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ABSTRACT

Context. The experience of joined forces operation in the east of the country has shown that in the process of completing tasks,
an unmanned aerial vehicle (UAV) is forced to operate in a rather difficult environment. The most significant is the problem of
ensuring the transfer of command commands between the aircraft and the ground control post in the face of powerful intentional
interference by the enemy.

The work as a UAV control channel proposes the use of frequency-hopping spread spectrum (FHSS). When constructing the
UAYV control line with the FHSS, the main consideration should be given to the process of entering synchronism as the primary one
in relation to the process of transmitting control commands.

Within this problem, it is necessary to evaluate the noise immunity of the process of entering into the synchronism of the UAV
control line with the FHSS in the conditions of powerful intentional interference of the enemy.

Objective. The purpose of the article is to analyze the noise immunity of the process of entering into the synchronism of the
UAYV radio control line with the FHSS in the conditions of the powerful intentional interference of the enemy.

Methods. In the work, on the basis of the developed simulation model (SM) of the process of entering into synchronism of the
UAYV control line with the FHSS, a number of experiments and estimation of the noise immunity of the process of entering into the
synchronism of the UAV control line with the FHSS under conditions of powerful intentional interference.

Results. Using the developed SM, the dependence of the probability of true and false occurrence in the synchronism of the UAV
control line with the FHSS for one cycle, one sub-cycle and one frequency position of transmission from different values of the
signal-to-noise ratio at the affected and unaffected frequency of entry for different values characterizing interference. The simulation
results are presented as graphs.

Conclusions. Comparison of the simulation results with the analytical ones confirms the adequacy of the synthesized
mathematical model of the process of entering into the synchronism of the UAV control line with the FHSS and allows to determine
the optimal parameters of the algorithm of entering the synchronization that will be satisfied.

KEYWORDS: broadband signals, frequency-hopping spread spectrum (FHSS), noise immunity, synchronism, simulation
model, unmanned aerial vehicle (UAV).

ABREVIATIONS k is the number of frequencies of transmitter
AWGN is an additive white Gaussian noise; synchronism entering in one sub-cycle;
BPSK is a binary phase-shift keying; I is the number of sub-cycles of transmitter

UAYV is an unmanned aerial vehicle;
SM is a simulation model;

FHSS is a frequency-hopping spread spectrum;
EW is an electronic warfare. ms; is a length of the block of service information in

synchronism entering in one cycle of occurrence;
Mg is a synchro-frame length;

synchro-frame;
NOMENCLATURE Mg is a synchro-tag length;

fiowfir T is @ set of synchronism entering my, is the threshold number of bits with synchro-tag

frequencies;

. . . length mg; , that can be accepted incorrectly;
frec 1s a receiver frequency positions;

) . . N¢ o is the number of synchro-sequences that lead to
fi, is a transmitter frequency positions; - . .
the false synchronism entering;
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r is the number of repetitions of s bits each,
r=1, 3, 5...;

s is the number of bits used to encode service
information;

t. is a duration of one frequency transmission cycle;

tyc is a duration of one frequency transmission sub-
cycle;

tytrec 1 the length of time the receiver is operating
at the same frequency position;

tyier 1S the length of time the transmitter is operating
at the same frequency position;

P, is the probability of frequency affection;

F})r is the probability of one bit correct receiving with

r -multiple repetition;

P.s ¢ 1s the probability of correct synchronism
entering for one frequency position;

P.sc. 1s the probability of correct synchronism
entering for one transmission cycle;

P.; is the probability of erroneous reception;

P.rs is the probability of erroneous synchronism
entering;

Pt 5. is the probability of false synchronism entering;

Pt sc. is a probability of false synchronism entering

for one transmission sub-cycle;
Pt sc. is a probability of false synchronism entering

for one transmission cycle;
P s ¢ 1s a probability of false synchronism entering

for one frequency position;
P, is a probabilities of synchronism entering for one

register check;
P, 1is the probability of the service information block

correct receiving;
P sc. is a probability of correct synchronism entering

for one transmission sub-cycle;
R, is a bit rate of information transmission in the

radio channel,

SNR, is a signal-to-noise ratio at the erroneous
frequencies of entering;

SNR_ is a signal-to-noise ratio at the non-erroneous
frequencies of entering;

t; ¢ 1s a reconfiguration time for transmitter;

tsc 1is the time length of one sub-cycle transmission of
frequencies entering synchronism;

tyt is the length of time the transmitter is operating

at the same frequency, taking into account the time for
reconfiguration.

INTRODUCTION
Currently, no one is surprised by the attention paid to
unmanned aviation in the world. The effectiveness of the

UAVs usage for military purposes has been repeatedly
proven because it can significantly reduce material costs
and avoid risks connected to crew life [1-2]. Including
modern UAVs are capable of invisible reconnaissance of
enemy objects and targets, strike aerial and artillery
strikes against enemy targets, carry out radio
reconnaissance and electronic warfare (EW).

In the course of the operation of the joint forces in the
east of the country, the military encountered a number of
problems with the use of UAVs in service with the Armed
Forces of Ukraine, as these aircraft are morally outdated
and unable to withstand modern electronic warfare
capable of detecting and suppressing signals in real
time [3-5].

One of the methods of increasing the noise immunity
of the UAV control line in complex electronic conditions
is the use of broadband signals.

Comparisons of different methods of generating
broadband signals confirm that with respect to the optimal
(for each method) interference, the noise immunity of
these signals is the same and acceptable for the
construction of a UAV control channel [6].

In the work as a UAV control channel proposed the
use of broadband signals with the FHSS.

When constructing the UAV control line with the
FHSS, the main consideration should be given to the
process of entering synchronism, as the primary one in
relation to the process of transmission of control
commands. This statement is also explained by the
decrease in the number of frequencies and the speed of
their tuning during the phase of synchronization, which
greatly facilitates the work of the enemy.

Therefore, the noise immunity analysis of the process
of entering into synchronism of the UAV control line with
the FHSS in the conditions of influence of a powerful
deliberate interference of the enemy is an urgent scientific
task.

The object of the study is the process of entering into
synchronization of the UAV control line with the FHSS.

The subject of the study is the subsystem of the
UAV control line with the FHSS entering into the
synchronism.

The purpose of the work is to analyze the noise
immunity of the process of entering into synchronism of
the UAV control line with the FHSS in the conditions of
the powerful intentional interference of the enemy.

To achieve this goal, a number of partial problems
should be solved, for instance:

— using the technique of noise immunity estimation of
algorithms of the entering into synchronism process in the
radio link with the FHSS [7] and the synthesized
mathematical model of the process of entering into the
synchronism of the radio control line of the UAV with the
FHSS [8] using the computer simulation environment
Matlab R2017a with the Simulink extension package
UAYV control lines with FHSS;

— to set parameters of elements of SM and to carry out
modeling;
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— to evaluate the obtained simulation results by built
graphical dependencies;

— to evaluate the noise immunity of the process of
entering into synchronization of the UAV control line
with the FHSS.

1 PROBLEM STATEMENT
Since the concept of “noise immunity” implies the
ability of the radio communication system to withstand
the effects of intentional interference, the probability of
entering the synchronism of the UAV control line with
the FHSS is selected as an indicator of the noise
immunity of the UAV control line (P, 5 ).

The main requirement related to the UAV control line
with FHSS is the need for guaranteed synchronization
within the allotted time (P, g, >0.99).

The calculations are carried out for a typical bit rate of
information transmission in the radio channel
Ry, =19,2 kbps, which is sufficient for the transmission

of the commands required for manual control of the
UAYV [9]. A communication channel is a channel that is as
close to real as possible, that is, when the probability of a
false reception is within P, € [O; 0.2] ;

Limitations and assumptions:

1. As a limitation, we take the diagram of a typical
algorithm for entering the synchronism in a radio link
with the FHSS (Fig. 1).

2. When calculating the probability of entering
synchronism ( P, 5 ) such characteristics of the radio line

with the FHSS, as the physical properties of the radio
wave propagation medium, the type of signal, the
modulation and demodulation method, the signal
processing method on the transmitter, the power of the
transmitter, the range of radio frequencies, directional

antenna characteristics, etc. are not taken into account, as
they affect the P, in some way which is already taken

into account in the output.

3. We will assume that the interpreter in his strategy
for the suppression of the radio line with the FHSS does
not take into account the peculiarities of the algorithm of
entering into synchronism, that is, it interrupts, normally
distributed throughout the frequency range of the radio
with the FHSS, or concentrated in separate parts of the

radio Py € [0; 0.4].

2 REVIEW OF THE LITERATURE

A great ammount of studies are devoted to the
question of the properties disclosure of FHSS method and
the technique of forming the FHSS signals under the
conditions of  intentional and unintentional
interference [10—14]. These papers detail the advantages
and disadvantages of this method, the basic mathematical
models of the radio communication system with FHSS,
and analyze the noise immunity of this method. Also,
in [15-16], methods for finding signals from the FHSS
were proposed, and the condition of the radio channel was
evaluated.

However, the scientific results presented in
publications [10-16] when considering the issue of
finding a complex signal from the FHSS do not pay
sufficient attention to the noise immunity of the
synchronization process.

The analysis of works [17-18] showed that at the
stage of the search for a complex signal from the FHSS
the noise immunity of the radio line is characterized by
the noise protection of the algorithm of synchronism
entering.
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Figure 1 — Diagram of the synchronism entering typical process in the radio link with the FHSS

© Roma O. M., Vasylenko S. V., Peleshok Ye. V., Honenko S. V., Nikolayenko B. A., 2020

DOI 10.15588/1607-3274-2020-2-2

17



e-ISSN 1607-3274 PapioenexTpoHika, iHpopmaTuka, ynpasiinss. 2020. Ne 2
p-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2020. Ne 2

3 MATERIALS AND METHODS

On the basis of the known technique for noise
immunity estimation of the synchronism entering
algorithm in the radio link with the FHSS [7], a
mathematical model of the process of entering into the
synchronism of the radio control line of the UAV with the
FHSS has been synthesized.

In it, the probability of entering into synchronism for
one cycle (P, ¢ ) is used as an indicator of estimation of
the noise immunity of the entering into synchronism
process of the UAV control line with the FHSS.

According to the probabilities multiplication law
P.sc. is equal to the product of probabilities of non-
affection of frequency of entry into the transmitter
synchronism (coinciding with the frequency of entry into
the synchronism of the receiver), correct reception of the
synchro-frame (if the event of “non-affection of
frequency” really took place):

Fesc. = (1 — Pyt )(1 - I:)er.s.) Por Psi.-

We find the probability P, o as follows. At the

frequency of synchronism occurrence synchro-frame is
transmitted, and contains a synchro-tag lengthmg . Of

these, only those that differ from the expected number of
bits, which do not exceed my, , result in false entry into

synchronism. The total number of sequences that lead to
an erroneous occurrence of synchronism N; ., is equal

to:

mtr i
Nig= 2 CmS[ ’
1=0

where Cr'n — number of combinations from mg to i.
st

Considering that the occurrence of any of the false
sequences is equal, then the probability of an erroneous
reception of the synchro-tag in one cycle is equal to:

| . . I—i
i i
Fers.= 2 C R er.s.) :

M., er.s.

P21 Mt (1-F

The probability of synchronism entering with one
check of registers P, 1is equivalent to the probability of

receiving a sequence of Mg bits with an erroneous
number of bits not greater than my, and calculated by the

equation:

Wi pi M-
Psr. = Z Cm[r Pers. (1 - F)er) :
[

To calculate the probability of receiving service
information Py; , the encoding parameters of the service

information block (number of bits used for encoding
service information and the number of their repetitions)
must be taken into account.

It is believed that the interpreter in his strategy for the
suppression of radio lines with FHSS does not take into
account the peculiarities of the algorithm of entering
synchronism, that is, interferes with, evenly distributed
throughout the frequency range of radio with the FHSS,
or concentrated in its separate parts of range affecting the
working frequencies of radio line with P, probability.

Taking the limitation from above, the probability of
one bit correct receiving with r — repetition is equal to:

In this case, the probability of receiving service
information is equal to:

Ri. = F)bsr :

Using the synthesized mathematical model, the choice
of optimal, by the criterion of maximum noise immunity,
parameters of the algorithm of entering into the
synchronism of the UAV control line with the FHSS [8]:

— the number of frequencies occurrence of transmitter
synchronism in one occurrence sub-cycle of k =10;

— number of sub-cycles of occurrence of transmitter
synchronism in one cycle of occurrencel =6

— the length of time the transmitter is found at the
same frequency, taking into account the time for tuning
tyt =10 ms;

— the length of time the transmitter tuning from one
frequency to another t;; =1 ms;

— the length of one sub-cycle transmission time for
entry into synchronism frequencies ty, =100 ms;

— synchro-frame length mg =172 bits;

— synchro-tag length mg =126 bits;

— the encoding of the information contained in the
timing is accomplished by two Kasami sequences of
63 bits each;

length of the service information synchro-frame block
Mmsj = 46 bits;

— the encoding of the service information block is
carried out by means of 11-fold majority coding;

— the threshold number of bits in synchro-tag
Mg =126 bits, which is allowed to accept incorrectly

mtr = 21 bltS
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4 EXPERIMENTS — a powerful intentional interference simulator
We keep the following limitations and assumptions (AWGN radio channel);
that apply to the SM: — a simulator of a radio transceiver with a FHSS that

— the signal reception is coherent with the BPSK;

—aregular AWGN channel is used as the link;

— the Bernoulli random binary generator is used as a
deliberate interference simulator;

— check of registers is carried out synchronously with
adjustment (hop) of working frequency;

— to obtain reliable test results (cycle transfer), repeat
at least 10° times.

Based on the calculated parameters of the algorithm of
entry, as well as the restrictions and assumptions that are
advanced to the subsystem of entry into synchronism, a
block diagram of the process of entering into synchronism
of the UAV control line with the FHSS was
constructed (Fig. 2).

It consists of:

— a simulator of a radio station transmitter with FHSS;

receives a signal against the background of a powerful
intentional interference;

— a device for estimating the statistics obtained in the
simulation process.

Based on the constructed block diagram and with the
help of standard blocks of the Simulink batch extension
library, the SM of the process of entering into
synchronization in the UAV control line with the FHSSS
was constructed (Fig. 3).

The procedure for conducting a model experiment:

— at the input of the simulator of the receiver comes
formed on the simulator transmitter synchro-frame;

— transmission is carried out at predetermined fixed
frequencies of entry;

— the entry is considered successful if the synchro-
frame is received and the accepted Kasami sequence
matches its own.

Radiostation
transmitter with
FHSS simulator

Medium
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]

Radiostation receiver
with FHSS simulator
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Figure 2 — Block diagram of the SM of entering into synchronism process in the UAV control line with the FHSS
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Figure 3 — Structural diagram of the SM of entering into synchronism process in the UAV control line with the FHSS
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The developed SM simulated the transmission of a
synchro-frame consisting of a synchro-tag and a service
information block. That is, two Kasami sequences are
formed at the input of the transmitter, containing
information about the frequency number and sub-cycle
number of the transmitter (timing), and a block of service
information encoded by majority coding (meander). The
generated timing block and the service information block
are combined into the timing frame and leads to the input
of the BPSK modulator.

After modulation, the generated synchro-frame is
transmitted to the AWGN channel, where it is exposed to
the deliberate interference of the enemy. Bernoulli Binary
Generator is used to simulate the impact of the enemy.
Since the technique [7] assumes that not all frequencies of
synchronism are affected by deliberate interference, two
AWGN channels are used to simulate the propagation
medium. If the frequency is not affected, the signal passes
through a channel with a significant noise level (AWGN
Channel 1). If an accidental interference has occurred, the
switch (Switch) switches to another line (AWGN
Channel 2), where the signal power is much higher than the
noise power.

The received signal from the transmitter, using the
BPSK demodulator, is demodulated and multiplied by a
common (previously known to both users) pseudorandom
sequence. After that, the synchronization frame and the
block of service information are separated. The decision to
enter synchronization on the receiving side is made on the
basis of a comparison of the obtained Kasami sequences
with their own. For estimation of statistics in SM are used:

— synchronism probability estimation unit ( Py, );

— block of estimation of probability of false occurrence in
synchronism ( P; ¢ ) (synchronization by noise).

The statistical estimation units analyze the
probabilities of correct and false entry into the
synchronism of the UAV control line with the FHSS for
one frequency position (P, s s , Ps 5 ¢ ), sub-cycle (P ,

Ps sc.) and cycle of (P. s, Ps g ) transmission.

5 RESULTS
Lets analyze the dependence of the probability of true
(P.sc) and false (Ps . ) entry into the synchronism of

the UAV control line with the FHSS for one cycle of
transmission from different values of the signal-to-noise
ratio of the affected (SNR, ) and unaffected occurrence
frequencies (SNR_). The values of (SNR, ) and (SNR_)

are set at the beginning of the experiment in AWGN
Channel 1 and AWGN Channel 2. The simulation results
are presented in the form of graphs of the dependence of
P.sc. and P;g. for fixed values SNR_=0 dB,

Py = 0.4 and different values SNR, (Fig. 4, 5).

0,994 >
-40 -30 =20 -10 0 SNR,
Figure 4 — Dependence graph P, . for SNR_ =0 dB,

Pyt = 0.4 and different values of SNR,

»
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0,0194 5
-40 30 20 -10 0 SNR.

Figure 5 — Dependence graph P . for SNR_ =0 dB,
Pyt = 0.4 and different values SNR_

From Fig. 4 we see that the probability of entering
synchronism even at significant values of the signal-to-
noise ratio at the affected frequencies is quite high and at
SNR, =-10 dB approaches 1 (PF.. =0.9997). If this

value is reduced to SNR, =—-40 dB, the probability of
entering synchronism decreases (P.s. =0.995), but it

nevertheless satisfies the requirements set.

The probability of a false entry into synchronism, for
the same signal-to-noise ratio at the affected frequencies
is not significant and is P; . =0.01965 (Fig. 5).

Similar of P.gc

performed for fixed values of SNR, =-15 dB and
SNR, =-20 dB, Py =04

calculations and P . are

and different values of

SNR_ . The simulation results are presented as graphs in
Figs. 6, 7.

As the UAV control line is forced to operate in
complex radioelectronic conditions, it is also advisable to
consider the dependences P, . and P; . on the values
characterizing the interference situation (P, ). The

simulation results are presented as graphs (Fig. 8, 9).
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Figure 6 — Dependence graph P, for SNR, =—-15 dB,
SNR, =-20 dB, P; =0.4 and different values SNR_
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Figure 7 — Dependence graph Py ¢ for SNR, =—15 dB,
SNR, =-20 dB, Py =0.4 and different values of SNR_

~

Fesc

1
0,9
0.8
0,7
0,6
0.5
0,4
0,3
0,2
0,1

SNR.=0 dB
SNR =-5 dB
SNR =-10 dB

0
0

01 02 03 04 05 06 07 08 09 1 Py

Figure 8 — Dependence graph P, . for different values Py

Pf.s.r.
0,025

0,024
0,023
0,022
0,021

0,02

0,019

for SNR, =—20 dB, SNR_ =0; —5; —10 dB

"~

SNR =0 dB

Figure
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From the graphs on Fig. 8 we see that the probability
of entering synchronism at the values of the signal-to-
noise ratio at the affected SNR, =-20 dB and not

affected frequencies SNR_ =—-5 dB at the probability of
Py =04

satisfies the set requirements.
Increasing the probability of affection to Py =0.6

frequency affection approaches 1, which

and decreasing the signal-to-noise ratio at unaffected
frequencies to SNR_ =-10 dB, the probability of

entering synchronism decreases and equals P.i. =0.7.

The probability of false synchronization (Fig. 9), for the
cases considered above, are insignificant and are in the

range Py . =[0.0195; 0.0245].

6 DISCUSSION

Since conducting a large range of studies of the noise
immunity of the process of entering into the synchronism
of the UAV control line with the FHSS requires
considerable time and money expenses, in order to
optimize this process in the analysis, it is proposed to use
the developed process of entering into the synchronism of
the UAYV radio control line. This SM allows you to select
the necessary parameters of the algorithm to enter
synchronism to achieve the maximum level of noise
immunity of the process of entering synchronism.

The developed SM is unified and can be used in the

development or upgrading of known radio
communications with the FHSS.
7 CONCLUSIONS

Developed, using the Matlab R2017a Simulink
computer simulation environment, a simulation model of
the process of entering UAV control synchronization with
FHSS allows:

— to check the performance of the synthesized
mathematical model of the process of entering into
synchronization of the UAV control line with the FHSS;

— to conduct a series of experiments for different
values of the interfering environment in which the UAV
is forced to operate;

— to evaluate the noise immunity of the process of
entering into synchronization of the UAV control line
with the FHSS.

Scientific novelty of the obtained results. As a result
of the conducted studies, an adequate estimation of the
noise immunity of the process of entering into
synchronism of the UAV control line with the FHSS in
difficult radio electronic conditions was made.

The practical value of the obtained results lies in the
possibility of conducting a wide range of studies of the
noise immunity of the process of entering the
synchronization of the radio link with the FHSS in order
to select the optimal parameters of the algorithm of
occurrence from the point of view of the maximum noise
immunity.
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Hikxonaenko B. A. — kaHZ. TexH. HayK, cTapiinii BUkiIagad kadenpu [HCTUTYTY creniaibHOrO 3B’s13Ky Ta 3aXUcTy iHdopmarii
HarmionansHOTO TEXHIYHOTO YHiBepcuTeTy YKpainum «KuiBcpkuil momitexHiuHmid iHCTHTYT iMeHi Iropss Cikopcekoroy», Kuis,
Vkpaina.

AHOTANIA

AKTyanbHicTb. J[0CBiX NpoBeneHHs omneparii 00’€IHAHMX CHJI Ha CXOJi KpalHW II0Ka3aB, 10 y IpoLeci BUKOHAHHS 3aBJaHb
6esninorHuit nitaneHuid anapar (BIIJIA) 3MylIeHuni npamioBaTi y TOCUTh CKIAAHIN 3aBanoBii oOctaHoBLi. Hal6iibII CcyTTEBOIO €
npobnemMa 3abe3rnedeH s nepesadi KOMaHa YIPAaBIiHHI MiXK JIITaJbHUM alapaToM Ta Ha3eMHHUM IYHKTOM YIPaBIiHHS B yMOBax il
HOTYXXHHX HABMUCHHX 3aBaJl IPOTHBHHKA.

Y pobori B sikocTi kKaHaiy ynpasiaiHHs BITJIA mponoHyeTbhcss BUKOPUCTAHHS IIMPOKOCMYTOBHUX CHTHAJIB 3 ICEBIOBHIAIKOBIM
MepeHanamTyBaHHsIM pooodoi yactotu ([TITPY).

IIpu noOyznogi paxioninii ynpasninas BITJIA 3 ITITPY ocHOBHY yBary HeoOXiTHO MPUIUTATH MPOIECY BXOMKCHHS B CHHXPOHI3M,
SIK IEPBUHHOMY TIO BiJJHOIIIEHHIO JI0 IIPOIECY Iepeaadi KOMaH yIpaBIIiHH.

B merxax 3a3HaueHoi npobiieMn HeoOX1THO MPOBECTH OLIHKY 3aBaJ03aXHUIIEHOCTI MPOIECY BXOHKEHHS B CHHXPOHI3M pajioiHii
ynpasiinas BITJIA 3 IIITPY B ymoBax Aii MOTY)KHUX HAaBMHUCHHUX 3aBajl IPOTHBHHKA.

MeToro cTaTTi € aHai3 3aBaJ03aXHIIEHOCTI MPOIECY BXO/UKEHHS B CHHXPOHI3M paaioiiHii ynpasninus BIUJIA 3 IIITPY B
YMOBaXx BIUIMBY MOTY>KHOI HABMHCHOI 3aBai IPOTHBHHUKA.

Metoau. Y poborti, Ha OCHOBI po3pobieHoi imitauiiiHol moaeri (IM) mporecy BXOKEHHS B CHHXPOHI3M PaIioiHii yrpaBiiHHs
BIUIA 3 IITPY, mpoBeneHO HU3KY EKCIIEPHMEHTIB Ta OI[IHEHO 3aBa/I03aXHUILEHICTh MPOIECy BXOMHKEHHS B CHHXPOHI3M PaIioiiHii
ynpasininas BITJIA 3 TIITPY B ymMoBax BIUTUBY HOTY>KHO HABMHCHOI 3aBaJIH.

Pe3yasTaTn. 3a momoMororo pospodieHoi IM mpoBeneHO aHai3 3aJIeKHOCTI IMOBIPHOCTI BipHOTO Ta XHOHOTO BXOJDKEHHS B
CHHXpOHI3M pamioninii ynpasmiaas BITJIA 3 IITIPY 3a ogux 1y, OAWH MUK Ta OJHY YaCTOTHY MO3UIIIO Iepenadi Bil pizHUX
3HAUCHb BiJHOLICHHS IOTYXXHOCTI CHTHAI/IIYM Ha YpakeHHX Ta HEYPaKEHNWX YacTOTaX BXOKCHHS U PI3HUX 3HAYeHb, LI0
XapaKTepH3yOTh 3aBaJIOBY OOCTAHOBKY.

PesynbTaTi MOzIeIIOBaHHI IPeICTaBIIeHI Y BUTIIsIAL rpadikiBs.

BucnoBku. TIopiBHSAHHS pe3y/bTaTiB MOAENIOBAHHS 3 aHATITHYHUMH, HiJTBEPIUKYE aJeKBaTHICTh CHHTE30BaHOI MaTeMaTHYHOT
MOJIeNIi TPOLIeCY BXOKCHHS B CHHXpPOHI3M papnioninii ympaeninas BITJIA 3 IIIIPY Ta no3Bosisie BH3HAYMTH ONTHMANbHI, 32
KPUTEPIEM MaKCHMAaJbHOI 3aBaJI03aXUILEHOCTI, MapaMeTpH alrOpUTMY BXOIKECHHS B CHHXPOHI3M, II0 OyAyThb 3aJ0BOJBHATH
TIOCTaBJICH] BUMOTH 10 pamioninii ynpasminas BITJIA 3 TTITPY.

KJIIOYOBI CJIOBA: mmpoKOCMYyToBi CHTHANIM, IICEBIOBHIIAZKOBE IIepeHaNamTyBaHHs pobodoi wuacrotu (ITIIPY),
3aBa/I03aXUILEHICTh, BXO/KEHHS B CHHXPOHI3M, iMiTalliliHa Mo/ieb, Oe3nioTHU niTanpHuid anapar (BITJIA).
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AHAJIN3 IOMEXO3AIIMINEHHOCTHU MPOHECCY BXOXKJIEHHUA B CHHXPOHU3M
PAIUOJIMHHUH YITPABJIIEHUSA BIIA C IIITPY

Poma A. H. — 1-p TexH. Hayk, CTapmuii HaydHBI COTPYIHUK, 3aBeAyrommi kadenpoit MHcTHTyTa cnenupanbHOM CBS3M U
3amuTel HHpopMarmy HarMoHAIBHOTO TEXHUYECKOTO yHUBEpPCHUTETa YKpauHbl «KHEBCKHH HONUTEXHHYECKHMH HHCTHTYT MMEHHU
HUrops Cuxopckoro», Kues, Ykpauna.

Bacuienko C. B. — kaHA. TexH. HayK, Ha4aJIbHUK HAay4YHO-MCCJIENOBATEIbCKOH 1a00paTOpUH HAay4YHO-MCCIIENOBATEIBCKOTO
neHTpa VHcTuTyTa crenuanbHOM CBA3M M 3amuThl MHGOpManuu HaluoHANbHOTO TEXHHYECKOTO YHUBEPCHTETa YKpauHbI
«KueBckuil monurexHuueckuii HHCTUTYT UMeHHU Mrops Cukopckoro», Kues, Ykpauna.

Ilenewoxk E. B. — kana. TexH. HayK, 3aMECTUTENb HadaJlbHUKA HayYHO-UCCIIEA0BATENILCKOTO IIeHTpa MHCTUTyTa crienuaibHON
CBSI3M | 3amMThl HHGopManuu HaIrroHaIsHOTO TEXHHYECKOTO YHHBEpCHTeTa YKpanHbl «KHEBCKUH IMOMMTEXHUYECKHH HHCTHTYT
nmenn Urops Cukopckoro», Kues, Ykpanna.

T'onenko C. B. — acnipaHT Hay4yHO-OpraHU3alMOHHOIO OTAEIa Hay4HO-UCCIEJOBAaTEIbCKOro LeHTpa MHcTuTyTa crenuanbHON
CBSI3M M 3amMTH HH(MopManuy HarroHaIBHOTO TEXHHYECKOTO YHHBEpCHTeTa YKpanHbl «KHMEeBCKUH ITOMMTEXHUYECKHI HHCTHTYT
umenu Urops Cuxopckoro», Kues, YxpauHa.

Hukonaenko b. A. — xaHA. TexH. HayK, CTapIUWi mnpenojaBaresib Kadenapsl WHCTHTyTa cHelUManbHON CBS3M W 3aIlUTHI
nHpopMary HanuoHanbHOrO TEXHMYECKOTO yHHMBEpcUTeTa YKpauHbl «KHEBCKUH MOMUTEXHUYECKHH WHCTUTYT MMeHH Mrops
Cukopckoroy», Kues, Ykpansa.

AHHOTAIUA

AxTyanbHOCTb. OIBIT IPOBECHNS Onepanyii 00beANHEHHBIX CHJI Ha BOCTOKE CTPaHBI MOKa3ajl, YTO B MPOIECCE BBHITOIHEHHS
3amaHuil OecrIOTHBIA JietaTenbHbl ammapat (BIIJIA) BemHyxzneH paboTaTh B JOCTATOYHO CIIOXKHOW ITOMEXOBOH OOCTaHOBKE.
HawnGonee cymecTBeHHOI sBisieTcs: mpobiema oOecredeHns Iepefadd KOMaH YIPaBICHUS MEXIy JIeTaTeJbHBIM allapaToM U
Ha3eMHBIM IIyHKTOM YIPaBJICHUS B YCIIOBUAX JEHCTBHS MOIIHBIX YMBIIUIEHHBIX IIOMEX IPOTHBHUKA.

B pabGore B kxauectBe kananma ympasieHus bBIIJIA mpennaraercs HCIONB30BaHHE LIMPOKONOJIOCHBIX CUTHAJIOB C
NICeBIOCTyYaitHOI epecTpoiikoit paboueit yactotsl (IIITPY).

IIpu moctpoennn paanonmaun ynpasienus BIUJIA ¢ TIITPY ocHoBHOe BHUMaHHE HEOOXOIUMO YIIEIUTh MPOLECCY BXOKICHHS B
CHHXPOHHM3M, KaK IIEpBUYHOM IO OTHOIICHHMIO K MPOIECCY Mepefadil KOMaH] yIIPaBICHNSI.

B pamkax yka3aHHOH mpoOieMbl HEOOXOJMMO HPOBECTH OLEHKY ITOMEXO3AIIUIIEHHOCTH IIPOLecca BXOXKAEHHUS B CHHXPOHU3M
panuonunuu ynpasieHus BILUIA c IITIPY B ycinoBusx AeHCTBHS MOIIHBIX YMBIIUICHHBIX IOMEX IPOTUBHUKA.

Lenablo cTaTby ABISETCS aHAIU3 TOMEXO3AIIUIIEHHOCTH IPOLlecca BXOKACHUS B CHHXPOHU3M paguosuHuy ynpasienus BIIJIA
¢ IITIPY B yciioBUsAX BO3/AE€HCTBUSA MOILIHOM NpeJHAMEPEHHOM TOMEXHU IPOTUBHUKA.
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MeTtoabl. B pabote Ha ocHOBe pa3zpaboTanHON uMHTannoHHOU Mozaenu (MIM) nponecca BXOXKACHHUS B CHHXPOHU3M PAIHOIMHUN
ynpasnenust BIIJIA ¢ TITIPY, npoBeneH psii SKCIEPUMEHTOB U OLIEHEHA TOMEXO03aILUIIEHHOCTD MIPOLECCa BXOXKAECHUS B CHUHXPOHU3M
pazuommaun ynpasnerns BITJIA ¢ TITTPY B ycioBusx Bo3AeHCTBUS MOIIHON MpeTHAMEPEHHOH TOMEXH.

Pe3yasTatsl. C nomomsio papaborannoit UM npoBesieH aHann3 3aBUCUMOCTH BEPOSTHOCTH BEPHOTO U HEBEPHOTO BXOXKICHHMS
B cUHXpoHU3M paauonunuu ynpasnenus BITIA ¢ TIITPY 3a onuH UMKy, OAMH MOALMKI U OJHY YaCTOTHYIO MO3UIMIO MEpeJadyn OT
Pa3IMYHBIX 3HAYCHUH OTHOLIEHHS MOIIHOCTH CHTHAJI / IIyM HA MOPAYKEHHBIX U HEMOPAXEHHBIX YaCTOTaX BXOXKICHHS JUIS Pa3HbIX
3HAUCHUI1, XapaKTEePU3YIOIIIX TIOMEXOBOI 00CTaHOBKE.

Pe3ynbraThl MOCIMPOBaHUS IIPEACTABICHBI B BU/IE IPaHKOB.

BeiBoabl. CpaBHEHHE pe3ysbTaTOB MOJEIMPOBAHHA C AHATUTUYECKHMH, MOATBEP)KAAET aJeKBaTHOCTb CHHTE3UPOBAHHON
MaTeMaTHYeCKOW MOENH Mpolecca BXOXKIEHUS B CHHXpOHM3M paguonuauu ynpasiaenust BIIJIA c ITITPY u no3BossieT onpenenuTtsb
ONTHMAJIbHBIE TI0 KPUTEPUIO MaKCHMAJIbHOI ITOMEXO03aIIUIIEHHOCTH, apaMETPhl AITOPHTMA BXOXKACHHS B CHHXPOHH3M, KOTOpPBIE
OyAyT yIOBIETBOPATH MOCTABICHHBIC TPeOOBaHMS K paanonuanu ynpasieHus bITJIA ¢ ITITPY.

K/IOYEBBIE CJIOBA: 1mMpOKONONOCHBIE CUTHAIIBL,

TIOMEXO03alHIIEeHHOCTh, BXOXK/ICHIE B CHHXPOHHM3M, HIMHTAI[IOHHAs. MO/IEJIb, OECIIMIIOTHEIN JieTaTenbHbIH anmapat (BITJIA).
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