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Technique for improving the immunity of a satellite navigation receiver
to intended jamming

R.O. Arefyev', N.G. Arefyeva', O.N. Skrypnik’
Irkutsk branch of the Moscow State Technical University of Civil Aviation,
Irkutsk, Russia
’Belarusian State Aviation Academy, Minsk, Republic of Belarus

Abstract: Modern unmanned air vehicles (UAV) are equipped with satellite navigation receivers to provide stability in space and
maintain the desired track. The satellite navigation receivers feature low noise immunity that can result in loss of satellite signals
and, hence, in deviation from the desired track or control loss. The paper presents a technique for improving the immunity of a
satellite navigation receiver under wide- and narrow-band interference as well as deceptive interference. The technique was
implemented through the analysis of NMEA output data of a satellite navigation receiver. The main advantage of the proposed
technique is the use of relatively small computational power of the onboard computer. The proposed technique is based on the
analysis of the signal/noise ratio, the number of navigation satellites used as well as the integrity of the output coordinates of an
UAYV receiver. The proposed technique allowed developing an algorithm for detecting the interference which consists of two
stages. At the first stage, presence of interference is identified, the second stage implies the comparison of the output coordinates of
the receiver with the desired ones making it possible to assess the effects of deceptive interference. The algorithm is implemented in
the G programming language in the LabVIEW environment. The technique and the algorithm for identifying the interference were
tested by conducting a series of semi-natural experiments with the CH-3803M signal simulator which allowed estimating the
threshold values of signal levels from navigation satellites in the presence of interference. As a test sample the ATGM336H
multisystem satellite navigation receiver was used that provides a possibility to select a satellite navigation system (GLONASS,
GPS or BeiDou) or to use their combination for solving an UAV navigation problem. The authors conducted a series of
experiments for assessing the effects of different interference on the performance of the ATGM336H satellite navigation receiver.

Key words: UAV, spoofing, GNSS, signal/noise ratio, NMEA, noise immunity.

For citation: Arefyev, R.O., Arefyeva, N.G., Skrypnik, O.N. (2025). Technique for improving the immunity of a satellite navi-
gation receiver to intended jamming. Civil Aviation High Technologies, vol. 28, no. 6, pp. 8-24. DOI: 10.26467/2079-0619-2025-
28-6-8-24

MeToauka NOBbLINIEHUA HOMEXO)’CTOf/’I‘II/IBOCTI/I NPpUEMHUKA
CHyTHHKOBOﬁ HABHMTallM4 K BO3eHCTBUIO NpeIHaAaMEPCHHBIX ITIOMEX

P.O. Apednes’, H.I'. Apednea’, O.H. CkppInHuK’
]Hpkymcmtﬁ Gunuan Mockosckoeo 20cyo0apcmeeHH020 MeXHUUecKo20 YHugepcumema
epasicoanckoul asuayuu, 2. Upkymck, Poccus
2Eejzopyca«m 2ocyoapcmeennas akademus asuayuu, 2. Munck, Pecnyonuxa benapyce

Annoramusi: CoBpeMeHHbIe OecrioTHbIe Bo3ayInHBIe cyna (BBC) ocHamieHb! mprieMHHKAaME CITyTHUKOBOM HABHTALMH JUIS

peleHus 3a7ad CTaOWIM3aliy B TIPOCTPAHCTBE M BBIACP)KHBAHMUSA 3a[JaHHOM TpaeKTopuy mojera. lIpy 3ToM npHeMHHKH
CIlyTHUKOBOW HABUTALMK OTJIMYAIOTCS HU3KOHW OMEXOYCTONUMBOCTBIO, UTO MOXKET MPUBECTH K MOTEPE CUTHAIOB OT CITyTHHKOB
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U, KaK crencTre, kK otkiaonernto bBC ot 3amanHOTrO MapmpyTa oo K moTepe yrnpasisieMocTi. B maHHoO# paboTe npeacTaBieHa
METO/IMKA TOBBIIICHUS TIOMEXOYCTOWYMBOCTH TPUEMHMKA CIYTHHKOBOW HABUTALMM NMPH BO3ICHCTBHM IIMPOKOIOJIOCHOW H
Y3KOIOJIOCHOM MOMEX, a TAKoKe YBOISIIEN oMexy. MeToika peann3oBaHa Ha OCHOBE aHAIN3a BHIXOAHBIX JAHHBIX C IPUEMHUKA
CITyTHUKOBOH HaBurarmy, Qopmupyembsix B (popmare NMEA. OCHOBHBIM JOCTOMHCTBOM IIPEIAracMoro IOJXoJa SIBIISETCS
WCIOJIb30BaHHE OTHOCHTENIBHO HEOOJBIIMX BBIYMCIIMTENBHBIX PECYpcOB OOpPTOBOro Bhruuciurens. Ilpemnaraemas meroauka
OCHOBaHa Ha aHaJM3€ COOTHOIICHWS CUTHAI/IIyM, KOJMYECTBA HABHUTALMOHHBIX CITyTHHKOB, HCIOJB3YEMbIX B DELICHUH
HABHUTAITMOHHOW 3aJ1a9H, a TAKOKE Ha LIEJIOCTHOCTH BBIXOAHBIX KoopauHat npreMHnka bBC. Ha ocHOBe npeioyxKeHHON METOTUKHI
pazpaboTaH anropuT™M OOHApYKEHMSI BO3AEHCTBHS IIOMEX, KOTOPBI COCTOMT M3 JBYX 3TarnoB. Ha mepBom stame onpenensercs
HJIMYME TIOMEX, BTOPOH 3Tall IPEANoaracT aHaIN3 BBIXOIHBIX KOOPAWHAT NPHUEMHHKA 110 OTHOMIEHHIO K IUIAHUPYEMBIM, YTO
TMO3BOJIIET ONPE/CTNTh BO3JICHCTBUS YBOMAMICH ITOMEXH. AJITOPUTM pEaInM30BaH Ha S3bIKe nporpammupoBanuss G B
nporpamMmHOi cpene LabVIEW. Meroauka ¥ anroput™ OOHapyKEHHsS IIOMEX MPOTECTHPOBAaHBI ITyTeM IPOBENEHHS psia
HOJYHAaTYPHBIX 3KCIEPUMEHTOB C MOMOIbI0 nMmuTaTopa curianoB CH-3803M, 4To Mo3BOMMIO OLIEHUTH IIOPOrOBBIE 3HAUCHUS
YPOBHEW CHTHAJIOB OT HABHMIAlIMOHHBIX CIyTHHKOB IPH HAJIMYMK NOMeX. B KauecTBe TecTHpyemoro odpasiia HCIOIb30BaICs
MYJIBTHCHCTEMHBIN NMPUEMHHK CITyTHHKOBOI HaBuraumun ATGM336H, xoTopsblii 001agaeT BO3MOXKHOCTBIO BEIOOPaA CITy THUKOBOM
HauranmonHoit cucrembl (IJIOHACC, GPS wm BeiDou) win nx xoMmOuHaummy Juisi pemieHust 3anaun Hasuraimu BBC.
ITpoBenena cepysi SKCIEPHIMEHTOB TI0 OLIEHKE BIMSHUS MOMEX Pa3iIMYHbIX BHUIOB HA XapaKTEPUCTHUKH MPHUEMHHKA CITyTHUKOBOH
HaBuranun ATGM336H.
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Introduction

Unmanned Aircraft Systems (UAS) represent
a dynamically developing cluster within the
aviation industry. The fields of application for
UAS are extensive, and new areas for their use
are constantly emerging. Furthermore, the pro-
spect involves an increasingly widespread use of
UAS performing autonomous flights.

The feasibility and efficiency of autonomous
UAS flights depend on the quality and reliability
of aeronautical provision. The primary means for
performing autonomous flight are satellite navi-
gation systems (GNSS), which offer a global
coverage area, high accuracy, and unlimited
throughput capacity. However, there are also a
number of problems [1-9] that affect the effi-
ciency of satellite navigation use, the most sig-
nificant of which is the low interference immuni-
ty of GNSS receivers. This is because the signals
from navigation satellites (NS) at the input of the
receiving antenna have a very low level, and
even a low-level external interference is suffi-
cient to suppress the weak signals from the NS.
Moreover, there are intentional interference sig-
nals that imitate the structure of the NS signals,
which can cause the receiver to determine false
coordinates and generate false flight trajectories

for the UAS, making the use of airspace unsafe
for other users. Such interference is called
meaconing, and the substitution of GNSS signals
is known as spoofing (meaning — to substitute,
deceive, falsify) [10-13]. The study [14] pro-
vides an analysis of statistical data for 2024,
showing an increase in spoofing incidents during
regular flights of manned aviation. Therefore, an
urgent scientific task arises to determine the
presence of spoofing and to counteract it, which
will enhance flight safety and the efficiency of
aeronautical provision for both manned and un-
manned aviation.

The main spoofing scenarios are as follows:

using a jammer to force the GNSS receiver
from tracking mode into signal search and acqui-
sition mode, and after resetting the correlator, to
feed a false satellite signal to the receiver input
to form a false trajectory. This scenario is con-
sidered a crude type of spoofing;

using a GNSS receiver on the jammer to ob-
tain identical signal delays and Doppler frequen-
cy shift values necessary for generating synchro-
nous spoofing with a higher signal level com-
pared to the levels of signals from the NS, which
will allow substitution with a false signal. This
type of spoofing is more complex and harder to
detect.



HayyHbiin BectHuk MITY TA

Tom 28, Ne 06, 2025

Civil Aviation High Technologies

According to [15, 16], the following methods
for spoofing detection exist:

e determining the signal amplitude;

o determining the signal direction of arrival;

o determining the signal arrival time;

« correlating GNSS receiver data with data
from other onboard navigation systems;

« authentication using signal encryption;

o determining the signal polarization type;

o detecting vector tracking loops.

To use any of these methods, it is necessary
to know the structure of specific GNSS receivers
and the algorithms they implement for searching,
detecting NS signals, and tracking their delay
and frequency. In practice, most GNSS receivers
installed on UAS are separate modules with a
closed structure, which limits the use of most of
the mentioned spoofing detection methods.

Study [2] assessed the interference immunity
of a multi-system GNSS receiver module like
the ATGM336H under the influence of narrow-
band interference. The structure of this receiver
module allows for separate processing of signals
from each system. It was experimentally estab-
lished that when interference is present at the
GPS frequency, the module’s performance for
the GLONASS system also degrades due to the
specifics of intermediate frequency selection in
the receiver path.

The GNSS module, connected to the UAS
onboard controller, outputs a data packet with
coordinates for stabilizing the UAS in space and
executing the assigned flight. However, if false
GNSS signals are received, the UAS will per-
form a flight not according to the assigned route,
which may be detected by the operator (external
pilot) with a significant delay. Therefore, it is
necessary to determine the moment when spoof-
ing begins and affects the GNSS receiver in or-
der to promptly notify the operator for making
decisions regarding further flight control and ex-
cluding information from the satellite receiver
from the control loop. For this purpose, a modi-
fication in the UAS architecture is proposed,
based on the analysis of output data from the
satellite receiver. This task can be performed by
the flight controller if it has sufficient computa-
tional performance, or an additional microcon-
troller may be required.
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This paper presents a methodology for detecting
spoofing generated according to the two scenarios
considered above, based on the analysis of output
data from the ATGM336H receiver module.

Output Data of the ATGM336H
Receiver Module

The ATGM336H is a compact satellite re-
ceiver designed to determine user coordinates,
speed, and precise UTC time when operating
with signals from GPS, GLONASS, and BeiDou
systems. Key features of the receiver module:

1. Support for UART interface for data ex-
change and configuration.

2. Support for high data transfer rates (up to
115200 baud).

3. Low power consumption.

4. Compact size, ensuring easy integration
into various devices.

5. Built-in active antenna.

6. High-precision positioning (up to centime-
ter level) using additional technologies.

The ATGM336H receiver module has a
number of characteristics that make it applicable
and effective in various fields, including UAS
navigation.

The output data from the receiver is a data
packet in NMEAO0183 format.

“NMEA is a common standard for represent-
ing navigation data in text format (ASCII). This
protocol is used to transmit GNSS data from the
receiver to external devices that are unable to
decode the specific manufacturer’s receiver nav-
igation message.”'

The NMEA protocol defines a standard data
format that includes information about geo-
graphic position, speed, time, course, and other
flight parameters. These data are transmitted as
text messages containing special codes and fields
to identify the type of information.

For developing an algorithm to detect and
counter a spoofing attack, it is proposed to ana-
lyze data on the parameters of signals received

' NMEA-0183 Navigation Data Representation Standard.
(2024). OrientSystems. Available at: https://orsyst.ru/
blog/nmea (accessed: 23.02.2025).



Tom 28, Ne 06, 2025

HayuyHblit BectHuk MITY TA

Vol. 28, No. 06, 2025

Control inputs

Civil Aviation High Technologies

1
1
Satellite 1
‘ SV I -
ATGMSSBH { = GGA Data az|mqt .
NMEA - I55A] |on the Satellite [F5ain> |
| T™ to-Noise Ratio ;
recordin B

l . Data on the - >| Statistical _GL_”E; :
I Coordinates || Processing El%'::; 1
1 > = = 3 1
I oB.o6L.o5H .

HDOP.
] Geometric  [HOP > |
I Factor  [PDORS I
I L RUHES I

I RMC iqati V. KM/

Navigational —
— :

: parameters - > !
| I — _ — — - 1

Fig. 1. The interface of the ATGM336H receiving module

from the NS, such as the signal-to-noise ratio,
satellite azimuth and elevation angle, as well as
information about the UAS location and flight
parameters. This information can be obtained
from the NMEA protocol (from GGA, GSV,
and RMC messages). The selection of these
messages provides a complete set of receiver
data and gives a full picture of the navigation
conditions.

An analysis of publications by other authors
on the use of NMEA protocol data for spoofing
detection has been conducted. For instance,
study [13] reviews existing methods for deter-
mining spoofing, indicating the possibility of
analyzing NMEA protocol data. Work [17] pre-
sents the main NMEA protocol messages that
can be used for spoofing detection and provides
results of testing different types of receivers in
the presence of spoofing. In [18], a software
platform for comprehensive analysis of NMEA
messages from two simultaneously operating
receivers located at a fixed distance is presented.
The authors describe the main methods: check-
ing navigation parameters (speed and altitude);
estimating pairwise distances between receivers;
checking ephemeris; monitoring time scale off-
set; monitoring the signal-to-noise ratio (deter-
mining the maximum signal level). The work
shows that for maritime transport, the most ef-
fective method for determining spoofing is the
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method of estimating pairwise distances between
receivers. The method of monitoring the signal-
to-noise ratio was not used in this work.

Structural Diagram of the Interface for
the Satellite Navigation Receiver

A software interface for the ATGM336H re-
ceiver module has been developed to study inter-
ference immunity, assess accuracy characteris-
tics, and for a number of other tasks. The inter-
face, whose structural diagram is shown in Fi-
gure 1, was developed in the LabVIEW graph-
ical programming environment.

The ATGM336H receiver module is con-
nected to a PC via an RS232 serial port and
transmits data to the interface at a specified baud
rate for further processing. Relevant information
is extracted from the GSV, GGA, GSA, and
RMC messages. Specifically: data about satel-
lites in view (satellite ID, azimuth, elevation, and
Signal-to-Noise Ratio (SNR), measured in
dB-Hz) are extracted from the GSV messages.
The coordinates determined by the receiver
module and the time are extracted from the GGA
messages. These coordinates then undergo statis-
tical processing to obtain the Root Mean Square
Error (RMSE) and plots of coordinate measure-
ment errors. Information about the UAS’s speed
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and course of movement is extracted from the
RMC messages. The developed interface also
allows for the processing of GSA messages to
extract the GNSS Geometric Dilution of Preci-
sion (GDOP) values, which can be used to assess
the influence of the geometry of the current sat-
ellite constellation on the accuracy of coordinate
measurements.

The developed interface also allows for gen-
erating commands in the form of PCAS messag-
es to modify the settings of the receiver module.
For example, using the appropriate command,
one can select the satellite system(s) for the re-
ceiver module to operate with, change the output
data rate, and more.

The obtained and processed data are subse-
quently analyzed. Based on this analysis, the re-
ceiver module configuration can be adjusted us-
ing the generated commands, which can improve
its performance in the presence of interference.

Spoofing countermeasure methodology

The analysis of existing methods for generat-
ing false signals indicates that the most straight-
forward way to perform spoofing currently is by
using HackRF One equipment (a software-
controlled platform) and an external radio signal
amplifier. Consequently, the methodology for
detecting meaconing interference must be gener-
alized and include several key criteria for spoof-
ing detection.

As noted earlier, the primary indicator for de-
tecting spoofing onboard a UAS will be the as-
sessment of Signal-to-Noise Ratio (SNR) levels,
which allows for the detection of interference
that precedes the spoofing signal. Therefore, an-
other indicator for detecting a spoofing signal
will be the comparison of the onboard flight plan
with the data received from the GNSS receiver.
Based on this, the methodology for identifying a
spoofing attack consists of two stages:

1. Analysis of the Signal-to-Noise Ratio at
the receiver input to identify specific signal lev-
els that may indicate the presence of interfer-
ence.

2. Comparison of additional information,
such as the flight plan (coordinates, course,
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speed), with data received from the GNSS re-
ceiver, which allows for the detection of discrep-
ancies and serves as a basis for reacting to spoo-
fing.

Determining threshold Signal-to-Noise
Ratio levels

The determination of threshold Signal-to-
Noise Ratio levels for spoofing detection was
performed using a CN-3803M satellite signal
simulator. One of the advantages of this simula-
tor is its ability to vary the output signal power
in the range from —150 dBm to —100 dBm. Un-
der real-world operating conditions, the typical
signal level for a receiver is approximate-
ly =120 dBm [2, 19].

Signals from GLONASS and GPS navigation
satellites were simulated. The receiver’s antenna
was placed next to the simulator’s antenna.

A series of experiments was conducted with
different output signal levels from the simulator,
which is equivalent to changing the SNR in the
presence of fixed-level interference. The exper-
iments aimed to determine the maximum and
minimum signal levels at the receiver input that
lead to extreme SNR values. The minimum SNR
level is the threshold value at which the naviga-
tion solution is computed with very coarse accu-
racy.

Under normal receiver operating conditions,
a decrease in SNR to the minimum threshold
value is unlikely. Firstly, during UAS flight at
altitude, the receiver is not subject to multipath
effects, signal shadowing, and other degrading
factors, so the SNR remains relatively stable.
Secondly, in the case of wideband or narrow-
band interference, a decrease in SNR levels is
observed for all satellites (depending on the sat-
ellite receiver’s structure) used in the navigation
solution. Therefore, it is necessary to evaluate
the average SNR value across signals from all
navigation satellites included in the solution.

As an example, Figure 2 shows a graph of
the relationship between SNR and the input sig-
nal level for GPS navigation satellite No. 3.
It follows from Figure 2 that a decrease in the
input signal level leads to a decrease in SNR.
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Fig. 2. SNR of GPS satellite No. 3 at different input levels

Table 1

Average SNR values for different input signal levels

Input signal level dBm —100 —120 —135 —140
Average SNR GPS, dB-Hz 50.6 38.8 26.4 24.2
Average SNR GLONASS, dB-Hz 52 39.6 28.6 233

Table 1 presents the average SNR values for
the visible GLONASS and GPS constellations
separately, calculated using formula (1):

1 N GPS ,IJIOHACC

MGPS,FJZOHACC :N— z SNR, (1)

2
GPS,IVIOHACC i=1

where N is the number of visible satellites of the
observed system; i is the serial number of a visi-
ble satellite of a specific system.

The table shows that decreasing the input
signal level below —135 dBm does not lead to a
significant degradation of the SNR. At the max-
imum signal level of =100 dBm, the SNR is ap-
proximately 50 dB-Hz for the GPS system and
52 dB-Hz for the GLONASS system, which is
not observed under real-world operating condi-
tions. Therefore, an average SNR value for the
entire visible constellation of 50 dB-Hz can be
used as an upper threshold indicating the pres-
ence of meaconing interference.

When receiving signals at critical levels
of =135 dBm and —140 dBm, the receiver cannot
maintain stable tracking of navigation satellites.
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This leads to satellites being intermittently in-
cluded in and excluded from the navigation solu-
tion (fig. 3, curve 1 — number of satellites at an
input signal level of —135 dBm, curve2—
at —140 dBm). This primarily affects satellites
with the longest ranges (typically those near the
horizon).

The Root Mean Square Errors (RMSE) of the
receiver’s coordinate determination, evaluated
over a 950-second time interval, were as follows:

for an input signal level of —135 dBm: lati-
tude oB = 46.8 m, longitude oL = 204.7 m, alti-
tude cH = 3.8 m;

for an input signal level of —140 dBm: lati-
tude oB = 60.7 m, longitude cL. = 92.6 m, alti-
tude cH =6.3 m;

for an input signal level of —120 dBm
(the level under real-world operating conditions
of the receiver): latitude 6B = 2.2 m, longitude
oL = 3.8 m, altitude cH = 0.07 m.

Figure 4 shows the plots of coordinate de-
termination errors (latitude error 6B — curve 1,
longitude error 6L — curve 2, altitude error dH —
curve 3) for an input signal level of =135 dBm
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Fig. 4. Positioning errors in solving a navigation problem with GLONASS/GPS constellation
at the input level of —140 dBmW

(fig. 4, a) and —140 dBm (fig. 4, b). Figure 4b
shows that due to the instability of horizon satel-
lites, the horizontal coordinate measurement er-
rors vary significantly.

Based on the obtained results, a threshold of
26 dB-Hz should be selected for the minimum
signal level. This level is unacceptable under the
real-world operating conditions of a GNSS re-
ceiver, allowing for the detection of interference.

Thus, to determine the presence of interfer-
ence that disrupts the satellite navigation re-
ceiver’s correlator, a lower threshold of
26 dB-Hz will be used. In the case of meacon-
ing interference (spoofing), an upper threshold
of 50 dB-Hz will be used. Therefore, the fol-
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lowing inequality is used as the criterion for
detecting interference:

26 dB-Hz < MGPS,IYIOHACC,Beidou <50 dB-Hz.

To exclude from the proposed criterion the
influence of SNR level reductions from satellites
that are entering or leaving the receiver tracking
zone, a second criterion must be added. This cri-
terion will be the comparison of the number of
satellites used in the GNSS receiver navigation
solution against a specified value. The specified
value for the number of satellites for each navi-
gation system is chosen as 4, since this is the
minimum number required to solve the naviga-
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Fig. 5. The algorithm for detecting the interference

tion task and is sufficient when using satellites
from other systems when the GNSS receiver op-
erates in a multi-system mode. Therefore, the
general criterion for detecting interference im-
pact is as follows:

4<Nv26dB-Hz< M

GPS,IJIOHACC , Beidou

Algorithm for Interference Detection

The algorithm for detecting interference in
navigation receivers is presented in Figure 5.

In the first step of the algorithm, the input data
from the receiver is set. This includes SNR values
for the three systems (SNRgps, SNRgLonass,
SNRBeigou), the number of satellites used in the

<50dB-Hz. (2)
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navigation solution (NGps, NGLONASS) NBeidou),
the current UAS coordinates (By, Ly, Hx), and
the UAS flight plan coordinates (B, L, H), which
are defined during the pre-flight preparation
stage.

In the second step, the average SNR value for
the visible constellation is calculated separately
for each system (SNRgps, SNRGLonAss, SNRgeidou)
according to expression (1).

In the third step, the calculated average SNR
values for each system are compared with condi-
tion (2). If the condition is not met for one of the
systems, it is assumed that narrowband interfer-
ence is present at the input of the receiver on the
frequency of that specific navigation system.
Consequently, a command is automatically gen-
erated for the GNSS receiver to exclude this sat-
ellite system from the navigation solution. This
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will lead to improved coordinate determination
accuracy and more stable receiver operation.

If the condition is not met for all systems
simultaneously, a decision is made that wide-
band interference is present at the receiver input.
In this case, an informational message is gener-
ated for the UAS operator about the inability to
further use the GNSS receiver, and a recommen-
dation is provided to take manual control of the
UAS flight. This allows for avoiding the first
stage of spoofing impact.

If the condition is met for at least one of the
systems, the algorithm proceeds to the next veri-
fication stage.

During the fourth step, the output UAS coor-
dinates are compared with the flight plan coordi-
nates. This stage allows for the detection of
meaconing interference, particularly in cases
where malicious actors did not generate interfer-
ence to reset the GNSS receiver’s correlator or
where the satellite signal substitution occurred
before the GNSS receiver was powered on.

If this condition is met, no spoofing is detect-
ed, and the algorithm repeats from the beginning
with updated data from the receiver.

If the condition is not met, an automatic mes-
sage is generated for the UAS pilot, instructing a
transition to manual control of the UAS. Simul-
taneously, the GNSS receiver is disconnected
from the onboard controller to prevent further
diversion of the UAS along a false trajectory.

To prevent false triggers of this condition due
to positioning errors, a certain tolerance (Ag, Ar,
and Ap) is added to each calculated coordinate
value from the flight plan. In this work, Ag and
Ar were set to 10 meters (converted to degrees
of latitude and longitude), and Ay was set to
5 meters, which helps avoid abrupt altitude
changes. The UAS flight altitude is determined
using the GNSS receiver at altitudes above
60 meters; at altitudes below 60 meters, a baro-
metric altimeter with optical stabilization sys-
tems is used for altitude determination.

Thus, the developed algorithm ensures that
the GNSS receiver onboard the UAS can con-
tinue solving the navigation task under the in-
fluence of narrowband interference at an ac-
ceptable level on one system’s frequency. It
also provides a warning to the operator if
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wideband interference is present at the GNSS
receiver input, or in the case of satellite signal
spoofing that has caused the receiver’s output
coordinates to deviate from the assigned flight
route coordinates

Test Results of the Algorithm Using
Hardware-in-the-Loop Simulation

Figure 6 shows the test bench used for testing
the interference detection algorithm. The bench
includes:

o a CN-3803M signal simulator, which gen-
erates navigation satellite signals for the GPS
and GLONASS systems according to a prede-
fined scenario where a stationary object is locat-
ed at a point with zero coordinates;

« a HackRF One module, used as a source of
narrowband interference with a signal level of 15
dBm;

o a dual-band wideband interference trans-
mitter with a power of 1 Watt;

o the GNSS receiver module under test, an
ATGM336H.

Testing of the developed algorithm was con-
ducted in four stages:

1. Generating narrowband interference on
the GPS frequency and on the frequency of the
first GLONASS frequency channel.

2. Generating a signal with the simulator
above the threshold level, corresponding to the
GNSS signal being suppressed by a spoofing
signal of higher power.

3. Generating wideband interference.

4. Spoofing the satellite signals, leading the
UAS to follow a false trajectory.

Results of the Study on the Impact of
Narrowband Interference on the GPS
Frequency and the First GLONASS
Frequency Channel

Using the HackRF One module, interference
was applied at the GPS LI frequency of
1575.42 MHz with a power of 30 mW. The in-
terference source antenna was placed next to the
antennas of the simulator and the receiver.
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Fig. 6. The test bench for testing the algorithm for detecting the interference
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Fig. 7. SNR levels: a — SNRGPS, b— SNRGLONASS
Left to right — before interference — after interference

Figure 7 shows the graphs of the changes in
the average SNRgps and SNRgronass. The re-
sults show that the time samples do not coincide,
which is associated with the different signal
search and acquisition times for the GPS and
GLONASS systems.

The sharp drop in SNRgps to approximately
8 dB-Hz (fig. 7, a) is related to the moment the
narrowband interference was generated. During
the entire period of interference, unstable track-
ing of the signals from GPS satellites is ob-
served.
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The sharp drop in SNRgronass (fig. 7, b) is
related to the structure of the ATGM336H mod-
ule, specifically the passage of one of the har-
monics during frequency conversion in the
GLONASS channel. However, the SNRgLoNASS
level remains above the set lower threshold of
26 dB-Hz. Therefore, solving the navigation task
using the GLONASS system is possible, and the
algorithm generates a command to disable the
GPS system signals.

Figure 8 shows the coordinate measurement
errors of the ATGM336H module (latitude error
OB — curve 1, longitude error oL — curve 2, alti-
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Fig. 8. Positioning errors with interference at the GPS frequency
Left to right — Glonass — interference — without interference

T 1oMex

C

d

Fig. 9. The results of the experiment: @ — number of GLONASS satellites ised in solution;
b — SNRgLonassc; ¢ — number of GPS satellites ised in solution; d — SNRgps

tude error 0H — curve 3). The figure highlights
the moment when the interference was applied,
which led to an increase in coordinate determi-
nation errors.

After the algorithm generated the command
to disable GPS signal reception, a decrease in
coordinate measurement errors is observed. This
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indicates that the GNSS receiver can still be
used, albeit with a greater error compared to its
accuracy before the interference began.

When narrowband interference is applied at a
frequency of 1602 MHz, corresponding to one of
the GLONASS frequency channels, a loss of
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Fig. 11. The results of the experiment: a — SNRgps; » — SNRgronass

tracking for almost all signals from GLONASS
satellites is observed.

Figure 9 shows graphs of the number of sat-
ellites N (fig. 9, a, ¢) used in the solution for
each system and the average SNR values (fig. 9,
b, d). The marked moments on the graphs for the
number of satellites in the solution and for SNR-
cLonass (fig. 9, a, b) are associated with a short-
term cessation of the interference, which did not
significantly affect the overall coordinate meas-
urement accuracy. A significant degradation of
SNRgps 1s not observed; therefore, the receiver
operates with good coordinate determination ac-
curacy (fig. 10, where curve 1 is error 6B, curve
2 is error oL, and curve 3 is error 6H).
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Results of the study on the influence of
a high-level spoofing signal

Setting the simulator to a high output signal
level (exceeding the level of the real GNSS sig-
nal) caused an increase in SNRgps and
SNRgGLonass, exceeding the established threshold
of 50 dB-Hz (fig. 11, a, b). Consequently, the
algorithm generated the appropriate alert mes-
sage. This event is displayed on the interface of
the software module developed in the LabVIEW
environment (fig. 12). In a practical implementa-
tion, this message should be sent to the UAS
flight controller and then via the C2 (Command
and Control) link to the UAS operator’s console.
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Fig. 12. The interface of the programming module

a

Fig. 13. The results of the experiment: @ — SNRgps; & — SNRGonass

Results of the Study on the Impact of
Wideband Interference

Even a brief activation of powerful wideband
interference leads to the complete suppression of
both GPS and GLONASS satellite signals. Fig-
ure 13 shows the moment the interference signal
was activated and the subsequent drop in
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SNRgps and SNRgGronass below the threshold
value. In this case, coordinates from the GNSS
receiver become unavailable, resulting in a loss
of navigation and stabilization for the UAS.
Consequently, the algorithm generates a message
for the UAS operator, instructing them to switch
to manual control of the UAS.
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Results of the Study on Meaconing
Interference Leading to UAS
Trajectory Deviation

At this stage, external jammers were not
used. It is assumed that false GNSS signals are
being fed to the receiver input, which will cause
the UAS to deviate from its assigned flight route.

To test the developed algorithm, a scenario
was written for the CN-3803M simulator. In this
scenario, for the first two minutes, the UAS is at
coordinates B = 52.2756°, L = 104.520237°, H=
= 30 m, which match the flight plan. Subse-
quently, the simulator generates signals imitating
UAS movement at a constant speed and a course
of 0° (spoofing signals), corresponding to
movement along a false trajectory.

When spoofing is present, the current UAS
coordinates do not match the flight plan coordi-
nates, and the coordinate spoofing indicator is
activated (fig. 12).

Under real-world conditions, if this condition
is met, a message will be generated for the pilot
to take manual control, and data from the GNSS
receiver will not be used by the UAS navigation
controller. This prevents the UAS from being led
astray along a false trajectory.

Conclusion

This work presents a methodology for detect-
ing the impact of narrowband interference,
wideband interference, and spoofing signals on a
GNSS receiver. An interface for a data pro-
cessing program was developed for the actual
ATGM336H receiver module, enabling subse-
quent analysis to identify the type of interfer-
ence. The program interface, based on the devel-
oped algorithm, allows for generating alerts to
the UAS pilot when the satellite receiver cannot
be used, and for selecting a satellite system de-
pending on the frequency of the narrowband
jamming. Thus, the interference immunity of the
GNSS receiver is enhanced, and the situational
awareness of the UAS operator in complex
jamming environments is improved.

21

Civil Aviation High Technologies

References

1. Tolstikov, A.S, Ushakov, A.E. (2018).
Countering spoofing and improving the noise
immunity of coordinate-time definitions of
GNSS technologies. Interekspo Geo-Sibir, no. 9,
pp- 319-327. (in Russian)

2. Arefyev, R.O., Skrypnik, O.N., Me-
zhetov, M.A. (2023). The research of the im-
munity of the multisystem GNSS receiver.
Crede Experto: transport, society, education,
language, no. 2, pp. 28—43. DOI: 10.51955/2312-
1327 2023 2 28 (in Russian)

3. Grant, A., Williams, P., Ward, N.,
Baske, S. (2009). GPS jamming and the impact
on maritime navigation. The Journal of Naviga-
tion, vol. 62, no. 2, pp. 173-187. DOI: 10.1017/
S0373463308005213

4. Hofmann-Wellenhof, B., Lichteneg-
ger, H., Wasle, E. (2008). GNSS-global naviga-
tion satellite systems: GPS, GLONASS, Galileo,
and more. Springer Wien New York, 547 p.

5. Kaplan, E., Hegarty, C. (2005). Under-
standing GPS: principles and applications.
2nd ed. Artech house on Demand, 726 p.

6. Soloviev, Yu.A. (2000). Satellite navi-
gation systems. Moscow: Eko-Trendz, 270 p.
(in Russian)

7. Voznuk, V.V., Maslakov, P.A., Fo-
min, A.V. (2016). The research of the interfer-
ence immunity of users” GPS equipment based
on the SDR technology. Trudy Voenno-kosmi-
cheskoy akademii imeni A.F. Mozhayskogo,
no. 650, pp. 33—40. (in Russian)

8. Glomsvoll, O., Bonenberg, L.K.
(2017). GNSS jamming resilience for close to
shore navigation in the Northern Sea. The Jour-
nal of Navigation, vol. 70, no. 1, pp. 33-48.
DOI: 10.1017/S0373463316000473

9. Glomsvoll, O. (2014). Jamming of GPS
& GLONASS signals. Department of Civil En-
gineering, Nottingham Geospatial Institute, 80 p.

10. Meng, L., Yang, L., Yang, W., Zhang, L.
(2022). A survey of GNSS spoofing and anti-
spoofing technology. Remote sensing, vol. 14,
issue 19, ID: 4826. DOI: 10.3390/rs14194826
(accessed: 23.02.2025).



HayyHbiin BectHuk MITY TA

Tom 28, Ne 06, 2025

Civil Aviation High Technologies

11. Psiaki, M.L., Humphreys, T.E. (2016).
GNSS spoofing and detection. Proceedings of
the IEEE, vol. 104, no. 6, pp. 1258-1270. DOI:
10.1109/JPROC.2016.2526658

12. Junzhi, L., Wanqing, L., Qixiang, F.,
Beidian, L. (2019). Research progress of GNSS
spoofing and spoofing detection technology. In:
2019 IEEE 19th international conference on
communication technology (ICCT). Xi'an, China,
pp. 1360-1369. DOI: 10.1109/ICCT46805.
2019.8947107

13. Rados§, K., Brkié¢, M., Begusi¢, D.
(2024). Recent advances on jamming and spoof-
ing detection in GNSS. Sensors, vol. 24, is-
sue 13, ID: 4210. DOI: 10.3390/524134210 (ac-
cessed: 23.02.2025).

14. Melnichenko, S. (2024). Spoofing — New
Heights. AviaSafety.ru. 2024. Available at: https://

aviasafety.ru/47840/  (accessed:  23.02.2025).
(in Russian)
15. Broumandan, A., Siddakatte, R.,

Lachapelle, G. (2017). An approach to detect
GNSS spoofing. IEEE Aerospace and Electronic
Systems Magazine, vol. 32, no. 8§, pp. 64-75.
DOI: 10.1109/MAES.2017.160190

16. Liu, Y., Li, S., Fu, Q., Liu, Z. (2018).
Impact assessment of GNSS spoofing attacks on
INS/GNSS integrated navigation system. Sen-
sors, vol. 18, issue 5, ID: 1433. DOI:
10.3390/s18051433 (accessed: 23.02.2025).

17. Lee, D.K., Miralles, D., Akos, D. et al.
(2020). Detection of GNSS spoofing using
NMEA messages. In: 2020 European Naviga-
tion Conference (ENC), IEEE, Germany, Dres-
den, pp. 1-10. DOI: 10.23919/ENC48637.
2020.9317470

18. Spravil, J., Hemminghaus, C., von Re-
chenberg, M., Padilla, E., Bauer, J. (2023).
Detecting maritime GPS spoofing attacks based
on NMEA sentence integrity monitoring. Jour-
nal of Marine Science and Engineering, vol. 11,
issue 5. ID: 928. DOI: 10.3390/jmse11050928
(accessed: 23.02.2025).

19. Perov, A.l.,, Kharisov, V.N. (2010).
GLONASS. Principles of construction and oper-
ation. 4th ed., revised and enlarged. Moscow:
Radiotekhnika, 801 p. (in Russian)

22

Vol. 28, No. 06, 2025

Cnucok ureparypbl

1. Toacrukos A.C., Ymakos A.E. IIpo-
TUBOJICHCTBHE CITy()HTY W TIOBBHIIICHHE TOME-
XOyCTOMUMBOCTH  ammaparypbl  MOTpeOuTens
rJ100ATBbHBIX HAaBUTAIIMOHHBIX CITyTHUKOBBIX CH-
creM // Uutepakcno I'eo-Cubups. 2018. Ne 9.
C. 319-327.

2. Apedres P.O., Cxkppinnuk O.H., Me-
skeToB ML.A. HcciienoBanue nmoMexoyCcTon4muBo-
ctu MynbtucucreMHoro GNSS mpuemuuka //
Crede Experto: Tpancmopt, o0miecTBo, oOpa3o-
Banue, sa3bIk. 2023. Ne 2. C. 28-43. DOIL:
10.51955/2312-1327 2023 2 28

3. Grant A. GPS jamming and the impact
on maritime navigation / A. Grant, P. Williams,
N. Ward, S. Baske // The Journal of Navigation.
2009. Vol. 62, no. 2. Pp. 173-187. DOI:
10.1017/S0373463308005213

4. Hofmann-Wellenhof B., Lichteneg-
ger H., Wasle E. GNSS-global navigation satel-
lite systems: GPS, GLONASS, Galileo, and
more. New York: Springer Wien, 2008. 547 p.

5. Kaplan E., Hegarty C. Understanding
GPS: principles and applications. 2nd ed. Artech
house on Demand, 2005. 726 p.

6. CoaosbeB I0.A. CucreMsl CIlyTHHKO-
BoM HaBuranuu. M.: Oko-Tpenas, 2000. 270 c.

7. Bosznwk B.B., Macaakos IL.A., ®o-
MuH A.B. HccienoBanue noMexoyCcTOMYMBOCTH
anmaparypbl HoTpeburenei rinodaabHON HaBH-
raimoHHOM cryTHUKoBOM cucteMbl GPS Ha oc-
HOBE TEXHOJOIMH TNPOrpaMMHOro mpuema //
Tpynel BoeHHO-KOCMHUYECKOW aKaJIeMHH UMEHH
A.®. Moxaiickoro. 2016. Ne 650. C. 33—40.

8. Glomsvoll O., Bonenberg L.K. GNSS
jamming resilience for close to shore navigation
in the Northern Sea // The Journal of Navigation.
2017. Vol. 70, no. 1. Pp. 33—48. DOI: 10.1017/
S0373463316000473

9. Glomsvoll O. Jamming of GPS &
GLONASS signals. Department of Civil Engi-
neering, Nottingham Geospatial Institute, 2014.
80 p.

10. Meng L. A survey of GNSS spoofing and
anti-spoofing technology / L. Meng, L. Yang,
W.Yang, L. Zhang [OnektponHslii pecypc] //
Remote sensing. 2022. Vol. 14, iss. 19. ID: 4826.



Tom 28, Ne 06, 2025 HayuyHblit BectHuk MITY TA

Vol. 28, No. 06, 2025 Civil Aviation High Technologies
DOI: 10.3390/rs14194826 (nata oOparieHus: Magazine. 2017. Vol. 32, no. 8. Pp. 64-75. DOL:
23.02.2025). 10.1109/MAES.2017.160190

11. Psiaki M.L., Humphreys T.E. GNSS 16. Liu Y. Impact assessment of GNSS

spoofing and detection // Proceedings of the spoofing attacks on INS/GNSS integrated navi-
IEEE. 2016. Vol. 104, no. 6. Pp. 1258-1270. gation system / Y. Liu, S. Li, Q. Fu, Z. Liu
DOI: 10.1109/JPROC.2016.2526658 [OnexTponnsnii  pecypc] //  Sensors. 2018.
12. Junzhi L. Research progress of GNSS Vol. 18, iss. 5. ID: 1433. DOIL: 10.3390/
spoofing and spoofing detection technology / s18051433 (mara obpamenus: 23.02.2025).
L. Junzhi, L. Wangqing, F. Qixiang, L. Beidian // 17. Lee D.K., Miralles D., Akos D. et al. De-
2019 IEEE 19th International Conference on tection of GNSS spoofing using NMEA mes-
Communication Technology (ICCT). China, sages // 2020 European Navigation Conference
Xi'an, 2019. Pp. 1360-1369. DOI: 10.1109/ (ENC). IEEE, Germany, Dresden, 2020. Pp. 1-10.

ICCT46805.2019.8947107 DOI: 10.23919/ENC48637.2020.9317470
13. Rados K., Brki¢ M., Begusi¢ D. Recent 18. Spravil J. Detecting maritime GPS
advances on jamming and spoofing detection in spoofing attacks based on NMEA sentence in-

GNSS [Dnexrponnsriii pecypc] // Sensors. 2024. tegrity monitoring / J. Spravil, C. Hemminghaus,
Vol. 24, iss. 13. ID: 4210. DOI: 10.3390/ M. von Rechenberg, E. Padilla, J. Bauer [Dnek-
$24134210 (mara obpamenus: 23.02.2025). TpoHHBIA pecypc] // Journal of Marine Science
14. Meabunuenko C. CnyduHr — HOBBIE and Engineering. 2023. Vol. 11, iss. 5. ID: 928.
BBICOTHI [DNeKTpoHHBIH pecypc] // AviaSafety.ru DOI: 10.3390/jmse11050928 (mara oOparieHus:
2024. URL: https://aviasafety.ru/47840/ (marta 23.02.2025).
obpamenus: 23.02.2025). 19. IlepoB A.U., Xapucos B.H. 'JTIOHACC.
15. Broumandan A., Siddakatte R., Lach- [TpuHLIMIIBI TOCTPOEHUSI U (PYHKIIMOHUPOBAHUS.
apelle G. An approach to detect GNSS spoo- 4-e wzn., mepepadb. u gom. M.: PagmorexHwuka,
fing // IEEE Aerospace and Electronic Systems 2010. 801 c.

Information about the authors

Roman O. Arefyev, Candidate of Technical Sciences, Associate Professor, Associate Professor of
the Aviation Radioelectronic Equipment Chair, Irkutsk Branch of the Moscow State Technical Univer-
sity of Civil Aviation, aqual 60905@mail.ru.

Natalya G. Arefyeva, Candidate of Technical Sciences, Associate Professor, Associate Professor
of the Aviation Radioelectronic Equipment Chair, Irkutsk Branch of the Moscow State Technical Uni-
versity of Civil Aviation, n_astrahanceva awesome@mail.ru.

Oleg N. Skrypnik, Doctor of Technical Sciences, Professor, Professor of the Organization of Traf-
fic and Ensuring Safety in Air Transport, Belarusian State Aviation Academy, skripnikon@yandex.ru.

Cenenus 00 aBpTopax

ApedneB Poman OueroBuy, KaHIUIaT TEXHUIECKUX HAYK, JTOIEHT, AOICHT Kadeapbl aBUAIlOH-
HOTO PaJr03IeKTpOHHOr0 06opynoBanus Mpkytckoro ¢puinana MI'TY T'A, aqual 60905@mail.ru.

ApepnreBa Haranbs I'eHHagbeBHA, KaHIUJAT TEXHUYECKUX HAYK, JOICHT, TOLEHT Kaderpbl
aBHALIMOHHOTO  PAJAMOdJIEKTPOHHOTO  obopynoBanus  Mpkyrckoro  ¢ummana MITY TA,
n_astrahanceva awesome@mail.ru.

23



HayyHbiin BectHuk MITY TA Tom 28, Ne 06, 2025
Civil Aviation High Technologies Vol. 28, No. 06, 2025

Cxkpbinnuk OJger HukosaeBH4, JOKTOp TEXHUUYECKUX Hayk, mpodeccop, mpodeccop Kadeapsl
OpraHu3aIliy IBIKCHHS M oOecrieueHus: 0€30MacHOCTH Ha BO3AYIIHOM TpaHcnopTe bemopycckoi ro-
CylapcTBeHHOU akagemMuu aBuanuu, skripnikon@yandex.ru.

[octynuia B pegaxiuro 27.06.2025 Received 27.06.2025
Ono006peHa mocie pereH3upOBaHUS 01.08.2025 Approved after reviewing 01.08.2025
[puHnsTta B mevyarsb 20.11.2025 Accepted for publication 20.11.2025

24



Tom 28, Ne 06, 2025 HayuyHblit BectHuk MITY TA
Vol. 28, No. 06, 2025 Civil Aviation High Technologies

YK 629.735.05:621.3
DOI: 10.26467/2079-0619-2025-28-6-25-36

Integrated ground movement control system at an airfield

E.A. Bolelov', A.S. Borzova', N.M. Romanenko'

"Moscow State Technical University of Civil Aviation, Moscow, Russia

Abstract: The safety of the traffic of aircraft and special vehicles at an airfield is largely determined by the level of ground
movement surveillance and control systems at the airfield, specifically within the airfield maneuvering zone, which includes the
runway, taxiways, and apron. Modern surveillance systems, including airfield surveillance radars, airfield multi-position
surveillance systems, and automatic dependent surveillance system equipment, have high tactical and technical characteristics that
ensure the required level of ground traffic safety at the airfield. However, these surveillance systems are radio-based and therefore
susceptible to radio interference, which can significantly worsen their performance or completely prevent their intended use.
Advanced surveillance systems, particularly vibroacoustic monitoring systems, are not susceptible to radio interference and can
operate in any weather and at any time of the year and day, however, they have a significant disadvantage — the inability to
determine the coordinates of stationary objects at the airfield. A possible solution to the current contradiction is to integrate existing
and prospective systems into a single, integrated airfield traffic monitoring and control system. This article, based on Markov theory
for estimating random processes, develops algorithms for integrated processing of information on the movement of objects in the
airfield area and proposes structural diagrams for an integrated airfield traffic monitoring and control system. It concludes that it is
feasible to create an integrated airfield traffic monitoring and control system capable of detecting abnormal system operation.

Key words: overview of the airfield, integration of meters, airfield traffic control, surveillance system, vibroacoustic system,
ground movement, Markov theory.
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KommiekcHasi cucrtema KOHTPOJISI HA3€EMHOI'0 IBHKCHHUA HA A3POAPOME

1 1 1
J.A. bojenos', A.C. bop3osa , H.M. Pomanenko
"Mockosckuii 2ocyoapemeennviii ynusepcumem pascoanckoii aguayuu,
2. Mockea, Poccus

AHHOTaHI/lﬂ: be3onacHocTh JABMKCHUS BO3AYHIHBIX CYAOB, CIICHHUAJIBHBIX TPAHCIIOPTHBIX CPEACTB Ha a’poApoME€ BO MHOI'OM
OIpEIENAETCS. YPOBHEM OCHAILIEHUsI a3poJpoMa CHCTEMaMH HaOMIONEHUS U KOHTPOJISI HA3eMHOTO JBIDKEHUS HAa a’spojpoMe, a
MMEHHO B 30HE MaHEBPUPOBAHUS a3pOJPOMa, K KOTOPOH OTHOCSATCS B3JIETHO-TIOCAJOYHAs 10JI0CA, PYJICKHBIE JTOPOXKKH, IEPPOH.
CoBpeMeHHbIE CHCTEeMbI HAOJIONIEHHs, KOTOpbIe BKJIIOYAIOT PaaMOJIOKATOphl 0030pa JIETHOTO TOJIS, a’pOIpPOMHEIE
MHOTOIIO3HMIIMOHHBIE CHCTEMbl HAOMIONEHMsI M almaparypy CHCTEMbl aBTOMAaTHYECKOrO 3aBHCHMOTO HaOMIOAEHWs, 0ONajgaroT
BBICOKMMH TaKTUKO-TEXHHYECKUMH XapaKTePUCTUKAMH, IO3BOJIIOIIMMH obecrieurBaTh TpeOyeMblii ypoBeHb Oe30IacHOCTH
Ha3eMHOIO JBIDKCHHs Ha ajpoapome. OJHAKO IIepeYHCIICHHbIC CHCTEMbl HAOMIONCHHUS SBISIOTCS PagMOTEXHUYECKUMH
CHCTEMaMH W B CBS3M C OTHM TOJBEPXKCHBI BJIMSHHIO PAJHUOIIOMEX, KOTOPBIE MOIYT CYIIECTBEHHO YXYAIIMTH HX TAKTHKO-
TEXHUYECKUE XapaKTEPUCTUKU MM TOJHOCTHIO MCKIIOUMTH HX MCIIOJIB30BAHWE O Ha3HA4YeHWIO. [lepcHeKTHBHBIE CHCTEMBI
HaOJMIONEHNs, B YacTHOCTH CHCTEMbI BHOPOAKYCTUYECKOTO KOHTDOJI, HE IOJBEP)KEHBI BIMSAHHIO DPaJUOIIOMEX, MOTYT
(GyHKIMOHMpOBaTE B JIFOOYIO TOTOMy M B JI00O€ BpeMs Trola W CYTOK, HO OOJaaloT CYIIECTBEHHBIM HEIOCTATKOM —
HEBO3MOYKHOCTBIO OIPEJICIICHUs KOOPIMHAT HEMO/BIKHBIX OOBEKTOB Ha a3poApoMe. BO3MOXKHBIM BBIXOJIOM M3 CIIOKUBLIETOCS
TMPOTHUBOPEUMA ABJIACTCA O6'I)€Ill/IHeHl/Ie CYHIECTBYIOIIMX U TMEPCIICKTUBHBIX CHUCTEM B €IUHYIO KOMIUICKCHYIO CUCTEMY
HaOJIIOACHUS ¥ KOHTPOJIS JBVDKEHMS Ha aspoapoMe. B crathe Ha 6aze MapKOBCKOM TEOPHH OLIEHMBAHUSI CITy4aiHBIX IPOLIECCOB
pa3zpaboTaHbl ANTOPUTMBI KOMIUIEKCHOH 00paboTKM MH(pOpMAalMK O JBWKEHHH OOBEKTOB B 30HE a3pOJpOMa M IPEIIOKEHBI
CTPYKTYpHBIE CXEMbl KOMIUIEKCHOM CHCTeMBbl HaOMIOAEHMS M KOHTPONISL MABIDKEHHS Ha asponpome. Crienan BBIBOJ O
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1IeNIeCO00PA3HOCTH  CO3JAHMST KOMILIEKCHOM CHCTeMbl HAOJIONCHMS W KOHTPOJIS ABIKCHHS Ha a’poApoMe, obiiajarorieit
BO3MO)KHOCTBIO OOHAPY>KESHHUSI aHOMAIIbHOM PabOThI CHCTEMBI.

KnioueBble ciioBa: 0030p JIETHOTO MOJIS, KOMIUIEKCHPOBAaHWE H3MEpHTENEH, KOHTPOJb JBWKEHHS Ha a’dpoApoMe, chucrema
HaOJIOICHNS, BHOPOAKyCTHIECKask CHCTEMa, Ha3eMHOE JIBIKEHHE, MAPKOBCKAsI TEOPHSL.

s uutupoBanus: bonemos 3.A., bop3osa A.C., Pomanenko H.M. KomimiekcHast cricTemMa KOHTPOIJISI HA3eMHOTO JIBIDKCHIST Ha
asponpome // Hayunsrit Becthuk MI'TY T'A. 2025. T. 28, Ne 6. C. 25-36. DOI: 10.26467/2079-0619-2025-28-6-25-36

Introduction Level 3 A-SMGCS functionality should al-
low every aircraft and special-purpose vehicle
within the airfield maneuvering zone to have in-
formation about the location of all other aircraft
and special-purpose vehicles. It should be noted
lance systems that are part of the Advanced Sur- that Level 3 A-SMGCS assumes that all aircraft

face Movement Guidance and Control System and special-purpose vehicles moving within the

(A-SMGCS). According to the ICAO classifica- airfield maneu\{ering zone are eguipped with
tion, there are four levels of A-SMGCS func- ADS-B automatic dependent surveillance (ADS)
transponders.

Monitoring and surveillance of objects (air-
craft, special-purpose vehicles) within the air-
field maneuvering zone is performed by surveil-

tionality (internationally known as A-SMGCS — ) o
Advanced Surface Movement Guidance and Level 4 A-SMGCS functionality includes the
Control System). funct'igns of Le\(el 3 A-.SMGCS., as well as the

Level 1 A-SMGCS functionality includes air provision of tax1‘ route 1nformat}0n to equlppeq
and ground situational awareness functions pro- aircraft and special-purpose vehicles, the provi-

vided to the air traffic controller. A-SMGCS sion of conflict information to all aircraft and
processes trajectory data received from coordi- special-purpose vehicles, the calculation of au-

nate and motion data meters within the airfield ~ tomatic conflict resolution options, and the pro-
maneuvering zone vision of these to the air traffic controller.

The displayed information about the airfield The currently operational Vega A-SMGCS
maneuvering zone includes: aircraft stands; run- system complies with A-SMGCS Level 2 and

way boundaries and centerlines; main taxiway  ProCesses information from the airfield surveil-
b .
boundaries and centerlines; apron boundaries; lance radar (AFSR), the acrodrome surveillance

taxiway centerlines; restricted areas; aircraft and ra‘,iaf (ASR), the aerodrome multi-position sur-
special-purpose vehicle coordinates, etc. veillance system (AMPSS), and the ADS-B sys-
Implementation of Level 1 A-SMGCS func- tem. It should be noted that information from the

tions does not require automation and is distrib- ASR has a low priority. The modern automated

uted between surveillance data processing tools ~ @if traffic control system (ATC), “Galaktika”,
and air traffic controller workstations. operated as a backup at the Moscow ATM Cen-

Level 2 A-SMGCS functionality includes ter, includes A-SMGCS Level 4 functions.

Level 1 A-SMGCS functions, as well as runway Implemgntatiqn of AfSMGQS Levels 2, 3,
conflict display to the air traffic controller. and 4 requires high-precision aircraft and spe-

Level 3 A-SMGCS functionality includes cial-purpose vehicle positioning, based on ICAO
Level 2 A-SMGCS functions. as well as: requirements and Eurocontrol recommendations.

However, the actual accuracy of aircraft and
special-purpose vehicle positioning directly de-
pends on the accuracy of the AFSR and the
AMPSS.

An analysis of the current levels of imple-
mentation of the A-SMGCS allows to conclude
that AFSR, AMPSS, and ADS-B are currently
used to determine the coordinates of objects in

« provision of surveillance information to all
aircraft and special-purpose vehicles in the air-
field maneuvering zone;

o provision of conflict information to
equipped aircraft and special-purpose vehicles;

« routing functionality available to the con-
troller.
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Fig. 1. Generalized structure of the A-SMGCS

the airfield maneuvering area. All of these sys-
tems are radio-based and, despite operating in
various frequency ranges, have one significant
disadvantage: dependence on the level of radio
interference. This disadvantage can be compen-
sated for by implementing surveillance systems
the operating principle of which is based on oth-
er physical principles. Such systems include vi-
broacoustic motion detection and control sys-
tems (further VADS) at the airfield. A domesti-
cally developed vibroacoustic system of this
type, which has successfully passed testing, is
the “Topot” vibroacoustic system developed by
JSC “International Aero Navigation Systems
Concern”. The “Topot” VADS is a set of sensi-
tive acoustic wave sensors spaced out and locat-
ed around the perimeter of the airfield maneu-
vering area, operating on the principle of coher-
ent reflectometry [1-3].

The main advantage of the VADS is its inde-
pendent, all-weather, automatic detection of
moving aircraft, transport systems, and other ob-
jects within the aerodrome maneuvering zone.
The VADS is completely interference-immune
across the entire radio frequency range. Howev-
er, the VADS also has several disadvantages,
namely: lower accuracy compared to radio-based
surveillance systems, measurement ambiguity,
and, most importantly, the inability to observe
and control stationary objects. Clearly, integrat-
ing surveillance systems operating on different
physical principles will significantly reduce the
impact of their shortcomings and improve air-
field safety.

27

Therefore, the advanced surface movement
guidance and control system (A-SMGCS) should
include existing surveillance systems — the
AFSR, the AMPSS, the ADS-B, and the pro-
spective VADS system. Figure 1 shows the gen-
eralized structure of the VADS. The VADS is
based on algorithms for integrated information
processing (IIP) on the coordinates of objects
within the aerodrome maneuvering zone.

The basis of the A-SMGCS is algorithms for
integrated information processing (IIP) on the
coordinates of objects in the airfield maneuver-
ing zone. We will synthesize IIP algorithms us-
ing the Markov theory of random process esti-
mation (MTRPE) [4, 5].

Mathematical models of output signals
from airfield surveillance systems.
Formulation of the problem of
synthesizing algorithms for integrated
processing of ground traffic
information at an airfield

The need for mathematical models of the
output signals of airfield surveillance systems
inevitably arises when developing aerodrome
surveillance systems based on MTRPE methods.
The more accurately the models represent the
actual processes occurring in the surveillance
systems (AFSR, AMPSS, ADS-B, and VADS),
the more effectively the integrated information
processing (IIP) algorithms based on these mod-
els will operate.
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The measured value of an object’s motion
parameter at the output of a measuring device is
often represented as [6]

z, (t)=z(1)-¢&, (1), (1)

where z, (¢) is the measured value of the pa-
rameter, z(¢) is the true value of the parameter,

¢, (1) is the measuring device error.

The measuring device error generally has a
constant (or slowly changing) component and a
fluctuating component.

The constant component is caused, for exam-
ple, by the systematic component of the measur-
ing device’s methodical error, as well as other
factors. A characteristic feature of the constant
(slowly changing) component of the measure-
ment error is its slow, usually monotonic, change
over time.

de, (1)
dt

where n, (t) is the generating white Gaussian

noise.

Since the practical implementation of in-
formation processing algorithms in modern
A-SMGCS systems is performed digitally, the sig-
nals, and consequently the errors at the meter’s
output, must be represented as recurrence relations.
Expressions (1) and (3) can be written as

(4)

Zyk = Zk t €k,

Exk = Jebzk—1+Velgk—1> Ezk=0 =€20>  (5)

—agAt

where f,. =e s Ve =

ag (l—fgz) ; Mg 1S
a random Gaussian variable with zero mathemat-
ical expectation and unit variance; Afis the sam-
pling step.

Thus, the signal at the A-SMGCS meter’s
output can be completely described by expres-
sions (4) and (5).

=—a,e, (1)+ \/2%0'.3 ng (1), &.(19)=¢,

Vol. 28, No. 06, 2025

The fluctuation component is caused by in-
terference, instabilities in the measurement in-
strument, trajectory fluctuations of the observed
object, etc. The fluctuation component of the
parameter measurement error is unpredictable in
both sign and magnitude. As studies [7-9] show,
for the problem under consideration, the fluctua-
tion component can be described with a suffi-
cient degree of adequacy by a stationary Gaussi-
an random process with zero mathematical ex-
pectation and a correlation function of the form

R, (T) = O_ge—ag\r\ )

(2)

where ag is the variance of the fluctuation com-
ponent of the measurement error; a,is the fluc-

tuation spectrum width.

According to (2), the fluctuation component
of the measurement error can be described by a
first-order stochastic differential equation

€)

As shown in Figure 1, the A-SMGCS meter-
ing system includes the following surveillance
systems: AFSR, AMPSS, ADS-B, and VADS.
These systems determine the coordinates of ob-
jects located within the airfield maneuvering
zone [10-12]. Based on (4) and (5), we write
expressions for the signals at the A-SMGCS me-
ter’s outputs:

x}c =X +8)lck,

(6)
Exk = SexExk-1 T Vexsk—1> Exk=0 =&x0> (7
(8)

i i
Vi =Ykt €yk>

P i i i i
Eyk = JeyEyk—1+ Veylgk—1> Eyk=0 =€y0> (9)

where the index i = 1...4 determines the parame-
ter’s affiliation with a specific surveillance sys-
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tem (AFSR, AMPSS, ADS-B, and VADS, re-
spectively).

The output signals of the surveillance sys-
tems are determined by expressions (6)—(9). To
generate models describing the change in the
true values of an object’s coordinates over time,
it is necessary to set a hypothesis about the na-
ture of the object’s movement across the airfield
maneuvering area. The object may move in a
straight line (uniformly, with acceleration or de-
celeration) or along a curved trajectory. The ob-
ject’s movement patterns will vary. When con-
structing the A-SMGCS 1in this case, it is neces-
sary to take into account the object’s movement
in specific airfield zones, including turns,
U-turns, etc. An example of this approach to
building an integrated information processing
system is the Galaktika ATC surveillance data
processing system, where an algorithm for esti-
mating the object’s coordinates is developed for
each object’s movement pattern (uniform recti-
linear, accelerated rectilinear, or curvilinear).
However, such an approach can hardly be con-
sidered productive. Furthermore, as shown
in [13], when objects move, there are violations
of the speed limit, violations of traffic patterns,
non-observance of distance, etc. All this suggests
that objectively there is a priori uncertainty
about the nature of the movement of objects in
the maneuvering area of the airfield.

The publication [5] discusses a method for
overcoming a priori uncertainty about the nature of
object movement. By analogy with [5], in meas-
urement models (6), (8), we express the true coor-
dinate values in terms of the measured values

o ol i i
Axk - fexgxk—l +VexNek-1—

Jo_ gl i i
Ayk = fgygyk—l TVeyNek—1—

A key feature of the functional and structural
design of surveillance systems is the mutual in-
dependence of the object’s coordinate measure-
ment channels. Therefore, it is advisable to syn-
thesize the IIP algorithms for one of the coordi-
nate measurement channels, for example, the x
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(10)

i
Xk =Xk ~ Exk»

(11)

i i
Yk =Yk —€yk-
Then the following equations are valid for
the measurements at the output of any two sur-

veillance systems

i+l

(v el ) (s -eiit) =0, 2
i i i+1 i+1)
(vk e )= (4" -5t )=0. a3

Rearranging the elements in equations (12)
. i .
and (13) and replacing xj—x; =A,
yfc - y}‘{H = Aik we obtain

i+1

Al =gy -, (14)
Al =e—ak. (15)

Expressions (14) and (15) represent the dif-
ference between the measurements at the output
of the surveillance systems, which for certainty
we call the measurement difference (MD).
In (14) and (15)j = 1, ..., L, where L is the max-
imum possible number of MDs. For the surveil-
lance systems under consideration L = 6, substi-
tuting (7) and (8) into (14) and (15), we obtain
expressions for the MDs

i+l i+l i+1 i+l

ex Exk T Vex Nek-1> (16)
i+1 i+l i+l i+l
ey Eyk ~Vey Nek—1- (17)

coordinate. For the y channel, the algorithm will
be identical. To simplify notation, the “x” sub-
script is omitted.

By analyzing expressions (6)+9) and (16), (17)
as applied to the problem of synthesizing IIP al-
gorithms based on the Markov theory of random
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process estimation (MTRPE), we define the state
vector whose components are subject to estima-
tion in the A-SMGCS:

(18)

T
Xk:[g}c g,% 512 gﬂ.

The dynamics of the state vector is described
by the equation:

Xp+1 = ®xx Xy + Gx Ny, (19)

where ®xx — the state matrix, the nonzero
components of which have the form:

Dyx (L1)=f7, Oxx(2.2)=

3 4.
Dxx (3.3)= 17, Pxx(44)=/:;
Gy is the disturbance matrix, the nonzero
components of which have the form:

GX (191):7/&1;‘a GX (2a2):7§7

Gx(3.3)=72, Gx(44)=73;

N;. is the disturbance vector, the compo-
nents of which are determined by expressions

(7).
The observation vector of the A-SMGCS is
defined by expressions (16)

Y, :[Aﬂ,jzl,d (20)

The dynamics of the observation vector is
described by the equation:

Y1 = @yx Xy + Gy Wy, (21)

where ®@v is the observation matrix, the non-
zero components of which are of the form:

Dy (L1)=f3, Oyx(L2)=-12
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Dyx (2.1)=f3, Pyx(2.3)=-1;,
Dy (3,1)= /5,

Oyx (3.4)=-/7, Oyx(4.2)= 17,
Dyx (4.3)=-17, Pyx(52)= /7,
Dyy (5.4)=—1,

Dyx (6,3)= 17, Byx (6.4)=-1;

Gy is the measurement error matrix, the
nonzero components of which are of the form:

Gy (L1)=7;, Gy (1,2)=-7;,
Gy (2.1)=7; Gy (2.3)=-72,
Gy (3.1)=7,
Gy (3,4)=—71, Gy (42)=72,
Gy (43)=-73, Gy (5.2)=7;,
Gy (5.4)=-72.
Gy (6,3)=-7;, Gy (6,4)=—7}:

W, is the measurement error vector.

The task of synthesizing an optimal algo-
rithm for complex processing of information
about the movement of objects in the airfield
maneuvering zone is formulated as fol-
lows [14—17]: it is required to find the optimal

estimate of the state vector XZ , satisfying the

criterion of minimum estimation error variance
Dg . We define the estimation error as:

sk
E, =X, - X,.

Then the synthesis criterion is determined by

the expression:
Xz :min Dg . (22)

&Y



Tom 28, Ne 06, 2025 HayuyHblit BectHuk MITY TA

Vol. 28, No. 06, 2025 Civil Aviation High Technologies
[T Tt T T T T T T T T 1
1 1
! ] :
1
AFSR | . Syy |
1 X,. :
1 k |
AMPSS Yy .
MDU § MRU |- K !
ADS-B > ! 7 !
1 1
1
VADS i D
EH 1
i Xk+1 !
! CEU L
L | _________________ :
i * *
Yo Vet Yk Vi

Fig. 2. Structural diagram of the A-SMGCS

Algorithm for integrated processing of ground movement information
at the airfield

In accordance with the methodology described in [5], the following algorithm was obtained based
on (18)—~22) IIP:

* * *
Xp41 = Pxx Xy + Ky [Yk+1 _(DYXXk} (23)
-1
T T
Ky = [‘DXXPk(DYX +Bxy } [‘DYXqu)YX + BYY} , (24)
T T T
P = [q)XXqu)XX + BXXJ -Ki [(I)XXP Pyx + BXY} : (25)

. _ T the object in the airfield maneuvering zone is
In the expressions presented Bxx = GxGx, :
formed in the CEU.
Byy =GxGy ., Byy =GyGy
XY XYY, PYY YVYY:

The expression for X, defines the structural ~ Procedure for detecting abnormal

diagram of the integrated A-SMGCS system, operation of the A-SMGCS
which is shown in Figure 2.

The following designations are introduced in A disadvantage of the developed IIP algo-
the structural diagram: MDU — measurement dif- rithms is that their normal operation requires the
ferences unit; MRU — measurement residuals surveillance systems to be functioning properly.
unit; CEU — coordinate estimation unit. Using However, in real-world conditions, situations
often arise where surveillance systems operate
abnormally due to failures, malfunctions, etc.,
caused, for example, by deteriorating interfer-
ence conditions.

%
the estimation of the state vector Xy, the com-

ponents of which are measurement errors of the
observation systems (18) using expres-
sions (10), (11), an estimate of the coordinates of
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A surveillance system failure is detected by
its built-in control systems, after which the sys-
tem’s output data is not used in the A-SMGCS.
In the event of a surveillance system malfunction
that does not result in loss of functionality, the
control system does not detect the failure, and
the surveillance system’s output data is used in
the A-SMGCS. This leads to an increase, possi-
bly significant, in the error in determining the
object’s coordinates. Cases of complete suppres-
sion of the surveillance system by interference
are possible, and consequently, the inability to
use its output data in the A-SMGCS. Therefore,
detecting abnormal operation of a surveillance
system included in the A-SMGCS is a pressing
task. For this purpose, the A-SMGCS should be
supplemented with a procedure for detecting ab-
normal operation of systems.

There are several possible approaches to de-
veloping a procedure for detecting malfunctions
in a surveillance system [18-21]. Approaches
involving the introduction of a random unknown

vector Ej , characterizing the structure and pa-
rameters of the system at each moment in time
are presented in [20]. In this case, the equation
of state (18) and observations (19) are dependent
on the vector £ changing at random moments
in time.

However, introducing the vector Ej necessi-
tates describing its dynamics over time, i.e., de-
veloping mathematical models that describe
changes in the state of the surveillance system.

The simplest and at the same time most pro-
ductive approach involves assessing the proper-
ties of the quadratic form of measurement resid-
uals. As shown in [5, 8], the quadratic form of
measurement residuals can be represented by the
expression:

-1
T T
Mie+1 = Li [(DYXPk(DYX + BYY} Zj 1, (26)

where Z; | = [Ykﬂ —(I)YXXZ} is the vector of

measurement residuals, distributed according to
the law ;(,2,1 with m — degrees of freedom, pro-
vided that all surveillance systems are operating
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normally. In this case, the number m is equal to
the dimension of the observation vector.
Let an event £}, be a sign of the proper op-

eration of the entire set of information channels,
then, P{Fj1}=Pl{ag <M <biaf=1-4,
where g, | and p; | are the calculated g— per-
centage thresholds for the random number 7, .
Fulfillment of the condition 7, €(a,b) is a

sign of the normal operation of the surveillance
systems, while an abnormal mode is indicated by

the condition 7, ¢(a,b). We can decom-

pose (26) and determine the quadratic forms of
the measurement residuals for each surveillance
system included in the A-SMGCS. Then, the
quadratic form applicable to each surveillance

system is denoted by 77,’; +1, and the conditions
for normal and abnormal mode are denoted by

n,i+1 € (ai,bi) and miﬂ 2 (ai,bi) , respectively.

We introduce the parameter A the value of
which will be formed according to the rule

0, 7h %(ai,bi),

L n;iﬂ e(ai,bi).

Al = (27)

Expression (27) defines the rule for detecting
malfunctions in the surveillance system included
in the A-SMGCS.

In the CEU, the coordinate values of objects
are estimated based on measurements using the
expressions:

i =2 (ke ), (28)
s =2k -k ) (29)

€c_ 9

The “x” and *“y” indices of the parameter Al
in (28) and (29) reflect the assignment of the
corresponding coordinate to the measurement
channel.

The structural diagram of the A-SMGCS,
taking into account the procedure for detecting
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Fig. 3. Structural diagram of the A-SMGCS (with the procedure for detecting an abnormal mode)

an abnormal operating mode of the surveillance
systems, is shown in Figure 3.

Figure 3 shows that after detecting an ab-
normal operating mode of the A-SMGCS, name-
ly, one of the surveillance systems, the CEU
generates a command to reconfigure the measur-
ing portion of the A-SMGCS. The output data
from the surveillance system affected by inter-
ference or failure are excluded from integrated
processing.

Conclusion

The resulting IIP algorithms, supplemented
by a procedure for detecting abnormal operating
conditions of airfield surveillance systems, make
it possible to generate estimates of the coordi-
nates of objects in the airfield maneuvering zone
and reconfigure the measuring portion of the
A-SMGCS.

To determine the resulting algorithms, it is
advisable to refine the parameters of the mathe-
matical models of the surveillance system output
signals based on statistical data on measurement
errors and evaluate the potential and actual
achievable performance characteristics of the IIP
algorithms using mathematical modeling.
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K Bonpocy uaeHTHPUKAINY TAPAMETPOB MOJHON MO/Ie/TH
JIUTUHMOHHBIX AKKYMYJISTOPOB, MOJY4Y€eHHOH METOI0M
MaTeMAaTU4YeCKOro NPOTOTUIHPOBAHNS IHEPreTHYEeCKUX MPOIEeCCOB

1
C.U. I'aBpujieHKOB
1 o o o« o
Mockosckuii 20cy0apcmeerHblil meXHU4eCKULl YHU8epCumem epajicoOaHcKoll asuayull,
2. Mockea, Poccus

AnHotamusi: B pabore paccmarpuBaercss npoOiiemMa WACHTU(UKAIMM TApaMETPOB IIOJHOM MareMaTH4ecKOi MOJENH
JIMTUAMOHHBIX akKyMyJsaTopoB (JIIA), mocTpoeHHO!H Ha OCHOBE METO/]a MaTeMaTHYECKOTO IPOTOTUITMPOBAHUS SHEPreTHUECKHX
nporieccoB (MMIIOII). AkryaiabHOCTh TeMbl OOyClOBJ€Ha pacTymmM npumeHeHueM JIMIA B aBuaimy, B TOM YHCIE B
OeCIIMIIOTHBIX aBHALMOHHBIX CHCTEMaX, 1 HEOOXOIMMOCTBIO 00ECTIeYEHNS] HA/IEXXHOCTH M IOJITOBEYHOCTH aKKyMYJIITOPOB 32 CUET
TOYHOTO TIPOTHO3MpPOBaHMS WX XapakrepucTuK. Ommcan moxxon MMIIDII, KOTopeIii MO3BOMSIET MOIyYaTh MOJEINH, CTPOTO
COOTBETCTBYIOIIME 3aKOHAM COXPAHEHMSI SHEPriy M 3aKOHaM TEPMOAMHAMUKH, a TaKKe YUWTHIBATH (DHBMKO-XUMHYECKUC
0COOEHHOCTH KOHKPETHBIX aKKyMyJsiTopoB. Oco0oe BHHUMaHHE YHeJeTcsl dTanaM HICHTH(UKALIUK IapaMeTpoB MO — OT
MEPBUYHOTO NMPUOMKEHUS HA OCHOBE SKCIIEPUMEHTAIBHBIX JaHHBIX 10 JaJbHEHIIeH ONTHMU3AHN C TIOMOIIBIO COBPEMEHHBIX
YUCIEHHBIX METOJOB M QIrOPUTMOB MAIIMHHOrO oOydeHus. IlpoBomuTcss aHamM3 COBPEMEHHBIX WHCTPYMEHTOB IS
uieHTH(GUKAIMN TapaMeTpoB, BKitovas anroputMbl XGBoost, Random Forest u Heiiportbie cetn. OnucaH ONbIT MOCTPOSHUS U
00y4eHHs] WHBEPCHON HEMPOHHOM CETH HA CHHTETHYCCKHX JAHHBIX, CTCHEPHUPOBAHHBIX HA OCHOBE MONHOM Mmomenu JIMA, u
OTMeUEHbI OCOOEHHOCTH IO/ITOTOBKU U 0TOOpa 00YUaIOIIMX JAHHBIX TS YITy4IleH s KauecTBa npezckazanuid. [IpoBeneH anamms
YyBCTBUTEILHOCTH MOJENM K PAa3MYHBIM IapamMerpaM, YTO ITO3BOJIMJIO BBIICIUTH HauOojiee 3HAUMMBIE IMapamerpbl Ul
TocyIeyIomel HASHTU(UKAIMN U TIOBBIIICHUS] TOYHOCTH JUArHOCTUKU COCTOSTHUSI aKKyMyJIATOpoB. [IpencraBieHa apxurekTypa
HEHpPOHHOW ceTH, coyeTaromias 0oOpaOOTKy BPEMEHHBIX pSZIOB W CTAaTMYECKUX NPH3HAKOB, W TIOKA3aHBl Pe3yJIbTaThl
SKCIEPHMEHTOB M0 NPEACKA3aHUI0 KI0UeBbIX mapamerpoB JIMA. OtmedeHo, 9TO MOMydeHHas HEHpPOHHAs! CETh MOXKET OBITh
MOJIe3Ha Ha JTane TIpyOod WICHTU(HUKAIMKM TMapamMeTpoB, a JaIbHEWINEe pPa3BUTHE [JaHHOTO HAIPABICHHUS CBA3aHO C
HCIIOTE30BAaHMUEM OO0JIee CIIOXKHBIX apXUTEKTyp M MHTETpaii (pu3mdeckn HHPOPMHUPOBAHHBIX ITOIXOMO0B IS MOTydeHHs Ooiee
TOYHBIX MAaTEMAaTHIECKUX MOJENIEH, KOTOPBIE MOTYT OBITh MOJIOKEHBI B OCHOBY CO3/IaHUSI LIM()POBBIX ABOMHUKOB JTMTUHHOHHBIX

AKKyMYJISITOPOB.

KnrodeBble cjoBa: JTUTUHMOHHBINA aKKyMyJIITOp, METOJ MaTeMAaTHMYECKOTO NPOTOTUIMPOBAHHSA SHEPreTHUECKUX IIPOLIECCOB,
neHTU(UKaIKs TapaMeTpoB, HEHPOHHBIE CETH, aHAIU3 UyBCTBUTEIIBHOCTH.

s murupoBanus: [aBpunenko C.M. K Bompocy wupeHTHMKAaIMM IapamMeTpoB IIOJHOH MOJENH JIMTHHMOHHBIX
AKKyMYJISITOPOB, MOJIyYeHHOW METOI0M MaTeMaTHYeCKOro NPOTOTHIIMPOBAHKS SHEPreTHUYECKHX IporieccoB // Hayunsrit BecThuk
MI'TY T'A. 2025. T. 28, Ne 6. C. 37-52. DOL: 10.26467/2079-0619-2025-28-6-37-52

On the issue of identifying the parameters of the complete model of
lithium-ion batteries obtained through the method of mathematical
prototyping of energy processes
S.L Gavrilenkov'

"Moscow State Technical University of Civil Aviation, Moscow, Russia
Abstract: This paper examines the problem of identifying the parameters of a complete mathematical model of lithium-ion

batteries (LIBs), based on the Method of Mathematical Prototyping of Energy Processes (MMPEP). The relevance of this topic is
due to the increasing use of LIBs in aviation, including unmanned aerial systems, and the necessity to ensure the reliability and
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durability of batteries through accurate prediction of their characteristics. The MMPEP approach is outlined, which makes it
possible to obtain models that rigorously comply with the laws of energy conservation and thermodynamics, while also considering
the physicochemical characteristics of specific batteries. Particular focus is given to the stages of model parameter identification —
from initial approximation based on experimental data to further optimization using modern numerical methods and machine
learning algorithms. The study analyzes current tools for parameter identification, including XGBoost, Random Forest, and neural
networks. It describes the development and training of an inverse neural network on synthetic data generated from the complete
LIB model, and highlights the features of preparing and selecting strategies to improve prediction quality. A sensitivity analysis of
the model to the various parameters is conducted, thereby enabling more targeted identification and improving the accuracy of
battery diagnostics. The neural network architecture combining time-series processing and static features is presented, along with
the results of experiments predicting key LIB parameters. It is noted that the obtained neural network can be useful in the rough
parameter identification stage, whereas further developments will involve more complex architectures and integration of physically
informed approaches to achieve more accurate mathematical models that can serve as the basis for creating digital twins of lithium-
ion batteries.

Key words: lithium-ion battery, method of mathematical prototyping of energy processes, parameter identification, neural
networks, sensitivity analysis.

For citation: Gavrilenkov, S.I. (2025). On the issue of identifying the parameters of the complete model of lithium-ion batteries
obtained through the method of mathematical prototyping of energy processes. Civil Aviation High Technologies, vol. 28, no. 6,
pp. 37-52. DOI: 10.26467/2079-0619-2025-28-6-37-52

BBenenue Jns mostyyeHus: KOpPpEKTHOM MaTeMaTuye-
ckoit Mmogenu JIMA MoxkeT mMpUMEHATHCS METOH
MaTE€MaTUYeCKOro MPOTOTUIIMPOBAHUS SHEpre-
trueckux mporeccoB (MMIIDIN) [5, 7, 8]. On
MpeCcTaBiIsieT coOoi enuHbli (popmanusm, oc-
HOBAHHBI Ha 3aKOHAaX MEXaHUKH, SJIEKTPOJIH-
HAaMUKHU U COBPEMEHHON HEPaBHOBECHOM TE€pMO-
JUHAMUKH, TO3BOJISIIOUIUN CTPOUTH yPaBHEHUS
JUHAMUK TPOLIECCOB PA3IUYHON (PU3NYECKON U
XuMH4eckor npupoisl. B pamkax MMIIOII na-
paMeTphl aKKyMyJsiTOpa HE CBOAATCA K ab-
CTPaKTHBIM KO3 (UIIMEHTAM B 3MIUPHUUECKUX
BBIPQKCHUSX, 2 BBIBOASITCS HA OCHOBaHUU (DU3H-
KO-XMMHUYECKUX 3aKOHOMEpPHOCTEN M 3aKOHOB
coxpaHeHus [7].

BwMecte ¢ Tem miig peanbHOW SKCIUTyaTalldu
Ba)KHEHIIeH 3aadell SBISETCS UACHTH(PUKAIUS
KOHKDETHBIX YHMCIICHHBIX 3HAYCHHN MapaMmeTpoB
nosydyeHHoit MMIIOII monenu npuMEHUTENBHO
K KOHKpeTHOMYy sK3eMiuisipy JIMA. B ocHoBy
UACHTU(DHUKAIINY TTOJ0KEHO COIOCTABJICHUE Pe-
3yJbTAaTOB BBIYHMCIUTEIBHOTO HKCIIEPUMEHTA C
HKCIIEPUMEHTAJIbHBIMUA  JaHHBIMU  PEaJIbHBIX
JINA [9]. Opnako, yuyuTbhIBasi CYIIECTBEHHYIO
HEJIMHEHHOCTh, 2 HEPEAKO M BBICOKYIO pa3mep-
HOCThL nmonHo monenu JIMA, nanbomnee meieco-
00pa3HbIM SIBIISIETCSI 00y4YeHUEe HEHPOHHON CeTh
I mapaMeTpoB  nojHou  mopenu  JIMA.
HeiipoceTs B 3TOM cilyyae MMEET CMBICI HHTE-
rpupoBaTh ¢ nmojaHou mozaensto JIMA [10].

B nocneanue roapl JTUTUHMMOHHBIE AKKyMYy-
astopsl  (JIMA) monyuywsin IIUPOKOE paclpo-
CTpPaHEHHE B CaMbIX DPA3IMYHBIX OOIACTAX: OT
HOTPEOUTENBCKOW 3JIEKTPOHUKHU /10 aBUAIMOH-
HOM M KOCMHUYECKON NPOMBIIUIEHHOCTH. BbICO-
KHE YJIeIbHBIE DHEPreTUUYECKUE MOKA3aTeNnu Jec-
JAlOT TaKue aKKyMYJSTOpbl OCOOEHHO IpUBJIeE-
KaTeJIbHBIMU /ISl CUCTEM, TPEOYyIOIIUX Haaexk-
HOTO ¥ JIOJTOBEYHOIO MCTOYHMKA IHUTa-
Hud [1, 2]. OnHako 3(d@eKkTHBHOE HCIOIB30Ba-
Hue JIMA moapaszymeBaeT AeTajibHOE IMOHHUMA-
HHUE MPOTEKAIOUINX B HUX (PU3NYECKHX U XUMHU-
YECKUX MPOLECCOB, a TaK)KE€ IMOCTOSHHBIN MOHU-
TOPUHI MX TEKYILEro COCTOSHHUS IJIsi CBOEBpE-
MEHHOT'0 JMarHOCTUPOBAHUS M MPOTHO3UPOBA-
HUS OCTaTOYHOM €MKOCTH M OCTaTOYHOT'O PeCyp-
ca Mpu pa3HbIX pexumax padoTsl |3, 4].

OnHMM U3 NEPCIEKTUBHBIX METOOB AUATHO-
ctupoBanus JIMA sBisieTcst mocTpoeHUe MOTHON
Marematnuecko mozenu JIMA, otpaxaromeit
KJIFOUEBbIE MEXAHU3MbI B3aMOJICHCTBUS BHYTpU
AYEHKN: OT KHHETUKH JJIEKTPOIAHBIX PEAKIUI 11O
JUHAMUKH pacHpelesieHusl 3apsiia Ha JIBOMHBIX
cnosix [5]. Takas MmareMaTruecKass MOACIh MOXKET
ObITh OCHOBOM wLHU(poBoro npoitnuka JIMA [6].
OTOT mojaxoxa uenecoodpaseH MpH MPOEKTUPO-
BaHUU CUCTEM YIPABJICHUS 3apsiOM-pa3psioM,
a TaKKe IPHU peaIn3allMd aIrOPUTMOB JHArHO-
CTUPOBAHUS U NMpoJieHus pecypcea [1].
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Puc. 1. Maremaruueckast MOJIEIb CUCTEMBI ISl PELICHUS TPAKTHUECKHUX 3a71ad.
[TyHKTHpPOM MOKa3aHbl 33/1aHHUS AHATUTHYECKOTO PEIICHHS
Fig. 1. Mathematical model of the system for solving practical problems.
The dashed line shows the tasks of the analytical solution

Ilenpro gaHHOM CTaTbU SBJISETCS aHAIU3 ME-
TOAOB HICHTU(DHUKAUA TapaMEeTPOB IOTHOU
mozenn JIMA, moctpoennoii MMIIOII, B Tom
YHUCJIE U C UCIOJb30BaHUEM HEHUPOHHBIX CETEM.
[Ipennonaraercs, 4TO pe3yibTaThl pabOTHl Oy-
JIyT CIOCOOCTBOBATh CO3JaHHUIO 0OJiee TOUYHBIX
QITOPUTMOB JIMATHOCTUKUA W TPOTHO3UPOBAHUS
pecypca JIMTUHHMOHHBIX AaKKyMYJATOPOB JJIsSt
LIMPOKOT0 Kpyra IpWIOKEHUH.

Onucanmue MOJI€JIHN HA OCHOBE ME€TOAA
MaAaTEMATHYECCKOI'0 IPOTOTUIIMPOBAHUA

MMIIDII npexacrapnser coboit enuHbIi Gop-
MaJiu3M, MMO3BOJISIIOIINNA CTPOUTH YPABHEHUS JH-
HAMUKHA (PU3MYECKUX M XUMUYECKUX CHUCTEM, HE
MIPOTUBOpEYAIllEe 3aKOHAM COXpPaHEHUs U Tep-
MoauHamMukH [5, 11]. ®akTopsl, onpenensomue
TUHAMHUKY (DU3MUYECKUX U XUMUYECKUX Mpoliec-
COB, TIOKa3aHbI Ha puc. 1. Jlnsg momyueHus ypas-
Hegnii MMIIDII B umnciaeHHOM BHAE 3a1al0TCSI
(GYHKIIMOHATTBHBIC PA3JIOKECHHUSI JIJISI CBOWCTB Be-
IIECTB U MPOLIECCOB pacCMaTPUBAEMOI CUCTEMBI
C TOYHOCTBIO JI0 AKCIIEPUMEHTAIBHO HCCIeIye-
MBIX TIOCTOSSHHBIX KO3((HUIIMEHTOB C yYEeTOM

39

COOTBETCTBYIOIIMX orpaHudenuit [3, 12]. 3atem
Ha OCHOBE PE3yJIbTaTOB MOJEIMPOBAHUS IUHA-
MUKH CTPOMTCSI JUHAMHKA M3MEPSEMBIX U KOH-
TPOJUPYEMBIX MTAPAMETPOB.

MMIIDII 6buta mocTpoeHa MOJHAS MOAETh
JIMA wu BbITIONTHEHA €€ MporpaMMHasl peaiu3a-
mus [4]. Ha BXonx ynoMsHyTOW HporpamMMHON
peanuzaly MOAAIOTCA MapaMmeTpsl (yHKLIHO-
HaJIbHBIX Pa3JIOKEHUI CBOMCTB BEILECTB U IIPO-
neccoB B JIMA, ero HadanbHOE COCTOSHHE H
TeMIEepaTypa OKpyxatouiei cpeas! [4]. Ha BbI-
X0Jle TporpamMma BO3BpallaeT JUHAMHUKU Ha-
NPSDKEHUS Ha KJIEMMax, TEMIEpaTypbl BHYTPEH-
Hero coaepxumoro JIMA, HanpsskeHUd IBOM-
HBIX CIIOEB M MEMOpaHbI, TO €CThb MOAEIUPYET
MOBE/ICHNE aKKyMYJIATOpa BO BPEMEHU U COXpa-
HseT pe3ynbratel [4]. [Tomyuennas B [4] monens
JIMA BxmrouyaeT 6osee 60 HE3aBUCHUMBIX KO3(]-
(UIMEHTOB.

Kaxplii 13 ynoMsHyThIX MapaMeTpoOB IOJ-
Ho Monienu JIMA nr0o HampsiMyIo CBSI3bIBAeTCS
¢ ¢mudyeckumu BenmmuuHamu (emkxocTH, IJC,
COIIPOTHUBIICHUS JIBOMHBIX CIIOEB MU MEMOpaHbl),
au00 SABJISIETCS NMONPABOYHBIM MHOMKHUTEIEM/10-
HOJHUTEIBHBIM KO3 (GHUIMEHTOM, YTOYHSIOMINUM
MOBE/ICHWE CUCTEMbl B Pa3HBIX JMala3oHax 3a-
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psna, Toka u temnepatypsl [4]. [Ipennoxennas
B [4] momuas moxens JIMA obGecrieunBaeT husu-
YECKYI0 KOPPEKTHOCTh (HE MPOTHBOPEYUT 3aKO-
HaM COXPaHEHUS PHEPIHH U TEPMOAUHAMUKH) U
TpeOyeMyl0 TOYHOCTb MPU HATUYUU JOCTATOY-
HOT'O YHMCJIAa SKCIIEPUMEHTAJIbHBIX TaHHBIX.

Jns yucneHHOW peanu3anuy IOCTPOSCHHOU
B [4] monno#i moxenu JIMA Bo3HuKaeT 3amaua
uaeHTuukanuu ee mnapamerpoB. Ha mpakTtuke
napamMeTpudeckas UAeHTU(DUKAII MOXKET OBITH
pa3buTa Ha JBa JTarna:

aTan 1 — nepBUYHOE MPUOIMKEHNUE MTapaMeT-
pos. Llenpio sTana sBisieTcs MOTy4YeHHe rpyobIX,
HO OCMBICIIEHHBIX CTapTOBbIX 3HAuY€HUU Mapa-
METPOB MaTeMaTHUYeCKOH MOJeIM Ha OCHOBE
aHaJI3a M3MEPEHHBIX XapaKTEPUCTHK aKKyMy-
nstopa (Harpumep, U(t), 1(1), T(1));

3Tanm 2 — onTtuMu3anus napamerpos. [locie
MOJTy4YEHHUsI CTAPTOBBIX 3HAUEHUNW OHU YTOUHS-
I0TCS C UCIIOJIb30BAHNUEM UYHCJIEHHBIX ONTUMH3aA-
TOPOB, MUHUMU3UPYIOIIUX OTKIOHEHHE pacyeT-
HOM MOJENN OT SKCIEPUMEHTAIBHBIX JAHHBIX.
Hanpumep, MOKHO HCIONIB30BaTh IpaiiE€HTHBIE
Meronapl, Takue kak LBFGS um Adam [13, 14],
WM MeTOJ] 0alieCOBCKOW KaTUOPOBKH Ha OCHOBE
MeronoB MCMC/NUTS [15].

Btopoii 3amaueil  sABISETCS  MOJyYEHHUE
YIPOILIEHHBIX aHATUTUYECKUX BBIPAXKEHUU C KO-
sbdurmenTaMu 111 KOHKPETHOTO PEaTbHOTO
aKKyMYJIATOpPA, UCIOJIb3Yys] METOIbI CUMBOJIBHOM
perpeccun [12]. DTOT 3Tanm HampaBJeH Ha CO-
31aHUE YOPOILICHHOM aHAJUTUYECKOM MOJEINH,
KoTopas anmnpokcumupyet noseneHue JIMA nHa
OCHOBE paHee HACHTH(PHIHUPOBAHHBIX MapaMeT-
POB, MOJIyYEHHBIX METOJIOM MAaTEeMaTH4YE€CKOIro
IPOTOTUIIMPOBAHMSI JHEPIETUUYECKUX IPOLEC-
coB. Takue ynpoIleHHbIE aHATUTHYECKHE MOJe-
JU CTPOSATCS MYTEM KYyCOYHO-aHAJIUTHYECKOIO
VIOPOIIEHUS HMCXOAHBIX  AuddepeHInamIbHbIX
ypaBHEHUMN, TOJYYEHHBIX METOJIOM MaTeMaTH-
YEeCKOro MPOTOTHUIHPOBAHUS, C MOCIEAyomen
UICHTUPHUKAIMEN MTOCTOSIHHBIX KO3((PHUIIMEHTOB
MOJIETTM M3 HKCIEPUMEHTaJIbHBIX AaHHbIX. [lo-
JNOOHBIN Monxof oOecrieyuBaeT MHHHMMAJbHbIC
BBIUHCIIUTENbHBIE 3aTPAThl U ABISETCS OCHOBOM
Ui TOCTpOoeHUs HPPEKTHBHBIX IHPPOBBIX
JBOMHHUKOB, MPUTOIHBIX IJIS 3a]]a4 MOHUTOPHUH-
ra ¥ YIpaBJiCHHUs] aKKyMYJISTOpaMU B peaTbHOM
Bpemenu [16].
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J171s IepBUYHOM OLIEHKH MapaMeTPOB MOJIEIH
10 HaOJII0JJaeMBIM JIaHHBIM PACCMOTPHM CIIENY-
IOLIME TPYIIIBI METOIOB.

XGBoost (Extreme Gradient Boosting)
MpelCcTaBiIsieT coOol aHcaMONeBBId METOJ Ma-
NIMHHOTO OOYYeHWs, OCHOBAHHBIA Ha TPAHCHT-
HOM OyCTHHTe JepeBbeB perieHuil. OH aKTHUBHO
UCTIONB3YETCS UL 3a/la4 PETPecCUr W MPOTHO-
3UpPOBAHUS COCTOSHUN JIMTUHHMOHHBIX aKKyMy-
JSITOPOB, TAKUX KaK OIICHKA COCTOSHHS 3/10pO-
Bba (State of Health, SOH) u octaTounoro pe-
cypca (Remaining Useful Life, RUL). B 3agaugax
napaMeTpuueckod HIACHTH(PHUKAIUU aKKyMYJIs-
topoB XGBoost npuMeHseTcst ajisi MOCTPOCHUS
WHBEPCHBIX PErPeccOpoB, 00yUyaeMbIX Ha CUHTE-
TUYCCKUX Habopax MaHHBIX (opMara «IMHAMH-
Ka CHUCTEMBl — TMapaMeTpbl AaKKyMYJSTO-
pa» [17, 18]. HacTtosmmii moaxoa obecriedynBaeT
BBICOKYIO CKOPOCTb BBIYUCIECHUM W YCTONYH-
BOCTh K IITyMOBBIM JaHHBIM, OJTHAKO HE yYUTHI-
BaeT (u3MyUeckre OrpaHuyYeHHs] MOJEIH. ITO
MOJKET TPUBECTH K TIOSBICHUIO (U3UYECKU HE-
KOPPEKTHBIX 3HAUYE€HUN MapamMeTpoB NpU 3KC-
TPAMOJSIINA Ha yCIIOBUS, HE BXOMAAIIUE B 00Y-
YaIOIIyI0 BHIOOPKY.

Random Forest (ciy4aiiHblii jiec) Takxke sB-
JsieTcsl aHcaMOJIeBBIM METOJIOM, KOTOPBI OCHO-
BBIBACTCSI HA MOCTPOCHHHM MHOXKECTBA CITydaii-
HBIX JIEPEBHEB PEHICHUN C MOCIEAYIOIUM HX
ycpenHeHueMm (rojocoBaHueM). Hecmotpst Ha
BBICOKYIO TOYHOCTh IpPH HEOOIBIIOM OOBEME
TaHHBIX U YCTOWYMBOCTh K MEPEOO0yUYEHUIO, €ro
BO3MOXKHOCTH B 3ajJjauax TOYHOI MapameTrpuye-
CKOHM HICHTH(UKAIMU OTPaAaHUYCHBI. JTO CBs3a-
HO C OTCYTCTBHEM BCTPOECHHOTO (PU3MUECKOro
ONUCAHMUS M3Y4YaeMbIX NPOIECCOB M OTHOCH-
TEIbHO BBICOKUMHU TPeOOBaHUSIMHU K OIEpaTHB-
HOW mamsTH mpu pabdore ¢ OONBIIMM YHCIOM
npu3HakoB [19]. XGBoost 1 Random Forest —
YHHMBEpCaJbHbIE TaOJIWYHbIE aHCAMOJIN: XOPOIIO
paboTalOT HAa CTaTUYECKUX MpHU3HAKaX, HO He
YMEIOT U3BJIEKaTh 3aKOHOMEPHOCTH BO BPEMEHHU
0e3 mpeABapUTEIbHOIO arperupoBaHus WIH CO-
3/IaHHBIX BPYYHYIO MPU3HAKOB.

HuBepcupie Heitponnbie cetn INN (Inverse
Neural Networks) nmpuMeHSIOTCS Ui pEIICHUS
oOpaTHOM 3a/a4u, Te BXOJAOM CIy>KaT BPEeMEH-
Heie psaael (U, I, T), a BBIXOJOM — THapaMeTpbl
akkymyisatopa (0). OcoOblii HHTEpeC MpencTaB-
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ns10T (pusndeckun MHGOPMUPOBAHHBIE HEUPOH-
Hble ceTd (PINNS), koTopble y4uTHIBAIOT B MpO-
necce o0yueHus: (pU3MYECKre 3aKOHBI, HAPUMED
ypaBHEHHMsI TeIJIonepeHoca M OanaHca 3apsjia.
PINN-apxutekTypsl 00y4aroTcsi Tak, 4YTOOBI
Ipe/ICKa3aHusl HE TOJIBKO COOTBETCTBOBAIM JKC-
MEPUMEHTY, HO U YJOBJIETBOPSUIN cUCTeMe Au-
depeHunanbHbIX ypaBHeHuit [20, 21]. Oto nena-
€T UX OCOOCHHO MOAXOMAAIIUMU TSl 3a]a4 mapa-
METPUYECKON HICHTU(UKAIUN aKKyMYJSATOPOB,
MO3BOJIAS M30eKaTh (PU3NYECKH HEKOPPEKTHBIX
pemenmii. PINN oco0eHHO 3¢ ¢eKTUBHBI IS
3aja4, T/ie JOCTYIHbI HETOIHbIE TaHHBIC, U OHU
00eCTIeynBaOT WHTEPIPETUPYEMOCTh, YTO BaXK-
HO TSI MH)KEHEPHBIX MPUIIOKEHUH.

HccnenoBanusi MOKa3bIBalOT, YTO MHBEPCHBIC
HEUpOHHBIE CeTH, 0COOEHHO (u3nvecku HUHOP-
MupoBaHHble HelipoHHble cetu (PINN), BeposiTHO,
Haubosiee moaxoms i BeiOop. OHU MHTETpUPY-
10T (PM3MYECKUE 3aKOHBI, Takue Kak quddepeHnu-
allbHbIE YpaBHEHUsI, B TIPOLIECC OOYYEHUs, UTO Jie-
naeT ux 3()(eKTUBHBIME ISl CIIOKHBIX 333y Iia-
pameTpuyeckoil oneHkd. OHM MPOJIEMOHCTPUPO-
BaJM 3(p(HeKTUBHOCTH B OIIEHKE COCTOSIHUSA 3apsiaa
(SOC) u cocrostaus 3m0poBbst (SOH), 4uTo cBsizaHO
¢ napamerpamu mozaeiu [20].

B cpaBHUTENBHBIX HCCIEIOBAHUSIX HEUPOH-
HBIC CETU C aHCaMOJIEBBIM OOYYEHHEM W TpaHC-
depupim  00ydyeHuem (DCNN-ETL) mnoxazamu
JYYIIyI0 TOYHOCTh U YCTOHYMBOCTB IO CpaBHE-
Huto ¢ Random Forest Regression, uto mon-
TBEPKIAACT IPEUMYIIECTBO HEHPOHHBIX CETEU
JUISL 3a/1a4, CBSI3aHHBIX C COCTOSIHHMEM Oarapeu
[19, 22].

®dusnueckn WHPOPMUPOBAHHBIC HEHPOHHBIC
CETH JOBOJIBHO CIIOKHBI B peaiu3aliu, TpeOyoT
CHEIHAIbHBIX HAaBBIKOB B IMPOrpPaMMHPOBAHHH,
MOATOMY aBTOPOM JIJIsl PEILICHHUs 3a/1aui TepBUY-
HOTO TPUOIMKEHUSI TTapaMeTPOB ObLIa TIPEITPH-
HSTa TOMBITKA CO3JaHus 0oJiee MPOCTON WHBEpC-
HOM HEMpPOHHOM CEeTH ISl 3ajay MapaMeTpuye-
ckoii uaentudukanun. Kommuekc nporpamm, pe-
aNM3YIOMIUX 3Ty WJEI0, MOJMyYeH C HCHOJIb30Ba-
HueM LLM (Gonbinve S3BIKOBBICE  MOEIIH)
Grok, ChatGPT 03, ChatGPT o04-mini-high,
DeepSeek r1.

Jnst co3panus M 00y4eHHs] HEHPOHHBIX CeTel
KPUTUYECKH BaXKHBIM SIBIISICTCS IIPABHIBHO TO-
TOTOBJICHHbIE JaHHbIE. Takue naHHble ObUIH IMO-
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Jy4eHbl U3 MPOrpaMMHOI peanu3aluu MOJENH
JUTUMMOHHOTO  aKKyMyJIATOpa, ONHCAHHOIO
BBILIIE.

HaGop nanHbIx mnpencraBiseTr coOoil pas-
psIIHBIE XapaKTEPUCTUKH, OTYUYECHHBIE TIPH pa3-
JUYHBIX (CIy4ailHbIX) MapameTrpax MOJENU JH-
TUIUMOHHOTO akkymyisropa. /[lng nomyuyeHus
ciayyaiiHbix mapameTtpoB JIMA Obuta co3mana
nporpaMMa reHepanuu napamerpon. ['eneparop
NapaMeTpoB  JIMTUHMHOHHOTO  aKKyMyJsTOpa
CTPOMUTCS MO MPHUHLUIY ClydailHOro BbIOOpa
3HAYEHUH U3 3aJaHHBIX JMAINa30HOB C MOCIETY-
folneil punbTpanueil uiM KOPPEeKTHUPOBKOM Tex
apaMeTpoB, KOTOpBIE HApyIIAIOT (U3NYECKHE
WIN WHXXEHEpHbIe orpaHuueHus. Takoil moaxon
MO3BOJIIET aBTOMATU3UPOBATh Mpolecc Gpopmu-
POBaHUsS MacCUBOB JIaHHBIX JUUIsI MOACIUPOBAHUS
win 0o0ydeHus,, MCKIoYas HEMPHUTOJHBIC WIN
MPOTUBOPEUYUBBIC BapuaHThl. B Havane Kaxiblil
napameTp BBIOMpaeTCst u3 Jauana3zoHa
p; = [min;, max;|] ¢ paBHOMepHBIM pacmpene-
nenueM p;~U[min;, max;]. 3atem naGop mpose-
psgercs 1o pAgy (QU3MUECKUX COOTHOIIe-
HUii (Tabn. 1). B cayyae HecOOTBETCTBHS 3HaYe-
HUSL KOPPEKTHUPYIOTCS WIH OTKJIOHSIOTCA, U
Habop mapameTpoB (opMupyercs 3aHOBO. B pe-
3yJbTaTe COXpaHseTcss OajJaHC MEXIY OXBaTOM
IIPOCTPAHCTBA MapaMETPOB U COOTBETCTBUS (PU-
3UKO-XUMHUYECKUM MPOLIECCaM.

[locne momyuyeHHs pa3psAHBIX XapaKTepu-
CTHK KaXJ0Tr0 aKKyMyJIsITOpa MO MOJXY4YEHHBIM
Cr€HEpUPOBAaHHBIM IIapaMeTpaM, BCTAET BOIIPOC
ONTUMM3AIMK JAHHBIX JUIsI 00ydeHus Helpoce-
TH. C LETbI0 3KOHOMUU BBIYUCIUTENBHBIX pe-
CypCcOB Tpou3Bouics oT0op Haubonee uHpop-
MaTUBHBIX CETMEHTOB JaHHBIX. [l 3TUX 1ene
ObUl peanu3oBaH aJTOPUTM aBTOMATHYECKOU
00paboTku (paityioB, copepKaluX pa3psaHbIC
XapaKTepUCTUKH, W3BJIEKAIOUIMA y4acTKU ¢
HauOobIIed JUHAMMYECKONH AaKTUBHOCTHIO IIO
HaNpsDKEHUI0 U TOKY. OTO HEOOXOAMMO st
dbopmupoBaHUs BEIOOPKH, aKIIEHTUPOBAHHOM Ha
KJIFOUEBBIX MEPEXOIHBIX MPOLECCax BHYTPU aK-
KyMYJIITOpA.

Jlist KaXKJI0T0 BPEMEHHOTO PsiJia BBIOJIHSET-
Cs M3BJCUYEHHUE TPEX KIIOUEBBIX CErMEHTOB —
HaOI0JTaeMBIX TTapaMeTpoB (puc. 2).
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dusnueckue orpaHUYEHHs TeHEpaTopa mapamMeTpoB
Physical limitations of the parameter generator
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Taoauna 1
Table 1

10

11

EbinpC, EbinpD

EbinnC, EbinnD

EbinpC, EbinnC

RbinOp, CbinOp
CInAkk, CBAKk

KInAkk, KBAkk

URTps ARTN, ARTM

Bi
Ryt Rvinops Rbinon

Tinakkor Teakko

Rbinﬂnr Cbinﬂn

EbinpC > EbinpD + 0.05

EbinnC > EbinnD + 0.05
EbinpC + EbinnC 2 3.0 B

Rbin0Op - CbinOp < 100
ClInAkk 2 5 - CBAkk

KinAkk > KBAkk + 0.01

SCrTm < ARTp, ARTH S 100RTY

3apsKeHHoe COCTOHUE JOMKHO UMETb
6onbwyio 30C

To xe ans oTpuuaTensHoro cnos

MuHUMansHoe HanpsixeHue 3apsikeHHON
AYENKU

Ol'paHW-IEHHE Ha NOCTOAHHYIO BpEMEHU

Tenno&mKocTb CofepRUMOro

JlomxHa BbiTb Bonblue TeNNoEMKOCTH

kopnyca

OhheKTBHAnA Tennonepenaya BHYTPH
Barapen

OnekTpoabl YyBCTBUTENbHEE K

Temneparype, Yem Membpata

IBi] < 0.1- ¢ OrpaHuyeHre nonpasok 2—-3-ro nopsaka

Ry < min(Rbi 0D Rbmo“) /10  Knemmsl nouTH He BHOCST CONpoOTUBNEHHe

| Tinakko — Teakko| < 20°C

PeanuctuyHoe TemnepartypHoe
pacnpegenexue

Rbinon * Chinon < 200 OrpaHuyeHue Ha Bpems OTKIuKa
oTpULaTensHoro cnos
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Puc. 2. ¢ — naHHBIC MOJICTUPOBAHMUS; O — JaHHBIE MOAEINPOBAHUS 1T0cjIe 00pabOTKHU; 6 — MOJIEINPOBAHUE
C ICPEMEHHOM COCTABJIAIONICH; 2 — TAHHBIC MOJICIIMPOBAHMSI [TOCTe 00paboTKH
Fig. 2. a — modeling data; 6 — modeling data after processing; ¢ — modeling with a variable component;
2 — modeling data after processing
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B ciydae HeCOOTBETCTBHS 3HAUEHHS KOPPEK-
TUPYIOTCSI MM OTKJIOHSIOTCS M HAbOp mapamer-
poB (opmupyercst 3aHOBO. B pesynbrare coxpa-
HSeTCS OalaHC MEXIy OXBAaTOM IpPOCTPAHCTBA
napamMeTpoB U COOTBETCTBHEM (PU3NKO-XMMHU-
YECKUM ITPOIIECCAM.

OnmuH  cerMeHT di = |x; —
X¢—1l, dg = 0 — Moaynb pasHOCTH MEXKAY CO-
CeIHMMH 3HAa4YeHUsMHU curHama. [lowck makcu-
MyMma t* = argmaxS;. HaxoxxaeHue TOUKH C
HanOoONMBIIMMU U3MeHEeHUsIMU. DopMupoBaHHe

lstart = Max (0: t* — [%]) » tend =
tstart T W. BblneneHue orpeska UIMHBI W BO-
KpyT' MAKCUMYyMa.

JIBa cerMeHTa, COOTBETCTBYIOILIHMX MAaKCH-
MaJbHOMY H3MEHEHUIO HampspkeHus (OAUH B
MepBOY MOJIOBUHE 3aMKCH, APYTOi — BO BTOPOH):

o  TOKY:

oTpe3Ka

w/2

S¢ = k=—[w/2]

d

t+k

CyMMHpOBaHME HW3MEHEHHH BHYTPU OKHA
nuHOM w. Bce oToOpaHHBIE CETMEHTHI IO Bpe-
MEHHU OOBEAMHSIOTCS, (POPMUPYETCS UTOTOBas
TabJIMIa C MPUBS3KOW K TapaMeTpaMm aKKyMYyJIs-
TOpa U METaJlaHHBIMH.

Vol. 28, No. 06, 2025

AHaJIN3 YyBCTBUTEJIbHOCTH
napaMeTpoB

O[HO# M3 OCHOBHBIX 3a/1a4 [IPU aHAIHU3E MO~
BEJICHUSI MOJCIN JIUTHHHOHHOTO aKKyMyJsiTopa
Ha OCHOBE METOJa MAaTeMaTHYeCKOrO MPOTOTH-
IHPOBAHUS YHEPIreTUUECKUX MPOLECCOB SBIISCT-
CsI OIICHKA YYBCTBUTEIBHOCTH BBIXOIHBIX XapaK-
TEPUCTHK MOJICTIH K N3MCHEHHIO €€ IapaMeTpPOB.
DTO MO3BOJISICT BBISIBUTH HAHOOJIEE BIUATEIBHBIC
HapaMeTpbl, TOYHOCTh IMPEACKa3aHUS KOTOPBIX
CTaHET BAXHBIM Kputepuem 3¢ddexTuBHOCTH
HEUPOCETH.

Jlist GUKCHPOBAHHOTO peXMMa TOKA M ITa-
JIOHHOTO aKKyMYJSATOpa Apef C MapameTpamu
0 -of MOJICITUPYETCST BPEMEHHOM PSIJI HATIPSDKCHUSI
Ha kiaemmax UKl..¢(t) u Temmeparypsl kopiyca
akkymyisitopa TBakK,of(t). Anamorumuso s
aKKyMyJATopa Apod, B KOTOPOM OJMH W3 TIapa-
MeTpoB Mozenu usmeHeH Ha +10 %, dopmupy-
forcst  BpemeHabie  psgbl  UKl,,q(t) m
TBakk,04q(t). Ha ocHOBe 3THX TaHHBIX BBIUYKC-
JISTFOTCS HHTETPAIbHBIC PA3HOCTH:

N
Uklsumdiff = zl’:l(Uklmod(ti) - Uklref(ti));

TbakKgumy ;e = J;/ [TBakKmoq () — TBakk,er(t;)]dt.

to

V3MeHeHne TPOU3BOIUTCS MTOOYCPEIHO IS
Kakaoro mnapamerpa. IIporpamMmma BBIYUCISET
YYaCTKU MaKCHUMAaJIbHOTO BJIMSHUS KaXKIOTO Ma-
paMe€Tpa U KOJUYCCTBCHHBIC PA3JIMUUA MCKIY
ATAJIOHHOW W MOAU(DUIIMPOBAHHOW TPYIIIAMH.
DTO TO3BOJSET ONPEACIUTh Hauboyiee 3HAYH-
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MBIC MapaMeTpbl, CHU3UTh Pa3MEPHOCTh 3aJauu
UACHTH(HUKAIIMM W TIOBBICUTH TOYHOCTH JaJTh-
Helmero aHanu3a. TakuM 00pa3oM OBbUT BbISIB-
JICH psAJl TapaMeTPOB HAMOOJBIIECTO BIIHMSIHHS HA
U3MEHCHHE HANpPSDKCHUS M TEMIEepaTypbl aKKy-
MmyJsitopa (puc. 3).
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BausHue napaMeTpos Ha Ukl w TBAkk

Ton 10 napameTpos no BAWsHMo Ha Ukl
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Ton 10 napameTpoB No BAWAHKWIO Ha TBAkk

%o

Puc. 3. Brusaue napametpoB
Fig. 3. Impact of the parameters

OpnHako ciexyer ydecTb, YTO IpPU HU3MEHE-
HUU TOJBKO i-r0 napamerpa Ha +10 % ouneHuBa-
eTcs TOJBKO JIOKaJIbHAs YYBCTBUTEIBHOCTH
«OAMH K OIHOMY» U WTHOpUpYyeTcsa Jrboe
KpOCCB3aUMOJECUCTBUE MapaMeTpoB. B MHoro-
napaMeTpruuecKoi cpezie ITO MOXKET MPUBECTH K
«CKpBITOMY pacKa4MBaHUIO»: BA (WM OOJIbIIEC)
Kod(uImeHTa U3MEHSAIOT HaIpsHKEHUE B IIPO-
TuBO(a3e, UX WHAMBHUIYaJbHbIC UHTErPAIbHbIC
3¢ (}eKTh BENUKH, HO COBMECTHOE JEHCTBHE
NPAaKTUYECKH B3aHMMOKOMIIEHCUPYETCS, M paH-
JKUPOBaHUE MO A; 1aeT HEeTOUHYIO KapTUHY BJIH-
sSHUA. B ganpHENIINX HMCCIIENOBAHUAX IJIAHUPY-
eTcsl ydecTh B3aMMOCBS3b IapaMEeTpOB MpHU
UJICHTU(PHUKAIIMH, YTOOBI «CKPBITOE pacKayuBa-
HUE» HE NIePEeKOYeBaIO B HEHPOHHYIO CETh.

[Tocne mMOAroTOBKM AAaHHBIX ObUIM ChOpMY-
JIMPOBaHbl CIEAYIOUIME TapaMeTpbl HEHPOHHOMU
CeTH.

Ha Bxon monarorcs TuHaAMHYECKHE XapakTe-
PUCTUKU (BpEMEHHBIC DsIIbl HAINpPsDKEHUS Ha
kiremmax akkymysistopa (Ukl), Temmepatypa
akkymyistopa (TBAKkk), tox marpysku (Icur),
TeMriepatypa okpyxatomieit cpenbl (Tokr). Dtu
BpPEMEHHBIC pSAbl SBISIOTCS HaOII0AaeMBIMU:
OHH HETIPEPHIBHO U3MEPSAIOTCS YCTAHOBICHHBIMU
Ha aKKyMyJIATOpe AAaTYMKaMH W TOCTYMaloT B
HEHUPOHHYIO CeTh KaK M3BECTHBIC BXOJHBIE CHUT-
HaJIbl, UX 3HAYEHUS HE BXOIAT B BEKTOpP HJICH-
TU(ULIUPYEMbIX MapamMeTpoB. Takke MmoaaroTcs
CTaTUYECKHE HadajJbHbIC MapaMeTpbl (HE H3Me-
HSIOIIMECS] BO BPEMEHHU) HayalbHas BHYTPEHHSS
TeMIeparypa aKKyMYyJIITOpa (TInAKkkO),
HavyanbHas Temneparypa Oarapeu (TBAkkO),
HavyaJIbHBIN 3apsa] akkymyisatopa (q0).
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Jis yaydmieHuss WHOOPMATUBHOCTH BXOJI-
HBIX JaHHBIX ObUIM C(HOPMHUPOBAHBI JIOMOJIHH-
TeNbHBIE TPU3HAKH, TaKWe KaK IPOU3BEIACHUS
HANpsOKCHUST M TOKa, pa3HOCTh TeMIepaTyp,
MPOU3BEICHUS BPEMEHH HA TOK U HAMPSHKEHUE, a
TaKXe AUCKPETHBIE METKU (pparMeHTOB BpeMeH-
HBIX psaAnoB. [loAroToBneHHBIE MaHHBIE OBLIH
MOJIBEPTHYTHl MACIITAOMPOBAHUIO TPU MOMOIIN
anroputMoB ctanmaptu3anuu (StandardScaler),
YTO CIMOCOOCTBYET CTAaOMJIBHOCTH OOyYEHHS H
YIIYYIIEHUIO TOYHOCTH MOJICITH.

ApXHTEKTYpa HEIPOHHOM CeTH

Hcnone3yemasi apXuTeKTypa COUYETAaeT Bpe-
MEHHBIC TIPU3HAKU (HANpsDKEHHUE, TOK, TeMIepa-
Typa) C JOIOJHUTEIbHBIMU CTATUYECKUMH Xa-
PaKTEpPUCTHKAMH U MTO3BOJIAET OLEHUTH (hrsnye-
CKM OCMBICIICHHBIC MapaMeTpbl OaTapeH, Takue
KaK €MKOCTH JBOWHBIX CIIOEB, CONPOTHBIICHHUS,
K03(ppULIMEHTHI  Terulonepenayn, mapameTphbl
MeMOpaHb! 1 Ap. Peann3anms ucmons3yer cep-
TOYHBIE, PEKYPPEHTHBIE U attention-cjou, a Tak-
K€ CTAaHNApTU3aIMI0 BXOJHBIX TaHHBIX, MACKHU-
pOBaHHE M CMEUIAHHYIO TOYHOCTh BBIYUCICHUI
(puc. 4).

BxoaHble mapameTpsbl:

X@n = (Uki(t),

TBakk(t), Icur(t), Tokr(t), thorm(t)} — Bpe-
MeHHble (JUHAMHUYECKHE) TMapameTphl, TIe
Ukl — nanpspkeHre Ha KIeMMax aKKyMYyJIsTopa,
TBakk — temmeparypa Kopiyca akKyMyJsaTopa,
Icur — Tok paspsma, Tokr(t) — temmeparypa
OKpY’)Karome cpembl, t,orm(t) — HOpMamu30-
BaHHOE BpeMsI.
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Neural Network Architecture: Dynamic and Static Input Fusion

A DYNAMIC INFUT BRANCH
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Fig. 4. The structure of the neural network
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XxGtat) = (TInAkkO,

TBAkkO, qO, [ Ukl, [ Icur, [|Icur|} - craTm-
YyeckHe mMapaMeTpbl (He MeHSIIOIHECS BO
BpeMeHn), riae TBakk( — temneparypa kopryca
aKKyMyJISITOpa B HAa4allbHBIH MOMEHT BPEMCHH,
Tokr(t) — Temmeparypa OKpysKaromeil cpeasl B
HavaJIbHBI MOMEHT BpeMeHH, 0 — HavaJlbHBIN
3apsi.

HeaeBass ynkuusi: Y = {p;,p2, ...,Pe0} €
R®° rnme p; — mapameTphl aKKyMyJISTOpa, BKIIO-
yasg DJIC IBOMHBIX CJIOEB B 3apsHKEHHOM U pas-
PSOKEHHOM — COCTOSTHUH EbinpD, EbinpC,
EbinnD, EbinnC; >neKTpuyYecKre W TEIUIOBbIC
E€MKOCTH CbhinOp, CbinOn, Cm, CBAkk,
CInAkk, conporusnenus — Rkl, RbinOp, Rbin0On,
Rm(,; TemneparypHbIe U 3apsiIOBbIC MOMPABKH —
o, B, rCRT, nRQ u np.

[Tepen 3amyckoM mporiecca 00ydeHHs TTOATO-
TaBJIMBACTCS U 3arpykaercs csv — (aiun ¢ naH-
HBIMH TUHAMUYECKHX U CTATHYECKUX IMMapameT-
pPOB, TIpU KOTOPBIX OBUIM TIOJIYYCHBI IEPBBIEC.
JHanee MIPOUCXOTUT IpyIIHPOBKA o
dynamiclndex (omHa nuHamuKa paspsnga), 3a-
MOJTHSIOTCS TPOIYIICHHBIE 3HAYCHHUS METOAO0M
ffill. Tlocne sToro GopmMupyercst CUCOK MocJe-
JOBATENFHOCTEH W CTaHAApPTH3AIUsl MPU3HAKOB
1o o0y4aroIieil BEIOOpKe.

I'enepaTop MaHHBIX TPOU3BOJUT MACKHPOBA-

HHC 3HAaYeHMH 10 3amaHHoM mmmHbl L = 2 100,

HOpPMAaJIu3yeT Hu BO3BpalaeT napy
(dyn) (stat)

(Xscaled' Xscaled) » Vscaled-
Mojenb cOCTOUT U3 ABYX BETBEM.
JAunamunuyeckass BerBb: ConvlD —

LSTM — MultiHeadAttention —

GlobalAveragePooling1D, rne ConvlD BbIsiBis-
eT JIOKaJbHBIC 3aKOHOMEPHOCTH BO BPEMEHH,
LSTM wu3BiekaeTr BpEMEHHbBIE 3aBUCHUMOCTH:
hy = LSTM (x¢, hy — 1), MultiHeadAttention —
KOHTeKcTHOe BHuManue: Attention(Q,K,V) =
softmax (%) V, rtoe QO(Query) — 3ampochl,
dbopmupyemblie U3 nocnenoparenbHocTd, K(Key) —
KIIIOYH, C KOTOPBIMH CPAaBHHMBAIOTCS 3aIlpoChl,
V(Value) — 3HaueHus, KOTOpbIE arperupyroTcs
0 BaXHOCTH, dj, — Pa3MEpHOCTh KJIOUeH (U 3a-
IPOCOB), UCIIOJIB3YETCS sl MacIITaOUpOBaHUS,
softmax HOpManHM3yeT CKaJspHBIC MPOH3BEle-
HUSI, TIpeBpallas uX B Beca BHUMaHHUA.
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CraTnyeckasi BeTBb: CTaTUYECKUE Tapa-
METpBl TOJAIOTCA Ha BXOJ IUIOTHOHM (dense)
HeliponHoii cetn Dense(64) — Dense(32) ¢ ak-
tuBanueit ReLU.

Lenp »sTuUX cnoeB — TpaHCHOPMUPOBATH
BXOJIHOM BEKTOp B 00Jiee BBHIPA3UTEIBLHOE CKPBI-
TO€ TpEeCTaBICHUE, KOTOPOE 3aTeM OyaeT 00b-
€IMHEHO C MPU3HAKAMHU U3 BPEMEHHOU BETBH.

[Tocne npeaBaputeabHONH 00paOOTKH KaXKaast
BEeTBb (DOpMHpYET COOCTBCHHBINH BEKTOp MPH-
3HaKoB. Jlanee oHM 0OBEAUHSIOTCS (KOHKaTeHa-
IUs) B €IMHBIA HAOOp MPHU3HAKOB, KOTOPBIH IO-
naetcst Ha: concat — Dropout — Dense(256) —
Dropout — Dense(128).

Dropout (mOJHOCBSI3HBIN CJIOH) UCHONIB3YET-
Csl ISl TIPEJIOTBPAIIICHUS TTEPEOOYUCHUS, YBEIH-
yuBasg o0000MIA0IIMEe CIOCOOHOCTH MOJENH.
BbIxXogHO# C10H CONECPKUT JIMHEWHYIO aKTHBa-
LUI0 U TpeAcKka3biBaeT 60 mapaMeTpoB akKKyMy-
nstopa: Dense (60, linear).

O0y4eHnue Moaeu

OOyuenue pazpaOoTaHHOW HEHPOHHOU ceTH
IPOBOJUTCS C MCIIOJIB30BAHUEM JIBYX OCHOBHBIX
METpPUK: CpelHeKBaapaTHuHOi omubku (Mean
Squared Error, MSE) u cpenneii aGcomtoTHOMI
ommOku (Mean Absolute Error, MAE). MSE =
SELilly =93 w MAE =51y~ 9ils,
rA€ y; — WUCTUHHBIM BEKTOp MapaMeTpoB JH-
TUHUOHHOTO aKKyMYJISITOpa JUisl i-T0O OOBEKTa
oOyyaromieli BEIOOPKH, BKJIFOYAIONTUN 3HAYCHUS
UACHTU(DUIIUPYEMBIX TApaMETPOB TOJIHOW MO-
JIeNd, Y; — BEKTOp MapaMEeTPOB aKKyMYyJIATOpa,
MPEICKa3aHHbIN HEHPOHHOM CETHIO JJISI TOTO KE
o0bekTa, N — uncino oO0beKTOB B oOydaromen
BEIOOpKe, ||||3— KBampaT eBKIMIOBON HOpPMBL.
CooTBEeTCTBYET CyMMe KBaJpaTOB OTKIOHEHUM
Mpe/CKa3aHHbIX 3HAUYEHUN MapaMeTpoB OT HX
WUCTUHHBIX 3HAYCHHUN IO BCEM KOMIIOHEHTaM
BekTopa. MSE addextuBHO oTparkaer Gobiive
OIIMOKH, MIOCKOJIBKY OHH UMEIOT KBaJIpaTUIHBIN
BEC, YTO OCOOEHHO Ba)KHO JJIS 33/1a4 C BBICOKUM
PUCKOM 3HAUMUTENbHBIX OTKIOHEHUH. MAE BMme-
CTO KBajpaTa Oepercsi abCOIIOTHOE 3HAYCHUE
omnOku. MAE MeHee yyBCcTBUTENbHA K BBIOPO-
caM U obecrnieunBaeT 0osee paBHOMEPHOE MITpa-
¢doBaHue Bcex OMMOOK, UTO JETaeT e MOJIe3HON
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Puc. 5. /lnarpamma OTKJIOHEHHS TIpeICKa3aHHbIX IIapaMeTPOB
Fig. 5. Deviation diagram of the predicted parameters

JIOMTOJTHUTENIbHOW METPUKOW I OLIEHKH CTa-
OMJIBHOCTH M OOIIEH TOYHOCTU MOIeIH. Takum
00pa3zoM, onupasich Ha 3TH 3HAYCHHS, HEHPOCETh
oOyudaercs. OHa KaXIbI pa3 cYMTAET OMIMOKY,
CpaBHHBas CBOM OTBETHI C TpaBWIbHBIMHU. Mc-
nois3oBanne MSE + MAE BMecTo Kiaccude-
CcKoro anroputMa HprOTOHa OOYCJIOBIICHO CHH-
JKEHUEM  BBIUMUCIUTEIBHOM CIIOXKHOCTH TMpPH
60-MEepHOM TNPOCTPAHCTBE IAapaMETPOB, YCTOM-
YHBOCTHIO K IIYMOBBIM BBIOpOCaM, a TaK¥Ke BO3-
MO>KHOCTBI0O MHUHH-OaT4-onTuMu3anmnu Ha GPU.
bricTpas nokanbHas cxoaumocTth Metona Hero-
TOHA JIOCTUTAETCS JIMIIb MPU XOPOIIEM Havajlb-
HOM MPUONIMKEHUH U TMOJHBIX MaTtpuiax ['ecce,
YTO JJIsSi pacCMaTpPUBAEMON MOJEIN SKOHOMHUYE-
CKHU Helenecoo0pasHo.

PesyabTaTsl

Jnst 0O6yuenust 6bu1 ChOPMUPOBAH MACCHB U3
1 000 pa3nn4HBIX COYETaHMN CTATHUYHBIX Iapa-
MeTpoB (1 000 BUPTyaNbHBIX aKKyMYJISITOPOB) H
MOJYYCHHBIX N0 HUM TUHAMHUYECKHM IapamMeT-
pam (paspsmubie xapaktepuctuku). [lo 3aBep-
IIeHUU 00yUYeHUs CPEHssI TOYHOCTh IpecKasa-
HUSl 0 BBISIBICHHBIM Haubosee BIUATEIbHBIM
napamerpam cocrasuna 30,6 %. Crour orme-
TUTh, YTO HEOOJBIIOE A0COIIOTHOE OTKIOHEHHE
M0 HEKOTOPHIM MapaMeTpamM MOTJIO JaTh O0Jb-
I0€ OTKJIOHCHHWE B TPOLEHTHOM OTHOIICHUH,
Hanpumep Rkl — compotuBrneHue kiemMM akky-
Mmyssitopa (puc. 5).
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3akjioueHue

Pa3paborannas HelipoHHAst ceTh IJs WJICH-
TUGUKAIMHA TIAPaMETPOB TIOJHOM MOJETH JIH-
TUHUOHHOTO aKKyMYJIATOpa MPOJEMOHCTPHPO-
BaJla TEPCIEKTUBY NMPUMEHEHUs HEHPOCETEBBIX
METOJIOB B pEIICHUU 3a/ad MapamMeTpUIecKou
uaeHTuGuKanmu. HecMoTpsi Ha CpaBHUTEIHHO
HU3KYIO OOIIYI0 TOUHOCTh MpeAcKazaHuil (OKoJIo
30,6 %), mpeacTaBiIeHHAs MOJEIh MOXET 3(-
(EeKTUBHO HCIIONB30BAThCA AJiA TPyOOoil OIeHKH
¥ TIEPBUYHOTO TPUOIMKEHUS TTapaMeTPOB aKKy-
MYJISTOPOB, YTO CYIIECTBEHHO COKpAIaeT 3a-
TpaThl BpDEMEHHU M PECYPCOB Ha MEPBOHAYATBHBIH
9Tan KanuOpoBKU. TeM He MeHee AJIsl MpaKTude-
CKOTO TIPUMEHEHHS U CO3MaHusl NHU(POBBIX
TBOMHHUKOB aKKyMYJSITOPOB HeoOxomuma Ooinee
BBICOKAsi TOYHOCTh HIeHTH(uKanuu. s ee 1o-
CTH)KEHHUSA 11eJIecO00pa3HO MPOAOIIKUTE paboTy
0 CJICAYIOUINM HAIPaBJICHUSM.

1. Bueapenue ¢Qusudeckun WHGOPMUPOBAH-
HbIX HelpoHHBIX ceteil (PINN), koropbie uHTe-
TPUPYIOT (PU3NYECKUE 3aKOHBI U OTpaHUYCHUS
HETIOCPEJICTBEHHO B IpOIecC O0y4YeHHs, 3HAYH-
TEJIbHO CHHUKAsl BEPOSITHOCTh (PU3UUYECKH HEKOP-
PEKTHBIX PELICHHMN.

2. Ucnonp3oBanue 0oiee CI0KHBIX U TIy0o-
KX HEUPOCETEBBIX apXUTEKTYP C MHOTOYPOBHE-
BBIMH MexaHW3MaMu BHUMaHus (multi-head
attention) u aHCaMOJIEBBIMH ITOXOIaAMHU.

3. Ontumuzanus TpOUeaAypbl MOATOTOBKU
JAHHBIX, BKJIIOYAsl YIy4IIEHHE aJIrOPUTMOB aB-
TOMAaTHYECKOTO OTOOpa HH(POPMATHBHBIX CeEr-
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MEHTOB BPEMEHHBIX PSIIOB M paclIupeHue Habo-
pa IOMOJHUTENbHBIX IPU3HAKOB.

4. Tlpumenenue TpaHchepHOro oOy4YeHHS U
TOHKOW HAaCTPOMKM HEWPOHHBIX CETEH, IpenaBa-
pUTENbHO OOYYEHHBIX Ha KpPYIHBIX Habopax
CHHTETUYECKUX JAHHBIX, /ISl TIOBBILICHUS Kade-
CTBa HUACHTU(DUKAIMHN PpeaTbHBIX aAKKyMYISTO-
pOB.

TakuMm 00pa3zom, MpeioKeHHAss MOJEIb SB-
JSeTCsl BaXKHBIM IPOMEXKYTOUHBIM 3TalloM Ha
MyTH K CO3JaHUI0 BBICOKOTOYHBIX ITH(PPOBBIX
JIBOMHUKOB  JIMTUMHOHHBIX  AKKyMYJSTOPOB.
JlanbHele uUcCleqoBaHusl JOJDKHBI  OBITH
HAIpaBJIEHbl HA MHTETPAIUIO MPOJBUHYTHIX ap-
XUTEKTYp U (usuueckn HHPOPMUPOBAHHBIX
MOAXOA0B, KOTOpBIE o0ecreyaT HEOOXOIUMYIO
TOYHOCTh M HAJECKHOCTb, BOCTPEOOBAaHHYIO B
BBICOKOTEXHOJIOTUYHBIX OTpacisiX, TaKUX Kak
aBHalMsl © KOCMOHABTHUKA.
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BblFOpaHI/Ie JETHOI'0 COCTaBa KAK UCTOYHUK YI'PO3bI aBHALITMOHHOM
CHUCTEMBbI

I'.C. Topsinko'*?
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AHHOTaumsi: B cratbe aHaiM3upyercst BIMSIHHE CPEAHEMECSUYHOH padodeil Harpy3kd Ha IMHAMHKY MPO(ECCHOHATBHBIX
KOMIICTCHIIMI JICTHOTO COCTaBa TPAKIAHCKONH aBHAIMM B KOHTEKCTE CHHAPOMA TMPOPECCHOHATLHOTO BBITOPAHHUSA U
MCUXO(U3MOIOTIYECKOr0 UCTOIIeHUS. Ha OCHOBE JIOHTUTIONHOTO HCCienoBaHus MaHHbIX 800 MHMIOTOB aBUAKOMITAHHM 3a
9MCCHL1€B TMpOBCJICHA OLCHKA TCXHHYCCKUX W HETCXHUYCCKUX HABBIKOB B COOTBETCTBHH CO CTaHAAPTOM Memyﬂaponﬂoﬁ
opranmzaimu rpaxaanckor apuanmu ICAO DOC 9995. Metononorust BKIIOYAEeT CTATUCTUUECKUN aHAIM3 KOPPEISALUA MEXITy
HAJIETOM YacoB, OIICHKAMH KOMIICTCHIINI W aBHAIIMOHHBIME COOBITHSIMY, a TAK)KE MPIMEHCHUE MOJICIH «CIIPOC — PECYPChD) U
MHTEPIIPETallid MCXaHHU3MOB HCTOINCHUS. Pe3ylbTaThl BBIIBIJIA OTCYTCTBHE TPSIMOHM CBSI3HM MEXIy OOBEMOM HajeTa U
aBHAIMOHHBIMH HHIMACHTAMH, YTO IIOATBEP)KAACT A(P(EeKTHBHOCTE CHCTEM YIIpaBICHHUA Oe30macHOCThI0. OmHAKO pe3Koe
YBEJIWYCHHE HAarpy3k (cBbimie 10 9acoB) MPUBOAWT K CHIDKEHHIO JOJH TTOJOXKUTEIFHO OICHMBAEMBIX KOMIIETCHIIMI JICTHOTO
COCTaBa, YTO OTPaXKAaeT WCTOIICHHE aNIaNTAIlMOHHBIX pecypcoB. HeTexHmdeckrne KOMITETSHIINH JEMOHCTPHPYIOT HAUOOJBIITYIO
YSI3BUMOCTb, TOT/IA KaK TEXHUYECKHE HABBIKK OCTAIOTCS CTabMibHbIMU. Lukinaeckie neperpy3ku GopMHUpPYIOT ucOaiaHe MExKLy
KOMIIETEHIIMSIMH, CHIDKAsl MPOJAYKTHBHOCTh B TOCJEAYIOIIME MECSIpBL, 4YTO COOTBETCTBYeT (ase ucromieHus. Ha ocHose
MOYyYEHHBIX JAHHBIX MPEUIOKEH KOMIDIEKC Mep TNPO(MIAKTHKA CHHAPOMA MPO(ECCHOHATFHOTO BBITOPAHUS, BKIIOYAs
BHEJIPCHHE CHCTEM yrpaBieHus ycranocteio (FRMS) ¢ HMCrosabp30BaHHEM HOCHMBIX OMOCEHCOPHBIX YCTPOMCTB, TPEHAKEPHBIX
mporpamMMm Ui crpecc-rectupoBanuss U MM-anropuTMOB IIPOTHO3UPOBaHMS BbI'OpaHus. Pesynbrarel IIOAYEPKHUBAIOT
KPUTHYECKYIO POJIb PETYJSIPHOIO MOHHUTOPHMHIZ KOMIIETEHIMI JUIsi IPOTHO3UPOBAHMSI PUCKOB U HEOOXOJMMOCTb MHTErPALH
MCUXO(M3MOIOTIYECKUK aCTIeKTOB B YIPABJICHUE pecypcaMy SKHIaxked. lccnenoBaHwe TOATBEpXKIAET, YTO JIUHAMUKA
HETCXHUYCCKUX HABBIKOB CITY)KHT PAHHUM HHIUKATOPOM JIATEHTHBIX yIPo3 0e30MacHOCTH, TPEOYIONIMX IPEBCHTHBHOTO MOAXO0/1A.

KiroueBble cjioBa: HpOCI)CCCI/IOHaHLHOC BBIT'OPAHUE, 0e30I1aCHOCTh IIOJICTOB, KOMIICTCHIIMK  JICTHOI'O  COCTaBa,
chxoq)mnonormecme HCTOILICHHUE, YIIPABJIICHUE YCTAJIOCTBIO, HpOI‘HOCTI/I‘IeCKI/Iﬁ MOHWUTOPHHT, HETEXHUICCKNE HABBIKH.

Juoist murnpoBanmst: [opsitko I.C. Bbiropanue JjeTHOro cocraBa Kak MCTOYHHK YTPO3bl aBUAIIMOHHOH crcteMsbl // Hay4Hblii
Becrauk MI'TY T'A. 2025. T. 28, Ne 6. C. 53—-63. DOI: 10.26467/2079-0619-2025-28-6-53-63

Flight crew burnout as a source of aviation system threat

G.S. Goryashko'?*?
! “Aeroflot — Russian Airlines”’, Moscow, Russia
?“deroflot Aviation School”, Moscow, Russia
ISaint-Petersburg State University of Civil Aviation named after Chief Marshal of Aviation
A.A. Novikov, Saint-Petersburg, Russia

Abstract: This article analyzes the impact of the average monthly workload on the dynamics of professional competencies of civil
aviation flight personnel in the context of professional burnout and psychophysiological exhaustion syndrome. Based on a
longitudinal study of the data of 800 airline pilots for 9 months, an assessment of technical and non-technical skills was carried out
in accordance with the International Civil Aviation Organization (ICAO) standard DOC 9995. The methodology includes statistical
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analysis of correlations between flight hours, competency assessments and aviation incidents, as well as the use of the Demand-
Resources model to interpret exhaustion mechanisms. The results revealed the absence of a direct link between the volume of flight
hours and aviation incidents, which confirms to the effectiveness of safety management systems. However, a sharp workload
increase (over 10 hours) leads to a decrease in the proportion of positively assessed flight crew competencies, reflecting the
depletion of adaptive resources. Non-technical competencies show the greatest vulnerability, while technical skills remain stable.
Cyclical overloads create an imbalance between competencies, reducing productivity in following months, which corresponds to
the exhaustion phase. Based on the data obtained, a set of measures for prevention of occupational burnout syndrome is proposed,
including the implementation of Fatigue Risk Management Systems (FRMS) using wearable biosensor devices, training programs
for stress testing and AL algorithms for predicting burnout. The results highlight the critical role of regular competency monitoring
for risk forecasting and the need to integrate psychophysiological aspects into crew resource management. The study confirms that
dynamics of non-technical skills serve as an early indicator of latent safety threats, that require a preventive approach.

Key words: professional burnout, flight safety, flight crew competencies, psychophysiological exhaustion, Fatigue Risk
Management System (FRMS), predictive monitoring, non-technical skills.

For citation: Goryashko, G.S. (2025). Flight crew burnout as a source of aviation system threat. Civil Aviation High Technologies,
vol. 28, no. 6, pp. 53-63. DOI: 10.26467/2079-0619-2025-28-6-53-63

BBenenue HBIM HAaJIETOM YacoB JIETHOI'O COCTaBa M YpOB-
HEM UX NMpo(hecCHOHANBHBIX KOMIIETEHIHH, o1e-
HEHHBIX B COOTBETCTBUM C TpeOOBaHUSAMU
ICAO 9995. PesynbpTaThl JEMOHCTPUPYIOT OT-
CYTCTBHE MPSIMOM KOPPEISLUU MEXITY KOJInYe-
CTBOM 4YacOB HajeTa M aBUALMOHHBIMU COOBITH-
MU, YTO TOJATBEPKIACT BHICOKUN YpOBEHb 0€3-
OTaCHOCTH I0JIETOB.

Beur oOHapyxeH (akT CHIDKEHHS OIIEHOK
KOMIIETEHIIMH «BBILIE CPEIHEro» MU pocTa Ole-
HOK «HUXE CPEJHET0» MPU PE3KOM YBEIUUYECHUU
Harpy3kH, 4TO CBSI3aHO C aJanTauueil K MOBbI-
IIEHHBIM TPEeOOBAHMSIM U HAKOIUIEHHEM yCTaJlo-
cTi. JlaHHbIE M3MEHEHUS HUHTEPIPETHPYIOTCA
KaK CHMITOMBI NPOQPECCHOHATBHOIO BbIrOpa-
HUs. B pabote ananu3upyrorcs pakTopbl ce30H-
HOCTU M UX BIIUSHUE HA JI0JITOCPOUYHYIO paboTo-
CHOCOOHOCTh CTIEIUATUCTOB.

Hameit nenpro siBasieTcss NpOBEACHUE aHAIIH-
3a MEXaHM3MOB Pa3BUTHs CHHApPOMa npodeccu-
oHanpHOro Bbiropanus (CIIB), ouenka BausHus
(U3UOTOrMUECKUX, MCHXOJIOT0-Ie1arornyeckix
¥ OPTaHM3ALHOHHBIX (PAKTOPOB HA TICUXHYECKOE
COCTOSIHME MWJIOTOB Bo3aAyIIHBIX cyaoB (BC),
BHEJPEHUE TMPAKTUYECKUX PEKOMEHAALUN TI0
CBOEBPEMEHHOM  Mpo¢uiakTuke mnpodeccuo-
HaJIbHOTO BBITOPaHUs JIETHOTO COCTaBa.

CoBpeMeHHas Tpa)x<aaHCKas aBUaLUs MPEeab-
ABIISICT KECTKUE TpeOoBaHMS K OE30MaCHOCTH
IIOJIETOB, YTO JENAET KPUTHUECKH BaXKHbIM KOH-
TPOIb MPOPECCHOHATHHBIX KOMIIETEHITHHI JIeT-
HOTO cOCTaBa. MHOTOYMCIIEHHBIE MCCIIEIOBAHNUS
MOKAa3bIBAIOT, YTO OTPacib OCTAETCS OJHOU U3
CaMbIX CTPECCOTE€HHBIX Ha JaHHOM JTtane. Co-
IJIACHO JAaHHBIM MeEXIyHapoaHON accolMaluu
BozaymHoro Tpancropra (IATA) okomno 70 %
WHIUICHTOB CBSI3aHBI C YEJIOBEYECKUM (PaKTO-
pOM, rlie yCTaJIOCTh U SMOLMOHAIBHOE HCTOLIE-
HHE UIPAIOT KIFOYEBYIO POIIb .

MexyHapoaHas opraHu3alus TpakIaHCKOU
apuauuu (ICAO) B crangapre 9995 pernamen-
THPYET MOAXOJ K OLEHKE KOMIIETCHIIMM, BKIIIO-
qasi ynpasieHue pecypcamu 3kunaxka (CRM),
MIPUHATUE PEIICHUN U CUTYallHOHHYK OCBEIOM-
JeHHocTh. HecMoTps Ha 3T0, IMHAMuUKa padoyeit
Harpy3kH, 0COOEHHO B YCIIOBHUSIX CE30HHBIX MH-
KOB, OCTaeTCsl MAJIOU3YYCHHBIM (PAKTOPOM, CITO-
COOHBIM BJIMSATH Ha Kaue€CTBO BBIMOJIHEHUS MPO-
(dbeccuoHanbHBIX 3a7a4.

UccnenoBanue, mpoBEAEHHOE B OJHON U3
OTEUYECTBEHHBIX aBHAKOMIIAHUW, HAMPABICHO Ha
M3yUYeHHE B3aUMOCBS3M MEXIYy CpEeIHEMeCsd-

0030p myOankanuii mo npodaeme
' IATA Annual Safety Report - 2023 Recommendations

fzrf;cczi%%t 1; zeVGISEE [SnexTponnbiii pecype] // OCHOBHOM yNOp OCYIIECTBISNICA Ha JOKY-
, .56 p. : _
https://www.iata.org/contentassets/95¢933e1ad 7940688 MCHTBL, - pEIIaMCHTHPYIOTLHC HpO(I)eC](;I/(IjOHaJIB
12f073ct883cb08/recommendations-for-accident- HYy10 HeﬂTeHI’FOCTI’ JICTHOTO COCTaBa u Ha
prevention---2023.pdf (mara obpamenus: 13.01.2025). OPaKTHICCKUU OIIBIT aBUAITMOHHOTO IICPpCOHAIA.
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[ToaToMy akTyallbHBIM SIBIIsSIETCS pa3paboTka
MPAKTUYECKUX PEKOMEHIAINH 110 MPOQUITAKTH-
K€ BBITOpPaHUS, YCTAJIOCTH U CHUMIITOMOB HCTO-
mieHusi. CHHIPOM BBITOpaHUSI B aBUAIIUU CBSA3BI-
BalOT C XPOHHYECKUM CTPECCOM, SMOIIMOHAIb-
HBIM HCTOIICHHUEM W CHIDKCHHEM MOTHBAIIHH.
[Mun0THI, CTAaNKUBAIOLIUECS C BBICOKOM HArpys-
KOW, JEMOHCTPUPYIOT CHUIKEHHUE BOBJICYCHHO-
CTH U KauecTBa BBINOJIHEHUs PYTHHHBIX OIepa-
1. OgHAKo OOJBITMHCTBO paboT (HOKyCHpYyeT-
Csi Ha DKCTPEeMallbHBIX YCIOBHSX (Hampumep,
TPAaHCKOHTHHEHTAJIbHBIE PEHCHI), TOTHa Kak
YMEpPEHHbIE, HO pE3KHue KOoNIeOaHHsl Harpy3Kd
M3Yy4YeHbl HEJIOCTATOYHO.

B wunccaenosanmm NASA oTmedaercs, 4TO
MUAJIOTHI TPAXKIAHCKUX aBHAIMHHM, paboTaromiue
B YCIOBUSIX TpaduKka, XaOTHYHOM IOCIeq0Ba-
TEJTLHOCTH JTHEBHBIX U HOYHBIX peicoB, Ha 40 %
Yalie CTAJIKUBAIOTCS C HCTOIICHHEM, YeM HX
KOJUIETH ¢ (PMKCHPOBAHHBIM pacrucanuem. [lpu
3TOM TOJIbKO 16 % aBMAKOMIIAaHW BHEAPSIIOT
aJIalTUBHbIE Tpa(UKU, PEKOMEHIOBAHHBIC IS
CHI>KEHUS PUCKOB [1].

Cornacno uccienoBanuio Yang et al. XxpoHu-
YECKOEe HApPYIICHHUE ITUPKATIHBIX PUTMOB y THJIO-
TOB I'PAXKJAHCKOW aBHAIIMU HAIIPSIMYIO CBSI3aHO C
YaCTBIMH TIEpeJIeTaMH Yepe3 HECKOJIBKO Yaco-
BBIX IOSICOB M HEPEryJsipHbIM rpadukom pabo-
Tel. Y 68 % 00ciaen0BaHHbBIX ITJIOTOB BLISIBICHA
JNECUHXPOHUSI OWOJIOTUYECKUX YacOB, YTO IPO-
SIBIIICTCS B CHIDKEHHMM KadecTBa cHa Ha 30 %,
MOBBIIIEHHOW JTHEBHOM COHJIMBOCTH M YXYZII€E-
HUW KOTHUTHUBHOW THOKOCTH. OCOOEHHO KpH-
TUYHBIMU OKa3aJUCh PEUCHl C €KEHEIEIbHBIM
nepeceyeHrueM 0oJiee 5 YacoBBIX 30H: Y TaKHX
MAJIOTOB YPOBEHb KOPTH30J1a (TOPMOHA CTpecca)
cTabuIpHO TpeBbIIAT HOpMY Ha 45 %, a puck
OIMOOK TpHU PYJICHUU U TMOCAJKE BO3pacTail B
1,8 paza [2].

B Bo3pactHoil rpynne 3545 nert, rae coue-
TAIOTCS BBICOKHI ypOBEHb pabouyux MOTpeOHO-
CTel W JUYHBIX PECYpPCOB, YPOBEHb CTpecca J0-
cturaetr muka: 24 % JIeTHOro cocraBa JaHHOH
KaTeropuu AEMOHCTPUPYIOT CUMITOMBI KIIMHH-
YeCKOro ucromenus [3].

Teopust crpecca Jlazapyca mnpeamnonaraer,
YTO aJamnTalys K HOBBIM YCJIOBHSM TPOXOJHUT
gyepe3 (a3l TPEBOTH, COMPOTHUBICHUS M HCTO-
menust [4]. B aBumanum aza compoTuBieHUs
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MO’KET MaCKHPOBATh CHIKEHUE KOMIIETEHIIUH 3a
CYeT MOOWJIHM3AIlMA PECypCcOB, YTO OOBICHIET
OTCYTCTBHUE IIPSIMOU CBSI3M MEXIy Harpy3kou u
MHIUIEHTaMU B KPaTKOCPOUYHO MEPCIEKTUBE.

beuta mpennokeHa ogHOpOJHAs TpyMnna Iu-
JIOTOB aBUAKOMITAHUU CO CHEIU(PUUYECKUMHU Tpe-
OOBaHMAMM K HPOPECCHOHATIBHON AEATeNbHO-
cti. OHM TPOAEMOHCTPUPOBAIN KOPPEIALUOH-
HYI0 CBSI3b MEXKIY HCTOLIEHHUEM M YPOBHEM
KOMIIETEHIIMH B Mpoliecce NEPUOANYECKUX Tpe-
Ha)KEPHBIX IIPOBEPOK.

OcHOBHBIE TEOpEeTHYECKHE
MpeamnoJioKeHusl

CoBpemeHHbIE HcCeIOBaHUS B o0jacTu
MPOTHOCTUYECKOT0 TOaX0Ja K 0Oe30macHOCTH
MIOJIETOB IOAYEPKHUBAIOT BAKHOCTh IPEBEHTHUB-
HOTO aHaJIM3a JIAHHBIX ISl BBISBJICHUS CKPBITHIX
PHCKOB, CBSI3aHHBIX C YCTAJIOCTBIO U BBITOpPaHU-
€M JKUITAXKEH.

CornacHo KJilaccuueckoil mozenu Maciaau u
JI>KeKCOH CHHIPOM TPOGECCHOHATHLHOTO BBITO-
paHus BKIIOYAET TPU KOMIIOHEHTAa: 3MOLMO-
HaJbHOE MCTOLICHUE, NPOSBIISIONICECS UYyB-
CTBOM OITyCTOIIEHHOCTH M (PU3UUECKOU ycTalo-
CThIO; JIEMIEPCOHANIU3AINIO, BBIPAKAIOLIYIOCS B
HUHUYHOM OTHOUICHHM K OOS3aHHOCTSM M KOJI-
JeraM; penyKIuio Mpo(ecCHOHANBHBIX JTOCTH-
JKeHHH, CBA3aHHYIO C MOTEpPEH YBEPEHHOCTH B
coOCTBEHHBIX HaBbIKax [5]. JlomomHsis 3Ty KOH-
LEMLHNI0, MOJIENb «CIIPOC — pecypchl» Ha puc. 1
aKIEHTUPYeT OasaHc MEXAy padouumu Tpebo-
BaHUSIMU U pecypcamiu [6].

Kpome toro, ananutuueckass uepapxus mnpo-
[IECCOB, MPUMEHsIEMasi B MYJbTUKPUTEPUATTLHBIX
UCCIICIOBAHMSIX, JEMOHCTpUpyeT 3(PeKTuB-
HOCTh B OIIEHKE BJIUSHUSA OPTaHU3AIMOHHBIX
dakTopoB Ha Oe3zomacHOCTh. B wmccnmemyembix
MOJEJISX, TPOTHOCTHYECKUE METPUKHU (TaKhe Kak
«TPENICKa3yeMOCTh HAAEKHOCTU» U «JI0CTaTOU-
HOCTh JAHHBIX») UCIOJB3YIOTCA I PaHKUPO-
BAaHUSI PUCKOB, CBSI3aHHBIX C YCTAJIOCTBIO IKH-
naxxa. JTO MO3BOJIAET ABHAIIMOHHBIM TIPEANPHUS-
TUSAM MEPEUTH OT PEaKTUBHOIO YIPABJICHUS HH-
MUJCHTAMU K TPOAKTUBHOMY ILJIAHUPOBAHUIO,
YUYUTBIBAIOUIEMY KAaK TEXHUYECKHE, TaK U 4Yello-
BEUECKHE aCTIEKTHI [7].
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Puc. 1. Mojens cripoca Ha IPOHECCHOHATBHYIO IESITEIBHOCTD U PECYPCHI JIETHOTO MepCOHAA
Fig. 1. The model of demand for professional activities and resources of flight personnel
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Puc. 2. Henunelinas cBsi3b HaJIeTa JIETHOTO COCTaBa U aBHALIMOHHBIX COOLITHI
Fig. 2. Nonlinear relationship between flight crew flight hours and aviation incidents

YcraHoBiI€eHO, YTO npodeccust nuaoTa Tpedy-
eT (pU3MYECKUX M TCUXUYECKUX MOCTOSHHBIX 3a-
TPaT Ha BBIIOJIHEHHE NPO(ECCHOHATBHBIX 3a/1au.
UYeM BblIIlIE HHTEHCUBHOCTh YCUJIMI, TEM ObICTpee
HACTyIaeT UCTOIIEHHUE, YTO MOATBEPIKIACTCS UC-
cienoBanusiMu Demerouti et al. ['mmoresa pabo-
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Tbl MPEAINONAraeT, YTO PpE3KOE YBEINYECHUE
Harpy3kud IPUBOJUT K BPEMEHHOMY CHMKEHHUIO
KOMIIETEHIIMI M3-3a aJalTallMOHHOTO CcTpecca
Y HaKOIUJICHUS yCTaJIOCTH, YTO, OJJHAKO, HE KOppe-
JMpPYeT C HEMEAJICHHBIM POCTOM MHIIMJICHTOB OJa-
rogapsi JEWCTBYIOUIMM cHCTEMaM Oe30MacHOCTH.
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Jannoe mnoarBepkaaeT 3()(HEKTUBHOCTH CHCTEM
ynpaBieHus 0€30MacHOCTbIO, HHUBEIUPYIOIIUX
WHIMBUyaJbHbIEC OITHOKH.

Hanpumep, ynpaBieHue COBpEeMEHHBIMHU Ca-
MoleTaMu 4-To MOKOJeHUus Tpedyer oOpaboTKu
naHHbIX ¢ 400+ 1aTYMKOB, @ TUJIOTHI COBEPIIAIOT
B cpefHeM 12 KPpUTHUECKUX PEIIeHUH 3a yac Mo-
neta B Cl0XHbIX ycnoBusix [8]. Ilpu stom k oc-
HOBHBIM TPEOOBAHMSIM K MUJIOTAM OT aBHAKOM-
MAHUU OTHOCSITCS HEHOPMHUPOBAHHBIA TpaduK U
BBICOKAsi OTBETCTBEHHOCTh, TOT/Ia KaK PECypChl
BKJIFOYAIOT TMOJJICPKKY aBUAILIMOHHOTO MEPCOHA-
J1a, aBTOHOMHIO U JTOCTYN K MpOrpamMmam ICHXO-
JIOTUYECKOW ITOMOILIH.

C touku 3penus Puxrepa n Xakepa [9], pe-
CypCHI JCNISTCS Ha JIB€ KATETOPUU:

1) BHemHWe: OpraHu3alUOHHBIE (KOHTPOJb
HaJ 3aJa4aMi, BO3MOXXHOCThH TMOBBIIICHUS KBa-
Tu(dUKAIIN) ¥ COIMATIbHBIE (TIOIIEPKKa KOJUIET,
CEMBH, TPYII B3aUMOTIOMOIIIH);

2) BHYTpEHHHE: KOTHUTHBHBIE  HAaBBIKH,
OMOIIMOHANIbHAS YCTOWYMBOCTh, MOJENIH TOBE-
JCHUSL.

OTtcyTcTBHE CIOCOOHOCTH CHPABIISTHCS C pac-
TYyIIUMH TpeOOBAHUSMHU, TAaKUMHU KaK BBICOKAs
MIPOU3BOIUTENILHOCTh TPY/Ia, BEAET K CHUKCHHUIO
MOTHBAIMH. B KpallHUX cilydasx yXxoj C paOoThI
CTaHOBUTCS (HOPMOI CaMO3AIIHTHI, TO3BOJISIO-
e n3dexaTh OyayIuX pa3oyapoBaHUH.

ITocTanoBka 3agavu uccjaeaoBanus

CoriacHo MOJIETTH «CIPOC — PECYPCHD XPo-
HUYECKOE BO3JICUCTBHUE CTPECCOPOB, TAKMX Kak
myMm, BUOpaluu, *apa WIH KpPaTKOBPEMEHHOE
JIaBJICHUE, BEJET K MCTOUIEHUIO pecypcoB [6].
VcenoBust npodeccruoHaIbHOM ESITEIIBHOCTA B
aBUAIUM COYETAIOT (PU3NOIIOTUYECKUE U OPTaHU-
3alMOHHBIC pUCKU. KaOWHa MUIOTOB XapaKTepH-
3yeTCsl SKCTPEMAIbHBIMU (PaKTOpaMu: TUIOKCH-
eil (naBieHue, 3KkBUBaNeHTHOE BbicoTe 2 400 M),
BiakHoCcThIO MeHee 20 %, a Takke BO3IEHCTBU-
€M KOCMHYECKOW paJuallid Ha BBICOTAX CBBIIIE
12 kM, YTO TOBBIIIAET PHUCK OHKO03a0OJIeBaHUMN
Ha 15 % [10, 11].

Kpome Toro, mupkaaHble HapyLICHHs H3-3a
TPAaHCKOHTUHEHTAJBHBIX TIEPEJIETOB CHUKAIOT
BpeMs peakuuu Ha 30 % U yBeIM4MBaIOT OIMINO-
KH TIPU BBITIOJIHEHUM CTaHAAPTHBIX JKCIUTyaTa-
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IIMOHHBIX Hpolenyp Ha 25 %°. HakommeHHbIe
YCTAJIOCTh W HEAOCHIN MPOSBISAIOTCA B KOTHH-
TUBHOWH MEIJIUTEIBHOCTH, CHI)KEHUH KOHIICH-
Tpamuu u pocte omubok. [lo nanueim Caldwell,
60 % nWIOTOB [NalbHEMAruCTPAIBHBIX PEHCOB
cnsAT MeHee 6 yacoB B cyTkd [12], yTto Hamps-
MYIO BIIUSIET Ha 0€30MacCHOCTh MOJIETOB.

KiroueBoit opraHM3anlMOHHBIA (aKTOp pHC-
Ka — HECOOTBETCTBME HOPMAaTUBOB BPEMEHU OT-
neixa gusnosorndeckuM TpedoBanusM. Corac-
HO IIpukasy Munrtpanca Ne 139 MuHHManbHBIN
OTIBIX B 0a30BOM a’pONOPTY PaBEH IMPOIOIIKH-
TeTbHOCTU pabodyeit cmensl (1 : 1)’. Toraa kax
BO BHe0a30BOM pabouasi CMEHa MOMET IpPEBbI-
IaTh MUHUMAJILHOE BpEMs OT/IbIXa YIEHOB 3KH-
naxert BC. Onnako ¢usuonorus tpyaa tpedyer
COOTHOIIEHUs 1 : 2 A NOJHOLEHHOTO BOCCTa-
HOBJICHHSI KOTHUTMBHBIX (YHKUHH. DTO MPOTH-
BOpEYHE CO3JAET CUCTEMHYIO YS3BHMOCTb: JKC-
IUTyaTaHThl, PyKOBOJCTBYSICh HOPMaMHU DEryJIsi-
TOpa, MOTYT Ha3Ha4yaTb PEHCHl 10 UCTEYECHHUS
dbuznoNorHuecKn HEOOXOJMMOr0 BOCCTAHOBHU-
TEJIBHOTO MEPUOJIa.

Xo0T4 HCTOILIEHHE He KIacCUu(UIMPYeTCcs KaK
paccTpoMCTBO, AeNpeccus, KOTopas MOXET pas-
BUTHCSI Ha €ro (oHe, SBISETCS METUIIMHCKUM
OCHOBAHMEM 1 OTCTPAHEHUs OT IOJETOB CO-
[JIACHO CTaHJapTam DABT*.

? Fatigue Risk Management System (FRMS) Implementa-
tion Guide for Operators [DnekTpoHHBIH pecypce] /
ICAO, 2011. 150 p. URL:
https://www.icao.int/safety/fatignemanagement/FRMS2
011/Documents/Reference%20Documents/FRMS%20G
uide%20FINAL%20Print%2007.14.11.pdf (nara o6pa-
menus: 13.01.2025).

3 TIpuxas Muntpanca Poccuu Ne 139 ot 21 Hos6pst

2005 r. O6 ytBepxaenun [lomoxeHust 00 0COOEHHOCTSIX

pekuMa paboyero BpeMEHH M BPEMEHH OT/bIXa WIEHOB

SKHUIMaXXeH BO3AYIIHBIX CY/I0B I'PaKIaHCKOI aBHALUH

Poccwuiickoii denepariu [DnexTpoHHbIi pecypce] // Cu-

crema TAPAHT. 2005. URL:

https://base.garant.ru/189086/ (naTa oOpamienus:

13.01.2025).

ITpuka3 Muntpanca Poccuu Ne 437 ot 10 nexadpst 2021 r.

IMopsimok mpoBeaeHus 0053aTENBHOTO MEAUIITHCKOTO

OCBHUCTEIHLCTBOBAHUS IICHTPAILHOIN BpaueOHO-JIETHOM

9KCIEPTHON KOMUCCHEH U BpaueOHO-JIETHBIMU IKCIIEPT-

HBIMU KOMHUCCHUAMHU YJICHOB JICTHOT'O SKHIIAXKa I'paKaaH-

CKOT'O BO3JYIIHOTO Cy/IHa, 32 UCKIIIOYEHUEM CBEPXJIET-

KOTO MIJIOTHPYEMOTO I'PaskAaHCKOTO BO3IYIIHOTO Cy/IHA

¢ Maccoi KoHCTpyKLuu 115 xkunorpaMMoB 1 MeHee,

0eCIMIOTHOTO TPaXKIAHCKOTO BO3LYLITHOT'O CYAHA
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Puc. 3. lunamuka moMecsiyHOTO pa3BUTHSI KOMIIETEHIIUI JIETHOTO COCTaBa
Fig. 3. Dynamics of monthly competence development of flight personnel

AHaJu3 pe3yJbTaTOB MPOBEIEHHOTO
nccJie0BaHUSA

Hamu Obuto mpoBeneHO JOHTUTIOAHOE HC-
cienoBaHue Ha 0asze JaHHBIX aBUAKOMIIAHWH 32
9 mecsimieB. Bribopka cocraBmsna 800 mioToB
B Bo3pacte 22—70 ner ¢ ombIToM paboThl Ha
aBMallMOHHOM mpeanpusitun ot 1 mo 40 jer c
OMBITOM PabOThl HA BO3AYLIHBIX cyAax 4-ro mo-
KoJjeHus. Bo Bpems uccienoBaHus HE yUUThIBA-
JUCh WHIWBUIYAIbHBIC pa3iuuus (JIMYHOCTHBIC
YEePTHI, OTIBIT).

B npouecce uccrnenoBanusi ObLUTH BBIPAKEHBI
XapaKTepHbIE IEPEMEHHBIE.

1. HeszaBucumasi: cpeiHEMeCsSYHBI HaJeT
4acoB Ha aBHAIMOHHOIO CHEIHalucTa (KaTero-
pun: ot 65 1o 90).

C MaKkCUMaJIbHOMU B3JIeTHOU Maccoii 30 KuiiorpaMmMoB

¥ MEHee, TUCTIETICPOB YIPABICHIS BO3AYIIIHBIM JBH-
YKSHHEM H JIHII, TIOCTYIAIOIINX B 00pa3oBaTeIbHBIE Op-
TaHW3ALWHU, KOTOPBIE OCYIIECTBISIIOT 00yUeHIE Crenra-
JIUCTOB COTJIACHO MEPEYHIO CIIEIHAIIICTOB aBHAIIIOHHO-
T'O IepcoHaNa TPaKIaHCKOM aBHAINH, U IPETEHAYIOMINX
HAa TIOJIy9eHUE CBUACTENBCTB, TO3BOJISIONINX BHITIOIHATH
(YHKIMH YWICHOB JIETHOTO AKHITIAXa rPakaHCKOTI0 BO3-
JYIIHOT'O Cy/iHa, JAUCIIETYEPOB yIPABICHUS BO3AYIIHBIM
JBIDKeHUEM [DnekTpoHHbIi pecypc] / Koncynbrant-
[Troc. 2021. URL: https://consultant.ru/document/
cons_doc LAW_ 404676/ (nata obpaieHus:
13.01.2025).
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2. 3aBUCHUMBIE:

e OLEHKH TEXHUYECKUX U HETEeXHUYECKUX
KOMIIETEHIIMIM JIETHOTO COCTaBa B IMPOIECCE Tie-
PUOIMYECKON TpEeHaXEpHOM TMOATOTOBKE IO
mkane ICAO DOC 9995 (kareropun: Excellent,
Above Standard, Standard, Below Standard, Un-
safe)’;

e KOJMYECTBO aBHUALIMOHHBIX COOBITUH B
Mpollecce aBUAILIMOHHOM JIESITENIbHOCTU (KaTero-
pUM: UHIUMAEHTHI, OTKJIOHEHUs 1, 2, 3-ro ypoB-
HEM).

[lytem cratucTUdyeckoro aHajin3a OLEHEH-
HBIX KOMIETCHIIMI JIETHOTO COCTaBa OBLIO BBI-
NEJIEHO, YTO MpHU KOJNeOaHMSIX B KOJHMYECTBE
CPEIHEMECSYHOTO HajeTa Ha aBHUAIIMOHHOIO
crenuanucta B npegenax 10 yacoB ypoBEHb
KOMIIETEHIIMN JIETHOTO COCTaBa MMEET CXOXKUH
BeKTOp pasButus. [Ipu pocTe Wiy yMeHbIIEHUN
JIOJIM OLIEHOK «BBIIIE€ CPEAHETO» JI0JIsI OLIEHOK
«HWXKE CpPEIHEro» IOKa3bIBaeT CUMMETPUYHOE
HarpasjeHue. B To BpeMs Kak MpHu yBeJIUYEHUU
cpeaHeMecsTYHoro Hajeta Oosee yem Ha 10 ua-
COB JI0JIs1 OLICHOK «BBILIE CPEAHET0)» MOKA3hIBAET
cHikeHue Ha 14 %, 10as OLEHOK «HUKE Cpel-
Hero» BbIpocaa Ha 11 %. DTo cBUaeTenbCTBYET

> Doc 9995: Manual of Evidence-Based Training
(Doc 9995) [2nextponnEii pecypce] // ICAO, 2013.
URL.: https://store.icao.int/en/manual-of-evidence-
based-training-doc-9995 (nara oopamenus: 13.01.2025).
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Puc. 4. [luHamMyKka TEXHUYECKUX M HETEXHUUECKUX KOMIICTEHLIUH JISTHOTO COCTaBa
Fig. 4. Dynamics of technical and non-technical competencies of flight personnel

0 CHMNTOMAax aJanTaliy K BO3POCIINM Harpys-
KaM Ha JICTHBII COCTaB.

[Tocne mpoxokIeHHsT MECSIeB MUKOBOW Ha-
IPy3KH y THIOTOB 3a(pUKCHPOBAHO CHHKCHHE
nponayktuBHocTd Ha 10—-15 % B TedyeHue mocie-
Oyrommx 1—2 Mecsies, 4TO COOTBETCTBYET (ase
ucromenus mo Jlazapycy. I'paduxu pa3Butus
KOMIICTEHIIHIA JIETHOTO COCTaBa MEPeCcTaroT CHH-
XPOHHM3MPOBATHCS, OTpaXkash AUCOATAHC MEXITy
HaBBIKAMH, JIEMOHCTPUPYS OTIOKEHHBIN YD PeKT

YCTaJOCTH.
BakHBIM pe3yJbTaTOM HCCIIETOBAHUS CTAJO
BbIsIBIICHHE U] epeHIrpoBaHHOTO  BO3JEH-

CcTBUsI pabouell Harpy3Kd Ha TEXHHUYECKUE M He-
TCXHUYCCKHUEC KOMIICTCHIIMMX JICTHOI'O COCTaBa.
AHanmu3 NaHHBIX TIOKa3ajl, YTO YPOBEHb TEXHH-
YeCKUX KOMIICTCHIIMM, TaKUX Kak py4yHOe
yIpaBjeHUE, aBTOMAaTU3UPOBAHHOE YTPABJICHHE
U TIPUMEHEHHUE TPOLEIYp, OCTAETCS CTAOMIIb-
HBIM, HE3aBHCHUMO OT KOJIEOAHMI HaJieTa JacoB.
I'paduku pacrpenencHusl OIEHOK MO TEXHUYE-
CKMM HaBBIKaM JIEMOHCTPUPYIOT CUMMETPHUIO U
MOBTOPSIEMOCTh TPACKTOPHI, YTO MOATBEPKIAET
X BBICOKYIO aBTOMAaTH3MPOBAHHOCTh M yCTOM-
YMBOCTh K BHEIIHUM (pakTopam. ITO coriacyer-
ca ¢ xkornenueir ICAQO, rae TeXHUYecKrue KOM-
METCHIINH PAacCMAaTPUBAIOTCA KakK  «0a30BBIN
cioi» mpodeccruonanuszma.

MIOH.24 non.24 asr.24 ceH.24 OKT.24
BS TexHunueckune BS HetexHu4yeckune
HaHpOTI/IB, HCTCXHUYCCKUEC KOMIICTCHIINH,
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BKJIIOYasl YIpaBJIEHHE HArpy3Kod, KOMaHIHYIO
paboTy, CHTYallMOHHYIO OCBEIOMIICHHOCTH, KOM-
MYHUKAIMIO W TIPUHATHE PpEIICHHid, OKa3aJKcCh
YYBCTBHUTEIILHBI K PE3KUM W3MEHECHUSM Harpy3Ku.
B nepuons! upe3mMepHOro pocTta HaieTa J0Js olle-
HOK «HIDKE CPEIHErO» IO 3TUM KPUTEPUSM BO3-
pacrana Ha 27 %, Torga Kak OLEHKH «BBIIIE CPel-
HEro» CHrbKanmuch Ha 16 %. JlanHblii aucOanaHc
OTpaXkaeT TCUXO(PU3UOIOTHYECKOE U KOTHUTHB-
HOE HAIpPSHKCHHUE, BBI3BAHHOE IOBBIINICHHBIMU
TpeboBaHuAMHU. HeTexHuueckre HaBbIKH, B OTIIU-
4yhe OT TEXHUYECKUX, TPEOYIOT MOCTOSHHON MO-
OWNM3aluMM  KOTHUTHBHBIX PECypCOB, 3MOIIMO-
HAJIBHON PETyJSIUN U CIIOCOOHOCTH K MEKITHY-
HOCTHOMY B3aWMOJICHCTBHIO — (DYHKITHH, HAnOo-
Jiee ySI3BUMBIX K YCTaJIOCTH U CTPECCY.
I'padmueckas Buzyanuzanus AUHAMUKH OIle-
HOK BBISIBUJIA, YTO KPUBBIC HETEXHUYECKUX KOM-
NETeHIUH TepsA0T CHUHXPOHHOCTh C TEXHUYe-
CKUMH B (pa3zax BBICOKOW Harpysku, GpopMupys
«HOXKHHUIIBD) PacXOXACHUH. DTOT PeHOMEH 00b-
SICHAETCS JIBOMCTBEHHOM NPUPOJON YCTaJIOCTH:
€CJIM TeXHUYECKHUEe JEHCTBUS COXpaHAIoTCs Ona-
rojapsi MbIIICYHON MAMSATH U MPOLEAYPHON OT-
paboTke, TO ISl MOAJEPKAHUS HETEXHUYECKUX
HABBIKOB HEOOXOJHMMa COXPAaHHOCTHh BBICIIHX
MICUXUYECKUX (YHKIMH — BHUMaHUS, paboueid
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namsTH, 3MOIMOHAIBHOIO KOHTpojs. Hakome-
HUE YCTAJIOCTH HapyllaeT UMEHHO 3TU MpOIlec-
Chbl, YTO TMOJATBEP)KIAETCS HCCIENOBAHUAMU KO-
THUTUBHOM HelpoHayku [13]. Hanpumep, cHu-
KEHHE CHUTYallMOHHOM OCBEJOMJIEHHOCTH KOp-
pelUpyeT ¢ YMEHbBIIEHHUEM AaKTUBHOCTU IIpe-
(GpoHTaIbHON KOpBI MO3ra, OTBevarolel 3a
MHOTr'033JJa4HOCTh U IPOrHO3UPOBAHHUE PUCKOB.

BbIB0O/IbI HA 0OCHOBE IMITUPUYECKUX
JaHHBIX

ITocne uHIMAEHTA, TPOU3OLIEAIEr0 HA Peil-
ce Germanwings 9525, ocoboe BHHMMaHHE B
rpaX/JIaHCKOW aBHallMM ObUIO HAaINpaBJIEHO Ha
COCTOSIHME TICUXWYECKOrO0 3/J0pPOBbSl YJICHOB
skunaxa. M, kak u B ciayyae 000N aBUAIIMOH-
HOHM KaTacTpodbl, HEOOXOAMMO TPHUHATH MEPHI
JUIs.  TIPEeOTBpAICHUSI HETaTUBHBIX TMOCIE-
ctBuid. [y pemenusi mpoOaeMbl MCUXUYECKOTO
310pOBbs EBponerickoe areHTCTBO aBUALIMOHHOMN
6e3onacHoctn (EASA) co3nmano 1eneByr rpyr-
Iy ¥ IUIaH JEHUCTBHUM, B KOTOPBIA BOLUIM CIIEIY-
IOLME MYHKTHI: MPU3HAHUE MPOOJIeM ICHUXUYe-
CKOTO 3JI0POBbS; TOCIEayolee npodeccruo-
HaJgpHOE OOydeHHe; mpodeccHoHalbHAs TOr0-
TOBKa KaJpOB M TICUXOJOTHYECKAs] IOMOIIb.
Hame wccnegoBanue mnokasano, 4TO IHIIOTHI
aBUAaKOMIIAaHUHU HE MOTYT OBbITh 3aCTPAaXOBaHbI OT
CUHJIPOMOB KYMYJSITUBHOM YCTAJIOCTH M IpPO-
deccuoHanbHOTO BBITOpaHus. PemieHuem maH-
HOM mpoOJIeMBl JODKHBI OBITH 03a00YEHBI H
AKCIUTYyaTaHThl, KOTOPBIE JIOJIKHBI COJEHCTBO-
BAaThb BHEJPEHUIO IPOTrpamMMbl B3aUMHBIX BMe-
IaTEeNbCTB, KOTOpasi SBISETCA M3BECTHOW U
MPOBEPEHHOM AKCIEPUMEHTAIBLHON CHUCTEMOI
MOAJICPKKHA, OCHOBAHHOM Ha HEKapaTeIbHOU
CIIpaBEIJIMBOM KYJIbTYpE.

HccrnenoBanue BBISIBUIIO, UYTO 0€30MaCHOCTh
MOJIETOB B KPATKOCPOYHOM IepCreKTUBe obec-
neuynBaerca cuctemamu CYDBII, Ho ycToium-
BOCTB JIETHOTO COCTaBa K Harpy3kam MMeEeT Ipe-
nenbl. Pe3koe yBennuyeHHe HajleTa 3alycKaeT
MpoLecc aJanTalu, 3a KOTOpbIM cieayeT ¢aza
UCTOIIEHUS, yrpoxkaomas MnpodecCHoHaIbHBIM
BBITOPAHUEM.

JluHaMKMKa HETEXHHUYECKHX KOMIICTCHIIMI
CIIYKUT UHIUKATOPOM IMCUXO(DU3HOIOTHIECKOTO
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COCTOSTHUS dKuMaxa. X yxy/iieHue B mepuosl
BBICOKOM Harpy3KH CUTHAJIM3UPYET O JJATEHTHOM
UCTOLIECHUH PECypcoB, KOTOPOE XOTS U HE MpH-
BOJUT K HEMEIJICHHBIM aBUALIMOHHBIM COOBITH-
SIM, CO3/1a€T MPEINOCHUIKH ISl OIIHOOK B yCIO-
BUSIX HETIPEJBUJICHHBIX CUTyalWid. ITO MOIUYEp-
KHBAaeT HEOOXOAMMOCTh MOHUTOPUHTA HE TOJb-
KO TEXHHUYECKUX, HO U KOTHHUTHUBHO-IMOIIHO-
HAJIBHBIX ACTEKTOB MOJATOTOBKU MHIOTOB, OCO-
OCHHO B KOHTEKCTE MPOPHIAKTUKU MPOeECcCcHo-
HAJBHOTO BHITOPAHUS.

Poct Harpysku axTHUBUpyET KOMIIEHCATOp-
HbIE MEXaHU3MBI: TMHIOTHl JIEMOHCTPUPYIOT
KpPaTKOCPOUHYI0 MOOWJIM3ALMI0, HO MX KOTHH-
TUBHBIE PECypChl UCTOIIAIOTCS, MPUBOJIS K CHH-
KEHUIO0 KauecTBa PYTHHHBIX olepanuil. ITo
OOBSCHSIET POCT OILEHOK «HIKE CPEIHEro» MpH
COXpaHEHHHU OOIIET0 YPOBHS OE€30MAaCHOCTH.

[TuxoBeie TEepHOnbI (HApUMEp, JICTHUHA Ce-
30H) CO3JA0T LUKl «Harpy3ka — BOCCTaHOBJIE-
Hue». OJIHAKO HAaKOIUIGHHE YCTaJIOCTH Hapylla-
eT OaylaHC, BBI3bIBas JOJITOCPOYHOE CHIKEHHE
KOMIIETEHIINI — KJII0OUE€BOM MapKep BhITOpPaHUS.

Y CTaHOBIEHO, YTO TJIaBHBIM MCTOYHUK Ky-
MYJISTUBHOTO yTOMJICHHSI — HAyYHO HEOOOCHO-
BaHHAsi HOPMA BPEMEHU OT/IbIXa, YCTAaHOBJICHHAs
ABUAIMOHHBIM PETYJSATOPOM. DTO MPUBOIUT K
XPOHUYECKOMY HEIOBOCCTAHOBIEHHUIO JIETHOI'O
cocTaBa B IHKOBBIE Ce30HBL. be3 mepecmoTtpa
ATOr0 HOpMaTHBa B CTOPOHY COOTHOWIEHUS 1 : 2
(pabouasi cMeHa K MOTPEOHOMY BPEMEHHU OT/bI-
Xa) TEXHOJIOTMYECKHE Mephl MpOo(UIaKTUKH
PUCKOB yTOMJISIEMOCTH OYIyT HMMEThb OIpaHU-
YeHHY10 3()(pEeKTUBHOCTE.

B pamkax Haiero uccieoBaHus ObUT TaKxke
BBISIBIICH Pl CUCTEeMHBIX mpobnem. Ilpexne
BCEro AeUIUT MporpaMM MHOIIEPKKU: TOJIBKO
12 % aBumakomMmnaHuii BHEAPWIM TPEHUHTU I10
ynopaBieHuto crtpeccoM. Kpome Toro, mocie
2020 roma OrOKETHI HA TMCUXOJIOTUYECKYIO TO-
MoIIb COKpaieHsl Ha 35 % [14, 15].

Jns mpenoTBpalieHusi BBITOPAHUS TMHIJIOTHI
ABUAKOMIIAHUM MOTYT CaMOCTOSITeNbHO (hopmHu-
poBath pecypcsl. Hanpumep, cymiecTByroT cie-
JYIOIIHE MOIXO0/bI K UX BOCCTAHOBJICHUIO:

e IIOJIHOE OTKJIIOUEHHE OT MpOo(ecCHOHAalb-
HOM JeATENbHOCTH — 3alpeT Ha OO0CyXACHHE
CITyKEeOHBIX HECTaHIAPTHBIX 3a7a4 B TMEPHOIBI
OT/IBIXA;
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e aKTHBHOE BOCCTAHOBJIEHHE 3JIOPOBOTO TICH-
XMYECKOTO COCTOSHUSL — IOCTOSIHHBIE 3aHSTHS,
CHOCOOCTBYIOIIUE OJIATOMOTYYHIO (30POBBIN COH,
fiora, ClIOpTUBHBIE 3aHATUSL, UTPBI U JIp.);

e CO3JIAaHUE «3aHATOCTH» — METOJ, Mpe-
MoJIaraloIiuii  100pOBOJBHYI0 WHUIUMATHBY IIO
MOKWCKY pPECYpCcOB (IEPBUYHOE TECTUPOBAHHUE,
nepeoOydeHne, caMONpe3eHTAIHsI, MEHTOPCTBO,
paciiMpeHne Kpyra o0si3aHHOCTEH, MPOEKTHPO-
BaHHE CBOCH JIEATEITLHOCTH).

J171s CBOEBPEMEHHOTO CHUKEHHSI PUCKOB BbI-
ropaHusi aBUAllMOHHOTO MEpCOHaJa Mpe/IaraeT-
Csl KOMIUIEKC CUCTEMHBIX Mep:

e IMpOrpamMMbl B3aUMHOM MOJIEPKKHU, TaKHe
Kkak Peer Support eponeiickoro arentcrsa’;

e BHEJPEHUE CHUCTEM YINpaBJICHHUS YyCTa-
aocteio (FRMS) no nmpumepy npeanpustHii, rae
UCIIOJIBb3YIOTCS HOCHMBIE YCTPOMCTBa (HaIpH-
Mep, YMHBIC Yachl WJIM OMOCEHCOPHI) JIJIsl aHAJIH-
32 (DU3MOJIOTHYECKUX T[IOKa3aTeliell B pexHuMe
peanbHOro BpeMenu [16];

e JINHAMUYECKUII MOHUTOPUHI KOMIIETEH-
U B IEpUOAbI BICOKOW Harpy3Kku, B3aUMOICii-
CTBYIOIIMH C aJITOpUTMaMH, IPOTHO3UPYIOIUMU
BBITOpaHNE aBUALIMOHHOTO MIEPCOHANIa HA OCHOBE
NCUXO(PHU3HOIOTUIECKHIX TaHHBIX.

3akirouenue

[IpoBeneHHOE HccaeOBaHKUE MOATBEPANIIO,
9TO 0E30MacHOCTh IOJIETOB B KPAaTKOCPOYHOU
HEepCHeKTHBEe obOecreunBaeTcst J1eHCTBYIOUIMMU
CUCTEMaMH yNpaBJICHUs, HUBEIUPYIOIUMH BIIH-
sHUE 4esoBedeckoro ¢akropa. OJHAKO aHAIU3
JUHAMHUKU MPOPECCHOHANBHBIX KOMIETEHIIUH
JIETHOTO COCTaBa BBISBUJI CKPBIThIE PUCKH, CBS-
3aHHBIE C TMCUXO(PHU3UOJOTUYECKUM HCTOLICHU-
eM. Pe3koe yBenuueHue cpenHeMecsiuHON pabo-
4yeill Harpy3ku HOpPHUBOJUT K CHUKEHHMIO JIOJIU
OLICHOK «BbIIIE cpenHero» Ha 14 % wu pocty
OIICHOK «HMXe cpennero» Ha 11 %, uTo oTpaxka-
€T HCTOUICHHWE aJaNTallMOHHBIX PECypCOB.
Haubonee ys3BUMBIMH OKa3aJuCh HETEXHUYE-

S Pilot Peer Support Programmes. The EPPSI Guide.
Vol. 1: Design and Implementation [DnekTpoHHBIH pe-
cypc] // EPPSI. 2nd ed. 2020. 116 p. URL:
https://ifalpa.org/media/3565/eppsi-guide-2nd-edition-
october-2020.pdf (nata oopamenns: 13.01.2025).
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CKHME HaBBIKM: B NIEPHO/IbI MUKOBOM HArpy3Ku MX
OllcHKa cHIKayach Ha 27 %, Torma Kak TEXHHU-
YECKHEe KOMIIETEHIIMH COXPAHSAIU CTAaOUIBLHOCTD
Oyiarogapsi aBTOMaTHU3aIUH.

Pe3ynbrarel uccienoBanus 1€MOHCTPUPYIOT,
YTO [MKJIMYECKHUE TMeperpy3ku (opMUpYIOT
«HOKHHULIBD) MEXAYy KOMIETCHIUSIMHU, CHUXKas
npoayktuBHocTh Ha 10-15 % B mocnenyromue
MecCSIbl. DTO COOTBETCTBYET (ha3e HCTOIICHHUS,
KOTJ]a KOTHUTHBHBIC (YHKIIMH, HEOOXOJNMBIC
JUISl CUTYallMOHHON OCBEIOMJIEHHOCTH U KOM-
MYHHKAIUH, A€TPaIupyIOT, MAaCKUPYSICh KPaTKO-
cpouyHoi moOunm3zanuei. HecMoTps Ha oTCyT-
CTBUE MPSAMOI KOppENsLUU C aBUALMOHHBIMU
COOBITUSIMU, BBISIBJICHHOE YXY/IIIICHHE PYTUHHBIX
onepauuii (16%-Hoe CHUWI)KEHHWE KadyecTBa He-
TEXHUUYECKUX KOMIIETCHIIN) yKa3blBaeT Ha Ja-
TEHTHbIE PUCKH 0€30M1aCHOCTH IOJICTOB.

KiroueBbIM HMHCTPYMEHTOM paHHErO BBISIB-
JEHUs] TAaKUX PHUCKOB BBICTYNAET KOMIIETEHT-
HOCTHBIH MOAXO0J K OLIEHKE padOThI JIETHOTO CO-
craBa. PeryispHslli MOHUTOPUHI TEXHUYECKUX U
HETEXHUYECKUX HABBIKOB, OCHOBAHHBIA Ha CTaH-
naprax ICAQO, mo3BosisieT He TOJNBKO (DUKCHPO-
BaTh TEKYyIIME OTKJIOHEHHMs, HO M IPOTrHO3UPO-
BaTh JIUHAMUKY NPO(PECCHOHATBHOTO MCTOIIE-
HUS. OTO GOpMUPYET IPOTHOCTHUECKYIO MOJIEIb
ynpaBieHusi 0€30MacHOCThIO, TJI€ CHU)KEHUE Ka-
YECTBA PYTUHHBIX ONEpaldii CTAaHOBUTCS MapKe-
poM OyIyIIUX Yrpo3.

Y CcTOMYMBOCTH OTpaciu TpeOyeT MHTETpaiuu
JUHAMUYECKOIO0 MOHUTOPUHIA COCTOSIHUS JIETHO-
r0 COCTaBa, BHEAPEHUSI CUCTEM YIPABICHUS pUC-
KaMU YCTaJIOCTH U NPOrpaMM IOJJIEPKKH, OpH-
EHTUPOBAaHHBIX HA BOCCTAaHOBIIEHUE PECYPCOB.
KomruiekcHpll 101X0/], YUUTHIBAIOIMI KaK TeX-
HUYECKUE, TaK U MCUXO(U3UOIOTHIECKUE aCTIeK-
ThI, TIO3BOJIUT MHUHUMH3HPOBATh PUCKU Tpodec-
CHOHAJIBHOTO BBITOPAaHMs B YCIIOBUSIX PaCTyLIUX
TpeOOBaHMH K aBUAIIMOHHBIM CTICIIHAIHCTAM.
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KoMmmiekcHasi cucreMa OlleHKH KOMIIETEHIIMU U CTIETYEePOB
ylpaBjieHusl BO3IYUIHBIM JIBHK€HHEM MPHU MOAT0TOBKE HA TPeHaKepax

H.A. Kpusorysos', A.IO. IIpoxomnoBuy’
! Canxm-Ilemep6ypeckuii pecuonanshuiii yenmp EC OpBI, 2. Canxkm-ITemep6ype, Poccust

Annorammsi: CoBpeMeHHbIE TpeOOBaHHS K 0e30macHOCTH U A(M(MEKTUBHOCTH YIPaBICHUS BO3AYIIHBIM JBrbkeHrneM (YBJI)
00yCIIaBIMMBAIOT HEOOXOAWMOCTh COBEPIICHCTBOBAHHMS METOJOB IIOATOTOBKM W OICHKA KOMIICTCHIIMH aBHAIIMOHHBIX
qwcneTdepoB. B maHHOH cTaThe TpeyiaraeTcsi IBE METOAWKH OIEHKH NMPO(ECCHOHAIBHBIX HABBIKOB M YPOBHS KOMITCTCHITHH
JICIIETYEPOB YIPABICHNS BO3MYIIHBIM IBIDKEHHEM. [lepBas MeEToqMKa OCHOBaHAa Ha KIIACCHYECKOM CYOBEKTHBHOM METOE
OLICHOK. BTOpast MeToiKa — Ha KITFOYEBBIX KOMIIOHEHTaX PabOTHI, OIIEHEHHBIX 00BEKTUBHO. MyJIBTHKPUTEPHATBGHBIA aHAIN3 10
TEOPUH HEUETKOH JIOTMKH TI03BOJIsIET A (EeKTHBHO U BCECTOPOHHE OLICHMBATh YPOBEHb KOMIIeTeHIMit aucnerdepoB YB/I. [lkana
OLICHOK JIa€T BO3MOKHOCTb COIIOCTABUTh XAPAKTEPUCTUKK aHAIN3UPYEMON KOMIIETEHLMU C PA3JIMYHbIMUA COCTaBIIIOILMMHU IS
MOHWUMAHHsl BIMSHUS JUII  KOHKPETHOro jwcrierdepa. Pa3paOoTaHHas MyJIbTHKPHTEpUAIbHAsS METOJMKA BKIIFOYAeT
MHOTOYPOBHEBBIN aHAIN3 KIFOUEBBIX KOMIIETEHIMH, TAKMX KaK CHUTYallMOHHAs OCBEIOMJIEHHOCTh, KOTHHUTHBHAs Harpyska,
OllepaTUBHOE MPUHSTHE PELICHNH, KOMMYHUKATHBHAs SP(EKTHBHOCTD, YIIPaBIEHUE PUCKAMH M CTPECCOYCTOMYMBOCTD. [laHHbIH
METOJI MOXXKHO HCIIOJIb30BaTh IUIS OLEHKH CIICHHAINCTA JII000r0 YPOBHS IOJATOTOBKH: OT TOJBKO YTO TPYIOYCTPOEHHOIO JI0
OIIBITHOTO CIELMAINCTA, a TAKKE CTYAEHTOB-AUCTeTYepoB. [IpeuioxkeHbl KpUTEpUH KOIUYECTBEHHON U KAYECTBEHHOH OLICHKH,
TIO3BOJISIIOIIE OOBEKTHBHO OIPEENSATh YPOBEHb TOTOBHOCTH CIIEMAIMCTOB K pabOTe B PpEAIbHBIX YCIOBHAX. AHAIM3
KOMIIeTeHIMH auctierdepa Y B/] mo3BoiuT cBOEBpEMEHHO TIPHHSTH MPEBEHTUBHBIE MEPHI [T OOJiee Ka9eCTBEHHOM TIOITOTOBKH U
ycTpaneHust HapymieHuit. Oco0oe BHUMaHME YEICHO NPAKTHYCCKOM pealn3aliid MeTONUKH. [IpemmaraeMyr0 METONUKY
1esIecooOpasHo MCIONB30BaTh TpH OreHke mepcoHata OBJ] B COBOKYITHOCTH ¢ WCKYCCTBEHHBIM HHTEIUIEKTOM. BHeapeHne
JTAHHOM CHCTEMBI OylleT CIIOCOOCTBOBATh MOBBIMICHHIO OE30ITaCHOCTH BO3AYIIHOTO JBIDKCHHS, CHIDKCHHIO YEJIOBEYECKOTO
(hakTOpa B KPUTHIECKHUX CUTYAIMSIX U ONITHMI3AIMH TPOIIECCOB 00YUIEHNS B aBHAIMOHHBIX YIE€OHBIX HIEHTPAX.

KumoueBnble ciioBa: mucnieruep YB/I, npodeccronabHas olieHKa, KOMIIETEHINS, TPEHaKePHast TOATOTOBKaA, IPUHSTHE PELLCHHH,
HCKYCCTBCHHBIN MHTEIUICKT, aHAJTM3 JIAHHBIX, YSJIOBEUECKH (hakTop.

Jns murupoBanmsi: Kpusoryzos M.A., Ilpoxonosuu A YO. KommnekcHasg cucTeMa OLEHKM KOMIIETEHLIMM JAUCHETYEPOB
YIIpaBJIeHUsI BO3IYLIHBIM JBI)KEHHEM TP MOATOTOBKE Ha TpeHaxepax // Hayuneni Bectnuk MI'TY T'A. 2025. T. 28, Ne 6.
C. 64-76. DOLI: 10.26467/2079-0619-2025-28-6-64-76

Comprehensive competency assessment system for air traffic controllers
during simulator training

I.A. Krivoguzov', A.Y. Prokopovich'
!Saint-Petersburg Regional Air Traffic Control Center, Saint-Petersburg, Russia

Abstract: Modern requirements for safety and efficiency in air traffic management (ATM) necessitate the improvement of training
methods and the assessment of the competencies of air traffic controllers. This article proposes two methodologies for evaluating
the professional skills and competency levels of air traffic controllers (ATCs). The first methodology is based on the classical
subjective assessment method. The second methodology focuses on key job components evaluated objectively. Multicriteria
analysis based on fuzzy logic theory allows for an effective and comprehensive assessment of ATCs competency levels. The
evaluation scale enables the comparison of the characteristics of the analyzed competencies with various components to understand
their impact on a specific controller. The developed multicriteria methodology includes a multi-level analysis of key competencies,
such as situational awareness, cognitive load, operational decision-making, communication effectiveness, risk management and
stress resistance. This method can be used to assess specialists at any level of experience — from newly employed individuals to

64



Tom 28, Ne 06, 2025 HayuyHblit BectHuk MITY TA
Vol. 28, No. 06, 2025 Civil Aviation High Technologies

experienced professionals, as well as student controllers. Criteria for quantitative and qualitative assessment are proposed allowing
for an objective determination of the specialists’ readiness to work in real-world conditions. Analyzing the ATCs competencies will
enable timely preventive measures to be taken for better training and the elimination of violations. Special attention is paid to the
practical implementation of the methodology. The proposed approach is advisable to be used when assessing ATM personnel in
combination with artificial intelligence. The implementation of this system will contribute to enhancing flight safety, reducing the
impact of human factors in critical situations, and optimizing training processes in aviation training centers.

Key words: air traffic controller, professional assessment, competence, simulator training, decision-making, artificial intelligence,
data analysis, human factor.
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BBenenue KOMIUIEKCHasl OlLlIEHKa MpodecCHOHANbHBIX Ka-
YECTB, BBIPACTET OOBEKTHUBHOCTH OIICHKU. B Ha-
cTosmelr paboTe MpeACTaBICHb METOIUKHU
OIICHKA KOMIIETEHIIUU JUCIIETYEPOB, KOTOPHIC
MOTYT OBITh TPUMEHEHBI Ha JUCIETYEPCKOM
TpeHaxepe. B mepcnekTrBe BO3MOXHO BHEIpe-
HUE AJaNTHUBHBIX alTOPUTMOB aHalu3a JEHCT-
BUI JHCIIeTYEpa C TOMOIIBI0O HCKYCCTBEHHOTO
UHTEIJIEKTa W OyJeT MPOU3BOJIUTHCS MPOTHO3
po(heCcCHOHATTLHOTO POCTA U BHITOPAHUSL.

Hucneryep ynpaBieHUs BO3AYILIHBIM JIBH-
skenueM (YBJl) — onmHa U3 caMbIX OTBETCTBEH-
HbIX Tpodeccuit [1]. Omubka Takoro crenuanu-
CTa MOXET MPUBECTH K KaTacTPOPUIECKUM II0-
CIIEJICTBUSM, TIO9TOMY TpPEHHUPOBKa Tpedyer
CTpPOroil cucteMbl oleHuBaHug. HeoOxomum
KOMIUIEKCHBINA MOJIXO0/l, YUYUTHIBAIOUIUI TEOPETH-
YECKUE 3HAHUS, IPAKTUUYECKHE YMEHMUS, a TaKXKe
aBTOMAaTU3MpPOBaHHbIE HaBbIKM [2, 3]. B Hac-

TOSIIICEC BpEeMs OICHKA npO(beCCI/IOHaJH)HLIX Ka- MeTOJI OIICHKHU KOMIICTCHIIUA
YECTB JMCIIETYCPOB HMECT PsJ CYILICCTBECHHBIX AucHeT4epa YBI[ MyTeM OLIEHKH
OrPAaHUYEHUHN U HEIOCTATKOB, & UMEHHO: ypOBHeﬁ 3HaHI/II7i, yMeHI/IffI 1 HABBIKOB

1) cyOBEeKTHBHOCTh OLIEHOK (pa3Hble WH-
CTPYKTOPBI MOTYT MO-pPa3sHOMY HHTEPIPETHUPO-
BaTh OJHM M T€ XK€ JACUCTBUS, a TAKKe HUMEThb
pa3Hble KOJMYECTBEHHBIE KPUTEPHH OIICHKH);

2) CTaTUYHOCTb CYIIECTBYIOIIUX METOJIOB
OLICHKM (yHpaKHEHUS HE BCEr/a YYHUTHIBAIOT
JUHAMUKY peaJbHOM paloueil cuTyauuum u He
UMEIOT BO3MOXHOCTH aJaNTaldd K H3MEHSIO-
IIUMCS YCIIOBUSIM);

3) Y3Kyl HampaBJICHHOCTh OIICHOK (WH-
CTPYKTODPBI CTaBST aKLEHTHl Ha (Pa3eosoruio U
BBITTOJIHEHHE TEXHOJIOTWYECKUX OIepanuid, mpu
3TOM CTPECCOYCTOMYMBOCTh, KOTHUTUBHBIE CIIO-
COOHOCTH M TICHXOJIOTHYECKUE aCIIEKTHI HE OIle-
HUBAIOTCH ).

[Iporie roBopsi, CYIIECTBYIOIINE CETOTHS Me-
TOJIMKU OLIEHKHM HE IMO3BOJIAIOT OLIEHUTh HOJrO-
TOBKY ¥ KOMIICTEHIAIO JUCIIETUEPa KOPPEKTHO .
Pa3zpaOaTbiBaeMasi cuCTEMa OLIEHOK MOXET pe-
IIATH 3TH TpoOJeMbl: OyneT NPOU3BOIAUTHCS

Ilepen tem kak mHepedTH K KOMILIEKCHBIM
METO/JaM OIICHKH, HEOOXOJUMO pa3o0paTh Me-
TOAMKY OLIEHKH 4Yepe3 CICAYIOIIHME MapaMeTphbl:
3HaHUA, YMEHHS U HaBbIkM [4]. OxHako npesia-
raeTcsi BHECTH U3MEHEHUS IyTEM €€ peau3alu
yepe3 MaTeMaTHYECKy0 MOJIENb.

3nanus (K — knowledge) — sTto ¢yHmamen-
TajabHas 06a3a, KOTOPOU 00s3aH BIIAJIETh KaXIbINA
mucneruep YB/I. OHa BKiIrO4aeT HOpMaTUBHBIE
JIOKyMEHTBI, OCHOBHBIE IPUHIIMIIBI U IPOLIEAYPBI
OB/I, aBHaLMOHHYIO METEOPOJIOTHIO, adPOAM-
HaMUKy, a’pOHABUTrallil0, AaBHALIMOHHBIN aH-
TJIMACKHUNA SI3BIK M CTaHJAPTHYIO (DPa3eolioTHIO.
OLeHUTh TaHHBIN MApAMETP MOMXKHO C TTOMOIIBIO
TECTUPOBAHUM, YCTHBIX U MHCHBMEHHBIX 3K3a-
MEHOB.

YMmenns (A — abilities) — cmocoOHOCTh AuC-
neruepa YBJl mpuMeHSTh 3HaHUS B peaibHBIX
yCIOBHSX Ha pabodyeM MecTe, a UMEHHO: paboTa

, . C pasIUYHBIM 000pyJIOBaHUEM (MHIUKATOP BO3-
VYueOHbIit KypcC ((praBJ'IeHI/IC BO3AYUIHBIM JIBUKCHU- )
en». TYKE, Komme, 2022 JQYUTHOH 0OCTAHOBKH, CHCTeMa KOMMYTAaIlUH pe-

65



HayyHbiin BectHuk MITY TA

Tom 28, Ne 06, 2025

Civil Aviation High Technologies

Vol. 28, No. 06, 2025

Taoauma 1
Table 1

CucreMa OIEHOK
Assessment system

OneHka 3nanus (K), % Ymenns (A), % Haggixu (S), %
OTanyHO 90-100 85-100 95-100
Xopormio 75-89 7084 80-94
Y 10BIETBOPUTENBHO 60-74 50-69 65-79
HeyioBnerBoputenbHO <60 <50 <65

YEeBOM CBsI3M), paboTa C Pa3TUYHBIM PAAHOIOKA-
[IMOHHBIM 000pyI0BaHKEM U 0€3 HETro, PeIICHHE
KOH(JIMKTHBIX CUTYallUil U MPUHATHE PEIICHHA.
O1eHUTh TaHHBIM MapaMeTp MOXHO B MPOLECCe
PO3BITPHIILIECH YNPABICHUS] BO3AYIIHBIM JIBUXKE-
HUEM (TEOPETUYECKUX BOIPOCOB, T1e AJIS JHC-
neT4epa OMHCHIBACTCS BO3MYyIIHAsS OOCTaHOBKA,
a JucreTyep JOHKEH OMUcaTh CBOU JEHCTBUS B
MPEAJIOKEHHOM CUTyallul) U 3aHSATUSAX Ha Tpe-
Haxkepe.

Hageiku (S — skills) — aBromaTuzupoBanHbie
neiictBug nucnerdepa YBJI, noBeneHHble 10
coBepiuieHcTBa. CKOPOCTh peaklMM Ha U3MEHe-
HUSl BO3IYIIHOW OOCTaHOBKHM, TOYHOCTh U YET-
KOCTb BBIJIaBAEMbIX KOMAaHJI U YCTOMYHMBOCTH K
CTpeccy SIBJISIOTCS MMOKa3aTeIsIMU YPOBHS HaBbI-
KOB. OLIEHUTH JaHHBIM MapaMeTp MOXKHO uepe3
CTpecc-TeCTbl TPU BBICOKOW HHTEHCHUBHOCTHU
BO3JIYIITHOTO JBUKEHHUS, a TAKXKE XPOHOMETPAXK
peakuuii tucrneTyepa.

Komnerenmus (C — competence) — xapakre-
PUCTHKA CIIEHUANTNCTa, O0bEeIUHSAIONAs 3HAHMS,
yMeHUs U HaBblku [5]. [ns xonnuecTBEeHHOU
OLICHKH TMpejajiaraercs cleayomas JUHeHHas
B3BEIIEHHAsI MOJIEIIb:

C=a-K+p-A+vy-S, (1)
rae C — urorosas kommereHuus (%), K — orieHka
3nanuii (%), A — onienka ymenuii (%), S — oneH-
ka HaBbIKOB (%), @ = %, B = é, y =§ — K03¢-
buIueHTH Beca KaX10ro napaMerpa.

Bri6op 3HaueHuit AaHHBIX KO3(duLmeHTOB
00yCJIOBJIEH pPaBHOM Ba)XHOCTHIO TapaMETPOB
utst paboThl. [l nucneTdepa OAMHAKOBO BaXK-

66

Hbl U 3HaHUA, U YMEHHUSA, U HaBBIKH, CJEJI0Ba-
TEIbHO, KOX((HUIIMEHTHI Beca OJDKHBI OBITH
paBHBL.

B 1abn. 1 mpencraBieHbl KPUTEPUU OIICHKU
M0 KaXJ0MY IapameTpy.

B Ttabn. 2 mpeacraBieHa rpagamnus OIEHOK
KOMIeTeHIMH aucneryepoB YBJl mo mpenso-
JKEHHOU MaTeMAaTUYECKOH MOJIEIH.

Jlis OHMMAaHUS OIICHKH HEOOXOIUMO pac-
CMOTPETh HECKOJBbKO MpuUMepoB. [ns 3toro mo
dopmyie (1) HE0OOXOIWMO BBITIOJHUTH pacyer
OIICHKH KOMITETCHITHM.

IIpumep 1. K =74 %, A = 81%,S =73 %.
1 1 1
C= 5'74%+§‘81%+5'73%=76%.

Hucnetuep ypoBHs «KOMMOETEHTHBIN», MO-
XKeT paboTaTh CaMOCTOSTENIhHO, HO TpelyeT
HaOJIIOACHHUS.

IIpumep 2. K = 94 %, A = 89 %, S = 89 %.

C=2-94%+:-89%+-89% =907 %.

Jucnetruep ypoBHS «IKCIEPT», MOXKET pa-
00TaTh CaMOCTOSTEIILHO.
Ipumep 3. K = 96 %, A = 87 %, S = 61 %.

C=2-96%+-87%+-61% =813 %.

Hucneryep yposusa «IIpodeccuonam», mo-
KeT paboTaTh CAMOCTOSITENBHO.
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Taoauma 2
Table 2

[[Ixana ypoBHSI KOMIIETCHIIUH
Competency level scale

Yposenb JAuana3on, % XapaKkTepUCTHKA Honyck k padore
ABTOMATH3M B MIPUHATUYN PEIICHUN
OKcnept 90-100 P P ’ CaMOCTOSTEIIBEHO
0e3ynpedHoe 3HaHHE HOPMATHBOB
CTaOMJIBHO BBICOKHE ITOKA3aTENH,
[Ipodeccuonan 80-89 penkue omuOKH, XOpOoIas CTPEcco- CaMOoCTOSTENBHO
YCTOHYMBOCTD
. CooTBeTCTBYeT CTaHIapTaM, HO CaMoCTOSITENIEHO, HO
KoMIieTeHTHBI#H 70-79 Y AapTam, ’
TpeOyeT MePHOTUICCKOTO KOHTPONIS | TpeOyeT HaOIIoaeHus
OCHOBHBIC 3HAHHS/HABBIKU €CTh, HO
ToJIbKO C HUHCTPYKTO-
Craxep 60-69 HEIOCTATOYHO OIILITA 11 CAMOCTO- oM
ATEIHHON pabOTHI P
Kputnueckne mpoOenbl B 3HAHH-
HeynosnerBopurensHo <60 P p . He nonymen
sIX/HABBbIKaX, BRICOKUH PUCK OLITHOOK
Tadoauna 3

Table 3

BecoBas maTpuna pemeHui
Decision weight matrix

Kateropusi pemenus IIpumepsl Bec (w)) Jloruka Beca
Beicokast oTBeT-
Kpurunueckue (A) W3menenue s1ienona 1,5
CTBEHHOCTb
W3meHenue MapuipyTa, peryJinpoBaHue CKO-
Taktnueckue (B) PHpyTa, peryJup 1,2 Bimmsiamre Ha MOTOK
pocTH
CrangapTHble onepa-
Omnepauunonusie (C) Paspemenus Ha B3neT/mocaaxy 1 A pm/m p
PyTunssie (D) 3ampocsl HHGOpPMAaILIUH, TOATBEPIKICHHUS 0,8 Huskuii puck

MyJabTUKPUTEPHAJIBHBIN METOX
OLICHKU KOMIIETEHIIM I

Jns onenkn komrereHnmii aucnerdepa (C)
npeniaraéMbiM  MYJIbTUKPUTEPUATHHBIM METO-
JIOM HEOOXOJUMO OLICHHUTh 5 MapaMeTpoB: TOY-
HOCTh IpHUHUMAaeMbIX pemieHuid (K;), CKOpOCTb
peakuuu (K;), sbdextrBHOCTS yrpasneHus (K3),
crpeccoycroitunBocTh (K,) 1 cobmoaeHue mpo-
uenyp OB/JI (K5s).

1. TouHocTh MpUHUMAEMBbIX pemienuii [6, 7] —
3TO CIMOCOOHOCTH JUCTIETYEpa BBIJABATH KOP-
PEKTHBIE KOMaH/Ibl B PA3JIMYHBIX CUTYaIUIX.

~ 2)
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rae Ny, — KOJMYECTBO TPABUIIBHO MPHHSTHIX

pewenuii, N — o011iee KOJIMYeCTBO PELICHUH.
JanHyto ¢GOpMyily MOXHO TpEICTaBUTH B
CJIEIyIOIIEM BapUaHTE:

_ Xicirwi
Yitiw

K 3)

IJIc N — KOJUYECTBO NMPHUHATHIX PEIICHUH, C; —
OMHApHBI WHAMKATOP KOPPEKTHOCTU I-TO pe-
menus (1 — BepHo, 0 — HeBEepHO), t; — dhakKT npH-
HATUS i-r0 pemieHus (1 — pernieHue MPUHSATO),
w; — BeCOBOM KOA(PUIMEHT i-rO THIA pere-
HUSL.

B Tabn. 3 mpexacraBieHa BecoBas MaTpuia
pELIEHU.
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Taoauna 4
Table 4
Tabnuira MpUHATHIX perIeHUH
Decision table
Tun pemenus Tekcr pemenus JTaJIOH w; Ci
A Climb to FL350 FL360 1,5 0
B Turn left heading 270 270 1,2 1
B Maintain Mach 0,76 0,76 1,2 1
D Contact Moscow-Control 127,5 125,5 0,8 0
Tabauua S
Table 5
Bpewms peakuuu Ha cuTyanuu
Reaction time on situations
Tun curyauuu to (0) JdonmycTumblii npeaeJ w;
OKcTpeHHble (HapyIIeHHe HHTEPBAJIOB) 2,5 5 1,5
Kputnueckne (OTKIOHEHHS OT BBIIAHHBIX
paspenieHuii) > 10 1.2
CrannapTHsle (3apochl) 10 20 1
HNudopmarnmonnsie 15 30 0,8

Jsis MOHUMaHHS TPHUKIIATHOTO TPUMEHEHUS
HacTosAuel TabnuIBl HEOOXOAUMO PacCMOTPETh
npuMep pacuera JaHHOro Kodddumnmenra. Juc-
neT4yep NpOBeN TPEHAKEPHYIO CECCHIO M TPHHSIT
4 penieHust, KOTOpbIe IPUBEACHBI B Ta0. 4.

[To popmyne (3) BbIOMHSETCS pacyeT mapa-
MeTpa:

0-1,5+1:1,2+1:1,2+0:08 _ 2,4

1-1,5+1-1,2+1-1,241-0,8 4,7

1= = 0,51

2. Cxopoctb peaknuu [8] — BpeMst OT Mo-
MEHTa BO3HUKHOBEHHS CHUTyalUd 10 MOMEHTa
MNPUHATHA JUCIICTUYCPOM PCILICHUA.

1

JIJiss IOHUMaHUS TPUKIIATHOTO MPUMEHEHHS
TabJ. 5 HEOOXOIUMO PacCMOTPETh MPUMEP pac-
4yeTa JaHHOTO Kodddummenrta. Jucnerdep mpo-
BEJI TPCHAXKEPHYIO CECCHIO U Pa3pEIIni 3 CHUTY-
alnu, KOTOpbIE IPUBEACHBI B Ta0. 6.

Heo0XxoauMo BBITIOTHUTE pacueT CKOPOCTH
peaknuy Ha KKIYH CHTYallWi0, a TIOTOM CyM-
MHUPOBATh Yepe3 BECOBbIC KOAPPHUIIUCHTHI.

_ XTKpw;

K, = 5
2 Ytwp ' )
II€ N — KOJIMYECTBO CUTYALMH, pa3pelIeHHBIX
JIMCTIETYEPOM, W; — BECOBOH KOA((UIMEHT i-i
CUTYaLlUN.

K2 = Treosaroy 4)

1
rae t — pakTU4ecKuil ypoBEHb pEakIuH, KOTO- K24 T 1+e05(132-15) 0,711;

PBIM U3MEpSIETCS KaK Pa3HULIA MEXIY BpEMEHEM 1
pEaKIMU ¥ BpEMEHEM IIOSBICHUU COOBITHS, Lo — Kz3 = Toosaa0 = 0943

ATaJIOHHOE BPEMS PEaKIIUH.

B Tabn. 5 mpencraBieHbl 3TaTOHHOE M MAKCH- K,, = 1 _ 0.668:
2 1+¢90,5:(3,6-5) ’ 4

MaJIbHO JIOIyCTUMOE BpEeMs PeaKkiy Ha pa3ind-
HBIC 110 3HAYUMOCTH CUTYaIllH, & TAK)K€ BECOBOU
K023(h(PUITMEHT BaXKHOCTH KaXKAOM CUTYyallnH.
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0,711-0,8+0,943-1+0,668-1,2 _ 2,31

0,8+1+1,2 3

=0,77.



Tom 28, Ne 06, 2025

HayuyHblit BectHuk MITY TA

Vol. 28, No. 06, 2025

Civil Aviation High Technologies

Tabauna 6
Table 6
Pazpemiennble cutyanuu 3a Bpemsi TPEHUPOBKHU
Solved situations during training
Curyauus Tun t(c) ty (o) w;
3anpoc MeTeopoIoTHIeCKoi HH(OPMAITHH HNudopmarmonnas 13,2 15 0,8
3anpoc Ha CMEHY 3lIeI0Ha CranpapTHas 4,4 10 1

OTKIIOHEHHE OT Pa3pelIeHHOTO 31IeI0HA Kputnueckas 3,6 5 1,2
Tabanua 7
Table 7

BecoBbie k03 (pUIIMEHTHI 3a1€PKKU
Delay weight coefficients
Kateropus BC Ipumepsn! ny Oo0ocHoBaHue [ —
HEAD, Beiciuii npuopu-
OKCTpeHHbIE 2 pHop 5
0OpT ¢ OEICTBUEM/CPOYHOCTBIO U T. TI. TET
Kommepueckas
[Taccaxupckue I'py30BbIe U TacCaKUPCKUE NEPEBOZKU 1,5 15
3HAYHMOCTh
Tl'ocynapcrBenHas ITonets! BOEHHON TPAHCIIOPTHOM aBHA- 12 Nurepecel Munu- 30
aBUALUS UM MOJ] YIIPABJICHUEM JHCIIETYepa ’ cTepcTBa 00OPOHBI
Huskoe BiusHue
IIpouee ABuanus oOIIero Ha3HauYeHUS 0,8 45
Ha MOTOK
3. I¢P¢pekTUBHOCTL YNpaBJIECHUS — CIIO- 1 (S A paxr, (bakTUyeckoe BpeMs 3aJepiKKU
i

COOHOCTh JAWCIIeTYepa MHHUMH3UPOBATH 3a-
JIEPKKM Ka)xa0ro Bo3aymHoro cynaHa. Ilox 3a-
JIep>)KKaMU 3/1eCh MOHUMAIOTCS HE TOJBKO 30HA
0’)KMJIaHMSI, HO U BEKTOPEHHE U OTPaHUYEHUS 10
CKOPOCTH.

% Lsap

Ky=1- : (6)

t3aﬂmax

e ) ts0; — CYMMapHOE BpeMs 3aJepKKH BO3-
IyIIHBIX CYIOB B pesynbTaTte mnpouenyp OB/,

tsan,,,, — MAKCHMAIBHO JIOMyCTAMOE BPEMs 3a-

JIEP>)KKM BO3IYIIHBIX CYZOB, OIPENEICHHOE 3a-
Jla4aMH yIIpaKHCHMUSL.

JlaHHBI mapaMeTp MOXHO IIPEICTaBUTH B
CIIEIyIOIIEM BHJIE:

n
~ 1 21 tsagq)ami

K= 1-5

, (7)

t3aﬂmaxi
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[-r0 BO3JYIIHOTO CyJHa B pPe3yJbTaTe MPOLEIyp

OBH, ti,, — MAaKCUMAJIbHO JOIlyCTUMOE
maxi

BpeMs 3aJ€PAKKHU i-TO BO3AYLIHOIO CYyJIHA.

BecoBble k03()hULIMEHTHI 3a1ep>KKU pa3Iuy-
HBIX KaTeropuil BO3IYIIHBIX Cy/J0B IIpeJCTaBIe-
HbI B Ta0I. 7.

JUia moHUMaHMs NPUKIIATHOTO MPUMEHEHUS
Taba. 7 HEOOXOMMO PacCMOTPETh MPUMEpP pac-
gyera naHHOTO Kod(¢unuenrta. Jucneraep npo-
BeJl TpeHaxepHylo ceccuro u Meromamu OBJ]
3a/iepKall 4eThIpe BO3AYIIHBIX cyAHa. Bpewms
3aJiepKeK MpUBEAEHO B Tab. 8.

Heo0xommMo BBIIONMHUTE pacdeT Kod(Quim-
eHTa 3(Q(EeKTUBHOCTH yIpaBJeHUs AUCIEeTYepa Ha
Ka)XXJ10€ 3aJIep>KaHHOE BO3/IYIITHOE CYAHO, a TOTOM
CYMMHUPOBATh Yepe3 BECOBbIE KOAPPUIIMEHTHI.

_ Z?KBi'wi

Ks = Ytw; ' (8)
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Tab6anna 8
Table 8
Bpewmst 3aaepkek BO BpeMsi TPEHUPOBKHU
Delay time during training
Io3bIBHOM Karteropus BC taaacl)aKT' MHUH taan max
AFL1354 ITaccaxxupckue 8 15
AZ0O1574 ITaccaxupckue 12 15
RSD801 OKCTpeHHbIE 2 5
76142 T'ocypapcTBeHHas aBuanus 20 30

I7le N — KOJMYECTBO 3aJ€p>KaHHBIX BO3TYIIHBIX
CYJIOB, w; — BecoBOM Ko3(duument i-if karero-
PHUH BO3YIIHBIX CYy/I0B.

K3 = 1— 8+12

, =1-2=0,333;
15+15 30

Ky, = 1-2=06;

20
K3y =1-2=0333;

0,333-1,5+0,6:2+0,333-1,2 __ 2,1

K; = =—=0,45.
1,5+2+1,2 4,7

4. CrpeccoycToiiUMBOCTbL — COXpPaHEHUE

paboTOCIIOCOOHOCTH JHCTIETYEpa TIPU  TOBBI-
LIEHHOW Harpys3kKe.

1
1+o-05G—50 ©)

K, =
rae S — Tekyumii yposens crpecca (S € [0;10]),
Sy — IOpPOroBoe 3HaueHHe crpecca A AUCIIEeT-
yepa YBJI (Sp = 5).

Texyuuii ypoBeHb cTpecca MOXHO BbIYHC-
JMThH Yepe3 KOMIUIEKCHYIO OIIeHKY OOBEKTHBHBIX
nokaszaresei COCTOSHHUS JUcleTdYepa C y4eToM
TEKYILEH Harpy3Ku:

S=03-P+04-W+03-E, (10)

rie P — ¢wmuonornueckue mokazarenu (P €
[0; 10]),

W — pabGouas narpy3ska (W € [0; 10]),

E — smonmonaneHoe cocrosiaue (E € [0; 10]).
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Breibop 3HaueHuit sTHX K03 (ULIMEHTOB
00yCIJIOBJIEH Ba)KHOCTbIO MapaMeTPOB I OICH-
Ku cTpecca. [y aucnerdepa OJUHAKOBO BaXKHBI
u (usnonoruvyeckue Tmokasareiau, W padouas
Harpy3ka, ¥ dMOLMOHAILHOE COCTOSIHHE, CIIEJ0-
BaTeNbHO, KO3(PUIIMEHTHI BeCa JOKHBI OBITH
pPaBHBI, OJTHAKO TJIABHBIM MAapaMETPOM U Mepoit
paboThl AucHeTdYepa SBISETCS MMEHHO pabodas
HArpy3ka, TO €CTh CII0)KHOCTh BO3JYIIHOH 00-
CTaHOBKHW (MHTCHCHBHOCThH BO3IYIIIHOTO JBHKC-
HUS, 0COOBIE CITyyau U METeopoJIoThYecKas 00-
CTaHOBKA), TOATOMY JaHHOMY MOKa3aTeiio Ja-
eTcst OOJIBIIINI BEC.

Jis  oneHKH  (DU3HOIOTHYSCKHUX TapaMeT-
poB (P) HEoO0XOAMMO HCHOIB30BaTh MEIUIMH-
ckoe oOopyaoBaHue. MOHHMTOPHUHI COCTOSHUS
JTUCTIeTYepa MPEANIAraeTcs BHIMOIHATH MO TPEM
napaMmerpam: BapraOeIbHOCTH CEPICYHOIO PHUT-
Ma [9], koxHO-ranbBaHuueckou peakuuu [10]
u temnepatype [11].

BapuabenbHOCTh CEpJEYHOTO PUTMA — 3TO
nokasarteib KoJeOaHUl MEeXIy CepACUHBIMH CO-
KpameHussMu. [[1s1 OLIEHKH COCTOSHUSI TUCTICT-
yepa mpeJjiaraeTcsl UCIoib30BaTh KAy, N300-
paskeHHY0 B Ta0II. 9.

KoxHo-ranpBannyeckasi peaxiusi sBisieTcs
noka3aTteseM paboTOCIIOCOOHOCTH BETeTaTUBHOMN
HEPBHOW cHUCTeMbl. MOHUTOPUHI [TaHHOTO Ma-
pameTpa OyneT aHAJIOTHYeH METOJIy MOHHTO-
puHra Ha monurpade: TaTYuKH Ha Majabiax Oy-
OyT 3aMepsITh JIIEKTPUYECKOE COMPOTHBIICHUE
KokH. JlJig OLIEHKH cTpecca Ipenajaraercs Hc-
noJsb30Bath Tabm. 10.

Temnepatypa Tena Takke SBISETCS IMOKa3a-

tenem ctpecca. [lostomy ee mamenue Ha 1 °C
OyZeT sBISAThCS MPH3HAKOM cTpecca. Kaxbrii
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Tabauna 9
Table 9
[[Ixana BaprabeTbHOCTH CEPACUYHOTO PUTMA
Heart rate variability scale
YpoBeHb IMoka3zarean, Mc Ouenka
Hopwma 60-100 P =
YMepeHHBIN cTpecc 30-59 P =
Bricoknii cTpecc <30 P =
Taoaunua 10
Table 10
CormpoTHBIICHHE KOKH U YPOBEHB CTpecca
Skin resistance and stress level
YpoBeHb Moka3zaTean, kOm Ouenka
[Tokoit ~ 300 P =
YMepeHHBIH cTpecc 100-200 P =
Bricokuii cTpecc <100 P =
Taoaunma 11
Table 11
Pabouas Harpyska
Workload
ITapameTpsl IToka3zaresin Onenka
<15 BC/, W=
HHTEeHCUBHOCTDL BO3AYIIHOIO ABHKEHHS 15-24 BC/, W =
>25 BC/y w=9
Oco0ble ycrnoBus PAN PAN W=1
MAY DAY W =
TypOyneHTHOCTh W =
Merteoponornieckas 00cTaHOBKa I'po3oBast nesITeNbHOCTh W =
Obnenenenue w=1

rpaxyc TMaJeHUs TeMIlepaTypbl OyAeT HWMETh
oI1eHKy cTpecca P = 1.

Jns onenku padoueit Harpysku (W) HeoO-
XOJIMMO HCHOJb30BaTh KOMIUIEKCHBIM aHaiu3
WHTEHCUBHOCTU BO3AYIIHOTO JBIKEHHUS, OCO-
ObIX CIlydyaeB M METEOPOJIOTHYECKOH 0OCTaHOB-
k. OIIEHKH KOMITIOHEHTOB pabodeil Harpys3ku
npeacTaBicHbl B Tabm. 11.

JInst o1leHKH 3MOLMOHAIBLHOTO COCTOSTHUS [12]
nucrieryepa (E) HEOOXOaMMO aHaIWM3UPOBATH
KMHECHUKY 4YesoBeka [13] M kauecTBO BEICHHUS
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pamnooOomena. OIEHKH KOMIIOHEHTOB paboueit
Harpy3KH MpecTaBiIeHbl B Tabm. 12.

Jlns moHMMaHUsS NPUKIAIHOIO IpPUMEHE-
HUS NPHUBEACHHBIX TAaOIUI] HEOOXOOUMO pac-
CMOTpETh TPUMEp pacyeTa AAaHHOTO Kodphu-
nueHTa. JlucneTyep NpoBesl TPEHAKEPHYIO cec-
CHI0O CO CJEAYIOUIMMHU MOKa3aTeIsMH: Bapua-
IUsl CepAEYHOro puTt™Ma — 73 MC, IJIEeKTpHue-
cKoe compoTuBieHue koxu — 184 kOwm, tem-
nepaTtypa tena usmenunack Ha 1 °C, Ha ynpas-
JE€HUU Haxoauwinoch 27 BO3AYLIHBIX CYJIOB,



HayyHbiin BectHuk MITY TA

Tom 28, Ne 06, 2025

Civil Aviation High Technologies

Vol. 28, No. 06, 2025

Taoauma 12
Table 12
OMOIIMOHAJIILHOE COCTOSHUE
Emotional condition
ITapameTpbl XapakTepuCcTHKH IToxa3zaTesnun OuneHka
Jposkanue rosoca — E =
KadectBo Benenus pannooOMeHa I'poMKoCTb TOJIOCa > 220 nb E =
Crpecc-cioBa’ 1 croBo E =
Hanpspkenue nuna 3 E=
(M3MeHeHune 11BeTa)
Kunecuka
HenpouzBoiabHbIE )KEeCThI - E=1
Tabauna 13
Table 13
Becosas maTpuna HapyLeHui
Violation weight matrix
Kareropusi Hapyenust IIpumep Bec (w;)
Kputnueckue (C) HecoOmroienue s11e10HUPOBaHUS 0,5
3HauntensHbIC (S) Ommbxka B mepenaye pa3penieHus 0,3
Ymepennsie (M) Hecranpapthas ¢paszeonorus 0,15
Mano3naunrtensabie (L) 3anep:KKa NOATBEPKACHUS 0,05

JUCHEeTYEep HCIOJIb30Bal TPH CTPECC-CIIOBa,
JIUI0 TOKPACHEIIO.

Ecnu nepeBecT qaHHbIE MOKa3aTenu B LUQ-
pBI U MOJICTAaBUTh pe3ynbTaThl B hopmymy (10),
TO

S=03-P+04-W+03-E=
=03-3+1+1)+04-9+0,3x
Xx(3+1)=03-54+04-9+03 4=

=15+36+12=6,3.

Hanee o ¢opmyne (9) momydurcst mapamerp
cTpeccoycTonunBocTH Ky :

_ 1
T 1+e-95(63-5)

K, = 0,66.

? K cTpecc-clioBaM OTHOCATCS Cle/IyIOIHe: HeMeUIEHHO,
celyac, CpOYHO U T. II.
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5. Coburoienne mpoueayp — TOYHOCTh Clie-
A0BaHUA YyCTaHOBJICHHBIM TpGGOBaHI/IHM nu 1mpa-
BUJILHOCTH KOMaH/I.

, (11)

Nmax

rae ), N — cyMMapHOe KOJIMYECTBO HapyILICHHI,
Npax — MAaKCHMIIBHO JTOIIyCTHMMOE KOJIMYECTBO
HapyLIEHUMN.

JlanHyro ¢GOpMyily MOXHO NpEICTaBUTh B
CJIEIyIOIIEM BApUAHTE:

LN;iw;

L Nipax Wi

Ki=1-— : (12)

rae N; — KOJIMYECTBO HApyLICHUH i-r0 THIIA,
Ni.. 4,y — MAKCHUMAIIBHO JIOTyCTHMOE KOJIMIECTBO
HapyIleHUH i-ro TUNa, w; — BeCOBOM ko3 duiu-
€HT [-I'0 TUIIa HAPYLIECHUS.

B Tabn. 13 npezncraBieHa BecoBas MaTpuua
peLeHui.
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Jns ctaHIapTHOM TpPEHAXEPHOM CECCHUU J0-
MYCKAIOTCS CIICAYIONINE HApYIICHHS: KpUTHYe-
ckue (C) — 0, 3HauuTenbHbie (S) — 1, ymepen-
Hble (M) — 3, mano3znaunrensHbie (L) — 7.

Jlis mOHUMaHMS MPUKIAAHOTO NMPUMEHEHUS
Tabsn. 13 HEoOXoaUMO paccMOTpEeTh MpUMEP
pacueta AaHHOro kod(pduuueHta. Jucneruep
NPOBEJI TPEHAXKEPHYIO CECCHI0 M JOMYCTHII
5 omnOoOK: 2 3HauyMTeNbHbIE, 1 yMEpeHHyO WU
2 Mano3HauYUTENbHbIE.

[To popmyne (12) BeImonHsSIETCS pacyeT ma-
pamerpa:

0-0,5+2:0,3+1:0,15+2:0,05 _ 0,85 072
0-0,5+1-0,3+3-0,15+7-0,05 1,1 ree

5:

CTOUT OTMETHUTH, YTO KaXABIH KOIPPHUIIUESHT
MOXKET  paccMaTpuUBaTbCcs HA  JUCTAHIIHH.
Hampumep, 310 04eHb 3 (PEeKTUBHO MpH TIpoIIec-
Ce CTaXUPOBKH, KOrjaa KOX(PQHUIMEHTH OyIyT

Civil Aviation High Technologies

U3MEHATHCS M0 HAKOMUTENbHOMY 3 (eKTy Kax-
nou TpenupoBku. Kosaddumment Oyner paccun-
TBIBAThCS 10 clieayomiel popmye:

Kncpeﬂ = 0’7 ) Knnocn +03- KTlTeK’ (13)
rae Ky ., — Kodbduument npenpiaymei Tpe-
HUPOBKH, K, — KoopduureHT Tekyuiei Tpe-
HUPOBKH.

CrouT OTMETUTh, YTO COBEPILIEHCTBOBAHUE
criocoOHocTel nucrieryepa Y B/l kpaiine BaxkHo,
MO3TOMY pacyeT Kaxxaoro koddduuuenta Oyuer
NPOM3BOJIUTHCS TOCTE KAKIOW TPEHHPOBKH C
BU3yaJIM3alluel TMHaAMUKU B BUJIE TpaduKa.

OuneHka ypoBHsI KOMIETEHIMH JHCTIETIEPA
MPOU3BOAUTCS B3BELIEHHOM cymmon [14-16]
BCEX TATH KOI(DPUIMEHTOB TO CIEAYroIei

bopmyne:

C=025-K,+02-K,+02-Ks+0,2-K, + 0,15 - K. (14)

Kaxnomy koadduumeHty CcOOTBETCTBYET
cBoil Bec. OHM JOJKHBI OBITH PaBHBI, OJHAKO
BBIOOp TMPEUIOKEHHBIX 3HAUYeHUH K03 dunmen-
TOB 3aBHCEN OT BRXHOCTH IapaMeTpoB s pa-
0oTbl aucneryepa. [lapameTpsl U MX BakKHOCTH
BO3MOXKHO WHTEPIIPETUPOBATH CIECIYIOUIMM 00-
pasom: mapameTp K; (TOYHOCTH NMPHHUMAEMBIX
pELICHUIT) KPUTHYECKH Ba)KeH JIJsi 0e30macHO-
CTH BO3IYLIHOTO JABWXEHUs, napametp K, (cko-
POCTh pEaKIuHu) OTPakaeT BpeMs OT BO3HUKHO-
BEHHS CHUTYaIlMM JI0 €€ peleHHs, mapamerp Ks
(3 hexkTUBHOCTH ymMpaBiICHUs) OTPaXKaeT ONTH-
MH3aI{I0 TOTOKA BO3AYIIHBIX CYJIOB JUCIIETYE-
pom, napametp K, (cTpeccoycTOWYMBOCTb) KpH-
THUYECKH Ba)KCH TPH HEUITATHBIX CUTYyalHAX H
BBICOKOW WHTEHCHUBHOCTH M Tapamerp Kg (co-

OJIIoZIcHUE TIPOIIEAYP) OTPaXKaeT MPABHIBLHOCTH
KOMaHJ U (Ppa3eosoruu, HO YaCTUYHO AyOIUpy-
ercs B mapamertpe K.

Jlns Oojlee TOYHOM OIEHKH KOMIICTCHIIUH
HEOOXOJAMMO YYHTHIBATH OMBIT PAOOTHI JAMCIIET-
yepa:

C'=C-(1+0,01-1), (15)

rie t — ombIT paboTHl JUCTIETYEpa B TOAAX, MPH-
yeM I cTaka paboTel Oombie 15 ner mapa-
MeTp t rmepecTaeT U3MEHATHCA U paBeH 15.

HeoOxoamuMo IMOABECTH HTOT HMCCIECIOBAHUS
U TIOHSTh, HACKOJIBKO KOHKPETHBIN JUCHIETYEp C
OTBITOM paboThl 11 JeT KOMIETEeHTEeH Ha JIaH-
HBIII MOMEHT:

C=1025-051+02-077+0,2-045+0,2-0,66+0,15-0,72 = 0,6115.
C'= 06115 -(1+0,01-11) = 0,68.

Jlyisi moHUMaHusl YPOBHS KOMIIETCHIIUU JTUC-
neTJepa HEO0O0XO0IUMO BOCIIOJIB30BATHCS
Tadi. 14.
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Taoéanna 14
Table 14
HNutepnperanus pe3ysibTaToB
Results interpretation
JAunana3zon
Ouenka Yposensb XapakrepucTHKA
KOMIIETEHTHOCTH
. PaboTa Ha CJI0KHBEIX CEKTOPax, PEKO-
0,9-1,0 KoMnereHTHBII DKcnepT pax, p
MEHyeTCsl paboTaTh HHCTPYKTOPOM
. PaboTa Ha MPOCTHIX CEKTOpax, €CTh
0,75-0,89 KommereHnTHBIH [Ipodeccuonan P pax,
MTOTEHITUAJT JJIsl POCTa
Tpebyercst KOHTPOIH 32 paboOTOH,
0,6-0,74 HexommeTeHTHEIN Haunnarommit HEOOXOIUMBI JOTIOJTHATEILHBIC TPE-
HHUPOBKH
N . PaboTa HEeBO3MOKHA, HEOOXOIUMBI
<0,6 HexoMmneTeHTHBIN HexommieTeHTHBIH ’ A
WHTCHCHBHBIC TPEHHUPOBKH
3UPOBAHHBIX MHCTPYMEHTOB MCKIIFOYAET CYOBbEK-
3akiIi0ueHHe p Py y

B cratee mpenctaBieHbl JBE METOAMKHU
OIICHKHU KOMIIETeHIIMI aucrierdyepoB. CTOUT OT-
METHUTh, YTO MPAKTUYECKOTO BHEAPEHUS 3aciy-
JKMBAET BTOPasi METOAMKA, TTOCKOJIBKY TMO3BOJISIET
KOMIUIEKCHO ¥ BCECTOPOHHE OLIEHUTH MOJTrOTOB-
Ky aucnetdepoB. KomOWHaIusi OLIEHKH WH-
CTPYKTOPOM TpEeHa)xepa, HCKYCCTBEHHBIM HH-
TEJUICKTOM, a TaKXe aHalu3 OUOMETPHUYECKHUX
MoKasaresnei Aucrerdyepa UMeeT OTPOMHBIN Mo-
TEHLIHUAJ IS yJIYYIICHHUs] Ka4eCTBa IMOJTOTOBKH.
[IpennoxxeHHass B cTaThe€ METOAMKA HMMEET Ta-
TEHTHBI TIOTEHIMAJI JJISI COBEPIICHCTBOBAHUSA
JTUCTIETUYEPCKUX TPEHAKEPOB.

PazpaboTka u BHEIpEHHE KOMIUIEKCHOW CH-
CTEMBbI OLICHKH KOMIIETEHIMU aucneTyepos Y B/
MIpU TOATOTOBKE HA TPEHa)Kepax SIBJSETCS BaXK-
HBIM IIIarOM B MOBBIIIEHUH KauecTBa MPOQeccH-
OHAJILHOM ITOJITOTOBKHM M OOecCIeUeHHs Oe30mac-
HOCTHU BO3AYILIHOTO JBIKEHUs. BHenpeHue Ta-
KOI CHUCTEMEI II03BOJISICT HE TOJHLKO OOBEKTHBHO
OIICHUBATh YPOBEHb 3HAHUI U HABBIKOB TUCIET-
YepoB, HO U BBISABIATH clabble MecTa B UX TMOJ-
TOTOBKE, YTO CIOCOOCTBYET CBOEBPEMEHHOMN
KOppEeKLIUH yueOHOTo IpoLecca.

OCHOBHBIE TIPEUMYIIECTBA IPEATOKEHHON
CHCTEMbI BKJIIOYAIOT:

1) OOBEKTUBHOCTH OIIEHKH: HCITOJIb30BaHUC
CTaHJAPTU3UPOBAHHBIX KPUTEPUEB M aBTOMATH-
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TUBHOCTb B OLIEHKE KOMIIETECHIINH;

2) WHIWBHAyaIU3alUI0 OOyYECHHS: CHUCTEMa
MO3BOJISIET AJANTUPOBATh y4E€OHBIE MPOTPAMMBI
10J] KOHKPETHblE NOTPEOHOCTH KaXKAOro JHC-
neTyepa, 4YTo MOBHIIACT APPEKTUBHOCTH HOTO0-
TOBKH;

3) MozenupoBaHUE peEAIbHBIX
TPEHAXKEpPbl C HWHTETPUPOBAHHOM CHUCTEMOM
OLIGHKM TIO3BOJIAIOT OTpalaThiBaTh KaK CTaH-
JApTHBIE, TAK U HELITATHBIE CUTYALMH, YTO CIIO-
COOCTBYET pa3BUTHIO HABBHIKOB NMPUHATHS pelle-
HUI B CIIOKHBIX YCIIOBUSIX;

4) UCHOIB30BAaHUE COBPEMEHHBIX TEXHOJIO-
I'Mii: BHEJPEHUE MCKYCCTBEHHOI'O MHTEIIEKTA U
aHaJu3a JaHHBIX TO3BOJIIET aBTOMATH3HPOBATH
IPOIECC OLIEHKHU U MPEJOCTaBIATh JETATU3UPO-
BaHHYIO OOPaTHYIO CBA3b.

OnHako A7l yCIEIIHOTO BHEAPEHUS] CUCTEMBbI
HEOOXOIMMO YUHTHIBATh psisl (PAaKTOPOB: TEXHUUE-
CKYIO OCHAILIEHHOCTb TPEHAXKEPHBIX KOMILICKCOB,
HOATOTOBKY MHCTPYKTOPOB U TIOCTOSIHHOE OOHOB-
JIEHHE METOJUK OLIEHKH B COOTBETCTBHUM C H3Me-
HEHUSIMA B HOPMATUBHBIX JOKyMeHTax. Jlanmb-
Hellllee pa3BUTUE CUCTEMbI OLIEHKH KOMIETCHIIUH
qucnieryepoB YBJ[ MoxkeT ObITh CBSI3aHO C MHTE-
Ipalyeil HOBBIX TEXHOJIOTWH, TaKUX KaK MallliH-
Hoe 00y4yeHue, aHau3 OOJbLINX JAHHBIX U BUPTY-
aJlbHasl peajlbHOCTh, YTO IO3BOJIUT €le OOoJIbIIe
HOBBICUTh PEATUCTUYHOCTE U 3(P(HEeKTUBHOCTD
noArotoBku. Takum o0Opa3oMm, KOMIUIEKCHasl CH-

CUTYyaLMi:
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CTEMa OIICHKA KOMIIETEHIIUU JrcreTdyepoB Y B/]
Ha TPEHa)Xepax SIBJISICTCS BaKHBIM MHCTPYMEHTOM
JUIst 00ecrieueHus] BBICOKOTO YPOBHS MPOGECCHO-
HaM3Ma U 0€30MacHOCTU B YNPABJICHUW BO3YIII-
HBIM JIBIKCHHEM. Ee BHeIpeHne criocoOCTByeT He
TOJILKO TOBBIIICHHIO KAa4eCTBAa MOATOTOBKHU CIIC-
[MAJIMCTOB, HO U YKPEIUICHUIO JOBEPUS K aBUAlIU-
OHHOM OTpaciv B LIEJIOM.
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A3poaHAMIYECKOE MMPOEKTHPOBAHUE KOMIIOHOBOK KPbLIbEB
yY4e0OHO-TPEHUPOBOYHOI0 U MIJIOTAKHOTO CAMOJIETOB

10.C. Muxaiisios'

1 . .
Lenmpanvnolii aspo2cudpoOuHamMuyecKuti UHCIMumym
umenu npogheccopa H.E. JKyroeckozo, 2. Kykosckuii, Poccus

AHHOTaMs1: Y4eOHO-TPEHUPOBOYHBIN CaMOJIET — OCOOBINA KJIacC JITKUX CaMOJIETOB, MpeAHA3HAYEHHBIX IS TIEPBOHAYAILHON
JIETHOHM TOJTOTOBKM NWJIOTOB W MOJZICPKAaHWS HAaBBIKOB YNpPaBIeHWS Ha TpeOyeMoM ypoBHe. Mcronb30BaHHE CIENHAIBHO
pa3paboTaHHBIX Y4EOHBIX CAMOJICTOB C JOMOJHUTENBHBIMU (DYHKIMSIME O€30MacHOCTH, TaKMMU KaK TAHIEMHOE YIPABIICHHE,
OnaronpusTHOE MOBE/ICHUE a9POJAMHAMIYECKUX XapPaKTEPUCTUK Ha OOJBIIMX YIVIaX aTaK W YIPOILIEHHAs KOMIIOHOBKa KaOWHBI,
TI03BOJISIET JIETYMKAM OE30I1aCHO OCBaMBAaTh HABBIKH YIIPABJIEHHUS caMoiieToM. [1oaTarHbIi MOIX0/ K JIETHOW MOATOTOBKE IMHJIOTOB
IPKAAHCKOW M BOCHHOM aBHALMM OOBIYHO HAYMHAETCS C OCBOCHHMS HABBIKOB YIIPABJICHUS Ha caMoJieTax IepBOHAYaIbHOTO
o0yueHus. B Hacrosiiee BpeMst pOCCHICKHMI MapK camoJIeTOB IEPBOHAYAILHOTO 00OYYeHHsI YKOMIUIEKTOBAH MPEUMYIIECTBEHHO
camoneramu SIk-52, paspadoranusivu B OKB SIkoeneBa B 1974 rony Ha ocHoBe mmtoTaxkHoro camosnera Sk-50. [lanbHeiimee
COBEpILIEHCTBOBAHHUE JICTHOTO MACTEPCTBA MOJKET OBITH OCYIIECTBIICHO Ha MHJIOTAXKHBIX CaMOJIeTax akpoOATHYECKON KaTeropuH,
pazpabotanspix B OKb Cyxoro, Hanpumep Ha camonerax Cy-26. TexHudecknumu (akTopaMmy, OKa3bIBAIOIIMMH BIIMSHHC Ha
6e3omacHOCTh OOy4YeHMsI M YpPOBEHb TOATOTOBKH INWJIOTOB, SIBISIOTCS HAAEKHOCTh M JIETHO-TEXHHYECKHE XapaKTEPHCTHKU
camoneToB. JIeTHO-TEXHIIECKHE XapaKTEPHCTUKN 3aBUCST B OCHOBHOM OT a3pOAMHAMHKHU KPBUIA, a TAKKE OT pacrojaracMon
3((heKTHBHOCTH OpPraHOB YNpPAaBICHUSI W XapaKTEPHCTUK BBIOPAHHOW CHJIOBOI yCTaHOBKH. YPOBEHb M XapakTep IOBEICHHS
HOJBEMHOM CHIIBIL, CO3aBaeMOM KPBUIOM, B TOM YHMCJIe Ha OOJNBIIMX YIVIaX aTaky, ONpelesstorcs (opMoi KpbUla B IUIAHE U
XapaKTepPUCTUKAMH yCTAHOBJICHHBIX IpoGmied. AspoJuHaMHKa Kpblla TAKKe OKa3bIBACT CYILIECTBEHHOE BIMSHHE Ha
XapaKTepPUCTUKH YNPaBISIEMOCTH CamojieTa M BO3MOXKHOCTH O€30I1aCHOTO IMJIOTHPOBAHHS B AKCILTyaTallMOHHOM JWaria3oHe
pexuMOB mojieTa. Takum 00pa3oM, BBINOJNHECHHE TPEOOBaHMI, CBA3aHHBIX C OOCCIICUCHHEM 3asABJICHHOTO YPOBHSI
A3POJMHAMUYECKHX XapaKTEPUCTHK CaMOJIeTa, a TAKKE YNPABISIEMOCTH Ha OOJBIIMX YIJIaX aTaku, SBISIFOTCS OCHOBHOW LIEJIBIO
MIPOEKTHPOBAHHMS KPbLIa.

KiioueBble ciioBa: TpeOOBaHHS, METONONOTHS TIPOSKTUPOBAHHMS, aHAINW3 PACUYCTHBIX pE3yJIbTATOB, WCIBITAHUS B
a3POJMHAMUYECKUX TpyDax.

Jnsa nutupoBanusi: Muxaiinos F0.C. AsponnHaMudecKoe MPOeKTHPOBAHHE KOMIIOHOBOK KPBIIhEB YICOHO-TPEHHPOBOYHOTO
u nutotaxxHoro camoneros // Hayunsiii Bectauk MI'TY T'A. 2025. T. 28, Ne 6. C. 77-97. DOI: 10.26467/2079-0619-2025-
28-6-77-97

Aerodynamic wing design of a training and aerobatic aircraft

Yu.S. Mikhailov'
! Central Aerohydrodynamic Institute, Zhukovsky, Russia

Abstract: The trainer aircraft is a special class of light aircraft designed for initial flight training pilots and maintaining control
skills at the required level. The use of specially designed trainer aircraft with additional safety features such as tandem control,
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favorable behavior of acrodynamic characteristics at high angles of attack and simplified cockpit layout allows pilots to master
safely control skills of the aircraft. A step-by-step approach of flight training for civil and military pilots usually begins with
mastering control skills on initial training aircraft. Currently, the Russian fleet of initial training aircraft is equipped primarily with
Yakovlev Yak-52 aircraft, developed by the Yakovlev Design Bureau in 1974 based on the Yakovlev Yak-50 aerobatic aircraft.
Further improvement of flight skills can be achieved on aerobatic aircraft category developed by the Sukhoi Design Bureau, for
example, the Sukhoi Su-26 aircraft. Technical factors that influence the safety of training and the level of pilot training are the
reliability and aircraft flight performance. Aircraft flight performance depends mainly on the wing aerodynamics, as well as on the
available effectiveness of the control surfaces and the characteristics of the selected power plant. The level and nature of the
behavior of the lift generated by the wing, including the one at high angles of attack, are determined by the wing planform and the
characteristics of the assigned profile. Wing aerodynamics also has a significant impact on the aircraft controllability characteristics
and safe piloting capabilities in the operational range of flight modes. Thus, meeting the requirements associated with ensuring the
declared level of aircraft aecrodynamic characteristics, as well as controllability at high angles of attack, together are the main goal
of wing design.

Key words: requirements, design methodology, analysis of calculation results, wind tunnel testing.

For citation: Mikhailov, Yu.S. (2025). Aerodynamic wing design of a training and aerobatic aircraft. Civil Aviation High
Technologies, vol. 28, no. 6, pp. 77-97. DOL: 10.26467/2079-0619-2025-28-6-77-97

BBenenue bezonacHocts ynpasnenus ¥YTC MOXHO mo-
BBICUTB 34 CYET UCIOJIb30BAaHUS HA3EMHBIX Tpe-
IToBeleHHBI  ypOBEHb aBapuii  y4eOHO- HaKEPOB AJIs1 OTPAOOTKU METOAUKHU yIpPaBICHHS
TpeHnpoBouHbIX camoneToB (YTC) cBszaH ¢ OT- CaMOJICTOM Ha KPUTHYCCKHUX PCKHUMax IOJCTa.
CyTCTBHEM BPEMEHHON BO3MOYKHOCTH MJIs MC- BaykHOe BIMSHME MOXKET TaK)K€ OKa3aTh paspa-
npaBieHust OmMOOK MuiIoTupoBaHus. CoriaacHo OOTKa KOMIIOHOBOK KpblIa camojiera c Onaro-
CTaTUCTHYECKUM JaHHbIM [1] Oombinas dYacTh NPUATHBIMI XapaKTEPUCTHKAaMM CBaJIMBaHUS Ha
HECYACTHBIX CIIy4YaeB MPOUCXOAUT BO BpPeMs ITO- Oonpiux yriax atakid. OCHOBHbIMU (haKTOpaMH,
camkd M OTpabOTKM MaHEBPOB TPH COBEPILICH- KOTOpPBIE ONPEIEIAIOT OJaronpHusITHbIE XapaKTe-
CTBOBAHUU JIETHOTO MacTtepcTBa. Cpenn HUX Io- PUCTUKHM CBaJIMBaHMA, SABIIOTCA aJE€KBAaTHOE
TEps yNpaBJICHUS CaMOJIETOM SIBJISIETCSI Haubosee MPEeAyNpeIKACHUC MTUIJIOTA O HAYAJIC CBAJIMBAHUS,
4aCcTO YIIOMHHAcMbIM NPUYHMHHBIM CI)aKTOpOM u MOCTCIICHHOC €0 pa3BUTUC C YBCIIMUYCHUCM YyTJIa
pacnpoCTpaHEHHBIM CIIydaeM B ICHOYKE Mpend- araku 0€3 TEHIECHUMU K BO3HUKHOBEHWIO Bpa-
HIECTBYIOIIUX COOBITHH, CBSI3aHHBIX C BBIXOJIOM IICHHUSI OTHOCUTEIILHO MPOIOIBHON OCH U TIOTE-
caMoJieTa Ha OoJIblne YIJIbl aTaKd U MOCJICAYO- pu ymnpaBJIACMOCTH CaMOJICTA. bonpmas dacTh
muM «cBanuBanuem» [2, 3]. CkopocTh Haudaia ATUX XapaKTEPUCTUK MOXKET OBITh OOecredeHa
CBAJIMBAaHUs ONPEACISACTCA HArpy3KOM Ha KPBLIO Ha STale MNpeABaprUTECIbHOIO MNPOCKTUPOBAHUA
U 3HaYeHUeM KO3((UIMEHTa MaKCUMaJbHON kpbu1a. Beibop mpouiuMpoBKM M 3amuMTa KOH-
NOJBEMHOM CHIIBI KpblIa. XapaKTEPUCTUKU CBa- LCBBIX CCYCHUH KPbLIAa OT MPEXKIACBPEMCHHOTO
JIMBAaHUS 3aBUCAT OT (OPMBI Kpblia B IUIaHE, OTpbIBAa IIOTOKA Ha OOJIBIIMX yIJIax aTaku odec-
adpPOMHAMUYCCKAX XapPaKTEPUCTHK W HAINYUS MEYNBAIOT COXPAHEHUE YPPEKTUBHOCTH DIIEPO-
reOMETPUUECKOM KPYTKH ceyeHud Kpbuia. Ilpe- HOB, HEOOXOIMMOE ISl UCKIIOYEHHUS «OMPOKHU-
BBIIIICHUEC KPUTHUUECKOTO yIJIa aTaKd MOYKET TPH- AbIBaHU» (upset) Ha KphLIo [5, 6].
BECTH K OTpBIBY MOTOKa C OOJNBIIEH YacTH BEpX- OrcyTcTBHE MEXaHU3AIMH MIEPEIHEN KPOMKH
HeH IMMOBEPXHOCTH KpbLJIa U cymeCTBeHHofI oTe- y OOJIBIIMHCTBA JIETKMX CaMOJIETOB CO3AAeT JI0-
pe MOABEMHOM CHIIBI, & TAKXKE YBEIMYEHUIO CO- HIOJTHUTENBHYIO NPOOJIEMy, CBA3aHHYIO C o0ec-
MPOTUBJICHUA, YTO NPHUBOAUT K 61,1c”[p0171 norepe neyeHneM O0e30MacHOCTH PEKUMOB II0JICTA Ha
BBICOTHI IosieTa. HepaBHOMEpHOE pa3BUTHE OT- MaJbIX CKOpOCTSX. MIcmonb3yemas Ha psiie KOM-
pbIBa IIOTOKa C KOHCOIEH KpblIa MOXET TaKXKE IIOHOBOK Kpblla CHC€OHaJIbHasd «3y611aTa91» reo-
BBI3BATh aBTOPOTALMIO CaMOJIETa C BO3MOXKHBIM METpUs MEPETHEN KPOMKH, a TaKXKe YCTaHOBKa
MIEPEX070M B PEKUM MITONOPA, BBIXOJ U3 KOTO- rpeOHell U BHXPEreHEpaTOpOB Ha BEPXHEU IO-
poro TpeOyeT Hanuuusi OOJbIIEH BBHICOTHI M CKO- BEPXHOCTH IMO3BOJIAKOT YCTPAHUTh Pa3BUTHUE JIO-
OpPAMHHPOBAHHBIX AecTBUI nuioTa [4]. KaJIbHBIX 30H OTphIBa MOTOKAa IO pa3maxy 0e3
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VTC «Carmcan»

IMunoraxusiii camoneT truma Cy-49

Puc. 1. CxeMbI KOMIIOHOBOK CaMOJIETOB
Fig. 1. Aircraft layout diagrams

CEpbE3HBbIX M3MEHEHHH KOH(UTrypaluu Ha 3a-
KITFOYUTENBHBIX 3Tanax pa3paboTKu KOMIIOHOB-
ki kppuia [7]. IlmaBHOE CHUXKEHHE HECYIINX
CBOICTB Kpblla Ha OONBIIMX YIJIax aTakd u
obecrieueHre (HEKTHBHOCTH XBOCTOBOTO OIIC-
peHust TpedyeT TakKe TIIAaTeIbHOW OTpaboTKU
reOMETPHHU 3aJIM3a B MECTE COTIPSIKEHUSI KpbLIa C
drozensmrem. [locneanee ocoOeHHO BaXKHO IS
KOMIIOHOBOK CaMOJIETOB C HUYKHUM PaCIOJIOKe-
HUEM KpbLIa.

Cy1iecTBYIOT pa3InyHbIe METObI U IPUEMBI
MPOEKTUPOBAHMSI KpbLlIa caMoJieTa, KOTOPBIE CO-
OTBETCTBYIOT OIIPENEICHHBIM 3TamaM IMPOEKTH-
poBaHMs. Y pa3HBIX pa3pabOTUYUKOB JeTald
KaXI0ro sTama OyayT OTJIMYAThCs, OJHAKO B
KOHEYHOM TPOAYKTE TOJIKHBI OBITH YUTEHBI BCE
OCHOBHBIE TpeOOBaHUs 3akazuuka. J[Jis Havab-
HOTO JTama a’pOJUHAMHUYECKOT0 MPOEKTHUPO-
BaHus kpbuta YTC Takumu TpeOOBaHUSIMU SIB-
JSIOTCS TONIIUHBI Mpoduiiel B 0a30BBIX cede-
HUSX KpbLIa, a TAK)KE B3JIETHO-II0CA/I0UHbIE JTHC-
TaHI[UM, CKOPOCTH CBajJMBaHUS U 3axoja
Ha MOCAJKY.

B paGote mpenctaBneHbl pe3ynbTaThl a’po-
JUHAMHYECKOTO IPOEKTUPOBAHUS KOMIIOHOBOK
KPBUIEEB YUEOHO-TPEHUPOBOUYHOTO M MHIOTAXK-
HOTO CaMOJIETOB, BKJIIOYAIOIIME pa3pabOTKy
npoduseil ¢ MOBBIINIEHHBIM YPOBHEM HECYIIMX
CBOWCTB W TMpPOEKTHpOBaHHE APPEKTUBHON
B3JIETHO-TIOCAIOYHON  MeXaHu3auuu. Bwibop
reOMETPUUYECKUX IapaMeTpoB MNpoQuiieil BbI-
MOJIHEH C Y4eToM coxpaHeHus 3(hdekTUBHOCTH
AJIEPOHOB U OJAronpUATHOrO MOBEAEHHUS a3PO-
TUHAMHYECKHX XapaKTePUCTHK Ha OONbIINX YT-
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JlaX aTakd ¥ CKOJbkeHUs. DPPEeKTUBHOCTH pa3-
pabOTaHHBIX KOMIIOHOBOK KpPBUIBEB IOATBEP-
KIOCHA B UCIIBITAHUAX MOI[CHGI\/'I CaMOJIECTOB B Ma-
JIOCKOPOCTHBIX ~ adpOJMHAMHYECKUX  TpyOax
HATY u Cu6HUA.

KpaTkoe onucanue KOMIOHOBOK
CaMo0JIETOB M MapaMeTPOB KPbLia

Jlerkuit nyxmectubiii YTC «Cancan» (rnaB-
ueiii koHCTpyKTOp IL.I'. Tkauenko, 1994 rom)
c B3neTHbIM  BecoM  Go 1300 «r
(G/S =131 KF/MZ) MpeIHa3HaueH Jis MepBOHa-
qaJibHOro 00yuyeHus: nuiaotoB. KommnoHoBka ca-
MOJIETa BBIIIOJIHEHA 10 CXEME C HHU3KOpaCIOJIOo-
KEHHBIM KpPBUIOM C YJUIMHEHUEeM A = 7,2 u ma-
TyOHBIM XBOCTOBBIM orepenueM (puc. 1). Kabu-
Ha DKUIAXKa IBYXMECTHasl C TaHAEMHBIM pacIlo-
noxeHueM cuaeHuii. CuiaoBasi yCTaHOBKA BKIIIO-
yaer mopmHeBod gsurarens (MI14I1 wnum
TIO-540-W2A) u BO3AyUIHBIH BUHT IHaMETPOM
2 M. [laccu TpexcroeuHoe, youpaemoe B Kpeii-
CEPCKOM II0JIETE.

[TunoTaxkHbIl camMoJeT akpoOaTUYeCcKO Ka-
teropun tuna Cy-49, 2000 ron, ¢ B3JI€THBIM Be-
com Go = 1250 kr (G/S = 90,5 kr/m* — -
TaxHpii Bapuant) u 1 500 kr (G/S = 109 kr/m* —
nByxmecTHbI BapuanT Y TC) mpenHazHaueH Kak
JUIs TIEPBOHAYAJIbHOM M YIiIyOJIEHHOM JETHOM
MOATOTOBKH, TaK M Ul NOAJAEP)KAHUS JIETHOIO
MacTepCTBa IUIOTOB BOCHHOM M I'PAKIAHCKOU
aBuanuu. KommnonoBka camonera (puc. 1) BbI-
noJjiHeHa 1o aHanoruyHoit cxeme ¢ YTC «Cam-
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Taoauna 1
Table 1

[TapameTpsl kpbLIa
Wing parameters

OcHOBHbIE reOMeTpUYECKHE TapaMeTPhl CamoJer
Kpblia «Cancan» Tna Cy-49

IImomans, M 9,92 13,8
Pazmax, M 8,47 9,2
VY nunenue 7,2 6,14
CAX, M 1,225 1,56
OTHOCHTENIbHAs TOIIMHA TPOQUIIeH KpbLIa:

KOpHEBOE ceueHue, % 16 18

KOHIIEBOE ceucHue, % 12 12
Yroi reoMeTpuuecKO KpyTKU —2,67 0
OTHOCHTENBHBINA pa3Max MeXaHu3aIum, % 56 49
Xopnaa 3aKpbUIKOB, % 30 25
OTHOCUTENBHBIN pa3Max 3JE€pOHOB, % 30 41
Xopaa 37epoHoB, % 30 29,5

can». CuioBasi yCTaHOBKA — MOPIIHEBOM JIBUTra-
Teap tina M9®, momnocts 420 1. c. Makcu-
MaJbHas/MUHUMAaNbHAs JKCIUTyaTallMOHHAs Tie-
perpyska camoiieta ¢ B3JIeTHbIM BecoM 1 250 kr
cocrapinsieT +10/—7 equnun g.

PaccmaTtpuBaeMble KOMIIOHOBKH CaMOJIETOB
UMEIOT TpamnenueBuAHy0 (HopMy KpbUla B IUIa-
HE, XapaKTEePU3YIOIIYIOCS CIEIYIONIMM HabOpOM
OCHOBHBIX I'€OMETPHUUYECKHX MapaMeTpoB, a TaK-
’)K€ OTHOCHUTEIIbHBIMU pa3MepaMu MeXaHU3alUH
U DJIEPOHOB, MPUBEJCHHBIMU B Ta0m. 1.

TpedoBanus K npopuIMpoBke
U MeXaHM3aLUM KpbLIa

Jls BBIOpaHHON TUITUYHOMN TparenneBUIHOM
(GOpMBI KpbUTa B TIAHE CBOOOJTHBIMU TapaMeT-
paMu, OKa3bIBAIOIIMMH BIMSHUS Ha a’poAvHa-
MHUYECKOE KaYECTBO M HECYILHE CBOMCTBA KPbLIA
caMoJieTa, B TOM YHCJIE€ Ha peXHMax B3JeTa U
MOCAJIKH, SBJISIOTCS TeOMETpusi 0a30BBIX cede-
HUM KpbUIa U MEXaHU3AllUH. Y UUTHIBAsI, YTO pac-
cmatpuBaeMmble YTC MHOropexumHble, K HUM
NPEIbSBISAIOTCS  ONpeJesieHHble  TpeOoBaHUs
K KpUTEpUSAM KOHCTPYKTHUBHOM MPHEMIIEMOCTHU
Y a3POJMHAMUAYECKUM XapaKTEPUCTHKAaM KpbLia
¢ yOpaHHOH ¥ OTKJIOHEHHOUW MeXaHU3aIueH.

Hns YTC «Carncan» 3asiBI€HHbIE KOHCTPYK-
TUBHBIE TPeOOBaHUS K TOJIUHAM 0a30BBIX MPO-
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¢duneil BKIIOYAIOT TaKXKe a’pOJAMHAMUYECKUE
XapaKTepUCTHKH: MaJloe CONPOTUBJIICHUE B
KpehcepcKoM ToJIeTe CO 3HaYeHUEM KO3 uIm-
€HTa MoabeMHOM cuibl Kpbula Cyy, 0,28
(M =0,3) u obecriedeHre CKOPOCTH CBAaTUBAHUS
caMmoJieTa B TOCaI0YHON KOH(HUTypaluu HE BBHI-
me 105 km/9 ¢ KoapdUIMeHTOM MaKCUMaTbHON
MOABEMHOM CUITBI Kpba Cypmax = 2,27.

Jna YTC tuna Cy-49 3asBieHHBIE KOH-
CTPYKTHBHBIE TPeOOBaHHS K TOJIIMHAM 0a30BbIX
npoduneil AOMOMHEHBI CIEAYIOMIUMHU adPOIH-
HAMHYECKUMH XapaKTEPUCTHKAMH KpbLJIa:

e KpPBUIO JOKHO MMETh Majlo€ COMPOTUB-
nenne aas Cy,, = +0,5 (mpsiMoil U nepeBepHy-
TBI TIOJIET ¢ MAaKCHMaJbHON CKOPOCTHIO), a
Takke o0ecrnevynBaTh SKCIUTyaTallMOHHBIA -
nasoH Imeperpysok ny, = (—7/+10)g, coorser-
CTBYIOILIUN 3HAYEHUSIM K03 pHLIIEHTOB
Cy=-091wu1,3 (V=400 xm/g; H=1 xm);

e  MEXaHM3AIWs KPbUIa HA PEKUME TIOCATKU
noJbKHa obecrieunBaTh 3HAYEHUE Cypax > 2.

IIpodunupoBka u Hecyluiue CBOiCTBA
KPbLJIa CaM0JIeTOB-NIPOTOTHIIOB

Jns muoropexxumusix YTC BbIOOp mpodu-
JUPOBKU KpbLIa BBITIOJNHICTCS Ha OCHOBAaHHH
aHaJM3a MOBEACHUS a’pPOIMHAMUYECKUX Xapak-
tepuctuk (AJ[X) mpodwieit B mmpokom auamna-
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Taoaumna 2
Table 2
[TpodunmpoBka Kpsuia
Wing profile
Camouter Kopuegsoii npopuin KoHnuesoii npoguianb
Sx-52 Clark YH (¢ = 14,5 %) Clark YH (¢ =9,3 %)
Cy-26 Cummerpuyssiii (€ = 18 %) Cummetpuyssiii (€ = 12 %)
Cy-29 Cummetpuunsiii (¢ = 18 %) Cummetpuussiii (€ = 12 %)
Socata TB 30 Epsilon RA 1643 (¢ =16 %) RA 1243 (¢ =12 %)
Grob G120 A Eppler 884 Eppler 884
EMB 312 Tucano NACA 63A415 NACA 63A212 (¢ =12 %)
Fuji T-7 NACA 23016,5 (¢ = 16,5 %) NACA 23012 (¢ =12 %)
Pilatus PC-7 NACA 64A415 (¢ =15 %) NACA 64A612 (¢ =12 %)
Beech T-6 Texan II PIL15M825 (¢ =15 %) PIL12M850
UTVA Kobac NACA 64-215 (¢ =15 %) NACA 64-212 (¢ =12 %)

OTpblIB ¢ 3agHen
KDOMKW

—— (00-series
—e— 14-series
—#— 230-series
—— 24-series
—— 44 series

2 -
C OTpbiB ¢ NnepeaHen
ymax KDOMKHW
OTpbIB € TOHKOrO
npochuna
1.5
14
0.5 T
5 10

15

Puc. 2. BrusHre 0OTHOCHUTEITFHOM TONIIMHEI HA THIT OTPBIBA IMOTOKA U 3HAYCHUS CY . Tipoduiieit NACA [9]
Fig. 2. Effect of relative thickness on the type of flow separation and Cl,,,,x of NACA airfoils

30HE YIJIOB aTaku. Takke y4UTHIBAETCS UX KOH-
CTPYKTHUBHAS TIPUEMIIEMOCTh C MO3HUIIUU pacIpe-
JEJIeHNs TOJIIMH 10 XOpJie, BKJII0Yas XBOCTO-
BYIO 4acTh. Ha OCHOBaHWUW NaHHBIX, MPUBEICH-
HBIX B pabore [8], B Tabna. 2 mpeacTaBiICHBI
Ha3BaHUs TPOodUeH, yCTAaHOBICHHBIX B KOPHE-
BBIX U KOHIEBBIX ceueHUsIX Kpblia psaga YTC u
MUIOTAXXHBIX CAMOJICTOB.

W3 npuBeNeHHBIX AAHHBIX CIEAYET, 4TO IS
npodunrpoBku kpsuta YTC ucnons3yrores pas-
JUYHBIE HAOOphI TpoduUiIeH, Ha BHIOOP KOTOPBIX

81

BIMSIOT KaK TEOMETpHs, TaK M PE3yJIbTaThl UX
UCTIBITAaHUA B adpOJMHAMHYECKHX  TpyoOax.
OO0001IeHHBIE PE3YIbTAThI BIUSHUS OTHOCUTEIb-
HOM TOomMHBI ipoduiei (€ ) Ha 3HaYCHHUS Cymax
U UX CBA3b C THUIIOM OTpPbIBa IIOTOKA C BerHeﬁ
MOBEPXHOCTH TMOKa3aHbl HAa pHUC. 2 Ui psija ce-
puit mpoguneit NACA.

OTpbIB MOTOKA C BEpXHEH MOBEPXHOCTH HOC-
Ka TOHKOTO MPOQWIA C MOCIEAYIONIMM IPHCO-
CIMHECHHEM XapaKTePH3YeTCs TOSBJICHUEM Jia-
MUHApHOTO «0abiia» («Imy3sIpsi») cpasy 3a Tie-



HayuHblit BectHuk MITY TA

Tom 28, Ne 06, 2025

Civil Aviation High Technologies

pennell kpoMkoi mpoduns. OTphIB BbI3BaH BbI-
COKMMH 3HAYEHUSIMH TPAJUCHTA IABIICHUS I10-
CJIe CYIIECTBEHHOTO YCKOPEHHS MOTOKa B HOCO-
BOM 9acTu mMpoduisi ¢ MaJIbIM PaTuyCcoM Tepe-
Hell kpoMku. C yBelIWYeHHEM yTiia aTak IMpo-
HCXOJIUT TPOTPECCUBHBIN POCT MPOTSHIKEHHOCTH
«Iy3BIps» 0 MOCTHXKEHUS UM TOJOKEHUS 3a-
HEl KPOMKH M CYIIECTBEHHOE CHM)KEHHE KOd(]-
bunueHTa MoaAbEMHOMN CUJIBL.

OTpeIB ¢ IepeaHelt KpoMKHU Tpoduiei ¢ ot-
HOCUTENbHOU TonmuHOU € =~ §8...12 % ¢ obpa-
30BaHHEM KOPOTKOTO «0a01ay MpOTSAKEHHOCTHIO
okoso 1 % xopnael, HaOMIOAaeMBbIi Ha yMEpEH-
HBIX yIJIaxX aTaku (o), YMEHbBIIIAeTCs B pa3Mepe ¢
yBEIHUYEHUEM O.. DTOT «06abm» OKa3bIBaeT orpa-
HUYCHHOE BIUSHUE HA pachlpeselieHue TaBJie-
HUS, a TaKXKe MPOJOHKAIOIINICI POCT HOCOBOTO
MUKa Pa3peKEHUs] M MOJABEMHON CHIIBI IO KpH-
THYECKOT0 yrja aTaku. Pe3kuil cphIB MOTOKa C
XBOCTOBOW 4acTH MPOdUiIs U 3HAYUTEIbHBIC W3-
MEHEHHsI KO3(PPUIIMCHTOB MOJAbEMHOU CHJIBI U
MOMEHTa TaHTa)XXa IMPOUCXOJAT Ha 3aKpUTHYC-
CKHX YTJIaX aTakH.

BbrnarompusitHoe m3menenue AJ[X Habmona-
€TCsl TpU BO3HUKHOBEHHM M TMOCIEAYIOLIEM
TUTABHOM DAa3BUTUU OTpPHIBA TIOTOKA C 3aJHEU
KPOMKH TPOQHICH ¢ OTHOCHTEIFHBIMU TOJIIIH-
HaMU, paBHBIMH WY MPEBBIIIAIONIIME 3HAUCHHE
12 %. OOTexaHne BepXHEH MOBEPXHOCTH TAKHX
npodumneil mpakTudecku 6€30TPHIBHOE 10 YIJIOB
ataku, Omu3kux kK 10°. B obnactu KpuTHYECKOTO
yIiia aTaku OPOTSHKEHHOCTh OTPBIBA COCTABIISIET
okoio 50 % xopabl mpoduns. OTMedeHHBIE
ocoOeHHOCTH oOTekaHusl mpoduiiel yKa3aHHBIX
TOJIIIMH ONPEENIMIN 11e1eco00pa3HOCTh UX BbI-
6opa a1 KoMnoHoBOK kpbuta YTC.

Hecymme cBolicTBa Kpbuia, ONpeaeisieMble
3HaYCHUSIMHU KOX(PPUIIMEHTa TOIHEMHON CHIIBI
KpbLUIa TIPU MAJIBIX CKOPOCTSX IOJIETa, OKAa3bIBa-
IOT CYIIECTBEHHOE BJIHMSHHE Ha MHHUMAJIbHBIC
CKOPOCTH TI0JIeTa, XapaKTePUCTUKH MaHEBPEH-
HOCTH, a TaKKe Ha B3JIETHO-TIOCAJOYHBIC IH-
CTaHLUU camoJjera. MakcuManbHbIH KO3 PUIm-
€HT MOJBEMHOW CWIbI KpbLIa, OMpPEAEIsiEeMbIN
cymMmupoBaHueM 3HAYCHUH Cymax KpbLIa B Kpeii-
cepckoit koHpuryparuu 1 npupanieHuid ACymax
OT OTKJIOHEHUS MEXaHHU3allUH, SIBISICTCS OJHUM
U3 TPUOPHUTETOB NpU pa3paboTKe KOMIIOHOBOK
KpbLJIa MAJIOCKOPOCTHBIX CaMOJIETOB.

~
~
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Jnst BEIOpaHHBIX KOMIIOHOBOK TpEX JIETKUX
CaMOJIETOB C IOPIIHEBON CWJIOBOM YCTaHOBKOW,
a TakXke N1 COBPEMEHHOrO TypOOBHHTOBOTO
camojera akpoOatuueckoi karteropun PC-21
BBIMIOJIHEHA OLIEHKA 3HAU€HUHM Cymax CaMoOJIETA B
MOCaI0YHON KOoH(pHTrypanuu Kpbiia. B kadecTse
HCXOJIHBIX JaHHBIX MCIOJb30BaHbl 3HAYEHUS
YICNbHBIX HArpy30K Ha KpPbUIO M 3asBJICHHBIC
CKOPOCTH CBaJMBaHUs CaMOJIETOB B MMOCAJOYHON
KoH(pUTYyparuu Kpbuta. JlaHHBIE B3SITHI U3 JO-
CTYMHBIX MH(POPMAIMOHHBIX UCTOYHHKOB B WH-
tepuere . s YTC Sk-152 3Hauerne Cymax
KpblJIa B MOCAJ0YHON KOH(UTYpaIH B3ATO U3
cratbu B kypHane «llomer» [10]. IlmanoBbie
MPOEKIUNA PACCMOTPEHHBIX KOMIIOHOBOK Camo-
JIETOB TIOKa3aHbl HAa PUC. 3, OCHOBHBIC TEXHUYE-
CKHE€ XapaKTepUCTUKU 0a30BbIX KOH(UTypauuit
0e3 MOABECKH JIETKOTO BOOPYKEHUS TOJI KpPbI-
JIOM TIpUBE/ICHBI B Ta0. 3.

W3 nosry4eHHBIX pe3ysIbTaTOB IIPOBEACHHOU
OLIGHKH CJIETyeT, YTO 3asBJIEHHbIE TPEOOBAHUS K
MaKCHUMAalbHBIM 3HAYEHUSM KOIPPUIIMCHTOB
MMOABEMHOU CHJIbI MPOEKTUPYEMBIX KOMIIOHOBOK
kpeita camoneroB YTC «Cancan» (Cymax
2,27) u manotaxkroro Tuna Cy-49 (Cymax = 2,0)
HaxoJATCs B IUAIa30HE aHAIIOTMYHbBIX 3HAYECHUN
JUISL  KPBUIBEB CaMOJIETOB, IPUBEICHHBIX B
tabn. 3. Pabounii aquamason 3Hauenuit Cy B mo-
JIETE€ C BBIMYLICHHOW MEXaHW3aluenl OrpaHuYH-
BAETCS BEJIMYMHAMU MHUHUMAJIbHOM U MakKCH-
MaJIBHOM CKOpPOCTEW, MPEAOTBPALIAIOIINMU T0-
MaJjaHue caMoJieTa B CUTYalUI0 HEYNpaBIIIeMO-
ro MoJIeTa, a TAaK)KE€ MPEBBIIIECHUE YKCILTyaTalu-
OHHBIX OTPaHUYECHUI.

[Ipu ucmonb30BaHWM TUIMYHOTO BapHaHTa
MexaHHu3aluu 3aaHeil kpomku kpeuia YTC (oa-

Ax-152 Y4ueOHO-TpEHUPOBOYHEIN caMoIeT [ DIeKTPOH-
HbIl pecypc] // yakovlev.ru. URL:
https://yakovlev.ru/products/yak-152/ (nata oOpamieHus:
15.01.2025).

Socata TB-30 Epsilon [Onexkrponnstii pecypc] // Wik-
ipedia. URL:
https://en.wikipedia.org/wiki/Socata TB 30 Epsilon
(mata obpamenms: 15.01.2025).

Grob G120A [DnexrponHsIii pecype] / Wikipedia.
URL: https://en.wikipedia.org/wiki/Grob_G 120 (mara
obpamenus: 15.01.2025).

Pilatus PC-21 [Dnexrponuslii pecypc] / Wikipedia.
URL: https://en.wikipedia.org/wiki/Pilatus PC-21 (nara
obpamenus: 15.01.2025).
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Socata TB 30 Epsilon Grob G120 A

Puc. 3. [Tnanossle npoexuuu YTC
Fig. 3. Plan views of training aircraft

Tadauuna 3
Table 3
TexHuueckue XxapakTepUCTUKH CaMOJIETOB
Aircraft technical specifications
Cneuudpuxanus TB 30 Grob Sk-152 PC-21
Epsilon G 120A [14]
Pa3max kpsiia, M 7,92 10,19 8,8 9,11
Ilnomane kpelia, M 9 13,3 12,9 15,22
VY anuHeHne 7 7,8 6,03 5,45
Kopneotii npoduib RA 1643 (16 %) E-884 NACA2415
Konreroii mpoguib RA 1243 (12 %) E-884 NACA4412
Bzaernniii Bec, kr 1250 1490 1490 3100
MoONIHOCTE ABHUTATEII, 1. C. 300 260 500 1 600
Y j1enbHas HArpy3Ka Ha KpbLIO, KI/M 139 112 131,8 204
Kpeticepckas ckopocTh, KM/4 358 307 380 570
Jnmna pazbera, m 340 374 235/260* 490
Banernas aucranmus (H =15 m), m 560 707 725
Jmuna npoGera, M 340 420/375% 600
ITocagounas gucranmms (H= 15 M), m 650 562 689 900
CKOpOCTh CBATMBAHUS, KM/4 111 102 114 150
Koaddumment Cy,.x Kpbuia 2,18 2,23 2,1 1,9

HOILIEJIEBOW MOBOPOTHBIN 3aKpbUIOK) HPEBbIIIIE-
HUE 3asABICHHBIX 3HAY€HUN Cymax KpbUIA MOKET
OBITh JOCTUTHYTO 3a CHET pa3pabOTKU HOBBIX
npoduiiell ¢ MOBBILIEHHBIM YPOBHEM HECYIIUX
CBOICTB W MPOEKTHUPOBAHUS MEXaHU3aLUU C
OJaronpusATHBIM XapakTepoM OOTEKaHHs BepX-
HEl IIOBEPXHOCTH 3aKPBUIKOB B I0CAJOYHOU
KOH(UTYpAaIIH.
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MeTtoauka a3poaAMHAMHUYECKOT0
NMPOEKTHPOBAHUA KOMIIOHOBOK
KPbLIbEB C MOBBIIIEHHBIM YPOBHEM
HeCYIIUX CBOMCTB

Llenpro a’pOJMHAMHYECKOTO MPOECKTUPOBA-
HUSl sBIsieTCsl pa3paboTka 0a30BBIX Npoduiieit
KpbUIa, OTpENeIeHHe TeOMETPUH U TIOJOKEHHS
3aKpBUIKOB Ha PeKUMax B3jeTa u mocaaku. Mc-
XOJHBIMU JaHHBIMH SIBISIIOTCSI TPUBE/ICHHBIC
paHee TpeOOBaHUS K OTHOCUTEIFHBIM TOJIIUHAM
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npoduseil B 6a30BbIX CEYCHUSIX KpbLIa, pa3Mepy
XOpJA IMPOEKTUPYEMOI MEeXaHM3alMM, a TaKke K
YPOBHIO MakCUMalbHbIX 3HaU€HUN Cymax KpbliIa
C OTKJIOHEHHOW MEXaHM3alMed B MOCAJOYHOU
KOH(UTYpAaIIH.

BriOpannblii B paboTe moaxon K BbIOOpY
pacyeTHbIX METOJOB MPOEKTUPOBAHUS 3aAKIIIO-
qaJjicsi B COYETAHUU CIIO)KHOCTH MX HCIOJIb30Ba-
HUSl U TpeOyeMbIX 3aTpaT C 3asBICHHOU ILIETBIO.
IIpuHATHI B UTOr€ BapuaHT MHTETPALUU YHUC-
JIEHHBIX MeToA0B pacueTa AJIX ceueHuil Kppuia
¢ yOpaHHOI U OTKJIIOHEHHOUW MexaHu3aruei [11]
(CFD software) ¢ METOIUKOM OIEHKH 3HAYCHUI
KOA(P(UIIMEHTOB MAaKCUMAJIBHOH  TOIBEMHOU
CUJIBl Ha pexuMax B3JeTa U  MOCAAKU
(DATCOM 1978), npuBenenHoii B padore [12],
OKazajcsi HauOojee MPUEeMIIEMBIM IJIs Hayallb-
HOro »JTama mnpoektupoBaHus. [locnenyromue
pacuetrbl AJIX xommnoHoBkun YTC «Cancan» ¢
yOpaHHOI M OTKJIIOHEHHOW MeXaHHW3aluen Ipo-
BEJICHBI C UCIIOJIb30BAHUEM HEJIIMHEWMHOIO0 METO-
Jla BUXpeBOil pemterku [13].

Meroanka nMpoeKTUpoBaHus Mpoduiieit ¢ mo-
BBIIIICHHBIM YPOBHEM HECYIIMX CBOICTB, a Tak-
K€ OTHOCHUTEJIbHO MAJIBIMU 3HAYEHMSIMHU COIPO-
TUBJIEHUS B KPEMCEPCKOM II0JIETE U YMEPEHHBI-
MU BEJIMYMHAMM MOMEHTA TaHTa)ka Ha MHUKUPO-
BaHUE pa3paboTaHa paHee Ha OCHOBAHUHU pe-
3yJbTaTOB PACUETHBIX M HKCIEPUMEHTAJIbHBIX
MCCIIEIOBAaHU MaJlOCKOPOCTHBIX Tpoduieit ce-
pun [14, npenHa3HA4YEHHBIX IS CAaMOJIETOB
aBUanuu oOmero HazHaueHus [14]. YBennueHue
HECYIINX CBOMCTB MpOo(HIIei Mpu MaJIbIX CKOPO-
CTSIX IOJIeTa 00EeCTIeYMBAETCS 332 CUET IIEJICBOTO
BbIOOpAa Fr€OMETPUUECKUX MapaMeTpOB, XapaKTe-
PU3YIOIIMX BEJIMYMHBI W TOJOKEHUS MAaKCH-
MaJIbHbIX 3HAYEHUW BOTHYTOCTH M TOJILHH IIPO-
¢duielt, a TaKKe HMCIOJIb30BAaHUS CHEIHATHLHON
PO MIMPOBKK HOCOBOW YacTH, 0OECTICUMBAIO-
el CKpYyIIIeHHYI0 (JOpMy pacupeaesICHUIO 1aB-
JIEHUSI ¢ YMEPEHHBIMH IPAJIMEHTAMH BOCCTAHOB-
JieHus Ha OONIBIINX YTJIaX aTaku M IUIaBHOE pas-
BUTHE OTPHIBA NOTOKA C 3aHEN KpOMKHU. becnu-
KOBBI XapakTep pachpeaesieHus JaBJIEHUs
B HOCOBOIl YacTu mnpodmis B COUYETAHUU C
ocnabiaeHHbIM U PY30pOM, 0O0YCIOBICHHBIM
MEPEAHUM TOJIO)KEHUEM MaKCUMaJIbHOW TOJIIIH-
HBI, oOecrieunBaeT OE30TPHIBHBIN XapakTep 00-
TEKaHHUs BEPXHEH MOBEPXHOCTH 10 3HAYCHMI
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kodpdulMeHTa TOIBEMHOW CHUJIBI, PaBHBIX
Cy = 1,3...1,5, a Takke COXpaHEHHUE YMEPEHHBIX
3HAYEHUM CONPOTUBIICHNS U MOMEHTA TaHTaXa.
[Tocnenyromee muaBHoe pa3BuUTHE AUPHY30pHO-
ro OTpbIBa C yBEJIMYEHUEM yTja aTaku obecre-
YUBAaeT JOCTH)KCHHME 3HA4YCHHU Kod(]duimenrta
Cymax = 1,8...1,9 B KOMIIOHOBKaX Kpblja MOJIE-
nel Jerkux camoseToB [15] Ha manbIx cKopo-
CTaXx moJieTa ¢ yuciiamu Maxa M = 0,15...0,20.

[Ipomiecc  MpPOEKTHUPOBAHMUS  MEXAHU3ALUU
VYTC Brito4an y4eT KOHCTPYKTHBHBIX OTpPaHH-
YEHUH Ha pa3Mep XOpAbl U pa3Max 3aKpbUIKOB, a
Takke TpeOOBaHUN K YpPOBHIO MaKCHMAaJIbHBIX
3Ha4€HUHN Cymax KpbLa ¢ OTKIIOHEHHON MEXaHHU-
3amueil B mocajgouyHoi koHurypanuu. Hammaue
3ampera Ha H3MEHEHHE T'E€OMETPUM BHEIIHUX
Y4aCTKOB 3aKPBLIKOB, COOTBETCTBYIOLIUX Kpeil-
CepCcKoi KOH(UTYpaIli KpbUIa, OTPaHHYHUBACT
BO3MOYKHOCTH TPOEKTUPOBAHUS MEXAHW3ALUU
TOJILKO y4YacTKaMH, YOUPAIOIIUMUCA BHYTPb
KOHCTPYKIMU Kpbiaa. JlJIS TOCTpOSHUS BHYT-
PEHHUX YYaCTKOB '€OMETPHUH, a TaKKe UX IJIaB-
HOTO CONPSDKEHHSI C BHEITHUMHU ydacTKaMu 3a-
KpBbUIKa HCIIOJIb30BaHbl KpUBbIE CIIaiiHa be3be
(NURBS) tpetbero mopsnka. Bweibop momosxe-
HUW MEXaHW3allud Ha peKMMax B3JeTa U Mocaj-
KH BBITIOJHEH C MCIOJIB30BAHUEM PE3YyJbTaTOB
pacueta AJIX cedyeHmil Kpbuia, ONPEICICHHBIX B
paMKax MOJETUPOBAHUS PEIICHUS YpaBHEHUN
Hasbe — Crokca, ocpeaHeHHbIX 10 PelHoIbACY
(RANNS).

Pacuer AJIX xomnonoBku YTC «Cancan» ¢
yOpaHHOW M OTKJIOHEHHOW MeXaHW3alluel BBI-
MOJIHEH B pPaMKaxX KBa3HTPEXMEPHOTO METOJa
MOJICIIUPOBAHUS BI3KUX 3()()EKTOB M pearbHON
T€OMETPUU DBJEMEHTOB KOMIIOHOBKHM CaMmoJie-
ta [14]. B aTOM MeTOne cxemaTu3alusi KOMIIO-
HOBKH OCYILIECTBIIIETCS C IOMOLIBIO TOHKUX HE-
CYIIMX TMOBEPXHOCTEH, MapaICIbHBIX MPOI0IIb-
HOH ocu camoreTa. /lanee, BMECTO BBINOJIHEHUS
TPAaHUYHBIX YCIIOBUW HETMPOTEKAHMS, XapaKTep-
HBIX JUIsl ITMHEMHOTO METOJ]a BUXPEBOM pELIETKH,
YCTaHABIIMBAETCS CBS3b MEXKIY 3HAYCHUSIMU
UUPKYJISUUU B MPOJOJIBHBIX CEUEHUSIX SJIEMEH-
TOB KOMITOHOBKH M PACUYETHBIX XapaKTEPUCTHUK
npoduneil B 3TUX K€ CEYEHHSIX, B TOM YHCIIE C
OTKJIOHEHHOW MeXaHu3auuen. Takol mepexon K
HOBBIM TpPaHUYHBIM YCJIOBHSM, OCYIIECTBIICH-
HBII B paMKax IPEAIIOJIOKEHNN O HEBA3KOM Xa-
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=9, 54

Puc. 4. CpasHenue pacueTHbsIx U 3xcniepuMeHTanbHbIX AIX mogenu JITC «butror»
B mMocag04Hoit KoHburypammu (8, = 50° M = 0,15; Re = 1,03 - 10°)
Fig. 4. Comparison of calculated and experimental characteristics of the light transport
aircraft “Bityug” model in the landing configuration (8; = 50°; M = 0.15; Re = 1.03 - 10%)

paKTepe B3aUMOACHCTBHUS MEXAY CMEXKHBIMU
CEUCHUSIMU HECYIUX JJIEMEHTOB KOMIIOHOBKHU
camorneTa (4epe3 moje JaBiIeHHs) U JO3BYKOBOM
pexuMe OOTEeKaHUs, IO3BOJISET UTEPAIMOHHO
pEelIUTh 3aady omnpeneiacHus KodPQPHUINEHTOB
MOJABbEMHON CHJIbI, CONMPOTUBICHUS U MOMEHTA
TaHTaXXa C Y4eTOM JABYMEPHOTO BIUSHUS BA3KO-
CTH B IIUPOKOM JIMATIa30HE YTJIOB aTaKH, BKIIIO-
Yasi PEeKHUMBI OTPBIBHOTO OOTeKaHUs BOIM3U
Cymax- Ha puc. 4 B xauecTBe nmpumepa mnoka3zaHo
CpaBHEHHUE pe3ynbTaToB pacuera AJIX monpenu
JIETKOTO TPAHCHOPTHOTO CaMoOJIETa B TOCAJI04-
HOM KOH(UTYpalluu C SKCICPUMEHTAIbHBIMU
JIAHHBIMU, TMOJYYEHHBIMU B a3pPOJIMHAMHYECKOU

Tpy6e (AJIT) T-102 LIATH [16].
Pe3yabTaThl U 00Cy:KIeHHe

Otnuune  3asBICHHBIX  KOHCTPYKTHUBHBIX
TpeboBaHuil K TommuHaM 0a30BbIX Tpoduiei,
reOMETPUUECKUM TIapaMeTpaM MEXaHH3alud MU
a’pPOAMHAMHYECKAM XapaKTePUCTHUKAM IPHUBEIIO
K HEOOXOIMMOCTH pPa3JeIbHOTO IPOEKTUPOBaA-
HHSI TEOMETPUH KOMITOHOBOK KPBIIbEB JJISI Kax-
JIOTO caMoJIeTa.
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IIpoexkTHpoBaHHEe KOMIIOHOBKH KpbLiIa
YTC «Cancan»

IIoBBILLIEHHBI YPOBEHb HECYIIMX CBOWCTB
Kpblla camoiiera ¢ yOpaHHOW MexaHHW3aluen
IPU MaJbIX CKOPOCTSAX IoJjeTa oOecredeH MpH-
MEHEHHUEM B KOMIIOHOBKE KpbUIa JBYX HOBBIX
6azoBeix mpoduieit [13-16A (¢ 16 %) n
I13-12A (¢ = 12 %), ycTaHOBIEHHBIX B KOpHE-
BOM M KOHIIEBOM CE€YEeHMAX Kpblaa. CpaBHEHHE
reoMeTpun dSTUX Tnpodwied ¢ mnpoduIIMu
NACA, ucnonp3yeMpIMH B pPsiieé KOMIIOHOBOK
KkpbuibeB Y TC, mokazaHo Ha puc. 5.

OTnuuus B T€OMETPUM HOCOBBIX 4YacTeH, a
TaK)K€ B IOJOXCHUSAX BOTHYTOCTH M TOJIIMH
pa3paboTaHHBIX MpoduiIel NpUBENIU K HU3MEHe-
HUIO XapaKTepa paclpeesIeHus NaBICHUs U I0-
BBIIICHNIO HECYLIUX CBOWCTB IO CPaBHEHUIO C
paccmatpuBaembiMu Tipoprisaimu NACA. Pe-
3yJbTAaThl CPABHEHUS PACUETHBIX XapaKTEPUCTHK
npoduiiel Ui AByX XapaKTepHBIX YIJIOB aTaKH:
o = 10° (pexum Oe30TPHIBHOIO OOTEKaHUsS) U
16° (pexuM Cymax), IOTYyUEHHBIE C UCIOJB30BaA-
Huem nporpammbel VISTRAN [10], nmpuBeneHsl
Ha puc. 6.
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Puc. 5. CpaBaenue reomerpun 0a30BbIX MpodHIIei Kpblia
Fig. 5. Comparison of the basic wing airfoils geometry
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Puc. 6. PacueTHble pe3ybTaThl pacipe/ieieHus JaBICHHs U CyMMapHbBIX XapaKTepUCTHK Mpoduien
Fig. 6. Calculated results of pressure distribution and total acrodynamic characteristics of wing airfoils

IToHMKEHHBIN yPOBEHB ITUKOB Pa3peKeHU U
IPaJUeHTOB JJaBJICHUS B HOCOBOM 4acTH, peaiu-
3yeMBbIi B COUETaHUU ¢ OcNabaeHHbIM nuddy30-
pPOM BEpXHEH MOBEPXHOCTH, oOecreums paspa-
00TaHHBIM MPOQWISIM 3aMETHOE MPEUMYIIECTBO
B 3HAYECHUAX Cymax 10 CPABHEHHIO C paccMaTpH-
BaeMbiMu nipopmsimu NACA. Dto npeumyiie-
CTBO JIOCTUTHYTO B YCJIOBHUSIX COXpaHEHHUs OnM3-
KUX 3HAYEHUW COINPOTUBIICHUS B KPEUCEPCKOM
[OJIETE W MOMEHTOB TaHIaXka OTHOCUTEIBHO
YeTBEPTU XOPsl (puc. 7).
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Jns yBenu4eHUs NMOABEMHOM CHUIIBI KpbLIa
Ha peKMMax B3JleTa M NOCaAKM pazpaboTaH
YOPOIIECHHBII BapUaHT MeEXaHM3alUW 3aaHel
KPOMKH B BHJE OJHOLIEIEBOTO ITOBOPOTHOIO
3aKpbUIKa ¢ OTHOCUTENbHOU Xopaou 30 %. Bei-
00p reoOMeTpUHU U TOJ0XKEHUS 3aKPbUIKA B 110CA-
JOYHON KOH(Hrypaluy BBHIIOJHEH M3 YCIOBHUS
oOecrieueHrst O€30TPHIBHOTO XapakTepa O0TeKa-
HUS BEpXHEHW MOBEPXHOCTH B HATYPHBIX YCIOBU-
X oOrekaHus. ['eomeTpust U B3JIETHO-IIOCA0Y-
HBIE MOJIOKEHMSI 3aKpPBUIKA, & TAKXKE PACUETHBIC
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Puc. 7. Bmusane reomerpun npoduiei Ha adpoarnHaMmdeckue Xxapakrepuctuku (M = 0,15)
Fig. 7. Influence of airfoils geometry on aerodynamic characteristics (M = 0.15)
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Puc. 8. I'eomerpust u aBymepHBIe pacueTHbIE 3aBUCHMOCTH Cy(0l) KOPHEBOTO CEUEHUS Kphlia
C y6paHHbIM 1 OTKJIOHCHHBIM 3aKPbIJIKOM
Fig. 8. Geometry and 2D calculated dependencies Cl(a) of the wing root section
with retracted and deflected flap

3aBucuMocTu Cy(o) ¢ yOpaHHOH U OTKJIOHCHHOU
MeXaHu3aIel npu TPyOHBIX W HATYPHBIX 3Ha-
yeHusAx yucen PeifHombica Mmoka3aHbl Ha puc. 8
JUTSI KOPHEBOT'O CEYCHUS KPbLIA.

OTpBIB MOTOKA C BEPXHEH MOBEPXHOCTH 3a-
KpbUUIKA B [OCAJOYHOH  KOH(HTryparuu
(05 = 40°), HabmogaeMblii B TPYOHBIX yCIIOBHSIX
oOTeKaHHsI, OTCYTCTBYET TPU HATYpPHBIX 3HaYe-
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HUAX 4ucia PeiHompaca, 9To cCriocoOCTBYET Cy-
[IECTBEHHOMY TpupaineHuto kodddunuenta Cy
Ha JIMHEHHOM ydYacTKe U B OOJacTH KpUTHYE-
CKHUX YTJIOB aTaKH.

Ouenka mnpupamnieHuil kodpduimeHTa Mak-
CHMAIIbHOH MOABEMHOM CUIbl Kpblia ACY, .. .

OT OTKJIOHCHMSI MEXaHU3aIMK BBHITIOJIHEHA C UC-
nonb3oBanueM Meroguku DATCOM 1978 [12]:
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Puc. 9. CpaBHeHue reoMeTpuu MpoduiIeid Kpbliia THIOTAKHOTO CaMoJIeTa
Fig. 9. Comparison of the wing airfoils geometry of an aerobatic aircraft
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rne K — ko3¢ (UIUeHT KOPPeKUUH PacYeTHBIX
XapakTepucTuk 2D, yduThIBarouui BIUSHUE
3-MepHbIX () (PeKTOB 00TEKaHMSI KpbLIa,

ACy . — npupanierne Cypay CEUCHUI KpblTa

OT OTKJIOHEHUSI MEXAaHU3ALNH,
S /S, — OTHOCHTEIbHAS [LIOIaAb KPbI-

00ci1.3aKp

7a, 00cyKruBaeMas 3aKpbUIKaMH,

Ko
3aKpBLIKA.

Crnenyromue mpupameHus Ko3QQPUITUCHTOB
MaKCUMAaJIbHOW MOJIbEMHOM CHJIBI KpbLJIa OT OT-
KIIOHCHHS 3aKPBUIKOB IIOJIYYCHBI B TPYOHBIX
(Re= 1,2 - 10° u HaTypHbIX (Re = 4,2 - 10%
YCIIOBUSX OOTEKaHWUSI:

— CTpPCIIOBUAHOCTD nepez[Heﬁ KpOMKHA

8,=20° — ACYmax_ s = 0,46
(Re=1,2-10% 10,52 (Re =42 - 10°;
8,=40° — AC¥max_noc = 0,81
(Re=1,2-10%u 0,91 (Re=42-10°%.

C yueroM orneHKH 3HAYEHUN Cymax KpblIa C
yOpaHHOl  MexaHuzamuei, paBHoro 1,56
(Re=1,2 - 10% u 1,63 (Re = 4,2 - 10°), pacuer-
HBI ypoBeHb 3HAYCHUH Cymax KpbLIa C OTKJIO-
HCHHOM MEXaHU3aIlueH COCTABIISICT
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85=20° — Cymax = 2,02
(Re=12-10%u2,12 (Re=42 - 10°;
8,=40° — Cypmax = 2,37
(Re=1,2-10° 12,54 (Re=4,2 - 10°.

IIpoexkTHpOBaHUE KOMIIOHOBKH KPbLJIa
NIWJIOTAXKHOT0 camoJieTa Tuna Cy-49

Jlis ynoBieTBOpeHUsl 3asBJICHHBIX TEXHUYE-
CKUX TpeOOBaHMM, a TaKXKe C y4eTOM KOHCTPYK-
TUBHBIX OTPAaHWYEHUN Ha TOJILMHBI Npoduien
KpbLJa, CBSI3aHHBIX C pa3MelleHueM youpaeMoro
IIaCCH B KECCOHE KpbUIa, ObUIM pa3paboTaHbI
HoBble mpodunu I18-18 (¢ = 18 %) u II8-12
(c =12 %) u mexaHuzanus 3aAHEH KPOMKHU.
CpaBHEHHE TEOMETPUM U MApaMETPOB HOBBIX
npoduiieit ¢ mpoIIMU aHATOTUYHBIX TOJIIINH,
paccMaTprBaeMbIX NEPBOHAYAIBHO 3aKA3YHMKOM
JU1s KOMIIOHOBKH KpbLjIa, IOKAa3aHo Ha puc. 9.

Hoseriit xopHeBo#t mpodwmis [18-18 ¢ makcu-
MaJIbHOM BOTHYTOCTBIO fiax = 1,51 % w Tommu-
HOM tmax = 18 % umMmeeT yBennyeHHBIN paauyc
nocka (R, = 3,89%), orpaHuueHHyI0 «IOPE3-
Ky» HIDKHEH TIOBEPXHOCTH M OCIAaOJICHHBIN
«auddy3zop» BepxHel MOBEPXHOCTU, OOYCIOB-
JNeHHbI mnepeaHuMH mnonoxeHusmu (Xf, Xt)
yKa3aHHbIX BeJMYMH. OJJHOBPEMEHHO C 3THUM OH
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Taoauua 4
Table 4

PacueTHbie XapakTepHUCTUKH KOPHEBBIX TIpoduIeii
Calculated characteristics of wing root airfoils

M=0,33; Re=13-10°
HpO(l)I/IJ'H: CXO mz, .25 CYmax/ Olips °/ CY6e30Tp CYmin/ —Olip, °/ CYGemTp
NACA 643-218 0,0061 —0,042 1,41/17/0,94 —1,28/-17/-0,92
I1-308-18A 0,0076 —0,065 1,71/15/1,05 —1,29/-17/-0,79
I18-18 0,0076 —0,050 1,66/14/0,99 —1,29/—-16/—1,06
M =0,10; Re=4-10°
NACA 643-218 0,0060 —0,040 1,32/16/0,98 —1,11/-17/-0,85
I1-308-18A 0,0076 —0,061 1,59/15/0,99 -1,15/-17/-0,73
I18-18 0,0076 —0,048 1,58/16/0,93 -1,23/~17/-0,88

Taoauua 5
Table 5

PacueTHble XapaKTepHUCTUKHN KOHIIEBBIX MPOueit
Calculated characteristics of wing tip airfoils

M=0,33;Re=7"-10°
[Tpogunb Cxo mz, /25 C¥max/%p> /CVses0mp | CYmin/ %> */ C¥sesom
NACA 0012 0,0069 0, 1,58/15/1,26 —1,58/—15/-1,26
I18-12 0,0073 | —0,053 1,74/14/1,34 —1,44/-14/-0,87
M=0,10;Re=2"-10°
NACA 0012 0,0073 0, 1,39/16/1,07 -1,39/-16/-1,07
I18-12 0,0078 | —0,050 1,63/15/1,15 —-1,29/-16/—0,93

UMEET JIOCTATOYHYIO0 KOHCTPYKTUBHYIO TOJIIIHHY
B nuamnaszone 3HaueHui X = 30-65 % no xopne
npodus.

OTcyTcTBHE T€OMETPUUECKON KPYTKH KpbLia
U TpeboBaHUE K 00ECIIEYCHUIO OIarompUsTHOTO
XapakTepa 00TeKaHMsI KOHIIEBBIX YacTeil Kpblia
KaK B «IPSIMOM», TaK H «IIEPEBEPHYTOM) TOJIETE
o0ycnoBuiH crnenuGuyecKuil moaxo ] K BIOOpY
re€OMETPHUUECKUX TapaMeTPOB KOHIIEBOTO TIPO-
¢buns. Bo-nepBeix, mpodmiib T0DKEH UMETh TO-
BBHIIIIEHHOE TI0 CPABHEHHUIO C KOPHEBBIM Mpodu-
JeM 3HAaYeHHEe MaKCHUMAaJbHOM BOTHYTOCTH U
CMeIlleHHOe OJIKe K HOCKY TOJO0XEHHE MaKCH-
MaJIbBHOW TOJIIMHBL. BO-BTOPBIX, «oape3Ka»
HIOKHEH TTOBEPXHOCTH JTOJDKHA MPAKTUIECKH OT-
cyrctBoBaTh. UM B-TpeThux, mpoduiab AOIKEH
UMETh JIOCTATOYHO BBICOKOE (IJIs CBOCH TOJIIIH-
HbI) 3HAUCHHE pajauyca HOCKa. DTUM TpeboBa-
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HUSIM YJIOBJIETBOPSIET HOBBIM mpoduns [18-12
(c =12 %).

AHanM3 a’poIMHAMHYECKUX XapaKTEePUCTUK
pa3paboTaHHBIX MPOQHIIEH BHITOIHEH HA OCHOBA-
HHUU CpaBHEHMs pe3ysbTaToB pacuera AJIX c aHa-
JIOTUYHBIMU  XapaKTEPUCTUKAMH TEPBOHAYAILHO
BbIOpaHHBIX Mpoduiell. Pe3ynbraTtel pacueTos,
MIPOBEJICHHBIX C HCMOJIb30BAaHUEM YHUCIIEHHOTO
Metona [11] B mmpokoM auana3oHe yrjioB aTakw,
BKJIIOYasi KPUTHUYECKHUE 3HAYECHUS ISl «IIPSMOTO»
U «IEPEBEPHYTOr0» MOJOXKEHUH, NPeICTaBICHbI
B Tabiu. 4 u 5. (IloxcTpouHbIil HHAEKC «O» B Ta0-
JIMIIaX COOTBETCTBYET 3HAUEHUSIM a3pOAMHAMU-
4ecKuX K03(QHUIMEHTOB IpH HYJIEBOM YTJIE aTa-
KM; MHJIEKC «max» — 3HaueHusM Cy Ipu 1moio-
KUTEJIbHBIX BEJIMYMHAX KPUTUYECKOTO yria aTa-
K{; UHAEKC «miny — 3HaueHussM Cy mpu oTpuLa-
TEJIbHBIX BEJIMYMHAX KPUTUYECKOTO YIJIa aTaKH;
UHJIEKC «0e30Tp» — HaubospmKuM 3HaueHusIM Cy
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M=0.10; Re=4-10°

Puc. 10. I'eometpus u pacuerssie 3aBucumoctr 2D Cy(o) KOpHEBOTO CE4eHHUs KpblUIa
B HATYPHBIX yCIOBUAX OOTEKaHUSA
Fig. 10. Geometry and 2D calculated dependencies Cl(a) of the wing root section under full-scale flow conditions

B OTCYTCTBHM OTphIBa IOTOKAa HAa BEPXHEW MO-
BEPXHOCTH MPOpuUIIEH.)

CriennanibHasi IpoMIMPOBKA HOCKA TIPODUIIS
[18-18 B coueranuu ¢ ymepeHHbIM Iuddy30pom
XBOCTOBOM YacTH 00eCIeUMIN YPOBEHb 3HAUYCHHMA
MaKCUMAaJbHOM M MHUHUMAJIBHOU HOABEMHOHM CH-
T, ONW3KUKA K XapaKTepUCTUKaM  TPOGUIIs
[1-308-18A mpu MeHBIIMX 3HAYEHUSAX MpHUpaLe-
HUS TPOJOJIBHOTO MOMEHTa Ha NHMKUPOBaHHE
(‘Amzo‘ ~ 23 %) npu HyJE€BOM YIJIE aTaku, U3-
MEPEHHOT'0 OTHOCUTEIBHO YETBEPTH XOPIbI.

[Tpoduns [18-12 mo Hecymum cBoOWCTBaM B
«TIPSAIMOM) TOJIETE 3aMETHO NPEBBIILIAET YPOBEHb
cummerpuyHoro mnpodunst NACAO0012 u He-
CKOJIBKO YCTYINaeT €My B «IIEPEBEPHYTOM» IIO-
noxxeHuu. Tak ke, Kak U 0XKHIAJIOCh, MPOQPUIb
[18-12 wMeeT HECKOJIBKO OOJIbIIUE 3HAYCHUS
MIPOJIOJIBHOTO MOMEHTA HAa MUKUPOBAHUE.

Jns yBenuyeHus NOABEMHOW CHUJIbI KpbLia
caMoJIeTa Ha peKMMax B3JIeTa U MOCAJKHU pa3pa-
00TaH OJIHOILIENEBOM 3aKpbUIOK C XOpAoH
B; =25 %, oTKI0HsAE€MBII B paboune MOI0KEeHUs
MOCPENICTBOM MTOBOPOTA BOKPYT (PUKCHPOBaHHON
ocu. ['eomeTpusi U pacueTHbIE XapaKTEPUCTUKU
MEXaHM3allMM B KOPHEBOM CEYEHUHU KphlIa IO-
Ka3aHbl Ha puc. 10.

Onenka 3HaueHUN Cymax KpblUIa, IPOBEICH-
Has C HMCHOJb30BAaHUEM PACUETHBIX XapaKTEepH-
CTHK CEYEHHUH KphUia ¢ yOpaHHOH M OTKIOHEH-
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HOW MeEXaHHu3allMed, a TakKKe OTHOCHTEIHLHOM
IUIOMIAIA KPbLIA, 0OCITYy)KMBAaeMOMN 3aKPBLUTKAMH,
MoKa3ajia CIeayIomuil YpoBeHb 3HAUCHUN Cymax
Kpblla B TPYOHBIX YCIOBHAX OOTEKaHUSA
M =0,15; Re = 1,32 - 10°):

85 = 0° — Cymax = 1,45;
83 = 200 - Cylnax = 1,82;
85 = 40° — Cymax = 2,07.

Pe3yabTarhl HCNIBITAHUI MOJe/IeH
CaMo0JIETOB B MAJIOCKOPOCTHbIX AJ/IT

KoMMoHOBKHM KpbUIbEB, pa3pabOTaHHBIE C
HCIIOJIb30BAHUEM YHCIICHHBIX METOJOB BBIUHC-
JUTENBHON a’pOAMHAMUKH, OBUIM HCIBITAaHBI B
MOJIHOW KOH(HTyparuu Mojeseil camoJieTOB B
manockopocTHeix AJIT HAI'M u Cu6HUA. Uz-
MEpPCHHE CWJI ¥ MOMCHTOB, JEHCTBYIOIIHX Ha
MOJICJIH, BBITIOJIHEHO C MCTIOJb30BAaHUEM IIIECTH-
KOMITOHCHTHBIX MEXaHHYECKHX BecoB. McmbiTa-
HUS TIPOBEACHBI B IIUPOKUX TUANA30HAX YTJIOB
aTaku U CKoJbkeHus. OTCUeT yTJIOB aTakd BbI-
MOJIHEH OT CTPOHUTENHHOM TOPU30HTANU (ro3e-
nsoka. KoaduimeHTsl MOMEHTOB OIpeIeTIeHBI
OTHOCHUTENIFHO YCIIOBHOTO IIEHTpa TSKECTH, pac-
MOJIOKEHHOTO Ha 25 % cpemHeit aspoanHaMuye-
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M=0,15;Re=1,2"-10°
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Puc. 11. Pesynsrats! TpyOHBIX uenbitanmii Mmogenu Y TC «Carcany:
a — MPOJIOJIbHBIE XAPAKTEPUCTHKH; b — GOKOBbIE XapaKTEPUCTHKHU; ¢ — BU3yaIU3alHsl CIIEKTPOB 00TEKAHHsI
Fig. 11. The results of wind tunnel tests of the training aircraft model Sapsan:
a — longitudinal characteristics; b — lateral characteristics; ¢ — surface flow visualization

CKOM XOpabl Kpblia. McribITaHust mMpoBeaeHbI 0e3
MOJICIIMPOBAHUs pabOThl BHHTOMOTOPHOM CHIIO-
BOW YCTaHOBKH.

OcHOBHbBIE pe3yJbTaThl MCIBITAHUM, MO3BO-
JSOINUE ONEHUTh 3()(PEKTUBHOCTD pa3paboTaH-
HBIX KOMIIOHOBOK KpPBUIbBCB, MNPUBCACHBI JIA
KaKI0U MOJZIEIN caMOoJIeTa.

YTC «Cancan»

[IpononpHbIE a’3pOaMHAMHUYECKHE XapaKTe-
PUCTUKH MOACIIN C TPEMS yrilaMH, OTKIIOHCHHUCM
3akpbuikoB 0, 20 m 40° m yrioM yCTaHOBKH
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cTabmims3aTopa Or —0,5° mnpuBeneHsl Ha
puc. 11, a. Banetnas koHurypaius ucnpITaHa ¢
yOpaHHBIM IIIACCH, IMOCATOYHAS — C BBIMYIICH-
HBIM IIIACCH.

OTKIIOHEHHE 3aKPBUIKOB MPUBOJUT K MPH-
palieHuIo nmoabeMHou cuibl (puc. 11, a) kak Ha
muHeitHOM yuacTtke (ACy, = 0,48...0,86; o3 =
20...40°), Tak ¥ B 007aCTH KPUTUYECKHUX YTIJIOB
aTaku (ACymax = 0,58...1,01). JocTurHyThIii B
AKCIIEPUMEHTE YPOBEHb 3HAUCHUN CYax MOACITH
B TocafouyHoi KoHurypauuu (2,52; 63 = 40°)
MPEBBIIIACT 3asBJICHHOE 3aKa3YMKOM 3HAUYCHHE
Cy¥max = 2,27. YpOBEHb a’3pOJAMHAMHYECKOTO
KauecTBa B KpeHcepckod KOoH(UTypaluu Mpu
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M=0,15;Re=1,32-10°

6,=30 @y=-2° (JleBbIii HAMUTLIE KpBLTa OTCYTCTBYET)
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Puc. 12. Pe3ynbrarsl TpYOHBIX UCTIBITAHUI MOJIENN camosieTa akpobaTudeckoii kareropuu tuna Cy-49:
a — IPOAOJIbHBIE XapPAaKTEPUCTUKH; 6 — BU3yIIU3aLis CIIEKTPOB 00TEKaHU
Fig. 12. Results of wind tunnel tests of the Sukhoi Su-49 type aerobatic aircraft model:
a — longitudinal characteristics; 6 — surface flow visualization

pacyetHoMm 3HadyeHun Cy,, = 0,27 cocrapiser
~12 enuHUIL.

BokoBbIE XapaKTEpUCTHKU MOAEIH, IpHUBE-
neHHsle Ha puc. 11, b mia (HUKCHPOBAHHOTO
3HaueHus yrna ataku (o, = 14°) u u3MeHeHus
YIJIOB CKOJBXEHUS B AuanazoHe P = £20°, xa-
PaKTEpU3YIOTCA B LEJIOM OJIATONpPUSATHBIM Xa-
paKkTEpPOM TOBEJEHUS IS IBYX PACCMOTPEHHBIX
KOH(Urypamnmii Kpsuia. MckimoueHneM SBISIFOT-
Csl HEOCTAaTOYHBIE 3aIachl IONEPEYHON YCTOM-
auBocTH 10 Kpeny (my” = —0,00025 rpax '), mo-
Jy4eHHbIe JUIsl TpyOHOTO TOJIOKEHHUS] MOJENU B
Kpeicepckoll KOHGUrypanuu u (GOpMBI KpbLia,
OJM3KOM K crarenbHoi. B manpHEeHImux wuccie-
JIOBaHUSIX TOT HEIOCTATOK MOXKET OBITH ycTpa-
HEH 3a CYEeT YCTaHOBKU HEOONbIINX V-00pa3HbIX
3aKOHIIOBOK KpBLIA.

JIuHEHBIN XapakTep MOBEACHUS 3aBUCHUMO-
creit Cy(a) u my(at), HabIOJaeMBIi B IIUPOKOM
JUana3oHe YIJIOB aTakW, CBUICTEIBCTBYET O
ONMarompusiITHOM XapakTepe OOTEKaHUs AJIEMEH-
TOB KOMIIOHOBKHM MOJIENH ¢ YOpaHHOM M OTKJIO-
HEHHOM MEXaHM3alued Kpblla, B TOM YHCIIE
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KOHIIEBBIX YacTel Kpbula. OTpbIB TMOTOKAa Ha
OKOJIOKPUTUYECKHX YyIJlaX AaTakW, IMPOUCXOMs-
LM B KOpHEBOM Yactu Kpwlia (puc. 11, ¢), co-
31aeT OJaronpusATHOE U3MEHEHHE MOMEHTA TaH-
raka Ha THKUPOBaHME, CIIOCOOCTBYIOIIEE
YMEHBUICHHUIO YIJIA aTakKl M BOCCTaHOBJICHUIO
XapaKTepUCTHUK YIPABISIEMOCTH CaMOJIETa.

D GhHEeKTUBHOCTL JJIEPOHOB COXPAHICTCS B
JMarna3oHe YrioB OTKJIOHEHHS O, = —25...20° u
XapaKTepu3yeTcs  3HAYCHHWEM  MPOM3BOTHOU
m> = —0,0015 1“paz(1 (0; = 0; a = 0), xoTOpoe
coxpansercs 10 yria araku 10°, B Tom uucie u
C OTKJIOHEHHBIM 3aKpbUIKOM Ha yrou 40°.

Inaoraxxubiii camosietr Tuna Cy-49

Pe3ynbTaTsl UCHIBITAHUM MOJEIN CaMoJIeTa ¢
pa3paboTaHHONW KOMITOHOBKOW KpbUIa IO yIJIaM
ataku, npoBeneHHbIX B AJIT T-203 Cu6HUA,
nokasanu xopomui ypoBeb AJIX B kpeiicep-
CKOW M B3JIETHO-TIOCAJOYHON KOH(HUTypaIHsIx
(puc. 12, a). Ilpu m10oCTaTOYHO BBICOKHMX 3HaUe-
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HUSX Cymax MOJIENH B Kpeiicepckoil KoHpurypa-
LIUY, TOJY4YEHHBIX B «mpsaMom» (1,54) u «mepe-
BepHyTOM» (—1,01) monoxeHusx moneTa, pas-
HUIIA B 3HAYCHUSIX adPOIMHAMUYECKOTO Kade-
cTBa npu kpeiicepckux BenuuuHax Cy,, = 0,5
cocraBisier AK ~ |2,6] enununsl. JIOCTUTHY THIN
B JKCIIEPUMEHTE YPOBEHb 3HAUYCHUH Cymax MO-
Ienu B TOcalovyHod koHpurypamuu (2,29;
03 = 40°) coOTBETCTBYET 3asBJIEHHOMY TpeOoBa-
HUO 3aKa39uKa (Cymax > 2).

JIuHelHbIN XapaKTep MOBEACHUS 3aBUCUMO-
creit Cy(a) Mozieu ¢ yOpaHHOU M OTKJIOHCHHOU
MeXaHu3aluel B IIMPOKOM J[Hana3oHe YIJIOB
aTaky 0OYCIJIOBJIEH OJIarONpUSATHBIM XapakTEpOM
oOTekaHus Kpwuia (puc. 12, ) u, mo-BUIAUMOMY,
CMOXeT 00eCTeYnBaTh dKCIUTyaTaIllHOHHBIN J1a-
Has3oH neperpysok ny = (—7/10) g B HaTypHBIX
YCIIOBUSIX I0JIETA, COOTBETCTBYIOIIUNA 3HAYEHU-
aM koapdurmentos Cy = —0,91 u 1,3. IlonsiTka
YIIyYIINTh XapakTep OOTEeKaHUs BEpXHEH IIo-
BEPXHOCTH KpbLIa, MPEANPUHATAS 32 CUET yCTa-
HOBKH JIOTIOJTHUTEIHHO HOCOBOTO HAIUIbIBA B
MeCTe CONpPSKEHHs NepeHeld KPOMKH Kpblia ¢
OOKOBOH TOBEPXHOCTHIO (Pro3esiKa, HE yBEHUa-
Jach yCIIEXOM.

IIpornosupoBanue 3Ha4eHU Cynmax YTC
«Camncan» B HATYPHBIX YCJOBUAX 00TEKAHUSA

3aMeTHOE OTJINYME YCIIOBUN MCIBITAHUM MO-
neneid B AT oT HaTypHBIX YCIIOBHH MoJieTa 3a-
TPYAHAET pacyeT JIETHO-TEXHUYECKHX XapakTe-
PUCTHK camoJieTa B TpeOyeT KOpPpeKIUu Tpyo-
HBIX PE3yJIbTaTOB Ha y4eT MacmTabHoro 3¢ dek-
Ta, @ B HEKOTOPBIX CIy4asX U HAa CKUMAEMOCTb
noroka. Co3aHHIO METOAMK Iepecyera Tpyo-
HBIX pe3yJIbTaTOB Ha HATypHBIE YCIOBUS 00Te-
KaHUS TOCBSIICH PsJl paboT, OMyOJIMKOBAaHHBIX B
OTCUYECTBEHHOW © 3apyOeKHOH JHTeparype.
[Tpemiaraemeie B 3THX paboTax METOAMKH Oa3u-
pYIOTCS B OCHOBHOM Ha JIBYX moaxojax. B mep-
BOM W3 HUX HCHOJB3YIOTCS MOIY3IMIUPHUECKUE
COOTHOILIEHUS, IMOJYYEHHbIE Ha OCHOBE COIIO-
CTaBJICHUs PE3YyJbTATOB JICTHBIX HCIBITAHUN WU
JTAHHBIX MHOTOYHCIIEHHBIX UCCIIEZIOBAaHUM MoJe-
Jei B asponuHamMuyeckux tpyoax [17, 18]. Bro-
poOil MOAXOJ OCHOBAaH HA HCIOJIB30BAaHUHM pe-
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3yJIbTATOB YMCIIEHHBIX METO/I0B MPSIMOTO pacye-
ta AJIX camonera B TpyOHBIX M HATypHBIX
YCIIOBUSIX TIOJIETA.

Jns koppekuun TpyOHbBIX 3HAYEHUH Cymax MO-
JIeTN caMmolieTa Ha ydeT MacitaOHoro sddexTa
UCIOJIb30BaH  KBa3uUTpexMepHblil  Meton [13],
C TMOMOIIIbIO KOTOPOT0 OBIIM BBIMOJHEHBI pacye-
Thl OOTEKaHUs KOMIIOHOBKM caMmoJjieTa IpH
TpyOHBIX (M =0,15; Re=1,2 - 106; puc. 13, a) u
Hatypusix (M = 0,15; Re = 4,3 - 10°; puc. 13, 6)
yucnax Pennonpaca. Ilomyuennas Ha ocHOBa-
HUU 3TUX PacyeTOB Pa3HOCTb B 3HAUEHUSAX KO-
3¢ GueHTOB Cymax UCHIOIB30BAHA JUISI KOPPEK-
uu TpyOHBIX 3HaAUCHUN Cypax HA BIMSHUE YHC-
na PeltHonbaca. Oxunaemble MOTEPU MOABEM-
HOW cvItbl KpbUia Ha OamancupoBKy (ACysg) orie-
HEHbl C y4E€TOM OTHOCHUTEJIBHOTO Iuleya TOpH-
30HTaJIbHOTO onepeHust Lro = 3,32 u pacuer-
HBIX 3HAaYEHU MOMEHTA TaHTaxa.

C oneHkol MoTeph HECYUIMX CBOMCTB KpbLIa
camoreTa Ha O6anaHcupoBKy (ACys) oxxunaemble
cOanancupoBaHHble 3HA4€HUS Cymax B HATyp-
HBIX YCJIOBHSIX I10JIETA MOTYT COCTaBUTh:

0; =0° (ACys =—0,097) — Cymax = 1,55;

d; =20° (ACys = —0,069) — Cymax = 2,13;

0; =40° (ACys = —0,066) — Cymax = 2,62.

3aKkJa04YeHue

C HCnonb30BaHUEM YHCIEHHBIX METO/OB
BBIUMCIIUTENILHOW ~ a3pPOJAMHAMHUKHU  BBITIOJIHEHO
MIPOEKTUPOBaHHE KOMIOHOBOK Kpbuia YTC
«Cancan» (Go = 1 300 kr) U MUIOTaXHOTO ca-
MoJieTa akpobarudeckoit kareropuu tumna Cy-49
(Go =1 250 kr), BKIItOYAIoOLIee:

o pa3paboTKy KOpHEBBIX (€ =16 1 18 %) u
KOHIIEBBIX (€ = 12 %) mpoduneii ¢ MoBbIIICH-
HbIM YPOBHEM HECYIIMX CBOMCTB NpPH MalbIX
ckopoctsax monera (Cyma=1,7...1,8 — YTC
U Cymax & 1,6 — MUTOTAXHBIA CaMOJIET), TIOHH-
KEHHbIMHU 3HAYEHHUSMU CONPOTUBJICHUS Ha IIO-
BBIICHHBIX yTJaX aTakd OTHOCHUTEIBHO pac-
CMaTpUBAaEMbIX JAPYrHMX Hpoduieil u ymepeH-
HBIMH BEJIMYMHAMU MOMEHTA TaHTaXka MpH Hy-
JIEBBIX yI1ax aTtaku (| mz,| < 0,05);

o TpoeKTHpoBaHUE HPPEKTUBHON MEXaHU-
3alMU 3aJHEW KPOMKHM Kpblia ¢ O€30TPHIBHBIM
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Puc. 13. Pacuetnbie A/IX xomnonoBku ¥YTC «Cancan»:
a —uctieitanust B AJIT; 6 — HaTypHBIE yCIOBUS TOJIETa
Fig. 13. Calculated aerodynamic characteristics of the Sapsan training aircraft
a — wind tunnel tests; 6 — full-scale flight conditions

XapaKTepoM OOTEeKaHUs BEpPXHEU IMOBEPXHOCTU
3aKpBUIKOB B IMOCAI0YHON KOH(PUTYpALINH;

e  OLIEHKY HEeCyUIMX CBOMCTB Kphblila Ha pe-
JKUMaX B3JIeTa U TOCAIIKH.

[Tocnenyromue HCHBITAaHUS Pa3pabOTaHHBIX
KpPBUTEEB B KOMIIOHOBKAX MOJIEJECH CaMOJIEeTOB,
MIPOBEJICHHBIE B MAJIOCKOPOCTHBIX a3pOIUHAMHU-
yeckux Tpyoax HAI'M u Cu6HUA (M = 0,15;
Re = 1,2...1,35 - 10°), mokasanu ypoBeHb Hecy-
IIMX CBOMCTB KpPbUIA, MPEBBIIAIONINNA 3asBICH-
Hble TpeOoBaHUS, M OJaronpUATHBIN XapakTep
MOBE/ICHUS TPOAOIBHBIX U OOKOBBIX XapaKTepH-
CTHK.

Tak, skcnepuMeHTanbHOE 3HauYeHUE Cymax
monenn YTC «Carcan» B mocajo9HON KOH(DH-
rypaiiil (Cymax = 2,52; 03 = 40°) mpeBblmaer
3asiBIICHHOE 3aKa34rKoM TpedoBanue (2,27). Ot-
PBIB IIOTOKA Ha OKOJIOKPUTUYECKUX YIJIaX aTakH,
OTCYTCTBYIOIIHI B KOHIIEBBIX CEUEHUSIX KpbLIa U
MPOUCXOSIINN B KOPHEBOM YAaCTH KpbLa, CIO-
coOcTByeT coxpaHeHUI0 3((HEKTHBHOCTH DIIePO-
HOB M CO3J1aeT OJaronpusTHOE M3MEHEHUE MO-
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MEHTa TaHTaXa Ha NMHUKWPOBAHUE, CIIOCOOCTBY-
I0Il[ee YMEHBIICHUIO yriia aTaku. Jljis OOKOBBIX
XapaKTEPUCTUK MOJICTTM OTMEYAEeTCS B IIEJIOM
ONaronpusITHOE MOBEACHHE B PAaCCMOTPEHHBIX
KOH(UTYypaIusax Kpbljia: KpPeHCepcKor W Toca-
JIOYHOM.

[Ipu moctatoyHO BBICOKUX 3HAYEHUAX C¥Ypmax
MojeNu MuioTaxHoro camojiera tuna Cy-49,
MOJIyYEHHBIX B Kpelcepckor KoHpurypamuu B
«apaMom» (Cymax = 1,54) U «nepeBepHyTOM»
(—1,01) moynoxeHusAX TMoONeTa, pa3HUIIA B 3HAYC-
HUSAX a3pPOJIMHAMHYECKOT0 KauecTBa MPU BEJIH-
ynHax Cy,, = 10,5 cocraBimser AK = 2,6 enunu-
1bl. JIOCTUTHYTBI B SKCIIEPUMEHTE YPOBEHB
3HaueHUN Cypmax MOJEIH B TIOCAOYHOW KOH(H-
rypaiid (Cymax = 2,29; 03 = 40°) cOOTBETCTBYET
3as1BJICHHOMY TpeOOBaHUIO 3aKa3uuKa
(Cymax > 2). JIuneWHBIH XapakTep MOBEIACHUS
3apucumocteii Cy(o) moaenu ¢ yOpaHHOH U OT-
KJIOHEHHOM MeXaHu3auuel B IIUPOKOM Juara-
30HE YIJIOB aTaku, MO-BUAMMOMY, CMOKET o0ec-
MEeYNBATh JKCIUTyaTallMOHHBINA MAIa30H Tepe-
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rpy3ok ny=(—7/10) g B HaTypHBIX YyCIOBHUSAX
[I0JIETa, COOTBETCTBYIOUIMM 3HAYEHUSIM KO3(-
¢urmentoB Cy = —0,91 u 1,3 B HaTypHBIX ycio0-
BUSX MOJIETA.

Koppexkuus TpyOHbIx 3HaueHU Cymax MOJIE-
mn YTC «Cancan» Ha yderT MacmTaOHOTo 3¢-
(exTa, MPOBEJICHHAs C UCTIOIb30BAHUEM PE3YIIb-
TaTOB pacyeTra 00TeKaHWsI KOMIIOHOBKHM camoJie-
Ta IpU TPyOHBIX ¥ HATYPHBIX Ynciax PeiHonb-
ca B YCIIOBHSIX OOTEKaHHS B PaMKax KBa3UTPEX-
MEpPHOT'0 MOJIETMPOBAHUS U OLIEHKU 0XKUIAEMbIX
notepb Ha OanaHcupoBky (ACys), mokazanu
CIIEYIOUINH ypOBEHb COaJaHCUPOBAaHHBIX 3HA-
4eHUN Cymay:

0; =0° (ACys =—0,097) — Cymax = 1,55;

05 =20° (ACys = —0,069) — Cymax = 2,13;

0; =40° (ACys = —0,066) — Cymax = 2,62.

HocturHyTeiii  ypoBeHb 3HaYeHUH Cymax
KpblIa MoOJeNiel B MOCaZ04YHON KOH(pUrypaiuH,
pa3pabOTaHHBIX B KOHIIE IPOILIOr0 M B Hayale
HACTOSILEr0 CTOJICTHH, IMPEBBIIIAET aHAJIOTHUY-
Hble 3HadeHusi HekoTopelx YTC, B ToM uucie
pa3pabaTbIBaeMbIX B HACTOSIIIEE BpEMSI.
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