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MATHEMATICAL MODELING OF START-UP TRANSIENTS
AT CLUSTERED PROPULSION SYSTEM WITH POGO-SUPPRESSORS
FOR CYCLON-4M LAUNCH VEHICLE

Liquid-propellant rocket propulsion systems of the first stages of launch vehicles of medium, heavy, and super-heavy class usually
include POGO-suppressors, which are one of the most widely used methods to eliminate launch vehicle longitudinal structural vibrations
(POGO phenomena). However, until now, the theoretical studies and analysis of the effect of the POGO-suppressors’ installation in the
feedlines of main liquid rocket engines on transient processes in systems during rocket engine starting have not been carried out due to
the complexity of such analysis and the lack, first of all, reliable nonlinear models of cavitation phenomena in rocket engine pumps.
A mathematical model for the start-up of a clustered rocket propulsion of the Cyclone-4M launch vehicle has been developed that
takes into account the low-frequency dynamics of the POGO-suppressors and the asynchronous start-up timeline sequences of the
rocket engines. The first stage of the launch vehicle propulsion system includes four RD-870 rocket engines. A nonlinear mathematical
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model of low-frequency dynamic processes of the POGO-suppressor with bellows separation of liquid and gaseous media is presented.
A significant effect of cavitation in the pumps of engines and the POGO-suppressor installation to the LOX feedline on the propulsion
system dynamic gains is shown.

Based on the developed mathematical model of the clustered rocket propulsion start-up, the studies of the Cyclone-4M main
engines’ start-up transients were carried out. The asynchronous start-up timeline sequences of the rocket engine and the places of
installation of the POGO-suppressors in the LOX feedline branches to the RD-870 rocket engine — near the general feedline collector
as standard placement or directly at the entrance to the engines — were investigated. The analysis of start-up transients in the oxidizer
Jeed system of the considered propulsion (the time dependences of the flowrate and pressure at the engine inlet) showed the following.

Firstly, while the synchronous start-up of the engines, the installation of the POGO-suppressors near the feedline collector makes
it possible to eliminate all engine inlet overpressures that exist in the rocket propulsion system in case of the absence of the POGO-
SUpPressors.

Secondly, the RD-870 engine asynchronous start-up operation affects negatively the time dependences of the propellant flowrate
and pressure at the engine inlet if the POGO-suppressors are located near the feedline collector. So, in the propulsion system’s start-up
timeline interval 0.95...1.35 s, for some computational variants of the initial moments of the engine operation start, an abnormally
large drop in the LOX flow rate and the overpressures at the engine inlet is observed. The asynchronous start-up of the RD-870 engines
with the installation of the POGO-suppressors at the engine inlet does not significantly change the start-up transients compared to the
synchronous starting of the engines.

Thirdly, thus, it is shown that the installation of the POGO-suppressors both at the engine inlet and at the RD-870 branches near
the collector has a significant positive effect on the quality of start-up transient processes for the main engines of the Ist stage of the
Cyclone-4M launch vehicle. Placing the POGO-suppressors at the engine inlets is not standard and is considered without reference to
the propulsion system layout. Nevertheless, the POGO-suppressors installed at the inlet to the engines are an effective means of pre-
venting overshoots and dips in the parameters of the liquid-propellant rocket engine, including the conditions of asynchronous starting
of the liquid rocket engines in the clustered propulsion system.

The results obtained can be used in mathematical modeling of the start-up of the first stage propulsion system either for multistage
sustainer rockets used in parallel with booster rockets or for the clustered multi-engine rocket propulsion system containing POGO-
SUppressors.

Keywords: liquid-propellant rocket engine, low-frequency dynamic processes, start-up, pump cavitation, clustered feed system,

asynchronous engine start-up, POGO-suppressor.

INTRODUCTION

Start-up is probably the most difficult dynamic oper-
ation mode of the liquid rocket engine (LRE) [3, 18].
During a short start-up time of LRE, the hydraulic
paths are filled by propellants, ignited in a gas gen-
erator and a combustion chamber, the turbopump as-
sembly rotor speed and propellant flow rates change
from initial zero to nominal values, etc.

The theoretical study of transient processes during
LRE start-up is important for predicting and elimi-
nating problem situations during startup, as well as
for optimizing the engine start-up (event timeline
sequence).

At present, mathematical models of dynamic pro-
cesses for many units and systems of liquid rocket en-
gine have been developed, for example, in papers |3,
10]. It makes it possible to obtain preliminary theo-
retical forecasts of transient processes of a number of
parameters for liquid rocket engine start-ups.

A semi-empirical model of filling the LRE hy-
draulic lines by cryogenic propellants is presented in

[18]. The model takes into account the partial evapo-
ration of liquid oxygen and its two-phase flow in the
path in the initial part of the engine start-up period.

The kinetics of ignition and propellant burnup in
the LRE gas generator and the combustion chamber
at the initial start-up period of the liquid rocket en-
gine were investigated in [10, 18].

Theoretical approaches to mathematical model-
ing of cavitation phenomena in liquid rocket engine
pumps in a wide range of operating parameters (in-
cluding engine start-up) have been developed in a
number of works [4, 15—17] focused on pumping sys-
tems nonlinear dynamics. A methodical approach for
mathematical modeling of low-frequency dynamics of
a liquid rocket engine is presented in the paper [5].

An account of the non-simultaneity of the entry
into operation of a separate liquid rocket engine in
a multi-engine propulsion system and an influence
of this factor on the transient processes of hydrody-
namic parameters at start-up of a multi-engine pro-
pulsion system is shown [14].

4 ISSN 1561-8889. Kocmiuna nayka i mexuonoeis. 2021. T. 27. Ne 6
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The first stage propulsion system of modern
launch vehicles of medium, heavy, and super-heavy
class usually includes POGO-suppressors. POGO-
suppressor installation is one of the common ways
to eliminate longitudinal (POGO) vibrations of liq-
uid launch vehicles. The mechanism of longitudinal
vibrations is due to the convergence of natural fre-
quencies of launch vehicles structure with natural
frequencies of propulsion system feedlines [9, 11, 13,
22]. Medium and especially heavy and super-heavy
launch vehicles are prone to loss of longitudinal sta-
bility as a result of launch vehicle big mass, conse-
quently, the structural low oscillation frequencies.

The possibility of such launch vehicles’ longitu-
dinal instability is very high. It can be explained by
the fact of changes in the natural oscillation frequen-
cies of launch vehicles’ structure and changes in the
natural frequencies of propellant oscillations in the
propulsion system during rocket stage operation are
in the same range. The installation of the POGO-
suppressor in the feed system of the propulsion sys-
tem leads to a decrease in the first natural frequency
of liquid oscillations in the propulsion system. This
allows the oscillation frequencies of the launch ve-
hicle structure and the liquid in the feed system of
the propulsion system to be separated to safe values
leading to launch vehicle POGO stability.

However, to date, the theoretical studies and ana-
lysis of the POGO-suppressor installation in the feed
lines of main liquid rocket engines’ effect on tran-
sient processes in systems during liquid rocket en-
gines’ start-up have not been carried out.

Difficulties in conducting such an analysis and
the absence, first of all, reliable nonlinear models of
cavitation phenomena in pumps, in the overwhelm-
ing majority of cases, lead to the next fact. Only ex-
perimental parameters of the performance of some
individual engines were obtained during fire bench
testing of specific liquid rocket engines.

The launch vehicles of the Mayak and the Cy-
clone-4M families designed in Ukraine take into ac-
count the POGO suppressors [2] installed in the feed
of the propulsion system. This makes it actual to an-
alyze the impact of POGO-suppressors in the LRE
feed lines on transients in the propulsion system.

The main objective of this work is the mathemati-
cal modeling and research of transient processes of

launching the clustered propulsion system of the
first stage of the Cyclone-4M launch vehicle, taking
into account the installation of POGO-suppressors
on the propulsion system and liquid rocket engines’
asynchronous start-ups.

1. The studied propulsion system of the 1st stage of
Cyclone-4m launch vehicle. The Cyclone-4M launch
vehicle is a two-stage monoblock medium-class
launch vehicle [20]. The structure of the first stage
is based on the use of well-developed systems and
units of the Zenith launch vehicles. The first stage is
equipped with a propulsion system using liquid oxy-
gen and kerosene fuel components and includes four
RD-870 engine blocks.

Liquid rocket engine RD-870 is made with a tur-
bo-pump system for propellant feeding according to
the staged combustion scheme. The engine thrust on
Earth is 794.5 kN (vacuum thrust is 888.5 kN), the
engine specific thrust impulse on the Earth is 301 s
(in the vacuum the specific thrust impulse is 340 s),
the mass of the RD-870 engine is 1353 kg [20]. A
simplified flow schematic of the RD-870 liquid rock-
et engine is shown in Fig. 1.

The feeding of the rocket RD-870 engines with a
LOX from the tank is carried out through a general
main pipe (with a length of about 7 m), which is con-
nected to the collector. Fig. 2 contains the propulsion
system layout with only 2 branches to the RD-870
engines shown for simplicity.

Branch pipelines from the collector to each engine
contain installed POGO-suppressors. The length of the
pipeline from the collector to the engine inlet is 3 m,
and from the engine inlet to the oxidizer low-pressure
pump inlet is about 2 m. Hereinafter, for presenting the
materials of the paper, the engine inlet means the loca-
tion directly at the low-pressure pump inlet.

The branch pipelines from the collector to the en-
gine inlet have a rather long length. That is why they
can have a significant effect on the low-frequency
dynamics of the propulsion system, especially for re-
search cases of the different engines’ starting opera-
tion (engines’ asynchronous start-ups) [14].

To provide the Cyclone-4M launch vehicle POGO
stability, the POGO-suppressors are installed accord-
ingly with the design of the I stage propulsion system.

The POGO-suppressors are designed according to
the scheme with bellows separation of gas and liquid

ISSN 1561-8889. Kocmiuna nayka i mexnonoeis. 2021. T. 27. No 6 5
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Fig. 1. Simplified flow schematic of the LRE under research

media. The standard location of the POGO-suppres-
sors is in the branches of the LOX feed system to the
main RD-870 liquid rocket engines (near the col-
lector, as shown in Fig. 2). The same scheme shows
POGO-suppressors (indicated by a dotted line) in
case they are installed directly at the engine inlet.
The parameters of the standard version of POGO-
suppressors were selected from the condition of pro-
viding the POGO stability of the Cyclone-4M launch
vehicle during its flight for the first stage propulsion
operation period [13].

2. Developed mathematical model of start-up of
clustered (multi-engine) propulsion system of the Cy-
clone-4M launch vehicle. The mathematical model
of start-up of the first stage propulsion system of the
Cyclone-4M launch vehicle is extremely cumber-
some. The full model includes more than 350 non-
linear ordinary differential and algebraic equations
and cannot be presented in this volume of the paper.

The main approaches to mathematical modeling
of the low-frequency dynamics of systems of this lig-
uid rocket engine are presented in [14]. This model
describes the dynamic processes in the propulsion
system, including the opening of the oxidizer and

6

fuel valves, filling the hydraulic paths by propellant,
spinning up the rotors of the main and low-pressure
turbopump assembly, the ignition of the propellant in
the gas generator, etc.

Let us briefly dwell on the mathematical models
of some low-frequency dynamic processes in units
and subsystems of propulsion system. They are either
characteristic of engines with generator gas after-
burning or are important in the mathematical mode-
ling of start-up of clustered propulsion system.

For rocket engines with staged combustion, it is
important to take into account the time delays caused
by non-isothermality of processes in the elements of
the liquid rocket engine gas path (the residence time
of the combustion products in the gas paths) and the
time delays caused by the delay in the conversion of
liquid propellants into gaseous ones [7].

In the mathematical model of liquid rocket engine
start-up, an approximate replacement of the equa-
tions y(t) =x(t—t) of the time delay element with
ordinary differential equations is used. This replace-
ment is based on the approximation of the transfer
function of the delay element W, (pt) =exp(-pt) by
fractional rational functions of pt (where p is a

ISSN 1561-8889. Kocmiuna nayka i mexnonoeis. 2021. T. 27. No 6
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complex variable of the Laplace transform at zero
initial conditions; t is time delay). To approximate
the transfer functions of the delay elements in the
equations of the gas generator and the gas pipe dy-
namics, two fractional rational functions were used:
the function

R, 102 (PT) = [Ty, (pt/2)} =

=1/(1+ pt/2+0.125p*1*)* = W,(p1)
is obtained by replacing the delay element with a
chain of two oscillating elements with half the delays
[21], and the function
W(pv) = B, (p1) =
(1—pt/3)/(1+2pt/3+ p*t*/6)
by using the Padé method [7].

In the RD-870 engines with oxidizer-rich staged
combustion, gaseous oxygen is discharged after the
low-pressure oxidizer pump turbine into the liquid
oxygen flow at the inlet to the main oxidizer pump.

The condensation process of gaseous oxygen can
lead to low-frequency instability [21] of the propulsion
feed system of the LRE. In the mathematical model
of propulsion system start-up, for taking into account
the injection of gaseous oxygen into the liquid oxygen
flow, generalized results of experimental investigations
of the condensation process of superheated oxygen va-
por in the liquid oxygen flow were used [6, 12].

Cavitation phenomena in LRE pumps play one of
the leading roles in the propulsion system dynamics’
studies [4, 15—17]. They can qualitatively change
the dynamic characteristics of the LRE. For engine
start-up, they lead to a cavitation disruption of the
engine pumps.

The experimental-computational hydrodynamic
model of cavitation oscillations for taking into ac-
count the cavitation phenomena in the pumps was
used [16]. This model generalized the results of ex-
perimental investigations of 18 inducer-centrifugal
pumps in the cavitation self-oscillation mode. This
model is adapted for a wide range of input pressures
[4] (from pump stall pressure to pressures corre-
sponding to the beginning of the emergence of pump
cavitation mode).

The LOX feed of the propulsion system of the first
stage of the Cyclone-4M launch vehicle includes
long branched pipelines.

ISSN 1561-8889. Kocmiuna nayka i mexnonoeis. 2021. T. 27. No 6
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Fig. 2. The simplified layout of the oxidizer feed system

The methodological approach [5] for the mathe-
matical modeling of the low-frequency dynamics of
such feed systems was used. This approach provides
for the sequential solution of the following prob-
lems. The first problem is the development of a line-
ar mathematical model of hydraulic path dynamics
considered as a system with distributed parameters
and determination of its frequency characteristics.
The second problem is an approximate replacement
of this system with a system with lumped parameters,
i.e., by developing of finite hydrodynamic elements’
model. This system is carried out based on matching
the frequency characteristics of these two systems.
The third problem is the construction of a nonline-
ar mathematical model of low-frequency dynamics
of the propulsion hydraulic lines. This final model is
used to compute the start-up of a propulsion system.

A specific feature of the developed model is taking
into account the asynchronous start-up operation of

7
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Fig. 3. The calculation schematic of the POGO suppressors
with bellows separation of liquid and gaseous media

engines RD870 of the propulsion system (first stage)
of the Cyclone-4M launch vehicle following the ap-
proach described in [14] and developed on the basis
of the Sobol sequence [19]. The asynchronous join
into operation of engines at propulsion system start-
up was modeled by varying the value of the displace-
ments of the initial command in the engine start-up
sequence of the second, third, and fourth engines
relative to the first engine start-up sequence in clus-
ter. For computing start-ups, it was assumed that
these offset values are evenly distributed between the
maximum and minimum (zero) offset to perform the
minimum number of calculations.

3. Mathematical model of POGO-suppressor low-
frequency dynamics for study the start-up transients
of the Cyclone-4M launch vehicle propulsion system.
The POGO suppressors are located in the branches
on the RD870 liquid rocket engine near the collector
in the first stage propulsion system of the Cyclone-
4M launch vehicle. The calculation schematic of the
POGO-suppressors dynamics with bellows separa-
tion of liquid and gaseous media is shown in Fig. 3,
where the following designations are introduced: / is
a gas cavity; 2, 3, 4 are upper, middle, and lower posi-
tions of the bellows cover; 5 is bellows; 6 is a damper
support ring.

The mathematical model of dynamic processes
in the POGO suppressor describes the one-dimen-
sional motion of the fluid and movable structural el-
ements of the suppressor along its longitudinal axis
and includes the equation of motion of the bellows
cover, the equation of fluid motion in the suppressor,
and the equation of continuity in the gas cavity of the

8

Suppressor:
2

d
md_tg}—i_Ffr(y)_'_k(y_ynom):Fef(pc_pg)’ (1)

dG d?
Pt =P tap |GD|GD +]Dd—tD+h’Yo COSOCd_tg/ s
(2)
dp
o =Cp ®)

where m is the equivalent mass of the suppressor
bellows cover; y, y,,,, are the current coordinate of
the bellows cover and the coordinate with no bellows
deformation; 7is the current time; Fﬁ (y)is nonlinear
dependence of the friction force on the coordinate
y; k is the total longitudinal stiffness of the bellows
and gas; F, is the effective area of the suppressor
bellows; p; is fluid pressure on the bellows cover; p,
is pressure in the gas cavity of the suppressor; p_,
is fluid pressure at the junction of the suppressor
and the oxidizer feedline; a,, J, — coefficients
of hydraulic and inertial resistance of the fluid in

the suppressor; G, = YOFef% is fluid flow through

the suppressor; 4 is the height of the liquid column
in the suppressor; vy, is specific gravity of liquid
oxygen; a is the angle between the longitudinal axis
of the suppressor and the longitudinal axis of the
'Yng
Kp,
the suppressor gas cavity; V, =V;" —y-F, is the
current value of the volume of the gas cavity; ngax is
the maximum value of the volume of the gas cavity;
K is the gas adiabatic exponent.

Zero coordinate of the bellows cover y = 0 corre-
sponds to the lower position of the bellows cover. The
action of forces from the gas and liquid is balanced
for y=y,,,,.- The bellows is in an unloaded state in
this case.

The axial stiffness of the bellows kg is an impor-
tant variable that affects the overall compliance of the
suppressor. It was calculated by two methods: on the
basis of a one-dimensional model of the suppressor
[1] and based on its finite element model using the
ANSYS Mechanical software [8]. These methods
gave similar results.

launch vehicle; Cp = is the compliance of
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Fig. 4 shows the dynamic gain (¢ — module, b —
argument) of the oxidizer feed line of the I stage Cy-
clone-4M propulsion system at nominal LOX pres-
sures and temperatures at the engine inlet (curves /
is without cavitation; curves 2 is taking into account
cavitation in pumps; curves 3 is obtained with cavita-
tion and POGO suppressor near the collector).

From the analysis of Fig. 4 follows that taking into
account cavitation in pumps leads to a decrease in the
natural frequencies of liquid propellant oscillations in
the oxidizer feed system of the propulsion system: for
the I mode of oscillations — from 16.0 Hz to 6.0 Hz,
and for Il mode — from 48.0 Hz to 38.8 Hz.

For simultaneous consideration of both pump
cavitation and the POGO-suppressor installation
near the collector, the natural frequencies of liquid
propellant (LOX) oscillations in the feed system of
the propulsion system in the range up to 50 Hz are
3.2 Hz, 34.6 Hz, and 39.6 Hz.

Thus, the installation of a POGO-suppressor in
the propulsion system leads to a significant decrease
in the first natural oscillation frequency in the feed
system of the propulsion system. It allows the sepa-
rating of frequencies of the natural longitudinal
oscillations of the launch vehicle structure and the
liquid in the LOX feed system of the propulsion sys-
tem and ensures the launch vehicle POGO stability
[11, 13].

4. Results of mathematical modeling of start-up of
clustered propulsion system of the Cyclone-4M launch
vehicle. The study of transients during the start-up of
the clustered propulsion system of the Cyclone-4M
launch vehicle was carried out on the basis of the de-
veloped start-up nonlinear mathematical model.

The results of these studies show that the installa-
tion of the POGO-suppressor has generally a positive
effect on the quality of the transient process in the
feed system of the propulsion system. That is why the
overshoots and dips of propulsion system parameters
during its start-up are largely leveled by the flexibility
of the gas cavities in suppressors. The main results of
the transient processes’ study for the case of the syn-
chronous start-up of all rocket engines are shown in
Fig. 5...8. The following designations are used here:
I is without POGO suppressor; 2 is with POGO-
suppressor near the collector (standard location); 3
is with POGO suppressor at engines inlet.

mod % (jo)
dPro

20

15

10

0

2_

—8 1 1 1 1 1

10 20 30 40 f, Hz
b

Fig. 4. Pressure dynamic gains (¢ is a module, b is an argu-
ment) of the LOX feedline of the LRE of the Cyclone-4M LV
(1st stage) at nominal LOX pressures and temperatures at the
engine inlet (curves / is without cavitation; curves 2 is taking
into account cavitation in the pumps; curves 3 is with cavita-
tion and the POGO-suppressors near the collector)

G0, kg/s
1000 |

800

600

400

200

1 2 t,s

Fig. 5. The start-up transients of LOX flowrate at general feed-
line
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Fig. 6. The start-up transients of LOX pressure at the collector
G0, kg/s

250 F
200

150
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50

1 2 1,s

Fig. 7. The start-up transients of LOX flowrate at the engine
inlet

Fig. 5 and Fig. 6 shows that the installation of the
POGO-suppressor near the collector makes it pos-
sible to reduce the flow rate dip in the main pipeline
Gyo in the time interval 1.23...1.27 s by more than
2 times (from 313 kg/s to 150 kg/s) and significantly
reduce fluid pressure overshoots in the collector from
14.0bar (r=0.965s), 15.4bar (= 1.24s), and 10.5 bar
(t=1.46 s) to a level of no more than 7.1 bar. The
POGO-suppressor installation at the liquid rocket
engine inlet allows the eliminating of the flow rate

drop in the main pipeline G, and the reduction of
the fluid pressure overflow in the collector p;,, toa

level of no more than 5.6 bar.
By contrast, for transient processes of flow rate
G,, and pressure p,, at the inlet to the liquid rocket

10

Dyio» bar
25 r

20

15

1 2 t,s

Fig. 8. The start-up transients of LOX pressure at the engine
inlet

y,cm
1F

—4 1 1 1
0 1 2 t,s

Fig. 9. The transients of suppressor coordinate of the position
of the bellows cover y during the start-up

engine, the next fact is investigated. Fig. 7 and Fig. 8
show the installation of the POGO-suppressor near
the collector practically does not change the value of
the flowrate drop of about 82 kg/s in the time inter-
val 1.23...1.27 s and also does not eliminate the pres-
sure surge of 17.2 bar (at the moment of start-up time
t=0.96s). Installing a POGO suppressor at the inlet
to engines allows us to avoid a drop in flow G, and
significantly reduce all overshoots p,, to a level not
exceeding 6.0 bar.

Fig. 9...11 show the transients (time dependences)
of main parameters of a POGO-suppressor for the
start-up of the Cyclone-4M launch vehicle propul-
sion system (coordinate of the position of the bel-
lows cover y, the pressure p; in the gas cavity of
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p,, bar
8 L

0 1 1 1
1 2 t,s

Fig. 10. The transients of suppressor gas pressure p . during the
start-up

G, kg/s
250 |

200

150 |

100

50

fs

Fig. 12. The transients of fluid flowrates at the LRE inlets for
the case of asynchronous propulsion system start-ups

Gy, kg/s D 10, bar
100 25 1
20
50
1 2 15
0 10
5
—50 L L L 0
0 1 2 t,s

Fig. 11. The transients of the suppressor G, flowrate start-up

the suppressor, and the flow rate of the liquid through
the suppressor Gy, ) for the case of the synchronous
start-up of LRE and the installation of a POGO-sup-
pressor near the collector (curves /) and at the engine
inlet (curves 2).

An analysis of these figures shows that although the
bellows cover does not sit against the stop, its stroke
can reach several centimeters. The maximum liquid
flowrate G, into the POGO-suppressor (75 kg/s)
can briefly reach a third of the nominal oxidizer flow-
rate through the engine.

Based on the results of mathematical modeling of
the start-up of the propulsion system of the Cyclone-
4M launch vehicle, the analysis of the effect of the

Fig. 13. The transients of fluid pressure at the LRE inlets for
the case of asynchronous propulsion system start-ups

four RD-870 engines asynchronous operation was
carried out.

For the case ofa POGO-suppressor placing near the
collector, it is shown (see Fig. 12 and 13) that possible
displacements of the start moments of engines (curves
1, 2, 3, 4 correspond to the numbers of engines) lead
to a deterioration in the quality of transient processes
in flow rate G, and pressure p,., at the inlet to the
engines (compared to the option when all engines are
started synchronously — curves 0).

So, in the time interval 0.95...1.35 s, for some vari-
ants of the displacement of start moments of engines’
start-up, an abnormally large drop in the oxidant
flow rate at the inlet to the engines G, and pres-
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Fig. 14. Transients of LOX flowrate at the inlet to the liquid-
propellant engine with asynchronous starting of the engines
(the suppressors at the inlets to the LRE)

Do, bar
25
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I5r
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Fig. 15. Transients of LOX pressure at the inlet to the liquid-
propellant engine with asynchronous starting of the engines
(the suppressors at the inlets to the LRE)

sure overshoots p,, are observed. For example, for
the values of the displacement times of engine start-
up: the second by 0.0375 s, the third by 0.0625 s, and
the fourth by 0.0750 s relative to the first, the oxidizer
flow rate at the inlet to the engines G,, of the fourth
engine is 1.7 kg/s (for the case of the synchronous
engines’ start-up — 70.8 kg/s).

The maximum value of the pressure at the engines’
inlet p,, of the fourth engine reaches 20.0 bar (while
in the case of the synchronous engines’ start-up,
this value is 18.1 bar). Note that in the absence of a
POGO-suppressor, the maximum pressure at the en-
gines’ inlet can reach 33.6 bar.

12

As a result of mathematical modeling of the start-
up of the propulsion system of the Cyclone-4M
launch vehicle (with a shift in the start time of engine
start-ups’ sequence), it is shown that the installation
of POGO-suppressor at the engine inlet leads to a
more significant improvement in the quality of tran-
sient processes in terms of flow rate G,, and pres-
sure p,, at engine inlet (see Fig. 14 and 15, where
y-axis scales and designations are similar as in Fig.
12 and Fig. 13). The calculated dependences of the
flow rate at the engine inlet G,, on time for the pro-
pulsion system start-up do not have significant gaps.
The maximum pressure at the engine inlet p,, for
the entire start-up time does not exceed 6.7 bar. It is
3 times less than in the case of installation POGO-
suppressor near the collector (20.0 bar).

It seems that a significant difference in transient
processes for placing POGO suppressor near the col-
lector and at the engine inlet is due to the following
factors. Disturbances in the oxidizer feed system dur-
ing the start-up of the propulsion system of the Cy-
clone-4M launch vehicle (caused first by the open-
ing of the oxidizer valves, then by the ignition of the
propellants in the gas generator and the subsequent
increase in pressure in the gas generator) spread from
the engine inlet upstream.

The placement of the POGO-suppressor at the en-
gine inlet contributes to the effective localization of
these disturbances. The location of the POGO-sup-
pressor near the collector leads to their considerable
distance (5 meters) from the sources of disturbances
in the pipelines from the collector to the engines.
This POGO-suppressor, located at the other end of
the pipeline, cannot effectively eliminate disturbanc-
es as the POGO-suppressor at the engine inlets.

Thus, it is shown that installation of POGO-sup-
pressor both at the engine inlet and in the branches
on the RD870 rocket engine near the collector has a
significant positive effect on the quality of transient
processes for the start-up of the propulsion system of
the Cyclone-4M launch vehicle. Placing the POGO-
suppressors at the engine inlets is not standard. Here,
the POGO-suppressor placing is considered without
reference to the layout of the rocket propulsion sys-
tem in order to increase the efficiency of damping
transients during the rocket engines’ start-ups. At
least two problems are successfully solved with the
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help of the POGO-suppressor at the engine inlets.
The first problem is ensuring the liquid launch ve-
hicle POGO stability. The second problem is improv-
ing the quality of transient processes for the start-up
of the propulsion system, including under conditions
of asynchronous liquid rocket engine start-up as a
part of the clustered propulsion system.

CONCLUSIONS

A mathematical model has been developed for the
start-up of a clustered propulsion system of the
Cyclone-4M launch vehicle, including four main
RD-870 rocket engines. This model takes into
account POGO-suppressors and the asynchronous
start-up of the liquid rocket engine. A nonlinear
mathematical model of low-frequency dynamic
processes in POGO suppressor with bellows
separation of liquid and gas media is presented. A
significant effect of cavitation in the engine pumps
and POGO-suppressors on frequency characteristics
of the oxidizer feed system of the propulsion system
is shown.

On the basis of the developed mathematical mod-
el of the start-up of the propulsion system, start-up
transients were studied for the clustered propulsion
system of the Cyclone-4M launch vehicle. These
studies take into account the asynchronous entry into
operation of the liquid rocket engine and the installa-
tion of POGO-suppressors as in the branches on the
RD-870 rocket engine near the collector (standard
placement) and at the engine inlets (as alternative
option).

The analysis of transient processes in the oxidizer
feed system of the propulsion system under consider-
ation, the dependences of the flow rate and pressure
at the engine inlet on time showed the following.

1. For the case of the synchronous engine start-up,
the installation of POGO-suppressors near the col-
lector allows eliminating all pressure overshoots at

the engine inlet (except for one of 17.2 bar). These
pressure overshoots exist in the propulsion system in
the absence of POGO-suppressors. For installation
suppressors at the engine inlet, the pressure over-
shoots at the engine inlet are limited to 6.0 bar, i.e.,
that is, the pressure overshoots are practically absent.

2. The asynchronous entry into operation of the
RD870 rocket engines negatively affects the time de-
pendences of the flowrate and pressure at the engine
inlets for suppressors locating near the collector. So,
in the start-up time interval 0.95...1.35 s, for some
variants of the displacement of the start moments of
the engines’ start-up sequences, the abnormally large
drops in the LOX flowrates and pressure overshoots
at the engines’ inlet are observed. The asynchronous
start-up of the RD-870 engines for POGO-suppres-
sors installation at the engine inlets does not signifi-
cantly change the propulsion system start-up tran-
sients.

3. Thus, it has been shown that the installation of
POGO-suppressors both at the engines’ inlet and in
the branches on the RD-870 rocket engine (near the
collector) has a significant positive effect on start-up
transients for the propulsion system of the Cyclone-
4M launch vehicle. Placing the POGO-suppressors
at the engine inlets is not standard and is considered
without reference to the propulsion system layout.
Nevertheless, the suppressors installed at the engine
inlets are effective issues of eliminating overshoots
and dips in the parameters of the propulsion system,
as well as under conditions of the asynchronous start-
up of a liquid rocket engine as a part of the multi-
engine propulsion system.

The results obtained can be used in mathematical
modeling of the start-up of the first stage propulsion
system either for multistage sustainer rockets used
in parallel with booster rockets or for the clustered
multi-engine rocket propulsion system containing
POGO-suppressors.
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I THeTuTyT TexHiuHOT MexaHiky HauioHanbHOT akaneMii Hayk Ykpainu i JlepXXaBHOTo KOCMIYHOTO areHTCTBa YKpaiHu
By Jlemko-Tlomens 15, Aninpo, Ykpaina, 49005

2 lepsxaBHe minnpuemcTso «KoHcTpykropebke 61opo «ITiBneHHe» iM. M. K. SHressi»

ByJ1. KpuBopisbka 3, [IHinpo, Ykpaina, 49008

MATEMATUYHE MOJIEJTIOBAHHS 3ATNTYCKY BATATOABUTYHHOI PIAMHHOI PAKETHOI YCTAHOBKMU
I CTYINEHA PAKETU-HOCIA «HUKJIOH-4M» 3 JEMII®EPAMU MMO3JOBXHIX KOJIMBAHb

MapioBi pinuHHI pakeTHi nBUTyHHi yctaHoBKM (PPY) mepimx cTymeHiB kocMiuHuX pakeT-HOCiiB (PH) cepemHboro, Baxkkoro
i HaJBaXXKOTo KJIacy 3a3BMYail BKJIIOYAIOTH AeMIlpepy MOB3IOBXHIX KOJMBAaHb, sIKi € OMHUM 3 TMOIIMPEHUX CIOCOOIB YCYHEHHS
no300BXHix komuBaHb pinnHHUX PH (POGO-konmuBanb). OgHaK 10 TEMEpillHbOTO Yacy TEOPETUYHI JOCTIIKEHHS 1 aHali3 BILIMBY
BCTaHOBJIEHHs JIeMII(epiB MO3MOBXHIX KOJMBAHb y KUBJISIUMX MarictpaisiX MaplIOBUX PiIMHHUX pakeTHUX auryHiB (PPI) Ha
mepeximHi mpoiecu B cucTemax Ipu 3amyckax PPJI He mpoBoanincs yepes CKIaaHICTh 30iiCHEHHST TAKOTO aHaJli3Yy, i Ieplil 3a Bce —
yepe3 BiICYTHICTb TOCTOBIPHUX HETiHIMHMX MoIesIeil KaBiTalliiHMX SIBUIL B HACOCaXx.

Po3pobiieHo MatemMaTuuHy Moesb 3amycKy oararonsuryHHoi PPV I crynens paketu-Hocis «lLlukimoH-4M», 1110 BKJIIOYAE YO-
tupu Mapinosux PP P/1-870, 3 ypaxyBaHHSM BCTaHOBJIEHHS IeMIepiB MO3M0BXKHIX KOJIUBaHb i HeogHoYacHoro 3amnycky PP/I.
[IpencraBneHo HeniHiliHY MaTeMaTUYHY MOJETb HU3bKOYACTOTHUX AMHAMIYHUX TIPOIIECiB y AemIihepax MO3A0BXKHIX KOJIMBAHb 3
cruIbGOHHUM PO3MOJIIIOM PiKOTO i ra3oBoro cepenosulll. [TokazaHo cyTTeBMIl BIUIMB KaBiTallii B Hacocax ABUTYHIB i nemrmdepinB
MO3IOBXHIX KOJIMBAaHb HAa YACTOTHI XapaKTepPUCTUKU CUCTEMU KUBJIeHHST okucaioBaueM PP/1Y. Ha ocHoBi po3po0bieHoi MaTema-
TUYHOI Mojeni 3amycky PP1Y nocnimkeHo nuHamiuHi pouecu rnpu 3anycky 6aratoasuryntoi PPY I crynens PH «lukinon-4M»
3 ypaxyBaHHSIM HEOJHOYACHOTO 3amycKy okpemux PP/l i BctaHOBIeHHs AeMIIepiB MO3A0BXKHIX KOJUBAHb SIK Y BiITaTy>KEHHSIX Ha
PPJ1 P/1-870 6inst kosiekTopa (IUTaTHE PO3MIlLIEHHSsT), TaK i Ha BXOAi y ABUTYHU. AHAJII3 MEePeXiTHUX MPOLECIB y CUCTEMi KUBJICHHS
okucaoBadeM po3rissHytoi PPI1Y, 3anexxHocTeil BUTpaTH i TUCKY Ha BXOJi Y IBUTYH BiJl Yacy BUSIBUB TakKi 0co0auBoCTi. [To-mepiie,
BCTaHOBJIEHHS ieMTI(epiB MO3M0BXKHIX KOJTUBaHb OiJ1s1 KOJEKTOpa JO3BOJISIE TPU OJTHOYACHOMY 3aITyCKy IBUTYHIB YCYHYTH Ha BXO[i Y
JIBUTYH Malixe BCi 3aKUIaHHS TUCKY, sIKi Masu Miciie it PPI1Y, He ocHatieHoi nemrdepamu mo310BXKHiX KoiauBaHb. [1pu BcTaHOB-
JieHHi femrdepiB Ha BXOJi Y ABUTYHU 3aKUIaHHS TUCKY Ha BXOJli y IBUTYH NMPaKTUYHO BiacyTHi. [1o-apyre, HEOAHOYACHICTh BCTYITY
B poooty PPJI P/1-870 HeraTuBHO BimOMBA€ETHCS Ha 3aJIEXKHOCTSIX Bill Yacy BUTPATH i TUCKY Ha BXOMi Y ABUTYH IPU pO3TalllyBaHHI
nemrdepis Oinst Kosekropa. Tak, B iHTepBai yacy 0.95...1.35 ¢ uist [esikux BapiaHTiB 3MillleHHSI MOMEHTIB MTOYaTKy 3aITyCKy ABUTYHIB
CIIOCTEPIra€ThCsl aAHOMAJILHO BEJIMKE MaiHHS BUTPATU OKKCIIOBaYa Ha BXOJi Y IBUTYHM i 3aKMAaHHS TUCKY Ha BXO/i y ABUryHU. Heo-
JTHOYACHICTh 3amycky aBuryHiB P/1-870 npu BctaHOBIEHHI AeMIipepiB HA BXO/i Y IBUTYHU ICTOTHO He 3MIiHIOE TEpeXiliHi npoiecu
npu 3amycky PPIY B mopiBHSIHHI 3 OMHOYaCHMM 3aITyCKOM ABUTYHIB. [1o-TpeTe, moka3aHo, 110 BCTAHOBJAEHHS AeMII(pepiB Mo310-
BXXHIX KOJIUBaHb SIK Ha BXOJIi y IBUTYHH, TaK iy BigranxyxxeHHsix Ha PP/] P/1-870 6iist Kojekropa, Ma€e CyTTEBUIA TIO3UTUBHUIT BIUTUB
Ha SIKiCTh nepexinHux npouecis ripu 3amycky PPIAY I crynenst PH «llukion-4M». Po3mitieHHsT gemMIiepiB MO3A0BXKHIX KOJIMBaHb
Ha BXOJIi y JIBUTYHU HE € IITaTHUM i PO3IJISIIa€Thes Oe3 TIpUB’sI3KK 10 KomrioHyBaHHsT PPJ1Y. Pazom 3 Tum neMrdepu, BcTaHOBJICHI
Ha BXOJi Y IBUTYHH, € Ti€BUM 3aCO00M YCYHEHHSI 3aKMIaHHs i mpoBaiiB mapameTpiB PPI1Y, 3okpema B yMoBax HEOMHOYACHOTO 3a-
nycky PPJ1 y ckitani 6araTogBUryHHOI yCTAHOBKM.

OTpumMaHi pe3yabTaT MOXHA BUKOPUCTOBYBATHU IMPU MaTeMaTMYHOMY MOJIEIIOBaHHI 3amycKy MapiiuoBoi PPIY pakeTtu-Hocis
MMakKeTHOI cxeMu abo O6aratoaBuryHHoi PPI1Y, 1o Mictath neMrichepu MOB3IOBXHIX KOJMBaHb.

Karouogi caosa: piniHHM pakeTHUI ABUTYH, HU3bKOYACTOTHI IMHAMIUHI ITPOLIECH, 3aMMyCK, KaBiTallisl B Hacocax, CUCTeMa >KUBJICH -
H$1, HEOTHOYACHICTb 3aITyCKy, IeMIichep MO3M0BXHIX KOJIMBaHb.
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B3AEMO/IA XBUAJIb I YACTUHOK ITPU THXKEKIITT
MOZAYJIbOBAHOI'O EJTEKTPOHHOI'O ITYYKA
B IOHOCOEPHY ILIASMY. TEOPIA TA EKCIIEPUMEHT

IIpedcmasaeno pezyrsmamu aKkmueHo20 eKCNEPUMEHMY 8 KOCMOCI 3 iHIICeKUIEI0 NYUKI6 3apsao0diceHuX YacmuHoK (eaeKmpoHie ma
ioHie KceHoHY), nposedenoeo Ha cmanuii «Inmepkocmoc-25» i douipnvomy cyocynymuuxy «Maeion-3». Pesyasvmamu exchnepumeH-
my OmpUMaHo 6 yMo8ax, Koau Ny4Ku 4acmuHoK 0yA0 [HICEKMOEAHO Y NPOMUACHCHUX HANPAMKAX 6I0HOCHO MazHimHo2o noaa B
MmaKum YUHOM, W0 eAeKMpPOHHA iHJceKyis Oyaa HanpamaeHa 00 3emai. Mexanizmu nyukosux Hecmillkocmeil po3eAsHymo w000
30Y0CeHHS eNeKMPOCMAMUYHUX | eNeKMPOMACHIMHUX X8UAb C8UCMO06020 Jiana3ony npu inycekuii nyuka easekmponie (~10 keB,
0.1 A) 3 6opmy «Iumeprkocmoc-25». Pozeumok nonepeuroi Hecmilikocmi Ha NepuiomMy YUKAOMPOHHOMY PE30OHAHCI NPU3E00UMb 00
30Y0XCeHHS CBUCMOBUX X8UAb, CNPAMOBAHUX HA3YCMPIY NOMOKY [HICeKMO8aHUX enekmpoHie (8i0 3emai). O6’cxkmom docaioxncernv
6yau 30ypeHi iHdceKyiclo nomoku ioHocghepHux eaekmpotie 6 wiupokomy dianasoni enepeiii 27 eB...412 keB, 3apeccmposani 3a
doNnoMO00 CneKmpoMempie 3apsa0diceHux 4YacmuHok Ha cyocynymuuky «Maeion-3». Toomo, é3aemodis ceucmie 3 nomokamu io-
HocghepHUX eneKmpoHie 6yaa nPpOCMUMYAbOBAHA MEXAHIZMAMU nepeoati enepeii muny «4acmuHKa — Xeuas — yacmunka». Yucnosi
pe3yabmamu po3eUmKY HeCmiikocmeu pO32AAHymo MaKoic y NOPIGHAHHI 3i 3HAYCHHAMU OCHOGHUX NAPAMEMPIE Menao60i naasmu,
OMPUMAHUMU 8 PIZHUX MOUKAX NPOCMOPY HA CMAHUIT ma cyOCYynymHuUKY. 30y0xiceHHs n03008ICHbOI ma nonepeuHol NyuKosux He-
cmilikocmetl HeMuHy4e npuszeede 00 iXHb0i KOHKYPeHUYIL, w0 Mamume 6NAUE HA pe3yAbmamu eKxchepumenmy. Jlani cmumyabo8anux
NOMOKI8 I0HOCGHEPHUX eaeKMPOHIE 00360410Mb 0CAIOUMU PIBHOMAHIMHI egheKmu 83AEMO0il X8UAST — YACMUHKA 3 YPAXYBAHHAM
8nAUBY WBUOKOCMI pocmy N03008XCHbOI Hecmilikocmi Ha Kym 30y0xceHHs ceucmie ma ixuio cmpykmypy. Taxuil nioxio 6azyemocs
Ha pe3ynbmamax 1a6opamopHux eKkcnepumenmie w000 eusHaverHs 0iazpamu cnpaMo8aHocmi 30Y0JiceHux ceucmie s eneKkmput-
HOI QUNOAbLHOI aHmMeHU ma anaioeii NY4K0B0-NAA3M08020 KAHANY 3 GUNPOMIHIOBANbHOIO cucmemolo. Pesyibmamu pozeasanymoeo
AKMUBHO20 eKCnepumMeHmy niomeepoAuCyIomsd 3aAelCHICMb WEUOKOCMI POCMY NONePeHHUX X6Ub 8i0 PO3BUMKY NO3008ICHbOI NyU-
K060i Hecmitikocmi.

Karouosi caosa: nyukogi Hecmitikocmi, YuKA0MpPOHHI pe30HAHCU, 3AEMO0IS X8UAST — HACMUHKA, CGUCTU.
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1. BCTYII

PosrisinaeTbes iHXeKI1isi MOAYJIbOBAHOTO Ha YacTo-
Ti 40 k111 ctaboeHepriifHOTo eJIEKTPOHHOIO MyYKa 3
TPUBATICTIO MiKPOIMITYJIbCY 2 MKC i OB’ sI3aHi 3 HElO
MPOLIECU PE30HAHCHOI B3aEMOIi1 XBUJIb i YACTUHOK
B ioHOCc(epHiil mma3Mi. EnekTpoHHa iHXEKIIis cy-
IIPOBOAXKYBajacsd poOOTOI iOHHOTO IPUCKOPIOBa-
ya, a TAKOXX HAIyCKOM HEHTpaJibHOTO ra3y KCEHOHY.
ToMy MOXHa rOBOPUTH MPO CKJIAAHY eJieKTpomar-
HIiTHY 0OCTaHOBKY B 00J1aCTi iHXKeKIlil, a TAKOX PO
30yII>KEHHSI XBUJb B IIMPOKOMY Jiana3oHi 4acToT.
iarHocTMKa TIpoIEeciB 30YyMKEHHS XBWJIb i MpPU-
CKOPEHHSI YaCTMHOK 3MiMCHIOBAJACh SK B TOYIII
iHXKeK1il Ha ctaHLii «IHTepKocMoc-25» [21], TaK i
y BimpajieHiii Ha BimctaHi mopsaky 100 kM oGiac-
Ti ioHocdhepu Ha cyOcynmyTHUKY «MarioH-3» [19].
Oco0nmBy yBary OpUIJICHO BUBUEHHIO €JIEKTPO-
CTaTUYHOI 1 IyYKOBO-aHi30TPOMHOI HECTIMKOCTI
OO 30YMKEHHS MO3J0BXHIX i CBUCTOBUX XBWJIb,
a TaKOXK MOAAJbIIOI iIXHbOI PE30HAHCHOI B3aEMO/Iil
3 yacTMHKaMM ioHocdepHoi ma3dMu. Lli mutaHHS
B3a€EMO/Iii My4yKa Ta Iia3Mu Oyi1u 00’ €KTOM AOCHia-
XKeHb B pobotax [10, 11] 3a maHuMu ioHOCGhEepHUX
AKTUBHMX €KCIIEPUMEHTIB i [8, 9] Ha miaATpUMKY Ja-
0OpaTOPHUX EKCIEPUMEHTIB Y BEIMKIill IIa3MOBIi
KaMmepi. Y mpolueci iHXeKlIlil eJeKTPOHHOIo Iy4ykKa
(e-myuka) y 1mjaa3mMy BinOyBaeTbCsl OMHOYACHE 30Y/I-
>KeHHSI 000X THUIiB XBWJIb, aJIeé 3 Pi3HOIO IIBUJKIC-
Tio pocTy. KOHKypeHI11isl T0310BXKHBOI i ToNepeyHOo1
HECTiMKOoCTel MPpU3BOAUTH IO CYTTEBOI Moaudika-
i1 GYHKIIIT po3MoaiTy My4yKa Ta IUIa3Mu, 3MiHU Ky-
TiB 30YIKEHHSI XBUJIb, i B KiHIIEBOMY ITiICYMKY — IO
BTpaTU 3HAYHOI YaCTUHM IT0YATKOBOI €HEeprii ImyJKa.
OO0u1aBI HECTIKOCTI MOKAa3YyIOTh CBOE MaKCUMaJIbHE
3pOCTaHHSI TIPY XBWILOBUX BEKTOpax k, OJU3bKUX
JTO TTIO3JIOBXXHIX BiTHOCHO 30BHIIITHHOTO MarHiTHOTO
noJjisi. 3a pe3yJbTaTaMu YKMCJIOBOTO MOJETIOBAaHHS
MorepeyHa HecTaOibHICTh TIOBiJIbHIIIIE BUXOIUTH
Ha CBilf MAaKCUMYM IIiCJISI TOTO, SIK ITO3M0BXHS He-
CTaOUIBHICTb IOCSITHE PiBHSI HAaCUYEHHS, 30€pirim
JIOCTaTHI! piBeHb aHi30TPOMii i IIILHOCTI My4yKa
[18]. V maHiit pobori, 51K i B podotax [10, 11], po3-
[JISIIAETHCS 30YIKEHHS MO3J0BXHIX XBUJb Ha Ye-
PEHKOBCHKOMY PE30HAHCI i CBUCTOBMX Ha Ieplliil
LUKJIOTPOHHIN TapMOHili, 3MillleHili B pe3yJib-
TaTi HopMmaJibHOTO edekTy ommuepa. Bubip miel
CXeMM PO3BUTKY HECTIKOCTel HEe BUIAAKOBUM i

MOB’sI3aHUI, HacaMrmepel, 3 BUBYCHHSIM MpPOILIe-
CiB MOIYJISALII €JIEKTPOHIB MydKa Y TOJIi 3yCTpiuHO1
cBUCTOBOI Monu. IIydykoBo-Ij1a3MoBa 4YepeHKOB-
ChKa HEeCTaOUIbHICTh Tpa€ 3HAYHY POJIb Y IIa3MOBIl
HBY-enexkTpoHilli, Koiu WAETbCS MPO BUMYILIEHE
BUIIPOMIHIOBAaHHSI Ha MOOBXWHI B3a€MOmil ITydKa,
MpoTe B HAIlIOMY BUITIaJKy BOHA Ma€ CKOpillle mapa-
3UTHUI XapaKTep, OCKITbKM BIJIMBAE HA IITICHICTh
nyuka. CrioctepiratoTbesi TaKOX 30BCiM iHIIII MacIII-
TaOu, LITBHOCTI TTydyKa Ta TIa3MU, a TaKOXK aMILi-
TyIM 30yIK€eHUX XBWJIHLOBMX I10J1iB. barato nmuraHb
BUHUKAE IIOA0 €BOJIOLIl MOIYJIhOBAHOIO ITy4yKa
B ioHOC(epHiil mIa3Mi, a TaKOX IIpo Te, SIK (op-
Ma iMITyJIbCY BIUIMBA€E Ha e(eKTUBHY MOIYJISIIIIO B
30BHIIIHIN o0yacTi. OgHaK B maHiil poOOTi BBaXa-
TUMEMO, IO B JajieKiil 30Hi B3a€EMOZii ILIiIbHICTb
MOJYJbOBAHOTO IydykKa Majlo YWM BiApi3HSIEThCS
BiJ HEMOIYJbOBaHOI iHXKeKii [4]. JI1st 30ymKeHHS
MJa3MOBUX XBUJIb MpUAMa€ETbcsl popMalliaM B3ae-
MOl IBOX MO3MOBXHIX MOJI, OAHA 3 IKMX € TIOBiJIb-
HOIO XBWJIEIO IIPOCTOPOBOTO 3apsiay ITydyka 3 Hera-
TUBHOIO eHeprielo [6, 15].

2. HAYKOBE OBJIAJIHAHHS
TA KOH®ITYPAIIISA THXEKIIII

IoHHUM iHXeKTopoM OyB CTalliOHApHUU IJIa3MO-
BUI IPUCKOPIOBAY i3 3aMKHYTHUM JIpeilpoM eJieK-
TPOHIB 1 MO3IOBXHIM IMPUCKOPEHHSIM IOHIB KcCe-
Hony (Y3II1, puc. 1). loHHMIi cTpyM 3MiHIOBaBCS
y Mexax [, ~ 2.0...2.6 A, a eHeprisl ioHiB Ha BUXOJi
nocsrana 250 eB. s iHXeKl1il eJIeKTPOHiB BUKO-
PUCTOBYBABCSI TPSIMOKAHAJIbHUMN 3-€JeKTPOJHUIA
npuckopioBau (EIT) 3 yactororo momysnsuii 40 kIir.
KepiBnuii enektpon EIT 3abGe3neuyBaB CTOBinCOT-
KOBY MOJIYJIALIiO €IEKTPOHHOTO cTpymy 7, ~ 100 MA
i (opmyBaB OKpeMi MiKpOiMMyJbCH TPUBAJICTIO
2 Mkc. ITyuku 3apsiakeHUX YaCTUHOK 1HXKEKTYIOTh-
csl Ha (pOHi HAIlyCKy HEHTpaJibHOIO Ira3y KCEHOHY;
LIBUAKICTh BUTiIKaHHs rasy 3 mI'/c.

OCHOBHI XapaKTepMCTUKM iHXKEKTOpPIB Ta iHIIII
rnapamMeTpu My4YKOBO-TIa3MOBOI CUCTEMU (B €KC-
nepuMeHTax Ha Butkax 190, 337) mpencrasieHo y
Tabn. 1. Ins peectpallii eHepriiHUX 3apsiIKeHUX
YaCTUHOK Ha CYOCYMyTHUKY BUKOPHCTOBYBAaBCSI
cnektpoMerp HOK-A, 1o BuMipioBaB HOTOKHU
€JIEKTPOHIB Ta iOHIB ISI BOCBMHU €HEPreTUYHUX
piBHiB y miamazoni 25...420 i 20...1300 keB Binmo-
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Puc. 1. Imxexuis eJIEKTPOHHOrO (e”) Ha IIMOUHY /, Ta iOH-
Horo (Xe™) nyukiB y NpOTMIIEKHNX HANPSAMKAX, Y3I0BX Mar-
HitHoro mona By, EIT i Y3[IT — enekrpoHHuit Ta ioHHMIA
MPUCKOPIOBaYi, MaBadi CIIEKTPOMETPIB 3apsIIKeHUX YacTH-
Hok MIIC, JOK-A Ta gunonbHa anteHa [TPC-C noka3ani
B CYITyTHUKOBI#1 i cyOCyITyTHUKOBII cuctemax OXYZio'x'y'z,
BIiIMOBIAHO (ocpl, oy — MiTY-KYTH PEECTpallil YaCTUHOK Aa-
Bavamu 'le’, "2¢’, D ~ L; o, o,(k,), 03(k;) — yacTtoTu mo-
BiJIBHOT XBUJIi TTPOCTOPOBOTO 3apsiIy e-TMyvykKa, CBUCTOBOI Ta
TUIa3MOBOI XBWJIb, 30Y/DKEHUX Y3I0BX HAMPAMKIB 0, i 05 Bif-
TOBITHO)

BigHO. BuMipioBaHHSI MOTOKIB IIBUAKUX YaCTUHOK
MPOBOIMIIOCS 3a JOITOMOTOIO JBOX Iap JETEKTOPIB
1E,1P i 2E,2P, BcTaHOBIIEHUMX Ha CyOCYIIyTHUKY
«MarioH-3» i OpiEHTOBaHMX I10 ABOX B3a€EMHO IIep-
NeHIUKYIIpHuX HanpsimMkax. Herexkropu 1E, 1P
CIPSIMOBAHO Y3[0BX oci 7', a nerekropu 2E, 2P —
y TUIOIIMHI —X', —)'. 3apsiiKeHi YaCTUHKU M’ SIKUX
eHepriii peectpyBaiucst crekrpomerpom MIIC 3
JIBOMa TUIIaMU JaBayiB i 3arajJlbHUM OJIOKOM eJIeK-
TpoHiku. ENeKTpoHU Ta i0HU IeTeKTYBaJIUCh B Mia-
na3oHi Bim 10 eB mo 20 xeB 3a momomoroio mBox
TOPOIdaJbHUX aHaJi3aTOPIB 3 IIiCThMa BisUIOIIOAIO-
HUMM CEKTOpaMH Yy TUIOLIMHI, MapajieJibHiil oci 7’
TaKUM YMHOM, 1110 BUMipIOBaHHS OXOILIIOBAIU BECh
Jiama3oH IiTY-KYTiB, K MokKa3aHo Ha puc. 1. Ilo-

18

TOKHU €JIEKTPOHIB MO IBOX HAMpsIMKax Y3I0BX OCi 7'
BUMIpIOBAJIMCS 32 JIOMOMOIOI0 JBOX OKPEMUX IIM-
JIIHAPUYHUX €JIEKTPOCTATUYHUX aHasi3aTopiB. Bech
Jliarma3oH BUMIpIOBaHb AiTMBCS Ha 16 eHEpreTHYHMX
CTyIIEHIB 1 Mir 3MmiHIOBaTHCI mo Komanzi. Ckia-
JIOBi MarHiTHOTO MOJIsI Ha CTaHUii i CyOCyMyTHUKY
Oy/in BUMIpsiHi (hepO30OHIOBUMU MarHiToMeTpamu
CI'P-5 i CI'P-6 3 Ttounictio 1 uTn i 2/16 HTn (3a-
JIEXKHO Bill BEJIWYMHM) BiamoBigHO. TOYHICTH BU-
MiploBaHb 3 BUKOPUCTaHHSIM MarHiTomeTpa, BCTa-
HOBJIEHOI'O Ha CYOCYNYTHHKY, 3MiHIOBajacs aBTO-
MaTUYHO B 3aJIEXXHOCTI Bill aOCOJIOTHOT BEJIMUUHU
MAarHiTHOTO MOJIS |B0|- Temmeparypa enekTpoHiB 7,

Tabauys 1. XapakTepHi 3HaYeHHS NapameTpiB
MYYKOBO-IIJIAa3MOBOi CHCTEMH B ioHOCepi

[TapameTtp Butok 190 | Butok 337
CTpyM iHXeKIIii ioHiB 1 2.1..2.4
KCEHOHY i eJIEKTPOHiB, A 1, 0.1
MakcumainbHa IPUCKO- A 0.25
proBajibHa Hampyra s U,= U, 10
iOHiB/eNeKTpOHiB, KB
Yacrora MmonysAwii cTpy- | ®,,/2n 40000
My eJIeKTpoHiB, [i1
[inbHicTh HE30ypeHOT ng=n; | 1.7..4.0 | 55..7.8
wrasmu, 103 cm—3
IToTokoBa MIBUAKICTH u 0.8..1.9 | 2.7..4.6
eeKTpoHiB, 107 m/c
[ToTokoBa HIBUAKICT Vi 1.2..2.3 | 5.2..69
ioniB kcenony, 10% m/c
CepeHiii orepeyHuin Py 520 470
pO3Mip iOHHOTO Ta eJleK- P 9.7..13.0 | 0.5...1.7
TPOHHOTO TYYKiB, M
lipouacroTa ioHiB Kce- O,y 14...18 20...27
HOHY, paj/c
lipouacroTa BogHEBOI O, 1.9..2.5 | 2.8..3.6
CKJIaJIOBOI IJIa3MH,
103 pan/c
JlenrMropiBcbKa yacto- O, 0.5..1.1 | 2.2..2.6
Ta BOJIHEBOI CKJIaI0BO1
nasmu, 105 pan/c
lNpoyacroTa eJIeKTpOHiB, O, 34.44 | 44..6.2
10% pan/c
JleHrMiopiBchKa yactoTta ©pe 2.5..3.5 | 7.1..8.3
eJIEKTPOHIB He30ypeHo1
wiaszmu, 106 pan/c
JlenrMropiBcbKa yactota ®, [0.13...0.1410.14...0.27
eJIEKTPOHIB IyYKa B pe-
KUMI ac-THXeKIIiT,
10° pan/c
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Ta LIIbHICTD ioHIB TemoBoi miasmu n(V) (ae 0 <
< V< 12 B — Hanpyra po3ropTKy Ha CIiTLi iOHHOI
MacTKM) Oy BUMIpPSIHI 32 TOMIOMOI0I0 KOMILIEKCIB
KM-101i KM-13, BcTaHOBJIEHUX Ha CTaHIIil i CyOcy-
IMYTHUKY BiAIOBiIHO.

ITpocTopoBi ck1ag0Bi MOJIsl, BUMIpsIHI Y TIPSIMO-
KYTHUX cuctemax KoopauHat X, ¥, Zix', y', 7' Ha
CYITYTHHUKY 1 CyOCYITYTHUKY, TIEPETBOPEHI B HOBI IS
JIiBOI MPSIMOKYTHO1 KOOPAWHATHOI CUCTEMM X, ), Z 3
Biccio Z || B,. Bincranp Mixx cynytHukamm «IHTep-
KocMmoc-25» ta «MarioH-3» 3MiHIOBanacs y Mexax
90...110 kM U1l PO3MJISIHYTUX BUTKIB 3 aKTUBHUM
peXXuMoM po0OTH HayKoBoi amaparypu. CraHiis
«IaTepkocmoc-25» ripocrabimizoBaHa IO TPBHOX
oCsIX Y TIPOCTOPi, TOM SIK CyOCYynmyTHUK «MarioH-3»
ripoctaliji3oBaHuil TUTBKW MO OMHIN oci 7. Bech
aKTUBHUI LMK PpoOOTUM HAyKOBOI amapaTrypud He
nepesuiryBaB 10...12 xB, 1ieif yac 0OMeXXyBaBCs He
TUIBKU €HEePreTUYHOI0 EMHICTIO JKepesa >KUBJIEH-
Hs1 Ha «IHTepKOocMOcC-25», ajie if 06CsIroM raM’sTi Ha
«MarioH-3» 3 #oro BiTHOCHO BMCOKOILIBUIKICHOIO
TeJeMeTpielo. binbll nertaqbHO XapaKTepUCTUKU
HayKOBUX MPUJIaIiB, BCTAHOBJIEHUX Y MOJBilHil Cy-
MYTHUKOBII CUCTEeMi, OITUCAHO B pOOOTaX i OIIsIIax
no npoexkty ATTEKC [12, 21, 23].

3. IIYYKOBO-II'TA3MOBA
B3AEMOJISA B HABJIVZKEHHI
«XOJIOJTHA TUTA3MA — PO3ITPITAM ITYYOK»

30yIKeHHSI eJIKTPOCTAaTUYHMX 1 eJIeKTPOMArHiT-
HUX XBUJIb TIpU My4YKOBO-IIJIa3MOBili B3aEMOil Bif-
OYBAETHCS B PE3YIbTaTi PO3BUTKY MyYKOBUX HECTili-
KOCTei, 1o 06e3MmocepenHb0 KOHKYPYIOTH OHA 3
ogHow. IIBUAKICTE pOCTY MO3M0OBXKHIX XBUJIb IPU
abCOIIOTHOMY XapakTepi PO3BUTKY ITy4YKOBOi He-
CTIMKOCTI MakKCHMMaJibHa MPU YePEeHKOBCHKOMY pe-
30HaHCi, X04U 0araTo 10 3aJeXWTh Bil WOro po3-
CTPOIOBAHHS Ta iHIIMX MapaMeTpiB MydyKa Ta IJia3-
mu. ITomepeyHi xBuIi B Jiama3oHi CBUCTOBUX MO,
MOXYTb 30YyIKYBaTHCSI MyYKOM €JIEKTPOHIB SIK Yy
3BOPOTHOMY HATIPSIMKY, TaK i Y3MOBX PyXy y KOHY-
Ci KyTiB MPU LUKJIOTPOHHOMY, aHOMaJIbHO-1TUKJIO-
TPOHHOMY, a00 YEpPEeHKOBCHKOMY pe30oHaHcax. ¥
NOCUTH LIJIBbHIN ITU1a3Mi ((ofe << m;e) 30yI>KEHHSI
CBUCTOBMX MOJI BiIOYBa€ThCS MEPEBasKHO MTPOTU Ha-
MPSIMKY iHXKEKIIii My4Ka B pe3yJbTaTi HOpMaJabHOIO
LIMKJIOTPOHHOI'O pe30HaHCy. 30YMKEHHSI CBUCTOBUX
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XBWJIb B PE30HAHCHOMY KOHYCi KYTiB 3aJI€XKUTh Bif
(yHK1IiT monepeyHoro po3mno/iiy Mnydyka i oro Ha-
rpiBaHHS Ta, OYEBUIHO, BiJ IIBUIAKOCTI POCTY I10-
300BXHBOI ITyYKOBO-ILIa3MOBOI HecTiiikocTi. Po3-
KM €JEeKTPOHIB MydKa IO IMO3J0BXHIX i Tomepey-
HUX LIBUIKOCTSX IMPU3BOAUTH A0 Or0 HarpiBaHHS
B 3aJIEXKHOCTI He TiJIbKM BiJ KATOAHUX XapaKTepuc-
TUK npuckopioBaya EII, a i1 BiJ 30BHILIHUX YMOB y
IUI1a3Mi.

3.1. IHapamempu eaexmponnoi inxcexuii 6 iono-
cghepry naazmy. Ilpum BuU3HAUYEHHI XapaKTEPUCTUK
HECTIMKOCTI BaXJIMBE 3HAUYeHHS Ma€ CHiBBiZHO-
LIEHHS IIUJIbHOCTI ioHOC(hepHOl IjasMM i Mmydka,
loro HarpiBy, a00 CHiBBiIHOILIEHHSI JIEHIMIOPiB-
CBbKMX YacTOT IIJIa3MHU i Iy4YKa © 5 Ope, TA ripoyacro-
TH €JIEKTPOHIB ®,. LL{IIbHICTH MyYKa BU3HaYaIach
Ha CTajii BIIbHOIO TipooOepTaHHs sl TpyO4yacToi
MOJIeJi pO3MOoily 3aps/liB MiX IBOMa LIMJIIHAPUY-
HYMU TTOBEPXHSIMM, 1110 BUIIPABAAHO IS OLIbIIOCTI
BUIIAAKIB MiTY-KYTiB iHXKEKIIii Ta BUCOT IPOBEASHHS
aKTUBHMX eKcriepuMeHTiB [20]. 1151 oiHKu CTpymy
IHXKEKLil Ha BMXOJi €JEKTPOHHOIO IIPUCKOpPIOBa-
ya B Pi3HUX pexXMMax poOOTHM BUKOPHCTAHO TeJe-
METpUYHi mapamMeTpu cTpyMiB y MoayasTopi EIT 3
kepiBHOIO Hampyroto U; < 40 B ta nHa iforo Buxoni
(cTpyM KoJieKTOpa) JUISi MPUCKOPEHHSI €JIeKTPOHIB
JIO TMIOTEHIIiaTy Uo- B minomy 3aBpaHHS onTuMizairii
rmapaMeTpiB B paMKaX CaMOY3TOMKEeHOI JMHAMIiKU
IMy4Ka IpY TPaHCIIOPTYBaHHI 3apsimiB B ioHOChep-
Hili TUIa3Mi BUpillyBajlacsi HaMW KOMILJIEKCHUM
METOAOM. 3 ypaXyBaHHSIM TaKOTO CKJIaAHOIO Taa3-
MOXiMIYHOTO TPOLIECY, SIK 3apsiioBa HeWTpatizallist
Iy4ykKa i 0OMeXeHMX 3aC00iB IIJIsI MOro KOHTPOJIIO,
MOETHAHHS MOJEJIbHUX PO3PaxyHKiB i BUMipIOBaHb
OyJ10 €IMHO MOXJIMBUM. PeecTpawist y OmvkHii
TOYLI iHXEKIIil KBa3iCTallioOHApHMX eJICKTPUYHUX i
MarHiTHUX MOJIB Ta IXHIX CKJIaZOBUX B Pi3HUX Jia-
Ma3oHax 4acToT Oyja ODHMM i3 TaKMX MOMEHTIB.
EdexTu mpocTtopoBoro 3apsiay Iydyka ajisl TOCUTh
Husbkoro nepseancy EIT 10-8...10~7 A/B3/2 npu-
3BOJSTH 10 PO30IKHOCTI e-ITyyKa BxXKe Ha IoYaTKo-
Bilf cTazii iioro iHmxexuii. ¥ Touti z ~ 0 eheKTUBHMIA
IMTY-KYTOBUI PO3KUI ITy4Ka

Ao/ = Aa, +
2me

+———(8E, +v3B, sino,, —VSE}, cosa,,) (1)

mvo,,
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Puc. 2. Crpym enex-

r1 'I *11
TPOHHOTO my4yka [,
= v, (n 1, I, B 3a/mexHOCT Bi
MiTY-KyTa iHXEKIil e
= Ta e(eKTUBHOrO po3-
et KUY KYTiB Ao’ JUTST TBOX
IPAaHUYHUX  BUITAJKIB:
’
a a—(xpe+AOL/2>n/2,
p IO=11+.I;6—ape£
1,=1, < Aa/2. Bich z HampaB-
— JieHa y3I0BX MarHiTHO-
ro nojist B,
Ad'at,, z
6

BimoOpaxkae aMILIITYOHY MOMYJISIII0 Iy4YKa eIeK-
TPOHIB y KBa3iCTalliOHApHUX IIOJISIX 3a 4Yac IO-
PSUIKY JEKUIBKOX TipoobeptiB 2n/o,,. Tyt e/m —
BITHOIICHHS 3apsily 0 Macu eJieKTpoHa i Aay, ~
~ 0.035...0.052 pan ~ 2°...3°. Benmuunu 3 pUCKOIO
3BEPXY 813% b T Fx’y’Z —Ij“x,y,z MO3HAYalTh €MITi-
pUYHE cepelHE BUMIpSHUX ToJiB F 3a nepion Af ~
~ (7...10)At,, ne Af, — TPUBAJIICTb OJHOTO TeJEME-
TPUYHOIO Kaapy IepeJaHuX JaHMUX Ha cTaHIii «IH-
TePKOCMOC-25», Vv — IIBUAKICTh €JIEKTPOHIB Ha BU-
xoni EIl. Taky npoueaypy Oy/j0 BUKOPHUCTAHO IJIst
YHUKHEHHSI YMCJIOBUX HecTabiIbHOCTe Ha BXOdi
pi3HUX YrcoBUX anroputmiB. CriiBBinHOIIEHHS (1)
301/TbLIYE PO3KUI KYTiB Acy, Ha I0JIi rpajiyca 3a OMH
o0ept. KpiMm TOro, B 3aJIe3KHOCTI BiJ MITY-KYTIiB iH-
JKEKIIiT s 6m3bKux 10 /2 , 260 0 (1), a TAaKOX KyTa
PO30IKHOCTI €JIEKTPOHHOTO TOTOKY Ao/2 B TOYII
z ~ 0, miTY-KyTOBUI PO3KUJ AOJATKOBO CKOPEKTO-
BaHUl 1K Ao’ = 1t/2 — 0t Ao./2 nast BUNanKy Oy,
+Ao/2>n/2taAe’=a , + Ao/2 , KOJIM BAKOHYETh-
Csl yMOBa 0L, < Aa/2 (puc. 2). OauH 3 TaKUX BUMNAI-
KiB 3 OCbOBOIO iH3KEKIII€I0 3yCTPiYa€ThCS JJISI BUTKA
337 nipu BUBYCHHI B3a€EMOJii XBUJISI — YacCTMHKA B
obnacti cyocyrnyTHuKa. TpyOyacrta Monesib Mmydyka
Oyjie MpalloBaTh i B LIbOMY BUMAJAKY, SIKIIO CIelli-
aJIbHO HE PO3MJISIIaTU KOJIEKTUBHY TMHAMIKy TyyKa
3 IyYHOCTSIMU i pO3PiIxKeHHIMU 3apsiiiB. CTPyM iH-
JKeKI1i1 MOJTyJIbOBAaHOTO MyYyKa B HAOJIMXKEHHi OJHO-
BUMipHoro 1oToky ([uB] = 0) Bu3HauaBcs1 aist ep-
11101 TApMOHIKM KOHBEKLIMHOTO CTpyMY [2]

I, (o,)=1,,(0)[1-2],(X;)cos(w,t — O, —0,/2)],
(2)
20

ne 1,,(0) — ctpym B pexuMi de-inxexuii, J; (X (2)) —
¢dynkuisa beccensa nepuoro nopsaky, X,(z) — na-
paMeTp yrpyIyBaHHs Y IIPOCTOPi Apeiidy y3M0BX Z,
BU3HAYECHUM SIK

X,,(2) = lé sin(0, /2) 6

: 3
27 0,2 ¢ ©)

Bemnuunn 0,1 O (z) = ©,,7/u € NPOJITHUMU KyTa-
mu y moayisatopi EIN i y mpocTopi BiibHOTO Apeiidy
Ha BiICTaHi z BiI mpuCKoOpioBaya BiIMOBiZHO, U —
MOTOKOBA IIBUAKICTh €JIeKTpOHIB. OLIHKY CTpyMy
I, (®,) oTpumaHO 6€3 ypaxyBaHHs aMIUTITyJIHOTO
KepyBaHHSI B €JIGKTPOCTATUYHOMY TTOJIi ITPUCKOPIO-
Baya, TOMY BinHoweHHs & = U,;/U, norpebye Ko-
pexitii. B3arani Take BU3Ha4Y€HHSI Ma€ CEHC CKOPpillle
IUIST OJTMKHBOI 30HM iHXKEKIIil, TOMY 110 B JaJbHii
MepBiCHE YIPYIIyBaHHSI 3apsily YacTKOBO HiBEJIO-
€ThCS CUJIaMU 30BCiM iHIIOI nmpuponu. IinbHIiCcTh y
dc-pexuMi BU3HavanIach 1K
ny (o, =0)~ I, (0)/eun (r; —1)

JUJIS1 TIOPOXKHUCTOTO LIUJIHAPUYHOTO e-Tyuka 3 Mi-
HiMaJlbHUM (7)) i MakCHMaJbHUM (r,) pajiycamu
ripoob6epTiB KpailHiX eJleKTpoHiB. BenrnuuHa Harpi-
BY e-Ily4yKa BU3HAYasacs siK v,, ~ (6v§ + 61/1)” 2 Ta
OyJia 3aJ1eXKHOIO BiJl MiTU-KyTa [ Ao, 1 3BOPOTHOIO
BIUIMBY 30Y/IXKEHUX MOJIIB Y (DOpMi CIiBBiIHOIIECH-
Hs (1), ane B3arajii € TeXHiYHOIO XapaKTePUCTUKOIO
MPUCKOpIOBaya.

3.2. Eaexkmpocmamu4na ny4Ko60-niazmosa He-
cmitikicmo (IIITH). TTpoxomXeHHSI €JIEKTPOHHOIO
Myyka yepe3 IJ1a3My CYIPOBOXKYEThCS 30YIKEH-
HSIM TO3J0BXHIX XBUJIb HA PE30HAHCHUX YacTOTaX
ria3Mu. st OLiHKM iHKPEMEHTY MYy4YKOBO-ILIa3-
MOBOI HECTIMKOCTi 3aCTOCOBAaHO MOJIEIb B3aEMO/Iii
pO3IrpiToro myyka eJeKTPOHIB 3 XOJOIHOIO i0HOC-
(hepHOI0 M1a3MO10, 1110 BUIIPABIAHO B HAILIOMY BU-
MajaKy Npu JAOCUTH BEJIUKill PO30iKHOCTI e-Tyuka
BXX€ Ha IMoyYaTKoBili (ha3i B3aemojii. BHecok enek-
TPOHIB Y ieJIEKTPUYHY NPOHUKHICTh MTPU 30yKEH-
Hi MO3J0BXHIX XBWJIb B iOHOC(MEpHill mia3Mmi BU-
3HAYA€ETHCS TUIA3MOBOIO JIUCTIEPCiHOIO (PYHKIIIEIO
26, 17), 1 G, = (03 — noy, — kyu)/(N2 ky,,),
no,, i v,, — TapMOHIKHU €JIEKTPOHHOI NipoYacToTn
i TerjaoBa MIBMIKICTb YACTMHOK MyyKa BilMOBia-
Ho. JlucnepciiiHe piBHSIHHS JUIsI 30y/KEHHST MO-
3MOBXKHIX XBUJIb (03, K3) TIpM iHXEKIIii eJIEKTPOHIB
y XOJIOJHY ioHOC(hepHY iasMy misg # = () MOoXHa
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Bzaemodis xeunwv i yacmunok npu indcekuii M00y1b08aH020 eAeKMPOHHO20 NYYKA 6 iOHOCepHY naa3my. Teopis ma excnepumenm

MpeacTaBUTH y BULIAAI [3]:
032
e (w5,k;) =1——p26cos2 0,—
3

2 2
Q)
P 6in? 0, + 2 [1+ £, Z(G)]=0, ()
03 =0, 3z"be

ne 0; — KYT MOLIMPEHHS MO3IOBXHIX XBUJIb Bill-
HOCHO MarHitTHoro nosisi. PiBHsIHHS (4) Ma€e 4yoTupu
JiICHUX PO3B’SI3KU, 1Ba 3 SIKMX JIeXXaTh B Jiana30Hi
0 < ©"2 < k_u i craHoBIATB 114 Hac iHTepec (o3 <
<0, 0*> kzu). Kopeni o!? mpu n,, = 0 € ribpu-
HIMH [UIa3MOBUMU pe3oHatcamu o = o0)(0,) (j =
=1, 2) 17151 XOJIOJHOI TIa3MU i BU3HAYAlOThCsI 100pe
Bitomumu Bupasamu. Ilpu n,, # 0 po3B’a3ku pis-
HSIHHS (4) MOXYTh OyTH BU3HAYeHi SIK TpadiuHuM,
TakK i YMCIOBUM criocoooM. Ha puc. 3 ipencraBiaeHoO
aucrnepciiiny gynkuiro Reg; (w5, k;) n1a 30ymke-
HUX [JIa3MOBUX XBUJIb i KyTiB 05 = 0.01 Ta peanbHmx
3HAYEHHSIX i0HOC(EPHMX ITapaMeTpiB, BUMIpSIHUX
Ha BUTKY 337 nipu £ > 2500 ¢, a TakoX (hyHKIIi10

~ OReg; (w3,k;)

G(ws, ky) = 0 90
3

(5)

HienekTpryHa NPOHUKHICTL Re €, (o, k) = 0 Ta
i moxinHa G(w,, ky) ~ 0 BM3HAYaOTh BJIACHI 3HA-
YEHHS ), K, HaWIIBUILIE 3POCTAlOYMX XBUJIb Ha
MeXi JIiHiliHO1 cTilikocTi (Z-Touka). B po6oTi [10]
MPOBEIEHO YMCJIOBE TOCIiMI)KEHHS My4yKOBO-TIIa3-
MOBOI MO3A0BXHbOI B3aEMO/ii B OKOJIi TOYKU Z, a00
o013y ToOuku P, sika BU3Havanachb HeHYJIbOBUMU
MaJIMMU 3HaYEHHAMMU &, (w0, ky) = dg; 1 G(wy, k) =
= 8G. 3ajiexXHO BiJ 1IMX 3HAY€Hb ITO3J0BXHS B3a-
€MOJIiST XBWJIb, OAHA 3 SIKUX € TTOBIJBHOIO MOIOIO
IIPOCTOPOBOTO 3apsLy My4Ka 3 YaCTOTOIO ™y = K i —

©;,, MOXE CIPUYMHUTH 30YKEHHs IOTEH-
LIAHUX XBWJIb B OKOJIMII TJIa3MOBUX PE30HAHCIB
Q(1:2)(0,) abo moGIM3y HOBOI TiTKM KONMBAaHb 3
YacTOTOIO e ~ k3zu [15]. 30ymKeHHs ITO3M0BXKHIX
XBUJIb BiIOYBa€TbCsl 3aBOSIKM CUHXPOHI3MY XBWJIb
npu k3zu > 05 (§,<0), abo oxHi€l 3 IIIA3MOBMX Yac-
TOT TIPU MiHIMaJIbHOMY PO3CTPOIOBAHHI pe30HAH-
cy. Po3B’s130k mucnepciiiHoro piBHSIHHS (4) 1I0mO
IIBUIKOCTI POCTY MO3M0BXHIX XBUJIb TTOOIHU3Y (5 ~
~ @' + €5 pO3MIIAHYTO B po6oTi [10], 16 i g5 =8 +
Iy; — OIlHa i3 30y/DKEHMX TJIa3MOBHX YaCTOT Ta MaJia
no6aska 10 Hei ([e4] << ).
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g, (w3, k3) G (03, k)
AN L —76
408 3 ——-214

‘\,..\' §k3zu “. . 3
2r O, \\ _ -4 {2
IR VAL S S
0 Nt = . .

) ‘\_‘P(SE:L, 3G) 1.,

—4 - '-= ".I.I i 14

—6 ': : 1

4 6 8 10 12 14 16 18 20 22 24
6
®,, 10" pan/c

Puc. 3. Oynkuisa g; (w5, k3) i G(03, k3) 11 1BOX BUNAJKIB:
KpUBi /, 20TpuMaHO Ha MeXi JTiHiliHOiI cTilikocTie, = —0.005,
G =—0.011i6 = 0.01 (Z-Touka); KpuBi 3, 4 BiANOBiNAIOTh
Manum 3miHam GyHkuii de; = 0.605, 6G = —0.975, 6 = 0.1
(P-Touka) Ta 3MillIEHHIO TLIKW 3HECOBUX KOJIMBAHb MOPSIIKY
kzu. Pesonanchi 3HaueHHsa o), kj 1na Z- i P-TO40K BU3Ha-
yeHo st 1 > 2510 ¢, opbita 337

EdektuBHIiCTh 30yMKEeHHS MOBiIbHOI MOIM 3a-
JIEXKUTH Bil pO3IOIiy €JeKTPOHIB MyyKa I10 IIBUJI-
KOCTSIX, BOHA MaKCHUMaJbHa B TiIpOIMHAMIYHOMY
peXuMi i MiHiMaJIbHa B KIHETUYHOMY IPU BEJIMKIii
TeMmIiepaTypi mydka. KputmyHa mexa MiX IUMU
peXMMaMM BHU3HAYAETHCSI BEIMYMHOIO PO3KUIY
IIBUIKOCTEN Au ~ Ve 1 BIIHOILIEHHSIM LIIJIbHOCTEN
myyka Ta Tiasmu |6, 20]. BoueBuab, e oOMexX-
ye BUOIp pe30HAHCHUX PO3CTPOIOBAHb i KYTiB 30Yy-
JIKEHHSI TTOTeHUIMHUX XBUJIb ITPU PO3IJIsII MeXaHi3-
my IIITH. CriBBimHOIIEHHS BIaCHUX 3HAYEHb JBOX
B3aEMOJIIIOYMX XBWJIb 3 ypaXyBaHHSIM 4YaCTOTHOIO
PO3CTPOIOBAHHS MiK ITOBLILHOIO IYYKOBOIO MOJOIO0
i 4acToTOI0 M), AKAa BU3HAYAIACh 3a JIOMOMOTOK0
YKCJIOBOTO aJITOPUTMY, MOXKHA 3aIlMCATH Y BUTJISIII

0, — 03 =Aw,

ko — ks, = Ak,

0, — 0y = 30,
ne Ao << o), 05 i Ak <<k, k3z. VYV HabnmxeHHi
‘CUJIBHOTO 3B’SI3Ky’ ABOX B3aEMOMIIOYMX I103110-
BXHIX XBUIb, Aw = 0, Ak~ 0 (k; ~ k;,), pe3oHaHCHE

PO3CTPOIOBAHHSA B {;; MOXHA 3aIIMCaTh y BUTJIALI
w3 — k3 U~ 03— 0) — ©y, — 0. (6)

Ile cmiBBiZHOIIEHHSI BUKOPUCTAHO IPU OOUYMC-
JICHHI IIBUAKOCTI POCTY IO3A0BXHbOI HECTIAKOCTI.
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YacToTHE pO3CTpOIOBaHHS O, ab0 TOUHilIe MOo-
MWJIKa BU3HAYEHHS YacCTOTU MYYKOBOI MOIM, Ma€
BiI’é€MHUI 3HAK Ta 3HAYEHHSI B JIOCTaTHHO ILIMPO-
KHMX MeXaX B 3aJIEXHOCTI Bill Bean4uH Og;, OG Ha
MeXi JliHifiHO1 HecTa0inbHOCTI. OTXe, pe30HaHCHE
Y4acTOTHE PO3CTPOIOBAHHA (; HE € TOCTIHHOIO Be-
JIMYMHOIO TIPU OOYMCJIEHHi iHKpeMeHTa, IMOCTilHI
JIvile BUOpaHi MmapamMeTpu HaOJMXKEHHS OO0 MexXi
HecTilikocTi. Takuii migxin € anbTepHaTUBHUM ITpU
BU3HAUYEHHI XapaKTepUCTUK HECTIKOCTI B yMOBax
MOCTIAHOTO PO3CTPOIOBAHHS Ta OiJblle BiAIIOBiIae
HaIllOMy aKTUBHOMY €KCIEpUMEHTY B ioHocdepi,
KOJIM TMapaMeTpu Iydyka Ta IUla3MU 3MiHIOIOThCS
y3I0BX opOitu. IpyOy OLIIHKY pe30HaHCHOTO pO3-
CTPOIOBaHHA A® ~ (3 — M TAKOXK MOXKHA BUKOPHUC-
TaTU JJIS OLIiIHKM LIIBUAKOCTi POCTY HECTiMKOCTi.

3.3. Eaexmpomacnimna nyuxo60-aHizomponta He-
cmiiikicms. THXeKI1isS Mmy4yka eJeKTPOHIB B i0HOC-
(epHy I1a3My NpU BiAMiHHIA Bim HyJs cepeaHiit
MOIIePEeYHii IIBUIAKOCTI MOXE TaKOX 30yIKyBaTU
€JIeKTPOMArHiTHI XBUJi Yy CBUCTOBOMY jiara3oHi
0, << 0, <<, HaBiTb I ku = (. Axmmo mydyox
€JIeKTPOHIB Ma€ HE3HAUHWM TO3M0BXHill PO3KMI
MO IIBUIKOCTAX i MoMepevyHy (YHKIIiI0 po3Moaiy
f1(e), TO QYHKLiIO PO3MOALTY €NEKTPOHIB IydYKa
MOXHa MpeacTaBUTU y BUrsai F' = ”2e d(v, — u)
fi(e)), ne ”2e — piBHOBaXKHa IIUIbHICTh €JIEKTPO-
HHOTO Iy4YKa, &, = vi +vi . B ubomy Bunanky auc-
nepcifiHe CMiBBiAHOIIEHHS 1Js XBUJIb CBUCTOBOTO
Jiarma3oHy B HaOJMXKEHHI MajluX KyTiB MOIIMPEHHS
BIJIHOCHO MAarHiTHOTO IIOJIS 92 B [Jiala3oHi 4acToOT
o, << o, MaTuMe BUITSL [5, 12, 13]

2
c*k3cosh, N W)W

2 2 2
0, 0, () — o,

er(m,, k,) =

2
(’Ope X+

2
4w,

1,(0, —ky,u)

0, —no, —k,, u

k(v 12)

5 ~
(0, —nw,_, —k,, u)

0, (7

e
%y = (1 + cos6,)?,

E/szslfl(sﬂdelio, (8)
1=z, fi(e)de, #-1. 9)
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30yIKeHHs XBUIIb BiIOYBAETLCS MIPU YMOBI @) —
— no,, — kyu ~ 0, 10 B PO3IISTHYTOMY [iana3soHi
YacToT MPU TOCUTH HIUTBHIN Tu1asmi (o, < ®, ) Ta
n = 1 B pe3yJbrari mpu3Beae A0 30yIKEeHHS 3BOPOT-
HO CIIPSIMOBAaHUX BiTHOCHO e-ITydKa eJIEKTpoMar-
HITHUX XBWIb 3 k), ~ —w,/u. Po3B’s130K aucrep-
CiiiHOTO PiBHSAHHS (7) OTPUMAHO [UIA YaCTOT M, ~
~ kyu + nlo,| + ¢, ne mMana no6aBka 10 YacToTH
&, = 0w + iy, (|&,| <<'|w,|) BU3HAUa€ mBUAKiCTH poC-
Ty HECTIHKOCTi.

DyHK1isT po3noginy myuka F' o 8(vz — u) Bigmo-
Bila€ TaKOX BUITAKy 3POCTAOYOi eJIEKTPOCTATUY-
HOI HECTIHKOCTI TiIpOAWMHAMIYHOTO THUIIY OO TOTO,
SIK Oyze mocsITHYTO (ha3y HEJIiHIiTHOTO HaCMYeHHS i
PO3KU MO3A0BXKHIX IIIBUAKOCTEN €JIEKTPOHIB IMMy4Ka
HE MEePEeBUILUTh MEBHUM KPUTUIHUK piBeHb. KOH-
KypeHLIisl My4YKOBO-aHi30TPOIMHOI i €JIeKTpOCTaTUY -
HOI HECTIMKOCTEe B pe3yJbTaTi mMpU3Beae 10 Iepe-
pO3MOIUTYy CIEKTpaJbHOI T'YCTUHM €Heprii i (pyHK-
il pO3IOAiy YaCTMHOK. Y HAOJMKEHHi XOJOmTHOL
IU1a3Mu 6e3 mydka 30yIKeHHSI CBUCTOBUX XBUJIb B
pe30HaHCHOMY KOHyci KyTiB 03" ~ arccos(w,/m,,)
CWIBHO BiIPi3HSIETBCS BiJl PO3IJISIHYTOTO BUIMAAKY.
OueBUIHO TaKOX, 1110 KYT MOIIUPEHHS CBUCTOBUX
MOJI TOBUHEH 3aJIeXKaTH BiJl TT03I0BXHbOI MTyYKOBO-
IUIa3MOBOI B3aEMO/III, 1110 MOXHAa MOOIiYHO BpaxyBa-
™™ yepes yHKilil (8), (9). Po3B’s3yBaHHS piBHSIHHS
(7) nns 30yIKeHHS eJIeKTPOMAarHiTHUX XBUJIb, a Ta-
KO TIOpPIBHSIHHSI 3 pe3yJbTaTaMKM aKTUBHOTO €KC-
nepuMeHTy Ha BuTkax 201, 202 panime 0yio po3-
IJISTHYTO B po0oTi [12].

YacToTy 30y1KyBaHOI CBUCTOBOI MOJIU MOXKHA BH-
3HAYUTU 3 JUCMEPCIHHOTO PiBHAHHS B HAOJIMXKEH-
Hi XOJIONHOI MJ1a3MU B Jliala3oHi 4acToT m, << ® e
im,, << ®,, Ta 1PN BUKOHAHHI p€30HAHCHOI IMKJIO0-
TpoHHOI yMOBH. Lli ciBBiZHOIIIEHHSI MaIOTh BUTJISI

22

_ o, [k cosb,
2 252
Wy, +Cky

; (10)

(11)

e A® — Pe3oHaHCHE PO3CTPOIOBAHHS ISl CBUC-
toBoi mMoau. CriBBinHomeHHs (10), (11) MoxHa
TpaHchopMyBaTH y KyGiuHe piBHSIHHS

0, +Ao=k, u+n|o,|, n=0,=1,..

Fw(m2)=m§+am§+bm2+cz0, (12)
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e
a=-2w,-An)-o,cos0,,

b=ow,(0, —2A0)+
2 20 2
@, cOS” O,u
bl
2

+20,, (0, — Aw)cosO, +

(2
c=—(0, —20_,A0)o,, cosb, .

Yactotn 30yMKEHUX TMYIKOM CBUCTOBUX MO
MPU LMKJIOTPOHHOMY Pe30HaHCi MOXHa BU3HAUM-
TU 1ILISIXOM PO3B’sI3yBaHHS piBHsIHHS (12) 3a mo-
nomoroto ¢opmyau Kapnano — Bierra. DyHkIlito
Ey(®,) i KopeHi KyOiuHOTO DiBHAHHA ®,, ©,,
®,; TIPEJICTABJIEHO Ha PUC. 4 B 3aJIEXHOCTI Bil pi3-
HUX 3HAYE€Hb PE30HAHCHOI PO3CTPOIKM, KyTa 0, Ta
iHIIMX mapaMeTpiB. s peaabHUX IMapaMeTpiB io-
HochepHoi T1a3Mu i Ao > 0 KyOiuHe piBHSIHHS Ma€
OIVH OiIMCHUI KOPiHb (m 1 SO, e) Ta IBa KOMILICK-
CHi; MpM HEraTMBHUX PE30HAHCHUX PO3CTPOIOBAH-
HSIX BCi KOpEeHi AiMCHI, ajie TITbKU OJWH 3 HUX MEH-
IIMA BiJl €JIEKTPOHHOI TipoYacToT . Baxiuso
MiIKPECTUTU TOCUTH XXOPCTKi YMOBU 3aCTOCYBAHHS
nucrnepciiiHoro piBHsHHSA (7) mpu 30yIKeHHi CBUC-
TiB Ha LIMKJIOTPOHHOMY PE3OHAHCI I 0, < ®,, Ta
MaJiuX KyTiB 0,.

3.4. Pe3onancuna 63aemooia Xxeuav i “acmuHok.
3apeecTpoBaHi Ha cyOCynmyTHUKY «MarioH-3» Tmo-
TOKW €HEpriiHMX 4YaCTUHOK ISl ABOX HaIpsMKiB
le, 2e (JIOK-A), abo mis 11ecTH CEKTOPiB AaBaviB
3apsIKeHUX 4acTMHOK M’ sikux eHepriii (MIIC) e
pe3yJITaTOM CTUMYJIbOBAHOI XBUJIbOBOI1 aKTUBHOCTI
Ta pe30HAHCHOI B3aEMOIil XBWISI — YaCTUHKA. 30y-
JKeHHSI CBHCTOBMX i TIJTa3MOBHMX MOJ Ha 4acTOTax
®; T A® BiIOYBA€THCS 3TiHO 3 PE3OHAHCHOKO YMO-
Boio (11), 3araabHOIO 1151 ABOX XBMWIIb (i = 2, 3). Pe-
30HAaHCHA B3a€EMOiSI XBUJIb i YaCTUHOK B JaJICKii
00J1acTi IHXEeKIlil BU3HAYAETHCS CMiBBIIHOIIEHHSIM

(13)

1€ V, — IBUIKICTb €JIEKTPOHIB, 3apEECTPOBAHNX
JIJIsI OMHOTO 3 EHEPreTUYHUX PiBHIB K OJHUM 3 1aBa-
yiB DOK-A (j = 1, 2), abo ceKTOpiB cieKTpoMeTpa
MIIC (j = 1...6). B pe3ynbrati KOMGiHAaIIii CITiBBi/I-
HoteHb (11), (13) oTpuMaEMoO OJHY CITJIBHY pe30-
HAHCHY YMOBY

Ao+|o|(1-n) =k u—k; v,

o, =k v +lwo,l =0 %1, .,

(14)

—-1.5 I:; Hi| ! L ; 1 1 1 1
2 4 6 8 10 12
®,, 10° pan/c

Puc. 4. Oynxuist Fy, (0,) Wi 30yKyBaHUX MYYKOM CBUC-
TOBUX XBUJIb B 3aJIEXKHOCTI Bil pi3HUX ioHOC(EpHUX Mapa-
MeTpiB y3m0BX opb6itu 337 mas ¢t > 2490 c: kpuBa I — anasa
0,=0.15,Aw=0,2—0,=0.75, A0 = 0.0300,, 3— 6,=0.95,

Aw = 0.030,,, 4 — 0, = 0.15, Ao = 0.30,,, 5 — 0, = 0.15,
Aw = —-020,, 6 —0,=0.15, Ao = -0.10,,, 7— 6, = 0.15,
Ao =0.1o,,, (;);‘Zw =2coopled

JIe IJIsI CKaJISIpHOTO NOOYTKY BEKTOpIB y MpaBili yac-
TUHi piBHsHB (13), (14) 3BMYaiiHO BUKOPUCTOBY-
eTbcsl HaOmmxeHHs k;-v, =k, -v, . Ocobnusuii
iHTepec BUKJIMKA€E BUMANOK B3a€EMOJil €JIeKTPOHIB
3i CBUCTOBUMU MOAAMU 3 a3UMYTHUM XBUJIBLOBUM
yycyioM (rejikoHaMM), KOJIM MoIlepevyHa CKjaagoBa
JONILIEPiBCbKOI nonpasku k, | - v, Moxe 3MiHUTH
yMOBY pe3oHaHcy [25]. Ha ocHOBi KomM0iHOBaHO-
ro cmiBBimHomIeHHs (14) BM3HAYEHO PE30HAHCHY
¢yHKIIiI0

Rﬁl)(u)i) _ kizu _kiz “Vek

Z

potfog@m Y

SIKY TIOTiM MOXHa oI pyBaTH HA OCHOBI peaATbHUX
BUMIpiB. AKII0 3HaUYeHHS (PYHKIIii R;Q OM3BKE 10
OIMHMIII, i yMOBa pe30HAHCHOI B3a€EMOIil XBUJIST —
YAaCTUHKA BUKOHYEThCS, MOXKHA TOBOPUTHU TIPO Bif-
MOBIIHICTH CIIOCTEPEXYBAaHUX €(PEKTIB B OKOJI LINUX
3HaueHb. [Ipu 1IbOMY € GaraTo HIOAHCIB, KOJIU Pi3-
HOMAaHITHiCTb €(heKTiB 3aJIeKUTh Bill BEIUUUHU PO3-
CTPOIOBaHHSI PE30HAHCY A Ta KyTiB 0.

SIK1110 TOBOPUTH PO CBUCTOBI MOJIU, TO HAC Hali-
Olbllie 1iKaBUTh KyT 30YKEHHS 0, 1O BiIHOLIECH-
HIO J10 Tonist B, BCcepennHi pe30HaHCHOIO KOHyca
KyTiB. KyT 30y/IKeHHSI BU3HAYAETHCS [0 MAKCUMY-
MY CIIEKTPaJbHOIO PO3IOAiTY XBUJIbOBOI E€HEPTii.
[HXexIiss MOmy/JIbOBAHOTO €JIEKTPOHHOTO TTydyKa
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MOXe€ pO3IJIsJaTUCs SIK YaCTHHA BUIIPOMiHIOBaAb-
HOI CHCTeMM B LWJIIHAPWUYHIN TeomeTpii (MOHO-
noJjibHa aHTeHa). [liarpama HampaBJIeHOCTiI CBUCTIB
Oyjie 3ajexaTu BiJl MOBEPXHEBOIO PO3IMOJIiIY CTPY-
MiB TTyuka Ta (pOpMYyBaHHS CTOSTUMX XBUJIb Y TTyYKO-
BO-TJIa3MOBOMY KaHauti. KoHuemniiis mia3mMoBoi aH-
TeHU HE HOBA i Bce 111e repedyBae y cTaiii pO3BUTKY
[14, 26].

Binomi pesyabTaTu J1abOpaTOPHOTO €KCIepu-
MEHTY Yy BeJIMKill TJ1a3MOBili KaMepi 3 BUZHAUYCHHS
(hopmu giarpamu HampaBJAE€HOCTI ISl €JIEKTPUYHOI
JUTIONIBHOI Ta MarHiTHOI aHTEH y CBUCTOBOMY Jia-
na3oHi yactor [24]. Lli naHi orpuMaHoO ISl Pi3HUX
TUIa3MOBUMX TTapaMeTpiB Ta Opi€HTallil aHTEHU Bif-
HOCHO MarHiTHOro noJs. SAKIio po3Mipu AUMoJbHOT
AHTEHU MaJli MOPiBHSHO 3 MO310BXHbOIO TOBKUHOIO
xBuiai L akzz <<'1, miarpama HaIIpaBJ€HOCTi CBUCTIB
y JaJIbHill 30Hi BUIIPOMiHIOBaHHS BU3Ha4ajaach pe-
30HAHCHMM KOHYCOM KyTiB 05, a Ipu CKiHYeHHUX
3HAUEHHSIX IOBXKUHU aHTeHU L akZZ > Tt HISIKUX SIBHO
BUPAXEHUX Pe30HAHCHUX KOHYCIB He O0ys0. B 11b0-
MY BUIIaJIKy XBUJIbOBA €HEPTisi BUTPOMiHIOBAHHS B
OCHOBHOMY OyJia HampsiMJieHa y340BX ITOCTiifHOTO
MarHiTHoro mnosist. MoxHa nOpumycTUTH, 1110 Aiarpa-
Ma HarpaBJIEeHOCTi 30yI>KEHUX MyYKOM CBUCTOBHUX
Mo Oyae BU3HAYATHUCS CITiBBiTHOILIEHHSIM lek2z’ e
[, — TMOUHA MPOHUKHEHHST MO/IYJIbOBAHOTO €JIEK-
TPOHHOTO TyyKa y HaBKOJMIIHIO 1uiasmy. [1pu iH-
TEHCHUBHIN TTO3MOBXHIilA MyYKOBO-IJIa3MOBili B3a-
€MOIIT i BEJIMKIl IBUIKOCTI POCTY Y5 (Masli 3HaYeH-
Hs [, ~ u/y,), niarpama HanpaBJIEHOCTi CBUCTIB Oyjie
oOMexKeHa pe30HaAaHCHUM KOHYCOM. ToMy B HallloMy
BUMNAAKY OLIIHKA IIBUIKOCTI POCTY CBUCTiB BUKOHY-
BaJlach TaKOX y MPUIMYIIEHHI, 1110 KyT MOLIMPEHHS
30yIKEHUX CBUCTIB 3aJIEXKUTh BiJl IIBUAKOCTI POCTY
MO3/I0BXHBOT HECTIMKOCTI 5K 0, o (u|kzz|/y3)°‘.

4. EKCIIEPUMEHTAJIbHI PE3YJIBTATH
TA OBI'OBOPEHHA

30ymKeHHsI XBWIb MPU iHXEKIii eJIeKTPOHHOIO
nyyka B Pi3HUX pexXrMax MOAYJSILil CYITPOBOIXY-
€ThCSI IIIMPOKUM CHEKTPOM 3apEECTPOBAHUX eheK-
TiB mo0M3y cTaHlii «IHTepKocMoc-25», a TAKOX B
JajeKiii 30Hi iHxekdii «MarioH-3» [12, 23]. B wiit
pOOOTi OCHOBHY yBary NpUIiICHO PEXUMY iHXKEK-
mii 40-xIi1 MOy TbOBaHOTO €JIEKTPOHHOI'O ITyYKa Ta
B3a€EMO/Ii1 XBUJIb i YaCTUHOK 32 TAHUMHU CIIEKTPOME-

24

tpiB JIOK-A i MIIC Ha cybcynyTHuKy. JlaHi iHImx
MpWialiB YaCTKOBO BUKOPUCTAHO JIJIsSI BUBHAYEHHS
YUCJIOBUX XapaKTEePUCTUK iHXKEKIIil i HeCTiiKocTe,
HEOOXiTHUX JIJIsI TIOPIBHSIHHS 3 pe3yJbTaTaMU €KC-
MEePUMEHTY.

Ha puc. 5, a npuBeaeHO MiTY-KyTHU €IEKTPOHHOI
Ta iOHHOT iHXXEeKIIii B HAaBKOJIOCYMYTHUKOBY IJ1a3MYy,
OTpUMaHi 3 BUMIpPIOBaHb CKJIAJIOBUX MAarHiTHOIO
nosst 3emiti marHitomerpoM CI'P-5 Ha Butky 337.
Ha puc. 5, 6, 6 nmpencrasieHo Bapiallii CKJIaTOBUX
KBa3iCTallioHApPHOTO MAarHiTHOIO SBx = Bx — B,
(0.1...1 Itx, CI'P-5) i eaeKTpUUYHOIO OIS EZ (0.1...
2 T, ETI-2). He3HauHi Bapiallii 1oJiiB 10 rMovyaTky
IHXKEKIIi1 3MiHIOIOTh CBOIO aMILIITYyAy MicCJIsl TOYaTKy
IHXKEKIIii MOJyJIbOBAaHOIO e-ITyyKa, i HaBMakKu, Mo-
MITHO 3aTyXaloTh ITic/Ig BKJIIOYEHHS Xe ' -iHXKeKIil.
Oco0JIMBO 11€ CTOCYETHCS €IEKTPUIHOIO IT0JIS, T10-
ni0Ha moBeIiHKa SIKOTO BXe BigMidasiach B psii pa-
KETHUX EKCIMEePUMEHTIB 3 iHXKEKIIi€l eJIeKTPOHIB
[16]. He3Baxkatoum Ha Te 110 BUMIpIOBAHHS €JieK-
TPUYHUX MOJIiB 32 JOTTOMOTOIO TTOABIMHUX 30HIIB 3i
3MIIlIEHUM BiTHOCHO KOpIyca CYIMyTHWKA MOTEHILi-
aJIoM € HEOIHO3HAYHUM IJ1s1 30ypeHol Iuia3MHu, i
JlaHi Oy/JIM BUKOPHMCTaHI JUIS1 KOPEKIIil MiTU-KyTOBOI
po306ixkHOoCTI myyka (11. 3.1). ¥V TexHiuHOMY acIexTi
CKJIAIHICTh MOJISITAE B KOPEKTHOMY BMOOPi poOoUoi
TOYKM Ha BOJIbT-aMIIEPHiil XapaKTepUCTULLi 30H/IiB,
a TaKOX Y BiMOBiAHIN iHTepnpeTallii 3HaueHb E' ~
~ E + v, x B, 1e v, — opOiTaibHa MBUIKICTb CY-
MyTHUKA. 30BHILIHE €JIEKTPUYHE TOJIE 10 i1HXKEKIIil
oyno sincytae (E, = 0), ToMy X, y-CKIanoBi moJs
E’ = 8E Oyiu BUKOpHUCTaHI I OLIiIHKY BIUIMBY Ha
eeKTUBHUI PO3KUJ MITY-KYTiB Ac' y BUpasi (1).
IHaykuiiiHa monpaska Mopsiky v, x B, € icrorHoro
i TIOSICHIOE DI3HUIIIO BUMIDSIHMX 3HauyeHb F,, Ey.
Jomatok 10 e()eKTUBHOTO PO3KUIY KYTIB 3 ypaxy-
BaHHSIM yCiX MOXJIMBUX BIUIMBIB MOXe HOCSATaTh
JIeCSITUX YacTOK I'pagyca i Oiybliie, B 3aJ1€3KHOCTI BiJl
yucaa o0epTiB/padiaHiB e-myyka SIK LiJIOr0, TOOTO
Ao’ ~ 3...4°. I1a npobiiema Mae caMOCTiiiHe 3HAaUeH-
HsI, a HE TiJIbKM B KOHTEKCTi BU3HAYEHHS MPpOdiIio
Mmy4yKa, OCOOJMBO y BHUIIAAKy IIOIIEPEYHOI/KBa3i-
MOTEPEYHOl iHXEeKIIii eJIEKTPOHHOro Iydyka 3 He-
cTiikocTsiMU obepTajibHOTO pyxy. Ha puc. 5, 6 crin
TaKOX BiI3HAUUTU 3aPEECTPOBAHI KOJMBaHHS CKJla-
10BOi MarHiTHoro nosst 8B 3 nepiogom 40...50 c,
MOB’sI3aHi 3 KOMITJIEKCHUM €(EeKTOM YCiX iHXKEKIIilA.

ISSN 1561-8889. Kocmiuna nayka i mexnonoeis. 2021. T. 27. No 6



Bzaemodis xeunv i yacmunok npu inycekuii M00y1b08aH020 eAeKMPOHHO020 NYYKA 6 iOHOCepHY naa3my. Teopis ma excnepumenm

OnHe 3 BaXJIMBUX MTUTaHb OB’ S13aHE 3 BUBHAUEH-
HSIM TUIa3MOBOI1 YaCTOTHM HaBKOJIMIIHBOI TJIa3MMU,
sIKa BU3HAYAETLCS BUMipaMM Ha0iraiouoro IOTOKY
TEIJIOBOI TJIa3MM IOHHUMM TacTKaMy KOMILJIEKCiB
KM-10 i KM-13, BCTaHOBJIGHUX Ha CYIYTHUKY i
CyOCYITyTHUKY BiarnoBigHo. Bes ckiiagHicTh mmoJisirae
B TOMY, 1110 Ha TTOKa3W LIMX MPUJIAJIiB AyXKe BILIMBAE
MOTEHIIiaJl KOpITyca, OCOOJIMBO B TOYLIi iHXKEKIIil Ha
cynyTHUKY. Ha puc. 5, 6 npencraBjieHO OAWH i3 Ta-
KMX MOMEHTIB €KCIIEPUMEHTY, ITOB’SI3aH1I 3 BUMi-
pPIOBaHHSIM iOHHOTO CKJIaly Ta iHIIMX XapaKTepuc-
THUK TETJIOBOI MJIa3MU 3a JOIMTOMOTO0 i0HHOI MaCcTKU
3 3aTpUMHUM TIoTeHIianoM. [ToTeHuian P, kopryca
CyNyTHMKa BIUIMBAE Ha MoTik J, (V' + P)), 3a axum
BU3HAYAETHCS IUUIBHICTD TIa3Mu n, = n,. Ha pu-
CYHKY TIOMIiTHI IMiKM TOTOKY Ha MeXi [iana3oHy
V' + P, 1110 NOBTOPIOIOThCA 3 Tiepionom 4 ¢. JleTaiib-
HUI aHaJli3 MX JaHUX MOXJIMBUI B paMKax OKpe-
MOTO MOCIiIXeHHs. Bim3Haunmmo myxe MOMITHMIA
eKCMepuMeHTaIbHUI pe3y/ibTart, OB’ I3aHUui 3 pi3-
KWM 3MEHIIIEHHSIM iOHHUX MOTOKIB, sIKi HA0IraloTh y
HaMpsSMKY —X, MOUMHAKYU 3 MOMEHTY BUKJTIOUEH-
Ha Xe T -iHxekuil i 7 ~ 2645 c. LinbHiCTb M1a3Mu,
BM3HAUeHa TaKUM YMHOM B TOUIIi iHXKEKIIil, MOXKe
CYTTEBO BilpPi3HATHUCS IO CBOIM BEJIWYMHI Ha Bim-
CTaHi pOCTy MyYKOBUX HecTiiikocTteit. lle nmuranH:
11e OLIbII aKTyaJIbHEe B PeXXUMi MOCTIHHOT MOAYIbO-
BaHOI iHXeKIIii e-Mmyyka Ha (hOHi LMKIIIYHOI 3 mepi-
onom 100/50 ¢ imxekuigmu/mayzamu Xe'-myuka,
peXuUM poOOTU SIKOTO ToKa3aHuii Ha puc. 5, d. Ha
puc. 5, e IpeACTaBIeHO JEHIMIOPiBCbKi YaCTOTU j;e,
/3, HABKOJIMLIHLOI IJIa3MH i e-1IyYKa, a TAKOX Tipo-
4acToTa €JIEKTPOHIB f,,. 3pOCTaHHS TO3MO0BXHbBOI
HECTIMKOCTI CYIPOBOIXKYETLCS PE30HAHCHUM 30Y-
JIKEHHSIM XBWJIb i BTPATOlO €J1eKTPOHAMU YaCTUHU
KiHETMYHOI €HEPTii, 1110 B pe3y/bTaTi MPU3BOAUTH 10
3MiHM IIiIJIBHOCTI i IIBUAKOCTI e-Tryuka. [Ipu crarri-
OHapHil MOIYNIbOBaHIM iHXEKIil HEeCTIAKICTh MpU
JIOCATHEHHI KPUTUYHOTO PiBHSI e€Heprili KoJUBaHb
MEePeXOUTh y PEXKUM HACUUYEHHS, TIPU TKOMY MOX-
JINBA reHepailisi HoBUx yactoT. OfHi€lo 3 Xapakrep-
HUX OCOOJIMBOCTEN €KCIIEPUMEHTY Ha 1IbOMY BUTKY
Oyna Maiike MO3MOBXKHS iHXEKIis €JIeKTPOHHOIO
myJyKa (ocpe <2...3°) mns t = 2440...2450 c. Crocre-
piraeTbesi caMme BUTAI0K 0) (IUB. puc. 2) 1J1s1 MOJe-
JIi TIOPOXHUCTOrO UWJIIHAPUYHOTrO TydKa 3 1| = 0,
KOJIM 30iMBIIYETHCS IIUIBHICTh e-IydKa, a TaKoxX

g 120
&

2 110
= 30
g
o 30
(2]

oo oo
_— N W
Joer MITTT
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2700 1, c
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Puc. 5. Tlity-kytn Oy Oy iHXKeK1ii i0HiB KCEHOHY Ta eJieK-
TpOHIB (a), Bapiallii CKJIaJOBUX KBa3iCTAlliOHAPHOTO eJIeK-
TpI/I‘{HOI“f) (Ez) Ta MarHiTHOTO (SB)SB) OB (0), IUTbHICTD 7,
TETLIOBOI MIa3Mu (6), PE3OHAHCHI YacTOTH fj,,, fp o5 Joo TIYUKA
Ta TUTa3MHM, BUMIpSIHI Ha cTaHIIii «[HTepkocMoc-25» (2); 3Ha-
YEHHsI CTPYMiB [y, I,; €NEKTPOHHOI Ta IOHHOT iHXEKUIH (y
TeJeMETPUUHUX BOJIbTax) Ha BucoTax H ~ 522...850 kM (0),
MarHiTHa obosioHka L ~ 4.87...1.42, Butok 337

3MiHIOIOThCSI YMOBU YTPYITyBaHHSI 3apsily Y3I0BX Z.
Edextn Takoi KoHpirypaliii crocTepiraroTbcsl 3Ha-
YHOIO Mipolo Ha «MarioH-3» i 4aCTKOBO MpeacTaB-
JIeHi Ha puc. 9.

Ha puc. 6 npeacrasieno ¢parment 12-xB ak-
TMBHOI'O €KCIIEpMMEHTY Ha BUTKY 190 3 aHaoriu-
HUM PEXMMOM iHXEKIIil, ajie B iHIIMX ioHOChepHUX
YMOBax, 3 IHIIUM CITiBBiITHOIIEHHSIM YacTOT ]; o Jeer
Jpe (PHMC. 6, 2), T 3 BUILIMM YaCOBUM PO3IIIEHHAM
rnepeJjaHux TeJeMeTpuuyHux naHux. Lleil Bunmamok
YaCTKOBO PO3IJISIHYTO B po0OoTi [10], e mpeacrtas-
sneHo BY- i HY-enexTpuuHi i MarHiTHi mossi, Bu-
MipsIHI Ha 000X CYIIyTHMKaxX, a TaKOX IIPOBEIEHO
MOPiBHSIHHSA 3 pi3HMMU xapakTepuctukamu [1ITH B
HaOMKEHHI IBOXBIJILOBOI ITO3I0BXHbBOI B3aEMOII1
Ha MeXi JiHilHOI cTiliKocTi. JlaHi Ha IbOMY BUTKY
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Puc. 6. TTiTa-KyTH iHXEKLIT iOHIB KCEHOHY 0L ; i €JIEKTPOHIB
a,, (a), marnithi ckranosi JIHY-HY-xsunb b, na vacro-
tax 50 Iix (mkana crnpasa) Ta 15 kIir (mkana 3niBa) (HBK-
JHY), xoHueHTpauii ionocdepHoi nnasmu n,,, n, , BU3Ha-

ix’
YyeHi ioHHMMHU TacTkaMu Ha «IHTepkocmoc-25» Tta «Mari-

OH-3» BiIMOBIAHO, a TAKOX PE30HAHCHI YaCTOTU j;)e s Soor Tpe
(bparmenTtu 6—e); cTpymMu imxeKkui I, [, y Tenemerpuy-
HUX BoJibTax Ha BUTKY 190 (dbparment d, H ~ 1500...1750 km,
L~1.35...1.45)

LikaBi, 00 MJISI HUX HE CIOCTepPiraloThcsl OyIb-sIKi
MepioanYHi 3MiHM MITY-KYTIB iHXeKLil (puc. 6, a),
abo CKJIaJOBUX MArHiTHOro mnosisi 0B, K Ha BUTKY
337. 3are criocTepiraroThbCsl MepioguyYHi Bapiarlii
TEJIEMETPUYHOIO CTPYMY iHXKEKIIil iOHiB KCEHOHY,
SKi He TiepeidayeHi B XKOIHOMY 3 PEXUMiB poOOTU
VY3TI1. Binbliue Toro, aHaJOriYHi aMIUIITYIHi Bapi-
allii MpOCTEXYIOThCS Y BUMipax eJIEKTPUIHOTO MOJIST
B miarma3oHi pagioxsuiib 0.1...10 mIir Ha cyOcymyT-
HUKY Ha BigctaHi 100 kM Bim mkepena inxekuii [10].
Ha upomy (oHi cnocTepiraloTbes 1Ba MOMITHUX pe-
3yJbTaTU — OAMH Ha CTaHIIii, iHIIUI Ha CyOCyITyT-
HUKY.

Ha puc. 6, 6 mokazaHo aMIUTITyIHI KOJWBaHHS
marHiTHoi ckiagoBoi JJHY-HY-xBuis Ha 4dacto-
tax 50 Iir (mkana crpasa) i 15 xIix (1ukana 31iBa),

26

3apEECTPOBAaHI Ha CTaHIlii XBUJIBbOBUM KOMILIEK-
com HBK-/IHY. CrnocrepiraloTbcsl aMILTITYOHI
KOJIMBaHHSI XBWUJIb, CHHXPOHHI 3 BapiallisiMu CTpY-
My imxkekuii Xet-myuka, a Takox iXHE 3pOCTaHHS
mpoTsToM Tiepiony A (puc. 6, ¢). Lleit edhext yacto
cebe MposBIISIE Yy pe3yabTaTax iHIIMX NpUIadiB i
HeogHopa3oBo (¢ikcyBascd [10]. 3apeecTpoBaHo Ta-
koxx THY-criecku y 10CUTh IIMPOKOMY Jiara3oHi
9acTOT Y MOMEHTH BMUKAHHS/BUMUKAHHST iOHHOTO
my4yka Ha (pOHi ITOCTiIiHOI iHXKeKIIil e-Iyuka. Ale
HaliOisblIe 3BepTae Ha cebe yBary pamnrtoBe 30i1b-
mweHHs amrutityau JJHY-xBunp 6ausbko 400-i ce-
KYHJIM, Bi3yaJIbHO HE MOB’sI3aHe 3 KOJHUM i3 mapa-
METpiB iHKEKIIii, MPUXOBAaHUM YW MPUBEACHUM Ha
puc. 6, 0.

Ha puc. 6, ¢ nmpuBeeHo pe3yabTaT peecTparlil
iIOHHMX TIOTOKiB TEIUIOBOI IMJIa3MU KOMILIeKCaMu
KM-10 i KM-13, 3apeecTtpoBaHi Ha cTaHIlii i cy0-
CcynyTHUKY BigmnosigHo. IIpencraBieHo H_IiJ'[LHiCTL
TIa3MH, SIKa BU3HAYATach CIIBBIZTHOLIEHHSM £,
= n, = J /fevSysin (B V,) 32 BUMIpIOBAHHSAMU Ha
«IHTepKOCMoc 25», ne SO — TUIOIIA BXiTHOTO BiKHA
iOHHOI TacTKM, i aHAJOTIYHO IJISI CyOCYNyTHMKA.
30iIbIIEHHS IIUIBHOCTI IIJIa3MU HABKOJIO CYyOCy-
MyTHUKA #;, (iOHHMX MOTOKIiB TEIJIOBOI IUIA3MM)
MPOTSITOM Tepiomy A 30ira€Tbcs 3a 4aCOM 3 IOCH-
nenasim JIHY-moniB (puc. 6, d) i BU-akTuBHOCTI
Ha «MarioH-3», onucanoi B po6oti [11]. HlinbHicTb
IiasMu n, = n,, BU3HAY€Ha 3a BUMipaMu iOHHUX
MOTOKIiB no6jm3y TOYKM IHXKEKIIil, sIKa 32 CBOEIO Be-
JIMYMHOIO HA MOPSIOK MEHIIA Bill 7, , Xo4a [0 Te-
piony A 11i 3HaUY€HHs OyJIM OJHOTO MOPSIIKY. 3a KO-
POTKOCTPOKOBUI Yac MoXuOKa BM3HAYEHHS IIiIb-
HOCTi MorJia OyTH MOB’s13aHa 3 CAMUM METOJ/IOM, aJie
BCE 3K Pi3HUIISI 3apEECTPOBAHUX iIOHHUX MOTOKIB Ha
cTaHUii i cyOCynmyTHUKY Ma€ 00’€KTUBHY OCHOBY i
BUKJIMKaHa iHXEKII€ eJIeKTPOHIB. AJie TYT € i iH-
LM acTeKT, MOB’sI3aHUi 3 HEBU3HAYEHICTIO OLIiH-
KM LIIbHOCTI Tu1a3smu y naysi Xe ™ -iHkexuii i, Big-
MOBiJHO, TIJITa3MOBOI YaCTOTHU o, e(}; ») 34 Lieid repioz.

3MiHa JIOKaJbHOI LIIJILHOCTI TJ1a3MU BUKJIMKAaHA
HU3Ko10 ¢pakTopiB. Hacamrmepen 1e iHXKeKIlisl i0HIiB
KCEHOHY Ta KOMITIEHCATOPHMIA MOTiK c1aboeHepriii-
HUX eJeKTpoHiB Ha Buxoni Y3I1. Ocobnuso 1e no-
MIiTHO TMpM MaJiii 1iibHOCTI (hboHOBOIT T1a3mu. Ha-
MyCK HEWTPaIbHOro rady KCEHOHY B YMOBaX COHSIY-
HOI aKTUBHOCTI TAKOX CTUMYJIIOE 3MiHY LIIJIbHOCTI.
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3 UMX IIPUYMH HE MOXXHA OOMEXUTHUCH BUMipIOBaH-
HSIMU LITbHOCTI ng , TPOBEACHUMU 10 MOYATKy aK-
TUBHOTO LIMKJIy poOOTH NpuckoproBaviB. [Tependa-
Ya€EThCs, 1110 3IJ1aKeHi Bapiallil IiJIbHOCTI 1a3Mu
i Ty4YKa, BU3HAYEHI B TOYIII iHXXEKIIii i EKCITOPTOBaHi
B 00JlacTh B3a€MOil, BimoOpaxaroTh peasibHi 3Mi-
HU LIJTBHOCTEN 7, 1 1y, TIPU CTALIIOHAPHIN 1HXKEKIIT
enexkTpoHiB. Ha Butky 190 min yac nmaysu B po6oTi
V311 cnocTepiraeThbesl CTyIeHeBa 3MiHa IIUIbHOC-
Ti/TIOTOKIB TEIUIOBOI IUIa3MMU, IIOB’sI3aHa 3 Pi3KOI0
3MiHOIO TOTeHIialy Kopryca cymyTHuka. Ilaysza
B poOOTi iOHHOTO iHXEKTOpa CIIPOIIYE CUTYallilo,
KOJIM WIIJIbHICTh IJIa3MU MOXe OYyTH OJIMKYOIO [0
He30ypeHoi. ToMy Ipu YMCI0BUX PO3paxXyHKax 3Ha-
YEHHS 1IIJIbHOCTI TJIa3MU ng y nay3i poootu Y3111
BU3HAYAIMCh 32 LIMMU JBOMaA PiBHSIMU: OJHE, OiJib-
1ie, ngl (Bumanox «1»), 3apeectpoBaHe 1ipu f < 322
¢ 1435 <1<450 c, npyre, MeHLIeE, ngz («2») — nipn
322 <1< 335¢1450 <t<485c. Ha puc. 6, e npen-
CTaBJICHO TIJIa3MOBY 4acCTOTY fpe 32 BECh PO3IJISIHY-
TUI TIepio, alanToBaHy y May3i iOHHOT iHXKeKIii 10
PiBHSI ngl. BinzHauuMo, 1110 HaWOUIbII BaxkKIWBUA
pe3y/absTaT Ha puc. 6, ¢ MOB’sI3aHUil 31 30ypeHHIM
IOHHUX MOTOKIB TETUIOBOI TJ1a3MU B 00Js1acTi «Mari-
OH-3». 3a3HavyeHi pe3yJbTaT Ha puc. 6, 0, 6 MOXYTh
OyTM TIOB’sI3aHi 3 HEJIHIMHUMM IIpoLecaMU, iHilli-
MOBaHUMM IIpU TIO3MOBXKHIN B3aEMOIil XBWJIb Ha
MeXi JIIHIITHOT CTIMKOCTI, OAHA 3 IKUX € TIOBiIJIHOIO
XBUJIEIO MPOCTOPOBOTO 3apsiiy MyvKa.

4.1. Yucaosi xapaxmepucmuxu nyuxoeux Hecmiii-
kocmeti. 1IBUIKOCTI pOCTY eJeKTPOCTATUUHUX
XBWJIb B OKOJIi IUIA3MOBHMX PE30HAHCIB w; ~ o)
(65 =0.01) g BuTka 337 nokazaHo Ha puc. 7, a,
0. 3anexHocTi /, 2 0TpuMaHO IIpu rpyOOMY OLIiHIO-
BaHHI PE30HAHCHOIO PO3CTPOIOBAHHS W3 — k3 U ~
~ 03 — 0, (80 ~ —|w, ), a kpusi 3, 4 — 3rigHo i3
MMOBHUM CITiBBigHOIIeHHIM (6). fIkimmo Bapia-
i IIBUAKOCTI POCTY XBWJb i €KCHEpUMEHTAIbHI
JaHi 3MiHIOIOTbCS SIK exXp[(y; + yp)f], TO e MOX-
Ha TPaKTyBaTW SIK Pe3yjbTaT IMyYKOBO-ILJIa3MOBOI
PE€30HAHCHOI B3aEMO/Iil y BUIIAAKY, KOJIM 3aracaH-
Hs Jlanpay v, << y;. [Ipencrasieni Ha puc. 7, a, 6
3aJ1€XKHOCTI PO3MISIIAIOTHCS SIK OJAWH 3 MOXJIMBUX
BapiaHTiB PO3BUTKY HECTiKOCTi, 00 OTpUMaHi 1151
Pi3HUX PO3CTPOIOBaHb pe3oHaHcy. Kpusa 2 Binmno-
BiJae BUMAaIKy MO3JI0BXHbO1 B3aEMO/il HA MeXi JIi-
HiliHOT HecTiiiKocTi (8e; ~ 0, 6G = 0).
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Puc. 7. HopMoBaHa 1IBUAKICTb POCTY IMO3I0BXHIX XBWIb
¥3/®4 Ha YacToTax 05 ~ ©?(0; = 0.1) (a, 6): 1 — 3G ~ 0.414,
de; = 0.414; 2 — 56G ~ 0.004, d¢; ~ 0.004; 3 — 3G = —0.11,
de; ~—0.52; 4 — 0G~—0.75, de; =0.23, rpymoBa IBUAKICTh
v, IIa3MOBUX XBUJIb 1151 8G' = —0.25, 6g; = 0.2 (5), 6G~ —1.5,
de; = —0.003 (6) Ta MOTOKOBA INBUIKICTH TyYKa €NEKTPOHIB
u (7) Ut pi3HUX TapaMeTpiB HecTilikocTi. Ha ¢, 0 mBuakicth
POCTY CBUCTIB Y,/®, Ha 4acToTax o, msa 0, = 0.35, Ao =
= 0.07(1)(,8_(8) Ta B HabmmkeHHi [13] (10), a TaKoX mapameTp
=K Z(vi /2)/ 3 (9); Ha e — WBUIKICTb POCTY CBUCTIB Ha
JacToTax o,,/3 s 0, = 0.1, Aw = 0.1o,, (/1). BepTuxanbHi
CTPiJIKM Ha 6 — BKJIFOUCHHS (Bropy) Ta BUKJIIOUCHHS (BHU3)
poo6otu Y3/1I1, Butok 337

MoxHa KOHCTaTyBaTU 3aJOBiJIbHY KOPEJsILiio
YUCJIOBUX XapaKTEPUCTUK 1 €KCIEPUMEHTATbHUX
JaHUX B OKpeMi BiJpi3KM Yacy aKTMBHOIO €KCIle-
pUMeHTY Ha BUTKY 337, rpeacraBiieHi Ha puc. 61 8.
CTuUMyJIbOBaHiI e-IMy4yKOM IOTOKU IIBUAKUX €JIeK-
TPOHiB, 3apeecTpoBani npotsiroM 2500...2550 ¢ mo
3MiHi iIHTEHCUBHOCTI, MOXHA 3B’S13aTU 3 TIPEACTaB-
JIeHMM Ha puc. 7 BapiaHToM 2i4acTKoBo 3. Hapuc. 7,
6 TIPUBEACHO TaKOX 3HAYEHHSI TPYIOBOI IIBUAKOCTI
TaKeTa XBUJb v, = —(0g; /0ks)/(0g; /0wms), 30ymKe-
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HUX IIPY IBOX Pi3HUX CLIEHAPISIX PO3BUTKY ITYYKOBOL
HECTIMKOCTI, ajie o0uaBa — IIPU HEraTUBHOMY Ha-
Xuji pucniepciitHoi kpuoi (8G < (), a TakoxX 3Ha-
YeHHsI TOTOKOBOI IIBUAKOCTI €JIEKTPOHIB ITyuyKa.
BaxnuBo Big3HauuThU ABa Bigpizku 4yacy, 2540...
2550 ¢ i 2640...2660 c, KoM BiZHOIIEHHS IPYHOBOL
i TIOTOKOBOI IIBUAKOCTEM vg/u OyJ10 OJM3BKUM 10
ONMHMUIII, 1110 MOXE CTUMYJIOBATU KOHBEKTUBHUIA
XapakTep pO3BUTKY HecTiliKocTi. OnHaK HaBpsI Yu
MOXHa TMOSICHUTU 30iJIbIIEHHS TOTOKIB IIBUIKUX
eJIeKTPOHIB y may3i pobotu Y3/I1 (puc. 9, 6) 3He-
COBUM XapaKTEPOM HECTIMKOCTI MpU BiICTaHiI MiX
cynytHuKamu D ~ L >> u/ys.

Ha puc. 7, e—e npeacraBiieHO pi3Hi XapaKTepucC-
TUKU (KpUBi &...11) eNeKTpOMarHiTHOI HeCTiKOCTi
npu 30yUKEHHI CBUCTOBMX MOJI HAa 4acToTax ®,, B
3aJI€XKHOCTI  Bil. PE30HAHCHOTO PO3CTPOIOBAHHS
W) — N, — k2zu, KyTa 0, i, 3BU4aiiHO, ycepeaHEHO-

ro KBajapara IIBUIKOCTI vi . Ha puc. 7, e npusene-
HO IIBUIKICTb POCTY €JeKTPOMATrHiTHUX XBWIb TTPU
MOMIpHUX KyTax 0, i Majiit posctpoiii. Hesaxa-
I0YM Ha Te 1110 BCi MpeACTaBleHi XapaKTepUCTUKU
OTPUMAaHO B JIiHIHHOMY HAOJMKEHHI i TpU JeIKOMY
JIOBUILHOMY BHOOpI PE30HAHCHUX PO3CTPOIOBAHb
Ta KyTiB 0,, TIOPIBHAHHSA 3 €KCHEPUMEHTATbHUMU
TaHWUMU, HaIIPUKJIA 3 TIOTOKAMM €HePriifHNX eleK-
TpoHiB (puc. 9), WiKoM BUIIpaBAaHe. Ajie OYEBU/ -
HO TaKOX, IO CTUMYJIbOBaHi e-Ty4KOM CBHCTOBI
MOAU He MOXYTh OyTH 3apeeCcTpoBaHi 0e3mocepe/-
HbO Ha CYOCYMYTHUKY, 60 B LIbOMY BUMAAKY KYyTU
HOLIMPEHHS MOBUHHI OyTH Gimblummu Bin 05" . s
MOPiBHSIHHS HAIIMX YMCJIOBUX PE3Y/IbTaTiB 3 IHIIM-
MU Ha puc. 7, 0 moKa3aHo IIBUIKICTh POCTY MOIIepe-
YHOI HecTilikocTi (KkpuBa 10), oTpuMaHy Ha OCHOBI
PO3B’S13KiB IUCIIePCIHHOTO PiBHSHHS IS 30YIKEeH-
Hs1 cBUCTOBUX XBUJb [13]. Kpusi &, 10 nocuthb cxoxi
MiX cO0010 i IEMOHCTPYIOTh CHJIbHY 3aJIEXKHICTh BiJl

napametpaf,. = kfz(vi 12)/ 03% (9), IKMit TaKOXK MO-
kazaHo. IToTpiOHO Bigm3dHauutTH, 10 Kpuy 10 [13]
OyJI0 OTPMMaHO Ha OCHOBI CIIPOIIEHOTO PO3B’SI3KY
JUCIIEPCITHOrO PIiBHSHHS B HEXTYBaHHI IEpIINM
YJIEHOM MieJIEKTPUYHOI CKIAmoBOI mydka (~/, y
piBHsIHHI (5)). ¥V naniii po6oTi criiBBigHOLIEHHS (7)
micys JdiHeapu3alii OyJio 3BeleHEe J0 KBaapaTHOIO
PIBHSIHHS 3 KOMITJIEKCHUMM KoedillieHTamMu a, b, ¢
i, BIIMOBIIHO, PO3B 430K BITHOCHO Y,/®, OTPUMAaHO

28

B LUX TepMiHax wist b2 — dac < 0. Po3p’s13yBaHHS
IMCIEPCIMHOrO PiBHSIHHSI TaKMM CIIOCOOOM IyXe
rpOMi3JKe 1 HaBpsi UM 3pyvyHe JJIsi aHaJiTUYHOTO
MOJaHHSI, ajie 1a€ TOUYHIIlli OL[iIHKU IBUIKOCTI pOC-
TY HECTilKOCTi.

[IIBuAKiCTH POCTY MOMEPEYHOI HECTIMKOCTI CUITb-
HO 3aJIEKWUTh Bil PE30HAHCHOTO Tapamerpa 1, =
= (0, — kyt — @,,)7!, 0COGIMBO /IS MATMX T4~
KYTiB iHXeKIIil e Ha puc. 7, e nokazaHo neBHY
peryjsipHy LIBUIKICTb POCTY XBWJIb MIPU MOCTIiliHIl
PO3CTPOIALI PE30HAHCY TOOIN3Y YaCTOTH ®, ~ ©,,/3
(1o 6;M3bKO 10 BUMAAKY 4 Ha puc. 4). 3a yac ekc-
MEePUMEHTY CITOCTEpiraroThCsl TPU YacoOBi iHTepBaIu
3 panTOBMMM 3pMBAMU HECTIHKOCTi (pi3Ke 3MEeH-
IIEHHS IIBUAKOCTI POCTY XBUJIb) i MOCTYHNOBUM ii
3poctaHHsM. YucioBa mepeBipka rokasania, o 1ii
BUMAAKU Y IIEPIITY Yepry NoB’s13aHi 31 3MiHaAMM Pe30-
HAHCHOTO MapameTpa m,. B minomy poskun nonepe-

YHUX IIBUIKOCTEN vi i pe30HaHCHE PO3CTPOIOBAH-
Hs € Habarato OiUTbII BM3HAYAJIbHUMU ITapaMeTpa-
MU TIpU 30yIKEeHHI HECTiiIKOCTi, HiXX BiIHOIICHHS
ny,/ny. B pobori [11] HaBeneHo maHi aHOMaJIbHKUX
MOTOKIB TETJIOBOI IJIa3MM i iHTEHCUBHOCTE! XBUJIb
B Pi3HMX YaCTOTHMX Jialla30Hax, 110 OyJIM 3apee-
CTpOBaHi Ha 000X CYITyTHMKaXx i 30iratoTbcs 3a 4a-
COM 3 PO3IJISHYTUMU Ha pUC. 7, e 3puBaMu Mormepe-
YHOI HeCTilKocTi. OueBUAHO TaKOX, 1110 11i BUTAAKU
MOB’s13aHi 3 IUKIIYHOI POOOTOI0 iOHHOIO IIpU-
CKOpioBaya i BIZHOIIEHHSIM pPEe30HAHCHUX YacTOT
u)pe/wce Ha BUTKY 337.

XapakTepuCTUKNA TIO3IOBXHBOI 1 IIOMEepedHOol
HecTilikocTel, BU3HaUYeHi 0e3 BpaxXyBaHHSI B3a€M-
HOTO 3B’SI3KY, OYEBUIHO, HE 3aBXIU BilMOBiAAIOThH
niicHocTi. Ha puc. 8 po3risgHyTo ajJbTepHaTUBHUI
PO3BUTOK €JIEKTPOMArHiTHOI HECTiHKOCTI Ha OCHO-
Bi IPUITYIIEHHS IIPO 3aJIEXKHICTh KyTa ITOIIMPEHHS
30yIKE€HUX CBUCTIB 0, Bill IJIMOMHM IIPOHUKHEHHS
e-TIy4Ka y IU1a3My, TOOTO Bil IIBUAKOCTI POCTY IIO-
3M0BXXHBOI HECTiITKOCTi. MOXXHa BBakaTH, IO 1€ €
OIHWM i3 HAOJIMKEHb Y BUBUCHHI TUTAHHS TTPO B3a€-
MO3aJIEXKHICTh ITYYKOBUX HECTIMKOCTE! B pe3yJibTari
MOyl (PYHKIIl pO3MOAiTy €JIeKTPOHIB Iy4yKa y
MOJIi 30YMKEHUX MO3M0BXHIX i MTOMEPEYHUX XBUJIb.
Ha puc. 8, a, 6 npuBeneHo MBUAKICTh POCTY I10-
3I0BXKHIX XBWIb ITOOJIN3Y TJIA3MOBUX PE30HAHCHUX
yactoT 0? (3anexnicts 1) i o) (2...5) nna suTKa
190. Xapakrepuctuku 2, 3 (nipu dg; > 0) i 4, 5(5g; <
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0) orpuMano st «I»- i «2»-ro BapiaHTIB IIa3MOBOL
yacToTtu y may3i podoru Y3/II 3a manumu ioHHOL
nactku KM-10. TTopiBHSIHHSI LIMX XapaKTepUCTUK
MpoBeeHO 3 audepeHLiaTlbHUMU TOTOKAMU €1eK-
TPOHIiB pi3Hux eHepriii (puc. 10, 11). Hapuc. 8, 6 mo-
Ka3aHO TaKOX CITiBBiTHOIIIEHHSI MOTOKOBOI IIBU/I-
KOCTi €JIEKTPOHIB My4yKa # i 'pyMNoBOI IIBUAKOCTI v,
MO3IOBXHIX XBWJIb, 30yIKeHUX 1ooausy o? npu
3G =~ —0.05106¢; ~ 0.45. CniBBiAHOLIEHHS IBUIKO-
CTeii u ~ v, CIIOCTePiraeThCs NTOCUTH TPUBAJIHIL Yac,
IMOYMHAIOUM 3 JIeSIKOTO Bilpi3Ky 4acy A, 110 IpHu-
0JIM3HO 30ira€Thcsl 3 MOYATKOM MOCUJIEHHST IOHHUX
MOTOKiB TEIUIOBOI IJIa3MU Ha CYOCYNYTHMKY, IO-
KazaHoro Ha puc. 6, ¢. HaBiTb 3 ypaxyBaHHSIM pi3-
HUX HaOMMXXEHb TPU BU3HAYCHHI XapaKTepHUCTUK
MO3I0BXHbOI HECTIMKOCTI 3a y4acTiO ITOBLIbHUX
MOJI e-TIydyKa 3pOCTaHHS iOHHUX MOTOKIB TEIJIOBOL
IUIAa3MU 3a Tepiod A MOXHA OB S3aTH 3 JIIHIHOIO
CTajliEl0 PO3BUTKY HECTIMKOCTI.

OpHak B JaHiil poOOTi 00’€KTOM yBaru € pe3o-
HaHCHI edeKTu B3aEMOJil MOTOKIB 3apsIxKeHUX
YAaCTUHOK 31 CTUMYJIbOBAHVUMMU e-ITyYKOM MO3T0BX-
HiMM i TTonepeYHUMU XBIISIMU. 30yIKeHHST OCTaH-
HBOI'O TUITy XBWIb PO3IJISIHYTO Ha puc. 8, e—e. Ha
puc. 8, e IpeACTaBICHO IIBUAKICTb POCTY CBUCTOBUX
XBUJIb Y,/®, HA 4acTOTaxX ®,, Mg KyTiB 0, = 0.15,
Ao =0.20,, (KprBa 8) He3aJIEXKHO Bill iCTOPII O30~
BXHBOI B3aemomii. Hasmaku, kpusi 9, 10 orpuma-
HO y MPUITYLIEHHI PO 3aJeKHICTb KyTa 30yIKEHHS
CBHCTOBOI MOJIM Bijl IIBUAKOCTI POCTY MO3MOBXHIX
XBUJIb:

0, ~ 65 [1 + (ulky)/v9)?], (@~ 1/3),  (16)

mpo 110 unuiocs y 1. 3.3. B gaHomy BUmagky mpu
BU3HaueHHi 3ayiexxHocteit (9), (10) BuKopucTaHO
3HAYEHHSI KyTa MOLIMPEHHS 9(2) = 0.15, gk a4 3a-
JIexXHOCTI (8) 111 KopeKTHOro nopiBHsiHHS. LIBu-
KiCThb POCTY IMO3M0BXHbBOI HECTIMKOCTI, sSIKa OTHO-
YaCHO MOX€ PO3roiyBaTUCh, BU3HAYaIaCsa Ha MEXi
JiHiAHOI cTidkocTi g d¢; ~ 0.45 npu HeraTtus-
HOMY HaxuJjii aucnepciiitHoi kpusoi 0G ~ —0.9 (9),
8G ~ —0.67 (10). Ha nux npukiamax MOXHa CIIO-
cTepiraTv parToBi 3MiHM IIBHUAKOCTI POCTY HOIIE-
pPEYHUX XBWUJIb B 3aJIe3KHOCTi BiJl YMOB 30Yy/XKEHHSI
MO3I0BXHiX XBWib. Came 3MiHa KyTiB 30yIKEHHSI
CBUCTIB BCEpEAUHI PEe30HAHCHOTO KOHYyca Bilmo-
BiZanbHa 3a XapaKTepHi 3MiHM IIBUAKOCTI POCTY

Y5/ 05
=

v, u 10" m/c

— N WA W

7/,

1 1 1

300 350 400 450 500 tc
Puc. 8. llIBUaKicTh poCcTy MO3MOBXKHIX XBUJIb Ha 4acTOTax
o (1) i o) (2—5) nna sapiantis ’1’ (a) i *2° (6) npu BuU-
3HAYEHHI IIa3MOBOI YacTOTH f, Y Tay3i iOHHOI iHXKEKIIii:
I — 3G = —0.05, d¢g; =~ 0.45; 2 — 3G = —0.75, 8¢, =~ 0.45;
3—08G~—0.35,8¢;, ~0.45; 4 —8G~—0.44,6¢; ~—0.33; 5 —
3G = —0.55, 8g; = —0.27; ¢ — rpymosa WBUIKICTb V, IIa3-
MOBUX XBWIb 1100113y @ y Bunanky 1’ (6) Ta moTokosa
LIBUIKICTh €EKTPOHIB U (7); e—e — IIBUAKOCTI POCTY CBUC-
TiB 7,/®, Ha YacToTax ®, 11 0, = 0.15, A = 0.20,, (), a
TaKOX y’z B HabmkeHHi (16) nis dg; = 0.45, G~ —0.9 (9),
i8G ~ —0.67 (10) Ha BuTKy 190

cBUCTIB Y, (KpuBi 9, 10). B 11bomMy nosisirae KopiHHa
BiIMiHHICTb TpaKTyBaHHS TPEACTABICHUX Pe3yJib-
TaTiB BiJ aHAJOTiYHUX B poOOTi [1].

4.2. B3aemodia ceucmogux moo 3 3apsoxceHumu
yacmunkamu. I10TOKM IIBUIKKMX €JIEKTPOHIB, 3ape-
ectpoBani crekrpomerpoM JIOK-A («MarioH-3»)
JUIS pi3HUX TITY-KYTiB Ha BUTKY 337, mpencraslie-
Hi Ha puc. 9, 6—e. Pi3HOMaHITHICTb i0HOCEpHUX
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Puc. 9. Tlotoku enexTpoHis J,, 3 eneprieto 25, 63 keB (6, 6)
iJ,, nna 101 xeB (e), miTu- KyTI/I peecTpallii 111 Har HMKIB
’le ’2e’ (JOK-A) na Butky 337 (a), Oynxiis R - (©,)
IIJIS1 Pi3HUX YMOB B3a€MOJIii XBUJISI — YacTUHKA (d): 1 — -
KJIOTPOHHUI pe3oHaHC Ui XBUib 3 0, = 0.18, Aw ~ 0.4w,, i
enekTpoHiB 43 keB (/= 1, k = 2) B HanpsAMKy j = 2; 2 — 0, =
0.07, Ao ~ 0.20,,, [=—1,k=1,j=1;3—0,=0.07, Ao ~
05w ,/=—1,k=1,j=2

ce’

€JeKTPOHHMX TMOTOKIB CTUMYJbOBaHa €JEeKTPO-
HHOIO Ta iOHHOIO ITyYKOBUMMU iHXKEKIIiSIMA OIHO-
yacHo. OcTaHHS Ma€ OyXe XapaKTepHi IepioandHi
KOJIMBaHHSI CTPyMYy iHXKeKIIil Ha 000X BUTKaX, SIKi
JIO3BOJISIIOTh  MIPOCTEXKUTHU ii BIUIMB K Yy OJIMX-
Hili, Tak i B gaibHiil objactsax. CaMe 3a TaKUMU
MNepioAMYHUMU 3MiHaMU OyJIO BUSIBJIEHO BIUIMB
Xe™-inxekuii Ha iOHHI MMOTOKM TEIUIOBOI TUIA3MU
i enexTpuuHi BU-nosst Ha cyocymytHuky [10, 12].
EdexT iHxXeKllii e-myyka TaKoX IIPOCTEXYETHCS I10
XapaKTepHUX 3MiHaX IapaMeTpiB, aje y OiIbIIOC-
Ti BUMAAKIB JUISI IbOTO MOTPiOEH IIMOIIMIA aHai3.
Hanpuxian, BapTo 3BEpHYTM yBary Ha eJeKTpo-
HHi MOTOKM y Tay3i ioHHO1 iHXeKLii npu ¢ = 2450...
2480 c. HesBuuaiiHy MNOBEeAiHKY CTUMYJIbOBaHUX

30

MOTOKiB 10HOC(HEPHUX EJIEKTPOHIB J,, 3 €HEpTielo
25 xeB (k = 1) 3apeectpoBaHo maBaueMm '2e¢’ 3
V-nonioHotw ¢opMmoto 30ypeHb. BUHMKa€e MuTaHHS,
3 SIKUM MEXaHi3MOM B3a€EMOJIil XBUJISI — YaCTUHKa
MOB’si3aHe MoIiOHe Mocaa0JIeHHS MOTOKIB i MogaIb-
1Ie IXHE 3pOocTaHHs. SIKIO MU 3HAEMO, 1110 CTUMY-
JIbOBaHI e-IydKOM IO3J0BXHi i TOTepeyHi XBUJIi
MEePEBaXXHO CIIPSIMOBAHi B HMXKHIO 1 BEPXHIO IIiB-
cdepu BiAMOBIAHO, TO HE 3aliBUM Oyne 3HaTU, IKUI
TUIT XBWJIb BUKJIUKaB Take V-TIoHiOHe 30ypeHHs. Y
3B’SI3Ky 3 IIMM CJIifl 3a3HAYMTH, 11O ITiTY-KYTH Yac-
TUHOK, 110 pyXaloThes 10 3eMIli i 3aXOTUIeHi arnep-
Typolo JaBauiB, MeH1Ii 3a 90°, i HaBMaku, OiblIi 3a
90° — st BUCXimHUX MOTOKiB. OCKiJIbKM B3a€EMO-
NIisT XBUJISI — YaCTUHKA PO3TJISIAAETLCS I CBUCTIB,
CTUMYJIbOBAaHUX e-TIYYKOM Y TIPOTUJIEKHOMY O
MOro pyxy HaIpsSIMKY, TO IIiTY-KYyTH ioHOCHEpHUX
€JIEKTPOHIB, 110 B3aEMOIIIOTH 3 HMUMHU, TTOBUHHI
Oytu MeHumu 3a 90° (auB. puc. 1). ITiTu-kyTH Ta-
KHX eJISKTPOHHUX MOTOKIB, 3apEECTPOBaHI JaBayeM
’2¢e’, Bim3HaveHi H_ITpI/IXOBOIO KpMBOIO Ha puc. 9, a.
OcCKiNbKM y TI1a3Mi 3 (ope <mfe (puc. 5, ) cTuMy-
JIbOBaHa MYYKOM XBWJIbOBA €HEPTisl MepenaeTbes y
BY-o061acTi mepeBaXkHO MO3I0BXHIMU XBWISIMU,
3apeectpoBaHi crnekrpomerpoMm TOK-A enexrpo-
HHi IIOTOKH 3 0 > 90° Oynu 30ypeHi B HUXKHIl TTiB-
cepi. IlpeacrasneHi Ha puc. 9, 6, 8 CTUMYJIbOBaHi
eJIEKTPOHHI TIOTOKM Ha CYOCYIYTHUKY, y may3i Xe*-
IHXKEKIIil, MOXHa TTOPIBHATU 3 iHKPEMEHTOM ITI0-
3MOBXHIiX XBUJIb (pUc. 7, a, 6). Lle mopiBHSIHHS fae
nesKi BimmoBiAi Ha V-TMomiOHy moBemiHKy (cran i
3pOCTaHHS) CTUMYJIbOBAHUX MOTOKIB ioHOC(HEpHUX
€JIEKTPOHIB.

EnextponHi noroku J|,, 3apeecTpoBaHi HaBayeMm
1e” mst ¢ = 2360...2450 ¢, MOXyTb OyTH TOB’s13aHi
3i crneuu@iyHUMU yMOBaMHU ITyYKOBO-IIJIa3MOBOL
B3aEMO]Ii1, KOJIU e-TTy4OK iHXKEKTYBaBCS MPAKTUYHO
Y3I0BX MarHiTHUX CUJIOBUX JIiHIN (ocp . ~ 0°) 3 Mak-
CUMaJIbHO MOXJIMBOIO LIIJIbHICTIO My4YKa. Y HVKHIN
YJacTUHi puc. 9, d mpuBeaeHO GYHKIIiIO R;Q (o,) ns
pi3HUX TUIIIB B3aEMO/ii XBUJIsI — vacTuHKa. [lepe-
TUH (YHKIII€I0 3Ha4eHb | BU3HAYa€ TUMYACOBI iH-
TepBaju, je MojBiliHa pe3oHaHCHa ymoBa (15) moxe
peanizyBarucs. Tak, HanpuKIIaI, 1151 TOTOKIB Jje (=
1, 2) 3 eHeprisimu esiekTpoHiB 25 Tta 101 keB (k = 1,
4) 30ypeHHs 3a mepion t = 2450...2475 1 2600...2650
C MOXHA BiIHECTH IO LUMKJIOTPOHHMUX i aHOMab-
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HO-LIMKJIOTPOHHMX PE30HAHCIB 3 €JIEKTPOHAMM BilI-
MOBIMHUX eHepriii. 30yIKEHHsI CBUCTIB Ta IXHIO pe-
30HAHCHY B3a€EMOJiI0 3 i0HOC(PEPHMMU MNOTOKAMU
EHeprilHUX eJIEKTPOHIB HEOOXiJHO po3misiiaTh B
KOXXHOMY OKpeMOMY BUIIaJKy. BumiptoBaHHSI eHep-
riAHMX YaCTUHOK Ha BUTKY 337 Oy/u MpoBeleHi Ha
MepeTHHI MarHiTHUX 000JIOHOK 3 L. ~4.87...1.42, T00O-
TO TP PYCi 3 30BHIIIHIX pagialliliHUX IMOSICIB 3eMTi
y cTabitbHI BHYTpiliHi. HeMae cymHIBIB y ToMy, 1110
30ypeHH:s i0HOC(hepHUX MTOTOKIB BUKJIMKaAHI 1HXeK-
i€l 3apsKEHUX YaCTMHOK 3 OOpTY CTaHIIil, a He
MPUPOIHOIO reoi3MIHOI0 aKTUBHICTIO.

AHaJioriuHe 10CHiaKeHHS pe3yJIbTaTiB pe30HaHC-
HOI B3aeMOii cBUCTOBUX Moj i yacTuHOK (JIOK-A)
st Butka 190 3 m;e > @7, npe/cTaBieHo Ha puc. 10.
PosrismaeTbes TaKoX 30yIKEHHST e-ITy4YKOM T103/10-
BXHIX XBUJIb IIPY Y€PEeHKOBCHKI (n = 0) i momepe-
YHUX IIPU HUKIOTPOHHOMY (7 = 1) pe3oHaHcax. Llsa
cXeMa € OIHI€EI0 3 HalOIIbII €eHEPreTUYHO BUTITHUX
3 TOUKM 30py Tepeaaydi KiHeTMUHO1 eHeprii myyka y
XBWJILOBY akTMBHIicTh. Ha puc. 10, 6—e nmokazaHo
NOTOKU €JIEKTPOHIB J,, i J,, mis eHepriit 25 i 180,
245 keB (k = 5, 6), a nHa puc. 10, a — miTY-KyTH
peecTpallil Ij1s IBOX €JIEKTPOHHUX JaBadiB. Pe3o-
HaHCHa (byHKIIis R;.Q JIJI1 HYJIbOBOTO Ta II€PIIOIO
MOPSIAKY UMKJIOTPOHHUX pe3oHaHciB [ = 0, +1 npu
B3a€EMO/Iii CBUCTOBMX MO 3 €JIEKTPOHAMM Pi3HUX
eHepriii npeacrapiieHa Ha puc. 10, d. [1pu 1ukiI0-
TPOHHOMY PE30HaHCi 3HAYeHHs (PYHKILii R;? iHOmi
3a3HAIOTh JIy>Ke Pi3KUX 3MiH, 30KpeMa 3MiHU 3HAKY.
3 oxHOro 00Ky, MOTpiOHA myXe peTesibHa OITUMi-
3allisl mapamMeTpiB, 11100 IepeTuH (YHKILT 3 Oau-
HUIIEIO Mir OyTU IpeACTaBIeHUI TaK, SIK JJISI BUTKA
337. 3 inmoro 0OKy, 1ieil IepeTUH BCe-TaKu BimOy-
Ba€THCS, SIK MOXHa Oauutu Ha puc. 10, 11, H?. iI)KI/IX

+ —

MpeJcTaBieHo JorapudmiuyHy ¢GyHKIi0 Rlog =

= sign( Rj;l) )g| R;;rl) | 11 BEMKMX 3HAYEHD 31 3Mi-
HOIO 3Haka. Pi3Kki 3MiHM nudepeHliaTbHUX MOTO-
KiB €HepriliHuX eJeKTpoHiB Ha puc. 10, 6—e MoX-
Ha TIOB’S13aTU 3 LIMKJIOTPOHHUMHU pE30HAHCAMMU,
SK iy BUManKy Ha BUTKy 337. Bapiatii mortokis J,,
3B’SI3yI0ThCS 3 pe3oHaHcoM [ = 0 mpu B3aemomii 3i
CBUCTaMM y BUILMX LIapax ioHocdepu. XapakTepHi
3MiHM IHTEHCMBHOCTI BUCXiJHUX MOTOKIB J,, (%j >
> 90°) MOXYTh OyTM BUKJIMKaHi a0 B3aEMOIEI0 3
MO3I0BXHIMUA XBUJISIMMU, a00 3i CTUMYJbOBAaHUMU

e-Iy4KOM TIONIepeYHUMM MOJaMU TIpU pe30HaHcax
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Puc. 10. TTotoxu enexTpoHis J|, 3 eHepriero 25 keB (0) i J,,
s 180, 245 xeB Ha 6 i e BifloBiIHO, a TAKOX TMiTY-KYTHU pe-
ecTpallii 11 HanpsIMKiB *1e’, *2e’ (a). @parmMeHT 0 — pe3o-
HaHCHi QyHKIILi1 Rﬁ.? (w,) 11 pi3HUX yMOB B3aeMoxii: 2, 3,
4 — pna 3aracanHs cBUCTOBMX Mon (0, = 0.37, /=0, Aw ~
0.1o,,) Ha eekTpoHax 3 kK = 4, 3, 2 BiINOBIIHO, 3apeecTpo-
BaHi naBauem 'le’ (j = 1), pesoHaHcHa QyHKIis / BU3HaYeHA
K Rfé; = sign( R;lz) )g| R;lz)l (I=1,k=2,j=1), Burok 190

n=0, —1. I[Tpu HboMy 3MiHU iIHTEHCUBHOCTI ITOTOKIB
JIETKO 3B’SI3aTW 3 PanTOBUMM 3MiHAMM IIBUIKOCTI
POCTY CBUCTOBHMX XBUJIb, SIK Ha puC. 8, e—e. Y nep-
1IOMY BUTAJIKy HaM MOTPiOHO Oy/e MPUMYCTUTH, 1110
30yIKEHHS TT0300BXHbBOI HECTIMKOCTI TAKOX MOJY-
JIIOETBCSI 3YCTPIYHMMU TMOIEPEYHUMU XBWISIMU. B
po6orti [10] 3a manumu «MarioH-3» Ha BUTKy 337
MPUBEACHO PE3yJbTaTu PeeECTpallii CTUMYIbOBAHUX
ejekTpuyHuX BYU-10J1iB 32 JOITOMOIOI0 AUITOJIBHOL
anteHu (mpuiimauy ITPC-C). PesynbraTu mpome-
MOHCTpPYBaJIM XapakTepHe 3pocTtaHHs BU-moniB Ha
3HAYHO BUILMX YaCTOTaxX, HixK PE30HAHCHI YaCTOTU
mwia3Mu. BusBieHO TakoX KOpEJSIilo aMILLTYd
BY-noiB 3 HeJliHIHHUMU CTpyMaMU €JIEKTPOHHOTO
My4Ka, iHIyKOBAaHUMH Y MOJIi MO3I0OBXHIX i MoTepe-
YHUX HECTAOITbHUX XBUJIb.

31
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Puc. 11. Enexrponi noroku J,; (j = 1, ..., 6, crieKTpoMeTp
MIIC) nnst enepriit 0.13, 0.362, 1.416, 1.99, 2.799 keB (Bin-
nosinHo k =7, 10, 14, 15, 16) (6—e). ®parMeHT @ — TIiTY-
KYTH a,, peecTpallii 1aBayeM eJIeKTPOHIB /ISl CEKTOPiBj = 2,
3,4,5. ®parmeHr 0: 1 — RYY g enexTpoHiB 1.99 keB (k=

lo
= 15, j = 3) Ta KOCUX CBUCTIiB; 2 — (DYHKIIisI Rg) (w,) s

enexktpoHiB 0.047 xeB (k = 4, j = 2), Burok 190. (Ha dpar-
MEHTax a — e IKaJIX 3J1iBa — st KpuBUXj = 2, 3 1a k = 16,
15, 16 BiAMOBiTHO; IIKaJIX CIIpaBa — JJIst KpUBUX j = 4, 5 Ta
k=10, 14, 7 BianoBiaHO)

VYMoBU pe30HAaHCHOTrO 30yIKeHHS XBWJIb i B3a-
€MO/Iii 3 eIEKTPOHHUMMU MTOTOKAMU MiATPUMYIOThCS
B IIIMPOKOMY Jlialla30Hi €HEepril 1 TapaMeTpiB MyyKa
Ta mia3mu. Lle miaTBepaKyeTbCS TaHUMU PEECTpa-
1ii cmaboeHepriiHuX eJIEKTPOHIB CIIEKTPOMETPOM
MIIC, 110 Ma€e ceKTopalbHY BXigHY aliepTypy JaBa-
YiB 3apsKEHMX YaCTUHOK B IIMPOKOMY Jiara3oHi
IMTY-KYTiB Oy 5 TYTJ = L,..., 6 (puc. 1). AHani3 mo-
BEIiHKIM aHOMaJIbHUX ITOTOKIB J oj Ha BUTKY 190 ipo-
BElIEHO B TakKiil ke MaHepi, SIK i y JBOX MOIepeaHix
Bunankax. Ha Bcix puc. 11, 6—e IIOTOKM €1eKTpo-
HiB JEMOHCTPYIOTb CITOKiiHO CIagHy CTPYKTypy
3MiHU iHTEHCUBHOCTI, 32 BUHSITKOM iHTepBaly f =
= 360...400 ¢, 1110 TpUOIM3HO 30iracThCs 3 iHTEP-
BaJioM A Ha puc. 6, 6. Came NMPOTATOM LILOTO Yacy

32

CIIOCTEpIraloThCsl aHOMAaJIbHI ITOTOKM €JIEKTPOHIB,
sIKi TaKOX 30iraloThbCsl 3 pi3KMMM 3MiHaMHU (PyHK-
wii Rl(:;), 110 MEePETUHAE 3HAYEHHS RE.ZH) (w,) = 1.
Maiixe ToJi XX criocTepirajaucs aHoMaJlbHi CTUIECKU
iHTeHcuBHOcTi HY- i BU-xBMAb Ha cTaHLii i cyocy-
MyTHUKY BiJIOBiIHO, MpeacTaBieHi B poooTi [10].
ITo xapakTepHiii mOBemiHIII CTUMYJILOBAHUX IOTO-
KiB Ha puc. 9—11 MoxHa 3poOUTHU BUCHOBOK, 1110
ioHOC(epHi YaCTUHKHU AYXe YYTJIUBI 10 OyIb-sSIKUX
Bapialliii Iy9KOBO-IIJIAa3MOBOI B3a€EMOIl i 30ymKe-
HUX TOJIiB B Pi3HMX YAaCTOTHUX Aiara3zoHax. Pe3yib-
TaTU peeCTpallii eHepriiHuX YaCTUHOK Ha BUTKY
190 orpumaHi juist cTabiIbHUX TJ1a3MOBUX 000JI0-
HOK 3 L ~ 1.35...1.45. BuBueHHs B3a€MO/Iii YaCTUH-
Ka — XBUWJISl — YaCTUHKA I KyTiB 0, (puc. 8—10),
CHpaBelJIMBO B HAOJMXKEHHI T€OMETPUYHOI OIITUKU
IIJISI TOKAJIbHOI 00J1aCTi MPOCTOPY, KOJIU MOXKHA 3HE-
XTYBaTH €KCKYPCIi€I0 XBWILOBUX HOpMasei B AaKTi
miJbHOCTI. OQHaK MpU 3arajibHiil MOTYXXHOCTI iH-
JKEKIIiT My4KiB B ioHOC(epHY IJ1a3My BiIOYBa€EThCs
TaKOX TeHepallisi XBWJIb aJIbBEHIBCHKOTO i CBUCTO-
BOTrO Jiara3oHiB, 110 MOIIMPIOIOTHCS Y MarHiTHUX
CUJIOBUX JaKTax. B3aemomis LiMx XBUJIb i3 3apsimxKe-
HUMM YaCTUHKAMMW MOXE TaKOX IMPU3BECTU 10 BU-
CUITaHb €HEPTiHUX eJIEKTPOHIB.

MoxxHa NpomOBXUTH BUBYCHHS B3aEMOIil XBU-
JIsl — YaCTUMHKA y iHIIUK eKCepuMeHTaIbHUI CITO-
¢i0. Ha puc. 12, a dyHxkiiito R;? (®,) NpUBENEHO ISt
pi3HUX TUITIB PE30HAHCHOI B3a€EMOJil €HepriliHUX
€JIEKTPOHIB 3i CBUCTOBUMU MOJAMM Ha BUTKY 337.
InTepBanu, Ae MNOABIMHMI pPe30HAHC MOXJIWBUI
no3HaveHi jirepamu A, b, B, I. Binbip nanux y 3a-
3HAYEHI Mepioan Yacy IS aHaJi3y B 3aJIEXKHOCTI Bi
mapaMeTpa € IIOJaJIbIIOI OOPOOKOIO pe3yJIbTaTiB
eKCMEePUMEHTY JIPYroro piBHSI MPUOJIU3HO Y TaKuUi
CIT0Ci0, SIK 11e OyIJI0 3pobJieHO B po6oTi [1]. Popmy-
BaHHSI oKpemoro ¢aitny (isuyHuX 3anuciB, ckia-
JIEHUX i3 eKCMepUMEHTATbHUX JaHUX i YMCIOBUX
XapaKTEepUCTUK, BiZOYBAETbCSI Ha IEpLIOMY eTalli
00pOOKHU pe3y/bTaTiB 3 eJleMeHTaMU MOJIEII0OBaHHSI
aKTMBHOIO €KCIIEPMMEHTY B KOCMOCi. 3amucu (op-
MYBaJIMCS B OKOJIi 3HaYeHb R;.Q = 1 i moTiM nepepo3-
MOJIISIMCH B 3aJIEXKHOCTI Bi/l mapameTrpa, SsKUuM Mir
OyTH OJIMH 3 TTapaMeTpiB My4Ka,/Tia3Mu adbo Yncio-
Ba XapakTepucTHKa. Pe3ynbraTu MpeacTaBieHO Ha
BinmoBinHux ¢dparmeHTax A, b, B, I' (6;10Kkax) ns
Pi3HUX EHEepTiil eJIEKTPOHIB i HANIPSIMKiB peecTpalii
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nmaBayamu JIOK-A. KopekTHe MOpiBHSIHHS 3 €KC-
MepuMEHTAIbHUMU pe3yJbTaTaMu MOXHa 3p00UTH
TiIJIbKU JIJTSI BY3bKOTO Jlialla30Hy eHepriii, MiT4-KyTiB
peectpaii i KyriB 0,. Ciix gogaTu, 10 MpU Takii
BUOIpIIi MOXXHA OTPUMATH PE3yJIbTaT, SKUI HaBPsII
YM MOXHa CIUIAaHYBaTM TEXHIYHO MpPHU ITiArOTOBII
KOCMIUHOTO €KCIIEPUMEHTY.

®parmenTtu B, I' Ha puc. 12 6yno oTpuMaHoO [JIs1
€JIEKTPOHHUX MOTOKiB, 3apEECTPOBAHUX MPOTITOM
dacy BiI. Ha dparmenri B enekrponHi noroku J, ,,
J,, nnsa enepriit 63 keB (k= 3) i 101 xeB (k = 4)
BiJIMOBIIHO TPEJCTaBAEHO B 3aJ€XHOCTI BiJl pe3o-
HAHCHUX 3HAY€Hb Rl(g) (/ = 0). AHanoriuHo, nMoTo-
ku jutst 1011 180 keB (k = 4, 5) Oyau oTpuMaHi nipu
R( Y 5 1 na ¢dparmenTi I. Bapialii moTokiB Bu-
KJIWMKaHi pI3HUMU MeXaHi3MaMW B3a€EMO/Iii XBU-
JIsi — YaCTHMHKA, a TAKOX MiTY-KyTOBUM PO3KUIOM.
B pesynbrarti 11i MexaHi3MU MOXYTh BUKJIMKATU SIK
MPUCKOPEHHSI, TaK i raJibMyBaHHSI €JIEKTPOHIB B 3a-
JIEXKHOCTI Bif (a3 B3aeMomil 3 XBWJICIO KiHIIEBOI
aMmIuTiTynu. OAuMH 3 BUCHOBKIB, SIKUII MOXHa 3pO-
OUTHU 3 TIPEACTABICHUX JAHUX, TOJSITAE B TOMY, 1110
B3a€EMO/Iisi CTUMYJIbOBAHUX XBWJIb i YACTUHOK Ha
Mepilii [UKJIOTPOHHIN TapMOHIili IepeXOoauTh B
pe3oHaHc Yepenkona i HaBraku. Ii edpekTu Bu3Ha-
YaroThCSl 3HAKOM €HEProoOMiHy MiX XBUJICIO i Yyac-
TUHKOI0, a TaKOX (ha3010 3aXOTJIEHHS eJIEKTPOHIB Y
noJii xswii [7]. B3aemonist mpaBoi ¢BUCTOBOI MO
i €JIEKTPOHIB BUKJIMKAE MTOMIUIEPiBChKE 3MIillIEHHS
4actoti K,_*v, 10 3Ha4eHb, KOJIM PeaTi3yeThCsl yMO-
Ba LIMKJIOTPOHHOTO PE30HAHCY.

CTuMyJIbOBaHi 3yCTPiYHUMM CBUCTOBUMU MOJIa-
MU IOTOKM €HEPriiHUX eJIEKTPOHIB MOXYTb OyTH
3apeectpoBaHi gaBayamu JIOK-A s miTy-KyTiB,
MeHmux 3a 90° (puc. 9, a). ManoitMoBipHO, 1110
30ypeHHsI IMOTOKIB J,, OyJIM BUKJIMKaHi CBUCTAMU 3a
nepiox vacy B, uepe3 Te 110 0 > 90°. BuBueHHs
30yIKEHUX TMOTOKiB IIBUIKUX €JIEKTPOHIB 3a J0-
TMIOMOTOI0 pPe30HAHCHOI (PYHKIIii Rﬁ,’{) (»,) ToKasye,
KOJIY 1 32 IKMX YMOB PO3IVISIHYTi €(heKTU BUKIMKAHI
PE30HAHCHOIO B3aEMOJIIEI0 3apsIXKEHUX YACTUHOK
i3 cBucToBUMM MomaMu. CTUMYNIbOBaHI B HUKHIlA
miBcepi ioHochepu edeKTH IO3MOBXKHBOI ITyd-
KOBO-IIa3MOBOI B3a€EMOJIiI MOXYTb OyTH TaKOX
BiAIOBigAJIbLHUMU 3a PEECTpallilo MOTOKIB Ha CyO-
CynyTHUKY «MarioH-3». Ajie 1151 IbOTO HEOOXiTHO
BUKOHATU aHAJOTIYHE AOCHIIXKEHHS PE30HAHCHUX
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Puc. 12. Oyukuis R(lz ) (w,) (Bropi) 1jist pisHUX THUIIIB B3aEMO-~
nii ¢cBUCTIB i enekTpoHiB (JJOK-A), dparmeHT a, BuToK 337:
11— Rl0 JIUIs1 eIeKTpoHiIB 43 keB, 3apeecTpoBaHux uaBaqu
’1e’ nns pesonancy Jlanpay (/=0,/=1,0,=0.27); 2 — R
TS L[MKJTOTpOHHOFO pe30HaHCy eIeKTpoHiB 63 keB (/= —1
0,=0.1); 3, 4— R IS €7IeKTPOHiB 25 ke B ¢ pisHuMu ymo-
BaMM 30YIKEHHSI CBI/ICTiB; 5— Rég) aHajoTiuyHo /, aje juist
eJIEKTPOHIB, 3apeecTpoBaHuX gaBadyeM "2¢’. Ha ¢pparmeHTax
a, 0, 6, 2 IPEIICTABJIEHO EIEKTPOHHI MOTOKU J,,, J,, IUIA Bill-
noBigHUX iHTepBajiB yacy A, b, B, I' (nuB. Bropi) B 3anex-
HOCTI Bif R d

edeKTiB 30ymKEeHHS 1 MNOINIMHAHHS ITO30OBXHIX
XBWJIb Ha OJHIM 3 pe30HAHCHUX 4YacTOT. BuBueHHs
B3a€EMOJIi1 3apsII)KeHUX YaCTMHOK 3i CBUCTOBUMU
MOJaMM, CTUMYJIbOBAaHUMU iHXEKIIIE€IO i Bimazep-
KaJIeHUMU B HUXHiX mapax ioHocgepu D, E, F
0YEBUIHO, Ma€ iHIIy OCHOBY. BOHO TakoX Ma€ Mic-
e OyTU B 3aJI€KHOCTI BiJl reodizsnyHOl aKTUBHOCTI,
KoHdirypallii iHXeKIlii i CymyTHUKIB.

5. BUCHOBKHN

HecriiikocTi my4KoBo-I1J1a3MOBO1 B3aEMO/Iii Ta MPO-
1ecu 30y/KeHHSI MO3I0BXHIX i MOoNMepeyHuX XBUJIb
MPU MaJIUX KyTax BiIXWJIEHHS BiJl MAarHITHOTO MOJIST
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PO3MISIAAINUCH 33 JaHUMM aKTUBHOTO €KCIIEpUMEH-
Ty B KOCMOCI 3 iHXKEKIII€I0 3apsIIKeHNX YaCTUHOK.
Peecrpaliito cTUMY/IbOBAaHUX CILUIECKiB TTOTOKIB 3a-
PSIDKEHUX YacTHMHOK, 30YpeHb CKJIAagOBMX KBa3i-
MOCTIAHOINO MAarHiTHOIO i €JIEKTPUYHOIO IOJiB, a
TaKOXX iOHHMX MOTOKIiB TEIJIOBOI Mjaa3Mu MPOBeac-
HO y MOJBIiIHi# CyITyTHUKOBII cucTeMi («IHTepKoC-
Moc-25» i «MarioH-3») Ha Butkax 1901 337. Ctumy-
JIbOBaHI €JEKTPOHHOIO iHXEKIII€I0 eJIeKTPOMAarHiT-
Ha i IMMO300BXHSI MYYKOBi HECTIMKOCTI BiAITOBiZaIbHI
3a Bim3HaveHi edpekTy. BUBUEHHS ITO3M0BXHBOI He-
CTIMKOCTI MPOBEAEHO B TEPMiHAX B3a€EMO/Ii1 TIBOX MO~
3[0BXHIX XBWIb, OJHA 3 IKUX € MOBUILHOIO ITyYKO-
BOIO MOJIOIO 3 HETaTUBHOO eHeprier. Yucaose 10-
CJIDKEHHST HECTIAKOCTI BUKOHAHO [UISl YaCTOTH
1 XBUJILOBOI'O BEKTOpa k,,, SIKi BU3HAYAJUCh MaJIUM
BIIXMIJICHHSIM JUCTIEPCIHHOT BYHKILI g7 (m), k() #
0 Ta 1i moxigHOI Ha MeXi JiHiHOI cTiiiKocTi. Po3-
BUTOK ITYYKOBO-aHi30TPOITHOI HECTIMKOCTI IIOHO
30yMKEHHS 3yCTPIiYHOI CBMCTOBOI MOAU Ha LIMKJIO-
TPOHHOMY Pe30HaHCI BiIOYBa€ThCS HA YACTOTAX, 1110
BU3HAYAIOTHCS JUCTIEPCIHHUM PiBHAHHSAM. [ pyHTY-
JIOUYKCh HA aHAJIOTi1 iHXKEKTOBAHOTO e-ITy4yKa 3 Ija3-
MOBOIO aHTEHO10, 0yJIO 3p00JIeHO NPUMYILEHHS PO
3aJIeXKHICTh KyTa 30yIK€HHSI CBMCTOBOI MOIM Big
IIBUIKOCTI POCTY MO3M0BXHBOI HecTiiikocti. 1o
BOHA Oijbllla, TO MEHIIA IJIMOMHA IIPOHUKHEHHS
€JICKTPOHHOTO ITy4yKa y IJ1a3My, i 30yI>KeHHSI CBUC-
TiB CJIi OYIKyBaTh MpU OUTBIINX KyTax 10 mosst By,
i HaBmaky. OLIHKY IIBUAKOCTI pPOCTY CBUCTIB ITPO-
BEJCHO SIK 3 ypaxyBaHHSIM TaKoi (PEHOMEHOJIOTiUHO1
3aJIeXKHOCTI, Tak i 6e3 Heil. Lle 103BoJIsie MOPIiBHIATU
Pi3Hi BUITaJKM PO3BUTKY HECTIMKOCTEN 3 eKCIIepu-
MEHTAJIbHUMU JaHUMM. J10 4Kciaa OCHOBHUX €KCIIe-
PUMEHTAJIbHUX pe3y/bTaTiB MOXXHA BiJTHECTH TaKi.
3apeecTpoBaHO 30ypeHi e-IIy4dKOM IOTOKM
IIBUIKKX i claboeHepriiHuX eJIeKTPOHIB Ha CyO-
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CcynyTHUKY «MarioH-3» Ha BigctaHi 90...110 kM Bin
cranwii «IHTepkocMoc-25». Pe3oHaHCHiI edekTu
MOXYTh OYTM MOB’si3aHi SIK 3 ITO3J0BXHIMM, TaK
i 3 MOoInepeyHUMU/CBUCTOBUMMU XBWUJISIMU B 3a-
JIEKHOCTI BiJl MITY-KyTa peecTpallii YaCTUHOK Ha
CYOCYNyTHUKY i YMOB 30yIXXKE€HHS XBUJIb ITYYKOM.
CtuMysIsLisl eJIEKTPOHHUX IIOTOKIB B Jiamnaso-
Hi eHepriit 20...30 xeB moB’s13aHa 3i 30yKeHHSIM
CBUCTOBUX XBWJIb Ha MEpIIiiA rapMOHIilli eJeK-
TPOHHOTO LUKJIOTPOHHOIO PE30HAHCYy B YMOBax
HopMmajibHOro edekrty Jonmiaepa. XBWJi, MOLIK-
pIOIOUYMCh TMPOTU HATIPSIMKY 1HXEKIIl e-TydKa,
B3a€EMOJIIIOTh B TaJIbHIN 30Hi 3 €HEPTiIHHUMMU eJIeK-
TPOHAMM Ha YEePEHKOBCHKOMY i LMKIOTPOHHUX
pe3oHaHcax. s mociifkeHHs1 30ypeHb MOTOKIB
3apsIKeHUX YACTMHOK Ha CyOCYNMYTHUKY BUKO-
PUCTOBYBAJIOCH MOJBiliHE PE30HAHCHE CITiBBIIHO-
LIeHHS 1J1s 30YyIKEeHHS i MOIIMHAHHS CBUCTIB Y
BUIJISAI (DYyHKILT R;? (w,). Dynxuis R;? ~ | mns
YEpPEeHKOBCHKOI'0 i IIMKJIOTPOHHOTO pE30HAHCIB
(/ =0, +1) miaTBepIXy€e MPUPOIY CILJIECKiB MOTO-
KiB €JICKTPOHIB.

Poarnsan niHiiHUX MexaHi3MiB IMyYKOBUX HECTili-
KOCTell € OHUM i3 HAOJMKEHb IS aHaJli3y 3apee-
CTpOBaHUX €(PEeKTIiB B3aEMOJIii TUITy XBUJISI — Yac-
TUHKA. B yMoBax MocTiiiHOi MOy IbOBaHOI iHXKEKIIil
BUXiI Ha HEIIHIAHY CTamilo ITyYKOBO-ILIa3MOBOIL
B3aemogii i renepauii HY- i BU-xBuib Oyne cynpo-
BOJIXKYBAaTUCh 3pPUMBAMU PEXKUMY i MIEPEXOIOM 3HOBY
JIo JIiHIAHOTO eTany B3aEMOl.

Aemopu e0suni B. B. Agoniny, B. C. Jokykiny,
A. Kipaei, M. Yobany 3a ixuiil eeauue3nuili 6Hecox 6
po3eumok yiei pooomu. Mu makoosic npucesuyemo yro
pobomy ceimaoi nam’asmi K. Kydeau, . IlImirayepa i
0. 4. Pyycuna — maykoeum KepieHuxam KOCMIYHUX
excnepumenmie 8 pamxax npoexmy AITEKC.
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WAVE-PARTICLE INTERACTION DURING ELECTRON BEAM-MODULATED INJECTION
INTO THE IONOSPHERIC PLASMA. THEORY AND EXPERIMENT

We present the results of the active space experiment with charged particle beam’s injection (electrons and xenon ions) car-
ried out onboard Intercosmos-25 station and daughter Magion-3 subsatellite. The ones are obtained under conditions when the
particle beams were injected in opposite directions relative to the magnetic field B in such a way that the electron injection was
directed towards the Earth. Mechanisms of beam-plasma instabilities relative to the excitation of electrostatic and electromag-
netic waves are considered during the electron beam injection (~10 keV, 0.1 A) from the Intercosmos-25 station. Development of
transverse instability on the first cyclotron resonance leads to the excitation of whistler mode waves backward-propagating rela-
tive to the injected electrons (from the Earth). The investigation object was the beam-excited differential fluxes of ionospheric
electrons in a wide energetic range of 27 eV — 412 keV registered by the charged particle spectrometers onboard the Magion-3
subsatellite. Thereby, the interaction of whistler waves with ionospheric electron fluxes is stimulated by the energy transfer
mechanisms such as ‘particle-wave-particle’. Numerical results of beam-plasma instabilities are compared also with thermal
plasma parameters registered at different space points on the station and subsatellite. Excitation of longitudinal and transverse
beam-plasma instabilities will inevitably lead to their competition, which will affect the results of the experiment. The data of
stimulated fluxes of ionospheric electrons allow us to investigate the various effects of the wave-particle interaction, taking into
account the influence of the growth rate of longitudinal instability on the excitation angle of whistlers and their structure. This
approach is based on the results of laboratory experiments to determine the pattern of excited whistlers for an electric dipole an-
tenna and the analogy of the beam-plasma channel with the radiating system. The results of the active space experiment confirm
the dependence of the growth rate of whistler mode waves on the development of longitudinal beam instability.

Keywords: beam instabilities, cyclotron resonances, wave-particle interaction, whistlers.
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DEEP LEARNING FOR SPACE GUIDANCE, NAVIGATION, AND CONTROL

The advances in deep learning have revolutionized the field of artificial intelligence, demonstrating the ability to create autonomous
systems with a high level of understanding of the environments where they operate. These advances, as well as new tasks and requirements
in space exploration, have led to an increased interest in these deep learning methods among space scientists and practitioners. The
goal of this review article is to analyze the latest advances in deep learning for navigation, guidance, and control problems in space.
The problems of controlling the attitude and relative motion of spacecraft are considered for both traditional and new missions, such
as orbital service. The results obtained using these methods for landing and hovering operations considering missions to the Moon,
Mars, and asteroids are also analyzed. Both supervised and reinforcement learning is used to solve such problems based on various
architectures of artificial neural networks, including convolutional and recurrent ones. The possibility of using deep learning together
with methods of control theory is analyzed to solve the considered problems more efficiently. The difficulties that limit the application
of the reviewed methods for space applications are highlighted. The necessary research directions for solving these problems are
indicated.

Keywords: spacecraft, deep learning, navigation, guidance, control, artificial neural network, reinforcement learning, landing,
hovering.

INTRODUCTION

At this time, artificial intelligence methods attract
great interest of researchers and practitioners all
over the world [2], which is largely due to the im-
pressive results obtained using deep learning (DL)
techniques [7]. DL has rapidly evolved and showed
promising results in solving complex tasks, finding
non-trivial solutions of existing problems [47]. DL-
based systems are already successfully used in prac-
tice in various fields, for example, in computer vision
[50], natural language processing [56], autonomous
driving [42], robotics [38], etc. Meanwhile, space

control systems have been designed mostly based
on classical methods, for example [1, 16]. Howe-
ver, the developers face the problems of adaptabil-
ity, robustness, and autonomy when they attack new
problems of space exploration using conventional
techniques.

Complex tasks of an orbital service, such as re-
leasing a payload or capturing non-interacting tar-
gets, are accompanied by rapid changes in attitude
and mass parameters of the SC, which can lead to
unstable motion and tumbling of the satellite [S1]. In
such conditions, the driving modes and mass char-
acteristics are unpredictable. In these cases, con-
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ventional attitude control techniques cannot always
stabilize the satellite since they depend on the mass
parameters of the plant.

The desire to expand the human presence in the
near moon space determines the demand for “light”
automated onboard processes of SC [33]. Finding
computationally efficient guidance strategies is chal-
lenging for nonlinear dynamic objects. Many con-
ventional approaches rely either on simplifying as-
sumptions in the dynamic model or significant com-
putational resources.

The necessity to operate successfully under uncer-
tainty is becoming evident for future space missions
that are being developed to explore various bodies
in deep space. High-precision SC attitude control,
which is robust to emerging perturbations and uncer-
tain dynamics, is very important to continue success-
ful space flights into deep space.

Future full-scale missions to Mars will require ad-
vanced guidance algorithms that can adapt to more
stringent requirements, such as autonomous land-
ings in selected regions with maximum precision and
cost-effective flight trajectories [18]. Missions to the
Moon and Mars require a perfect navigation system
and control algorithms for the descent phase. Such
algorithms should estimate the SC state vector using
input data from the array of sensors and generate the
required control commands to ensure an accurate
landing in an optimal way. This problem was tradi-
tionally solved offline when optimal landing trajecto-
ries were calculated in advance on the Earth and then
used in onboard control algorithms, which violates
the autonomy of the mission. Autonomous fault de-
tection and recovery capability are also essential for
future manned missions to Mars.

The currently used methods for maneuvering near
asteroids require extremely accurate knowledge of
the environment model and accurate knowledge of
the SC position before the maneuver [16]. Acquiring
this knowledge is both time-consuming and expen-
sive. This leads to a delay of several months between
the arrival of the SC to the asteroid and the moment
when it is possible to start safely performing maneu-
vers in its proximity. Autonomous operations in close
proximity (including hovering and landing) in a low-
gravity asteroid environment are particularly chal-
lenging.

Mapping and navigating around a small unknown
body continue to be an extremely interesting and
exciting challenging task in space exploration [5].
Traditionally, the trajectory of a SC for mapping mis-
sions is calculated by a human expert, which requires
hundreds of hours of human time to control the navi-
gation process and orbit selection. While the current
methodology has yielded satisfactory results for pre-
vious missions (e.g., Rosetta, Hayabusa, and Deep
Space), current requirements for mapping missions
are expanding, requiring additional autonomy during
the mapping and navigation process for the SC.

The high cost of space missions has prompted
several space agencies to intensify the development
of autonomous SC control systems [21]. Learning
agents represent one of the possible ways in which an
autonomous SC can adapt to changing equipment
capabilities, environmental parameters, or mission
objectives while minimizing dependence on inter-
ventions from the Earth.

New requirements and tasks in the field of space
exploration, as well as significant advances in apply-
ing DL technologies in other areas, have inspired re-
search to apply these methods for space applications,
and many interesting results in this field have been
published in the past several years.

The goal of this survey is to analyze the results of
recent work on the adaptation of DL methods for
space navigation, guidance, and control tasks. To the
best of our knowledge, this is the first specialized re-
view devoted directly to this specific field with this
scope. However, there are reviews close to this topic
[24, 34, 59], which can be useful for deepening or ex-
panding knowledge in this field.

The remainder of the article is organized as fol-
lows. Section 1 introduces the basic concepts of DL
that are necessary to understand the material of the
next sections for readers who are not familiar with
this subject. Section 2 reviews publications related
to the topic of guidance and navigation. Sections 3
and 4 analyze publications on SC attitude and rela-
tive control, respectively. The problems of landing on
space bodies and flights in their proximity are con-
sidered in Section 5. Mission planning and high-level
decision-making tasks are reviewed in Section 6. The
main problems of DL implementation and possible
ways of their solution are summarized in Conclusion.
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1. DEEP LEARNING

Machine learning is a subset of artificial intelligence
methods used to develop algorithms that can solve a
problem by searching for patterns in a variety of input
data [35].

There are two main paradigms of machine learn-
ing:

1. Supervised learning is the task of learning a
function that maps an input to an output based on ex-
ample input-output pairs. The cost or loss function,
as a rule, is determined through the average error of
the algorithm responses for all examples. Supervised
learning includes classification and regression prob-
lems.

2. Unsupervised learning is a type of algorithm that
learns patterns from untagged data. This includes the
tasks of clustering, anomaly detection, latent variable
models, etc.

There are also so-called semi-supervised learning
methods that take the place somewhere in between
supervised and unsupervised learning. Reinforce-
ment learning (RL) [41] is an example of semi-
supervised learning. According to the RL setup, an
intelligent agent learns by interacting with some
environment. The separation line between the envi-
ronment and the agent is rather vague, but from the
perspective of the tasks analyzed in this article, the
agent can be considered as a control system, and the
environment can be considered as a plant.

The environment is usually modeled in the form
of a Markov decision process (MDP). In this regard,
many RL algorithms use dynamic programming
methods [20]. The main difference between the clas-
sical methods of dynamic programming and RL al-
gorithms is that the latter do not imply knowledge of
the accurate mathematical model of the MDP and
are especially expedient when it is difficult to apply
exact methods. The goal of the RL is to find an opti-
mal sequence of actions of the agent, called a policy,
which maximizes the reward function. Similarly to
the control law in classical control theory, the policy
often maps the state vector and control actions.

Machine learning methods based on artificial neu-
ral networks (ANN) [7] are called DL. New ANN
architectures have largely determined the latest ad-
vances in DL. For example, convolutional neural
networks (CNN) are effective for the analysis of visu-

40

al data [32]. CNNs are based on convolution kernels
or general-weighted filters that slide over the input
and provide equivalent responses, known as feature
maps. Recurrent neural networks (RNN) are used to
process input data sequences of variable length [19].
The connections between RNN nodes form a di-
rected graph in a time sequence. This allows them to
demonstrate dynamic behavior over time using their
internal state (memory).

Different approaches are used to improve the ef-
fectiveness of DL, for example, transfer-learning
(TL) [53] and meta-learning (ML) [49]. TL allows
the system to improve the learning of a new task by
using the knowledge gained earlier in solving a simi-
lar task. ML is based on the use of such metadata,
which makes automatic learning more flexible and
improves the efficiency of existing algorithms.

2. NAVIGATION AND GUIDANCE

Reference [31] presents a new method for attitude
determination using color images of the Earth ob-
tained with a visible range camera. A conventional
earth camera is used to coarsely determine orienta-
tion by detecting the edge of the earth, and therefore
only provides a rough 2-axial orientation. In con-
trast, the proposed method can provide information
to determine the orientation about three axes by rec-
ognizing the earth pattern with an accuracy of frac-
tions of a degree and then comparing the detected
earth pattern with the global map. In addition, this
method can be implemented on the basis of a detec-
tor system consisting of an inexpensive optical color
camera and a single onboard computer. This reduces
the size, weight, and cost of the system.

To demonstrate this method in space, a sensor
system called the “Deep Learning Attitude Sensor”
has been developed [31]. The resulting images are
quickly analyzed using state-of-the-art real-time im-
age recognition algorithms. The algorithm demon-
strates good performance in various images. Image
processing time to determine the orientation is less
than 6 seconds. It is noted that the ANN architecture
should be selected depending on the performance of
on-board computers. In the future, it is planned to
apply one of the U-net image segmentation meth-
ods, which is a CNN for fast and accurate image seg-
mentation.

ISSN 1561-8889. Kocmiuna nayka i mexnonoeis. 2021. T. 27. No 6



Deep learning for space guidance, navigation, and control

A new approach called deep guidance is investi-
gated in Ref. [22]. The authors use deep RL to learn
guidance policies instead of handcrafting them. The
deep guidance technique includes a trained guidance
policy that generates speed commands to the con-
ventional tracking controller. The application of the
deep RL in conjunction with control theory methods
reduces the training load and facilitates the transfer
of the trained system from simulation to reality. Sim-
ulations and experimental studies of scenarios for
position tracking and docking of the SC were carried
out to test the feasibility of the proposed approach.
The results show that such a system can be fully
simulated and transferred into real-world conditions
with an acceptable loss of performance without any
additional tuning. Apparently, this is the first experi-
mental demonstration of an artificial intelligence ap-
plication to control the motion of a SC.

Reference [18] proposes a new adaptive guidance
system developed using meta-RL. In this work, the
principles of meta-RL are used to obtain two laws of
adaptive guidance. The first one is designed to con-
trol the SC during the descent to Mars, and the sec-
ond one is suitable for landing on small bodies, such
as asteroids. Guidance laws take the form of a global
policy in the state space, determined by the deploy-
ment region and the places of possible landing. This
global policy maps the estimates of the lander state
vector in the target coordinate system and the thrust
control vector. The system architecture includes the
RNNSs for the implementation of the control law and
the cost function approximator. The RNN allows the
obtained algorithms to adapt in real time to environ-
mental disturbances acting on the SC.

Policy optimization involves modeling the inter-
actions between the agent implementing the policy
and the environment over many episodes with ran-
domly generated initial conditions that cover pos-
sible scenarios of operation [18]. It is important to
note that environmental parameters such as state
error, lander wet mass, and disturbance forces vary
between episodes. The optimized strategy adapts to
these parameters in real time. The effectiveness of the
policies of recurrent and non-recurrent RL agents
is analyzed in comparison with conventional guid-
ance algorithms in four complex tasks with unknown
and very volatile dynamics. Such tasks include a safe

landing on Mars with an accidental engine failure
and landing on an asteroid with an unknown model
of the environment.

Using a series of experiments, it has been demon-
strated that the meta-RL guidance outperforms the
conventional feedback control algorithm with opti-
mal power consumption [18]. In addition, it is shown
that in a subset of experiments, the adaptive meta-
RL guidance outperforms the non-adaptive guidance
law optimized using standard RL. It should be noted
that the RL policy is optimized in the same environ-
ment as the meta-RL policy. The possibilities of an
optimized ML policy for obtaining and implement-
ing the guidance law using observations consisting
only of Doppler radar altimeter measurements dur-
ing landing on Mars and LIDAR altimeter measure-
ments during landing on an asteroid are demonstrat-
ed. This example illustrates the capabilities of the
simultaneous solution of guidance and navigation
tasks.

Reference [15] presents a new guidance law, which
uses only measurements of the seeker viewing angles
and their rates. The policy is optimized using meta-
RL, and its effectiveness is demonstrated by simulat-
ing the final phase of exoatmospheric interception.
It is important to note that guidance law does not re-
quire range estimates, making it particularly suitable
for passive seekers. Optimized guidance law maps
the stabilized view angles and velocities of the finder
and the thrust of the control thrusters of the missile.
Meta-RL allows the optimized policy to adapt to the
acceleration of the target. It is demonstrated that
the RL policy provides better guidance performance
compared to the algorithms that use accurate target
acceleration knowledge.

Each training episode is based on a scenario of in-
teraction with random parameters [15]. A scenario
of high-altitude interception of a maneuverable bal-
listic missile is considered, in which the intercept
missile must kinetically destroy the target by a direct
hit (miss less than 50 sm). The interaction scenario
has been significantly simplified. First, only the fi-
nal phase of the interception is modeled. Secondly,
realistic ballistic trajectories of the missile and tar-
get are not generated, and gravity is also neglected.
Note, however, that it is common practice to neglect
gravity when initially developing a new guidance law.
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Third, target separation and angular motion control
are not considered. In this case, the interaction sce-
nario assumes that the target has an initial speed ad-
vantage, namely the initial missile and target speeds
are 3000 m/s and 4000 m/s, respectively. The target
performs a random bang-bang maneuver during in-
terception. This is a realistic maneuver for a descent
vehicle in order to avoid interception in a way that
does not radically change the trajectory of the vehi-
cles entering the atmosphere. The ratio of the thrust-
to-target ratio of the missile to the target is 2:1. The
RL policy provides improved guidance accuracy and
fuel efficiency.

The effectiveness of the RL policy [15] is achieved
by using RNNs to approximate the policy and the
cost function, which enables the policy to adapt to
a specific target maneuver in real time. In particu-
lar, the hidden states of the recurrent layers change
in different ways in response to target maneuvers for
each specific interaction, which makes it possible to
form control actions taking into account the specifics
of the maneuver. In contrast to the zero-effort miss
policy [57], where the state filter evaluates accelera-
tions, the RL policy adapts to the target maneuver in
real time. The optimized policy is computationally
efficient, requires minimal memory size, and is com-
patible with modern onboard processors.

In Ref. [17], adaptive integrated guidance, naviga-
tion, and control system was developed for maneu-
vering in the proximity of asteroids with unknown
environmental dynamics, with initial conditions
covering large launch areas, and without know-
ing the model of the asteroid shape. The system is
implemented as a policy optimized using meta-RL.
The SC is equipped with an optical finder which is
fixed either on a certain feature of the surface, or on
the reflected light from a targeting laser, or an active
beacon. The policy directly maps observations, in-
cluding the finder angles and LIDAR distance, and
the thrust commands. The policy is implemented in
the form of an RNN, which can adapt in real time to
both external disturbances acting on the agent and
internal disturbances such as actuator failures and
variations of the center of mass.

The guidance system was validated by modeling
landing maneuvers using a simulator with six degrees
of freedom [17]. The simulator randomizes asteroid
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characteristics such as solar radiation pressure, den-
sity, rotation speed, and nutation angle, requiring
appropriate adaptation of guidance and control al-
gorithms. The authors demonstrate the robustness of
the system to failure of the actuators, displacement of
sensors, as well as variation of the inertia and center
of mass of the SC.

The concept of maneuvers for performing ope-
rations in the proximity of asteroids is proposed in
Ref. [17], which is compatible with the developed
guidance system. In future studies, the authors plan
to focus on search technologies that rely on terrain
features rather than beacons and replace the LIDAR
rangefinder with binocular vision. Another direction
of future work may study the possibility of positioning
the SC on the collision triangle with the target, which
can increase both fuel efficiency and robustness with
respect to fast rotations of asteroids. The approach
discussed in this paper can also be applied to orbital
rendezvous and landing on the Moon, especially for
the Moon missions, where the landing site is already
indicated by beacons.

Reference [33] is motivated by the demand for
“light” automated onboard processes of SC to ex-
pand the human presence in the near Moon space.
The controller proposed in this work uses nonlinear
equations of motion, but this does not lead to a large
additional load on the on-board computer. Howe-
ver, such guidance principles can leverage high-per-
formance computations by decoupling the learning
process from the resulting controller. Practical exam-
ples demonstrate the flexibility of the RL approach
and the possibility to use it for tasks requiring higher
guidance accuracy. The controller provides compu-
tationally efficient onboard guidance based on mul-
tiple bodies. The ANN controller demonstrates ro-
bustness to the reference geometry variations and can
generalize past experience for solving new tasks. In
addition, the proposed approach separates the learn-
ing agent from environmental dynamics, which pro-
vides model-free guidance.

Reference [11] introduces an approach for per-
forming precise landing on the planets of the solar
system, based on the methodology for the trajectory
formation using potential functions. The theory of
extreme machine learning is used to develop a single-
layer feed-forward ANN, which learns to map the
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current position of the SC and the optimal velocity
field necessary to form a path to the planet’s surface,
taking into account fuel economy. Extreme learning
methods provide fast and accurate learning as well
as good generalization. The network is trained in an
open loop using economical trajectories that are gen-
erated numerically using pseudospectral methods.
Once tested and verified, the ANN becomes a critical
element in the loop of the linear guidance algorithm.
In particular, a linear-quadratic controller (LQR) is
used to track the field of optimal speed, which is de-
termined to be attractive for a landing target. Monte
Carlo simulations show that the algorithm provides a
low residual pointing error of less than one meter in
position and less than 0.9 m/s in velocity.

The adaptive RL-based guidance algorithm for
real-time trajectory tracking is designed in Ref. [14]
for reliable, cost-effective, and accurate landing on
Mars without needing it to build on Earth first. The
results of the Monte Carlo simulations show that
the algorithm is capable of autonomously providing
movements along close to optimal trajectories with
minimal fuel consumption and with an accuracy
exceeding the accuracy of past and future missions
to Mars. The RL-based guidance algorithm demon-
strates a high degree of flexibility and can easily adapt
autonomous retargeting while maintaining accuracy
and fuel efficiency. Although RL and other similar
machine learning methods have previously been ap-
plied to aerospace guidance and control problems,
this work is the first attempt to apply RL to the prob-
lem of autonomous planetary landing.

The adaptive guidance algorithm [14] based on
RL allows the SC to be trained while performing the
best landing by selecting the sequence of accelera-
tion / thrust commands that provide economical tra-
jectories and the necessary accuracy in terms of the
desired final position and speed (soft landing). This
problem was solved by developing an ANN guid-
ance algorithm representing the landing problem in
the form of an MDP. The training procedure tunes
the ANN weights that maximize the expected perfor-
mance criterion. The latter ensures that only those
control actions are selected that move the descent ve-
hicle to the desired location with maximum accuracy
and with minimum fuel consumption. It is important
to note that the proposed algorithm does not require

any reference trajectory. As a result of the learning
process, the network determines autonomously the
optimal landing algorithm using the current position
and speed information provided by the navigation
system. Moreover, the system can learn the optimal
landing in the presence of adverse factors such as en-
vironmental disturbances, noise, and delays in sen-
sors and actuators.

3. ATTITUDE CONTROL

Reference [9] presents a framework for developing an
adaptive SC attitude controller using deep RL. It is
shown that the controller efficiently performs large-
angle slew maneuvers with industry-standard point-
ing accuracies. The controller can adapt to various
disturbances that were not presented at the training
stage and does not depend on the parameters of the
SC, even if it was trained on a different configura-
tion with different parameters. Different RL meth-
ods and reward functions are investigated to improve
the control accuracy. It has been demonstrated that
these controllers can be trained on a modern person-
al computer.

A state-of-the-art single-actor RL algorithm is
implemented and applied in a designed simulation
environment [9], where a trained agent achieved the
industry-standard accuracy in a relatively short train-
ing time. The robustness of the agent to uncertainties
of the environmental conditions was tested in four
different test scenarios, which are designed to simu-
late different conditions that the agent may encounter
in space. The agent successfully adapted to all pertur-
bation tests performed, demonstrating results close to
time optimal. The ability of the agent to be robust to
conditions that were not explicitly used during train-
ing makes it possible to substantiate the possibility of
using RL-based controllers on real SC. The results
also suggest that it is possible to use one “basic” con-
trol algorithm for a wide range of satellites, which al-
lows increasing the constellation of autonomous SC.
This is a necessary step for space exploration of the
future. The results of this work can be expanded by
applying the latest achievements in distributed RL in
order to use data generated by a constellation of satel-
lites to solve SC attitude control problems.

Reference [51] investigates rapid changes of ori-
entation and mass parameters that SC encounters
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performing complex tasks, such as dropping-off a
payload or capturing an object. This work proposes a
new algorithm for attitude control based on the deep
RL. A three-dimensional modeling environment
has been developed that simulates the SC attitude
variation in real time, taking into account the con-
trol torques. An ANN model based on a segmented
weighted reward function is proposed. The ANN
takes the parameters of the SC orientation as an in-
put and outputs a discretized control torque.

The deep Q-learning algorithm [52] was used to
train the agent for the task SC attitude control. Sim-
ulation experiments show that thanks to continuous
self-learning and self-improvement, the deep RL
agent gradually learns to restore the SC attitude af-
ter unknown disturbances. The proposed algorithm
is compared with the proportional-derivative (PD)
controller and the backstepping controller. The PD
controller cannot restore the SC attitude due to its
dependence on inertial parameters. The backstep-
ping controller is robust against mass uncertainty but
can only handle a constant control cycle. Compared
to these two conventional controllers, the deep RL
algorithm provides competitive performance in the
presence of mass uncertainties and allows the con-
trol loop to be varied during the learning phase. The
proposed mechanism makes it possible to implement
intelligent control and can serve as a technical basis
for SC orbital service.

Reference [8] presents a framework for designing a
discrete neural SC attitude controller using RL with-
out high-performance computations. Quasi-time-
optimal constrained control algorithms are obtained,
capable of providing attitude accuracy significantly
exceeding industry standards. The control tests of the
agent performing SC large-angle slews in the devel-
oped modeling environment are also presented. The
selected reward function allows the agent to improve
the accuracy of attitude control beyond the mini-
mum specified requirements. This feature illustrates
the advantages of RL over classic control methods.
The ability of the controller to understand long-term
dependencies in processes in the presence of external
disturbances or other constraints makes it possible to
improve control efficiency and performance. In the
short term, it is of interest to consider the capabili-
ties of distributed RL. For example, distributed RL
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can be used to train agents online using data from a
constellation or swarm of satellites.

Reference [4] deals with the task of SC optimal
attitude control using a minimum number of thrust-
ers. Three possible solutions to this problem are pre-
sented:

1) an easy-to-implement logic-based controller;

2) a projective controller trying to approximate
ideal continuous control as accurately as possible;

3) an optimal neural network predictive controller
(NPC) that minimizes the total impulse during the
maneuver.

The NPC includes an RNN to predict the state
vector in the finite time horizon of the optimization.
Due to the fact that the considered system has dis-
crete inputs, the backpropagation algorithm tradi-
tionally used for continuous systems is not applicable
for the case considered in this article. In this paper,
the NPC is adapted for binary input systems using
a robust genetic algorithm to optimize the receding
horizon. An automatic selection of the parameters
of the cost function is proposed, which improves the
performance of the NPC and reduces the number of
adjustable parameters to one. In addition, the multi-
layer perceptron is trained offline using data obtained
under optimal control. This approach allows desig-
ners to replace the cost of a function-based algorithm
that requires intensive CPU computations with a
much less computationally expensive meta-model.

The performance of the NPC is compared with
the proposed logic and projective control algorithms
for 12U CubeSat [4]. The NPC is the most effec-
tive from the point of view of the total impulse, the
least sensitive to the choice of parameters, and has
the same settling time. Multilayer perceptron control
drastically reduces the computing resources required
online, with control performance comparable to the
NPC. A comparative analysis of the considered con-
trollers showed that the NPC allows the system to
save up to 25 % of fuel for the de-tumbling task and
up to 36 % of fuel for slew maneuvering.

The ability of an RL agent to find the optimal
control strategy for SC attitude control is studied in
Ref. [48]. Two main types of attitude control systems
are considered. First, the general problem of atti-
tude control is investigated for the case of a full set
of reactive actuators with restrictions on their control
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torques. Then, reaction wheels were used for attitude
control with additional constraints. To obtain the at-
titude control policy, the proximal policy optimiza-
tion algorithm (PPO) [44] was used to train the RL
agent. To ensure robustness, the satellite inertia ma-
trix is considered unknown to the agent and is ran-
domly selected for each new episode of simulation.
Since the plant is non-linear, curriculum learning is
used to increase training efficiency. The RL-based
controller is compared to the well-proven control
strategy, known as the quaternion rate feedback
(QRF) controller.

The nominal performance and robustness to un-
certainties in the dynamics of the system are inves-
tigated [48]. The RL-based agent adapts to any SC
mass without re-training it. In the mass range of 0.1
to 100,000 kg, the RL agent provides 2 % better con-
trol performance than the QRF controller tuned for
the same mass range, and its performance is similar
to the QRF controller tuned specifically for a given
mass. In the case of the reaction wheels, the trained
RL agent provides 25 % higher reward function va-
lues than the tuned QRF controller.

Reference [55] proposes an approach based on
deep RL to increase the adaptability and autonomy
of the satellite control system. It is a model-based
algorithm that can find solutions in fewer training
episodes than model-free algorithms. The simula-
tion shows that when the classical control fails, this
approach can find a solution and achieve the goal
in one hundred training episodes. To optimize the
policy, heuristic search is used to avoid local optima
inherent in gradient methods. Compared to classical
control methods, this approach does not require pri-
or knowledge of the parameters of the satellite and its
orbit but can be adapted to different situations based
on the data obtained. To improve the efficiency of
adaptation to various types of satellites and various
tasks, it is proposed to use transfer learning.

Reference [58] is devoted to the model-free atti-
tude control of a rigid SC in the presence of satura-
tion of the control torque and the action of external
disturbances. A model-free deep RL controller is pro-
posed, which can continuously learn using feedback
signals from the plant and implement high-precision
SC attitude control without re-adjusting the control-
ler parameters. Taking into account the continuity of

the state and control action space, the twin delayed
deep deterministic policy gradient algorithm (TD3)
[10] is applied using “actor-critic” architecture. TD3
is more efficient than the Deep Deterministic Policy
Gradient (DDPG) algorithm.

Nevertheless, the learning process is time-con-
suming because the TD3 agent optimizes the policy
by interacting with the environment without using
any prior knowledge [58]. To mitigate this problem,
the PID-Guide TD3 algorithm is proposed to speed
up learning and improve the convergence of the TD3
algorithm. Given that RL is difficult to implement
in real conditions, a method of preliminary prepa-
ration for deployment and fine tuning is proposed.
The method allows the agent not only to save training
time and computational resources but also to quickly
achieve good results. The experimental results show
that the RL controller can implement high-precision
attitude stabilization, as well as the required trajec-
tory tracking with a high response speed and small
overshoot. The proposed PID-Guide TD3 algorithm
has a faster learning rate and is more robust than the
TD3 algorithm.

Reference [36] investigates the attitude motion of
a SC capturing non-cooperative targets. RL is used
to stabilize the SC attitude under conditions of rapid
variation of attitude and mass parameters. An ANN
model has been built to output a discrete control
torque for the SC control. An environment for mo-
deling the SC dynamics has been developed, and the
ANN is trained in this environment using the deep
Q-learning algorithm. The agent receives a reward
if the satellite is successfully stabilized. Simulation
shows that when the learning process is repeated,
the ANN gradually learns to restore the SC orienta-
tion after an unknown disturbance. On the contrary,
the traditional PD controller did not cope with this
task due to its dependence on mass parameters. This
method of SC attitude control demonstrates signifi-
cant versatility and has great potential for intelligent
control of SC performing complex tasks in the future.

The goal of Refs. [28—30, 40] is to develop an ef-
fective algorithm for SC intelligent control based on
RL methods. To increase the RL efficiency, a statisti-
cal model of SC dynamics based on the concept of
Gaussian processes is used. On the one hand, such
a model allows authors to use a priori information
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about the plant, and it is sufficiently flexible, and on
the other hand, it characterizes uncertainty of the
dynamics in the form of confidence intervals, which
can be clarified during the SC operation. In this
case, the task of studying the state — control action
space is to obtain such measurements that reduce the
boundaries of confidence intervals. As a reinforce-
ment signal, a well-known quadratic criterion is used
to take into account both accuracy requirements and
control costs. The control actions are found based on
the RL using the algorithm of the policy iterations.
To implement the controller and evaluate the cost
function, ANN approximators are used.

Guarantees of stability of the SC motion taking
into account the uncertainty of the dynamic model,
are obtained using the method of Lyapunov functions
[30]. The cost function is chosen as a candidate for
the Lyapunov function. In order to simplify stability
verification on the basis of this methodology, the as-
sumption about Lipschitz continuity of the dynamics
of the plant was used, which made it possible to use
the Lagrange multiplier method to find control ac-
tions taking into account the constraints formulated
using the upper bound of uncertainty and Lipschitz
dynamics constants. The efficiency of the proposed
algorithm is illustrated by the results of computer
simulations. The approach makes it possible to de-
velop control systems that can improve their perfor-
mance as data is accumulated during the operation of
a specific object, and allows developers to reduce the
requirements for its elements (sensors, actuators),
not to use special test equipment, and reduce time
and cost of the development.

4. RELATIVE CONTROL

The policy for docking maneuvers with six degrees
of freedom was developed on an RL basis and im-
plemented in the form of a feedback control law in
Ref. [6]. RL provides a feasible approach for reliable,
autonomous maneuvers under uncertain conditions
with low computational costs. An RL algorithm is
used to obtain a docking policy in a certain region of
the state space of the plant with six degrees of free-
dom, trying to minimize the performance criterion
and control costs. The simulation results of rendez-
vous and docking maneuvers for the Apollo mission
demonstrate that the capabilities of the resulting pol-

icy are comparable to the results obtained by conven-
tional optimal control methods. As for directions for
future work, specific problems and their possible so-
lutions, as well as the advantages and disadvantages
of docking algorithms based on RL, are discussed.
This work can serve as a basis for further investigation
of the RL-based control for rendezvous operations
under uncertain conditions.

Reference [46] synthesizes an adaptive neuro-
controller for the formation flying of two SCs in low
near-Earth orbit. One of the SCs is considered to be
controllable, the second one is uncontrollable with
an unknown ballistic coefficient. The controlled SC
is capable of changing its cross-section within cer-
tain limits, as well as making impulse maneuvers.
The main approaches to solving this problem are
discussed. Two ANNSs are introduced, and their op-
timal structure is found. The task is to adjust two pa-
rameters: the ballistic coefficient of the uncontrolled
SC and the density of the atmosphere that are input
to the control ANNSs but unknown to the controlled
SC. This problem is solved by a non-gradient optimi-
zation method.

Reference [27] approximates optimal relative con-
trol of an underactuated SC using RL and studies the
influence of various factors on the performance of
such a solution. The problem of in-plane SC relative
control using only control actions applied only in-
track direction is considered. This approach makes
it possible to reduce the propellant consumption of
the thrusters and to simplify the architecture of the
control system. However, in some cases, methods
of the classical control theory do not allow obtain-
ing acceptable results. In this regard, the possibility
of solving this problem by the RL methods has been
investigated. This approach allows designers to find
control algorithms, which are close to optimal, as a
result of interactions of the control system with the
plant, using a reinforcement signal characterizing the
quality of control actions.

The RL-based search for control actions is made
using the policy iteration algorithm [27]. This algo-
rithm is implemented using the “actor-critic” archi-
tecture. Various options for the “actor-critic” repre-
sentation using ANN approximators are considered
to implement the control law and obtain the value
function estimates. It is shown that the accuracy of
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the optimal control approximation depends on a
number of features, namely, the successful structure
of the approximators, the method for updating the
parameters of the ANNSs, and the parameters of the
learning algorithm. The approach makes it possible
to solve the considered class of control problems for
controllers of different structures. Moreover, the ap-
proach allows the control system to improve its con-
trol algorithms during the SC operation.

5. LANDING AND HOVERING CONTROL

An adaptive landing algorithm is presented in Ref.
[45], which learns to form the optimal thrust com-
mands to ensure an accurate landing on the Moon us-
ing images and altimeter measurements as input data
and the obtained experience. A new approach based
on meta-RL is proposed, which combines intelligent
guidance and navigation functions, providing a com-
plete solution to the problem of landing on the Moon
based on the obtained images. In particular, a simula-
tion environment has been developed that combines
the dynamics of the system and images obtained from
the on-board cameras. This is achieved by merging a
Python simulator with a ray tracer (such as Blender)
that generates accurate images using lunar digital ter-
rain models and a physics rendering engine. The im-
ages are then used to update the policy in real time us-
ing RL. The advantages of the latest achievements in
the field of CNN and RNN for image processing and
RL for policies are used to develop an agent for per-
forming an optimal soft landing.

Considering the failures of the actuators and the
uncertainty of the atmospheric parameters, a new
active fault-tolerant algorithm for controlling the de-
scent to Mars using an ANN and adaptive inversion
of the model is presented in Ref. [23]. The ANN is
used to detect failures and isolate them online. Then,
an adaptive ANN PID controller based on the inver-
sion of the structural adaptive model was developed for
fault-tolerant control of descent to Mars. When a mal-
function is detected in the actuator, the system auto-
matically activates the ANN PID controller replacing
the traditional PID controller. The error between the
output of the reference model and the output of the
attitude control system is corrected in such a way as to
provide the required dynamic properties of the descent
vehicle. The stability of the closed-loop of the control
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system is investigated using the Lyapunov functions.
The effectiveness of the developed algorithm is illus-
trated by the results of computer simulation. Consid-
ering that the detection and isolation of failures in-
crease the computational load on the control system,
in future works, it is advisable to consider the possibil-
ity of fault-tolerant control without the need to explic-
itly perform such operations.

In Ref. [13], a new nonlinear controller for ho-
vering operation under low gravity conditions of the
asteroid environment was developed using RL. The
controller is robust enough for accurately hovering
in unknown environments. The controller capabili-
ties are limited only by the maximum thrust require-
ments of the environmental conditions. The robust-
ness of the controller is demonstrated by simulating
precise hovering in multiple environments that were
unknown during the policy optimization. The envi-
ronment is modeled using non-uniform rotation and
non-uniform gravity field. Models of the shape of the
asteroid Itokawa were used for modeling. The per-
formance of the RL control is compared with the PD
and LQR controllers. An approach based on optical
finders is presented to estimate the SC state vector
relative to a landmark on the asteroid surface. The
current state of the SC is accurately estimated using
only a camera and laser rangefinder.

The policy with six degrees of freedom to con-
trol hovering over an asteroid was optimized in Ref.
[16] using meta-RL. The ANNSs of the policy and
cost function include recurrent hidden layers, and
the policy network additionally has an input module
consisting of convolutional layers. The policy maps
the pulsed LIDAR measurements and commands of
the thrusters. This policy allows the SC to hover in
a fixed position and with a given orientation relative
to the reference frame fixed with the asteroid. It is
important to note that the policy does not require po-
sition and velocity estimates and can also operate in
environments with unknown dynamics and without
an asteroid shape model and navigation aids. During
the optimization, the agent encounters a new, ran-
domly generated asteroid for each episode, ensuring
that it is not familiar with the shape and texture of the
asteroid, as well as with the environmental dynamics.
The experiments demonstrate that the policy can be
used for the asteroid with new characteristics. The
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hover controller simplifies mission planning since
the SC can immediately perform hovering right after
arriving at the asteroid. This, in turn, simplifies the
creation of the shape model and allows remote sens-
ing mapping of resources immediately upon arrival at
the target asteroid.

Reference [5] presents a framework for optimizing
the tasks of autonomous visualization and mapping
as a partially observable MDP. A new environment
for simulating orbital small body mapping is devel-
oped. It is demonstrated that policies trained with
this MDP formulation are able to maximize the map
quality while autonomously selecting orbits and con-
trolling imaging tasks. The integration of deep RL
modules into the classical SC software systems and
some problems that can be encountered in this case
are discussed.

The authors of Ref. [54] used deep RL to control
the SC around a small celestial body, the gravitational
field of which is unknown. It is assumed that the small
body is a 3D ellipsoid, and its density and dimensions
are uncertain within a wide range. Experiments were
carried out with different systems of perception of
the SC, highlighting light neuromorphic systems for
detecting optical flow. It is demonstrated that even in
such a highly uncertain environment and with limi-
ted sensory capabilities, the proposed approach can
provide a control strategy that allows the SC to hov-
er over the asteroid surface with little residual drift.
The SC orbiting in an unknown gravitational field
due to the complex rotation of the body modeled
as MDP. A direct policy search algorithm was used
to find control capable of keeping the SC hovering
at a given point. In contrast to previous studies, the
3D ellipsoid and a number of different sensor inputs
are considered. The proposed approach allowed the
authors to find policies that can also minimize drift
when elementary motion sensors are the only pro-
prioceptive sensors on-board. This result is the first
step towards obtaining visual-aid-based low-gravity
landing algorithms.

6. MISSION PLANNING AND DECISION-MAKING

The possibility of using deep architecture to control
all or part of the SC on-board decision-making sys-
tem in navigation and control tasks is studied in more
detail in Ref. [43]. Deep ANNSs are used to form op-
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timal control actions during landing at a given point
and obtain accurate information about the state of the
plant. The trained deep ANN demonstrates close to
optimal landing results. These results make it pos-
sible to develop an on-board real-time optimal con-
trol system capable of generating optimal actions for
large sets of possible initial states. The article shows
how deep ANNSs can be trained to implement opti-
mal state feedback control for a number of continu-
ous deterministic nonlinear systems that are of in-
terest to the aerospace industry. The capabilities of
trained networks are not limited to predicting the op-
timal state feedback in a subset of the state space used
during training but are also able to generalize these
results to cases that go far beyond the training data.
This feature allows authors to assume that the ANN
has learned the basic model that is the solution of the
Hamilton — Jacobi — Bellman equation. The depth
of the ANN strongly affects the obtained results. It is
noteworthy that small networks trying to approach
the optimal state feedback cannot satisfactorily ap-
proximate its complex structure. Errors caused by the
use of the trained ANN do not significantly affect the
final value of the cost function, and they are also safe
from the point of view of preventing catastrophic con-
sequences for conditions that are far from nominal.

Deep RL frameworks and tools for mission plan-
ning and high-level decision-making for autono-
mous SC are considered in Ref. [21] under the as-
sumption that subtasks are solved at the design stage
accordingly. Two typical tasks, reflecting the prob-
lems of autonomous orbit insertion and the planning
of scientific operations, are presented in the form of
a partially observable MDP. The possibility of solving
these problems using RL is considered, and the ad-
vantages, difficulties, and some features inherent to
this approach are demonstrated. The dependence of
the success of solving problems on the initial condi-
tions and learning strategy is analyzed. The results of
solving these problems demonstrate the possibility of
using RL to improve or refine the policies obtained
within the framework based on the paradigm focused
on specific modes of operation while maintaining
robustness to the uncertainty of environmental pa-
rameters.

RL methods are adapted to the paradigm of the
SC finite state machine [21]. A Deep Q-learning
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algorithm is applied to partially observable MDP
for obtaining policies that are comparable in per-
formance to those that can be developed with prior
knowledge of all the features of the problem. Various
structures of the reward function, hyperparameters,
and environment parameters were considered. The
lack of positive results in solving the SC control tasks
using deep Q-learning is a consequence of an insuffi-
cient amount of space domain data for training. This
problem is aggravated by the strong computational
requirements needed to run the environment simula-
tor, which significantly slows down the learning task
compared to simpler environments.

Moreover, the mode-based paradigm for the de-
sign of future decision-making algorithms is directly
testable through the theory of hybrid systems. This
paper presents one approach by which this theory
can be used to identify “successful” or “stable” au-
tonomous decision-making agents. Further work
will investigate model-based RL methods to reduce
the number of attempts and use existing knowledge
of the space environment. In addition, fast models
built using the Basilisk astrodynamic framework will
be used to reduce training time.

CONCLUSION

Recent studies have shown the advantages of DL for
solving space guidance, navigation, and control tasks.
These results provide the basis for further studies of
the possibilities of DL for controlling all or part of the
SC on-board decision-making system.

Among the problematic issues that restrain the use
of DL methods for the considered tasks, it should be

noted, first of all, that the efficiency of solving prob-
lems is mainly illustrated by computer simulations,
and there are practically no rigorous analytical re-
sults that provide stability and performance guaran-
tees. Such results are very important for space prac-
titioners for more active use of these methods in real
missions. Examples of the efforts in this direction
are Refs. [3, 25], where the methods of deep RL and
classical control theory are used together to obtain
stability guarantees.

As the next issue, it should be pointed out that
many SC control tasks do not allow critical errors in
the process of finding the optimal solution. In this
regard, the ideas of such a direction as a safe-RL [39]
should be more actively used for space missions.

The low training efficiency of DL algorithms is
especially acute in space applications, which is due
to the limited capabilities of SC for collecting and
processing data in orbit. However, model-based RL
methods [12] and transfer learning [37] has the po-
tential to mitigate this problem.

Despite the underlined issues, the navigation,
guidance, and control algorithms based on DL can
simplify the development and increase the reliability
of the SC control systems since the same algorithm
can be used for a large number of different missions.
DL makes it possible to develop control systems that
can improve their performance using data accumu-
lated during the operation of a particular object. This
feature allows the designers to relax the requirements
for the units of control systems (sensors, actuators),
not to use special bench equipment, and reduce the
development time and cost.
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IHCcTUTYT TexHiuHOT MexaHiku HallioHanibHOT akaneMii Hayk Ykpainu i Jlep>kaBHOro KOCMi4YHOTO areHTCTBa YKpaiHu
By. Jlemiko-ITonenst 15, Aninpo, Ykpaina, 49005

TTTMBOKE HABYAHHS AJTS1 HABITALLTT, HABEJIEHHS TA KEPYBAHHS B KOCMOCI

Yenixu rmboKoro HaBYaHHS MPU3BEIU 0 PEBOJTIOLLIT B 00JIACTi LUTYYHOTO iHTEJEKTY, IEMOHCTPYIOUU MOXJIUBOCTI CTBOPEH-
HsI aBTOHOMHUX CUCTEM 3 BUCOKUM PiBHEM PO3yMiHHsI cepenoBuia yHKIioHyBaHHs. Lli ycmixu, a TakoxX HOBi 3aBOaHHS
Ta BUMOTH B Tajly3i OCBOEHHSI KOCMOCY 3yMOBWJIY TTiABUILIEHUI iHTEpeC MPOTSATOM OCTaHHIX POKiB 10 METOMiB TIIMOOKOTO
HaBUYaHHS cepell MpaLooYnUX B KOCMIYHiN chepi BUSHUX i TPaKTHKIB. METOl10 L€l OMISIA0BOI CTATTi € aHaIi3 OCTaHHIX JOCST-
HEHb B rajy3i BUKOPUCTaHHS ITTMOOKOTO HaBYaHHSI JJIs1 BUPILIEHHS 3aBAaHb HaBirauii, HaBeIeHHsI Ta KEPyBaHHS B KOCMOCI.
PosrnsiHyTo 3aBAaHHS KepyBaHHSI KYTOBUM i BITHOCHUM PYXOM KOCMiYHMX anapatiB MpU BUPILICHHI SIK TPAAULIHHUX, TaK i
HOBUX 3aBIaHb, TAKUX SIK CepBiCcHi orepalii B kocMmoci. [IpoaHanizoBaHo poOOTH, MPUCBSUYEHI 3aCTOCYBAHHIO 1IUX METOIB
JIISI BAKOHAHHS orepaliil mocaaku i 3aBUCaHHs MpU peaizallii Miciit Ha Micsub, Mapc i acrepoinu. Juist BUpillieHHsT TaK1X
3aBIaHb BUKOPUCTOBYIOTHCS SIK METOAM HABYAHHSI 3 BUMTENIEM, TaK i HABYAHHS 3 MiAKPiTUIeHHsIM. Po3risiHyTO BUKOpUCTaHHS
PI3HUX apXiTeKTyp IITYYHUX HEMPOHHUX MEPEX, B TOMY UMCIIi 3TOPTKOBI Ta peKYpPEeHTHIi. AHAI3YETHCS MOXJIUBICTD CITiIb-
HOT0 BUKOPUCTAaHHS IJTIMOOKOIro HaBYaHHS i METO/IiB Teopil KepyBaHHs s MiABUILEHHS e(heKTUBHOCTI BUPILLIEHHS PO3IJIsi-
HYTHUX 3aBllaHb. BUNiJIEHO CKJIAAHOCTI, 1110 OOMEXYIOTh 3aCTOCYBaHHS PO3IJISIHYTUX METO/IB /ISl KOCMIYHUX 3aCTOCYBaHb.
[To3HaveHi HeoOXiaHI HAMTPSIMKU JOCIIIXKEHb U1 BUPILLIEHHS LIMX MPOOJIEM.

Karouoei caosa: xocMiuHMil anapat, MMOOKe HaBYaHHSI, HaBirallisi, HaBeICHHS, KepyBaHHsI, IIITyYHa HEPOHHA MepesKa, HaB-
YaHHS 3 MiAKPITUIEHHSIM, TT0CaKa, 3aBUCAHHSI.
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[Mpocnexkt Mupy 22, ZKutomup, Ykpaina, 10004

METOJI ABTOMATHYHOT TTIOBYIOBA MATPHIII
MTOXUBOK PATIOTEJIECKOIIA PT-32. METOJTMKA
ABTOMATHYHOTO OIITHIOBAHHS ITOXUBOK HABEJTEHHS

15 6epesns 2021 poky ¢haxisysamu HayionarvHoeo yenmpy ynpasaints eunpobyeans Kocmiunux 3acobie ma Padioacmponomiurnoeo
incmumymy HAH Ykpainu 3a donomoeoro éimuusnsanoeo padiomeneckona Ho0eo nokoninksa PT-32 (m. 3onouie Jlvsiscokoi obaacmi)

LHuryBanHus: Bnacenko B. I1., MamapeB B. M., Oxincbkuit B. B., YinbsHoB O. M., 3axapenko B. B., [Tanamap M. 1., Yaii-
koBchkuii A. B., @pus C. [1. Metox aBToMaTU4IHOI ITOOYIOBM MaTpulli MOXMOOK pamioreneckorna PT-32. Meroauka aBTo-
MaTUYHOTO OLIiHIOBaHHSI TTOXUOOK HaBelneHHs. Kocmivna Hayka i mexnonoeis. 2021. 27, Ne 6 (133). C. 53—64. https://doi.
org/10.15407/knit2021.06.053
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NpoBedeHo CnOCMepedceHHs. ma YCHilHe peecmpy8anHs N03aeaiaKmuyHo20 eunpominoeants padioearakmuku 3C84 (Ilepceii-A),
maszepie 3 earakmuuHoi moaekyaaproi xmapu W3, padiogunpominioeanHs MemanoabH020 Ma3epa 3 earaKmu4Ho2o padiodxicepena
G188.946+0.886. Lli docaidncenns uKoHaHO 3 MEMOIO Ni020MOBKU 00 BUKOHAHHS CHIAbHOZ0 YKPAIHCOKO-1AMBIHCbK020 padioa-
CMPOHOMIYHO20 NPOEKMY.

Pezyabmamu nposedenux cnocmepedicenv niomeepousu ceimoguli piserv xapakmepucmuk padiomeneckona PT-32, echexmue-
HICMb NepeUHHOT Mampuyi nNoXuboK ma eusasuUU psod He00NIKI8 Y OYHKUIOHY8aHHI cucmeMu HageOeHHs. 30Kpema, NepeuHHa Mampu-
Ul HaBeOeHHs Mae HeOCMAamHI OUCKPeMHICMb, MICIMUAA NOMUAKYU NEPULO20 Ma OPY2020 Pody.

Onucyemucsi memoo asmomamu4Hoi no6ydoeu mampuui noxubok padiomeneckona 3a 0aHuMU padiomempuuro2o npuima4a ma
nputimauie-peecmpamopie. Memod no6ydosu mampuuyi noxubox 3adezneuye asmomamu4ry 00pooKy OmpumMarux padiomempu1Hux
danux. Hasedeno pezyromamu eepuikayii pospobaenoeo memody 3 8UKOPUCIAHHAM emAloHHUX padiodiicepen pi3Ho20 muny ma
OMpuMani 3 ii GUKOPUCIMAHHAM eAeMeHmU Mampuyi NOXUOOK Hase0eHHs 3a Kymom Micus ma asumymom. Bnposaodicenns é cucme-
MY Kepy8aHHs padiomenecKkonom OmpuUManux pe3yabmamie 003604u10 RIOGUUMU MOYHICIb HasedeHHs padiomeneckona PT-32.

Karouosi caosa: padiomeneckon, mampuys noxubok HagedenHs, AHmMeHHA cucmema, padiodxicepena.

B xoni mooynoBu 3D-mopeni pagioreneckona PT-32
[2] 3a BUXimHi 1aHi Ta 0OMeEXEHHS B3SITO MTPUITYILIEH-
Hs1 po3poOHuKa aHTeHHO1 cuctemu MARK-4B mpo
MOCTYyNaJbHUM pyX OCeil CMMeTpil aHTEHHOI CHC-
TeMu [11], GJIM3BKOCTI KOHCTPYKILIi ii pedaexkTopa
Io ineanizoBaHoi. B po6ori [11] obrpyHTOBaHO, 1110
OCHOBHI HaBaHTaXK€HHSI Ha MOBEPXHIO pedieKTopa
CKJIQ[alOThCs 3 BaroBUX, BiITPOBUX Ta TEIUIOBUX, a
TaKOXX HaBaHTaXeHb, 1110 BUHUKAIOTh ITiJl Yac Mpu-
cKopeHoro pyxy azepkana. CymapHe HaBaHTaXKeH-
HSI OTPUMYBAJIMCS JIIHIHOKO KOMOiHALIIE€I KiJIbKOX
CKJIaI0OBUX, HAMPUKIIAI BaroBi HaBaHTaXKEHHS TTpU
OyIb-SIKOMY KYTi Micli € JIiHiliHOIO KOMOiHaLli€l0
OiYyHOrO I BEpXHbOTO BaroBMX HaBaHTaXKEHb Mapa-
OostiuHoi aHTeHu. IToOynoBaHa mepBMHHA MaTPULIS
MoXMOOK [2] BUsIBUJIA HEBINMOBIAHICTb MPUITYILIEHb
IIOI0 I1apadoJIiYHOCTI TOJIOBHOTO pediekTopa Ta
MOCTYNAaJbHOCTI PyXy aHTeHHO1 cucteMu. Lle nmpu-
3BEJIO 10 HEOOXiTHOCTi KOPUTYBaHHS MOJENi OLli-
HIOBaHHSI SIKOCTi KOHCTPYKIIii TOJIOBHOTO pedJek-
TOpa Ta lOro HaBaHTaXeHb 3 METOIO MOKPAILEHHS 11
aJeKBaTHOCTi. PO3BUTOK 1Ii€T MOJIEJTi € OTHUM 3 Ha-
MPSIMKIB MOAQIBIINX TOCIIiIKEHb.

Amnajni3z maTpulb noxubok HaBeneHHs PT-32 B
C- ta K-miama3zonHax 1moxasas, IO B ASSIKHUX TOYKaX
Hebocxuay (Hauripimnx 3a MpoCcTOPOBOIO PO3pi3-
HEHHICTIO) KYTOBi PO3MipH JiISIHOK, SIKi HE MOXYTb
OyTM TOYHO BiIKOPEKTOBaHi 3 BUKOPUCTAHHSIM
MaTpMli TaKol PO3MIpHOCTi, € JOBOJiI BEIUKUMU
(~2.2°x2.2°) [2]. Ilig 4yac 1oOymOBU IEPBUHHUX
MaTpHUIb ITOXMOOK 3a KyTOM MiCLISl Ta 32 a3UMYTOM
BUXOJWIM 3 LIJIKOM MMOBIPHOTO MPUMYILIEHHS, 1110
IXHS TTOBepXHS Oyne IJIaJKOI0 y MacluTabax TaKux
NIJITHOK. AJle OCTaHHi MiBpOKY JOCIiIHOI eKCILTya-

54

Tallii moKa3aju, 110 Ha MOBEPXHi MaTPHUIli MOXUOOK
3a KyTOM MiCllsl HasiBHi JIOKaJbHi €eKCTpeMyMu (Mi-
HiIMyMU Ta MaKCUMYMMU), sIKi JieXaTb y Mexax OJIHO-
o BiTIiKy moOygoBaHoi MaTpui [2].

ToMy HacTymHUM KpPOKOM Y ITOKpallleHHi YHi-
KaJIbHUX XapaKTepUCTUK pagioreneckomna PT-32
CTaJI0 PO3POOJIEHHSI METOAY ABTOMATUYHOI IO0Y-
JIOBM MaTpUlli ITOXMOOK Ha OCHOBI CKaHyBaHHS 3a
(yHKIIi€I0 CHHYC, IO € JIOTIYHUM IIPOJOBXEHHSIM
Ta JOMOBHEHHSIM po3po0JieHoi B poboTi [2] MeToau-
KU Ta JO3BOJISIE YCYHYTH MOMUJIKY TIEPILIOTo Ta APY-
roro poay JoJIuHHU-oIepaTopa.

MeTtoto poOOTHM € BUCBITIIEHHS HayKOBHUX Ta
MpaKTUYHUX PE3yJILTAaTiB MEPIIOro eTamy po3pooKu
METOAY aBTOMaTUYHOI ITI00YI0BY MaTpHUIli HOXUOOK
pamioreneckona PT-32, 30kpema aBTOMaTU4YHOIO
OLIiHIOBaHHS TTOXUOOK HaBeJIEHHS 3a pe3yJibTaTaMu
CIIOCTEPEXKEHb palioaxKepel.

TEOPETUYHUI BA3MC JOCIIIKEHHA

EMmipnuHmii aHalli3 TOYHOCTI TOJIOBHOTO pedJieK-
topa PT-32 [2], nomnepenHe oLiHIOBaHHS CMYT Yac-
TOT [5], pe3yabTaTu CIIOCTEepeXEeHb i PEECTPYBAHHS
BUIIPOMIiHIOBaHHSI  ceMepTiBChbKOI  pajiorajak-
ik 3C84, MazepiB 3 rajJakTUYHOI MOJIEKYJISIPHOL
xmapu W3 (puc. 1), panioBUIIpOMiHIOBaHHSI MeTa-
HOJIBHOTO Ma3zepa 3 TaJlaKTUYHOTO pajioaxkepesia
G188.946+0.886 migTBepaMaM e(MEKTUBHICTH 3a-
KJIaJeHUX KOHCTPYKTOPCBKUX pitieHb [11] momo
izeanizoBaHOI MOAEJi KOHCTPYKIIii, MOTEHLiMHUX
nedopmalliii 30BHIIIHBOT OOIIMBKHU, OAJTOYHUX eJie-
MEHTIB Ta peryJitoBalbHUX OOJTIB.

IToGynoBaHi 3 BUKOpUCTAHHSIM [2] TIEpBUHHI Ma-
TpULi MOXMOOK 3a0e3Mevyniv iCTOTHE 3MEHILEeHHS
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Memoo asmomamuunoi nobydosu mampuyi noxudox padiomeneckona PT-32. Memoouka asmomamuuroeo ouint08anHs noxuboKk HageoeHHs
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Puc. 1. CkaHyBaHHSI METaHOJBHOTO Masepa Ha yacToTi 6668.5 MIi1. YacToTHa po3ijibHa 31aTHICTb (TOPU30HTAJIbHA BiCh)
Af=976.5625 Ti1. YacoBa po3nisibHa 30aTHICTh (BepTHUKaIbHA Bich) At = 1.047552 ¢. CriekTpaJibHa JiHist Ma3epa Ha MOJIEKYJTi
metanoty CH;OH crioctepiraeTbest 106113y HyJIbOBOTO 3CYBY, AKMIA BinnoBinae yactoti 6.6685 I'Tix
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Puc. 2. CkanyBaHHS MOJIEKYJISIpHOI xMapu W3 1o KyTy Miclist

CyMapHOI MOXMOKM HaBeIEeHHSI aHTEHHOI CUCTEeMU
Ay, IpOTE TPYHTOBHUI aHAIIi3 OTPUMAaHUX PE3YJib-
TaTiB CBiMYUTB PO iXHIO HEMOCTATHIO TUCKPETHICTh
Ta JO3BOJISIE CTBEPIXKYBATHU PO HASIBHICTh HEJIiHii1-
HOT 3aJIeXKHOCTi CKJIaJIOBUX MTOXUOKH.

OOG’eKTUBHI HEJOJIIKM JIiHIHHOT MOJEesi CKaHy-
BaHHS Ta MMOMUJKU O0COOM, sIKa MpUIMaE pillleHHSI,
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LIJIKOM MOXJIMBO YCYHYTM Ha HACTYIMHOMY eTalli
JOCITIIDKeHHsI, BUKOPHUCTOBYIOUN CUHYCOITATbLHUI
3aKOH CKaHYBaHHS pafio[Kepesa Ta METOJ aBTOMa-
TUYHOI MTOOYA0BY MaTpULli MOXUOOK paaioTesecKko-
na PT-32.

BapTto 3a3HauunTu, 110 11l METOA € yHiBepcab-
HUM, MOXE 3aCTOCOBYBAaTMCb ISl Pi3HUX pajioTe-

55



B. II. Baacenko, B. M. Mamapes, B. B. Oxcincokuii, O. M. Yavsnos, B. B. 3axapenxo, M. I. Ilaramap, A. B. Yaiikoscoiuii, C. I1. Ppus

AA I'_|_=|'= |'=I_=|
Zon Lj=11 =2 1j=3 1 j=4 1j=5 I
] | I I 1 /I‘\

02 A A U AU AR
R R
o— & FEXN G PR 71
1§ L T/2% I ::

~0.2 | Vil a7 B 2
Vo Vo

—04 1 1 L1 L1 :n :| :|

08:54 08:55 08:56 08:57 08:58 08:59
UTC
Puc. 3. @parMeHT 3amucy BiIXUJIeHHS aHTEHHOI CUCTEMH 3

M’SITbMa OAMHOYHUMM CKAHYBaHHSIMU TPU CKaHYBaHHi 1O
asumyty (5 TpaBus 2021 p.)
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Puc. 4. 3anexHicTb HOMEPiB TPHOX BUMipIOBaHb 3 HOMEpaMU
i =10, 30 ta 50 1BOX OIMHOYHUX CKaHyBaHb (j = 1, 2) Bix
HOMepa BUMIPIOBaHHS n MaTpui M,

m

JIECKOIIIB Ta Pi3HUX aJITOpUTMiB HaBeneHHs. BiH €
OJIHI€IO i3 YHIKaJIbHUX CKJIAJ0BUX pajioTeaecKora
PT-32, axuii MOXe OJHOYACHO CIIOCTEpPIiraTu OmHy
00J1aCTh IMPOCTOPY B JEKIJIBKOX Jialla30Hax.

3 METOI0 OTPMMAaHHS BUXiTHWX NaHUX JJIS aHa-
JIi3y 3a OJMH ceaHC 3B’SI3KY Mijl Yyac MpOrpaMHOro
CYNpPOBOJY paJioTeIeCKONOM JXKepesia pagioBUIIPo-
MiHIOBaHHSI TIPOBOAUTHCS CKAHYBaHHS JixKepesa 3a
CHUHYCOiTaJIbHUM 3aKOHOM (puc. 2).

3a OJHUM i TUM CaMUM JIXKE€PEJIOM IIPOBOISITHCS
JIBAa YMOBHMX TTOCTiMOBHUX LIUKJIW: TIEPITUN ITAKIT
CKaHyBaHHS TIPOBOIUTHCS 32 KyTOoM Mictist El, npy-
ruii — 3a a3umyTom Az. IlorouHa moxmubOxka HaBeaeH-
H$1 32 OJIHi€I0 KoopanHaTowo (E/ un A7) OLiHIOETHCS
JIJIS1 KOSKHOTO CMHYCO11aJIbHOTO CKaHYBaHHS 3a T0-
Ka3HUKOM BiXWUJIEHHSI MAKCUMYMY JiarpaMu CIIpsi-
MOBaHOCTI (MakKCUMyMYy pajiOMETPUYHOIO CUTHa-
JIy) Bil po3paxyHKOBUX KOOpAMHAT padiomKepea.
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METOJINKA ABTOMATUYHOI'O
ONIHIOBAHHA ITOXNBOK HABEJTEHHA

BuxinHumu gaHMMU Ta OOMEXEHHSIMU JUIST OTpHU-
MaHH$ OLIIHOK ITOXNOOK €:

* MoOynoBaHa BiAIOBIAHO 10 [2] MepBUHHA MaT-
pULsl TOXMOOK Ta Pe3yjabTaTy CKaHYBaHHSI TOYKO-
BUX palioKepes, aHajli3 SIKMX Ja€ 3MOTY OLIIHUTU
MOXUOKM HAaBEAEHHS Ta SIKiCTb TOJIOBHOTO pediek-
TOpa pajaioTesecKoria i mornepeaHbo OLIiHUTU HEOO0-
XiIHi aiarma30HU CKaHyBaHHS;

* iHTEpBaJl IMCKpeTU3aLlii BUMipiB At,,,. (114 pa-
nioreneckona PT-32 B xoni JocCiiiKeHb CTAaHOBUB
10 mc);

* aMITLJTiTyJa CKAaHyBaHHS 3a KyToM Micis AE]

* aMILIITyIa CKaHyBaHHS 3a a3UMYTOM AAz

* repiof cKaHyBaHHS T,

3a oauH m-ii UMK crioctepexeHHs1 7. = OIHOro

sur
xepesa popMy€eEThbCsI MaTpULs BUMiploBaHb M mes,,

smax?

smax

v, EL, Az U; AELy AAzg Py Toin Paio Vieinat Wi 1

T, EL, Az, U, AEL, AAZ, Py Toirs Baivs Vieinaz Wiz

air2 "air2 T w

T..h. V.

sn putmn airn Mairn Y windn Wmmn

=|rt, EL, Az, U, AEl, AAz

;EN ELN AZN UN AElsN AAZSN patmN TairN hairN VwindN WmmNJ

ne N — KiJIbKiCTb BUMipIOBaHb Y MTOTOYHOMY LIMKJTi
CIIOCTEPEXEHHS, T, — Yac IPUB’A3KU 1-TO BUMIpY,
El, — noTtouHwmii Kyt Micus, Az, — NOTOYHMIA a31-
myt, U, € {U,, ..., U, ..., Up} — Hanpyra Ha BUXOJ
pagioMeTpUYHUX TpUiMaviB ISl 3arajJbHOTO BU-
naaky, k =1, ..., K — Homep pagioMeTpUYHOTO Ka-
Hany, K= 2 v 4 — KilbKicTh KaHaJliB peecTpallii, 3a-
JIEXXWUTD Bil HATAIITYBaHb Ta IXKEPEJ CITIOCTEPEXKEHD,
AEI,, — pi3HMLS MiX IIOTOYHUM i PO3paxyHKOBUM
KyTaMM MiCld B peXHUMi CKaHyBaHHA, AAz , — pi3-
HUIIS MiX ITOTOYHUM i PO3paXyHKOBUM a3UMyTaMU
B PEXNUMi CKaHYBaHHH, P, — MOTOYHMIA aTMOC-
GbepHuit Tuck, T, — TOTOYHA TeMIepaTypa Ha-
BKOJIMIIHBOTO cepenoBuina, N, — 1moTro4yHa Bii-
HOCHA BOJIOTICTb MOBIiTPsA, V4, — BEKTOp IIBUI-
KOCTi BITpY, W,,,.. € {q, vV} — onaam, g — KiJIbKiCTb
onajiB Y MM BOJIM 3a TOAMHY, V — THUII OTaiB.
KoxeH psimok oTpuMaHOi 3a ceaHC (LIMKJI) CIIO-
CcTepexXeHb MaTPHUII Mmesm € Cepi€lo MPUB’sI3aHUX
3a 9yacoM BuMipioBaHb. Cepisl BUMipioBaHb MaTpH-
u M CKJIAa€ThCst 3 N, ONMHOYHMX CKaHy-

airn

mes,
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BaHb. Ilim OIMHOYHMM CKaHYBaHHSIM PO3YMIEMO
CYKYITHICTb BCiX BUMipiB, OTpUMaHMUX MiX JBOMa
MOCJiJOBHUMU €KCTPEMaJIbHUMU  TMOJIOKEHHSIMU
aHTEHHOI CUCTEeMHU IIiJl Yac cKkaHyBaHHs. Ha puc. 3
300paX€HO BIiIXWJEHHSI AHTEHHOI CUCTEMM MpHU
CKaHyBaHHI JKepesa 3a a3uMyToM. EKcTpemalibHi
MOJIOXKEHHSI aHTEHHOI CUCTEMHU MO3HAYEHO YepBO-
HUMM TpUKYyTHUKaMU. KiJIbKiCTb OIMHOUHUX CKa-
HyBaHb N, Ha NpejcTaBieHOMy Tpadiky TOpiBHIOE
m’atu. IHTepBan yacy OJAMHOYHOTO CKaHYBaHHS
BiIMOBia€ OXHOMY TiBIepiony ckaHyBaHHs T,/2.
KoxHe j-Te onMHOYHE CKaHyBaHHsI CKJIaIa€ThCs 3
Nj BuMipis 3 M mes,, * KoxXHoMy i-My BUMipIOBaHHIO
Jj-TO OAMHOYHOTO CKaHYBaHHS BiIMOBia€ BiAIOBI/I-
Huit n-ii panok M . (puc. 4).

HeoGxinno 3a orpumanoio M.~ BusHauntn
BIAMOBIAHI TMOXUOKM HaBEAECHHS aHTESHU Aem. IS
e { AEltrj , AAz”j } y BinnmoBigHOMY KaHaJi j-T0 o1~
HOYHOTO ckaHyBaHHS. lle B 3arajibHOMy MiICYyMKY
3BOIUTHCS 10 TIOLIYKY MAaKCUMYMY PalioOMeTPUUHO-
IO CUTHaJly Ha MOJIOBMHI iHTepBaJly CKaHyBaHHSI Ta
BU3HAYCHHsI IOr0 MOMCHTY Yacy ;.

®akTUYHO TIiJ Yac MoYyaTKy LMKy CKaHYBaHHS
oreparopy UM IJIaHYBAJIbHUKY BiIOMO, 3a SKUM 3
KYTiB 3[ilICHIOBAJIOCS CKaHyBaHHs, ajié B yMOBaXx,
HaIpUKJIan, IMCTAHLUIAHOTO KepyBaHHs, MOTPiIOHO
CITOYATKy BU3HAUUTH 3 M mes, » 34 SIKOIO CamMe KOop-
JIMHATOIO TTPOBAANUIOCS CKaHyBaHHS. /s 1boro 3a
crpolIeHUMHU (popMyIaMHU HEOOXiTHO OLIIHUTH, IJIsT
SIKOTO 3 KYTiB JUCHEPCisl Pi3HUIb MiXK MOTOYHUM
B peXMMi CKaHyBaHHSI i PO3PaXyHKOBUM KyTaMU
Ginpia [6]:

NAER, (& AEL,
= - IN,
a, =| 2| S

S

n=1 n=1

D,,. - iAAzfn_ iAAzm /N,

" n=l1 N n=l1 N
ne ripu D AE, >D Az, CKAHYBaHHsI 3MiACHIOETHCS 3a
KyTOM Micugl, a ipu D AEL <D Adz, — 38 A3MMYTOM.

CurHan j-ro cKaHyBaHHSI pajioMeTpa € CyMOIO
IIBOX CKJIQ[IOBUX: KOPMCHOI'O CUTHANY, IKWIA 3ropTa-
€ThCH 3 AiarpaMor0 CIIPSIMOBAHOCTI paaioTesiecKoIa
Ta mrymoBoro (¢oHny. Pesynsratu mociimkeHs [1, 2,

4, 5, 10] B xomi po3po0JieHHSI METOY CBilYaTh IIPO

Uy, B

1.85

1.84

1.83

1.82

—-0.3° —0.2° —-0.1° 0 0.1° 0.2° 0.3°
AAz,; AEI,

Puc. 5. liarpama cripsmoBaHocti PT-32 y miommHax Kyra
miciis (/) Ta azumyra (2)

U, B )
1.749 i

fo1 b o

[l [ I I |
1.748 ni A i

' !'n-'l 1 1 et 1 ., '.‘ml :.
LT4T ot " o i % PR T
1.746 . . L WIS

16:38:30 16:39:00 16:39:30 16:40:00 16:40:30

UTC

Puc. 6. 3miHa piBHS (POHOBOrO CUTHAJy Ha HU3bKUX KyTax
Micist (£l = 15°) 3a mIicTh CKaHyBaHb MO KYTY Miclisi (7 XKOBT-
Hs1 2020 p.)

Te, 1110 JiarpamMa cripsimoBaHocTi PT-32 mae Burmsa,
300paxkeHuii Ha puc. 5, a poHOBA CKJIag0Ba IIpU He-
BEJINKUX BiIXMJICHHSIX 3MIiHIOEThCSI HE3HAYHO, Hall-
OibIIMIA PiBEHD 1Ii€1 CKJIAIOBOI CITOCTEPIraeThCs Ha
HU3BKUX KyTax Micug (puc. 6). Ha pagioreneckori
PT-32 Hu3bKi KyTH Miclisl — 1€ KyTH, MeHIi 3a 30°.

st poGOTH anrOpUTMIB aBTOMAaTUYHOI 00OpOo0-
Ku M, ~HaibLIbLI TOULTBHUM BUABUIOCH BillO-
OpaxkeHHSI pamiOMETPUYHOIO CUTHaly (PYHKIIEO
Taycca (puc. 7). ®oHoBa ckiagoBa 3 Ha iHTepBai
CKaHyBaHHSI JOCUTb TOYHO MOJEIIOEThCS JIiHITHUM
3akoHoM. DyHkuist Taycca mosBojisse e(heKTHUBHO
BU3HAYaTH MOJIOKEHHSI MaKCUMYyMY TOJIOBHOI Tie-
JIIOCTKM, SIKa TMOB’si3aHa 3 MOXMOKaMU HaBEJCHHS,
Ta BiIKWAATA BHECOK OIYHUX METIOCTOK.
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Uy, B

1.824

1.822

1.820

1.818

1.816
—0.3° —0.2°

—0.1° 0

AEI

sn

Puc. 7. BumipsiHi Ta MOZIe/IbHI 3HAYEHHS PaliOMETPUYHOTO
curHaiy: I — BUMIpSIHUI CUTHAJ pagioMeTpa, 2 — MOJeJb-
HUil, 3 — doHOBUII IYyM

3o0paxeHa Ha puc. 7 MOfieJIb PagioOMETPUYHOTO
CUTHAJTy ONMCYETHCSI BUPA30M

Uijk(ejk) = UGijk(ejk) + ULijk(aij’bij) =

>o? +a X +bij, (1)
Gjk

=Agjk EXp| —

ne ljijk (04 ) — mMonenbHe i-Te 3HAYEHHS paiomMeT-
PUYHOTO CHUTHAJy j-TO CKaHyBaHHS B K-My KaHaJi,
Ugi (04 ) — monesnbHe i-Te 3HaueHHs CUTHATbHOT
CKJIa[IOBOi paflioOMETPUYHOIO CHUTHAJY j-TO CKaHy-
BanHs B k-my Kanani, U (8, D) — Monenbhe
i-Te 3HaYeHHSsT (POHOBOI CKJIaA0BO1 pagiOMETPUYHO-
IO CUTHAJIy j-TO CKaHyBaHHS B k-My KaHaJi, Xgij =
= AAZS,.]. v AElsij — 3HA4YeHHS i-TO BIIXWIEHHS aH-
TEHM Bill pO3paXyHKOBMX KOOPIUHAT pamiomKepesa
I yac CKaHyBaHHS 3a a3UMYTOM YW KyTOM MIiCIIsI
J-TO CKaHyBaHHSI, E)jk € {ank, Sgik » ij } — macuB
MapaMeTpiB CUTHAJILHOI CKJIAT0BO1 pagioMEeTPUIHO-
IO CUTHAJY j-TO CKaHYBaHHS B k-My KaHaJli, Ag —
MoOJeJIbHa aMITIITyla CUTHAJIBHOI CKJIaIOBOI paio-
METPUYHOIO CUTHATY j-TO CKaHYyBaHHS B k-My KaHa-
JIi, Ggjx — MapameTp (opmu cUrHaAJIBHOT CKJ1aI0BOT
panioMeTPpUYHOIO CUTHAIY j-TO CKAHYBaHHS B k-My
KaHaJji, 0 ik — ox10Ka HaBeAeHHS aHTEHH ITif 4yac
J-TO CKaHyBaHHSI B k-My KaHaJi, A > bij — JIiHil-

58

Hi KoedillieHTu (POHOBOI CKJI1a0BOI j-TO CKaHYBaH-
H$I B k-My KaHai.

AKIo ckaHyBaHHS 3AIMCHIOBANIOCS 3 ypaxyBaH-
HSIM MEpBUMHHOI MaTpuli rmoxu6ok [2], Bupas (1)
MaTHUMe BUIJISI

Uijk(ejk) =

2
(xsy + X g —Aejk)

=agj exp| — +ap X+ bij, 2)

Zcéjk
ne Xy — BiIMOBiZHE OO0 iHTEpBaly CKaHyBaHHS
3HAYEHHS eJIeMeHTa ITePBUHHOI MaTPULIi MOXUOOK.

JliniitHi koedinieHTH GOHOBOI CKIag0BOL EJ.,_J-k Ta
bij OLIIHIOIOTBCS 32 BUMipaMu, SIKi HaJleXKaTh TiJlb-
KM (POHOBII CKJIaA0Biil Ta JiexKaTh Ha TPAHULISIX KYy-
TiB cKaHyBaHHS (puc. 7). JIist iXHbOTO pO3paxyHKy
BUKOPUCTAEMO DPiBHSIHHS MPSIMOI, sIKa TPOXOAUTH
yepe3 aBi TOUKH [6]:

Xsij X1k ULijk(aij’ bij) U, j

U U , (3)
X2k ~ X1k 2jk — Y1k
ac
1 Nedgejk
Xjk = N Xsij »
edgejk  i=l1
N
1 J
X2 ik :N—' Z Xsij

edgejk i=N j=N g gejk +1
— cepenHi 3HaUYeHHS BiIXWJIEHHSI aHTeHU pajioTe-
JlecKoIla Ha rpaHULSX j-TO CKaHyBaHHS, SIKi po3pa-
XOBAHO 32 N eggeik MepuIuMi Ta Nedgejk' OCTAHHiMU
BUMipIOBAaHHSIMM BiIXWJIEHHSI aHT€HU BiNOBiIHO,
Nedgejk
1 g¢]
Uje=q—— 2 Ui
edgejk  i=l1
1 <
U, jk = N ) Z Uijk
edgejk i=N ;=N jgejk +1
— cepemHi 3HaueHHsI ()OHOBOI CKJIaJ0BOI Ha TpaHU-
LUIX j-TO CKaHyBaHHS, Nedgejk = (0.1...0.15) N].k —
KiJIbKiCTh BUMipIOBaHb CKaHYBaHHSI, 3a SIKUMU 00-
YUCITIOIOTHCST CKJTAI0Bi PiBHSIHHST MTPSIMOI.

[Ticnst nepeTBOpeHHsT BUpa3y (3) oTpuMaeMo 3a-
JIEXHICTh 3HaUYeHHS (pOHOBOI cKJ1anoBoi U Lik panio-
METPUYHOIO CUTHAIY BiJl BIIXUJICHHS X 5/ @HTCHM Ha
J-My CKaHyBaHHI SIK piBHSIHHS TIPSIMOT:

Ui (@i bpjp) = apjpXg; + by, 4
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pu
U2jk _Uljk U2jk _Uljk

Lik = %5 + Uy - ()

arjk = >
X2k ~ X1k X2k ~ X1k
OnTuMizaliiHUM KpUTEpieEM ISl BU3HAUYEHHS
BiAXWJIEHHSI (MTOXUOKM) j-TO CKAaHYBaHHS € MiHIMyM
CyMHM KBaJpaTiB MiX BUMIpSIHUMU Uijk Ta MOMEb-

HuMn Uy (0;,) 3HaYeHHAMY:
N.
J . 5 .
F(ejk) = z (Uijk _Uijk (ejk)) e—_k>mln . (6)
-1 j

3a pesy/ibraTaMyu PO3B’A3aHHS ONTUMIi3aLliifHOI
3a1aui OTPUMAaEMO OLiHKU AO ik aMILTTy I &ij
Ta 6ij . Po3p’s13aHHs (6) BUKOHYETHCS 3a aJITOPUT-
MoM JleBeHOepra — Mapksapara [7, 9].

3 MeTol0 SIKiCHOTO (hOpMYBaHHS MaTpUILIi BUMi-
pioBaHb M, , TIOTOYHOIO CKaHYBaHHs IONEPEAHBO
HEOOXiAHO pOo30UTU MaCHUB BUMipIOBaHb Ha OMMHOY-
Hi (eleMeHTapHi) ckaHyBaHH:. Y Bunagky PT-32 B
XOIi eMIIipUYHUX AOCIIIKEHb BiIXWUJICHHS aHTeHU
BiJl pO3paxXyHKOBUX KOOpPAMHAT 3MiHIOETbCS MEPio-
JUYHO 3a CUHYCOigaJbHUM 3akoHOM. [lporpamHo
peajizoBaHoO, 110 Ha MOYaTKy CKaHyBaHHSI aHTEHa
BiIXWISIETBCA Y Bilm’€MHUM 0iK 3a BUBHAYEHUM KY-
ToM. Homep esleMeHTapHOTO CKaHyBaHHS jtn BU-
3HAYAETHCS STK HOMED TIiBITePioy, IKOMY BilITOBiga-
10Th psau mMarputi M mes, 3 1ACOBOIO TIPUB’SI3KOT0
T, (mepiumii croBnens Liei x marpuui). Homep ).,
BU3HAYAEThCS SIK 1liJla KiJbKiCTh MiBMepiofiB, sIKi
MICTATbCSA MiXX MOMEHTaMM MPUB’A3KU T, . (110
Bigmosinae nmepmomy AE] yn AAz )Ta Ty

Smax Smax

T,—7T
n smax0
. |floor| 2 T +1 1mpu T, — T 00 20
]Tn - s

0 mpu T, — T a0 <05

(7)
ne floor — omnepallisg BigKugaHHsI IpoOOBOI YacTH-
, .
HU 4Yucia, Ty, . o — 4Yac MPUB’A3KK MEPIIOro Bil-
XWJIEHHSI aHTeHW Ha MaKCMMaJbHe 3HaYeHHS KyTa,
10 SIKOMY BiIlOYBa€ThCSI CKAHYBaHHSI.
MHoX1Ha HOMEpiB IJ BUMiploBaHb (PsIIKiB Ma-
tpui M .. ), sIKi HaJeXarTh J10 j-TO eJIeMEHTapHO-
m
ro CKaHYBaHHSI, 3HAXOAUTHCS SIK

L=tnlj=J, ). ®)

Puc. 8 imoctpye BU3HAUEHHS jT (cTtynminuacra
. . n .
(byHK1IisT) B X0lli HOpMaJIbHOTrO, 6e3 3aBaj, 3001B Ta

—0.1°

—0.2° ) . . .
200 400 600 800 1000 n

Puc. 8. BuznaueHHs J, (cTymiHyacTa (pyHK}liﬂ) B XOIi HOp-
MaJIbHOTO CKaHyBaHHS 110 a3UMYTY (CMHYcOina)

AAz

SN

—0.1° 1

—0.1°1

—0.2° ) . . .
200 400 600 800 1000 n

Puc. 9. BuzHauenHst j_ (ctymiHyacTa (DyHKIIiSI) B yMOBax
. n
TEXHOJIOTIYHUX PO3PUBIB

TEXHOJIOTIYHUX PO3PUBIB, CKAHYBaHHSI 10 a3UMYTY
3 Az, =0.2°,1a 1000 pankis M .
Puc. 9 imoctpye BU3HAUCHHS )., (cTtymiHyacTa
(yHKIIis) B yMOBaxX TEXHOJIOTIYHUX PO3PUBIB, aHa-
JIOTIYHOTO CKaHYBaHHSI 110 a3UMYTY (CMHYCOIIa).
Ilin yac ckaHyBaHHSI B pPI3HMX HampsIMKax €
MMOBIPHICTh TicTepe3ucy, 1o OyJIO MiATBEPIKEHO
eMmipuyHuMu gociimkeHHsmu PT-32 [2]. Tomy
JJISI KOXXHOTO €JIeMEHTApHOTO CKaHYyBaHHS jTn
HEOOXiTHO BUBHAYUTH HAMPSIMOK pyXy aHTeHHU. 7151
1IbOTO HA HbOMY BU3HAYaIOThCS Pi3HUILI BIIXWUJIEHHS
aHTEeHU
Asijn = Xsij(n+1) ~ XSijn - )
KoxeH pgnok Martpuli Mmesm BiAITMOBIIHO 110
3HAKY Ag;, LOTIOBHIOETHCS €ICMEHTOM Dir‘ijn (12-1
CTOBIICLIb MATPUILLi), IKUIA XapaKTEepU3y€E HATIPSIMOK
PYXY aHTE€HH B XOJi CKaHyBaHH:I. SIKII10 ITix yac cKa-
HYBaHHSI aHTEHA PYXA€ThCS B HAMPSIMKY /10 3€HITY
Ta JiBOpYyY — a3uMyTOM Dil’ijn = 1, a gKI110 B Ha-
MNpsIMKY 10 TOPU3OHTY Ta MPaBOpydY — a3MMyTOM
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AAZM Ajsijn
—0.1° 10.04
0 0
—0.1° 1 -0.04

_0.20 1 1 1 1
200 400 600 800 1000 n

Puc. 10. O3HaKa HATIPSIMKY PyXy B XOJli HOPMaJIbHOTO CKaHy-

BanHa (I — AAz, , 2 — Asijn )
AAZM Ajsijﬂ
1
—0.1°F +4 0.04
2
0 0
—0.1°F 4 —0.04
_0.20 1 1 1 1
200 400 600 800 1000 n

Puc. 11. O3Haka HaTNpsSIMKY pyXy B YMOBax TEXHOJOTIYHUX

pospusis (/ — AAz, ,2— Asij” )

Dir, = —1 (puc. 10...13), na mkani 31iBa npusese-
HO KOOPIMHATY, IO SIKill 3MilICHIOETHCS CKAHyBaH-
HsI, Ha IIKaJIi CIipaBa — Pi3HMIIIO MiXK IBOMAa BUMi-

paMu.

) 1 VA, >0,
ir. =

mol-1 VA <O0.

sijn

D (10)

V Bunanky 300iB, 3aBajJ Y1 YaCTUX TEXHOJIOTIU-
HUX PO3PUBIB JESIKi eJleMeHTapHI CKaHyBaHHSI jrn
OyayTh HEMOBHUMM YW MICTUTHUMYTh iH(popMalliio,
SIKO1 HEOCTaTHLO ISl JOCTOBIPHOIO OIliHIOBaH-
HS TTOXMOKM HaBeneHHs. Taki maHi HEOOXiTHO BU-
KJIIOUWTHU 3 TIOAAIBIIOTO aHasi3y. BBegeMo moHTTS
MOKa3HWKA MOBHOTU €JIEMEHTAPHOTO CKaHYBaHHS
3 j € [0, 1]. KoxHe IMOoBHE eleMeHTapHEe CKaHyBaH-
HSI Ma€ MiCTUTU KiJIbKICTh ]\6 PSIIKiB BUMIpIOBaHb V :

L (11)

i 2A7,,, )

MakTUIHA KIJTBKICTh PSAKIB BUMIPiB, SIKi MiCTITh
iH(opMallifo, MpUAATHY [IJIs OLiHIOBaHHS, Oyae 10-

60

Asijﬂ Dlryn
0.04 Los
0.02
0 0
~0.02
—0.04 1705
—0.06 L T g e 1 1 -1
200 400 600 800 1000

Puc. 12. O3Haka HaMPSIMKY PyXy B XOJli HOPMATBHOTO CKaHy-
BanHst (I — Dir. ,2— A

ijn ? sijn )

N AN Diry,
‘ | ‘ |1

ool WHH HH W2 700

ST
—0.02 LY | v ! U U U
—0.04 ‘ ‘ 1703
—0.06 || [y iuugy 1

200 400 600 800 1000

Puc. 13. O3HaKa HaAMpsSIMKY PyXy B YMOBaX TEXHOJIOTTYHUX

po3puBiB (1 — Di”ijn ,2— Asijn)

piBHIOBaTU

N o = D | Diry, | - (12)
iel ;
J
Toni moka3HUK MOBHOTU €JIEMEHTAPHOIO CKaHYy-
BaHHA j._  OOYMCIIIOETHCA 3 BUPA3y
n
(t: _ Nf““j
]‘ - .
N;
IndopmMmaliss eneMeHTapHOIo CKaHyBaHHS J,
Oyzie MPUIATHOIO [IJIs OLIiHIOBAHHS 32 YMOBU

£;20.85. (14)

Bubip 3HaueHHSI HIKHBOT TpaHUIli & j 3yMoBJIe-
HUI eMIOiPUYHUM OLIiIHIOBAHHSIM B XO[Ii TOCJiIXKEeHb
PT-32, nng pagioTenecKoIiB 3 iIHIIMMU CUCTEMaMM
KepyBaHHSI BOHO MOXe€ 3MiHIOBaTUCS. SKII0 ymMoBa
(14) He BUKOHYETBCS, iHdOpPMaLlis eleMEHTapHOTO
CKaHYBaHHS jl.}1 € HEeINpUJaTHOIO Ta BUKJIOUAETHCS
3 IOAAIBIIOL 00OPOOKM.

IMToxnbka HaBeneHHsI aHTeHM (OILliHKA MOXUOKU
HaBeJICHHS), sIKa 3aKJIala€ThCsl 10 MATPULI TTOXU-

(13)
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00K, Ma€e OyTM TOUYHO TMPUB’si3aHa 10 Yacy Ta KOOp-
JIMHAT HaBEJEHHsI aHTEeHHOI CUCTEMM i BiJMoOBinaTn
neBHUM MereoymoBaM [2]. OuiHka mMoXuOKWU Ha-
BEIECHHS JIEXKUTh MiX JBOMa MOCIiIOBHUMU BiI-
XWIEHHSIMU aHTEHU Bill pO3paxyHKOBUX KOOPAUHAT
paniomxepena Mmij yac CKaHyBaHHS IO a3UMYTYy YU
KYTY MiCLIsL:

Aziﬂ [xsl.ﬂ s Xgijr ), (15)
e Xgy — JBE 3HAYECHHS BIIXMICHHS 3 4acOBOIO

) .

TIPUB’A3KOIO T;, X, — TPABE 3HAYCHHSI BIIXUIICH-
Hs 3 4aCOBOIO IIPUB’A3KOI0 T, .

TouHuit yac NpuB’SI3KM OLIHKW TOMUJIKHU J-TO
CKaHyBaHHS y k-My KaHaJli BABHAYAETHCS 3 PiBHSIH-
HST IPSIMOI

A —
A —Xgi e Tl

LT

(16)
Xsijr — Xsijl
Po3paxyHKOBI KOOpAMHATU asumyTa Azj . T
KyTa Micus ElAA L SIKMM BiAIIOBiga€ olliHKa, BU3Ha-
YalOThCSl AaHAJIOTIYHO:

AZA’\%k —Azij, TA’\gk -1

; (18)

Azijr — Azij, T, -7

, (19)
El,, — El,

LT
ne Azy — JiBe 3HAUYCHHs a3MMYyTa 3 4acOBOIO
MIPUB’A3KOIO T;, Azijr — IpaBe 3HAYEHHS a3uMyTa
3 4aCOBOIO IIPUB’A3KOI0 T, , El” — JIiB€ 3HAUYEHHS
KyTa MicClIsl 3 YaCOBOIO HpI/IB’SISK]OIO 1,, El — npa-
BE€ 3HAYEHHSI KyTa MiClLIsl 3 YaCOBOIO HpI/IB’SIl3rKOIO T,.
B pesynbrari OTpuMaeMO €JleMEHTapHUM Ha-
0ip MoxuOOK HaBeNEHHSI Y MEBHUX METEOYMOBaX,
MPUB’SI3aHUI 10 HAMPSIMKY PYXy aHTEHU Ta KOOp-
JIMHAT HABEJEHHS, KU € OCHOBOIO /151 (hOpMYyBaH-
HST MaTPULIi ITOXUOOK:

AD ik AZA“gk , ElA“g.k .

Ha ocHOBI 1Mx OILIiHOK aHAJIOTiYHO 10 [2] po3-
PaxoBYIOThCSI HAIIPSIMHI KOCUHYCH, SIKi BUKOPHUCTO-
BYIOTBCSI JIJIsI 3aTIOBHEHHSI MaTPUILIi ITOXMOOK Ta I10-
JTAJIBIIOTO 1i BUKOPMCTAHHSI CUCTEMOIO KepyBaHHS
pazioTesieckorna. 3 MeTOIO0 JOCATHEHHST HeoOXigHOl
LITBHOCTI MaTpUIIi MOXMOOK BUKOHYIOTHCSI TPUBaITi
aBTOMAaTUYHi CYIIPOBOKEHHSI 00paHUX pamiojKe-
peJl Tak, 1100 IXHi Tpa€KTOpil MaKCUMAaJIbHO IIiLILHO

3alOBHWJIM HEOeCHY cepy B TOMOLIEHTPUYHIM cuc-
TeMi BiJJTiKy pajioTesecKona.

MeTonuKy aBTOMATUYHOTO OLIiHIOBAaHHSI MOXU-
0OK MOXHa 3aCTOCOBYBATH SIK JIJISI TOUKOBUX pafio-
JIKepesl KOHTUHYaJbHOTO PadioBUIIPOMiHIOBAHHS,
Tax i JJ1s1 JKepeJ, 110 BUIIPOMiHIOIOTh MOJIEKYJISIpHi
CHEeKTpaJbHi JiHii (KOCMiYHMX Ma3epiB). EMmipuyuHi
pe3yJbTaTh TaKUX AOCTIIKEeHb YKPaiHChKIUM pamio-
tejeckorioM PT-32 OynyTh mpuBeieHi B HACTYITHUX
nmyOJTiKallisix.

Po3po6sieHO BiIMOBiIHI TIporpaMHi MOIYJi Ta
0i0ioTeKH, SIKi iHTerpoBaHi B CUCTEMY KepyBaHHS
PT-32 Ta jierko iHTerpyioThcs y porpaMHe 3ade3-
MeYEeHHsI KePYBaHHSI iHILMMU pagioTeJIeCKOIMaMMU.

BIUCHOBKH

Iepiri pe3yabTaT CTBOPEHHS YKPaiHCHKOTO pamio-
TeJlecKoIla HOBOro IokojiiHHs PT-32 Ha 6a3i aH-
teHHoi cuctemu MARK-4B mo3BosisiioTh cTBepa-
>KyBaTU TPO TMEPCHEKTUBU JOCATHEHHSI TEXHIUHUX
XapaKTepUCTUK Ha piBHI cBiToBUX aHajioriB. Ilpu
IbOMY aMOITHI HaMipd KOHCOPLIYMY YKpaiHCBKHUX
HayKOBIiB Ta BUPOOHUKIB IIOA0 3a0e3IeUYeHHs
YHIKaJIbHOCTI JaHOIr'o 3aco0y pamioacTpOHOMIUHUX
CIOCTEpPEeKeHb 3YMOBJIIOIOTh BUHUKHEHHSI HOBUX
HayKOBO-TPUKJIaJIHUX 3aBlaHb, PO3B’SI3aHHS SIKUX
Ma€ 3a0e3MeYnTH JOCSTHEHHS TTOCTaBIeHOT METH.

OaHMM 3 TaKUX 3aBIaHb € 3a0e3MeUeHHs BUCOKOi
TOYHOCTI HaBeIEeHHsI aHTEHHOI CUCTEMU Ha paiio-
mxepena. IlonepenHi JocmimkKeHHsT KOJEKTUBY aB-
TOpPiB JOBOJSATH, 110 XOUa aBTOMAaTU3allisl TIpoLecy
no0yI0BM MaTPULIi MOXUOOK ITiABUIIYBajia TOUHICTh
HaBeneHHs pagioTeneckony PT-32 npu mpoMy Mic-
TWJIa, TIOB’SI3aHi 3 POOOTOIO JIIOJAMHU-OIEepaTopa,
MOMUJIKY TIEPIIOro Ta APYroro pomy.

Po3pobyieHa MeToauKa aBTOMAaTMYHOIO OILiHIO-
BaHHS ITOXMOOK HaBeACHHS Ha 0a3i CMHYCO1IaIbHOL
MOJIeJIi CKaHYBaHHSI 3a paXyHOK BpaXyBaHHsI HaIIpy-
T Ha BUXOJi pagiOMETPUYHUX MpUIIMayviB ycyBa€
3a3HavyeHi HemoJliku. MeToauKy MoXHa BIPOBaIM-
TH SIK 1711 TIOBHOIIOBOPOTHUX PalioTeNIeCKOIIiB, TaK
i IJIST pamioTeIeCKOMiB TPAaH3UTHOTO THITY. i Mmox-
JIMBO 3aCTOCOBYBATH JUISI CITOCTEPEXEHHS Kaliopy-
BaJIbHUX TOYKOBUX paiolkepea KOHTUHYaJIbHOIO
PpanioBUIIPOMiHIOBAHHSI Ta KOCMIYHUX MOJICKYJISIP-
Hux MasepiB. IlporpamHi momyii Ta 0i0mioTeKH,
pO3p0o0JIeHI HAa OCHOBI 1Ii€i METOAMKU, JIETKO iHTe-
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METHOD OF AUTOMATIC CONSTRUCTION OF RT-32 RADIOTELESCOPE ERROR MATRIX.
AUTOMATIC ASSESMENT OF TRACKING ERRORS

On March 15th, 2021, scientists of the National Space Facilities Control and Tests Center and the Radio Astronomical Institute
of the National Academy of Sciences of Ukraine carried out preliminary observations with the Ukrainian new generation radio
telescope RT-32 (Zolochiyv, Lviv region). The extragalactic radiation of radio galaxy 3C84 (Perseus-A), masers from the galactic
molecular cloud W3, radio emission of methanol maser from the galactic radio source G188.946 + 0.886 were observed and suc-
cessfully recorded. Observations were performed as training in the framework of preparation for the launch of a joint Ukrainian-
Latvian radio astronomy project 1zp-2020/2-0121.

The results of the observations confirmed the world level of RT-32 radio telescope characteristics, the efficiency of the
primary error matrix and revealed several shortcomings in the functioning of the tracking system. It was found that the primary
tracking error matrix has insufficient discreteness and contains errors of the first and second types.

In the article, we present a method of automatic construction of the radio telescope error matrix according to the data
of a radiometric receiver and receivers-recorders. The method of construction provides automatic processing of the obtained
radiometric data. The results of verification of the developed method using the reference radio sources of different types and the
elements of tracking errors’ matrix by the elevation and azimuth obtained when using it are presented. The results obtained with
the proposed method were included in the radio telescope control system and allowed us to increase the aiming accuracy of the
RT-32 radio telescope.

Keywords: radio telescope, tracking error matrix, antenna system, radio sources.
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KOCMIYHA IHOPACTPYKTYPA IHTEPHETY PEYEIA.
CTAH TA ITEPCIIEKTUBU PO3BUTKY

[Ipedcmasnero 020 ModcAu80Cmi 3aCMOCY8AHHA CYHACHUX CYNYMHUKOBUX CUCMEM 36 3Ky 044 3a0e3neveHHs nocaye inmepHeny
peueii. T[lokasaro, wo cyuacki cucmemu CynymHuk08020 36’s3Ky 3a06e3neuyoms nepedavy mpagixy 04s cucmem iHmepHemy peyeii
xmapHhoi apximexmypu. [Ipedcmaesneno npono3uyii w000 MoiCAUBOCMI 8NPOBADIICEHHS 8 CYNYMHUKOBUX CUCMEMAX 36 3KY MYMAaH-
HUx ma epanuunux obuucaens. [lokaszano Hanpamku modeprizayii HU3LKOOPOIMANLHUX Me 2e0CMAUIOHAPHUX CUCMeM CYNYMHUKO-
8020 36’3KY 0415 6NPOBAONICEHH MYMAHHUX MA SPAHUMHUX 004UCAeHb 05 cucmeM IHmepHemy peyell. Jlns niosuuieHHs onepamue-
Hocmi 06poOKu iHgopmayii inmeprnemy peueli ma HAOIIHO20 30epieaHHs 0AGHUX IHMEPHemYy peueil 3anponoHO8aH0 YOPMYBAHHS HA
2e0CmMayioHapHiil opoimi opoimanbHo20 XMAPHO20 CX08ULA OAHUX, W0 CKAAOAEMbCA 3 OKINbKOX 2e0CMAUIOHAPHUX CYNYMHUKIE —
yenmpie xmapHoi 06pobKku danux. 3anponoHoeano memoou 3abe3neueHHs AoCmMyny 00 opOimanIbHO20 XMAPHO20 CXO8ULA OAHUX
i3 BUKOPUCIAHHAM 2€0CMAUIOHADHUX CYRYMHUKI@ 8eAUKOI NPONYCKHOI 30amHOCMI ma CynymHUKI6 3i ckaady HU3bK0oopoimanbHux
cucmem cynymHuKo6oeo 36’a3ky. Kopomko poseasinymo numants @3aemooii opoimansho2o XxmapHoeo cxo8uuya 0aHux ma Ha3emHoi
xXmapHoi ingpacmpykmypu 06podku i 30epieanus 0aHux. 3anponoHoeano opoimanbri no3uyii Ha eeocmayioHapHiil opoimi 0as pos-
MIiWeHHs CYnyMHUKI8 — YeHmpie XMapHoi 00poOKu OaHUX.

Karwowuoei caosa: cucmema inmepremy peueil, cynymuuxosa cucmema 36’s13ky, 1CO, HHO, Opbimanvhe yepynoeanus cynymHuxie,
PO3YMHI peui inmepHemy peueil.
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BCTVYII
ITpoTsiroM OCTaHHBLOIO JIECATUPIYYS iHTEPHET pe-
Yyell cTaB BaXKJIMBOIO CKJIaIOBOIO YaCTMHOIO cydac-
Hux iHdpokomyHikaui [12, 19—21]. 3a naHumu
koMmnaHii Transforma Insights [12] B 2019 poui 3a-
rajibHa KiJbKiCTb aKTUBHUX MPUCTPOIB iHTEpHE-
Ty pedeit ctanoBuia 7.6 muipa. O4iKyeThCsI, IO 10
2030 poKy KiJIbKiCTh aKTUBHUX MPUCTPOIB iHTEpHE-
Ty peueil 30iIbIInThCs 10 24.1 MIpa pu cepeIHbO-
piuHomy Temiti 3poctanHs 11 % (rmokasznuk CAGR).
OCHOBHMM BUOM ITiAKJIIOUEHHSI IPUCTPOIB iHTEp-
HETy pedeil Ha NPOrHO30BaHMI TMepio 3ajuila-
TUMYTBCS TeXHOJOril Mamoro pamiycy mii: Wi-Fi,
Bluetooth, Zigbee. ITporHosyeTbcst 30iJIbILIEHHS
KIUJIBKOCTI MiIK/IIOYEHb IIPUCTPOIB iHTEpPHETY pedeii
JI0 CTUTbHUKOBUX MepeX 3 1.2 mupa y 2019 poui oo
4.7 mapn y 2030 poui. ITorpeda B 3abe311eueHHi Be-
JIMKOI KiJIbKOCTI TMiIKJIIOUeHb Ta Tepeaadi Tpadiky
MPUCTPOIB iHTEPHETY peueil CTajau roJIOBHUM Jpaii-
BEpPOM PO3POOKHM Ta YyMPOBAIXKEHHS HOBOTO CTaH-
JapTy MOOLIBHOTO IIMPOKOCMYIOBOIrO 3B’si3Ky 5G
[1, 28, 29].

Po3BuTOK iHTEpHETY peueli CTpUMYEThCSI OOMe-
JKEHUMM 30HaMU il Ha3eMHUX MOOUTBHUX Mepex
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Mpuctpoi IuTepHeTy peyeit/
PO3YMHI pedi

Puc. 1. Monenb cucteMu iHTepHETY pedeil, mobyaoBaHa Ha
apXiTeKTypi XMapHUX OOUNCIIEHb, sTKa BUKOPUCTOBYE CYITYT-
HUKOBY TEJCKOMYHiKalliliHy cUcTeMy JUISl Tiepeaadi iHhop-
Mallii iHTepHeTy peveit
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IIMPOKOCMYIOBOI'O MIOCTYILY, SIKi i3 KOMEpPLIMHUX
MipKyBaHb OXOILUIIOIOTh TEPUTOPIi 3 BiTHOCHO BU-
COKOIO IMIUJIbHICTIO HacefieHHs. Po3muputu 30HY
HaJaHHS MOCJYT iHTEpHETY pevyeld MOXHa IUISIXOM
BUKOPUCTAHHS Pecypcy CYIMyTHUKOBUX TEJIEKOMY-
HiKaliifHUX cUCTeM, By3bKOMPODiTbHOIO Ta IIUPO-
KOT'O 3aCTOCYBaHHS.

Merta cTarTi — npoaHajidyBaTy 31aTHICTb Cydac-
HUX CYNYTHUKOBUX TeJEKOMYHIKalliiHUX CcUCTeM
Ha/laBaTH MOCJYTU iHTEPHETY peveil Ta BUZHAYUTU
MOXJIMBi HAMPSIMKU PO3BUTKY LILOTO CEKTOPY Tese-
KOMYHIKaIliii y MaliOyTHbOMY.

1. CTAH KOCMIYHOI IH®PACTPYKTYPU
IHTEPHETY PEYEN

Jlo 11bOTO Yacy MepeBakKHOI apXiTeKTypolo, 1110 3a-
CTOCOBYETHLCSI MIPU MOOYIOBI CUCTEM iHTEpHETY pe-
Yyeil, 3aIMIIaEThCS apXiTeKTypa XMapHUX 00YMCIIEHb
(Cloud Computing) [6]. 3a Lii€ro apXiTeKTypOIO MpH-
CTpoIi iHTEepHETY pedeli, abo po3ymHi ripuctpoi (IoT
Smart Things), mepeTBOPIOIOTH KOHTPOIbOBaHI (hi-
3WYHi MapaMeTpu B eJIeKTPUYHI CUTHAJIM i Tiepeaa-
I0Th BiIMOBiAHY iH(OpMalilo 10 XMapHUX LIEHTPiB
00pobku maHux (Cloud Computing Data Center)
JIJIS1 OOpOOKM 3TiIHO i3 MPU3HAYEHHSIM Ta LiITLOBUM
3aBIaHHSIM CUCTEMU iHTepHETY pedeit, 30epiraHHs
Ta apxiBauii. [Ip1 HeoOXinHOCTI 3AiliICHEHHSI TIEBHUX
Nl XMapHMI LeHTp 0OpOOKM JaHUX Iepeaae KepiB-
Hi KOMaHIM Ha BUKOHAaBYi IIPUCTPOI iHTEPHETY pe-
4yell — aKTyaTOpHU.

HasBHi CylmyTHUKOBI TeJTEeKOMYHiKalliliHi CUCTE-
MM 3[1aTHi 3a0e3MeuyBaTy nepenavy Tpagika cucteM
iHTepHEeTY peueit, i moOymoBaHi Ha 0a3i apXiTeKTypu
XMapHuX odbumncieHb. Ha puc. 1 npencraBieHo Mo-
JleJIb CUCTEMM IHTEpHETY peyueli, moOynoBaHy Ha 0a3si
apxXiTeKTypu XMapHMX OOYMCIIEHb, SIKA BUKOPHC-
TOBYE CYNYTHMKOBY TeJEKOMYHiKalliiiHy cucreMmy
N1 mepenadi iHdopMallii Mixk HUXXKHIM Ta BEpXHIM
iepapxiyHUMU piBHIMU. Ha HDKHBOMY piBHi iepap-
Xi9YHOI CTPYKTYpPU CUCTEMU iHTEPHETY pedeid mepe-
OyBarOTh MPUCTPOI iHTEPHETY peueit, ado po3yMHi
peui. [lo 1i€l rpynu OpucTpoOiB HaJleXKaTh CEHCOPU,
TOOTO MPUCTPOI, SIKi TepeTBOPIOIOTh (Di3UYHI IIPO-
LeCH B €JIEKTPUUYHI CUTHAIKU Ta (hOPMYIOTh Ha 0a3i
LIMX CUTHAJIiB MaKeTu iHopMallil iHTEpHeTy peuei,
a TaKoXX MPUCTPOI, 1110 peasti3ytoTh (Hi3UUHUI BIUIUB
Ha aKTIOpaTOPU 3TiIHO 3 OTPUMaHUMU KOMaHIaMU.
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Puc. 2. BukoprcTaHHs CYITyTHUKOBUX TeJIEKOMYHIKaIlitHUX CUCTEM IS 3a0e3TeueHHsI pOOOTH CUCTEM iHTepHETY pedeit

Ha BepxHabomy i€papxiaHOMY piBHi cucTeMHU riepedy-
Ba€ XMapHUI LEHTP OOPOOKM Ta 30epeKeHHS TaHUX.
CerMeHT CyIyTHHUKOBOTO 3B’SI3KY YTBOPIOE KaHaJl
nepegadyi JaHWX BiJl MPUCTPOIB iHTEPHETY pedei,
CEHCOpIB, 1O XMapHOro LEHTPY oOpoOKu Ta 30e-
peXEHHS JaHUX, i Y 3BOPOTHOMY HampsIMKy — JI0
MPUCTPOIB iIHTEPHETY peueil, no akryaropa. CymyT-
HUKOBUIA KaHaJ nepenavi JaHux hpopMyeThCs i3 3a-
CTOCYBaHHSIM TaKMX €JIEMEHTIB:
e VSAT-tepmiHai, mo mnepeOyBae Oe3rocepen-
HBO Yy MiCIli po3TallyBaHHSI MPUCTPOIB iHTEPHETY
peJeil — ceHCOopiB Ta aKTyaTopiB, i 3abe3mnevye mia-
KJIIOYEHHS LIMX MPUCTPOIB i3 BUKOPUCTAHHAM pa-
IIOTEXHOJIOTiM Mayioro paniycy mii, sik-ot: Wi-Fi,
Bluetooth, Zigbee. JI151 CyITyTHMKOBOI TeJIEKOMYHi-
KauiitHoi cuctemu iHtepdeiic VSAT-tepminany no
MicIIeBOI JJOKaJIbHOI MepexKi a00 0 Ha3eMHOI Mepe-
Ki 3B’SI3KY € MEXKEIO CUCTEMU;
* TEJIEKOMYHiKaliliHU#I CYMyTHUK, 110 3a0e3re-
Yyy€e peTpaHCIsLio NakeTiB iH(opMalii mprucTpoiB

noOymoBaHMX Ha 0a3i XMapHOI apXiTeKTypu, THUII
KOPHMCHOIO HaBaHTaXKEHHsI TeJeKOMYHiKalliiiHOTro
CyMyTHMKA HE Ma€ MPUHIUIIOBOIO 3HAYEHHSI, YU 1Ie
PETPAHCIISITOP «ITPO30POro» TUITY, YU PETPAHCIISITOD
«3 00po0OKOIO Ha 6OpTy» [25];

* IeHTpaibHa cTaHlist VSAT-Mepexi, ado cTaH1ist
CHpsDKEHHs. 3a3BUYail el 00’ €KT IiAKIIOUEHUI 10
MaricTpajabHOI MepexXi 3B’S3Ky Ta MaricTpalibHOL
MepexXi IHTEpHET, Yepe3 SIKY 3IiiICHIOEThCS Iepeaa-
ya iHopMallil 10 XMapHOTO LIEHTPY OOPOKM JTaHUX.

Ha puc. 2 HaBeneHO MpuKJIaau 3aCTOCYBaHHS Cy-
MYTHUKOBUX TEJICKOMYHIKAIlIMHUX CUCTEM Pi3HOTO

TUITY 1151 3a0€3IMeUYeHHsI pOOOTU CUCTEM iHTEPHETY
peueil. ITokazaHO CYIMyTHUKOBI Te€JI€KOMYHiKalliii-
Hi CUCTEMM, 1110 BUKOPUCTOBYIOTh JABa TUIIU OPOIT:
HU3bKY HaBKoyio3emMHy op0Oity (HHO) Tta reocra-
mioHapHy opbity (I'CO). BpaxoByrouu Toii (pakr,
110 CYMYTHUKOBI CUCTEMHU LIMPOKOCMYTOBOTO J0-
CTyIy Ha HU3bKill HABKOJIO3eMHill opOiTi Ta cepen-
Hili HAaBKOJIO3€MHiil OpOiTi He MalOTh MTPUHIIUITIOBUX

iHTepHeTy peueil. [ cucteM iHTEpHETY peyei,
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HE MpeACTaB/IeHiI CYMyTHUKOBI TeJIEKOMYHIKaIliiiHi
CUCTEeMHU Ha CepedHili HaBKOJIO3eMHiil opOiTi, mo
SIKMX HaJIEXKUTh, 30KpeMa, cuctema O3b.

[TepiiM BapiaHTOM 3aCTOCYBaHHSI HU3bKOOP-
OiTalbHUX CYNYTHUKOBUX TEJIEKOMYHiKalliiHUX
CUCTEM € BUKOPUCTAHHSI TPOTOKOJY HU3BKOIII-
BUIKICHOI Tepenavi iHpopmallii iHTepHeTy peydeit
Ha Beauki Bimctani LoRaWAN i3 3acTocyBaHHSIM
KOCMIYHUMX amapaTiB ¢opM-¢akTopa Kydcat [35].
[IpucTpoi iHTepHETY peueii, 1110 nepeOyBaloTh B 30Hi
pamiobaueHHs1 KyOcaTa, IepenaloTh NakeTu iHpop-
Mallii iHTepHeTy peueil 3a mpoTokoioM LoRaWAN.
Kybcat mpuiiMae Ta peTpaHCIIOE NMPUAHSTI CUT-
HaJiu, 1o HagxoasaTh Ha 103 LoRaWAN, gaxkuit
Mmia’eqHaHUK 0 MepexXi iHTepHET i 3a0e3mnevye Ie-
penady iHgopmMallii mo Ha3eMHill Mepexi 10 xmap-
HUX LEHTPiB 00po0ku maHux. KomaHmm yrpasiiH-
HSI TIepealoThCsl Y 3BOPOTHOMY HarpsiMKy. B 1ibomy
BapiaHTi CyyTHUKOBUI CETMEHT BUKOPUCTOBYETh-
¢Sl SIK pallioroJoBXKyBad, TOOTO 3aciod, 110 3a0e3re-
4yye 301bIIEHHS JaJbHOCTI Mepeaadi CUrHaIiB IMpo-
Tokony LoRaWAN.

IlepcnieKTUBHI CYITyTHUKOBI CUCTEMU IIIMPOKO-
cmyroBoro poctyiy StarLink Ta OneWeb, 1110 niepe-
OyBalOTb Ha Pi3HUX CTamissX (popMyBaHHS OpOiTaIb-
HOTO YTPYINOBaHHS, TaKOX 3[daTHi 3a0e3rnedyBaTu
nepenavy iHdopmMailii iHTepHeTy peueii.

ApxitekTypa cuctemu StarLink 3miHIOBanach
JIeKiJIbKa pa3iB y Mpolleci MPOEKTYBaHHSI CUCTEMU
Ta po3po0OKM KOCMIUHMX amapaTiB. 3apa3 y cranii
¢dopmMmyBaHHsI TiepeOyBa€ opOiTajibHE YrpyInoBaHHS
KOCMIYHUMX arlapaTiB, pPO3TalllOBaHUX Ha HU3bKIN
HaBKoJIO3eMHil1 op0Oiti Bucotow 550 kM [11]. Koc-
MiuHi anapatu StarLink ¢opmytoTh KepoBaHi mpo-
MEHi, sIKi 00CJIyrOBYIOTb KOPUCTYBaviB Ta MiATpU-
MYIOTb 3B’SI30K i3 CTaHIisSIMU CIpsLKeHHS. [HTep-
deiicom cucremn StarLink mist cucteM iHTEpHETY
peuyeii € 30BHilIHIM iHTepdeiic TepMiHany StarLink.
IIpucTpoi iHTEpHETY peueil MiAK/II04aloThCs 10 Tep-
miHany StarLink yepe3 Mepexy paaiogocTymny Majioi
IaIbHOCTI, Hampukian depe3 Mepexy WiFi. Jlaxi
nakeT iHopmalii iHTepHETY peueil mepenaeThcs B
3araJlbHOMY TPaHCIIOPTHOMY IOTOLIi iH(opmallii 10
cynyTHuKa StarLink 1o BUCXigHiil CyIyTHUKOBI JTi-
Hii, e 30iiCHIOEThCS MOTO MapIIPYTU3allis 10 MPo-
MEHS, 1110 00CJIYTOBY€E CTaHIIiI0 CIIpsikKeHHs. 13 Bif-
KPUTHUX JXKepea iHpopMallii BiToMo, 1110 CYITyTHUKHU
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StarLink 3maTHi MalOTh MOXJIMBICTb ITiATPUMYBaTU
3B’SI30K TUMY «CYMYTHUK-CYITYTHUK» i3 BUKOPUC-
TaHHSM ONTUYHUX (Jla3epHUX) JiHil 3B’s3Ky [13].
B 1iboMy Bumnanky iHopmaliiiHi makeTu iHTepHeTy
peueli nepeaaroThesl Bif CYIyTHUKA, Y MeXax 30HU
o0cIyroByBaHHsI IiepeOyBae TepmiHan StarLink i3
MiAKITI0YEHUMU 10 HBOTO MPUCTPOSIMU iHTEPHETY
pedeit, 10 cymyTHUKA, MPOMiHb OO CTaHLIil CIIpsi-
JKEHHS SIKOTO HaBeJIeHO Ha CTaHILil0 CIIPSIXKEHHS, IK
1Ie moKa3aHo Ha puc. 2. CTaHIIisSI CIIPSDKEHHS CHCTe-
mu StarLink Mae ImiaKiIIo9e HHsI 10 TTIepBUHHOI Mepe-
XKi iHTepHeT, uyepe3 1ie 3’ €IHaHH MMakeTu iHdopma-
11i1 Bi/I TIPUCTPOIB iHTEPHETY peYeid MOTPaTISIOTh 10
XMapHOTO LIEHTPY 00poOKM Ta 30epiraHHs JaHUX.
Cucrema OneWeb, sk i mepeBaxkHa OiJbIIICTh
CYNMYTHUKOBUX CUCTEM BEJMKOI MPOMYCKHOI 31aT-
HOCTI, Ma€ OKpeMi I'pyInu IIPOMEHIB 10 KOPUCTyBa-
4iB — MIPOMEHI KOPUCTYBadiB, Ta OO0 CTAHLII CIIpsI-
JKeHHS1 — ITPOMEHi cTaHLii cnpsikeHHs. [HTepdeii-
COM Ta, BIiIINOBigHO, Mexeto cucteMu OneWeb mo
MPUCTPOIB iIHTEPHETY peueii € iHTepdeiic TepmiHamy
KopuctyBaya OneWeb 110 J10KaabHOI Mepexi abo 10
Mepexi pagionoctyiry WiFi. TepmiHan KkopuctyBada
OneWeb nepenae nmakeTy iHpopMallii miaKII09eHuX
IO HbOT'O IIPUCTPOIB iHTEPHETY peyeil B 3araJIbHOMY
TPaHCIIOPTHOMY IIOTOLI BMCXiZHOI CYITyTHHMKOBOI
JiHii 1o cynytHuka OneWeb. CynytHuk OneWeb
peTpaHCIIoe MPUIHSATI iHopMalliliHi TOTOKHU Mpo-
MEHIB KOPHMCTYBayiB y MPOMEHi 10 CTaHIlii Crps-
keHHs. CtaHuig cripstkeHHs1 cuctemMu OneWeb Mae
MiAKITI0YEeHHST 10 MaricTpaJibHOI MepeXi CUCTeMU
iHTepHeT. CTaHILisI CHOPSDKEHHS IpUKMAa€e IMakKeTu
iH(opMallil IIPUCTPOIB IHTEPHETY pedyeld y CKiIami
3arajbHUX TPAHCIOPTHUX MOTOKIB Bil TepMiHaJiB
KOPUCTYBayiB, BUAISE IO iH(popMalliio Ta 3a0e3-
rneyvye 1 MapIIpyTU3allio 4epe3 Mepexy iIHTEPHET J10
LIEHTPiB XMapHUX OOYMCIIEHb Ta 30€piraHHs JaHUX.
Ha croromHi mociiyru mnepegavi iHgopmalii iH-
TepHETY peueit 31aTHi HaJaBaTy reocTallioHapHi Cy-
MYTHUKKW TPaAuLIiiHOI KOHbIrypalii Ta CymyTHUKHU
BEJIMKOI MPOIYCKHOI 31aTHOCTi. OOUIBa TUMHU Teo-
CTalliOHAPHUX CYIIyTHUKIB MOXYTh OYyTH OCHAaIIIeHi
KOPMCHMM HaBaHTaXXEHHSIM 13 TpaHCIOHAepaMu
MPO30POro TUITY, a0 TpaHCMOHAEpaMHU i3 00poO-
KO0 Ha OOpTy 4uu pereHepaTuBHoOro tumy [25]. Ha
pucC. 2 HaBeleHO IIpMKJaja Iepenadi iHdopMmalii
IHTEpHETY pedeil i3 BUKOPUCTAHHSM CYMNYyTHHUKA
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BEJIMKOI IPOITYCKHOI 31aTHOCTI. [Jlo ocobmmBocTei
reocTalioHapHUX CYIYTHUKIB BEJIMKOi MPOMYCK-
HOI 3[aTHOCTi HaJeXUTh BUKOPUCTAHHSI TTIPOMEHIB
JIBOX TUITIB (3a MPU3HAYEHHSIM Ta 3a MOKa3HUKa-
MM): MPOMEHIB KOPUCTYBAUiB Ta MPOMEHIB CTaHIIil
cnpstkeHHs [36]. 3oBHilIHIM iHTEepdeiicoM reo-
CTallioOHApHOI CYITyTHUKOBOI CUCTEMM JI0 MPUCTPO-
iB iHTepHETY peueil € iHtepdeiic VSAT-TepMmiHamy
IO JIOKaJIbHOI Mepexi, abo mo pamiomepexi WiFi.
VSAT-TepmiHai 00’€IHYE B €AMHOMY TPaHCIOPT-
HOMY IOTOLIi BUCXiIHOT CYITyTHMKOBOI JIiHi1 akeTn
iHdopMmallii iHTepHeTy pedeit Ta iH(popMalliro iHIIuX
cityk0. CyInyTHMK BeJIMKOI IPONYCKHOI 3JaTHOCTI
CHPSIMOBYE NPUIHATUI TTOTIK Big VSAT-TepMiHaiy
KOpHUCTyBaya 3 MPOMEHs KOpUCTyBaya 10 TPOMEHS
craHwii copsokeHHs. CTaHIlisg CHOpPSDKEHHS, aHa-
JIOTOM $IKOi y BMIIaJKy BUKOPMCTAHHS TeocTallio-
HApHOTO CYINYTHMKA TpaguLiiiHOi KoHQirypaiii €
leHTpasibHa cTaHlisgs VSAT-mepexi, migkiioueHa
JI0 MaricTpajibHOI MepeXi CHCTEMHW IHTEpPHET, MO
SIKilt makeTu iHdopMallil iHTepHeTY pedeii TocTyma-
JOTh 10 LIEHTPY XMapHUX O0YMCIEHb Ha 30epiraHHs
JIaHUX JUIsi 0OpOOKHM Ta y3arajibHeHHs. s minBu-
1IeHHs €(peKTUBHOCTI XMapHUX CEPBICiB, 1110 HaIa-
I0ThCS 13 3aCTOCYBAHHSIM CYMTYTHUKOBUX TEJIEKOMY-
HIKalifHNX cucTeM, KoMITaHiss Microsoft cIrinbsHO 3
KOMIIaHi€ Azure po3noyalu peani3oByBaTU IPO-
€KT PO3MIIlIEHHS IIEHTPiB XMapHUX OOYMUCIIEHb Ta
30epekeHHsT JTaHUX Oe3IMocepeHbO Ha TEPUTOPil
CYITYTHUKOBUX TEJIEIOPTiB [3].

K MoOXXHa MepeKOHATUCh i3 HaBEAEHOI CTPYK-
TypHu, CYIIYyTHUKOBI TEJICKOMYHIKalliliHi CHUCTeMU
3aliMarOTh MicClie KaHaJliB Ilepeaadi JaHuX MiX IIpu-
CTPOSIMU iHTEPHETY peueil Ta LIEeHTpaMM XMapHUX
obuMcieHb i 30epexkeHHs faHuX. B cucremax iHTep-
HeTy peyeil, moOyIoBaHUX 3a XMApHOK apXiTEeKTy-
po10, CYMYTHUKOBI TeJEKOMYHiKalliliHi cUCTeMU
MOBMHHI 3a0e3mevyyBaTyd JBOCTOPOHHIO Iepegavy
ycboro obcsry Tpadiky iHdopmallii iHTepHeTy pe-
Yeil, 110 3HaYHO 30LIbIIYE 3aBAHTAXKEHHS CYITyTHM -
KOBUX KaHAaJIiB Ta CYIIyTHUKOBOI CCTEMU B LIIOMY.

2. TIEPCIIEKTUBHI HAITPAMKHA PO3BUTKY
KOCMIYHOI IH®PACTPYKTYPU IHTEPHETY PEYEN

HenonikoM TpaguiiiiHoi XMapHOi apXiTeKTypu CUC-
TeM iHTEepHETYy pedeii € He TiJIbKM BUCOKE 3aBaHTa-
>KeHHsI KaHaJIiB 3B’ 13Ky Ta nepefadi JaHWX IBOCTO-

POHHIM TpadikoM, SIK1i1 TeHePYETHCS IIPUCTPOSIMU
Ta CUCTeMaMM iHTepHETY peueid, ajie i 3aTpuMKa,
CMIpUYMHEHa Tepeaavyero MakeTiB iHdopMallii iH-
TEPHETY peueil 1Mo cKiIaJeHoOMY KaHajy nepeaadi aa-
HUX Yyepe3 MapIIpyTU3aTOPH Ta iHILIe MepexkeBe 00-
nagHaHHS. KpiMm Toro, cyTTeBO BIJIMBAE Yac MOILIM-
PEHHSI paJioCUTHaliB B paJioMepeskax Ta CBITJI0BOL
XBWIi B ONTUKO-BOJIOKOHHUX Ta JIa3epPHUX JIiHIisIX.
OcoOnuBuii BIUIUB iHTEeTrpajibHAa 3aTpUMKa 3milic-
HIOE Ha CUCTEMU iHTEpHETy peveid, sIKi YyTJIMBI 10
3aTpuMKH [37].

PitieHHsIM mpo6JjieMn € BIPOBAIKEHHS 10 apXi-
TEKTYpPHY CUCTEM iIHTEPHETY peueii KOHIIEIIii TyMaH-
HUX Ta IPaHUYHUX 004YuciieHb [3]. 3rigHo 3 1Li€lo
KOHIICMIIIEI0 YacTUHA OOYMCJICHb, TMOB’SI3aHUX i3
00po0OKoOI0 iH(OpMallil iIHTEpHETY peueit, 3MiiiCHIO-
€ThCS Ha MPOMIXKHMX PiBHSIX iIEPApPXiYHOI CTPYKTYpHU
CUCTEMU iHTepHETY peueid. JIJisi 1bOoro Ha MPOMiX-
HUX PiBHSIX PO3TaIlIOBYIOThCS BiJIITOBiIHi 00UYKMCITIO-
BaJIbHi TOTYXHOCTi. OOUMCIIOBaJIbHI TTOTYKHOCTI
HaOJIMKAOThCST 10 KiHIIEBUX MPUCTPOIB iHTEPHETY
peueii: ceHCOpiB Ta akTyaTopiB. B pe3ynabrati 1ibOro
CKOpPOYYETHCS Yac 00poOKM iHdopMallii Ta peakiis
CHCTEMH iHTEPHETY pedyeil Ha 30BHIlIHIl BIUIUB i
BUAA4Yi KOMaH[ yOpaBlIiHHSA (32 ITOTpeOn), 3HIKY-
€TbCS 3aBaHTa)KEHHsI KaHaliB 3B’SI3Ky Ta Tepeaavi
naHux. Ha BepxHi piBHi iepapxiuHoi Monei repe-
JTAIOThCST TITBKU OOPOOJIeHI JaHi, 10 MICTITh pe-
3yJIbTaT OIpalfoBaHHs iHdoOpMallii Bil MPUCTPOIB
iHTepHeTy peueli Ta BUgaya KOMaHI KepyBaHHS. 3
OIHOTO OOKY 1Ie 3MeHIlye oOcsr iHdopmallii, 1110
MepenaeThCs, a 3 iHIIOro — IMiABUIIYE BapTICTh L€L
y3arajbHeHoi iHpopMmalrii.

2.1. Peaaizauia epanuqHux ma mymaHHux oovuc-
aeHb y cynymuukosux cucmemax. CyInyTHUKOBI Te-
JIEKOMYHIKaIlii{Hi CUCTEMHU € TOCTaTHHO THYYKUMHU
1 MOXYTbh OYTHM aganToOBaHi JJIsI BIIPOBAIXKEHHS TY-
MaHHUX Ta TPAHUYHUX OOUYMCJIEHb [IJII CUCTEM iH-
TepHeTy peueit. Ha puc. 3 mpeacraBieHo iepapxiuHy
MOJIeJIb CYyIyTHUKOBOI CUCTEMHU iHTEPHETY peueii,
noOynoBaHy Ha 0a3i apXiTeKTypHu TYMaHHUX Ta rpa-
HUYHUX OOYKCJIEHb.

[paHuuyHi oOYMCIEeHHSI — 1€ MOfeJb PO3IIOo-
NiAeHUuX OO0YUCIIeHb, 3TiTHO 3 KO0 OOYMCIIEHHS
3MiACHIOIOTHCS TTOPYY i3 MiCLIeM, e 30MparoThCs Ta
aHaJIi3yI0ThCS IaHi, Ha BiAMiHY Bil 00pOOKM iH(pOP-
Mallil Ha LIEHTpaJli3oBaHOMY cepBepi abo y xmapi
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Puc. 3. lepapxiuna Mope b CyITyTHUKOBOI CUCTEMHU iHTEPHETY peueii, moOymoBaHOi Ha 6a3i apXiTeKTypy TYMaHHUX Ta TpaHUI-

HUX 00YMCIIeHb

[33]. Sk Oyso 3a3Ha4yeHO paHille, y OUIbIIOCTI BU-
NaaKiB MEXel CYITyTHUKOBOI TeJIeKOMYHIKalliitHOL
CUCTEMHU/Mepexi € iHTepdelic TepMiHay KOPUCTY-
Baya, a0o VSAT-tepmiHan, 110 repeOyBaioTh IMOPyd
i3 MiclIeM po3TallyBaHHS IPUCTPOIB iHTEPHETY pe-
yelli — CeHCOopiB i akTyaTopiB. 3a0e3MeYnuT BIIPO-
BaJI)KEHHSI TPAaHWYHMUX OOYMCJIEHb Y CYIyTHUKOBI
TEJICKOMYHIKaIliliHi CUCTeMM MOXHa, TOJaBIIA
10 obnamHaHHsS MoaeMy VSAT-tepmiHany okpe-
MU 00YMCIIOBaJbHUI MOIYJb a00 OXHOIUIATHUI
KoMmIT'1otep. KOHCTpYyKTHBHO MOJIEM TepMiHaTy KO-
puctyBaua, abo VSAT-tepMmiHany — 1ie IuaTta, Ha
SIKili BCTAHOBJIEHO MiKpPOCXeMH Ta HaBiCHi eJleMeH-
TA Mozaemy. [1naTy MoaeMy BCTaHOBJIEHO B KOPITyCi
i3 BOyIOBaHUM a00 BUHOCHUM OJIOKOM SKWBJIEHHSI.
MeTogoM MojaepHi3alil TaKy KOHCTPYKLIIO MOXK-
Ha JOMOBHUTU OJHOIJIATHUM KOMIT I0TEPOM, KU
3a0e3reuyBaTMMe peajlizallilo TpaHuYHUX O0YuC-
JIeHb. AJIBTepHATUBHUM BapiaHTOM € BKJIIOUEHHS

70

OJHOIIJIaATHOIO KOMIT'I0Tepa 0 CKJIaay JIOKaJIbHOL
mepexi Tuny Ethernet, no sikoi min’egnano Wi-Fi-
poyTep Ta iHile objagHaHHS TEXHOJIOTIl pagiogoc-
TYIly TIPUCTPOIB iHTEPHETY pedeil Majoro pauiycy
nii. logaBaHHSI OOYMCIIOBAJIbHOI ITOTY>KHOCTI Oyne
3a/I0BOJIBHSATU OOUMCITIOBAJIbHI MOTPeOr MPUCTPOIB
iHTepHeTY peyveit, 110 MepedyBaroTh y MeXaxX 30HU
Nii MepexXi pagiogocTyIly MaJloro paaiycy aii. B 1nbo-
My pasi Mo KaHaJly CYNYTHMKOBOI'O 3B’SI3Ky Oyne
nepeaaBaTUCs TiIbKM iHMOpMallis Tpo pe3yibTaTu
00pO0OKM JT0KaJIbHOI iH(hopMallil iHTepHETY peUeid.
Tymanni oouncnenns (Fog Computing) peani-
3YIOTbCSl Ha MPOMIXKHUX PiBHSIX i€papXiuHO1 MOjeTi
iHTepHeTy peveit [27]. Jlo mpoMiXHOTO piBHS i€-
papXigyHOi CTPYKTYypU IHTEPHETY peueid, 10 BKIIIO-
Ya€e CerMeHT CYMyTHUKOBUX TeJIEKOMYHiKalliii, Ha-
JIeXXaTh CYNMYyTHUK-PETPAHCISITOP abo opOiTajibHe
YIpYIyBaHHS CYMYyTHUKIB. IO 11bOrO CErMeHTy Ha-
JIeXaTh SIK CYIyTHUKMU, 1110 IepedyBaloTh Ha reocTta-
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LIIOHAPHii1 OpOITi, TaK i CYMyTHUKM 3i CKJIaay opOi-
TaJIbHUX YTPYIyBaHb, 1110 MepedyBaloTh Ha HU3bKIl
abo cepeqHill HaBKOJI03eMHiil opOiTi. PeanizyBatu
TyMaHHi OOYMCJIEHHSI Y CYIyTHMKOBOMY CEIMEHTi
CHUCTEM iHTEpHETY peuyeil MOXHa IIJISIXOM BHECEH-
HS 10 OpOiTaJlbHOTO CErMEeHTY OOUYMCIIIOBAIbHOI
MOTY>KHOCTI JJISI peani3allii TYMAHHUX OOYMCJIEHbB.
B po6orax [1, 6, 20] Gy/10 3armpoOITOHOBAHO TiAXi/
JI0 peajizallili TYMAaHHUX OOYMCIEHb ILUISIXOM J0-
MOBHEHHSI MikpoyrpynoBaHb (Microconstellation)
OKpeMUMU CyIyTHUKaMu-obuucitoBayaMu (Satel-
lite-computer). BpaxoBywouu Toit haxT, 110 Moaep-
Hi3allist oOJiafHaHHSI CYITYTHUKIB-PETPAHCISITOPIB
MOXJIMBA TiJIbKM Ha €Talli IXHbOIO BUTIOTOBJICHHS,
peaizallisi TYMaHHUX OOUYMCIIEHb B OpOiTAJIbHOMY
CETMEHTi CYMYTHMKOBUX CHUCTEM iHTEpPHETy pedeid
3aiimMe OiTbI TpuBanuii yac. Llei yac oxorutoe po3-
POOKY MPOEKTY MOJEPHI30BAHOTO CYITyTHUKA, HOTO
Ha3eMHi BUITPOOYBaHHSI, OUiKyBaHHSI 3aBepILIEHHS
CTPOKY €KCIUTyaTallil BX€ 3amylIeHUX CYITyTHUKIB
Ta Yepru Ha MocCJIyry 3amycKy.

JlomoBHEeHHST OpOiTaIbHOTO CEerMEHTY CYIyTHU-
KOBUX T€JIEKOMYHIKaILliHHUX CUCTEM O0YMCITIIOBAJIb-
HOIO TMOTYXHICTIO JI03BOJIMTh peasli3yBaTh TyMaHHI
o0yuMciIeHHs i1 00poOKu iH(popmallii iHTepHeTy
peueil Big MpUCTPOIB, 110 IepeOyBalOTh Y MexkKax
30HU OOCIYTrOBYBaHHSI CYIyTHHUKA-pPETPaHCIATOpA.
B pesynabraTi MigBUIILYETHhCSI OMEPATUBHICTH 00-
poOKu iH(popMallii, CKOPOUYETLCA Yac 3aTPUMKH.
Tpadik iHbopmaliii iHTepHEeTy peueil Oyne 3aBaHTa-
JKYBATHU TUIBKM JJAHKY CYITYTHUKOBOTO 3B’SI3KY «Tep-
MiHaJl KOpUCTyBaya — CYIYTHUK-PETPAHCISITOP».
B HanpsiMKy «CynmyTHUK-PETPaHCISITOp — CTaH-
mist copsokeHHst (GateWay) / LieHTpajibHa CTaHLIis
VSAT-Mmepexi (VSAT-network HUB)» Oyne mnepe-
JlaBaTUCS TiIbKU pe3yJibraT oOpoOKM Ta y3arajb-
HeHa iHdopMmallisi iHTepHEeTy peueil, 110 CYTTEBO
CKOPOTUTH 00csT iH(popMallii, 1110 IepeIaeThbcsl, Ta
30iJIBIINTS 11 BapTiCTh.

CyuacHi TexHoJIoril opraHizallii Ta (QyHKIIiOHY-
BaHHS CYNYTHUKOBHUX TEJIEKOMYHIKAILiii Ta Tex-
HOJIOTIi IIPOEKTYBAaHHS i BUPOOHUIITBA KOCMIYHUX
arnapartiB pi3HOMaHITHOTO TPU3HAYEHHSI CYTTEBO
PO3IIMPIOITH MOXKJIUBOCTI CYMYTHUKOBUX TeJIEKO-
MYHIKALIAHUX CHUCTEM IIOJO peajidalii XMapHUX
o0YMCIeHb, SKi po3TallloBaHi Ha BEpPXHLOMY i€-
papXiyHOMY piBHi apXiTeKTYpU CUCTEMM iHTECPHETY

peueil. KpimM TpaguiiiiiHOro cnoco0y 3a0e3reuyeHHs
JOoCTaBKM iH(opMallii iHTepHeTy pedyeil A0 Xmap-
HOro LEHTPY OOpOOKM MaHUX, SKUU mependadyae
BUKOPUCTAHHSI CTaHLIil COPsKEHHST a00 LIeHTpaslb-
Hoi craHuii VSAT-mepexi, sika mia’eaHaHa 10 Ma-
ricTpaIbHOI MEpeXi iHTEpHET, MOXJIMBE ajibTepHa-
TUBHE pillIeHHSI — PO3pOo0Ka Ta 3aIycK cIieliai3o-
BaHUX KOCMIYHMX arnapariB — KOCMiIYHHUX XMapHUX
LEHTPiB 00poOKM Ta 30epiranHs maHux (Satellite
Cloud Data Center). CrorogHi B cTamii po3poOKu
BXe repedyBae MpoekT SpaceBelt [5]. Ane ueii mpo-
€KT nependayae BUKOPUCTAHHS CYMyTHUKIB — OaH-
KiB 1aHUX (200 XMapHUX CXOBUILL JaHUX), 1110 pO3Ta-
1IOBaHi Ha HU3bKill HaBKOJ03eMHilt op0OiTi. JlocTyn
IO CYITYTHUKIB — CXOBHII JaHUX MepeadadyacThCs
3MIMCHIOBATU Yepe3 CYMyTHUK-PETPAHCISATOP Ha
reocramioHapHiit opOiTi.

AJBTEpHATUBHUM pILIEHHSIM € po3po0Ka Ta 3a-
MYCK reocTallioHapHUX KOCMiUHUX arapariB, KOpUC-
HUM HaBaHTAXXEHHSIM SIKUX Oylie MOIYJb XMapHOIO
LEeHTpY 00poOKHU JaHuX. JOCTym A0 LMX KOCMIiYHUX
amapartiB Oy/e 3MiiCHIOBaTUCS Yepe3 reocTallioHap-
Hi CYNyTHUKM-PETPAHCISATOPU TI0 JiHiIX 3B’SI3KY
mix cynyrHukamu (Inter-Satellite Link). JIns mig-
BUILICHHS HamiliHOCTI 30epiraHHs JaHUX Ta IIPO-
BEICHHS OO0YMCIIOBAILHUX OIepaliii, 30iIbIIeHHS
MNPOJYKTUBHOCTI XMapHUX OOUMCIIEHb CYyITyTHUKOBI
LIEHTPU XMapHO1 0OpOOKU JaHUX OyIyTh MM’ €NHAHI
IO Ha3eMHUX XMapHMX LIEHTPIB OOPOOKM MaHMX 3a
JIOTIOMOTOI0 CTELIiAJIbHUX BUCOKOIIBUIKICHUX 3a-
XUIIEHUX padioJiHil.

2.2. Husvkoopbimaabna cynymrukoea cucmema
Ha 6a3i npomokoay LoRaWAN. HuzbkoopOitaibHy
TEJIEKOMYHIKALiTHy CHUCTeMY, IIOOYyIOBaHy IS IIe-
penadi iHdopMallii iHTEpHETy peueil i3 BUKOpMC-
TaHHSIM MOJIM(DIKOBAHOTO TPOTOKOJY 3B’SI3KY Ha
BesuKy BigctaHb LoORaWAN MoxxHa aganTyBaTu IJist
peasizalii TYMAaHHUX OOUYMCIIEHb LIJISIXOM MOJACPHi-
3allii apXiTeKTypu CUCTEMM, ITOTMOBHUBIIM KOPHC-
He HaBaHTaxXeHHs KyOcaty nuiro3oM LoRaWAN rta
HEOOXiTHOIO O0YMCIIIOBAILHOIO ITOTYXKHICTIO (IMB.
puc. 4).

BpaxoBytoun ocobsmBocTi apxitektypu LoRaWAN,
KOpHCHE HaBaHTaxKeHHsI KyOcaTy, MOXHa TOTTOBHU -
TU TaKUM OOJaTHAHHSIM:

» mmo3 LoRaWAN (Gateway) Ta cepBep Mepexi
(Network Server), siKi 3a0e3me4yloTb 30MpaHHs iH-
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LoRaWAN

¢dopmaliii Bi ceHCOpiB Ta 30iliCHIOIOTh PETPAHCIISI-
it iHopmallilo CEHCOpiB 10 cepBepa N0JaTKiB B
€IMHOMY TIOTOLIi;

o obuncmoBanbHuit Moayiab (CPU), sakuit Oyme
BUKOHYBaTH (PYHKIIii cepBepa HOmaTKiB Oe3Ioce-
peaHbo Ha OopTy Kybcata. BkitoueHHsT o0uuciio-
BaJIbHOTO MOJYJIsl 10 CKJIaay KOPMCHOIO HaBaHTa-
>KEHHSI KyOcaTa J03BOJIUTh pealli3yBaTu B HU3bKO-
OpOiTaIbHIN CYIyTHUKOBIA CHUCTEMi TEXHOJOTII0
TyMaHHUX OOYMCJIEHb U151 3a0e3meYeHHsT 00pOOKU
Oe3rocepenHbO Ha OOPTY KyOcara IakeTiB iH(pop-
Mallil po3yMHUX IpUCTPOiB iHTepHeTy peueir (IoT
Smart Things Information Burst), siki nepe0OyBaioThb
y MeXax 30HU 00CIyroByBaHHSI KyOcaTa.

PeanizyBaTu 3arporoHOBaHi 3MiHU MOXHa IMpo-
TSTOM JEKIJIbKOX POKiB. 3Bakalouu Ha Te 1110 TEPMiH
eKCIuTyaTalii KyocaTiB JOCTaTHbO KOPOTKHUH i 3a-
3BMYall He MepeBUIIYyE 3...5 POKiB, BIIPOBAAUTHU 3a-
MPOIIOHOBAHI 3MiHM MOXHa TP 3aIlyCKy Y€ProBOro
MOKOJIiHHS KyOcaTiB, MPU3HAYEHOTO IJIsI MiATPUM-
KM (DYyHKIIIOHYBaHHSI OpOITaIbHOTO YrpyIroOBaHHS
CHUCTEMU.

72

J1st miaTpuMKM B3a€EMOJIil OpOiTaAJILHOIO Ta Ha-
3€MHOI'0 CErMEHTIB HM3bKOOPOiTaIbHOI TEJIEKOMY-
HiKaIilfHOI CUCTeMHU iIHTepHETY peueil, To0ya0BaHOL
i3 BUKOPHMCTaHHSIM KOCMIYHHUX aIlapaTiB Kjacy Kyo-
car Ta sika HajJa€ MoCcJyry iHTepHeTy peueil Ha 6a3i
moaudikoBaHoro nporokosy LoRaWAN, no ckna-
Iy Ha3eMHOi iH(PacTPyKTYypyU CHUCTEMU JOLIJIBHO
BBECTU 3eMHY cTaHl1ito cripsekeHHs (GateWay Earth
Station) opOiTaJbHOrO YrpynoBaHHSI 3 HA3eMHOIO
Mepexero iHTepHeT. OCHOBHUM 3aBIaHHSIM 3€MHOIL
CTaHIIii CIPSIKEHHS € IPUIOM TTOTOKY y3araJbHEeHOL
iHgopMalii iHTepHeTy peueil, ToOTO iH(opMallii
PO pe3yIbTaTu 00POOKU B TYMAHHOMY 1Iapi CUCTe-
MM iHTepHETY peueil makeriB iH(hopMallii CeHCOPiB,
Ta TPaHCJSILIST TPUKWHSATOrO MOTOKY J0 XMapHOTO
LIEHTPY OOpOOKM JaHMUX. 3eMHa CTaHILis CIIPSIKEH-
HS B HU3BKOOPOITAJIBHIN TeJleKOMYHiKaliiiHii
CYIIYTHMKOBii CcUCTeMi OOCJIyroByE OIHOYACHO
JeKisibKa CcymyTHUKiB. Tomy HOLIJIbHO JOMOBHU-
TH CKJIan oOJlafHAHHS 3€MHOI CTaHLIil CHPSLKEHHS
KOMI'IOTepOM abo oOuYucIoBauYeM, $SIKi 0AA0Th
3eMHIi1 CTaHIlii 0OYMCIIOBAJIbHY ITOTYXHICTh. Jloma-
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BaHHSI 3eMHill CTaHIlil 00YMCII0BAIBLHOI ITOTY>KHOC-
Ti JO3BOJINTH peaaizyBaTy TYMaHHiI OOUMCICHHS IS
y3arajibHeHHs1 iH¢opMallil iHTepHEeTy peueid, 1110
MOCTYIIA€ BiJl IeKiIbKOX KyOcaTiB, 110 IIepeOyBaloTh
y MexKaxX 30HM paaio0adyeHHsI 3eMHOI CTaHIIil CIIpsi-
KeHHs1. B iepapxiuHilt apXiTeKTypi iHTepHETY pedeit
Taka o0poOKa y3arajibHeHo1 iH(opMmallii Biarnosigae
PiBHIO TYMAHHMX OOYMCJIEHb.

JIist migBuieHHS e(peKTUBHOCTI HU3bKOOPOiTaIb-
HUX CYMYTHUKOBMX TeJIEKOMYHiKalliiHUX CUCTEM,
MoOy/I0BaHUX i3 BUKOPUCTAHHSM MaJlX Ta Hajama-
JINX KOCMIYHMX arapaTtiB, 30KpeMa KyOcaTiB, B apXi-
TEKTYpi CUCTEM MepeadavarloThesl JiHil 3B’SI3Ky MixX
cynytHukamu (Inter-Satellite Link, ISL) [4]. 3acTo-
CyBaHHS JiHill 3B’SI3KY Mix KyOcaTaMy B HU3bKOOD-
OiTabHIN TeJIeKOMYHIKaLilHI/A cUCTeMi JT03BOJUTh
repeaaBaTy TOTIK y3arajibHeHol iHgopmallii iHTep-
HETy peueil Ha CycigHiil KyOcaT ISl MOJabIIol pe-
TPaHCJISILIT HAa 3eMHY CTaHLiIO CHPSIKEHHS i TaKUM
YUHOM PO3IIMPUTU 30HY OOCIYrOBYBaHHSI 3€MHOI
CTaHIIii CIIPsSIKEHHST Ta CKOPOTUTH IXHIO KiJTbKIiCTb.

2.3. Hu3vkoopOimaavha cucmema wupoxKocmyeo-
6020 docmyny OneWeb. J1o ocobamBoCTeil apXiTek-

Typu HM3bKOOPOITaJIbHOI CYIYTHHMKOBOI CHUCTEMU
mmpokocmyrosoro goctymy (Broadband Access
Satellite System) OneWeb HaJlexKUTh BUKOPUCTAHHSI
KOPHMCHOIO HaBaHTaXKEHHsI CYMyTHHUKA IMPO30pOro
tuny (Transparent Payload). KopucHe HaBaHTa-
KEHHS CcynyTHUKIB OneWeb 3milicHIOE TniepeHe-
CEHHSI CMYTY 4acToT ITpoMeHs1 kopucTyBauiB (User
Beam) y cMyry 4acTOT mpoMeHsI CTaHIIii CIIPSIKEHHS
(Gateway Beam) [33]. Y kopucHOMY HaBaHTaKeHHI
CYIIyTHUKA HE 3IilCHIOEThCS 00poOKa iHdopmarlii.
ApxitekTypa cucremu OneWeb He nepenbdayae Bu-
KOPHUCTaHHS JIiHil 3B’ 513Ky MiX CYyTTyTHUKaMMU.

Hna aganranii cuctemu OneWeb 10 oco6auBocC-
Teil IHTEpPHETY peyeil Ta BIPOBAIKEHHS T'paHWY-
HMX i TYMAHHUX OOYMCJIEHb MOXHa BHUKOPHCTOBY-
BaTU MOXJIMBOCTI TepMiHajiB KopuctyBauiB (User
Terminal) i ctaHuii copskeHHs (IuB. puc. 5). Me-
Kero Mepexi B cuctemi OneWeb 3 00Ky KiHIIEBOTO
KOpHcTyBaya € iHTepdeiic 3 JJOKaIbHOI Mepexkero
Ethernet abo 3 Mmepexeto pagiogoctyny Wi-Fi. Tep-
MiHaJI KOpHCTyBaya MOXe OyTH TOIMOBHEHWI 00-
YHCIOBAJIbHUM MOJYJIEM Y BUIJISIII OKPEMOTO TMPO-
1LIECOPHOTO 0JI0KY a00 OZHOIIJIATHOIO KOMIT IoTepa.

YrpynyBaHHS CYNyTHUKIB HAa HU3bKiil HABKOJIO3eMHill opOiTi
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Puc. 5. Ananraniis cuctemu OneWeb [tst cicteM iHTEpHETY pedeid
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Puc. 6. Ananraitis cucremu StarLink mts HagaHHST TIOCTIYT iHTEPHETY pedeil 3 TpaHUIYHUMU Ta TYMAHHUMU O0UNCIICHHSIMI

AJNBTEpHATUBHUM BapiaHTOM € ITIKJIIOYEHHS O~
HOIIJIATHOTO KOMIT'I0Teépa J0 JIOKaJIbHOI Mepexi
Ethernet. CtBopeHy OOUYMCIIIOBAJIBHY ITOTY>KHICTb,
po3TallloBaHy y MiClli PO3MillIEHHSI TEpMiHay KO-
pucTyBaya 0e3mocepeIHbO MOPYY 3 MPUCTPOSIMU iH-
TepHETY pedeii (CEHCOpIB Ta aKTIOPATOPiB), BBEACHO
JIO CKJIaAy CUCTEMU 3 METOIO peali3allii rpaHUYHUX
oouucienb (Edge Computing). JlomoBHEeHHST Tep-
MiHaJly KOpHCTyBaya OOYMCIIOBAJILHUMU 3acoba-
MU JI03BOJIUTh 3AIMCHIOBAaTH MNEPBUHHY OOPOOKY
MnakeTiB iH(popMallil CEHCOpiB iHTEpHETY pedeil Ta
(hopMyBaTu KOMaHIU KEPYBaHHSI U151 aKTyaTOPiB Ha
piBHi TepMiHaly KopuctyBaua. [1o kaHay CyImyTHH-
KOBOTO 3B’sI3Ky Oy/Ie IiepeaaBaTHUCs y3arajabHeHa iH-
(opmatiisi, chopmoBaHa 3a pesysisTaTaMU 00POOKHU
iH(opMallii JoOKaJIbHOI IPyNy MPUCTPOIB IHTEPHETY
peueii, po3TallloBaHUX Yy MeXaX 30HU il TeXHOJIOTi1
pamiomgoCcTyIy MaJloro paaiycy aii.

TyMmaHHi oOuYMCIIEHHS MOXHa peajiidyBaTu Ha
PiBHi cTaHLii cripsikeHH:. [1J1s 1iei MmeTr obj1agHaH-
Hs CTaHLIl CIPSKEHHSI MOTPIOHO JOIMOBHUTU 00-
YUCIIOBAJIbBHUM MOAYJIeM — 0araTonpoleCcOpHOI0

74

KOMII'IOTePHOIO IPyNolo/cTilikoto (nuB. puc. 5). Lle
obJjlamHaHHS Oyne 3ailicHIOBaTH 0OpoOKY iH(OP-
Mallii iHTepHeTy peuei, 1110 HaIXOAUTh i3 30HU 00-
cliyroByBaHHs cyrmyTHuKa OneWeb, abo Big cyIryT-
HUKIB, SIKi IepeOyBalOTh y MexKaxX 30HU 00CIyTrOBY-
BaHHS CTaHLIi crpsokeHHs. KoMaHau ympaBIiliHHS
IUJIST OKpEMUX MPUCTPOIB Ta Pyl MPUCTPOIB iHTEp-
HeTy peyeili — aKkTypaTopiB, OynyTh IepeaaBaTUCs
BiJl CTaHIIii CIPSDKEHHS Yyepe3 CYIYTHUK 10 TepMi-
HaJly KOpMCTyBada. Y3arajibHeHa iHdopMalisl mpo
pe3ynbTaTh 00poOKM iHdopMallii iHTepHETY pedeit
Ta PO MPUNHATI pillleHHs / chopMOBaHi KOMaHIU
yIIpaBIiHHS Oyae ImepeaaBaTUCh MO Mepexi iHTep-
HET IO XMapHMX LICHTPiB 0OpOOKM Ta 30epeKeHHS
JIaHUX SIK 10 BEPXHbOTO PiBHSI i€EpapXidyHOI apXiTek-
TYpU CUCTEMU iHTEPHETY peUei.

2.4. Hu3zvkoopbimaavHa cucmema wupokocmyzo-
6020 docmyny StarLink. HusbkoopbiTajbHa CymyT-
HUKOBA CHCTeMa IIUPOKOCMYTOBOro noctymy (Low-
Earth Orbit Broadband Access Satellite System)
StarLink, gk i cucrema OneWeb, Mae cpopmoBaHy
apXiTeKTypy, OpiEHTOBAHY Ha HaJaHHS MOCJYT LIU-
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POKOCMYTOBOTO JOCTYIy 1O iHTEpPHET KiHUEBUM
crnoxuBayaM. fIK Bxe OyJji0 MokKa3zaHO paHillle, Ha-
sIBHA apXiTeKTypa MepIioi Yepru CUCTEMU T03BOJISIE
HaJaBaTH TUTBKU MOCIYTY iHTEPHETY pedyeid XMapHOi
apXiTeKTYypH.

Hns aganTanii cuctremu StarLink mo ocobauBoc-
Teil IHTEpHETY peyell Ta BIIPOBAIKEHHS IPAHUYHUX
Ta TYMAaHHUX OOYMCJIEHb MOXJMBO 3aCTOCOBYBaTU
METOMIM, aHAJIOTIYHI paHillle 3alIpOIIOHOBAHUM IS
cuctemu OneWeb, a came (nuB. puc. 6):

* JIOTIOBHEHHSI TEPMiHAJIIB KOPUCTYBadiB OIHO-
IUIATHUMU KOMIT'IOTepaMu abo TMiAKIOYEHHS 10
JIOKQJIbHOT MepexKi OMHOIJIATHOTO KOMIT 10Tepa st
peaizallii TpaHUYHUX OOYMCIEHBb IJIs TIPUCTPOIB
IHTEpPHETY peueil, 1110 mepe0yBaloTh y MexXax Mepexi
CeTU PaaioJOCTYITy MaJIOTO paaiycy Aii;

* JOIIOBHEHHSI CKJIaIy 00JIaMHAHHS CTAHLIiI CIIPsI-
JKeHHSI OKpeMOI0 0araTorpolieCOpHOI KOMIT 10-
TEPHOIO TPYIOK/CTIIKOIO ISl peallizallii TYMaHHUX
obuMcieHb IS 00poOKM iH(opMallii MPUCTPOIB
IHTEpHETY peyeii, po3TalllOBaHUX y MEXax 30HU 00-
CJIyTOBYBaHHSI YCiX CYITyTHMKIB, 1110 TIepe0yBaloTh y
MexKax 30HM palio0auyeHHs CTaHIIii CIIPSKeHHSI.

BukopucranHs B apxitektypi cuctemu StarLink
ONTUYHUX/Ja3epHUX JIiHIil 3B’I3Ky MiX CyIyTHU-
kamu (Laser Inter-Satellite Link) [13, 20] mo3BoJisie
pO3MISIAATA PIillIEHHST PO JOTIOBHEHHSI OpOiTaIb-
HOTO YrpyrnoBaHHsI cynmyTHUKiB StarLink (StarLink
Constellation) CYITyTHUKaMU1-004MCIIoBaYaMU
(mmB. puc. 6). Ha BinMiHy BiI CynmyTHHKiB-peTpaH-
cisgropiB  StarLink, KopMCHMM HaBaHTaXKEHHSIM
CYIIyTHHUKa-00UMCIII0OBaYa € 00YMCIIOBAIbHUN MO-
JyJib — MPOLIECOPHUIN OJOK i MOIYJIb MTOBTrOCTPO-
KOBOi mam’siTi. K i CYNMyTHUKM-PETPaHCISITOPU,
CYMYTHUK-00UYMC/IIOBAY Ma€ y CKJajli CBOro KOpUc-
HOTO HaBaHTaxXeHHs1 Mapiupytuszatop (Router).
s 3a0e3redyeHHs 3B’SI3Ky 3 iHIIMMM CYITyTHHKA-
MU CYNYTHUK-00YMCII0BaY 00J1afHAHO ONTUYHUMU
TOJIOBKaMU IJIS1 ONITUYHUX/JIa3epHUX JIiHIil 3B’ SI3KY
MiX CYITyTHUKAMMU.

3aBiaHHSIM CYNyTHUMKa-o04YHMCIOBaYa € CTBO-
PEeHHS 00YMCIIOBAILHOI ITIOTYXXKHOCTI Oe3mocepes -
HbO Ha HU3bKili HABKOJI03eMHilt OpOiTi B OAHIN op-
OiTaJIbHIN TUTOIIMHI i3 CyImyTHUKaMM-PETPaAHCIISI-
TopaMu. Y KOXHiit opGitanbHiil muioiuHi (Orbital
Plane) op6iTanbHoro yrpynoBaHHs StarLink Mox-
Ha PO3MICTUTU JeKiJibKa CymyTHUKiB-OOUUCIIO-

CynyTHHUKY 3B’SI3Ky

CynyTHUKN-00YMCTIOBaYi

Puc. 7. Po3ramyBaHHs CyMmyTHMKiB-00UMCIIIOBayiB B OpOi-
TaJIbHil MJIOIIMHI OpOiTabHOTO yrpyroBaHHs StarLink

BauiB (nuB. puc. 7). IHdopMmaliist iHTepHETY peueit
Oyme mepemaBaTUCS Bil CYIDYTHMKIB-pPETpPaHCIISI-
TOpPIB A0 CyNmyTHUKa-oOUMCIIOBavYa JJ1s1 00poOKHU,
y3arajibHeHHsI i (h)opMyBaHHsI KOMaHJ KepyBaHHs
IO JIiHisIX 3B’SI3Ky MiX cynyTHUKaMu. Po3ranyBaH-
Hs1 B OpOiTaJbHill TUIOIIMHI CYMYTHUKIB-O0UYMCITIO-
BauyiB Ta HaBEJEHHS Ha HUX ONTUYHUX MpUiiMa-
yiB-TIepeaBaviB / ONTUYHMX TOJIOBOK Ja3epHUX
JIiHIA 3B’SI3KYy MiK CyNyTHMKaMM He IpU3BeIe I0
pyHHYBaHHS LUIICHOCTI KiJIbLIEBOI MepeXi mepena-
4i JaHUX OpOiTaTbHOI MJIOIIMHU, OCKIJIbKU CYITYT-
HUK-00YMCIIOBaY, SIK i CYyMyTHUK-PETPAHCISITOD,
00JIaIHAHO MapUIPYTU3aTOPOM, SIKMIA PO3MOJILISIE
MOTOKM iH(popMallil, MpU3HAYEHI IJI MOJATbIIOL
peTpaHCsLii Mo KiJblLEeBiii Mepexi opOiTaabHOI
IUIOIIMHU Ta BMUAISAE iHdopMallilo, IIpu3HaYeHy
JJIs 0OOpOOKM B 00YMCIIOBAILHOMY MOJIYJIi CYITyT-
HUKa-004YuKcIoBaya.

JlormoBHeHHST OpOiTalbHOTO YrpynoBaHHsS Star-
Link cynyTHuKamMu-oOuMciItOBaYaMu  J10O3BOJIUTh
OTpUMaTH 6e3mocepeTHbO Ha OpOiTi 0OUYMCTIOBATB-
HY MOTYKHICTb /U151 peaizallii TYMaHHUX OOYMCIIEHb
JUJISI CUCTEM iHTEpHETY pedeid.

2.5. Ieocmauionapna cucmema 6ucoxkoi npoOnycKHoi
30amnocmi. Opbimaavhuil xmapHuili yenmp o6pooKu
danux. leocTallioHapHi CUCTEMM CYNMYyTHUKOBOIO
3B’SI3KY € BaXJIMBOIO CKJIaIOBOIO YACTUHOIO Cyvac-
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HUX CYINYTHUKOBUX TEJEKOMYHIKAL[IHHUX CUCTEM.
3pocTalouuii MOMUT Ha TMPOIYCKHY 3MaTHICTb IS
nepefavi JaHUX Ta HamaHHSA iHQOpMALiHMX IMO-
CJIYT, y Meplly Yepry Mociayr TOCTYMy 10 iHTepHET,
cTaju JIpaiiBepoM JUISl MOSIBU HOBOI'O KJacy reo-
CTalliOHAPHUX CYMYTHUKIiB 3B’SI3KY — CYMYTHUKIB
BesmKkol npomyckHoi 3natHocti (High Throughput
Satellite, HTS). OcHOBHO10 nepeBarowo ux CymyT-
HUKIB € HU3bKa BapTIiCTh Iepeaadi oqHoro 0ira iH-
dopmariii Mixx 1BoMa aboHeHTamu [36].

ApxiTekTypa TeocCTaliOHApHUX CYIYTHUKOBUX
TEJIEKOMYHIKaI[iIHUX CUCTEM BUCOKOI MPOITYyCKHOL
3[JaTHOCTi Ma€ CBO1 OCOOJMBOCTI, MPO sIKi OyJ10 3a-
3HayeHo Bulle. Ille onHieI0 0COOMMBICTIO CYITyTHH -
KiB BeJIMKOI nmponyckHoi 3gatHocTi HTS € nipaBuiio:
OJIMH BY3bKMIi IPOMiHb — OAMH TpaHcIioHaep (One
Transponder per One Spot Beam) [26]. 3rigHo 3 uum
MpaBUJIOM TpaHCMHOHAEp 3abe3rneuye MiICUIeHHS
CUTHAJIiB B YCiii IIIMPWHI CMYTM YacTOT, siIKa MOXe
craHoBUTH 150...250 MIi1 yu Ginbiiie.

ApPXITEKTYpy reocTallioOHapHUX CHUCTEM BUCOKOI
nponyckHoi 3matHocTi (HTS System) MoxkHa anarn-
TyBaTH 10 OCOOJIMBOCTEI CUCTEM IHTEPHETY pedeit
B JEKiJbKa €TaIliB HACTYITHUM YMHOM (JIUB. pHUC.8).
Ha nepmomMy erami MoXJiMBa MojaepHi3allis elie-
MEHTIB CUCTEMHU, 1110 HaJleXKaTb HA3eMHOMY CerMeH-
Ty 3B’513Ky: VSAT-tepmiHanu KopuctyBauiB (User
VSAT Terminal) ta cTaH1ii cnpsikeHHs. JlonaBaHHs
OOUMCITIOBAJIBHUX MOTYXXHOCTEN Ha LIMX eJIeMEeH-
Tax JO3BOJIMTH peajlidyBaTW TpaHWYHI Ta TyMaHHi
obuucienHs1 (Edge and Fog Computing) maist cuc-
TEeM iHTepHeTy pedyeii. MOXIMBI TEXHIYHI pillleHHS
1100 BIIPOBAIXKEHHS O0YMCIIOBAIbHOI MMOTYKHOC-
Ti Ha LIMX eJIeMEHTaX aHaJIOTiYHi TUM, 110 BxKe Oy
PO3IJISIHYTI paHille sl HU3bKOOPOiTabHUX CUC-
teM OneWeb Ta StarLink.

JlOoCTyIHi ChOrOAHiI TEXHOJOTil MPOEKTYBAHHS
Ta BUPOOHULTBA TeOCTalliOHAPHUX CYMNYTHUKIB
i3 cTtpokoM ekcrutyarawii 15...20 pokiB, Ta Ha-
KONMYEHUN nocBim (opMyBaHHS i opOiTajabHOL
eKCIUlyaTalili opOiTalbHUX YIPYIIOBaHb CYMIyT-
HUKIB, B3a€EMOIil CYIIyTHUKIB, 11O IIepeOyBaiOTh
Ha oOpOiTi, J03BOJSE PO3TSAIATU TMUTAHHS IPO
CTBOPEHHS Y MEePCHEKTUBI OpOiTaIbHOIO XMapHO-
ro cxoBuia naHux (Orbital Cloud Data Storage),
SIK€ CKJIAIAETbC 13 MEKUIBKOX TeocTallioOHapHUX
CYNMYTHUKIB — XMapHUX LIEHTPIiB 0OPOOKM JaHUX
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(GEO Satellite Cloud Data Center) (ouB. puc. 8).
OpOiTajibHe XMapHe CXOBUIIIE TaHUX HE MOXKE PO3-
MISIIATUCH SIK ajibTepHaTHMBA HAa3eMHUM XMapHUM
LIEHTpaM O0OpOOKM Ta 30epiraHHs JaHUX, OCKIJIBKU
00YMCTIOBAIbHI MOTY>XKHOCTI Ta MOXKJIMBOCTI III0O/IO
00’eMy cXOBMIIL 1JIsl 30epiraHHsI JaHUX JIJI Ha3eM-
HMX XMapHUX LIEHTPIB € NMIPAKTUYHO HEOOMEXKEHU -
mu. OpOiTajbHe XMapHE CXOBMILE JaHUX € AOIO0-
BHEHHSM [0 Ha3€MHOI XMapHOI iH(ppaCTPyKTypH i
Opi€EHTOBaHE y IIepIIy Yepry Ha oOpoOKy Ta 30epi-
TaHHS JaHUX CYITYTHUKOBUX CUCTEM iHTEPHETY pe-
yeit. JIns migBUIeHHS HagiiiHOCTI 30epiraHHs na-
HUX Ta 30iJbIIEHHS MPU HEOOXiTHOCTI 00UYMCITIO-
BaJIbHOI TTOTYXKHOCTi opOiTajibHEe XMapHe CXOBUILIE
NaHUX B3aEMOJIE i3 Ha3eMHOIO iHPPaCTPyKTypOIO
XMapHUX LIEHTPiB 3a JOIIOMOIOI0 CHeliaJlbHO BU-
NJIEHUX pamioiiHil mepenayvi TaHUX.

[eocranioHapHi CymyTHUKM BUCOKOI IIPOITYCKHOL
31aTHOCTi OyayTh 3a0e3reuyBaTi TOCTYM 10 reocTa-
LIIOHAPHUX CYMTYTHUKIB — XMapHUX LIEHTPiB 00p00-
KM JAHUX 3a JOIOMOTIOIO JIiHii 3B’SI3KY MiXK CYITyT-
Hukamu (Inter-Satellite Link), siki mpaiitorTh y pa-
Ni0- Y1 OTITUYHOMY Jiarna3oHi yacToT. MOXKIUBIiCTh
3aCTOCYBaHHS Y BiIKpUTOMY KOCMOCI ONTUYHUX JTi-
Hili 3B’5I3KYy BEJIMKOI IIPOTSKHOCTI JOBEICHO €KCIIe-
PUMEHTAJIbHO IIPU CTBOPEeHHI €BpOMNEUCHKOI CHC-
temu niepenayi naHux (Europe Data Relay System,
EDRS), siky 6yn0 po3po06JieHO Ha 3aMOBJIeHHsI €B-
pOMneichKOro KocMiyHoro areHTcTBa [10].

Hnst cripsiMmyBaHHS iHGoOpMalii iHTEpHETYy pe-
yell 10 opOiTaIbHOro XMapHOTO CXOBHUIA JaHUX
reocTallioHapHUM CYMyTHUK BUCOKOI MPOMYCKHOL
3matHocTi (GEO HTS Satellite) moBuHeH 3a0e3-
mnmevyyBaTy MaplIpyTu3aiilo TpadiKy iHTEpHETY pe-
yeil. MapipyTru3ailiss MoxXe 30iliCHIOBaTUCh TAKUM
YUHOM:

* IpU BUKOPMUCTAHHI Yy CKJIali CymyTHMKa KO-
PUCHOTO HaBaHTaXEHHSI PEreHepaTUBHOTO TUITY
(Regenerative Payload) muisixom BUAUIEHHS i3 I1O-
TOKY JaHUX, 110 nepenatrotbesd VSAT-TepmiHaiamu,
iHopMalii iHTepHeTy pedeil Ta MapuHIpyTh3allii
iHgopMallii iHTepHeTy pedyeil B HAIIpSIMKY OO I'eO-
CTallioHapHOTO CYMyTHUKA — XMapHOTO LIeHTpa 00-
poOKku maHux. Sk 6a3oBa JAJ1s LIbOTO MOXE 3aCTOCO-
BYBaTHUCh TEXHOJIOTisl BAOCKOHAJIEHOTO CYIyTHUKA
i3 00po0OKko1o Ha 6opTy (Advanced Regenerative on-
board Processing Satellite, AR-OBPS) [32];
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Puc. 8. Ananrailis reocralioHapHUX CUCTEM BUCOKOI IMTPOIMYCKHOI 3AaTHOCTI IO OCOOJIMBOCTE iHTEPHETY peueil Ta B3aEMOIist
i3 opOiTaTbHUM XMapHUM LIEHTPOM OOPOOKU AaHUX

* MpU BUILJIIEHHI IJ1s nepenadi iHpopMmalrii iH-
TepHETY peyeil OKpeMUX CMYT 4acTOT B 3arajbHili
CMY3i YaCTOT KOXXHOTO TPOMEHS LIJIIXOM KOMYTa-
il HuXx cMyr yacToT. KoMyTallist cMyT 4acToT, BUIi-
JICHUX JIJIsl mepenadi ingopmaliii iHTepHeTy pedei,
Oyme 3milicCHIOBATUCS B LU(MPOBOMY KOPUCHOMY
HaBaHTaXXEHHi CyIyTHUKA OKPEMO BiJl iHIIIMX CMYT
YacToT, i Oyae mepegaBaTUC 110 JIiHii 3B 3Ky MixX
CyNyTHUKAMMU J0 TeOCTallioHaApHOIO CYIMyTHUKA —
XMapHOTO ILIEHTPY OOpoOKM AaHuX. Y poui 6a3o-
BOI JIJIs1 1IbOTO MOXE 3aCTOCOBYBATUCh TEXHOJIOTIs
1M(PPOBOro KOPUCHOIO HaBaHTaxXeHHs Intelsat
Epic NG Platform [34].

OpOitanbHe xmapHe cxoBuile aanux (Orbital
Cloud Data Storage) moxe 3a0e3medyBat 00po0-
Ky iH(bopMallii iHTepHEeTY peueii, sika HaIXOAUTh Bijl
HU3BbKOOPOITAJIbHUX CUCTEM iHTepHETy pedeil (IuB.

puc. 9). B uboMy BUIagky HU3bKOOPOiTabHA CUC-
TeMa, sika BUKOPMCTOBYE, Hampukiam, Moaudiko-
BaHuit npotokon LoRaWAN, 3abe3mneuye peajiza-
11i10 TYMaHHUX 00YMCJICHb, SIK 11€ TI0Ka3aHO paHillle,
a opOiTajbHE XMapHEe CXOBHILE JaHUX 3a0e3Iedye
XMapHUI piBeHb 00UYMCIIeHD (OUB. puc. 3).
Bzaemopiss mix kKybcaramu HU3bKOOPOiTaJIbHOI
CUCTEMU Ta TeOoCTalliOHApHUMU CYIyTHUKAMU —
XMapHUMU LIEHTpaM1 0OpOOKHU JaHUX 30ilCHIOETh-
cs1 32 JOTTIOMOTOI0 JIiHiil 3B’S13Ky MiX CYITyTHUKaMHU.
Jnst opranizauii JIiHil 3B’SI3Ky MiX CYNyTHUKaMU
Ha TeocTallioHapHiii Ta HU3bKilA KpyroBiii opOiTi
(GEO-LEO Inter-Satellite Link) xybcatu 3i ckJa-
Iy HU3BKOOPOITAJIbHOI CUCTEMU MalOoTh OyTH 00-
JlaHaHI MapaboJiYHUMU CIIPSIMOBAaHMMU aHTeHa-
MM, 1110 PO3TOPTAIOTHCS TicCJsl BiJUliJIeHHsT KyOcara
(Deployable Parabolic Dish Antenna) ta iioro rnepe-
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Puc. 9. Bzaemorist opGiTaTbHOTO XMapHOTO CXOBUIIA JAHUX Ta HU3bKOOPOITATbHOT CUCTEMHM iHTEPHETY peueit, sika BUKOPHC-

TOBYEe MoaupikoBaHuit mpotoko LoRaWAN

xomy Ha pobouy opoity [2]. KoHcTpyKilist KyOcarTis,
110 BXOJSITh IO CKJIaAy CYMYyTHUKOBOI CUCTEMU Ha
HU3bKill HaBKoJio3deMHilt opOiTi (Low Earth Orbit,
LEO), mae 3abesrneuyBaT HaBeACHHSI CIIpsSIMOBa-
HOI mapaboJliyHOlI aHTeHU B HANpsSIMKY Ha reocTta-
LiOHApPHUI CYNMYTHUK — XMapHUI LIEHTP 0OPOOKU
naHuX, ado Ha reocTalioHapHUK CYITyTHUK BUCOKOI
nponyckHoi 3matHocTi (GEO THS Satellite), sxuii
B LIbOMY BUMAaAKy Oyne BUKOHYBaTH (PYHKIIIO pe-
TpaHCIsITOpa i MapipyTusaTopa iHdopmallii iHTep-
HETY peyei.

Ha puc. 10 HaBegeHa apxiTeKTypa opOiTaJIbHOTO
YIpyIoBaHHS KOMOIHOBAaHOI CYNyTHUKOBOI CHUCTE-
MU iHTepHeTy peueit. KydcaTu, 1o nepedyBaroTh Ha
HU3bKill HABKOJIO3EMHIiil OpOiTi, 3AilICHIOIOTH TIPU-
oM iHgopMallil iHTepHeTy pedeil / makeTiB iHpop-
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Mallil iHTepHEeTY pedeii 0e31mocepeTHbO Bil CEHCOPIB,
Ta mepeaady iHdopMallil ynpasiaiHHs O0e3nocepe -
HBO [0 TIPUCTPOIB — aKTIOPaTOpiB, i3 BUKOPUC-
TaHHSIM MoaudikoBaHoro mporokony LoRaWAN.
Ha puc. 10 as cripollieHHsI ToKa3aHo TiJIbKU OJHY
opOitanbHy mowuMHy. HusbkoopOiTasibHa cKia-
JloBa OpOITaJIbHOIO YIPYMOBAaHHS MIiCTUTh JEKiJb-
Ka opOitaibHUX MIOMMH. KilbKicTh opOiTabHUX
TUIOLIMH BM3HAYAETHCS BUXOJSUM i3 BUMOT J10 O€3-
MEepepBHOCTI HaJaHHS TOCYT, MOTYXHOCTi, eHep-
roeeKTUBHOCTI Ta CTPOKY eKCILTyaTallii TpuCcTpOiB
IHTEpHETY pevyeid — CEHCOPIB i aKTyaTOpiB Ta iHIIN-
mu ¢axkropamu. Kybcatu obiaagHaHO mapabosiv-
HUMM aHTEHaMM, SIKi pO3ropTaroThCs ITiCJsI BUBE-
JIeHHs KyOcaTta Ha pobouy op0OiTy, i mpru3HadYeHi s
MiATPUMKM JIiHIM 3B’SI3KY MiXK CYIyTHUKAMU TUITY
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«HM3bKa HaBKOJIO3eMHa op0iTa — TeocTallioHapHa
op6ita» (LEO-GEO RF Link). KoHcrpykiist Ky0-
cartiB 3a0e3reuye HaBeAeHHs TapaboliuHMX aHTEH y
HaIpsIMKY Te0CTallioHapHOTO CyMyTHUKA.

Ha reocrartionapHiit op0iTi po3TaioBaHi reocta-
LIIOHApHi CYMYTHUKM — XMapHi LIEHTPU OOpPOOKHU
JlaHUX, Ta/a00 TeocTallioOHAPHI CYITyTHUKU BUCOKOI
MPOIYCKHOI 3[JaTHOCTi, OCHAaIlleHi OO0JagHaHHSIM
IJIsl THATPUMKU JIiHIlA 3B’SI3KYy MK CYNyTHHUKaMM
TUIY «T€O0CTallioHapHUI CYMyTHUK — TreocTallio-
"Hapauii cynytHuk» (GEO-GEO Inter-Satellite
Link). IeocramioHapHmuii CyImyTHUK 3abe3Iieuye
MpUIOM y3arajJbHeHoi iHpopMallil iIHTepHEeTY pevei
Bil KyOcariB, sIKi mepedyBaloTh y MexXaxX Moro 30HU
paniobaueHHs. st 3a0e3neuyeHHs CYLiJbHOI 30HU
pamiobaueHHs1 KyOcaTiB IOCTaTHbO pO3TallyBaTU
Ha reocTallioHapHiil opOiTi TpU reocTalioHapHi cy-
MMYTHUKM — LIEHTPU XMapHOi 00poOKU JaHuX, abo
CYNMYTHUKHW BEJIMKOI TMPOIycKHO1 3maTtHocTi. Lli-
JIICHICTh OpOITAJIBHOrO XMapHOTO CXOBUIA JaHUX
3a0€3MeUy€eThCs 3a JOMOMOTOI0 JIiHil 3B’S3Ky MixX
CYITyTHMKaMM Ha reocTallioHapHii opOiTi Ta JiHii
MiAKIIOYEHHSI TeOoCTalliOHApHUX CYIyTHUKIB —
LICHTPiB XMapHOi 00pOOKM TaHUX 10 Ha3eMHOI iH(-
PacTPYKTypu XMapHUX OOUYMCJIEHb 4Yepe3 CTaHIIilo
cupsekeHHst (Orbital Cloud Data Gate Way) (ouB.
puc. 10).
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JIiHii 3B’43Ky MiXX CYIIyTHUKAaMHU TUITY «I€0CTa-
LioHapHa opOiTa — reocralioHapHa OpOiTa» Ta
TUITY «HU3bKa HaBKOJ03eMHa opbiTa — reocraitio-
HapHa opOita» (LEO-GEO Inter-Satellite Link)
BUKOPHUCTOBYIOTh pajiojiana3oH Ta/abo ONTUYHi/
JlazepHi JiHii. [lepcrieKTUBHUM HampsIMKOM pO3-
BUTKY T€XHOJIOTII JIiHii 3B’SI3KY MiX CYMyTHUKaAMU
€ OCBOEHHS BMIIMX Jiala3oHiB 4acTOT, 30Kpema
TeparepiioBoro. [IpoBeieHi JoCTiIXKEeHHS Ta MpaK-
TUYHI eKCIIEPUMEHTH TiATBEPAUIN MOXKJIMBICTh
opraHizaiii Takux JIiHiil Ha BigcTaHi BEJIMKOI Aajlb-
HoCTi, 10 1 Tic. kM Ta Ginbiie [14—18, 23, 24, 30,
31]. Ilpu BUKOpUCTaHHiI TepareploOBOTO Miama-
30HY YacCTOT BUPIIIYETHCS MUTAHHS 30iJbIICHHS
IIBUIKOCTI mepenadi iHgopmallii 3a paxyHOK BU-
KOPUCTAaHHS IIMPILIUX CMYT YacTOT, 3a0€3MeYeHHs
€JIEKTPOMArHiTHOI CYMiCHOCTI pamioeeKTPOHHUX
3ac00iB, BUKJIIOYAETHCSI MMOBIPHICTh BIIMBY Ha-
BMHMCHUX II€PEIIKOM, CIIPOIIYEThCS Mpolieaypa
MiXHapoaHOi KoopauHauii. Ilpuknagom ycmimi-
HOTO MPaKTUYHOIO BUKOPUCTAHHSI TepareploBO-
ro Jiana3oHy 4acToT IS 30UIbIIEHHS IIBUIKOCTI
nepegayi iHdopmalii € 3amycK JOCTiZHOTro KH-
TaliCbKOr0O CyIIyTHUKA 3 OOPTOBUM PETPAHCISITO-
POM TepareploBOro Aiara3oHy, KM IpU3Hayde-
HUI IJISI TeCTYBaHHSI MeEpeX 3B’SI3Ky ITOKOJIHHS
6G [7].
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Puc. 10. ApxiTekTypa op6iTaIbBHOTO YIpYITOBaHHS KOMOiHOBaHOI (HU3bKOOpOiTabHa — reoctanioHapHa, LEO-GEO) cymyr-

HUKOBOI CUCTEMU IHTEPHETY peueit
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Puc. 11. 3aBaHTaxeHHs reocraiioHapHoi op0OiTH [22] GYHKIIIOHYIOUMMHU TeOCTallioHApHUMU CYITyTHUKAMU

[eocrauionapHa op6iTa JOCTaTHHO 3aBaHTaXKeHa
(byHKIIIOHYIOUMMHU reocTallioHaApHUMU CYIyTHU-
KaM{ Pi3HOMaHITHOrO MpU3HAUYEHHS (AMB. pUC.
11, [8]) Ta cynyTHUKaMM, 1110 BUBEJAEHI i3 €KCILTYy-
aTauii.

Ax BuaHO 3 puc.l1, HalOLIbII BITBHUMU CEKTO-
paMu reocTaliioHapHOi OpOITH € CEKTOPH, PO3TalllO-
BaHi Haa TuxuM i ATIIaHTUYHUM OKeaHaMU: CEKTO-
pu 144°...164°, 56°...60°, 20°...24° 3. 1. BpaxoByroun
Tol (hakT, 1110 [JIs1 3a0e3IMeUeHHsl TOCTYyMy A0 Ieo-
CTalliOHApHUX CYNYTHUKIB — IIEHTPiB XMapHOi 00-
POOKM TaHUX BUKOPUCTOBYIOTHCS JIiHii 3B’SI3KY MiX
reocTallioHapHUMM CYNMyTHUKAMM, TeocTallioHapHi
CYIIYTHUKMU 3i CKJIaay OpOiTaJbHOIO XMapHOIO CXO-
BUILA JAHUX MOXHa PO3TalllyBaTU B LIUX CEKTOpax
reocramioHapHOI opOiTH, SKi HE CTAaHOBIISATH iHTE-
pecy 3 TOUKU 30pY MOCIYT CYMYTHUKOBOTO 3B’SI3KY
JIJ1s1 KiHLIEBUX CIIOXKMBAYiB, 1110 ITIepeOyBaroTh Ha I10-
BEpXHi 3eMJIi.

3. BUCHOBKHN

1. CyyacHi CyImyTHMKOBI TeJISKOMYHIKaLiliHi cuc-
TeMM 3a0e3MeuyloTh Iiepegadyy iHdopMmalii cuc-
TEeM iHTEpHETYy pedeid, To0yaIoBaHUX IePEeBaKHO 3a
XMapHOI0 apxiTekTypoto. HemoaikoM xmapHoi ap-
XITEKTYpH CUCTEM iHTEpHETY pedeil € HeOOXimHICTh
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nepenavi BCboro 00’emy iHdopMmaliii IIpucTpoiB iH-
TEpHETY peueit 10 XMapHUX LEHTPiB 00POOKHU TaHUX
i Y 3BOPOTHOMY HaIpsSIMKY, 110 MPU3BOJUTH 10 He-
e(eKTUBHOIO 3aBaHTaXXEHHSI CYMYTHUKOBUX TeJse-
KOMYHIKaLlifHUX CUCTEM.

2. CynyTHUKOBI TeJIEKOMYHIKalliiiHi CcHCTEMU
MOXHA aJanTyBaTW 10 ocoOaMBocTell iHgopMa-
LIAHKUX MOTOKIB CHUCTEM IHTEPHETY peueil, sIKi BU-
KOPHUCTOBYIOTb TEXHOJIOTil TYMAHHUX Ta I'PaHUUHUX
00YuCIIeHb 151 MiIBUILEHHS BJacHOT e(DeKTUBHOC-
Ti. Amanraiis CyIyTHUKOBUX TeJI€KOMYHiKalliiiHUX
CUCTEM JI0 OCOOJIMBOCTEN peajtizallii TYMAaHHUX Ta
TpaHUYHUX OOYMCIIEHb iHTEPHETY peuyelt 37ilicHIo-
€TbCS METOJOM [I0[aBaHHSI OOYMCIIIOBAJIBHOI MO-
TY>XXKHOCTI B TEpMiHaJIM KOPUCTYBauiB, B KOPUCHE Ha-
BaHTaXXEHHSI CYITyTHUKIB-pEeTPAHCIISITOPIB i CTaHIIii
cnpsikeHHs abo 1eHTpalibHi ctaHLii VSAT-Mmepex.
Take posramyBaHHSI 00YMC/IIOBAJILHOI TTOTY>KHOCTI
Ta PO3MOIiJ 00YMCIEHb TO3BOJISIE 30€PErTH CTPOTY
iepapXiyHy apXiTeKTypy iHTEpHETY pedyeil, CKOpOTH-
TH yac 00poOKHU Ta o0csT iHpopmMallii, IKy MOTPiOHO
rnepeaaBaT, MiABUIIUTU KOIITOBHICTb iH(OpMallii,
1110 TIEPEIAETHCS 0 XMAPHOTO LIEHTPY OOPOOKM iH-
¢dopmariii.

3. 3amnporoHOBaHO WLUISIXU MEePexXoay CYMyTHU-
KOBMX TeJIeKOMYHiKalliliHUX CUCTEM BiJ XMapHOi
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apXiTeKTypU CUCTEM IHTEpPHETY peueil 10 baraTopiB-
HEBOI apXiTeKTypH i3 3aCTOCYBaHHSIM TI'PAaHUYHMX i
TyMaHHUX o0uurciieHb. Po3risiHyTo BapiaHTH BIIpO-
BaJI>)KEHHSI TYMAHHUX 00U C/IEHb B HU3bKOOPOiTaIb-
HUX cucTeMax: opOiTajbHe YIrpyrnoBaHHSI KyOca-
TiB, 1110 BUKOPHUCTOBYE MOJAM(DIKOBAHUIA MTPOTOKOI
LoRaWAN — nomoBHEHHSI KOPMCHOIO HaBaHTa-
JKeHHsI KyOcaTiB Ta ixHIO 3aMiHY ITi/l Yac MJIaHOBOrO
OHOBJIEHHSI OpOITaJIbHOIO YrpymyBaHHS; CHUCTeMa
OneWeb — MozaepHizalist o0JagHaHHS TepMiHAIIB
MPUKIHLIEBUX KOPUCTYBayiB Ta CTaHLIil CIIPsSKEH-
Hs1; cucteMma StarLink — MonepHizalisi odagHaH-
H$I TEpMiHaJIiB KOPUCTYBAYiB i CTAHIIIN CIPSKEHHS,
BKJIIOYEHHSI 10 CKJIaay OpOiTaIbHOIO YrpylnoBaHHS
JI0JJaTKOBO CYNYTHUKIiB — OOYMCITIOBAYiB.

4. B reocralioHapHMX CUCTE€Max BEJUKOI IPO-
IMYCKHOI 3JaTHOCTi BOPOBAIKEHHSI TPAHMYHUX Ta
TyMaHHUX OOYHCJIEHb MOXJIMBO 3iMCHUTU B JBa
eranu. Ha mepimoMy erari mepexin 10 TyMaHHUX i
IrpaHUYHUX OOUMCIICHb MOXJIMBUA IILISIXOM MOJEP-
Hizalii obJlafHaHHSI TepMiHaliB KOPUCTYyBadiB Ta
CTaHLii CIIPSIKEHHSI 3 METOI0 JOMTOBHEHHSI CKJIaay
00JIaiHaHHST O0YUCTIOBAIBHUMU MOJIYJISIMU / Gara-
TONPOLIECOPHUMMU KoMILIekcamu. Ha npyromy etari
B XOJi IIJIAaHOBOI 3aMiHM Ie0CTalliOHAPHOTO CYITyT-
HHMKa BEJIMKOI IIPOITYCKHOI 3IaTHOCTI MOTO KOPUCHE
HaBaHTaXEHHSI MOXXHA OCHACTUTH J0JaTKOBUM 00-
JIaIHAHHSIM JUIsT BUAUIEHHS Tpadika cucTeM iHTep-
HETy peueil, 00poOKM 1Iboro Tpacdika i mpoBeAeHHS
o0uucIIeHb TS peajtizallii TYMAHHUX OOYMCIIEHb Y
CKJ1aJli KOCMIYHOTO CETMEHTA CUCTEMM.

5. Jlns migBUILIEHHSI ONEpaTUBHOCTI OOpOOKM,
30epiraHHs Ta 3a0e3meyeHHsT JOCTYIYy CUCTEM iH-
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TepHETY peyveii 10 XMapHMUX CEPBiCiB IOLIbHE CTBO-
PEHHST KOCMIYHOTO CeTMEHTa XMapHUX CEPBiCiB —
opOiITAIBHOTO XMapHOT'O CXOBMIIIA JAHUX, SIKE CKJla-
JAEThCS 31 3’€JHAHUX 3a JOTOMOTOIO JIiHil 3B’ SI3KY
MiX CYIMyTHUKaAMHW JEKUIBKOX TeoCTallioHapHUX
CYIIYTHUKIB — ILIEHTPiB XMapHOi OOpPOOKM JaHUX.
HocTyIl 10 opOiTaIbHOTO XMapHOI'O CXOBUIIA JaHUX
MOXe 3[iliCHIOBaTUCS Yepe3 MOJEePHI30BaHi reocTa-
LiOHAPHIi CYIYTHUKM BUCOKOI IIPOITYCKHOI 3aTHOC-
Ti Ta yepe3 KyOcatu, 1o nepedyBaloTh Ha HU3bKIK
HaBKOJIO3eMHill opOiTi i obnagHaHiI 3acobamMu IS
MiATPUMKU JIiHif 3B’SI3Ky MiX CYNMyTHUKAMU TUITY
«HM3bKa HABKOJ0O3eMHa opbiTa — reocraiioHapHa
opOiTta».

6. Jlyis reocTaliioHapHUX CYIYTHUKIB — LIEHTPIB
XMapHOi 00pOOKM AaHUX MOXJIMBO BUKOPUCTOBY-
BaTU CETMEHTH Te€OCTalliOHApHOI OpOiTH, sIKi HE €
NpuBabIMBUMUM 3 TOYKU 30pY pO3TalllyBaHHS Cy-
MyTHUKIB 1JIs1 3a0e3MeUeHHsI MOCAYT CYITyTHUKOBO-
ro 3B’SI3Ky Ta MOBJICHHSI JJIsl CIIOXMBayiB, 110 Te-
peOyBalOTh Ha KOHTUHEHTAJIbHIi YaCTUHI ITOBEPXHi
3emi.

7. JIag opranizauii JiHill 3B 43Ky MiX CYITyTHH-
KaMU TUITy «T'€ocTallioHapHa op0iTa — reocTallio-
HapHa op0OiTa» Ta <«HU3bKa HABKOJO3e¢MHa OpOi-
Ta — TreocTalioHapHa OpOiTa» IJI1 3a0e3IeUYeHHS
JIOCTYITy TeoCTallioHapHUX CYMTYTHUKIB i CYITyTHUKIB
Ha HU3bKIiil HABKOJI03eMHili OpOiTi 10 opOiTaIbHO-
ro XMapHOI'o CXOBMIA JaHUX, OKPiM BUKOPUCTaH-
Hs TpamMuUiiHuUX pamioniHiii B Ka-miamazoni abo
ONTUYHUX/JA3ePHUX JIiHii 3B’SI3KY, MOKJIMBE BUKO-
pUCTaHHSI paliojliHiii B TepareplioBOMY Hiana3oHi
YacTOT.
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ITPOBJIEMU OBPOBKHU BITEO3AIINCIB ACKPABUX BOJII/IIB
TA ITAJAIOYMX SAJTMIIKIB KOCMIYHUX AITAPATIB,
SAPECCTPOBAHUX MAJTIOYYTIIMBUMHU IIOBYTOBUMU
BITIEOKAMEPAMMN Y CKJIATHUX CITOCTEPEXXKHHNX YMOBAX

Tlpusodumscs memoduka KiremamuyHoi i pomomempuuHoi 06poOKuU pe3yabmamié 00HOCMOPOHHIX 8I0e0CnOCMEPeNCeHb YHIKANb-
H02o AcKkpasoeo 060aida (abo yramka KOCMIiYHO20 anapama) nposederux 8 Ha036U4AliHO CKAAOHUX CNOCMepeXdcHUX ymogax. Yepes
HU3bKY 4ymaugicms 8ideokamepu i HAs6HICMb 3HAYHOI KiAbKOCMI 3ipKonodionux apmepakmie Ha Mampuyi Kamepu ma CUAbHY 3a-
ceimky kadpy sackpasum Micauem (—10.95™), axuii nepebdysas 6e3nocepedHvo y noai 30py Kamepu, 8 ycix kaopax oyau nogHic-
mro gidcymHi 30pi. 3acmocysantsa aneopummie ycepeOHeHHs ma CyMy8anHs 00 Kaopie 6 Uinomy, ma 6ueedeHHs Ha eKpaH OKpemux
OuHamiyHux 0ianazonie iIHMEHCUBHOCMI 300padceHHs 00360AUN0 GIOWYKAMU MA OMOMONCHUMU 45 0nopHuXx 3ipoK, Haicaabwi 3
AKux maau bauck 5.4"...5.7". 3aedaxu naseHocmi y noai 30py Kamepu mouKu MAKCumManbHoeo 30audcents mpackmopii 06’ ekma
i3 cnocmepieauem, aKa 6i0nogidae MaKcumymy Kymoeoi weuokocmi, ma Mooes08aHHo Oy10 OMPUMAHO MAKCUMANbHO MONCAUBY
KinbKicmos napamempie KOCMiuHO20 mina, AKi MOJCHA ompumamu 3 00HOCMOPOHHIX cnocmepedcerb. Q0’ekm pyxaecs Oinbul Hidc
12 ¢, kymoea dosxcuna mpaekmopii nepeguugysana 60°, MaKcumanbHa Kymoea weuoKicmos 6 movuyi MaKcumanbHo20 30AUdiCeHHs i3
cnocmepieavem cmanosuna 7.4%/c. Ilokazano, wjo kocmivne mino 8i0 nouamky c602o pyxy 00 MmoHKu MAKCUMANbHORO 30AUNCCHHS
moeno empamumu npubausno 32 % nouamkosoi weudxocmi. Hasenicmo 6 Kaopi mouku MaxcumanbHo20 30AUNCeHHs 00360AUNA0
KOpeKmHo o64ucaumu npsme cxo0ceHHs ma cxuneHHs eudumoeo padianma o6’ckma sx 272.0° ma —0.8° 8ionogiono. bauck koc-
MiuHoe0 mina eapitoeas y medxcax —35.5"...—8.5M. Vci nposedeni obuucrenns He 00360aunu 00HO3HAUHO iOeHmugiKysamu 00’ ekm sk
Memeopoio uu Y1amMoK KOCMIYHO20 CMIMmA.

Karouosi caosa: memeop, memeopHuii nomix, 604i0, KocmiuHe cMimmsi, napamempu mpaeKmopii memeopa, gpomomempis.

HurtyBanus: Kosak I1. M., 3noueBcekuii 0. €., Kozak JI. B., Crapuii C. B. I1lpobiemu oO6poOKM Bifeo3anuciB sickpa-
BUX OOJIiIiB Ta MANAI0YMX 3AIMINKIB KOCMIYHUX arapariB, 3apeeCTPOBAaHUX MATOYYTIMBUMU ITOOYTOBUMU BiZeoKaMepaMu y
CKJIAJIHUX CIIOCTEPEXHUX yMOBax. Kocmiuna nayka i mexnonoeis. 2021. 27, Ne 6 (133). C. 85—97. https://doi.org/10.15407/
knit2021.06.085
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1. M. Kozak, IO. €. 3nouescokuit, JI. B. Kozak, C. B. Cmapuii

BCTYII

CriocTepexkeHHsI MeTeopiB, MoyaTkoBa acTpOMET-
puYHa 00poOKa CHOCTEPEXKHUX NaHUX Ta BiIHOB-
JIEHHSI MapaMeTpiB TpaeKTopii MeTeopa B aTMocdepi
3emi, SIK i moOymoBa KpUBOI OJIMCKY 3 BUCOTOIO Ta
4acoM € Ha ChOTOJIHI X0Ya i TOCTaTHBO BilMpallbo-
BaHOIO 3a/Ja4elo, Ta B Psii BUMAIKIB 3yCTPiyaEThCS
i3 3HAYHUMM YCKJIaMHEHHSIMU. Tak, HiKOJIM HE Bi-
JIOMO, B sIKiii 4yacTWHI Kaapy (IIpu BiIeo3MOMKaXx)
MPOJIETUTh METEOp, i UM Oyle JOCTATHBO OMOPHUX
3ipoK Ta 3ipoK IMOPIiBHSIHHSI HaBKOJIO HOro 300pa-
JKeHHS 111 KOPEKTHOI aCTPOMETPUYHOI Ta (hoTOMEe-
TpUYHOI 00poOKM. IS SiIcKpaBuX OOJIiIiB BUHUKAE
npobJiemMa BiATBOPEHHST KpUBOI OJIMCKY B aOCOJTIOT-
HUX 30pSTHUX BEJIMYMHAX Yepe3 BiICYTHICTb CBITHUX
00’€eKTiB MOPiBHSHHS Y Kaapi. Takox, He3BaxKauu
Ha BiTHOCHO BEJIMKY KiJIbKICTh CITOCTEPEXKHMUX ME-
pexX, peecTpallis MOTY:XKHUX OOoJidiB (a 0coOJIMBO
Hax’ scKpaBux OoiifiB Ttuiry Yemst0iHCHKOTO, IO
MOXYTbh CTAHOBUTH 3arpo3y JIJIsl JIIOACTBA), € TOCUTD
piakicHuM siBuieMm. OueBUAHO, 1110 HABITh BUIIA/I-
KOBa peecTpallisl MOTY>KHOTO 00JIiga 3ac/JyroBye Ha
MaKCUMaJIbHO JeTaJibHy OOpOOKY CITIOCTEPEXKHUX
JAHUX 3 METOIO BiIHOBJIEHHS MaKCUMaJIbHO MOX-
JIMBOI KiJIbKOCTI iH(opMallii mpo KOCMiyHE Tijlo, 30-
KpeMa IMpo MOXJIMBY HOro HAJIEXKHICTh 1O SIKOTOCh
METEOPHOTO MOTOKY. Cx0xXa cuTyallis i 3 BileocItoc-
TEepeXXEHHSIMU TMalalouuX yJIaMKiB KOCMIUHHUX ana-
paTiB, KOCMIYHOIO CMITTs Ta iH. B psifi BunagaKkiB Ha
JIOTIOMOTY JOCTiTHUKAM METEOpiB MOXYTh MPUNATH
JIIOOUTEIi METEOPHOI acCTPOHOMIi, SIKi MPOBOMASITH
eMi30AMYHI Y1 PEryIsIpHi BiIeOCIIOCTEPEXKEHHSI.
Kopuctb Bij yyacTi amaTopiB y cydacHiii cocte-
PEXHiil METeOpHiil acTpOHOMil € He3aIlepedyHOolo.
baraTo no0uTeniB Ta OpraHi3oBaHUX CIIOCTEPEX-
HUX METEOPHUX MepeX MPOBOSITH SIK KJIACUUHi Oa-
31CHi (ab0 OJHOCTOPOHHI) BileOCHOCTEPEXKEHHS,
TaK i crnekTpajbHi cnocrepexeHHs [21, 19]. Me-
TeopHa aMaTopchbka Mepexa fAmonii [21] dpyHKIIio-
HYE€ yKe Oinblile IeCITU POoKiB. BUKOPUCTOBYIOThCS
CydacHi JOCTaTHBO YyTIMBI Bimeokamepu «Watec
WAT-100N» ta «WAT-902H2 Ultimate», ocHaie-
Hi oTorpadiyHUMU 00’€KTUBAMU, 110 3a0e3Mevy-
IOTh TI0JIe 30pY TOpsaKy 55°x45°. Jlnsa 3axorjieH-
Hs1 300pakeHb METEOPiB 3 aHAJIOTOBUX BileoKamep
«Watec», SK i U151 0OpOOKHM Ta aHaJli3y MmapaMeTpiB

86

Tpa€eKTOpiii Ta OpOIT BUKOPUCTOBYETHCS IXHE BJlac-
He niporpamHe 3a6e3nedyeHHs [20]. [Llopoky, moun-
Hatouu 3 2007 p., KiJIbKiCTh OMpallbOBaHUX METEOPiB
Bapitoe npuoan3Ho y mexax 15000...25000. Ixma,
€BporIielicbka 00’eJHaHa Mepexka aMaTopiB Ta Mpo-
decionaniB [19], kpiM MmaHOpaMHUX BileoCHOCTE-
peXeHb MPOBOAUTb TaKOX CIEKTPaJibHi criocTepe-
>KeHHS Ha JOCTaTHHO BUCOKOMY piBHi. SIK mipaBuiIo,
yci aMaTOpChbKi METEOpHi MepexXi B Tild UM IHIIIi
Mipi MoB’s13aHi 3 mpodeciiHUMU HAYyKOBUMU iHCTU-
TYLISIMU, 1 € TIO CYTi I€SIKUM CITUTbHUM KOJIEKTUBOM
TSI METEOPHUX TOCIIIXKEHb.

HacTinbky akTUBHOMY PO3BUTKY METEOPHOI amMa-
TOPCbKOI aCTPOHOMIi CHpPHUSIO KilbKa (paKTOpiB.
Ilo-mepiie, 1ie PO3BUTOK EJIEKTPOHIKM, 30Kpema
CYTTEBE TMOJEIIEBIIAHHSI CIIOCTEPEXHUX BileOKa-
Mep, SIKi CTaJIh JOCTYITHUMU MEPECiYHUM IpoMasi-
HaMm. Hampuxitan, kamepu «Watec», sIKi € BapiaHTOM
OXOPOHHUX CUCTEM, i AIACHO YYTJIWBIII, HiXX iHIII
OXOPOHHI KaMepH, TaK IO MOXYTb BUKOPUCTOBY-
BaTUCS Y TEMHMIA yac 100U, KOIITYIOTh Ha CbOTOAHI
6mm3bko $500. [Mo-apyre, 11e PO3BUTOK KOMIT IOTEP-
HOI TeXHIKM, SIKUI TO3BOJISIE aMaTOpaM METEOPHOIL
aCTPOHOMil IIPOBOIUTHU KJIACUYHY 0OPOOKY CITOCTE-
pexeHb B foMaliiHix ymoBax. [To-TpeTe — 1ie mosiBa
Ta PO3BUTOK iHTEPHETY, SIKUi1 103BOJISIE €(DEKTUBHO
aKyMyJIIOBaTU pe3yJbTaTu CIIOCTEPEXeHb Yy MiKHa-
pomHi 0a3u JaHUX Ta POOUTH 1X MTOCTYITHUMMU IS
OyIb-SIKOTO KOpUCTYBaya.

Tum He MeHIl, HaBiTh LiHA B $500 Ha cboromHi
HE € BXe TaKolo i MajJiol0 — TOMY 4acTO aMaTopu
METEOPHOI aCTPOHOMIil 3 METOI0 €KOHOMIii BUKOPHC-
TOBYIOTb 3HAYHO JEIIEBIIY BiIeOTEXHiKY (OXOPOHHI
BimeokaMepu Ta BigeopeecTpaTopn). Taki ManodyT-
JIMBi KaMepU MaloTh Ty TIepeBary, 110 3a0e3MevyoTh,
SK TPaBUJIO, JIyXe BEJIUKE T0JIe 30py — iHOMI To-
psaaky 100°, mo 30iyblIye iMOBIpHICTh peecTpallil
SICKpaBUX MeTeopiB y pa3u. OgHak Taka CHUTYyallist
MPU3BOIUTH 10 MEBHOI MPOOJIEMU: 3pOCTAHHS OIS
30py, 3 OJHOTO OOKY, MPU3BOAUTH JO CYTTEBOTO
30iIBILICHHST 3apeECTPOBAaHMX OOJIiIiB, OOHAK 3 iH-
1moro 00Ky He Hamae 3MOTM IPOBECTU NOCTATHHO
gKicHy (a iHogmi B3arami Oymob-sIKy) oOpOOKy CIIO-
CTEpEeXKHOro Martepiaay 4yepe3 Mally KiJIbKICTb YU
B3arajli BiICYTHICTb 3ipoK y Kaapi — JaHa CUTya-
11is1 TUIIOBA MJISI TIOOYTOBUX OXOPOHHUX KaMep, SIKi
MaloTh KOPOTKUIA (hOKYC 1 BilIOBITHO Majy BXiIHY
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[Ipobaemu 06podku gideozanucie ackpasux 604idie ma naoar1UX 3aAUWKIE KOCMIYHUX Anapamie, 3apeecmposanux Malouymiueumiu. .

anepTypy. TaKMM 4YMHOM, CIIOCTEPEKEHHS 3 TaKOIO
amapaTyporo MOXYTh JOMOMOITH B 3adayi CTaTUC-
TUYHOTO BU3HAYEHHSI iHTEHCUBHOCTI ITPUTOKY Bil-
HOCHO KpPYMHOI METEOPHOI PeYOBMHU Ha 3eMIlio,
OJHAK He 3aBXIU Jal0Th 3MOTY HaJiliHO BU3HAYUTU
rnapaMeTpu TPaeKTopil OOMiMiB Ta e€JIEeMEHTIB iXHiX
reTiOLeHTPUYHUX OPOIT, 1110 € BKPail BaXKIMBUM IS
BUBUYEHHS METEOPHOI CKJ1agoBoi COHSYHOI CUCTEMMU.

CIIOCTEPEXEHHS BOJIJA AMATOPAMU
TA TTIPOBJIEMA OBPOBKH JTAHUX

Ineero HanurcaHHS JaHOI pOOOTHU MOCTYryBaB Biieo-
3aMKC YHiKaJabHOTO 00Jliga, 3AiiiCHEHUI CHiBaBTO-
poM JaHoi poOoTH Ta wieHoM KHiBChKOTO acTpo-
HOMIiYHOTO KJIyOy «AcTporoJic» y M. BuiiHeBe 0i1s
Kuesa. Bineozanuc naHoro 6oJiiga MoxHa nodayu-
TH Ha iHTepHeT-cepBici YouTube [22]. s crocTe-
pexeHb BUKoOpHcTOBYyBasacsa kamepa VE-6047EF
(1/3") — ii mapameTpu TIPUBEICHO B TAOJIAIILI.

bonin mposetiB Maiike TOPU3OHTAIbHO 4Yepes
yBech Kajp 3a yac 6;113bKo 12 ¢, ToOTO OYB HaA3BU-
YyalfHO MOBIJBHUM, ajie B TOH XXe Jac Iyxke siCKpa-
BUM, Ta MaB PsIJI LiKaBUX (DOTOMETPUYHUX OCOOJIU -
BOCTel, Takux SIK gedopMallisi GopMu KOMU, Bifmi-
JIeHHsI (DparMeHTIB TOIO. 3 iHIIIOro OOKY, 1€ MOIJIN
OyTM i 3aJMIIKA KOCMIYHOTO amaparta. Ale s

HapameTpu KaMepu CoCTEePEKEHHSA

IMapameTpu 3HaYeHHs
Jlata mposboTy 6oJina 9 cepriug 2020 p.
Yac UT niponboTy 6ostina 0714m05s
JloBrora miclust KaMepu A, Tpaf. 30.370800
Llupora micusg kaMmepu @, rpaji. 50.380699
Bucora hj kamepu Hax piBHeM Mops, M | 200
A3UMYT A (reoie3uuHuii) ONTUYHOTO
LIEHTpa, Ipaj. 180.426880
Bucota ontuyHOro UeHTpy Hall ropu-
30HTOM H, rpan. 30.205572
OpieHrTallisi KaMepy BiTHOCHO ropu-
30HTY 3, Tpa. ~0.3
O0’exTUB Pentax 3-8
Caityiocuna 1:1
Marpuus VE-6047EF (1/3")
Poamip marpuui (H x V), mkn 720 x 576
Tun posropTku MpOrpecruBHa
Frame rate, moBHUX KajipiB 3a CeKyH1y |25
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Puc. 1. KomGiHoBaHUIi Kaap 3 300pakeHHsIM Oostina,

o nposietiB Hag KueBoM (Bineo 3HATO y M. BuniHese)
09.08.2020 p., Ta 306paxkenHss Mapca i Micsiis 3:miBa Bropi
Kanpy

BIMEBHEHOI ineHTUdiKallil MoTpiOHO OyJ0 BUKOHA-
TH Xo4a 0 MiHIMaJIbHy 00OpOOKY CITIOCTEPEXKHUX Ja-
HUX. Y Kaapi OyB sicKkpaBuii, Malizke TOBHUIA Micsiib
(—=10.95™), Mapc (—1.26™) nopsia 3 HuMm (puc. 1), Ta
300pakeHHs 5-6 «3ipoK», gKi MpU MOAaIbIIii 00-
poO1i BUsIBUIUCS Ae(eKTaMu MaTpULIi.

SK yke 3ragyBajiocsl, JaHUI O0Jtim mpoJeTiB ye-
pe3 1oJjie 30py KamMepu 3a yac Tpoxu Oiibiie 12 ¢
(mewro 6inbiie 300 kagpiB 3 posropTkoio Tumny PAL/
SECAM 25 xanpiB/c), mpAuoMy BJIETiB BiH Y Kaap
yXe OylyuM JOCTaTHbO SICKpaBUM — TOOTO 3arajib-
HUIi yac XXKUTTS OyB 11 OibIINM.

st meMoHCTpallii MOBHOI KapTWUHM Ha puc. |
OyJ10 MpoBeAeHe KOMOIHYBaHHST OKPEMUX KapiB 3a
TaKUM aJITOPUTMOM. Bil KOXHOTO Kaipy y 3arajib-
HOI IIOCJIiIOBHOCTI BimHiIMaBCsl HOesKMid Kaap 0e3
JIMHAMIYHUX O00’€KTIB y HbOMY — 1I€ Mir 01 OyTH i
OJIMHOYHUI TTOYaTKOBUI Kaap, OHAK MU BUKOPHUC-
Tanu ycepeaHeHuid mo N = 30 noyaTkoBUX Kaapax
(me OoJtin 11e OYB BiACYTHII) IJ19 3MEHIIEHHS PiBHS
(nykTyanuiit hoHy:

_ 1 &
I(xi’yi):_zlk(xi’yi)'
Nig

Haii ycepenHeHuli Kaap BimHiMaBcs Bim mesikux M
BUOpaHMX KaIpiB 3 MOCIIAOBHOCTI ¢ OyB HasIBHUIA
0ouiig (B HalIOMY BMIIaAKy OyB BUOpaHMII KOXeH
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30-i1, M = 30, xoua MoxHa Oyyno 6 BUOpaTu i Ko-
JKeH — OJHAaK Yyepe3 MaJly KyTOBY IIBUAKICTh Ooima
oro 3MillleHHSI 3a Kajp OyJIo Iy>Ke MajliM), SIKi 1o-
TiM cymyBasucs. CepeiHe 3HaUeHHSI (POHY B TAKOMY
CyMapHOMY KaJipi Ma€ OYTH PiBHUM HYJIEBi — JIMIIIE
(nykryauii ¢hoHy MarOTb 30LIBLIUTUCS Y \/M pa-
3iB. JIJ19 KOMOiHOBAHOI'O MOPIBHSIHHS AUHAMIYHO-
ro 300paxkeHHs 00J1if]a Ta cTallioHapHUX 300paXkeHb
Micsug Ta Mapca oTpruMaHuil Kaap OCTaTOYHO 10-
JlaBaBcsl 0 MOYATKOBOTO ycepeaHeHOro. 3arajibHa
(hopmyna Takoi mpoueaypy Ma€ BUTISI

M
I(X,-,)’,-) =Z{Iz(x,-,y,-)—1(x,-,y,-)}+I(xi,)’i) s (1)

I=1

a00 oCcTaTOYHO

M
I(x;, ;)= zll(xi’yi)_(M_l)I(xi’yi) .
1=1

3acrocyBaHHS Takoi popmynu (puc. 1) 1o3Bouisie
He Juiie 6a4uTu BCi 0COOJMBOCTI OoJlia B OAHO-
MY KaJipi, a B IPUHIIUIII i 103BOJIsIE (DOTOMETPUUHO
MOPiBHIOBATH 30PsTHI BeIMYMHU Micsid Ta 0oJiaa,
OCKiJIbKM BOHM TPUBEIACHI OO Ti€l X CITUIBHOI eKC-
noauiiii 0.04 ¢ (300paxeHHs 60J1iga 3 pi3HUX KaapiB
py LbOMY, OUYEBUIHO, HE IOBMHHI HaKJIagaTHUCS
OJIHE Ha iHIIIe).

VHIKaJIBHICTh TAaKOTO SICKPABOIO Ta MOBUIBHOIO
00’eKTa MpUMycujia 3aMUCIUTUCH Hal MOXJIUBICTIO
MOILIYKY METOMIB JJIsI TPOBEACHHS OiIbII-MEHII J0-
CTOBIpHOI acTpoMeTpuuHoi 00podOku. Haitmpocri-
LW Miaxia — BUKOPUCTAHHS MPUOJIM3HUX 3HAUEHb
HaMpsIMKy OIITUYHOI OCi Ta 3HaHHSI MTOBOPOTY ILJIO-
IIMHU JeTeKTopa Kamepu (BBaxajocs, 110 KaMepa
Oyja po3MillleHa TOPM30HTAJbHO), a TaKOX IMpH-
OJIM3HO BiJOMOTO MaclITaby Kaipy — He BUTPUMYE
KPUTUKM, OCKIJIbBKM TOYHICTb LIMX ITapaMeTPiB € He-
BU3HAUEHOO, Ta 3arajioM, SIK IMpaBWIO, 3ajJuIlaE
OaxkaTu Kpauioro.

11 momepeIHbOro OIpalloBaHHS 300pakeHb y
KaJpax 0yJ10 BUKOPUCTAHO IIporpaMHe 3a0e3neyeH-

HSI KOMIUIEKCHOI 00pOoOKM 0a3MCHUX TelIeBi3iiMHUX
(Bimeo) cmoctepexeHb mereopiB Falling Star [8§],
po3po0biieHe B ACTpoHOMiuHilt oO0cepBaropii Kuis-
CbKOT'O HalliOHAJILHOTO YHiBepcuTeTy iMeHi Tapaca
[llepuenka. /laHe mporpaMHe 3a0e3MeUYeHHS BU-
KOPHUCTOBYE BJIaCHi pO3pO0JIeHI METOAM acTpoMe-
TPUYHOI, KiHEMaTUYHOI Ta (OTOMETPUUHOI 00pPOO-
KM METEOpHMX cIiocTepexeHsb [6, 7, 9, 11, 12, 14].
IIpu cranmapTHiit 00poOILi METEOPHUX 300pakeHb
Y BiICOIIOCIIIIOBHOCTSIX OpUTiHAJIbHI OMMHOYHI Ka-
npu (puc. 2, a) He BUKOPUCTOBYBAJIUCSI, HATOMICTh
3aCTOCOBYBABCSI PO3MIJICHUN TAXiT JUISI BUMIpIO-
BaHb 300pakeHHsI MeTeopa Ta onmopHUX 3ipok. Ilo-
JIOKEHHSI MeTeopa BUMipIOBaJIMCS B Kaapax 3 BiTHSI-
TUM (DOHOM, 3a aJATOPUTMOM CXOXMM 10 (1), ogHaK
0e3 JomaBaHHs B KiHIII ycepeaHEHOro Kaupy. ¥ Ta-
KOMY aJITOPUTMI yCi cTallioHapHi 00’€KTH BiACYTHI,
1 BUMIipIOBaHHsI 300paXKeHHSI MeTeopa, SIK acTpo-
METPUYHI, TaK i POTOMETPpUYHI, BilOYBalOThCS Hall
TUIOCKUM HYJIbOBUM (DOHOM (SIK MpaBUJIO, 11100 He
BTpavaTH Bix eMHi iryKTyarlii, mepes 30epeXeHHIM
y aiiy1 10 IHTEHCUBHOCTI B KOXHIl TOYLIi JOJAETh-
Cs MeBHA KOHCTaHTa). BumMipioBaHH: XK 300paKeHb
3ipOK MPOBOASITHCSA I10 YCEpeIHEHOMY Kaapy (puc.
2, 0), Ipy4OMYy JUISI 3MEHIIIeHHS (payKTyaliil (hoHy
MOXHa B3sITH OinbiI HixXK 30 KaapiB mIst ycepeaHeH-
HsI HEe3aJIeXXHO BiJl HasIBHOCTI caMOro mereopa —
oro 300pakeHHs TC/sl yCepeaHEeHHS MO BeIUKil
KUTBKOCTI KaJIpiB, SIK MPaBWJIO, TTOBHICTIO 3HUKAE.
Tum He MeHIlle, BepXHsI I'paHMLIsT KiTbKOCTI KaapiB
IS yCepeaHEHHs JIiMiTOBaHAa KyTOBUM PO3MipoM
mikcesisi — 300pakeHHs 3ipOK HE IOBMHHI 3Millly-
BaTHUCS yepe3 o0oBe obepraHHs Heba. Ha puc. 2,
6 IUIsSI TIOPIBHSIHHS IIpUBeNeHO Ipodili iHTEHCUB-
HOCTI B3IOBX TeJIEBIi3iliHOI CTPOKM Kalpy, 110 IPO-
XOOUTh 4yepe3 300paxkeHHsT Micsusl — BiAIOBigHI
CTaHAAPTHi BiAXWJEHHs DPiBHS (GayKTyaliil (oHy
Heba TaKoX IpUBEIeHi Ha puc. 2, 6. 15 MogajibIio-
ro TIOIIYKY Ta OTOTOXKHEHHSI OTIOPHUX 3ipOK Y Kaapi

Puc. 2. OpuriHajabHUIi Ta MATEMAaTUYHO OMpallbOBaHi KaJpH MPOJIbOTY 00Jifa: @ — OpUTiHAIbHUIA OMMHOYHMIA Kaap 3 300pa-
>KEHHsIM 00J1i/1a Ta 3ipKoIoaiOHMX apTeakTiB; 6 — ycepeIHEHMIA Kaap Mo 363 IMOC/IiI0BHMX KaApaxX Ta OCTATOYHO OTOTOXHEHI
OIOPHI 30pi; 8 — TMO3I0BXHI MPodiJi iIHTEHCUBHOCTI 3[0BX TeJIeBi3iiTHOI CTPOKH JUIS OMMHOYHOTO Ta YCepEeIHEHOTO KaIpiB;
2 — BIAINOBiIHA iHTEpaKTMBHA KapTa 30psSHOro Heba mobdymoBaHa 3 3aCTOCYBAaHHSAM PEIyKIIiiHOI MOJieJli TTOBHOTO KBajpa-
TUYHOTO TIOJIIHOMA JIJIST BpaXyBaHHS TUCTOPCii; 0 — KOMOiHOBaHMI 3HIMOK HaKJIaJeHUX BUOpaHUX PiBHIB iHTEHCUBHOCTI B
MPOCYMOBAaHOMY KaJipi; e — BUOpaHi piBHi («Iapu») iHTEHCUBHOCTI Y TpOCyMOBaHOMY Kapi (3a 363 kanpamu), sSIKi BAKOPHC-

TOBYBaJIMCS TSI TOYATKOBOTO TOIIYKY 3ipOK B Kajpi
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BUKOPHCTOBYBAJIacs MPOLIEAYpa, aHajaoriyHa o0-
poO1i KampiB, OTpMMaHMX KaMepaMU CYIepi30KOH
B o0OcepBaropii yHiBepcUTeTy, JAeTaJIbHO OMrcaHa B
poborax [6, 8, 14]. [Topsix 3 opUTiHATTLHUM KaapoM
Oy/ayBaBcCsl IITYYHUI Kaap-KapTa 30psiHOro Heba (3a
KaTaJoXHUMU TaHUMU), IPUYOMY MMOYATKOBO — SIK
ineajibHa MPOEKILisl HeOecHOI cpepur Ha TUIOLIMHY 3a
npuOJU3HO BiIOMUMU KOOpAMHATAMU ONTUYHOIO
LeHTpa, (pOKYCHOI BifCTaHi, KyTa MOBOPOTY KaMepu
HABKOJIO ONITUYHOI oci. Jlaji 3amycKanach IpoLemy-
pa aBTOMaTU4YHOTO (200 HaIliBaBTOMAaTUYHOTO) OTO-
TOXHEHHS BilHalIeHUX MporpaMHo (a00 BUOpaHUX
Bi3yaJIbHO) 300paXkeHb 3ipOK Y peaJibHOMY Kajapi, Ta
BIIMOBIMHMUX JaHUX 3 MOOYIOBAHOIO IITYYHOTO Ka-
APy 32 iXHIMU BUMIPSIHUMU KOOPAMHATAMM X; , J; .

OpHak 4yepe3 AUCTOPCil ONTUKO-EJIEKTPOHHOTIO
TPaKTy TeJIEBi3iliHOI CUCTEMU PO30iXKHOCTI y BU-
MipsSSHUX KOOpIMHATaxX OyJIM 3HAYHUMM, i aBTOMa-
TUYHA OOpoOKa iJealbHOI MPOEKIIiT KapTh 4acTo
naBajia rpy0i moxuoku. Tomy st yTOUHEHHS BUMi-
piB OyB 3alPOINOHOBAHUI MTPUKOM BUKOPUCTAHHS
3BOPOTHUX PEAYKILIMHUX MoOjesiell 3 TUX, 110 BU-
KOPUMCTOBYIOTbCS IIPU aCTPOMETPUUYHI 0OpOOLIi,
ajie e IyKaHMMU BeJIMYMHAMM TeIlep € BUMIipsIHi
KOOPIMHATH 3ipOK X; , y; (Ta IpU HEOOXiAHOCTI —
TOYKHU CiTKM KapTH), a perpecopaMu BUCTYIAIOTh
ineanbHi KoopanHaTh &, 1, 3ipoK, po3paxoBaHi
3a KaTaJOXHUMU JJaHUMMU Ta 3aJaHUMU €KBaTOPi-
aJlbHUMHU KOOpJAMHATAMKU OINTUYHOrO LEHTpa Ka-
npy. B 3anexHocTi Bin sikocTi 30psiHOro Heba (Kijb-
KOCTi 3ipoK y KajJpi) B peayKLiliHiii MoJesi BUKO-
PUCTOBYBAJIUCS JIiHIHHUIA, OOMEKEHMIA Ta MOBHUM
KBaApaTU4Hi MOJiHOMM, a00 MPOEKIIMHNIT METOI
Heiiua. Pigiire BUKOpUCTOBYBABCS OOMEXKEHUI KY-
6iuHMit mosiHOM [6].

Taka npouenypa ycepeaHeHHsI KaapiB, ornucaHa
B poboTi [14], mobpe 3apekoMeHayBajia cebe Ipu
00poO1Ii 3HIMKIB, OTPMMaHUX BHCOKOYYTIMBOIO
TeJIeBi3iliHOIO KaMepolo cyrepizokoH [1, 9—I11,
13, 15, 16, 22], — KiAbKIiCTb 3ipOK, MPUAATHUX [IJIsT
OTOTOXHEHHSI Ta BUMIpIOBaHb, Pi3KO 30iJblIyBa-
JIach 4yepe3 3MEHIIeHHs piBHs (IyKTyaiiii (hboHY B

N , ne N — KinbKicTh KaJpiB [IJjis1 ycepeaHeHHs. B
JaHOMY BUIIAJKY uepe3 Majly UYyTJIMBICTb KamMepu,
CWIbHY MICSYHY 3aCBITKY Ta HasIBHICTb iHTEHCHUB-
HUX 3ipKOMOoAiOHUX apTedaKkTiB TaKe ycepeaHEeHHS
Ha eTarli MoYaTKOBOI0 OTOTOXHEHHS Kaapy i KapTu

90

30pSIHOTO Heba He JO3BOJUIO OMHO3HAYHO iIEHTU-
¢ikyBaTH MOTEHLIiliHiI OropHi 30pi B Kaapi. OnHUM
3 BapiaHTIB, 110 PO3MIsIIABCs IJIsI MOXJIMBOIO IO-
JaJIbIIOrO 3MEHIIeHHsT (IIyKTyaliidi (poHy Ta ITim-
HATTS BiTHOCHOI IHTEHCHUBHOCTI 300paKeHb 3ipOK
Oys10 3acTocyBaHHS HU(POBUX (DINBTPIB IO ycepea-
HeHoro kaapy. OaHak yepe3 BeJUKUI IpagieHT Bil
MiCSTYHOT 3aCBIiTKM 3 HEBiZOMUM (DyHKIIIOHAJTbHUM
pO3MoaiJioM iIHTEHCUBHOCTI 1Mo Kaapy (puc. 2, 8) Ta-
KU1 BapiaHT Oy/10 BiIKMHYTO.

Hnst BupilleHHsT TIpoOJieMM IOYaTKOBOI ideH-
Tuikalii 30psgHOro Heba OyJ10 BUKOPHUCTAHO pe-
anmizoBaHuii y mporpami Falling Star [8] anroputm
CyMYBaHHSI psily KaapiB 0e3 MoAaibIIoro ycepem-
HeHHsI. BukopucranHs KampiB Takoro ¢opmary
Mpu 3BUYAiHOMY BMBEACHHi CHUTHaJly Ha eKpaH,
sIKe Tepeadadyae HopMali3allilo BCbOIO Aiara3oHy
iHTeHcuBHOCTI 10 VGA-ctangapty 0...255 (1 Gaiir
Ha ITiKCeb), Oyae He UMM IHIINM, SIK €KBiBaJICHTOM
PO3IJIIHYTOMY BMIIIE YCEPEAHEHHIO Kaapy, a BiATak
B IaHOMY BHUMAaAKy HE IpuHece KopucTi. Tum He
meH1, nporpama Falling Star 1o3Bossie BinTBOpuTH
Ha eKpaHi iHTEeHCUBHOCTI B CyMapHOMY KaJipi B Aia-
na3oHi 0..255 momapoBo, e KiTbKiCTh «IIapiB» (200
PiBHIB) piBHa KiJIbKOCTi MPOCYMOBaHUX KafipiB, i,
KpiM TOro, JO3BOJISIE 3MiHIOBAaTU MMOYaTKOBY iHTEH-
CHUBHICTh «IlIapy» 3 TOUYHICTIO A0 OJHI€l rpajailii.
Hanpuknan, nis ¢aity oTpuMaHOro CyMyBaHHSIM
necsatu KanpiB mianazoHy 0...255 miHiManbHe 3HA-
YeHHSI IHTEHCUBHOCTiI TeopeTUYHO mopiBHIOE 0, a
MakcuManbHe ctaHoBuTuMme 2550. IIpu BuBeneHHI
Ha eKpaH, HalpuKJjaa, TPeThOro «Iapy» Aiarna3oHy
512...767 yci 3HayeHHsT HUX4Ye 512 OyayTth abco-
JTIIOTHO YOPHi, BHIle 767 — abCoMOTHO OiJTi, yci Mix
HUMM — cipi rpagauii. Takuii migxig € eKBiBaJIeHT-
HUM 3MiHi SICKpPaBOCTi Ta KOHTPACTY IIpM JiHilHINi
nepenayi CUrHajly, KOJu TepefaBajibHa MpsiMa Mae
Haxun (KoHTpacT) 45° — miama3oH Bisyamizailii
0...255 He 3MIHIOETbCSI — Ta JOBILHO PYXOMMIA
Koe(dilliEHT MOPOroBoi SICKPaBOCTi (3 TOYHICTIO A0
OIHI€l Tpanallii iHTEHCUBHOCTI, X04a Ha MpPaKTHIIi
BUKOPHCTOBYBaBCSI KpOK 256 rpanatiii). OuikyBa-
JIOCs1, 110 TaKe BUBEACHHS JaHUX Ha eKpaH IiIaHiMe
KOHTpAacT 300pakKeHHsI HaBiTh Ha Ipadi€HTI CUJILHOL
3acBITKM Big Micsis, i 1O03BOJUTH Bi3yaJbHO 3Ha-
WTU Ta OTOTOXHUTHU XO4da O JesKy KiJIbKiCThb OIIO-
PHUX 3ipOK B 0KOJIi 60J1iaa.
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XoueMo 3ayBaXkUTH, 110 TaKMi Iiaxig cede mo-
BHICTIO BMIIpaBIaB. YK€ NIpPU BUBEICHHI IIepIIO-
ro piBHSI, Ha SIKOMY 3’SIBWJIMCSI Tpajallii ciporo 30-
OpaXkeHHs1 y mpaBiii BEpXHili YaCTUHI Kaapy, oapa3y
CTQJI0O MOXJIMBUM OTOTOXHUWTH TI€BHY KOMOIHAIIilO
3ipok (puc. 2, e). IligHimMaroum gami mopir sickpa-
BOCTi Ha IT’SITU Pi3HUX «Kagpax», TOOTO IS IT’SITU
Pi3HUX piBHiB-11apiB iHTEHCUBHOCTI (Ha puc. 2, e
MPUBEJEHO JIMIlIe YOTUPHU) 3arajloM BJAJIOCs OTO-
TOXXHUTHU npuOan3HO 30 OMOpHUX 3ipOK, IO SIKUX
OyJ10 TTOOY/I0BAaHO KapTy 30pSIHOrO Heba B pamKax
3BOPOTHOI PEIYKIIIIHOI MOJEeJli MOBHOTO KBajpa-
TUYHOTO ToJiiHOMa (puc. 2, 2). 3araibHUi BULJISI
MOYAaTKOBO OTOTOXHEHUX 3ipOK TPUBEACHO Ha
KoMOiHOBaHOMY Kajapi (puc. 2, d). Ilicis Bimmo-
BimHOI nedopmallii KapTu 0yJ10 BUKOPUCTAHO YK€
ycepenHeHu Kaap (puc. 2, 6) 11sl HOAAIBIIOIO MO0-
LIYKY OIMOPHUX 3ipoK. 3arajiomM Oy/JI0 OTOTOXHEHO
45 3ipoK, MpUBEICHUX Ha yCepeOHEHOMY Kajpi, a
TakoxX Mapc i Micsip 3 Bitomumu ebemepuaamu
Ha MOMEHT criocTepexenHst (o, = 1'24™30.8°,
Spprs = 47344447 = 11175745, 5, =
=1°37'49.4"") TakoxX OyJI1 3aKJIafeHI y IPSIMY PEeIyK-
1iiHy moaenb. LlikaBo 3ayBaXkKuTH, 1110 TIPU MOBHIlA
BiICYTHOCTI (HEBUAMMOCTI) 3ipOK y ITOYaTKOBUX
OpUTiHAJbHUX KaJpax HaHUM METOIOM OyjIo Bim-
HalimeHo 45 3ipok, Haiicaalli 3 IKMX MaIu OJIMCK
+5.4™ ... +5.7™.

PE3YJIBTATU OJJHOCTOPOHHBOI
OBPOBKH BOJIIJIA TA IXHIN AHAJI3

B pe3ynbTrati MpoBeIeHOl aCTPOMETPUYHOI OOPOOKH
Oy po3paxoBaHi eKBaTopiajibHi KOOpPIMHATU Na-
HOTro sickpaBoro 00’ekTa. 151 00poOKM BUKOPHUCTO-
BYBaJIMCH pi3Hi peAyKIiiiHi Mmonesi, ajie OyJja Bubpa-
Ha 3HOBY X TaK1 peayKIililiHa Moaeab 12 moCTiitHuX
(moBHUMII KBaapaTuyHuii moiiHoM). Koediuientu
(TocTiiiHi) peayKiifiHOI Mozeni po3paxoByBaaucs
He JIJI1 BChbOTO KaJpy, sSIK 11 3a3BUYail BinOyBa€eThCs
MpU 0OpOOIIi TETECKOMIYHUX 3HIMKIB, a 7151 KOXKHO-
ro 300pakeHHs 00JIia Mo OMOPHUX 30PSIX B IESIKO-
MY OKOJIi HaBKOJIO 00’€KTa — JAeTaJdbHY METOAUKY
OITCaHo B po6oTi [6].

Ha ocHoOBi oTOTOXHEHUX 3ipOK OyB po3paxoBa-
HUII KyTOBMI po3Mip mikcessi mo Kaapy (ioro Be-
JIMUMHA BU3HA4Ya€ TOUYHICTb pO3paxyHKiB) — BOHa
cranoBuia Big 0.085° £ 0.003° Ha Kpato Kaapy IO

2 4 6 8 10

12 tc

Puc. 3. 3miHa KyTOBOI IIBUIKOCTI TiJIla 3 yacoM (a) Ta reo-
MeTpHMYHa cxeMma criocrepexkeHHs (6). TpaekTopist MeTeopa
[MO3HAuYeHa CTPIIKOI0, TOYKA BHM3Y — IIOJOXKEHHS CIIOCTE-
piraua

0.087° £ 0.004° y iioro ueHTpi. CepeaHe 3HAYECHHS
nopisHioBasio 0.086° £ 0.003° (=5.2). Iloxe 3opy
BCbOTO KaJpy MpW LIbOMY CTaHOBWJIO TMPUOIM3HO
62°x50°. TakuM YMHOM, KyTOBa JOBXWHA BUIM-
MOI TPAEKTOPIii JaHOTO CBITHOTO 00’€KTa JOPiBHIO-
Bama 62° (peaqbHa MOBXWHA Oysia Ie OiTBIIO0).
[ToyaTkoBi Ta KiHIIEBI KOOPAMHATU TPAEKTOPIl
Oynu obuucieHi K o, ~ 322.4°, 8,,., =~ —9.7°,
Op,g = 22.9°, dp,; =~ —10.8°. O0UMCIEHHs €KBa-
TOpiaJbHUX KOOpAMHAT OOjiga JajJo MOXIMBICTH
noOyayBaTU 3ajieXKHICTh HMOro KyTOBOI IIBMIKOC-
Ti Bif 4acy B3IOBX TPa€KTOpil — ii MPUBEICHO Ha
puc. 3, a.

3aJIexXHiCTh MiXK KYTOBOIO IIIBUAKICTIO 00’€KTa Ta
oro JIiHIMHOIO IIBUIKICTIO TPU TOBUTBHOMY TIpSI-
MOJIiHIiHOMY pyci MOXHa omnucaTd (popMyJioio,
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MpUBEJIEHOIO B poboTax [7, 14]:
v
o=—sinf. 2
2 p (2)

Sx BuUgHO 3 puc. 3, 6, IpU INPOXOMKEHHI METEO-
poinoM MiHiMaJIbHOI BiICTaHi 10 criocrepiraya R
(opmyna (2) TpaHchOPMYETHCS 10 KJIACUYHOTO BU-
pasy v=®R (sinf3 = 1), i KyTroBa WBUIKICTb TaM
Ma€e MaKCUMaJibHe 3HAUYEHHSI — Y HAllIOMY BUIAAKY
7.4° /c. OcKinbKu 3rigHo 3 (2) KyToBa LIBUAKICTb TPU
MOCTIHIN JiHIWHINA BUAKOCTI 3aJ€XUTh BiJl 1BOX
3MiHHUX apameTpiB B(¢) Ta R(t) , dopmyny (2) no-
LiILHO TepenucaTu 3 BpaxyBaHHAM R=R, /sinf i
OTPUMATH 3aJIEKHICTh JIMILE Bill OMHOTO 3MiHHOTO
mapameTpa 3 :

o =% sin’ B. 3)
1

Bapirotouu B Toulli MiHiMaJIbHOI BiJicTaHi 10 cro-
cTepiraya HeBigoMMii mapamerp R, , MoxHa Oyio
0 oTpuMaTy BapiaHTW IIBUIKOCTI L, , IKa B LIbO-
My BUIIQAKY 30irjacst 6 3 MoYyaTKOBOIO IIBUIKICTIO
TiIa L = V,, a BXE 3a NOYATKOBOI LIBUIKICTIO
Ta iHIIMMHU CYIIyTHIMU IlapamMeTpaMu CIIpoOyBaTU
imeHTU(IKyBaTU TUJIO SIK METEOpoin, ado SIK Tilo 3
HaBKOJI03eMHOi OpOiTH (17151 MeTeopoina IBUIKICTh
MOBMHHA TI€PEBUIILYBATU APYTY KOCMIUHY ILIBW/I-
KiCTb, TOOTO L, > 11.2 KM/C).

K mpaBuJIO, TSI CTA0OKKUX METEOPIB, SIKi PO3BU-
BalOTbCS 10 TIOBHOTO BUMApPOBYBaHHSI IMPOTSTOM
yacy, MEHIIOro Big 1 ¢, IBUAKICTh MilICHO MOX-
Ha BBaXaTu IOCTIiHOIO, TOOTO L = vV, = const,
a OTpMMaHe Ha BiACTaHi R, 3Ha4YeHHs KYTOBOI
HIBUAKOCTI Tijia 7.4° /c OyJ10 6 3yMOBJIEHE JInIlIe KBa-
NpaToM CUHYyca KyTa 3. B Hamromy x BUTIaKy, KOJU
Ooutinm crtoctepirascs mogan 12 ¢, oueBUIHO, IO JIi-
HiliHa IBUAKICTH Y (3) HE € MOCTIHO BEJTUUYMHOIO
BHACJIIIOK TajJbMyBaHHs, TOOTO L = v(t), abo, y
BimmosimHocTi 10 puc. 3, 6, v = vV(O) . OcKiabKu
B =0+ 90°, To W1 NogaabLIOro po3risiay hopmyny
(3) nepenuilemMo y BUTJIsIAi

o(0) =?c

1

3 MOpiBHSHHS aHAJIITUYHOI 3ajJieXHOocTi (4) Ta
CIOCTEPEKHUX pPe3YyJbTaTiB Ha puc. 3, a BUIHO,
10 3aJIEKHICTh KYTOBOI IIBUAKOCTI SIK MiHIMYM €
HECUMETPUYHOIO BiTHOCHO TOYKU MaKCUMaJIbHO-

92

0s20. (4)

ro 30JMKEHHS i3 crocTepirayeM, IO, OYEeBUIHO,
3YMOBJIEHO caMe 3MiHOIO IIBMJIKOCTI PyXy, TOOTO
rajJbMyBaHHSIM KOCMIYHOIroO TiJla. 3 JAHOTO aHali-
3y BUIUIMBAE KiJbKa BaXKJIMBUX BUCHOBKIB PO MO-
PiBHSIHHSI KyTOBOI ILIBUAKOCTI HAIIOTO KOCMIYHOTO
TiJIa 3 TIMOTETUYHUM TiJIOM, SIKE pyxajach Ou 3 1o-
CTIfHOIO IIBUIKICTIO, IO BIAMOBIIA€E TTOYATKOBIN
IBUOKOCTI Hamoro Tima. Ilo-mepire, ixHi JTiHIMHI
IIBUIKOCTI Majii 6 OyTM OJHAKOBMMU Ta PiBHUMU
v, Tpu 6 = —90° (Ha mpakTULi BOHK Maiu 6 OyTn
PiBHUMU i MPU MEHIIMX KyTax, /1€ TaIbMyBaHHS 111e
BiICyTHE 4epe3 po3pimkeHicTh atmocdepu). Ilo-
Jpyre, KyToBa IIBUIKICTb HAIIOTO Tijla Ma€ OyTU
MEHLIOIO BiJl KYTOBOi LIBUAKOCTI IIPU L = VL, =
= const Ha BCiil JOBXWHI TPAEKTOPIi, a BiTHOIIIEHHS
v/vy, < 1 mae 6ytn MOHOTOHHOIO (yHKLic0. [To-
TpeTe, 3HaUYEHHSI KyTOBUX LIBUIKOCTEN B HAOIVXK-
yiii 10 crocTepiraya ToOYli [JIs1 HUX MaloTb OyTU
Pi3HUMHU, IPUYIOMY OUYEBUIHO, 1O ®, (V) < ® (V).
3Bakalouy Ha repepaxoBaHi (haKTOPU, MOXKHA CITPO-
OyBaTW IigiOpaTH 3HAYEHHSI KyTOBOI IIBUAKOCTI B
TOYLl MiHiMaJIbHOI BiJICTaHI OO cIOCTepiraya st
KOCMiYHOTO Tijla 3 HEBIZIOMOIO IIBUIKICTIO U, SKa
MpH, CTPOro KaxKydyu, HeBimOMill (byHKIII TrajabMy-
BaHHSI 3MOTJ1a O BIITBOPUTU CIIOCTEPEXKHY KPUBY KYy-
TOBOI IIBUAKOCTI y BinnoBigHocTi 10 (4). Cepiio3HOIO
npo0JIEMOIO TYT € HEOOXiAHICTh €KCTPaIoJIsILii CIo-
CTEepEeXXKHOI KPMBOi KYTOBOI IIBUAKOCTI 10 6 = —90°
npu pakTUuHiil BuIuMocTi 1o 6 = —38.3°. HaiimeH-
LM 3HAYEHHSIM, SIKe TIPUOJIM3HO BiAIOBIIA€E IIIyKa-
Hilt ynkuii, BuaABmIOoca ®, ~ 11°/c (abo Ginblue).
TuM He MeHII, HaBiTh TaKe 3HAYCHHsI O3HAYaE, 110
o, (L) o (v)) =v, /v, =74/11.0~0.68 — T0O-
TO TiJIO BTpaTujio 32 % LIBUAKOCTI 10 TOYKU MaKCH-
MaJIbHOTO 30JIMKEHHSI, 1110 € TOCUTH CYTTEBUM.

OueBUIHO, OTHO3HAYHO CTBEPIXKYBATU MPO Take
3HAYEHHS TaJIbMYBaHHS Ha OCHOBI JTaHUX OILIHOK
BaXkKO (B OCHOBHOMY Y€pe3 CYTTEBY €KCTPAIOJISILIiIO
CIOCTEPEXXHOI (PYHKIIIT KyTOBOI IIBUIKOCTI), OMHAK
MU CITIPOOYEMO OLIIHUTU MOYATKOBY LIBUAKICTb TiJia
napamMeTpu4HoO Bill R, , a TakoX BUCOTY Ta Jalib-
HIiCThb JO MPOEKIIii HA TOPU3OHTAJbHY ILIOLIMHY
JlaHO1 TOUYKU TpaekTopii. Ha puc. 4 nmpuBeneHo 3a-
JexHicTh i v (R,), Ae WBUAKICTb BiAKJIaAEHO
Ha LIKaJIi 3J1iBa.

BuxkopucroBytouu Toi (hakT, 1110 ONTUYHUHN LIEHTP
Kamepu OyB pO3MillleHUI Ha KyTOBiil BUCOTi OJIM3b-

ISSN 1561-8889. Kocmiuna nayka i mexnonoeis. 2021. T. 27. No 6



[Ipobaemu 06podku gideozanucie ackpasux 604idie ma naoar1UX 3aAUWKIE KOCMIYHUX Anapamie, 3apeecmposanux Malouymiueumiu. .

ko 30.2° Hag Topu3oHTOM, OyJud OOUMCIIEH]I efieBa-
il OoJjiga B3MOBXK TPAEKTOpii — BOHU BapiloBaIu
y Mexax 31.8°...30.6°. Lli 3HaueHHd HagaJu 3MOTy
obuuciuTH BiINnoBiaHi 10 R, Bucotu Dy, Ta ropu-
30HTaIbHI fajbHOCTI Dy . BiamosinHi Kpusi npu-
BeleHO Ha puc. 4 (11Kaua crpaBa). Y BiAIIOBiIHOC-
Ti 1O HAIIMX PO3PaxXyHKiB KPUTUUYHOMY 3HAYEHHIO
v, = 11.2 km/c Binnosigae 3HayeHHa v, =7.7km/c
B TOUILi MiHIMaJbHOI BiICTaHi IO crocTepiraya.
JlaHoMy 3HAYE€HHIO LIBUIKOCTI Bianosimae R, =
~ 60 kM, Ta 3Ha4eHHsa BUCOTU D), ~ 31 KM i ropu-
30HTAJIbLHOI JaJILHOCTI Dy ~ 51 KM.

Bci Bu1LIi 3HaUeHHS LIBUAKOCTI OyIyTh O3HAYaTHU,
1110 11e 00J1ig — oMYy BilNOBiIAIOTh OLIbIII 3HAYEH-
HSI JajabHOCTI. MeHIIi 3HaYeHHSI IIBUAKOCTI OyIyTh
O03HayaTH, 110 CIOCTEPIraJuch yJaMKM KOCMiuHO-
ro Kopabiist ab0 KOCMIiYHOTO CMITTSI — BHMCOTa I10-
JILOTY IPU LbOMY OyJia 3HaYHO MeHIIo0. OCKijb-
KM 3HAQUYEHHS KyTOBOI IIBUAKOCTI B TOYII MiHi-
MaJIbHOI BiiCTaHi OyJIO OLIiIHEHO HAOJIMXEHO, 30HY
v, =7.7...11.2 KM/C BUIJIEHO CipUM KOJIbOPOM —
ineHTUiKalisg TiJla B Hiil € HeBU3HaueHowo. Ha
JKaJlb, IPOBE/IEHI BUILE PO3PAXYHKU HE Jau 3MOTU
OIHO3HAYHO iIeHTUMIKYBaTH TIJIO — 3 TOCTATHHOIO
iMOBIPHICTIO 11 Mir OyTH i 0TI/, i CYyTHUK — ajIKe
OTpPUMaHi 3HAYEHHs IIBUIKOCTEM i BUCOT MOJIbOTY
JIJTSI 000X BUMAAKIB € aJleKBATHUMMU.

TuM He MeHI, HasBHICTb B Kaupi TOYKM MakK-
CUMaJIbHOTO 30JIMKEHHSI, SIKYy MU BiglIyKaaud I10
MaKCUMYyMY KyTOBOI IIBUAKOCTI Y BilIIOBIAHOCTI /10
(3) abo (4), € IOCUTH PiIKICHOIO, i MyXKe KOPHUCHOIO
00CcTaBMHOIO. Y OLIBIIOCTI BUMAAKIB IIPU CIIOCTEPE-
JKEHHSIX CJTa0KUX KOPOTKUX METEOpiB Ha BEIMKMX
BUCOTAaX YaCTUHKHW BUMAPOBYIOTHCS 3a IECIATKU, a TO
1 COTHIO KIJTOMETPiB BiJl IXHbOTO IMTOTEHIIIHHOTO MaK-
CUMAaJILHOTO 30/IMKEeHHS i3 criocTepirayeM. OqHak y
nporpami Falling Star [8] naHa Touka anpiopHo po3-
risiaanacsd K HyJb-TYHKT LIKaJIW B3I0BX TPa€EK-
Topii L meTeopa mis ¢izudHoi Bu3dHayeHoCTi. Tomi
yCi TOYKH TIOJIOKEHHST MeTeopa, SIKi MaloTh Bil €MHi
3HaueHHs L, aBTOMaTUYHO JIeXKaTh JO TOYKW MaK-
CUMAaJIbHOTO 30JIMXKEHHS i3 MYHKTOM CITOCTEepEeKeH-
He (puc. 3, 0). 3HadyeHHsa R, = 0 o3Hauae, 110 Me-
Teop OyB cTalliOHapHUM, i TeOpeTUYHO OyB Halliie-
HUH y cIiocTepiraya. YMoBa MeprneHIUKYJISIPHOCTI
JIaHOrO HAIpSMKY BiJ crocTepiraya g0 TpaeKTopil
MeTeopa Ja€ MOXJIMBICTb 32 OTHOCTOPOHHIMM CITO-

v, KM/C D, xm
60 | DH
1 300
40 r
1 200
20 ¢
1 100
0 ' ' 0
200 400
R, xm

Puc. 4. 3anexHicTb JIiHIITHOT IIBUAKOCTI B TOYIIi TPAEKTODII,
110 BIiAIOBiIa€ MaKCHUMaJIbHOMY 30JIMXKEHHIO KOCMiuHOTO
Tija i3 crocTepirayem BiJ MapaMeTpUUYHO 3aJaHoi BilcTaHi
IO 3raflaHO1 TOYKW — CYIliJIbHA MpsIMa, JIiBa BiCb OpAMHAT; Ta
BUCOTa i FOPU30OHTAJIbHA JAJIBHICTb 10 TAHOI TOYKU — MyHK-
TUpPHA Ta TOYKOBA TPsIMi BiIlTOBiIHO, TIpaBa BiCbh OpJAMHAT

CTepeKeHHSIMU 3HAWTU pagiaHT meTeopa. JlilicHo,
SKIIO OJMHUYHUKM BEKTOp HOpMaJli 0 TJIOLIMHU,
SIKMIA TIPOXOJUTH Yepe3 TPAEKTOPil0 METeopa i TOUKY
CIOCTEPEKEHHS, — TOJII0C BEJIMKOIO Kpyra — 3Ha-
WTH y TIeplIoMy HaOMMKeHHI (3arajoM lie poOUTh-
Csl METOZIOM HaliMEHIIMX KBaJapaTiB MO BCiX TOUKaX
TpaeKTopii MeTeopa) sIK

) ¥ Xr
n= Start End

|rStart XTpug
noe ingekcu «Start» Ta «End» o3HavaioTh mepiry Ta
OCTaHHIO TOYKM Ha TPAEKTOPil MeTeopa 3 004umciie-
HUMHU €KBaTOpiaJIlbHUMHM KOOpIMHATaMH, TO OOU-
HWYHUWI BEKTOpP HAIlpsIMy Ha pafiaHT MeTeopa 3Ha-
MAETHCS SIK

I, Xn

Tpap =T

|r | X n|
3a I0IIOMOT0I0 BiIMOBIIHUX pO3paxyHKiB OyJI0 3HA-
MIEHO, IO Olp,p = 272.0°, 8p,p = —0.8°. Ha puc. 5
OpUBEACHO 300paxkeHHs HebOecHOI cdepu (Bum
330BHi), Ha SIKilf 300pak€HO TOYKU B3IOBX TPAEK-
TOpii MeTeopa 3 OOUYMCIEHUMHU €KBaTOPiaJIbHUMM
KOOpIWHATaMU — Ha pPUCYHKY METEOp pyXaBcs y OiK
30iJbIIEHHST TIPSIMOTO CXOMKEHHSI, TOOTO HJIsI 30-
BHIIIIHBOT'O OIJISIAY 3J1iBa HampaBo. TakoxX mpuBeae-
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AAH
a=267.2°
§=+19.2°
v=11.2 km/c

Equator (a—)
®

ADL
o-=234.5°
§=-2.5°
v="7.1'km/c

AUS
o = 287.9°

d=-12.2°
v=11.1km/c

o

Puc. 5. (a) HebecHa chepa — Burisia 330BHi. Oci rmoyarky
KOOpIIMHAT — TOYKA BECHSHOTO DIiBHOAEGHHS — ITOKa3y-
[OTh HAIPSIM 3POCTAHHS IIPSIMOTO CXOMKEHHS Ta CXUJIEHHSI.
Kpoxk citku o 060x koopauHarax ckianae 15°. (6) O6umc-
JICHU# padiaHT Ta HalOJIMXKYi pagiaHTH METEOPHUX MOTOKIB:
IIBUIKICTh — Fe€OLEHTPUYHA, KPOK ciTku — 10°

94

-5 . . . . . .
2 4 6 8 10 12 t,c

Puc. 6. Kpupa 61ucky — 3aarmocdepHa 30psiHa BeIMUMHA
KOCMIYHOTO 00’eKTa SIK (DyHKIIiS Jacy (MeXi IMoXuboK Bil-
MOBiIAIOTh 2-M CTaHAAPTHUM BiIXWUJICHHSIM)

HO oOuYucieHe 300paxkeHHsT BUIMMOTO pajiaHTa, Ta
pafiaHTH yCiX METEeOPHMX MOTOKIB (CBIT/Ii TOUKM) 32
1...20 ceprHg (BKJIIOYaIOUM TaKOX I11€ HE OCTAaTOY-
HO BCTaHOBJIEHi IOTOKHU, TOOTO POOOUYMIA CITMCOK
paniaHTiB) 3a manuMu MeteopHoro Lentpy Jlanux
MixuaponHoro ActpoHomiuHoro Cowozy (MDC
IAU) [2-5, 18].

Ille onuH 3 Gi3MYHUX ITapaMeTpPiB, SIKMII MOXHA
BU3HAYUTHU (aJie SIKWI TeX He TOMOMOXKe iaeHTUDi-
KyBaTH TiJI0) — KpUBa OJIMCKY KOCMIYHOTO TiJla SIK
¢yHKIig 4yacy. PeamizyBatu maHy mpoueaypy Iis
TaKoro SICKpaBoro 06’ekTa O4eBUIHO TO3BOJISIE Ha-
SIBHICTb 300paxkeHHsT Micslisl B Kaapi, Ta 1e i Ha
Iy>Ke OJIM3BbKili BUCOTI Hall TOPM30OHTOM, IO J03BO-
JISIE TIPOBOIUTH TIPSIME MOPiBHSIHHSI OJIMCKY 00’ €KTa
3 3aaTMOC(EPHOIO 30pSIHOIO BeJIMYMHOI0 Micsiis,
TOOTO 0€e3 KOpeKIlil 3a aTMocdepHe IMOIMHAHHS,
K€ € MPUOIM3HO OJHAKOBUM I 000X 00’ EKTIB.

BuszHauuTu X IOCTOBIPHO MOXMOKY BHUMIpIB 30-
psiHOI BeIMYMHU O0’€KTa AOCUTh BaXXKO, aIxe
00’eKT 3MiHIOE CBiil OJIMCK Bim Kaapy A0 Kaapy. 3a-
rajloM NoxmuoKa BHYTPillIHiX (POTOMETPUYHUX BUMi-
piB — iHTerpajbHa cyMa iHTeHCUBHOCTeW V B ycix
MmiKcesix, siKi HajiexkaTb 300paXkeHHI0 00’€KTa Hall
¢oHOM Heba — CKIAZa€eTbCsl 3 JBOX CKJIAJ0BUX:
po3kuay GaykTyauiii ¢oHy, 3a SIKMMU BHU3Haya-
€ThCsI Oro cepeaHe 3HAUYEeHHs (IOCTiliHA BEJIUYU-
Ha), sIKe IIOTIM BiIHIMA€ETHCS BiJ BUMIipiB 00’ €KTa;
Ta (ayKTyalill iHTerpajJbHOro 3HayeHHs V 3a pa-
XYHOK aTrMmocepHOoi TypOyjeHllii, sike Mae OyTu
npornopuiiHe camiii BesmunHi V, 10010 G €V .
K110 3HEXTyBaTU TEpIIO0 CKJIaA0BOI, i BBaXa-
T 110 Gy /V = const, TO JaHy BiZIHOCHY ITOXMOKY
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MOXHA 3HAWTH 3a BUMipaMu 300paxkeHb Micsiis B
pi3HMX KajpaxX, 3BaXKalouu Ha Te, 110 MOoro OJIMCK €
nocriiiHuM. g Micsug npu 3aaTMocdepHiil 30-
paHiit Benmuuni m = —10.95, o, /V ~0.042, To610
BiIHOCHA MoxuOKa BUMipiB gopiBHIOE 4.3 %. OTKe,
30psiHA BeJIMUYMHA CBITHOIO 00’€KTa 3HAMACTHCS SIK
m = my—2.5Ig(V/Vy), ne ingekc ‘M’ o3Hayae
Micsup. Toni moxmnbka 00YMCITIOETHCS 3 BUPA3Y

~ 222 Ov
" In10 V

KpuBy 01cKy 00’ekTa sIK (DyHKIIilO Yyacy IpuBe-
JIEHO Ha puc. 6.

(¢

BICHOBKHN

TomoBHMIT pe3ynbrar gaHoi poOOTU IIONSTAE B Je-
MOHCTpallii MOXJMBOCTI OTPUMaHHSI MaKCUMyMY
JIOCSKHOI iH(popMallil Mpo KOCMivHe Tijlo, 110 BJIiTaE
B 3eMHY aTMocdepy, HaBiTh MPU OAHOCTOPOHHIX CITO-
CTEPEXEHHSIX, MPOBEACHUX Y MAKCUMAJIbHO HECTIPU-
STJAUBUX YMOBAX, SIK 30BHIIIHIX, TaK i BHYTPillIHiX.
B manomy BMIagKy HECHPUSITIMBI BHYTPILIHI yMO-
B OyJIM MOB’sI3aHi 3 HU3bKOIO YYTJIUBICTIO KAMEPU,
a 30BHIIIIHI — 3 CHJIbHOIO 3aCBITKOIO BilI SICKPaBOIO
Micsus, sikuii OyB Maiixke y MOBHi (3 iHILIOrO OOKY,
HasIBHICTh 300paxkeHHs Mics1s y Kajapax Bineo3arnu-
Cy 103BOJIMJIA TTPOBECTU (DOTOMETPIlO JAHOTO SICKpa-
BOTO CBiTHOro 00’€KTa). 3acTOCYBaHHSI BiTHOCHO
MPOCTUX aJTOPUTMIB CyMyBaHHS i ycepeaHEHHS Bi-
JIEOKaIpiB B LIJIOMY Ta iXHE IHTEHCHBHO-IIOPiBHEBE
BUBE/IEHHS Ha €KpaH J03BOJIWJIO BiIHAWTH Ta OTO-
TOXHUTHU B Kaapax 45 omopHUX 3ipoK, Hakcmaomi 3
AKUX Majay 6iauck 5.4™...5.7™ 1pu NOBHIil HeBUIU-
MOCTi 300paxkeHb 3ipOK B MOYATKOBUX OIMHOUYHUX
Kajapax BiIeOMOCIiIOBHOCTI.

HocmimkenHss ¢opMyd 00YMCIIEHOI KPUBOI Ky-
TOBOI IIBUIKOCTI MeTeopa Ta HasSBHICTh y ITIOJi
30py TOUYKM MAaKCHUMAaJbHOIO 30JIMKEHHsI 00’€KTa
i3 criocTepirauemM I03BOJIMIA OLIHUTHU TajbMyBaH-
HSI KOCMIYHOTO TiJla B aTMocdepi, IpuIomMy BTpaTa
LIBUAKOCTI TiJla BiJl MOYaTKy A0 TOYKM MaKCHUMaJlb-
HOTO 30J1MKeHHS Moria cTaHoBUTH 32 %. [ani 06-
YUCJICHHSI Ta MOJEIIOBAHHSI HE JaJu 3MOTHU BiAIo-
BICTM Ha MUTAaHHS HAJIEXHOCTI KOCMIYHOTO Tijia 10

METEeOpOoiniB (IIBUAKICTH Maja OyTH OiIBILIOI Bil
11.2 xM/c) 91 10 KOCMIYHOTO CMITTsI, BKJIIOYAIOUYN
yJIaMKW OpOiTaJIbHUX CYITYTHUKIB — OTpUMaHi pe-
3yJIbTaTH JOIyCKalTh 00MIBa BapiaHTU. HasiBHiCTh
Yy MOJii 30py TOYKM MaKCHUMaJbHOTIO 30JIMXXEHHS i3
cIocTepiraueM J103BOJISIE TAKOX OOUYMCIUTU 3a OfI-
HOCTOPOHHIMHU CITOCTEPEKEHHSIMU paJiaHT MOXKIIU -
BOT'0O MeTeopoiaa, 1110 i 0yJio 3podjieHo. OaHaK 30Ha
OKOJIy IaHOI'0 padiaHTa Ha HeOeCHii cdepi € 1Mo cyTi
IMOPOKHBOIO, a TPU BiIHOCHO HAOIMKEHI pamdiaHTH
MEeTEeOpHUX IOTOKIB (KyTOBa BifCTaHb moHaja 15°)
MaJIi HaJ3BUYAHO MaJjli TeOLIEHTPUYHI IBUIKOCTI
(7...12 xm/c), TOOTO 1Ii METEOPHi MOTOKM Ha3a0Ta-
HSIIOTH 3eMJT10. 3 iHIIOro OOKY, IIJIOLIMHA PyXy Tpa-
€KTOpil 00’eKTa JIEXKUTh Mailxke mapajeabHO (xoua
i He 30BCiM) Ta OJIM3bKO 0 IUIOLIMHU €KBaTopa, Ta
TIJIO pyXajocs B HampsIMKy oOepTaHHSI 3eMili, 1110
MOXKE€ CBIIUMTU IIPO MOXJIMBE ITamiHHSI TeocTalli-
OHapHOTo cyrnyTHUKa. OCTaHHE TPUIYILIEHHS €,
npaBia, MaJOMMOBIpHMM, 3BaXKalouud Ha Te, IO
reocTaiioHapHi CymyTHUKH, K MPaBUIO, HE CKU-
JlaloThcsl B aTMOcdepy, a BUBOASATHCSI Ha BUILI OpOi-
™1 noxoBaHHs. [ToOynoBaHa ¢oToMeTprUUHA KpHUBa
011CcKy 00’€KTa 3a JOIIOMOT0I0 KajliopyBaHHSI, IIPO-
BelleHOTo 3a 300paxkeHHsIM Micsiisl (30psiHa BeJu-
4KHa BapiloBaja y Mexax —5.5"...—8.5™) Takox He
JIO03BOJIMIIA TIPOBECTU imeHTH(iKamio Tina. I xoua
iH(opMallist, oTpMMaHa B Pe3yJbTaTi OIpalioBaH-
H$I OJHOCTOPOHHBOTO Biig03aIuCy JaHOTO KOCMiu-
HOTO TiJla, HE T03BOJISIE OTPUMATH YCi KiHeMaTUYHi
XapaKTepUCTUKU 00’ €KTa, TaKi IK MOAYJIb MOI0 reo-
LIEHTPUYHOI IIBUAKOCTI Ta BIAIMOBIAHO €JIEMEHTHU
op0OiTH, HaBeleHa METOAMKA OIpalllOBaHHS Bimeo-
3aI1Cy, OTPMMAHOTO B TAKUX CKJIaJIHUX CITOCTEPEXK-
HUX yMOBax, Oyne 6e3rnepedyHo KOPHUCHOI TUM, XTO
3aliMa€eThbCSI METEOPHUMMU CIIOCTEPEXKEHHSIMU Ta 00-
POOKOIO CITOCTEPEXKHUX JaHUX.

Poboma suxonana 3a wacmkoeoi niompumxu oep-
acasHoi brodxucemnoi memu 196@023-02 MOH Ykpainu.

Asmopu 60auni unrenam Kuiscokoeo acmponomiu-
HOo20 KAy0y «Acmpononic» 3a ixHiil 6kaa0 6 po36UmMoK
CHOCMEPEeNCHOI MemeopHOi ACMPOHOMII.
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PROBLEMS OF PROCESSING VIDEO RECORDS OF BRIGHT BOLIDES
AND FALLING SPACECRAFT REMNANTS DETECTED BY LOW-SENSITIVE
HOUSEHOLD VIDEO CAMERAS IN POOR OBSERVATIONAL CONDITIONS

We present the method for kinematic and photometric processing of results of single-station video observations of a unique
bright fireball (bolide or space vehicle remnant) carried out in bad observational conditions. Due to the low sensitivity of the
video camera, lots of star-shaped artifacts in the camera detector on the one hand, and the bright Moon of —10.95 mag, which
was directly in the camera field of view on the other, the star images were completely absent in all the frames. It is demonstrated
that using the averaging and summing algorithms applied to the whole set of frames and the display of different dynamic layers
of intensity allowed us to find and identify 45 reference stars, the faintest of which were of 5.4...5.7 mag. Due to the visibility of
the point of closest approach of the object trajectory to an observer, which corresponds to the maximum angular velocity, in the
camera field of view and the performed modeling, we obtained the next data about the fireball from the single-station detection
after the video processing. The fireball fall lasted longer than 12 seconds, the angular length of the trajectory exceeded 60 deg,
maximum angular velocity was computed as 7.4 deg/s. It was shown that the space body in the point of maximal approach could
lose near 32 percent of its initial velocity. Visibility of the maximal approach point allowed us to calculate the right ascension
and declination of the visible radiant as 272.0 and —0.8 deg, respectively. The luminosity of the fireball was varying in the range
of —5.5 to —8.5 mag. All the calculations performed did not allow us to unambiguously identify the fireball as a meteoroid or as
a cosmic debris fragment.

Keywords: meteor, meteor shower, bolide, space debris, meteor trajectory parameters, photometry.
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MIIBUAIIEHHA BJIACTUBOCTEI TE®OPMOBAHUX
AJTIOMIHIEBUX CILTABIB, MOIN®IKOBAHNX HAHOKOMITO3UIIAMM

Mema pobomu — odepoicanns ducnepcHoi cmpykmypu ma ni08UUeHHA MeXaHiyHUX ma mexHoA0IMHUX eaacmusocmell degpopmosa-
HUX AAOMIHIEBUX CNAABIE WAAXOM 00POOKU PO3NAABI6 HAHOOUCHnepCHUMU Mooughikamopamu. Bemarnoeaeno enaue mooupikyeanis
mMYeonaAa8KumMu HaHOOUCNEePCHUMU KOMROZULISMU KapOOHimpudy mumawy i kapoioy KpemHilo Ha 3epeHHY cmpyKmypy i eracmu-
eocmi antominiesux cnaasie. Jlocaioncerno anrominiesi cnaasu cucmemu Al-Mg, Al-Mg-Sc. Haykoea Hosusna pobomu noaseae y
6CMAHOBACHHI MEXAHIZMY 8NAUBY HAHOOUCNEPCHO20 MOOUGikamopa Ha 3epeHHy CMpYKmypy ma KOMNAeKc 81acmueocmeil anto-
MIHIEGUX CcnAaBi8. 3anponoHo8ano ckaad modugikamopa — HanooucnepcHi nopowku kapoioy kpemuiro (SiC) ma kapoonimpudy
mumany (TiCN) gparuiii 50...100 um. Mikpocmpykmypy cnaagieé suéuaiu Ha onmuyHUX Mikpockonax. Miynicui eaacmugocmi
cnaagie eusnavaru Ha mawuri TIRAtest300. PiounHomekyuicms 8usHauaiu memooom chipaivHoi npoou. Jlocsenymo noainueHHs
MeXHON0TUHUX 8AACMUBOCMEN ANHOMIHIEBUX CNAABIE nicas MoOupikyeanHs. Pidunnomexyuicmo suseunacs niduueHor y cniaeax
AMe5 i 1545 y cepedonvomy na 10 %. Ompumaro 00HOPIOHY OUcnepcHy CmpyKmypy aAroMIHIEGUX CHAABI8 Nicas MOOUGDIKYEAHHS.

HuryBanus: Ixyp €. O., Kaninina H. €., Ixyp O. €., Kaninin O. B., Hocosa T. B., Mamuyp C. 1. [TinBuiieHHsI B1acTu-
BOCTei 1e(pOpMOBaHUX aTFOMiHIEBUX CTUIABiB, MOIU(IKOBAHMX HAHOKOMMO3ULisSIMU. Kocmivna Hayka i mexuonoeis. 2021. 27,
No 6 (133). C. 98—104. https://doi.org/10.15407 /knit2021.06.098
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Bemanoeaeno nodpionenns sepna moougikosanoeo cnaagy 1545 6 1.6 pasza nopieHsano i3 UXIOHUM CIMAHOM, WO CRPUSNO0 NIOGU-
wenn miynicHux xapakmepucmuk. Miynicni enacmueocmi moougikosanux cnaasie niosuuweni na 14...20 %. Iposedeno cepiio
docaioHo-npomucrosux niasok cnaagie AMe5 ma 1545. Jlogedeno eghexmuernuii eniue myeoniagkoeo moougikamopa Ha 0CHOSI
Kapbidy KpemHuio ma KapOoHimpudy mumany Ha e1acmueocmi arominicgux cnaasis. Pesyssmamu pobomu maroms npaKkmuute

3HA4YeHHs 045 8upodis agiayilinoi ma KoCMiuHOI MexHIKU.

Karouosi caosa: anrominiesuii cnaas, Hanomooughikamop, 3epHo, medca mexKy4ocmi, cCmpyKmypa.

BCTYII

MeTta po6oTU — oAepKaHHS AUCIIEPCHOI CTPYKTYPU
Ta IMiIBUILEHHS MEXaHIYHUX BJIACTUBOCTEN Aedop-
MOBaHUX aJIOMIiHIEBUX CIUIABiB IUISIXOM OOpPOOKHU
pO3IJ1aBiB HAHOAUCTIEPCHUMU MoaU(piKaTopaMu.

B pakeTHO-KOCMiUHili TeXHilli aJlOMiHi€BI cruia-
BU cucteMm Al-Mg, Al-Mg-Sc € KOHCTpYKUiHHUMU
MarepiajJu JJisi BUTOTOBJICHHSI CUJIOBUX €JIEMEHTIB
TpyOOINPOBO/IiB, CUJIL(MOHIB, 1110 MPalOIOTh B YMO-
BaX 3HAUHMUX HABaHTaXXE€Hb, KOJIMBAaHb TEMIIEPATYP
B arpeCMBHUX cepeaoBuiax. ToMmy g0 mechopmona-
HUX aJIIOMiHIEBUX CILJIABIB IIpe’ IBISTIOTHCSI BUMOTHU
TEXHOJIOTIYHOCTI, ITiIBUIIEHOI MIIITHOCTI B TIOEM-
HaHHI 3 MJIACTUYHICTIO, @ TAKOX KOPO3i1MHOI CTili-
Kocri [1, 2, 12, 13]. JlocITHEHHSI BUCOKMX SIKICHUX
MOKa3HUKIB BUPOOIB BU3HAYAETHCS TEXHOJIOTIEIO
IXHbOIO BUTOTOBJIEHHS. YIOCKOHAJIEHHS TEXHOJIO-
MYHUX CIIOCOOIB BUIOTOBJIEHHS BiANOBiZAJIBHUX
BUPOOIB paKeTHO-KOCMIYHOI TeXHIKM 3 aJlOMiHi€-
BUX CIUIABiB ITOB’sI3aHE 3 MiKpOJIETYBaHHSIM i MOIU-
(hikyBaHHSIM pO3ILIaBiB. Y 3B’3Ky 3 LIUM TeMaTuKa
JlaHO1 PoOOTH, CIIpSIMOBaHa Ha IMiABUILEHHS KOMII-
JIEKCY MEXaHIYHMX, TEXHOJIOTIYHMX i KOpO3ilHUX
BJIaCTUBOCTEl nedOpMOBaHUX aTIOMiHIEBUX CILIa-
BiB, € aKTyaJIbHOIO.

3BaproBalibHUI crutaB AMrS cucremu Al-Mg Ha-
JIEXKWUTH 10 CIUIABIB, SIKi HE 3MILIHIOIOTH TEPMIUYHOIO
00poOko1o [2, 3]. 3 MeTo10 3MILIHEHHS IIPOBOISITH
HaraptyBaHHs Ha 10..20 % [1], mpu 1bOMY Mexka
MIITHOCTi 30UTBIIYETHCS, ajl€ TIACTUYHICTh 3MEHIITY-
erbest. OnepKaHi 3BapHi 3’€AHAHHS B LIJIOMY 3a[10-
BOJIbHSIOTh BUMOTM 1I0JI0 MEXaHIYHWX BJIaCTUBOC-

Tabauys 1. Ximiunmii ckiaj cniasiB cuctemu Al-Mg-Sc

Te, MPOTe BOHM XapaKTEPU3YIOThCS 3HEMIITHCHHSIM
B 30Hi TepmiuHoro BruinBy. Ha ocHOBI criiaBiB AMrS
i AMr6 po3po0bJ1eHo cepito amoMiHiEBUX CIUIaBIB, Mi-
KpoJieroBaHux ckaHmaiem (Sc) [3, 4].

CrutaBu cucteMu Al-Mg-Sc TTO€IHYIOTh BUCOKY
MILIHICTh, MATOMY MIilLIHICTh 3 3aJO0BUIBLHOIO TJIac-
tnyHicTio. CriaB 1545 cTtBopeHo Ha 0asi cruia-
BY AMTIS i MiCTUTh SIK MiKpOJIETYIOUMI1 €JIEMEHT
0.3...0.5 % Sc.

3rimHo 3 miarpamorlo crany Al-Sc y cucremi yTBo-
PIOIOThCA YOTUPH iHTepMeTallinHi cnonyku: Al;Sc,
Al,Sc, AlSc, AlSc,, sKi 3a0e31euyioTh 3MillHEHHS
cruasy [3, 5]. Cronyka Al;Sc Hal6GiIbII IMCTIEpCHA
Ta 3AiiCHIOE MOAM(DIKYyBaJIbHY Ail0 IPU KpUCTaTi3a-
1ii CILIaBY.

IcToTHUIA BIUIMB Ha NOAPIOHEHHSI CTPYKTYpU
CIUIaBiB Ta 3MIiLHEHHS YMHUTH MOIM(QiKyBaHHSI
posriasiB [4, 6—S8].

OpHak Biomi po6oTH 3 MOAU(DIKyBaHHSI aTlOMi-
Hi€EBMX CIUIaBiB MeHI AeDiIUTHUMU PiJKO3EMEIb-
HUMM MeTanaMu. BigoMocTeil 3 MoaugikyBaHHS
cnaBiB cucteM Al-Mg-Sc nucriepcHUMU KOMITO3U -
LisIMU HegocTaTHbBO [9, 10].

MATEPIAJI I METOAUKA JOCIIIZKEHD

JocnimKyBaau alioMiHieBi ciuiaBu cucteMu Al-Mg
i Al-Mg-Sc. XimiuHu#l ckaj CIUIaBiB HaBeleHO B
Tabma. 1.

[Topoumiku MoaugikaTopa — KapOigy KpemHilo
SiC Ta kapOoniTpuay tutany TiC,N aucnepcHicTio
100 HM OTpMMaHO METOAOM IUIA3MOXiMiYHOTO CHH-
Te3y [4, 8]. MikpoCcTpyKTypy CILIaBiB BUBYaJIM Ha

Ximiunuii ckinan, % mac
CruiaB
Mg Fe Si Mn Cu Ti Sc
AMr5 4.8 0.5 0.5 0.3 0.1 0.1 —
1545 4.2 0.3 0.3 — — — 0.2
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a

Puc. 1. MikpocTpykTypa antoMiHieBoro cruiaBy 1545: a — no monudikyBaHHsI, x200, 6 — micas MmoaudikyBaHHs, x200

Tabauys 2. Dizuko-MexaHiuHi BIACTUBOCTI AuciepcHIX MoaudikaTopis [2, 4]

TTapametp Kap6in kpemHito SiC Kapoonitpun tutany TICN
LinbHicTh, KT/M3 3200 4950
Temnieparypa nnaBiaeHHs, “C 2600 3120
Tun dasu BITPOBAJIKEHHSI BITPOBAJIKEHHSI
Kpucraniyna rpatka IruK ruk
TsepaicTs 3a Bikkepcom, MIla 2800 3600
Mexa minnocti, MITa 457 560

ONTUYHUX MiKpockorax. MexaHiuHi BJIaCTUMBOCTI
cruiaBiB BU3Havaiu Ha MaiuHi TIRAtest300.

PE3YJIBTATU JOC/IIJIKEHD

OTpuMaHy MOPOIIKOBY CyMilll 3 HAHOIOPOUIKiB Ta
aJIFOMiHIEBOI TyApy IIpecyBajii Ha IMpec-aBTOMaTi
TA-3 nipu 3ycuini 4 MIla. Hiametp TabjJeTOK MO-
nudikaropa craHoBUB 15 MM, Bucota — 8 MM. [o-
CJIIIKEHHSI CTPYKTYPU 1 BIACTUBOCTEN allOMiHiEBUX
CIUIABiB B IMTOMY i 1e(hOpPMOBAHOMY CTaHi BUKOHY-
BaJIY [0 i IMicist MOOU(PiKyBaHHS.

VY npoMuciaoBMX yMOBaX BUKOHAHO IOCIiAHI
MIaBKU cruiaBiB AMrS i 1545, monudikoBaHUX Ha-
HOJIMCIIEpCHUMU MopouikamMu. ToHKoaucnepcHi
YaCTMHKM HaHOMoAu®diKaTopa € aKTUBHUMM TeTTe-
paMu y po3ILjaBi.

Aromu y crioykax SiC Ta TiCN mos’si3aHi Mix
c00010 KOBAJICHTHUM 3B’SI3KOM, SIKWMI € HaNMIIIHi-

100

1AM i 3yMOBJTIOE BUCOKY TeMIIepaTypy TJIaBICHHS,
IIOCTaTHIO TBEPIIiCTb i XiMIYHY CTiliKiCTh TUCTIEPCHOI
crnoayku (Tadir. 2).

Yepes ycKJIagHEHHS 3 TIPSIMUM BBEIEHHSIM Yac-
TUHOK Y pO3IlJiaB (MMOBiIpHICTh OKMCJIEHHS i 3aro-
DSIHHSI, BUCOKA 3[JaTHICTh A0 MUJIOYTBOPEHHS) Ta-
0eTk MoaudikaTopa BBOIWIM B PIIKUI PO3IIaB
3a CIeliaJbHO po3po0bjeHOo TexHojorie [13].
Temnepatypa posiuiaBy ctaHoBuia 780 °C, yac mii
monugikaropa — 5...7 XB.

Tabauys 3. Pe3yasraTi BU3HAYEHHS PiIMHHOTEKYYOCTi CILIABIB

Cruias PinnHHOTEKYUiCTh, MM
AMTS, BUXigHui 270
AMTS, MoaudikoBaHUi 280
1545, BuxigHuit 330
1545, monudikoBanmit 350
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O1iHKY 3epeHHOI CTPYKTYpH IPOBOAMIN Ha I10-
3IOBXKHIX ITIepeTUHAX P00, BiIJINTUX Y KOKiJIb.

BuBuyeHHsI MiKpOCTPYKTYpM CILJIaBiB ITOKa3ajio
(puc. 1), o y HeMonudikoBaHOMY CILJIaBi cepeIHiil
po3Mmip 3epHa cTaHOBUTH 240 MKM, a y MoaudikoBa-
HOMY CTaHi 3MeHIIyeTbcst 10 150 MKM. 3epHO y MO-
nudikoBaHUX 3pa3Kax BUSBIWIOCH y 1.6 pasza npi0-
HIlIMM, HiXX y BUXiIHUX, 1110 3aI100ira€ yTBOPEeHHIO
JIEHAPUTHOI CTPYKTYPHU Tif yac aehOpMyBaHHSI.

BcTranoBiaeHo MexaHi3M KpHCTai3allii aoMiHie-
BUX CIUIABiB, 1110 MiCTSITh HAHOMOIMU(DIKATOPU.

Hanouactunku SiC i TiCN po3mipamu 100 HM €
MEPBUHHUMM IIEHTpaMM KpUCTasi3allil aJioMiHie-
BUX CILIaBiB. IXHS KiJIbKiCTb y PO3ILUIaBi CTAHOBUTH
1010...10'2[4] yacTuHOK Ha | KT po3ruiaBy. YacTHH-
K1 MoaudikaTopa MaloTh TeMIEpaTypy IUIaBIeHHS
Buiie 3a 3000 °C, BOHM HE PO3UMHSIIOTHCS B aJIFOMi-
Hi€BOMY pPO3ILIaBi, ajie € MEPBUHHUMMU 3apOaKaMu
KpucTajlizalii Ta CHpusiliOTb YTBOPEHHIO APiOHO-
3epPHUCTOI CTPYKTYpU. B pesynbTaTi Ha 1MX 3apoj-
Kax KpHucTali3allili yTBOPIOIOThCS JAPiOHOAMCIIEPCHI
KpucTaau MaTpuuHoro cruiaBy. Hanoyactunku SiC
i TiCN 3MiHIOIOTb i BHYTpILIHIO OYIOBY CIUIaBiB,
MPU3BOJSITH 10 BUAICHHS 3MIlIHIOBaJIbHUX (a3 B
00’eMi 3epeH. YTBOpPEHHS OAUCIIepCHOI, MOAU(iIKO-
BaHOI CTPYKTYpH 3a0e3Ieuye MiABUILICHHS MeXaHid-
HUX BJIaCTUBOCTEM CILJIaBiB, 30KpeMa MexXi TeEKy4ocC-
Ti, sIKa € CTPYKTYPHO-UYYTJIMBUM TTapaMeTPOM.

B po06oTi BU3HAYanu piIMHHOTEKYYiCTh CIUIaBiB
METOJIOM CITipaibHO1 mpoou. TemriepaTypa 3a1uBKHA

Me:xa tekydocti, MIla

Puc. 2. 3anexHicTb MeXi TEKy4OoCTi cruiaBy 1545 Bin
ckany Moaudikartopa

repeBulilyBaja TeMIlepaTypy IJaBJIeHHS TOCTiIXKY-
BaHux criaBiB Ha 100 °C. 3HayeHHS piIMHHOTEKY-
YOCTi CIJIaBiB [0 i micjst MoAuGiKyBaHHSI HABEJICHO
B Ta0JI. 3.

Takum ymHOM, MoAUGQIKyBaHHS ITiABUIIYE pi-
JUHHOTEKYYiCTh AOCIIMKyBaHMX cIuiaBiB AMrS i
1545182 9.4 % 1 10.3 % BiamnosigHoO.

Jns nepeBipku Ail KOMILJIEKCHOro Moaudikaro-
pa Ta onrTuMizallii oro ckjaay Oyio mposeaeHo 10
J1abopaTopHUX 1 AOCTIAHO-TIPOMMCIOBUX TIaBOK
amoMmiHieBoro criaBy 1545. Ckiaa KOMIUIEKCHOTO
MoaudikaTopa Ta pe3yabTaTu MEXaHiYHUX BUIIPO-
OyBaHb JIMTUX 3pa3KiB cIUiaBy 1545 npeacTaBiieHO B
Tab1. 4.

Tabauys 4. Mexka TeKy4ocTi i po3mip 3epHa aoMiHieBoro ciiaBy 1545, 00po0/1eHOro KOMILIEKCHUM MOIU(DIiKaTopoM

1}31(;1:12?1 . — MO.HWI)IKaTOPa’ e % Gy, MITa Po3Mip 3epHa, MKM
SiC Ti(C,N) Al-niynpa
0 0 0 0 197 241
1 30 5 65 209 204
2 40 10 50 240 195
3 30 15 55 224 196
4 40 15 45 242 188
5 40 20 40 245 181
6 40 30 30 227 196
7 45 5 50 227 195
8 45 10 45 249 166
9 35 15 50 239 174
10 45 15 40 250 152
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Posmip 3epHa, MKM

Puc. 3. 3anexHictb po3mipy 3epHa criaBy 1545 Bin ckiany
moaudikaTopa

3a eKcHepMMEHTATbHUMHU TaHUMU Y TIporpami
Microsoft Office Excel 2007 moGynoBaHo rpadiku
3aJIEXKHOCTI MeXi TeKy4JocCTi (puc. 2) i po3Mipy 3ep-
Ha (puc. 3) criaBy 1545 Bia ckiany KOMIUIEKCHOTO
Moaudikaropa. S BUTUIMBAE 3 puc. 2, MK MeXi Te-
KydocTi ctaHoBuTh 250 MIla. Ha puc. 3 nokaszaHo,
1110 HAaMEHIIMK po3Mip 3epHa 152 MKM BiaIoBigae
ONTUMAJIbHOMY CKJIaay KOMIUIEKCHOTO Moaudika-
TOpA.

BICHOBKHN

1. BcraHoBi€HO, 1O IEPCIIEKTUBHUM CIIOCOOOM
MiIBUILEHHSI BJACTUBOCTEN JAe(OpPMOBaHUX alio-
MiHI€EBUMX CIIaBiB € MOIM(DiKyBaHHS TYTOIJIaBKUMU
HAHOKOMIO3UIIiSIMM.

2. dng o6pobku gedopMOBaHUX AJFOMiHIEBUX
CIJIaBiB 3aIllpONOHOBAHO KOMIUIEKCHUI Moaudi-
KaTop Ha OCHOBiI HAHOAMCIIEPCHOTO KapOimy KpeM-
Hilo Ta KapOOHITPUAY TUTaHY po3MipoM yacTok 50...
100 HMm.

[TpoBeneHi eKCIIepMMEHTH CBig4yaTh, IO Hail-
MeHie 3epHo (152...160 MKM) i HalOIIBIITY MEXY
TeKkydyocTi (245...250 MIla) MaioTh 3pa3Ku CIijia-
By 1545 i3 Takum BmicToM KommoHeHTiB: 40...45 %
SiC, 15...20 % Ti (C,N), anromiHieBa ryapa — iHie.

[MnacTuHicTh (BiZHOCHE ITOJOBXEHHS) MOIU-
(bikoBaHoTO craBy 30epiranacs Ha piBHi 12...14 %
BiTHOCHO BUXIJJHOTO CTaHY.

3. B pesyabrarti JoCiKEeHHS 0Jep>KaHO Moapid-
HEHHS 3epHa MoIM(iKOBaHMX CIUIaBiB Ta MiIBK-
LIEHHS MIL[HICHUX BJIaCTUBOCTE. 3ampoIrioHOBaHO
MEXaHi3M KpucTaji3alii MoaugiKoBaHUX CILIaBiB.

4. BcTaHOBIIEHO 3a/IEXKHOCTI BIUIMBY KiJIbKOC-
Ti HaHOMoau(iKaTopa Ha MIIHICHI BJaCTMBOCTI Ta
po3Mip 3epHa aJloMiHiEBOTO cruiaBy cucteMu Al-
Mg-Sc.
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IMPROVEMENT OF PROPERTIES OF DEFORMED ALUMINUM ALLOYS
MODIFIED BY NANOCOMPOSITIONS

The objective of the work is to obtain a dispersed structure and increase the mechanical and technological properties of de-
formed aluminum alloys by treating melts with nanodispersed modifiers. The effect of the modification by refractory nanodis-
persed compositions of titanium carbonitride and silicon carbide on the grain structure and properties of aluminum alloys has
been established. Aluminum alloys of the AlI-Mg, Al-Mg-Sc system have been studied. The scientific novelty of the work lies in
the establishment of the mechanism of influence of the nanodispersed modifier on the grain structure and the set of properties
of aluminum alloys. The composition of the modifier is proposed — nanodispersed powders of silicon carbide (SiC) and tita-
nium carbonitride (TiCN) with fractions of 50...100 nm. The microstructure of alloys was studied under optical microscopes.
The strength properties of the alloys were determined on a TIRAtest300 machine. Fluidity was determined using the spiral test
method. In the modified samples of aluminum alloys, improved technological properties were achieved. It was found that, in al-
loys AMg5 and 1545, the fluidity increased by an average of 10 %. After the modification, we obtained a homogeneous dispersed
structure of aluminum alloys. It turned out that the average grain size in the modified samples of alloy 1545 decreased 1.6 times
in comparison with the initial state due to the increase of strength characteristics by 14...20 %. A series of experimental-indus-
trial melting of AMg5 and 1545 alloys has been carried out. The effective influence of a refractory modifier based on silicon
carbide and titanium carbonitride on the properties of aluminum alloys has been proved. The results of the work are of practical
importance for aviation and space technology products.

Keywords: aluminum alloy, nanomodifier, grain, liquid fluidity, fluidity limit, structure.
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BIIJINB ITAPAMETPIB SLM-ITPOLHECY HA ®OPMYBAHHA OBJIACTI KOPIOHIB
JETAJIEN 3 2)KAPOMIITHOTO HIKEJIEBOTO CILIABY INCONEL 718

Pobomy npucesueno yoockonanreHHIO pedcumie mexHonoeii ceneKkmueHo20 Aa3epHo20 NAA6AeHHs HA 0CHO8I PO3paxyHK080i Modeni
011 3HUIICEHHS PIGHA 3ANUMKOBUX HANPYJICeHb Ma 3anobieants eioxuiens ¢ eeomempii demani. Ilpueodsmoucs pe3yavmamu mode-
NH0BAHHS HA YHIBEPCANbHIT 80K CEAbHIU CIPYKMYPI [ CNPOUIEHOMY 00°€KMI 0451 NPOCHO3YB8AHHS NOBCOIHKU MEMAny 8 3aAelCHOCI 8i0
winbHocmi numomoi enepeii ¢ obaacmi kopoowie memanesoi demani 3 Inconel 718. [Ipogedeno exchepumenm 015 8UGHEHHS GNAUBY
PIBHUX cmpameeill | pexcumie npouecy HA GUKPUBAEHHS Oemanell 6 pe3yabmami enau8y 3aiUuKo8UxX HaAnpylceHb 3 Memor ixHvol
minimizayii. Jpyk 30iiicnosascs na 3D-npunmepi «Alfa- 150> (TOB «ALT Ykpaina») npu nocmiiiniic nomyscrocmi i eidcmani mixc
mpekamu 6 KoxcHill 30wi (up-skin, down-skin, in-skin) 3i 3minor0 weudkocmi pyxy npomens nazepa, a MaKodic Pi3HUMU CXeMAMU
HapouwyeamHts 3paskie cnocobom 3D-npurnminey 3 n06opomom 67° KONCHO20 HOB020 Wapy 8i0HOCHO NONEPEOHb020. 3 MeMOK GU3HA~
ueHHs Oeghekmis i 6i0XuAeHb 810 GUXIOHOI Modeni 00 meepdoeo mina (3paszok) 06ye UKOHAHULL MemAanoepapiMHULl aHaiiz 3a 00NOMo-
eoro onmuunoi mikpockonii (Carl Zeiss AXIOVERT 200M). Bcmaroénero, wo cumyasyis npouecie OpyKy, BUKOHAHA HA naamgopmi
Magics, 3a donomoeoro po3ousku modeni Ha BOKCeAbHY CIMPYKIMYPY 0A€ MONCAUBICINb AHAAIMUYHOI OYIHKU HANPYICeHb | deghopma-
yitl. AHaniz 306HiUHb020 6u2A0y 00CAIOHUX 3DA3KI6 NOKA3A8, W0 HalKpauwyi NoKkasHuku down-skin ghopmyromscs npu NomysucHocmi
80 Bm i winsnocmi numomoi enepeii (40...38 Joc/mm?). Ipu euxopucmanni cmpamezii OpyKy 6 wiaxogomy nopsaoKy 3 Hoopomom
67° npu ONMUMANBHIT WINLHOCMI NUMOMOT eHepeii MONCAUBO MIHIMIZY8AMU 3AAUKO8] 6HYMPIUHI HANPYICEHHS, W0 NPU3E00SMb
00 sUKpUBAeHHS 8UPO0Y. Y MAUOYMHbOMY pe3yabmamu MoJCyms Oymu 00n08HeHi 00CAI0NCeHHAMU BNAUBY 3ANUUKOBUX HANPYIHCEHD
CUA CMUCHEHHS NpU NAUGI NPOMEeHs. Aa3epa npu NOCMiliHill nidéedeHiii nomyxicHocmi. 3 GUKOPUCMAHHAM PO3PAXYHKO080I Modeni,
AKa 0036045€ 004UCAI08AMU 3ANUWKOB] HANPYICEHHS NPU HAHECEHH] HACMYNHO20 WApy 8 3aAedCcHOCMI 8i0 uieudkocmi pyxy aasepa,
nomyscHocmi i 6i0cmani mijc HaHeCeHUMU MPeKamu MOJICAUSe OMPUMAHHS GUCOKOMOUHUX Oemanell 3 3a0AHUMU 81ACMUBOCMAMU.
Bukonano adanmaujito modeni, ska 0036045€ ompumamu KiAbKiCHY OUIHKY 3AAUUWKOBUX MEPMIYHUX HANPYICEHb 8 3ANelICHOCMI 60
wWeUoKoCcmi nepecy8anHs i NOMyJicHOCmi aazepa 045 Jcapomiynoeo cnaaesy Inconel 718. Busnaueno onmumanvui pexcumu 015 MiHi-
MI3Auii Yux HanpyslceHs [ SMeHUEHHs BUKPUBACHHS 0emali.

Karouoei caosa: 3aruwikosi nanpyscenus, cenekmuene nazepre naaenenns, Inconel 718, cuna cmuchenns, aasep.

LuryBanusa: Amkamcbkuii C. B., Kononenko I A., [Togonbebkuii P. B. Brutus mapamerpis SLM-mpotiecy Ha popMyBaHHS
00J1aCcTi KOPIOHIB AeTaieil 3 XXapoMiliHOTo HikesieBoro ciiaBy Inconel 718. Kocmiuna nayka i mexnonoeisn. 2021.27, Ne 6 (133).
C. 105—114. https://doi.org/10.15407 /knit2021.06.105
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BCTVYII

SLM-TexHOoI0Tisl — 1Ie Cy4aCHUM CIlociO BUpOOHU-
LITBA AeTajleil 31 CKJIamHOI0 T€OMETPIEI0 i BUCOKUMU
MexaHiYyHMMHU BaactuBocTsMu [1]. g texHosorisa
rnoJisirae y mooynoBi BUpoOy 3a JOMOMOIor 6arato-
Pa30BOro MoIapoBOro HAHECEHHSI MeTaJleBOTro TO-
POIIKY, MOT0 IIBUAKOTO PO3ILJIaBIESHHS il BIUIU-
BOM iTTepOi€BOro BOJIOKOHHOTO Ja3epa, SIKUi cKa-
HY€E TIOBEPXHIO BiAIIOBIIHO [0 3aJaHOI TPAEKTODII.

JaHa TexHoJIOrisI Ma€ psi mepeBar Ijsi BUTO-
TOBJIEHHSI BUPOOIB aBiallifHO-KOCMIYHOTO IIpH-
3HAUEHHSI: MOXJIMBICTh OTPUMAaHHSI TOHKOCTIHHUX
JeTtajeil 3 KpUBOJIIHIMHUMU KaHajlaMM, CIPOILEeH-
HsI IXHbOTO BUPOOHUIITBA 32 PAXyHOK 3MEHILIEHHS
KUTBKOCTI TEXHOJIOTIYHUX MEPEXOIiB, 3aCTOCYBAHHS
KOMIT'IOTEpPHMX IIporpaM i 3aco0iB aBTOMaTH3allil,
1110 TO3BOJISIOTH ONTHUMIi3yBaTH KOHCTPYKIIit0 BUPO-
0y, MOXJIMBICTb ITOJIETILIEHHSI KOHCTPYKILIIT IS ITif-
BUILIEHHS KoedillieHTa «Buy-to-Fly».

OgHUM 3 HEOOMIKIB JaHOI TEXHOJOTil € HasB-
HIiCTb BHYTpIlLIHiX HampyeHb y BUpooOi. [TpuunHa-
MU (OpMYBaHHSI HamnpyXeHb € BUCOKA IIBUIKICTb
OXOJIOJKEHHSI TIpU 3aTBEpAiHHI BaHHU PO3ILIABY Y
MeKax OJTHOTO TPEeKY (IIBUAKOCTI OXOJIOMXKEHHS Bifl
103 no 108 K/c), Benukuii rpafgieHT TeMIepaTyp Mix
PIIKMM PO3ILJIAaBOM BaHHU i MOIEpEeIHIMU TBEPAM-
MU 1mapamu BUpoOy. Oco0aMBO 1€ aKTyaJIbHO IS
KapoMmiHoro cymnepcriaBy Inconel 718, ockinbku
JIJIS1 HbOTO XapaKTepHUI HU3bKUI KoeillieHT Ter-
Jonepenadi. HepiBHOMIpHICTh pO3MOMUTY 3aJIUIII-
KOBUX HaIpyKeHb MOB’s13aHa 3 TAKOI 0COOJIUBICTIO
TEXHOJIOTI1, IK BIAMiHHOCTI B yMOBaX OXOJIOJI>KEHHSI
TpeKy, IKUii ¢popmye OiUHY TTOBEPXHIO IeTaJi i Tpe-
Ky B LEHTpi 1i MEPEeTUHY, 11O 3YMOBJIOE Pi3HULIO
TeIUIOBiABENCHHS HAa KOPAOHI IMOPOIIOK — MeTal i
MeTal — METAJI BiAMMOBIIHO.

[Tpu popmMyBaHHI 3ATUMIIKOBUX HATIPYKEHb, KPiM
BUCOKHUX IIBUAKOCTEH OXOJOIXKEHHS i IMOCTilHO-
ro CyCiAICTBa piAKOro i TBEpAOro MeTaay y Ipoleci
noOy10BU AeTali, BaXJUBUM (DAKTOPOM € HepiB-
HOMIpPHICTb PO3MOAIAY 3aJUIIKOBUX HamNpyXeHb,
MOB’SI3aHUX 3 TEOMETPI€I0: HASIBHICTh BUCTYHAIOUNX
YacTUH, IIePeXO0iB Bil TOBCTOrO A0 TOHKOIO IIepe-
Pi3y, TOCTPOKYTHHUX OTBOPIB.

Akio piBeHb 3IMIIKOBUX HAIMPYXKEeHb MepeBu-
11Iy€E TPaHUIIIO TEKYYOCTi, TO BOHU MOXYTb ITPU3BEC-
TH 10 Aedopmallii (BUKpPUBJIEHHS ) AeTai.
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Ile Gimpnr HeOE3NMEYHNM € 3IATHICTh 3aJUIITKO-
BUX HaIpPYy>XeHb MPOSIBJISITUCS 3r0JJOM — KOJIU BXe
TicJjisi 0OpoOKY roToBa JieTaab MeXaHi3My parToBo i
LIBUIKO MOYMHAE 3HOIIYBATUCSI BHACTIIOK BUXOIY
PO3MipiB 3a MeXi IOMYCKiB.

[Tpy BUTOTOBJIIEHHI JeTajielf 3a TEXHOJIOTIE
SLM B 06JacTi KOHTYpY (Kpaio) MAaCUBHOTO BUPOOY
BUHMKAIOTh HANPYXEHHSI CTUCHEHHS, SIKi MOXYTb
MPU3BOAUTH A0 YTBOPEHHS psany nedekTiB [5]: 3Mi-
HU TepBicHOI opMK (BUKpPUBIIEHHS) BUpPOOY [6],
YTBOPEHHSI IIOp 1 po3lLIapyBaHHSI MiXX HOBUM i XO-
JIOHYYWM METAJIOM Yepe3 3MiHU MOro reoMeTpii, BU-
HUKHEHHSI MiKpOTpillluH, (h)OpPMyBaHHS BUpaXXeHOI
TEKCTYpH, 1110 NMPU3BOAUTH A0 3HUXKEHHSI MeXaHiv-
HUX BJIACTUBOCTEM i IXHbOI aHi30TPOITHOCTI.

V 3B’43Ky 3 LIMM BaXXJMBOIO € MiHiMi3allis 3a-
JIMIIKOBUX HAMNpyXeHb Y TMPOleCi BUTOTOBJIEHHS
nmetaneit MmetogoM SLM. g 3amoOiraHHST Bigxu-
JIeHb B TeOMeTpii jeTasli HeoOXiJHO BpaxOByBaTU
CHiBBIAHOIIIEHHS MiX IIUTBHICTIO TTMTOMOI €HEPTil,
sIKa TABOAUTHCS, i 11 TOTJIMHAHHSIM Mif yac MpoLie-
cy [4]. OgHak onTUMaJIbHI TEXHOJIOTIYHI MapaMeTpy
[2] i cTpaTerii mooynoBu [3] SLM-npouecy mist Me-
TaJIeBUX MaTepialliB CKJIaJHO Iepen0adynT, OCKiIb-
KU SIKiCTb BUPOOY 3aJIeKUTh Bil BEJIMKOI KiJIbKOCTI
¢axropiB. [lomyk LIISIXiB MOMEPEOHBOI OLIHKM i
po3po0Ka 3axXO/iB 1IOAO0 3HWXEHHS 3aJIUIITKOBUX
HaIpyXeHb MpPU BUTOTOBJIEHHI AeTajieil MeTonoM
SLM € akTyaJbHUM 3aBJIaHHSIM Cy4aCHOTO MaTepi-
aJI03HABCTRA.

Hwuxuye npexncraBiieHO pe3yiabTaTH iMiTaLiliHOI
Mojielli ToOyaoBU Ky0a Ha peOpi JJ1s1 IIPOrHO3yBaH-
HsI TIOBEIiHKM MeTajly B 3aJIeXKHOCTI Bill IIUJIBHOCTL
MUTOMOI €Hepril B 00JIaCTi KOpAOHIB MeTajIeBol ae-
taji 3 Inconel 718 [2].

MeTta podoTn. BcTaHOBJIEHHS pallioHAIBHUX TeX-
HOJIOTIYHUX ITapaMeTpiB Ta cTparerii MoOyI0BU Jie-
Tajeid 3a TEXHOJIOTIEID CEJIEKTUBHOIO JIA3€PHOIO
TJIaBACHHS JJ1 MiHiMi3allii BAKPUBJIEHbD, SIKi BUHU -
KaloTh BHACJIIIOK il 3aJIMIIKOBUX HAIIPYKEHb.

EKCITEPUMEHTAJIBHI ITPOOEAYPU

MonenioBaHHS CUJI CTUCHEHHSI BUKOHYBAaJOCd Ha
mwiatgopmi Materialise, sika 1a€ 3BOPOTHUIA 3B 130K
JOCTINHUKY [JI1 BUKJIIOUEHHS! MOTeHUiMHUX Mpo-
O671eM nOpu BUPOOHMLTBI AeTali 3a JOMOMOIOIO
SLM-TexHoJIorii.
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Moayns Magics NMpoBOAWMTbH MOJAEIIOBaHHS Ha
MiACTaBi BOKCEJIBbHOI CTPYKTypu AeTajii. Bokcenb
(Voxel) (06’eMHU# MiKcenb) — 1ie KyOiuHa OAMHULIS
TPUBUMIPHOI MaTpULIi, sSIKa CKJIaJae TPUBUMIipHUMA
00’€eKT i 1l MOXKHA pO3IJIgAaTH SIK €KBiBaJeHT ITiKce-
JIsl y ABOBUMipHOMY 00’ €KTi pu 00poo1i [2].

IIpouec cumynsauii Ha 1atgopmi Magics Ha
OCHOBi BOKCEJIbHOI CTPYKTYpHU IIPEICTaBIEHO Ha
puc. 1 [2]. TTokazaHO pO3MOMAN 3aJUIIKOBUX Ha-
MNpyXeHb, IKi BUHMKAIOTh MIPU HApOIlyBaHi HOBUX
mapiB. JinsiHKu mo6au3y Kpaw TMOBEpPXHi OCTaH-
HBOTO 1Iapy CTUCKAIOThCS MPU OXOJOIKEHHI, 1 lap
neopMy€eThCs, 3TMHAIOUM Kpai BCepeanHY.

B pesynbrati moBeAiHKM MaTepiaay 3pa3KiB, Hall-
PYKOBaHUX IIPU Pi3HUX CTpaTeTisIX mooymnoBu, (op-
MYIOTbCSI 00JIACTI pO3TATYyBaJbHUX HAIIPYKEHb, SIKi
MOXHa TPeJACTAaBUTU Y BUIJISAII iCTUHHOI Jiarpamu
po3TaryBaHHs (puc. 2), sika 0 ImoKa3asia BiJHOIIEH-
HSI MiX MOJOBXEHHSM i HanpyxkeHHsM. [Tpu cumy-
sauii Inconel 718 meMoHCTpYeE NiHIHY 3aJIeXKHICTh
HaIpyXeHHs — JedopMallisi 40 rpaHUIli TEKYYOCTi.
I1pu pizHUX cTpaTerisix No0ya0BU 3pa3KiB, I1aXOBE i
napaJjejibHe CKaHyBaHHSI XapaKTepHOIO 0COOJIMBIC-
TIO € BiIMiHHICTb o0acteii 11 (IiIsTHOK TeKy4JOCTi).
Marepian 3paska, nodya10BaHOIo MO CTpaTerii 1a-
XOBOTO CKaHYBaHHSI, OiIbII IJIABHO MEPEXOIUTh B
JIJSTHKY CaMO3MillHEHHSI, TUM CaMMM IepecTpo-
IOBaHHS KPUCTaJiYHOI PEeIIiTKM BiZOYyBa€ThCS IpPU
OiJTbIIOMY HaBaHTaXXEHHI, 1110 30epirae 3amnac mnepe-
XOIIy 10 HE3BOPOTHMX 3MiH Martepiany. o rpaHuiii
TEKYYOCTi TLJIO MOKe ITOBEPHYTHUCS 10 CBOEI MEPBic-
HOI hopMHU i PO3Mipy, KOIM HAIIPYKEHHS PO3TATY
ycyHeHi [8].

ITpu mepeBuleHHI rpaHulli TekydocTi Inconel
718 meMOHCTpYy€E IIACTUYHY ITOBEMiHKY, IO XapaK-
TEPU3YETHCSI HEBITHOBIIOBAHOIO IIACTUYHOIO [ie-
dopmaliieto, i 3ajexHicTh AedopMallii Bin Hampy-
JKEHHSI CTa€ HeJiHIHHO1O.

JItst MiHiMi3aliil TepMiYHUX HAIIpYKEeHb IIPU pea-
nmizanii SLM-TexHoorii nependayeHo HU3KY MOXK-
JIMBOCTEN 3 YIpaBJIiHHS TapaMeTpaMu Ipoliecy:
Pi3Hi TUIM TPEKiB, MTOBOPOT i 3MillleHHs 11apiB Bif-
HOCHO TIOTepeIHiX, Pi3Hi cTpaTerii ApyKy.

[IIapu B 3a71€KHOCTI BiJ TeOMeTpii po30MBarOTh-
Csl HAa 30HU, KOXHIil 30Hi MTPUCBOIOETHCS iIHAUBIITY-
aJlbHUI iTeHTU(hIKaTOP, 3riIHO 3 IKMM OYIyIOThCS
TPAEKTOPil pyXy i BCTAHOBIIOIOTHCS TUMU TPEKiB 3i
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Puc. 1. Cumynsuist 3aMIIIKOBUX HaIpyKeHb Ha Tu1aTGopmi
Magics npu HakJ1aeHHI HOBOTO 11apy BUPOOY

0 /
gy 11
2 1500
T 2
g 1
2. 1000 |
= I
T
500
0 I L L

1 10 22 44 54 63 73 82 091
Puc. 2. CripaBxHS iarpaMa po3TSITyBaHHS 3pa3KiB 3 IIaX0-
Boto (/) i mapasenbHOIO (2) cTparterielo ckaHyBaHHS: | — mi-
JIsTHKa mpornopuiitHocTi, II — minsHka Texydocti, 111 — mi-
JISTHKA CAaMO3MilLIHEHHSI

CBOIMU MapaMeTpaMu MOTY>KHOCTI i IIBUIKOCTI pyXy
JlazepHoro mpomeHsi. JaHi ineHTudikaTopu MOX-
Ha PO3HECTU Ha TPU OCHOBHI IPYINU: HUXHIN 11ap
(down-skin), BHyTpilHiii map (in-skin), BepxHiit
map (up-skin) (puc. 3, a). [1pu HbOMy B KOXHili rpy-
i CTBOPIOIOTHCST CBOT MiArpymnu: 3anuska (hatches),
koHTyp (border), moctkoHTyp (fill border) sk moka-
3aHO Ha puc. 3, 0.

I TpuxyBaHHS J1a3epoM ad0 CTpaTerisl pyxy IIpo-
MEHsI Jla3epa — 1I€ TPAEKTOPisl MPOXOIXKEHHS Ja-
3€pHUM ITPOMEHEM T10 TOBEPXHi IIapy MeTajieBOro
MOPOILKY MPU 3aJMBLi OCHOBHOTO Tijla i KOHTYPIB
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ToBiMHA 1IApy

>

Puc. 3. DopmyBaHHs 1IapiB B HAMPSIMKY 3pOCTaHHS AeTalli
(@), minrpymu Tpekis (0) [3]

BupoOy [1]. Y npoueci SLM TterioBuii rpafi€HT BU-
HUKAE Bill BEpXHBOTO IIAPY 0 MOIMEPEIHBOTO IIapy,
110 TIPU3BOIUTD JIO TOTO, IO 3¢pHA MAIOTh TCHACH-
Iif0 O 3pOCTaHHS B3IOBX HAIPSAMKY TEIJIOBOTO
MOTOKY, YUM BU3HAYAETHCS MPIOPUTETHUIN HAMPSIM
3pOCTaHHS 3epHa. TaKMM YMHOM, OJAMH HampsIMOK
CTa€ OCHOBHUM HaIpsSIMKOM POCTY 3€peH ITicJIsl 3a-
TBepIiHHS 1apy. ToMy cTpaTerist 1a3epHOro cKaHy-
BaHHS YMHUTh iCTOTHUI BIUIMB Ha TEKCTYPY BUTO-
TOBJIeHOTO BHpoOy SLM [9].

€ psia pi3HUX CTpaTeriil pyXy JIa3epHOIO IIPOMEHS
y 11api, sikuii cruasisietbest (puc. 4) [10, 11].

VY nocnigxenni [12] 3MiHIOBaBCSl HANIPSIMOK CKa-
HyBaHHS Jila3epa B KOXKHOMY HOBOMY IlIapi Ha TeB-
HUI KyT BiIIHOCHO moIlepeaHboro mapy Ha 90°,
105°, 120°, 135°, 150°. Haiikpalii MexaHidHi BJjiac-
TUBOCTi OyJIM y 00’€KTIB, OTpMMaHUX IIPU KYTi 10-
Bopoty 105°, Koiu 1apu 3 0OTHaAKOBUM HAIIPSIMKOM
PYXy JIa3epHOTO TIPOMEHST TTOBTOPIOBAIMCS Tillb-
K4 uyepe3 24 mapu (puc. 5). ¥V 3pazka, oTpuMaHo-
ro npu kyTi 90°, piBeHb MEXaHiUYHUX BJIACTUBOCTEN
HalMEHILWA, OHAK Pi3HULISI MiX BJIACTUBOCTSIMU
3pa3kiB He repesuiiye 10 %. Kpim Toro, cTpareriio
CKaHyBaHHSI TaKOX PEKOMEHIYEThCS 3MiHIOBATU
JUJTSI HUKHIX (0111 OCHOBM TJ1aT(OPMM), CEPeHix i
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5 MM

a o6
: : w] [
- . — |h :
r - .
W, 1 r'—*wh .
8 2

Puc. 4. Bunu ctpaterii ckaHyBaHHST: @ — TlapajieJibHe CKaHy-
BaHHS, 0 — CIlipaJibHE CKaHYBaHHS, 8 — Pi3HOCIIPSIMOBAaHE
rapaJie;ibHe CKaHyBaHHSI, ¢ — CKaHYBaHHS Y IIaXOBOMY I10-

pAIKY
- '\\
90° 105° 120° 135° 150°

Kyt MixX HanpsiMKaMM TUIaBJICHHS 1LIapiB
@ [ ey | o | e | ay

KinbkKicTh IapiB MixXK OTHAKOBUMM HaIpsIMKaMU TIJIaBJICHHSI

Puc. 5. Ctparterist 3MiHU1 HATIPSIMKY TTOBOPOTY 11apiB [12]

Tabauys 1. Tocriitni napameTpu ApyKy 3paskis «Kyo
Ha peOpi» (psax 12 — npsamodtiniiiHo 3 moBopoTOM Ha 67°,
pan 3 i 4 — y maxoBomy NOpsIKY 3 IOBOPOTOM Ha 67°)

3oHa d, MM P, Bt
1i3psan
in-skin 0.08 80
up-skin 0.05 50
down-skin 0.05 80
2i4psn
in-skin 0.08 170
up-skin 0.05 110
down-skin 0.05 110
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BEPXHIX IIapiB, OCKIJIbKM YMOBM TEILIOBiABEACHHS
BCIOIM OyayTh Pi3HUMMU.

Hesiki ocobaMBOCTI reoMeTpii nerasneii (3Bucaroui
Kpai, ToXwIi ITOBEPXHi, TOHKI CTIHKM, TOHKUI ITPO-
(inb, 3MiHHUIT lepepi3, OTBOPU) BUMAraroTh CIielli-
aJlbHUX YMOB CKaHYBaHHSI, HAMPUKJIaI MOABIHUIA
00Xim Mo KOHTYPY TOHKOTO Tpodisto, epepo3Iio-
JIJT €HEeprii J1Ja3epHOIro BUIIPOMIHIOBAHHS Y ITYYKY,
a TaKOX, MOXKJIMBO, 3MiHA MOTY>KHOCTI i IIBUAKOCTL
CKaHyBaHHS JIa3epHOTO MPOMEHSI.

Maiixe BCi IIepeIoBi IpolieC BUTOTOBJICHHSI JIe-
Tajiel, sIKi MparHyTh MiABUIIATU SIKiCTh KiHIIEBOI'O
BUPOOY, 30CepeKYIOThCSl Ha MiHiMi3allil edekTiB
BHYTPIilIHiX HaTpy>eHsb [13].

ITpoBeneHO eKCriepuMEHT IS BABYEHHS BILIUBY
pi3HUX cTpaTeriii (MpsMOJIIHIMHUIA i 1aXoBUI MO-
PSIIOK) i pexkrMiB Mpoliecy Ha BUKPUBJIEHHS JeTa-
JIeil B pe3yJibTaTi BILTUBY 3aJIUIIIKOBUX HATIPYXXEHb 3
METOIO IXHbOI MiHIMi3allil.

Hpyk mpoBonuscst Ha 3D-npuHTepi «Alfa-150»
(TOB «ALT VYkpaiHa») 1pu IOCTiHHUX TTOTY>XKHOC-
Ti i BigcTaHi MiX TpeKaMu B KOXHiii 30Hi (up-skin,
down-skin, in -skin) (Ta6. 1) 3i 3MiHOI0O LIBUIKO-
CTi pyxy mpoMeHs Jiazepa (TabJ1. 2), a TaKoX pi3HOIO
CXEMOIO HapOIIyBaHHS 3pa3KiB CIIOCOOOM celieK-
TUBHOTO JIa3epHOro IaBleHHs (puc. 6). Kyt mo-
BOPOTY MiX IIapaMU CTaHOBUB 67°, TAKUM YMHOM,
KiJIbKICTh IIapiB MiX OJHAKOBUMM HampsiMKamu
IJIaBJICHHS TOopiBHIOBaMa 67. MapKyBaHHS 3pa3KiB
CKJIAIAETHCS 3 ABOX MDD, Teplia 3 IKMX Mo3HaYae
psn, Apyra — NopsiiKOBUIA HOMED 3pa3Ka B psiLy.

_ Hatch Offset__

a 7]
Puc. 6. Crparerist 3a110BHEHHSI OCHOBHOIO TiJla: @ — Mpsi-
MOJIiHIHUI, 6 — 1IaX0BUM MopsiAoK, 1 — KOHTYp, 2, 3 —
MOCT-KOHTYP

3.3

Puc. 7. Down-skin gociinxyBaHux 3pa3kiB

Tabauysa 2. IIBuAKICTb CKAHYBAHHS NPY BUPOLILYBAHHI TOCJIiTHUX 3pa3KiB
(mpsAvoiHiiiHO 3 MOBOPOTOM Ha 67° / y IIaX0BOMY MOPSIKY 3 HIOBOPOTOM Ha 67°)

V, Mmm/c
3oHa

1:1/3:1 1:2/3:2 1:3/3:3 1:4/3:4 1:5/3:5
in-skin 750 800 850 900 1000
up-skin 650 750 800 900 950
down-skin 1250 1300 1350 1400 1450

2:1/4:1 2:2/4:2 2:3/4:3 2:4/4:4 2:5/4:5
in-skin 1350 1400 1500 1600 1650
up-skin 1500 1600 1700 1750 1800
down-skin 1600 1650 1700 1750 1800

ISSN 1561-8889. Kocmiuna nayka i mexnonoeis. 2021. T. 27. No 6

109



C. B. Aducamcokuii, I. A. Kononenko, P. B. [lodoavcoiuii

IIpu Bi3yasbHO-ONTUYHOMY KOHTPOJIi 00JaCTi
down-skin Oynu Big3Ha4yeHi SIK HaWKpalli 3pa3Ku 3
mapkyBaHHsM 1.3, 1.4, 3.3, 3.4 (puc. 7). Jlust ouiH-
KU BKJIQy JKepesia HarpiBaHHSI BAKOPUCTOBYEThCS
LIIBHICTh MUTOMOI eHepril (dakTop nepiioro mo-
PsIIKY), BOHA JO3BOJISIE BU3HAYUTU BHECOK TeX-
HoJOT YHMX napameTpiB SLM-TexHosoril ta ixHii
BILUIMB Ha MaTepiall mif yac miaaBaeHHs [3]. st pos-
PaxXyHKY IIUIBHOCTI IIMTOMOI €Heprii BUKOPUCTAHO
bopmyy

E=P/(V-d), (1)
ne E, JIxx/MM? — wiinbHicTb muToMOi eHeprii; P,
Bt — motyxHicTth mazepa; V, MM/c — IIBUAKICTBH
CKaHyBaHHS Jlazepa; d, MM — TOBIIMHA lIapy; f,
MM — BifICTaHb MiX IIPOXOJaMH Jia3epa.

PE3YJIBTATH TA OBIT'OBOPEHHSI
byno po3paxoBaHO 3HaYeHHS LIUTBHOCTI MUTOMOIL
eHeprii down-skin (ta6;a. 3). IliabHicTh TMTOMOL
€Hepril 11 3a3HaYeHUX JOCTIAHUX 3pa3KiB JiexXaan
B iHTepsasi 38...39.5 JIxx/Mm3.

[Tpu BizyanbHiii ouiHLi AepopMaliii 0yJ1o Big3Ha-
YEHO, IO MPU MPSIMOJIiHITHOMY MOPSIIKY IPYKY 3

Tabauys 3. UlinsHicTh mATOMOI eHeprii down-skin
NpH APyl NPSIMOTiHiiHO 3 moBopoToM 67° i Apyui
B IIAXOBOMY MOPSIKY 3 TOBOPOTOM 67°

3pasok E, Tx/mm3
1.1 42.67
1.2 41.02
1.3 39.51
1.4 38.10
1.5 36.78
Tabauys 4. linsHiCTH MUTOMOT eHeprii
in-skin TpekiB 0CHOBHOTO Tijia
IMopsinok E, E,
pYKY 3pa3ok Tix/mnt3 3pa3ok T/’
[TpsimoniHiliHO
3 TOBOPOTOM
Ha 67° 2.1 52.46 2.2 50.59
LlaxoBuii mopsi-
JIOK 3 TIOBOPO-
TOM Ha 67° 4.1 52.46 4.2 50.59
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[TOBOPOTOM IIIapy BiZHOCHO MONepeaHboro Ha 67°
(3pasku 1.3, 1.4) yepe3 HanpykXeHHS BimOyBa€EThCS
Oisibllle BUKPUBIIEHHS METally B 00JIacTi TOHKOTO
Kpato, HiXX MpU APYLi B IIIaXOBOMY TMOPSIIKY (3pa3Ku
3.313.4) npu TuX XKe pexumax (puc. 8).

Po3paxoBaHi 3HaUY€HHS IIUTLHOCTI TMTOMOI €Hep-
rii in-skin ms 3paskiB 2.1, 2.2 i 4.1, 4.2 npeacras-
JieHo y Taou. 4. Uepes Te 1110 pexXuMu (IUIBUIKICTD,
MOTYXXHICTb 1 BiICTaHb) [JisI 3pa3KiB Oy/JIM OgHAKO-
BUMHU, TO LIUIBHICTD iXHBbOI IIMTOMOI €HEeprii He YK-
HUJIa BUPilIaJIbHOTO BIUIMBY Ha 3aJMILKOBI HaMpy-
JKeHHSI, SIKi MPU3BOJSITh 10 BUKPUBIIEHHS 3Pa3KiB.
B pesynbraTi eKcrepuMeHTy BCTaHOBJIEHO, IO TPU
cTparerii MoOyIOBY 3pa3KiB y IIaXOBOMY IMOPSIAKY
GOpMYIOThCS MiHIMaTbHI 3aIUIIKOBI HAITPYKEHHS.

Ha nactynHoMmy eTami BifIpalifoBaHHsI CTpaTerii
noOyIoBU TPeKiB 00J1aCTi KOHTYPY IOCIIiIKyBaIu
BILUIMB YeProBOCTi 1oOymoBu mapy. Po3risiganu gsa
pexkuMu: in2out — 3cepeaMHN Ha30BHi (puc.6, 3a-
JIMBKA in-skin — MOCTKOHTYp — KOHTYp) i out2in —
330BHi BcepeauHy (puc. 6, KOHTyp — ITOCTKOH-
Typ — 3ajuBKa in-skin). [{ns MiHimMizawii TepMidyHUX
HampyxXeHb, peJlakcallil 3aJUIIKOBUX HaINpy>KeHb
Ta YCYHEHHS BUKPMBJIEHHSI METaJOBUPOOIB 10-
CJIiIHI 3pa3Ky BUTOTOBIISIIA Y PeXUMaXxX 31 3HIXKE-
HOIO IITBHICTIO MATOMOI €HEprii B iHTepBaJli Bim 22
10 30 Jx/Mm3 3 kpokoM 1.75 JIx/cM3 Ha KOHTYpi
3pasKiB.

Cnia 3a3HaYMTH, IO BCi 3pa3Ku B KOOpAMHATAX
1.1—1.5 (in2out) npu nopiBHAHHI 3i 3pazkamu 3.1—
3.5 (out2in) He MawTh BUAUMUX AcdekTiB. Takox
OyJ10 pPO3IJISIHYTO 00JacTi KOPIOHIB (BUM 3BEpPXY)
IS BU3HAYEHHS YMOBHOI TOBIUMHM i PiBHOMip-
HOCTi JPYKYy KOHTYpiB (ypMBYACTICTh, CITIKQHHS,
MPWIUIIAaHHST TOPOLIKY), pe3yJbTaTh Bi3yaJlbHOTO
ontuyHoro koHtposato (BOK) npencrabieHo Ha
puc. 7.

Buxoasiun 3 oTprMaHMX JaHUX, MOXHa 3pOo0u-
TU BUCHOBOK, 1110 KOHTYPH 3pa3KiB B KOOpAMHATAX
1.1—1.5 i 3.1—3.5 Mal0Th TOHKUII HEBUCTYMNAIOUUIA
KOpIOH, HE MepepruBYACTUI MpPU 30LIbIIEHHI OKY-
JISIPOM, TIPWJIMIIAHHS TIOPOIIKY HE CIIOCTEPIiraaoch.

Hpyk KOHTYpY 3pa3KiB B koopauHarax 2.1—2.5 i
4.1—4.5 3ailicHIOBaBCSI MPU HUXKYil 1IITBHOCTI MU-
TOMOI eHeprii B ianasoHi 16...24 JIx/MM3 3 Kpokom
2 JIxx/Mm3. B pesynbrati BOK 6y BiaszHaueHi ToH-
KM KOHTYp, YPUBUACTICTh, i BEJIMKA BiACTaHb MixX
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TpeKaMM OCHOBHOIO TiJIa i TpeKaMu IPYKYy KOHTY-
Py, B IaHiil 00JacTi MOXJIMBA BMCOKa MOBIpHICTh
YTBOPEHHSI TOp uepe3 Majy IIUIbHICTh MUTOMOL
eHeprii i BeJIMKY BiICTaHb MiX TpeKaMu KOHTYpY i
TpeKaMH OCHOBHOTO TiJia.

I'pyHTyrounch Ha BOK o6acTeil KOHTYpPY, MOX-
Ha 3pOoOMUTH BHMCHOBOK, 11O 3pa3KM, HaapyKOBaHi
Mpu TOCTIMHUX peXumax 3i 3MiHOIO IIBUIAKOCTI
pyXy Jlazepa i mapaMeTpiB OOYI0BU TPEKiB KOPIO-
HiB (in2out, out2in), iTeHTUYHi, HE MaIOTh BUAMMUX
BiIXWJIEHb, HE MalOThb YPUBUYACTOCTi TPeKiB i BU-
CTYIIiB HaJ OCHOBHUM TijioM. [lokazaHo, 110 paii-
OHAJIbHMUM pPiBHEM IIiJIbHOCTI MUTOMOI €HEepTii s
IPYKY LIMX TUIIB TPeKiB € 3Ha4eHHs 27 ):[X(/MM3;
11t 3pa3kiB 1.4 1 3.4 miabHICTh MMTOMOI eHepril 10-
piBHIoBana 27.3 JIx/MMm3.

IIpu BigmpalroBaHHI peXUMiB IPyKYy KOPIOHIB 3
TOBIIMHOIO 1apy 50 MKM MIpu BiICTaHSIX MiX Tpe-
kamu 0.06...0.11 MM i 3i 3MiHOIO IIBUAKOCTEI Mepe-
cyBaHHs J1azepa Bin 700 1o 1200 MM/c BCTaHOBJIEHO,
1110 PEXXUM APYKY KOHTYPY 3i IIIBUIKICTIO CKAHYBaH-
Hs1 1000 mM/c, notyxHicTio 100 BT, BincTaHHIO MixX
Tpekamu 0.08 MM € pamioHaJbHUM JJI1 OOYIOBU
001aCTi KOHTYDY.

3 MeToo BHU3HAUYE€HHs [e(eKTiB 1 BiIXujaeHb
10 TeOMETpii Bil BUXigZHOI MOAEIi B TBEPAOMY Tilli
(3pa3ok) OyB BUKOHaHUI1 MeTasiorpadiuHuii aHai3
JTOCJTITHUX 3pa3KiB 3a JOTTOMOTOI0 ONTUYHOI MiKpO-
ckomii. MikpoCTpyKTypy AOCHiTHUX 3pa3KiB, BUTO-
TOBJIEHUX 3 Pi3HUMM MapaMeTpaMu TPoLecy i cTpa-
TETisSIMU IPYKY, TIPEACTaBJIEHO Ha puc. 9.

V 3paskax, HaJpyKOBaHUX 3i CTpaTeri€lo Mmooy-
JIOBU TPEKiB B 111aXOBOMY TMOPSIIKY 3 TTOBOPOTOM Ha
67°, crioctepirajiocss MeHIIe BUKPUBJICHHS, HiX Yy
3pa3Kkax 3 MPsSMOJIiHIIHO0 CTpaTerielo ApyKy 3 Mo-
BOpoTOM Ha 67°. CJtijJ 3a3HaYUTH, L0 3pa3Ku HE Ma-
10Th Je(PEeKTiB OCHOBHOTO Tijia (ITOPUCTICTh, BUCOKA
LIOPCTKICTB).

CdopMoBaHa BaHHa pO3IUIaBy OCHOBHOIO Tija
il BIUIMBOM JIa3€pHOTO MPOMEHS ILISIXOM IJIaB-
JIEHHSI IOPOIIKOBOTO IIapy i MaTepiaay IiIKIaaKu
Ma€ piBHOMipHE IMPOILIABIEHHS, YiTKO IOOyI0Ba-
Hi Tpeku. B ocHOBHOMY 1IMpHHa i rMOMHA BaHH
pO3IUIaBy OCHOBHOIO Tijla, SK IpaBWjIO, OilbllIa
Bill AiaMeTpa JIa3epHOIro MPOMEHSs, SIK MpeacTaBIie-
HO Ha puc. 9. [paHuli BaHHU PO3IUIaBy IepedyBa-
JOTb y TIOCTIHHOMY pYCi i MepeMilllaloThCsl CIiIOM
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Puc. 8. BizyanpbHa omiHka gedopmaliii TOCTiIKyBaHUX

3pasKiB

1.4 3.4

Puc. 9. locmimkeHHsT MiKPOCTPYKTYpU B 00J1aCTi TOHKOTO
Kparo

3a Jla3epHUM TIPOMEHEM, BHACJiIOK YOro HasiBHE
XapaKTepHe BUKPUBIIEHHSI HACTYITHUX TPEKiB B 00-
JIaCTi KOHTYpY IIiJ Mi€l0 TEPMiUHUX HaMpyKeHb i
HEJIOCTaTHbOTO BiJIBOAY TeIlia. Y roJIOBHIN YacTUHI
BaHHU PO3IUIaBY (Ha SIKY BILUIMBA€E IIPOMIHb Ja3epa)
BiIOYBA€ETHCS TOCTiliHE TUIABJIEHHS TMOPOILIKOBOIO
mapy i Marepiaiy miKjJagkd — B 00J1acTi KOHTYPY
1Ie TOB’SI3aHO 3 HEPiBHOMIPHUM TEIJIOBiBOIOM,
OCKUJTBKM Y XBOCTOBIilf YaCTUHI BAHHU PO3IJIaBY Bil-
OyBa€eThCs MOCTIHA KpUCTasi3allisl po3IUIaBI€HOIO
MeTalty.

XapakTepHa ¢opMa i po3Mipd BaHH PO3ILIABY,
10 (POPMYIOTh MIKPOCTPYKTYpPY (puc. 9) 3anexanu
BiIl TakuX (paKTOpiB: BEJIMYMHHU i CITiBBIAHOIIEHHS
MOTY>XKHOCTI i IIBUAKOCTI MepeMillleHHs J1Ja3epHOIo
MPOMEHsI, TOBUIMHU 1Iapy METaJeBOro MOPOIIKY,
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poO3Moaily iHTEHCUBHOCTI BUIIPOMIHIOBAHHSI IO
JliaMeTpy Ja3epHOT0 ITPOMEHSI.

Ha 3akinyeHHs cjiif 3a3HauYUTH, 100 TJIMOUWHY,
LIMPUHY i yac mepeOdyBaHHSI MeTally Y po3ruiaBie-
HOMY BUIJISIZII BU3HAYaA€ KiTbKICTh TEIIOTH, SKa
3aJ1eXKUTh BiJl LIIJIbHOCTI MUTOMOI eHeprii ((hakTop
MEPILIOro TOPSAKY) — 3i 30iIbLIEHHSIM IIiIbHOC-
Ti MUTOMOI €Heprii MOCUIIOETHCS TiApoArHaAMiYHA
HecTaOUIbHICTh. Po3moain iHTEHCUBHOCTI BUIIPO-
MiHIOBaHHS ((haKTOp APYroro IopsiaKy) Mo AiaMe-
TPY Ja3epHOTo MPOMEHsI BIUIMBAE HA T€OMETPUYHI
XapaKTepUCTUKM BaHHU PO3IUIaBy yepe3 3MiHYy TeM-
MepaTypHOro TOJs 3a 00CATOM BaHHU PO3IUIABY i,
SIK HaCJIiIOK, KiHIIEBY FEOMETPil0 BUPOOY.

BUCHOBKU

1. BcraHoBjieHO, IO CHUMYJSLIS MpOLECiB JIpy-
Ky, BUKOHaHa Ha Iuiatgopmi Magics, 3a gomomo-
rol0 po30MBKM MOZEIiI HAa BOKCEIbHY CTPYKTYpPY

JIITEPATYPA

JIa€ MOXJIMBICTb aHAJIITMYHOI OLIIHKM HAaIIpyXXeHb
i nechopmalliit, 1110 BUHUKAIOTh MPU PI3HUX YMOBaxX
nmoOyaoBu BUPoOiB o SLM-TexHoJorii 6e3 BUTpar
pecypciB.

2. B pesyabrari aHajizy 30BHIillIHBOTO BUIJISIILY
JMOCJIIIHUX 3pa3KiB BUTOTOBJICHUX 3 Pi3HUMU pe-
KMMaMU i cTpaTerisisMu IMOOYIOBM BCTaHOBJICHO,
1110 Halikpaili mokazHuku down-skin (popMytoThcs
npu notyxkHocti 80 Bt i miibHOCTI muTOMOI €Heprii
40...38 IIxx/Mm3.

3. BcraHoB/ieHO, 1110 3 BUKOPUCTaHHSIM CTpaTerii
IPYKY B IIaXOBOMY TTOPSIAKY 3 ITOBOPOTOM 67° TIpU
ONTUMAJbHIN IIJILHOCTI MUTOMOI €Heprii MoxHa
MiHiMi3yBaTH 3aJIMIIKOBI BHYTPIlIHI HAIIPYy>XXEHHS,
1110 TIPU3BOJSTH 10 BUKPUBJIEHHS BUPOOY.

4. BctaHOBJIEHO pallioHAbHI PEXXUMU IPYKY Tpe-
KiB KOpAOHIB: IIBUIKICTh cKaHyBaHHsT 1000 mm/c,
noTyxHictb 100 BT, Binctans Mixk Tpekamu 0.08 MM
MPU TOBILMHI 11apy 50 MKM.
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INFLUENCE OF SLM-PROCESS PARAMETERS ON THE FORMATION
OF THE BOUNDARIES OF PARTS OF HEAT-RESISTANT NICKEL ALLOY INCONEL 718

We consider the improvement is considered of the modes of selective laser melting technology based on the design model to
reduce the level of residual stresses and prevent deviations in the geometry of the part. Simulation results are presented on a uni-
versal voxel structure and a simplified object to predict metal behaviour depending on the specific energy density in the region of
the boundaries of a metal part made of Inconel 718. An experiment was carried out to study the influence of different strategies
and process modes on the curvature of parts as a result of the effect of residual stresses in order to minimize them. Printing was
carried out on a 3-D printer “Alfa-150” (LLC “ALT Ukraine”) at constant power and distance between tracks in each zone (up-
skin, down-skin, in-skin) with a change in the speed of the laser beam movement, as well as a different pattern of sample growth
by 3-D printing with 67 degrees rotation of each new layer relative to the previous one. To identify defects and deviations from
the original model to the solid (sample), metallographic analysis was performed using optical microscopy (Carl Zeiss AXIO-
VERT 200M). It was found that the simulation of printing processes, performed on the Magics platform by breaking the model
into a voxel structure, allows an analytical assessment of stresses and strains. Analysis of the appearance of the prototypes showed
that the best down-skin indicators are formed at a power of 80 W and a specific energy density (40...38 J/mm?). By using the 67
degrees staggered printing strategy at the optimum specific energy density, it is possible to minimize the residual internal stresses
leading to distortion of the product. In the future, the results can be supplemented by studies of the effect of residual stresses of
compressive forces when exposed to a laser beam at constant applied power. Using a computational model that allows calculat-
ing the residual stresses during the deposition of the next layer, depending on the speed of the laser, the power and the distance
between the applied tracks, it is possible to obtain high-precision parts with specified properties. The adaptation of the model,
which allows us to obtain a quantitative estimate of the residual thermal stresses depending on the speed of movement and the
laser power for the Inconel 718 heat-resistant alloy, has been carried out. Optimal modes have been determined to minimize
these stresses and reduce the curvature of the part.

Keywords: residual stresses, selective laser melting, Inconel 718, compression force, laser
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OCHOBHI ITPABIJIA OPOPMJIEHHA 1 IIOJJAHHA PYKOIINCIB
10 KYPHAIIY «<KOCMIYHA HAYKA I TEXHOJIOT'TA»

Pyxonucu npuiiMaioTbesi yKpaiHCbKOIO 200 aHT/TiliCbKOI0 MOBOIO. [1J1s1 TOIaHHsI PyKOIMUCY aBTOpaM HeoOXiIHO HalicIaTh Ha
ajJipecy peaakiiii Taki JOKyMEHTHU:

1. [IBi TBepi KOIii opuriHay, oaHa 3 IKUX TiAnucaHa BciMa aBTopamu. Korii IpyKyoTbCs B OHY KOJIOHKY Ha OHOMY OOL1i
apKy1iB nanepy keriem 12—14 3 intepBaiom 1.5 yu Oinbiiie.

2. EnexTpoHHi Kortii pyKorucy.

3. HanpaBieHHsI Ha 0JJaHKY YCTaHOBM, JIe BAKOHAHO pOOOTY, MianucaHe il KepiBHUKOM.

4. JlineHsiiiHa yrona (0J1aHK Yrofu € Ha caidTi space-scitechjournal.org.ua)

Anpeca penaxuii:
ByJI. AKanemika 3abosotHoro 27, Kui, Ykpaina, 03143

TonoBHa acTpoHOMiuHa oOcepBaTopist HalioHanbHOI akajemii Hayk YKpaiHu
Penakuig KHIT

e-mails: reda@mao.kiev.ua
kfnt-knit@ukr.net

Tenedon: 380 44 526 47 63

daxc: 380 44 526 21 47

Pyxormic moBuHeH 6yTu oopmiieHuit 3rigHo i3 [1paBriaMu I aBTOPIB (IUB caliT space-scitechjournal.org.ua).
[TocninoBHicTh MOgAYi MaTepialy Taka:

* Homep VK.

e [Himianm Ta Mpi3BUIIA aBTOPIB, KOPOTKI TaHi TIPO aBTOPiB (TI0cana, HAYKOBUIA CTYTiHb, 3BaHHSI, HATOPOMIU TOIIO).

* YcTaHOBH, i€ MPALIOIOTh aBTOpU (0dilliiiHi Ha3BM), MOLITOBI Ta €JIEKTPOHHI aJpecu.

* Ha3ssa pykomnucy.

 JlBa pe3ioMe — YKpaiHChKOIO Ta aHIilicbkoto MoBaMU. KoxHe pe3toMe MOBUHHE MiCTUTH: CIIMCOK aBTOPiB, CIIMCOK yCTa-
HOB, Jie BOHU MPaLoioTh, 3 MTOBHUMU alpecaMM, Ha3By PYKOITUCY, TEKCT pe3ioMe, KItouoBi ciioBa. O6’eM KOXHOTO pe3io-
Me — He MeHII Hixk 1800 3HaKiB 3 pobinamu.

e TekcT pyKomucy.

* Crmcok JiTepatypH, yIopsiiKoBaHUil y andaBiTHOMY mopsaky. [locunaHHsI MO TEKCTy POOJATHCS Y KBaApaTHUX TYXKKaxX
(mampuknan [3, 17]).

» References — 1Ie KOITisl CITMCKa JIiTepaTypu, TepekiIaaeHa aHTIilChKOl MOBOIO (TIpaBwyia oOPMIIEHHS AWB. Ha CaTi
space-scitechjournal.org.ua).

* KoHTakTHi ocoou, TesehoHu, e-mail.

Pucynku noBUHHI OyTH YiTKMMU, KOHTPACTHUMMU i EPEBAXKHO YOPHO-OUTUMHU. [3 KOJipHUX 300paXkeHb MyOIiKyIOThCS JIUIIE
Ti, 63 IKMX BUKJIAI MaTepialy 3a3Ha€e CyTTEBOTO 30imHeHHs. Ha rpadikax He MOBMHHO OyTH JIMIIIHIX JeTaleil — paMOK, KO-
OPIMHATHUX CIiTOK, MOSCHIOBAIbHMX HamuMCiB. Pi3Hi 3a/IesKHOCTI 300pakaloThCsl HE KOJIbOPOM, a JIiHiSIMU YOPHOTO KOJbOPY
piZHOTO HakpecJAeHHs (CyLiabHa, IITPUXOBA, MYHKTUP, IITPUX-TTYHKTUP TOIIO) a00 HYMEPYIOThCS apaObChbKUMU L(pamMu.
ITosicHeHHs1 KpUBUX, 3HAYKIB, JIETeHIU, eKCIUTiKallil 1aloThCs Y MiApUCYHKOBUX mianucax. KoopauHaTHi oci MiANMUCyOThCs
HE CJIOBaMU, a TPOCTUMU ifeHTUdikaTopaMu. OO0B’I3KOBO BKa3y€eThcs (hi3UUHA BeJIMYMHA Ta 11 ONMHULI BUMipIOBaHb Yy CUC-
temi CI.

Tabauyi HyMepyIOThCS 3TiAHO 3 IXHBOIO MOSIBOIO B TEKCTi Ta MalOTh 3ar0JIOBKU.

Pyxonucu, obopmiieHi 6e3 ypaxyBanHs [1paBus 1ist aBTOpiB, He PO3MISAAIOTHCS.



