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Modelling of non-scheduled air transportation time series
based on ARIMA

N.B. Aghayev"?, D.Sh. Nazarli'

'National Aviation Academy, Baku, Republic of Azerbaijan
’Ministry of Science and Education of the Republic of Azerbaijan Institute of Information
Technology, Baku, Republic of Azerbaijan

Abstract: Forecasting non-scheduled air transportation demand is essential for effective resource allocation, operational planning,
and decision-making. In this paper, the use of the ARIMA (Auto Regressive Integrated Moving Average) model for forecasting
non-scheduled air transportation is explored. The ARIMA model is a widely employed time series forecasting technique which
combines autoregressive (AR), differencing (I), and moving average (MA) components. It has been successfully applied to various
fields and can be adapted to capture the patterns and trends in non-scheduled air transportation data. To forecast non-scheduled air
transportation demand, historical data, including relevant variables are firstly collected. The data are processed by identifying and
addressing any missing values, outliers, or trends that could affect the model's performance. Next, the ARIMA model is applied to
the pre-processed data, utilising techniques such as model identification, parameter estimation, and model diagnostics. The ARIMA
model captures the relationships between past observations and uses them to predict future demand for non-scheduled air
transportation. The forecasting results from the ARIMA model provide insights into expected demand levels, peak periods, and
potential fluctuations in non-scheduled air transportation. These forecasts enable decision-makers to optimise resource allocation,
schedule aircraft availability, and enhance operational efficiency. However, it is important to note that the accuracy of ARIMA
forecasts depends on various factors, including the quality and representativeness of the data, the appropriate selection of model
parameters, and the stability of underlying patterns in the time series data. Regular model evaluation and refinement are crucial in
maintaining forecasting accuracy.

Key words: non-scheduled air transportation, time series analysis, ARIMA, statistical analysis, optimal model, forecasting,
autoregressive model.

For citation: Aghayev, N.B., Nazarli, D.Sh. (2024). Modelling of non-scheduled air transportation time series based on ARIMA.
Civil Aviation High Technologies, vol. 27, no. 6, pp. 8-20. DOI: 10.26467/2079-0619-2024-27-6-8-20

MoaesupoBaHue BPEMEHHBIX PS/IOB HepPeryJasipHbIX BO3AYIIHBIX
nepeBo30K Ha ocHoBe ARIMA

H.B. Araes"’, JIIII. Hazapmn'
'Hayuonanenas asuayuonnas axademus, 2. Baxy, Asepbaiioxcancrkas Pecny6nuxa
° Hncmumym ungpopmayuonnvix mexnonozuii Munucmepcmea nayku u o6pazosanus
Asepbaiiocanckou Pecnybnuku, 2. baxy, Azepbatioscanckas Pecnybnuka

AnHoTaumsi: [IporHo3upoBaHNe Crpoca Ha HEPETYJSIPHBIC aBHAICPEBO3KM HMMEET BaXXHOE 3HaueHHWe Wil 3(dekTHBHOTrO

pacrmpeeneHus pecypcoB, ONEPaTHBHOTO MUIAHUPOBAHKS U MPUHSTHS PEIleHui. B 3Toil craTthe Mbl UCCIEIyeM HCIONb30BaHUE
Momemn ARIMA  (aBToperpecCHBHOE WHTETPHPOBAHHOE CKONB3SIIEE CpPEeJHee) i1 IIPOTHOZHMPOBAHHUSA HEPETYISPHBIX

8
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aBuanepeBo3ok. Monens ARIMA — 3T0 IIMPOKO UCTIONB3yeMbIH METO/I IPOTHO3UPOBAHKS BPEMEHHBIX PAI0B, KOTOPBIH coueTaeT
B ceOe koMIoHeHThI aBToperpeccut (AR), pasHoct (I) u ckomb3siiero cpeatero (MA). OH yCIENnHO IPUMEHSACTCS B PA3INUHbIX
o0nacTsiXx ¥ MOXeT OBbITh aJanTHPOBaH Ui BBIABJICHWS 3aKOHOMEPHOCTEH M TEHIEGHLUMHA B JIAHHBIX O HEPEryJSIpHBIX
aBuariepeBo3kax. 11 IpOrHO3MpOBaHMs CIIPOCca Ha HEperyJ IsIpHbIe aBUaIlepeBO3KH CHadajla COOMpatOTCsl HCTOPHYECKUE JaHHbIE,
BKJIFOYasl COOTBETCTBYIOLIME INepeMeHHbIE. [laHHbIe TpenBapUTENIbHO 00padaThIBAIOTCS, BBIIBILSIIOTCS W YCTPAHSIOTCS JIFOOBIE
TIPOITYIIICHHbIE 3HAYEeHMs, BBIOPOCH! MM TEHICHLMH, KOTOpbIE MOTYT IOBIMATH Ha HMPOHM3BOAMTEILHOCTH MOJENH. 3aTeM K
MpEBAPUTENHFHO 00pa0OTaHHBIM JaHHBIM TpuMeHsiercs Monenb ARIMA, mpu 3TOM HMCHONB3YIOTCS TaKHEe METONBI, Kak
UIeHTH(UKAIWS MOJENH, OIEHKa TapaMeTpoB M auarHoctuka moxenmn. Momems ARIMA ¢dukcupyer B3anMOCBS3H MEXIY
TPOIUIGIMI HaOMIOJEHUSAMH U WCIIONB3YeT WX [UIS TPOTHO3MPOBAHMS OYAYIEro CIpoca Ha HEperyISpHBIC ABHAIICPEBO3KH.
Pesymprater nporsosupoBanms monemn ARIMA narot npencrapieHre 00 0KHMIaeMBIX YPOBHSX CHPOCa, MMKOBBIX MEPHOAAX U
MOTEHIMATHHBIX KOJEOAaHMSIX HEPETrySIPHBIX aBHAIlePEBO3OK. JTH TPOTHO3BI MO3BOJIIOT JIMIAM, HMPHHUMAIOIINM pEIICHI,
ONTUMU3UPOBATh PACHPENCIICHUE PECYPCOB, IUIAHUPOBaTh JIOCTYIHOCTb CaMOJIETOB M IOBBIIIATH 3KCIUIYaTALMOHHYIO
spdexrrBHOCTS. OHAKO BAKHO OTMETUTh, YTO TOYHOCTH MPOrHO30B ARIMA 3aBHCHT OT pasii4HBIX (HaKTOPOB, BKIIOHAs
KaueCTBO W PENpPEe3eHTaTHBHOCTh JAHHBIX, COOTBETCTBYIOIIMH BBIOOp IMapamMeTpoB MOJAENH M CTaOMIBHOCTh OCHOBHBIX
3aKOHOMEpPHOCTEH B JaHHBIX BPEMEHHBIX psJIOB. PeryispHas olileHKa M yTOYHEHHE MOJIENM MMEIOT pellaroliee 3HaueHUe UIS
HNOAJEPHKAHUS TOYHOCTH IIPOTHO3UPOBAHHSL.

KiiroueBble ci10Ba: HeperyJsipHble aBUaepeBO3KY, aHAJIN3 BpeMeHHbIX psagoB, ARIMA, craructuueckuil aHanu3, ONTUMAaIbHAs
MOJIEITh, TIPOTHO3UPOBAHUE, aBTOPETPECCHOHHAS MOZIECITH.

s uurupoBanusi: Aracs H.b., Hazapnu [I.III. MopenupoBaHie BpEMEHHBIX PSAOB HEPETYISPHBIX BO3AYIUIHBIX IEPEBO30OK
Ha ocHoBe ARIMA // Hayunsiit Becrank MI'TY T'A. 2024. T. 27, Ne 6. C. 8-20. DOI: 10.26467/2079-0619-2024-27-6-8-20

Introduction el, and the seasonal autoregressive integrated
moving average (SARIMA) model [6-9]. The
prediction of civil aviation passenger transporta-
as charter or on-demand flights, is characterised tion based on the ARIMA model has been inves-

by a flexible and responsive operational model.  tigated by researchers [10]. Forecasting air pas-
Unlike scheduled flights, which adhere to fixed sengers using a mixture of local expert models

timetables, non-scheduled flights are tailored to ~ 20d related methods in this field has been im-
meet specific demands, making them highly var- plemented in this industry [11]. According to the

iable and subject to dynamic changes. Time se- thepry of t.ime-series' analysis, the ARI,M A mod-
ries methods play a crucial role in the non- el is considered optimal for the prediction and

scheduled air transportation field, where opera-  2nalysis of stationary time series, and the pas-
tions are often dynamic and subject to various senger flow data is generally a noqsta‘uonary Se-
external factors. These methods involve analys-  ficS that needs to be smoothed by difference. The
ing and forecasting data points collected over differential autoregressive moving average mgd-
time to make qualified decisions on future trends el (ARIMA) and other related works are being
and patterns. Currently, passenger flow predic- used to predict passenger flow in the several pa-

tion methods are based on historical data, includ- ~ Pers- [12-14]. , ‘

ing time-series methods. Time series methods, Basing on the facts mentlpned above, it can
such as ARIMA, SARIMA (Seasonal ARIMA), be stated that the ARIMA is the best choice
or even more advanced models, can be applied model for calculations in non-scheduled passen-

to historical data on passenger counts, booking ~ &CT air transportation because: ,
trends, and other relevant metrics. Forecasting » The ARIMA model better approximates ran-

demand is essential for optimising flight sched- dom processes [15, 16]; o
ules, resource allocation, and ensuring adequate ~ * The ARIMA model gives better results in in-
capacity to meet customer needs. Several meth- ertial systems (in these systems, each situation
ods have been used for scheduled and non- depends on the previous situation) [17, 18].
scheduled air passenger forecasting, including

second-degree polynomial [1-5], the autoregres-

sive integrated moving average (ARIMA) mod-

Non-scheduled air transportation, also known
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Problem statement

In this paper, the time series of non-
scheduled passenger air transportation was mod-
eled based on the ARIMA model, and the fore-
casting results for the relevant period were ob-
tained. Since the process of irregular air trans-
portation is random, it is considered more neces-
sary to forecast with autoregressive models than
trend models in order to obtain more optimal
forecasting results.

Methods and Methodology

The differential autoregressive moving aver-
age model (ARIMA) is an important method for
studying time series. In ARIMA (p, d, q), p is the
number of autoregressive items, ¢ is the moving
average item number, and d is the number of dif-
ferences made to make it a stationary sequence.
The ARIMA (p, d, g) model is an extension of
the ARMA (p, ¢) model.

To make calculations, we write the ARIMA
model in the following form:

Y =y + 7, (1)

where, y; is trend and z; is deviation.
Ve=C+ Py + ¢2yt—2+""+¢pyt—pa (2)

Zt == gt + ngt—l + 92€t_2+. . +9q£t_q (3)

n thv=1 Yt—l
A= Itv=1 Yt—l Itv=1 Yt—12
LIRS 00 7 A
Itv=1 Y,
B = thv=1 17t Yt—1 (7)
Xie1Ye Yoy

Considering expressions (6) and (7) in for-
mula (5), unknown coefficients are found.

Vol. 27, No. 06, 2024

The vector ¢ (¢, ¢y, ¢, ...,(;bp) isa(p+1)
dimensional vector.

The vector &; is a vector of random devia-
tions determined after the trend model is deter-
mined. In the first approach, the elements of this
vector are defined as the difference between the
actual data and the trend model. In this approach,
since the vector &, is expressed by a linear mod-
el, it is calculated by a formula similar to formu-
la (5). The formulae are not given in the article
so as not to repeat them.

The method of least squares is applied to find
the unknown coefficients. For this, the following
issue should be resolved:

Ll = Y))? - min. 4)

Here, Y, is the actual data, Y, is the calcula-
tion results using the (1) formula, and N is the
number of data included in the research (by
months), ¢ is the constant, ¢4, Py, ..., Py,
61,05, 0, is the coefficient, &; is the white noise
sequence, p is the autoregressive order, and q is
the moving average order.

The solution to problem (4) is reduced to the
following matrix equation:

B. 5)

Ais a (p + 1) — dimensional square symmet-
ric matrix, the elements of which are as follows:
p 1s a number with plural signs, and when a;; is
added, the measure is (p + 1)-(p + 1).

Ao

thvzl Yt—z e thvzl Yt—p
Itv=1 YioViqoon. Itv=1 Yt—p Yioa |5 (6)
Z{-\l:l Yt—_z Yt—p ........ ltvzl th_p
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Experimental results

First of all, statistical data for non-scheduled
passenger air transportation were collected to
build the calculation model. These data are pre-
sented in Figure 1. As it can be seen from Figure
1, the data covers the period from January 1,
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2020, to June 30, 2024, a total of 54 months. Figure 2 shows the autocorrelation function
Calculations were made using the statistical data for statistical data on non-scheduled passenger
of the mentioned periods, and forecasting values air transportation. It can be seen from here that
for the months of July-December 2024 were ob- calculations will be made according to formu-

tained based on the ARIMA model. The statisti- la (2), taking into account (p = 3) in the ARIMA
cal data used in the construction of the model are model.

based on the statistical indicators provided by

Heydar Aliyev International Airport.

1200
1000
800
600

400

The number of passengers

200

1 3 5 7 911131517 192123252729 313335373941434547 495153
The number of months

Fig. 1. Monthly dynamics of non-scheduled passenger air transportation
from Heydar Aliyev International Airport (Baku/Azerbaijan)
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Fig. 2. Autocorrelation function according to Figure 1
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e Fact Data

Calculation results

Fig. 3. Calculation results based on the formula (2)

Here, UCL is the upper confident level and
LCL is the lower confident level.

After the autocorrelation function is estab-
lished, the ARIMA model is reported based on
the preliminary results obtained. By substituting
these values in formula (2), (¢4, ¢,, ¢3) and the
values of ¢ are obtained (reports were made in
the MATLAB 2023a software package). Prelim-
inary calculation results are shown in Figure 3.
As it can be seen from Figure 3, if we compare
the results obtained during the calculations based
on the formula (2) with the actual indicators, we
will see that there are serious differences in some
points from the observations made. This indi-
cates that those actual results are anomalous in
the general results. In general, anomalous devia-

12

tions in the general trend are observed in non-
scheduled passenger air transportation.

In the next step, in the ARIMA model, the
difference between the initial calculation results
and the real data is calculated (fig. 4), and the
autocorrelation function (fig. 5) is constructed
for this difference, and reports are continued.
It is clear from Figure 5 that the next calcula-
tions will be made according to formula (3), tak-
ing into account (q = 3) in the ARIMA model.
After solving the system equation obtained by
writing the corresponding values in the formu-
la (3), the values of (64, 85, 85) and are obtained
(reports were made in the MATLAB 2023a
software package). Calculation results are ob-
tained by substituting these values into formu-
la (3) (fig. 6).
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Fig. 4. The differences between the fact data and the calculation results are based on the formula (2)
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Fig. 5. The autocorrelation function according to Figure 4 results
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Fig. 6. Calculation results based on the formula (3)
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Fig. 7. Calculation results in the ARIMA model based on the formula (1)

To determine the final calculation results in
the ARIMA model (P4, Py, P3), (1,82, 83),
(64, 85, 85) the values of ¢ and variables are sub-
stituted in the formula (1), respectively, and the
final calculation results are obtained. The men-
tioned calculation results are shown in Figure 7.
It 1s clear from Figure 7 that the calculation re-

14

sults are quite optimal and close to the real data.
Based on the ARIMA model, forecast indicators
for July-December 2024 were calculated using
the calculations made for 2020-2024. These re-
sults are shown in Figure 7 at points 54-59. Ac-
cording to the forecasting results obtained on the
basis of the ARIMA model, the increase in pas-
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senger transportation by charter flights during
the next 6 months of 2024 is expected to be ap-
proximately 1.5 times higher than in previous
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Civil Aviation High Technologies

periods. This indicator corresponds to the pace
of economic activity currently developing in the
republic.

1 35 7 911131517192123252729313335373941434547495153

LAGS

Fig. 8. Relative error of the calculation results obtained in the ARIMA model (%)

Finally, after calculating the relative error of
the calculation results obtained in the ARIMA
model, it was determined that the average rela-
tive error is 14.2%. This result shows that the
ARIMA model is an effective base model for
calculations in non-scheduled passenger air
transportation.

As it can be seen from Figure 8, there is a
certain regularity in the change of relative errors.
Only one of these steps (step 13) has an anoma-
lously high value of the relative error, that is,
there is a deviation. This also corresponds to the
characteristics of non-scheduled air transport.
Figure 1 shows the dynamics of non-scheduled
passenger air transport. From here it is clearly
seen that the number of passengers at the 12"
step is 584, and at the 13" step it is equal to 135.
This also showed itself in the calculation of rela-
tive errors. The demand for this type of air trans-
portation can suddenly increase or decrease
(suddenly increasing demand during various so-
cio-economic events or decreasing demand dur-
ing a global pandemic). In such cases, different
smoothing methods are usually used. That is, if
there are anomalous deviations at several steps
among the collected statistical data, or if there is

15

no data for that period at all, then the values of
those steps are restored by applying smoothing
methods. Then, the smoothed values are entered
into the model. In this way, it is possible to
achieve more effective results from the model. In
our study, this situation is observed in only one
out of 53 steps, which does not negatively affect
the final result. That is, the average relative error
is within the norm. The main reason for not re-
ducing that step with the smoothing method is to
preserve the process natural flow. That is why
there were no serious errors in the final result.
As it was mentioned above, if the number of
such cases is large, it will be necessary to apply
smoothing methods.

The research relevance

Non-scheduled passenger air transportation is
formed on the basis of order, unlike regular air
transportation. There are many external factors
that influence this process. For example, the so-
cio-economic situation of the country, the wel-
fare level of the population, demographic indica-
tors, environmental issues, etc. Many of these
factors usually remain constant; that is, they do
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not change. It is clear from this that a part of
non-scheduled passenger air transportation is
formed depending on the socio-economic situa-
tion of the country, and the other part is com-
pletely dependent on random factors. Taking in-
to account the mentioned facts, a basic model for
forecasting these processes in further studies is
applied and it will play a basic role in predicting
processes in this form in future studies. Consid-
ering the traditional regression models, it will be
seen that in these models, it is necessary to eval-
uate the influence of each factor. The process of
non-scheduled air transportation is formed under
the influence of one or more factors. That is, it is
impossible to take into account all external fac-
tors within the process. Considering this, we im-
plemented the process, taking into account the
time and not the factors separately. The main
goal is to determine the base segment for each
airport based on long-term observations, and by
applying machine learning methods to this seg-
ment, create completely new and first-of-its-kind
methods for this process. Taking this into ac-
count, the methodology proposed here is rele-
vant for these processes and offers a methodical
approach for modelling processes in this form in
the future. The main scientific innovations of the
research can be noted as follows:

1. The scientific innovation in the article is a
methodology that can play a basic role in the
modelling of completely stochastic processes
such as non-scheduled passenger air transpor-
tation. Based on this methodology, we have cho-
sen ARIMA as a base method. That is, this
method includes both the regression equation
and the re-consideration of the errors obtained
from it at the same time.

2. The application of the ARIMA method to
the forecasting of non-scheduled passenger air
transportation is the first and is a novelty. Since
the non-scheduled passenger air transportation
process is a completely stochastic process, the
application of these methods to the mentioned
field is a novelty.

3. Modelling is not carried out using only one
method, as the mentioned process of air trans-
portation depends on many random factors. An-
other scientific novelty of the research is that the
obtained results serve as a basis for the applica-
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tion of machine learning methods in future re-
search. That is, the part determined by these
methods will serve as a trend model in the fu-
ture. This will be a base part that can be separat-
ed from the general (main) model and given ful-
ly analytically (i.e., calculable). The remaining
differences will be taught at each step, and ma-
chine learning methods will be created. That is,
this method serves as a basis for future research.
Since the application of these types of models in
forecasting non-scheduled passenger air trans-
portation is new, it is crucial to have basic results
for more efficient forecasting. With the results
obtained in this study, we developed a funda-
mental concept for the development of further
forecasting models for the process of non-
scheduled passenger air transportation. Other
researchers can use the results obtained using
this approach as a basis in future studies when
building forecasting models for processes with
regularities such as non-scheduled passenger
transportation.

Research results and discussion

The influence of seasonal factors was not
considered in the research. The main reason is
that non-scheduled flights are not seasonal be-
cause they are made to order. The data in the
study covers the period from 2020 to 2024. As it
is known, due to the global pandemic conditions,
the data on non-scheduled passenger air trans-
portation for these periods is still not accurate
and complete. Due to the pandemic, the data was
restored by applying existing smoothing meth-
ods for months whose data is not completely ac-
curate. Since seasonal factors are not taken into
account, the ARIMA model was applied in the
research. The results of the study also show that
the seasonal factor does not play a very crucial
role in the modelling of non-scheduled passenger
air transportation. A number of researchers have
taken this factor into account when forecasting
regular passenger air traffic. These data are giv-
en in the literature review section. When apply-
ing this model to non-scheduled passenger air
transportation for the first time, the effect of sea-
sonal factors was not taken into account. It was



Tom 27, Ne 06, 2024

HayuyHbiit BectHuk MITY TA

Vol. 27, No. 06, 2024

found that, unlike regular air transportation, the
effect of this factor does not create such serious
differences in non-scheduled passenger air
transportation. It is considered optimal to
achieve this result for another scientific inno-
vation of the research.

Conclusions

In conclusion, the ARIMA model offers a
valuable tool for forecasting non-scheduled air
transportation demand. By leveraging historical
data and capturing patterns, it provides decision-
makers with insights to optimise operations and
meet the dynamic needs of non-scheduled air
travel. Anomalous deviations were observed at
several points in the general trend when calcu-
lations were made in the ARIMA model. This is
due to the characteristics of non-scheduled air
transportation. It is possible to find such cases
with this type of transportation. Although we
incorporated some of the anomalous deviations
that occurred in the actual data in our research
into the process without applying smoothing
methods, this step did not affect the final results.
It is important to note that when reporting for
airports with intensive non-scheduled flights,
adding actual data to the process after processing
with smoothing methods will provide better re-
sults. Additionally, since each airport's capa-
bilities (number of aircraft, airport infrastructure,
number of flight crew, etc.) are limited, the time
sequence of non-scheduled flights (although a
random process) varies within a certain limited
interval. Regardless of how it changes in this
limited interval, a forecast model for a specific
airport can be built with machine learning (deep
learning) methods due to the inertia of non-
scheduled passenger air transportation. The
above-mentioned method (ARIMA) will become
a basis for making building this model. Further
research and refinement of the model can en-
hance its forecasting capabilities and contribute
to improved decision-making in the industry.
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MeToauka TMATHOCTUPOBAHUS TEXHUYECKOI0 COCTOSTHUS ABUALIMOHHBIX
ra3oTypOMHHBIX JABUTaTeJel ¢ IPUMEHEHUEM PEeKYPPEHTHBIX
HelpoHHBIX ceTel (RNN) u njmHHOo-KpaTKocpouHoi namsaTu (LSTM)

1 < 1 1
O.®. Mamomun , I'. I'yceitnos ', A.C. 3acyxun
"Mockosckui 20Cy0apCmeeHHblll MeXHUYeCKULl YHUBEPCUmenm 2paicoOancKoll asuayul,
2. Mockea, Poccus

AHHOTaumsi: B naHHON paboTe mpeAcTaBleHAa METOAMKA [HArHOCTUPOBAHMS TEXHMYECKOTO COCTOSHUSI aBHALMOHHBIX
razorypOounnbix asurareneii (I'TJ) ¢ wucnonb3oBaHMeM peKyppeHTHbIX HelpoHHbIX cereii (RNN) u cereit ¢ mimHHO-
kparkocpounoi namsaTeio (LSTM). OcHOBHOE BHMMaHHE YIIEIEHO CpaBHEHHMIO 3()(PEKTUBHOCTH JaHHBIX MOJENEH I [POrHo3a
KITIOYeBBIX MapameTpoB pabotel ['T/, Takux Kak BUOpalWH, TEMIIEpaTyphl ra3a Iepe]] TypOUHON M YacTOThI BPaILleHHs] POTOPOB
HHU3KOTO U BBICOKOIO JaBleHus. B mpouecce uccnenoBaHusi MpOBEAEHA TIIATENbHAS OYMCTKA M HOPMAIM3alysl JaHHBIX,
BKJIFOUalOmass 00pabOTKy MpOIYIIEHHBIX 3HAuYeHHH, HOpMaIu3almio MerogoM Min-Max Scaling, ynaneHue BbIOpPOCOB,
JICKOPPEILILMIO TaHHBIX M CIVIaKMBaHHe BpeMeHHbIX psiioB. Mogemu RNN m LSTM Obuin o0ydeHB! Ha OCHOBE alrOpUTMa
oOparHoro pacmpoctpaneHust ook depe3 Bpemsi (BPTT) mis Tounoro mporHo3a mapamerpoB pabotel I'Tl. PesymeraTet
TMOKa3bIBAIOT, YTO 00€ MOJENM JEMOHCTPHPYIOT BBICOKYIO TOYHOCTh NPOrHO3a, HO Mozaenn RNN mokas3blBaroT Jrydime
Pe3yABTaTHI IO OONBIIMHCTBY mapameTpoB. [ BuOparmoHHbIx mapamerpoB (VIB NIFNTI1, VIB_NIFNT2, VIB_ N2FNTI1 u
VIB_N2FNT2) monmemu RNN nokazamm 6onee Huskue 3HaueHuss RMSE 1 MAE, monreeprkaasi MxX BBICOKYIO TOYHOCTB. Jlist
temnepatypHbix mapamerpoB (EGT1 n EGT2) monem RNN Takke mpoaeMOHCTpHPOBaIN OoJiee BEICOKHE TIOKAa3aTeNIN TOUHOCTH.
B T0 e Bpemst moaerm LSTM nokazanu Jydimie pe3yIbTaThl I HEKOTOPBIX TApaMeTPOB YaCTOTHI BPAILICHHSI POTOPOB HU3KOTO
n Bbicokoro aasieHust (N21 m N22). BbiBogpl pabOThI MOAYEPKHBAIOT HEOOXOIMMOCTb BBIOOpa MOAXOMSINEH MOJENH B
3aBHCHUMOCTH OT XapakTepa AaHHBIX U Criel(HKN TapaMeTpoB, KOTOPbIE HEOOXOMMO POTHO3UPOBaTh. by myliye nccieoBaHus
MOTyT OBITh HAMpPAaBJICHbI HAa Pa3pa00TKy T'MOPHUIHBIX MOAXOJO0B, OOBCAUHSIOIIMX MPEUMYIIECTBA OOCHX MOJICNICH IS
JIOCTYDKEHHS HAWITYUIHX Pe3yJIbTaTOB JHAarHOCTHKY TEXHUUECKOTO COCTOSIHUS aBuatMoHHbIX I'T/1.

KnioueBbie ciioBa: 0€301MacHOCTh IOJIETOB, JIMArHOCTHKA aBHALMOHHBIX Ta30TYpOMHHBIX JIBUTATENEH, pEKYppEHTHBIC
HEWpPOHHBIE CETH, [UTHHHO-KPATKOCPOYHASI TIAMATh, IPOTHO3 TApaMeTpoB, BUOpAIIHst, KOMIIpeccop, TypouHa, arroput™ BPTT.

Jonst uurupoBanusi: Mamonmma O.@., T'yeeitroB I., 3acyxua A.C. MeTomnka ITHAarHOCTUPOBAHKS TEXHUYECKOTO COCTOSHHS
ABHAIMOHHBIX TA30TYPOMHHBIX ABUTaTeNIel ¢ MPIMEHEHHEM PeKypPeHTHBIX HeHpOoHHBIX cerel (RNN) 1 AMHHO-KpaTKOCPOYHOI
namsiti (LSTM) // Hayunsiit Becrauk MI'TY T'A. 2024. T. 27, Ne 6. C. 21-41. DOI: 10.26467/2079-0619-2024-27-6-21-41

Methodology for diagnosing the technical condition of aviation gas
turbine engines using recurrent neural networks (RNN)
and long short-term memory networks (LSTM)

O.F. Mashoshin', H. Huseynov', A.S. Zasukhin'

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

Abstract: This study presents a method for diagnosing the technical condition of aviation gas turbine engines (GTE) using
recurrent neural networks (RNN) and long short-term memory networks (LSTM). The primary focus is on comparing the
effectiveness of these models for forecasting key operating parameters of GTEs, such as vibrations, turbine-inlet temperatures, and
rotor speeds of low and high pressure. The research involved thorough data cleaning and normalization, including handling missing
values, normalization using Min-Max Scaling, outlier removal, data decorrelation, and time series smoothing. The RNN and LSTM
models were trained using the backpropagation through time (BPTT) algorithm to accurately forecast GTE operating parameters.
The results show that both models demonstrate high forecasting accuracy, but the RNN models perform better in most parameters.
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For vibration parameters (VIB_N1FNTI, VIB N1FNT2, VIB N2FNT1, and VIB N2FNT2), RNN models achieved lower
RMSE and MAE values, confirming their higher accuracy. For temperature parameters (EGT1 and EGT2), RNN models also
showed higher accuracy rates. Meanwhile, LSTM models achieved better results for some rotor speed parameters (N21 and N22).
The findings emphasize the necessity of choosing the appropriate model based on the nature of data and the specifics of the
parameters to be forecast. Future research may focus on developing hybrid approaches that combine the advantages of both models
to achieve optimal results in diagnosing the technical condition of GTEs.

Key words: flight safety, gas turbine engine diagnostics, recurrent neural networks, long short-term memory, parameter
forecasting, vibration, compressor, turbine, BPTT algorithm.

For citation: Mashoshin, O.F., Huseynov, H., Zasukhin, A.S. (2024). Methodology for diagnosing the technical condition
of aviation gas turbine engines using recurrent neural networks (RNN) and long shortterm memory networks (LSTM). Civil
Aviation High Technologies, vol. 27, no. 6, pp. 21-41. DOI: 10.26467/2079-0619-2024-27-6-21-41

Beenenue BTOPBIX, METOJIbI MAIIMHHOTO OOYYCHHUS MOXKHO
WHTETPUPOBATh B CYIIECTBYIOLUIUE CUCTEMBI MO-
JIMarHOCTMKa TEXHUYECKOIO COCTOSIHUSI Tra- HUTOPHMHIA, O0ECIeYnBasi HENPEPHIBHBIA MOHH-
30TypbuHHEIX aeurateneii (I'TJI) sBmnsercs oaHO# TOPUHT U JHMATHOCTUKY COCTOSIHMSI JBUTATEJCH.
Y3 KJIKOYEBBIX 33Ja4 B ABHALIMOHHOW OTpPACIH. B-tpetbux, RNN n LSTM MOXHO afantupoBarh
CHOXXHOCTh KOHCTPYKLUH, BBICOKAsh CTOUMOCTb, K H3MCHAIOIMIMMCA  yCJIOBHAM  3KCILTyaTalliH,
KPUTHUHOCTh paGothl I'TJ] M BiusHME Ha Oe3- obecrieunBasi yCTOWYMBOCTh M HAJACKHOCThH JTHA-
OTMACHOCTH TIOJIETOB TPEOYIOT HEMIPEPHIBHOTO KOH- THOCTHKH B IOJITFOCPOYHO¥ NEPCIICKTHBE.
TPOJI U CBOEBPEMEHHOI'O BBIABICHUS BO3MOXKHBIX Llenpr0 HACTOSIIIETO UCCIICTOBAHUS SBIISICTCSI
HEUCIpaBHOCTEH. TpaJuIMOHHBIE METOABI JHa- pa3paboTKa METONMKH JIMarHOCTUPOBAHUS TEX-
THOCTUKHM, OCHOBAaHHbIE Ha aHaIU3e BHOpAIOH- HUYECKOIr0 COCTOsIHMs aBuanonnoro I'T/I ¢ uc-
HBIX W TEMIIEpaTypHBIX ITOKa3aTeJel, a TakkKe Ha TNONE30BAHIEM PEKYPPEHTHBIX HEHPOHHBIX Ce-
BU3YyaJIbLHOM OCMOTpPE M U3MEPEHHUH I1apaMeTpOB, Tl M CeTeH C JUIMHHO-KPATKOCPOYHOH INams-
aHAIIN3 TAPAMETPOB MACISHON CHCTeMbI, Criek-  ThiO. JUIS IOCTHXEHUS 3TOH ey ObUIM MOCTaB-

TpaJbHBI aHaIM3 Macliia, YHIOCKOMUS 00NIalatoT JEHBbl CIEAyIOIME 3aJadu: cOOp M IpeaBapu-
PSZIOM  HEAOCTAaTKOB, BKIItOYas CyOBEKTUBHOCTh TeabHas 00paboTka JaHHBIX 0 pabore I'T]I (mmo-
OLICHOK M BBICOKYIO TPYIOEMKOCTB Ipouecca. B JIy4CHHBIC C OOPTOBBIX CHCTEM PETHCTPAIIMH I1a-

YCIIOBHSIX BO3pACTAIOIIMX TpeOOBaHUHN K obOecrie- pameTpoB), pa3paboTka aaropuTMOB OOY4YCHHs
YeHUI0 0e30MacHOCTH MOJIeTOB M Hajae)kHOCTH AT JaHHBIX ToneToB napamerpos I'TJI ¢ npumene-
HEOOXOIMMO HCKaTh HOBBIE, Oosee I eKTHBHEIC arem Mozeneir RNN i LSTM, onenka ux ad-
OJXOMIBI K JUATHOCTHKE. (EeKTUBHOCTH Ha peajbHBIX JAHHBIX U CpaBHE-
CoBpeMeHHbIE METO/Ibl MALTMHHOTO O0YYEHUs HUC C TPaAMIIMOHHBIMU METOAAMH THArHOCTHKH
00J1a1al0T HOBBIMM BO3MOKHOCTSIMH U TIPEUMY- B IPYTHX paboTax.
LIECTBAMH ISl TOBBILIEHUSI TOYHOCTH WU ONepa- Tpapguunonusie metoasl auarHoctuku [T/
TrBHOCTH JuarHoctuku I'T/[. B wactHOCTH, pe- BKIIFOYAIOT aHanu3 BHOpauuii, Tepmorpaduio,
KyppeHTHble HelipoHHble ceth (RNN) u cetu ¢ aHaIN3 TEeMIIepaTypsl rasa nepej TyponHoii, or-
JUIMHHO-KpaTkocpouHoi mamsteio (LSTM) ne- JCIBHO  BBIICINM  YIBTPa3BYKOBYIO JeEKTO-
MOHCTPHPYIOT BBICOKYIO 3((eKTHBHOCTh B 3a/(a- CKOIUIO [5]. OTH METOABI MO3BOJIAIOT BBIABIIATH
4Yax aHajau3a BPEMEHHBIX PANOB U MPEACKA3aHUs HCUCIIPAaBHOCTH Ha PaHHUX CTalHAX W IPCAy-
CJIOKHBIX JUHAMUYECKHX MporieccoB [1-4]. MPEXIATh O PA3BUTHH CEPbE3HBIX MTOBPEXKICHUM.
Hcnonb3oBanue RNN u LSTM miis nnarso- OnHako ux >pGeKTHBHOCT OrpaHHYCHA TPY/I0-
cruku [T wmmeer pan mnpeumyiects. Bo- €MKOCTBIO U HEOOXOJIUMOCTBIO BBICOKOW KBAJIH-
MEPBBIX, 3TU MOJAETH CIOCOOHBI aBTOMATHUYECKU ¢ukaumm nmepconana. Ha puc. 1 mpencraBnena
M3BJIEKATh W AHAJIU3UPOBATH CKPBITHIE 3aKOHO- cxema npouecca auarsoctuku I'TJI, BKiodao-
MEPHOCTH B OONBIIMX 00bEMaX MAHHBIX, UTO 1asi ATanbl BBISABICHUS, JOKAJIN3ALUU U UICH-
MIO3BOJISIET IOBBICUTH TOYHOCTH IPOrHO3HPOBA- THQUKALME HEUCTIPABHOCTCH W MPEIOKCHHUs
HUH ¥ CHU3UTH BEPOSTHOCTB JIOXKHBIX TPEBOT. Bo- MEp 0 TEXHUYECKOMY 00CITy)KHBaHHUIO [6].
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Puc. 1. TpanguuuonHas cxema npouecca auarHoctuku ['TJ]
Fig. 1. Conventional scheme of the GTE diagnostic process

Takum o0Opa3zom, MpUMEHEHUE METOJOB Ma-
[IMHHOTO OOYYeHMs, B YaCTHOCTH PEKyppEHT-
HBIX HEWPOHHBIX CETeW W CeTel C JIMHHO-
KPaTKOCPOYHOW MaMsTblO, OTKPBHIBAET HOBBIC
BO3MOKHOCTH JJIs1 TTOBBIIICHHS 0€30IMaCHOCTH U
HaJIe)KHOCTH aBUAIIMOHHBIX cHucTeM. J[aHHOE HcC-
CIIEIOBaHHE JAEMOHCTPUPYET MOTEHIIUA MPUMeE-
Henust RNN- u LSTM-Mopenei 171 noBBIIEHUS
TOYHOCTH JTHArHOCTHKHM TEXHHYSCKOIO COCTOS-
Hus ['TJl, 4yro moaTBepKOaercs yJIy4lIEHUEM
noka3arenieii RMSE u MAE nma 1540 % mno
CpPaBHEHHUIO C TPAAUIIMOHHBIMU MeTosiaMu [7, 8].
RMSE (Root Mean Square Error) — cpenne-
KBagpaTuueckoe oTkiIoHeHne, MAE (Mean
Absolute Error) — cpennsisi abcomnroTHas 11o0-
TPEIIHOCTh. JTU METPUKU HUCHOJIb3YIOTCS JIs
OIIEHKM TOYHOCTH MNPOTHO3HPOBAHUSA MOJEINECH.

23

Menpmne 3Hauenuss RMSE u MAE yka3biBaror
Ha 00Jiee BEICOKYIO TOYHOCTH MOJICIIH.

HoBu3Ha gaHHOTO HCCICIOBAaHHS 3aKIIIOYa-
eTcs B pa3paboTKe KOMIUIEKCHOTO MOAXOoAa K
nuarHoctuke ['TJl, oObeauHSAIONIETO MpEeuMy-
mectBa mojeiei RNN u LSTM. B otinuuwne ot
npeapiaymux padot [1, 3-5, 7, 9, 10], roe atu
MOJIeJIA IPUMEHSUIUCH 10 OTAEIbHOCTH, Mpeyia-
raeMbIii HOBBIH METOJI MUCIOJIb3yeT 00€ MOe/H
napaJuieNIbHO, YTO TO3BOJISIET O0Jiee TOYHO MPO-
THO3MpPOBaTh paznuyHble mapametpel [T/
Kpome Toro, Mbl BBOAMM HOBIIECTBO BU3YaJu-
3aIliu Pe3yJIbTaTOB — PACHIUPEHHYIO KapTy pac-
npe/esieHusT aHOMaJIUM, KOTopasi MO3BOJISIET OJI-
HOBPEMEHHO OTOOpa)kaTb HOPMAaJIM30BaHHBIC
BEJIMYMHBI AHOMAJIMKA U UX CYMMapHOE 3HaYEHUE
BO BPEMEHH.
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[TpennoxeHHBIH METOJ BH3yalU3allud
pacilMpeHHasl KapTa paclpeleleHus aHoMa-
7l — noBbIaeT 3G(GHEeKTUBHOCTh AMATHOCTUKU
['TH 3a cueTr OJHOBPEMEHHOTO OTOOpPaKECHUS
HOPMAJIM30BAaHHBIX BEIWYMH aHOMAIUA U HX
CYMMApHOIro 3Ha4€HUs BO BPCMCHHU, YTO IO3BO-
JISIT BBISBIATH CIOXKHBIE MHOTO(AKTOpPHBIE He-
HCIIPaBHOCTH U HMX IUHAMUKY pa3BUTUA, YIIyd-
asi HHTEPIPETUPYEMOCTh Pe3yIbTaTOB U CIIO-
coOCTBYSI TIPHHITHIO 00Jice OOOCHOBAaHHBIX pe-
[ICHUI TT0 TEXHUYECKOMY 00CITy >KMBaHHIO.

JluteparypHblii 0030p

Hwnarnoctuka ['T/] sBisieTcss OqHON M3 KITHO-
YeBBIX 33]1a4 B 00ECTIEUCHUHN UX HAJIeKHOCTU U
noaropeyHoctu. CyliecTBYIOIIME METOAbI Jua-
THOCTUKH MOXHO pPa3/eiIuTh Ha TPaJULMOHHBIC
U COBPEMEHHbBIC, KaXKIbI M3 KOTOPHIX HMEET
CBOM MPEUMYIIECTBA U HETOCTATKH.

TpaguunoHHble MeTOAbl JAHATHOCTHKU
BKJIIOYAIOT BUOpPALIMOHHBIN aHAIU3, TepMoOrpa-
¢bur0, aHaK3 MapaMeTPOB TEMIIEPATYPHI IEpe]
TYpOWHOM, YIbTPa3BYKOBYIO Ie(EKTOCKOIHIO
U Ipyrue MeTOAbl Hepa3pyllarollero KOH-
TPOJISL.

BubOpannonHbsiii aHaiu3 Kak METOJ Hepas-
PYILIAIONIETO KOHTPOJS SBISETCS OIHUM U3
HauboJee pacIpOCTPAaHEHHBIX METOMIOB JAHATHO-
ctuku ['T/l, KOTOpPBI MO3BOJISIET BBISBIATH ME-
XaHUYECKUE HEUCTIPABHOCTH, TaKhe Kak aucoOa-
JIaHC, HECOOCHOCTh BaJIOB POTOPa U M3HOC MOJ-
[INITHUKOB. DTOT METOJI TpeOyeT YCTaHOBKHU
MAaTYUKOB BUOpAllMd M JOCTATOYHO CJIOKHOTO
o0opyaOBaHUs 7Sl aHaNW3a JaHHBIX, YTO yBe-
JMYUBAET CTOUMOCTH TUArHOCTUKHU.

Tepmorpacdus ucnonb3yercs s oOHapyxe-
HUS TEIUIOBBIX aHOMaymii B pabore I'TJI. Dtor
METO/I TIO3BOJISIET BBISBIATH MPOOIEMBI C OXJIa-
KJICHHEM U YTEUKOW ra3oBO3AYILIHBIX MOTOKOB,
HO €ro NpUMEHEHHE OTPaHUYEHO IMOBEPXHOCT-
HBIM aHAJIM30M U HE IMO3BOJSET OOHAPYKHUBATH
BHYTPEHHHUE J1e(DEKTHI.

AHanmu3 TemmnepaTyphl ra3a nepea TypOuHOM
ra3oB CIOCOOCTBYET OLIEHKE COCTOSHHS KaMmephl
cropanusi u apyrux kommnoneHToB ['TJI mo co-
CTaBy U XapaKTepUCTHKaM BBIOPOCOB. DTOT Me-
TOoA TpeOyeT perysipHoro oréopa mpob u yabdo-
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paTOPHOIO aHajIu3a, 4TO JEJIAeT €ro MEeHee oIe-
paTUBHBIM U 0OJiee 3aTpaTHBIM.

VYabpTpazBykoBas Ne(eKTOCKONUS KaK OJUH
U3 METOJOB HEPa3pyLIAIONIIET0 KOHTPOJS MpH-
MeHsieTCsl ANl OOHapy>KeHUs BHYTPEHHUX U
MOJIMTOBEPXHOCTHBIX JE(PEKTOB B KOHCTPYKTHB-
HBIX anemeHTax ['TJl. Dtor MeTond IMO3BOJSCT
BBISIBIIATH TPEIIMHBI U KOPPO3HIO.

MeTtoapl Hepa3pyLIAlOUIer0 KOHTPOJIS, BKIIIO-
Yyasi MarHUTOMOPOIIKOBBIA KOHTPOJIb, KOHTPOJb
MPOHUKAIOIIMMHU  BEUIECTBAMH, paauorpaduye-
CKHM KOHTPOJIb U BUXPETOKOBBI KOHTPOJIb, MO3-
BOJISIIOT OOHApYKHUBaTh MOBEPXHOCTHHIE M BHYT-
perHME edeKThl 0e3 HapyIICHUsT TTOBEPXHOCTHO-
TO CJIOSI KOMIIOHEHTOB, HO TPeOYIOT CHelralnu3u-
POBaHHOTO 00OPYIOBaHWS U KBATH(PHUITUPOBAHHO-
ro IepcoHaa.

CoBpeMeHHbIE  METOABI  IMATHOCTHKH
BKJIIOYAIOT METO/bl MAaIIMHHOTO OOy4eHHs, Ta-
KHE€ KaK peKyppeHTHbIe HelipoHHbIe ceTu (RNN)
U CETH C JUIMHHO-KPaTKOCPOYHOM MaMsThIO
(LSTM), koTopble IEMOHCTPHPYIOT BBICOKYIO
3 PEeKTUBHOCTh B aHAJIM3€ BPEMEHHBIX PSIO0B
U IIPEICKa3aHUK TMHAMHYECKUX MPOIIECCOB.

RNN u LSTM 1no3BoJISIFOT yYUTHIBATh HEJIH-
HEWHbIE 3aBUCHMOCTH U BPEMEHHBIE KOppeis-
LMY B JAHHBIX, YTO JENAET UX UJICAIbHBIMU IS
MpPUMEHEHUsI B 33/Ja4yax JUArHOCTUKHU. DTH MO-
JIeJIM MOTYT aBTOMAaTHYECKHU M3BJIEKATh U aHAJIM-
3UPOBATh CKPBITHIE 3aKOHOMEPHOCTH B OOJIBIITUX
o0bemMax JaHHBIX, NMOBBINIAS TOYHOCTDH IMpecKa-
3aHUI U CHUXXKAsl BEPOSITHOCTH JIOXKHBIX OOHApY-
JKEHUU.

CpaBHUTENbHBIA aHAJIU3 METOJOB JUArHO-
ctuku ['TJl mpencrasneH B Tadm. 1.

Hayynasi mpo0sema. HecMoTpsi Ha 3Hauu-
TEbHBIE TOCTHKEHUS B 00J1aCTU TPAAUIIMOHHOM
nuarHoctuku ['TJl, 5TH MeTOabl UMEIOT OrpaHu-
YeHUs, CBSI3aHHBIE C BBICOKOH CTOMMOCTHIO,
TPYJIOEMKOCTbIO U HEOOXOAUMOCTBIO B BBICOKO-
KBaTupuuUpoBaHHOM TniepcoHane. CoBpemeH-
HbIe MeTOobI, Takue Kak RNN u LSTM, noka3si-
BAIOT BBICOKYIO 3(PPEKTUBHOCTb, HO TpeOYIOT
O0OoJBIUX OOBEMOB JIAaHHBIX W 3HAYUTEIHHBIX
BBIUHCIUTENBHBIX pecypcoB. OCHOBHAsI Hay4YHAas
nmpo0JjemMa 3aKIII04aeTcsi B HEOOXOIUMOCTH pa3-
paboOTKM METOAMK, KOTOpble OOBEIUHSIOT Ipe-
MMYILECTBA TPAJAULIMOHHBIX U COBPEMEHHBIX Me-
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Taoauma 1
Table 1
CpaBHUTENBbHBIN aHAIU3 METO10B nUarHocThku ['T]]
Comparative analysis of diagnostic methods for GTE
Iddex- HUc-
DJ1eMeHTbI b
Meton IIpeumyinecTBa HenocraTku TUBHOCTb, | TOY-
KOHCTPYKIMHU o
Yo HHUK
Bricokas cTouMocTh ycTa-
Bricokast TouHOCTB
. HOBKH M 00CTYXHUBaHHS
BuOpauuoHHblii | BHIABICHUS MEXaHU- IMoamumankwy,
JATYMKOB, HEOOXOIMMOCTD 85-90 [11]
aHaJau3 YeCKUX HEHCIIPaBHO- POTOPBI
N CJIO)KHOTO CTIEKTPATBHOTO
cTei
aHagm3a
OrpaHuyeHO MOBEPXHOCT- Cucrema
BricTpoe BhIsSBICHHE | HBIM aHAIH30M, HE OOHa- OXJTXKACHUS
Tepmorpadus p N ’ A 70-75 [12]
TEIUIOBBIX aHOMANIMK | PY’KWBaeT BHYTPEHHUE Jie- | ITHUCKOB, JIOTIA-
(beKTh TOK
AHaJu3 TeMIle- Heo0xoaumocTs perysp-
OreHKa COCTOSTHHS Kamepa
paTyp rasa mne- HOTO 0TOOpa Mpod U 1ado- 65-70 [13]
. KaMephl CTOpaHus CTOpaHus
pen TypOuHOi paTOPHOTO aHaJu3a
Yabtpa3Byko- | OOHapyxeHue BHYT- | BbIcokas kBamudukaius
JlonaTtku, nuc-
Basf JedeKro- peHHUX Ae()eKTOB, [IEPCOHANA, CIIELUAIIBHOE K. KODIVCHL 90-95 [14]
CKOMuUsl BBICOKAsi TOYHOCTh o0opynoBanue - KoprLy
rHe MeTOAbI Jlonatku, nuc-
Apy A bes pazpymenus TpeOyer cnennaibHOTO A
Hepa3py- KH (OJTUCKN),
KOMITOHEHTOB, BBICO- | 00OpYIOBaHUS U KBATH(H- 85-95 [15]
1IA01Iero KOPITYCHI,
Kasi TOYHOCTh LHMPOBAHHOTO MEPCOHAA
KOHTPOJIsI CBapHBIE IIBHI
Yuer HemMHEeUHBIX
N HeobxomumocTs 60bI10r0
34BHCHMOCTCH 1 o0beMa JTaHHBIX I 00
RNN u LSTM | BpeMeHHBIX KOoppe- " | Bcee anements 95-98 [9]
N YCHHMSI, BEICOKAsI BEIYUCIIH-
TSN, aBTOMATH3a-
TeJNbHAS CI0KHOCTh
LM aHAJTN3a

TOJIOB, 0OecreunBasi BBICOKYIO TOYHOCTh M OIe-
PATUBHOCTb JMATHOCTUKH IIPM ONTHUMAJIBHBIX
3aTparaXx ¥ MUHUMAJIbHBIX TPEOOBAaHMUIX K pe- 1.

cypcam.

MeToauka uccjae10BaHusAa

MoJib30BaHueM Onbamnorexku Pandas.
2. OuncTKa HAHHBIX I OOECIIEYEHHS HX
KayeCTBAa U MOJHOTEI.
3. Hopmanuzanusi TaHHBIX JJIs IPUBEACHUS
BCEX MapaMeTPOB K €IMHOMN IITKaJIe.

[Ipouiecc 0OpabOTKM TaHHBIX BKIIIOYAET Clie-
JYIOIINE STAIbI.
3arpy3ka naHHbIX U3 ¢aitnos Excel ¢ uc-

C6op 1 00paboTKa MaHHBIX SBISIFOTCS KITIO-
YeBBIMU JTalaMu B pa3pabOTKe METOAMKH JHa-
THOCTHKHM TexHudeckoro coctosuus I'TI. JlaH-
HbIE COOMPAIOTCS ¢ TIOMOIIBIO0 BCTPOCHHBIX J1aT-
YUKOB, YCTAHOBJIEHHBIX Ha PA3JIUYHBIX KOMIIO-
HeHTax ['T/l, koTOopbIe pErucTpUpyIOT TaKue Ia-
pameTphl, Kak TemrepaTypa, JaBieHue, BHOpa-
11, CKOPOCTh BpalleHus: poTopos. Bee 3aperu-
CTPUPOBAHHbIE IapaMETpPbl 3alKCHIBAIOTCS B
¢aiinel popmara Excel.

25

4. YpaneHue BBIOPOCOB C HMCIOIH30BAaHUEM
CTaTHCTUYECKOTO aHAN3a.

5. Jekoppensuus AaHHBIX METOAOM IJIaB-
HbIX KoMmroHeHT (PCA).

6. CriaxuBaHuE€ BpPEMEHHBIX DSIOB C HC-
MOJIb30BaHUEM CKOJIB3SIIIETO CPETHETO.

s co3ganus U oOydeHUs: MOJeNel Ha oc-
HOBE PEKYPPEHTHBIX HeHpOHHBIX ceTeil (RNN) u
ceTel ¢ JUIMHHO-KPATKOCPOYHOW MaMSTHIO
(LSTM) wucmons3yroTcsi COBpEMEHHBIE WHCTPY-



HayuyHbiit BectHuk MITY TA

Tom 27, Ne 06, 2024

Civil Aviation High Technologies

MEHThl W Oubnuoreku, Takue kak Python,
Pandas, NumPy, Scikit-learn, Keras wu
Matplotlib.

OO0OpaboTka TPONMYIIEHHBIX 3HAYCHUH ObLIa
MEPBBIM IIaTOM B OYHUCTKE U (OPMUPOBAHUU
CTaTHUCTHYECKUX JaHHBIX. [IporymieHHbIE 3Ha-
YeHHsI B JIaHHBIX MOTYT BO3HHMKATh MO Pa3HBIM
IpUYMHAM, BKJItoYas cOou B paboTe JaTUYMKOB
WIK OIMMOKK Tpu 3amucu JaHHbIX. g oOpa-
OOTKH TPOITYIICHHBIX 3HAYEHUH MBI HCITOJIB30-
BajJM JIBa MOJXOJa: 3aMEHy Ha CpelHHEe 3Haye-
HUS WU JIMHEHHYIO WHTEPIIOJISIIHIO. 3aMEHa Mpo-
MyIIEHHBIX 3HAYEHUW Ha CpeIHuEe 3HAYCHUs
MO3BOJIICT COXPAHUTH OOIIYI0 TEHACHIIMIO JaH-
HBIX 0€3 CYIIECTBEHHOTO MCKa)XECHHUS CTATUCTH-
YECKUX XapaKTCPUCTHK:

1

X; = —
t n

Z?:l Xijs (1)
rJie X; — 3HAUCHUE TapaMeTpa Jjisl HaOIIoACHHUS 1,
X;; — 3HAUEHHE MapameTpa AJsl HaOIIoAeHHs j U3
Habopa JaHHBIX 7. B Tex ciydasx, Korjaa 3aMeHa
Ha cpeaHee 3HA4YeHHE ObLIa HEIOCTATOYHO TOY-
HOM, MBI UCIIOJI30BAJIM JIMHEHHYIO MHTEPIIOJIS-
U0 11 060J€e TOYHOTO BOCTIOJIHEHUS TMPOITY-
LICHHBIX JaHHBIX. BbIpaxkeHue LI JTUHEMHOMN
AHTEPIOJALNU:

x(8) = x(to) + ZEZ (¢ — 1),

(2)
rae x(f) — 3HadeHWe mapaMerpa B MOMEHT Bpe-
MeHU 1, x(f)) U x(¢;) — 3HAUEHUs IapaMeTpa B
MOMEHTHI BPEMEHH f( U {; COOTBETCTBEHHO.

[Tocite 00pabOTKM MPOITYIICHHBIX 3HAYCHUHN
Mbl TPUCTYNHIN K HOpPMaNHU3aIMH JIaHHBIX.
Hopmanuszanus HeoOxoauma Juisi TpUBEIEHUS
BCEX MapaMeTpPOB K €AMHOMW IIKaie, 4To YiIyd-
maeT KayecTBO oOydeHus moxenend. s atoro
ucnonp3oBaa Meroa Min-MaxScaling, koro-
pBIi IpeoOpa3oBBIBACT 3HAYCHUS IMAPAMETPOB B
nuamna3od ot 0 go 1:

1 _ X~ Xmin

X =

€)

9
Xmax~Xmin

I7le X — UCXO/JHOE 3HAUYCHHUE NapaMeTpa, Xmin U
Xmax — MMUHUMAaJIbHbIE U MaKCUMaJlbHbIE 3Haye-
HUS [TapaMeTpa COOTBETCTBEHHO, X' — HOpMaJu-

26
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3oBaHHOe 3HaueHue (1). Hanmpumep, ecniu MuHH-
MaJbHOE 3HAaYeHUE TeMnepaTypsl Tmin = 200 K, a
MaKCUMalbHOE 3HaueHuEe Tmax = 1600 K, TO npu
ucxonHoM 3HaueHuu temrepatypsl T = 1 000 K
HOPMAJIM30BAaHHOE 3HAUYEHHE PACCUUTHIBACTCS
CJIeTyFOIIMM 00pa3oMm:

, _ 1000-200 _ 8

00
= = ~ 0,571.
1600—200

1400

Jlanee ynmanmuiau BBIOPOCHI W3 JAaHHBIX, TaK
KaK OHM MOTYT CHUJIBHO HCKa3uTh PE3yJbTaThl
aHanmu3a. [[ns oOHapyXeHust U yaaeHus: BHIOpo-
COB HCIIOIL30BAJINChL METOMIBI CTATUCTHYECKOTO
aHaJM3a, TaKUe KaK aHAIN3 MEXKBapTUIHHOTO
pazmaxa (IQR). 3Hauenwusi, BeIXoAsIINE 32 TIpe-
nensl 1,5 - IQR, cuntanuch BeIOpocamu.

Crnenyromum marom Oblla  JEKOPPENALUS
nanHHbIX. [ToCKOBKY HEKOTOPBIE TTapaMeTPhl MO-
TYT OBITh CHJIBHO KOPPEITUPOBAHBI APYT C APY-
TOM, JUUISL IEKOPPEJISIIIUN JAHHBIX HCTIOIb30BAJICS
MeToa riaBHbIX KoMIoHeHT (PCA). DtoT meTon
MO3BOJISIET YMEHBIIUTH PAa3MEPHOCTh JTAHHBIX,
COXpaHsIsl IPU 3TOM OOJBIIYIO0 YacTh WH(OpMA-
1805058

Jlnst ycTpaHeHus myma B JaHHBIX MBI TIPH-
MEHUJIU CIJIaXKMBAHHE BPEMEHHBIX PSAOB C HC-
MOJIb30BAHUEM CKOJIB3SIIIETO CPEIHETO:

1

¢
ﬁzi=t—1v+1 Xi,

St 4

rae S; — 3HaueHUe CIVIAKEHHOTO0 BPEMEHHOIO
psaa B MOMEHT BpeMeHH f, N — pa3Mep OKHa,
CKOJIB3SIIETO CPETHETO, X; — 3HAUEHUSI UCXOJIHO-
r0 BPEMEHHOTI0 psijia.

Ilocne BBINOMHEHUS BCEX ATHX LIaroB JaH-
HbIe OBLIM TOTOBBI JIs1 (POPMUPOBAHUST BPEMEH-
HBIX PS/I0B, KOTOphIE HEOOXOIUMBI JJIsT 00yde-
Husa mojaeneit RNN u LSTM. HaGop nanHBIX
ObUI pa3zieneH Ha 00y4Yarolyl0 U TECTOBYIO BbI-
O6opku B cooTHouenun 67 Ha 33 % cooTBet-
CTBEHHO. DJTO IO3BOJIMJIO HaM OLICHUTH IPOU3-
BOJUTEIBHOCTh MOJIeNIell Ha HE3aBUCHUMBIX JaH-
HBIX U MPOBEPUTH UX CHOCOOHOCTH IMpPEICKa3bI-
BaTh OyAylIMe 3HAYEHHs] MapaMeTpOB U BbISB-
7s1Th aHOManuu B padote ['T/I.

Cxema anropuTMOB HMOJTOTOBKU JTAHHBIX IS
co3/1aHus ¥ 00ydeHus! MojieNieil HeHPOHHOM ceTn
MpeCTaBiIeHa Ha PUC. 2.
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3arpy3Ka AaHHbIX

OuUKCTKa A3HHBIX

0O6paboTka NPONYLWeHHbIX 3HaUeHWi

ety

3ameHa Ha cpeaHue 3HaYeHUR

NuHeRHas uHTepnonaumna

kde\_/

HopManuzauma gaHHbIX, Min-Max Scaling

Yaanenue Beibpocos, IQR

Aexoppenauva AaHHbIX, PCA

CrnaxuveaHne BpeMeHHbIX PAAOB, CKONb3ALLee CpejHee

©OpPMUPOBaHWE BPEMEHHBIX PRAOE

PazpeneHue Ha obyuaroLLyro U TecToeyH euibopku

Puc. 2. Cxema anropuTMoB IOATOTOBKHM JAHHBIX AJISl CO3JIaHUsl M 00Y4eHUs MOJieield HeHPOHHOM ceTH
Fig. 2. Scheme of algorithms for data preparation for creation and training of neural network models

MeTo010J10THSI 1 MAaTeMAaTHYEeCKOe
onucanue cerer RNN u LSTM

Co3nanue u oOyueHHe Mojese peKyppeHT-
HbIX HelpoHHbIX ceteil (RNN) u cereil ¢ nnun-
HO-KpaTkocpouHoil mamsateio (LSTM) Tpebyror
JETaJbHOTO TOHMMAHUS WX MaTeMaTHYECKUX
OCHOB. B 1aHHOM pa3zene paccMOTpUM OCHOB-
HbIC YpPaBHEHHS W QITOPUTMBI, HCIIOJIb3yEMbIC
JUId TIOCTPOEHMS ATUX Mojenei. MaremaTtuue-

27

ckrie ocHOBBl RNN- u LSTM-moneneit moapo6-
HO OMHCaHbI B paboTax [4, §].

PexyppentHbie HeiiponHble ceTn (RNN).
RNN MozenupyroT BpeMEHHBIE 3aBUCHUMOCTU B
JTAHHBIX, MCIIOJIb3YSl CKPBITBIE COCTOSHUS, KOTO-
pble OOHOBJISIIOTCS HA KKIOM Il1are BPEMEHHOTO
psna. Ilycts x; 0003HauaeT BXOJHbBIE JaHHbIE Ha
miare ¢, i; — CKppITO€ COCTOSIHAE Ha IIare £, a y; —
BBIXO/JIHBIC IaHHBIC HA IlIare f.

OOHOBIIEHHE CKPBITOIO COCTOSIHUSA /; TIPOUC-
XOJIUT CJEAYIOIUM 00pa3oM:
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hy = oWy - he—y + Wy - X + bp), (%)
rie ¢ — HeluHeHHas QYHKIHMS aKTUBAIHH,
Hanpumep curmouna win RelLU, W), — Beca
CKpBITOTO cIlosi, W, — Beca BXOAHOTO cios, b, —
CMEILEHHE CKPBITOTO CIIOSL.

B nannoil paGore B kauecTBe (PyHKIMH aK-
TUBAlMM OblJa MCIIOJIb30BaHA CHUIMOUAAIbHAS
¢byHKIMsA, onuckIBacMast ypaBHeHHeM (16).

BbIxo/1HbIE TaHHBIE ); BBIYUCIIAIOTCS KaK

ye =W, - h + by, (6)
rae W, — Beca BBIXOJHOIO €08, b, — CMELIEHUE
BBIXOJTHOTO CJIOSL.

OO0yuas MoJenb, Mbl CTPEMUMCS YMEHBIINTh
pa3HHIy MEXIy IPOTHO3aMH M PEabHBIMH 3Ha-
YEHUSIMH, HAOpuUMep  CPeJHEKBaJAPaTUYHYIO
omnoky (MSE):

L=y2l, 0= 902 (™

/i€ y; — ICTUHHOE 3HaYeHue, j/l. — IIPEICKa3aHHOe

3Ha4YeHue, N — KOJMYECTBO OOydarommx Habo-
pOB.

CeTH ¢ JTHHHO-KPATKOCPOYHOH NMAMSATHIO
(LSTM). LSTM-syeiiku pematoT npodiemy 3a-
TyXaroUUX T'PAJUEHTOB, XapaKTEPHYIO U Tpa-
gunuoHHBIX RNN, 3a cueT BBeJCHUS MEXaHHU3-
MOB 3a0bIBaHHS, BXOJla U BBIX0Ja, KOTOpHIE

VOpaBIsAIOT TOTOKaMu HHpOpManmu  depes
SYCHKY.
OcHoBHBIE  KOMIIOHEHTHEI LSTM-saueiiku

BKJIFOYAIOT B ce0s1 Ciieayroee.
1. Bextop 3a0b1Banus f;:
fe = U(Wf [he—p, x ] + bf)a 3
rae Wy — Beca nis BekTopa 3a0blBaHMsA, by —
CMEIICHHE ISl BEKTOpa 3a0bIBaHUS, 0 — CUTMO-
nnaa.
2. Bekrtop BXoja i
ip = o(W; - [he—1, x| + by), )
rae W; — Beca sl BeKTopa BXxopa, b; — cMmerle-
HUE NIl BEKTOpa BXOJIa.

28
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3. Co3naHve HOBOTO KaHJIWJaTa COCTOSHUSA
namatu C,:

Ct = tanh(W¢ - [he_q, x¢] + bc), (10)

rae We — Beca AN COCTOSHUSL TaMsiTH, be —

CMEIIEHUE JJIsi COCTOSIHUA TaMmATd, tanh — ru-

NepOOTHMYECKUI TAaHTEHC.
4. O6HoBaeHUEe cocTosiHUA HaMsITH C;:

Ctzft‘ct—1+it'c~t, (11)
rae C .1y — Opeablayliee COCTOSHUE aMATH.
5. Bekrop BbIXOAA 0/
Ot = O-(VVO : [ht—llxt] + bo)a (12)

rae W, — Beca ansi BEKTOpa BbIXOJa, b, — cMe-
HICHHE I BEKTOpa BBIXOJA.

6. OOHOBIIEHUE CKPBITOTO COCTOSIHUSA /1;:

h: = o; - tanh(C,). (13)

Takum oOpazom, LSTM-sueiika UcCmonb3yeT
BEKTOpbl 3a0bIBaHMS, BXOJa M BBIXOJA IS
YOpPaBIEHUSI COCTOSIHHEM MaMSATH M CKPBITBIM
COCTOSIHMEM, T03BOJIsIeT 3 dexkTuBHO 00pada-
THIBaTh JIJTHHHBIE BPEMEHHBIC 3aBUCUMOCTH.

Obyuenue mooeneii. Ilponecc oOydeHus: MO-
neneii RNN u LSTM Bkitouaetr B ceOsi 0OHOB-
JIeHHE BECOB JUIsl MUHUMHU3ALUU (QYHKIUH IO-
Tepb. OOyueHUE BBIMOJIHSACTCS C MCIOIH30BAHH-
€M aJropuTMa OOpaTHOrO pacHpOCTpaHEHUs
omnOku uepe3 Bpems (BPTT), koTopsiil y4UTHI-
BAa€T BPEMEHHBIEC 3aBUCUMOCTH [16].

IIpumenenne anropurma BPTT
s 00ydenust moxesieit RNN u LSTM

1. Beiuncnenue rpaiueHTOB.

J171st Ka’K0ro BpEMEHHOT'O 11ara BBIYUCIISIOTCS
rpaueHThl PyHKIMU TOTEpPh 1Mo Becam. [lycts L —
GyHKIUS TOTEph, TOTJA TIPAJMEHTHI JJISI BECOB
BXOJHOTO ciiost W, u BECOB CKpwITOro ciosi W,
B RNN BBIUUCIISIOTCS CIIEAYIONM 00pa3oM:

0L _«r 0L Oh;
ow,  “t=1 ap, aw,’
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0L _yr 0L Oht
awy, <=1 on, owy’

rae 7 — KOJMYECTBO BPEMEHHBIX ILIaroB.

2. OOHOBIIEHHE BECOB.

BecoBbie k03 hUIIUEHTH OOHOBISIOTCA C
UCTIOJIB30BAaHUEM TpagueHTHOro ciycka. [lycts
# — CKOpOCTh OOYyYeHUsI, TOrla OOHOBIICHHE Be-
COB BBITTOJIHSETCSI 11O CIIETYIOIIUM YPABHEHUSIM:

0L

We=We—n-50- (14)
0L

Jns LSTM o0HOBJICHHE BECOB BBITIOJIHACTCS
aHAJIOTUYHO, C YYETOM BceX BecoB Wy Wi, We,
W, 1 COOTBETCTBYIOIINX I'PAIUCHTOB.

Ynpasiaenue norokom nupopmanuu B LSTM

Baxnoit yacteio o0ydenuss LSTM sBnsercs
yIOpaBlieHHE TOTOKOM HH(OpMAaIMU Yepe3 Me-
XaHU3MBbI 3a0bIBaHUS M BXOJA!

a) OOHOBJICHUE COCTOSIHHSI TTAMSITH:

Ce =ft'Ct—1+it'Et:

TJIe f; — BEKTOp 3a0bIBaHUS, i, — BEKTOpP BXOJa,
C;— HoBas uHOpMaIys A 100aBIeHUS B CO-
crosiaue namsatu (11);

0) OOHOBJICHHE CKPBITOI'O COCTOSHUS:

h’t == Ot . tanh(Ct),

I 0; — BEKTOp Bbixoaa, C; — TEKyIIee COCTOsI-
Hue namsartu (13).

Ot Mexanu3mbl 103BoJsi0T LSTM addek-
TUBHO 00pabaThIBaTh JOJITOCPOYHBIE 3aBUCHUMO-
CTU B JaHHBIX, U30erasi MpoOJIeMbl 3aTyXaroIINX
IpaJleHTOB.

JlopaGoTaHHbIe AJITOPUTMBI 00y4YeHH sl
MOJIETHBIX JIAHHBIX IAPAMETPOB
apuanuoHHbIX ['T/[ ¢ npumMeHeHueM mopaeJiei
RNN u LSTM na ocaoBe BPTT

[Tpouecc oOyuenus mozaeneit RNN u LSTM
BKJTIOUAET HCIIOJIb30BAHKUE AITOPUTMA OOpaTHO-
O pacmpoCTpPaHEHHUs OLIMOKK Yepe3 Bpems
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(BPTT). Oror merox mno3BoiseT 3(PQPEeKTUBHO
YUUTHIBATh BPEMEHHBIE 3aBUCUMOCTU B JAHHBIX
U OOHOBIIATH Beca MOJENU AT MHUHUMH3ALHUU
¢yHkuuu norepp. B 3TOM paznene moapodbHO
paccMOTpeHbl J10pa0OTaHHbIE aNTOPUTMBI 00Y-
YEHHs JAHHBIX MoJeTHbIX mnapameTtpoB [T/l ¢
ucnoas3oBanuem BPTT.

AJITOPUTM 00PaTHOI0 PacpoOCTPAHEHHUS
omnoOKu 4epe3 Bpems (BPTT)

BPTT pacmmpser craHIapTHBIA aJIrOPUTM
00paTHOrO PACHpPOCTPaHEHUs OLIMOKH, YUHUTHI-
Bas BPEMEHHYIO CTPYKTYpY AaHHbIX. OOyudeHue
BKJIIOYAET BBIYMCICHUE TPAMEHTOB (YHKIMU
NOTEPh 10 BECaM Ha Ka)KJOM BPEMEHHOM LIare u
UX OOHOBJIEHHE M1 MUHMMH3ALUU (YHKIMU
HOTEPB!

a) BRIOOP (PYHKITMU aKTHBAIUU:

B anroputMax RNN u LSTM BaxsbIM 3i€-
MEHTOM sBJIsieTcd QYHKIMS akTUBauuu. Mel uc-
NOJb3yeM CUTMOMJAIBHYI0O (DYHKIMIO aKTHBa-
UM 0 U1 BXOJAHBIX M BBIXOJHBIX BOPOT (BCEX
JMATIa30HOB) M TUIEPOOTHUECKU TaHreHC tanh
JU1s1 OOHOBJICHHSI COCTOSIHUS.

1

o(X) = = (16)
tanh(x) = —Zi::i (17)

0) OOHOBJICHHE TPAJUCHTOB:

rpagueHTsl (yHKIUU TOTEepPh MO BecaM BHI-
YHUCIIAIOTCS ISl KaKJI0TO BpeMeHHOTo miara. s
RNN rpanuenTs 171 BECOB BXOJHOIO ciiost Wy u
BECOB CKPBITOTO cJiosi W), BBIYUCIAIOTCS CIENy-
IOIIUM 00pa3oM:

oL _ «r 0L O
S = ht=1 5 e (18)
Wy dhy OWy

a0 r 00 oh;

— =yr = Tt 1
Wy, t=1 5n, ow, (19)

JUia LSTM BblunciieHHe Tpajiui€HTOB BKIIIO-
yaeT B ce0s JONOJHUTEIbHBIE MapaMeTpsl JUIs
BCEX JMAIa30HOB:

00 «r 09 0f

aw; = &t=1 37w, (20)
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a0 r 00 di;
=y e 21
ow; Lt=1 diy ow;’ (21
a0 T a0 ﬂot

= =yr = 22
aw, t=1 5o, ow,’ (22)
a0 S T PR T

2L —yr T T 2
oW =1 3¢, owe’ (23)

B) OOHOBJICHHE BECOB:

BECOBbIe KOI((UIMEHTHl OOHOBISIOTCS C
UCTIONIb30BAHUEM T'PaJIMeHTHOrO ciycka. IlycTs
7 — CKOpOCTh 00yuYeHHsI, TOTAa OOHOBIIEHUE Be-
COB BBINIOJIHSACTCS 1O CIIETYIONINM YPaBHECHHSAM:

oQ

Wx=Wx—77'm, (24)
a0

Jlnss LSTM oOHOBIIEHHE BECOB BBIMOJIHSICTCS
aAHAJIOTUYHO:

Wp =Wy —n -5 (26)
Wi=Wi—n-5, (27)
Wo =W, —n- 3, (28)
We =We—n- g0 (29)

r) noaHas hopmyina nmotepsb 1 LSTM:
CYMMHUPOBAHHUEC BCECX MOTCPb AJId PA3HBIX BO-
pot B LSTM naert nonHyoo ¢popmMyity MOTEPh

Q=30 [Q +Q; +Q, + Q).

rae Qp Qi Q,, Q¢ — norepu Ui 3a0bIBaHUS
BXOJIa, BBIXOJAa U COCTOSIHMSI MaMATH COOTBET-
CTBEHHO.

VYpaBHenust 1-30 ABISAIOTCS OCHOBOM MpuMe-
HEHHOI B 3TOH paboTe Mojenu s 0O0ydeHus
moxenern RNN u LSTM Ha gaHHBIX MTOJIETHBIX
napameTpoB I'T/l ¢ ucnonb3oBaHUEM anropuT™Ma
BPTT. [opaboTaHHble anropuTMmbl oOecredu-
BalOT BBICOKYIO TOYHOCTb M HAJEKHOCTb MOJE-
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Jed MpU MPOTHO3UPOBAHUU U BBISIBICHUU AHO-
Mauii B paboTe ra30TypOUHHBIX ABUTATEEH.

[IpuMeHeHne TaHHBIX MOJIENEH MO3BOISIET HE
TOJIBKO JMArHOCTUPOBATh TEKYIIEE COCTOSHHE,
HO Y MPOTHO3UPOBATH OYyIyIlIMe HEUCIIPABHOCTU
Ha OCHOBE WJICHTU(HUIIMPOBAHHBIX TECHACHIIMHA U
AHOMAJUH, YTO 3HAYUTENHHO MOBBIIIAET dhdek-
TUBHOCTb TEXHUYECKOTO OOCIYKMBAaHUSA U TIpe-
NOTBpAIIeHUE aBapHHBIX coObITHI. B paznene
«Peanuzanus U pe3ynbTaThl» MPEICTABICHBI pe-
3yJIbTaTbl IMPOBEJECHHOTO PacyeTHO-BBIYUCIIH-
TEJTHLHOTO PKCIIEPUMEHTA HAa OCHOBE MapamMeTpOB
I'T/l camonera A320, takue kak EGT1 u EGT2
(IAEEGTLPTEXITTEMPSYS. 1 u SYS. 2).
OTHU mapameTpsl TEMIIEpaTyphl raza nepei Typ-
OMHOM TO3BOJIAIOT BBISIBUTH aHOMAJIUH B TIPO-
1eccax CropaHusl TOIIMBHO-BO3IYIIHOW CMECH,
YTO KPUTUYHO JJIsi oOecrieueHus: 0e30MacHOCTH
noneToB [10]. AHanu3 4acTOThI BpaIlIEeHUs] POTO-
poB HU3KOTO U Bbicokoro aamieHus (N1, N2)
JIae€T BO3MOYKHOCTh OIICHUTH 001Iyt0 3(hPeKTrB-
HOCTh M COCTOSIHUE MEXAHHUYECKUX KOMIIOHEH-
TOB JABUrareis. BuOpanuoHHbIE MOKa3aTeNu
(VIB_NIFNTI1, VIB NIFNT2, VIB N2FNT]I,
VIB_N2FNT2) ucnonb3ytoTcs Jisl AMarHOCTUKH
COCTOSIHMSI TTOJIIMITHUKOB U pOoTOpoB. Pe3ynbra-
Thl 3KCIEPUMEHTA MOATBEPAUIN BBICOKYIO TOY-
HOCTh mpeackazanuii moxener LSTM u RNN
B BBISIBJICHMM M KJIAacCU(UKALUKA HEHUCIIPaBHO-
CTEH, YTO JIEMOHCTPUPYET NEPCIEKTUBHOCTH
JAHHOTO TMOJAX0Ja Ul paHHEro OOHapyKEeHUs U
MpEeIOTBPALIEHUSI CEPhE3HBIX TOJOMOK B 3KC-
IUTyaTaluy aBUALMOHHBIX Ta30TYpOUHHBIX JBH-
raTeseu.

Peaﬂmaunﬂ H pe3yJabTaThbl

Jns uenu W 3ajad JaHHOTO HCCIIEIOBAaHUS
paspabotano mporpammuoe obecneuenue (I110)
(puc. 3) mis aHanM3a AAHHBIX JBUraTels, BKIO-
yaroliee MHTYUTUBHBIM uHTepdeiic Ha PyQtS.
ITO no3Bosisier 3arpykarh JaHHbIE IOJETa U3
Excel, BeIOuMpaTe cTONOLBI I  aHANIM3a,
HacTpauBaTh mapameTpsl Momened RNN u
LSTM, Takue Kak KOJHMYECTBO SIIOX, pazMep
6atya u lookback. lannoe I1O 6wi0 pazpabo-
taHo B cpere PyCharm Ha s3pike Python c wuc-
nojb3oBaHueM 6ubnuorek PyQtS mns cozmanus
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B | AHannsaTop AaHHbIX ABUraTens — O x

3arpyska cpanna

3arpyaunTts chaiin Excel

Buibepute nucT:

BeiGop ctonfuoe
BribepuTe cTonbULI OANA aHanu3a:

KoHdpurypaums mogenm

Tun mogenu: RMNN j
Konu4yecTBO 3NoX: 20 i‘
Pasmep batua: 1 i‘
Look back: 10 =
HNonsa obydawoweli esibopkn. 0,67 i‘

MapameTpbl aHanu3sa
MocTponTe OCHOBHOI rpadink

MocTponTe rpadiuk aHOMarnwi
MocTponThb KapTy pacnpefeneHyusa aHomanui

MocTPONTL pacLUMPEHHYIO KapTy aHoMarnmil

[poeecTH aHanu3

Puc. 3. UnTepdeiic anamuzaTopa MOJETHBIX TaHHBIX
aBUaJIBUTATEIs
Fig. 3. Aircraft engine flight data analyzer interface

rpaduyeckoro uHTepdeiica, pandas nns oOpa-
0otk maHHBRIX W Keras i peanmzanuu
HeipoceTeBbIx Mozenei. OOmui anroput™m pa-
OOTBI IPOTrPaMMBbI BKIIIOUAET CJICAYIOIINE ITAllbl:
1) 3arpy3ka mannbix u3 Excel-¢aiina; 2) mpen-
BapuTenbHas 00paboTka NaHHBIX; 3) oOydyeHHE
moneneit RNN u LSTM; 4) mporHosupoBaHue
napaMeTpoB; 5) BH3yalnu3alus pe3yJbTaTOB.
OrpanvueHuss MPUMEHEHHUs MpPOrpamMMbl CBs3a-
HBI C HEOOXOJTUMOCTBIO HAIWYHSI JOCTATOUYHOTO
o0beMa HCTOPUYECKMX AAHHBIX Js O0ydeHus
Mmozeneil (pekomenayercs He menee 1 000 mo-
JeTHBIX 1uKiI0B). Bamupnanusa 10 npoBoaunach
MyTEM CpaBHEHHS DPE3yJIbTATOB IMPOTHO3UPOBA-
HUSl C pealibHbIMU JaHHBIMM Ha TECTOBOM BbI-
O0pKe, HEe y4acTBOBABIIEH B 00YUEHUU MOJICIICH.
[Tocne ananmu3a aBTOMAaTHYECKH TI'€HEPUPYIOTCS
rpaduKd TPOTHO30B, aHOMAJIWH M KapThl pac-
npeneneHuss aHoManuid. Takxke BBIYUCIAIOTCA
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metpuku TouHoct (RMSE, MAE, R2 u ap.)
UL KaXIOro mnapamerpa. PesynbraTsl mpen-
CTaBJICHBI Ha pUC. 4, 5 ¥ B IOTIOJTHUTENFHBIX Ma-
Tepuanax K TAaHHOH CTaThe, Pa3MEUICHHBIX Ha
caiiTe M31aTENbCTBA XKy pHATA .

' Mamommn O.®., I'yceitnos I'., 3acyxun A.C. Pe3ynbra-
ThI aHAJIN3a U IPOrHO3UPOBAHUS TEXHUUECKOTO COCTOSI-
HUS IBUTATENsl BO3AYIIHOTO CyIHA [0 TeMIEepaTypHbIM
napameTpam U 110 apamMeTpaM 4acTOT BPAlLIEHUs pOTo-
pa [DnexTpoHnHsIii pecype] / Hayunsrit Bectauk
MI'TY I'A. DOI: 10.26467/2079-0619-2024-27-6-img
(mara obpanienus: 16.10.2024).
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Mporxoss ¢ ucnonslosannem RNN

25
20
—— WCxoaHbie Nannsie VIB_N1FNT1 (%)
Nporyos obyveHna VIB_N1FNT1 (%)
+ Mporkos TecTa VIB_NIFNTL (%)
—— WCX0AHbIE NaHHbie VIB_N1FNT2 (%)
z 15 === Mpornos obysenna VIB_N1FNT2 (%)
e MporHos Tecta VIB_NI1FNT2 (%)
z —— WcxoaHwie nanHwe VIB_N2FNTL (%)
# ~ == TIPorHo3 66yeHMa VIB_NZFNTL (%)
we=e Mporxos vecta VIB_NZFNTL (%)
10 —— WexOAHbIE faHHbIE VIB_NZFNT2 (%)
=== Mporxos ofysennn VIB_NZFNT2 (%)
s+ MporHo) TecTa VIB_N2FNT2 (%)
3
o
o 1000 2000 4000 5000 6000
Bpeus ()
VIB_NLFNTL: | RMSE: 0.0458 | MAE: 0.0198 | AAD: 0.0198 | MSD: 0.0020 | MSE: 0.0021 | SD: 0.0021 | ERS: 0.0021 | CV: 1.3144 | R2: 0.9801
VIB_NLFNT2: | RMSE: 0.0888 | MAE: 0.0542 | AAD: 0.0542 | MSD: 0.0246 | MSE: 0.0079 | SD: 0.0079 | ERS: 0.0073 | CV: 1.6290 | R2: 0.9958
VIB_N2FNTL: | RMSE: 0.0457 | MAE: 0.0199 | AAD: 0.0199 | MSD: 0.0008 | MSE: 0.0021 | SD: 0.0021 | ERS: 0.0021 | CV: 0.8196 | R2: 0.9516
VIB_N2FNT2; | RMSE: 0.0413 | MAE: 00242 | AAD: 00242 | MSD: 0.0130 | MSE: 0.0017 | SD: 0.0017 | ERS: 0.0015 | CV: 1.4267 | R2: 0.9340
a
Mpaduk aHomanuiA
100
075
050
0.25
- —— Axomanuu VIB_N1FNT1
E —— Amomanun VIB_N1FNT2
= 1 —— AHOManuM VIB_N2FNT1
S 0.00 7 —— AHoManuM VIB_N2FNT2
-0.25
-0.50
-0.75
o 500 1000 1500 2000

Bpema (c)
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KapTa pacnpeneneHus aHoOManui
VIB_N1FNTI - pTa pacnps 100
0.75
VIB_N1FNT2 -
0.50
025
=
H
5
B z
5 H
£ VIB_NZFNTI - 2
2 HS
=2 000 3
H
H
= =0.25
VIB_NZFNT2 -
- =0.50
=0.75
c8gRe2899882828888 298889800029225280888
B R AR R L R R ] EEEE LR 5 GRAREEEEIEEE835288887
S racump Kapra pac st
10.0
15
VIB_NIFNTZ =
50
-25 g
Z H
B H
£ VIB_NZFNT1 - @
H -0.0
&
-23
VIB_NZENT2 - . 5.0
=15
- -10.0
cR3RRAESIRERRFoCI 3 TR AR SRR3R 28 R85922 223 828R R85 88
NARNANARARYIIAANCCSIRRREICREER 53 Thnaptea M aRE A RSB ER LR85 52555835,

CyMMapHan AHOMANHA

o 500 1000 1500 2000

Puc. 4. AHanu3 ¥ IPOrHO3MPOBAHKE TEXHUUECKOTO COCTOSIHMS 110 BUOpannonHbM napamerpam (VIB. N1FNTI,
VIB_NI1FNT2, VIB N2FNTI, VIB_N2FNT2) I'T/] ¢ npumeneHneM aopadoranaoit moxenn RNN:

a — IMHaMMKa BPEMEHHBIX PSJ0B BUOPALIMOHHBIX [1apaMETPOB; O — aHAJIM3 BPEMEHHBIX PA10B BUOPAMOHHBIX
XapaKTEepUCTHUK; g — TEIUIOBas KapTa pacupeieseHus BUOpauii BO BpeMEHH; 2 — TeIIOBast KapTa BPEMEHHBIX H3MEHEHHH
BUOpaIHii
Fig. 4. Analysis and forecasting of technical condition by vibration parameters (VIB_N1FNT1, VIB_N1FNT2,

VIB N2FNTI1, VIB_N2FNT?2) of GTE using the modified RNN model:

a — dynamics of time series of vibration parameters; 6 — analysis of time series of vibration characteristics; ¢ — heat map of
vibration distribution over time; 2 — heat map of temporal changes in vibrations
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Nporkossl € MCNONb30BaHKWEM LSTM

5

—— WcxoaHwe nannwe VIB_NIFNTL (%)
~=- Mpornos o6ysenns VIB_N1FNTL (%)
=<+ TporHo3 Tecta VIB_N1FNT1 (%)
—— McxofHbie fanKbie VIB_N1FNT2 (%)
- Mpornos ofysenns VIB_N1FNT2 (%)
© Mporxos TecTa VIB_NIFNTZ (%)
McxoaHsie nankbe VIB_N2FNTI (%)
Nporvos obywenna VIB_NZFNT1 (%)
- Mporkos Tecta VIB_N2FNTL (%)
—— Wcxoanbie fannbie VIB_NZFNTZ (%)

g
[

10
Mporxos obysexns VIB_N2FNT2 (%)
- MporHos TecTa VIB_NZFNTZ (%)
5
1, Tpty
e e PP P L NI b S
s A
e R - L o e
o
o 1000 2000 3000 4000 5000 6000
Bpema ()

VIB_NLIFNTL: | RMSE: 0.0531 | MAE: 0.0317 | AAD: 0.0317 | MSD: -0.0166 | MSE: 0.0028 | SD: 0.0028 | ERS: 0.0025 | CV: 1.2052 | R2: 0.9732
VIB_NLFNT2: | RMSE: 0.1488 | MAE: 0.1127 | AAD: 0.1127 | M5D: -0.0786 | MSE: 0.0221 | 50: 0.0221 | ERS: 0.0160 | CV: 1,3978 | R2: 0.9883
VIB_NZFNTL: | RMSE: 0.0491 | MAE: 0.0243 | AAD: 0.0243 | MSD: -0.0050 | MSE: 0.0024 | 5D: 0.0024 | ERS: 0.0024 | CV: 0.7536 | R2: 0.9442

VIB_N2FNT2: | RMSE: 0.0384 | MAE: 0.0178 | AAD: 0.0178 | MSD: 0.0065 | MSE: 0.0015 | SD: 0.0015 | ERS: 0.0014 | CV: 1.3225 | R2: 0.9427

a

Tpachuk aHoManui

100

025
= —— AHomanwu VIB_N1FNT1
E —— AHomanmu VIB_N1FNT2
jid —— Axomannn VIB_N2ZFNT1
3 oo0 = — VIB_N2FNT2

-0.25

-0.50

=0.75

0 500 1000 1500 2000
Bpems (c)
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KapTa pacnpeneneH1a aHoManui
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Puc. 5. AHanmu3 ¥ IPOrHO3UPOBaHHUE TEXHIUECKOTO COCTOSHUS 110 BHOpannoHHeM mapamerpam (VIB_N1FNTI1,
VIB_NI1FNT2, VIB_N2FNT1, VIB_N2FNT2) I'T/] ¢ npumeneHnem gopadoranaoii moxenu LSTM:

a — nuHamuKka BuOparnoHHbIX mapamerpoB (VIB_N1FNT1, VIB_N1FNT2, VIB_N2FNTI1, VIB_N2FNT?2) Bo BpeMeHw;
0 — rpadMK OTKIOHEHHUH TPOTHO30B BUOPAIIMOHHBIX [TapaMeTPOB; 6 — TEIUIOBAs KapTa paclpeie/ieHus BUOpanui
(VIB_N1FNT1); ¢ — TeruoBas kapTa BpeMeHHBIX m3MeHeHni Buopammii (VIB_N2FNT2)

Fig. 5. Analysis and forecasting of technical condition based on vibration parameters (VIB_N1FNT1, VIB_N1FNT2,
VIB_N2FNTI, VIB_N2FNT2) of GTE using the modified LSTM model:

a — dynamics of vibration parameters (VIB_N1FNT1, VIB_N1FNT2, VIB_N2FNT1, VIB_N2FNT2) over time; 6 — graph
of deviations in the forecasts of vibration parameters; ¢ — heat map of vibration distribution (VIB_N1FNT1); 2 — heat map
of temporal changes in vibrations (VIB_ N2FNT2)
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Taoauma 2
Table 2

DddexruBHOCTh MOnEneit RNN u LSTM
Performance of RNN and LSTM models

Iapamerp Monenn RMSE MAE R’
Bubpanuu (VIB_N1FNT1) RNN 0,0458 0,0198 0,9801
Bubpanuu (VIB_N1FNT1) LSTM 0,0531 0,0317 0,9732
Bubpanmu (VIB_N1FNT2) RNN 0,0888 0,0542 0,9958
Bubpanuu (VIB_ N1FNT2) LSTM 0,1488 0,1127 0,9883
Bubpammu (VIB_N2FNT1) RNN 0,0457 0,0199 0,9516
Bubparmu (VIB_N2FNT1) LSTM 0,0491 0,0243 0,9442
Bubpammu (VIB_N2FNT2) RNN 0,0413 0,0242 0,9340
Bubparnmu (VIB_N2FNT2) LSTM 0,0384 0,0178 0,9427
Temmnepatypa (EGT1) RNN 3,4186 1,5747 0,9951
Temmnepatypa (EGT1) LST™M 4,0480 2,7927 0,9932
Temmnepatypa (EGT2) RNN 3,8570 2,8511 0,9931
Temmepatypa (EGT2) LSTM 4,1418 3,0956 0,9920
O6opotsr (N11) RNN 1,7743 0,4207 0,9912
Oo6opotsr (N11) LSTM 1,7291 0,5483 0,9917
O6opotsr (N12) RNN 1,4202 0,3903 0,9944
O6oportsr (N12) LSTM 1,5643 0,4788 0,9932
Oo6opotsr (N21) RNN 2,9701 0,3328 0,9849
O6oportsr (N21) LSTM 2,2666 0,5455 0,9912
Oo6opotsl (N22) RNN 1,7390 0,4600 0,9949
O6oportsr (N22) LSTM 1,3346 0,4241 0,9970

Pesynbrartel, npeacraBieHHbie B Ta0M. 2, ObI-
T TIONyYeHbl HA OCHOBE aHaiM3a JaHHBIX
20 nsurareneit CFM56-5B4, skcrmyatupyeMbix
Ha camonetax A320, 3a mepuopn 2 roaa B IKC-
wryartanui. OOmmi 00beM JaHHBIX COCTABHII
okoiio 15000 mnoJeTHBIX IMKIOB. 3HAYEHHUSI
RMSE u MAE paccuuTbIBaIuCh MyTeM CpaBHE-
HUS IPOTHO30B MOJIENEH ¢ pealbHBIMU 3HAYCHU-
SIMH TIapaMETPOB Ha TECTOBOM BBIOOPKE, COCTAB-
sstrortieit 30 % ot 001ero o0ObemMa TaHHBIX.

CpaBHeHne C TPAAUIIMOHHBIMH
METOAAaMHU JTHATHOCTHKH

Jnst onieHkH 3(hPEKTUBHOCTH MPEIIOKEHHO-
ro nmoaxoJga MblI CpPaBHUIIM €TI0 PE3YyJbTAaThbl C

36

TPaIULMOHHBIMU MeToAamMu AuarHoctuku [T/,
TaKUMHU KaK CHEKTpalbHBbIM aHanmu3 BHOparuii
W aHAIM3 TpEeHJa TapamMeTpoB. PesynbTaTh
CpaBHEHHs MPEACTABIEHBI B TA0I. 3.

CpaBHEeHHE C TpPaJUIUOHHBIMU METOJIAMU,
MpeJCTaBICHHOE B Ta0l. 3, MPOBOIUIOCH HA OC-
HOBC aHAJIN3a JAaHHBIX IIATH ABHTaTCICH 3a IIe-
puon 6 mecsaueB (okono 1 000 MOJETHBIX LHK-
70B). B kadecTBe TpaJAMIIMOHHBIX METOJOB HC-
MOJIb30BAJINCh CHEKTPATbHBIA aHAIN3 BUOpaLUi
¥ aHallU3 TPEHJOB TMapaMeTPOB, BHITIOJIHIEMbIC
MITATHBIMH CPEJCTBAMHU TEXHUYECKOTO O00CITy-
JKMBaHUS aBHAKOMIIAHHUU.

Kak BumHO M3 Tabmuipbl, NpeaaoKeHHbIA Me-
TOJ TPEBOCXOIUT TPAJULMOHHBIE MOIAXOIBI IO
TOYHOCTH OOHAapy>KCHHUs] HEHCIPABHOCTEH M CKO-
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Taoanua 3
Table 3

CpaBaenue 3¢ hekTuBHOCTH MeTo10B auarHoctuku [T/ [14, 15]
Comparison of the effectiveness of gas turbine diagnostic methods [14, 15]

Meron TouyHoCcTH oﬁﬂapyikeo}ma Bpems o0Hapy- | Bo3mo:kHoCTh nmpo-
HeHcnpaBHoOcTel, % JKeHHsl, MUH THO3MPOBAHUS
[IpennoxeHHBIN METO 95 <1 Jla
CrekTpalbHbIN aHaTu3 85 5-10 Her
AHanu3 TpeHjia mapamMmeTpoB 80 >10 OrpanunueHHas

poctu aHanuza. Kpome Toro, oH oOmamaer BO3-
MOYKHOCTBIO IPOrHO3MPOBAHUsI OyIyIIUX COCTOSI-
it I'T/], uto oTCyTCTBYeT Y OOJBIIMHCTBA Tpa-
JULMOHHBIX METO/I0B. JTO TMO3BOJISIET HE TOJILKO
BBIBIIATH TEKYILHE MPOOIEeMbl, HO U IpeloTBpa-
11aTh NOTEHIMAJIbHBIE HEUCTIPABHOCTH.

O0cy:xkaenue pe3yabTaToB

PesynbraThl ananuza 3pPeKTUBHOCTH MOE-
et RNN u LSTM nokaseIBaroT, 4To 00€ Moe-
U JIEMOHCTPUPYIOT BBICOKYIO TOYHOCTH IpEJ-
CKa3aHWM IJIs pa3iNyHBIX MapamMeTpoB pabOThI
I'TH. Tem ne menee moaenu LSTM mokasbiBaroT
HEMHOTr0 0o0jiee BBICOKYIO TOYHOCTh IO CpaBHE-
Huto ¢ monenssmMu RNN s 6onbmvHCTBA mapa-
METPOB.

Hnst BUOPALIMOHHBIX napameTpoB
(VIB_NIFNTI1, VIB_NIFNT2, VIB_N2FNTI1 u
VIB N2FNT2) monenu RNN mnoxkazanu Oonee
Huskue 3HaueHuss RMSE u MAE no cpaBHeHu1o
¢ mogensimu LSTM, 4To cBUAETENBCTBYET 00 MX
Oonbllleld TOYHOCTH B 3ajJadyax MpeacKa3zaHus
BuOpanuii. Beicokue 3nHauenus ko3dduumenra
nerepmunanun (R?) nns obenmx Mopenei moj-
TBEPKJIAIOT UX CIHOCOOHOCTH aJIeKBaTHO MOJIe-
JUPOBATh BUOPAIIMOHHBIE XapaKTEPUCTHKH [7].

Jna remnepatypHbix napamerpo (EGTI1 u
EGT2) monenmn RNN Takke mokazaiau JIydinue
pe3yabpTaThl 0 cpaBHEHUIO ¢ Moaensimu LSTM
¢ Oonee Hu3kumu 3HadeHussMu RMSE u MAE.
Bricokue 3nHauenns R? st o0enx Mozeseil CBu-
JETEeNbCTBYIOT O TOM, YTO OHH CIIOCOOHBI TOYHO
MpeACKa3blBaTh TEMIIEpaTypy rasza mnepeln Typ-
OMHOM, yYUTHIBAasI BpEMEHHBIC 3aBUCUMOCTH.

37

Jlns mapaMeTpoB 4acTOTHl BpAILEHUS POTO-
pOB HU3KOTO M BhicOKoro gamieHus (N11, N12,
N21 u N22) pe3ynapTaThl HECKOJIBKO BapbHUpYy-
1o1esd. Mogenmn RNN nokasanu mydmme pesyiib-
Tathl Ui napamerpa N12, B To Bpemsi Kak Mo-
nemn LSTM Opumn Gosiee TOYHBIMHU JUISL TTapa-
meTpoB N21 u N22. 910 MOXeT ObITh CBSI3aHO C
pa3UuYusIMH B XapaKTepe NaHHBIX JJIsl 3TUX Ta-
pamMeTpoB U HEOOXOIUMOCThIO 0OJIEEe CIOKHOTO
y4eTa BpeMEHHBIX 3aBUCUMOCTEH.

Pe3ynbpTaThl moATBEPKAAOT, YTO 00e Moje-
ma, RNN u LSTM, sBastorcst 3QPeKTHBHBIME
MHCTPYMEHTaMU JJIs MIPEACKA3aHUs MapaMeTpOB
pabotrer I'TH. B Tex cnydasx, xorma Moaenu
RNN noxkazanu nydmue pe3ylibTaTrbl, OHH B
cpennem Ha 15,44 % tounee mozneneit LSTM no
nokazaremo RMSE. RNN npoaemoncTpupoBa-
U 0COOEHHO BBICOKYIO 3(()EKTHBHOCTH B IPO-
THO3HPOBAaHUHM BHOPAIIMOHHBIX M TeMIIepaTyp-
HBIX MapaMEeTPOB, C YJIYUYIIEHUEM TOUYHOCTH MO
40 % B HEKOTOPBIX CITydasX.

DOTU Pe3yJbTaThl CBUACTEIBCTBYIOT O TOM,
4yTO BBIOOp Monenu st quarnoctuku ['TJ] mon-
JK€H YYMUTHIBATh XapakTep U OCOOCHHOCTU JaH-
HBIX JUIS KaXJOro KOHKPETHOIO mapamerpa.
B nanmpHelmemM mcciieIoBaHWH, BO3MOYKHO, CTO-
UT PacCMOTPETh TMOPUIHBIC MOAXOAbI, 00BEIH-
HAIOIIME TPEUMYIIECTBA O0CUX MOICNEH, aJis
JOCTH)KEHHSI HAWJYYIIUX PEe3YyJbTAaTOB JHATHO-
ctuku [17].

[IpakTudeckass 3HAYMMOCTh pPa3paOOTaHHOM
METOJAWKHA JTUATHOCTUPOBAHUSA TEXHHUYECKOTO
cocrosius I' T/l ¢ mpumenenuem moneneir RNN
u LSTM 3akirodaercss B BO3SMOKHOCTH €€ MHTE-
rpalyy B CYLIECTBYIOLINE CUCTEMbl MOHUTOPHH-
ra ¥ TEXHUYECKOro OOCTY>KMBaHWs aBHUAIMOH-
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HBIX JBurareneil. Hampumep, BHeapeHue naH-
HOM METOJIMKHU B MPOLIECC TEXHUYECKOTO 00CIy-
JKMBaHMS napka camonetoB A320 ¢ nBuraTesnsiMu
CFM56-5B4 1103B0sIniI0 OBl CHU3UTH KOJUYECTBO
HE3aIUIaHUPOBAHHBIX TEXHUYECKUX OOCTyKHBa-
Huil Ha 15-20 % 3a cueT paHHETo BBISBICHUS I10-
TEHIMAJIbHBIX HEUCIPABHOCTEH. DTO B CBOIO OYe-
peab MOXKET MPUBECTH K COKPAIICHUIO BPEMEHHU
npebbiBanusi BC B COCTOSIHUU MPOCTOS U CHUXKE-
HUIO JKCIUTyaTallMOHHBIX PACXO0B aBHAINpE]-
npusatus. [lo mpeaBapUTEIbHBIM OIIEHKAM, SKO-
HOMUYECKHA 3(PQPEKT OT BHEIPEHUS METOIUKH
Moxker coctaBuTh 110 500 000 gommapos CIIA
B TOJ] Ha mapk u3 50 caMoJIeTOB 3a CYET ONTHMH-
3allMU TPOIIECCOB TEXHUYECKOTO OOCITYyKMBaHUS
Y TIPEIOTBPAIICHUS]  IOPOTOCTOSIIIUX ~ PEMOH-
TOB [5]. Kpome TOro, moBbIIeHHE TOYHOCTH JMa-
THOCTUKU TexHudeckoro cocrosuus ['T/] Hamps-
MYIO BJIMsIET Ha 0€30MacHOCTh IOJIETOB, YTO SIB-
nsieTcss Kro4eBbIM (pakTopom B otpachu. [lpen-
JIOKEHHYIO0 METOJMKY MOXXHO aJalTUPOBATh IS
pasmuunbix THIOB [ 'T/I, uTo pacumpseT chepy ee
MPAaKTUYECKOrO MPUMEHEHUS B aBUALIUH.

Hecmotps Ha BBICOKYIO 3 (HEKTUBHOCTH
MPEJIOKEHHOTO0 METO/1a, CIEAYyEeT OTMETUTh €ro
orpanuueHusi. Bo-mepBeix, MeToa TpeOyeT 3Ha-
YUTEJILHOTO MacCHBa CTaTHCTUYECKUX JaHHBIX
IUist 0OyYeHHUsT MOJENEH, YTO MOXKET OBITh MPO-
OJIeMaTUYHO I HOBBIX WM PEAKO HCIONb3Ye-
MbIX TUIOB I'T/]. BO-BTOpBIX, TOYHOCTH IIPOTHO-
30B MOXKET CHUKAThCS MPHU PE3KUX U3MEHEHMSIX
pPEKUMOB pabOTHI JBHUTATENI WM BHEITHUX
YCJIOBHM, HE TMPEJCTaBICHHBIX B OO0ydaroIlIeH
BBIOOpKE. B-TpeThuX, HHTEpIpETalvs pe3ybTa-
TOB, OCOOCHHO B CIIy4ae PACXOXACHUU MEXKITY
nporao3amu RNN u LSTM, moxer TtpeGoBathb
AKCIEPTHON OlEeHKU. [lanmpHeilmume wuccienoBa-
HUSI MOTYT OBITh HamlpaBJCHbl Ha pa3pabOTKy
METOJIOB aJalTUBHOIO O0YUYEHHs MoJieiei 1 UH-
TErpaluio 3KCIEePTHBIX 3HAHUW B MIpPOLIECC HH-
TeprpeTanuy pe3yabTaToB.

3akJoueHue

B nannoMm uccienoBanuu Obuta pazpadboTaHa
U MIPOTECTUPOBAHA METOAMKA JTUATHOCTUKHU TEX-
Hudeckoro cocrosHus I'TJI ¢ ucnosb3oBaHueM
pexyppeHTHbIX HelpoHHbIX certeir (RNN) u ce-
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Ted C  JUIMHHO-KPAaTKOCPOYHOW  MaMsThIO
(LSTM). IIpoBeneHHbIE HCCIEAOBAaHUS MU pac-
YETHO-BBIYMCIUTENbHBIE 3KCIEPUMEHTHI IOKa-
3aJIM, 4TO 00€ MOJENH JIEMOHCTPUPYIOT BBICO-
KYIO TOYHOCTh IIPOTHO3UPOBAHUSI TEXHUYECKOTO
COCTOSIHHMSI TIO KJIFOUEBBIM IMapaMeTpaM €ro pa-
0O0ThI, TAKUM KaK BHOpaIuu, TEMIEpaTypa razon
nepea TypOMHOM M YacTOTa BpAIEHUS POTOPOB
HHM3KOT'0 ¥ BEICOKOT'O JTaBJICHUS.

Mogenu RNN u LSTM nponemoHcTpupoBain
BBICOKYIO 3¢ deKTUBHOCTD, Ipu 3ToM RNN moka-
3] JIy4IlIe Pe3yJIbTaThl Ui BUOPAIIMOHHBIX
Y TEMIIEPATYpHbIX XapakTepuctuk, aLSTM —
JUTSL HEKOTOPBIX TTapaMeTPOB YaCTOTHI BpaIIEHHUS
poTopoB. BriGop onTUManbHON MOETH 3aBUCHT
OT KOHKPETHOTO aHAJIM3UPYEMOro TmapameTpa
I'TH. B to xe Bpems mogenu LSTM nponemoH-
CTPUPOBAIIU BBICOKYIO TOUHOCTD JJIsi HEKOTOPBIX
MapaMeTPOB YaCTOTHl BpAILCHHS POTOPOB HU3-
KOTO W BBICOKOTO MJAaBJICHUS, YTO CBHJICTENIb-
CTBYET O BO3MOXKHOCTH WX 3()(PEKTUBHOTO TpH-
MEHEHUS B 33aJ]a4ax, TPeOYIImux 060yee CI0KHO-
IO y4yeTa BPEMEHHbBIX 3aBUCUMOCTEIA.

[lommydenHbie  pe3ysibTaThl  MOAYEPKUBAIOT
HEOOXOIMMOCTh BbIOOpA TOAXOMAIICH MOJIEIH
B 3aBHCHUMOCTH OT XapakTepa JaHHBIX U crenugu-
KH TIapaMETPOB, KOTOPbIE HEOOXOAUMO TTPOTHO3H-
poBath. B Oymyiem 1ienecoodpa3Ho pacCMOTPETh
pa3paboTKy THOPHUIHBIX TOAXOOB, OOBEIUHSIO-
nmx npeumyinectsa mojeneid RNN u LSTM, mis
JOCTWKEHUSI HAWIyYIIMX pPE3yJbTaTOB JIHUArHO-
cTuku Texaudeckoro cocrosuus I'T/I. Hacrosmee
WCCJIeIOBAaHUE BHOCHUT BKJIJl B Pa3BUTHE METOJIMK
JUarHOCTUKMA M TIpeJiaraeT HOBbIE MOIXOABI K
pENIeHuIO 3a/1a4 00eCTICUeHHST HaIS)KHOCTH U 0e3-
OMAaCHOCTH aBUAIMOHHBIX cuctem ['T]I.
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Annotation: In this paper the authors have created the integrated mathematical model of the transcribing system adapted to
aviation conditions, taking into account many factors. The paper analyses the following main problems of transcribing English-
language speech between pilots and air traffic controllers (ATC) (radio exchange), namely: the tendency to use abbreviations and
specialized vocabulary, which can cause misunderstanding for one of the parties; speech illegibility due to noise in the cockpit or in
the radio frequency zone; insufficient clarity and accuracy in expressing instructions by air traffic controllers can lead to errors in
the understanding and execution of instructions by pilots; limitations in the availability of communication channels and their
overloading; lack of training in the use of English-language terms and expressions in the air traffic control system. Inadequate
training in English language terms and expressions can lead to difficulties in understanding instructions and messages between
pilots and air traffic controllers; differences in accents and pronunciation of communicators can also cause difficulties in speech
comprehension. Aviation communication errors are critical to aircraft safety. The ambiguity of certain phrases or expressions in
English can lead to misinterpretation and misunderstanding of instructions by controllers; lack of context or lack of information
about the current situation on board the aircraft can make it difficult to transcribe speech and lead to misunderstanding of messages;
use of slang or informal expressions can make transcribing English-language speech more difficult and cause misunderstandings;
lack of opportunity to ask clarifying questions or request a real-time repetition of a message can lead to misunderstandings; and the
use of slang or informal expressions can lead to misunderstandings. Even the most minor errors can have disastrous consequences.
The analysis revealed that in the overwhelming majority of cases it is linguistic factors that cause misunderstandings between
participants in radio conversations, which is evidence of the need to develop and improve this model.
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KomniekcHass MaTemMaTHu4deckasi MOJ€JIb CUCTEMBI TpaHCKpI/IﬁaHHI/I,
aJlaliTUPOBAHHadA K YCJI0OBUAM aBHAlIMH

1 1
B.U. OrynBoya , O.C. KyrenoBa
"Mockoscuii 20CY0apcmeeHHbIl MeXHUYeCKUll YHUBEpCUmem padcoancKoll asuayu,
2. Mocxkea, Poccus

AuHOTammsi: B panHOM pabore aBTOpamy co3jaHa KOMIUIEKCHAs MaTeMaTH4eckas MOJENb CHCTEMBl TPaHCKpHOAIWH,
aJlaNTUPOBaHHasl K YCJIOBMSM aBHAlMM, YYMTHIBAIOLIAs MHOXECTBO (akTopoB. B cTarhe mNpoaHaIM3HpOBAaHBI CIEIYIOLINE
OCHOBHbIE TPOOJIEMBI TPAHCKPHOALIMK AHIJIOA3BIYHON PeYr MEXTy NMUJIOTaMH M JHcIieTdyepamMu (paIrooOMeH): CKJIOHHOCTh K
HCIIONB30BAaHUIO COKPAIEHU U CIIELUAIN3UPOBAHHON JIEKCHKH, YTO MOXKET BbI3BaTh HENONOHMMAHHE y OJHOW U3 CTOpOH;
HEpa300pUMBOCTh PEYM M3-3a IIyMa B KaOMHE camoJeTa WIM B PaJyoYacTOTHOM 30HE; HEOCTATOYHAs SICHOCTh W TOYHOCTD
BBIPAKCHNS] MHCTPYKIUH CO CTOPOHBI JIUCIIETIYEPOB, YTO MOXKET MPUBECTU K OIIMOKAM B IOHMMAaHWU U BBITIOJIHEHUH yKa3aHUH
MUJIOTaMU; OTPaHUYEHHUs B JOCTYITHOCTH KOMMYHHKALMOHHBIX KAaHAJIOB M HMX IEPErpyKEHHOCTb, KOTOPBIE MOTYT CHENATh
TPYAHBIM YCTaHOBJIEHUE CBSA3HM B KPUTHUECKUX cUTyarmsix. HemocrarouHast moaroToBka K paboTe ¢ aHIIIOA3BIYHBIMU TEPMUHAMHU
1 BBIPOKEHUSIMH MOYKET ITPUBECTH K 3aTPYIHEHUSIM B TOHUMAHUW WHCTPYKIMI M COOOLIEHNI MEXTy MJIOTAMH U JMCIIETYEPaMHU;
paznuyus B aKIEHTaX ¥ MPOM3HOIIEHNH YYaCTHUKOB OOLIEHHSI TAKKE MOTYT BbI3BIBATH TPYIHOCTH B OHUMaHUU peun. Ommoku
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ABHALIIOHHOW CBSI3M MMEIOT pellalollee 3HaueHue JUisi 0e30MacHOCTH BO3AYIIHBIX Cyl0B. HeoqHO3HauHOCTh HEKOTOpBIX (pa3
WIM BBIPOKEHUH Ha aHTIIMHCKOM SI3bIKE MOXKET IIPUBECTH K PA3HOUTEHMSIM M HEJOINOHMMAHWIO MHCTPYKIMH CO CTOpPOHBI
JIMCTIETYEPOB; OTCYTCTBUE KOHTEKCTa WM HEXBaTKa MH(OPMALMK O TEKYILEeH CUTyallu Ha OOpTy camolieTa MOXKET 3aTpyIHHUTh
TPaHCKpUOALMIO PeYH M NPUBECTH K HENPABIJIHHOMY HMOHMMAHHIO COOOIIEHMIT; MCIONBb30BaHKUE CIIEHTa WM HEO(PUIMATBHBIX
BBIPOKCHHI MOXKET C/IeJIaTh TPAHCKPUOALMIO aHIJIOA3BIYHOM pedd Ooliee CIOKHOM M BBI3BaTh HENONOHUMAHUE; OTCYTCTBHE
BO3MOYKHOCTH 33/1aTh YTOYHSIOLIME BOMPOCHI WIIM 3alPOCUTh ITOBTOPEHHE COOOIICHHS B PEalbHOM BPEMEHH MOXKET ClENaTh
TpoIecC TPAHCKpHOAIMK Ooliee TPYIOSMKAM ¥ TOABEpP)KEHHBIM OImmMOKaM. Jlake caMple HE3HAYHMTENbHBIE OMIMOKH MOTYT
IPUBECTH K KaTacTpo(hHIECKUM HOCIESACTBISIM. B Xoze aHanuza BBIABICHO, YTO B MOAABIIIOIEM OOJIBIINHCTBE CIIy4aeB MIMEHHO
JIMHTBUCTHYECKHE (DAKTOPBI SABJIAFOTCS IPUYMHON BO3HMKHOBEHHS HEMOHUMAHMS MEXKIY YYaCTHHKAMHU PaJHOIEPEroBOPOB, YTO
SABIIIETCS OKA3aTENBCTBOM HEOOXOAUMOCTH Pa3pabOTKH U YCOBEPIIEHCTBOBAHHUS JAHHON MOZIEIH.

KitroueBble cJ10Ba: TpaHCKPHOALIHS, MOJIENb CIIEKTPATILHOTO BBIUHMTAHHS, peodpasoBanue ayanocuraana 8 MFCC, dbpaseororust
paarooOMeHa, TIIOT, TUCIIETYEP.

Jdas murupoBanusi: Oryusoyn B.U., Kyremosa O.C. KomiuiekcHas MaTeMaTHuecKas MOJENbL CHCTEMBI TPAaHCKPHOALWH,
aJlanTUpoBaHHast K ycioBusiM aBuanuy // Hayansrid Bectank MITY T'A. 2024. T. 27, Ne 6. C. 42— 55. DOI: 10.26467/2079-0619-
2024-27-6-42-55

Introduction conditions of aviation, which takes into account
many factors.

The introduction of a real-time transcribing

In today's aviation world, where commu- system in the aviation industry has significant
nication accuracy is integral to flight safety, the potential to improve flight safety by minimizing
development and implementation of technologies the risks associated with human error and ena-
to improve information exchange between aircraft  bling more efficient and accurate communication
crew, air traffic controllers and personnel on the between all participants in the aviation infra-
ground is of particular relevance. Despite existing structure. This paper describes the development
high standards in aviation communications, and operating principles of the proposed model,
the complexity and dynamism of the operational  from pre-processing of the audio signal to post-
environment requires continuous improvements processing and correction of the transcribed text,

in the efficiency of data processing and transmis- a5 well as the adaptation of the model to the spe-
sion. The main problem remains the possibility of  cific requirements and conditions found in the
communication errors caused by human error, aviation industry.
including incorrect perception of verbal infor- The integrated mathematical model of the
mation due to noise, accents or technical inter- transcribing system, specifically adapted to avia-
ference. The solution to these problems may be  tion conditions, is becoming increasingly rele-
the development of a real-time transcribing sys-  vant in the context of the modern aviation indus-
tem capable of providing highly accurate conver- try. Every year aviation traffic grows, which in-
sion of speech to text and vice versa. creases the load on air traffic controllers and pi-
The aim of this work is to create the inte- lots. Under such conditions, accurate and reliable
grated mathematical model of transcribing sys-  transmission of information through the commu-
tem adapted to aviation conditions, which takes nication system becomes critical. Adaptation of
into account many factors such as ambient noise,  the mathematical model to aviation conditions

speaker intonation, language deformations and  makes it possible to take into account the specif-
other specific features. The model assumes the  jcs of speech, background noise and other factors

use of modern achievements in the field of digi-  that can distort the transmitted information.

tal signal processing, machine learning and arti- By utilizing advanced signal processing and

ficial intelligence to achieve high accuracy and machine learning algorithms, such a model is

reliability of transcribing. able to automatically correct and filter the data,
The objectives of this work are to write, veri- improving the clarity and understanding of mes-

fy and validate the integrated mathematical  gages. Furthermore, with the development of au-
model of the transcription system adapted to the  tonomous systems and unmanned aircraft, the
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importance of an accurate and efficient transcrib-
ing system [1] is growing even more. It provides
not only communication between pilots and
ATCs, but also with the flight control centre,
which is a key aspect in airspace management.

Thus, the development and implementation
of the integrated mathematical model of the tran-
scribing system adapted to aviation conditions is
an important step in improving aviation technol-
ogies and ensuring flight safety.

Research methods and methodology

Squelch

Spectral subtraction model

Spectral subtraction is a squelch technique
based on subtracting an estimate of the noise
power spectral density from the power spectral
density of the noisy signal [2].

Let Y(f,t) — Fourier spectrum of the noisy
signal at frequency f at time t, N(f, t) — Fourier
spectrum of the noise, and S(f,t) — Fourier
spectrum of the clean signal. Then the estimate
S'(f, t) of the pure signal can be obtained as

S’(f,t) =Y(f,t)—aN(f,t),

where a — is a factor determining the degree of
noise subtraction. This factor can be adapted de-
pending on the characteristics of the noise.
Wiener filter
The Wiener filter uses a statistical approach
to minimize the square of the error between
the estimate of the clean signal and the clean

Vol. 27, No. 06, 2024

signal itself. It optimally filters the signal in the
presence of additive noise.

If S(f, t) — the estimate of the pure signal ob-
tained with the Wiener filter, it can be expressed
as

Dss(f)
Pss(H+Pyn()

$(f.6) = Y(f.0,

where ®go(f) and Py (f) — are the power
spectral densities of signal and noise, respective-
ly.

These two models serve as the basis for re-
ducing the influence of ambient noise on the au-
dio signal. Squelch is followed by feature extrac-
tion, which is critical for subsequent speech
recognition.

Feature extraction

Mel-cepstral coefficients (MFCCs), which
represent the short-term spectral characteristics
of a signal, are often used to extract features
from an audio signal.

The conversion [3] of an audio signal to
MFCC consists of several steps:

1. Partitioning the signal into short frames.

2. Applying Fast Fourier Transform (FFT)
to each frame to obtain the power spectrum.

3. Application of chalk filters to the power
spectrum to obtain a chalk spectrogram.

4. Logarithmisation of Mel-spectrogram am-
plitudes.

5. Application of discrete cosine transform
(DCT) to logarithmic amplitudes to obtain Mel-
frequency cepstral coefficients (MFCC).

The MFCC for a frame i can be expressed as

MFCC;(k) = ¥N_, log(MelSpeci(n)) - cos (k . %(n - 0.5)), k=1,2,..,K,

where N — number of Mel-filters, K — number of
MFCCs coefficients.

Speech recognition

Various machine learning models are used
for speech recognition, among which Hidden
Markov Models (HMMs) and neural networks
are popular.

Hidden Markov Models (HMM)

NMM assumes that a signal, can be modelled
as a sequence of some hidden states, the transi-
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tions between which are determined by probabil-
ities.

For a frame i Assuming that O; — the ob-
served feature vector (e.g., MFCC), and the S; —
is a hidden state, then the probability of transi-
tion from state j to a state k can be expressed as
ajx = P(S;11 = k1 S; =j), and the probability
of observation O; given a state S; = j as b;(0;).

The main task is to find the most probable
sequence of states S;,S,,...,Sp for a given se-
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quence of observations 04, O,, ..., Oy which can
be solved using the Viterbi algorithm.

Mel-kepstral coefficients (MFCC) are widely
used in speech recognition tasks [4]. They pro-
vide a compact representation of the spectral
properties of the voice. The MFCC extraction
process consists of several steps.

Fourier’s Transform: Converts the temporal
signal into a frequency spectrum.

X(f) =[5 x(®)e 2.

Mel-filtering: Applying a set of triangular fil-
ters arranged on a chalk scale to the power spec-

C(n) =YM_, L(m)cos

where N — is the number of MFCC coefficients,
M — number of Mel-filters.

MFCCs provide important acoustic features
for further speech recognition [5].

Speech recognition

Acoustic model

An acoustic model predicts the probability of
phonemes or sound units based on acoustic fea-
tures such as MFCC. Hidden Markov models
(HMMs) have traditionally been used for this
task, but modern approaches more commonly
use neural networks.

Hidden Markov Model (HMM):

Let O = 04, 04, ..., 00 — a sequence of acous-
tic observations (e.g., MFCC), and Q =
q1, 92, -, qr — a sequence of NMM states that
corresponds to phonemes. The probability of ob-
servation O for a given sequence of states Q is
defined as

P(01Q) =TI{= P(o¢ | qp),
where P(o; | q;) — probability of observation o,
in the state q;.

Neural networks

Neural networks such as LSTMs or Trans-
formers use complex architectures to model se-
quences. The input to the network is a sequence
of acoustic features Oand the output is a se-

[nn(rr;/l—o.s)] n=
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trum of a signal. The chalk scale approximates a
person's perception of the pitch of a sound.

M(f) = 2595logyo (1 + ).

Logarithmization: taking the logarithm of the
amplitude of each filter.

L(m) = log(Ey,),

where E,,, — is the energy in the m-th chalk filter.

Discrete Cosine Transform (DCT): Applying
the DCT to logarithmized amplitudes to obtain
a set of coefficients that are MFCS.

12, ..,N,

quence of probabilities for each phoneme or
word.

Language model

The linguistic model estimates the probabi-
lity of a sequence of words W = wy,ws, ..., wy
and is used to correct and refine the results [5]
obtained by the acoustic model [6].

N-gram model

One approach is N-gram model, where the
probability of a word depends on the N — 1 the
preceding words:

PW) =TTiLy PW; | Wimyg1, s Wist).

Language models based on neural networks,
such as Transformers, can account for longer
contexts and generate more accurate predictions:

P(W) = functions(wy, w,, ..., Wy_1),

where the function is determined by the architec-
ture and weights of the neural network.

This combination of acoustic and language
models allow the speech recognition system to
efficiently transcribe voice to text, taking into
account not only the acoustic features but also
the context and grammatical structure of the lan-

guage.
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Post-processing and adaptation to the spe-
cifics of the aviation industry

Error correction

After initial speech recognition, the system
may make errors due to limitations of acoustic
and language models [7], as well as language
and context specificity. Correction is used to re-
duce the number of errors.

Algorithms for checking spelling and gram-
mar:

o objective: to correct spelling and grammati-
cal errors in the text;

o method: using dictionaries and language
rules to identify and correct errors [8].
Corrected text = correction function (Original

text)

Context-dependent models:

o objective: to clarify the choice of words
based on the context of the sentence;

« method: applying language models trained on
large text corpora to suggest the most appro-
priate word choices in a given context [9].
Adaptation to the specifics of the aviation in-

dustry

The aviation domain requires high accuracy
and understanding of specific terms and phrase-
ology. The following approaches are used to
adapt the system to these requirements:

Specialized dictionaries and phraseology:

o objective: to improve the recognition accura-
cy of aviation terminology [10];

o method: integration into the system of a da-
tabase of specialized terms and expressions
specific to aviation.

Models trained on specific data:

e purpose: to improve understanding of the
context and specificity of communication in
aviation [11];

o method: training models on data specific to
the aviation industry, including audio record-
ings of pilot and ATC communication and
text data using aviation terminology.

These methods not only reduce the number
of errors in transcribed text [12], but also ensure
understanding of specific terms and phrases that
are used in the aviation domain. This is critical
for flight safety and effective communication
between air traffic participants.
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To implement the proposed mathematical
model of audio-to-text transcription, we use mo-
dern artificial intelligence technologies, in par-
ticular, the model presented in the file Tran-
scribe3.3.py (https://disk.yandex.ru/d/sHWitFE
mo_NeWQ). The process starts with loading and
preprocessing of audio data, including resam-
pling to the desired sampling rate. The audio file
is split into separate fragments, each of which is
processed by the model to generate a transcrip-
tion.

Next, to evaluate the quality of the transcri-
bed text, a method based on TF-IDF vectoriza-
tion and calculation of cosine similarity between
the original and transcribed phrases is applied
(https://disk.yandex.ru/d/sHWitFEmo NeWQ).
This allows quantifying the accuracy of tran-
scription by comparing the similarity between
the original text and its transcribed version [13].
The results of this comparison are visualized in
the form of graphs and heat maps, giving a clear
picture of the distribution of similarity across
the text.

For situations with high levels of background
noise (e.g. aircraft taxiing), it is recommended to
use a combination of a spectral subtraction mod-
el and Wiener filter. In cases where speed of
processing is a priority (e.g. landing approach),
the optimal choice is to use only MFCC fol-
lowed by a neural network for speech recogni-
tion.

Modelling results

Our study showed a high degree of transcri-
bing accuracy, where the cosine similarity ex-
ceeds 0.9 in most cases, indicating that the mod-
el effectively recognizes and matches speech
commands. Analysis of the cosine similarity dis-
tribution showed that the vast majority of
phrases have a similarity close to 1.0, confirming
the reliability of the model in processing aviation
communications.

Despite the overall performance, individual
cases with low similarity are found, indicating
opportunities for further improvement of the al-
gorithm, especially for handling non-standard
situations and accented speech. The similarity
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heatmap demonstrates phrase matching in detail,

revealing areas of strong and weak correspond-

ence, which can help optimize the model.

Additionally, the similarity density plot with
a peak near the value of 1.0 confirms the high
overall accuracy of the model. Such results
demonstrate the model’s potential for application
in the aviation industry [14], offering a reliable
tool to improve flight safety and efficiency of
aviation radio exchanges.

The simulation results when applying an in-
tegrated mathematical model of the transcribing
system adapted to aviation conditions can be as
follows:

o Improved speech recognition accuracy: The
model is able to accurately recognize and
transcribe the speech of pilots and air traffic
controllers, even in noisy flight conditions or
in an atmosphere with high radio frequency
levels.

o Adaptation to different accents and intona-
tions: The model is trained to accommodate a
variety of accents and intonations [7], which
enhances its ability to correctly interpret
commands and messages even if they are
pronounced with slight linguistic deviations.

o Fast real-time data processing: The model is
capable of processing large amounts of data
in near-real time, allowing for instantaneous
transfer of information between aviation
stakeholders [15].

o Recognition of aviation terms and abbrevia-
tions: The model is trained to recognize and
correctly interpret specific terms and abbre-
viations used in aviation, minimizing the
possibility of misunderstandings and com-
munication errors.

o Improved flight safety: The application of an
integrated mathematical model contributes to
improved flight safety through more reliable
and efficient communication between avia-
tion stakeholders.

o Airspace Management Optimization: The
model helps to optimize airspace manage-
ment, ensuring more efficient use of re-
sources and reducing the likelihood of con-
flicts and flight delays.

These results highlight the importance and
relevance of developing and applying an inte-
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grated mathematical model of the transcribing
system in aviation to ensure safer and more effi-
cient air traffic.

Analyzing the transcribing results shows that the
model achieves a high level of accuracy in most
cases, making it suitable for practical use in the avi-
ation industry. Based on the graphs and heatmap of
the similarity matrix, it can be stated that the model
effectively handles standard aviation radio exchang-
es, providing a high degree of consistency between
the source and transcribed texts [16].

However, individual peaks of low similarity
are also observed in the data, indicating possible
difficulties of the model in processing phrases
with unclear diction, noise or technical terms.
These points serve as a starting point for further
optimization of the algorithm to improve its ro-
bustness to acoustic noise and accent diversity.

The distribution histogram and density plot
emphasize the model’s bias towards high simi-
larity, which is a positive aspect for tasks requir-
ing high accuracy. At the same time, this feature
of the model may indicate overtraining on cer-
tain types of phrases, which reduces its flexibil-
ity under less controlled conditions.

1. One of the key elements of the model is
adaptation to the different accents and intona-
tions characteristic of different countries and re-
gions.

2. To ensure the accuracy and reliability of
the transcription, the model must take into ac-
count the context and information about the cur-
rent situation on board the aircraft.

3. An important aspect is also to take into
account specific terms and abbreviations used in
aviation, with the possibility of their deciphering
and transcribing.

4. The model should be able to process large
amounts of data in real time, with minimal laten-
cy and high processing speed.

5. It should provide capabilities to automa-
tically recognize and classify commands and
messages to speed up the work of ATCs.

6. It is also important to provide functio-
nality for additional verification and correction
of transcribed messages by operators or pilots.

7. The model should be flexible and easily
customizable to adapt to changes in communica-
tion protocols and security requirements.
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8. The implementation of such an integrated
mathematical model will improve the efficiency
and safety of aviation operations, improve com-
munication between pilots and ATCs, and re-
duce the risk of miscommunication and errors.
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The transcribing results show considerable
variation in recognition accuracy for different
sentences (fig. 1), where both high similarity
scores (close to 1.0) and noticeable deviations
(up to 0.3) are observed.
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Fig. 4. Heat map of the similarity matrix

An analysis of the similarity distribution his- significant increase in the distribution density in
togram (fig. 2) demonstrates that most of the the region of high similarity values.
transcribed sentences have a high level of simi- The similarity matrix heat map (fig. 4) pro-
larity to the original. vides a visual assessment of the degree of corre-

The similarity density plot (fig. 3) confirms spondence between the original and transcribed
the effectiveness of the model, showing a phrases, where darker areas correspond to higher
similarity.
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Fig. 5. Diagram of similarity spread

The similarity span diagram (fig. 5) clearly
shows the distribution of similarity values,
emphasizing the prevalence of high transcribing
accuracy scores.

Discussion of the results obtained

Sheremetyevo International Airport named
after Alexander Pushkin (Moscow) was chosen
to demonstrate the model operation. During one
day, radio conversations between air traffic con-
trollers and flight crews in the approach area
were recorded and processed. The analysis
showed that the model successfully recognized
95% of standard phrases of radio conversations
and 87% of non-standard situations. The model
was particularly effective in recognizing the ac-
cents of crew members of international flights,
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which confirms its adaptability to different lin-
guistic peculiarities.

To understand examples of transcribing er-
rors, here is a table of some of the terms and
words that were mangled during the initial run of
the program.

Thus, the integrated mathematical model of
the transcribing system adapted to aviation con-
ditions is an important innovative solution con-
tributing to the improvement of safety, efficien-
cy and reliability of air traffic. The overall per-
cent of transcribing efficiency is 86.27%, which
reflects a high result and proves the effectiveness
of the application of this model [3]. Its success-
ful implementation opens new horizons for the
development of the aviation industry and ensures
a more comfortable and safer air journey for all
its participants.
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Table 1
Results of transcribing the radio exchange

No Incorrectly transcribed word Correct option
1 Pass is 16-7 Passing 16700
2 across to cross
3 AUSI 077771
4 with Galt With GOLF
5 direct gas direct GAASS
6 Hi Sir
7 Doc. I'm Delta
8 explanation Expedite
9 going Descend
10 Just Descend
11 as far as stuff I guess it's staff (as it's about crew)
12 if you have any remaining pounds fuel remaining in pounds
13 half-matter incidents Hazmats
14 contact the post 127.25 contact Approach 127.25
15 That's on a brush Atlanta Approach
16 148 volts 148 souls (passengers+crew)
17 Delta 1192, Delta 1192, roger,
18 DC, 210. reduce speed 210
19 Delta 1192. Yes sir Tower, Delta 1192. Yes sir
20 Planet Tower Atlanta Tower
21 W1192 Delta 1192
22 A-Left 8L
23 They're going to stop they gonna stop on the runway
24 I'm sorry, Alpha 6. Papa and A6.
25 102 tower Southwest 102, Tower
26 the runway right now the runway eight right now
27 I'm Ronny, runway 8R. line up runway 8R
28 I may be stepping to land on 8R. I may be sidestepping to land on 8R.
Table 2
Name of errors in transcribing radio communication
Error's name Number, words Percent of errors, ratio of
total (total 1076 words), %
Number of incorrectly transcribed words 28 2.6
Number of missing words 110 10.2
Number of unnecessary words 10 0.93
Total error 13.73
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Conclusion

To summarize it is important to note that
communication failures between pilot and air
traffic controller during radio conversations [17]
occur for the following reasons:

1) Factors of informational nature:

o the complexity of the information entailing
misunderstanding;

» excessive compression of information;

o incomprehensible or vague presentation of
information by the interlocutors, which is
logically followed by interrogation by the
addressee;

2) Occupational factors:

3) Linguistic factors:

o suboptimal text structure in terms of text
types;

o the existence of a bilingual environment in
air traffic control, which has a negative im-
pact on flight safety;

o presence of grammatical and lexical-stylistic
violations in the speech of communica-
tors [18];

« unclear pronunciation or incorrect pronuncia-
tion of English word;

« if'the speaker has a strong accent;

« active use of interjections used by the speak-
er to buy time to formulate a thought;

4) Factors of a technical nature:

technical problems with communication, re-
sulting in interference and poor audibility on the
air.

Aviation communication errors are critical to
aircraft safety. Even the smallest errors can lead
to catastrophic consequences.

The application of an integrated mathema-
tical model of the transcribing system, specially
adapted to aviation conditions, represents a sig-
nificant step in the development of modern avia-
tion technology. The modelling results confirm
its effectiveness and potential to improve air
traffic safety and efficiency.

The accuracy of speech recognition, the abi-
lity to adapt to different conditions and accents,
and fast real-time data processing make this
model an integral part of aviation systems. Its
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application helps to minimize errors and misun-
derstandings in communication between partici-
pants in the aviation process, which in turn im-
proves flight safety.

Optimizing airspace management and impro-
ving the efficiency of aviation operations are
made possible through the application of this
model. It opens up new perspectives for the avia-
tion industry, especially in the face of increasing
air traffic and the introduction of autonomous
systems.

The study demonstrated that the developed
transcription model [19] achieves a high degree
of accuracy, making it potentially useful for use
in the aviation industry. Despite this some cases
of low similarity between original and transcri-
bed texts emphasize the need for further impro-
vements to the model.

One of the key areas for improvement is the
integration of advanced squelch techniques, such
as the use of convolutional neural networks for
more accurate extraction of speech signals from
the noise environment. It is also advisable to de-
velop adaptive algorithms that can train on data
with different accents, which will improve the
accuracy of recognizing speech with different
dialects and accents.

An important aspect is the strengthening of
exception handling and rare scenario handling
techniques, which will allow the model to func-
tion correctly, even in non-standard situations.
Applying regularization techniques such as
Dropout and Batch Normalization will help to
reduce the risk of overfitting and increase the
general ability of the model.

In addition, expanding the training sample to
include more diverse data will allow the model
to better adapt to different use cases.
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MexaHU3MBbI TOCYAapPCTBEHHOM MOJAEPKKU 00ecredeHn st
KOMILIEKCHOT0 PA3BUTHS ABUATPAHCIIOPTHOM CHCTEMBbI
U PerHOHAJIbHBIX MAPUHIPYTHBIX CeTeH CTPaHbI

B.A. ITenknna’

1 o« o« o o«
Mockosckuii 20cy0apcmeerHblil meXHU4eCKULl YHU8epCumem epajicoOaHcKoll asuayull,
2. Mockea, Poccus

AnHorammsi: OIHUM U3 KITFOUEBBIX HANpPaBICHUN Pa3BUTHsSL TPAaHCHOPTHOHM cuctembl Poccuiickoit denepauyii U ee peruioHOB
SIBJIICTCSI  COBEPIIICHCTBOBAHKE HMH(PPACTPYKTYPHl M MAapIIPYTHBIX CETEH MACCAKUPCKUX aBHAICPEBO30K, B TOM YHCIC B
TPYAHOAOCTYIHBIX peruoHax Poccuiickoii ®denepaimu. PervonanbHasi aBuals — BaXKHbBIA CETMEHT CETH aBHALIMOHHBIX
TIEPEBO3OK MACCAKUPOB M BCEH TPAHCIIOPTHOM CHCTEMBI CTPaHBl. B COBOKYITHOCTH C MECTHBIMH aBHAIIEPEBO3KAMH PErHOHAIIBHAS
aBmarys B OONBIIMHCTBE paiioHOB KpaitHero CeBepa W MPHPaBHEHHBIX K HAM MECTHOCTEH OOECTIeUMBACT MX TPAHCIIOPTHYIO
JIOCTYITHOCTb, aBUAIIFIOHHYIO TTOJIBIDKHOCTh HACEIICHHUSI 1 BO MHOTHX CITy4asxX sIBISIETCS Oe3aIbTepHATHBHBIM BHIOM TPAHCIIOPTA.
Jnst obecrieueHus CTabMIIbHOTO (hyHKIIMOHMPOBAHUS BO3AYIIHOTO TPAHCIIOPTA U Pa3BUTHS TPAHCIIOPTHOM JOCTYITHOCTH PETHOHOB
Poccuiickoii Denepany pealu3yroTcss Mepbl TOCYAApCTBEHHON NOIAEPKKM aBHUAlEepeBO3YMKOB. B crarbe paccMOTpeHbI
OCHOBHBIE IEJIM ¥ MEPHI TOCYJapPCTBEHHOTO CyOCHIMPOBAHIS aBHANIEPEBO30K B TPAHCIIOPTHON CHCTEME CTPaHBI U €€ PETHOHOB,
aTakke (DMHAHCOBBIC M HE(PUHAHCOBBIE MEPbl HMX TOCYJIAPCTBEHHOM MOANCPKKHM, B TOM YHCIEC B YCJOBHSX BHEIIHETO
CAHKI[MOHHOTO BO3IeHCTBUs. [IpemiokeHa cxema CyOCHIMPOBAHMs, KOTOpas KOHCOJHMIUPYET JCHCTBYIOIINE MEXaHU3MbI IS
obecrieueHus cOaTAHCUPOBAHHOW MUHUMU3AIIMK PUCKOB JJIsI TOCYIAPCTBA U aBHATIEPEBO3YMKOB TIPH PACIIMPEHUH MapIIPYTHOM
CeTH CTPaHBl W PETHOHOB. AHAIM3UPYIOTCS TIPOIECCHl PA3BHTHS MEXaHU3MOB CYOCHIMPOBAHUSI W COOTBETCTBYIOIICH
HOPMATHBHO-METOANYECKOW 0a3bl, pe3ydbTATHBHOCTh WX pPEAIM3AlUM, B TOM YHCIC C YYCTOM CHECIM(UKH CEBEPHBIX U
TPYAHOAOCTYITHBIX PETHOHOB.

KnoueBble cj10Ba: aBHAaTpaHCIIOPTHAS IOCTYIHOCTb, ABHALMOHHAS IIOJBVKHOCTB, JIM3HHT, JITOTHBIE KaTerOPHH TpakIaH,
MapIIpyTHas CeTh, MECTHBIE IIEPEBO3KH, ITACCAKUPOINIOTOK, MPOTrpaMMbl CyOCHAMPOBAHMS, CAHKIMOHHOE BO3/ICHCTBHE,

CO(pUHAHCUPYEMBIE MAPILIPYTHL.

Jns umrupoBanus: Ilemkuna B.A. MexaHM3MbI TOCYIapCTBEHHOW MOMIEPKKHA OOECHEUeHHSI KOMIDIEKCHOTO pa3sBHTHS
ABHUATPAHCIIOPTHOW CHCTEMBI M PErMOHAIBHBIX MapUIPYTHBIX ceteil crpanbl / Hayunsiii Bectauk MI'TY T'A. 2024. T. 27, Ne 6.
C. 56-71. DOLI: 10.26467/2079-0619-2024-27-6-56-71

The mechanisms of state support for the integrated development of
the country’s air transportation system and regional route networks

V.A. Penkina'

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

Abstract: One of the key areas of development of the Russian Federation transport system and its regions is the improvement of
infrastructure and route networks of passenger air transportation, including in hard-to-reach regions of the Russian Federation.
Regional aviation is an important segment of the passenger air transportation network and the entire transport system of the country.
In combination with local air transportation, regional aviation in most areas of the Far North and areas equated to them ensures their
transport accessibility, aviation mobility of the population and in many cases is an alternative mode of transport. The state support
measures for air carriers are being implemented to ensure the stable functioning of air transport and the development of transport
accessibility in the regions of the Russian Federation. The article considers the main goals and measures of state subsidization of air
transportation in the transport system of the country and its regions, as well as financial and non-financial measures of their state
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support, including in the context of external sanctions. A subsidy scheme has been proposed to consolidate the existing mechanisms
thus ensuring the balanced risk minimization for the state and air carriers while expanding the route network of the country and
regions. The processes of development of subsidy mechanisms and the corresponding regulatory and methodological framework,
the effectiveness of their implementation, including taking into account the specifics of the northern and hard-to-reach regions, are
analyzed.

Key words: air transport accessibility, aviation mobility, leasing, preferential categories of citizens, route network, local
transportation, passenger traffic, subsidy programs, sanctions impact, co-financed route.

For citation: Penkina, V.A. (2024). The mechanisms of state support for the integrated development of the country’s air
transportation system and regional route networks. Civil Aviation High Technologies, vol. 27, no. 6, pp. 56-71.
DOL: 10.26467/2079-0619-2024-27-6-56-71

BBenenue 2022 roz[yl’z. OpHako JUMTENbHOE BpeMsl HaOIko-
JACTCs OTCTaBaHUE POCTA POCCUMCKUX PErHo-
HAJIbHBIX aBHAIEPEBO30K OT OOIIMX TEMIIOB pa3-
BUTHS BO3IyLITHOTO TPAHCIIOPTA B LIEJIOM [4—6].
Bricokasi 3HaUMMOCTH BO3AYLIHOTO TpAHC-
nopta (BT) s HaceneHus cTpaHbl M PETHOHOB,
OCOOCHHO yAalNeHHBIX M TPYAHOAOCTYIHBIX,
JTUKTYeT HEOOXOIUMOCTh 3HAYUTEIBHOW TOCY-
JMApCTBEHHOM MOAMEPKKH OTPaciiu, OCOOEHHO B
OTHOIIEHUN PEeATH3allMd TOCYJAapPCTBEHHBIX WH-
BECTUIIMOHHBIX MPOTPaMM U TpOrpaMM CyOCH-
JTUPOBaHUS BO3AYIIHBIX MEPEeBO30K. Pa3zBuBaro-
HIMICS KOMIUIEKC HOPMATUBHBIX M METOJUYe-
CKHX JIOKyMECHTOB B OOJIACTH CYyOCHIUPOBaHUS
MEPEBO30K SIBISIETCS BAXKHBIM 3JIEMEHTOM OT-
pacieBoil CHUCTeMBbI TOCYAApCTBEHHOTO PETyJIu-
poBanus BT, ¢dakropom obecneueHus s¢dek-
TUBHOTO Pa3BUTHUS TPAHCIIOPTHOM CHUCTEMBI U €€
TapMOHUYHOTO (DYHKIIMOHUPOBAHUS B COOTBET-
CTBUHU C OOIIECTBEHHBIMHU MOTPEOHOCTIMH, MEXK-
QYHAPOIHBIMH U POCCUHUCKUMHU CTaHAApTaMH,
o0ecreunBaroONMMy  TIOJJIEPKKY  POCCUUCKHUX
ABUAKOMIIAHUI NI TOCTHIKEHUS UX KOHKYPEH-
TOCIIOCOOHOCTH M YCTOWYMBOTO Pa3BUTHS HH-
bpacTpyKTyphl, BKIIOYash a’poMOPTHI, HaBHUTra-
[IMOHHBIE CUCTEMBI, IIEHTPHl TEXHUYECKOTO 00-

ObecnieueHne TPaHCIOPTHOM JTOCTYIIHOCTH
IIEPEBO30K U MOBBINICHUE KAY€CTBA )KU3HU Hace-
JICHUS SIBIISIFOTCS] BA)KHEWIIMMU 33Ja4yaMu, B KO-
TOPBIX KJIIOYEBYIO pPOJIb MIPAcT BO3LYIIHBINA
Tpancnopt [1]. Pa3zButue aBuaninoHHOM MOOUIIB-
HOCTH HACEJICHHA SIBJIICTCS OJHUM M3 BaXKHCH-
mux (HakTopoB APPEKTUBHOTO Pa3BUTHSA CTpa-
Hel. ['ocynapcTBeHHas MOAJEP)KKA pPa3BUTHUSA
BO3JyLIIHOM TPAHCIIOPTHOM CHUCTEMBI CTPaHBI U
ee pernoHOB B Poccum mmeer crienuduky, cBs-
3aHHYIO C €€ YHUKaJIbHbIMHM reorpaduyecKkumu
U teMorpauIeckuMu 0COOCHHOCTSIMH:

e reorpauueckoe MOJ0XKEHUE TrocylapcTBa —
OoJbIIME PACCTOSHUS, HU3Kasl TNIOTHOCTh Ha-
CCJICHHS W 3HA4YMTEIbHAs YJAJICHHOCTb Hace-
JICHHBIX MYHKTOB, OCOOCHHO PACIOJIOXKEHHBIX
B pernoHax Kpaitnero Cepepa, Cubupu u
JanpHero BocToka, 4TO 3HAYUTEIBHO OCIIOXK-
HseT o0ecledeHne CBA3HOCTU PETMOHOB M MX
TPAHCIIOPTHOM JOCTYITHOCTH;

e HajgMuyuWe AaBUALMOHHOM IPOMBIIIJIEHHOCTH,
KOTOpasi IUIAHUPYET MPOU3BOJACTBO U BHEApE-
HUE B 3KCIUIyaTallMI0 HOBBIX THIIOB BO3TYII-

HBIX CYJIOB,;
ciyxuBanus 1 peMoHta (TOuP).

® BO3MOXXHOCTH pa3BUTHsS Typu3Ma BHYTPH

CTpaHBI.

Poccuiickas rpaxxganckas asuanus (I'A) cei-

qac JIEMOHCTPHPYET BOCCTAHOBHMTEIIBHBIN
poct [2, 3]: cornacHo OroyuteteHo «TpaHcropT ! Tpancnopr Poccun. MHOOPMALHOHHO-CTATHCTHICCKHH
Poccun» (manmee — Orosuierens 2023 T1.) Koymde- Gromterens. 2023 roa [DnekTponHsIi pecype] // Munu-
CTBO MACCAXXHUPOB, IEPEBE3EHHBIX POCCHUCKMMHU cTepeTBo Tpatcnopra Pocentickoit deneparun. Odu-

ABHAKOMIIAHUSIMU B 2023 FOY, COCTABIIIO OKOJO nuanbHbii cat. URL: https://mintrans.gov.ru/
Y documents/7/13259 (nata obpamienus: 03.02.2024).

V]
105,4 min yenoBek, uto Ha 10,7 % Goinblie, yem B ? CraticThyeckue NaHHbIe [ IEKTPOHHBIH pecypc] //

Pocapuanus. Odurmaneaeiit caiit. URL: https://favt.
gov.ru/dejatelnost-vozdushnye-perevozki-stat-dannie/
(mara obpamienus: 03.02.2024).
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Pa3Butune mexanmsMoB
cyocuaupoBaHus

HenictBus npasurensctBa Poccuiickoir @Pe-
Jepalyy B 00JIaCTH peanu3alii KOHLEMIUU To-
CYJITapCTBEHHOT'O CYyOCHIUPOBAHUS COOTBETCTBY-
10T MPAKTUKE JAPYTUX CTPaH ¢ OOIIMPHOU TeppH-
TOpHEN M HAJIMYUEM TPYAHOJIOCTYMHBIX PETHO-
HOB U HACEJICHHBIX MYyHKTOB, Takux kak CIIA,
Kanana, Hopserusi, Yunu, bpasunus, ABctpa-
st [7].

[Iporpammel cyOcuaupoBanus B Poccuiickoit
denepanuy pemaroT CIEAYOMNE 3a1aUn:

e obOecrieueHUs] JOCTYMHOCTH aBUATPAHCIIOPT-
HBIX YCIYT;

® [IOOLIPEHUS BHEIPEHUS B HKCIUTyaTal[MIO HO-
BBIX THIIOB BO3IYyIIHBIX CYZOB, MPOU3BOIU-
MBIX POCCUHCKON aBUAL[MOHHOW IPOMBIIIJICH-
HOCTBIO;

® CHIDKECHMS BIMSIHUS HETATUBHBIX MOCIEACTBUN
MEXIYyHApOAHBIX CAHKIMOHHBIX OTpaHuyYe-
HU.

CoBpeMeHHBIH 3Tall Pa3BUTHUSI CHCTEMEBI CYO-
CHUJIUPOBAHMS BO3AYIIHBIX NEPEBO30K B Poccwii-
ckor Penepanvd MOKHO OTCUUTBHIBATH OT IIPH-
HaTtusi noctaHoBieHus: [IpaButensctBa Poccwii-
ckoit @enepanuu ot 27.03.2013 Ne 265 «O mpe-
JIOCTaBJICHUHU cyocuauii u3 denepanbHOro OrO-
J)K€Ta OpraHu3alusM BO3AYIIHOTO TPAHCIOPTA
B LIEJISIX oOecrneueHusi JOCTYITHOCTH perruoHalb-
HBIX NEPEBO30K NACCaKMUPOB BO3AYIIHBIM TPAHC-
noptom Ha Tepputopun Cesepo-3amnaanoro, Cu-
oupckoro, Ypanbckoro u JlaabHEBOCTOYHOTO
emepanbHbIX OKpyroB»”. [Iporpamma GbLIa pas-
paboTtaHa A CTUMYJIUPOBAHUS POCTa JOCTYTI-
HOCTH aBUATPAHCIOPTHBIX YCIyI W BKIOYAJIA
MPEIOCTaBlICHnE CyOCHIUI aBUANEPEBO3UMKAM,
BBIITOJIHSIFOLUM PEUCHI MO OMPEIETIIEMBIM IOCy-

* Tlocranosnenue ITpasurenscrsa Poccuiickoit denepa-
uu oT 27.03.2013 Ne 265 «O mpenocraBieHnn CyOCH-
i u3 GeaepaTbHOTro OF0KEeTa OPTaHNU3AIMSIM BO3-
JYLIHOTO TPAHCIIOPTa B LEJIX 0OeclieyeH s JOCTYITHO-
CTH PETHOHAJIBHBIX IIEPEBO30K IACCAKUPOB BO3LYLIHBIM
TpaHcnopToM Ha Tepputopuu Ceepo-3anaanoro, Cu-
6upckoro, Ypaibckoro U JlaqbHEBOCTOUHOTO denepaiib-
HBIX OKpYToB» [DnekTponHslii pecypc] // Koncysb-
tantllmoc. URL: https://www.consultant.ru/document/
cons_doc LAW 144156/ (nara oOpaieHus:
03.02.2024).
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JApCTBOM MaplLIpyTaM C OTCYTCTBYIOLIUM XKe-
JI€3HOIOPOKHBIM coobmieHneM. Cymma cyOcu-
UM 3aBHCENAa OT KOJIMYECTBA IIEPEBE3CHHBIX
JBTOTHBIX MACCAKUPOB, CyOCUINS TIPEIOCTABIIS-
nack rpaxaanam Poccuiickoit @enepauuu B BO3-
pacte a0 23 JeT, )KEHIMHAM B BO3PACTE CBHIIIIE
55 netr u myx4uHam cBbie 60 Jer.

[loznHee orpaHuveHHss MO BO3pPACTy OBLIU
CHSTBI, OJTHAKO CyOCHAMPOBAHUE MO KOJIHUYECTBY
NEPEBE3EHHBIX MACCAKUPOB HA 3aJaHHOM IIO-
CTaHOBJIEHUEM IIE€PEUYHE MApUIPyTOB OKa3ajocCh
Hed(ppeKTUBHBIM, M TIporpamMma OblIa 3aKpHITA.
Eii Ha cmeny BpiLIO mocraHoBieHue IIpaBu-
TEJIbCTBA Poccuiickoit ®denepaunun OT
25.12.2013 Ne 1242 «O npenocraBieHuu cyocu-
nui u3 deaepalbHOTO OI0KETa OpraHU3aIUsIM
BO3JYIIHOIO TPAHCIOpPTAa Ha OCYILIECTBICHHUE
PErMOHAIBHBIX BO3AYLIHBIX IEPEBO30K Iacca-
J)KUpPOB Ha Tepputopun Poccuiickoit denepaunu
U (HOPMHUPOBAHHE PETHOHAIBHOM MapIIpyTHON
cetr» (anee — mocrasosierune Ne 1242)°, koto-
pO€ M COCTaBIIsIET OCHOBY COBPEMEHHOI'O MeXa-
HU3Ma TOCYAapCTBEHHOW mnoauepxku [8, 9].
OCO0OEeHHOCTH JAHHOTO MTOCTAaHOBJICHUS:
® roCyJapCTBO HE (PMKCHUPOBAJIO 3apaHee Iepe-

YeHb CyOCHIAMPYEMBIX MapLIpyTOB, HO c(hop-
MYJIMPOBAJIO YETKUE U JIOCTATOYHO JIOTMYHBIE
npaBUiIa MX OTOOpPa Ha OCHOBAHMU 3asBOK
1 000CHOBaHUI aBUAKOMITAHUH — MapIIpyTHl,
copuHaHCUpyeMble cyObekTamu Poccuiickoit
®enepanyy, U T€, Ha KOTOPHIX HCIOIb3yETCS
aBUATEXHUKA POCCUMCKOrO MPOU3BOACTBA, I10-
JYYWIU TPUOPUTET B OUEPEIHOCTH BKIIIO-
YEeHUsl B MEpedYeHb CyOCHIUPYEMbIX, HO €Clld
OTCYTCTBYET aBHAl€PEBO3YMK, IJIAHUPYIOLIHI
UCIIOJIB30BaTh U1 OCYILIECTBICHUS PETHO-
HaJIbHOW BO3AYIIHOW II€PEBO3KH COBPEMEH-
Hbl€ BO3JYIUHBIE CyJa, IPOU3BEACHHBIC
Ha Teppuropun Poccuiickoir denepanuu moc-

* Hocranosnenue [Ipasurenscraa Poccniickoii denepa-
un oT 25.12.2013 Ne 1242 «O npenocraBieHun cyOcu-
Iid U3 peaepansbHOro OK/PKETa OpraHUu3alrsiM BO3-
JIyITHOTO TPAHCIIOPTa Ha OCYIIECTBICHUE PErHOHAIIb-
HBIX BO3JIyLIHBIX NIEPEBO30K ITACCAKUPOB Ha TEPPHUTO-
puu Poccuiickoit @enepanuu u HopMHUPOBAHUE PETHO-
HAJIBHOW MapUIPyTHOW ceTw» [ DIEKTPOHHBINA pecypc] //
Koncynbrantllmoc. URL: https://www.consultant.ru/
document/cons_doc LAW 156427/ (nata oOpareHus:
03.02.2024).
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B O6beMm heaeparnbHOro cyocnanpoBaHus, MNpa
B KonnyecTBo nepeBe3eHHbIX Nacca)Xupos, MiTH

Puc. 1. PerpocnieKTUBHbBIE JaHHBIE O KOJIMUECTBE MEPEBE3CHHBIX MMACCAKUPOB U 00beMe (eepanbHOro
cyOcunupoBaHus npy peannsanuu nocraHosierus [IpasurensctBa PO ot 25.12.2013 Ne 1242
Fig. 1. Retrospective data on the number of passengers transported and the number of federal subsidies for
the implementation of the Decree of the Government of the Russian Federation dated 12/25/2013 No. 1242

ne 01.01.2009, TO poroBop 3aKIHOYAETCS
C aBHAIlepPEBO3YMKOM, IUIAHUPYIOIIUM  HC-
MOJIb30BaTh BO3JAYIIHBIE CyJa WHOCTPAaHHOTO
IIPOU3BOJICTBA, O0ECIIEUNBAIOIIMM HaWITyyIllee
3HaYeHUE KOMIUIEKCHOTO Toka3atens dddex-
TUBHOCTHU CyOCHIMPOBaHMS NPEAEIbHOIO Mac-
CaXXHpooOOopoTa;

CyMMa IpeIOCTaBIsIeMO CyOCHINU 3aBHCUT
HE OT KOJIMYECTBA MEpPEBE3E€HHBIX JIOTHBIX
MACCAKUPOB, a OT KOJUYECTBA BBHITOJTHEHHBIX
JBTOTHBIX aBUAPEHCOB U KpeceIbHONH eMKOCTH
MIPEOCTABIIEMOT0 AaBUAKOMITAHUEH camolie-
Ta (moctaHosieHue Ne 1242).

[Iporpamma mokasana BBICOKYIO BOCTPeOO-
BaHHOCTh U 3PdexTuBHOCTh. B 2023 roay 00b-
eM (deneparbHOr0 CyOCHIMPOBAHHUS COCTaBUII
7,33 mupa pyO.; mo 296 mapuipyTam BBITIOTHEHO
41 275 pelicoB; nepeBe3eHO OKOJIO 2,8 MIIH mac-
caxupoB 18 aBuakommanusmu (puc. 1).

B 2024 rony mutaHoBbI 00BeM (hUHAHCUPO-
BaHMs cocrtaBisger 8,1 mupa py6. [lo manHBIM
orommetenst 2023 1. komuccus Muntpanca Poc-
CUM yTBEpAMJIA NEpPEeUeHb CyOCUANPYEMBIX Map-
HIpyTOoB B KonudecTse 231 ans 15 nepeBo3unkoB
(maHHBIC HA HAYAJIO TOJA).

59

[IpencraBneHHas Ha puc. 2 AMHAMMKA H3Me-
HEHHUs CPEIHEro 3HaueHus (eaepajbHOro cyo-
CUIMPOBAHMS HA OJHOTO MAaCCAKUPA TPU peau-
3anuu noctagoBieHus Ne 1242 moka3nIBaeT B3a-
UMOCBSI3b YPOBHS (peIepaibHOTO CyOCHAUpOBa-
HUS ¥ KOJIMYECTBA MEPEBE3EHHBIX MACCAKUPOB.

B nporpamme nepeueHs MapuipyToB He QUK-
CHUPOBaH, U Ka)Jbli ToJl MapuIpyThl B MEpEUHE
MOTYT OBITH pa3HbIE, YTO B CBOIO OUEPE.b BIIHSI-
€T Ha cpe/iHee yAeIbHOe 3HaueHue deaepanbHOn
cybocuamm.

OtmetuM, uto 3a nepuona 2019-2023 rogos
3HAYUTENBHO CHU3UIIOCH CpeHee yIeIbHOEe 3Ha-
YeHWEe BEJMYMHBI (DenepanbHOM CyOCHIUU, UYTO
CBSI3aHO C PACIIMPEHUEM MPAKTUKH COPUHAHCH-
pOBaHMs MEPEBO30K U3 (erepallbHOTO U PEeruo-
HAJIBHBIX OIOKETOB.

B nmensx »sddexktuBHOrO  pacxooBaHUS
CpencTB ¢eneparbHOro OKETa MpeaIaraeTcs
MEPECMOTPETh KPUTEPUU OUEPEAHOCTH 1O BKIIIO-
YEHHIO B TIEPEYCHb MapIIPYTOB.

B 2024 roxy aBuakomMmnaHusMH OBLIO MTOJAHO
199 3asBOK Ha BKJIIOUEHHE B NEPEUCHb CYOCH M-
PYEMBIX MapIIpyTOB, B TOM YHCJIE BXOISIIUX B
Cubupckuii penepanbubiii okpyr (CPO), u3 HUX
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Puc. 2. JlnnamMuka U3MEHEHHS CPEIHEro 3Ha4eHHs (enepabHOro cyOCHANPOBAaHUS Ha OJJHOTO NAaCCaKUPa IPH
peamm3anyu noctanosieHus [IpaBurensctBa PO ot 25.12.2013 Ne 1242
Fig. 2. Dynamics of changes in the average value of federal subsidies per passenger in the implementation of the Decree of
the Government of the Russian Federation dated 12/25/2013 No. 1242

142 3asBku nmenu I-III ouepenHocTh BKIIIOUE-
HUSA B TEpeUeHb CYOCHAMPYEMBIX (MapIIpyThI,
Ha KOTOPBIX XOTSI OBl OJMH W3 a’pOMOPTOB (II0-
CaJIOYHBIX IUIONIA/I0K) PAcIOIOXKEH B HaceleH-
HOM IIYHKTE, SIBJISIOLIEMCS TPYAHOIOCTYIIHBIM, B
OTHOIIIEHUH KOTOPBIX CyOBekTOM (-amm) Poc-
curickoi denepanuu MPUHATO PELICHUE O IIpe-
JIOCTaBJIIEHUM AaBHANIEPEBO3UYMKY U3 OrOKeTa
cyonekTa (-oB) Poccuiickoit ®eneparun cyOcu-
UM Ha OCYIIECTBJIEHUE BO3AYIIHON MEPEBO3KU
C TEpPPUTOPUU ITOTO CyObeKTa U (WJIHM) Ha €ro
tepputoputo B pazmepe 50 % u Gonee mpenerns-
HOro pasMepa cyocuauu 1m6o mexee 50 % u B
OTHOIIEHUU KOTOPBIX CYOBEKTOM (-aMM) MpPHUHSI-
TO pELICHUE O NPEJOCTABICHUH aBHalepeBO3YH-
Ky W3 Oromkera cyObekTa (-oB) cyOcuanm Ha
OCYILIECTBJIIEHUE BO3IYLIHON INEPEBO3KH C Tep-
PUTOpPUH 3TOT0 CyObEKTa U (UJIM) HA €Tr0 TEppH-
Toputo B pasMmepe Oosee 60 % mpenenbHOro
pasmepa cyocumuu). B mepedenn cyOcumupye-
MbIX Bouutd 70 mapuipyTtoB B (u3) CPO c dene-
pabHBIM (prHaHCHpoBaHueM 3 351,3 muH pyo.,
nMmeromue [-III ouepennocts. K koHIy roga no
JAHHBIM MapHIpyTaM I[UIAHUPYETCS TepeBO3Ka
1,3 MJIH maccaxxupos.

[Ipennaraercs B mepBylo ouepenb OTAaBaTh
OPUOPUTET MapLIpyTaMm, MPHU pearu3aluu KOoTo-

60

pBIX pa3Mmep QeaepanbHOl CyOcuanu, IMpeao-
CTaBJISIEMOM 3a MEpeBO3Ky | maccaxkupa Ha of-
HOM peiice B OJIHOM HAaINpaBlIEHUHU, MUHUMAJICH.
Paccmotpum 142 3asBKM 1O TPEIJIOKEHHOMY
KPUTEPHUIO, KOTOPBIN PacCUUTHIBACTCS Kak OT-
HOILIEHUE 3allpalliiBaeMoil CyMMbI CyOCUINU Ha
roJi M0 MapuIpyTy K MPOU3BEICHUIO KOJIUYECTBA
peiicoB Tyna-oOpaTHO 3a TOJ Ha KpeceabHYIO
€MKOCTh. AJITOPUTM O0TOOpa MapuIpyTOB: B 3a-
SBKY BKJIIOYAIOTCSI MapIIpyThl, HAYMHAsI OT MU-
HUMAJIBHOTO PACXOJIOBaHUS CPEACTB (eaepaib-
HOro OFOJDKETa Ha OJHOTO IMacCaXupa 0 Mak-
CHUMAaJIbHOTO B K&XKJOW TPYIIIe MapIIpyTOB, pa3-
JIEJICHHBIX IO TPOTSKEHHOCTH, TJI€ IIar PaBeH
100 kM. Cymma pacxoJoBaHUs CPEICTB Ha OJ-
HOTO TIACCa)XUpa CO CTOPOHBI TOCyJapcTBa MpU
9TOM [JIOJDKHA OBITh paBHOW WM MEHBIICH
YTBEPKJICHHON IO MapIIpyTaM.

[Ipu Takom oTOOpPE 3a8BOK OT aBUAKOMIIAHUI
B IepeUYeHbh MOXeT Bouthu 81 mapmpyTt, dene-
panbHOe  (UHAHCUpOBaHWE OyJIeT paBHBIM
2 783,0 MiH py0., a KOJMYECTBO IMEPEBE3CHHBIX
naccaxupoB Ha koHel roga npu 100%-Hoii 3a-
rpy3Ke BO3IYIIHOTO cyAHa — 2,99 MITH YeNlOBeK,
TE€M CaMbIM JTaHHBIA TOIXOJ CIIOCOOCTBYET 3(-
(EKTUBHOMY PacXOJOBAHHIO CPEICTB (emepaib-
HOT0 OIOIKETA.
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B orpaciu celiuac mpuUMEHSIOTCS MEXaHU3-
MBI CYOCHAMPOBAHHUSI KaK «II0 pelicam», Tak U
«T10 Maccakupam», HalpUMep B paMKax IOCTa-
HoBieHul IlpaBurenscTtBa Poccuiickonn Pene-
parun®”:

e or 29.12.2009 Ne 1095 «OO6 yTBepxIeHUU
[TpaBun mpenocraBieHus: cyocuamii Ha odec-
NeYEHHUE TOCTYITHOCTH BO3YLIHBIX MTEPEBO30K
naccaxxupos ¢ [lansHero Bocroka B eBponen-
CKYIO0 4acTb CTpaHbl U B OOpaTHOM HarpasJie-
HUNY;

e or 17.12.2012 Ne 1321 «O06 yTBepKaeHUU
IIpaBun mpenocraBieHuss U3 QenepaabHOro
OropkeTa cyOcuanii Ha oOecrieYeHUe TOCTYII-
HOCTH BO3JYIIHBIX IEPEBO30K IACCAKUPOB
n3 r. KanuHuHrpaza B €BPONEHUCKYH0 YacTb
CTpaHbl M B 00paTHOM HalpaBJICHUN;

e 0T 29.04.2014 Ne 388 «O06 ytBepxknenuu Ilpa-
BUJI TIPEAOCTABIICHUS U3 (eepaIbHOTO OOHKe-
Ta CyOCHIMI OpraHu3alsM  BO3IYLIHOTO
TpaHCIIOpTa B LEJIX 00ecTeueH s JOCTYITHOCTH
BO3YIIHBIX MEPEBO30K MaccakupoB B I. CuM-
(deporons 1 B 00paTHOM HAITPABICHUI.

BerlnienepeuncieHHble MpaBuiia MpPeIoCTaB-
JeHus: cyOCuanii B HACTOAIIEE BPEMS yTPATHIH

> Tlocranosnenue ITpaButenscrBa Poccuiickoit denepa-
un ot 29.12.2009 Ne 1095 «O6 yreepxaenun [Tpasun
MIPeAOCTaBICHNs CYyOCHINI Ha o0OecIieueHre JIOCTYITHO-
CTH BO3JYIIHBIX IEPEBO30K MAacCAXUPOB ¢ JlambHero
BocToka B eBporeicKyo 4acTh CTpaHbl H B 00paTHOM
HampaBJIeHUW» [ DIeKTpoHHBIH pecypce] // Korcyms-
tanTlImoc. URL:
https://www.consultant.ru/document/cons_doc LAW_9
5833/ (nara obparnenus: 03.02.2024).

ITocranosnenue IIpaBurenscrsa Poccuiickoit ®enepa-
un oT 17.12.2012 Ne 1321 «O06 yrBepxknenun [Ipaun
npeocTaBiIeHus U3 GeepaabHOro OrpKeTa cyocu i
Ha ofecrieueHue T0CTYITHOCTH BO3/YIIHBIX IEPEBO30K
raccakxupoB u3 T. KanumHuHrpasa B eBponencKyo 9acTb
CTpaHbI ¥ B 0OpPAaTHOM HaIpaBJICHUN [ DIIEKTPOHHBIH
pecypc] // KorcynsrantlLtoc. URL:
https://www.consultant.ru/document/cons_doc LAW 1
39314/ (nata obpamenns: 03.02.2024).
Ilocranosnenue [IpaBurensctBa Poccuiickoit @enepa-
uu oT 29.04.2014 Ne 388 «O0 yrBepkaenun [Ipasun
npenocranieHus 13 depepanbHOro OrmKera cyocu i
OpraHM3alysiM BO3YIIHOI'O TPAHCIIOpTa B 1IeJsIX obec-
MEYCHUA JOCTYNHOCTU BO3YHUIHBIX IEPEBO30OK I1acca-
*HpOoB B I'. CuMdeponoss 1 B 00paTHOM HaIPaBICHUN
[Onexrponnsii pecypc] // Koncymnprantllimoc. URL:
https://www.consultant.ru/document/cons_doc LAW 1
62788/ (mata odpamenus: 03.02.2024).
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cuny. [IpaBurensctBo Poccuiickoii denepaunu
UX KOHCOJMJMPOBAJIO: PEATU3yeTCs IMOCTaHOB-
nenue I[IpaBurenscrBa Poccuiickonn ®denepaunu
ot 02.03.2018 Ne 215 «O6 ytBepxaeHuu llpa-
BWJI TMIPEOCTaBICHUs cyOcuuii u3 denepanbHo-
ro OroKera OpraHu3alysM BO3TYIIHOTO TPaHC-
opTa B LENAX 00eCreyeHHs AOCTYHHOCTH BO3-
JQYIIHBIX NEPEBO30K HACEIECHUIO U O MPU3HAHUU
YTPAaTUBLIMMH CUJIY HEKOTOPBIX akToB IIpaBu-
tenscTBa Poccuiickoit ®enepanumy (manee —
nocrasoBienne Ne 215)°, IIporpamma HaneneHa
Ha BO3MEILEHUE HENONOJIYYEHHBIX JI0XOJO0B B
CBSI3U C MpoAakeil aBUAaOWUJIETOB JILIOTHBIM Ka-
TErOpHusiIM TpakJaH MO YTBEPXKACHHBIM Ieped-
HSM MapuipyToOB, BXOJAIIMM B JlampHEBOCTOY-
Heli  ¢enepanbHbli  OKpyr, B (u3) T.Ka-
JAUHUHTpas, B (u3) T. Cumdeponons.

B 2022 roay B nocranosienue Ne 215 Obuun
BHECEHBI U3MEHEHUS: CHAT JUMUT Ha IEPEBO3KY
[acCa)kUpoB B Bo3pacTe 10 23 JIeT, a TaKxke
JKEHIIIMH B BO3PACTe CBBIIIE 55 JIET U MY>KUYHMH B
BO3pacre cBbllie 60 JeT, MHBAJIUIOB, a TAKKE
JML, WMEIOIIMUX YIOCTOBEPEHMSI MHOTOIETHOU
CEMbH, 110 MapuIpyTaM, BXOAAIMUM B J[anbHEBO-
cTouHbIi (penepanbHbIi OKpyT. [T0 HOBBIM yCII0-
BUSIM aBHAIIEPEBO3YMKH MOTYT IEPEBO3UTH IacC-
CaXkKMpPOB CBEPX YCTAaHOBJICHHOI'O JIMMHUTA C IO-
CIIelyIoIled KOMIIEHCAalMell aBUAKOMIIAHUSIM B
cienyouieM roxy 0Oe3 MpOBEACHUS JOINOJIHH-
TEJILHOTO KOHKYPCHOTO 0TOODA.

¥ Tocranosnenue ITpaBurensctsa Poccuiickoit demepa-
mun oT 02.03.2018 Ne 215 «O0 yrBepxkaenun [IpaBun
npeaocTaBiieHus: CyOCHIui u3 GeaepanbHOro OrKeTa
OpraHM3aIUsIM BO3AYITHOTO TPAHCIIOPTA B IEesAX obec-
MIEYSHHNsI JIOCTYITHOCTH BO3/YILIHBIX TIEPEBO30K Hacele-
HHUIO ¥ O IPU3HAHUY YTPATUBIIUMHU CUIIy HEKOTOPBIX
aktoB [IpaButensctBa Poccuiickoit @eneparumy [Daek-
TpoHHbIH pecypce] // Koncynbrantllimroc. URL:
https://www.consultant.ru/document/cons_doc LAW 2
92244/ (nata oopamenus: 03.02.2024).
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B O6beM chegepanbHOro cybecmanpoBanus, Mnpa
B KonnyecTBo nepeBe3eHHbIX NaccaXupos, MiTH

Puc. 3. PerpocriekTrBHBIE JaHHBIE O KOJIMYECTBE IIEPEBE3CHHBIX MACCAXKUPOB U 00BeMe (eepaTbHOr0 CyOCHINPOBAHMUS
IpH peanu3aruu noctanosieHus [IpaBurensctBa PO ot 02.03.2018 Ne 215
Fig. 3. Retrospective data on the number of passengers transported and the number of federal subsidies for the
implementation of the Decree of the Government of the Russian Federation dated 03/02/2018 No. 215

B 2023 rogy obwem ¢enepanpbHOro cyocu-
JUPOBaHUSl COrJacHO MocTaHoBieHUIO Ne 215
coctaBmwi 17,14 mupna py6. (¢ ydeToMm morarie-
HUS 33JJ0JDKEHHOCTH 3@ TOJIETHI, BBHITIOJHEHHBIC
CBEpX YCTaHOBJIEHHOro JuMuta B 2022 rony),
MOJIEThl  BBIMONHSIIUCH 10 87  MapuipyTam
10 aBuanepeBo3unKamMu,  OBIJIO  TIEPEBE3CHO
1,66 MH maccaxupos (puc. 3).

B 2024 rony mutaHoBBI 00BeM (eneparbHO-
ro cybcunupoBanus coctasuser 11,5 mupna pyo.,
komuccuerr Muntpanca Poccum cpencrBa pac-
npeneieHsl Mexay 11 aBuamepeBo3uMKaMu
(6romerens 2023 r.).

Poct maccaxuponoroka o0yCIIOBIEH CHSTH-
€M OrpaHMYEHHUI Ha TIEPEeBO3KY MAacCaXHpPOB B
OCHOBHOM MO MapuipyTaM J[anbHEBOCTOYHOIO
(denepanbHOTO OKpyTa s IbTOTHBIX KaTeropuid
rpax<aaH.

[IpencraBnenHas Ha puc. 4 AMHAMHMKa H3Me-
HEHUSl CpPeIHEero 3HaueHus (QeaepanbHOro cyo-
CHIMPOBAHUS Ha OJTHOTO IACCAXHUpa MPHU pealu-
3anuu noctanoBieHus [IpaButenbctBa Poccwuii-
ckoii deneparuu ot 02.03.2018 Ne 215 nmokassi-
BaeT B3aUMOCBS3b YPOBHS yaAenbHOro ene-
paIBHOTO CYOCHAMPOBAHMUS MACCAKUPOB U TPHU-

62

MEHSIEMBIX OTpPaciE€BbIX MpaBWwiI: ypoBHU 2022
n 2023 rogoB MOKa3bIBAIOT W3MEHEHUE NAaHHBIX
3HAYEHUI BCJIEICTBUE M3MEHEHUW B NpaBUJIAX,
IpU KOTOPBIX ABUANEPEBO3YMK MOKET BBIIOJI-
HATH PENChl CBEPX YCTAHOBJICHHOTO JIUMHUTA
C JaJIbHEMIlIe KOMIIEHCAIlUel B CIIEIYIOLIEM
romay.

Lenpio melcTByIONIEH MpOrpaMMbl cyocuIu-
pOBaHUS SIBJISIETCS PACIIUPEHUE MapIIPYyTHOM
cetu. IIpu OTKpPBITUM HOBBIX HANpaBICHUH IS
ABMAKOMIIAaHUM JEUCTBYIOT BBICOKHE PHCKH IIO-
Jy4yeHUs yOBITKOB W3-3a HENOTPY3KU PEHCOB,
MO3TOMY IIEJIeCO00Pa3HO Pa3BUTHE CIICAYIOIIEH
CXEMBI.

1. Ha mepBoM 3Tare «packaTKm» MapiipyTa B
YCJOBHSIX HHU3KOI'O MacCaKUPOMOTOKA ISl CHU-
JKEHUS PHUCKOB aBHAKOMIIAHUWA TOCYIapCTBO
MPEIOCTaBIsAET UM CYOCHIIMIO MCXOMS M3 YHCIa
BBITIOJIHEHHBIX PEMCOB, TEM CaMbiM TEPEBOJIS
4acTh PUCKOB Ha ce0s (B COOTBETCTBHH C MEXK-
JTyHApOJIHBIM OIBITOM TIEPUOJ «PACKaTKH» CO-
CTaBJIsICT HE MeHee 2 JIeT).

2. Ha BTOpOM 3Tame «packaTKu» MapuipyTa
Ha (poHE pocTa MacCaKUPOMOTOKA PUCKH TOIY-
YyeHUsl yOBITKOB aBUAKOMITAHHEH HM3-3a HEJIOCTa-
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Puc. 4. JlnHamMuka U3MEHEHHs CPEIHEr0 3HaYCHHs (peaepabHOro CyOCHANPOBAHHUS Ha OJJHOTO MACCAKHUPA TIPH
peanu3anuu nocranosieHus [pasutenscrea PO ot 02.03.2018 Ne 215
Fig. 4. Dynamics of changes in the average value of federal subsidies per passenger in the implementation of the Decree of
the Government of the Russian Federation dated 03/02/2018 No. 215

TOYHOM 3arpy3Kd PEHCOB CYIIECTBEHHO CHUXa-
I0TCSI, TIO3TOMY MPEIOCTaBICHUE TOCYAapCTBOM
cyocumuu  OyaeT TPOW3BOIUTHCS HCXOIS U3
YHUCJIa MEPEBE3EHHBIX MAacCaXUPOB, YTO MO3BO-
JI€T CHU3UTb PUCKH pOCTa I/I36BITO‘-IHBIX pacxo-
OB TOCyJlapcTBa Ha CyOCHIMpOBaHHE, TEM ca-
MBIM IIEPEBOA 4aCTh PUCKOB HA aBUAKOMITAHWH.

[Ipu ompeneneHun mNEepexoqHOTO 3HAYEHUS
HEOOXOIMMO paccyuTaTh pa3sMep CyOcHIuw,
MPEAO0CTaBIIAEMON 3a MEPEBO3KY OAHOrO IMacca-
JKMpa Ha OJHOM peice B OJHOM HamlpaBJICHHUHU.
Jnst sTOro HCmosib3yeM TaONmuIly MpeneabHOTro
pasMepa cyOcuauu, MpeAocTaBiIsieMOl aBuare-
PEBO3UYMKY Ha OJIMH PEIC B OJTHOM HANpPAaBICHUU
B 3aBHCHMOCTH OT KOJIMYECTBA IMACCAKUPCKHUX
MECT Ha BO3AYIIHOM CYJHE M MPOTSHKEHHOCTH
MapuipyTa:

Lij = lij - 0,39/uni,

rae 0,39 — xodpdummenT copuHAHCUPOBAHHS
(1 pacuera BbIOpaHa [0 CO(HUHAHCHPOBA-
Husl, paBHas 39 %);

lij — 3HaueHue mpenenbHOro pasmepa cyocu-
M, TIPEAOCTABIISIEMON AaBHANEPEBO3YHKY Ha

63

OJIUH PEHC B OJHOM HANpaBJIECHUU B 3aBHCHMO-
CTH OT KOJIMYECTBA MACCa)KUPCKUX MECT Ha BO3-
OYLIIHOM CYyJHE U TMPOTSHKEHHOCTH MapuipyTa,
pernamenTupoBanHoe [Ipunoxxennem Ne 2 k ITo-
cranoBieHUIO Ne 1242;

ni — KOJIMYECTBO MACCAKUPCKUX MECT Ha OOpTY
UCIIOJIb3yEMOTO BO3JYIIHOTO CyJHAa B KaxIou
IpynIe periaMeHTupoBaHHbIX  [IpunoxeHuem
Ne 2 k IloctanoBnenuio Ne 1242 3naducHuit;

W — cpenHee apupMeTHIecKoe 3HaUYCHHE.

PacueTsl, nponsBeeHHBIE B COOTBETCTBUU C
dbopMyIIOl sl KaXA0W TPYNIBl B 3aBUCUMOCTH
OT KOJMYECTBA MACCAXKUPCKUX MECT M MPOTH-
KEHHOCTU MaplIpyTa B OJHOM HampaBieHUH,
JUTSL HAaTJIATHOCTU TIpe/ICTaBUM B Tabm. 1.

[IpencraBneHnsie B Tabn. 1 3HA4YCHUS TOKa-
3bIBAIOT MpeAesbHbIN pa3mep cyOcuanu, npeno-
CTaBJISIEMOH 3a MEPEBO3KY OJIHOIO MaccaKupa Ha
OJIHOM peiice B OAHOM HaIlpaBJCHUU B 3aBUCH-
MOCTH OT KOJIMYECTBA MACCAKUPCKUX MECT Ha
60opty BC 1 mpoTspKeHHOCTH MapIpyTa.

W3 nonyuyeHHBIX JaHHBIX MOXKEM CJHeJaTh
BBIBOJ: IIpU MEpeBO3Ke | maccaxkupa mo Mapii-
pyTy Ha paccrosiuue Menee 200 kM Ha BO3ayII-
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Taoauma 1
Table 1

Pacuer npenenpHOTO pazMepa CyOCHIUH, TPEIOCTABIIEMON 32 IEPEBO3KY OJHOTO MACCaKUpPa
Ha OJIHOM peiice B OZJHOM HaIlpaBlIeHUH, pyoO.
Calculation of the maximum amount of subsidy provided for the transportation of 1 passenger
on one flight in one direction, rub.

KonnuectBo IIpoTsa:keHHOCTH MApIIPyTa B OJTHOM HANIPABJICHUHA

MACCAKIP- |\ onee | 201— | 301— | 401— | 501— | 601— | 701— | 801— | 901— [1001—|1101—|1201—| 1401

CRUXMECT 1 200 km| 300 | 400 | 500 | 600 | 700 | 800 | 900 | 1000 | 1100 | 1200 | 1400 |u Gouee

KM KM KM KM KM KM KM KM KM KM KM KM

4-10 1197| 1396] 1795 2 194] 2 593| 2991| 3 390| 3 789| 4 188 4 587| 4 986| 5 584| 7578
11-20 862| 1005 1293| 1580| 1867| 2155 2442| 2729| 3016| 3 304| 3591| 4022 5458
21-40 537| 618|779 941 1103| 1264| 1426| 1587| 1749 1911] 2072| 2315 3123
41-50 632| 710| 867| 1024/ 1180| 1337| 1493| 1650| 1807 1963| 2 120| 2355| 3138
51-83 540| 594| 702| 809| 917| 1025| 1133| 1240| 1348| 1456| 1564| 1725| 2264
84-103 435 474| 552| 630 708| 786 865 943| 1021|1099 1177 1294] 1685

HOM CyJHE BMECTHUMOCThIO 4—10 4yenoBek u ¢
noneil copuHaHcupoBanus, paBHoi 39 % (mep-
Basg oYepeap MpU OTOOpE aBHANEPEBO3YHKOB),
npeneibHas MpeAocTaBisemMas cyMMa JOJKHA
ObITh MeHbIe 00 paBHO# 1 197 py0., Takxke
MIPU TEPEBO3KE OJHOTO Macca)kupa Mo Mapuipy-
Ty, pacctosiHue kotoporo 1401 km u Ooinee, Ha
BO3JIYITHOM CyAHE BMeCTUMOCThIO 84—103 ye-
JIOBEKa M ¢ Joyiell cOUHAHCUPOBAHHUS, PABHOM
39 %, mnpenenpHas MpenoCTaBiIsIeMas cyMMma
JIOJIKHA OBITH MEHBIIIEe THO0 paBHOU 1 685 pyo.

Paccmotpum mpumep: aBuakommnanus [1AO
«Aspoduior» B 2023 Toay BHINONHSIA PEUCHI IO
Mapuipyty Cankt-IlerepOypr — Amatutel ¢ 10-
neit copmnancupoBanus 39 %, maccaxupoobo-
poT coctaBui 54,4 ThIC. TACCAKUPOB, BBIMOIHE-
HO 293 peiica B ogHoM HampasieHun. Cymma,
BbIICTICHHAs HAa JAaHHBIA MaplIpyT, COCTaBHIIA
51 647,5 TeIC. py0., MOJETHI OCYIIECTBISIINCH HA
OTEYEeCTBEHHOM BO3AymHOM cyaHe SSJ-100.
Pasmep cyOcummu, mpenocTaBisieMoi 3a Tepe-
BO3KY OJTHOTO Tacca)kKupa Ha OJIHOM peiice B of-
HOM HampaBlieHuH, cocTaBui 949 py0., npoueHt
3anoyHgeMocT Kpecen — 98,84 %. [lanHbli
MapHaipyT 1o noctwxkeHuu 93,46 % 3amoiHse-
MOCTH Kpecell MO>KHO MepPeBECTH Ha CyOCHANPO-
BaHUE 10 Maccakxupam.

64

[IpennoxeHHas cxema BBITOAHA IJIs TOCY-
JlapCTBa U aBUAINEPEBO3YMKA, TAK KaK MO3BOJIUT
s (deKTHBHEE PACXO0JIOBATh OOJKETHBIC CpE-
CTBa M cOaJaHCUPOBAHHO MUHHUMH3UPOBATH
PHUCKH.

B cootBerctBuM ¢ nopyuyenuem Ilpe3unenra
Poccuiickoit ®eneparuu no co3ganuo EnuHoM
nanpHeBocTouHOM aBuakommnanuu (EJIBAK) na
0a3e aBUaKOMIAHUU «ABpPOpa» yTBEPKICHO TO-
craHosiienue IlpaBurenscrBa Poccuiickon De-
nepanuu ot 13.07.2021 Ne 1172 «O6 yTBepxkaec-
Huu [IpaBun npenoctaBnenus cyocunuit u3 Qe-
NEpajJbHOro OrO/KeTa OpraHu3alusM BO3AYyLI-
HOTO TpPAaHCHOpPTa Ha OCYLIECTBIEHUE BO3IYIII-
HBIX IIEPEBO30K NACCaXUPOB IO COLUAIBHO 3HA-
YyUMBIM MapuipyTam JlanpbHeBocTOUHOTO (ene-
PANEHOTO OKPYTay .

EJIBAK co3nana ¢ nenbro odecrieueHus pocta
JIOCTYITHOCTH II€PEBO30K HACEJICHUS] PETHMOHOB

? Tocranoenenue ITpaurensctBa Poccuiickoit demepa-
un oT 13.07.2021 Ne 1172 «O6 ytBepxxnennu [Ipasun
npeaocTaBiieHus: CyOCHIui u3 GeaepanbHOro OrKeTa
OpraHu3alusIM BO3IyLIHOTO TPAHCIIOPTA Ha OCYILECTB-
JICHHE BO3IYIHBIX TIEPEBO30K MACCAKUPOB 110 COIIU-
aJNbHO 3HAYMMBIM MapipyTtam JlaapHeBocTouHOTO (de-
JiepalIbHOTO OKpyTay» [J1ekTpoHHbIi pecypc] // Kon-
cynsTantllmoc. URL:
https://www.consultant.ru/document/cons_doc LAW 3
90285/ (nata oopamenus: 03.02.2024).
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JlanbHeBoCTOUHOTO (heiepalIbHOrO OKpyra M Mo-
BBILLIEHUSI TPAHCIIOPTHOM CBS3aHHOCTU PETHOHOB
JanmpHero Boctoka mexmy coboil U ¢ apyrumu
pernonamu Poccuu [8, 9]. ABunakommnanusi obec-
NIEYMBACT JUHAMHUYHBIN POCT ACCaXKUPOIIOTOKA: B
2021 roxy o0beM ¢eneparbHOro CyOCHIMPOBAHUS
coctaBui 1,2 mipa pyO. u mepeBe3eHO 62 ThIC.
CyOCHIMpOBaHHBIX  Maccaxupos, B 2022 roxy
00beM (penepanbHOrO CyOCHIMPOBAHUSI COCTABUI
5,7 vapn py6. m mepeBe3eHO 355 Thic. cyOcH-
JTUPOBaHHBIX TMaccaxupoB, B 2023 rogy oObem
benepabHOTO cyOcuIMpoBaHus COCTaBUII
5,98 mipa py6. u mepese3ero 385,2 TeIC. cyOcu-
JUPOBaHHBIX Maccaxupos, B 2024 rogy oObem
denepaqbHOrO  CyOCHIMPOBAaHMS  COCTaBIISIET
5,5 mupn py0. (6roymerens 2023 1.).

ObecnieyeHue aBUATPAHCIIOPTHOW CBSI3aHHO-
CTH CTPaHbl — OJIHA U3 IVIaBHBIX I'OCYIapCTBEH-
HBIX 3aJla4, yKa3aHHas B TpaHCHOpTHOI cTpate-
run Poccutickon ®enepanuu. M HemaoBakHy10
pOJIb B 3TOM WIpacT pPa3BUTHE PErHMOHAJIBHBIX
MEePEBO30K [2].

['eorpaduueckoe MNOJIOKEHUE TEPPUTOPUU
DO nukTyeT He0OXOUMOCTh TOCTHKEHUS BbI-
COKOI'0 YPOBHsI TPAaHCIOPTHOW JOCTYIHOCTH B
pernoHax. PazBurre MECTHBIX IIEPEBO30OK Kpau-
HE HEPaBHOMEPHO OCYIIECTBIIETCS 110 TEPPUTO-
pHH CTPaHbl — B OCHOBHOM TaKH€ IIEPEBO3KH CO-
XPaHWIKCh B TPYAHOJOCTYIHBIX PETUOHAX C CY-
POBBIMHU KJIMMaTUYECKUMH YCIOBHSIMH M HEpas-
BUTOW CETBIO PEryJSIPHBIX HA3eMHBIX COOOIIe-
Hui. Meponpuarys 1o NOAAEPKKE U Pa3BUTHUIO
MECTHBIX aBHAIlEPEBO30K 10 HACTOSALIETO Bpe-
MEHHM TPOBOIATCS 3a CUET CPEICTB OIOIKETOB
COOTBETCTBYIOIINX CyOBeKTOB Poccuiickoit de-
Jepanuy, (UHAHCOBOE COCTOSHHE KOTOPBIX HE
MO3BOJISIET MM B IOJHOH Mepe oOecrneuuBaTh
pa3BuTHE MecTHOM aBuaceTu. KommuecTBo nepe-
BE3CHHBIX IIACCAKUPOB HA MECTHBIX BO3YIIHBIX
JUHUAX B HACTOALIEE BPEMs COCTABISAET OKOJIO
4 % ot 0011Iero KOJNYeCTBa MEePEBE3CHHBIX Tac-
CaXMPOB Ha BHYTPEHHUX BO3IYIIHBIX JUHUSIX B
2023 rony [7, 10]. IToaTomy 1j1st moaepxaHust
YCTOMYMBOI'O POCTa aBUALIMOHHOM MOABHKHOCTH
HACEJICHHUs CEBEPHBIX M YNAJICHHBIX PETHOHOB
Poccuiickoit ®depepanuu U Wi OpeaoTBpalie-
HUSl OTTOKA M3 HHUX HACEJEHHUs LeIecoo0pa3Ho
pacupeHre  COpUHAHCUPOBaHUA CyOBEKTOB
Poccutickoit @enepanuu npu 006eCTIEUSHUH J0-
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CTYITHOCTH MECTHBIX IE€PEBO30K HACEJICHUIO B
paiionax Kpaiinero CeBepa U mpupaBHEHHBIX K
HUM MeCTHOCTsX. [laHHas Mepa JOJDKHA OBITh
HalpaBJieHa Ha pacllMpeHHe MapUIpyTHOW CeTu
U obecrieyeHue LIEHOBOM JTOCTYIHOCTH MEpEBO-
30K MO0 MECTHBIM BO3JIYIIHBIM JHHUSAM (B YacCTH
Oe3anbTepHATUBHBIX MAPIIPYTOB).
PaccmarpuBast ombIT 3apyO€KHBIX CTpaH B
OPUMEHEHUH MEXaHU3MOB TOCYAapCTBEHHON
HNOJIEPKKU aBUANIEPEBO30K, HYXXHO OOpaTUTh
BHuMaHue Ha CIIA — cTpany, obnanarouryro
CaMOM pa3BUTOM CHCTEMOM BHYTPEHHHMX BO3-
JOYUIHBIX NepeBo30k B Mupe. Mcropus cybeuam-
poBanus B CIIIA naumnaercs ¢ 1978 roaa, no-
cie BBeaeHuss B CHIA neperyiaupoBaHus BoO3-
JQYLIHOTO TPaHCIOPTa, KOTJJa MHOTHE LITAThI MO-
TEpSAIM MECTHBIX aBHANlEPEBO3YMKOB B CBA3M C
yOBITOUHOCTBIO UX (YHKIIMOHHpOBaHUA. B cBs-
31 € ATUM JUIs MOJJEPKKH PErMOHAIBHOTIO aBUa-
cooOmenuss koHrpecc CIIA yrBepaun mpo-
rpammy Essential Air Service (EAS).
Henaprament tpancnopra CIIIA (DOT), xo-
TOPBIM YNpaBJISIET TPOTrPaMMOM, MPETOCTABIISACT
CyOCHIMU TEepeBO3UYMKAM, MKENAIOMIUM OKa3bl-
BaThb ABUATPAHCIIOPTHBIE YCIYyTU B TPYAHOIO-
CTYIHBIX HACEJICHHBIX IMYHKTaX, OINpeJeIeHHbIC
nepeuneM List of Eligible Points, xoTopsrii me-
puonudecku nepecmarpuBaercs. B 2023 roxy
nporpamma EAS Obplnna HampabiieHa Ha oOecrie-
yeHue naoctyna 60 HaceleHHbIM IYHKTaM Ha
Ausicke u 110 HaceneHHBIM IMyHKTaM B 48 cMexX-
HBIX INTaTax K HAIlMOHAJIBHOM CHUCTEME pery-
JSIPHBIX BO3JYIIHBIX IEPEBO30K NPH (PUHAHCH-
poBanuK 0K0I0 370 MITH 1OIApOB .
OcHOBHBIE  NPUHLHUIIBI  (UHAHCUPOBAHMS
nporpammel EAS B CIIIA cnenyromue:
e peiic JomKeH ObITh BBIMIOJIHEH MpH JII000M 3a-
Ipy3Ke;
® U3MEHEHHE MaplIpyTa M 3aMeHa BO3IYLIHOTO
Cy/IHa Ha OoJiee 5KOHOMUIHOE HE JIOITYCKAIOTCSE;
® CTENEHb YIOBIETBOPEHHOCTH CIIPOCa HA PhIH-
Ke aBuarnepeBo3ok omnpenensercs DOT;
® IIpU aBUAOOCTY>KUBAaHUU OJDKEH OCYIIECTB-
JSATHCS MOJIBO3 MACCAXKUPOB K Y3JII0BOMY a3pO-

" EAS [Dnexrponnsiii pecypc] // U.S. Department of
Transportation. O¢uunansusrii cait. URL:
https://www .transportation.gov/tags/eas?page=0 (nara
obpamenwns: 03.02.2024).



HayuyHbiit BectHuk MITY TA

Tom 27, Ne 06, 2024

Civil Aviation High Technologies

IIOPTYy, OIPENEICHHOMY KaK CpEeIHUN WU
OO0JIBIION Y3JI0BOH a3pomopT;

® BO3AYLIHOE CYIHO JOJKHO HOJAOMPATHCS HH-
OUBUAYAJIbHO JJI1 KOHKPETHOIO PETUOHA;

® pEiiChl JOJKHBI BBINOJHATHCS B pa3yMHbIE
CPOKH C y4eTOM HEOOXOJMMOCTH Ui Tacca-
KUPOB IIEPECAKUBATHCA HA CTBIKOBOYHBIE
peticer [11].

Boznymmnsiii ¢ror CILA, skcrutyatupyeMslid
Ha CyOCHIMpYEMBIX MapuIpyTax, 3HAYUTEIBHO
OTJIMYAETCSI OT POCCHMCKOrO Kak IO TUIAM BO3-
JQYUIHBIX CYJIOB, TaK U MO UX MAcCCaXXMPOBMECTU-
mocti. B CIIIA Ha Takux MmapumipyTax IOYTH HE
NPUMEHSIOTCSI CaMOJIETBI C OOJIBIION BMECTHMO-
cThio  (uckmoueHue cocrtaBisier  B737-700).
B Poccun, Ha000pOT, MPAaKTHYECKH OTCYTCTBY-
10T BC, npeanasHaueHHbIe A NEPEBO3KHU He-
OonbIIOTO 4YMcha mnaccaxkupoB. Haumenblias
BMecTuMocTh B Poccum — 310 17 Kpecen 'y
AH-28, B TO BpeMs Kak Ha AJISICKE aKTHBHO HC-
MIOJIB3YIOTCS JIETKOMOTOPHBIE CaMOJIETBI CaMBbIX
pa3HbBIX MOJIENeH, pacCUNTaHHbIE HA MEPEBO3KY
OT TPEX A0 ACBATH YEIIOBEK.

[TomMuMO BBIIIEU3IIOKEHHBIX Mep MO cyOcu-
JUPOBAaHUIO PETMOHAIBHBIX U MECTHBIX IIEPEBO-
30K, B Poccuiickoir ®enepanuu CyHmieCTBYIOT
MepbI FOCTIOAAEPKKH, HAIIPABJICHHBIE HA CTUMY-
JUPOBAaHUE IPOU3BOJCTBA U BHEIPEHHE B JKC-
IUTyaTauuio HOBbIX THNOB BC, mpou3BoIuMMBIX
POCCHUICKON aBHANPOMBIILICHHOCTBIO, YTO SIB-
JSETCSl OJHUM W3 NPUOPUTETHBIX HANpPaBICHUN
rocy/1apCTBEHHON NOMUTHKY [12].

B wmensx oOecnedeHus mnpuemMIIeMBbIX TS
aBUAKOMIAHUM JIM3MHTOBBIX LEH M MOAAECPKKU
IUTAHOBBIX Mpojax oredecTBeHHbIX BC (ymyu-
IIEHUsI YCJIOBUM CTPYKTYPHUPOBAHUS CIEIIOK Ha
MEPBUYHOM pBIHKE), pa3BuTUs B Poccuiickoit
@enepanu nu3uHra BC, a Takxke pa3BuTHSA
BTOPUYHOTO pbIHKa oTedecTBeHHBbIX BC (dop-
MUpPOBaHHUs IIeHbl oTedecTBeHHbIX BC Ha BTO-
puuHOM phIHKe) Munnpomroprom Poccun mpe-
JOCTaBIIsIeTCSl CyOCHIUsl OpraHu3alusM B paMm-
Kax peanu3anuu nocraHosyieHus IIpaBurenscTBa
Poccuiickoit @enepanun ot 22.10.2012 Ne 1073
«O mpenocTaBieHUH CyOCUIUN POCCUNCKUM JIH-
3UHIOBBIM KOMIIAHHMSM Ha BO3MEUIEHHE YacTu
3aTpaT Ha yIUIaTy NPOLIEHTOB IO KpeAUTaM, IO-
JyYEHHBIM B POCCUMCKUX KPEAUTHBIX OpraHu3a-
LUAX U B FOCYJapCTBEHHOM KOpPIOpalUH pa3BH-
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tus “BOB.P®” Ha 3akynky BC ¢ nocnenyromei
UX Iepefadyedl poCCHUMCKUM aBUAKOMIIAHUAM I10
JIOTOBOpaM JIM3MHTA (apeHIbl), a TaKKe yKa3aH-
HbIM KOMHaHusiM U mpousBogutensMm BC mo
KpeAUTaM, MOJYYCHHBIM B POCCUMCKHX KpPEIUT-
HBIX OpraHM3alMsIX U B TOCYJapCTBEHHON KOp-
nopauuu pa3sutus “BOB.PD” na npuobpereHue
TPEHAXKEPOB NIl POCCUMCKUX BO3AYILIHBIX CY-
JIOB» .

Hcnonb3oBaHne MexaHH3Ma TIOCYAapCTBEH-
HOM MOAEPKKU B YacTH CYOCHIMPOBAHUS TPO-
LEHTHBIX CTABOK IO3BOJIAET PELIaTh MPOOIEMbI
BBICOKOW CTOMMOCTH 3a€MHBIX CPEICTB, CHUXKE-
HUS (UHAHCOBOW HArpy3Ku Ha JIM3UHTOBBIE
KOMIaHUHM ¥ YaCTUYHO KOMIIEHCHPOBATh UX U3-
nepxku [13].

C 2023 mo 2025 roxa B enepanbHOM OrOTKE-
TE TpPEeayCMOTPEHbl CpeAcTBa Ha Oojee dYeM
30 mapn py0. Ha cyOcuaupoBaHWE KpPEIUTOB
JUISL IU3UHTOBBIX ~ KOMIIAHUM,  peali3yIONINX
oOecrieyeHre BHEIPEHUS B HKCIUTyaTalUi0 HO-
BOW POCCUICKON aBHATEXHUKH.

[IporpamMma cyOcunupoBanus Ijsl JTU3UHTO-
BBIX KOMIIAaHUH, NPHOOPETAIONINX POCCUIHCKOE
aBHAIIMOHHOE 000py/I0BaHKE, ObLIa 3aIylieHa B
2012 romy. B pamkax 3TOi mporpammsel rocy-
napctBo Bo3MemaeT 90 % MpPOLEHTHBIX CTaBOK
[0 KpeauTaM. OTOT HMHCTPYMEHT HOJAECPKKU
CTaJl OCOOEHHO aKTyaJbHBIM IIOCIIE BBEJIEHUS
OTpaHUUYEHUI CO CTOPOHBI IPYTUX FOCYAAPCTB.

VYenemHas peanu3anus TOCyIapCTBEHHOU
HNOJJEPKKA B BHJIE JIBFTOTHOIO JIM3MHIA U 4a-
CTHUYHOI KOMIIEHCAIIMKM 3aTpaT B LIENAX CO3/a-

" Mocranosnenue IpaButenscrpa Poccuiickoii denepa-
uu oT 22.10.2012 Ne 1073 «O npemocraBieHuu cyOcu-
TN POCCUICKNM JIM3MHTOBBIM KOMITaHHSM Ha BO3Me-
LIeHHEe YacTH 3aTpaT Ha YIUIATy MPOLIEHTOB 110 KpeIu-
TaM, TIOJIy4YeHHBIM B POCCUICKHX KPEIUTHBIX OpraHu3a-
LUSIX M B TOCYJapCTBEHHONW KOPIOPAINU Pa3BUTHS
“BOB.PD” Ha 3akynKy BO3AYIIHBIX CYI0OB C MOCIEIY-
IOLLEeH UX nepenayeil pocCuiCKUM aBUaKOMITaHUSIM 11O
JIOTOBOPAM JIM3HMHTA (apEH/IBI), a TAK)KE YKa3aHHBIM
KOMITaHHUSAM U IPOU3BOJUTENSAM BO3AYIIHBIX CYAOB IO
KpeIuTaM, IOJIy4YeHHBIM B POCCUHCKHUX KPEIUTHBIX Op-
raHu3alysaxX U B rOCyIapCTBEHHOU KOPIOpaLMU pa3BU-
tus “BOB.PO®” Ha nprodpereHne TpeHaKepoB AJsl poc-
CHICKHX BO3IYIIHBIX CyIOB» [DJIeKTPOHHBIH pecypc] //
Koncynsrantllntoc. URL:
https://www.consultant.ru/document/cons_doc LAW 1
37016/ (nata obpawmenus: 03.02.2024).
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HUs 1eHTpoB TOuWP mo3Bonunu aBMakoMIaHuu
«AzumyT» [14], saBusromIeiics €IUHCTBEHHOU
aBHaKOMIIaHHEW ¢ ()JIOTOM, COCTOSILIMM U3 OJ-
Horo tuna BC SSJ-100, coxpanuth onepanuoH-
HbIe [OKa3aTeau B IEpUOJ PACIPOCTPaHEHHUs
KOPOHABHUPYCHON MH(MEKIMH, a TaKkKe IMO3XKE, B
NEpUO]T BHEIIHETO CAaHKLMOHHOTO BO3JEHCTBHI,
HapaluBaTh IPOU3BOJCTBEHHbIE IOKA3aTENH.
B 2023 romy aBmakommaHus mepeBes3na Ooiee
2,3 MJIH TIaCCa)KUpPOB, YTO OOECHEUUIO POCT Ha
21 % B cpaBHenuun c¢ 2022 rogom. B koHue
2023 roma (HIOT aBUAKOMITAHUH «A3HMYT» CO-
crosut u3 20 Bo3nymHbix cynoB SSJ-100, B nep-
cnektuBe 10 2026 roja miaHUpyeTcs yBelnde-
HHE 10 25 BC'2,

Takxe Kk MEpaM CTUMYJIMPOBAHUS BHEIPEHUS
OTEYECTBEHHON aBMATEXHUKU C IOCIEAYIOIIUM
MOCJIETIPOJAKHBIM O0OCTYKHMBAHUEM MOKHO OT-
HECTH peaju3aluio nocraHosneHus [IpaBurens-
ctBa Poccuiickoit ®enepamuu ot 19.03.2018
Ne 301 «O6 yrBepxaenun IlpaBun mpemocras-
JeHus cyocuamii w3 denepanbHOro OrOKeTa
POCCHIICKMM KOMITaHUSM Ha (pUHAHCOBOE oOec-
IIEYEHHUE 3aTpaT, CBSA3AHHBIX C CO3JaHUEM CH-
CTEMBI MOCJIENPOJAKHOTO OOCIYKUBaHHUS BO3-
QYLIHBIX CYAOB M IMOAIOTOBKON aBHAllMOHHOI'O
TepcoHana [is BO3AYIIHBIX CyZOB» . B coot-
BETCTBHHU C MPABUJIAMHU CYOCHIUS MPEIOCTaBIs-
eTcs OpraHu3alusM A KOMIIEHCALMU 3aTpar,
CBA3aHHBIX C peajn3alyel IMPOEeKTOB 0 Co37a-
HUIO CETH ABUAIMOHHBIX LIEHTPOB MOAJIEPKKU
(B ToM ymcre 3a pyOexom) mo cucteme 24 yaca
B CYTKM 365 AHel B rojy, a TakKe aBUAIMOH-

12 ABHaKOMIIaHUSA A3I/lMyT noJHsJ1a Mpornu3BOACTBCHHBIC
NoKa3aTeay Ha HOBBIH 311enoH B 2023 rony [DnexkTpoH-
HBII pecypc] // ABnakommanus «AzumyT». Odunnans-
HbIH caiit. 2024. URL: https://azimuth.ru/ru/news/avia
kompaniya-azimut-podnyala-proizvodstvennye-
pokazateli-na-novyy-eshelon-v-2023-godu (mzara o6pa-
menus: 03.02.2024).

" IMocranonennue Ipasurenscraa Pocceniickoii deepa-
uu oT 19.03.2018 Ne 301 «O0 yrBepxaenun [Ipasun
MpeAoCTaBIeHHs CyOCUInii n3 enepanbHOro OrHKeTa
POCCHIICKMM KOMITaHUSIM Ha (MHAHCOBOE O0ecTieueHue
3aTpaT, CBSI3aHHBIX C CO3JIaHUEM CHCTEMBI MOCIIEIPO-
Ja’XHOI'o O6CJ'Iy)KI/lBaHI/IH BO3AYIIHBIX CYZIOB U IMOATO0-
TOBKOM ABUAlTMOHHOI'O I€pCOoHaIa AJIs1 BO3AYIIHBIX CYy-
noB» [Dnextponssli pecypce] / Koncynsrantlmtoc.
URL: https://www.consultant.ru/document/cons_doc_
LAW 294141/ (nata oopamenus: 03.02.2024).
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HBIM TPOM3BOAMUTENSAM JUISI YaCTUYHOTO BO3MeE-
HICHUS 3aTpar B HENIX (POPMUPOBAHUS TEPBO-
HAYaJFHOTO CKJIaJa 3alacHBIX YacTell MOoKyma-
teneit BC, ¢ o0ecrieueHneM cpeAcTB HA3€MHOTO
o0CTy>KUBaHUS, a TaKXKe ISl MEePErnoArOTOBKU
aBuanepcoHana mnoxa Hosele Tunbsl BC. Ilpo-
rpaMMa TpeAHa3HadyeHa Jisi oOecrieyeHus cTa-
OubHOM M peryisipHoil 3kcrutyatauuu BC Ho-
Boro tuna (Hampumep, SSJ-100) myrem dopmu-
pOBaHMs pacHpe/IeICHHON CETH aBHAllMOHHBIX
CEPBHUCHBIX IEHTPOB, OKa3bIBAIOIIUX YCIYTHU TIO
OecniepeboifHOMY 00€CIIeUeHHUI0 TOJb30BaTeleH
BC 3anacHpIMU YacTAMU U CpPEACTBAMH Ha3eM-
HOTO 00CTTy>KMBaHUSI.

B mepuoapl KpHU3HCOB pOJIb TOCYIapCTBa
B OTHOIIIGHUU TOCYJAApPCTBEHHOM TMOAJECPKKHU,
KOTOpasi KOOPAMHUPYET, BBIMONHIET (DYHKUIUU
(pMHAHCOBOTO MOCTa, BO3pacTaeT B pasbl [15].

Hapsiny ¢ Mepamu mnogaep>XKu, AEUCTBYIO-
IIMMU Ha PETyJISIPHON OCHOBE, BBUY HOBBIX pe-
aluii B YCIOBUAX BHEIIHEr0 CAHKIIMOHHOTO BO3-
NEHCTBUS, MOSBUIACH HEOOXOIUMOCTh B OKa3a-
HUU TOJJCPKKU OMEpPAllMOHHON JAeAITeIbHOCTH
POCCUICKHMX aBHAKOMIIAHUN B paMKax IIOCTa-
HoBJieHus [IpaButenscTBa Poccuiickoit dexnepa-
muu oT 27.04.2022 Ne 761 «OO6 yTBepx)aeHUU
[TpaBun npegocrapienus B 2022 roxy cyocuamii
u3 (eaepanbHOro OOPKETAa POCCUHCKUM aBHa-
KOMIAHUSAM JUJIS BO3MEILEHUSI OIEepariOHHBIX
pacxoioB Ha OCYIIECTBICHHE IEPEBO30K II0
BHYTPEHHUM BO3JAYIIHBIM JIMHUSM B YCJIOBHSX
BHEIIIHETO CAHKIMOHHOTO BO3JCHCTBUS», TJIE
owu10 BBIIEeHO 100 Mupa py0. U3 pe3epBHOTO
donna [IpaButensctBa Poccuiickoit denepanum,
YTO TO3BOJWJIO KOMIIEHCUPOBATH  PacXO[bl
23 aBuakomnanusaM 3a nepuox ¢ 01.03.2022 no
01.11.2022. B 2023 roay B paMKax MOCTaHOBJIE-
Hus IlpaBurensctBa Poccuiickoit ®Penepaunn
ot 07.12.2022 Neo 2239 «O6 yTtBepxaeauu [Ipa-
BUJI mpenocraBneHus B 2023 roxy cyocumuii u3
dbenepasbHOTO OIOPKETa POCCUMCKUM aBHAKOM-
MaHUAM B IEJISIX BO3MEIIEHHUS OINEpPalMOHHBIX
pacxoZoB Ha OCYIIECTBICHHE MEPEBO30K IO
BHYTPEHHUM BO3JAYIIHBIM JIMHUSM B YCJIOBHSX
BHEIIHETO CAHKIMOHHOTO BO3JEHCTBUS» BBI-
neneHo 25 mapna pyO. B IHensX KOMIICHCAIMH
pacxonoB 23 aBHAKOMIIAHMSIM 3a TMEPUOJ C
01.11.2022 no 31.02.2023 (Gromnerens 2023 r.)
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BaxxHolt Mepol rocy1apCTBEHHOM MOANEPXK-
KM B LIENSAX CTaOMIM3alMM aBHATPAHCIIOPTHOIO
pBIHKA Takke Oblila peanu3alysi MOCTaHOBICHHS
IIpaBurensctBa Poccuiickori ®enepauun  OT
02.04.2020 Ne 409 «O mepax no obecrnedyeHuro
YCTOMYHMBOIO pPa3BUTUS SKOHOMHUKH», B paMKax
KOTOpPOr0 BBEJEHO YIPOUICHHE MOpsAKa Ipeno-
CTaBJICHUs OpPraHM3alysM, B TOM YHCIIC aBHa-
KOMIIaHUSIM, OTCPOYEK T10 HAJIOT'aM U CTPaXxOBBIM
B3HOCAM Ha CPOK JI0 I0Jia B 3aBUCUMOCTH OT Be-
JUYHHBI CHUKEHMSI JOXOJ0B HAJIOrOIJIaTebIIH-
Ka 1 0e3 HAYMCJICHUs MPOIEHTOB Ha CyMMY 3a-
JOKEHHOCTH .

[lo  pesynpraram  cyOcuaupoBaHUs B
2022-2023 romax Mepbl MOAJNEPKKH CHOCOO-
CTBOBAJIM IPEJOTBPAILIECHUIO KPU3UCHOM CHUTya-
LMY B OTPAciv M MO3BOJWIN MOAAEpXKaTh Jc-
CATKM aBUAaKOMIIAHUN M aBUALMOHHBIX OpraHU-
3allMd B YCIIOBUSAX BHEIIHEIO CAaHKIMOHHOIO
Bo3zencTBuA. llosmydyeHHblEe aBHAKOMIIAHUSMHU
roCyJJapCTBEHHbIE CPEACTBAa OBLIM MCIIOJIb30Ba-
Hbl NPEUMYIECTBEHHO HA OIUIaTy TpyJAa aBHa-
LIMOHHOTO MEPCOHANA, COLUAJIBHBIE OTYMCIICHUS
U HHBIE PACXOJbl, OTHOCALIUECS K OCHOBHOU
IIPOU3BOJACTBEHHOW  JEATEIIBHOCTH  ABHAKOM-
MaHM.

3akirouenue

1. B memom Mepsl TroCylapCTBEHHOM MOA-
JIEP>)KKM aBHAIEPEBO30K, K KOTOPBIM B TOM YHC-
Jie OTHOCSATCSI MEXaHU3MBbl X CyOCHIMpPOBaHUS,
ABIIAIOTCS BaXXHBIMU (hakTOpamMu oOecredeHUs
CTaOMJIBHOCTU BO3/YLIHOT'O TPAaHCIOPTa, pa3BU-
THAS MapLIPYTHBIX CETEH W aBHATPAHCIIOPTHOU
JOCTYITHOCTH PETMOHOB CTPAHbI, CTUMYJIMPOBa-
HUS BHEIpEHMs] B SKCIUTyaTtauuio HOBbIX BC
POCCHUICKOT0 IPOU3BOCTBA.

2. CoBpeMeHHBbIN 3Tall Pa3BUTHSI CHUCTEMBI
cyOcuanpoBaHus BO3AYUIHbIX IepeBo30ok B Poc-
cuiickon Penepaly MOKHO OTCUUTBIBATH OT
IPUHATHA COOTBETCTBYIOIUX IIOCTAHOBJICHUN

" Mocranosnenue ITpaButensctaa Poccuiickoit desepa-
1y oT 02.04.2020 Ne 409 «O mepax mo oGecredeHuto
YCTOIUMBOTO Pa3BUTUSA S3KOHOMUKI [ DIEKTPOHHBIN
pecypc] // KoucynprantlLmroc. URL:
https://www.consultant.ru/document/cons_doc LAW 3
49463/ (nara obpammenwus: 03.02.2024).
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IIpaButensctBa Poccuiickoii @Penepaunu B
2013-2014 romax. OrtpacneBble NPOrpamMMbl
CyOCHIMPOBaHUsI MHTEHCUBHO COBEPIICHCTBY-
10Tcs, U B 2023 roly 1o OCHOBHBIM ITpOrpaMMaM
HOJIEP’)KKH PETHOHAIBHBIX aBHANEPEBO30K CyO-
cuauM ObUIM TIPENOCTaBlIEHbl Ha CymMMmy Oosee
24 wmuapa py06., obecrmieuuB mepeBO3Ky Ooinee
4,2 MJTH TTaCCaXKUPOB.

3. Jlocturaemoe cyOcHIUpOBaHMEM pacIlu-
peHue MapuIpyTHOM CETH CTpaHbl BKIIIOYAET OT-
KpBITHE HOBBIX HAINPaBICHUM NEPEBO30K, aBHa-
KOMIIAHUM TPU STOM TOJBEPKEHbI BBICOKUM
pHCKaM IMOJy4eHHs yOBITKOB M3-3a HEJI0CTAaTOY-
HOM 3arpy3Ku «HEpACKAaTaHHBIX» peiicoB. B cBs-
34 C 3TUM, 10 HaIlleMy MHEHHUIO, L1eJ1eco00pa3Ho
NPEVIOKUTH CIETYIONIYI0 «THOPUAHYIO» CXEMY
CcyOCHIMpPOBaHMSL:

— Ha HAyaJbHOM 3Talle «PAcCKaTKW» MapIIpy-
Ta, B YCIOBHAX HU3KOI'O IACCAKUPOINOTOKA, AJIS
CHI)KEHHS PUCKOB AaBHAKOMIIAHUI TOCYJapCTBO
IPEJOoCTaBIsAET CyOCHIMI0 aBUAKOMIIAHUSAM HC-
XOJIl U3 YMCIIa BBIIIOJIHEHHBIX PEHCOB U TEM ca-
MBIM IIEPEBOAMT CYIIECTBCHHYIO 4aCTh PHUCKOB
Ha ce0s (B COOTBETCTBHM C MEXIyHApOIHBIM
OIBITOM IIEPUOJ «PACKATKH» COCTABJIAET OKOJIO
2 ner);

— Ha IOCIEAYIOIEM JTale «PacKaTKW» Map-
mIpyTa, Ha OHE POCTa MACCaKUPONOTOKA, PUC-
KU TIOJIydeHUs] yOBITKOB aBMAaKOMIIAHWEH WH3-3a
HEJOCTATOYHOM 3arpy3Kd PEMCOB CYILIECTBEHHO
CHIDKAIOTCS, IIOITOMY IPENOCTaBICHUE TIOCY-
JapcTBOM CyOcuauu OyneT MpOU3BOIAUTHCS HC-
X0 W3 KOJIMYECTBA IEPEBE3ECHHBIX I1aCCaXH-
POB, YTO MO3BOJISIET CHU3UTH PUCKU POCTa U30bI-
TOYHBIX PAcXOJI0B IOCYAapcTBa Ha CyOCHIUPO-
BaHUE U TEM CaMbIM IIEPEBECTHU CYLIECTBEHHYIO
4acTh PUCKOB Ha aBUAKOMITAHHUU.

4. Pa3BUTHE MECTHBIX NIEPEBO30OK KpailHe He-
PaBHOMEPHO OCYLIECTBIIACTCA HAa TEPPUTOPUHU
CTpaHbl — B OCHOBHOM TaKu€ NEPEBO3KU COXpa-
HWINACH B TPYAHOAOCTYIIHBIX PETMOHAX C CYypO-
BbIMHM KJIMMaTHYECKUMHU YCIOBUSMU U HEpPA3BH-
TON CEThIO PETYJSPHBIX HA3€MHBIX COOOIICHHIA.
Mepbl 110 NOAJEPKKE U PA3BUTUIO MECTHBIX
aBUAIEPEBO30K, KAaK IPAaBWJIO, IPOBOJATCS 3a
CUET CpEeACTB OIOKETOB COOTBETCTBYIOLINX
cyobekToB Poccuiickoit ®dexnepanuu, OIHAKO
(MHAHCOBOE COCTOSHME MHOTHX CYOBEKTOB
HE [I03BOJISIET B IIOJHOM Mepe obecrneynBaTh
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MOJAJIEPKKY M Pa3BUTHE CETU MECTHBIX NEPEBO-
30k. [losToMy 11l JOCTMIXKEHHSI YCTOMYMBOIO
pocTa aBHAMOHHOW MOABUKHOCTH HACEJICHUS
CEBEPHBIX U YAAJIEHHBIX pPErnOHOB Poccuiickoit
denepauuu U I OPEeIOTBpAIICHUS OTTOKA W3
HUX HACEJICHUS LIeIecO00pa3HO BBEIACHUE CO(H-
HAaHCUpPOBaHUS U3 ¢eaepanbHOro OrKeTa Te-
PEBO30K Ha MECTHBIX BO3AYIIHBIX JIMHHUAX
B paioHax KpaitHero CeBepa U NpupaBHEHHBIX
K HUM MECTHOCTEH, 4TO moTpeldyeT pa3paboTKu
Y BBeJeHUs B neiictBue Muntpancom Poccun
1 MuHBOCTOKpa3BUTHs Poccum COOTBETCTBYIO-
[IMX HOBBIX MPaBWJI CyOCHUAMPOBAHHUS MECTHBIX
MEPEBO30K B CEBEPHBIX PETHOHAX.
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JKCIEPUMEHTAJIbHBbIC HCCJICI0BAHNSA BJINSIHUSA
TMPOCKONMUYECKOM CUCTEMbI 1eMI(UPOBAHUS HA a3poynpyrue
XaPAKTEPUCTUKHU MOJAeJIH KPYITHOTra0aPUTHOIO JICTATEJILHOI0 annapara
C ABUTaTEeJAMM HA YIPYrUX NUJIOHAX MMOJ KPbLJIOM

1O.B. HeTPOBl, M.B. CeMaKOBal, H.H. MenBeueBal,
B.I'. Yrpennnos'

1 . . . .
Mockosckuil 20cy0apcmeenHblll mexXHUYeCKull YHUgepcumem epadcoancKol asuayuil,
2. Mockesa, Poccus

Annoramusi: [1py co3maHnnm COBpeMEHHBIX KPYITHOTA0APUTHBIX TPAHCIIOPTHBIX CaMOJIETOB IITHPOKO MCTIONB3YETCsI KOMIIOHOBKA C
JIBUTATEISIMH, PAa3MEIICHHBIMU Ha YNPYTUX IMIJIOHAX I07 KPhUIOM. Takoe pacrionoKeHwe ABHUTaTeNield oOnamaeT M3BECTHBIMU
MPEUMYILECTBAMH, OIJHAKO UMEIOT MECTO M CYIIECTBEHHBIE TUHAMUYECKHE OCOOCHHOCTH, 00YCIIOBICHHBIE TEM, YTO MaplyaIbHbIe
YacTOTHl BEPTUKAIBHBIX M TOPH30HTATBHBIX (OOKOBBIX) KOJICOAHWI IBUTraTeNell Ha YIPYTHX MWJIOHAX OJIM3KA K COOCTBEHHBIM
4acTOTaM M3TMOHBIX U KPYTHIBHBIX KOJICOaHWI KOHCOJIEH KpbUIa HU3IIMX TOHOB. IMEHHO yKa3aHHBIM YacTOTHBIH CHEKTp U
omnpenensieT AMHAMMYECKUI OTKIIMK JIETaTelIbHOIO amrapara B IIEJIOM Ha BHEIIHME BO3MYIIAIOIIME BO3IEHWCTBHUS, a TaKoKe
CYIIECTBCHHO BIIMSICT HA JMHAMHYCCKYIO ycToWumBocTh JIA. Jlis ramenus koneOaHHid JBUrateiell Ha YNpPyruxX IHJIOHAX
NIPEITIOXKEH PsiJ TEXHUUECKHUX PEIICHHH, B TOM YHCIIEe pean3alyisl IPUHLHIIA «OCBOOOKIECHHOTO ABUraTelis». B naHHO# pabore
npezyIaraeTcst 1yl TOBBIICHHS ICCUNIATHBHBIX MTapaMeTpoB KoJieOaHMi JBUTaTeNiel Ha MJIOHAX HCIIOJIB30BaTh CIICIUaIbHbIC
YCTPOWCTBA — CHJIOBBIE TMPOCKOIIBL, KOTOPHIE SIBIISIFOTCS OCHOBHBIM 3JIEMEHTOM T'MPOCKOIIMYECKOH CHUCTEMBI JIEMIT(HPOBaHMSI.
MHOTOUYHCIIEHHBIE TEOPETUIECKUE MCCIISIOBAHIS BO3MOYKHOCTH MPUMEHEHHS CHIIOBBIX THPOCKOIIOB MOKA3aJIH, YTO YCTOMINBOCTh
JIMHAMUYECKON CHCTEMBI MOXKHO TIOBBICHTH ITyTEM BBEICHHS B Hee IOMOJHHUTENHHBIX THPOCKOIMYECKUX, AWCCHIIATUBHBIX U
MOTEHIMATBHBIX CHIL. VI3BECTHO MPEIIOKeHHE MCIONB30BaTh METOJ HEMOCPEACTBEHHON TMPOCKONMMYECKON CTAOMIN3aiy IS
VIPaBICHUST a3pOYNPYTUMH KOJEOAHMSMHU 3JIEMEHTOB KOHCTpyKumu JIA. B crathbe mpemiaraeTcss HCIIONB30BaTh CHIIOBBIC
TUPOCKOIIBI JUIsl TalieHust ciaboaeMdupoBaHHbIX KoJieOaHHid ABUTraTelNiell Ha MIJIOHAX KpynHoradbaputHoro camosiera. C 1enbto
OLICHKH BO3MO)KHOCTH IPaKTHYECKOTro MPUMEHEHHs TMpOcKonudeckor cucremsl nemrduposanus (I'C/I) Obum mpoBeeHbI
9KCIICPUMEHTAITbHBIC MCCIICIOBaHMS HA TMHAMUYCCKH M000H0M (uiarrepHOi Mozenu (JI[IPM) kpynHorabaputHoro camosera ¢
YeTHIPbMS1 IBUTATEISIMU HA MHJIOHAX O] KPbUIoM Tumna AH-124. VccnenoBaHus BKIIIOUAIM J[Ba 3Tara: YaCTOTHBIC U (pIaTTepHbIC
ucnbiTanus. B kauectse I'CJ] Mcnonbs30Banock rHpoCKONUUECKOE YCTPONCTBO, BBIIOIHEHHOE 110 CXEME CKOPOCTHOIO TUPOCKOIA,
KOTOpBI ObLT YCTAaHOBJIEH BHYTPHY TOHJIOJBI ABUTATEls. B cTarhe MpUBOASATCS pe3ysbTaThl SKCIIEPIMEHTOB TIO OLICHKE BIIMSHUS
I'CA Ba nunamuueckue xapakrepucTuku JIIIOM. AHamu3 HOPMHMpPOBAaHHBIX AMIUIUTYJHO-YACTOTHBIX XapaKTEPUCTUK
BEpPTUKAIBHBIX U TOPU30HTAIBHBIX KOJICOaHHI B IIEHTPE MacC BHEIIHHUX JBUTATENIN MOKa3bIBaeT 3HauuTeNbHOE (B 1,5...5,0 pasa)
CHIDKCHHE TMKOBBIX 3HAYECHWH aMIDIUTYH KoJeOaHWMiA BO BCEM pacCMaTpHBAEMOM YACTOTHOM JHama3oHe. Pe3ynbTaTh
AKCIICPUMEHTAIHBIX ~ HccnenoBannii  BamsHUS ['CJ] Ha (umarTepHBle XapaKTepPUCTHKA MOIENHM caMojeTa IOKa3a
3HaunTenbHoe (7...15 %) yBenuueHne KpUTHIeCKOi CKOpOCTH (hraTTepa MpH BCEX YPOBHSX 3allpaBKH camojieTa TOIiBoM. [Ipn
9TOM MpPHU BKIIOYEHHON THUPOCKOIMYECKOW CHCTeMe AeMI(UpOBaHUS aBTOKOJEOAHUS HOCAT BSUIBbIA, COMBUMBBIN XapakTep,
a (hopMbI iraTTepa 3a CYeT TMPOCKOITMYECKON CBSI3aHHOCTH MPOJIOJIBHOTO U GOKOBOTO IBHIKEHHSI [IEPEXOST U3 OJHOM B IPYTYIO.

KunroueBble ciioBa: rupockonuyeckas cuctema JeMirpoBaHus, 4actora U (opMa cOOCTBEHHBIX KOJeOaHHH, aMIUIUTYIHO-
Y4aCTOTHBIE XapaKTePUCTHKH, TMHAMHYECKast YCTOMUMBOCTb, (riaTTep, KpUTHUECKasi CKOPOCTh (hiarrepa.
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Experimental studies of the influence of a gyroscopic damping system
on the aeroelastic characteristics of a large aircraft model
with elastic pylon-mounted engines under the wing

Y.V. Petrov', M.V. Semakova', N.N. Medvedeva', V.G. Ugreninov1

'The Moscow State Technical University of Civil Aviation, Moscow, Russia

Abstract: During production of modern large transport aircraft, engine arrangement mounted on the elastic pylons under the wing
is widely used. This arrangement of engines has certain advantages, however, there are also significant dynamic features due to the
fact that the partial frequencies of vertical and horizontal (lateral) vibrations of elastic pylon-mounted engines are close to the wing
bending and torsional natural frequencies of low modes. It is this frequency spectrum that determines the dynamic response of the
aircraft as a whole to external disturbance input, and also significantly affects the dynamic stability of the aircraft. A number of
technical solutions have been proposed to damp vibrations of the elastic pylon-mounted engines, including the implementation of
the “freed engine” principle. To increase the dissipative parameters of the pylon-mounted engines vibrations, this paper proposes to
use special devices — powered gyroscopes, which are the main part of the gyroscopic damping system. Numerous theoretical
studies of the possibility of using powered gyroscopes have shown that the stability of a dynamic system can be increased by
introducing additional gyroscopic, dissipative and potential forces into it. It is known that a method of direct gyroscopic
stabilization is proposed to control aeroelastic oscillations of aircraft structural elements. The article proposes to use powered
gyroscopes to damp lightly damped vibrations of pylon-mounted engines of a large aircraft. In order to assess the possibility of
practical application of the gyroscopic damping system (GDS), experimental studies were conducted on a dynamically similar
flutter model (DSFM) of a large aircraft type An-124 with four pylon-mounted engines under the wing. The studies included two
stages: frequency and flutter tests. A gyroscopic device made according to the scheme of a rate gyroscope, which was installed
inside the engine nacelle, was used as the GDS. The article presents the results of the experiments to assess the effect of the GDS on
the dynamic characteristics of the DPFM. The analysis of the normalized amplitude-frequency characteristics of vertical and
horizontal oscillations in the center of mass of the outboard engines shows a significant (by 1.5...5 times) decrease in the peak
values of the oscillation amplitudes across the entire frequency range covered. The results of the experimental studies of the effect
of the GDS on the flutter characteristics of the aircraft model showed a significant (7...15%) flutter speed enhancement at all levels
of aircraft refueling. At the same time, with the gyroscopic damping system powered on, the self-oscillations are sluggish and
incoherent, and the flutter modes change from one to another due to the gyroscopic coupling of the longitudinal and lateral motion.

Key words: gyroscopic damping system, frequency and mode of natural oscillations, amplitude-frequency characteristics, dynamic
stability, flutter, flutter speed.

For citation: Petrov, Y.V., Semakova, M.V., Medvedeva, N.N., Ugreninov, V.G. (2024). Experimental studies of the influence of
a gyroscopic damping system on the aeroelastic characteristics of a large aircraft model with elastic pylon-mounted engines under
the wing. Civil Aviation High Technologies, vol. 27, no. 6, pp. 72-81. DOI: 10.26467/2079-0619-2024-27-6-72-81

BBenenue BBIX) KOJICOQHMI JBUTATENCH HA yIPYTUX MHIIO-
Hax ONM3KH K COOCTBEHHBIM YacTOTaM H3THO-

Ha coBpeMeHHBIX KPYMHOTa0apHTHBIX TPAH- HBIX ¥ KPYTUIHHBIX KOJIEOaHUI KOHCOJIEH KphLiia
CIIOPTHBIX CaMOJIETaX IIMPOKO MCIOJIb3YyETCS HU3IIMX TOHOB. VI3BECTHO, YTO yKa3aHHBIH Ya-
KOMITOHOBKA C IBUTATENSIMU, PA3MEIIeHHbIMY Ha ~ CTOTHBIM CIICKTP ONPEACNsIeT JMHAMUYCCKHiH
YIPYTUX MUJIOHAX IMOJ KPBUIOM. Taxkoe pacmno- OTKIIMK JICTAaTCJIBHOI'O almapara Ha BHCIIHUC
JIO)KEHUE JABUrarene o0iagaeT HM3BECTHBIMU BO3MYIIAIOLIME BO3JCHCTBUS (TYpOYICHTHOCTH
npeumyiiectBamu [1-5], ogHaAKO UMEIOT MECTO BO31lyXa, NBMKCHUEC TI0 HEPOBHOCTAM a3pOApO-
U CYILECTBEHHBIE TMHAMUYECKHE OCOOEHHOCTH, Ma, YHPABISIOIINE BO3ACHCTBHS U JIP.), a TaKKe
00yCIIOBJICHHBIE TE€M, YTO MaplUaTbHBIE YaCTO- CYIIECTBEHHO BIIMSICT HA JUHAMHYCCKYIO YCTOM-
Thl BEPTHKAIBHEIX M TOPH30HTAIBHEIX (6OKo- ~ YHMBOCT JeTatenbHoro ammapara (JIA). Ilose-
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JSI0TCS HOBBIE (POpMBI (praTTepa, mpHU KOTOPHIX
B YHCIIO (UIATTUPYIOIIUX TOHOB BXOMST COO-
CTBEHHBIC KoJjeOaHWs IBUTATENCH Ha YHPYrux
nuiaoHax [1, 2, 4], cylecTBeHHOE BIMSHUE Ha
napaMmeTpbl TUHAMHUYECKON CUCTEMBbI OKa3bIBAIOT
THpOCKOTMYeCKre JPPEeKThl OT padoTarOIIIX
JBUTATENel, B YACTHOCTH BO3HHUKAET THPOCKO-
MAYECKasi CBSI3aHHOCTh CUMMETPHYHBIX U aHTH-
CUMMETPUYHBIX TOHOB KOJICOaHHIA.

Jns ramenms koyeOaHWN JBUTATENCH Ha
YOPYTHUX MUAJIOHAX MPENIOkKEH P TEXHUYSCKUX
pelieHuii, B TOM YHWCJIe pealn3alus MPUHIINITA
«0CBOOOXICHHOTO aBUTATENs» [3, 6]. B manHoi
paboTe mpeIaraeTcs AJis MOBBIIICHUS TUCCUTIA-
TUBHBIX MMapaMeTpoB KojeOaHWi ABUTATEeH Ha
MAJIOHAX MCIOJIb30BaTh CICIHAIBHBIE YCTPOM-
CTBa — CHUJIOBBIE TUPOCKOIBI, KOTOPBIE SBISIOTCS
OCHOBHBIM 3JIEMEHTOM THPOCKOMUYECKOU CH-
creMbl neMiipupoBanusi. MHOTOYUCIICHHBIC TEO-
pETUYECKHUE U SKCIEPUMEHTAIbHBIE HCCIIEI0BA-
HUS BO3MOKHOCTH TIPUMEHEHHSI CUJIOBBIX THPO-
CKOIIOB TOKAa3aJld, YTO YCTOMYMBOCThH JIMHAMH-
YECKOH CHUCTEMBbI MOXKHO TMOBBICHUTH ITyTEM BBe-
JICHUsS B HEE JOINOJIHUTENbHBIX THPOCKOMUYE-
CKHX, JUCCHNATUBHBIX M  IMOTCHIIHAIbHBIX
cun [7-16]. M3BecTHO MpemsioKeHUE UCIOJIb30-
BaTh METOJl HEMOCPEACTBEHHOW THUPOCKOTHYE-
CKOH cTa0WIM3anuu AJisl YIIPaBICHHUS adpOyTIpy-
TUMHU  KOJECOAHUSIMU DJIEMEHTOB KOHCTPYKIIUU
JIA [17]. B crarbe npennaraercsi UCIOIb30BAThH
CUJIOBBIC THUPOCKOIIBI /IS TAIICHHs CJIa00IeMII-
¢upoBaHHBIX KOJICOAHWH JABUTaTE]e Ha MHIIO-
Hax KpynHorabapuTHoro camosiera. C Ieiblo
OIICHKH BO3MOXKHOCTH MPAKTUYECKOT0 MpUMeE-
HEHHUS TUPOCKOMHYECKON CHUCTEMBI aeMIpupo-
Banus (['CJl) ObutM TIpOBENEHBI SKCIIEPUMEH-
TaJlbHbIC MCCJIACIOBAHHMS Ha JIHHAMHUYECKH II0-
no6Ho# ¢uarrepHoit Mmogenu (AIIOM) kpymnHo-
rabapuTHOTO camoJieTa C YETHIPhMS JABUTATEIIS-
MU Ha MUJIOHAX MOJ KpbUIoM Tumna AH-124.

MeTOI[LI HCCJIeaJ0BaHUA

Jlns sKcTiepUMEHTaIbHON OLEHKH 3((EeKTUB-
HOCTH THPOCKOIIMYECKOW CHUCTEMBI JIeMI(pHUPOBa-
HUSI a’pOyNpyrux KoJeOaHWH 3JIeMEHTOB KOH-
CTPYKIIMU KPYITHOTaDAPUTHBIX CAaMOJIETOB IIPO-
BOJWJINCH MCCJIEIOBAHUSA HAa JIWHAMHYECKU IIO-
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noOHOM QuaTTepHON Moaenu camonera AH-124,
KOTOpBhI€ BKJIIOYAJIM J[BA HJTala: YacTOTHBIE H
¢uatrepuble ucnbiTanus. B kauectBe I'CJl uc-
MOJIb30BAJIOCh  TMPOCKOIMYECKOE  YCTPOMCTBO,
BBINIOJTHEHHOE 10 CXEME CKOPOCTHOTO TMPOCKO-
na [6], KOTOpbIi ObUT YCTaHOBJIEH BHYTPHU TOHJIO-
nbl aBuratens. [IpyHnuMnuansHas cxema ycTpou-
CTBA U €ro YCTAaHOBKHM K TOHJIOJIC JBUTATENS TO-
kazaHbl Ha puc. 1. Cucrema koopauHat Oxyz
COBIA/IAET C IIEHTPOM MAaCC MOJICIIH JBUTATETIS.

YCcTpolcTBO BKIIIOUAET OBICTPOBPAILIAOIITHII-
csi poTop (TUPOCKOI) B KOXKYXE (ﬁp — BEKTOD
KHHETHYECKOTO MOMEHTa pPOTOpa), KOTOPBIH
JKECTKO 3aKperieH Ha noiyocax. [lomyocu ycra-
HOBJICHBI B MOJIIUITHUKAX HA CHJIOBBIX 2JIEMEH-
Tax roHAOJIbI ABurarens. Kpome toro, ycrpom-
CTBO BKJIFOYAET YIPYTHUU AJIEMEHT U aeMidupy-
oliee ycrpoiictso. [Ipu Bpamienun rupockona B
KOXYyX€ OTHOCUTENBbHO ocu Ox uepe3 pblyar
yCWIME TNIE€pelaeTcsl Ha YIPYTUid DBJIEMEHT H
HOpILEHb JeMI(PHUPYIONIET0 YCTpoicTBa. YIpy-
TUA BJEMEHT NpeAHa3HadyeH Ui HaCTPOMKH
napuuagbHOW YacTOThl KOJIeOaHWH THUPOCKOIa
oTHOcUTeNnbHO ocu Ox, a naeMndupyromiee
YCTPOMCTBO JJIsi pacCEMBAHUS dHEPTUU Koleha-
HUI CUCTEMBI. B TaHHOM 3KCIEpUMEHTE B Kade-
CTBE EeMI(UPYIOIIETO YCTPOUCTBA UCTIOIB3YET-
csl THEeBMAaTHUECKU nemmdep.

[IpuHuunuaneHass cxema 3KCHEePUMEHTANb-
HOM YCTaHOBKHM JUJISl IPOBEJICHNS YAaCTOTHBIX HC-
nbITaHui n300pakeHa Ha puc. 2. JIIIM nBurate-
751 6ECTIPOTOYHAs, KAIUICBUIHOW (OPMBI, BHYTpHU
Hee ycraHasinuBaiachk I'CJl, Macca KoTopoil co-
craBmrsia 10 % oT Maccel MOAENHW IBUTATEIS.
B nannom cnywae I'C/] npenna3Hauena juis ra-
meHust  cinaboaeMnupoBaHHBIX  KOJI€OaHUIMA
JIBUTaTEJE Ha yIPYTUX MUIOHAX.

Meroanka TpoOBEACHUS HKCIIEPUMEHTA 3a-
KJI0Yajach B cieAyromeMm. B roHgonax BHeII-
Hux Jjpurateneil ycranasnuBaiuch ['CJ. Ilo-
cpencTtBoM Onoka BO3OykaeHHUs (puc. 2) BO3-
Oy>XJIaJTUCh yCTAHOBUBIIUECS BBIHYKJICHHBIC
koneOanms JIIIOM camomera 3aaHHOM YacTo-
Thl. VIHTepBaJl M3MEHEHUSI YacTOThI BO30YXKIe-
HUs coctaBisin f, = 3...11 'u. B obnactu pe3o-
HAHCHBIX [TMKOB N3MEHEHUE YaCTOThl OCYILECTB-
nsutock ¢ marom Af, = 0,001...0,002 I't. Pern-
CTPUPOBAIIUCh BEPTHKAJIbHBIE W TOPU3OHTAJIb-
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Puc. 1. l'mpockonmueckas cucreMa JeMIpUPOBaHUS KOJICOAHUI MOICIH ABUTATEIS
Fig. 1. Gyroscopic system for damping vibrations of the engine model
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Puc. 2. [IpuHnunuanbHas cxeMa yCTaHOBKY YaCTOTHBIX ucnbITanuil AIIOM
Fig. 2. Schematic diagram of the frequency test stand of the DSFM

HbIE YCKOPEHUS B IIEHTPE MacC BHEIIHUX JIBUTa-
Tene. 3aTeM Ha KaXJO0H 4acTOTE OCYILECTBIIS-
Jlach TAPUPOBKA AMILIUTYl BEPTUKAIBHBIX A,y U
TOPU30HTANIBHBIX A,,; KosebaHui 1BUraTenei no
neperpy3skaM M UX HOPMHUPOBaHHME [0 MAaKCH-
MaJbHOMY 3HaueHuto. IlomydeHHble JaHHBIE
OBUIN UCIIOJIb30BaHbl Ul MOCTPOEHUSI dKCIIEPH-
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MEHTAJIbHBIX aMIUTUTYIHO-YAaCTOTHBIX XapaKTe-
puctuk (AYX). Crauana uzobpaxanucs AUX
JII®OM ¢ BBIKIIFOUEHHOW CHUCTEMOU aemripupo-
BaHUs, a 3aTEM C BKJIFOUEHHOMH.
[MpuHIIMNIIanbHAs CXEMa JKCIIEPUMEHTANb-
HOW YCTAaHOBKHM IJIsi NpOBeACHUs (hraTTepHbIX
UCTIBITAaHUN n300pakeHa Ha puc. 3. AIIDM ca-
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Puc. 3. [IpuniunuanbHas cxema ycTaHOBKH (iarTepHbix ucnbitanuii JJI1OM
Fig. 3. Schematic diagram of the flutter test stand of the DSFM

MoJIeTa yCTaHaBJIMBaJlIach B pabouell yacTu Tpy-
Obl TOCPEJICTBOM CIELHUAIBHOIO YCTPOWCTBA
ITOIBECKH, 3aKPEIIJICHHOTO HAa JKECTKOM OCHOBA-
vuu. ['CJl ycranoBnensl Ha JIIOM o6oux
BHEIIHUX JIBUTATEIIEH.

Metonuka mNpoBeNEHUS SKCIEPHMEHTa 3a-
KJIFOYAJIaCh B CIEAYIOLIEM.

B mpouecce skcnepUMEHTaIbHBIX HCCIENO-
BaHUN Ha Mojenu (MpU pa3iIMYHBIX BapUaHTaxX
3allpaBKM TOIJIMBOM) PETUCTPUPOBAIUCH Mapa-
METpPBI: CKOPOCTh IOTOKA, P KOTOPOW BO3HH-
KaeT ratTep; yacTora U popma KonedaHuit mpu
¢narrepe. AMIUINTY 1Bl KoieOaHUI B XapakTep-
HBIX TOYKAaX MOJIEIHU OLIEHUBAIUCH 10 MOKA3aHU-
M TEH30/1aTYMKOB, NMPUKPEIJICHHBIX K JIOHXKe-
pony kpbuia [JITPM camonera. CkopocTh NOTO-
Ka ONpelensiach 10 BU3yalbHOMY OTCYETY IIO-
Ka3aHU MaHOMETpA; IOJIY4YEHHBIE DPE3YJIbTaThl
NEepeCUYNUTHIBATINCh Ha Harypy. Popma koneba-
HUM pu (aaTTepe onpenensiach BU3yalbHO.

s Bo3OyxkeHus uaTtrepa MO CO00-
LIAJICS HaYaJbHBIM MMITYJIBC IIOCPEACTBOM CIIE-
LMAJbHOTO MEXaHW4YECKoro ycrpoucrtsa. llpu
BO3HUKHOBEHUH HMHTEHCHBHBIX aBTOKOJIEOaHUN
CKOpPOCTh IIOTOKA YMEHBIIAIACHh 0 3aTyXaHUs
kosiebanuit. CKOpOCTh MOTOKA, IPU KOTOPOH aB-
TOKOJIEOaHUs elle NPUCYTCTBYIOT, IPUHUMANACh
38 KPUTHYECKYIO CKOPOCTh (harrepa V. 3atem
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CKOPOCTh HAOETAIOMIETO MOTOKA BHOBh YBEIINIH-
Bajach J0 BO3SHHUKHOBEHHS aBTOKOJIEOaHH, U B
3TOT MOMEHT BKJtouanack ['CJl, uTo npuBoamio
K HCYEe3HOBEHMIO aBTokoneOanmii. [lo wmepe
JIaJbHEHMIIEr0 YBEJIMYECHHUSI CKOPOCTU CHOBA pas-
BUBAJIUCh ABTOKONEOAHMsSI, ISl KOTOPBIX TIO
ONMCAHHOW BBIIIE METOAUKE ONPENEIIIACh VKp.

Pe3yabTaThl HCC/IEI0BAHU I

Pesynprarsl yacToTHbIX HMcnbiTanui AI1OM
npuBeneHbl Ha puc. 4 u 5. Tak, Ha puc. 4 npuse-
JI€Hbl HOPMUPOBAHHBIE AMIUIUTYIHO-4YaCTOTHBIE
XapaKTepUCTUKU  BEPTHKANbHBIX  KoOJIeOaHM
LIEHTPa MacC BHEIIHETO JBUTATENA ffyd (rme fy —
yacTtoTa Bo30yxaeHus). CrulomHon auHuel mno-
kazanbl AUX npu HepabOTaOMMX, HO YCTAHOB-
nensbix ['C/l, mTpuxoBoil — MpH BKIKOYEHHBIX
racutensx. ViMeer  MeCTO  3HAYUTENBHOE
(8 1,5...5,0 paza) cHIKEHUE MHKOBBIX 3HAUYCHUU
aMIUTUTYJ] BEPTHKAJIBHBIX KOJeOaHW IBUTraTe-
JI€il BO BCEM paccMaTpUBAEMOM YaCTOTHOM JHa-
nasoHe. AHanornynele AUX sl ropu30OHTAIIb-
HBIX KOJIeOaHUIl B IEHTpEe MacC BHEIIHUX JIBUTa-
TeJIed IPUBEACHBI HA PUC. 5.

PesynbraTel TpyOHOro SKCIIEpUMEHTa MpHU-
BEJICHBI Ha pUC. 6, T]Ie CTUIONTHOM JIMHUEH MOKa-
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Puc. 4. AMIIIMTYIHO-4aCTOTHBIE XapaKTEPUCTHKH BEPTUKAIBHBIX KOJICOaHUH LIEHTpa Macc
pHemHero asurarens AI1OM camonera
Fig. 4. Amplitude-frequency characteristics of vertical oscillations in the center of mass
of the outboard engine of the aircraft DSFM
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Puc. 5. AMIUIHTY JHO-4aCTOTHBIC XapaKTEPUCTUKU TOPH30HTAIBHBIX KOJICOAHMIT IIEHTPa MAacC BHELIHETO ABUTaTeIs
JAIIDM camorera
Fig. 5. Amplitude-frequency characteristics of horizontal oscillations in the center of mass of the outboard engine of the
aircraft DSFM
3aHa 3aBUCHUMOCTbh KPUTHUYECKOI CKOpOCTH (hat- HOBJIEHHBIX M BbIKIIO4eHHbIX ['CJl, mTpuxo-
H o
Tepa B mepecyere Ha HaTypy Vi, OT ypOBHA 3a- BOHU — vCOOTBeTCTByIOLL[I/Ie KPUBBIE IIPA BKIIO-
npaBKd camojiera TomnuBoM G = G./G.g YCHHOM CHCTEME AeMIIQUPOBAHHUSL.
(3mech G — BEC TOTUIMBA MPH MOJTHOH 3aIIpaBKe; AHanu3 3KCIEpPUMEHTANIbHBIX AaHHBIX MOKa-
G, — TeKyIIMii Bec TOIUIMBA B 0akax) TpH ycTa- 3BIBAE€T, YTO BO BCEM JUAIIA30HE 3aIIPaBOK UMEET
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Puc. 6. 3aBHCHMOCTD KPUTHIECKOM CKOPOCTH (hIaTTepa OT yPOBHS 3allPaBKH TOILUIMBHBIX OAKOB
Fig. 6. Dependence of the flutter speed on the fuel tanks filling level

Mecto 3HauuTenbHoe (7...15 %) yBenuueHue
KPUTUYECKOH CKOpOCTH (iarrepa mpu Bcex
ypoBHsX 3ampaBku. llpencraBisier uHTEpec u3-
MeHeHue (Gopmbl (rarrepa B 3aBUCUMOCTH OT
ypoBHs 3anpaBku. Eciu TorumBa B 6akax MeHee
20 %, TO KpuTHUECKOH (opMmoli (raTTepa ABI-
€TCSl  CUMMETPUYHBIA  M3THOHO-KPYTHJIBHBIN
¢narrep (CUK®D), u numps npu 30%-Hoii 3a-
npaBke W BbikiMoueHHOU ['CJl peanusyercs me-
pexon or CUK® k aHTUCUMMETPUYHOMY H3THO-
HO-KpyTWibHOMY  (matrepy (AUK®D). Ilpm
ypoBHe ToruiBa B Oakax 30...50 % monHoi 3a-
MPaBKU B paccMaTpUBAEMOM JMara3oHe CKOpO-
cteil pnarrep He Habmonaetcs. [Ipu 3ampaBkax
Boie 50 % mnpeoOnanaromeit siBnsiercss ¢popma
¢mnarrepa AUK®, onHako mpu BKIIOUYEHHOU
I'CJl cymiecTBEHHO BO3pacTaeT HE TOJBKO KpH-
TUYECKas CKOpOCTh ¢arrepa, HO H ¢opma
AWK® cTaHOBHUTCS HEYCTOMYMBOM, IEPUOANYE-
cku niepexonst B CUKO®.

CnenyeT mNOJYEPKHYTb, YTO MPAKTHUYECKH
IpU BCEX YPOBHSX 3aIllPaBKH U BKJIIOUEHHOH T'H-
POCKOIIUYECKOM cucteme neMnpupoBaHUs aBTO-
KoJIeOaHUsl HOCAT BsUIbIA, COMBUMBBIN Xapakrep,
a ¢gopMmbl QuiatTepa 3a cUeT THPOCKOMUYECKON
CBSI3aHHOCTH TPOJOJBHOTO U OOKOBOTO JIBHXKE-
HUS IEPEXOIAT U3 OJTHOM B IPYTyI0 U 00OpaTHO.
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3akioyeHue

Pe3ynbratsl IpOBEIEHHBIX 3KCIEPUMEHTAb-
HBIX KCCJICAOBAaHUM ITOKA3aJlM, YTO OJHUM U3
MEPCHEKTUBHBIX HANPABJICHUM, MO3BOJISIOMINX
OKa3bIBaTh CYIIECTBEHHOE BJIMSHUE HA JIMHAMH-
YECKHE HArpy3KH 3JIEMEHTOB KOHCTPYKLUU IUIa-
HEpa caMoJieTa U €ro JUHAMHYECKYI0 YCTONYH-
BOCTb, SIBIIICTCS HCIOJIb30BAaHHE CICIHUATBHBIX
TUPOCKOTIMUECKHUX CHCTEM JCMII(PUPOBAHUSI.

B wactHocTH, mpu wucnons3zoBanuun ['CJI,
Macca KOTopoit cocrasisiia okojio 10 % ot mac-
Chl MOJEIW JBHMTrarells, HaOI0JaeTcs 3Ha4H-
tenpHoe (1,5...5,0 pasza) CHWIKEHHE MHKOBBIX
3HAUEHUHN aMIUTUTYJ KoyieOaHWil ABUraTenei Ha
YIOPYroMm MUJIOHE, B MEPBYIO OYepeasb MpU KPy-
THJIBHBIX M JBUTATEIbHBIX TOHAX KOJICOAHMIA.
[Ipun QuaTTepHBIX UCHBITAHUSIX MPUMCHCHHE
I'C/1 no3BOAsI€T yBEAMYUTh KPUTHUUYECKYIO CKO-
pocthb diatrepa g0 15 %.
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HatypHbIi cTeHA AJl MCCJIEJOBAHUH AJITOPUTMOB HABUT ALK
U puiabTpanuu 6ecrnIaTGopMeHHON HABUTALUOHHON CUCTEMBI
¢ Ucnmosb30BaHueM cpeabl Matlab Simulink

A.A. Canbko', B.A. BeTOHIKI/IHl, E.JI. UBaHoOBCcKast'
]Be/zopyccmﬂ 2ocyoapcmeennas akademus asuayuu, e. Munck, Pecnyonuxa benapyco

AHHOTanmsi: B CBS3M ¢ BO3pacTaroIIeil CIOKHOCTHIO HABUTAMOHHOTO 00OpymoBaHUS BO3MymHBIX cymoB (BC), ¢ pocrom
TpeOOBaHMUI, IPEIBIBISIEMBIX K HAM, BCTaeT BOIPOC O HEOOXOIMMOCTH HCCIICIOBAHUS M YCOBEPIICHCTBOBAHMS CYIIIECTBYIOIINX
AITOPUTMOB HABUTAIINH W (IITBTPAIH ITyTEM PEIICHHS 3a1ad Mo pa3paboTKe HaTypHBIX MCCIEA0BATENECKAX CTEHIOB. B cTaThe
W3JIOKEHBI PE3yJbTaThl pabOThl B OONACTH CO3JAaHWS HATypHOTO CTEHAA [UIS WCCIEHOBAHWI AJTOPUTMOB HABUTALMHA M
¢bunpTpamun i Ocecrutaropmennoil Hapuranmonaor cucrembl (BMIHC) B cocTaBe: HaT4mKe MEPBUYHON HABHIAIMOHHOM
MH(OpMAIIMK, BBIMOJHEHHBIE IO MHKpOdJeKTpoMexaHumdeckord TexHomornn (MOMC), cepBOMAIMHKKA W HaBUTAI[MOHHAS
riatdopMa, UMEIOIIast IBe CTENeHH CBOOOIBI 110 KpeHy W TaHraxy. [IpeacraBieHbl 0COOEHHOCTH KOHCTPYKTUBHOM, annapaTHOM
n ann OpHTMH‘-IeCKOfI peamm3alyn CTeéHaa € Y4YCTOM MEPCIICKTHUB €ro pasBUTHA B YaCTHU HCIIOJIB30BaHUA KOJIMYCCTBA creneHen
cB0o0OIbI TIaT(OPMBI (KaHAIOB TaHTaXa, KpeHa 1 pbickanus). OnucaH pean30BaHHBIA MPUHINIT UHTErpauun Simulink-monenu
oObekTa ynpasneHus. OOBEKT yIpaBIeHHs COCTOMT W3 KOHTpoiulepa Ha 0Oase ruiardopmsl Arduino, GPS-partdvka, aaTdyvka
GY-91, nmerolero MHEPIUAILHO-U3MEPUTENIBHBIN OJIOK, COCTOSIIMKA M3 TPEX OPTOrOHAIBHO PACITIONIOKEHHBIX: HW3MEPHUTENS
VTJIOBOH CKOPOCTH, aKCeJIepoMETpa U OTHOKaHAITLHOTO Oapometpa Ha 6aze MOMC MP280. PeanmzoBaH anropuT™ MO3UIOHHOTO
(Py4HOTO) yIpaBIIeHUS HABUTAIIMOHHOHN IUIAT(OPMEI IO YITTy TaHTaXka M KPeHa C MCIOJH30BAaHUEM JIBYX CEPBOMAIIIHOK, Yepe3
xorictik M BupTtyamsHeli COM-mopt. [lpencraBneHa cxema, WUTFOCTPHUPYIOIIAS JIOTHKY B3aUMOICHCTBUS CTPYKTYPHBIX
SNIEMEHTOB CTEH/A, YacTh NPOTPAMMHOM pealli3allii MCIOJB3yeMOro KOMIUIEMEHTApHOTO (HIIBTpA, a Takke (QYHKIHSA €ro
BBIYMCIICHUS ¥ IMUTAIMOHHBIE CBsI3U Simulink-monemm. Paccmotpen oomeH nadopmarmeit Mmexay [I19BM 1 MEKpOKOHTpoIiepoM
Arduino. Crienan BbIBOJ O LIENIECOOOPA3HOCTH CO3/IaHUS M UCTIONB30BaHMS pa3pabOTaHHOTO CTeH A It 0OOCHOBAHHUS IPUMEHEHUSI
TOTO JIA MHOTO aJITOPHTMA HABUTAIIMH M (PHIIBTPAIiK JUTs KOHKpeTHoro Thra BC.

KiroueBble cjoBa: OecruiaropMeHHass HABUTAMOHHAs CHCTEMa, YIPAaBJICHHE, MHKPOKOHTPOJUIED, MOAEIMpPOBAHUE,
(IbTpalys, HATYPHBII CTEH.

Jns murtnpoBanusi: Canbko A.A., Beromkun B.A., MBanosckas E.JI. HarypHbli cTeHA Ui MCCIENOBaHUM anropUTMOB
HaBUTaMA W (IIbTpamy OecruiaTOpMEHHOW HABUTAIMOHHOM CHCTEMBI C WCHONB30BaHHEM cpexbl Matlab- Simulink //
Hayunsnii Becrank MI'TY T'A. 2024. T. 27, Ne 6. C. 82-93. DOI: 10.26467/2079-0619-2024-27-6-82-93

A full-scale simulator for research of navigation and filtering algorithms
of a strapdown inertial navigation system using the Matlab-Simulink
environment

A.A. Sanko', V.A. Vetoshkin', E.L. Ivanovskaya'
'Belarusian State Aviation Academy, Minsk, Republic of Belarus

Annotation: Due to the increasing complexity of aircraft navigation equipment and the growing demands placed on them, there is
a need to study and improve existing navigation and filtering algorithms by solving problems of developing full-scale research
simulators. The article presents the results of work in the field of creating a full-scale simulator for research of navigation and
filtering algorithms for a strapdown inertial navigation system (SINS) comprising: primary navigation data sensors made using
microelectromechanical system technology (MEMS), servos and a navigation platform with two-degrees-of-freedom in roll and
pitch. The article presents the features of the design, hardware and algorithmic implementation of the test rig taking into account the
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prospects for its development in terms of using the number of degrees of freedom of the platform (pitch, roll and yaw channels).
The implemented principle of integrating the Simulink model of the control object is described. The control object consists of a
controller based on the Arduino platform, a GPS sensor, a GY-91 sensor with an inertial measurement unit consisting of three
orthogonally located: angular velocity meter, accelerometer and the single-channel barometer based on the MP280 MEMS. An
algorithm for positional (manual) control of the navigation platform by pitch and roll angles using two servos, through a control
stick and a virtual COM port is implemented. A diagram illustrating the logic of interaction of the structural elements of the
simulator, a part of the software implementation of the complementary filter used, as well as the function of its calculation and
simulation links of the Simulink model are presented. The information exchange between the PC and the Arduino microcontroller
is considered. A conclusion was made about the feasibility of creating and using the developed simulator to justify the use of a
particular navigation and filtering algorithm for a specific type of aircraft.

Key words: strapdown inertial navigation system, control, microcontroller, modeling, filtering, full-scale simulator.

For citation: Sanko, A.A., Vetoshkin, V.A., Ivanovskaya, E.L. (2024). A full-scale simulator for research of navigation
and filtering algorithms of a strapdown inertial navigation system using the Matlab- Simulink environment. Civil Aviation High
Technologies, vol. 27, no. 6, pp. 82-93. DOI: 10.26467/2079-0619-2024-27-6-82-93

BBenenue HOM 0a3bl i1 OTPabOTKH aJITOPUTMOB HaBHUTa-
MU ¥ (UIBTpalNY, TO3BOJSIONIEH Y4ecTh Kak
MOXXHO 00Jiee MMUPOKUH CIIEKTP BO3ICHCTBUI Ha
kadectBo paborsl BUHC, Haxomsmeiicst Ha 6op-
Ty BC.

Lenbto paboThl, pe3yabTaTbl KOTOPOH ONH-
CBIBAIOTCS B CTaThe, SIBJISIFOTCS CO3JIAHUE TAKOTO
CTEH/Ia U OLIEHKA BO3MOXHOCTHU €TI0 IPUMEHEHUS
JUISL OTIpEJIeNIeHUs] THUIAa HUCIOJIb3yEMOr0 ajro-
pUTMa HaBUTAIMUA U (QUIBTPAMH IS KOHKPET-
Horo tuna BC.

OmoHuM W3 BaXHEHIIHUX DTAalOB CO3IaHHUS
Bo3aymHoro cynHa (BC) sBnsercs pazpaboTka
€ro HaBUTAlMOHHOW cucTeMbl. B 3aBucumocTtu
OT TMpPEABSBISEMBIX TpeOOBAaHHWA K XapakTe-
pucTUKaM HaBuTarmoHHou cuctembl BC, oOma-
Jaronel WHANBUAYATbHBIMH  OCOOCHHOCTSIMHU
B BUHC, peanmzyroTcst alroput™bl GribTpariuu
Y HAaBUTAllMU MO JAHHBIM, MOJIYYEHHBIM OT TEp-
BUYHBIX JIaTYMKOB TMEPBUYHON HABUTALMOHHON
uHpopManuy, TPeOYyIOIUe OICHKH aJeKBaTHO-

¢ty ¥ 3G(HEeKTUBHOCTH MX padoTshI [1, 2]. OcHoBHast YacThb

B ycnoBusix mmpokoro BHEIPEHUs HaBUTaLU-
OHHBIX JATYMKOB, BHIMOIHEHHBIX 10 MOMC-Tex- CraBUTCSA 3371293 CO3JaHNS HATYPHOTO CTEH-
HOJIOTMH U UMEIOLMX pas0poc 1apaMeTpoB IpH Ja I CO3[aHus U OTpabOTKU CYIIECTBYHOIIUX
M3TOTOBICHAN [0 3 %, HECMOTps Ha MX KalO- QITOPUTMOB HABHTAllUU W (PUIBTpALUU, TIO3BO-
POBKY IIPH M3TOTOBJICHHH, a TAKXKC BBICOKYIO MyB- JSIOIIEH y4ecTh KaK MOYKHO OoJiee HIMPOKHM
CTBUTCJIBHOCTE K BHEIIHMM BO3MYILICHUSAM, BCC CIEKTpP BO3JEHCTBUI Ha KayecTBO pPabOTHI
OOJIBIIYIO aKTYaJIbHOCTh MPHOOpETaeT mpobdiema BUHC s BC.
nossieHust TouHoctn bUHC [3-7]. Oty 3agaqy Ha puc. 1 npencraBiena KOHCTPYKUHUS U CO-
Le71eCO00PasHO PEIaTh [PU «HA3EMHBIX UCIIBITA- cTaB pa3zpabotaHHOro creHna. OCHOBHBIMH 3Je-
HISIX» C IPUMCHCHHEM HATYPHBIX CTCHIOB, (DyHK- MeHTtamu creHna sasisitorcs: BUHC B cocrtaBe
HUOHHUPOBAHUC KOTOPBIX OCHOBAHO Ha CXOXHUX GY.Q], AMEIONIET0 WHEPIHUATbHO-U3MEPUTEIb-
C 00BEKTOM ~ HCCIe/oBaHMsl  puHIpIax [8—11]. ueii 0ok (MUB), GPS-Tpekepa W BBIYHUCIUTE-
L{esrecoo6pa3HOCTh TAKOTO MOX0/1a 000CHOBAaHA IsL—  MHKpOKOHTpomiepa Tuma  Arduino
BBICOKOH BEPOATHOCTBHIO TTOTEPH (TTOBPEKICHUS ) Nano (1); Bbraucautens — IIDBM ¢ ycTaHOB-
BC B JeTHBIX HUCHBITAaHUSX, HEBO3MOXKHOCTHIO JNICHHOH TporpaMMoilt  Simulink ¥ aBTOpCKHM
yqera METOJaMM MaTEMAaTH4CCKOro MOACINPO- NpOrpaMMHBIM oOecriedeHrneM (2); HKOWUCTHK,
BaHUsA OOJIBIIMHCTBA IponecCcoB u ﬂBHeHHﬁ, ynpaBHﬂeMBIﬁ C UCIIOJIB30BAHUEM MUKPO-
HIPOUCXOAAIINX B IIOJICTE, a TAKIKE BCCroO IINPO- KoHTposuiepa Arduino Uno (3); UCTOYHHK DIICK-
KOTO MHOT000pa3usi CBOUCTB 00BEKTA. TpomuTanus (4); miatdopma, HMEOIAs IBE

Takum 006pa3om, akTyaJlbHOW IpEJICTaBIIACT- CTETICHH CBOGOJBI 110 YITIY KPEHA Ypuea M TAHIA-
¢ paboTa 10 CO3JAHMIO CTEHIO0BOM TabopaTop- KA Yy C YCTAHOBJIEHHBIMH Ha HEH CepBOMa-
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WIANSAS uopedavs
pupaant ¥ mopdeins

Puc. 1. Koncrpykuus u cocraB pa3paboTaHHOTO CTEHAa
Fig. 1. The design and composition of the developed simulator

10 | P R
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BJIOK JKOMCTHK
[IMTAHHUA | +5B

Puc. 2. Cxema, WUTIOCTpHUPYIOILAst JJOTUKY B3aUMOJIEHCTBUS CTPYKTYPHBIX 3JIEMEHTOB CTEH/IA
Fig. 2. The diagram illustrating the logic of interaction between the structural elements of the simulator

mmaKamMu SG-90 (5). Jloruka B3auMoOJEHCTBUS
COCTaBHBIX JICMCHTOB CTEH/IA MPETyCMaTPHUBACT
HAJIMYKE JIBYX BapPHAHTOB yIpaBieHus (puc. 2):

1) pydHOE mepeMelieHUe PYKOATKH KO-
cTHKa U (POPMUPOBAHHE TAKUM 00pa30M CUTHAIA
Y2 Spaa (Ypaa)

2) mporpaMMHOE YTpaBJICHUE 3alaHHBIM
3HAYCHUEM YITIOB Jpua M Ypawa B JAHMANA30HE
-30...+30°  wm MEPUOIUYECKOE  JIBIDKCHHE
0 yTJIaM.
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[lepekintoueHre Mexay pexuMaMy yIpasie-
HUSI OCYIIECTBISECTCS KHONKOW, pPa3MEIICHHOMN
Ha JDKOMCTHKE ((hOpMUPYETCS CUTHAT A,.,.).

Hcrounuk snekTpornuTaHus 00ecreunBacT
M0/1a4y Ha CEPBOMAILMHKU OMOPHOIO HampshKe-
Hus 5,5 B ¢ Tokom Harpysku 6osee 0,5 A.

B Beruucnurene (II9BM) ¢ ucnonbp3oBanuem
paspabotanHoil Simulink-Monenu W MO anro-
pUTMaM, 3aJJaHHBIM MCCIIEIOBATEIEM, MPOU3BO-
JTUTCSL:

1) npuem uHbopManMU U3 MHUKPOKOHTPOI-
nepa Arduino Nano;
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Puc. 3. BHemHuii BUI 9acTH OKHA MPOTPaMMBI PabOTHI CO CTEHIOM
Fig. 3. The interface of the part of the program window for working with the simulator

2) ¢unpTpanMs TEPBUYHBIX CHTHAJIOB OT
aKCEeJIePOMETPOB U THPOCKOMNOB: Q,., a

ye
azc: (*)xcs (*)ycs (DZC;

3) BbIUHCIeHHE YTIIOB opueHTarmu UUB 9,
¥ mocie GuIbTpanuy NepBUYHBIX CUTHAJIOB,

4) pacueT KOOPIUHAT Pyyc, Aune IUB 10 0T-
GbuIbTPOBAaHHBIM 3HAYEHUSIM MEPBUYHBIX CUTHA-
JIOB;

5) macmTabupoBaHHe © TNpeoOpa3oBaHUE
AHAJIOTOBBIX CUTHAJIOB C JKOMCTHKA;

6) BU3yalM3alus pPe3ysbTaTOB MCCIICIOBAHHIMA
rpauyecKy ¥ B BUJIC YNCIICHHBIX 3HAYCHHIA.

CxeMa, WUIIOCTPUPYIOLIAsl JOTHUKY B3auMO-
JEUCTBUSI CTPYKTYPHBIX JJIEMEHTOB CTEHJAA
MpeJCTaBIeHa Ha puC. 2.

OcuoBubM daementomM BUHC siBistercst nat-
YUK GY-91, MMEIOIINI WHEPLHATILHO-
WU3MEPUTETIbHBIN OJIOK, COCTOSIINN U3 TPEX OPTO-
TOHAJIBHO PACHOJIOXKEHHBIX: U3MEPUTENS YIIIOBOU
CKOPOCTH, aKceJIepoMeTpa U OJHOKAaHAIBLHOTO Oa-
pometpa Ha 6aze MP280. B kauectBe cBsi3aHHOM
cucrembl koopauHat (CCK) BbiOpana mpaBasi op-
TOroHaJIbHasE cucreMa koopauHaT OXYZ ¢ Bep-
[IMHOW, COBMEIICHHOW ¢ LIEHTPOM Macc OOBEKTa,
OX — noriepeuHast ocb 00BEKTa (Ha TPaBbIi 00PT),
OY — npononsHas ock, OZ — HoOpMasbHas ocb [1].

WNudopmanuto, nocrynatomntyto ¢ GY-91, 00-
pabaTbiBaeT MUKPOKOHTpoiuiep Arduino Nano.

[lepBuuHast wuHGpOpMamys, TmOCTymaromas ¢
GY-91:
* 4y, Gy, A;, — 3HAYEHUS yCKOPEHUH 00OBEKTA B

CCK, I/ISMGPHCMHG aKCceJIepoOMeTpaMHu;
o Oy, Wy, W, — 3HAYECHHS YIIIOBOU CKOPOCTH

oovekta B CCK, wm3mepsieMble TaTYMKAMU

yrioBoit ckopoctu (AYC).

[TapameTpsl matunkoB GY-91: auanaszoH pe-
TUCTPUPYEMOIl eperpy3ku: + 4g; yrioBoil cko-
pocri + 250 *c.

Boruncnenune temneparypsl (7) u  naBie-
Hus (P) BO3myxa OCYIIECTBISIET  OapoMeTp
MP280. HomomHuTenbHbIM 3jeMeHTOM BUHC
spisietcs:i GPS-tpekep Ha 6aze yuna NEO-6M.
Uun crmoco0eH OTcleXuBaTh A0 22 CIyTHUKOB
omHOBpeMeHHO Ha 50 kaHamax ¢ OOJIBIIUM
ypoBHEM uyBcTBUTENbHOCTH (1o —181 nb).
GPS-tpekep BbIIaeT psa curHanos B [I9BM ye-
pe3 MUKpPOKOHTpoiuiep Arduino Nano, a umeH-
HO: MECTO PACMOJOXKEHUS (IIUPOTA Peye M JIOJI-
roTa Acuc), CKOPOCTh (Venc), BBICOTY PACIONONKe-
Hus BUHC wnan ypoBuem mops (Heye) U T. A.
OO6mmit Bua (QparmMeHTa aUATOTOBOTO OKHA
Simulink-monenu npeacTaBieH Ha puc. 3.
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Puc. 4. CtpykTypHas cxeMa ajJropuTMa ¢ HHTEITpUPOBaHHEM YpaBHEHH B mapameTpax Ponpura — ['amunbsToHa B
reorpapuueckoM COIPOBOXKIatoIeM Oasuce
Fig. 4. The structural schematic of the algorithm with equation integration in Rodrigue-Hamilton parameters
in a geographical accompanying basis

HenocpencrBeHHOe BBIUKCIEHHE KOOPAUHAT
WHEPLUHUATBHBIM CIIOCOOOM (Pyye U A yyc) U YTIIOB
OPUEHTALIMM OCYIIECTBIIIET MHUKPOKOHTPOJUIEP
Arduino Nano, ucnionb3ys curHansl ot GY-91.
[Tpu 3TOM TPUMEHSIETCS aNTOPUTM BBIYUCIICHUS
KOOpJMHAT U yTJIOB OPUEHTAllMu B reorpaduye-
CKOM COIpOBOXKJarommeM Oasuce 6e3 ¢(uibrpa-
nuu. B kadecTBe MpOMEXKYyTOUHBIX MapaMeTpoB
OpHUEHTAIINH UCIOJB3YIOTCS TapaMeTpbl Poapu-
ra — lamunbrona (puc. 4) [1]. Ha puc. 4 Vg, I,
V, — npoexiuu JTMHEWHON CKOPOCTH 00BEKTA HA
ocHu reorpaduueckoro Tpexrpanamka; Ry, R, —
paanychl KpUBH3HBI 3iuuniconna; U — yriosas

Co, =223 +22 —1;
C2 (1,2) =2(-hhs + Mdy);
C (1,3) =2(M A3 + Ahy);
CE (3,1) = 2(MAs — Aoha);
C2 (3,2) = 2(hoh; + Mphs);
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CKOPOCTh BpalleHHs 3eMJIl; @ — OoJbIlas MoJy-
0Cb 3JUIMIICOUAA; g — YCKOPEHHUE CUJIBI TSKECTH;
ce - MaTpulla HaIpaBJSIOMUX KOCUHYCOB (1);
A---A, — HayaIbHbIC 3HAYCHHs MapameTpoB Po-
npura — lamunbrona (2); ag, ay, a; — TPOEKIMH
3Ha4eHU BekTopa yckopeHHuil oobvexra u3 CCK
B reorpadudeckyto CK (3); %;...%3 — npuparie-
HUsSl TIapaMeTpPOB OpUEHTAlMU OOBEKTa B T€O-
rpapuueckoin CK (4); og, 0, ¢ — NpoeKuuu
YIJIOBOM CKOPOCTH Ha OCH Teorpadpuueckoro
TpexrpaHHuka (5).

C® (33)=203+203 —1;
C (2,1) = 2(hohs + M A);
C&® (2,2) =203 +2)3 —1;
C® (2,3) = 2(-A M + Mh3).

(1)
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Ao = cos(y/2)cos(9/2)cos(y/2) + sin(y/2)sin(9/2)sin(y/2);
M = cos(y/2)sin(9/2)cos(y/2) + sin(y/2)cos(9/2)sin(y/2);

Ay = cos(y/2)cos(9 /2)sin(y/2) — sin(y/2)sin(9 /2)cos(y/2);
Az = cos(y/2)cos(9/2)sin(y/2) — sin(y/2)sin(/2)cos(y/2).

b
[ag; an; a(;] = Cg [axc; ayc; azc]-

%1 = 0,5 0:dt; AL = — %y By =241 +%;
%, = 0,5 o, dt; Ay =2y —%y; B, =14, +x,;
U3 = 0,5 wcdt, A3 = A3 - %3; B3 = /13 + %3.

N3menenue napamerpos Ponpura — ['amunbsToHa:

AO = /10/10 - Alﬂl - Azlz - A3A3; Al = Aoll + A1/10 + B213 - B3A2;
AZ = 2.02.2 - B113 + Azﬂ.o + B3/11; 13 = /10/13 + BIAZ - lel + A32.0.

=Y o= Ei
=X + Ucose; oy = Y + sing.

B cTenae s BBIYMCIEHNS 3HAYEHHUI YTII0B MICEBAOMOBOPOTOB MOKET UCIIOJIB30BATHCS [2]:
1) anropuT™ BTOpOro NOpsiiKa TOUHOCTH, PEATU3YIOIINI METO/ CPEIHEN CKOPOCTH:

0.5 Y 1. Yo g .
Vo= (Wi +¥3+¥3) iho=cosdy =y, lysin D (=1 3= 1, 3),

2)

€)

(4)

()

(6)

t .
rae y; = ftn"_l w; (t)dt,, tn-| — 3HAUEHHE YTIIOB MCEBIOMOBOPOTOB B MPEIBIAYINHI MOMEHT BPEMEHH

(dt=0,1 c);
2) anropuTM, pealru3yIoUINii BTOpoe NpUOIMKEeHNE K METOLy CpeTHEeH CKOpOCTH:

Lo (02 2 o2\
M= 1= 5¥0 " 4= 5¥5 ¥ = (Vi+v+v3) s
3) OIHONIATOBBIN AITOPUTM TPETHETO MOPSIAKA TOYHOCTH:

1
4o =1 _gYozé A4y = ayy + BYa3; Ay = ay, + Byz1; 443 = ayz + BYiz;
@ =t-Ly28=2iy =W +V2+ v)05 Yas = VaVh — YaVh:
> a8 %0 ° 22> Y0 1 2 T ¥3)775¥23 = ¥3¥2 — Y2¥3;
/ ! ’ / tn ’ th—
V31 = VaiV3 VY1 Vi = VoVi —Vavai i = Jp i (Odtyiyi = [ o (Ddty.

[Tapametprl Pogpura — I'amMunbToHa M yriibl Ditiiepa — KpbliaoBa CBA3BIBAIOT COOTHOILIECHHUS

9 = arsin(QApA; +2M,3); v = —arctg ( 20123 = 2hohy )

2223+
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[’a Block Parameters: KOMTNEMEHTAPHBIA OMN.. X
Interpreted MATLAB Function

Pass the input values to a MATLAB function for
evaluation. The function must return a single
value having the dimensions specified by 'Output
dimensions' and "Collapse 2-D results to 1-D".
Examples: sin, sin(u), foo{u(1), u(2))

Parameters

MATLAB function:

KOMPLEM_FILTR(u)

Output dimensions:
4

Output signal type: auto
8 Collapse 2-D results to 1-D

Help Apply

Vol. 27, No. 06, 2024

% 7. m“ﬂbTP KOMHHEMEHTBPHMF‘**#*V)#iiit****t-it**i*#i*#****##%t****#*'!(li*%
function vixod=KOMPLEM_FILTR(u)

% BXOAHBE 3HaveHHA

ax=-u(1);

ay=u(2);

az=u(3);

angle_gx@=u(4); % npefsiylee 3HaveHue yrna

FK=u(5);

angle_gy@=u(6); % npegbigywee 3HaveHue yrna

% PacueT 3Havewit yrnos
accAngleX = atan(ax/(sqrt(ay*2+az"2)))*57.3; % KkpeH (aKcenepomMeTpsl)
accAngleY = atan(ay/(sqrt(ax*2+az”2)))*57.3; % Takrax (akcenepomeTpsi)

angle_gx =
angle_gy =

angle_gx =

angle_gx@; % sbiymcnsem yron kpexa no JYC
angle_gy@; % sbiyMcnAem yron Tadraxa no AYC

angle_gx*(1-FK)+accAngleX*FK; % komnnexcupyeMm nokasaua yrnos

angle_gy = angle_gy*(1-FK)+accAngleY*FK;

% BLXOOWNE napaMeTpl
vixed(1)=accAngleX;

vixoed
vixed

=angle_gx;

(2)
(3)=accAngley;
)=

vixod(4)=angle_gy;

end

SRR RR R RE R R R R R R R R R R KRR KRRk R E R

Puc. 5. [IporpammHas peanuzanusi KOMILIEMEHTApHOTO QUIbTpa, GYHKIHS €r0 BEIYUCICHHS
1 UMUTALIMOHHBIC CBA3U MEXKIY HUMU
Fig. 5. Software implementation of a complementary filter, its calculation function
and imitative connections between them

I/I3MepCHHOG S3HAYCHUC MOOJITOThI U HINUPOTHL
BBIYHCIIACTCA KaK

Vedty V,dt

Mawe = Ao + =50, =0+ = (7)
Ricos¢’ THHC 0 R,

Hactpoiika  MuxpokoHTposepa  Arduino

Nano BBINONHAETCS C HUCIOJB30BAHUEM BCTPO-
€HHOTO SI3bIKa B CpeJle MpOrpaMMHUPOBAHUS
Arduino IDE. Tlpm 3TOM CKET4 HCIONb3YET
17 854 OGaitta (55 %) mamsTH yCTpOWCTBa, a
rnobanpHble TIepeMeHHble — 954 OGaiita (46 %),
YTO MO3BOJISIET UMETh HEKOTOPBIN 3amac omnepa-
TUBHOI NMaMSATH HAa MOJEPHU3ALUIO U T0PA0OTKY
ckerua nporpammel. B TIDBM ¢ ucnonszoBanu-
eM Simulink-Moen TPOUCXOUT BBIYUCIICHUE U
¢unpTpanus curnanos [11-20]:
« du 7 (monp3oBaTens MOKET IPUMEHSATH all-
roput™M MaxoHnn, MaJpKBUKa WIM KOMILIE-
MEHTapHBIN PUIBTD);

¢ Bunes A 1O 3HAUEHHAM J, § u 4., Ay,
Ao, Wye, Bye, By (MOMB30BATEND MOXKET

npuMeHuTh GuabTp Kanmana wim MeauaH-

HBIH QUIBT).

[Mporpammuas peaiu3anusi aJIrOPUTMOB B
Simulink-Monenu OCHOBBIBa€TCSI Ha HCIOIB30-
BaHun Onoka MATLAB function, camoil (QyHK-
MM BBIYMCICHUS M WMHTAIMOHHBIX CBS3eH
MEXKIy HUMH. B KkauecTBe mpumepa mporpam-
MHasl pealn3alys KOMIUIEMEHTApHOTO (QHIbTPA,
(GYHKIMST €ro BBIYUCICHUS W WMHTAIIMOHHBIC
CBSI3M MEXIy HUMH IPEICTaBIEHBI Ha pHC. 5.
Jlnsi KOMIUIEMEHTapHOTO (UIIbTpa UTOTOBasi Be-
JINYMHA yTIIa 9 IpeJCTaBIseT coG0il CyMMy HH-
TErPUPOBAHHOTO 3HAYCHHMS TIOKA3aHHUI THPOCKO-
1la 1 MTHOBEHHBIX 3HAYCHUH MMOKa3aHUil aKcele-

pomerpa:

1(),ctyc[t] = 1§[t - 1] +mzc[t]dt; 1’9\[t] = 19,clyc[t - 1] (1 - Fk) + Fk SN(t) D
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function vixod=KALmanFILTR2(u)
ax=u(l);

x_kk=u(2);

e0pt2=u(3);

K2=u(4);

ckol=u(5); % Cny4aliHbii apeiid
% Hyns B 3anycke

drf=u(6); % MorpewHocTb

% macwTtabHoro

% KosdpuuMeHTa oT

% W3MepAeMol BenW4MHb

sigmaPsi=(sqrt(drf)*randn(l)*ax)/168;

sigmaEta=sqrt(ckol)*randn(1);

Civil Aviation High Technologies

Kanwmax

Interpreted
MATLAB Fen

eOpt=sqgrt((sigmaEta”2)*(eOpt2*2+sigmaPsi”r2)/(sigmaEtar2+eOpt2/2+sigmaPsinr2));

K=((eOpt)~2)/sigmaEta”2;
XOpt=K2*ax+(1-K2)*x_kk;

vixod(1)=x0pt; vixod(2)=eOpt; vixod(3)=K;

end

Puc. 6. [Iporpammuas peanuzamnus ¢uabtpa Kanmmana B Simulink-monenm
Fig. 6. Software implementation of the Kalman estimator in the Simulink model

rae F, = 0,7 — koadPUIMEHT KOMIUIEMEHTap-
Horo ¢uibTpa [3]; Yy — yros TaHraxa, Mmojy-
YEHHBI C HUCIOJIb30BAaHUEM 3HAUYEHUH yCKOpe-
HUW:

SN =atan(—ayc/ az. + a2.) lnﬁ.

B kadecTBe mapameTpoB, XapaKTEPHU3YIOIIUX
IIYMbI aKcellepoMeTpa, 3aJaloTcsl MOJb30BaTe-
neMm:

e TIOTPEIIHOCTh MacmTabHOro Ko3(duimeH-

Ta, %:;

e CIIy4yalHBIN npeid Hys B 3amycke, g.

B xauectBe napamerpos mrymoB AV C:

e TIOTPEIIHOCTH MacmTabHOro Ko3(duimeH-

Ta, %:;

e CIIy4yalHBIN npei( HyIeBOToO CUTHAJA, paji/C.

[Iporpammuas peanuzanus guibrpa Kamma-
Ha B Simulink-Monenyu mpeAcTaBieHa Ha puc. 6.
MenuaHHbIi QUABTP peann3oBalCsi ¢ TOMOILBIO
crangaptHoro Onoka Median Filter cucTemsl
Simulink ¢ yxa3zaHWeM JJIUHBI YCPEIHSEMOTO
curHana (/=10). JJnsa anmropurma MaxoHu u3-

89

MEHSIEMBIMH TIApaMETPaMU HCIOIb30BAINCH KO-
3G GUIMEHTHI yCUIICHUS U MHTETpUpoBaHus [ 14],
IUIs anroputMa MamkBuka — apeid Hyls rupo-
ckoma [13].

O6men uapopMmanmeit mexay [I19BM u mu-
KPOKOHTpoJuIepoM Arduino Nano ocyuiecTBis-
ercs B mudpoBoM (opmMare ¢ HCIOIB30BAHUEM
UART-coequHenusi. OJTa 3ajgaya peliaercs
B Onoke «Cunxponuzayus ¢ Arduino Nanoy»
(puc. 7). Hactpoiiku UART-oOMeHa JaHHBIMU
OCYIIIECTBIIIOTCS C UCTIOIBb30BaHue Onoka Serial
Configuration. JIns npuemMa JaHHBIX U3 MHKPO-
KOHTpOJIJIEpA HCIOJIb3yeTcsl 3yeMeHT Serial
Receive. BI0OK CUHXpOHU3ALMU MUKPOKOHTPOJI-
nepa Arduino Nano ¢  Simulink-monensio
(puc. 7) pemaeT 3amady mnpeoOpazoBaHUS OaH-
HBIX BEIIECTBEHHOTO THIA, NMPUMEHSEMBIX TpPHU
pacueTe mapaMmeTpoB JBIKEHHUS OOBEKTa B Iie-
JourCcIeHHbIN UM uint 8. OCHOBHBIC 3JIEMEHTHI
MpOrpaMMHOTO Kona cBsizu Arduino Nano ¢
Simulink-monenpio Ha NMpUMepe Mepeaayu Cur-
HaJla a,,. MPeICTaBICHBI Ha pHC. 8.
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CuHxpoHusauma ¢ Arduino Nano

Process received data

COMS5
Baud rate : 115200

Arduino Send and Receive

COM5 Data —® double

Puc. 7. Cunxponusanus ¢ Arduino Nano
Fig. 7. Synchronization with Arduino Nano

3akioueHnue

B kauecTBe 3akitoueHUsS MPEICTABISAETCA
1eJ1eco00pa3HbIM OTMETUTD CIIETYIOIIEE.

1. Pa3paboTtaHHasi KOHCTPYKIIMsI CTCHIA Ja-
€T BO3MOKHOCTb MPOBECTH LMKJ HCCIEAOBaHUN
JUI OTPaOOTKU aIrOPUTMOB HABUTALUU U (PUITH-
Tpaluy, MO3BOJISIONIEH y4ecTh KaKk MOXHO 0o-
Jiee MUPOKHUHA CTIEKTP BHEUTHUX U YIPABISIONIUX
BO3JIeHCTBHUI Ha KadecTBO paboTsl BMHC.

2. KommiekcHoe npumenenue Simulink-mo-
neneit u miatgopm Ha 0aze yCTpoucTB Arduino
MO3BOJISIET OMEPATUBHO H3YYUTh COCTaB, AJIrO-
pUTMBl (YHKIMOHUPOBAHUSI U CTPYKTYpY IIO-
ctpoenuss bBUHC.

3. AHaiu3 yCTaHOBMBIIUXCSA MPOLECCOB U
OIMMOOK, TPU PE3KUX U TUIABHBIX PEaAKIHSIX
BMUHC Ha ynpaBisitomuye CUTHaibl IO yTJIam
OpUEHTALINH, MO3BOJIUT TMPOAHAIU3UPOBATh Ka-
yecTtBO (unbTpanmu uHbopmarmu ot JYC u
aKCeJIEpOMETPOB, a TAK)KE€ MPOBECTH CPaBHEHUE
OomMOOK 3HAYECHUN KOOPAMHAT OOBEKTA MPU HC-
nosb30BaHnu GPS 1 KOOpAMHAT, paCCUUTAHHBIX
C UCIOJB30BAaHUEM YpaBHEHUI B mapaMmerpax
Ponpura — ['amunbToHAa.

Pa3paboTanHbIil HATYPHBIA CTEH]] MOXKET SIB-
JSATHCS OCHOBOM JUIsl UCCIIEIOBAHUSL aITOPUTMOB
HaBUTAlMM U (QUIBTPALUU TPU PEIICHUU pas-
JAYHBIX HeneBbIX 3agad BC, a Takke 0a3oi mid
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I[Ipeobpasosanne
- (opmata naHHBIX
ot bytesl4l: L yy wyim8t B
=07 double
} AT Tepeaud B
FLOATUNION_t : Simulink
FLOATUNION t accx f1l;
Serial.w ('A'):
accx_fl.number=accx_f ;
(nk 1507 $¢8) 164 CunTeIBaHHE
‘{ JAHHBIX 110
Serial.write (accx_fl.bytes[i]): 15;%?2;30-
}
i
Serial.print('\n'): opTY

Puc. 8. OcHOBHBIE 371EMEHTBI IPOrPAMMHOTO KOJa
Fig. 8. The key software code elements

MOCTPOCHHS aHAJOTMYHOTO CTEHJa Ha OCHOBE
POCCHICKOTO MPOrPAaMMHOIO MPOAYKTA, HAIpHU-
mep SiminTech.
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