 3emHo20 enincoioa, uio 8ionosioae 3miuienHio 21 km. PizHuys eeo0e3uuHux ma eeoyeHmpuHHuxX 6UCOM € He3HaA4-
Hoto ma cmanogums 0.5 m Ha eucomi 100 km ma mpoxu binvuie i0 1 m Ha eucomi 200 km, i Hero MOJICHA 3HEXMYBAMU NPU MEMEOPHUX
PO3paxyHkax may 6invuiocmi 3a0au basicmuku. 3anponoHo8aHo anbMepHAMUGHULL eKIMOPHULL Memod 360POMH020 nepexody 8id eeo-
YeHmMPUUHUX 00 2e00e3UtHUX KOOPOUHAmM ma npueedeHo Yuca08ull po3e’ 130k i0n08ioH020 pieHsaHHSA. /L1 3MeHueH S PO3PAXYHK08020
uacy npu macosiii 00podui peKomeHOyEMbCA 3aMicmb HUCA08020 PO36’A3KY 360POMHOI 3a0a4i 8UKOPUCMOBYE8AMU ANPOKCUMAYI0 ene-
menmapHumu pyukuiamu. [lpueodumocs npuxaad anpoxcumayii, AKui 0151 napamempie 3eMHo20 eaincoioa dae MakcumanvHe 8ioxu-
AEeHHS Wupomu nopsoky ooHiei Kymosoi minymu dyeu, a6o 35 m Ha nogepxui 3emai. Biomiuacmocs, wo makoi mounocmi docmamHso
01151 MeMeopHUX BUMIPIO8AHb, 0OHAK 0451 OAAICMUYHUX 3a0a4 MOYHICIb ANPOKCUMAYIT MAEe Oymu Kpaujor.

Karouosi caosa: memeop, gideocnocmepesicents memeopia, 00UUCACHHS BUCOMU Memeopa, NPOEKULS MpacKmopii memeopa Ha Kap-
my 3emai, eeode3uuna cucmema KoopoOUHam, ee0UeHMpU1Ha CUCMemMa KOOpOUHam, MoYHIiCMb 004UCACHb KIHEMAMUYHUX Napamen-
pie memeopa.
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1I. M. Kozak, I. B. JIyk’auuk, JI. B. Kozak, O. b. Cmeas

BCTYII

BaxnuBolo 3amaueto 0OpOOKM METEOPHUX CIO-
CTepeXeHb € TOYHICTh OOUYMCIEHHSI KiHeMaTUYHUX
napaMeTpiB MeTeopoifiB. TOUHICTh TaKMX Mapame-
TPiB TPAEKTOPii MeTeopa, SIK eKBaTopialibHi KOOp-
JWHATU pajiaHTa, MOIYJb IIBUIKOCTI METeOopoina,
oro BUCOTa HaJ piBHEM MOps TOLIO, a Jai i ene-
MEHTIB MOro rejlioleHTPUYHOI OpOITH 3aleXUTh
Bim mexinbkox 0azoBux pakTopiB. Hacammepen 1ie
MPOCTOPOBA Ta YacoBa po3/iiJibHA 31aTHICTb CIIOCTE-
peXHOI anaparypu, 3yMoBJieHa (POKYCHOIO BiCTaH-
HIO 00’€KTMBA i PO3IIIbHOI 3JaTHICTIO MpUiiMaya
BUMIPOMIHIOBaHHS BimeokaMepu. TodHiCTh modar-
KOBOI acTpOMETPUYHOI OOPOOKM TaKOXK 3aJIeXKUTh
BiI 1MX (pakTOpiB uepe3 MOXiAHi mapamMeTpu, sIK TO
KYTOBHI po3Mip MiKceJsisl Ta ToJie 30py KaMepH, sIKi
3a0e3I1euyIoTh HeOOXiIHY KiJIbKICTh OMOPHUX 3ip Y
KaJpi Ta TOYHICTh BHUMIpIB iXHiX mosoxeHb. Kpim
TOT0, BaXJIMBUM (PAaKTOPOM € IIPaBUILHO MigiOpaHi
penykuiitHi mozei [S]. OcTtaTouHO SIKiCTh (hiHaATb-
HUX TPiaHTYJISLIHHUX pO3PaXyHKiB 3a0€3IMeUy€eThCs
TOYHICTIO BU3HAUYEHHST KOOPAWHAT MYHKTIB CITOCTe-
PEXEeHHSI Ha 36MHili TOBEPXHi.

[lomo ocTaHHBLOrO NYHKTY — TOYHOCTI 00-
YUCJIEHHS T€O0AE3UYHUX KOOpAMHAT MYHKTIB CMO-
CTEPEXEHHsI — Ha ChOTOAHI HeMae (opMabHUX
npo0JieM, OCKIJIbKM TaKi KOOPAMHATHU JIETKO PO3-
paxoByIOThCsT 3a momomoroo GPS-mpuitmauiB y
paMKax MOJgEJIi 3eMHOTO ejlincoiga. Panimie Buko-
pUcCTOBYBajiMcsl reorpadiuHi KOOpAWHATU TYHKTIB
CIIOCTEPEKEHHSI, PO3paxoBaHi reone3nucTaMu, i SKi
Hagaji MoxXHa 0yJIo 3a HEOOXiTHOCTI KOHBEPTYBaTHU
Yy NpSIMOKYTHI T€OLEHTPUYHI KoopauHaTtu. Buko-
PUCTaHHS caMe MTPSIMOKYTHUX F€OLEHTPUYHUX CUC-
TeM koopauHat (CK) mae MOXIUBICTh €(PEKTUBHO
OIlepyBaTU IOJAJIbIIOI OOPOOKOI0 KiHEMAaTUUHUX
JNaHUX MeTeopa.

Taxk, B po0OOTi [6] BUKOPUCTOBYETHCS BEKTOPHUIA
METO/I, B SIKOMY PO3paxyHOK TpaEeKTOpii MeTeopa,
BKJIIOUAOYM BEKTOP MOro reolieHTPUYHOI IIIBUIKO-
CTi, BUCOT HaJ piBHEM MOpPS Ta iHIIMX KiHeMaTH4d-
HUX TIapaMeTpiB, 1O IMiAasAraroTh KaTajori3allii,
3MiACHIOETBCS Y MPSIMOKYTHIM TeOLIEeHTPUYHIl Ipa-
BoopieHToBaHiil CK (Bich Z HampsiMJIeHa y MOJIOC
CBITY, Bich X — y TpUHBILIBKUI MepuIiaH, Bich Y mo-
noBHI0e CK 10 ITpaBOOpi€EHTOBAHOI), Ta il TOIIOLIEH-

70

TPUYHUX AHAJIOTIB, PO3MILLIEHUX Y IYHKTaX CIOCTe-
PEXEHb.

Ha BimMiHy Bif KJIAaCUYHOTO ITiAXOY, SIKU BUKO-
PUCTOBYE TpoMi3aKi ¢popMyan chepruIHOI aCTPOHO-
Mil Ta JIOKaJbHi TOPU3OHTAJIbHI CUCTEMU KOOPIU-
HaT, y SIKMX MapaMeTpu MeTeopa (ejeBallisl Yd a3u-
MYT) He MalOTh 0COOJMBOTO 3HAUYEHHSI i CaMOCTiliHO
Hine He MPUBOAATHCS (ejeBallisi HaJ TOPU30HTOM
BUKOPUCTOBYETHCST Y (DOTOMETPUYHI 00pOOLIi mpu
BpaxyBaHHi aTMoc(epHOro IOIJIMHAHHS), JaHUI
METO/I JO3BOJISIE OTPUMYBATU OApa3y IIyKaHi KiHe-
MaTUYHI ITapamMeTpu MeTeopa. MoXJIMBICTh TAKOIO
MiIXoay 3yMOBJIeHa TUM, 110 aCTPOMETpUYHa 00-
pobka 300pakeHHsI MeTeopa 0a3yeThcsl Ha BUKO-
pUCTaHHI OIOPHMX 3ipOK Y KaJpi, Ki 3a0e3I1eUyIOTh
PO3paxyHOK €KBaTOpiaJbHUX KOOPAWHAT MeTeopa.
A OCKIJIbKM eKBaTopiajibHa i reorpadiyHa reoleH-
TpryHa npssMokyTHa CK nmoBepHyTi 0JHa BiTHOCHO
OIHOI Ha KYT, 110 € 30pSIHUM 4YacoM, Iepexia Mix
HUMM peajli3yeTbCsl €JIEeMEHTApPHO — I[MOBOPOTOM
HaABKOJIO OCi Z, — 3HOBY-TaK/ Y BEKTOPHOMY BUIJISI-
mi [6, 7]. SIkimo #imeTbes Mpo TpaeKTopii OamicTua-
HUX 00’ €KTIB, SIKi pO3paXxOBYIOThCSI 32 IOIIOMOTOIO
BieokaMmep, IapaMeTpu IOJOXEHHS SIKMX OyJ0
BiIKaiOpoBaHO Yy JOKaJIbHUX ropu3oHTaIbHUX CK
0e3 3aJTydyeHHs BilgaJleHUX aCTPOHOMIUHUX (a00 iH-
LIMX) OMOPHUX 00’EKTIB, TO LIJIKOM OYEBUAHO, 1110
TaKUM Miaxin HeMOXIMBUM, i BAKOPUCTaHHSI TOPU-
3oHTabHUX CK € HeoOXimHUM. AJie i B IIbOMY BU-
naaxKy MpY 3Ha4YHii BigmaJeHOCTi TOYOK CTapTy Ta
MpU3EeMJIEHHSI 0aliCTUMHOTO 00’€KTa IeOLIEHTPUY-
Ha CK Moxe BMKOPMCTOBYBAaTMCH $SIK MPOMiXHa
nepexinHa CK Mmix 3ajaHUMU KOOpAMHATAMU B TO-
pusoHTanbHUX CK. AHasioriuHa cuTyallisi BAHUKAE
MpU BUMAAKOBUX JEHHUX CIIOCTEPEXKEHHSX 00JIi-
NiB, 3pO0JIEHUX, HAMPUKIIA, 32 JOMTOMOIOI0 aBTO-
MOOIIbHUX BiZIle0 peecTpaTopiB. ¥ LIbOMY BUITAIKy
BU3HAYaAlOThCSI TOPU30OHTAJIbHI KOOpAUHATU Ootina
3a BUAMMUMU B KaApi CTallioOHAPHUMU 00’ €KTaMM,
reojie3nyHi KOOpJAMHATU SIKMX MOXHa 3HAWTU Ha
KapTtax (HampukJiazn y nporpaMi “Google Earth”) i
JlaJjii MoB’sI3aTU 3 IXHIMU JIOKAJIbHUMU TOPU30HTAJIb-
HUMM KOOpAMHaTaMu [4], BpaxoBYIOUH, IO 3€HIT y
ropuszoHTanbHiii CK BHU3HAuUa€eThCsl came 3a reofe-
3UYHOIO 1IMpoToro. OgHAaK MOJANBIIMKA TIepexil 10
rerioneHTpuyHoi CK 3HOBY BUMara€e 3HaHHsI I'eo-
LIEHTPUYHUX KOOpAMHAT 00JIiaa.
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Bukopucmanns eeodesuunoi, eeouenmpuuroi ma monouenmpuunux CKy memeopHiti acmponomii ma cymixcHux 3ada4ax

Otxe, mpsiMoKyTHa reotieHTpuuHa CK npu onpa-
LIOBaHHI 3HIMKiB METEOpPIiB € JOCUTh 3PYYHUM iH-
CTPYMEHTOM, TUM OiJIblIIe 1110 MOoAaIbla TpaHchop-
Mallisi KoopAnMHAT MeTeopiB B rejioneHTpuyHy CK
IIJIsI O0YMCIIEHHSI OpOIT METEOpPOImiB TaKOX BHKO-
pucroBye came reoueHTpuuny CK. Tum He meHI,
00uYMCIIeHi BUCOTU MeTeopa (BipHillle IXHi aHaJIOTH)
y reoueHTpruHill CK, cTporo kaxyun, He 30iraloThb-
csl 3 IXHIMU pealbHUMU T€OAC3UYHUMIU BUCOTaMU
HaJl piBHEM MOpsI (MTOBEPXHEI0 36MHOTIO eJIircoiaa).
BuHuKae 3anuTaHHs, Y4 BapTO MPOBOAUTH TPaHC-
(opmaliito pozpaxoBaHO1 FeOLEHTPUYHOI BUCOTHU Y
reoe3nyHy Iepe KaTajaorizallielo mapamMmeTpiB Me-
Teopa, Y1 TaKOIO Pi3HUIIEI0O MOXHA 3HeXTyBaTu? SK
0yJ10 cKa3aHO BHILIE, TOUYHICTb PO3paxyHKY MPOCTO-
POBUX KOOPIMHAT METeOpa, 30KpemMa Horo BUCOTH B
reoueHTpruHiii CK, TicHO moB’s13aHa i3 crrocTepex-
HOM0 anapaTyporo. Tak, rpu crioctepexkeHHsIX B Ku-
€Bi 3 TeJEBI3IMHUMU CUCTEMaMU TUIY CYINEepPi30KOH
3 BUKOPUCTAaHHSIM (poTorpadiuyHux o0’ ekTusiB emi-
oc-40 (F = 85 mmM, F/1.5, mone 3opy 13°x11°, po3-
Mip mikcenst 2.2") abo FOmitep-3 (F= 50 MM, F/1.5,
noJjie 30py 23.5°x19°, po3mip mikcesnisg 4') TOUHICTb
004McIIeHHsI BUCOTH Bapitoe y Mexax 90...120 m [8],
XOoua IpU MpaBUJIbHO MigiOpaHili 0a3uCHil BincTaHi
Ta HaMpsIMKy ONTUYHUX OCeil MOXe OyTH JoBeJAeHAa
10 20...30 M [9]. [Toxubka MpOCTOPOBUX BUMIpIB,
30KpeMa BUCOTH, JUIS IHIIMX METEOPHUX MEpex
npubaus3Ho Taka XK. Tak, s KanidopHilicbkoi Me-
TeopHoi crocTepexkHoi mepexxi CAMS xapakTtepHa
rmoxubka mopsaky 60 m [2, 3]. Ixmi Bimeo- Ta ¢o-
TorpadiuHi cocTepeskeHHST MarOTh NOXUOKY Bim 30
1o 100 m; pagapHi criocTepekeHHs 1at0Th MOXUOKY
1...3 xm (mmuB. Tabmuio y po6orti [3]). OTke, K110
Pi3HUII TEOLIEHTPUYHOI i T€Oe3UYHOI BUCOTH HE
MEePEBUIIYE TMOXUOKM PO3PAXYHKIB, MEPEXOA0M Bil
PO3paxoBaHUX i3 CIIOCTEPEXKEHDb F€OLIEHTPUYHUX 0
reoJIe3NYHUX BUCOT MOXKHA 3HEXTYBATH.

3arajioM TOYHICTb BUBHAYEHHS BUCOTU METEOPA €
aKTyaJIbHOIO 3aJa4ueio (hi3MYHUX MOACIEH PyxXy Me-
Teopa B aTMOC(epi, OCKIIbKM MOTPEOYE IMPaBUIb-
HUX 3Ha4YeHb IIUTLHOCTI aTMocdepu Ha 3amaHii
BUCOTIi, a TAKOX Ma€ CaMOCTiliHe 3HaUeHHS SIK JJIs1
XapakTepy B3aeMOil MeTeopa 3 aTMOC(]epolo, Tax i
JJIS1 TOCJIiIKeHb OYI0BU caMoi aTMocdepu, 30Kpe-
Ma JIJ151 TTIOSICHEHHSI aHOMAJIbHO BEJIMKUX BUCOT TOSI-
BU CBIiTiHHS, TIJIaBJIEHHS Ta a6siii meteopa [10] Ta
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BiIHOCHO HEIaBHIX HOCIIMKEHb iHIIMX METCOPHUX
a”Homaunin [11].

Cxoxa 3agaya BUHUMKA€E i 3 KYTOBUMU KOOPIU-
HaTaMM TOYOK Ha TPAEKTOPil MeTeopa — TOIOLEH-
TPUYHUX JOBrOTH i IMUpOTU. [ocuth 4vacto st
JIEMOHCTpALIil TPAEKTOPIN NESIKUX IHAUBIAYATbHUX
(sIK TIpaBUJIO SICKpaBUX) METEOPiB B HAYKOBUX CTaT-
TSIX TIPUBOSITh IXHi MPOEKILIil HA 36MHY TTOBEPXHIO,
TOOTO Ha ITOBEPXHIO 3eMHOTIO eJjlirncoina. IHimm, 1e
OIHMM, BUIIAAKOM € HAaHECEHHS CIIiIiB yCiX CIIOCTe-
peXeHMX METeopiB 3a MEeBHUI Tepio yacy, Harmpu-
KJ1aJ1 3a 4ac Jii Jes1Koro METEOpHOro MoTOKy, abo 3a
piK criocTepexxeHb. | xo4ya Taka meMOHCTpallis He
Ma€ HisIKOro HayKOBOTO MPOAOBXEHHSI, BCE K BOHA
Mae (xoya 0 HaAOJMXKEHO) BiIOBigaTHU peaJbHOC-
Ti. binbl Toro, cutyailis paguKaabHO 3MiHIOETHCS,
KOJIM MIEThCS PO 3HIMKU SICKpaBUX MOBLILHUX 00-
JIIIB, SIKi MOXKYTh BUMNACTU Ha 3€MJIIO Y BULJISII Me-
TEOPUTIB, aJie y MoJie 30py KaMep Moragaiu Ha BEIu-
KHX BUCOTax, a OTXe, IXHiii MOILIyK € HaA3BUYaliHO
BaXJIUBUM €JIEMEHTOM METEOPHMX JOCHiIKeHb, i
MPaBWIbHICTh HAHECEHOI Ha KapTy KiHIIEBOI TiTSTHKA
TPaEKTOPIi € BU3HAYAJIbHUM (PaKTOPOM YCITiXy TaKoi
npoueaypu [4, 12]. Sk npukiag MoXXHa HaBeCTH i
IHIIY BaXJIUBY IPUYMHY HABOJUTU KOPEKTHY reojie-
3UYHY IPOEKIIil0 Ha KApTU — TaK OYJI0 IIPU MPOJIbO-
Ti YensabiHcpKoro 0otiga, ae aHadizyBaBCs 3B’SI30K
MiX TOYKOIO BUOYXY i reHepallii ymapHOi XBUJIi Ta I10-
LIKOJI)KEHHSIMU, sIKi 11ei1 BUuOyx 3aBnas [1].

[ana poboTa HOCUTb TMPaKTUUYHUK XapakTep B
00J1aCTi METEOPHOI aCTPOHOMII Ta CYMIXKHMX 3a1a4
(Hampukiaa 0alicTUKM), i TPUCBsIYEHA BU3HAYCH-
HIO Pi3HUIII BUCOT i IMPOT (IOBTOTU 3aJIMIIAIOTHCS
HE3MiHHMMHU) B Fe€OLIEHTPUYHIN i reome3nyniii CK
JIJIsI TOCTaTHBO BeJIUKUX BUCOT 10 200 KM SIK (pyHK-
Lii IIUPOTU Ta BUCOTH.

KOHBEPTAIIA TEOJE3NYHUX KOOPIMHAT
Y TEOIHEHTPITYHI TA HABITAKU B 3AJTAYAX
METEOPHOI ACTPOHOMII

3azaavha nocmanoeka 3ada4i. 3ajaya repexoy 3 reo-
HeHTpu4HoOi B reoae3nuHy CK st 3amaHOro 3eMHO-
TO EJIIMCOi/Ia 3aTajloM HE € OPUTIHATBLHOIO, X04a i Pifl-
KO BUKOPUCTOBYEThCSI O€3IMOCEPEAHBO B reonesii. Y
MiIpydHUKaX 3 TeoJe3ii i JeSIKMX CTaTTSIX MOXKHA 3y-
CTPIiTH oIuc TpaHcGopMallil KOOpAUHAT 3 reone3ny-
Hoi (reorpacdiuHoi) CK B reolieHTpUYHY Ta HaBIaKu,
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Puc. 1. ]IBoBUMipHa reoMeTpuyHa cxema Uil TOSICHEHHS
MPpsSIMOI Ta 3BOPOTHOI 3amadi MepepaxyHKy Te0Ie3NTHUX KO-
opauHaT 00’€KTa, a caMe BUCOTH HaJl €JIINMCOiIOM Ta ITUPOTH
B F€OLICHTPUYHI Ta HaBMaKu

ONIHaK MpUBeAeHI (POPMYJIY BUKOPUCTOBYIOTBCS pajl-
11Ie JIJIs1 TIOBEPXHi eJIIcoina Y1 MaJauxX BUCOT ITiABU-
ILIEHHS MOBEPXHi, X04a 1 pO3IJISIIalOThCS I Pi3HUX
IUPOT. 30KpeMa, JeTalbHUI OMUC SIK TIPSIMOi 3aaui
nepexony reoge3nyHa CK — reouentpuuna CK, tak
i JIeKiJIbKa YKMCJIOBUX METOMIB pO3B’SI3Ky 3a1adi 3BO-
poTHoro nepexony reoueHTpuyHa CK — reogesnyHa
CK MoxxHa 3HaiiTu B po6ori [14]. ITpoTe ThIIoBa mist
METEOpPHOI HayKM 3a/1aya po TOYHICTb TpaHChopMa-
wii 3 ogHiei CK B iHIIy Ha BUCOTaX HaJ piBHEM MODSI
nopsiaky 100 kM abo Bullle y JiTepaTypHUX IXKepeiax
ONMCaHa HeIOCTaTHBO. MIeThcsl Tpo oGuMCIeHHS
Pi3HMLI IeoNe3UYHOI @, (B JIiTEpPaTypi, NPUCBAYE-
Hiil reoesii, 4aCTO BUKOPUCTOBYETHCSI CUMBOJ B )
Ta FeOLIEHTPUYHOI . (3a3BUYail IPOCTO @ ) LIMPOT
3a1aHol TOuKH O, a TAKOXK Pi3HULI MiK Te0Ie3UIHOI0
BHCOTOIO HaJl piBHEM Mops h, = |R MO| Ta BiJICTaH-
HIO Bill OBEPXHi 3eMHOTO €JIIICcoiga A0 JaHOI TOYKU
hee (SO) B310BX IeoLIEHTPUYHOIO pajiiyca-BeKTOpa
R, (ouB. puc. 1).

OckiJIbKM TIpsiMa 3afava y BEKTOPHOMY BUIJIsIAi
OyJia BUBeJcHA HAMU paHilire B po6oTi [6], a 3BOpOT-
Ha 3aja4a po3B’si3yBajacs UYMCEIbHO ISl aHAIOTi4-
HOI'0 BEKTOPHOTO Tepexo/1y, He3aJIeXKHO Bij oImy0.Ti-
KOBaHUX B IHIIKX JXepeaax METOAIB — MPUBEAEMO
ix B gaHiii pooori. JlaHi MeToau MM BUKOPHUCTOBYE-
MO 1J11 OOUMCICHHS Pi3HULII IIIMPOT i BUCOT METE0-
pa. BoHu MOXyTb po3misigaTucs siK ajibTepHaTUBHI
JI0 TIPUBENIEHUX Y JIiTepaTypHUX IxKepesax.
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Ilpama 3a0aua — nepeeedenns 2eo0e3usHuUX Koop-
ounam 6 2eoueHmpuyHi 045 MemeopHux eucom i 0o-
giavhux wupom. Ilpsima 3agaya CTaBUTHCS TaKUM
ynHoM. Hexail mist BuOpaHOro 3eMHOTIO eJliIcoina
3 BEJMKOIO MiBBICCIO @ Ta €KCIEHTPUCUTETOM e
(101aTKOBO BBEIEMO 3MiHHI Kk’ = bz/ a’=1-ée*,
b — wmaina miBBich eincoiga) 3agaHoO reoae3uyHi
KOOPIMHATU @, M., Neskoi Touku O (1ie Moxe
OyTH SIK CIIOCTePEXHMI ITyHKT, PO3MiIllEHUI Ha
BiIHOCHO MajiMX BHCOTAaX, TakK i Oydb-sIKa TOYKa Ha
BHUCOTi MeTeopa) i MoTpiOHO po3paxyBaTH ii TeOLEeH-
TPUYHI KOOPAUHATU @, h .

Ha puc. 1 300paxkeHo MiBHiYHY UBEPTh 3¢ MHOTO
eJlircoinga y MepuaiaHHOMY po3pi3i — LIbOro JOCTaT-
HbO IIJIS1 3aTJIbHOTO PO3B’SI3KY MOCTaBJICHOI 3a1aui
(11 MiBAEHHOI IMiBKYJIi PO3paXyHOK 3IiMCHIOETHCS
aHajioriyHo). MepuniaHHUI PoO3pi3 PO3IJILIAEMO
TOMY, IIIO JOBroTa HE 3MIHIOETHCS IIPU IIePexXomi
3 oguiei CK B iHIIy, oTXe Citim 3a KoopAWHATaMU
Qcp > hgp TOukn O po3paxyBaTH ii KOOPAMHATU @,
h.. . TonoBHa opmya, SKY IJIaHYETbCS BUKOPUC-
TaTh, — BEKTOPHA i MA€ BUTJISI]

Reo =Rey ¥Ry
Kommnonenrtu Bektopa R,,, MOXyTb GyTu 3Ha-
MIEH] 3 TIOYATKOBUX JaHUX 32 (hOpMyIaMU

Xpo = hGD COSQPgp 5

Yo =hepsin@,

Jns Toro mo6 3Haiiti BekTop R, , ckopucrae-
Mocsl 1BoMa (opmynamMu, JiIHCHUMU ISl TOYOK Ha
noBepxHi eJincoiga. Ilepma ¢gopMyna 1epeBoIUTh
reoJie3nyHy HUPOTYy 00’eKTa (Touka M Ha eJincoi-
i) y TEOUEHTPUYHY @, (puc. 1):

2
tgP ey =k t80p (1)
a Jipyra CJIyXWTb JIJI1 BU3HAYEHHSI T€OLIEHTPUYHOL
BincTani CM no 3ragaHoi TOYKU:

B av1-eé B b

CcM -
2 2 2 2
\/1—6 COS™ Py, \/l—e COS™ Py,
3BiIcK 3HAXOAUMMO TMPSIMOKYTHiI TeOLIeHTPUYHI
KOMITOHEHTH BekTopa R, :

R ?2)

Xy = Rep €OSQey, 5

Yem = Ry sin@y,
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iocrarouno R, =R, +R, . lani dbopmanbHO

Poe = arCtg()’co /xco) » X0 70,
th =Roo =Ry,

ae R, 3HaxonuThes 3 GOpMyYIIN, aHAIOTIYHOI (Hop-
My (2), y SIKiii BAKOPUCTOBYEThCSI OTPUMAaHE 3HA-
YEHHA P -

[MapanenpbHO MOXHA BU3HAYMTH, IJISI TIOHAJb-
ILIOTO MOPIBHSHHS 31 3BOPOTHUM II€PETBOPEHHSIM,
TIPSIMOKYTHI KOOPAMHATU TOYKM M depe3 reome3nd-
HY LLIUPOTY 3 KJIACUUHUX (popMyJI reonesii:

. acosQg,
cM 2 . 2 )
J1—e'sin" @,

_a(l-é’)sing,,

y cM 2 . 2 ‘
J1—-e'sin" @,

3eéopomna 3adava — nepesedeHHs 2e0ueHmpuH-
HUX KOOpOUHam y 2e00e3u4Hi 0451 MemeopHUX GUCOm
i dogiavhux wupom. 3amada CTaBUTHCS aHAJIOTIYHUM
YUHOM — JIJIs TOTO X eJIircoina 3a 00UMCIeHUMU
T€OLEHTPUYHOIO IIMPOTOIO Ta BUCOTOKO @, My
(CO, puc. 1) gesikoi Touku O Ha MeTeopi (UM iHILIO-
ro o0’ekra Ha OaJiCTUYHill TpaekTOpii) oTpuMaTu
il reoge3nyHi aHanoru @, h;,. To6T0, BitoMUM
BBaXa€ThCcA BEKTOP R, 1 IUIaHy€eThC BUKOpUCTa-
T aHAJIOTIYHU BEKTOPHUIM TiAXI.

HagsHicTs Binomoro Bektopa R, o3Hauae, 110
BilIOMi TEOLIEHTPUYHI MPSIMOKYTHI KOOPIWHATH
Touku O, a came {xCO, Yeo > OMHAK JOTIOMIKHMIA
BekTOp R, — HeBimoMuii (y miApyYHUKax 3 BULIOI
reoaesii [14] MoxHa 3HalTH iHdopMaliilo npo Te,
1110 TaKa 3BOPOTHA 3aJaua BUPIIIYETHCS YMCEIBHO).
Bynemo BuxoauTu 3 TaKux MipKyBaHb: IIpsIMa HOP-
Mati 3 Touku O 10 MOBEPXHi eJIirncoiga Ma€e, 3 OQHO-
ro 60Ky, TPOXOIUTH Yepe3 Touky O, TOOTO OINUCyBa-
TUCh PIBHSIHHSIM

Y= Yoo =Ax(x—x¢5) (3)
ne A, — IedaKui Hapasi HeBIIOMHUIA KoeQillieHT,
110 BimoOpaxkae TaHTeHC KyTa HaXWJay HopMai 10
oci X. 3 iHmoro 00Ky, BoHa Ma€ OyTH HOPMAaJLJTIO 10
JIIOTUYHOI 10 eJlirca B IyKaHiii Touli M, To0To MaTu
NPSIMOKYTHI KOOPAMHATH {xCM Ve } . PiBHsIHHS 10-
TUYHOI J0 eJIilica Ma€ BUTJISI

X

xng n yng -1
a b
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y KaHOHIYHOMY BMIJISIAL, a00

2 2
X.., b b
=G s ,
yCMa yCM

Jle TAHTeHC KyTa HaxuJ1y BiAMOBiIHO €

2

A= Kl

T 20
Yo @

a OT>Ke JJ1s1 HopMalJli BiH Oyzae

2
_ _Yem @
Ay = —I/AT = el 4)
xCM
[MincraBnsroun oTpuMaHe 3Ha4yeHHs y Bupa3s (3),
OTPUMAEMO PIiBHSIHHS MPSIMOI — HOPMAJIi 10 €JIill-
ca, sika TaKoX MPOXOJIUTh Yepes TOUKy O:

2
a
V=Yoo= i/CM b_z(x_xco) 8

CcM

a 6e3mocepeIHbO ISl ITYKAaHOI TOUKM 3 KOOpAUHA-
TaMu {xCM, yCM} OTPUMAEMO BUpa3

Yem = Voo = —5 (e =%0) - (5)
Maemo nBo€e HEBiTOMUX {xCM, yCM} , aJle OCKiJIb-

KM Toyka M JeXXUThb Ha MOBEPXHi eJirnca, MoXHa
CKOPHCTATUCh HOTO PiBHSIHHSIM

2 2
Ton | Jou (6)
a b
BUPA3UTU Y., YEPE3 X, Ta IJACTABUTU Yy BUpa3
(5). OcTaTOYHO OTPHMMAEMO PIBHSIHHSI JJISI YMCEJTb-
HOTO PO3B’SI3KY (MU CKOPUCTATUCS METOJIOM JIiJICH-
H# Bilpi3Ka HaBIIiI):

2

1-Zeo | @y Yo 9. (7
xCM b b l_xéM
az

IMicnsa 3HAXOIKCHHA X, 3HaAuIeMo Y., 3 BHU-

pasy (6).
TaxkoxX MOXKHA 3HAWTH BEIUINHUA

Pem = arCtg(yCM /‘xCM) s Xy 20,

_ [.2 2
RCM_ Xem T Veum -

Hani y 3soporHomy nopsaaxky R, =R, —-R.,,
Jie LIyKaHa BUCOTA € JIOBXUHOI BekTopa R,

hGD =Ry = |RMO| .
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Puc. 2. 3anexHicTb pi3HUII AQ T€0Ie3UYHOI Ta TEOLEHTPUY -
HOI mupoTu st Bucotu 100 KM Ta BiMOBIAHOI JOBXUHU S
AYrd MepuiiaHa BiJl Te0[e3UYHOI LIUPOTH @)
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Puc. 3. 3anexHicTb pi3HMLI Te0Ae3UYHOI Ta FTeOLEHTPUYHOL
BMCOTH BiJl reoie3uYHOiI npotu 11t BucoT 100 kM ta 200 kM

A Teoe3nuHa IIMPOTa 3HANIEThCS 3 BUpa3y
Qgp =arctgA,,

ae A, 3HaXOAMUTHCA 3 (4) Micis po3B’A3Ky PiBHAH-
Hs (7).

AHAJII3 OTPUMAHUX PE3VJILTATIB

11 oCTaTOYHOTO aHaji3dy po3B’sI3KY IOCTaBJICHOI
MNpaKTUYHOI 3afa4i OyaeMo po3risigaTy TaKi BelM-
YUHU: AQ=@., —@.. >0, Ah=h,.—h,,>0,S —
BIiITIOBimHA JOBXMHA AYyTd MepHUIiaHa Ha MOBEPXHi
eJlincoina, 10 BiAMNOBiZa€ 3MillIEHHIO MpPU HaHe-
CEHHi Ha KapTy 3aMiCTb reofe3nYHOl IUPOTU @,

74

F€OLEHTPUYHOI .. OCTaHHS BU3HAYAETHCS 32 Ha-
onmxeHoro dhopmynoo S=M,, (¢, —Pgp,) > KA B
HaILOMY BUIAJIKy Ma€ BUIJISL

S=Mpec(@op = Poc) »
ne M,.. — 3HaueHHd pajiyca MepuiiaHa Ui ce-
PEIHBOI IUPOTH QP poe =(Qep + @)/ 2, SIKE BU-
3HA4Ya€eThCs 3a BiZOMOIO 3 reoe3ii popMysioo
a(l—e®)
(1—e€*sin’ Pepec)

151 po3paxyHKiB MW BUKOPUCTAJIHN, SIK i paHillle
B pobori [6], mapamerpu 3emHoro eqincoina GRS
80 [13], a =6378.137 kM, ¢ =0.08181919 , xoua 1j1sd
JaHOoI 3a1a4i TUIT MOZEJi He Bilirpa€ CyTTEBOI POJIi.
3anexHictb AQ = f(@,,) , PO3paxoBaHy /il BACOTH
100 xm, mpuBeneHO Ha puc. 2.

Tam ke BKa3aHO IIKaIy IS JOBXKUHU S TyTU Me-
puiaHa, sika MoB’si3aHa 3 A@ Malixke JiHilifHOIO 3a-
JIEXHICTIO. SIK BUIHO 3 puC. 2, TaHa KpuBa Ma€ (op-
MY, Iy>K€ CXOXY Ha KOCUHYCOINy 3 MAKCUMYMOM Ha
45° — cyuinbHa JliHidg BinoObpaxae cos(2Q, —m/2).
3arajaom BUAHO, 110 BeJIMYuMHa A, sKa Binnosinae
kyty ZCOD (abo £SOM) Ha puc. 1, Mma€e 3MeHIITyBa-
THCS, SIK i S, 31 30iIbIIIEHHSIM BUCOTH, TOI SIK pi3-
HMLIS BUCOT Ah , siKa TOPiBHIOE HyJIEBI HAa IOBEPXHi
eJtinicoina, — mae 360iablryBatucs. [Tpu 30iablIeHH]
Bucotu Bin 0 1o 200 KM pi3HULS IIUPOT 3MEHIITY-
etbest Bif 0.19242° (nnst H =0, TOOTO [IJ1s1 MOBEPXHi
eJlircoifa JaHe 3HAYCHHS 3a JOMOMOTo (GopMyIu
(1) moxna nepesiputn) 10 0.18656° (Bim 11.54' o
11.19") nna @, =45°, ne BiIXUIEHHs MaKCUMaJlb-
He; JOBXWHA AYTM MepUiaHa MpU LIbOMY 3MEHIITY-
€Tbes BimnoBinHo Bim 21.4 go 20.7 xm). s mmpoTtu
30° (Ta 6;1m3BK0 60°) pi3HULIS IMUPOT IIPU aHATIOTIY-
HOMY 30iJTbIIICHHI BUCOTH 3MiHIOETHCS Bi 0.166° mo
0.161° (Bim 9.98' m0 9.68'); myra MepuaiaHa 3MEHIITy-
eTbest Bif 18.4 no 17.9 kM BignmosigHo. 3BiacK cTae
OUYEeBMIHUM, 110 MMPU HAHECEHHI CJIiay MeTeopa Ha
KapTy OOOB’SI3KOBO CJIifl pOOMTU MEpeXil Bill reo-
LIEHTPUYHUX KOOPIMHAT, pO3paxOBaHUX Y BiAIIOBII-
HOCTI 70 [6] Ta omrcaHoro B JaHiii po0GoTi migxomy,
IO Teome3NIHMX. AHAIIOTIYHO HEOOXiZHO poOuTU
mepexia Bil reone3nYHMX KOOpPAMHAT, po3paxoBa-
HUX, HampuKjaa, MpU JEHHUX CIOCTEPEKEHHSIX,
JI0 TEOLIEHTPUYHUX [JIs1 MOJAJBIIOr0 PO3PaxyHKY
reJioOLEHTPUYHUX KOOPAMHAT MeTeopoiga Ta efe-
MEHTIB 1O0ro opOiTH.

GDGC — 3/2
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Ha BinMiHy Bin pi3HMIII ITUPOT, PI3HULIST MiXK T'€0-
JIe3MYHOI0 Ta T€OLIEHTPUYHOIO BHCOTAMM € 30BCIM
He3HayHolo (puc. 3) i CTAaHOBUTH Ha IKUPOTI 45°, e
BOHA MaKCHMaJlbHa, JIMIIEe TPUOIU3HO TMiBMETpa Ha
Bucoti 100 kM, Ta 1.1 M Ha Bucoti 200 kM. JlaHuii
pe3y/abTaT He BUIJISIIA€ NMBHUM, 00 JTOBXWHA IyTU
MepMIiaHa, 110 BilMOBiZae pi3HUILI IIUPOT (TOO-
TO KyTy ZSOM Ha puc. 1) B 0.19° nopiBHIOE BCbOTO
06113bK0 350 M 3 Bucotu 100 xm i 700 M 3 BUCOTHU
200 xm. O4eBUAHO, NAHOKI PI3HUIICIO B T'€OIE3UY-
HOI i FeOLIEHTPUYHOI BUCOT MOXHA 3HEXTYBAaTHU SIK B
METEOPHUX JOCIIIKEHHSX, TaK i B OLIBILIOCTI 3ama4
OasicTuKu.

Coig 3ayBaskWTH, 110 HA BiIMIiHY Bi IIPSIMOTO T1e-
PeXoy Bi/l reoe3MYHUX KOOPAUHAT 10 TeOLICHTPUY -
HUX 3BOPOTHUI Mepexil BUKOPUCTOBYE YMCEIbHUIA
pO3B’s130K piBHSIHHA (7), 110 3aiiMae MeBHUIA 4ac.
Ockinbky mpu 00poOlLIi 300paxkeHb MeTeopa 4acTo
BUKOPUCTOBYIOTBCSI OOUMCIIEHHSI MOro KiHeMaTh4d-
HUX Ta (P)OTOMETPUYHUX IapaMETPiB B3IOBX YChOIO
CJlily — a 11e MOXe CKJIafaTu JIeKiJibka COTeHb TO-
YOK Yy BiIMOBIAHOCTI 10 PO3/iIbHOI 31aTHOCTI Biie0-
KaMepu — JaHa 3aTpUMKa y pO3paxyHKaX MOXe
O0yTu cyTTeBoto. OcoOJMBO Taka 3aTpUMKa y mepe-
PaxXyHKY € HeraTUBHUM (haKTOPOM IIpU OOYMCIIEH-
Hi KiHEeMaTMYHUX MapaMeTpiB O0’€KTiB B 3agayax
0ajicTUKU, sIKi 4aCTO BUMAaraloThb JAHUX B PEXKMMi
peanbHOro 4acy. /s Toro 1mo0 YHUKHYTH ITOHIO-
HOI 3aTpMMKM, 3BaxKalouyd Ha BUIJISII 3aJIEXKHOCTL
A@ Ha puc. 2, MOXHa BAATHUCS OO anpoKCUMallii
eJleMeHTapHUMU PyHKUisIMU. K yxXKe 3ragyBanocs,
JlaHa 3aJIeXKHICTh AyXe OM3bKa A0 KOCUHYCOIIM 3
MaKCUMyMOM Ha 45°, ToOOTO MOXHa CKOPUCTaTUCS
alpOKCUMAIIi€I0 BUILY

Ap=A, cos| 20 —g , ®)
Jle aMIUTTYIHUA MHOXHUK A, 3arajJoM € QyHKIIi-
€10 BUCOTH (OCKIJIbKU 3apa3 HAeThCs PO 3BOPOTHUIA
Mepexia BiJ IeOLUEeHTPUUYHUX A0 IeOAe3UYHMUX KO-
opauHar, y ¢GopmyJii BAKOPUCTAHO 3HAYEHHS @,
TOMY IIIO BOHO € BXiTHUM mapaMmeTpoMm). TyT ciin 3a-
YBaXUTHU, 1110 MAKCUMYM BEIMUUHU AQ (pUC. 2) HE
BinmmoBizae ctporo 45° miIst XKOIHOI 3 IIMPOT, a 3Ha-
YEHHAM Q.. ~44.906° Ta @, ~45.095°. biusp-
KicTb 10 45° 3yMOBJieHa HEBEJIMKUM 3HAYEHHSIM
eKCLIECHTPUCUTETY 3eMHOro ejirncoinga. Axio maisa

Pep

750l
60° - ,
4ot/

300

15°

00 4 1 1 1 1 1 1
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Puc. 4. 3anexxHOCTi reo1e3WYHOI IITUPOTHU Bill FeOLIEHTPUYHOL
JUJISL €JTITICOIIIB 3 PI3HUMU 3HAYEHHSIMU €KCLIEHTPUCUTETY, Ta
3MilIEHHSI MaKCUMYMY Di3HUII IIUPOT (HOpMasli30BaHUX
Ha OJMHUIO) Y OiK 3MEHIIEHHS Te€OLEHTPUYHOI IIIUPOTH,
po3spaxoBani mig Bucotu 100 kM. Takoxk nmpuBeneHi 306pa-
JKeHHSI BIIMOBIAHUX €JTITNCIB — YKcia BiAMOBIAAIOTh 1€CSITUM
JIOJISIM 3HAYeHb €KCIICHTPUCUTETIB (HArpuKiIaa, 7 BiAMoOBi-
Jla€ 3HaYeHHI0 eKkcueHTpucurery 0.7), e — eKCUEHTPUCUTET
3emHoro eiincoiga GRS 80

Tabauys 1. 3HaYeHHsT NOCTIKYBAHHX TApaMeTPiB

Y MaKCMMyMAaX Pi3HUII re01e3uYHOT Ta reOneHTPUIHOT
IIMPOT /JIS eJINCOiAiB 3 Pi3HUMHU eKCIEHTPUCUTETAMH
st Bucotu 100 kM y BiamoBigHocTi 10 puc. 4

ExcueHTpucurer | ¢ Poc | Aopax | AH, M S, kM

3emist, GRS 80 | 45.10° [ 44.91°| 0.19° 0.56 21.1
0.3 46.34 | 43.68 | 2.66 109.4 | 288.5
0.5 49.07 | 40.99 | 8.08 | 1019.1 | 824.2
0.7 54.39 | 35.78 | 18.66 | 5616.7 | 1612.5
0.9 66.25 | 24.13 | 42.12 [35638.2|1954.2

MOPIBHSHHS PO3MISTHYTU 3aJIEXHICTh AQ = f(¢..)
IJIST eJIMNCOoiniB 3 OUIBIIMMHU eKCLEHTPUCUTETA-
MU (puc. 4) TO CTa€ BUAHO 3MiHY 3aJ€XHOCTI @,
Bill @, @ TAKOX 3MilIEHHA MaKCUMyMy A@ y Oik
3MEHILEHHS 3HaY€Hb Q. (i aHajoTiyHe 3MilEeHH
B 0iK 30UIbIIEHHS 3HAYEHD Q) ).

Ha puc. 4 ny1st mopiBHSIHHSI MPUBEJIEHO HOpMaTi-
30BaHi 3HAYEHHS NapaMeTpiB AQ B IXHIX MaKCUMY-
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Max 11 AQ = f(¢..), aabCOMOTHI 3HAYEHHS BEJIU-
YUH B MaKCUMyMax IprBeJAeHO y TabJI. 1.

Tum He MeHIlI, aripokcuMalis pyHkuiewo (8) 3a-
JexHocTi AQ = f(¢..) Ans 3eMHOTO eincoina nae
3HaueHHA A, ~0.18945° nna Bucoru 100 kM, Ta
A, ~0.18658° g Bucoru 200 kM, a BiANOBiAHI
cTaHIapTHI BigxuieHHs anpokcumarii 0.00022° ta
0.00021°, a6o 0.79" ta 0.76' (BimMOBIIHI TOBXWHU
Iyr MepugiaHa 25 ta 23 M). MakcuMaibHe BiIxu-
JIEHHS TIpU LIbOMY Y niama3oHi 0°..90° cTaHOBUTH-
me 0.00031° (1.12'), 110 puOIM3HO BilMOBiZaTUME
BimcTani 35 M Ha moBepxHi 3emuti. 3araJibHUA BU-
s GyHKUii (8) npu 1ibomMy Oyzie MaTh BUIJISIA

Ap= (A0 +A1H)cos 2Q.c —; ,
ne A, ~0.19232°, 4, ~-2.87-107 °/km, Bucora H —
B KUIOMETpax, a pi3HULA IIMPOT AQ — y rpamycax.
OueBUIHO, IO IJIS 3aJa4 METEOPHOI acTPOHOMIl
LOTO AocTaTHbO. OmHaK ISl 3aa4 OaliCTUKU T0-
TpiOHa BUIIA TOYHICTh, a TOMY (DYHKIIilO alIpOKCU-
Mallii cj1in nigdupaTy TOUHilIe, KOPUCTYIOUMCH TTPU
LIbOMY, HaIPUKJIaJA, JaHUMU pUC. 4.

BICHOBKH

B pesynbrati po3risiay npooieMu TOUHOCTi KiHeMa-
TUYHOI OOPOOKM OTHOYACHUX ABOCTOPOHHIX Bif€O-
CIOCTepeKeHb METEOPIB Ta OAJICTUUHNX 00 EKTIB y
3eMHili aTMocepi Oy10 OTpHMMAaHO TaKi pe3yJbTaTu.
Bukopucranus reouentpuyHoi CK y pojii ocHO-
BHOI J1a€ psij IepeBar B OOUMCIEHHSIX KiHeMaTud-
HUX ITapaMeTpiB IIBUIKMX IUHAMIYHUX 00 ’€KTIB y
atMoc(epi, TaKux sIK BUCOTHU HaJ piBHEM 3eMHOIO
ejincoiga, IIBUAKOCTI 0O0’€KTIB, HANPSIMOK DYXY,
JaJILHOCTI 10 MYHKTIB CIIOCTEPEXeHb TOLIO. i cJTif
BUKOPUCTOBYBaTH TIPU HIYHUX CIOCTEPEXKEHHSIX
METEOpiB, KOJU KYTOBi KOOpAMHATU 00 ’€EKTIB pO3-
paxoByloTbcsl B ekBatopiaysibHiii CK, a Takox mami
MpuY IepepaxyHKy B TeJIiOLEeHTPUYHI KOOpAUHATH,
1110 CJIYTYIOTb JIJIsI OOYMCJIEHHS €JIEMEHTIB OpOiT Me-
TeopoiniB. OgHaK MPU HAHECEHHI MPOEKIIi pyXxo-
MUX aTMOC(epHUX 00’€KTIB Ha KapTH CJlifl poOUTH
MoTepeNHbO O0O0B’SI3KOBUI TIEpeXif 10 reoae3nyd-
HUX KOOPJAMHAT, 0COOJMBO B 3aa4ax MOIIYKY MOX-
JIMBUX 3QJIMLIKIB MEeTeOPiB (METEOPUTIB), OCKIIbKU
pPi3HMLST TEOLICHTPUYHOI Ta TeOoAe3UYHOI IIHUPOT
Moxe csaratu Oinbiie 20 KM JJIs CepeaHiX IIHUPOT.
Ilpu neHHUX CcHOCTEepeXKEeHHsSX, KO 0a30BUMU €
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ropu3oHTanbHi CK Ta BigmoBigHi iM reoae3ndHi KO-
OpAMHATU IMHAMIUHUX aTMOC(hEPHUX 00’ €KTIB, CIil
pOOUTH TepepaxyHOK CITOYaTKy OO0 TOIOLIEHTPUY-
Hux npsimokyTHux CK, a gani — 10 reoueHTpruyHOL
CK ay151 moganblIoro o0YMCcaeHHsI eJIeMEHTIB OopoiT
MmeTeopoiniB. Ilpu LbOMY ClIii BHUKOPHUCTOBYBAaTU
reoueHTpuuyHy CK 1715 3B’3Ky BigaJIeHUMX TOpU-
3oHTabHUX CK Ipu TpaeKTOpHUX BUMIipIOBAaHHSIX
OalicTUuHKUX 00’€KTiB. Pi3HUIIEI0 BUCOT B reoleH-
Tpu4Hiii Ta reoge3nuHiii CK MoxHa 3HeXTyBaTH 1151
OinpiocTi 3amad y miamasoi 0...200 KM, OCKiJIBKHI
BOHA CTAHOBUTb BEJUUMHY MOPSIAKY OJHOTO Me-
Tpa. Takox OyJ10 BUBEIEHO albTePHATUBHUIA METO
YUCENbHOTO PO3B’SI3KYy 3BOPOTHOI 3afayi mepexoay
BiJl TEOLICHTPUYHUX KOOPAMHAT 0 Fe0Ae3UYHuX. 3
ypaxyBaHHSIM TOTI'0, 1110 YMCEJIbHUI PO3B’SI30K € BiJl-
HOCHO MOBLUJIBHOIO MPOLIEIYypOI0, a Ha CJIili MeTeopa
MOXe HaJliuyBaTHCs 0araTo COTe€Hb TOYOK, IIPOIIO-
HYETbCSI BUKOPMCTOBYBAaTU alpoOKCUMaIIil0 3aex-
HOCTi AQ = f(@,.) vy BUIIANL GyHKLIT KocuHyca 3
MakcuMyMoM Ha 1upoTi 45°. IToxubka yepes Taky
anmpokcuMallilo He mepesBuinye 35 M (1.12') y mia-
na3oHi BucoT 0...200 KM, 40ro AJOCTATHHO IIPU 00-
poO1i criocTepexkeHb MEeTeOopiB, OHAK 3aMaJio Mpu
PO3B’SI3KY OalicCTUUHUMX 3a/lad — y LIbOMY BUMAAKY
minbip anpokcumauiiHuX (yHKIi# Mae OyTH Mo-
MIMOJIEHU Ta OLIbII JeTali30BaHUIA.

Pobomy euxonano 6 Acmponomiuniii obcepeamo-
pii, Ha @iBuunomy ¢haxysbmemi, Ha ¢axyrbmemi
Komn’tomepHux Hayk ma Kibepuemuku Kuiecokoeo
HauioHanvHo2o yHieepcumemy imeni Tapaca Illesuen-
Ka 6 pamkax @inancysanns Minicmepcmea oceimu i
Hayku Ykpainu:

* JNlepacorodacemna mema No 22b5D023-02 «/liaeroc-
muka nuny 6 akmusHux manux minax CoHsuHoi cucmemu
ma HABKO0A03EMHOMY KOCMIYHOMY NPOCOpI»;

o Nlepacorodncemua mema Ne 22bD023-01 «Pens-
mMugicmcobKa 2pagimauyis, memHa Mamepis | memHa eHep-
2is 6 N03a2aNaKMUYHUX Ma KOCMOA0RIYHUX 00 EKMax»;

o Nlepucorooncemna mema No 22-b5D015-03 «O6-
YUCAIOBANBHI ANCOPUMMU | ONMUMIBAYIA 0N WMYYHO-
20 iHmenexkmy, MeOuyuHu ma 0OOPoOHU»;

* B pamkax uxonanHs 3a60aHb NepCHeKmueHO20
NAGHY PO3BUMKY HAYK08020 Hanpamy « MamemamuuHi
Hayku ma npupooru4i Hayku» Kuiecvikoeo Hauionans-
Hoeo yHieepcumemy imeni Tapaca Illeguenka.
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IMPROVING THE USE OF GEODETIC, GEOCENTRIC, AND TOPOCENTRIC
COORDINATE SYSTEMS IN METEOR ASTRONOMY AND RELATED TASKS

The problem of using the geodetic, geocentric, and topocentric coordinate systems in video observations’ processing of meteors
and other dynamical objects in Earth’s atmosphere is considered. For meteor heights in a range of 0...200 km and arbitrary
Earth’s ellipsoid latitudes, the following values are calculated: the difference between geodetic and geocentric latitudes, the
meridian arc length corresponding to this shift, and the difference between geocentric and geodetic altitudes above the Earth’s
ellipsoid. The carried-out calculations allowed us to conclude that the geocentric coordinate system is optimal for the calcula-
tion of kinematic parameters of meteors and trajectory measurements of ballistic objects at all-range altitudes and long distances
between observation points without using horizontal coordinate systems as intermediate ones. This coordinate system is also
used in the computation of heliocentric orbit elements of meteoroids.

It is noted that the transition from the geocentric to the geodetic coordinate system is necessary for mapping the projections
of the meteor trajectory to search for their remnants — meteorites. The reason is related to the difference between them, which
can reach 11 arcmin for objects located at an altitude of 100 km above the level of the Earth’s ellipsoid, which corresponds to the
shift of 21 km. The difference between geocentric and geodetic altitudes is inessential and amounts to half a meter at an altitude
of 100 km and slightly more than one meter at 200 km and can be neglected in meteor calculations and most ballistic tasks.
These considerations formed the basis for our proposed alternative vector method for the inverse transition from geocentric
to geodetic coordinates and the numerical solution of the corresponding equation. In order to decrease the calculation time
for mass processing, it is recommended to change the numerical processing of the inverse task by fitting it with elementary
functions. An example of fitting is given. It brings to the maximal deviation in latitude near one arcmin, which corresponds to
approximately 35 meters. It is noted that such precision is satisfactory for meteor measurements, but for ballistic problems, the
accuracy of fitting must be improved.

Keywords: meteor, video observations of meteors, meteor height calculation, meteor trajectory projection onto the Earth map,
geodetic coordinate system, geocentric coordinate system, calculation precision for kinematic parameters of meteors.
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ASTEROID POSITIONS BASED ON THE DUSHANBE PART
OF THE FON PROJECT OBSERVATIONS

We present the results of asteroid images’ identification and creation of positional catalogs based on digitized photographic observations
within the framework of the Northern Sky Survey (FON project). Namely, the cooperation between the Ukrainian Virtual Observatory
and the Institute of Astrophysics of the Academy of Sciences of Tajikistan makes it possible to expand this work by involving numerous
additional archives of digitized observations and processing services to obtain new original data about the small Solar system bodies.

The Dushanbe part of the FON project is represented by about 1570 photographic plates obtained in 1985— 1992 at the Gissar As-
tronomical Observatory of the Institute of Astrophysics of the Academy of Sciences of Tajikistan. To the moment, their digitization and
further scanning processing were completed, and a catalog of equatorial coordinates and stellar magnitudes for all registered objects
on the plates was created.

In parallel with solving the main task of the project to create a catalog of stars and galaxies, we analyzed the results of processing
the plates to search for images of asteroids and comets and to create a catalog of their coordinates and magnitudes. More than 2200
positions of asteroids and comets were obtained with visual magnitudes from 7" to 16.5". All positions of the asteroids were compared
with the ephemeris. A preliminary analysis of the O-C differences and their comparison with similar results obtained from the digitized
observations of the Kyiv and Kitab parts of the FON project are conducted. The authors note some differences in the accuracy of the
compared catalogs and also analyze the reasons for this and the possibilities of reducing their impact.

In addition, the catalog includes several positions of Pluto and comets that were also identified in the negatives.

Keywords: data archives, digitized observations, catalog, asteroid positions.
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1. INTRODUCTION

At the end of the 20th century, six observatories took
part in the implementation of the Nothern Sky Sur-
vey (FON) project, namely: the Main Astronomical
Observatory of Ukraine, the Zvenigorod Observatory
of Russia, the Zelenchuk Observatory of Russia, the
Abastumani Observatory of Georgia, the Gissar Ob-
servatory of Tajikistan and the Kitab Observatory of
Uzbekistan. Our predecessors I. G. Kolchinsky and
A. B. Onegina were the founders of this project [6].
The most modern vision of the stages of project re-
alization was presented by Pakuliak [10]. The main
observations were carried out in 1981-1991, and
later, separate processing of the observational mate-
rial was carried out by Kislyuk [5] and Yatsenko [21].
However, their complete processing on a global scale
seemed to be an unrealistic task due to various objec-
tive and subjective reasons. One of them was the huge
amount of data and the large amount of time spent
on calculations. Only with the development of digi-
tal technologies in the field of image processing and,
most importantly, software for scientifically focused
processing of such digitized data this unrealistic task
became feasible [18—20]. As a result, it became pos-
sible to perform a complete digitization of all astro-
plates, their processing, and extracting data of all ob-
jects fixed on them.

All observations of the Main Astronomical Obser-
vatory (MAO), Kitab, and Gissar observatories, as
the most numerous and continuous, were digitized in
the same way and processed according to the meth-
ods and software developed at the MAO for process-
ing of digitized images [1, 11, 12]. As a result, for
each of the above three observational locations (or
FON-Kyiv, FON-Kitab, and FON-Dushanbe parts
of the project, respectively), three stellar catalogs of
coordinates and magnitudes of stars and galaxies were
compiled [2, 7, 23]. Together, they make up data for
about 45 million stars, down to 16-17 stellar mag-
nitude. Obtaining such a huge amount of data and,
most importantly, its expansion to the region of faint
stars would have been impossible within the frame-
work of previous implementations of the project.

In parallel with the task of creating stellar catalogs,
we continued to solve an additional task of searching
for images of small bodies of the Solar system and

separating their positional data from all data pro-
cessing results. For the first two parts FON-Kiev and
FON-Kitab, this work was done, and as a result, two
catalogs were compiled, including more than 5000
positions and magnitudes of asteroids and comets
[16, 17]. The results for the third part of FON-Du-
shanbe are presented below.

2. METHODS AND MATERIALS

Observations were carried out in 1985—1992 on the
Zeiss-400 astrograph (Marsden code 190, D/F =
= 400/2000) at the Gissar Astronomical Observato-
ry near Dushanbe. The collection of plates includes
about 1570 negatives covering the northern hemi-
sphere from -8° to +90°. Plate digitization began
in 2017 using a commercial Microtek ScanMaker
1000XL Plus scanner. The digitizing options used a
resolution of 1200 dpi with 16-bit gray levels. The
first results of this work were published by Mullo-Ab-
dolov [8, 9].

Images of all objects registered on plates were
processed using the advanced software complex for
CCD images processing MIDAS/ROMAFOT in the
LINUX environment. Additional software modules
developed and implemented in the Main Astronomi-
cal Observatory of the NAS of Ukraine provide both
the digitized image processing and the final prod-
uct as a catalog of equatorial coordinates o, &, and
magnitudes of all registered objects. The equatorial
coordinates were obtained in the reference system of
Tycho-2 at the epoch of the exposition of each plate.
The photometry of stars was made on the principles
implemented in processing the plates of the FON
project by Andruk [3], using photoelectric measure-
ments of stars to construct the characteristic curves
of each plate described by Relke [13]. Photographic
B-magnitudes of objects were calibrated with photo-
electric standards.

All these processing results were directly used to
identify asteroids and compile a catalog. Asteroids
were identified by their coordinates and magnitudes.
The diameter of the image and the maximum inten-
sity of its central pixel were also taken into account.
The asteroid identification process may be described
in a few steps, such as:

1) software identification of the calculated coor-
dinates of all registered objects on the plate with the
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ephemeris coordinates of asteroids generated by the
online services of the JPL website (https://ssd.jpl.
nasa.gov/tools/sb_ident.html for a given moment of
observation [4];

2) comparison of the identified coordinates of as-
teroids on the plate with the coordinates of the near-
est stars from the Gaia DR3 catalog to eliminate am-
biguous identifications of asteroids.

We used the last step to discard the positions of
asteroids in cases where the asteroid coordinates are
close or coincide with the coordinates of stars and
their magnitudes are approximately the same, or
the asteroid has a lower brightness. The radius of the
neighborhood for the analysis of the degree of close-
ness of the coordinates was chosen experimentally
and was usually 5 to 10 arcseconds.

This approach is empirical and approximate. We
did not perform a more accurate analysis of close
images using photometric sections. And since the
goal of the work is not the identification itself (see,
for example, other software by Savanevych [14, 15],
but the determination of high-precision coordinates
of asteroids, we do not expect to get good accuracy
for the cases of poorly separated several images, one
of which is not point-like due to the motion of the
asteroid.

3. MAIN RESULTS

After identification and data analysis, 2269 positions
and magnitudes of asteroids were compiled into a
preliminary catalog based on the results of processing
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Figure 1. Distribution of equatorial coordinates of all 2269
identified asteroids

digitized photographic plates of the FON-Dushan-
be project part. The catalog includes data mainly on
Main belt asteroids, as well as isolated data on Mars-
crosser asteroids, Jupiter Trojan asteroids, and 1+km
Near-Earth Object. Separate data on 29P/Schwas-
smann-Wachmann and 192P/Shoemaker-Levy co-
mets and Pluto positions are also present here.

The quantitative and qualitative characteristics of
the catalog data were analyzed. Fig. 1 shows the distri-
bution of the equatorial coordinates of all 2269 iden-
tified asteroids for FON-Dushanbe observations. The
number of asteroid positions by years of observation
and by each visual magnitude interval is presented in
Fig. 2. Asteroids of visual magnitude down to 17.2
have been detected. To compare the results with the
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Figure 2. Distribution of identified asteroids by years (left) and visual magnitudes Mv (right). Dark gray columns — FON-Kyiv;
light gray columns — FON-Kitab; black columns — FON- Dushanbe observations
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Figure 3. Celestial object numbers on individual plate Ne 713

other two parts of the project’s observations, we note
that asteroids of visual magnitude down to 16.2 were
identified only in the FON-Kyiv observations. As for
fainter asteroids down to 17—17.5, they were also de-
tected in the FON-Kitab observations. This required
a more thorough and rigorous approach to their iden-
tification on scans, especially under the conditions of
closeness of the coordinates of faint stars.

To assess how real or unrealistic the positions of
faint asteroids we obtained are, for a separate plate

in Fig. 3, we showed three distributions of B magni-
tude for stars from the Gaia catalog selected for the
plate area (/), all objects registered on the plate (2),
and identified stars (3). The distribution of all iden-
tified asteroids from FON-Dushanbe observations is
also schematically added here in red color. All data
are presented by intervals of stellar magnitudes B. To
match the scale of magnitudes, when constructing
the figure, it was taken into account that the differ-
ence B-G(Gaia) is approximately equal to 1.

Based on this, we can conclude that the images
of faint stars of the 17-th magnitude identified by us
may be real, and not fake, on the plates of the best
quality. However, this may be true for asteroids with
a low rate of change in RA and DEC coordinates in
the plane-of-the-sky.

All positions of asteroids were compared with the
JPL DE431 ephemeris. The O-C differences in both
coordinates for all asteroids are presented in Fig. 4.
Additionally, this figure also shows similar results
for all asteroid positions from the FON-Kyiv and
FON-Kitab observations. The scatter of O-C values
is greater in both coordinates for the FON-Dushanbe
observations than for the FON-Kyiv and FON-Kitab
observations. A systematic shift of O-C in the RA
coordinate is also noticeable for all FON-Dushanbe
positions of the asteroids.

—4 -2 0 2
(0—C)p,, arcsec

—4
(0—C) g, arcsec

Figure 4. Histograms of the distribution of O-C differences on both coordinates for all asteroid positions (small dotted line —
FON-Kyiy, dotted line — FON-Kitab, solid line — FON-Dushanbe observations)

82 ISSN 1561-8889. Kocmiuna nayka i mexnonoeisa. 2023. T. 29. Ne 5



Asteroid positions based on the Dushanbe part of the FON project observations

4. DISCUSSION

The reasons for the appearance of systematic O-C
shifts in the positions of asteroids required further
analysis.

First, we selected several plates, where many aster-
oids with large values of O-C differences and a clear
systematic shift were detected. The coordinates of all
stars from these plates were obtained. For stars iden-
tified with those from the Gaia catalog, O-C differ-
ences were calculated for both RA and DEC coor-
dinates (Fig. 5). From the analysis of the differences
both separately in stellar magnitude intervals and as a
whole, no systematic shifts, characteristic for the po-
sitions of asteroids, were found in stellar coordinates.

Secondly, the O-C differences of asteroids were
analyzed depending on the rate of change of their
coordinates RA and DEC in the plane-of-the-sky at
the moments of observation. The results for all aster-
oid positions are shown in Fig. 6. A clear correlation
of the O-C differences of asteroids with the values of
their rate was found in the RA coordinate. For aster-
oids with higher rates, the largest values of the O-C
differences and their significant shift are observed.
Probably, this shift may be the result of a systemic
underestimation of time in the asteroid positions,
which is also noted by Yizhakevych [22]. According
to the preliminary estimates, its value can reach sev-
eral minutes.

As is known, the position of moving objects is
characterized by two coordinates and the moment of
observation time with which these coordinates are as-
sociated. If the coordinates are correctly determined,
taking into account all the distorting influences, then
the inaccurate moment of time can significantly
change the position of the object to the impossibility
of its further use.

In the case when the error due to inaccurate time
moments has a systematic component, it can be de-
termined by analyzing O-C arrays and artificially cor-
recting time values. If individual errors in the obser-
vation time are random and chaotic, then it is unreal-
istic to improve such positions of asteroids.

Therefore, to determine the above systematic
component in inaccurate time accounting, modeling
of the differences of O-C was performed. The model-
ing results with a time shift of +1.5 or +3 minutes
show a decrease in the systematic shift of the O-C dif-
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Figure 5. Distribution of O-C differences calculated between
the coordinates determined from plate No. 1108 and identified
from the Gaia DR2 catalog for 14103 stars

ferences. The changes obtained as a result of this are
shown both in Fig. 6 and Fig. 7.

In 2020, due to communication with observers
(A. Mullo-Abdolov, H. Relke. Personal messages,
11/19/2020), we learned that the original observation
log was found, which was lost earlier due to insur-
mountable emergency circumstances. Note that for
processing the observations, we used an electronic
copy of the observational data, which is stored at the
Gissar Observatory. Preliminary analysis of several
records from this log showed the difference between
the recorded original moments of observations from
the log and the ones we used. This difference was sys-
tematic and amounted to 1.5 minutes. This value was
used by us as a possible systematic time shift in mod-
eling changes in the O-C of asteroids.

Fig. 7 presents the O-C distribution of asteroids,
where there is a sufficient shift of the vertices and the
histograms themselves as a whole along the RA co-
ordinate after adding a correction equal to +1.5 or
+3 minutes to each observation time. Similar smaller
changes are also characteristic of the DEC coordi-
nate. This indicates that the introduction of correc-
tions of +1.5 or +3 minutes to all observation time
moments leads to a systematic improvement of the
results, while the most optimal solution is the addi-
tion of +3 minutes.

On the other hand, such a large value for correct-
ing the time of observations is not confirmed by ob-
servers as possible. And the most likely correction is
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Figure 6. Dependence of O-C differences on the rates of RA, DEC coordinates changes for all asteroid positions (blue markers —
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Figure 7. Histograms of the O-C distribution on both coordinates after correction of each observational time moment (small
dotted line — time moment; dotted line — time moment + 1.5 min; solid line — time moment +3 min)

+1.5 minutes. Therefore, this issue is controversial
and uncertain.

5. CONCLUSION

The search for images of small bodies of the Solar
System based on digitized photographic observations
of the Northern Sky Survey has been completed. A
large-scale search was carried out using an analyti-
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cal method and based on the results of full reduction
processing of digitized negatives. Based on the ma-
terials of the third part of the FON project in Du-
shanbe, a catalog of more than 2200 positions and
magnitudes of asteroids was obtained. In total, cata-
logs compiled for the three parts of the project com-
prise more than 7000 positions and magnitudes of
asteroids and comets, including one position of Plu-
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to. These catalogs are placed on the UkrVO website
(http://gua.db.ukr-vo.org/starcatalogs.php) and in
the Strasbourg Astronomical Data Center (http://
cdsweb.u-strasbg.fr).

The precise timing of each exposure on the photo-
graphic plate, as it is required when observing mov-
ing celestial objects, was not a necessary requirement
for observing stellar areas in the FON project imple-
mentation. Therefore, using these observations to
determine the exact positions of asteroids may lead
to some increase in error and a decrease in positional
accuracy. However, the uniformity of observation
tools, methods of data digitization and their process-
ing lays the foundations for obtaining homogeneous
series of asteroid positions. Although there are some
differences in the accuracy of the asteroid coordi-
nates between the three catalogs of the three parts
of the project, they can be explained by random or
sometimes systematic errors in the exact timing of

the observations. Such errors can be analyzed and, if
possible, taken into account.

The use of new digital observation processing
technologies allows us to increase the total number
of positions of small bodies of the Solar System in
previous years, as well as to increase their accuracy.
Dense coverage of asteroid orbits with missing high-
precision position data can be useful not only for
modern ephemeris calculations but also for studying
the evolution of asteroid orbits over time, non-gravi-
tational effects, etc.

These data can be obtained from the digitized ob-
servational archives of the UkrVO (Ukrainian Vir-
tual Observatory) and IVOA (International Virtual
Observing Alliance) databases. The magnitudes of
asteroids, determined simultaneously with their co-
ordinates, can be used to determine the photomet-
ric characteristics of asteroids and to construct light
curves and phase dependences.

REFERENCES

1.

Andruk V. N., Golovnya V. V., Ivanov G. A., Izhakevich E. M., Pakuliak L. K., Protsyuk Yu. I., Shatokhina S. V., Yat-
senko A. 1., Muminov M. M. (2014). Compilation of Catalog of Stellar Equatorial Coordinates and B-Magnitudes Using
UKRVO Plate Database. Odessa Astron. Publ., 27, 53—54.

. Andruk V. M., Pakuliak L. K., Golovnia V. V., Ivanov G. O., Yatsenko A. 1., Shatokhina S. V., Yizhakevych O. M. (2016).

Catalog of equatorial coordinates and B-magnitudes of stars of the FON project. Kinemat. Phys. Celest. Bodies, 32, No 5,

. Andruk V. M., Pakuliak L. K., Golovnia V. V., Shatokhina S. V., Yizhakevych O. M., Protsyuk Yu. 1., Eglitis 1., Eglite M.,

Kazantseva L. V., Relke H., Yuldoshev Q. K., Muminov M. M. (2017). Star photometry on digitized astronegatives. Sci.

. Giorgini J. D. (2015). Status of the JPL Horizons Ephemeris System. IAU General Assembly, Meeting #29, 1d.2256293.
. Kislyuk V. S., Yatsenko, A. 1., Ivanov G. A., Pakuliak L. K., Sergeeva T. P. (2000). Fonac: the astrographic catalogue of the

2
260—263.
3
Innov., 13, 17—27.
4
5
FON project. Kinemat. Phys. Celest. Bodies, 16, No 6, 483—496.
6

10.

11.

12.

ISSN 1561-8889. Kocmiuna nayka i mexnonoeis. 2023. T. 29. No 5

. Kolchynskyi I. H., Onehyna, A. B. (1977). Plan fo photographing the sky on wide-angle astrographs. Astrometriya i astro-

fisika, 33, 11—16 [In Russian].

. Kokhirova G., Relke H., Yuldoshev Q., Protsyuk Yu. I., Andruk V. M. (2021). FON Dushanbe Catalogue. Results of Pro-

cessing in the Tycho-2 System. Odessa Astron. Publ., 34, 106—109.

. Mullo-Abdolov A., Kokhirova G., Relke H., Yuldoshev Q., Protsyuk Yu., Andruk V. (2017). Investigation of the Microtek

Scanmaker 1000XL Plus Scanner of the Institute of Astrophysics of the Academy of Sciences of the Republic of Tajikistan.
Odessa Astron. Publ., 30, 186—189.

. Mullo-Abdolov A., Relke H., Kokhirova G., Yuldoshev Q., Protsyuk Yu., Andruk V. (2018). Progress in the Realization of

the Project FON-Dushanbe Catalogue. Odessa Astron. Publ., 31, 224—227.

Pakuliak L. K., Andruk V. M., Golovnia V. V., Shatokhina S. V., Yizhakevych O. M., Ivanov G. A., Yatsenko A. 1., Serge-
eva T. P. (2016). FON: from start to finish. Odessa Astron. Publ., 29, 132—135. DOI: 10.18524/1810-4215.2016.29.85140
Pakuliak L. K., Andruk V. M. (2020). Applications of Big Data in Astronomy and Geosciences: Algorithms for Photographic
Images Processing and Error Elimination. Knowledge Discovery in Big Data from Astronomy and Earth Observation. Eds.
P. Skoda, E Adam. Elsevier, 325—330. ISBN: 978-0-128-19154-5 DOI: 10.1016/B978-0-12-819154-5.00029- 1

Protsyuk Yu. I., Andruk V. N., Kazantseva L. V. (2014). Software for Processing of Digitized Astronegatives from Archives
and Databases of Virtual Observatory. Odessa Astron. Publ., 27, 59—60.

85



S. V. Shatokhina, H. Relke, O. M. Yizhakevych, V. M. Andruk, A. Sh. Mullo-Abdolov

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Relke E., Protsyuk Yu. 1., Andruk V. M. (2015). The Compiled Catalogue of Photoelectric UBVR Stellar Magnitudes in the
TYCHO?2 System. Odessa Astron. Publ., 28, 211—212.

Savanevych V. E., Briukhovetskyi O. B., Sokovikova N. S., Bezkrovny M. M., Vavilova I. B., Ivashchenko Yu. M., Ele-
nin L. V., Khlamov S. V., Movsesian Ia. S., Dashkova A. M., Pogorelov A. V. (2015). A new method based on the subpixel
Gaussian model for accurate estimation of asteroid coordinates. Mon. Notic. Roy. Astron. Soc., 451, Ne 3, 3287—3298.
Savanevych V. E., Khlamov S. V., Vavilova I. B., Briukhovetskyi A. B., Pohorelov A. V., Mkrtichian D. E., Kudak V. 1., Paku-
liak L. K., Dikov E. N., Melnik R. G., Vlasenko V. P, Reichart D. E. (2018). A method of immediate detection of objects
with a near-zero apparent motion in series of CCD-frames. Astron. and Astrophys., 609, id.A54, 11 p.

Shatokhina S., Kazantseva L., Yizhakevych O., Andruk V. M. (2018). Catalogue of Asteroids from Digitized Photographic
Plates of the FON Program. Kinemat. Phys. Celest. Bodies, 34, 270—276.

Shatokhina S. V., Relke H., Yuldoshev Q. X., Andruk V. M., Protsyuk Yu. 1., Muminov M. (2018). Asteroids Search Results
in Digitized Observations of the Northern Sky Survey Project (KITAB Part). Odessa Astron. Publ., 31, 235—238.

Vavilova I. B., Pakuliak L. K., Protsyuk Yu. I., Virun N. V., Kashuba S. G., Pikhun A. 1., Andrievsky S. M., Mazhaev A. E.,
Kazantseva L. V., Shlyapnikov A. A, Shulga A. V., Zolotukhina A. V., Sergeeva T. P., Miroshnichenko A. P., Andronov I. L.,
Breus V. V,, Virnina N. A. (2011). Ukrainian Virtual Observatory: Current Status and Perspectives of Development of Joint
Archives of Observations. Space Science and Technology, 17, Ne 4, 74—91.

Vavilova I. B., Yatskiv Ya. S., Pakuliak L. K., Andronov I. L., Andruk V. M., Protsyuk Yu. I., Savanevych V. E., Savchen-
ko D. O., Savchenko V. S. (2017). UkrVO Astroinformatics Software and Web-services. Astroinformatics. Proc. Int. Astron.
Union, 325, 361—366.

Vavilova 1. B., Shatokhina S. V., Pakuliak L. K., Yizhakevych O. M., Eglitis 1., Andruk V. M., Protsyuk Yu. I. (2022). As-
trometry and photometry of asteroids from the UkrVO database of astroplates. Proc. Int. Astron. Union, 364, 239—245.
Yatsenko A. 1. (2016). Catalog of the Photographic Survey of the Northern Sky (FON-2.0) built up from the scanning of
astroplates: a new version. Kinemat. Phys. Celest. Bodies, 32, Ne 3, 153—156.

Yizhakevych O. M., Mullo-Abdolov A. Sh., Relke H. V., Kokhirova G. 1., Pakuliak L. K., Andruk V. M. (2018). First Results
of the Searching of Asteroids Based on the Data of FON-Dushanbe Processed Plates. Odessa Astron. Publ., 31, 247—250.
Yuldoshev Q. X., Ehgamberdiev Sh. A., Muminov M. M., Protsyuk Yu. I., Relke H., Andruk V. M. (2017). Catalog of equa-
torial coordinates and B-magnitudes of stars of the Kitab part of the FON project. Kinemat. Phys. Celest. Bodies, 33, No 5,
250—253.

Cmamms nadiitwaado pedaxuii 14.08.2023 Received 14.08.2023
Ilicaa doonpayrosanns 12.09.2023 Revised 12.09.2023
Ipuiinamo do dpyky 14.09.2023 Accepted 14.09.2023

86

ISSN 1561-8889. Kocmiuna nayka i mexnonoeis. 2023. T. 29. No 5



Asteroid positions based on the Dushanbe part of the FON project observations

C. B. lllamoxina', HayK. cI1iBpo6.
E-mail:svetash@mao.kiev.ua;

E. Peavke?, kaus. Bi3.-MaT. HayK

E-mail: helena_relke@yahoo.com;

0. M. Dicaxesuu', Hayk. criBpo0.

E-mail: yizh_net@ukr.net;

B. M. Andpyk!, HayK. cI1iBpob6.

E-mail: andruk1058@ukr.net;

A. III. Myano-A6donoe?, Hayk. cniiBpo6. (10 2021 p.)
E-mail: aziz.sherzod@gmail.com

I TonoBHa acTpoHOMiYHa o6cepBaTtopis HarionansHoi akanemii Hayk YKpainu
ByJI. AKanemika 3a6osotHoro 27, Kuis, Ykpaina, 03143

2 O6cepBatopist Walter Hohmann

Wallneyer Strafie 159, Eccen, Himeuunna, 45133

3 IncTuryT actpodizuku Axanemii Hayk PecryGmiku Tamkukucran

p. Aiini, 299/5, Oyian6e, Tamkukucrad, 734063

MMOJOXEHHS ACTEPOTAIB 13 CLIOCTEPEXEHbD 3A TPOEKTOM ®OH B IVIIAHBE

HageneHo pesynbratu ineHTHdIKAaLlii 300pakeHb aCTEPOIiB Ta pOOIT 3i CTBOPEHHS MO3UIIIITHUX KAaTaJIOTiB Ha OCHOBI Ol (]-
poBaHux ¢doTorpadiyHUX CIOCTepeXKeHb Y paMKax ¢ororpacdidHoro orsay miBHiuHoro Heba (mpoekr @OH). CriBnpars
MiX YKpaiHChKOIO BipTyaJbHOIO 00cepBaTopi€io Ta IHcTUTyTOM acTpodizuku Akanemii HayK TaJKMKHUCTaHY JO3BOJISIE PO3-
LLIMPUTH 1110 POOOTY Uepe3 3aydeHHsT YMCICHHUX 1I0AaTKOBUX apXiBiB OLIM(POBAHUX CITOCTEPEKEHb Ta CepBiCiB 00POOKU JIJIst
OTPUMAaHHSI HOBUX OPUTIHAJIBHUX JAHUX PO Mali TiJla COHSUHOT CUCTEMU.

[yman6uHcbka yactuHa npoekty @OH npencrasiena mpubdausno 1570 dororutactuHkamu, orpuMaHuMu B 1985—1992
pokax y T'iccapchbkiit actpoHOMiUHil oO0cepBatopii IHCcTUTYTY acTpodizuku Akanemii Hayk Pecryomiku Tamkukucran. Ha
JIaHUI MOMEHT 3aBeplLIeHO IXHE oLM(ppPyBaHHS Ta 00pOOKa CKaHiB, a TAKOXK OTPUMAHO KaTaJoI eKBAaTOpialbHUX KOOPAMHAT i
30PSIHUX BEJIMUMH JIJISI BCiX 3apeECTPOBAHMX 00 €KTIB Ha IJIACTMHKAX.

[MapanenbHO 3 BUPiLLIEHHSIM OCHOBHOTO 3aBIaHHS MPOEKTY 3i CTBOPEHHS KaTaJIOTy 3ipOK i raJlakTUK 3a pe3yjbraTaMu 00-
POOKM TUIACTUHOK BUKOHYBABCS MOLIYK 300paKeHb aCTEPOI/liB i KOMET 3a/J1si CTBOPEHHSI KaTaJory IXHiX KOOPAUHAT i 30psi-
HUX BeJIM4KH. Byno orpumano Ginbiire 2000 1mosioskeHb acTepoiniB i KOMET 3 Bi3yalbHUMU BeTMYMHAMHU Bix 7" no 16.5". Vci
TTOJIOKEHHST acTepOiliB MOPiBHIOBAIKCH 3 eheMepunaMu. [IpoBeneHo TorepenHiit aHami3z pisHuLb O-C acTepoiniB Ta ixHE
TOPiBHSIHHS 3 aHAJIOTIYHUMM pe3ybTaTaMM, OTPUMaHUMU 3 ol poBaHuX criocTepexkeHb KuiBchkoi Ta KutabchbKoi yacTiH
npoekty ®OH. ABTopH Bin3HavyaloTh AesIKi BiIMiHHOCTI TOYHOCTEH MOPiBHIOBAHMX KATAJIOTiB, a TAKOX aHAJi3yIOTh TPUYNHNA
Ta MOXJIMBOCTi 3MEHILIEHHSI IXHbOTO BILIUBY.

Kpim Toro, y kaTajor 1oaaHo KijibKa rmoyioxkeHb [TiryToHa i KoMeT, siKi TakoxK OyJiM ifeHTUdiKoBaHi Ha HeraTuBax.

Karouoei caosa: apxiBu 1aHux, ounppoBaHi CIIOCTEPEKEHHSI, KaTaJIOT, TTOJIOXKEHHS aCTEPOiliB.
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MULTIWAVELENGTH PROPERTIES OF THE LOW-REDSHIFT
ISOLATED GALAXIES WITH ACTIVE NUCLEI MODELLED WITH CIGALE

Using the CIGALE software, we present the preliminary results of a multiwavelength analysis of eighteen low-redshift isolated galaxies
with active nuclei (isolated AGNs). This sample was formed by cross-matching the 2MIG isolated AGNs sample with the SDSS DR9
catalog. The host galaxies of this sample have not undergone a merger for at least three billion years, making them a unique laboratory
for studying interactions between various astrophysical processes without the complicating factors of merging with other galaxies or
the effects of a denser environment. In addition, the study of isolated AGNs can provide valuable information about the evolution and
activity of galaxies in the broader context of the distribution of large-scale structures of the Universe. First, we seek to understand how
the environment affects the physical processes involved in the accretion of matter onto supermassive black holes in these galaxies.
Secondly, to what extent do processes of star formation or degeneration of nuclei activity continue the evolution of these galaxies?
Third, how does the localization of isolated AGNs in voids or filaments of a large-scale structure determine the properties of this envi-
ronment at the low redshifts?

Using observable fluxes from UV to the radio ranges from archival databases of space-born and ground-based observatories
(GALEX, SDSS, 2MASS, Spitzer, Hershel, IRAS, WISE, VLA), we estimated the contribution from the emission of an active nucleus
fo the galaxy’s total emission, the stellar mass, and the star formation rate. The mass of the stellar component falls from 1010 M sunand
101 M sun- The star formation rate for most galaxies (except UGC 10120) does not exceed 3 M g,,, per year. The best SED fittings (with
¥ values less than 5) are obtained for the galaxies CGCG248-019 (2 = 1.6), CGCG179-005 (x* = 1.6), CGCG243-024 (2 = 2.6),
1C0009 (42 = 2.8), MCG+09-25-022 (% = 3.1), UGC10244 (x? = 4.1).

Keywords: galaxies, isolated galaxies, active galaxy nuclei, stellar mass, star-formation rate; objects: CGCG248-019, CGCG179-005,
CGCG243-024, I1C0009, MCG+09-25-022, UGC10244.

1. INTRODUCTION past merging, etc.) without the influence of signifi-

The isolated galaxies are important components
of the large-scale structure (LSS) of the Universe.
Their location in the lower environment allows one
to study the physical properties (star-formation rate,
nuclear activity, morphological and multiwavelength
features, mass distribution, interstellar medium, sat-
ellite galaxies at the outskirts of their host haloes,

cant neighboring galaxies as comparing with galax-
ies in the tightly populated groups or clusters (see,
the pioneering works by Karachentseva [15—17] as
well as other articles [6, 12, 14, 18, 27, 28, 30, 39,
40, 43], e.g., in frame of the collaborative AMIGA
project [33, 34, 37, 47]. For example, a comprehen-
sive analysis of the 2MASS Isolated Galaxy catalog

LHuryBannsa: Kompaniiets O. V. Multiwavelength properties of the low-redshift isolated galaxies with active nuclei modelled
with CIGALE. Space Science and Technology. 2023. 29, Ne 5 (144). P. 88—98. https://doi.org/10.15407/knit2023.05.088
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(2MIGQG) in the near-infrared and optical ranges [28]
has demonstrated a significant impact of the envi-
ronment on the color parameters of isolated galaxies.
In this sense, isolated galaxies with active nuclei (iso-
lated AGNs) are excellent laboratories for studying
active and other processes regulated by only intrinsic
factors and analyzing the presence/absence of feed-
back from an active nucleus [10, 31].

We consider the sample of 61 isolated AGNs at
the redshift z < 0.05, which was formed by cross-
matching the 2MIG catalog [19] with the Catalog
of quasars and AGNs [48], where the restriction was
used for stellar magnitude K < 12.0 mag and radi-
al velocity V. < 15000 km/s [31]. We used available
observational data from different ground-based and
space-born observatories to obtain multiwavelength
properties of 2MIG isolated AGNs and to estimate
the general properties of these galaxies.

Multiwavelength properties of several galaxies
from this sample of low redshift galaxies were already
provided, including properties in the X-ray spectral
range [22, 26, 50, 52]. It was noted that all these ob-
jects are very faint in X-ray in comparison with the
AGNs in a more dense environment [1, 9, 11, 23,
25, 35, 49]. A part of these galaxies has a reflection
component in X-ray spectra with different reflection
fractions in addition to the primary power-law con-
tinuum [38, 45]. In the latest research [32], the radio
properties of 61 isolated AGNs were analyzed: the
typical spectral flux densities at 1.4 GHz are between
3 and 20 mJy, so these galaxies are also faint in the
radio band; however, two galaxies, PGC35009 and
NGC6951, displayed higher-than-average flux den-
sities in the 50 to 200 mJy range; in contrast, two gal-
axies, ESO483-009 and ESO097-013, exhibited sub-
stantial spectral flux densities of 352 and 1200 mlJy,
respectively, while flux densities for 10 isolated AGNs
were less than 3 mJy. At the same time, an analysis of
the AMIGA sample of isolated galaxies revealed that
galaxies within this sample were also notably radio-
quiet [26]. Another feature of these isolated AGNs
is the lower masses of supermassive black holes
(SMBH) [21, 46].

2. SOFTWARE & DATA PREPARATION

2.1. CIGALE. The sophisticated software tools have
become indispensable in galaxy evolution research
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for unraveling the intricate processes governing the
formation and evolution of galaxies. In this research,
we used the CIGALE — a Python Code Investigating
GALaxy Emission. This software has been developed
by Boquien et al. [3] to study the evolution of gal-
axies by comparing the modeled galaxy spectral en-
ergy distributions (SEDs) to observed ones from the
far ultraviolet to the far infrared and radio. Recently,
a new X-ray module for CIGALE, allowing it to fit
SEDs from the X-ray to infrared (IR), was developed
to improve the AGN fitting [51].

To compute spectral models, CIGALE constructs
complex stellar populations from simple stellar popu-
lations combined with highly flexible star formation
histories, calculates the emission of gas ionized by
massive stars, and attenuates both stars and ionized
gas with a highly flexible attenuation curve. Based
on the principle of energy balance, the absorbed en-
ergy is then re-emitted by the dust in the mid- and
far-infrared regions, and thermal and non-thermal
components are also included, extending the spec-
trum far into the radio range. A large grid of models is
then fitted to the data, and the physical properties are
estimated through probability distribution analysis!.
The CIGALE software flexibility allows us to work
with the data of various observational sky surveys,
catalogs, and archives (see review in [44]), to develop
spectroscopic galaxy classification using unsupervised
technique [8], to select candidates into high-redshift
AGNs using the Early Release Observations data
from JWST [13], to identify a new type of infrared-
bright dust-obscured galaxies (overweight DOGs),
which then become visible quasars [36], to evaluate
a role of environment in suppressing the star forma-
tion process and following morphological transfor-
mation from late-type spirals to early-type galaxies in
compact galaxy groups [2], etc. For example, a large
public catalog of about 1.9 million galaxies from an
eBOSS (Extended Baryon Oscillation Spectroscopic
Survey) at redshifts z = 0—1.5 [29], which includes
SEDs from the Sloan Digital Sky Survey (SDSS),
ugriz photometry, and the available WISE mid-infra-
red photometry modeled with CIGALE, will provide
yet more tasks to study the dependence of galactic
outflows on host galaxy physical properties.

' https://cigale.lam.fr/documentation/
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Table 1. Parameters for converting stellar
magnitudes into fluxes for the SDSS filters

. Zero-flux magnitude _
Filter b (m(/f, = 0)] m(f/fy = 1)
u 1.4 x 10710 24.63 22.12
g 0.9 x 10710 25.11 22.6
r 1.2 x 10710 24.8 22.29
i 1.8 x 10710 24.36 21.85
z 7.4 x 10710 22.83 20.32

Table 2. Input parameters for the SED fitting of isolated AGNs

Parameter Values
Star formation history
E-folding time of the main stellar 500, 1000,
population model in Myr 2500, 6000
Age of the main stellar population in the 5000, 8000,
galaxy in Myr 13000
Stellar populations
Initial mass function Chabrier
Metallicity 0.008, 0.02
Age in Myr of the separation between 100, 500, 1000,
the young and the old star populations 5000, 8000
Nebular emission
lonisation parameter -1.0,-2.0,-4.0
Gas Metallicity 0.002, 0.02
Dust attenuation
V-band attenuation in the interstellar 0.15,0.45,0.75,
medium 1.05,1.5,2.1,4.0
Power law slope of the attenuation in -0.7
the ISM
Power law slope of the attenuation in the -1.3
birth clouds
Dust emission
Alpha slope 0.5,2.0,4.0
Synchrotron radio emission
The slope of the power-law synchrotron 0.8
emission related to star formation
The slope of the power-law AGN radio 0.7
emission (assumed isotropic)
AGN

The ratio of the maximum to minimum 10.0, 60.0
radii of the dust torus
Opening angle 60.0
The angle between the equatorial axis 0.001, 89.99
and line of sight
E(B - V) for the extinction in the polar 0.25,0.5, 1.0
direction in magnitudes
Temperature of the polar dust in K 25

90

2.2. Data preparation. An initial sub-sample of
isolated AGNs for multiwavelength analysis was ob-
tained by cross-matching the studied sample of 61
isolated AGNs with the morphological SDSS DR9
catalog of galaxies at z < 0.1 [41, 42] classified by the
machine learning methods with photometry-based
[46] and image-based approaches [20]. As a result,
only 18 isolated AGNs were selected for further anal-
ysis. Available observed stellar magnitudes of galax-
ies in the UV range were obtained by cross-matching
the resulting sample with the GALEX, infrared —
2MASS, and WISE catalogs.

There is a special procedure to convert the ob-
served magnitudes into fluxes in mJ for further anal-
ysis. The SDSS catalog contains stellar magnitudes
in 5 photometry ranges (u, r, g, i, z) and their errors.
The value of the observed magnitude is related to the
flux through an inverse hyperbolic sine and is given
as follows 2:

m ==2.5 /In(10) x [asinh((f/ f)/(2b)) + In(b)]. (1)

Here, m is the magnitude in the u, r, g, i, z filter, f
is the flux, f; is the flux for zero magnitude m, b —
coefficient. These values differ for each filter , r, g, i,
z. They are shown in Table 1.

After solving equation (1), we get the following re-
lationship between the flux and the magnitude:

f=sinh(-0.921m-2x10" bf, log(b)) .

where f, = 3631 Jy.

The observed magnitudes were converted from the
2MASS, GALEX, and WISE catalogs to the Jy flux-
es using the usual Pogson formula, considering the
zero magnitudes and the corresponding flux value for
each catalog. However, the data for isolated AGNs
are absent in the archives of the Spitzer, Hershel, and
IRAS space observatories. So, we provided an indi-
vidual search of observational data from these space
missions and for radio ranges in the NED database.

(2

3. SED MODEL & PRELIMINARY RESULTS

For the first step in our analysis, we ran different
tests to choose a baseline model to describe emission
from the ultraviolet to radio ranges. One can choose
a combination of physical models that describe emis-

2 https://www.sdss.org/dr12/algorithms/magnitudes/#asinh
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Figure 1. Observed fluxes F, in different bands vs model fluxes F,, , of the isolated low-redshift AGNs

sions from different components of galaxies. Input | umn 3), which plays an essential role in observable
parameters for the SED fitting are given in Table 2. | SED. In our model, we consider the presence of AGN

Among these physical models are as follows: using model [50], where the angle between the equa-
* sthdelayed — delayed SFH with optional expo- | torial axis and line of sight was set to 90° for type Syl
nential burst, and 0° for type Sy2. This model describes well the SED
* bc03 — stellar population synthesis [4], in ultraviolet and optical ranges, see Figure 1, where

e nebular — continuum and line nebular emission, | the vertical axis shows the observed fluxes in different
e dustatt_modified CF00 Calzetti 2000 attenua- | ranges, and the horizontal axis shows the simulated

tion law [5], fluxes. The best correlation coefficients of 0.99 were
¢ dale2014 — dust emission templates [7], obtained for GALEX FUYV, 0.97 for SDSS z, and 0.93
e fritz2006 — AGN models [11], for SDSS g. In the infrared range, the coefficient 0.88
¢ radio — galaxy synchrotron emission and AGN, | for 2MASS Ks is the best match. The far-infrared and
e redshifting. radio components require the use of a different model,

All the obtained physical properties (star-formation | so the observed magnitudes are well described for only
rate (SFR), stellar mass, AGN fraction, etc.) are mod- | afew galaxies, and the overall correlation coefficient is
el-dependent. Here, we present preliminary results of | 0.22 for VLA L data.
one of the possible model combinations for describing A good fit in the first approximation was obtained for
multiwavelength emission from isolated AGNs. 6 galaxies — CGCG 179-005, 1C0009, CGCG 243-

All the studied galaxies are spiral but with differ- | 024, MCG +09-25-022, UGC 10244, UGC 06398
ent spectral activity types of their AGN (Table 3, col- | (Figure 2). The obtained value of the AGN fraction
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Figure 2. SDSS images [https://skyserver.sdss.org/dr16] of 18 2MIG isolated AGNs, which were modeled with CIGALE

Table 3. General properties of 2MIG isolated AGNs

Name Mt;)/g;h' Activity type Features Stle 511%5‘23:3’ SFR, Mg, v 2 11;) 1751—513(;/ l;;\i}
UGC10774 SABDb NLAGN Bar, ring 0.9 1.11 12 —
UGC10244 Sbc LINER SN Ia 4.6 0.24 4.1
UGC10120 SB(r)b Sy In Bar, ring 4.5 5.42 11
UGC06398 Sbc Sy 2 Ring 9.6 0.16 6.4
UGC06087 SBb ? Bar, ring 5.4 1.24 15
UGC01597 SO Sy 1.9 — 17.5 0.89 22 24.27
NGC7479 SB(s)c Sy 2 Bar, SN 1b, SN 1.2 0.02 47 14.69
NGC5347 SB(rs)ab |Sy?2 Bar, ring 0.9 0.58 13
NGC5231 SBa Sy 1 Bar 5.5 1.28 9.4 7.7
NGC4395 SA(s)m |Sy 1.8 / Linear Ring 0.001 (unnfit) | 0.0007 (unfit) 37 27.53
MCG-02-57-008 |Sc — 6.3 0.11 16
MCG+09-25-022 |Sa Sy 1.0 Ring 11.1 2.56 3.1
1C5287 SBb Sy 1.2 Bar 4.9 1.14 5.5
1C2227 SBa Sy 2 Bar 12.4 2.82 13
1C0009 Sa Sy 2 Ring 4.7 3.03 2.8
CGCG248-019 SBab Candidate BLAGN | Bar 3.1 1.93 1.6
CGCG243-024 SBb Syl Bar, ring 1.1 1.21 2.6
CGCG179-005 Sbc Candidate BLAGN | — 0.8 0.54 1.6
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Figure 4. The SFR distribution: a — for studied isolated AGNs with redshift; » — the distribution of estimated SFR with stellar

mass of studied isolated AGNs

is 0.1 for 15 objects and 0.5 for three objects (UGC
10244, MCG-02-57-008, and CGCG 243-024). The
evaluated stellar masses and star-formation rates are
presented in Table 3 (columns 6 and 7, respectively).
The studied 18 AGNs have different morphologi-
cal types and features with a bar, without a bar, with
a bar and a ring (Figure 2, Table 3, columns 3 and 5),
and types of nuclear activity as Seyferts 1 and 2, Liners
(Table 3, column 4). For this reason, we cannot dis-
tinguish certain morphological features common to
objects which the basic model will describe well. How-
ever, galaxies for which the chosen model does not give
the desired result also have emission in the hard X-ray
as evidenced by the data from the 150-month Swift/
BAT survey [24], so we suggest that the actual contri-
bution from AGN is much more significant for some
galaxies than is estimated in our preliminary model.

4. DISCUSSION

We present preliminary results of multiwavelength
properties of 18 isolated AGNs modeled with the
CIGALE software. Analysis of the emission in a broad
range by the baseline model showed that it describes
the spectral energy distribution for 6 galaxies quite well
(see Table 3, column 8 for %2 < 5.0). The best SED
fittings of CGCG248-019 (¥ = 1.6), CGCG179-

005 (x2 = 1.6), CGCG243-024 (3% = 2.6), 1C0009
(x2 = 2.8), MCG+09-25-022 (y2 = 3.1), UGC10244
(x2=4.1) are presented in Figure 3.

The contribution to the emission from the active
nucleus for 15 galaxies is estimated at 0.1 %. It is
consistent with our conclusion that the activity of the
nucleus of the most isolated galaxies is faint. How-
ever, this assumption is not valid for a few objects,
in particular, UGC01597, NGC7479, NC5231, and
NGC4393, since they have hard X-ray emission ac-
cording to the data from the Swift/BAT catalog, and
their AGN luminosity varies from 10*2 to 10* erg/s
(Table 3, column 9).

Whereas the quantification of stellar mass (M)
and the assessment of star formation rates (SFR)
represent pivotal parameters in the characterization
of galaxies, accurate measuring of these fundamen-
tal properties is paramount in elucidating the present
state of galaxies, their history, and future evolution.
To estimate these physical quantities, we tested dif-
ferent models for describing the star formation his-
tory (SFH) of the stellar population. As a result, a
“delayed” SFH is chosen, where the evolution of the
star-forming rate is described as follows :

SFR(t) oc%xexp(—t / ’E) for 0<t<t,,

ISSN 1561-8889. Kocmiuna nayka i mexwnonoeis. 2023. T. 29. Ne 5 95



0. V. Kompaniiets

here 7, — the age of the onset of star formation, and t
is the time at which the SFR peaks. After peaking at
= 1, it smoothly decreases.

For the stellar population description, the bc03
module was chosen, where a single stellar popula-
tion (SSPs) was used [4]. SSP library is available for
a broad range of metallicities (0.0001, 0.0004, 0.004,
0.008, 0.02, and 0.05). To compute the spectrum of
the composite stellar populations, CIGALE calcu-
lates the dot product of the SFH with the grid con-
taining the evolution of the spectrum of an SSP with
steps of 1 Myr [3].

As for the relatively accurate description of the
ultraviolet and optical components of the SED con-
cerning the stellar mass and star formation rate, we
conclude as follows. The estimated mass of the stel-
lar component falls from 100 Mg~ and 10'" Mg
(Table 3, column 6). The star formation rate for
most galaxies (except UGC 10120) does not exceed
3 Mg, per year (Figure 4, a; Table 3, column 7), in-
dicating the absence of active star formation. Sepa-
rately, it is worth noting that the selected model does
not describe the galaxy NGC 4395. It may be related
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TonoBHa acTpoHOoMiYHa o6cepBaTopist HatioHanbHOT akaneMii HayK YKpaiHu
BYJI. AKaneMika 3abosotHoro 27, Kuis, Ykpaina, 03143

BATATOXBUJIbOBI BJIACTUBOCTI BJIM3bKNX [30JIbOBAHUX
TAJTAKTUK I3 AKTUBHUMMU AJPAMU: CIGALE-MOJEJIIOBAHH

[IpencraBneHo nomnepenHi pe3yasraTi 0araTOXBUJIbOBUX BJIACTUBOCTEN BiCIMHAILSITH i30JbOBAHUX TAIAKTUK 3 aKTUBHUMU sipa-
MM, 3MoJiestoBaHux y nporpamHomy cepensuili CIGALE. Bubipky ranaktuk 0yjo chopMOBaHO METOAOM KpOC-KOpeJsiiiii BUOip-
KU i3omboBaHuX 2MIG ranakTuk 3 aktTuBHUMU siapaMu (ASIT) 3 katamorom SDSS DR9. MarepuHChKi ralakTUKy 1ii€i BUOIpKU He
3a3HaBaJIM 3IUTTS MPOTATOM LIOHAMMEHIIIE TPbOX MIbIPIIB POKiB, 110 POOUTH iX YHiKaJIbHOIO JJaOOpaTOPi€lo AJs ISl BUBYCHHS
B3a€EMOIil MiX pi3HUMHU acTpodi3MIHUMU MpoliecaMu 0e3 (HaKTopiB, IO YCKIATHIOIOTh B3aEMO/IIO 3 iHIIMMU raJlaKTUKaMu, abo
eeKTiB cepeqoBUINA IIITLHOTO CKymIeHHs. KpiM Toro, mocmimKeHHs i30J1b0BaHUX TalakThK 3 ASII” MoxXe gaTu LiHHY iH(OopMaIliio
PO €BOJIIOLIIO Ta AKTUBHICTh TAJIAKTUK Y LIMPILIOMY KOHTEKCTi PO3MOAily BeJuKoMaciuTabHux ctpykTyp Beecsity. [To-niepuie, Mmu
MparHeMo 3po3yMiTH, SIK OTOUEHHsI BIJIMBAE Ha (hi3U4Hi MpoliecH, MOoB’sI3aHi 3 aKpeLielo peUOBMHM Ha HAJMacUBHI YOPHI Iipu B
LMX rajaktukax. [lo-apyre, sSIKO Mipolo MPOLIECH 30peYTBOPEHHS UM AeTeHepallii akTUBHOCTI s1ipa MPOJAOBXKYIOTh €BOJIIOLIIO 1IUX
ranakTuk. [To-TpeTe, IKMUM YMHOM JoKaJi3alis i3oaboBaHuX ASIT y Boligax uu ¢pijaMeHTax BeJIMKOMACIITAOHOI CTPYKTYPHY BU3HAYAE
BJIACTUBOCTI 1IbOTO CEPEAOBUIIA HA MAJTUX YSPBOHUX 3MilLIEHHSIX.

BukopucToByroun criocTepexxyBaHi oToku Bifg Y- 1o pamiomiana3oHis 3 apxiBHux 0a3 ganux (GALEX, SDSS, 2MASS, Spitzer,
Hershel, IRAS, WISE, VLA), My olliHuIM BHECOK BUITPOMIHIOBAHHSI aKTUBHOTO siipa B 3arajibHe BUTIPOMIHIOBAaHHS TaTaKTUKU,
30psIHY Macy i WIBUAKICTb 30peyTBOpPEeHHsI. Maca 30psSIHOr0 KOMITOHEHTA JUIsl MpoaHalli3oBaHUX TaJlaKTUK JIEKUTbh Y MeXax Bil
1010 Mg, 1o 10" Mg .. IIsuakicTs 3opeyTBopeHHs it Gibinocti ranakruk (kpiv UGC 10120) He nepesuiye 3 Mg, 3a piK.
Haiikpamii MofieNi CrieKTpalTbHOTO eHepreTMUHOro po3mnofiny (3 2 < 5) orpumano ais ranaktuk CGCG248-019 CGCG248-019
(x2 = 1.6), CGCG179-005 (32 = 1.6), CGCG243-024 (32 = 2.6), IC0009 (x2 = 2.8), MCG+09-25-022 (32 = 3.1), UGC10244
(x2=4.1).

Karouosi caosa: TanakTvku, i30J150BaHi TATAKTUKY, aKTUBHI SI/ipa TATAKTUK, 30psTHA Maca, TEMIT 30peyTBOpeHH:T; 00’ ekTu: CGCG248-
019, CGCG179-005, CGCG243-024, 1C0009, MCG+09-25-022, UGC10244.
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METHODS OF ACTIVE AND PASSIVE ELECTRONIC
PROTECTION OF SMALL GROUND OBJECTS
FROM RADIOMETRIC MILLIMETER DETECTION SYSTEMS

We evaluate the probability and detection range of small-sized ground objects, including mobile objects, by passive-and-active
radiometric detection and identification systems of millimeter range. We applied various methods allowing us to take into account
a great number of factors (strength and multi-positional structure of a lighting source, pass bandwidth of a receiver of a radiometric
(RM) system, characteristics of an antenna of a lighting source and RM system) and conditions for RM system sighting (sighting
angles, dimensions and configuration of an object, influence of atmospheric hydrometeors) which affect the process of detection
or non-detection of small-sized ground objects. Analytical expressions and formulas obtained in this study allow evaluation of the
influence of applied methods and protection means on the detection process; i.e., evaluation of the efficiency of means for reduction of
signature of small-sized ground mobile objects from radiometric detection systems of millimeter range.

The paper presents a theoretical model for determining the probability and range of detection of a small ground object by a
radiometric system. This model takes into account the possibility of using an active-passive radiometric system as well as active
and passive means of reducing object visibility. The model made it possible to obtain generalized formulas both for the object-to-
background radio brightness contrast and for the detection range of the object in the presence of illumination sources.

Based on numerical simulation, it was shown the effectiveness of the worked-out model. In addition, it is shown that due to the use
of an adjustable source of noise illumination, it is possible to significantly reduce the visibility of the object in dynamic conditions. The
results of the paper outline the ways of development of modern high-tech methods of passive and active protection of ground objects
from radiometric reconnaissance and weapon guidance systems.

Keywords: millimeter range, matrix correlation-extreme detection systems, passive-and-active protection systems, mask coatings.

HutyBanHsg: Bykov V., Osinovyj G., Kozis K. Methods of active and passive electronic protection small ground objects
from radiometric millimeter detection systems. Space Science and Technology. 2023. 29, Ne 5 (144). P. 99—105. https://doi.
org/10.15407/knit2023.05.099

© Publisher PH «Akademperiodyka» of the NAS of Ukraine, 2023. This is an open access article under the CC BY-NC-ND
license (https://creativecommons.org/licenses/by-nc-nd/4.0/)

ISSN 1561-8889. Kocmiuna nayka i mexwnonoeis. 2023. T. 29. Ne 5 99



V. Bykov, G. Osinovyj, K. Kozis

INTRODUCTION

In general, protection of objects of military and spe-
cial equipment from millimeter radiometric detection
systems consists of using active and passive methods
and means that allow shielding of the object radiation
and decreasing their reflectance in a wide frequency
range, and thus reducing the radiometric visibility [1,
4—7]. Here, radiometric visibility means the ability
to determine from a certain distance and with a cer-
tain level of probability the presence of ground objects
that, in a general case, may be moving.

METHODS OF PASSIVE AND ACTIVE
ELECTRONIC PROTECTION OF GROUND OBJECTS

The method of passive radio-electronic protection
involves the use of masking coatings. These include,
for example, net camouflage coatings (Fig. 1 and 2).
These coatings are used for partial (Fig. 1) or com-

plete (Fig. 2) shelter of the protected object. This al-
lows you to change the thermal profile of the object
and reduce its radiative capacity.

Fig. 1 shows a violation of the thermal profile of
the object due to its partial shelter. This approach can
be used to mask stationary and moving objects when
correlation-extreme recognition systems are used.
In this case, the value of the correlation function be-
tween the real object and its reference image can be
significantly reduced. This approach is also appropri-
ate when masking large objects, which, in principle,
cannot be completely covered with a masking coating.

There are two types of complete shelter of the
object using a masking coating. In the case of the
“Cloak” type shelter (Fig. 2, a), the masking coating
is in contact with the surface of the object, partially
reproducing its contours. This type of coating is con-
venient to use for moving objects, for example, mili-
tary equipment on the march. Shelters of the “Tent”

b

Figure 2. Examples of “Cape” (a) and “Tent” (b) type shelters for reducing the visibility of the ground object using a net-type
camouflage coating
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type (Fig. 2, b) are usually used for stationary objects
or for the equipment in a camp. This type of shelter
allows masking the equipment with free access to its
surface.

An example of an active radio-electronic protec-
tion method is the equalization of the radio-bright-
ness temperatures of an object and the background at
the input of a radiometric receiver of a passive radio-
metric detection system.

This method suggests the use of an own illumina-
tion source that generates a noise signal in the direc-
tion of the object to be protected. The power of the il-
lumination source gradually increases until the “ob-
ject — background” contrast reaches a minimum, in
particular, zero value. Contrast refers to the tempera-
ture difference between the radio brightness of the
object and the background. Feedback between the
power of the illumination source and the “object —
background” contrast is provided by the radiometric
sensor, which is located on the same carrier as the
source. This makes it possible to significantly reduce
the detection rate of the protected object by an exter-
nal passive radiometric system [1, 3, 5].

In order to illustrate the effectiveness of the speci-
fied methods of reducing the visibility of objects, it is
first necessary to consider the method of determining
the probability and range of detection of small-sized
objects by an active-passive radiometric system.

METHOD FOR ESTIMATING THE PROBABILITY

AND DETECTION RANGE OF SMALL GROUND
OBJECTS BY MATRIX RADIOMETRIC PASSIVE-ACTIVE
SYSTEMS OF MILLIMETERS BAND

The probability D of correctly detecting an object in
a radiometric image is determined by its signal-to-
noise ratio and can be calculated by the formula [2]:

o)
D=—|1+®| 22— ||. (D)
2 G

D(x)= \/z_n ]ﬁexp(_t2 /2)

is the error function, AT = Ts -T ¢ 1S a contrast
between the brightness temperature of an object (7))
and background (7,), T, is a temperature threshold
value, exceeding which indicates the presence of a
signal, i.e., the visualization of the object against the

Here
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background, and o is RMS of the noise of the radio-
metric system. Note that the temperature threshold
also includes the background temperature, since it is
a random value. Therefore, the formula (1) includes
the difference 7, —7, instead of T;.

Let’s introduce a new value ¢ = D T/s, which char-
acterizes the value of the signal-to-noise ratio. The
dependence of probability D on ¢ is shown in Fig. 3.

In Fig. 3, one can see two horizontal dashed lines
that show the lower (D = 0.1) and upper (D = 0.9)
limits of object detection. Probability values that ex-
ceed the upper limit (D > 0.9) correspond to the case
of stable detection of the object. At the same time,
probability values that are smaller than the lower
limit (D < 0.1) correspond to the case of persistent
non-detection of the object. It should be noted that
the constructed dependence (D = f{q)) allows for
the upper and lower limits of the probability of de-
tection to calculate the corresponding values of the
signal-to-noise ratio ¢. In our case, they are ¢ = 4 and
q =5.91, respectively.

Let’s consider the contrast of radio brightness
temperature of the “object — background” scene for
the case of using an active-passive radiometric de-
tection system. In general, the radio brightness tem-
perature of any part of the scene will be determined
by eigen radiation and reflected radiation of the il-
lumination source and the attenuation of radiation
in the atmosphere along the path of the radiomet-
ric system — scene. Since both illumination source
and eigen radiation have a noisy nature, interference
phenomena can be neglected, and the total thermal
contrast can be considered as the sum of contrasts of
different origins.

The passive radiometric component of radio bright-
ness contrast can be calculated by the formula [2]:

2
AT = 4d S(G,OLZAXZTIZK(R,) , 2
R mh

where Ay is the difference in the emissivity of the
object surface and the background, 7}, is difference
between the object and the background temperatures,
that is, the contrast-forming temperature of the radio
brightness, K(R) is the attenuation coefficient of
radiation in the atmosphere due to passing through the
path R, Q is a filling factor of the antenna radiation
pattern, R = HsecO is the length of the route of the

101



V. Bykov, G. Osinovyj, K. Kozis

0.8

0.6

0.4

0.2

0

2 4 6 8 q

Figure 3. Dependence of probability D of correctly detecting an
object in a radiometric system on the signal-to-notice ratio ¢

visible scene — radiometric system, H is the height of
the location of the radiometric system carrier above
the surface of the earth, 0 is the angle of inclination of
the object sighting, counted from the nadir.

The filling factor of the radiation pattern of the an-
tenna of the radiometric system is calculated accord-

ing to the formula:

4S8
Q I (3)
where S'is the surface area of the object, L =AR, /d
is the cross-sectional area of the antenna radiation
pattern with the earth’s surface, R, is the detection
range of the object, i.e. the length of the path of the
radiometric system — the object, d is the diameter of
the antenna of the radiometric system.

For small objects, the filling factor meets the con-
dition Q9 <1.

Due to the fact that the emissivity of a terrestrial
object with a metal coating is small Ay <1 compared
to the emissivity of the background of the earth’s sur-
face Ay >0.8...0.9, the radiometric contrast AT] is
a negative value.

Using the obtained formulas, we can write down
the final formula for the passive component of the
contrast:

4d28(9,0t)AxT12K(R )
A’1—‘1 = 2 2 - :
R mA
The active component of radio brightness contrast
is the result of the reflection of the noise illumination
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“

source radiation on the object and the background. It
represents the contrast between the radio brightness
of the object and the background that can be calcu-
lated via the radar equation [3]:
PG,G,AcGA’K(R +R))
2 (4n)’ kAfR’R?

This component, obviously, depends on the power
of the illumination source P, the distance between
the source of illumination and the object R,, which,
in turn, depends on the height of the source carrier
and the angle of irradiation, and the detection range
of the object R . Also, this value depends on other
values included in the equation (4). Among them are
the difference in the effective scattering surfaces of
the object and the background Ac , the bandwidth of
the receiver Af , the radiation efficiency of the an-
tennas of the irradiation source G, and the radiomet-
ric receiver G,, and the attenuation of radiation in
the atmosphere K(x).

In addition, it should be noted that there may be
several illumination sources. On the one hand, it can
be the source of illumination of an active-passive ra-
diometric detection system, and on the other hand, it
can be the source of illumination itself, which is used
as a means of active protection against detection. Both
“radar” components are calculated according to the
formula (5) but for different intensities G, and dis-
tances between source of illumination and object R, .

Since the component A7, is a positive value due
to the fact that the reflectivity of the object is actu-
ally greater than the reflectivity of the background,
the total contrast of radio brightness temperature of
the object — background AT = AT, + AT, can have
any sign, and, in particular, be equal to zero under
certain conditions. It should be noted that the situ-
ation can change radically, provided that the means
of passive masking is not successfully chosen for the
relevant background.

Thus, in general, the total contrast of object-to-
background is calculated as follows:

(&)

z G Ac)’
s MSSTK®) | GAoi
R A (4m)’ kAfR;
P G, ,K(R +R PG,K(2R
X[ MM 1:2 r l)+ t IRE 7’)]. (6)
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Here P,, G,, are the parameters of the “masking”
illumination source, which is placed on the distance
R, from the object, and P, G, are the parameters
of the illumination source of the active radiometric
system.

Using the formula (6), one can calculate the ob-
ject detection range. Assuming the use of a passive
radiometric system and a transparent atmosphere
K(R)=K(R +R,)=1, we have the formula for cal-
culating the detection range:

R =
AT

1 [ 4d’SAyT,,
A’

G AcA’P,G,, o
(4n)’kAfATR? |

AN EXAMPLE OF EVALUATING THE EFFECTIVENESS
OF ACTIVE AND PASSIVE METHODS OF REDUCING
THE VISIBILITY OF A SMALL GROUND OBJECT

As a demonstration of the effectiveness of active and
passive protection methods, we will consider a model
problem. As the test object, we took a metal object
against a forest-grass background. To simplify the
problem, we assume that the object has the shape of
a rectangle. The plane xOy coincides with the surface
of the earth, and the surface area of the object in this
plane is 25 m2. The surface area of the object in the
xOz plane is 9 m2, and in the yOz plane — 17 m2. The
dimensions are chosen in such a way that the object-
background contrast depends on the detection direc-
tion of the object. The angle 6 is the angle between
the Oz axis, which is directed towards the sky, and the
detection line, and the angle o is the angle between
the Ox axis and the projection of the detection line in
the xOy plane. With this choice of object and coordi-
nate system, we have the following dependence of .§
on the detection direction:

S(0,00) =25cosBcoso+17sinBcosa +
+25cos0sino +9sinOsino .

The value of the difference in the emissivity of
the object and the background for metal against the
background of grass (forest) is Ay = —0.9, the value
of the radiothermal temperature that forms the con-
trast is 7}, = 200 K, which corresponds to the refer-
ence data for the difference in temperature of metal
radiation against the background of the earth’s sur-
face (grass, sand, wood).
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Figure 4. Dependencies of object-to-background contrast
AT on the detection range R, for the test object with the
own source of noice illumination. Line / corresponds to
Py =1W,line 2— P, =09 W, line 3 — P, =0.89 W, line
4— Py=0W

The parameters of the antenna of the radiomet-
ric system are chosen so that the antenna directiv-
ity is 40 dB, and the main lobe diagram has a width
of 20 = 1.1°...1.2°. For a radiometric system of an
8-millimeter range, this is achieved, for example,
when using a parabolic antenna with a diameter of
d =500 mm, G, = 3.855x10%,

We will consider the use of masking coating and
source of noise illumination as passive and active
reduction of object visibility, correspondingly. As a
masking coating, consider a net-type camouflage
coating (Fig. 1) that reduces the contrast of object-
to-background by 10 dB. Moreover, the own source
of noise illumination is located at a height of 1 km
above the ground.

Fig. 4 demonstrates the possibility of reducing the
object-to-background contrast due to the success-
ful power selection of the illumination source. We
see that in the absence of a source of illumination
Py =0 W (line 4in Fig. 4), the contrast has a nega-
tive, relatively large value and allows detection of the
test object from a distance of 2350 m, which corre-
sponds to a probability of detection of 0.1 (see Fig. 1).
Provided that the power of the illumination source is
1 W (line 7 in Fig. 4), the contrast has a significantly
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Figure 5. Polar dependencies of detection range of the test object without us-
ing masking coating (upper surfaces) and with it (lower surfaces): a — for

PM:0 W,b—for PM=1W

positive value, and the detection range is only 800 m.
For illumination source powers of 0.89 W (line 3 in
Fig. 4) and 0.9 W (line 2 in Fig. 4), the contrast has
small negative and positive values, respectively. Cal-
culations show that, in this case, the object detection
distance will not exceed 350...400 m.

To demonstrate the effectiveness of the masking
coating, Fig. 5 shows the calculated polar depen-
dences of the detection range of the test object with-
out coating and with it for cases with relatively high
contrast. So, Fig. 5, a corresponds to the situation of
the absence of a source of illumination (P, =0 W),
and Fig. 5, b is calculated for Py, =1 W case. We can
see that the masking coating reduces the detection
range by almost three times in both cases.

Thus, it is clear that well-chosen means of active
and passive visibility reduction can significantly de-
crease the probability and detection range of the ob-
ject on the surface of the earth. Their combination
makes it possible to successfully counteract the sys-
tems of radiometric reconnaissance, detection and
guidance of weapons. At the same time, in real com-
bat, to successfully use the active protection method,
it is necessary to have an unmanned aerial vehicle
equipped with a source of noise illumination and a
radiometric system to ensure automatic adjustment
of the source power in dynamic external conditions.
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The object is equipped with an active protection
system in the form of its own source of noise illumi-
nation with a power of Py, .

CONCLUSIONS

The paper examines the theoretical foundations of
assessing the probability and capability of detecting
small-sized ground objects by radiometric active-
passive systems of reconnaissance, detecting and
weapons guidance under the conditions of using ac-
tive and passive means of reducing visibility. A gener-
al formula was obtained for determining the object-
to-background radio brightness temperature contrast
and estimating the probability of object detection de-
pending on the value of this contrast.

As a method of passive protection, the well-known
method of using masking coatings is considered. As
an active protection, the use of an own source of
noise illumination with the possibility of adjusting its
power to reduce the object-to-background contrast
via using a radiometric system is proposed.

The simplest test object as a metal parallelepiped
on the grassy ground was considered, and the ef-
fectiveness of the proposed methods of active and
passive reducing of object visibility was numerically
proven.
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METOAN AKTMBHOTI'O I TACUBHOT'O 3AXUCTY MAJIOPO3MIPHUX
HASEMHUX OB’€KTIB BIJI MATPUYHMX PAIIOMETPUYHUX
MMACMBHO-AKTUBHUX CUCTEM BUABJIEHHA MIUUIIMETPOBOTI'O JIAITASOHY

Po3pobiieHi i ymockoHasieHi Mojieli i METOAM MOJI0XKEHO B OCHOBY CTBOPEHOI B pOOOTi METOAMKM OLIIHKY MOBIPHOCTI i 1ajib-
HOCTI BUSIBJIECHHS MaJIOpPO3MipHUX, 30KpeMa PYyXOMUX, Ha3eMHUX 00 €KTiB MaCUBHO-aKTUBHUMU PAJiOMETPUYHUMU CUCTE-
MaM¥ BHUSIBJICHHS 1 imeHTHdiKallii MiJTiMeTpOBOTO miana3oHy. MeToauka 103BOJISIE YPaXOBYBaTH BEJIUKY KiJIbKiCTh (DaKTOPiB
(TTOTYXKHICTBh i 6araTorno3uliitHy mooymaoBy [KepeJsia MiACBidYyBaHHS, IITMPUHY MOJOCH MPOITyCKaHHS MpUiiMava paaioMeTpuy-
Hoi (PM) cuctemu, XxapakTepMCTUKU aHTEHU JKepesa miacBivyBaHHs i PM-cuctemu) i ymoB BizyBaHHS PM-cuctemu (Kyt
Bi3yBaHHsI, po3MipH i KOH(irypailito 00’ekTa, BILIMB aTMOC(EPHUX TiIpOMETEOpiB), SIKi BIJIMBAIOTh HA MPOLIEC BUSIBJICHHS
YU HEBUSBJIEHHS MaJIOPO3MipHUX Ha3eMHUX 00’eKTiB. OTpuMaHi B poOOTi aHATITUYHI BUpa3U JO3BOJISIIOTh OLIHUTH BIUIUB
Ha TpoLIeC BUSBJICHHS 3aCTOCOBAHUX METOIIB i 3aCO0iB 3aXUCTY, i TAKUM YMHOM OLIIHUTHU e(peKTUBHICTh 3aCO0IB 3HUXKEHHS
TMTOMITHOCTI MaJIOPO3MipHUX Ha3eMHUX PYXOMHX 00’ €KTIB Bill palioMETPUYHUX CUCTEM BUSIBJICHHS MiJiMETPOBOTO JTialTa3oHy.

PosrasiHyTo TEOpeTMUHY MOAEb Ul BUBHAYEHHSI IMOBIPHOCTI Ta JaTbHOCTI BUSIBJICHHS paIiOMETPUYHOIO CUCTEMOIO Ma-
JiorabapuTHOro Ha3eMHOro 06’ekTa. JlaHa Moze/Ib BpaXOBYE MOXJIUBICTh BUKOPHUCTAHHSI aKTUBHO-MTACUBHOI palioOMETPUYHOT
CHUCTEMMU, a TAKOXX aKTUBHUX i MACUBHUX 3aC00iB 3HMXKEHHS BUIUMOCTi 00’€KTiB. Mojieb 103BOJIMIa OTPUMATH y3arajJbHeHi
(opmyu SIK U1 KOHTPACTY pafiosicKpaBOCTi 00’eKTa 10 (DOHY, TaK i 1J1s1 NaTbHOCTI BUSIBJIEHHS 00’ €KTa 3a HasIBHOCTI JKepes
OCBITJIEHHSI.

Ha ocHOBIi uncebHOrO MOJETIOBaHHS TTOKa3aHO e(PeKTUBHICTh po3podsieHoi Moxaeni. Kpim Toro, mokasaHo, 110 3a pa-
XyHOK BUKOPHUCTaHHS PEryIbOBaHOIO XKepea LIyMOBOTO OCBITJCHHS MOXHA 3HAYHO 3HU3UTU BUAMMICTb 00’€KTa B NIUHA-
MiuHUX yMOBax. Pe3yjibraT pod0TH OKpEeCIOIOTh LIJISIXW PO3BUTKY CYYaCHUX BUCOKOTEXHOJIOTIYHUX METO/IB MaCUBHOIO Ta
aKTUBHOTO 3aXMCTY Ha3eMHUX 00’ €KTIB BiJl CUCTEM palioMETPUUHOI pO3BiIKY Ta HaBeISHHS 30poi.

Karouoei caosa: miniMeTpoBUii Aiania30H, MATPUYHI KOPEJISALIIITHO-eKCTpeMalIbHI CUCTEMU BUSIBIICHHS, AKTUBHI 1 TACUBHI CH-
CTeMHU 3aXKCTY, MACKYBaJIbHI TOKPUTTSI.
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bioepaghiuna dosioxa: Muxona MitpaxoB HaponuBcs 23 Be-
pecHst 1963 p. y c. Kanommu’e BpacoBcbkoro paitoHy bpsiH-
cbKoi obsacTi. Y 1985 p. 3akiHuMB hakynbTeT aBialliliHOTO
panioeeKTpoHHOro objagHaHHs KuiBCbKOro BHUIIOTO Biii-
CbKOBOTO aBialliliHoro iHxeHepHoro yuuiauiina (KBBAIY),
creuialbHiCTh — iHXeHep-MarteMaTuk. ¥ 1985—2001 po-
Kax MPOXONIMB BifICHKOBY CITyKOy: CTapIIuii iHXeHEep TOIKY
Crpareriunoi aiauii Ty-160 y m. Ipunyku (1985—1988);
an’toHKT K-47 KBBAIY (1988—1991), ne 3axucTuB aucepra-
1ito «MeToarka opraHizallii orepaTuBHOIO KOMIUIEKCHOTO
BinHoBJIeHHS iHopMallii B ACY aBiauiiHUMM 3’ €NHAHHSIMU
Ta yactTuHamu» (1992), kaHauIaT TeXHIYHUX HayK; BUKJIA-
a4, cTapinii Bukiamad, goueHT K-50 KuiBchKoro iHCTH-
TyTy BiiicbkoBo-moBiTpsinux cui (1992—2000), mpoBinHMit
HayKoBUI1 criiBpoOiTHUK HaykoBoro 1ieHTpy BilicbkoBO-110-
BiTpsiHuX cuit (2000—2001). TTigrnmoakoBHUK 3armacy.

VY 2001—2010 pokax — kepiBHUMK [HdDOpMaliiiHO-aHaTi-
taHoro Llentpy «Creiic-Indopm». Bin rpymasst 2010 poky o
TenepillHii yac npaioe aupekropom I[lpencrasuuirsa 11T
«KB «[liBmenne» im. M. K. SInrensi» y M. Kuesi. Ynen panu
YkpaiHchbKoi acoliiallii BACOKOTEXHOJOTIYHUX ITiANPUEMCTB Ta
opranizatiit «KocMmoc», KepiBHUK iH(OpPMAaLIiiTHOrO KOMiTeTy
AepoKOCMIYHOTO TOBAapUCTBa YKpaiHU, Y4JIEeH-KOPECIOHACHT
AepoKOoCcMivHOI akaneMii YkpaiHu. YieH peakoserii HayKoBo-
nomysipHoro xypHany HAH Ykpainu i TAO HAH Ykpainu
«CBiTorsi1», TOJOBHUI pENakTOp YKPaiHCHKOIO eJIeKTPO-
HHOT'O XXypHaJly «AepOKOCMIYHMI BICHUK».

3poOMB BaroMwii BHECOK [UIS TIOJIIIIIIEHHS KOHTAaKTiB
ATIT «Kb «IliBneHHe» 3 Jlep>kaBHUM KOCMIUYHUM areHTCTBOM
VYkpainu, HaruioHanbHowo akagemiero Hayk YkpaiHu, MiH-
CTpaTernpoMOM, iHIIMMU MiHICTEpCTBAMM Ta BilIOMCTBaMH,
MiIMpUEMCTBAMM 1 OpraHizaLiisiMM, TPOMaJCbKMMU TOBa-
pUcTBamMu Ta 3acobaMu MacoBoi iHdopMaliii. bepe akTUBHY

IcTopis KoCMIYHMX JOCTiIKEHDb
History of Space Research

Pedakuiiina konezis Hayko8o-npaKmuurno2o

acypuany HAH Ykpainu « Kocmiuna nayka i mexnonoeis» eimae

Muxony Onexcandposuua MITPAXOBA

dupexmopa IIpedcmasnuymea Jlepicasroeo nionpuemcmea
«Koncmpykmopcoke 6ropo «Iliedenne» im. M. K. Hdneens»,

YneHa pedkonezii HayK080-nONYASPHO20 JCYPHANY
HAH Yxpainu i TAO HAH Ykpainu «Ceimoensio»,
20/108H020 PedaKmopa yKpaincbKo2o eaeKmpoHHO20

acypHany «Aepoxocmiunuil 8ichuk» iz 60-piunum rosineem!

basicaemo 300p06oeo doseonrimmsi, cimeiiHoi emixu, NO3UMUBHUX eMOYiil
ma HacHaeu y meopuiti disnvHocmi, yoaui  00CsieHeHHI HOBUX 36epUleb,
a nam eécim — Ilepemoeu Yxpainu y giiini npomu pawucmcevkoeo agpecopa!

y4JacTh Y BUKOHaHHi 3aBnaHb [eHepatbHOI yroau mpo HayKo-
Bo-TexHiyHe criBpoOiTHULITBO Mixk HAH Ykpainu ta 111 «<Kb
«[liBmeHHe», a TakoX 3a0e3meuye MPeICTaBHUIITBO B HAyKO-
TEeXHIYHMX 3aX0Jax, AiIOBUX 3yCTpiyax, BUCTaBKaX Ta KOHpe-
peHiisix y M. Kuesi 3a HanpsiMaMu AisUTbHOCTI MiANMPUEMCTBA.

Mae Benuki 3000yTKM y MOIMYJsipU3allii KOCMiYHUX J10-
CJIiIKeHb YKpaiHu Ta y MiIroTOBLI I'PYHTOBHMX aHaJIiTUY-
HUX MaTepiajliB Mpo iCTOpilo, CTaH Ta MEPCIEKTUBU PO3BU-
TKY KOCMIiYHOI rajiy3i YKpaiHu. ABTOp i YIOPSITHUK BUIAHb
Npo BUAATHUX TBOPLIB PaKeTHO-KOCMIYHOI TeXHIiKM Ta ic-
TOPii KOCMiYHOIT JisuIbHOCTI YKpaiHu. 3a 1Ooro y4yacTi miaro-
TOBJIEHO 11 OMyOJIiIKOBaHO Taki BiJIoMi BUIIAHHS, SIK «YKpa-
iHa kocMmiuHa. DoToansbom» (2008), «Kb «kOxkHoe». JTromu
n paketbl» (2014), <«Pociiicbko-yKpaiHChKO-aHTTIMChKMIA
TEPMiHOJIOTIYHUI CJIOBHUK 3 PAKETHO-KOCMIYHOI TEXHiKU»
(2014), «BupatHi aisdyi pakeTHO-KOCMIYHOI rajy3i YKpaiHu»
(2015), «Kocwmiuna npistibHicTh YKpainu» (2015), «CMUpHOB.
V ucrokoB pakeroctpoeHus» (2016), «MakapoB — raTpuapx
pakeroctpoenust» (2016), «/lep:kaBHe KOCMidHE areHTCTBO
Vkpainu: 25 kpokiB y Kocmoc» (2016), «Kontoxos: «Cynb-
6a Mmost — Kb «lOxHoe». ®otoansbom» (2017), «Yuzhnoye,
the Lot of Mine: A Photobiography of Stanislav Koniukhov»
(2018), «Pakeruuk, craBmmit [1pesuneHrom» (2018), «Jlerrs-
peB. Ha opburtax MexXIyHapoaIHOTO cOTpymHuUecTBa» (2022).

Haropomxenuit IlouecHoto rpamototo Kabinery MiHi-
cTpiB Ykpainu (2013), BitoMuuMHU MeAaJIsIMU i Bil3HaAKaMU,
3o0kpeMa Haropojoto JIKA Ykpainu «3Haxk [Tomanu» (2013),
HarpyiHUM 3HAaKOM AEpOKOCMIYHOTO TOBapuUCTBa YKpai-
HU «3a 3acayru» (2014), meganmo Kb «IliBageHHe» iMeHi
M. K. Anurens (2014), narpyaaum 3HakoM Kb «IliBneHHe»
iM. M. K. fHrens «3a cTBOpeHHS paKeTHO-KOCMIYHOI TeX-
Hiku» (2023), BindgHakoro HAH Ykpainu «3a cipusiHHSI po3-
BUTKY Hayku» (2023).
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