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A significant interest of researchers is attracted to the effective management and forecasting of exchange processes in the boundary
layer, which are key for the implementation of effective and reliable equipment. Modeling of exchange processes occurring in a
high-speed dispersed boundary layer with external influences is a very difficult task. Mathematical modeling allows us to develop
reliable devices and engines for the fields of aircraft, energy, shipbuilding with minimal costs for its creation. Despite the interest of
numerous groups of researchers around the scientific projects and a large number of works, the current theory of the boundary layer
is imperfect. This may be due to several circumstances: firstly, the theory of single-phase turbulent flows of continuous media is far
from being completed, secondly, turbulent flows with dispersed impurities in the form of particles greatly complicate the already
intricate flow pattern. Interest in dispersed flows is particularly relevant due to the fact that almost all gas-dynamic flows contain a
certain concentration of particles, and their impact can provoke significant changes in the structure of the boundary layer and affect
the intensity of exchange processes. The article proposes a two-fluid mathematical model describing the motion of a high-speed
dispersed boundary layer on a surface with hemispherical damping cavities. The use of hemispherical damping cavities allows to
reduce turbulent exchange in the boundary layer, which makes it possible to control the intensity of metabolic processes. The
possibility of a significant reduction of turbulent heat transfer and friction in the dispersed boundary layer is established. The
proposed method of impact on the turbulent transport in the boundary layer will improve the equipment and installations, including
GTU and GTE used in various industries of our country, such as energy, aircraft, shipbuilding.

Key words: turbulent transport, hemispherical damping cavities, mathematical modeling, boundary layer, heat transfer.
INTRODUCTION

The technical progress is based on the constant equipment efficiency and performance upgrade.
The actual trend in efficiency raise is the management of exchange processes in the boundary layer.
The management method uses the decrease in intensity of highly turbulent pulses in the boundary layer
achieved due to turbulence energy damping in hemispheric damping cavities. The implementation of
the method may also result in the boundary layer lamination, the reduction in heat-exchange, the
decrease of vibration processes generation, and aerodynamic noise pollution decrease. The theoretical
grounds being developed will allow to show the gas-dynamic conditions within dynamically unsteady
boundary layer and to optimize the processes for particular technical devices and systems.
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THE THEORETICAL GROUNDS AND RESEARCH METODS
OF DISPERSED FLOWS

The research of dispersed flows with phase transitions is carried out at the research centers of
the USA, the UK, Germany, Denmark, China, Japan, Israel and Russia. The theoretical development is
intense for the aspects of heat and mass exchange and fluid and gas mechanics connected with the
dispersed two-phase flows.

The developer of mathematical models and methods faces certain challenges. Firstly, numerous
physical processes taking place in the dispersed flows have to be taken into consideration. Secondly,
physical processes in conditions of high temperatures are not always indisputable, so the modelling
methods developed may insufficiently adequate results. Thirdly, the model cannot be comprehensive,
it has to have certain application boundaries and limits. Thus, the research supposes thorough analyses
and accentuation on the most critical physical aspects for the problem solution.

At present, the active research on the dispersed flows has led to a significant knowledgebase.
The paper [2] provides a review of both theoretic and experimental research on the turbulent dispersed
flows around bodies of different shapes: sphere, cylinder, plates and cascaded airfoils. It has been
proved that the presence of particles in the flow may cause significant erosive wear, gas dynamic
spatter, icing, light emission increased heat exchange and overheating. Such phenomena, for instance,
appear when aircraft are travelling through dust-filled atmosphere, also in case of powerplants in
operation [5, 6, 7]. The basic phenomena in the context of dispersed flows are spotted in the boundary
layer. They lead to the increased intensity of metabolic processes, vortex shedding and turbulent wake
formation [8] In order to correctly assess the physical processes in the dispersed boundary layer it is
necessary to consider the velocity distribution, the temperatures (non-isothermal condition), and the
particle concentration depending on the flow field around the surface and the surface type. The
papers [2, 9] classify the possible disperse flow field regimes using the Stokes number StK for the
mean motion, which characterizes the velocity relaxation for gasses and particles in the vicinity of the
boundary/wall [2]. The papers [10, 11] observe the influence of the particles on the boundary-layer
drag and heat-exchange noticing the quality changes in metabolic processes depending on the particle
concentration, size and flow angles.

According to the latest tendencies, the two-phase flow calculation contains the modeling of
impulse, the mass and heat transfer for each of the phases, and also the modeling of phase interaction
within the flow. The current two-phase flow mathematic models are divided into two classes: Euler
(two-fluid) and Euler-Lagrange.

The theory and application of two-fluid model calculation is shown in research papers
[1,2,12].

Two-fluid models have the advantage of using similar equations to describe the homogeneous
and non-homogeneous flows thus enabling to solve the system of equations using one numerical
approach and, as follows, to increase the timing efficiency of the modelling adequacy processing and
check. The criticisms of such models are: the solution error resultant from the disperse phase
approximation: the missing data of the motion of separate particles in the non-homogeneous flow; the
cumbersome boundary conditions for non-homogeneous flows on the surfaces causing the flow
restrictions. The advantage of Euler-Lagrange model is the detailed approach. The model takes into
consideration the complete information about the environment, including the particle motion and their
interaction in the vector flow with the known temperature field. The principal difficulties are
connected with the specific turbulent nature of the motion: the interaction of the dispersed cluster
particles with the external phase turbulent vortices and with one another as a result of the particle
contact with the boundary/wall and setting on the wall; the influence of turbulent fluctuations on the
phase transition speed; the back reaction of the particles on the turbulence [1]. Having analyzed both
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approaches, we should acknowledge that the criticisms of the first class of models are the advantages
of the second class of models, and vice versa.

The paper by L.I. Zaichik and V.M. Alipchenko studies the statistic theory and continual
method of the modelling of hydrodynamics and heat-exchange in two-phase flows. The research
thoroughly investigates the basic theoretical problems caused by the particle motion in the turbulent
flows, the phenomenon of particle accumulation in the near-wall layer. The authors claim that statistic
models can be used for effective accounting of the particle interaction with the small-scale vortices to
determine the sub-grid turbulence within the large-scale vortex method.

Considering the challenges mentioned above, it is impossible to come to direct numerical
method of solution for the system of differential equations. Making equations for the instant
parameters is problematic for modeling of the dispersed flow turbulence. At the same time it is known
that outer effects on the dispersed flow typical of gas turbine engines lead to a number of specific
features of turbulent transfer, which as a matter of principle cannot be considered neither using a
classical model of Prandtl “mixing length” model, nor the widely differential two-parameter “k-e”
used turbulence model. To cope with the difficulties mentioned above it is necessary to develop the
model which will adequately describe the motion and the heat-exchange of the dispersed flow in the
boundary layer considering the outer effects.

To implement the model, it is essential to develop as an analytical kernel the two-fluid model of the
boundary layer. The original mathematical model takes into consideration the inner sources of the heat and
the amount of motion, and also the turbulent transfer in the boundary layer and the outer factors in action.
Moreover, the immediate effect of the particles on the carrying medium will be considered by the boundary
conditions and corresponding members, which are conditional to the particle impact.

The intermediate impact will be considered using the eddy diffusivities of momentum and heat.

The two-fluid model [4, 13], describing the high-speed boundary layer with outer impact, will
be shown as differential equations:

The differential equation of motion:

(GT E)u+ au)_(')[( N )Ou dp
Plac%ax " Vay) Tay TR 9y T ax (1)

The differential equation of energy:

ou OT 9T\ 0 oT ou\’> dp dp )
P%(E"‘ua*ﬂ’@)—@[(/1"'/%)@]"'(#"'%)(@) tuTt o

The differential equation of continuity:

0 0 d
9p  9(pu)  9(pv) _ 0;
dat dx ady (3)

Pressure-volume relation

P (4)
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where 7' — temperature; 7 — time; u, v — longitudinal velocity component, cross-stream velocity
component; x, y —longitudinal and transverse coordinate; p — density; ¢, — specific heat capacity at
constant pressure; A — code of heat conductivity; Ay — eddy diffusivity of heat; 4 — coefficient of
dynamic viscosity ; ur — eddy diffusivity of momentum; q,, — internal heat source intensity value; s, —
eddy momentum flux intensity value; p — flow pressure; R — individual gas constant.

To solve the system of equations it is necessary to find the values of Az, ur, q,,, Sy.

The parameters which characterize the presence of the disperse phase in the boundary layer are
considered through the thermal and aerodynamic particle influence [4]:

q, =a(TW —T);Sv =b(usm —u) , (5)

where a and b are the complexes characterizing the particle parameters; T, — normal temperature
distribution; ug,, — normal velocity distribution

ba,p,
a=—"=

P, ©
0,75p, pc . |ju, —u

p.d,

where ogcr — unit surface conductance and dispersed medium condensed particle resistance
coefficient; ps — condensate phase density (the mass of condensed particles per the unit of the medium
volume); p; — density of particle matter; us, Ty — particle velocity and temperature; dy — particle
diameter.

The complexes a and b are averaged within the boundary layer, as they encounter insignificant
changes (at different iterations at the moment of clarification of the medium flow field), relative to q,
and s,,.

The profiles of temperature Ty,,, and velocity us,, and the particles of the representative fraction
in the sections of the boundary layer are determined using the equations [4]

T

U, =, {% +(1—<Pu)i} L,=1,, <Pr+(1—<PT)? (9)

0 0

where @,,, @1 — coefficients varied from 0 tol and characterizing the particle diameter and cross travel
speed. The more is the cross travel speed and its diameter, and the less is the boundary layer gauge, the
bigger is the coefficient, and, accordingly, vice versa. The research conditions were ¢, = @ = @s = 1.
To find the value of the coefficients a, b, ¢,, @1 the particle trajectory and parameters are
calculated using the methods listed in [4].The methods suggested allow to estimate and calculate
the boundary layer for the case of the high-speed dispersed flow around the surface. The most
common disperse phase flows are the CO; (exhaust gas) flows. The sizes of small solid particles in
the fluidized state, formed by the fuel combustion range from 10~ to 10°® depending on the fuel
type, grade and the combustion process. The exhaust gases are seldom emitted into the

11
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atmosphere, as they contain an enormous amount of heat energy. For different types of engines the
exhaust gases are used for heating and inner and outer joints ice accretion prevention (compressor
guide vanes, casing), in energy efficient gas turbine engines the exhaust gases are used for heat
energy recuperation by passing the exhaust gas heat to the air which is later used for fuel
combustion. Papers [15, 16] introduce the ways of heat regeneration and recuperation, and also the
schemes of heat regeneration in aviation gas turbine engines. The analyses show that a significant
part of the exhaust gas energy (kinetic and heat) is wasted before it reaches the areas of potential
use. Thus, there is a task of methods development and research for maintaining the exhaust gases
energy so that to increase the efficiency of their use.

For the conditions in question, the methods stated in [17] determine the thermophysical
properties of CO,

H (T/TO)0.717. C_P

Ho Cpo

(T/Tp)*%%; & = (T/T;)°% (10)

One of the effective and perspective ways of the boundary layer influence is the use of
semispherical damping cavities. (figure 1) The presence of damping cavities on the surface allows to
reduce the turbulent-flow resistance and the heat-exchange of the solid body in flow. The outer
impacts on the boundary layer, including the semispherical damping cavities impact may be expressed
in terms of eddy diffusivity of momentum and eddy diffusivity of heat determined by means of the
modified Prandtl “mixing length” model:

Ar = urcy/Pr; ur = pl? du/oy. (11)
where Pr — Prantd]l number; / — the mixing length, calculated as:

| = eey[1 —exp(—pv.y/26p]. (12)

where & — coefficient showing the intensity of the turbulent transfer in the boundary layer; v, —
dynamic speed.

The semispherical damping cavities will have the immediate influence on the coefficient @, as
they affect the intensity of the boundary layer transfer. The decreased intensity of the turbulent transfer
occurs due to the turbulent vortices suppression in the semispherical damping cavities (figure 1).

To model the impact of semispherical damping cavities on the boundary layer in a broad band
of gas-dynamic conditions, it is suggested that the coefficient expressed the intensity of the turbulent
transfer momentum.

e \/1 -84 105A§‘,f2ex/p(1 —n) (13)
Uy AUy /dX
1+21,4— ="/ 2%
w(du/dy), ,

where A;, — empirical coefficient, which characterizes the impact of semispherical damping cavities
depending on the cavity volume; f — perforation relative area; n — the number of perforation holes; 1 —
velocity scanning value; u,, — velocity at the boundary layer ceiling.

12
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3%

Fig. 1. Diagram of the damping cavity (a) and the damping surface (b) with two perforations,
hemispherical form: 1 — perforations; 2 — wall; 3 — hemispherical damping cavity

The coefficient was determined using the approximation of the experiment data. The method of
cubic/isometric approximation was used to get the coefficient with minimum error [18]. The empiric
data on the reduced turbulent friction on the surface under the impact of semispherical damping
cavities were used as approximating values [19].

THE RESULTS OF THE RESEARCH OF DISPERSED BOUNDARY LAYER
ON THE SURFACE WITH SEMISPHERICAL DAMPING CAVITIES

To study the exchange processes and conditions of semispherical damping cavities impact the
modelling has been carried out using the two-fluid modified mathematical model of high-speed
dispersed boundary layer.

The experiment conditions: the flat surface in the dispersed flow without the inertial particle
fallout @ = 1; @T = 1; @s = 0. The surface length given was 0.6 m. The semispherical damping
cavities with the volume of 0.575 cm’ , their contact with the flow was via two perforated holes 3=0.8
mm, the relative perforation area on the surface f =0.0012; u =40 m/s; T= 640 K; R =189 J/° kg'K;
the coefficient of particle acrodynamic impact G = 0.5-10°; G = 0.5-10"® (figure 2).

Lg(Cf12) 2,4 Lg(Cf2) -2,4

2,45 < -2,5
2,5 + b .
2,55 “ R —
: -2,8 . n
26 | 29
2,65 + ! 3
A
-2,7 1 o -3,1 A A
2,75 - 1 | I L -3,2 4
0 0,2 0,4 0,6 0,8 1 0 0,2 0,4 0,6 0,8 1
\/L ‘I/L

Fig. 2. Study of the coefficient of friction resistance in the boundary layer of the dispersed flow in the flow of
smooth (a) and damping surface (b): m — aerodynamic coefficient of action of particles G = 0.5-107%;
A — acrodynamic coefficient of action of particles G = 0.5-10"%; ¢ — pure gas flowing smooth surface
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The presence of dispersed phase in the flow significantly increases its resistance, for the
conditions in question, the resistance turbulent friction coefficient has increased by 2.7% at
G=0.5-10"%, and at particle impact G = 0.5-10"° it increased by 9.8%. The impact of semispherical
damping cavities on the boundary layer allows to reduce the turbulent friction significantly. With the
impact of cavities the turbulent friction resistance coefficient is decreased by 3.1% at G =0.5-10"°, and
in case of the particle impact G = 0.5-10 " the decrease reaches 17%.

Also, the research on heat loss of the turbulent dispersed flow for the smooth and damping
surfaces has been carried out (figure 3).

Nu 3000 Ny 3500
2500 ‘ 3000 [
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0 02 04 06 08 1 0 02 04 06 08 1
.\-'L .‘-“fl'

Fig. 3. The study of heat transfer in the boundary layer of a dispersed flow on a smooth (a) and damping (b)
surface: m — aerodynamic coefficient of the impact of particles G = 0.5- 10°*, with a flow around the damping surface;
A — aerodynamic coefficient of the impact of particles G = 0.5-10"%, when flowing around a smooth surface;
¢ — clean gas, when flowing smooth surface

Considering the results, it is worth mentioning that the use of cavities allows to reduce the heat
loss on the surface, thus reducing the heat impact on the surface and the flow heat loss. The decrease
of heat exchange in the dispersed boundary layer with the aerodynamic particle impact coefficient
G =0.5-10"% reaches 24,3%, but in case of the particle impact coefficient increase to G = 0.5- 10°° the
efficiency of the impact is significantly reduced and reaches 13.6%. Such decrease results from the
increase in the boundary layer turbulence due to the aerodynamic impact of the particles.

The damping cavities allow to significantly reduce the resistance and the heat exchange on the
surface, which makes their use appropriate in order to increase the device efficiency.

THE RESULTS ANALYSES AND CONCLUSION

The use of semispherical damping cavities leads to significant decrease in the turbulent transfer
in the boundary layer, which allows to reduce the energy of turbulent vortices and to reduce the
coefficient of turbulent friction Cf/Cf, by 17%. The decrease of heat exchange using cavities for
loosely dusted flows reached Nu/Nuy 24.3%, and for dusty flows the given value reached Nu/Nuy
13.6%. The example of the effective application of semispherical damping cavities is the Patent of the
Russian Federation Nel170277 “the combustion chamber of the gas turbine engine with laminaring
panels” developed to enhance the aviation gas turbine engine efficiency. The outer case of the
combustion chamber implies the laminaring panels with semispherical damping cavities which
facilitate the turbulent transfer in the boundary layer. The mathematical model suggested allows to
forecast the effectiveness of semispherical damping cavities application on the surfaces subjected to
high-speed dispersed flows.
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MATEMATHYECKOE MOJIEJIMPOBAHUE U NCCJIEJOBAHHUE
OBMEHHBIX NPOUECCOB B TUCIIEPCHOM IIOI'PAHUYHOM CJIOE
C YIHPABJIAIOINNUMHU BO3JAEUCTBUAMHN

A.A. Bounapenko', B.H. Koaisnoros’, P.B. <I)ez[0p0132, A.B. Uykann®
'Vivsmosckuii unemumym epasxcoancroii asuayuu umenu Iagno2o mapuiana aguayuu
b.I1. byzaesa», e. Ynvanoseck, Poccus

Vavsnosckuil 20Cy0apCcmeeHHblll MeXHUYeCKUll yHugepcumen,

2. Yavanoesck, Poccus

Pabota BeimonHena npu ¢puHancoBoi noanepxkke Ctunenauu [Ipesunenra PO
o npoekty Ne CI1-2069.2018.1

K 3¢ dexrrBHOMY yIIpaBICHIIO 1 TIPOTHO3MPOBAHUIO OOMEHHBIX TIPOIIECCOB B ITOTPAHIIHOM CIIOE, SBIISTIOIIMXCS KITFOYEBEIMU JUTS
peam3aimy 3 PEKTHBHOTO ¥ HAZIKHOTO 000pyIOBAHIS, IPUBIICYCH 3HAUNTEIBHBIN HHTEPEC UccienoBareneid. MoaenmpoBaHe
OOMEHHBIX TPOIIECCOB, MPOTEKAIOIINX B BBICOKOCKOPOCTHOM AWCIIEPCHOM ITOTPAHHYHOM CIIO€ C BHEIIHWMH BO3JCHCTBHSIMU,
SIBJIICTCSI BECbMa CIIOXKHOHM 3afadeil. MaTemaTHdecKkoe MOIEIMPOBAHHIE MO3BOJIIET pa3padaThIBaTh HAIEKHBIE YCTPOMCTBA U
JIBUTATENH U1 00J1acTel aBUaCTPOCHHS, SHEPTETHUKH, CYIOCTPOCHHS C MUHUMAJIBHBIME H3/Iep)KKaMU Ha MX cozfanue. Hecmotps
Ha WMHTEPEC MHOTOYMCIICHHBIX TPYMII HCCIeNoBaTelied MO BCEMY MHPY M MHOXKECTBO pPabOT, CYIIECTBYIOIIAS TEOPHUs
MOTPaHMYHOTO CJIOSI HECOBEPILEHHA. JTO MOXKET OBITh CBSI3aHO C HECKOJIBKMMH OOCTOSITEIILCTBAMU: BO-TIEPBBIX, pa3paboTaHHast
Teopusi OMHO(A3HBIX TypOYJIEHTHBIX TCUCHUI HECOBEPIICHHA M HA CETOJHSAIIHHIN JCHb COACPKUT MHOXKECTBO 3MITUPUUCCKUX
3aBHCHMOCTEH; BO-BTOPBIX, TypPOYJICHTHBIC TIOTOKH C JIMCIICPCHBIME TPAMECSMHU B BHJIC YAaCTHUIl CUIIBHO OCIIOXKHSIIOT U 0€3 TOro
3aMBICIIOBATYIO KapTHUHY TeueHus. VIHTepec K UCIIePCHBIM ITOTOKAaM OCOOCHHO aKTyaJleH BCIIC/ICTBHE TOTO, YTO MPAKTUIECKU BCE
ra3oIMHAMUYECKAE TEYEHUs COJEpXKaT HEKOTOPYIO KOHLIEHTPALMIO YacTHll, a HMX BO3JICHCTBUE MOXET CIIPOBOLMPOBATH
3HAYHTEIHHBIE M3MEHEHUS CTPYKTYPHI MOTPaHWYHOTO CIIOS W TIOBJHATH Ha MHTEHCHBHOCTH OOMEHHBIX MpOIleccoB. B craThe
MpeIUIOKEeHa ABYXOKHIKOCTHAS MaTeMaTH4ecKash MOJeb, ONMCHIBAIOMIAs IBI)KEHHE BBICOKOCKOPOCTHOTO IHCIIEPCHOTO
MIOTPaHUYHOTO CJIOSl HA TOBEPXHOCTH C TMONYCPEepPUUeCKUMH IeMI(PUPYIOMNMHA TTOJIOCTSIMU. [IprMeHeHne molychepaecKnx
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JeMIT(HUPYIOIIHX MTOJOCTEH MO3BOJISIET CHIKATh TYPOYJICHTHBIH OOMEH B IOIPAaHUYHOM CJIOE, UTO JIA€T BO3MOYKHOCTD YIIPaBJICHUSI
HMHTEHCUBHOCTHIO OOMEHHBIX MPOIIECCOB. Y CTAHOBIIEHA BO3MOXKHOCTB CYIIIECTBEHHOTO CHIDKEHHS TYpOYJIEHTHOTO TeIIooOMeHa 1
TPeHUs B UICIIEPCHOM HOTpaHMIHOM cioe. [IpemioxkeHHbIil cnoco0 BO3NEHCTBHUS Ha TypOYJICHTHBIN IEPEHOC B MOTPAHHIHOM
CJIO€ TIO3BOJIUT YCOBEPILICHCTBOBATH OOOPYIOBAHUE U YCTAHOBKH, B TOM YHMCJIEe Ta30TYPOMHHBIX YCTAHOBOK M ra30TypOMHHBIX
JBUT aTeneﬁ, TNPUMCHACMBIC B Pa3HbIX o6nacmx TMPOMBIIUICHHOCTU Haiein CTpaHbl, TaKUX KaK aBUAaCTPOCHUE, DHCPICTHKA,
CYAOCTPOEHHE.

KunioueBble cioBa: TypOyseHTHBIH NepeHocC, MoaychepruuecKrue IeMI(pHUpyIONHe MOJIOCTH, MaTeMaTHYECKOE MOJICIIMPOBaHHE,
MOTPaHWYHBIN CIIOH, TEIII000MEH.
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The authors consider the problem of optimization of aircraft flight trajectories in air traffic management (ATM) on the basis of
flexible routing technologies which involve the use of satellite navigation systems (SNS). It is shown that in optimizing a trajectory
it is necessary to take into account the accuracy of track holding during the flight which depends on the accuracy of the navigation
system and external flight path disturbances, e.g. wind. For solving the task of optimization the authors propose to use the theory of
graphs. The technique of constructing a dynamic SNS accuracy field and representing it as a graph was developed. It is proposed
that the SNS field be characterized by geometric dilution of precision changing both in space and in time. Based on the theory of
graphs (A-star algorithm) the technique of constructing a trajectory of optimal length with changing the SNS accuracy and external
flight path disturbances is proposed. The criterion of optimization based on minimizing the true track is offered. The cost function
taking into account the track holding accuracy in navigating by SNS and effects of external flight disturbances is justified. The
article presents the results of A-star algorithm application for constructing an optimal flight trajectory under conditions of SNS
accuracy field variation and presence of prohibited zones in the provided airspace.

Key words: GLONASS, the geometrical dilution of precision, optimal trajectory, accuracy field, A-star algorithm, flexible routing.
INTRODUCTION

The development of the global civil aviation is facilitated by the development and implementa-
tion of new technologies aimed at air traffic management system optimization. The present-day idea of
air traffic management supposes that it must provide the efficient use of airspace and its high capacity
for the conditions of highly saturated and intensive traffic at the same time maintaining and enhancing
the flight safety levels. This feature of the ATM system is based on the airspace structure and use op-
timization, which also suppose the aircraft flight trajectory optimization. The optimization aimed at the
trajectory distance shortening may result in savings in flight time, fuel consumption and also in reduc-
tion of environmental impact of aircratft.

The navigation technologies which provide enhanced efficiency of aircraft are the well-proven
Area Navigation with upcoming Flexible routing and Trajectory Based Operations'. The above listed
technologies imply the use of satellite navigation systems GPS and GLONASS as the main means of
precise navigational positioning of the aircraft.

Flexible routing supposes the adequate level of situational awareness for both the flight crew
and the ATCOs on the condition, the air traffic management in the airspace area, and also the recom-
mended flight trajectory. At present, the level of situational awareness is determined, as a rule, by the
meteorological information and forbidden areas in the airspace, and also the degree of coordinates pre-
cision and aircraft motion variables provided by navigation flight instruments (for instance, integrity
control function for the satellite navigation system end user devices, the on-board complex navigation

' Global Air Navigation Plan 2016-2030. International Civil Aviation Organization. Doc.9750-AN/963 [Electronic re-
source]. Montreal, Fifth edition, 2016. URL: www.icao.int. (accessed 16.05.2019).
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systems which meet the ICAO” specifications [1]). These are the key factors for the crew decision
making on the choice of the new trajectory, which will meet the certain conditions and provide the suf-
ficient flight safety level.

However, the existing approach states that trajectory chosen by the crew or recommended by
the ATCO does not take into consideration the possible performance alterations of the particular air-
space, which may affect the trajectory precision. For example, the coordinate precision based on SNS
data in different areas of airspace and at different moments in time may depend on the system geomet-
rical dilution of precision. External flight path disturbances resulting from the wind changes, atmos-
pheric turbulence may also change in time and space. Thus, the trajectory chosen at the entry to the
airspace may not become optimal.

Accordingly, the optimum trajectory optimization solution should consider the changes in air
navigational (provided by the airborne precise position instruments), air and meteorological condi-
tions. So, the trajectory plotting must be based on its maintaining precision forecast within the alliterat-
ing airspace. This breeds the problem of the optimum flight path criterion, which would consider the
forecast of trajectory maintaining precision.

A number of practical studies uses the criterion of minimum distance between the origin and
the terminal point of the trajectory (the minimum length of desired track).at the same time the chosen
trajectory must meet the flight safety conditions (avoid the forbidden areas, adverse weather conditions
and prevent the near-collision risks).

It is worth mentioning that modern technologies of Air Traffic Management, for example, the
area navigation, require the given degree of precision for the length of desired track, which is deter-
mined by the dispersion Dygz of the flight management system total system error TSE?

Drsg= Dyse + Drre + Dppe, (1)

where Dysg — Navigation System Error, Dgrg — Flight Technical Error, Dppg — Path Definition Error.

The optimum path definition — the length of the desired track (LDT) is characterized as Lipp.
Due to the possible deviations from the desired track the aircraft will follow the track made good
(TMG), which is characterized by the length Ltyg. Here Lty = Lipp + ALzsg, where ALzgg is the in-
crement addition to the length of desired path due to deviations.

Let us consider two possible flight trajectory definitions (figure 1): optimal, which features the
minimum desired path length L;pp;, and non-optimal, which is characterized by the length L;pp, >
Ly ppi.

Fig. 1. Desired track for various trajectory holding errors,
here JI3I11 — LDP1; JI3I12 — LDP2; JI®II1 — TMG1; JIDII2 - TMG2

? Performance based navigation guidance Doc.9613-AN/937 4™ edition The International Civil Aviation Organization
Montreal, 2013. Available at: www.icao.int (accessed 16.05.2019).
3 The same source.
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At certain conditions which depend on the trajectory precision (at ALzsg; > ALzse2), the situa-
tion is possible when Lyppy + ALzsg> < Lippr + ALzsg;. Then, the inequation is fair, Lrvc: < LMol
Ltvc2 < Ltvc 1.e. the length TMG when flying on the non-optimal LDP will be less than in case of
flying on the optimal estimated trajectory. Thus, the choice of the new trajectory must depend on the
precision of maintaining one during further flight.

The solution for the problem of flexible routing may be implemented in two stages. The first
one is the optimal trajectory plotting for the given area of the airspace. The second stage supposes fol-
lowing the optimal flight trajectory with minimum deviation from it.

In order to build the optimum flight trajectory artificial intelligence methods and algorithms
may be applied [2]. For instance, paper [3] is focused on the task of plotting flexible approach trajecto-
ries using genetic algorithms. Research works [4, 5] use the methods and algorithms of the graph theory. In
particular, paper [5] studies the algorithm constructed considering the weather conditions, which allows to
decrease the flight time and fuel consumption.

In order to solve the problem of optimum trajectory pilotage, the methods of optimal control
theory are widely used. Here, a variety of optimization criteria are applied. For instance, paper [6]
studies the multicriteria trajectory optimization problem, and paper [8] studies the time-referenced op-
timal trajectory 4 D trajectory.

However, the mentioned above research papers and the others study the trajectory optimization
and control disregarding the problem of trajectory precise maintaining considering the changes of aer-
onavigational situation and air picture within the given airspace area.

Modern and advanced navigation technologies are based on the use of satellite navigation, as
the most precise position finding aid. So, as a pilotage sensor, which determines the navigation system
disperse error value Dysg in the expression (1), the satellite system receiver will be taken.

The satellite navigation system positioning precision depends on the navigation satellite posi-
tion relative to the aircraft and is determined by the geometrical dilution of precision, which changes
both in time and space [1, 9]. Accordingly, the SNS positioning is altered as well, which leads to the
trajectory maintaining precision change. So, the optimum track made good length when SNS is being
used must be plotted considering its forecast maintaining precision in the changing space and time
SNS precision field, featuring the values of the geometrical dilution of precision.

The present paper is aimed at solving the tasks of optimum trajectory plotting using the graph
theory methods (A-star algorithm). The difference from the popular solutions is in the use of the new
optimization criterion — the minimum track made good length, which considers the trajectory maintain-
ing precision. To solve this task it is necessary to establish relation between the track made good
length with the SNS precision field properties in the given airspace area and outer flight path disturb-
ances; to develop the methods of SNS precision field graph presentation; to investigate the algorithm
effectiveness and efficiency in different conditions, including the forbidden airspace areas.

RESEACH METHODS

In the context of aviation traffic system, the airspace and its elements, between which the air-
craft are travelling may be presented as a network of routes. Such networks may be modelled as
graphs, graph nodes connected together in a certain manner allow to plot the optimal flight route be-
tween the point of entry into the airspace area and the point of exit from it [10].The most common
shortest-path algorithms for the graph theory are the Dijkstra algorithm and 4 * (4-star) [4].

Dijkstra algorithm finds the shortest trajectories from the given graph node to all the nodes re-
maining. As this takes place, every node gets its weight, which characterizes the distance to it from the
neighbor node (edge weight). The optimal is the trajectory from the initial node to terminal node for
which the edge weight sum (F(L.pp), where L;pp — desired path length) is minimum.
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The A-star algorithm uses the informed search strategy, thus combining the mathematical and
heuristic approaches. The heuristic approach supposes the use of specific for the problem area
knowledge, which allows to apply the A-star algorithm in the artificial intelligence systems and thus to
reduce the computational costs. For the task of plotting the optimal desired path length the heuristic
approach is based on the fact, that the shortest distance between two points en route in navigation is
the partial orthodromic route.

The A-star algorithm minimizes the cost function F(L;pp) = Gyi; + H;j. Here Gy;; — the cost
function of reaching node (i,j) from the initial graph node (the point of aircraft entry to the airspace),
H;; — the heuristic estimate from node (i,j) to the terminal graph node (the point of leaving the air-
space). For this problem the heuristic estimate of the distance is the length of the partial orthodromic
route.

It is supposed to take into consideration in cost computing the TSE, presenting the function as

F(Lrve) = Goij(1 + K;(TSE)) + H;j, )

where Gy;; — the length of desired path from the terminal node to the graph node (i,)); K; ;(TSE) — coef-

ficient which considers the desired path length extension due to total system error H;; — heuristic esti-

mate of the distance to the node in question to the terminal node (the length of the orthodromic path).
The optimal flight trajectory must meet the condition

e(G)
F(Lf)pt) - Z F(LTMGi,j) — min, (3)

i=1,j=1

where L, — the length of track made good along the optimal trajectory being plotted; e(G) — the num-
ber of graph edges used to plot the trajectory from the initial to the terminal graph node, Frugi; — the
weight of the graph node number (i,)).

The only limitation for optimal trajectory plotting is the possibility of having forbidden areas in
the given airspace area.

Considering the error NSE, FTE and PDE independence, the expression is

KU(TSE) = KU(NSE) + Kl/(FTE) + KU(PDE)

The coefficient value K;;(PDE) depends on the precision of flight path computation from the
flight guidance computer. Thereafter let us suppose that this error is much less than the other compo-
nents of TSE and not consider it any more.

The coefficient value K; j(NSE)is determined by the precision of the airborne navigation system.
When using SNS the aircraft positioning precision will be determined by the SNS airborne receiver
precision. This statement is also fair for using it to correct the coordinates determined by the airborne
reference system, for example the inertial navigation system. Here, the precision of the SNS receiver is
determined by the error in the pseudo distance measuring to satellites and the value of the position di-
lution of precision in the point of observation.

The value of coefficient K;;(FTE) depends on the aircraft acrodynamic performance and its
weight, and also the airway conditions (wind, atmospheric turbulence etc).

Let us suppose that the desired flight path length increment due to navigational system error
may be approximated to

d

E ALy (8) = =0l yspALyge (1) + O g \ 20 s Wiise (1), ALnyse(to) = 0, 4
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where aysz — constant time error correlation; oysg — standard uncertainty; wysg — forming white Gaussi-
an noise with zero mathematical expectations and one intensity.

Moreover, the desired flight path increment at SNS navigation is the product oysg = PDOPop,
where oy — standard uncertainty of pseudo distance measuring to satellites.

According to the data obtained from the real-time monitoring of 16.05.2019, from the website
of Russian system of differential correction and monitoring’ the maximum pseudo distance measuring
error to GLONASS satellites in the point of observation was 15.74 m. Considering the possible
anomalies in the receiver operation and its installation on a highly dynamic object, let us assume the
value oz = 50 m.

As the typical value for the constant time error correlation of the SNS receiver let us choose
anse = 0.01 Hz, supposing that using the measurement antialiasing procedures the outgoing error of
SNS receiver is a sufficiently narrow-band (slow moving) process.

To find the value X; j(NSE) empirically, the Monte-Carlo method was applied. As a result it
was determined that at the chosen initial data the values of K;;(NSE)lie within the range
0.001-0.025 with PDOP ranging from 1 to 6.5. At aysg = 0.1 Hz and PDOP changing from 1 to
6.5 values K;;(NSE) are within the range 0.03—0.17.Thus, the error fluctuation spectrum spreading
at SNS receiver output leads to track made good length increment, which proves the adequacy of
the model used.

To find the value of it is possible to use the well-known model of controlled flight at external
trajectorial effects [11]

%ALFTE @) =AW (1), ALFTE (to) =0,
iAW(t)=a(z), AW (1,)=0,

dt 5)
%a(t):—S-a(t)—B-AW(t)+1/260i ‘n,(t), a(ty) =0,

d
EWO(t):Q Wo(to):Woo»

where ALprp(f) — desired flight path length increment due to trajectorial distortions; AW(f) and
a(t) — vector projection of aircraft on desired path ground speed and acceleration fluctuations;
0 and B — coefficients characterizing the spectral density of accidental changes in acceleration due

to external effects, object type and the terms of motion; Gi — acceleration fluctuation dispersion;
n.(t) — forming white Gaussian noise with the zero mathematical expectations and one intensity;
W, — rated speed.

Coefficients &, p and parameter 6> may be calculated as 5 = b + v, p = bv, 62 =v’hc> /3,
b="V/L, V, where b = V/L, V — aircraft air speed, L = 200...1000 m atmospheric turbulence scale,
v=0.1...0.01 ¢ ' parameter, dependent on the aircraft type and flight conditions, 6, = 0.4...2.7 m/s wind
speed fluctuations standard uncertainty.

Using the Monte-Carlo method it was found that at typical values & = 0.34 Hz, = 0.0044 s,
6, = 0.1-0.5 m/s” the coefficient K;;(FTE) values are within the range 0.003-0.01.

* Russian system of differentional correction and monitoring. Available at: http://www.sdem.ru (accessed 16.05.2019).

23



Hayunblii Becruuk MI'TY T'A Tom 22, Ne 05, 2019
Civil Aviation High Technologies Vol. 22, No. 05, 2019

The particularity of the task of plotting the optimal track made good length is that during the
flight with many factors acting the errors NSE and FTE may alter. This effect is supposed to be con-
sidered while forming the weights for graph nodes in accordance with expression (2).

Let us consider the method of graph forming for the case when the node weights are deter-
mined only with NSE. For this purpose, we need to build the precision field GLONASS in the given
airspace area considering the forecast of its alterations during the flight.

The GLONASS precision field characteristic feature is going to be the airspace distribution of
PDOP points. The aggregate of points where PDOP value is the same or within the given limits will
allow to build the precision field standard uncertainty as the domains of common values PDOP [10].
The precision field forecast for any moment of time and any point of airspace is possible, as PDOP is a
changing, yet determined characteristics of standard uncertainty precision. At this being stated, PDOP
depends on the current position of the aircraft and NS constellation, which may be computed for any
moment of time at any point of airspace using the data from SNS almanac.

SOFTWARE IMPLEMENTATION

To carry out the research in the graphical programming environment software complex was de-
veloped by LabVIEW?9 (figure 2). Its structure is determined by the following special aspects:

o the trajectory optimization task is solved in the geodetic system of coordinates (latitude B,
longitude L, height H over the terrestrial ellipsoid surface);

 the motion of NS on the orbits is given in the earth-fixed geocentric system OXYZ;

e to build a graph, the points of the airspace, where PDOP can be determined are projected us-
ing the Gauss-Kruger projection onto the surface plane. At the same time the equality of dis-
tances between the neighbor graph nodes is provided.

KoopauHaTe! HayankHoi W KOHEYHON TOYEK TPAeKTOPUM, FPAHML 3aNPETHLIX 30H

¥

KoopauHate! rpanuy 30Hbi Bl I'(x y y )
> 1 » 2 7

BMp Sipemepuan: HC rB,.L) Bomp rLorp

’ . X POOP [

Track

o 5
Y Zi

KoopauHare! BeplumH rpada, NpUHagnexalux onTUMankHO# TpaekTopum

Fig. 2. Flow chart of the software complex

The software complex comprises: BIIp — the virtual device, which provides the user-friendly
interface, 1— the module of graph node formation on the surface I'(x, y), 2 — the module of graph ge-
odetic coupling I' (B, L) to the geodetic coordinate system; 3 — the module of GLONASS almanac
transformation; 4 — the module of orbital motion computation; 5 — the module of computation of
PDOP values at the graph nodes; 6 — the module of trajectory plotting; 7 — the module of initial and
terminal condition computation for the plotted trajectory; 8 — the module of optimal trajectory
choice; KoopanHaTel HayanbHON ¥ KOHEYHOW TOYEK TPACKTOPHH, TPAHUI] 3aIIPETHHIX 30H — coordi-
nates of initial and terminal poins of the trajectory, forbidden area boundaries; Koopaunatsl rpaHuig
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30Hbl BII — airspace area boundary coordinates; Ddemepunst HC — NS ephemeris; KoopaunaTst
BepIIMH Tpada, MpUHAIISKAIUX oNTUMaIbHON Tpaektopun — Coordinates of graph nodes which
belong to the optimal trajectory.

Module 1 forms the coordinate grid (graph node) Gauss-Kruger projection in the airspace with
a fixed pitch. The value PDOP is calculated at the graph nodes. Module 2 is intended to be used for
graph node coupling to the Earth surface considering its curvature.

Module 3 transforms data assets input onto the virtual device from the GLONASS almanac
(ephemeris) as vectors Lam — longitude of ascending node; dI — orbit inclination angle correction; W —
perigee argument; & — ellipticity; dT — a correction to average satellite nodical period; dTT — orbit
time rate; Tw — time of passing the first node) each containing 24 elements (the number of NS in the
orbit group). The ephemerid data in such a way are convenient for further transformations in the program
module.

Module 4 forms three vectors (X;, Y;, Z;) which contain the corresponding coordinates of NS in
the rectangular geodetic coordinate system for the moment i. Module 5 determines NS in sight, and
computes PDOP values at the graph nodes (forms the weighed graph). Module 6 finds the optimal
track in a weighed graph considering the forbidden airspace area limits.

Module 7 sets the airspace area dimensions, the position and the size of forbidden areas within
the airspace and also the trajectory parameters (speed, height, heading).

Using the virtual device, the GLONASS almanac is uploaded from the website’ the aircraft
travel parameters are given, the airspace area boundaries are introduced, and trajectory limitations are
shown. The virtual device faceplate displays the data out (optimal trajectory, estimated track made good
length etc.).

THE EXPERIMENT RESULTS

The trajectory optimization may be implemented in a static (built for a certain moment of time)
precision field GLONASS. However, the experiment results [10] show that the structure and the value
of PDOP for static precision fields at different moments of time varies.

Thus, the trajectory, which is optimal in the static field may be non-optimal due to its altera-
tions en route. In these conditions only the computation of dynamic field will allow to obtain infor-
mation on the actual precision of GLONASS en route coupled to the time, and to plot the optimal
4 D trajectory.

The dynamic field is built based upon the forecast values of PDOP along the plotted trajectory
for the estimated moments of time when the aircraft is en route.

Figure 3, shows the dynamic field built on the estimated PDOP values at the moments of time
the aircraft travels along the given route. The field areas correspond to the different ranges of PDOP
changes within their boundaries. Basing on the GLONASS dynamic field of precision obtained the
graph is being built (figure 3 b) the nodes of which have weights, dependent on PDOP values distribu-
tion in time and within the airspace area chosen.

* Information and analysis center for positioning, navigation and timing. Available at: https://www.glonass-iac.ru/ (ac-
cessed 16.05.2019).
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Fig. 3. The representation of the GLONASS field of precision as a graph,
here IIupora, rpang — Latitude, degrees; donrora, rpag — Longitude, degrees

The results of the experiments have shown that the dynamic precision field is less homogenous,
than the static one, besides, the range of possible PDOP value variants is wider compared to the static
field.

To solve the task of optimal trajectory plotting the A-star algorithm was applied. At the same
time its effectiveness and efficiency in different conditions, characterizing the airspace (forbidden are-
as if any) and GLONASS precision field (minor or major PDOP alterations) were subjects to survey.

As the results obtained from modelling have shown, at rather precise GLONASS field and its
minor variations (PDOP < 2.0) the optimal trajectory gets in line with the orthodromic path. At the
same time the length of the track made good may change within 2-3% depending on the mean value
PDOP,, during the flight en route. By choosing the time of joining the airway to meet the minimum
PDOP,,, it is possible to achieve the reduced track made good length.

Figure 4 shows the optimal routes plotted in significantly non-homogeneous precision field
(PDOP = 1.1...6). The routes are plotted for two different moments of aircraft entry to the initial point
of the route (P.A).
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Fig. 4. Optimal routes with significant variations PDOP
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The results obtained show that in case of minor sizes of PDOP “bad” values the optimal route
may be in a line with the orthodromic path (figure 4 b). In this example the orthodromic track made

Civil Aviation High Technologies

good is 1416103 km, and the optimal trajectory is 1399.5, which is almost 17 km (1.2) less.

Let us view the problem of optimal trajectory plotting for the case of forbidden areas in the air-
space. Figure 5 a and b show the routes, plotted in the GLONASS precision field at minor alterations
in PDOP values (1.2 < PDOP < 1.9), and at minor range of variations (1.3 < PDOP < 10) (figure 6 a

and b) at different configuration of forbidden areas.
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Fig. 5. Optimal routes in the presence of restricted areas and minor variations of PDOP

The research carried out has shown that the result of trajectory optimization depends both on
the GLONASS precision field, and also on the size and configuration of forbidden areas in the airspace
area in question.

@1,6 15 2 1,7 1,748 1,8 1,7 18
1.,2 16 2 16 1,7 1848 48 1,7 16
18, 2 2 1617 1,848 1,716 14
*‘ 2 1,7 Q1848 1,7 1,6 1.4
2 17* @@18@161513
1,8 18 18 181817@141413
18 18 148 187 @ 1.3 1.3 12
1,8 1,8 1,7 1,7 16 1,621,4,13 15 19
1,7 1,7 141414 14 14 12818 2

14 14 14 14 12 12 13 1.3 1,9

a

A2 0200Q0ROE
2 29‘2:2‘2 XXX
DO®2 2202 2@
D 2 2 2@2‘2‘2 19 2
2 € 662921,92
D @ 19 2@ 19 2 2
191921919@@ %2 2
1,7 48 18 48 1,7 2 1,7 13 2‘1;5

7Y X 1KY X X &
1,5 1515 15 1515 1515 1,

o W

b

Fig. 6. Optimal routes in the presence of restricted areas and significant variations of PDOP

Figure 7 shows the trajectories of aircraft flight for two cases: the heuristic forbidden area

avoiding trajectory (Trajectory 1) and the optimal trajectory (Trajectory 2).

The results obtained from modelling show that the track made good at optimal trajectory is

1392.9 km, and heuristic trajectory — 1451.3 km, which is almost 58 km (4%) longer, than the optimal

trajectory flight.
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Fig. 7. Optimal and heuristic flight paths,
here Tpaexropust 1 — Trajectory 1; Tpaekropus 2 — Trajectory 2

CONCLUSION

The results obtained prove the effectiveness of the graph algorithms application for plotting the
optimal track made good at different characteristics of the GLONASS dynamic precision field with the
forbidden areas.

The suggested new approach to the optimal trajectory plotting allows to consider the precision
of trajectory maintaining using GLONASS to navigate, and also the presence of forbidden areas in the
airspace area given. This may be applied at preliminary flight planning and during the flight itself hav-
ing the software installed onto the airborne computer. The optimal trajectory data available will im-
prove the situational awareness at optimal routing decision making in conditions of changing airspace
situation and the navigational instrument precision.

If the suggested criterion of optimal trajectory choice is being applied, the reduced track made
good is provided. In addition, the track made good length saved depends on the GLONASS precision
field properties and is rather significant for long -haul flights. For instance, for a route which covers
5000 km, the track made good length is reduced by 60 km, which equals to a time saving of 5 minutes.
Even insufficient flight time saving in the circumstances of air traffic of high intensity will provide the
airlines with significant economy levels.
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AJITOPUTMBI OIITUMU3BAILIMA TPAEKTOPUM BO3AYIIIHBIX CYJIOB
MPU T'UBKON MAPIIPYTU3ALIUA

O.H. CKprHHI/IKI, E.E. Heuaes’, H.T.. Apeq)beBal, P.O. Apeq)beB1

' Hprymexuii unuan Mockosckozo 20cy0apemeenno2o mexHuuecko2o yHueepcumema
epaxcoanckou asuayuu, 2. Upxymcek, Poccus

’Mockosckuil 20Cy0apCmeeHHblll MeXHUYeCKUll YHUugepcumem

epasxcoanckou asuayuu, e. Mockea, Poccus

Pabota Bemonnena nmpu matepuanbHoi noanepxkke PODU (rpant Ne 19-08-00010)
Paccmotpena 3a1a4a ONTUMI3AIMN TPASKTOPHI 1OJI€Ta BO3AYIITHBIX CY/I0B IIPH OPTaHU3AIMN BO3IYIITHOTO JBIDKEHUS HA OCHOBE

TEXHOJIOTMA THUOKOW MapIIpyTH3alH, MpPEIIoaraloiiX HCIIOJIb30BaHNE CITyTHHKOBBIX HaBHTarmoHHBIX cucteM (CHC).
I[MokazaHo, 4TO MPH ONITUMHU3AIMH TPACKTOPHUH HEOOXOAUMO YUHTHIBATH TOYHOCTh €€ BBIIEPIKMBAHHS B IIPOLECCE TI0JIETa, KOTopast
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3aBHCHUT OT TOYHOCTH HaBHMTAIIMOHHOW CHCTEMbI M BHELIHHX TPASKTOPHBIX BO3MYIIEHHI, HarpuMmep Berpa. [ljist petenus 3a1aun
OINTUMH3AIIMK TIPE/UIOKEHO KCIIOJIB30BaTh METOAbI Teopru rpadoB. Pazpaborana MeTojuKa MOCTPOCHHUSI ANHAMUYHOTO TIOJIS
toudocti CHC u ero npencrasnenus B Bune rpada. [pemnoxeno moine CHC xapakTepr30BaTh 3HAYSHUSIMH T€OMETPHIECKOTO
(hakTOpa, U3MEHSIOIIETOCS KaK B MPOCTPAHCTBE, TaK U BO BpeMeHu. Ha ocHoBe Teopru rpadoB (aroput™ A-star) IpeajiokeHa
METOIMKA TTOCTPOEHHS ONTUMAIBHOM 110 MPOTSDKEHHOCTH TPaeKTopuu Npu m3MeHeHnH TouHocT CHC 1 BHEIIHNX TPaeKTOPHBIX
BO3)1€I710TBHHX. Hpezmomeﬂ KpI/ITepI/lﬁ OIITUMM3AalUU, OCHOBaHHBIA Ha MUHHMMU3AUN JJIMHbI JIMHUKU (baKTl/I'-IeCKOF 0 IIyTH.
O0ocHOBaHa ()YHKIUSI CTOMMOCTH, YYUTHIBAIOIIAs TOYHOCTh BBIICPKUBaHMS Tpackropuu npu Hapuraiwy mo CHC u piusHME
BHCIIIHUX TPACKTOPHBIX BO3MyIIeHHH. [IpencraBieHBl pe3yNbTarThl TMPUMEHEHHS aropuT™Ma A-star U1 TOCTPOCHUS
ONTHMATHHBIX TPACKTOPHH IOJIeTa B YCIOBHAX Bapuarwid moyst TouHocTH CHC 1 Hamuus 3anpeTHBIX 30H B MPEIOCTABIIEMOM
30HE BO3/YIIHOTO MPOCTPAHCTBA.

Karouessie ciaoBa: [JIOHACC, reomerprudeckuii (pakTop, ONTUMANBHAS TPACKTOPHS, TIOJIe TOYHOCTH, AITOPUTM A-star, THOKast
MapIIPYTH3aLHS.
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AHAJIN3 DY®PEKTUBHOCTHU NPOT'PAMMBI COBMECTHOM
TPEHAKEPHOU MOATI'OTOBKU ABUAJUCIIETYEPOB U ITMJIOTOB

A.H. CTEITHOBA', C.M. CTEITAHOB', B.B. BOPCOEBA?, B.A. BOPCOEB’
'Vibanosckuii uncmumym epasicoanckoii asuayuu
umenu I nasnoco mapwana asuayuu b.11. byeaesa, 2. Ynvanoseck, Poccus
24suaxomnanus «Poccusy, e. Mockea, Poccus
3HHcmumym asponasuzayuu, 2. Mockea, Poccus

TpeHnaxxepHass TOATOTOBKAa KypCaHTOB-aBUAJMUCIIETUEPOB M KYpPCAHTOB-MIMJIOTOB SIBISIETCS HEOTHEMJIEMOM YacThbiO
MOATOTOBKHM, KOTOpAst TI03BOJISIET C(hOPMHUPOBATH HABBIKK OBICTPOTO ¥ IPABUIBHOIO NPHHATHS PEILCHUH B Pa3IMYHOIO BHAA
curyanusx. J{ins aBuajucrieTdepa 3TO YIpaKHEHHs HA PEIICHUE KOH(UIMKTHBIX CUTYalldil C BO3AYIIHBIMU CYIaMHU B 30HE
CBOCH OTBETCTBEHHOCTH, PCIICHHE 3aJad B IITATHBIX YCIOBHAX IIOJETa, B YCIOBUSIX HAJIW4HMS HEOIarOnpHUsTHBIX
aTMOC(EepHBIX YCIOBUI U B YCIOBUSX HAIMYHAS OCOOBIX CIy4aeB B mojere. J[Js MIJIOTOB 3a/iadya CBOAUTCS K OBICTpOMY
MIPUHSATHIO PEIICHUH M0 YIPABICHUIO BO3AYIIHBIM CyTHOM B INTATHBIX YCIIOBHSX TOJIETA, HEOIATOMPHUATHBIX aTMOCHEPHBIX
YCIIOBHSX M OCOOBIX CiTydasx B mojere. Kak m3BecTHO, paboTa aBHaIUCIIETIEPOB COIpPsDKEHA ¢ pabOTON MHIIIOTOB, OJHAKO
MOJrOTOBKA B YYEOHBIX 3aBEICHUSIX MPOXOAUT MO OTAEITBHOCTH, B pe3yibTaTre 00pa3yloTcs MpoOensl B 3HAHUH CHEHU(DHKH
paboThl CMEXKHOM CHEeNUATLHOCTH, YTO TPUBOIUT K TMOSBICHUIO OMMOOK. ONTUMH3amus 00pa3oBaTENbHOTO TMporecca
SIBJIIETCS. HA CETOAHSAIIHUN ACHb aKTyalbHOU 3anaueil. [IporpaMma COBMECTHOM TpEHaXEPHOW IOATOTOBKU MOXKET BBICTYIIATh
KaK MHCTPYMEHT ONTHMH3alMy. JTa MporpamMMa MO3BOJISIET COBMECTHO OTPadOTaTh HABBIKK OBICTPOTO HPHHSATHUS PEILCHUH,
HarjsiIHO ITIO3HAKOMUTHCA CO cneun(l)m(oﬁ pa6OTI)I CMEXXHOM CIICIIUAJIBHOCTH, YTO IIO3BOJIMT CO3[aTh IOJIHYIO KapTHUHY
BO3IYIIHOH oOcranoBku. [lom mporpamMmol COBMECTHOM TpEHa)KEPHOW IIOArOTOBKU IIO/Pa3yMEBaeTCsl COBMECTHBIN
OIIEPAIIOHHO-JIOTUYCCKII TPEeHaXep, OOBCIMHSIOMMUI B ceOe JBa TpeHaxkepa. Jnms amcnerdepa 3TO OTHCHbHAs 30HA
BO3JIYIITHOTO MPOCTPAHCTBA B BUJIC CEKTOPA, JUIS MIJIOTA ATO KabWHa SKumnaxa. Takum o0pa3oM, pelieHre 3a/1a4 MPOUCXOIUT
MOCJICAOBATENFHO OT TUCIIETYepa K MIIOTY U HA000POT, IPUYEM JIHCIIETYS) UMEET BOZMOKHOCTh HAOIIOAATh 32 AITOPUTMOM
JIECTBUIM MUJIOTA, & MUJIOT 3@ AITOPUTMOM JIEHCTBUI IUCIIETYEpA.

KnoueBble coBa: onTuMmum3ais, TPEHa)XKEpHas MOArOTOBKA, NMPOTpaMMa COBMECTHOHM ITOATOTOBKHM, YEIOBEUYECKUH (hakTop,
aBHUAJHCIIETYED, IIWIIOT.

BBEJEHUE

TpenaxepHasi MOATOTOBKA UIPAET 3HAUYUTENIBHYIO POJIb B MIOJrOTOBKE aBUAJUCIETUEPOB U IHU-
JIOTOB TPaKJAaHCKOM aBUAIMK. B aBHAIIMOHHBIX y4EOHBIX 3aBelICHHUSIX TPEHaXKepHas MOJrOTOBKA Mpo-
UCXOJUT IO YTBEPXKJICHHOMY ILIaHy, ¢ IPUMEHEHUEM UMEIOIUXCA TEXHUUECKUX cpeacTB. Mimeetcs B
BUJy KOMIIJIEKC aBTOMATU3UPOBAHHBIX CPEJCTB MOATOTOBKU AUCIIETYEPCKOIO COCTaBA U KOMILJIEKCHBIE
TPEHaXXEepbl PA3JINYHBIX TUIIOB CaMOJIETOB. Takue TpeHaxKepbl UMEIOT OOJBIION PsIJl JOCTOMHCTB, O-
HUM M3 KOTOPBIX SIBJISIETCS HArJISAHOE YCBOCHHE TEOPETUYECKOro MaTepuana. B Hamewm ciyyae Oyaem
TPOBONTH OLEHKY TPEHAKEPA, LIe]lh KOTOPOrO YCBOCHHE MaTepHala B JBYCTOPOHHEM IMOPSIIKE .

Lenb TpeHaxepa — ObICTpOe M 0€30MNO0YHOE BBIMOIHEHHE OTAEIBHBIX ONepalfii KypcaHTOM-
aBUAIMCIIETYEPOM U KypCaHTOM-TIIIIOTOM [1]. MoryT ObITh OAOOpaHbI ONIEPAIMK PA3IMYHOTO BUA,
OT OOBIYHBIX MYJIBTOBBIX JI0 CJIOXHBIX, CBSI3aHHBIX C PEIIEHUEM HECTaHJapTHBIX 331au:

1) opueHTaMs B pacloioKEHUH KHOIOK Ha MPUOOPHON MaHEeI BO3AYIIHOIO Cy/IHa;

2) anroput™ paboThI C MPEICTaBICHHON TPYIIIONH KHOIIOK;

3) NoOpsI0OK CUMTHIBAaHUS MOKa3aHUH MPUOOPOB, MHAUKATOPOB WM 3BYKOBBIX CUTHAJIM3ALIUMN;

4) neiicTBUS MO BBOJY HEOOXOAUMBIX TaHHBIX HA HHIUKATOPHI;

' PykoBOJCTBO 110 0GYUEHHIO B 06IACTH uenoBedeckoro pakropa. Doc 9683-AN/950 / UKAO. 1998,
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5) mopsaoK ACHCTBUI MUJIOTA MPHU MOCTYIJICHUN OTAEIBHBIX KOMaH/ OT JHcreTdepa (M3MeHe-
HUE DIIEeJIOHA TOJIeTa B CBSI3U C HAJMYMEM KOH(MIUKTHOTO JBHXKEHUS, U3MEHEHHE Kypca ClIeZJOBaHUS
JUISL TOCTHKEHUSI OUYE€PENHOCTH 3aX0/a Ha MOCAIKy WM YBEIUYEHUS UHTEpBaJla ¢ APYTUM BO3IYIIHBIM
CYyTHOM);

6) opHeHTalMs AUCTeTYepa B 30HE OTBETCTBEHHOCTH;

7) IOPSAIOK PacCCTAaHOBKH MPUOPUTETOB IPU YNPABICHUH OOJBIINM KOJMYECTBOM BO3IYIIHBIX
CYJIOB;

8) Jorvka pacro3HaBaHUs TEHICHIIMH 3apOKIeHUSI KOHQIUKTHON CUTYaluy;

9) nopsiioK AEUCTBUI Iucmerdepa MpHU MOTYYESHUH OMNpeesIeHHON MH(pOpPMaluu OT MHUJIoTa
BO3JYIIHOTO CyJHa (00X0J OMAacHBIX METEOPOJIOTMYECKUX SIBICHUN, aBapUIHON cUTyaluu Ha OopTy,
HaJIn4re OOJILHOTO MacCcaKupa Ha OOPTY BO3IYIIHOTO CyHA, HAMAJeHUE Ha SKUTIAX).

[Ipu nmpoekTHpOBaHUHU TPEHAXKEPa HEOOXOAMMO TPOU3BOAMUTH MOAO0P U Pa3pabOTKy Omeparui
OTJENIBHO JJIsl aBUAJMCIIETUepa M OTACNBHO Ui mwioTa. /i ONTHMM3alKdu COBMECTHOW pabOTHI
aBUAJMCIIETYEpa U MIJIOTA JOJKEH ObITh chOPMHPOBAH KOMILIEKC 33a]1a4 Ha COBMECTHOE U IOCIE0-
BaTEeJIbHOE PELICHME MTOCTABJIEHHBIX 3a7ad. B 3ToM cilydae enaeTcsl aklleHT Ha yBEJIMYEHUE KoJInde-
CTBa BPEMEHH Ha pelIeHHEe 3a7aul 3a CUET MOSIBICHUS OIIHMOOK y BTOPOTO YelloBeKa-orepaTopa, oTpa-
0aThIBAIOIIETO COBMECTHOE YIPaKHEHHE.

Pa3paboTka 3amaHuil JOKHA TPOBOAUTHCA TIATEIbHBIM 00pa3oM, IyTEM aHajIn3a METOoAuYe-
CKOT'0 MaTepHaja — pyKOBOJCTB JETHOM 3KCILTyaTalluy, y4eOHO-METOINYECKUX OCOOUH MO IKCIITya-
TallMy BO3AYIIHOIO TPAHCIIOPTA, YIPABICHUIO BO3IYIIHBIM JIBKEHHEM, a TaKKEe pEeKOMEHAAUN Mu-
JIOTOB-UHCTPYKTOPOB U JUCHETYEPOB-UHCTPYKTOPOB B PABHOM CTEMEHU — KaK MOAOOP U COCTAaBICHHE
3amanuii [2, 3]. Takoi BUJ 3a7a4 Ha peaIbHOM TPEHaKepe BHIHOCHTCS Ha ATall OOy4eHHS Mepe] Tpe-
Ha)KEpHOM MOATOTOBKOM C MOCIEAyIOUIe MMHUMHU3anuen ee o Bpemenu [4]. CienoBarenbHo, B pe-
3yJbTaTe MBI MOJTy4aeM TpeOyemMoe BHICBOOOKIEHUE TOPOTOCTOSALIETO TPEHAXKEPHOTO BPEMEHHU.

BaxHBIM U CyIIECTBEHHBIM JOCTOMHCTBOM IPH pa3paboTKe TpeHaXKepa SBISETCS OTCYTCTBUE
HEOOXOAMMOCTH B pa3paboOTKe CIOKHBIX Mojenel [4]. Takne Momenu Hy»KHBI JUIsl HArJISAHOW UMHUTA-
UM pabOoThI CIOKHOTO 00OPYJOBaHUS, OOPTOBBIX CHCTEM BO3IYIIHOT'O CyJHA, a TAK)KE aBTOMATHU3H-
POBAHHBIX CHUCTEM YIPABIICHUS BO3AYLIHBIM JABIKEHHEM, UTO TpeOyeTcs il pa3paboTKu Mporpamm-
HOTo 00ecTeyeHHs KOMIUIEKCHOT'O WM MPOLIEYPHOTo TpeHaxepa [5, 6]. B Hamem ciaydyae umMuTanus B
MIPEJICTaBJICHHOM TpeHaxkepe Tpelyercs B oObeMe, JOCTATOYHOM JUIsl HArJsAHOro rpauuecKkoro
NPEJCTAaBICHNUS OJHOW WJIM TPYIIIBI ONEpaluii B COOTBETCTBHU C ONEPAMOHHO-IOTUYECKONH HE0OXO0-
JUMOCTBIO M JIOCTaTOYHOCTBIO. B 3TOM 3akirodaercsi 3HaYUTENbHAs OCOOCHHOCTh IKOHOMHUYECKOTO
acIeKTa, OCKOJIbKY Ha pa3paboTKy, HCIIOJIb30BaHHE U 00CITYy)KMBaHUE TAKOTO TPEHAXKepa MPUXOIATCS
HE3HAYUTENbHBIE 3aTPAThl, B PE3yJIbTaTe YET0 Mbl UMEEM 3HAYUTENbHBIM BHIUTPHIII B YACTH HCIIOIb30-
BaHUs JOPOTOCTOSIIETO TPEHAKEPHOI'O BPEMEHH.

METOIUKA UCCJEJTOBAHUI

[Ipu BkIrOUEHUM yNpa)KHEHUH Ha MOHUTOPE MPEJCTABICHO ABE KapTUHKHU. O/1HA OTpa)kaeT Ka-
OMHYy BBIOPAaHHOTO THIIA BO3AYIIHOIO Cy/HA, a Jpyras CEKTOp OTBETCTBEHHOCTH IUCIETYEpA, OCY-
IIECTBIISAIONIEr0 HENOCPEACTBEHHOE YIIPABJICHUE BO3AYLIHBIM JBUKCHHUEM.

Jlo 3arpy3ku ynpakHEHHS I0JIb30BaTENsIM MpeJiaraeTcss BbIOpaTh TUIl BO3YIIHOIO CyJIHA
WIM TEepedTH K HarjsJHOMY TEOPETHYECKOMY OCBOEHHIO MaTepuaia M0 JaHHOMY YIPaKHEHHIO.
Kommiieke TeopeTrnueckoro Marepuasia MoxXeT ObITh C()OPMUPOBAH B COOTBETCTBHUH C MPEIJIOKEH-
HBIM KOMIUIEKCOM 3a/1ay, KOTOpble HEOOXOAMMO PELIUTh B TOM HJIM MHOM YIIpaXHEeHUH. MaTepuan
BO3MOXXHO TaK)K€ pa3/leJIUTh MO CIEIUATbHOCTAM 00y4YyaeMbIX, YTO MO3BOJIMT CKOHIIEHTPUPOBAThH
BHUMaHHME KYpCAaHTOB-aBUAJUCIETYEPOB U KypCAaHTOB-MMJIOTOB Ha MHTEPECYIOUIMEe MOMEHTHI. Tak
MUJIOT U aBUAJUCIIETUEP CMOTYT HarjasiJHO U3YUUTh NPEIACTABICHHBIA MaTEepUaj M0 CBOEH U CMEX-
HOM crenalbHOCTH.
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XapakTep U CII0)KHOCTh YIPaKHEHUN MOTYT OBITh pPa3HBIMHU, OJHAKO OHH O0SI3aTEIILHO JTOJIXK-
HBI IMETh OTIPEICNICHHYIO HAallPaBICHHOCTb:

1) moneT B mTAaTHBIX U OECKOH(IUKTHBIX YCIOBUSX;

2) MOJET C HATMYUEM HeOIaronpusITHBIX aTMOC(HEPHBIX YCIIOBHIA;

3) monet ¢ HanU4YHEeM O0COOBIX CITy4yaeB B MOJIETE.

TeopeTHuecKas 4acTh MPEACTABISIET OO0 HAGOP MAaTEPHAIa 10 KOHKPETHBIM YIIPAKHEHHSM :

1) ans mosiera B MITATHBIX U OSCKOH(IMKTHBIX YCIOBHSIX — HOPMBI DIIETIOHUPOBAHUS, CTPYK-
Typa BO3AYILIHOTO MPOCTPAHCTBA, BUJIbI KOH(MIMKTOB, MOPSAIOK pa3BeleHus, (ppazeonorus paanooo-
MEHa;

2) g mojeTa ¢ HaIU4YUeM HeOIaronpusITHBIX aTMOC(hEpPHBIX yCIOBUI — BUABI ONACHBIX Me-
Teopojoruyeckux sipieHuit (OMSI), mopsaok AeHCTBHM ’KuMaxka W nucnerdepa mnpu ooxome OMS,
(dbpazeonorust paanooOMeHa;

3) ans moJeTa ¢ HATMYKMEM OCOOBIX CIy4yaeB TOJETa — BUJBI aBApUWHBIX CUTyalluii Ha OOpTY,
MOPSIIOK IEWCTBHM MIJIOTA, TUCTIeTYepa, ¢ppaseosiorus paauooomena [7, 8].

[Tocnie u3ydeHHsI TEOPETUIECKOTO MaTepuaia KypcaHTaM-aBUaUCTIeTYepaM U KypCaHTaM-ITH1-
JI0TaM TPEJOCTaBISETCSl BOZMOXKHOCTh MEPEHTH K TECTOBOMY yIpakHeHuto. Ilpu 3Tom Bceraa ecTh
BO3MO>XHOCTH TIOCIIE BBITIOJTHEHUS YIIPAXKHEHUS WK B MPOIIECCE MPOXOKICHUS YIIPAKHEHUS BEPHY Th-
Csl K U3YyUEHHUIO TEOPETHYECKOT0 MaTepHualia, YTo MO3BOJIIET MUHUMH3UPOBATH BO3MOKHOCTD IOSIBIIE-
HUS IPOOETIOB B U3YYEHUH.

Ecnu roBOpUTh 0 CTPYKType BO3AYLIHOTO MPOCTPAHCTBA, TO OHO MMEET ONpEEICHHbIE 3aKO0-
HOMEPHOCTH M OCOOCHHOCTH B TOM WJIM MHOM LIEHTpE 10 a3pPOHABUTAIIMOHHOMY OOCITY>KHBaHUIO, I10-
ATOMY HM3yY€HHUE TAKOro IJIaHa HEeOOXOIMMO NMPOU3BOJAUTH HA aBHALIMOHHBIX MPEANPUATHUSAX, MOCIE
HETOCPEJICTBEHHOTO TPYI0YCTPOIiCTBA.

[Ipn oTpaboTKe COBMECTHOTO YIPa)KHEHUSI BO3MOXKHO MPOBEJEHUE MPEABAPUTEIBHOIO OpH-
¢uHra UIs1 KypCaHTOB-NMIOTOB U KYPCAHTOB-AMCIIETYEPOB, B MPOLIECCE KOTOPOTO MPOXOAMUT O3HA-
KOMJIEHHE 00y4aeMBbIX CO CTPYKTYPOW BO3AYLIHOTO IPOCTPAHCTBA, AITOPUTMOM PabOTHI IPOrPAMMBI
¥ C1IOCOOOM BBEJICHHSI HHPOPMAIIUH.

[lITaTHBIN MOJET HA JAHHOM TPEHAXEpe MoIpasyMeBacT 0€CKOH(MIUKTHBIN MOJET C BHICOKOM
WHTEHCHUBHOCTBIO MOJICTOB U IMOJIET C HAIMYUEM KOH(IMKTHOTO JIBIoKeHHs. Takum oOpaszoM, 3amada
KypcaHTa-JuCIeTyepa CBOJUTCS K 3a0J1aroBpeMEHHOMY aHAJIM3y BO3YIIHON 0OCTaHOBKH, MOUCKY U
pEIICHUI0 KOH(JIMKTHBIX CHUTYallMd, MPUHATHIO OBICTPHIX M HAmOOJee ONTUMATBHBIX PEIICHUH.
s kypcanTa-miora — O0e30TKa3Has pabota o0OpyIOBaHUS, IITATHBIE aTMOC(EpPHBIC YCIOBHS U
HEOOXOAMMOCTh OBICTPOTO ¥ MPABHIBHOTO BBHITIOJIHEHHUS KOMAaHJ, MOCTYIMAMIIUX OT KypcaHTa-
IucreTyepa.

[Ipn Hanuunu KOH(MIMKTHOTO IBHKEHUS KYpPCAHT-IUCIETYEP HAXOAUT €AMHCTBEHHO BEPHOE
peleHre Wik Haubosee oNnTUMaIbHOE U3 psga. Bo3Mo)kHbIEe BapHaHThI pelieHus] KOH(QINKTHOM CUTY-
aluu MpeJCTaBlIeHbl B HUKHEN yactu naHenu (puc. 1). B namem ciyuae smenon (FL)380, FL360,
FL340, FL330.

[Ipu BEIOOpE HEBEPHOTO OTBETA MPOUCXOANT CUTHATU3ALIUS O TEHACHIIMH COIMKEHUS C IPYTHM
BO3JYIIHBIM CYJHOM (B IJaHHOM IIPUMEpPE KENTble KPYyTU B (POpPMyJIsipe COMPOBOXKACHHUS), ITOCIIE YEro
MPOMCXOIUT MEePEX0]l Ha TOBTOPHOE U3YUEHUE TEOPETUUECKOTO MaTepHaia 1 MpeaaaracTcs IoBTOPHO
npoiitn ynpaxunenue. OIHAKO CTOUT Y4eCTh, UTO yIpakKHEHHE OyNeT OTIMYaThCs OT MPEIBbIIYIIETO,
MOCKOJIBKY YIPa)KHEHHUS HE TIOBTOPSIFOTCS, HO 3a/1a4a OCTAETCS MPEKHEH.

BozaymHeie cya MOSIBISIIOTCS HA MOHHTOPE B XaOTUYHOM MOPSAKE, YTO HE TIO3BOJIHT MPHME-
HUTh OJTHO PEIICHUE ABAXKIbI, a HALIETUT HAa MOHUCK ONTHUMAJILHOTO pelleHHs] KOH(DIUKTHON cuTya-
i [9]. TIpu 3TOM CTpyKTypa TUCTIETYEPCKOTO CEKTOpa OCTAETCS HEM3MEHHOMW, TIOCKOJIBKY B TaKOTO
poJia yIpaXHEeHHIX He CTaBUTCS 3a/laya Ha U3y4YeHHE OCOOCHHOCTEH OMmpeeIeHHOr0 CEeKTopa, a JAena-
€TCsI aKIICHT Ha BO3MOKHBIC BAPUAHTHI PA3BUTHS COOBITHI C BO3AYITHBIMHU CYJIaMHU.
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Puc. 1. YnpaxHeHue Ha penieHre KOH(INKTa Ha TEPECEKAIONINXCSl MapLIpyTax
Fig. 1. Exercise on conflict resolution on intersecting routes

[Ipu BBIOOpPE MPaBWIBHOTO BapHUaHTa OTBETa OCYIIECTBISICTCS MEPEXON K CIEAYIoIeMy
yIpaXHEHHIO (puc. 2).

3amaga KypcaHTa-MUAJIOTa B 3TO BPeMs CBOAMWTCS K MPaBUILHOMY IMOATBEPIKICHUIO KOMaH],
BBIIAHHBIX KyPCAHTOM-TUCIICTUCPOM, H BBIMIOTHCHHIO TEXHOJIOTHUECKHUX OINEPAIi, CBSI3aHHBIX C BbI-
MOJTHEHUEM JTaHHOW KOMaH[bI (TIpU BbIIaye yKa3aHWH IUCHeTdepa Ha CMEHY JIIeNIoHa MUJIOTY HEeoO-
XOJIMMO OCYIIECTBUTH IMPABWIBHBIC MYJHTOBBIC ONEPAIlMU, YTO IMO3BOJIUT MEPEUTH K CIICAYIOIEMY
ynpaxHeHuro). [Ipu 3ToM B KaOMHE KypcaHTa-MII0Ta €CTh BO3MOXHOCTh MOHAOIIONATH 32 MOJIETOM
MIPOJICTAIOIINX BO3AYIIHBIX CYJOB M CPAaBHUTH C BO3AYIIHOW OOCTAHOBKOHM y JUCIIETYEpa B €r0 30HE
oTBeTcTBeHHOCTH [10].

MOCKOBCKHI PVE]

Puc. 2. [1epBriit 3Tan ynpaxxHEeHHsI ¢ HEITATHBIM CIYy4YaeM MOJeTa
Fig. 2. The first stage of exercise with an emergency in flight

[Ipu BBIOOpE MPaBUIIHLHOTO OTBETA MPOUCXOAMT MEPEXO]T K CIEAYIOIMEMY YIPaXHEHUIO ¢ KOH-
(IUKTHBIM JBMKEHUEM WJIM HEIITATHBIM CTydaeM mosera (puc. 3).
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[Munor nomkeH MpaBUIILHO PACO3HATH HETMOJIAKY MO CHTHAIM3AINH B KaOWHE M BHIOpAThH
MpaBUJIBHBIN BapuUaHT OTBETA IMOJ KapTHHKON KaOWHBL. B Hamiem ciydae BTOpOW BapHaHT OTBETa —
mo>kap MpaBoro JIBHTATEIIS.

B nuanoroBoM okHe MUJIOTA, Tak e Kak M 'y TUcHeTdyepa, 0ToOpakaloTcs BO3MOXKHBIE BapHaH-
ThI OTBETA.

[Tpu BbIOOpE HEMPABUIHLHOTO OTBETA MPOUCXOAUT cpabaThIBaHUE CUTHAIM3ALNN U TIEPEX0]l Ha
MOBTOPHOE U3YUYEHUE TEOPETUUECKOTO MaTepI/IaJIa3 .

[Tpu BbIOOpE MPAaBUILHOTO OTBETA YIpPa)XHEHHE MPOOHKAECTCA W OCYIIECTBISETCS MEePeXo/
K BBIIIOJIHEHUIO CIeAyomIero ynpaxuenus [11, 12].
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Puc. 3. Bropoii aTamn ynpakHeHHs C HEIITaTHBIM CIydaeM IojeTa
Fig. 3. The second stage of exercise with an emergency in flight

B namem ciydae npu BeIOOpe MpaBUILHOTO OTBETA — MOXap MPaBOro JBUraTeNs — y BO3IYII-
Horo cynHa A®JI1200 3aropenacs curHanuzanus bJl, koTopas curHanu3upyeT o OelCTBUHM Ha OOpTY
Bo3nymHoro cyaHa (BC), u qucnerdepy mpenocTaBisieTcsi BRIOOp MPaBUIILHOTO OTBETA.

B KOHKpeTHOM cilyuae BTOPOT'O OTBETA, MOCKOJIbKY KypCaHT-JUCIeTYep HaONIolaeT Haaudne
BctpeuHoro BC CJIM 150, kotopoe OyAeT mMemarh caMoJIeTy, TepIisiimeMy OeJCTBHUE NMPU CHUKEHUHU.
Hemennennsnii orBopor C/AIM150 siBasieTcsi eAMHCTBEHHBIM IIPABWJIBHBIM PELIEHUEM B JaHHOM CITy-
yae, nockosibky BC, Tepnsiuee 6encTBre, NOab3yeTcsi a0COMOTHBIM PUOPUTETOM.

[Tocne BBIAaYM KOMaHABI HA OTBOPOT KYPCAHTY-NHWJIOTY HEOOXOJMMO B MPABUIBHOM IOPSIKE
MEePEKITIOYNTh TyMOJIEphl Ha TaHeTu, MpU BbIOOpe mpaBuiabHOro orBera CJIM150 HaumHaeT OTKIO-
HATBCS OT MapupyTa, a ADJI1200 HaunHaeT cHIKeHHE (puc. 4).

KypcanT-nmior wuMeeT BO3MOXHOCTb HaOMI0OJaTh KapTUHKY, KOTOPYK0 BHJAMT KYypCaHT-
JCTIETYEp HEMOCPEICTBEHHO B MOMEHT KOH(IHKTa®,

Jns onpenenenust 3pPeKTUBHOCTU YNPaXKHEHUS ObUT MPOBEIEH TECTOBBIK OMPOC KYypCAaHTOB
JUCIIETYEPOB U MUJIOTOB YJIbSHOBCKOTO MHCTUTYTa I'PaXIaHCKOM aBHAllMU, COCTOSIIMX U3 psAla BO-
IIPOCOB 10 CMEXHOM CHEIUAIbHOCTH.

WHcTpyKiMs o opraHuzanuu paboThl TpeHaKepHbIX LeHTpoB YBJI: yTB. M-BoM rpaxa. aBuanuu 26.08.87. M.: Bos-
JIyUIHbI TpaHcnopT, 1987.

> Human Factors Module: Critical Incident Stress Management. HUM.ET1.ST13.3000-REP-01. Ed. 1.0. Released Issue.
Brussels: EUROCONTROL, 1997.

PykoBoacTBo 1o mpodeccHOHAIBHOM MOJATrOTOBKE IEpCOHANa OOCITY)KMBAHMS BO3IYIIHOTO JIBIDKCHHS T'PaXKJaHCKOU
aBuauuu: yTB. Pacnopsokenuem @CBT P ot 01.02.2000 r.
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Puc. 4. Tpetnii aTan ynpaxHeHHUs C HEIITaTHBIM CIIy4aeM IoJIeTa
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Fig. 4. The third stage of exercise with an emergency in flight

B Tabn. 1 mpuBeneH npumep CTaTUCTUYECKUX JAHHBIX, MOTYYEHHBIX IyTEM TECTOBOTO OINpoca
KypCaHTOB-AHCIIeTYepoB. [IpuBEeneHbI NaHHBIE 1O KOJWYECTBY INPABUIBHO BBIJAHHBIX OTBETOB, UX
IIPOLICHTHOE COOTHOLIEHUE U BBICTABJICHHAS OLICHKA.

Taoauna 1
Table 1
[Ipumep cTaTUCTUUECKUX JAHHBIX MO PE3yJIbTaTaM MPOXO0KICHUS TECTA
Example of statistical data on the results of the first test
No J-15-1 J-15-2 J-15-3
o/ Bepn. % BbII. | OneHka Beps. % BBIII. OrneHka Bepn. % BBIII. OreHka
OTBETHl | 3aJaHus OTBETHl | 3aJaHus OTBETHl | 3aJaHusd
1 28 93 5 25 83 4 13 43 2
2 20 67 3 24 80 4 13 43 2
3 24 80 4 28 93 5 20 67 3
4 20 67 3 25 83 4 19 63 3
5 25 83 4 24 80 4 15 50 3
6 24 80 4 24 80 4 13 43 2
7 23 76 4 24 80 4 13 43 2
8 24 80 4 23 77 4 0 0 0
9 0 0 0 25 83 4 0 0 0
10 20 67 3 16 53 3 24 80 4
11 23 77 4 25 83 4 25 83 4
12 23 77 4 25 83 4 15 50 3
13 24 80 4 23 77 4 17 57 3
14 15 50 3 23 77 4 25 83 4
15 16 53 3 27 90 5 0 0 0
16 23 77 4 25 83 4 15 50 3
17 23 77 4 25 83 4 14 47 2
18 25 83 4 24 80 4 25 83 4
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[Mpopomxenne Tadmuist 1
Continuance of Table 1

19 23 77 4 25 83 4 14 47 2
20 24 80 4 21 70 3 25 83 4
21 23 77 4 24 80 4 15 50 3
22 0 0 0 16 53 3 20 67 3
23 22 73 4 15 50 3 25 83 4
24 22 73 4 27 90 5 20 67 3
25 27 90 5 24 80 4 15 50 3
26 27 90 5 16 53 3 23 77 4
27 15 50 3 24 80 4 17 57 3
28 14 47 3 24 80 4 27 90 5
29 0 0 0 25 83 4 17 57 3
30 23 77 4 26 87 4 25 83 4

B tabn. 2 mpuBeneHbl CTATUCTUYECKUE JAHHBIC IMOCIE COBMECTHON TPEHAKEPHOUW IMOATOTOBKH
KypcaHTOB-AucIieTdepoB. [Ipu 3ToM ObUTH BEIOpaHBI KPUTEPUH OIICHOK, KOTOPBIC TIPUBEACHHI B Ta0II. 3.

Taoauna 2
Table 2

[IpuMep CTaTUCTUYECKUX NAHHBIX 110 PE3yIbTaTaM IIPOXOKIEHUS BTOPOro TECTa
Example of statistical data on the results of the second test

Ne H-15-1 J-15-2 J-15-3
. /I_I Bepn. % BBIII. OrneHka Bepsn. % BBIII. OrneH- Bepn. % BBIII. OreHka
OTBETHI 3a7aHus OTBETHI 3adaHus Ka OTBETHI 3aJaHus
1 29 97 5 24 80 4 27 90 5
2 22 73 4 27 90 5 28 93 5
3 24 80 4 29 97 5 17 57 3
4 26 87 4 28 93 5 22 73 4
5 22 73 4 15 50 3 19 63 3
6 28 93 5 27 90 5 16 53 3
7 28 93 5 27 90 5 24 80 4
8 24 80 4 27 90 5 0 0 0
9 0 0 0 28 93 5 0 0 0
10 28 93 5 22 73 4 25 83 4
11 27 90 5 28 93 5 21 70 3
12 24 80 4 19 63 3 22 73 4
13 22 73 4 28 93 5 20 67 3
14 30 100 5 28 93 5 24 80 4
15 25 83 4 22 73 4 0 0 0
16 28 93 5 22 73 4 27 90 5
17 24 80 4 24 80 4 28 93 5
18 26 87 4 28 93 5 17 57 3
19 27 90 5 27 90 5 18 60 3
20 27 90 5 27 90 5 26 87 4
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[Ipogomxenne TaOIUIIBI 2
Continuance of Table 2

21 25 83 4 27 90 5 24 80 4
22 0 0 0 17 57 3 22 73 4
23 27 90 5 25 83 4 27 90 5
24 24 80 4 23 77 4 24 80 4
25 28 93 5 27 90 5 28 93 5
26 25 83 4 27 90 5 26 87 4
27 24 80 4 22 73 4 22 73 4
28 28 93 5 24 80 4 15 50 3
29 0 0 0 27 90 5 26 87 4
30 27 93 5 22 73 4 27 90 5

B Ta6n. 4 npuBeneHsl pe3ysbTaThl ONPOCa, BEIpaXKeHHBIC B cpeaHeM Oasute. [Ipu aToM BUIHO,
YTO KYPCAHTBI-AUCTICTYCPBI U KYPCAHTLI-TINJIOTHI O6Ha,[[aIOT HC 1OCTATOYHO BBICOKUM YPOBHCM 3HaHUU
M0 BOIPOCaM, KacaloIUMcs 0COOEHHOCTEH padOThl CMEXHON CHEUATIbHOCTH, YTO B OYEPETHON pa3
JTIOKA3bIBAET, YTO MOATOTOBKA AUCIIETYEPOB M MUJIOTOB MPOXOIUT OTACIBHO APYT OT npyra. B Tabm. 5
MIPUBEJICH MOJIHBIN MEepeUeHb Pe3yIbTaTOB TECTOBOTO OMPOCA MOCIE COBMECTHOIO O0YUYEHHS Ha Mpej-
CTaBJICHHOM TpEHaXKepe.

Tabauua 3
Table 3
Kpurepuu oneHok Tecta
Evaluation criteria of the test
Kommgectso IIPpaBUJIBHBIX OTBCTOB HpOHeHTHOC COOTHOIICHUC IMPABUJIBHBIX OTBCTOB OHCHKa
27-30 90-100 5
22-26 7589 4
15-21 50-74 3
0-14 049 2
Taoauna 4
Table 4
OrneHka ypoBHsI 3HAHUH KYPCAaHTOB JI0 TPEHAXKEPHOH IMOATOTOBKH
Assessment of the level of knowledge of cadets before training
J-15-1 J-15-2 J1-15-3 T-15-1 I-15-2 T1-15-3
Cpennuii 6amn 3.9 3,9 3,1 2,5 2.9 3,5
Taoauua 5
Table S
OreHka ypoBHsI 3HAHUH KYPCAHTOB ITOCIIE TPEHAKEPHOU TIOJATOTOBKU
Assessment of the level of knowledge of cadets after training
J-15-1 JI-15-2 J1-15-3 I1-15-1 I-15-2 I-15-3
Cpennuii 0an 4.5 4.5 4,0 4,0 4,0 4,1

PaCCMOTpCB BCC OAHHBIC, MOXKHO HpHﬁTH K BBIBOAY, YTO B ICJIOM HMCECTCA TCHACHLUA K I10-
BBIIICHUIO CPEAHETO 63.]'[.]'[3, 4TO CBHIACTCIILCTBYECT O 6I>ICTp0M " HarjiiJHOM YCBOCHUHN MaTcpuaia 1o-
CJIC UCIIOJIb30BAaHUS COBMCCTHOI'O YITPAKHCHUSA B KAYCCTBC TpeHan(epHoﬁ IIOATOTOBKH.
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SAK/IIOYEHUE

Takum 00pazoM, KypcaHT-AUCTIETYEP U KYPCAHT-ITUIIOT BO BPEeMsl YIIPAKHEHHSI IMEIOT BOSMOYKHOCTh
HArJISTHO 03HAKOMUTBCS ¢ OCOOCHHOCTAMH PabOThI, YTO OUYEHb BAXKHO B CHIIY TOTO, YTO HH JEHCTBYIOIMINI
aBHUAIMCIICTUYEp, HU JCUCTBYIOIINIA MJIOT HE UMEIOT BO3MOXKHOCTh Ha MPAKTHKE YBUIETH padOTy APYT APY-
ra. 3ajaya KaxJIoro CBOIUTCS TOJBKO K PEIICHUIO CBOMX TEXHOJOIMYECKHX onepaimid. OqHaKo Ha dTame
o0yd4eHws Takasi mpoOJieMa MOKET OBITh PelieHa ITOCPECTBOM IIPUMEHEHHUSI COBMECTHOTO TPEHAKEPA.

KoneuHo, Takoii BapyuaHT TPEHAKEPHOW MOATOTOBKHU MPEHMMYILECTBEHHO HAIIEJEH Ha KypcaH-
TOB, TMOCKOJIBKY ITO3BOJIUT BHIPA0OTAaTh HABBIKU OBICTPOTO W MPABUIBHOTO MPUHATHS PEIICHUN W B
CBOIO Ouepe/lb MUHUMHU3UPOBATh KOJUYECTBO OIIMOOK, OCBOUTH a3bl CMEXHOMN COIPSIKEHHON CHelH-
anbHOCTU. OJIHAKO €CTh BO3MOXHOCTh IMIPUMEHSTH JAHHBIC YIPAKHEHUS IJI1 CAMOCTOSTEIBLHON MOJI-
TOTOBKH, YTO OyJEeT MOJIE3HO Ui JEHUCTBYIOIIMX MUJIOTOB M JqucreTdyepoB. B manHOM ciydae Oyaer
MIPOU3BOUTHLCS BBIOOP OJTHOTO MOib3oBaTens [12].

Takas moArotoBka B OoJblLICH CTENeHH HEOOXOAMMA AMCIIETYEpaM, MOCKOJIBKY ISl MTUIOTOB
YK€ CyIIeCTBYET OOJIBbIIOE KOTUYECTBO MPOTrpaMM MOJATOTOBKU Ha omnpeaeneHHbd Tun BC, KoTopkie
MO3BOJIAIOT JE€TAJIbHO U3YUYUTh MOPSAIOK ACHCTBHI B TOM WJIM UHOM CiIy4ae MoJjeTa, 0TpadoTaTh Mmyib-
TOBBIC OMNEPAIMU B JOMAIIHUX YCIOBHUSIX Ha pabodyeM KOMIBIOTEPE, IS AUCIIETYepa Ke TaKue Ipo-
rpaMMbl OTCYTCTBYIOT.
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ANALYSIS OF EFFECTIVENESS OF THE PROGRAM OF JOINED AIR
TRAFFIC CONTROLLES AND PILOTS TRAINING
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2Rossiya Airlines, Moscow, Russia

I Institute of Air Navigation, Moscow, Russia

ABSTRACT

Training of cadets-air traffic controllers and cadets-pilots is an integral part of the training, which allows you to form the skills of
quick and correct decision-making in different types of situations. For the air traffic controller, these are exercises to solve conflict
situations with aircraft in the area of their responsibility, solving problems in normal flight conditions, in unfavorable atmospheric
conditions and in the non-routine situations in flight. For the pilots, solutions to the problems are reduced to the rapid decision-
making on aircraft control in normal flight conditions, adverse atmospheric conditions and non-routine situations in flight. As you
know, the work of air traffic controllers is associated with the work of pilots, but training in educational institutions takes place
separately, resulting in gaps in knowledge of the specifics of the adjacent specialty, and, eventually, leads to errors. Optimization of
the educational process is currently an urgent task. The program of joint training can act as an optimization tool. The program
enables you to collaboratively practice the skills of fast decision-making, clearly to learn the specifics of the related specialties that
will allow you to create a complete picture of the air situation. The program of joint training implies the joint operational logic
simulator that combines two simulators. For the air traffic controller, this is a separate airspace area in the form of a sector, for the
pilot it is the cockpit. Thus, the solution to the problems occurs sequentially from the air traffic controller to the pilot and vice versa,
and the controller has the ability to observe the algorithm of the pilot's actions, and the pilot is able to monitor the algorithm of the
controller's actions.

Key words: optimization, training, joint training program, human factor, air traffic controller, pilot.
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ABUAIIHOHHAA H PAKETHO-KOCMHYECKAA TEXHHKA
05.07.01 — Aspoounamura u npoyeccvl menio00oMena 1emamenbHbIX annapamos;
05.07.02 — IIpoexmupoeanue, KOHCIMPYKUUA U RPOU3BOOCHIBO IeMAMETbHBIX ANNAPANO8;
05.07.03 — Ilpounocms u menjiogvie pexcumbl 1emamenbHulX Annapamaos;
05.07.05 — Tennoewte rnekmpopakxenusvle 0guzamenu u IHEP2OYCMAHOEKU 1€MAMETbHBIX ANNAPAM OGS
05.07.07 — Konmpons u ucnstmanue 1emamenbHylX AnHApamos u ux cucmem;
05.07.09 — lunamuka, bannucmuka, ynpasienue 08UMNCeHUeM 1emameabHblX annapamos;
05.07.10 — Hunosayuonnvle mexnoao2uu 6 a3pOKOCMUULECKOll 0eameibHocmu

YK 551.:629.130
DOI: 10.26467/2079-0619-2019-22-5-43-53

HOBBIIIEHUE OITPABBIBAEMOCTH METEOIIPOI'HO30B
O ASPOJPOMY NIYTEM KOMILJIEKCUPOBAHUS U3SMEPUTEJIEN
METEOITAPAMETPOB ATMOC®EPBI

1
9.A. BOJIEJIOB

1 . . . .

Mockosckuii 20cyoapcmeeH bl meXHU4eCKULl YHU8epCumem 2paxicOaHcKoll asuayuu,
2. Mockea, Poccus

OrnpaBpIBaEMOCTh ABUAIMOHHBIX METEOIPOTHO30B SIBJISICTCS OIHMM M3 OCHOBHBIX ITOKa3aTelied, XapaKTepH3yIOUX KauecTBO
METEOPOIIOTUYECKOT0 obectiedeHus 1oseToB. CyIecTBeHHOE BIMSHNE KaueCTBA METEOPOJIOTHIECKOT0 00ECTICHEHHs TTOJIETOB Ha
6€301acHOCTh M PETYIBIPHOCTD TIOJIETOB TIOATBEPXKIACTCS pe3yiIbTaTaMi €KETOJHBIX aHAIN30B, MPOBOANMBIX DeneparbHBIM
areHTCTBOM BO3IyIIHOTOo TpaHcrmopta Poccmm m  «ABmamerrenekoM Pocrumpomera». B Hacrtosimee Bpems KadecTBO
METEOPOJIOrNYECKOT0 00ECTIEYEHNSI TTOJIETOB MO-MPEXKHEMY OCTAETCs Ha JOCTATOYHO HU3KOM YPOBHE IO CPAaBHEHHIO CO CTPaHAMH,
KOTOpBIE SIBIIFOTCS MPU3HAHHBIMU JMJIEPaMU B aBHAIMOHHOW oTpaciy. /s pa3paboTKM KayeCTBEHHBIX METEONPOTHO30B I10
a3pOJIPOMy CHHONTHKY a3pOAPOMHOIN METEOCIy>KObI TpeOyeTcsi HOCTaTOYHO OOIBIION 00BheM HH(OPMAIMH, OCHOBY KOTOPOTO
COCTAaBISIIOT ~ JJaHHBIE METEOPOJIOTMYECKMX W3MEPEHW W HaOJIOACHWI, IOJyYeHHbIE C TOMOIIBIO  a3POAPOMHBIX
MeTeoposiornueckux cucteM. OTCyTCTBUE TOCTOBEPHOW MH(POPMAIMK O 3HaUYeHHH METEONapaMeTpoB aTMocdepbl He MO3BOJISIeT
CHHONTHKY C(OPMHUPOBaTh KAayeCTBEHHBI METEONpPOrHO3, IO3TOMY HEpPEAKU Cllydad, KOIZld CHHONTHK a’pOJPOMHOM
METEOCITy>KOBI /1aeT IepecTpaxoBOYHBIM MMPOrHo3. Bmecte ¢ TeM B cocTaBe COBPEMEHHBIX adpOAPOMHBIX METEOPOTIOIMYECKHX
CHCTEM MMEIOTCSI JOCTaTOYHO COBEpIICHHBIE CHCTEMBbl M YCTpOWCTBAa M3MEpEeHMsl MapameTpoB armocdepsl. bonee moiHoe
UCIIONIb30BaHNE BCEX JOCTOMHCTB 3THX CHUCTEM B IIEJSIX pa3pabOTKM KadeCTBEHHBIX METEONPOTHO30B M, CIIEJIOBATEINHHO,
TIOBBILICHNSI MX OMNPAB/IBIBAEMOCTH MOXKHO OOECHEYHTh ITyTEM KOMIUIEKCHOW O0OpabOTKM MOMydaeMOW METEOPOTIOrHYECKOH
nHpopManmy. Bakaeiell XapakTepuCTUKOH aTMOC(ephl SIBIIETCS TeMIlepaTypa BO3IyXa Ha BBICOTAX II0JE€Ta BO3MYIIHBIX
cynoB. JloctoBepHBIE 3HaHNMS O POQHIIE TEMIIEPATyPbl BO MHOTOM OIIPEIEIISIOT ONPaBAbIBAEMOCTh METEOIPOTHO30B 1 IPOTHO30B
OIIACHBIX [UIsI aBHAMM METEOsBICHWI. B crarhe B KauecTBe mpuMepa pacCMOTPEH alrOpUTM KOMIUIEKCHOH 00paboTKH
uHpOpPMAIMKM O TMpoduiae TeMIepaTypbl B paifoHe a’poipoMa, IOTy4eHa CTPYKTypHas cXeMa aJITOpHTMa U IPUBEICHBI
Ppe3ynbTaThl MOJIETUPOBAHUS IPOMUIISI TEMIIEPaTYPBhI U €T0 KOMILUIEKCHOM OIICHKH.

KitroueBble cj10Ba: METEOPOJIOTHYECKOE 00ECTIEUeHHE MOIETOB, OE30IIaCHOCTh MOJIETOB, KOMILIEKCHAs 00paboTka nH(popManuy,
METEOIPOTHO3, TPO(HUIIB TEMITEpaTyphl, TEMIIEPATYPHBII podHIeMep.

BBEJAEHUE

T[IpOBOMMBIH aHATH3 METEOPONOTHUECKOr0 00ECICUEH s TI0eTOB' 1 BIMSAHUS €ro KauecTBa
Ha 0€30MacHOCTh U PETYJSIPHOCTD MOJIETOB TpaXKIaHCKOW aBuanuu B Poccuiickoit denepanun mo3Bo-
JSIeT TOBOPUTH O TOM, YTO KadecTBO MeTeopojormueckoro odecneuenuss noneros (MOII) mo-
MIPEKHEMY OCTAETCSl Ha IOCTATOYHO HU3KOM YPOBHE IO CPABHEHUIO CO CTpaHaMM, KOTOPbIE SBIISIOTCA

' AHanm3 coCTOSHHS METE000eCIe eH s rpaxnaHckor apuaruu. Otuetsl [DnekTpoHHbIil pecype] // PI'BY «ABuamerre-
nexoM Pocrunpomeray: odur. caiit. URL: http://www.aviamettelecom.ru/?id_top30 (mara obpamenus: 15.05.2019).
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IIPU3HAHHBIMU JINJEpaMU B aBUALMOHHOW oTpaciu [l1]. AHanu3 NpUYMH aBUALMOHHBIX IPOHUCIIE-
ctBuit (AIl) B Poccuiickoit denepannn nokaspiBaeT, uto 9 % All cBszanbl ¢ Henoctatkamu B MOII
(cM. puc. 1), a olileHKa CTENEHH BIMSHUS Pa3IHUHBIX (pakTopoB Ha npuuuHbl All, CBsI3aHHBIE C HAPY-
HIEHUEM METEOMHUHUMYMa, CBHJETEIBCTBYET O BBICOKON CTeNeHW BIUsHUS HenoctatkoB MOII
(o 25 %) Ha 6€30MacHOCTh MOJIETOB TPAXKIAHCKON aBUAITHH.

Baxueiimmm nokaszateneM kadectBa MOII siBnsieTcst onpaBablBaEMOCTh METEOPOJIOTHUECKUX
nporHo3oB [9, 10], npencrasinsiomnias co00il cTeneHb COOTBETCTBUS MPOTHO3UPYEMBIX METEOPOJIOTH-
YECKUX BEJIMYMH U SBJICHUHN (aKkTHUEeCKH HaOII01aBIINMCSI.

70

60

50

40

30 B ATI, cBsI3aHHEBIE C
HapyIICHUEM

20 MCTCOMI/IHI/IMYMa

10
0

Oxunax AT OpB/] MOII

Puc. 1. Ananu3 npu4vH aBUALUOHHBIX IPOUCIIECTBUH
Fig. 1. Analysis of the accidents causes

N3 onpenenenust onpapabiBaeMoctd PWFE 04€BHUIIHO, YTO OHAa HOCUT BEPOATHOCTHBIN Xapak-
TEp U MOXKET OBITh MPEJCTaBIECHA KaK

PWF = P{WF |WE}, (1)

rae WF — mereonporuo3, WE — gakTuiuecku HaOIr01aeMble METCOBEITHYNHBI U METCOSBIICHUSI.
Hawuny4muii MeTeornpor1o3, 04eBHIHO, OyIE€T ONPEAEAThCS U3 YCIOBHS

WF”" : max PWF. ()
{F}

[IpoGnema obecrieueHus: BHICOKOW OMPABABIBAEMOCTH METEOMPOTHO30B BKIIIOUAET B ce€Os psif
ACIEKTOB TEXHUYECKOT0, HOPMATHBHO-NPABOBOTO M OPraHM3allMOHHOrO XapakTepa. PaccmarpuBas
TOJIBKO TEXHUYECKHE aCHEeKThI 3TON MPOOIEMBbI U HE KacasCh B PaMKaX HACTOSIIECH CTaTh HOPMATHB-
HO-TIPaBOBBIX U OPraHU3AIIMOHHBIX ACHEKTOB, a TAKXKE€ METOAUK MPOrHO3UPOBAHUS, MOYKHO CUUTATh,
YTO OMPAaBIBIBAEMOCTh METEONMPOTHO30B OyAeT HE XyXke TpeOyeMol, eclii TeXHUYECKHE XapaKTepH-
CTHKHU CPEJICTB MPOBEACHUS METEOPOJIOrMUECKUX M3MEpPEHUN M HaOJIOJIEHUN COOTBETCTBYIOT TpeOo-
BaHUSM HOPMAaTUBHO-TEXHUUECKON JOKYMEHTAIIHH.

JlanbHeliiee yBeIMYEHUE OMPABIBIBAEMOCTH METEOIPOrHO30B CBA3AHO C HAamOOJee MOJHBIM
UCIONIb30BaHNEM MH(OpMAIMK BCEX METEOCHUCTEM U YCTPONCTB, U3MEPSIONINX 3HAUCHHS TapaMeTPOB
atMocdepsl. OnpaBabIBa€MOCTh METEOPOJIOTMYECKUX MPOTHO30B 3aBUCUT OT KayecTBa METEOPOJIOTH-
yeckoil MH(OpMAaIUU, TOCTYMAIIEH OT adpOAPOMHBIX METEOPOJIOTHUECKUX CHCTEM U KOMILIEKCOB

(AMC) [, u Mereoponorndeckoii MHGOPMALKH, MOCTYIAMIIEH MO0 CETH Nepejadd IaHHBIX

(AIICH) Pocrunpomera OCHOBY KOTOpPOH COCTABJISIOT JAHHBIE adPOJIOTHYECKON CETH, CETH

IACH,ZZ >
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METEOPOJOTUYECKUX PAJAHOIOKAIMOHHBIX CTAHIUNA, HA3€MHBIX METECOPOJIOTHYECKUX CTAHIIUN U CITYT-
HHUKOBOW METEOPOJIOTHYECKON CETH:

PWF:f(]AMC5]ACH,ZZ)' 3)

Kaxxnass u3 coctaBisironux, BXOAAIuX B (3), 3aBUCUT B CBOIO OYEpPEIb OT arOPUTMOB oOpa-
00TKH MeTeoposorndeckoi nHpopmanuu A, TEXHUIECKUX XapaKTEPUCTUK CPEJICTB MPOBEACHUS Me-
TEOM3MEpPEeHU U HaOmoAeHu ¥ ¥ mpodecCHoHaIbHOM MOATOTOBIEHHOCTH MeTeoposioroB (). Orpa-
HUYHMMCSI PACCMOTPEHHEM TOJBKO TOM HMH(OpMAIMU, KOTOpasl MOCTYMaeT OT a’pOAPOMHBIX CPENICTB
MIPOBEACHUS METEOM3MEPEHUN W HAOMIOACHUI. JTO YIIPOIIEHUE OMpaBAaHo, T. K. HA pa3paboOTKy Me-
TEOMPOTHO30B TI0 a3POJIPOMY B OOJIBIIICH CTEIIEHU OKA3bIBACT BIMSHUE MH(DOPMAIIHS OT adPOAPOMHBIX
CPE/ICTB MPOBEICHUS METCOU3MEPEHUI 1 HAOIIOICHHIA.

B aTOM ciyuae 3amauy MOBBIIIIEHUS! OMPABABIBAEMOCTH METEOIPOTHO30B MOKHO C(HOPMYIIH-
poBaTh CieayrmuM 00pa3zoM. TpedyeTcs pa3paboTaTh TaAKOW alNrOPUTM 00pPaOOTKH METEOPOTIOTHYE-

o *
ckoit uHpopmaruu A,,,, IpA KOTOPOM ONPABABIBAEMOCTb METEONPOTHO30B OblIa OBl BBIIIE MPU

HMCIOIICMC YPOBHC HpO(i)CCCHOHaHBHOIZ IMOATOTOBKHU MCTCOPOJIOTOB a3pOAPOMHBIX MGTCOCHy)K6
QAMC U TCXHUYCCKUX XaPAKTCPUCTHUKAX CPCACTB IPOBCACHUA MCTGOI/ISMepeHI/Iﬁ n Ha6HIO,Z[CHHf/'I Ha

asponpome Y

AMC*

PWF*(A:MC | YAMC’QAMC) > PWF(AAMC | YAMC’QAMC)' 4)

Pemenne maHHOM 3a7auM JISKUT HEMOCPEIACTBEHHO B 00JIACTH Pa3paOOTKH KOMIUICKCHBIX all-
TOPUTMOB 00pabOTKH MH(POPMALIMHU, OCHOBHAS 11€JIb KOTOPBIX COCTOMT B HanOOoJee MOJTHOM HUCIOIb30-
BaHUU BCEX JIOCTOMHCTB M3MEPUTENIEH, IPUHIMIBI padOThl KOTOPBIX, KaK IPaBUJI0, OCHOBaHbI HA pa3-
JMYHBIX (pU3NUecKuX npuHIunax. Cpeau 10cTaToYHO OOJIBLIIOr0 MHOT000pa3usi METO10B KOMILIEKCH-
poBaHus 0c000€ MECTO 3aHMMaeT MapKOBCKast TEOPHs KOMIIEKCHPOBaHUs u3Meputeneil. Ee noctoun-
CTBa U3JI0KEHBI B psijie paboT, Hampumep [2, 3].

PaccmoTpuM B KadecTBe mpuMepa alropuT™M KOMIUIEKCHOH 00paboTKu nHpopManuu o npodu-
Jie TeMIepaTypbl B pailoHe a’spopoma.

AJITOPUTM KOMILIEKCHOM ObPABOTKH HH®OPMAIIUH O ITPOPUJIE
TEMIIEPATYPBI B PAUOHE ASPOJAPOMA

Kommiekcras 00paboTka nHpopMaImy o mpoduiie TeMIepaTypbl TpeOyeTcs IS PEIICHHS 3a/1a4:

— oOmpeAeseHHs U MPOTHO3UPOBAHUS TEMIIEPaTyPHbIX WHBEPCHUN M HalIU4Ms CBepxaauadaTu-
4eCcKOro nmpoduist TeMnepaTypsl B IPU3EMHOM CIIOC;

— IPOTHO3UPOBAHMS 30H 00JICICHEHUS;

— TPOTHO3UPOBAHHS TYMaHOB.

TemnepatypHble MHBEPCUU M HAJIMYME CBEpXaquadaTHYECKOro Npoduis Temrneparypsl B Ipu-
3eMHOM CJIO€ OKa3bIBAaeT OTMACHOE BIMSHUE Ha B3JET M Mocaaky Bo3aymHoro cyaHa (BC). s obna-
pYXeHHs M3MEHEHUH npoduis TeMmreparypbl B IPU3EMHOM CJIO€ M €ro ImporHos3a TpedyeTcs 0CTo-
BepHasi MHPOpMaLUs O TeKylleM Mpoduiie TeMiepaTypsl. B HacTosiee BpeMst Ha a3poApoMax ycTa-
HaBJIMBaIOTCS TemnepaTypHble npogunemeps! (TII), mpuHImn paboThl KOTOPBIX OCHOBaH Ha METOJax
panuomerpun. TII sBHsieTCS CPEACTBOM TUCTAHIIMOHHOTO M3MEPEHHS TEMIIEPAaTyphl U U3MEpPSIET MPO-
¢wip TeMnepaTypsl YIJIIOMECTHBIM CIOCOOOM IOCIIE0BATENIBHO BO BPEMEHH 110 BBICOTAM 30HAMPOBA-
Hust ot 0 go 1000 M. 3nauenus tremnepaTypsl Bbinatorcss B AMC B (uKCHpOBaHHBIE MOMEHTHI BpeMe-
HU, TIPY 3TOM JTUCKPETHOCTh BbIIa4M 3HAUY€HUI npoduiis temnepaTypsl 1uid BeicoT oT 0 10 100 M co-
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cTaBisieT 25 M, a B auana3one BbIcoT oT 100 1o 1000 M — 50 M. MiHTEpBas Bbl1auu 3HaYSHUH TPOQUIIsL
temrepatypbl coctaBisier 75 c¢. TII TpeOyer mepuommueckoit kanmbpoBku. Kammbposka TII ocy-
LIECTBIISIETCS OT a3POJAPOMHOM METEOPOJIOTMUECKON CUCTEMBI, U3MEPAIOIEH TEMIIEpaTypy BO3IyXa Yy
MIOBEPXHOCTH 3eMIH T, (h = 0). Ha ocnoBanun »toit napopmarmu TII mpousBoauT cpaBHEHHE TEM-

TepaTypsl yTeM BbruucieHus pasuuusl T, (h=0)—T;,(h=0), KoTopas MpUMEHSETCS s KOPPEeK-

TUPOBKU BECOBBIX KOA(PPHUIMEHTOB, Uconb3yeMblX B TII mpu BeIYMCIEHUN NPOQHIIS TEMIIEPATYPHI.
Taxol crocob KaauOpOBKM MMEET CYIIECTBEHHBIH HEOCTATOK, T. K. HE OCYILECTBIIsETCS KaTuOpoBKa
0 BceMy M3MepeHHOMY mpoduitto TemmnepaTtypsl. Kak mokaszano B [4], u3mepenus npoduis TeMiepa-
Typsl TII MoryT comepkaTh CylIeCTBEHHbIE OIIMOKH, KOTOPbIE MOTYT COCTaBIATh HECKOIbKO °C, mpH-
YeM OIIMOKa U3MEPEHHUs TEMITEPATypPhl YBEITUUNBAETCS C BBICOTOA.

JlocToBepHYI0 HHPOPMALIKIO O TIPO(UIIE TEMIIEPATYPhl MOKHO MOJIYUYUTh MCIIONIB3YS AITOPUTM
KOWU o npodune remnepatypsl Ha ocHoBe MHpopManuu oT TII u a’popoMHON cHCTEMBI paaHO30H-
mupoBanus (ACP3), ocHOBY KOTOpoil cocraBisier GecnuiaoTHbI Mereopazsequuk (BMP). B ACP3
peann30BaH KOHTAaKTHBIA METOJ U3MEPEHUS TEMIIEPaTypbl, U H3MepeHHe MPo(uiIs Temreparypsl ocy-
IIECTBIISIETCS TTOCIIE0BAaTENIbHO BO BpEMEHU IyTeM noabeMa bMP Ha 3a1aHHYI0 BBICOTY 30HMpOBA-
Hus. ACP3 obecrieunBaet Beiauy B AMC 3HaueHMi mpoduisi TeMrepaTypsl ¢ HHTEpBaJioM B 2,5 ¢. B
JalbHEeHIeM JUIsl ONpeleeHHOCTH OyJeM IoJsiaraTth, 4To KOMIUIEKCHash o0pa0oTka MH(pOpMaLuu O
npoduiie TeMnepaTypsl ocyuiecTBisiercs a0 BeicoTel 1000 M, T. k. st BeicoT Oonee 1000 M n3mepe-
HUe Mpo(uIIs TeMIEpPaTypbl MOKET MPOU3BOAUTHCS ToNbko ACP3.

Cdopmynupyem MOCTAHOBKY 3a7aud KOMILIEKCHOW 00pabOTKM MeTeomHPOpMaIlu B pPaMKax
MapKOBCKOM T€OpHH KOMIUIEKCUPOBAHMUSL.

PaccmoTpuM HekoTopyro 00jacTh MPOCTpaHCTBA B palioHe a’pojpoma . Pa3mepsl obnactu
() B BepTHKaILHOM MIOCKOCTH orpaHuumBaioTcs 1000 M, a B TOPU30HTAIBHOM TIOCKOCTH OKPYKHO-
cThio paguyca 15-20 kM BOKpYr a’pojpoma. MIMEHHO B 3Toi 00JacTU MPOCTPAHCTBA MPOU3BOAATCS
BCE B3JIETHO-TIOCaA04Hble MaHeBphel BC, a mpodunmn temmnepaTypbl MMEIOT Ba)KHEHIlee 3HAUCHUE IS
0€30MacHOCTH TOJICTOB. 3HAaUEHHE TEMIIEePaTyphl B KaKJON TOUKE paccMaTpuBaeMoil obmactu € 3aBH-

CHT OT MECTOIIOJIOKEHHUS STOH TOUYKH (x,y, h) 1 BpEMCHU t. B ¢Bs131 ¢ 3TUM B 00acTu (2 MMeEET MECTO

CITyJaifHOE M3MEHSIFOIIIEeCsT BO BPEMEHH TPEeXMEpPHOE T0JIe 3HAaYeHUH Temreparypsl 1’ (t,x, V, h). Orien-

Ka 3HAYECHHUH TPEXMEPHOTO IOJIA SBJIAETCA BECbMa TPYAOEMKON ONEpALMEH, a MPAKTUYECKas pealnsa-
IIUs] aJITOPUTMOB OIICHWBAHUS CIyYaiHBIX TPEXMEPHBIX IMOJIEH TOCTATOYHO CIIOKHA M TpeOyeT Oob-
IIMX BBIYMCIUTENbHBIX 3aTpat [3]. [IpakTuyeckas peanusanus alropuTMOB KOMIUIEKCHOW 00paboTKH
uHpOpManuu o npoduie TeMrepaTypsl HAKJIAABIBAET JOCTATOYHO KECTKUE OrpaHHYEHHS Ha 00BEMBI
BBIYHCIIUTEIBHBIX ONEPAlMA B a3pOJPOMHBIX METEOPOJIOIMYECKHX CHCTEMax M KoMIuiekcax. Kpome
3TOr0, aHAJIM3 U3MEHYMBOCTH 3HAUYE€HUN METeOoNnapaMeTpoB B 30He oTBeTCTBEHHOCTH AMC no3Bossier
npoBeCTH O00OCHOBaHHbIE ympomieHuss aiaroputmMoB KOWM. B paborax B./l. Pemerosa,
M.M. bopucenko, M.B. 3aBapuHoli NpuBOAATCA pe3yibTaThl HUCCIECJOBAHMS IPOCTPAHCTBEHHO-
BPEMEHHON M3MEHYMBOCTU MeTeonapameTpoB atMocdepsl [6, 7, 8]. B yacTHOCTH, MOKa3aHO, YTO W3-

MEHUYUBOCTb TEMIEPATypbl B T'OPU30HTAIBHOM IIOCKOCTH I’ (x,y) UMEET JI0CTaTOYHO HeOOJbIINe
3HAYEHUs U JJake B Me3oMacIluTade XOpOoIIo ONUCHIBAETCS MPOCTHIMU MoAeIsIMH. B obGnactu paccmar-
pHBaeMoro MmpocTpaHcTBa (2 TemmepaTypy BO3IyXa Ha (PMKCHPOBAHHOM BHICOTE IMOJIETa MOXHO CUH-
TaTh HeM3MeHHOU T (x, y) ~ const. VI3MeHeHne TeMIlepaTypsl ¢ BBICOTOW CYLIECTBEHHO, IIPUYEM BEP-

dT (h)

TUKAIBHBIA T PAOUCHT TCEMIICPATYPhI MOXET OJOCTHUIaTb AOCTATOYHO OoypIIMX 3HaueHUil. B

CBSI3M C 3TUM TIPU CHHTE3€ aJITOPUTMOB KOMILIEKCHON 00paboTku mHbpopmaruu (KOW) o npodue
TEMIIepaTyphl CIEIyeT pPacCMaTPUBATh TOJBKO BEPTHKAIBHBIA IPOPIIIL TeMIepaTypsl 1’ (h) .
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B TII u ACP3 u3mepenus npoduis temneparypsl 1’ (h) MIPOU3BOIUTCS TTOCIEA0BATEIBHO 10

BBICOTaM B T€YEHHE 33aJJaHHOTO BPEMEHU 30HIUPOBAHUS [to,t3 ] Ctporo roBopsi, nepuoabl BpeMeHHU

sonaupoBanus TII u ACP3 moryT u He coBnaaaTts. Bpems sonnupoBanus TII cocraBnser 5 MUHyT, a
BpeMs 3oHaupoBaHuss ACP3 3aBucut ot ckopocTtu noabema bMP. [Ipu mTaTHBIX CKOPOCTSIX MOIb-
ema BMP 4-5 m/c Bpems 3oHaupoBanus ACP3 MoxeT ObITh COTJIACOBAaHO CO BPEMEHEM 30HIUPOBa-
Hus TII.

Cunre3 ontumanbHbeIX anroputMoB KOU o mpodwune temmepaTypbl ¢ UCIIOIb30BaHUEM H3MeE-
peHHbix 3HaueHuid Ha Bbixoge TII m ACP3 mpenmonaraer onmucaHWe CTATUCTHYECKOW IMHAMHMKHU

T(tk). MaremMmaTnaeckast MOACIb JUHAMHUKHU T(tk) MOJKET OBITh MoJIyu€Ha Ha OCHOBAHUH CTATUCTHYC-

CKOl 00pabOTKH M3MEpPEHHBIX MPOQUICH TeMIepaTyphl 3a JOCTATOUYHO JTUTENbHBIN nepuoa. Kpome
3TOrO, CIEAYEeT YUYUTHIBATh reorpapuueckoe pacnookeHue adpoapoma. B qanHoi 3amade Takoil moj-
XOJ] TIPEJICTABIISIETCS HE BIIOJHE MPOJYKTUBHBIM, TaK KaK KOPPEKTHOE OMUCAHHE JTUHAMUKH M3MEHE-
HUS pouiIs TeMIepaTyphl ¢ YUeTOM pa3HOOOpa3HbIX (PaKTOPOB, KaK MPaBHIIO, MPUBOJIUT K BECbMa
CIIOXHBIM MaTeMaTudeckuM MmojensMm. CuHTe3 onTuManbHbIX anroputMoB KOU 6e3 mpuBnedeHus
TaKUX MOJIEJTICH MOXKET OBITh BBIMTOJHEH HAa OCHOBE METOJa pacmpeneneHus nadopmanuu [3, 4]. Me-
TOJ pacmpesesieHns nH(OPMAaIUY TO3BOJIIET COKPATUTh Pa3MEPHOCTh BEKTOPA COCTOSIHUS U TE€M Ca-
MBIM YMEHBIINUTH 00beM BhruuciaeHui anroputma KOU npoduns remneparypsl. Takke B TOCTaHOBKE
3amaun cuHTe3a anroputMoB KOU mpoduns temmneparypbl HEOOXOAUMO y4€CTh TO OOCTOSITENBCTBO,
yTo m3mMepeHus npoduis temmnepatypbl ACP3 npoBoasTes ¢ 60see BRICOKOW YaCTOTOM, YeM HU3MeEpe-
uus TII. TTorToMy nenecooOpa3Ho UCTIOIB30BATh METO HAKOIUICHUSI HH(OpMAINH, 3aKITI0YAOIIHACS
B TOM, YTO MOYKHO HakomuTh pe3ynbTrarbl N m3Mepenuii ACP3 u oOpabateiBaTh ux B Oosee penkue
MOMEHTBI BPEMEHHU f,, T€M OoJiee 4TO MpUpalleHre MHPOPMaLUK 3a CYET 00pabOTKM pe3ysbTara oj-

HOTO U3MepeHus Oy1eT He3HAUUTEIbHBIM.
3HaYeHUE TEMIIEPATyPhl MOXKET OBITh MPEICTABICHO KaK

T(t,) =Ty +AT(1,), (5)

rae — 3HAa4YeHUe TeMIepaTypsl 0 MEXIYHapOoAHOM cranaapTHoil atMocepe (MCA); AT (tk) —

TMCA

HEU3BECTHBIE CITy4aiiHble OTKJIIOHEHHS TeMIIepaTyphl OT 3HaUeHus 7

MCA> KOTOPBIC ABJIAKOTCA CKPBITHI-

MU (aKTOpaMu yrpo3bl O€30MaCHOCTH MOJIETOB.
YpaBHEeHME, ONMCHIBAIOIISE JUHAMUKY U3MeHeHuss AT (lk) MOYKHO 3aITCaTh B BHJIC

NI AT (1, )~ AT (1,
AT(rkH):AT(zk)JrAzl:zo (“)% (1)

; (6)

A
rae AT (6, )=T(t,)~Tyess A=t ~t,, t €[tet,]s t=1,,~1,, t, €[t 1], N=7t.

MaremaTtnueckas MoJenb u3mepeHus npoduist remnepatypsl TII Moxker ObITh MpeacTaBieHa
BBIPAKEHUEM

T (4) = Tyea + AT (1) + £ (1) (7)

Tae &y (tk) — omnOka nsmepenus TII.
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Bxopsiias B BeipaxeHus (6) ommOka U3MEPEHUs TeMIIepaTypbl XOPOIIO OMHCHIBAETCS MaTe-
MaTHYECKON MOJEIEIO:

erg () = agerp () +bonpy (41)s e () = Erp705 (®)

rae a, — K03GQHULUUEHT, ONpeeNnseMblil TOCTOSHHON BPEMEHU M3MEPHTENs; b, — KO3(QQUIUEHT,
ompeaesieMblil 3HAYCHUEM CTALMOHAPHOM AMCHEPCUU MOTPEHIHOCTH U3MEPHUTENS; nyy(f,) — CIy-
YaifHasi TayCCOBCKas BEJIWYMHA C HYJCBBIM MAaTEMaTHYECKHM OXHJaHUEM W CAMHUYHOW IHuC-
nepcuei.

B cooTBeTCTBHM € METOJOM HaKOIUIEHUS MH(OpMAIMH K MOMEHTY NMPOBEICHHS OYEPEIHBIX
nabmonennit TIT Berancisorest 3uauerust 7.y, (4,) B MOMEHTBI BpeMeHH 1, € [tk,tk+1 ] W3mepenus

ACP3 oTHeceM K BEKTOpPY M3BECTHBIX ()YHKIHUHA BPEMEHH, BXOJSAIINX B YPAaBHCHHE TUHAMHKH BEK-
Topa cocTogHusA. C IpakTUUECKON TOYKH 3PEHUS 3TO BIOJHE ONPABAAHO, T. K. TOUHOCTh U3MEPEHUS
TeMIepaTypbl KOHTAKTHBIM METOJIOM CYIIECTBEHHO BBIIIE TOYHOCTH M3MEPEHUS NUCTAHIIMOHHBIM
MetoaoM. Toraa ypaBHeHue (6) MOKET OBITh 3aITUCAHO B BUJE

2

AT (1) = AT (1,)+Ar 1ATP3(”‘)2 Ay (1) ©)
/ T

Il
(=]

N3mepenue (7) ¢ yaetom (8) MOXKET OBITH MPEACTABICHO B BUE

ATTH (Zk) ( )‘i'Al‘NZ1 AT ( [+l )2_TATP3 (tl—l)

ta&m(t_)+bngy (4, ), (10)

rae ATy, (tk) =Ty (tk ) —Teu

B paccmatpuBaemoii 3agaue ¢ ydetom (6)—(10) BeKTOp cOCTOSHUS BKIIOYAET B ce0s Clenyro-
1€ KOMITOHEHTBI:

=[AT(1,) &m(1)]. (11)
a BeKTOp HaGHIOIIeHI/Iﬂ
t,)=[ AT, (4,)], (12)

T. €. BEKTOP Ha6JIIO[[€‘HI/ISI ABIIACTCA CKaHHpHOﬁ BEJIMYHHOM.
,Z[I/IHaMI/IKa HN3MCHCHHUA KOMIIOHCHT BCKTOPA COCTOSHUSA OIMMCBIBACTCS YPABHCHUCM

X(t ) =@ X(2, )+ @y, +T N(2, ), X(4)=X,, (13)

rI€ HEHYJEBblE OJIEMEHTBl MaTpull HMeEOT 3HaueHus: @D, (1, l) =1, D, (2, 2) =a

&%

@, (11)= AtZ_IAT (l+l)2—z—ATp3(tll), r,(21)=h; N(r [”m k)]
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YpaBHeHHe Ha6J’IIOIleHI/IH B BCKTOPHO-MATPUIHOM BHJIC UMCCT BUJL

Z(1,)=AT,, (t,)=®,X(7,)+®,, +T,N(z,), (14)
ri¢  HEHYJEBbIC  3JIEMCHTBHI  MaTpull HMMCIOT  3HAYCHMA: (sz (l, 1) =1, (I)ZX (1, 2) =a,
NIATL (¢, )= AT, (t
q)zz:Atz P3(l+l)2 P3(1—1)’ Fz=bg-
=0 T

[IpuBeneHHbIE COOTHOIIECHHS TIOJTHOCTBIO OMPEEIISIOT MOJIEIH BEKTOPOB COCTOSIHUS U HA0JI0-
nenus. TakuMm oOpa3oM, pacriosiaras anpuOpPHBIMHM CBEIECHUSIMH 00 M3MEHEHMHM BO BPEMEHHM KOMIIO-
HEHT BekTopa cocTosHus (13) m umes Habmonenus (14), onpenenuM HaWITydIIylO OLIEHKY BEKTOpa

cocrostaust X' (2, ), KOTOpast IOJDKHA yIOBJIETBOPATH KPUTEPUIO MUHUMYMA arlOCTEPUOPHOTO CPEITHETO

pHUCKa IpU KBaIpaTUYHON (PYHKIIUU OTEPD.
B cooTBeTcTBUM ¢ METOAMKON, IpUBEAEHHOM B [2, 3], 11 onTUuMabHbIX anroputMoB KOU o
npoduie TeMrepaTypbl ypaBHEHUE OLIEHKH BEKTOPa COCTOSIHUS OYy1eT UMETh BH/T

X*(tkH) = q)XXX*(tk ) + ‘I)xz + K(tk+l ) |:ATT17 (tk+l) - (I)ZXX*(tk ) - (I)zz :| > (15)
K(t.)=[®R()P, +B, | [®,R()P, +B,] ", (16)
R(tkH) = [(I)XXR(tk )(I)/T\’X + BXX ] - K(thrl)[sz + q)XXR(tk)(I);X ]T’ (17)

rae BXX = rxxrjfx’ sz = FXF;, BZZ = rzr; :
Buipaxenus (15)—(17) onuchiBalOT ONTUMATIBHBIA JHHEHHBIA (UIBTP, PEATM3YIONIUN aaro-
putm KOU. Bripaxenue (15) onpenensier crpykrypuyto cxemy KOW npoduis temmneparypsl 1o BbI-

xoaubM qaHaeM TIT 17y (lk) u ACP3 T, (t,) (cM. puc. 2).

B cocraB cxembl KOU o npoduiie TemnepaTypbl BXOAAT:
— 0510k popmupoBanus HabmroaeHuM (BOH), BemomHstomumii popmupoBanue HaOIIOACHUI:

ATy, (tk) =Ty (tk ) ~Thcas

“IAT, —AT,
Athl P3 (tm )2 P3 (tl—l );
1=0 T

2T

— 610k popmupoBanust HeBA30K n3Mepenuit (bHI), BeimonHsromuit onepauto GopMHUpOBaHUS
HEBA3KU:

AZ (tk+l ) = [ATTH (tk+1 ) - (I)ZXX* (tk ) - (Dzz ]’

— onok hopmupoBanus oneHku (BPO), BHIMONMHIIONNN OMEPaIUI0 BIUYUCICHUS OIICHOK B CO-
orBetrctBuH ¢ (15)—(17).
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Puc. 2. CtpykTypHas cxema KOMIUIEKCHON 00pa0oTKH nH(popManuu o npodusie TeMneparypsl
Fig. 2. Structural scheme of complex processing of the information about the temperature profile

PesynprarT MomenupoBaHus MpoQuis TeMueparypsl 1 (h) u ero u3mepeHuble 3HaueHus TII

Ty, (h) u ACP3 T, (h) HPECTaBICHBI Ha PHC. 3.

h
1000

>

800

600

400

200

Puc. 3. [Ipoduib TemMneparypsl 1 €ro U3MepeHHbIE 3HAYCHHS
Fig. 3. The temperature profile and the measured values

Ha puc. 3. npeacrasnen ciaydaii, korna TII He perucTpupyeT MUMEIOIIYIOCS TEMIEPaTypHYIO

uHBepcHio Ha BbicoTax 50—600 M. Pe3ynbraT KoMIUIeKCHOM 00paboTku nHGOpMaIuu o mpoduie TeM-
nepatypbl NPeJCTaBIIEH Ha puc. 4.
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Puc. 4. JlelicTBuTenbHOE 3HAUCHUE U OLIEHKA PO UIISt OTKIIOHEHHUS TeMIIepaTypbl oT 3Hauennit MCA
Fig. 4. The actual value and the assessment of profile deviations of temperature from the values of the standard atmosphere

HabGmonaercss qoctaToyHo Xopolliee COBMaJeHUEe ASHCTBUTEIbHBIX 3HAUEHUN TEMIEpaTypbl U
3HAYEHUI TEeMIEepaTyphl, MOJYUYEHHBIX B PE3yJIbTaTe KOMIUIEKCHON 00paboTku uHdpopmarmu ot TII u
ACP3. Anamus snemeHToB MaTtpulsl R(f,) mokaszall, 4To CTalMOHAPHOE 3HAYEHHE CPEIHETO KBaJapa-

TAYECKOTO OTKJIOHECHMS OIMMOKH OIeHUBaHUs npoduiis Temneparypsl coctasisger ~0,06 °C, uto cy-
[IECTBEHHO MEHbIIIe TPeOOBaHHM, MPEeIbABIIEMBIX K U3MepeHuto temmnepatypsl (1 °C).

3AK/IFOYEHUE

AJTOpPUTM KOMIUIEKCHON 00paboTku nHpopManuu o npodusie TeMIepaTypsl Mo3BoIsIeT odec-
neunth KanuopoBky TII B MomenTs! Beimycka BMP. O6ocHOBaHue konmuyecTBa BhiTyckoB BMP B Te-
YeHHE CYTOK SIBIISIETCS MPEIMETOM HCCIEAOBAaHUN, HO HE JOJDKHO OBITh MEHEee ABYX pa3 B CyTKHU (B
HOYHOE U JHEBHOE BpeMsi).

HenocraTtkom mpennokeHHOro alropuTMa KOMIUIEKCHONH 00paboTku v HHpopMaIuu o npodu-
Jie TeMIIepaTyphl SBIAETCS TO, YTO JUIs (YHKIIMOHUPOBAHUS CXEMbl KOMIUIEKCHONW 00paboTKu HHQOP-
Maiuu TpeOyeTcs, 4ToObl U3MEPUTENN TEeMIEepaTypbl padoTalu B IITaTHOM pexume. B cinydae aHo-
MaJIbHBIX peskuMoB padoTel TII mnu ACP3 nanHas cxema (pakTHUECKH CTAaHOBUTCS HEPaOOTOCIOCO0-
HOM, T. K. OTCYTCTBYIOT MEXaQHU3MbI KOHTPOJISI JTOCTOBEPHOCTH M3MEPEHHBIX 3HAUCHUHN MPOPUIIS TeM-
nepaTypsl. BBIX00M M3 3TOH CUTyallMd MOXKET OBITh MCIIOJIb30BAaHHE IITATHBIX CPEICTB KOHTPOJIS
PpaboTOCITOCOOHOCTH M3MEPUTENEH U (MIJIM) MCTIOIBb30BaHUE PA3IMYHBIX METOJIOB KOHTPOJIS IIETOCTHO-
CTH METEOPOJIOrnYeckoi HHPpOpMaLIUH.
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Boaenos JDayapa AHaToJibeBUY, KaHIUIAT TEXHUYCCKUX HAYK, TOLICHT, 3aBEIyOIINI Kade-
POl TEXHHUYECKOW SKCIUTyaTallud paJUO3JIeKTPOHHOTO O000pYJOBaHMS BO3AYIIHOIO TPAHCIOPTA
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INCREASE SUCCESS RATE OF WEATHER FORECASTS FOR THE
AIRFIELD BY INTEGRATION OF MEASUREMENTS OF
METEOROLOGICAL PARAMETERS OF THE ATMOSPHERE

Eduard A. Bolelov'
"Moscow State Technical University of Civil Aviation, Moscow, Russia

ABSTRACT

Accuracy of aviation weather forecasts is one of the main indicators characterizing the quality of meteorological support of flights.
A significant influence of the quality of meteorological support on flight safety and regularity is confirmed by the results of the
annual tests conducted by the Federal Agency for Air Transport of Russia and "Aviamettelecom of Roshydromet". Currently, the
quality of meteorological support of flights is still at a low level compared to countries that are recognized leaders in the aviation
industry. To develop high-quality weather forecasts for the airfield weather service requires a large amount of information, which is
based on the data of meteorological measurements and observations obtained by aerodrome meteorological systems. The lack of
reliable information about the value of meteorological parameters of the atmosphere does not allow the weather man to form a
qualitative weather forecast, so there are cases when the weather forecaster of the airfield weather service gives a reinsurance
forecast. At the same time modern airfield meteorological systems have sufficiently advanced systems and devices for measuring
the parameters of the atmosphere. The full use of all the advantages of these systems for the development of high-quality weather
forecasts and, therefore, to improve their accuracy can be achieved through integrated processing of the meteorological information
received. The most important characteristic of the atmosphere is the air temperature at aircraft flying altitudes. Reliable knowledge
of the temperature profile largely determines the justification of weather forecasts and forecasts of dangerous weather events for
aviation. The article considers, as an example, the algorithm of complex processing of information about the temperature profile in
the aerodrome area, the structural scheme of the algorithm is obtained and the results of modeling the temperature profile and its
complex evaluation are presented.

Key words: meteorological support of flights, flight safety, complex information processing, weather forecast, temperature profile,
temperature profiler.
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NCCIEAOBAHUE BJINAHUA HUPPOBOI'O OBMEHA
B CUCTEME CTABUWJIN3ALNHN
BECIINJIOTHOTI'O JIETATEJBHOI'O AIIITAPATA
HA JTUHAMMNYECKUE XAPAKTEPUCTHUKU PYJIEBOI'O ITPUBOJIA

C.B.TPbI3UH"’
! Nonzonpyonencroe nayuno-npouseodcmeennoe npednpusmue, 2. Joreonpyouwiii, Poccust
Mocxkosckuil aguayuorHbll UHCMUMYm (HAYUOHAIbHBIU UCCIe008aMeNbCKULL YHUGEpCUment),
2. Mockea, Poccus

[pu MpoeKTHPOBAHWH CHCTEMBI CTAOWIIM3AIMH BRICOKOMAHEBPCHHBIX OCCIIIOTHBIX JieTaTelbHbIX armaparoB (BJIA) omHol u3
aKTyalTbHBIX 33/1a4 OCTaeTCs MPEIbsBICHAE TPEOOBAaHMH K TMHAMAYECKAM XapaKTEPICTHKAM H CII0C00aM yTIpaBJIeHHs PYIICBEIMU
MPUBOJIAMH, KOTOpHIE TO3BOJIT 00ECIIeUNTh TpeOyeMble 3amachl YCTOHYMBOCTH CHCTEMBI CTaOFIIM3AIMA B COCTAaBE CHCTEMEI
ympasieaus bJIA. B Hactosmmee Bpems Bce 0oiiee 4acTo OTAASTCs MPEANOuTEHHE MUKPOKOHTPOJIIEPHOMY CIIOCO0Y yIpaBIeHHs
ANIEKTPOIPUBOZIOM U IM(POBOMY OOMEHY MEXKIy CHCTEMOH yIpaBieHHs M pyJaeBbIMH THpuBogaMiu. OIHONW W3 TPHINH
YMEHBIIICHHS 3alaCOB YCTOWYMBOCTH CHCTEMBI CTaOWIIM3AIMH SIBIAIOTCS 3a[CPXKKH, BHOCHMBIC IHU(PPOBEIM OOMEHOM MEXIY
3JIEMEHTaMH CUCTEMBI CTabui3anuy. B nporiecce perienus 3a1aun nepexoza Ha HugpoBoii 00MEH MeXTy JIEMEHTaMH CUCTEMBI
cTabMIM3aIMK TTPOBEECHO HCCIIEIOBAHNE BIIMSHKS aMIUTMTYJHBIX U (ha30BbIX MCKKEHMI, BO3HUKAIOIMX B TPaKTe «HHTEp(eic
nepeaayu JaHHbIX — pyneBoﬁ TNpUBOI», HA JUHAMHUYCCKUE XAPAKTCPUCTHUKU PYJICBOT'O IPUBO/A. B kauecTBe MCNOJHUTENBHOIO
YCTPOMCTBAa CHCTEMBI CTaOWIIM3AIlMH PACCMOTPCH PEATBHBIN AJICKTPOIIPUBOJI, MUCIIOIB3yeMbId Ha BBICOKOMaHEBpeHHOM BJIA.
JIy1s yka3aHHOTO TPHBOJA BBENCHBI KpaifHE JKECTKHE TPEeOOBaHMS K TIONOCE MPONMyCKaHWs M (PA30OBBIM 3ama3JbIBaHUSAM, YTO
YCIOXKHSET TpoOieMy oOeCledeHHs] YCTONUMBOCTA CHUCTEMBI CTaOMIHM3allMM C YYeTOM 3ajepiek Im(ppoBoro oOMeHa.
B pesynbrare uccrenoBaHus MpemjioKeHa 4acTOTHAas MOJENb, MMO3BOJSIIONIAS OLEHUTh MHUHUMAJIBHO BO3MOXKHYIO CKOPOCTb
oOMeHa B TpakTe «uHTepdeiic mepenaun AaHHBIX — PYJIEBON NPHBOIY C y4eTOM obecredeHns TPeOYeMBIX MIHAMIYECKIX
XapaKTepUCTUK TpUBONA. B TpemnokeHHOH Mozemn wuHTepdeic Mepeaadyd NaHHBIX TIPEACTaBIeH B BHIE (hUKcaTtopa
(9KcTpanossiTopa) HyJIeBOTO TOPS/IKA, MepeaaTouHas ()YHKIHS KOTOPOro 3aMeHsIeTCsl annpoKkcuManysamu [lajge Broporo nopsaka.
B xome wuccnenoBaHuii IIPOBEACHO CPAaBHEHUE PE3YNBTATOB, IONYUYEHHBIX HA IPEIIOKEHHOW MOJENM, C pPE3yJbTaTaMHu
SKCIICPUMEHTOB Ha PEabHOM 3JIEKTPOIIPUBO/E M €ro MOJHOW HENMMHEHHOW BpeMeHHOW Mozend. OCHOBHBIM MPEHMYIIECTBOM
MPEIUIOKEHHON YaCTOTHOW MOJICNH SIBJISICTCS MPOCTOTA MOJTYYCHHs IEPEeaTOYHON (YHKIMH TpakTa «uHTepdeiic nepemnadn
JIAHHBIX — PYJICBOM MPHBOI». DTO MO3BOJISET HA HAYAJIBHOM 3Tale HCCIICIOBAHKS OBICTPO M JIOCTATOYHO TOYHO OIPEICIUTH
MHHHUMAJIBHO BO3MOXKHYIO CKOPOCTH OOMEHA, KOTOpas OOECICUHT BBINOJHCHHE TPEOOBaHHUH, MPEABSBIACMBbIX K JUHAMUKE
MPUBO/A.

KnioueBbie cioBa: OecnmnoTHbl JnetarenbHblid  ammapar (BJIA), ycToH4MBOCTB CHCTEMBI CTaOWIIM3allMM, YaCTOTHBIC
XapaKTepPUCTHKH 3JIEKTPOIPHUBO/IA, CHCTEMa «HHTep(delic mepesaun TaHHbIX — PyJIEBOH NMPUBOIY, (PUKCATOp HYyJEBOTO MOPSIIKA,
armpokcuMariy [1aze, 4acToTHas Moziesb, HeTIMHEHHAs MOJIEIb.

BBEJIEHME

B Hacrosiiiee Bpemst pu MOCTpOEHUM cucteM ctabunuzanuu BJIA, s MoaepHu3anuu cylie-
CTBYIOIIMX CHCTEM, BBITIOJIHEHHBIX Ha aHAJIOTOBBIX 3JIEMEHTAX, MJIM IMPOCKTUPOBAHUS HOBBIX CHUCTEM, B
OOJIBIIMHCTBE CIIy4aeB BBIOOD JEMAeTCs B MOJIb3Y HU(PPOBBIX CUCTEM, UMEIOLIMX MUKPOKOHTPOJUIEPHYIO
peanuzanuto. [{upposbie cucteMsl cTabnuinn3anuy 00J1aAaoT CIEIYIOIUMH IPEUMYILECTBAMMU:

— MEHBIIUHN BeC U TabapuThI;

— TOBBIIICHHAS IOMEXO03aIUIIEHHOCTb;

— IOBBIIICHHAs HAJIE)KHOCTb;

— THOKOCTH MPU U3MEHEHUHU CTPYKTYPbI UJIH MAPAMETPOB CUCTEMbI CTAOMITU3ALIIHH.

Ha ceromHsmHMN JeHb CyLIECTBYET MHOXKECTBO METO/OB HCCIIECAOBAaHUS LUPPOBBIX CUCTEM,
OCHOBHBIC 0COOEHHOCTH KOTOPBIX OmucaHbl B [1—4], a Taxke B OOJIBIIOM KOJIMYECTBE APYTOW CIeIHa-
JU3UPOBAHHOM JTUTEPATyPBI.
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PyneBoii mpuBOJ — OJMH U3 BAXKHBIX DJIEMEHTOB CUCTeMBbI cTabunm3anuu bJIA, Tak kak sBs-
€TCsl UCIIOJIHUTENIbHBIM YCTPOICTBOM, NMpeAHa3HAYEHHBIM I IPeoOpa3oBaHusl MOCTYMAIONIUX Ha €ro
BXOJ[ CHTHAQJIOB YIIPABJICHUS B MPOMOPIHUOHAIBHBIE UM ITOBOPOTHI PYJIEBBIX TOBEPXHOCTEH U (PYHKITH-
OHUPYIOIIMM B PeXMMax MpPeAesIbHbIX Harpy3ok. BeiencTBre 3Toro Kk IMHAMUYECKUM XapaKTepUCTU-
KaM PYJEBBIX MPUBOJOB MPEABSIBISIOTCS OCOOBIE M YaCTO MPOTHUBOpEUHBBIC TpeOoBaHus. B obmiem
BUJIE OCHOBHBIE OCOOCHHOCTH MPOEKTUPOBAHUSA U JUHAMHKHU CIEISIIMX IPUBOJIOB, B TOM YHUCIE U
U (POBBIX, MOKHO HaiTH B [5-9].

[Ipu >TOM CTOMT OTMETHTH, YTO B CYIIECTBYIOIICH JUTEpaType KpaiHe Majio WH(OpPMAIHH,
B KOTOPOW HEMOCPEACTBEHHO NPEIIATAIOTCA METOAUKH ONPENEIEHUS MUHUMAIBHON CKOPOCTH Iepe-
JlauM JTaHHBIX HUPPOBOro oOMEHa MpH 3a/laHHBIX XapaKTEPUCTUKAX HA TUHAMUKY HU(POBBIX CUCTEM.
BcnenctBue 3Toro npu nepexojie OT aHAJIOTOBOTO crocoba repeiadi CUTHAIOB YIpaBleHus K mudpo-
BOMY OOMEHY MEX]ly CUCTEMOM YIPaBJIEHUS U PYJIEBBIM MPUBOJIOM BO3HHUKAET aKTYaJbHBIA BOIPOC O
BIIUSTHUM CKOPOCTHU Tiepefadynd MHPOpPMAIMU Ha JUHAMUYECKHE XapAKTEPUCTUKHU PYJIEBOrO MPHUBOJA,
TaK Kak 3ama3/blBaHUs CHUTHAJa YIpPaBJICHHS, BHOCUMbIE LU(PPOBBIM OOMEHOM, MOTYT IPHUBECTU K
YMEHBIIICHHUIO 3aI1acOB yCTOMYMBOCTH CHCTeMBI cTadmmm3aruu bJIA.

B naHHOI cTaThe NPUBOANUTCA OMMCAHUE HAYAJIBHOTO 3TAlla UCCIIEIOBAHMS BIHUSHUS 3aJ€PKEK
UGpoBoro oOMeHa Mpu MOJAECPHU3ALNHU peaslbHON cucTeMbl crabunu3auu bJIA, ocHoBaHHOE Ha pe-
3yJbTaTax MaTEMaTH4YECKOrO0 MOJEIMPOBAHUS M HEMOCPEACTBEHHBIX HKCIEPHUMEHTAJIbHBIX padoTax
C DJIEKTPOMEXAHUYECKHUM PYJIEBBIM MPUBOJIOM.

METOAbI 1 METOJOJIOI'S NCCJIEJOBAHUA
Jluckpernsanuio CUrHajga 1o BpEMEHH MAaTEeMaTU4YECKU MOXKHO IIPEICTABUTh KAK IIOTOYEYHOE

YMHOXEHHE HMCXOJHOTO HEMPEPHIBHOTO CHTHaja Ha TpebeHky Jlupaka [1], mpu 3TOM 4acTOTOW aMC-
KpeTu3anuu Ha3eBaroT 3HaueHue 1/7 (puc. 1).

mj/—\ / +”“h .
a it

Puc. 1. /luckperusanyst HENPEPHIBHOTO CUTHAJIA 10 BPEMEHU
Fig. 1. Time discretization of continuous signal

B pesynbraTe ykazaHHOTO MEPEMHOKEHUS BMECTO HEMPEPHIBHOW (QYHKITUH MOTy4aeTCs moce-
JIOBATENbHOCTD JI€JbTa-UMITYJIbCOB OMNPEEICHHON BBICOTHI, MPH 3TOM B 00IIeM ciay4yae IUPPOBOil
00MEH MEXIy IByMsl YCTPOMCTBAaMH MOXKHO pacCMaTpHBaTh KakK Iepeaady dTOW MOCIeI0BaTeIbHOCTH
B BU/JIE IBOMYHOIO KOJa ¢ 1marom 7.

[IpencraBuM, 94TO MOCIIEIOBATENILHOCTD 3HAUCHU HAa BBIXOE IHU(PPOBOTO YCTPOIiCcTBaA ¢ TpeOy-
€MOW TOYHOCTBIO COOTBETCTBYET aHAJIOTOBOMY CHUTHAIY YNpaBJieHHsI, KOTOPbII HEOOX0IUMO OTpado-
TaTh PyJEBOMY MPHUBOIY C 3aJaHHBIMU JMHAMHYECKUMHU XapaKTEPUCTHKAMU. Tak KaK MCTOTHHUTEIb-
HBIE JIEMEHTHI TPHBOIa (PyJIEBbIE MAIIMHKN) B JTIOOOM Cllydae SIBISIOTCS aHAJIOTOBBIMU, HHTEpQEHc
nepelaynl TaHHBIX MEXKITY IIU(PPOBLIM BBIXOIOM CHCTEMBI YIIPABICHHS U IIU(PPOBBIM BXOJIOM PYJIEBOTO
MPUBOJA MOXHO paccMaTpUBaTh KakK 3JIEMEHT BBIOOPKU-XpaHEHHs, KOTOPBIM MOKHO IPEACTaBUTH
¢buKcaTopoM (IKCTPANOISATOPOM) HYJIEBOTO TOPSAKA, TJE CKOPOCTh MEpelayu JaHHBIX WHTepdeiica
0003HaunM Kak 7.
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PaccmorpuM QyHKIMOHHMpOBaHHE (PUKCATOpa HYJIEBOTO MOPSIKA MPH Pa3HbIX 3HaueHHsX 7,
mpeJroaras, 4yTo MEHbIIMM 3HaueHusIM 75 COOTBETCTBYET Oouibliasi CKOpocTh ooMeHna. Ha mpaktuke
CKOpOCTh OOMEHa BCer/ia OrpaHuueHa TEXHHUECKUMH BO3MOKHOCTSIMU MHTEpdeiica mepeaayn JaHHbIX
1 YCTPOMCTB, MEXIAY KOTOPBIMH ITPOUCXOAUT I poBoit oOMeH. [lycTh B paMKax MpakKTHYECKOM 3aj1a-
Y1 MakCHUMaJibHasi CKOPOCTh OOMEHa COCTaBIseT | Mc, U IS IpUMepa UCIONIb3yeM 3HaueHus T = 2,
4 Mc, KOTOpBIMHU OyJIeM XapaKTEepH30BaTh YMEHbIIIEHHE CKOpocTH oOMeHa. [Ipu saTtom cremyeT oco6o
OTMETHTb, uTO, cornacHo Teopeme KorenbHukoBa — lllennona — HaiikBucra, KoppekTHas OIleHKa pa-
00ThI (puKcaTOpa BO3MOKHA MPHU UCIOJIH30BAaHUU YAaCTOTHl TUCKPETH3AIMH, MO KpallHEelH Mepe BABOE
IIPEBBILIAIOIIEH MAaKCUMAJIbHYO YaCTOTY, IPUCYTCTBYIOLIYIO B UCXOHOM CUTHaJIE [2].

JI71s OLIEHKM BIMSHUSL CKOPOCTH OOMEHa Ha 4acTOTHBIE XapaKTEepPUCTUKH (PUKCcATOpa HYJIEBOTO
MOpsi/IKa, PaCCMOTPUM aMIUTUTYIHO-(pa3oyacToTHbIe Xapakrepuctuku (ADPUX) dukcaropa npu 3Ha-
yenusax 1;=1, 2, 4 mc.

Ilepenarounas (yHkuus (ukcaTopa HYJIEBOrO MOPSAIKA, KOTOPBIH SBISETCA 00S3aTENbHBIM
AJIEMEHTOM CUCTEM JIUCKPETHOTO BPEMEHH, MpecTaBieHa B Buje [3—4]:

-pT;

W/;xtr (p) = le—

rI;

YacToTHBIE XapaKTEpUCTUKHU (PUKcATOpa HYJIEBOTO MOPSAKA MPU YKa3aHHBIX 3HAYCHHUSX T

NPUBOJATCS Ha PUC. 2, U JUI OOJBIIEH HArISIIHOCTH paccMoTpuM 3TH ke ADYX B mosoce 9acrTor,

OTpaHHuYEHHOW MUHUMAaNIbHON yacToTol HaiikBucta (1/27) u3 Tpex ykasaHHbix 3HaueHuil 7;. B gan-
HOM ciryvae s Ty = 4 Mc 3Ta nojoca cocrapiser 125 ',
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Puc. 2. AOUX duxcatopa HyseBoro rnopsika npu 3Hadenusix 7y = 1, 2, 4 mc
Fig. 2. Zero-order hold frequency response at 7, = 1, 2, 4 ms
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To ecThb OYEBHIHO, YTO YACTOTHBIC XapaKTEPUCTUKU (UKCATOpa HYIJIEBOTO IMOPSIKA BCETIa
1/Ts-niepunognunbl. Kak BugHO U3 mosrydeHHbIX ADUX, npu yBenuvennn 3HaueHus 7 ¢ 1 10 4 Mc Guk-
CaToOp HYJIEBOTO MOPs/IKa BHOCUT aMIUIMTYAHbIE UCKaXKE€HUs, He TpeBblatomume 4 1b B nojgoce yacTor,
cooTBeTCTBYIOIIEH yactoTe Halikpucra mst T = 4 mc. OgHako mipu 3ToM (UKCATOp HYJICBOTO MOPSIKA
HAYMHACT BHOCUTH CYIIECTBEHHBIC ()a30BBIC MCKAKCHUS, 3HAYUTEIHHO HAPACTAIONINE C YBEITHMUCHHEM
4acTOTHl BXOJHOIO CHTHaja. BerencTBue 3TOro mpu MpakTHUYECKOW peanu3aluu HUPpoBoro oOMeHa
TAHHBIMH, CTAHOBUTCS OCOOCHHO Ba)KHBIM OMpECNICHHEe MaKCUMAIIbHOTO 3HadeHus T, TIPU KOTOPOM
OyayT obecrieunBaThCsl TPeOOBAHUS, IPEIbABISIEMbIE K JUHAMUYECKUM XapaKTEePUCTUKAM CUCTEMBI.

B kauecTBe mpumepa paccMOTpUM peajbHBIA 3JIEKTPOMEXaHUYECKUM pysieBoi npusof BJIA,
K IMHAMHYECKUM XapaKTePUCTUKAM KOTOPOTO MPEABSIBISAIOTCS CIEAyome TpedoBanus [5—9]:

— monoca npomyckanus He menee 20 ' u ve 6omee 30 I';

— (a3oBoe 3ama3aplBaHUE HA YacTOTE MPOITycKaHus He 6omee 50°.

JJist OLIEHKH BJIMSIHHSI CKOPOCTH OOMEHA TpaKTa «CUCTEMa YIIPaBJICHUS — PYJIEBOM MPUBOI» HA
TUHAMHYECKHE XapaKTEpUCTUKU MPUBOAA OyAeM HCIOIb30BaTh JMHEWHYIO YAaCTOTHYIO, MOJHYIO He-
JTUHEHHYI0 BPEMEHHYIO0 MOJICIH TIPUBOJIA U SKCTIEPUMEHTAIBHEIC JaHHbBIE, TOJIyYeHHbIE TTPH 0TPadoT-
KaX FapMOHUYECKUX CUTHAJIOB HA PEajIbHOM PYJIEBOM MPUBO/IE.

Kak 0puT0 yKa3aHO BBIIIE, MPEICTABUM, YTO TMOCIEI0BATEIILHOCTh 3HAUCHUN Ha BBIXOJE IUQ-
POBOI0 YCTPONCTBA CUCTEMBI YIIPABIIEHUS C TPEOYyEMO TOYHOCTHIO COOTBETCTBYET aHAJIOTOBOMY CHT-
HaAJy YIpaBlIEHUS, KOTOPBI HEOOXOAMMO OTpadOTaTh PYJIEBOMY MPHUBOIY C 33JaHHBIMHU JUHAMUYEC-
CKMMHU XapaKTepHUCTUKaMH. BcrencTBre 3Toro nepeiarounyio GyHKIMIO CUCTEMBI «MHTepdeiic mnepe-
Ja4d JTaHHBIX — PYJIEBOW IPUBO» B YACTOTHOM MOJIEITU MOXHO MPEICTABUTH CICTYIOIIUM 00pa3oMm:
_pT

1—e s
w =—-an(p).

unTepdeiic-npuBo
T,

JU1st OJTyYeHHsl YaCTOTHON XapaKTePUCTUKU Wyrepgeiic-npusox(P) B 4ACTOTHOH obnactu W(j2mnf)
HEOOXOIMMO MPOBECTH aNMPOKCUMAIMIO TIepeAaToOuyHON (DYyHKIMHM HIealbHOrO (pUKcaTopa HYJIEBOTO
nopsiika We(p) €€ «aHaJoroBbIM» MPOTOTHIOM. DTO OOYCIOBJICHO TEM, YTO YAaCTOTHBIE METOJbI
HNPUMEHSIOTCS I 27f —> 00, a B cily4yae z-lpeobpasoBaHus (z = e’™) M3MEHEHHME YaCTOTHI OIpaHu-

yeHo unTepBaioM [0; 27t/T;]. Jns momydeHus nporotuna (Gukcaropa HyJIEBOTO MOPsAKA UCTIOIb3yeM
MeTo]1 anmpokcuMaruu [lane, KoTopslit moapoOoHo ommcad B [10].
[Tpoenem anmpokcumanuio [lage nepenatounoit GyHKIMKM UACATHLHOTO (UKCATOPA HYJIEBOTO
MOpsIIKA:
1-e?%

W, =
extr(p) pT

s

Annpokcumanuto [lage npeacraBuM B BUJi€ MOJUHOMOB | U 2-r0 TOPSIAKOB, U BCIEACTBUE 3TO-
'O HCIIONIb3yeM pasznokeHue GyHKIun We(p) B psin Telnopa 10 4eTBepTOil MPOU3BOIHOM:

1= " w'o WO L WO s WO
Wextr(p)——T—W(0)+ TR TR A Srany Sy :

N

Tak kak mpsMoro pasnokeHust GyHKUUU We(p) B psaa Teinopa Het, npenctaBuM Wex(p) B
BUJIE

l—-e? 4
I/I/:?xtr (p) = = (p) .
pT; B(p)
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OueBuaHO, uTo /U151 3HaMeHarens B(p) = Tp pan Teinopa coctouT u3 ogHoro uiena B(p) = T,

TaK KaK BCE MPOU3BOAHBIE BBILIE 1-T0 MOPsAKA paBHbI HYJIO.

Jns aucnurens A(p) umeem:

A(p)=1-e"" = 4(0)=0, A'(0)=T,e " == A(0)= ~T2, A"(0)=T>, A 0)=-T".

Takum o6pa3om, psan Tewnopa AJis YUCTUTEINS:

A©0) A0 , A4"0) 5 AP©O) , L, T 5 T,
A(p)=A(0)+ + + + =0+7T p—=8 428 p3_ s )
(p)=A4(0) TRLARETRE T4 T A e

B urore psin Teitnopa no 4-ii mpousBoaHOM Uit GyHKIUUA We(p) HIMEET BUT

Tp 7;2 p2 + s3 p3 S4 p4
sF ™ 4 - - T D) T3

Omnpenennm koddunuents [lane co-4, bo 1 by [10]:

g T} T;
¢, =0,¢=1,c,=—>,¢;= 6 ,c4:—2‘4,
T
by=1, b=—2="1s
aq 2

CormnacHo ypaBHEHUsIM, TTpuBeieHHBIM B [10], bocy + bics + bocs = 0, criemoBaTenbHO,

b =_blcs+c4=_fs'? 24 _ 217 _T_sz_
? ¢, T, 24T, 12

Hanee onpenensrorcst KOAOPUITUEHTHI ao, a; U ay:
Cl():Co:O, a)= Ci +b1€0: 1,

(12202+b101 +b26‘026‘2+b161 =—Ts/2+ Tv/2:0

Urak, koadpunments! annpoxkcumanuu [lage mis nonunomoB A(p) u B(p):
a=0, ay=1, aa=0; by=1, by =T/2, by=T,/12.

B utore MMOJIy4YrM IMNECPCAATOUYHBIC (byHKHHH 1 u 2-ro MOPAIAKOB, KOTOPBIC ABJIAIOTCS alllIPOKCH-
MalusIMH Haue @HKcaTopa HYJICBOT'O ITOPAaKa:
Wi e (P) =+ Wy paia(P) 1
extr_Padel p)= > extr_Pade2 p)= 2"
12
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Kak Obu10 onmcano Bhllle, IPHU yBEIUYEHUN 3HaYeHUs 1 ¢ 1 10 4 MC HAUMHAIOT YBEIMYUBATh-
Csl aMIUIUTYIHbIE U (DA30Bble UCKAXKEHUSI, IOITOMY YaCTOTHBIE XapaKTEPUCTHKHU (PUKcaTopa HyJIEBOIO
nopsiaka u ero annpokcumanui Ilage 1 u 2-ro nopsankos noctpoum ans Iy = 4 mc. CpaBHeHue 4a-
CTOTHBIX XapaKTEPUCTUK HJI€AIBHOrO (PUKCATOpa HYJIEBOTO Nopsiika U ero annpokcumanuil Ilage 1 n
2-ro NopsAIKOB IPUBOJUTCS HA PUC. 3.

I} T Tﬂl T T 1
0 0 U100 1= 20 23 30
20 A | e
"\..h“\“ \
"
-40 - . ~
Lif).nb S
60 - 036 - S
—_—T1 exir ided —— L extr_ided T
30 1 _ __ L exir Padel 048 4 ———-L extr Padel S
— . = L extr Pade? - - = L_extr Padel hA
-100 - 06 - fTn
D I I I I I D | I I I ) I 1
0 100 200 300 400 500 I}\\j 10 13 20 23 30
-36 - -3
72 e 10 -
offl.rpan
-108 - ~ -15 A
Phase_extr_ideal Phase extr ideal
144 9 ——— Phase extr Padel .4 20 | ——— Phase extr Padel
=+ = Phase_extr Padel _ | =+ = Phase_extr Padel
-180 - - T 25 -

Puc. 3. AOUX nneanbHOro (prKcaTopa HyJIEBOTO MOPSIKa
u ero armmpokcumanuii [Tage 1 u 2-ro mopsiakos s T = 4 Mc
Fig. 3. The frequency response of an ideal zero-order hold
and its 1st and 2nd order Pade approximations for 7, = 4 ms

Kak BugHo u3 puc. 3, AOUX annpokcumanuu Ilage 2-ro nopsaka B nosioce yactoT 10 30 I'ng
(momoce MpomycKaHus MPUBO/IA) MPAKTUYECKU TOJHOCTHIO UIACHTUYHBI YACTOTHBIM XapaKTePUCTUKAM
ueanbHOro (puKcaTopa HyJIEBOIO MOPSIAKA, OATOMY IS MEPEAATOYHON (PYHKIIMH CUCTEMbI «HHTEP-
delic mepenavn TaHHBIX — PYJICBOM MPUBOI» B Ka4eCTBE MepeaaToyHor GpyHKmuu GukcaTopa HyJIEBO-
ro nopsiaka OyJeM HCIoib30BaTh anmpokcumanuio [lane 2-ro nopsaka:

e
uHTepeiic-PHBON p Ts pi I+ pf]; N M .

12

Crout OTMETHTb, UYTO PYJIEBOM NMPHUBOJ SIBIAETCS CYIIECTBEHHO HEJIMHEWHBIM yCTPOHCTBOM,
II03TOMY B YaCTOTHOW MOJIEIIM MCIONB30BaHa W, (p), COOTBETCTBYIOIAS PEKUMY BXOJHOIO CHTHAjIa €
ammutygamMu Ug = 1+3°, Tak Kak npu oTpabOTKE CUIHAJIOB YIPABICHUS C MajJbIMU aMIUTUTYAaMU
CYIIIECTBEHHBIC HEJITMHEHHOCTH KOHTYpa MPUBOJIa MOTYT OKa3bIBaTh HauOOJbIIEe BIMSHUAE HA €T0 JH-
HaMHMYEeCKHUe XapakTepucTHkH [5]. HacToTHas MoJielnb pyJieBOro MPUBOAA UMEET CIEIYIOLINI BU:
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w2(p)
w2(p)—w3(p)’

an(p):kWI(p)

wl(p) =—— il , k1=0,99, T, =0,0063516, & =0,2075;
T2 p* +2TEp+1
w2(p) = k2 , k2=0,15, T, =2,601-107, T, =0,663;

i p* +Typ+1
w3(p)=T,p, T, =1,5915-107; k =0,91.

ADUX cucteMbl Wiyrepgeiic-npuson(P) MOKa3aHBI Ha PUC. 4, HA KOTOPOM IPHBOMAATCS YaCTOTHBIE
xapakrepuctuku (L _actuator, Phase actuator) W,,(p) — Tonbko pyineBoro mpusoaa 6e3 ¢ukcaropa
HYJICBOTO TMOPsAKa, U dyacToTHhIe xapakTtepucTuku (L actuator extr 1ms, Phase actuator extr 1ms,
L actuator extr 2ms, Phase actuator extr 2ms, L actuator extr 4ms, Phase actuator extr 4ms)
cucTeMbl «uHTEpdEiic nepeaady JaHHbIX — pyJIeBOH NPUBOI» Wiurepdeiic-npuson(p) € YUETOM XapaKTepH-
CTHK (pUKcaTOpa HyJIEBOTO MOpsAIKa NpH 3HaueHusx 1 = 1, 2, 4 mc.

0 T T T [ | I !
_|_ -
Lok
@A 6 - L_actuator
——— L actuater extr Ims
e L actuator extr 2ms
- L_actator_extr 4ms
-10 -
| .
—l{l {I S T
40 ~
=70
gifirpan Phase_actuator
-100 - ———-Phase_actuator_extr lms
130 4 Phase actuator extr 2ms
————— Phase actuator extr 4ms
-160 -

Puc. 4. AOUX npuBona u cucTeMbl Wirepgeiic-npusox(P) € YI€TOM XapaKTEPUCTUK (pHKCATOpPA
HyJIEBOTO TIOPsAKa pH 3HadeHMsX T = 1, 2, 4 mc
Fig. 4. The frequency response of the drive and the Wiyerface-actuator(?) System,
taking into account the characteristics of the zero-order hold at 7, =1, 2, 4 ms

Jns OlleHKM NOJYyYEeHHBIX HA YAcCTOTHOW MOJIEIM PE3YJIbTAaTOB IPOBEIEM MOJAEIUPOBAHUE
(puc. 5) Ha IOJIHOM HENTMHEWHON BPEMEHHOW MOJIETH MPUBOJA C MUKPOKOHTPOJUIEPHBIM PETYJISITOPOM
[6] 1 cpaBHUM pe3yibTaThl MOJAEIMPOBAHUS C HKCIIEPUMEHTAIbHBIMU JIaHHBIMHU, MOJYYEHHBIMU NPU
0TpabOTKaX rapMOHUYCCKUX CUTHAJIOB HA PEATbHOM PYyJICBOM MpHBOjAE. Ha BX0JI MUKPOKOHTpOJLIEpa
peanbHOro IMPHUBOJA MOJABAJIUCh FAPMOHMYECKHE CUTHAJIBI B BHJIE€ IMOCJIEAOBATEIIBHOCTH 3HAYECHHI,
4acToTa KOTOPBIX COOTBeTCTBOBasa 3HaueHusM Ts = 1, 2, 4 mc (Uin(t) exrt Ims, Uin(t) exrt 2ms,
Uin(t) _exrt_4ms).
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U (t)=Ansin2af}) :>

o

T=124ue

=

HennHeiHa A MOTETE
SN EKTPOMPHEOTA C
MHEpOKOHT [ O S0

=

Uae(t)

Puc. 5. OyHK1IMOHANBHAS cXEMa MOJEINPOBAHUS
Fig. 5. Functional simulation scheme

CpaBHEHHE DPE3yJIbTaTOB MOACITHPOBAHUS C YUETOM XapaKTEPUCTHK HICAITBHOTO (HKcaTtopa
HyJIeBOro nopsijaka rnpu 3Hauenusx 7 = 1, 2, 4 mc (Uout(t) real time model) ¢ sxciepuMeHTaNbHBIMU
narabivu (Uout(t) real actuator) mpuBoauTcs Ha puc. 6.

Puc. 6. CpaBHeHHE pe3ynbTaToOB MOACTUPOBAHUS
C 9KCIIEpUMEHTAIBHBIMH JaHHBIMH OTPa0OTKH TapMOHUYecKoro curnana npu 7y =1, 2, 4 mc
Fig. 6. Comparison of simulation results with experimental data of harmonic signal testing at 7, =1, 2, 4 ms

Kax BuaHO U3 puc. 6, pe3ysbTaThl MOJICIUPOBAHUS MTOKA3aJIU XOPOIIYIO CXOAUMOCTh C JKCIIe-

PUMCHTAJIbHBIMU JaHHBIMU.
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JIyist moTy4eHus 4aCTOTHBIX XapaKTePUCTHK B mosioce yacToT 10 30 ' Ha BXOABI MOJIEH | pe-
aJBLHOTO TPHUBOJIA MMOJABAIUCH TAPMOHUYECKUE CUTHAJIBI C aMIUTUTYI0M A = 3° u yactotamu f = 5,
10, 15, 20, 30 I'u. Janee nonyyenusie AOUYX nipu 7y = 1, 2, 4 Mc [u1st MOAEIIH U PEaIbHOrO MPUBOA
CPaBHUBAJINUCH C YACTOTHBIMU XapaKTEPUCTUKAMHU, MMOJIyYEHHBIMU Ha 4YacTOTHOM Mozenu. CpaBHEHHE
pe3yJIbTaToB, MOMyUYeHHBIX Ha yacToTHOM Monenu (L_freq model, Phase freq model), ¢ pe3ynbrara-
MU MOJCIIMPOBAHWS Ha TIOJHOW HEJIMHEWHOW BpeMeHHOW wmoxenu npuBona (L real time model,
Phase real time model) u skcnepumentanbabiMu ADUX (L real actuator, Phase real actuator)
MPUBOJATCS Ha puc. 7-9.

0 I "H‘r""'-""-l—-.._._ !
0 ey = - = 10 3
E@'HE —j m
—L _real actuator
----- L _real time _model
=+ =1 freq model
-10 - —=L
I}r -"—-u-.l._“-‘—l I I ) 1
0 e LUt = I 20 23 30
efirpan 70 -
Phase_real actuator
----- Phase real time mode
qa0 T Phase freq model
Puc. 7. CpaBuenne AOUX npu 7, =1 mc
Fig. 7. Comparison of frequency response at 7, = 1 ms
0 | 7 —— _-_J-.___,__H_E‘“_- T . T T 1
e e e L b i S || Y b 30
L{)mb
=504
=L real actuator
----- L _real time modd
== L freq model
10 - —L
I} l_ R [ T T T T 1
0 i Sl £ 20 23 30
g(f)rpan
75 -
Phase real actuator
----- Phase_real fime_model .
504 =7 Phase_freq model f=-

Puc. 8. Cpasuenue AOUX npu 7, =2 mc
Fig. 8. Comparison of frequency response at 7, = 2 ms
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I{?}'HE -5 N
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----- L real time mode
== L freq model
-10 - £Tu
D l_ = -, -Ir - - T T T T 1
0 3 30
eflrpan 30 -
Phase_real actuator
----- Phase real time mode
160 — - = Phase freq model

Puc. 9. Cpauenne ADPUX npu T, = 4 mc
Fig. 9. Comparison of frequency response at 7y = 4 ms

CpaBHEHHE YaCTOTHBIX XapaKTEPUCTHK, MPUBEJEHHBIX HAa pUC. 7—9, MOKa3bIBAET, UTO PE3YJib-
TaThbl 3KcnepuMeHTanbHOro noiaydenuss AOUX Ha peanbHOM NPUBOJIE UMEIOT XOPOIUIYIO CXOJAUMOCTD
C pacyeTHbIMU pe3yJIbTaTaMU, MOJYYEHHBIMU Ha MOJHON HEJIMHEWMHOW BPEMEHHOW MOJENIM U 4acTOT-
HOW MOJIEIY IIPUBOJIA.

PE3YJIbTATBI UHCCJIEJOBAHUA U OBCYKAEHUE
INOJIYYEHHBIX PE3YJIBTATOB

W3 mosy4eHHBIX BBINIE 3KCIEPUMEHTAIBHBIX M PACUETHBIX PE3yJIbTaTOB OINpPEAEIEHO MaKCH-
MayibHOE 3HaueHue 7, Ipu KOTOPOM OyayT obecreunBaThCsl TpeOOBaHUs, IPEAbSBIsEMbIC K TUHAMHU-
YECKHUM XapaKTepUCTUKaM PyJIeBOro mpuBoja. [[isi ykazaHHOro pyJjeBOro mpuBojJa € MOJOCOM mpo-
nyckanus He MeHee 20 'y u e 6onee 30 'y u pa3oBbIM 3ama3bIBAaHUEM Ha YaCTOTE MPOITyCKaHUS HE
6omnee 50°, ckopocTh MUGPOBOTO 0OMEHA TPaKTa «CUCTEMA YIPABJICHHS — PYJICBON IPUBOI» HE JTOJDK-
Ha MpEeBbIIATh 3HaUeHUs T = 2 MC. DTO 03HAUYAET, YTO TEXHUYECKUE YCTPOWCTBA CUCTEMbI yIpaBie-
HUSl, PyJIeBOro MpUBOJAA U HHTepdeiica nepejaun TaHHbIX JOJKHBI 00€CIIeYUTh KOJIMPOBKY, Iepeaavy
1 00paboOTKy Ka)I0T0 COOOIIEHUS TaHHBIX 32 BpeMs, He MPEeBbIIIatoiiee 2 Mc.

Pe3ynpTaThl HccieqoBaHMi MMOKa3ail, YTO 3aMEHa NepeaaTouyHoW (QYHKUHUU UACaTbHOrO (PUK-
caTopa HyJIeBOTO Mopsijaka anmnpokcuManusmu Ilage Broporo mopsijka AaeT BIOJIHE JOCTOBEPHBIE pe-
3yJIbTaThl B MOJOCE YACTOT, OTPAHMYEHHON MOJIOBUHOM YacToThl HalikBrucTa (1/4T ). Ha mpaktuke mo-
Jl0ca MPOIMYCKaHUs MPUBOJA YacTO OTPAHUYMBAETCS YACTOTOM B HECKOJIBKO pa3 MEHbIICH, YeM I0JI0-
BuHa gactotel Haitksucra ('/47T}), Tak Kak CyIIECTBYET PEKOMEH/IAINS, KOTOPAs OMPEACISCT, UTo PH
¢byHKIMOHMPOBAaHUY cucTeMbl crabunu3anuu bJIA sxenarenbHo, 4TOOBI COOCTBEHHAs YacToTa (IojI0ca
MIPOITYCKaHUs) pyJIeBOTO MPHUBOJIa OblIa B 2 U Oo0Jiee pa3a MEHBIIE YaCTOTHI MEPBOr0 TOHA M3THOHBIX
koneOanuit kopryca BJIA (wpn < @1 roma ux/2) [9]. BeaeacTsue 3Toro npemiokeHHble Coco0bl onuca-
HUSl MOJIEJIU CHCTEMbI «MHTep(eic mnepeaayn JaHHBIX — PYJEBOM MPHUBOI» B YAaCTOTHON 00JacTH B
OOJIBLIIMHCTBE CIIy4aeB MOTYT ObITh IPUMEHHUMBI JUI OBICTPOTO M JOCTATOYHO TOYHOTO OIPEEIICHUS
aMIUIUTYIHBIX U ()a30BbIX MCKa)KEHUH, BO3HUKAIOIIUX MPHU HUPPOBOM OOMEHE B KOHTYpE «CHCTEMa
yIpaBJICHUS — PYJIEBOM IPUBOIY.
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3AK/IIOYEHUE

B mpouecce pemienust ogHON U3 3a1a4 10 MOJEPHU3AIUH PEATBbHON CHCTEMBI CTAOMIM3AINN
paccMmatpuBaics BOIPOC Mepexoa OT aHaJIOrOBOro crocoba nepesayd CUTHajIOB yNpaBieHHs K 1ud-
POBOMY OOMEHY MEKIy CUCTEMOH YIPABIICHUS M PYJICBBIM IPHUBOJOM W OLICHKH BIIMSHHS 3aJICPIKEK,
BHOCHMBIX UHTEp(EHCOM Mepeiadn JaHHBIX Ha TUHAMUYECKHE XapaKTePUCTUKHU PYJIEBOrO MPUBOA.

[IpoBenenHbie UccIeqOBaHUS MTOKA3IM, YTO PE3YJIbTAThl IKCIIEPUMEHTAIbHBIX PaboOT Ha pe-
aJbHOM MPUBOJIE UMEIOT XOPOILYI0 CXOAUMOCTb C PACUETHBIMU pe3yJIbTaTaMH, NOJyYEHHBIMH Ha TOJI-
HOM HEJIMHEHHOW BpEeMEHHOM MOJIeNIM U YaCTOTHOM MoJieu ipuBoaa. Beneactsue aToro asis ObIcTpoi
MPe/IBApUTENLHOM OLIEHKU BIMSHUSA 33/I€P>KEK, BOSHUKAIOUIUX MPHU IIUPPOBOM 00MEHE B KOHTYPE «CH-
cTeMa ynpaBJ€HHUs — PYJIEBOM MIPUBOI», HA HAYAIIbHOM 3Tare MPOCKTUPOBAHUS JIOITYCTUMO MCIOJIb30-
BaTh MPEAJIOKEHHYIO0 YaCTOTHYIO MOJENb CUCTEMbl «MHTepQeiic nepenaun JaHHBIX — PYyJIEBOH IMpH-
BOJI», KOTOpasi TIO3BOJISIET UCIIOJIb30BaTh BCE MPEUMYIIECTBA XOPOIIO OTPAOOTAHHBIX METOAOB YacTOT-
HOTO aHaJIN3a JIUHEHHBIX CUCTEM.

OCHOBHBIM JJOCTOMHCTBOM IIPEIJIOKEHHOW MOJENHU SBJISETCS €€ MPOCTOTa, TaK KaKk B OOJb-
IIMHCTBE CllyyaeB HHTepdeiic mepeaayn AaHHBIX MOXHO paccMaTpuBaTh KaK DJIEMEHT BBIOOPKH-
XpaHEHUs, TPEJCTABICHHBIN (PUKCATOPOM (IKCTPAMOISITOPOM) HYJIEBOTO TOPSAKA, IMEepeaaTOvIHas
GyHKIMS KOTOPOTO 3aMEHseTCs ammpokcumanusmu llage BTOporo mopsiika, alrOpuUTM MOTyUeHUs
KOTOPBIX MPEIEIIBHO MPOCT U JAET XOPOILIYI0 CXOAUMOCTh C 3KCIIEPUMEHTAIbHBIMU PE3yJIbTaTaAMU.
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THE RESEARCH OF THE INFLUENCE OF DIGITAL EXCHANGE IN THE
STABILIZATION SYSTEM OF THE UNMANNED AERIAL VEHICLE ON
THE DYNAMIC CHARACTERISTICS OF THE STEERING ACTUATOR

Sergey V. Gryzinl’2
! Dolgoprudny Research and Production Enterprise, Dolgoprudny, Russia
? Moscow Aviation Institute (National Research University), Moscow, Russia

ABSTRACT

When designing a stabilization system for highly maneuverable unmanned aerial vehicles (UAVs), one of the relevant tasks is to
impose requirements on the dynamic characteristics and control methods of the steering actuators, which will ensure the required
stability margins of the stabilization system as part of the UAV control system. Currently, there is an increasing preference for
microcontroller method of electric actuator control and digital exchange between the control system and the steering actuators. One
of the reasons for the reduction of stability margins of the stabilization system is the delay introduced by the digital exchange
between the elements of the stabilization system. In the process of solving the problem of transition to digital exchange between the
elements of the stabilization system, a research was conducted of the influence of amplitude and phase distortions arising in the path
"data transmission interface - steering actuator" on the dynamic characteristics of the steering actuator. As an actuator of the
stabilization system, the real electric drive used on highly maneuverable UAVs is considered. For this drive, extremely stringent
requirements for bandwidth and phase delays are introduced, which complicates the problem of ensuring the stability of the
stabilization system, taking into account the delays in the digital exchange. As a result of the research, a frequency model has been
proposed that allows to estimate the minimum possible exchange rate in the path "data interface - steering actuator", taking into
account ensuring the required dynamic characteristics of the actuator. In the proposed model, the data transfer interface is
represented as a zero-order hold, the transfer function of which is replaced by Pade approximations of the second order. In the
course of the research, a comparison was made of the results obtained on the proposed model with the results of experiments on a
real electric actuator and its complete nonlinear time model. The main advantage of the proposed frequency model is the simplicity
of obtaining the transfer function of the path "data interface - steering actuator". This allows at the initial stage of the research to
quickly and accurately determine the minimum possible rate of exchange, which will ensure the fulfillment of the requirements
imposed on the drive dynamics.

Key words: unmanned aerial vehicle (UAV), stability of the stabilization system, frequency responses of the electric actuator, the
system "data interface - steering actuator", zero-order hold, Pade approximation, frequency model, nonlinear model.
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CPABHUTEJIbHBIN AHAJIN3 IOKA3SATEJIE KAYECTBA
ABUAIIMOHHBIX KEPOCHUHOB, BUOTOIIVINB 1 UX CMECEHA

K.I. TPSIAYHOB', A.H. KO3JIOB!, B.M. CAMOMJIEHKO', 11I. APJEILIUPH>
' Mocrosckuii 2ocydapemeennuiii mexnuyeckuii ynugepcumem 2pajicoanckoii aguayii,
2. Mockea, Poccus
? Asuampancnopmnoe 610po 8 Mescoynapoomnoti opeanuzayuu epadxcoarcxotu asuayuu (MKAO),
2. Banxysep, Kanaoa

CoBpeMeHHbIE TEHICHLMU Ppa3BUTHs TPAKIAHCKOM aBHALMK YKa3bIBAlOT HAa HEOOXOAMMOCTb IIOBBILICHHS TOIUIMBHOM
3¢ (heKTHBHOCTH 1 SKOJIOTUYHOCTH PUMEHSIEMBIX TOIUTHB. [IprMeHeHne TpaIMOHHOTO aBUaKEPOCHUHA BCE B MEHBLIICH CTENIEHH
YJIOBJIETBOPSIET NEPCIEKTUBHBIM TPEOOBAHMSM II0 SKOJIOTHYHOCTH TIPU MOCTOSTHHO PacTyIlel Ha Hero rieHe. Kpome Toro, 3amackr
He(Th He Oe3rpaHmyHbl. 110 MHEHHMIO MHOTMX CIICHHAINCTOB, PELICHWEM HapacTaIOMMX NMpoOseM ¢ He(TSHBIMH TOIUIMBAMH
MOJKET OBITh HCII0JIb30BaHUE AJIbTEPHATHBHBIX BUJIOB aBUAIMOHHOT'O TOILIMBA. Psi KOMITaHMii B pa3HBIX CTpaHax MHUpa COBMECTHO
C TIPOM3BOUTENSIMU ABUALMOHHON TEXHUKH NP BECOMOI TOCYIapCTBEHHOH MOAEP)KKE aKTHBHO Pa3padaThIBAafOT HOBBIC BHIIbI
tormBa. Hanboree pacnpocTpaHeHs! Ha JaHHBIH MOMEHT OMOTOIUIMBA, COCTOSIIINE N3 OMOITaHONA, TIOJyYEHHBIE U3 Pa3iIMIHbIX
PACTHTENBHBIX M KUBOTHBIX UCTOYHUKOB. AJIBTEPHATHBHBIC BU/bI TOIUIMB MO CBOMM 3KCIUTYaTallMOHHBIM CBOMCTBaM HE JIOJDKHBI
ycTynarh HeTAHBIM TOIUIMBaM. BO3MOXHBIH 1epexos Ha HUX He AOJDKeH TpeOOoBaTh 3HAYUTEIBHBIX 3aTPAT Ha MOJEPHU3ALUIO
BO3YIIHBIX CYJOB M CPEICTB HA3eMHOIO aBHaTOILIMBooOecrieueHus. 1103ToMy akTyanbHOW 3amadueii sBISETCS INPOBEICHUC
CpaBHEHHMsI OCHOBHBIX IIOKa3aresieil KauecTBa HE(TSAHBIX TOILUIMB, OMOTOIUIMB M MX CMeced JUisi OLEHKH BO3MOXXHOCTH
NpUMeHeHUs] OMOTOIUIMB Ha BO3AYIUHBIX Cyxax. CpaBHHMTENbHBIN aHaJIM3 MPOBOAMICS 10 HEKOTOPBIM IOKa3aTessiM KauecTBa,
Tocjie Yero ObUIM JIaHbl KOMMEHTApUH TI0 BIMSHHUIO M3MEHEHHWI 3THX IOKa3aTelel KayecTBa Ha JKCIUTyaTal[MOHHBIE CBOWCTBA
tormB. [lokazaHO, YTO O HEKOTOPBIM IOKa3aTelsiM KadecTBa HCCIelyeMble OHMOTOIUIMBA HMMEIOT NPEUMYINECTBA IEpen
He(TsaHpIMHA. OYeBH/IHA aKTYaIbHOCTh MPOBEACHMS TIOJHBIX U BCECTOPOHHUX W3YUEHHH HKCIUTyaTallMOHHBIX CBOHCTB OMOTOILINB.
CoBeplIeHCTBOBaHNE HE(TIHBIX TOIUIMB M MX BCECTOPOHHEE M3ydEeHHE NpojoIDKaeTcs yxe Oonee 60 jer, OMOTOILIMBA TOJIBKO
HA4YMHAIOT CBOM JKMU3HEHHBIH ITyTh, MO3TOMY LIEJIECOOOpa3HO MPOBEIECHNE BCECTOPOHHHUX MCCIEAOBAHHUN 10 MX NMPHMEHEHHUIO B
ABHALN.

KnroueBble c10Ba: aBuanysi, peakTHBHOE TOIUIMBO, OMOTOIUIMBO, aBUALTMOHHBIN KEPOCHH, SKCIUTyaTallMOHHBIE CBOMCTBA, TIPOU3-
BOJICTBO OMOTOILIMB, TIOKA3aTe/IM KaYeCTBA aBUALIMOHHBIX TOILIMB.

BBEJEHUE

Hanexuocth 1 3¢ hexTuBHOCTS paboThl MpuMeHsaeMblx Ha BC ra3oTypOWHHBIX JBUTATENEH B
3HAYUTEILHON Mepe 3aBUCHUT OT KauecTBa aBUATOILIMB. C XMMMOTOJIIOTUYECKON TOYKH 3peHUsS pado-
YHe KUAKOCTH, B T. Y. TOIUIMBA, PACCMATPUBAIOTCS KaK IMOJIHOIICHHBIE 3JIEMEHTHI KOHCTPYKIIMH COOT-
BETCTBYIOMINX cUCTeM. K puMeHsieMbIM B TpakiaHckoi aBuauu (I'A) aBuarormmBaM mpeabsBIIsSIOT-
Csl KECTKHE TpeOOBaHUS, CBSI3aHHBIC C HAJECKHOCTHIO, SKOHOMHUYHOCTBIO U 3KOJIOTUYHOCTHIO PabOTHI
aBUAIMOHHON TexHHKU [1—4]. CoBepiieHCTBOBaHUE TOIUIMBHON 3(DPEKTUBHOCTH BO3AYLIHBIX CYAOB
(BC) ocymiecTBisiercs cleayromMUMUA CIOcO0aMu: KOHCTPYKTHUBHBIMUA — COBEPIICHCTBOBAHUE IJIaHe-
poB BC c 1enpio CHMKEHHUS TOTEPh OT COMPOTUBIICHMS; aBHAIIMOHHBIX JIBUTATeNIel C 1ebio obecre-
YCHHSI TIOJTHOTHI CrOPaHUS TOTUIMBA M CHYXKCHHS €T0 Pacxoja MPHU OJJHOBPEMEHHOM YBEIIMYCHHUH TATH
U TPOYEM; TEXHOJOTUYECKUMH — pa3paboTKa HOBBIX OOJIETYCHHBIX aBHALIMOHHBIX MAaTEPUANIOB IS
cHmkeHns Maccel BC, coBepIIeHCTBOBaHHWE MPUMCHICMBIX W Pa3padOTKa aJbTCPHATUBHBIX BHUJIOB
TOIIIMB, Pa3padOTKa aBHAIIMOHHBIX JIBUTaTeNIel HAa MPUHIIUIHAILHO UHBIX (PU3NYECKHX OCHOBAX U M.

CeroiHss BO BCEM MHpPE JIOCTATOYHO OCTPO CTOUT BOMPOC OTHICKAHHS aTbTCPHATUBHBIX BUIIOB
TOILTHB B3aMeH He(TsHBIM " [5, 6]. Bee Goublie cTpaH 3aHMMAeTCs pa3paboTKoil GHOTOIIINB Ha TOCY-

' ICAO Secretariat. Alternative Fuels. Potential Effects of Alternative Fuels on Local and Global Aviation Emissions //
ICAO Environmental Report. Montreal (Canada). 2007.
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JApCTBEHHOM U MEKIOCYIapCTBEHHOM ypOBHHX2 [5-7]. Ilepexon Ha anbTepHATUBHBIE BUJbI TOILIWB
aKTyaJIeH U B Halled CTpaHe: TaK, elle B KOHLE MPOILIOrO BEKa COBEPLIMIM CBOM IOJETHI CAMOJIET
Ty-155 u Bepronier Mu-8TI" Ha Ta30BBIX TOIUIMBAX, B CBS3H C YeM JIMTUPYIOUIUE MTO3UIIUU B pa3paboT-
ke razororiuBHeIX BC 1o cux mop coxpansier Poccus. 3HaMeHUTHIM aBUakOHCTPYKTOp A.A. Tymnoies
MOMYEPKUBAI HEOOXOAUMOCTh HCMOJIB30BaHUS TOMOOHBIX TorumB, a K XIII matunerke B Hamiei
CTpaHE IUIAHUPOBAJICS MEPEBOJ HAa JAaHHBIC TOIUIMBA CHAdaja IPY30BBIX, a 3aTEM M IACCAKHUP-
ckux BC’. [IIupokoe npuMEHEHKE ATbTEPHATUBHBIX TOIUIMB MOKET CIEJIaTh NEPEBO3KH CYLIECTBEHHO
JIeIIeBIIe U 3KoJIornyHee. Bonpoc 3KoI0ruyHoCTH KpaifHe cephe3HO CTaBUTCS MUPOBBIM COOOIIECTBOM
HECMOTPs Ha TO, YTO JI0JISl aBUALIUU B 3arPA3HEHUU OKPY>KAIOLIECH Cpeabl YITIEKUCIBIM I'a30M OLEHUBA-
ercst Bcero B 2—3 % [6, 7]. B Haeii crpane TpancnioptHas crparerus 10 2030 r. Takxke nmpeaycMmarpu-
BAET MEPEBOJ PA3TUUYHBIX TPAHCIIOPTHBIX CPEJCTB HA SKOJOTUUYECKH YUCTHIE BUJIbI TOIUIMBA U CTUMY-
JIMPOBAHHE MPUMEHEHHS ATbTEPHATHBHBIX He He(TSHBIX HCTOYHUKOB SHEPTHHA .

B mocnennue ronasl HanmOosee akTyalbHOW M MEPCIEKTUBHOM SIBISETCA pa3paboTKa TOIUIUB,
MOJIy4aeMbIX Ha OCHOBE BO300HOBIISIEMBIX NMPHUPOAHBIX pecypcoB — OmotoruB. Kak m3BectHO [4],
BBIJICTISIIOT OMOTOIUTMBA TPEX MOKOJICHHA. Y KaXJI0TO U3 HUX €CTh CBOU MPEUMYIIIECTBA U HEJTOCTATKHU.

Ha coBpeMeHHOM 5Tarie pa3BUTHs OMOTOIUIMB BCE OOJblllee BHUMAaHUE yAENseTcss OMOTOILIH-
BaM, KOTOpBIE MO OOJbIIECH YacTu cocTosAT u3 O6uodtanona (puc. 1) [8]. [IpuMeHeHne TakuX TOTUIUB
00yCIJIOBJIEHO NPEXkKIE BCETO UX BBICOKOM 3KOJIOTMUYHOCTHIO.

Puc. 1. /lons 6uosTaHo a B MUPOBOM 00BEME NMPOM3BOCTBA OMOTOIIMBA
Fig. 1. Share of bioethanol in global biofuel production

Wx ucrounnk — 6uomacca — B mporecce cBoero pocta mnorinomaer CO, u3 atMocdepsl, a B
Ipolecce MPOU3BOJCTBA U CKUTaHH OMOTOIUIMBa B atMocdepy Bo3Bpamaercs CO,, CBSI3aHHBIA TIpH
pocte pactenwmii (puc. 2) [6, 8]. Takum 00pa3oM, He HaApyIIAeTCS CyMMapHBIN YKOJIOTHYECKUHN OallaHc,
B OTJIMYHE OT MPOU3BOJCTBA U CHKUTaHUS HEPTSIHBIX (M APYTUX adbTepHATUBHBIX) TorumB. [lo mpen-
BapUTEIILHBIM IPOTHO3aM, IPUMEHEHUE B aBUAIIMH OMOKEPOCHHA TIO3BOJIUT YMEHBIIUTH BRIOPOCHI CO;
6omee yem Ha 60 % [8].

Bpasunbckas aBuakommanuss TAM coBMecTHO ¢ Airbus BBITTOTHIIIA TIEPBBIA TECTOBBIN TOJIET
Ha camosete A320 ¢ nurarensmu CFMS56 Ha cMecH TOTUTHBA, COCTOSIIEH U3 OMOTOIUIMBA (HA OCHOBE
aTpodbl) U aBHALIMOHHOrO KepocuHa B mpomnopuuu 50 : 50, nmpoBeneHne KOTOPOro ObLIO 000peHO
EBpomneiickum areHTcTBoM 1o Oe3omacHocTu aBuanepeBo3ok (EASA) v aBHAlMOHHBIMH BIACTAMHU
bpazmmu (ANAC). [ToneT 3aBepuiuics yCHENIHO U SIBISETCS BAXKHBIM 1IarOM K BO3MOXKHOMY MpUMeE-

? AJbTepHATHBHBIC BUJIbI ABHALIMOHHOTO TOIMBA // MaTepualsl COBEIIAHMS 110 MEKIYHAPOIHON aBHALMH U H3MEHEHHIO
kmumara. Jokymear UKAO HLM-ENV/09-WP/9. Mounpeans. 10/08/09.

3 Ty-155 [Dnextponnsiit pecypc]. URL: https://www.youtube.com/watch?v=yvgOLapNubl.

* Tpaucnoprras crpaterus P® na nepuon 10 2030 roxa: YTB. pacniop. IIpasutenscrsa PO ot 22.11.08. Ne 1734.
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HEHUIO OMOTOIUIMBA B TPaXXTAHCKOW aBUAIIMH, YTO IMO3BOJHUT CHU3UThH BPEIHBIC BEIOPOCHI B aTMOc]e-
PY, @ €ro HCTOYHUK MPOU3BOJICTBA SBISETCS BO30OHOBIISIEMBIM.

CO, co

Co co,

v

“ %

a 0

Puc. 2. Cxema kpyrosopora CO, B cilyuae MpOU3BOICTBA aBHATOILIMBA W3 Oromacchl (a) u Tpanchopmarmu CO,
Ipu NoJay4eHuu ero u3 Hedtu (0) [8]
Fig. 2. Scheme of CO, cycle in case of production of aviation fuel from biomass (a) and transformation of CO,
when it is obtained from oil (b) [8]

OCHOBHBIE ITOJIO’)KEHUA

B Hacrosimee Bpems 3a pyOeKoM Takke MPOU3BOIATCS B MPOMBIIIJICHHOM MaciuTade u J0Imy-
LICHbl K IPUMEHEHUIO Ha aBUATEXHUKE CHHTETUYECKHE aBUAKEPOCUHBI, MPOU3BOAMMBIE U3 YIUI H
NPUPOIHOTO Ta3a. [IpoM3BOICTBO CHHTETUYECKOTO aBUAKEPOCHHA OCYIIECTBIISIETCS TIO CIIEI(UKAINN
ASTM D 7566-09.

CHHTeTHYECKHI aBUaKEePOCUH TI0 3TOMY CTaHAapTy MpPEACTaBIsET COOON CMeCh CHHTETHUECKO-
ro napagpuHoBoro kepocuna (SPK), npousBeneHHOro u3 yris wid OpUPOAHOTO rasa Mo yCOBEpLICH-
cTtBoBaHHOU TexHosorun ®umepa — Tpomma (FT), co cTaHmapTHBIM pEaKTUBHBIM TOILTUBOM IS
rpaxaanckoi apuanuu, Hanpumep Jet A-1 unu TC-1. B SPK B 00s3aTensHOM MOpsiIKke BBOAUTCS aH-
THOKHCIIUTEIbHAS TPUCAIKA.

buorommueo FT SPK npoussoautcs u3 yras curre3oM Pumepa — Tponma. OCHOBHBIM IIpo-
M3BOJIUTEIIEM SIBIISIETCS I0)KHOAdprKaHcKas koMmanust Sasol. Peaknus cuareza FT moxet ObITh mpes-
CTaBJIEHA CJIEIYIOIUM 00pa3oM:

CO +nH; — (—CHz—) x + H,O

PeakTBHOE TOIUIMBO, MOJYYEHHOE TAaKUM OOpa30M, XapaKTEpHU3yeTCs HU3KUM COAepKaHHEeM
apOMaTHYECKUX BOJOPOAOB H CEPHI.

[TepBeiM cepTudupoBaHHBIM Uil TipuMeHeHus Ha BC peakTHBHBIM OHMOTOIUIMBOM CTallo
OMOTOIITUBO, MOJTy4aeMoe U3 Boiopociei [9].

TexHonoruei nony4eHus OMOTOIUIMBA SIBISIETCS THAPUPOBAHUE CIIOKHBIX A(UPOB U KUPHBIX
kucinor (HEFA). VMcToyHMKOM TOJy4YeHHUsl SIBISIOTCS pa3iMyHbIe PACTHTEIbHbIE BHJIBI OHOMACCHI
(ppoKUKH, ATpOda U MOPCKHUE BOJIOPOCIH).

Jpyroii mMaccoBoil TexHosoruel mpou3BojacTBa OuotormmB (HVO) sBrsieTcss THAPOOYNCTKA
Macell, Ipyu KOTOpor macia (TpUTIULEpUIbl) pearupyroT ¢ BOJIOPOAOM IO BHICOKUM JaBJICHUEM IS
ynaneHus: kuciopona. [loydeHHble yriieBOJOPOIHBIE IETTOYKH XUMUYECKH YKBUBAJICHTHBI HE(PTAHO-
My JIH3eJbHOMY TOIMBY. KpoMe Toro, mpu TakoM MPOU3BOJICTBE MOJYYalOT MPOIMaH KaK MOOOYHBIH
IIPOJYKT.
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Tepmunsl HEFA (Hydroprocessed Esters and Fatty Acids) u HVO (Hydrotreated Vegetable
Oil) ucnonp3yrores 111 0003HAYCHHS] OWOJOTHYECKA aKTUBHBIX OMOTOIUIMB Ha OCHOBE OMOTEHHOTO
YIJIIEBOJOPOAHOIO CBIPhSl — HIMPOKOrO CIEKTpa pacTUuTeNbHbIX Maces u xupos. HEFA (HVO) ne co-
JIEP)KUT apOMATHYECKUX COeAUHEHUH W cepbl. OJHAKO OCHOBHOW MPOOJIEMOM MPOM3BOICTBA ITHX
TOIUIUB SIBJISIETCS MOUCK MOIXOISIIETO ChIPbSI.

HVO MoxeT ObITh MOTYyYeHO W3 MHOTHX BHIOB Macel M KUPOB. K HUM OTHOCSITCS TpUTIIHIIE-
PHUIBI U )KUPHBIE KUCIOTHI U3 PACTUTENBHBIX Macell (HalmpuMep, parcoBOro, COEBOro WM KyKypy3HO-
r0), TAJIOBOTO Maciia (COMyTCTBYIOIIMHA MPOAYKT IEJUTIOI03HO-0YMa)KHOM TTPOMBITIUICHHOCTH ), @ TAKKe
XKHUBOTHBIX kHpoB. [IponsBogumoe HVO B ocHoBHOM coctouT u3 35 % 0TX0m0B ckoToOOEH, 23 %
PACTUTENBHBIX WM XKUBOTHBIX OTXOJOB, 22 % CBIPOro TaJOBOrO Macina, 15 % manpMoOBOro macia u
5 % XUBOTHOTIO KMpa.

Takxe oCylIeCTBISIETCS MPOU3BOACTBO THAPOAE30KCUTE€HUPOBAHHOTO CUHTE3UPOBAHHOIO apo-
matuueckoro kepocuHa (HDO-SAK), xotopbiii cocTtouT nmpuMepHo u3 95 % MOHOapOMaTH4eCKHX
COeIMHEHUI. DTO TOIUIMBO NMPUMEHSETCS KaK KOMIOHEHT MPH CMEIIMBAHUU JIPYTUX CHUHTETUYECKHX
TOIUIMB, HE COJEpXKAIIMX apOMATHUYECKUX COCIMHEHHUM, NIl YBEIMYECHHS] MX COACPKAHUS M MOMKET
MCIOJIb30BATHCS ISl CO3/IaHUS MOTYCHHTETHUECKOTO MM MOJHOCTHIO CHHTETUYECKOTO0 PEaKTHBHOIO
TOIUIUBA.

Jlns mpuMeHeHus B aBHAIlMM OMOTOIUIMBA OHO JIOJDKHO 00J1aaTh TAKUMU K€ DKCIUTyaTalllOH-
HBIMH CBOMCTBaMH, KaKk U HETSIHOW KEPOCUH, YTOOBI HE TPeOOBAIOCH OMOTHUTEIBHBIX 3aTpaT Ha
MonepHu3anuio BC 1 aBUallMOHHBIX JABUTATesel, UX TOIUIMBHBIX CUCTEM W Ha3€MHBIX CPEICTB aBHa-
torunBooOecneueHus. OTHAKO HA TaHHBIA MOMEHT CHHTETUYECKHE KEPOCHHBI 00Ja/1al0T OTIUYHBIMU
OT HE(TAHOTO KEPOCHHA (PUBMKO-XUMHUUYECKUMH cBoiicTBamu [10]. Pemenune ykazanHOW mpoOIeMbl
MOKAa OCYIIECTBIISICTCS 32 CUET CMEIIMBAHUS OMOKEPOCHHA C KEPOCHMHOM, MOTYYCHHBIM M3 He(TH, B
pa3iauuHbIX nponopuusax. Ha JaHHBIX cMecsiX MPOBOJST HCCIEAOBaHUS 0€3 M3MEHEHUS! KOHCTPYKIIUU
Y MIEPEHACTPOUKHU TOIJIMBOPETYJIMPYIOLIEH anmnaparypsl aBuanoHHsix ['T/I.

CuuTaercs, 4To O Mepe pPocTa MPOM3BOACTBA CHHTETHUYECKOrO KEPOCHHA BO3MOKEH MOCTe-
TIEHHBINA TIEPeX0/i Ha OMOTOILTUBO, KOTOPHIN MOXET HE MOTPpeOOBaTh U3MEHEHHsSI CYIIECTBYIOIICH CH-
CTEMBI TOITUBOOOECTICUCHHSI M KaKoi ObI TO HU ObL10 MoaepHu3aiuu BC u aBuagBurarteneil.

C 1enpio BO3MOXKHOTO MPUMEHEHUS B TPAKIAHCKOW aBHAIIMM CMECH OMOTOIIMBA C TPaIUIHU-
OHHBIMU MapKaMH KEpOCHHa aKTyaJbHO MPOBECTH CPABHUTEIHHOE HCCIIEIOBAaHUE MOKa3aTeNel Kade-
CTBa M OHKCIUTyaTallMOHHBIX CBOWMCTB M3BECTHBIX Mapok kepocuHoB: TC-1, Jet A-1, OGuotorumBa
FT SPK u cmeceBpix TorumB (6uotormmuo HEFA SPK u HDO SAK + nHedTtsiHOe TOmuMBO B paznud-
HBIX Mpornopiusix) (tabaumna 1).

Kak u3BectHo [1-4, 11], onpenensaror 12 3kcrmyaTallMOHHBIX CBOWCTB aBHAIMOHHBIX TOILIMB,
KOTOpbIE€ XapaKTepu3yroTcs 23—25 mokazarenssMH KadecTBa Il OT€YECTBEHHBIX torms’® it TA u
18 nnst mHOCTpaHHOTO Jet A-1%". OreuecrBenHsBIC 1 WHOCTPAHHBIE TTOKA3aTENN KauyeCTBa Pa3IMuyaroTCs
KaK METOJIJaMU OTIpeICIICHUs], TaK U YCIOBUSMHU MPOBEICHUS SKCIIEPUMEHTA, TIOATOMY UX YHU(DUKALIUS
JUTsL IPOBEJICHUS] OOBEKTUBHOTO CPAaBHEHUS MOPOM 3aTpyAHUTENbHA. VI3MeHeHne NaHHBIX CBOMCTB B
MIPOIIECCE IKCIUTyaTallui OKa3bIBaeT 3HAUMTEIBHOE BIMSHUE Ha HaJeXHOCTh BC 1 6e30macHOCTh 1o-
neroB. [IpoBenem cpaBHUTENBHBIN aHATIU3 OCHOBHBIX IMOKAa3aTeNeH.

[InoTHOCTH TOMIMBA XapakTepusyeT sHeproBoopyxkeHHocTs BC. Temneparypa TomimBa okxa-
3bIBAET 3aMETHOE BIUSHUE HA €ro IIOTHOCTh. CHMKEHHE IUIOTHOCTH 3alpaBiisieMOro TOIJIMBA Ha
40 equHUI] TPUBOIUT K YMEHBIIICHHUIO JANbHOCTH monera Ha 5 %. Kak BuaHo (Tabn. 1), uccienoBan-
Hble OMOTOIIMBA U MX CMECH MOKA3bIBAIOT YAOBJIETBOPUTENIbHbBIE 3HAUEHHUS IIIIOTHOCTH.

> TOCT 10227-2013. Tonnusa mis peakTHBHEIX aBurateneii. Texuuueckue ycnosus. M.: Ctanmaptundopm, 2014,

8 TOCT 32595-2013. TonImBo aBHALMOHHOE s ra30TypOuHHbIX neuraterneii Juker A-1 (JET A-1). Texuudeckue ycio-
Busi. M.: Crangaptundopm, 2014.

7 ASTM D1655. Standard Specification for Aviation Turbine Fuels. ASTM International, West Conshohocken, PA, 2011,
11b.
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DpakLHUOHHBIN COCTaB OIPEAEIAET P dKCIUTyaTaAllMOHHBIX XapaKTepUCTUK TOIUIMB U aBUAlLU-
OHHBIX JBHrareneil. Temneparypa otrona 10 % TomnuBa XapakTepusyeT IMyCKOBBIE KaUeCTBA TOILIMBA
U €ro NOTepH OT UCHapeHus Npu XpaHeHUH U npuMmeHeHun Ha BC. bonee BbicOkoe 3HauUeHUE TaHHOU
TEMIIEpPaTyphbl CO3JacT TPYAHOCTH IPU 3alyCKe aBUAIMOHHBIX JBHUraTelleld B yCIOBHUSX OTpHUIIATENb-
HBIX TCMIICPATYpP, CIHMIIKOM HHU3KOC 3HAYCHUC INPUBCIACT K I/1361>ITO‘-IHBIM IMOoTepsAM TOIUIMBA OT CCTC-
CTBEHHOTO MCTIAPEHUS, a TAK)KE YBEIMUUT CKIIOHHOCTh TOIUIMBA K KaBuTaluu. CiieyeT OTMETHTb, YTO
BCC IMOJYYCHHBIC 3HAUCHUA JIS1 UCCIICAYCMbBIX 6I/IOTOHHI/IB U UX cMeceH Haxo4daTCda B INPpUEMIICMOM
Juana3oHe.

Taoauna 1
Table 1
CpaBHUTEIbHBIC TaHHBIC TOKA3aTeNeH KauecTBa HEPTIHBIX KEPOCHHOB U OMOTOIUINB
Comparative data of oil kerosene and biofuel quality indicators

100 % FT 50 % 50 % HEFA 17 %
XapaKTepUCTUKH TOILUIUBA TC-1 Jet A-1 SP;( FT SPK SPK HDO SAK
B Jet A-1 B Jet A-1 B HEFA SPK

IIOTHOCTH mipH 15 °C, Kr/™M° 786,0 814,8 759.,9 786,6 784.9 775,3
(paKIMOHHBINA COCTAB:
10 % otrona, ‘C 150,0 173,8 158,6 160,7 155,8 148.4
98 % otrona, °C 250,0 259.,8 220,9 250,0 268,5 276,2
HU3IIAs TEIJIOTa CrOpaHus, 432 43,1 43.8 436 43.0 436
MJIx/xr
o0BeMHasl TEIUIOTa CrOPaHHUs,
ML 10° 33,9 35,1 33,2 34,3 33,8 33,8
o0BeMHAas IO a()pOMaTI/I‘{eCKI/IX 17.0 183 0.5 17.5 10,4 15.0
YIJIEBOIOPOJIOB, %o
KI/IHeMaTI/I‘leCK.'zUI BSI3KOCTh 43 47 3.5 3.9 45 3.8
npu munyc 20 °C, cCr
MaccoBas J0Jis1 001ie#t ceprl, %o 0,17 0,19 0,0 0,14 0,144 <0,0003
;I;com HEKONTSAIIETO IIaMEHH, 26.0 22,0 40,0 28.0 32,0 28.6
coepx’aHue Boaopoaa, %o 14,0 13,7 15,3 15,0 14,5 14,43
cojepxaHue yriepoaa, % 86,0 86,1 84,6 85,0 85,3 85,54
COOTHOIICHHUE BOJIOPOJI/YIIIEPOJI 0,16 0,16 0,18 0,18 0,17 0,17

Temmnepatypa otrona 98 % TorMBa XxapakTepu3yeT MOJHOTY CTOpPaHHs TOIUIMB, UX HAarapooo-
pas3ylolire CBONCTBA U IKOJIOTUYHOCTH, a TAKKE COCTAB TKENBIX YTIEBOAOPOAHBIX (pakuuit. Uem
HWKE JIaHHasl TEMIIEPATypa, TEM BBIILIE [TOJIHOTA CTOPAaHUs U SKOJIOTMYHOCTh M HIKE HarapooOpa3oBa-
HUE B BO3JYIIHOM TPaKT€ aBHAIIMOHHBIX ABUTareseil. Xopore pe3ynabTatsl gemoHcTpupyetr 100 %
FT SPK, a no6asnenue 50 % FT SPK B Jet A-1 oxugaemo ynydiiaer TaHHbBIN MTOKa3aTeNlb MOCIIEIHE-
ro (Tabm. 1).

Hwusmas tennora cropaHusi xapakTepu3yeT Ba)KHEWILEE CBOMCTBO TOIUIMB — TEIUIOTBOPHYIO
crocoOHOCTh. UeM BhIllIe TaHHBIHM MMOKa3aTelb, TEM BbIIle TOITUBHAS 3P (EeKTUBHOCTE. OnpeaeneHHbIe
TEIUIOTHI CTOpaHusl HE(TSAHBIX KEPOCHHOB M HMCCIIETYEMBIX OHMOTOIUIMB M MX CMECEH IMOKa3aid, YTO
3HAYEHHS HAXOJATCS MPUMEPHO B €IMHOM Juamna3oHe. B skcmyaranuu 3adactyro 6ojee mokazareib-
Ha He MaccoBas (HM3IIasl U BbICIIAs) TEIUIOTa CrOpaHusi, a 00beMHas, KOTopas SIBJISETCS MPOU3BEe-
HUEM MacCOBOH TEIIOTHI CTOPaHUs Ha TUIOTHOCTH ToriuBa. [loaToMy B Tabmn. 1 Takxke mokasaHbl U 3TH
3HaueHus. BuiHo, 4yTo 1 ux pazdpoc HE3HAUUTENEH BBULY HEOONIBIINX OTJIMYUI MHOKHUTENEH.
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ApoMaTHYecKue YTIIeBOJOPOIbI MPEACTABISIOT COO0N HEHACHIIICHHBIC ITUKINYECKHE OpraHu-
yeckue coeuHeHus. JlaHHbIe YIJIeBOAOPOIbl CKJIOHHBI K peakuusM 3aMelieHus. BBumy BbICOKOI
MPOYHOCTH JJAHHBIX COECIMHEHUM, CKOPOCTh U MOJIHOTA UX TOPEHHS] HAUMEHbIIIAsl CPeAN MPOUYUX KJlac-
COB YIJIEBOAOPOJIOB, MPUCYTCTBYIOMIMX B TOIUIMBaX. [103TOMy BBICOKOE cofepaHHEe apOMaTHYECKUX
YTIIEBOIOPOAOB PUBOJIUT K TOBBIIICHUIO HarapooOpa3oBaHus U pacxoja TOTUIMBA M CHUIKCHHIO KO-
noruvyHocTH Asurareneil. CoxeprkaHue apoMaTHYECKUX YTJIEBOJOPOAOB B aBHALIMOHHBIX TOILTUBAX
OTPaHUYUBACTCA.

CpaBHuTenbHbIE AaHHbIE Ta0J. | MOKa3bIBAIOT 3HAYUTENHLHO O0JIee HU3KOE 3HaYeHHE CoJeprKa-
HUSl aPOMATHYECKHUX YTJIEBOJOPOJOB B YUCTOM OMOTOIUIMBE W CHU)KCHHBIC 3HAYCHUS CMECEBBIX TOTI-
JIMB MO CPAaBHEHHUIO C YUCTHIM Jet A-1, 4TO MpUBEAET K MOBBIIIEHUIO SKOJOTUYHOCTH.

Kunematnueckast BI3KOCTb SIBJISIETCS BaKHEUILIMM MOKA3aTesIeM KaueCTBa TOIUIUB, BIUSIOIINM
Ha MPOKAYMBAEMOCTh TOIUIMB IO TOIUIMBHBIM MAaruCTpajsM, KaueCTBO €ro paclbula TOIJIMBHBIMU
dbopcyHKaMU, CMa3bIBAIOIIYIO CIIOCOOHOCTh. OrpaHMYUBAETCS MUHUMAJbHAsI BSI3KOCTh TOILTMBA MPHU
BBICOKHMX TEMIIepaTypax W MaKCHUMallbHas NMpu HU3kuX. M3 Tabn. 1 BUAHO, YTO BCe TOIUIMBA M UX CMe-
CH MMEIOT yJIOBJIETBOPUTEIbHBIC 3HaUeHUs Bs3kocTU npu muHyC 20 °C, a 9rcToe OMOTOIUTHBO UMEET
MEHBIIIYIO BA3KOCTb, YTO XapaKTEpU3yeT €ro MOoJoKUTEeNbHO. OHAKO BSI3KOCTHO-TEMIIEpAaTypHbIE Xa-
PaKTEPUCTUKH OMOTOIUIMB U MX CMEcei ¢ HEPTIHBIMU KEPOCHHAMH B IIMPOKOM JHMANAa30HE TeMIepa-
Typ NOKa HE OL[CHUBAJIUCH.

BricoTa HekonTsmIero miaMeHu (MakCUMallbHasi BbIcOTa Hekomntsmero miamenn (MBHID)) —
BBICOTA IUIAMEHHU (B MWUIMMETpPAxX), JOCTUraemasi /10 MOSBIICHUS IbIMa, IPU CKUTAHUU TOILIMBA B
CTaH/JApPTHOM JIaMIIe TIPH OMpPeACTICHHBIX yCIOBUAX. JJaHHBIN TOKa3aTeNb XapakTepu3yeT Harapoobpa-
3YIOIUE CBOMCTBA TOIUIMB (HAJIWYME TSHKENBIX YIIIEBOAOPOAHBIX (Gpakiuil B TormBax). TspkenpiMu
VTIIEBOIOPOAAMHE SIBIISTFOTCSI apOMATUYECKUE YTIIEBOJOPOJIbI, MO3TOMY B TaOy. | odeBHIHA B3aUMO-
CBSI3b MEXKIY MX 00beMHBIM cojepkanneM u BenmmunHod MBHIIL. Yem Boime 3nauenne MBHII, Tem
MOJTHEE CTOpAaeT TOIUIMBO U TeM HI)KE HarapooOpa3oBaHWE W BHIIIE SKOJOTHYHOCTH. BUIHO, 4TO HaH-
HBII [TOKa3aTedb Y YUCTOTO OMOTOIINBA 3HAUUTEIBHO JTyYIIIe.

Copaepxanue cepbl B TOIUIMBE XapaKTEpPHU3yeT MO OOJIbIIEH YacTU €ro KOPPO3MOHHYIO aK-
TUBHOCTh. Hanuuue cepbl U MI00BIX CEPHUCTBIX COCIMHEHUN B TOILIMBAX HEXKENATeIbHO, TOITOMY
pu 00JaropaKBaHWU aBHAITMOHHBIX TOTUIMB MPOU3BOJUTCS UX OYMCTKA OT YKA3aHHOTO XUMHYE-
CKOI'0 dJIEMEHTA U ero coenuHenuid. M3 taba. 1 BUAHO, YTO YHCTOE OMOTOIUIMBO HE HMEET B CBOEM
COCTaBE CEPHI.

CootHomenne Bozopoa k yriepoay H/C xapakTepu3yeT Mmpexzae BCero TEIUIOTBOPHYIO CIIO-
COOHOCTH TOILTUBA, T. K. TEIUIOTA CTOPAHUS MACCOBOM €IUMHHIIBI BOJIOPO/IA BBIIIE, YeM yriepoza. [1o-
TOMY OYEBHJHA B3aUMOCBS3b MEX]y JAHHBIM COOTHOILIEHHMEM M MacCOBOM TEIUIOTOW CropaHusl B
Tabmn. 1. Bee 3HaueHus y 6MoToIuMB Heckosbko Jyuiie. Takxke 3nauenne H/C xapakrepusyeT u Hara-
poobpasyrolue CBOWCTBA TOIUIMB: YEM BBILIE JTaHHOE COOTHOIICHHE, TEM HIKE HarapooOpazoBaHUE.
OnHako 00paTHOM CTOPOHOM MeNaH SIBISIETCS CHIDKEHUE TUIOTHOCTH MIPOAYKTA MPHU YBEIUYCHUN 3HA-
yeHus H/C, 4To MBI Takke MOXKEM HaOII0AaTh B TaOJ. 1, — INIOTHOCTH YMCTOrO OHOTOILIMBA HIDKE
IJIOTHOCTEN BCEX OCTAIBHBIX TOIJIMB U UX CMECEH.

Takum 00pazom, IpU CpaBHEHUH JIMIIb HEKOTOPHIX OCHOBHBIX CBOWCTB HE(PTSIHBIX TOIUIMB,
OMOTOIIMB M UX CMECEH MOKAa3aHO, YTO CPaBHUBAEMBIC MOKA3aTENHM HAXOASTCS B MPUEMIIEMBIX IS
IKCIUTyaTallu Uuana3oHax, OJHAKO TpeOyeTcs AalbHEekIIee TiTyO00Koe U TIOJTHOE U3yYCHHEe TIoKa3aTe-
JIeil BceX IKCIUTyaTallMOHHBIX CBOMCTB OMOTOIUIMB, U3MEHEHUH STUX CBOMCTB B PA3IMYHBIX YCIOBUAX
AKCIUTyaTallii, B3aUMHOTO BIIUSHUSI OMOTOIUIMB U HE(TAHBIX TOIUIMB MPHU UX CMEIICHHUH, UX B3aUMO-
3aMeHsaeMOCTH U 1p. CoBepIICHCTBOBaHHE HE(PTAHBIX TOIUIMB, UX BCECTOPOHHEE U3YUYECHHE MTPOJOIIKA-
eTcst yxe Oosiee 60 J1eT, U 10 CUX MOp UMEIOTCS HepeleHHbIe 3aJaud. MOKHO rOBOPUTH O TOM, YTO
OMOTOIINBA TOJIHKO HAYMHAIOT CBOM >KU3HEHHBIHN MyTh, CIEIOBATENBHO, I UX HIHPOKOTO MPUMEHE-
HUS B aBUALUU 11€J1eCO00pPa3HO MPOBEACHUE JOMOJTHUTEIBHBIX MUCCIEIOBAHUM B PEAIbHBIX YCIOBHUAX
SKCIUTyaTaIuu.
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3AK/IIOYEHUE

1. IIpoBeneH cpaBHUTENBHBIM aHAIN3 HEKOTOPBIX MOKa3aTelel KauecTBa OMOTOIUIMB, HEPTS-
HBIX TOIUIUB U uX cMeceil. [TokazaHo, 94TO B CKOPOM BpEMEHH BO3MOXKHO MOJIy4eHUE OUOTOIIUB C BbI-
COKHMMH JKCIUTYyaTallHOHHBIMH XapaKTEePUCTHKAMM, TTO3BOJISIONIMMH HE MPOCTO 3aMEHUTH He(TSHBIC
TOIJIMBA, HO U TMIOBBICUTH TOIUTUBHYIO 3()(PEKTUBHOCTh U HKOJIOTUYHOCTh aBUALIMOHHOTO TPAHCIIOPTA.

2. DKCHEpUMEHTHI MOKa3alH, YTO UCCleTyeMble OMOTOIUIMBA U CMECHU MMEIOT CBOM IPEUMY-
I1€CTBA ¥ HEJJOCTATKH, HO B IIEJIOM I10 aHAJIM3UPYEMbIM ITOKa3aTeNIsIM OTBEYaOT TPEOOBaHUSM, IPETb-
SBJIIEMBIM K IPUMEHSEMbIM aBHAIIMOHHBIM TOIJIUBAM.

3. OTMeueHa aKTyaJabHOCTb BCECTOPOHHETO U IIOJIHOTO HCCIIEIOBAaHUS HKCILTyaTallMOHHBIX
CBOWCTB OMOTOIUIMB U X CMeceil ¢ HETSHBIMH TOTIITHBAMH.
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COMPARATIVE ANALYSIS OF QUALITY INDICATORS OF AVIATION
KEROSINE, BIOFUELS AND THEIR MIXTURES

Konstantin 1. Gryadunovl, Alexander N. Kozlovl,

Vasiliy M. Samoylenko', Shadi Ardeshiri,

"Moscow State Technical University of Civil Aviation, Moscow, Russia
’Air Transport Bureau at the International Civil Aviation
Organization, Vancouver, Canada

ABSTRACT

Modern trends of civil aviation development indicate the need to improve fuel efficiency and environmental friendliness of the
utilized fuels. The use of conventional jet fuel is meeting to a lesser degree the promising requirements concerning environmental
friendliness at a constantly rising price for it. Apart from that, oil reserves are limited. According to many experts, the solution to
the growing problems with oil fuels can be application of alternative types of aviation fuel. A number of companies around the
world, together with aircraft manufacturers under the significant state support, are actively developing new types of fuel. At the
moment the most widespread biofuels consisting of bioethanol are obtained from various plant and animal sources. Alternative
fuels should not be inferior to petroleum fuels in its operational properties. A possible transition to them should not require
significant costs for the modernization of aircraft and facilities of ground aviation fuel supply. Therefore, an urgent task is to
compare the main indicators of the quality of oil fuels, biofuels and their mixtures to assess the possibility of using biofuels on
aircraft. A comparative analysis was carried out on some quality indicators. Afterwards the comments were given on the impact of
changes of these quality indicators on the performance properties of the fuels. It is shown that according to some quality indicators,
biofuels under research have the advantages over oil ones. The relevance of comprehensive study of the performance properties of
biofuels is obvious. The improvement of oil fuels and their comprehensive study have been under way for more than 60 years.
Biofuels are just beginning their life, so it is reasonable to conduct thorough research on their use in aviation.

Key words: aviation, jet fuel, biofuel, aviation kerosene, operational properties, production of biofuels, aviation fuels quality
indicators.
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BE3OITACHASA ITIOCAJIKA CAMOJIETA C OTKA3ABIHINMUA
JABUT'ATEJISAMMU B YCJIOBUSAX BETPA

M.A. KUCEJIEB', C.B. IEBULIKUIT?, B.A. [IOJJOBE/IOB*
"Mockosckuil 20Cy0apcmeeHHbIl MeXHUYeCKUll YHUgepcumem paxdcoancKoll asuayu,
2. Mockea, Poccus
? [ly6nuunoe axyuoneproe obwecmso «Hayuno-npouseodcmeennas kopnopayus "HUpkym"»,
2. Mockea, Poccus

Ortxka3 JBurarensi, COrJIaCHO JJaHHbIM Y TIPaBJICHHS] MHCIIEKIINH 110 0e30macHOCTH 110s1eToB deniepalibHOro areHTCTBa BO3YILHOTO
TPaHCIIOPTa, CTaJI IPUYMHOM YeThIpEX W3 LIECTH aBHAlMOHHBIX mNpowuciiecTuid B 2017 romy, B TOM umcie AByX Karactpod. B
neoM 3a nepuoxp ¢ 2001 mo 2017 roxm coObITHs, CBSI3aHHBIE C OTKa30M JBHMIAaTelNsl, CTAIM BTOPOHM I10 YacTOTE IPUYMHOM
BO3ZHMKHOBEHMSI aBHUALMOHHBIX mpouciectBuid (13 % aBuanmoHHBIX npoucuiectBuii u 12 % karactpod). Camble TshKEnble
TIOCJIE/ICTBYS CBSI3aHBI C OTKA30M J[BUTraTeNsl HA HauOoJee CIOKHOM M OTBETCTBEHHOM JTarle IoJieTa — rocajike. Tak, Hanpumep,
MMEHHO OTKa3 JBUTATeNs Ha TPEANOCaIOYHON MPSAMOI cTan mpuauHod Katactpodbr camonera L-410UVP-E20 RA-67047 B
patioHe aspogpoma Hempkan 15 nHosiOps 2017 roma. B mamHOW craTthe paccMaTprBacTCs B HEKOTOPOM CMBICIIE TpeneinbHas
CHTYaIHsI — [I0CaJKa CaMOJIETa CO BCEMHU OTKa3aBIIMMU JBUTATEISIMU B YCIIOBUSIX BeTpa. il yKa3aHHOM CHTyal[UH NPEAyIaraeTcs
METOJIMKa pacyeTa 3axofia Ha Mocaaky Bo3mymiHoro cynHa (BC) B ycnoBusAX BeTpa Npu OTKas3e BCEX ABHIATENeH €ro CHIIOBOM
YCTAaHOBKH HAa a’poApoM, OOOpYHOBaHHBIN [IaJbHAM MPHBOAHBEIM paauomaskoMm (IITPM). KimoueBbiMu ocoOeHHOCTIMU
Ha3BaHHOW METOJIMKH SIBJISIOTCSI, BO-TIEPBBIX, OTCYTCTBHE HEOOXOIMMOCTH B IPUBS3KE TPACKTOPHU K HA3EMHBIM OPHEHTHpPaM B
paifoHe a’pozipoMa MOCAAKU U, BO-BTOPBIX, IIPOCTOTA CHHTE3a M PeaM3allii YIPaBICHUs] CaMOJIETOM Ha OCHOBE IpesjlaraeMoi
METOIMKH IPH NOCajKe KaK B PyYHOM, TaK U B JUPEKTOPHOM MM aBTOMAaTHYECKOM pexxumax. [lJist pacuera 3axofa Ha TIOCaJIKy C
TIOMOLIBIO TIpEIaraeMoi METOIMKY SKUMAKy HEOOXOIMMO 3HAHHE TOJBKO CIEIYIOUIMX BEJIMYMH: HaWBBITOJHEHIEH CKOPOCTH
BC B nocagounoii koH¢wuryparmu, BeicoTsl nposiera AITPM mepen mocaakoil ¥ Imara Crivpaii Ha BBICOTE IPEAIIOCa0qHOTO
ManeBpupoBaHusi. CofepkaHUe METOJUKY B CTAaThe MPOULTIOCTPUPOBAHO PE3yJIbTaTaMU pacdeTa 3axo/ia Ha MOCaAKy B YCIOBHUSIX
BETpa IPH OTKA3€ BCEX MAPIIEBBIX IBUTATEIICH POCCHICKOTO OIIIKHE-CpeTHeMarucTpaabpHoro camonera MC-21.

KnroueBble cj10Ba: qMHAMUKA T1I0JIETa, OTKA3 JBUTATENS CaMOJeTa, MOACIMPOBAHHUE, IOTHPOBAHKE, OCOOBIE CITydad TI0JIeTa,
BIIUSIHHE BETpA.

BBEJEHUE

B nactosimiee Bpems Bce BC B COOTBETCTBUM C Tpe60BaHI/I$IMI/Il CO3/IAIOTCS C YYETOM BO3MOXK-
HOCTH BBINIOJIHEHUS TOJIETA MPU OTKAa3€ 4acTH MapILUEBHIX JBUraTeNIel MHOTOJIBUIaTEIbHON CHIIOBOM
YCTaHOBKH, B TOM YHCJIE U B YCIIOBHSIX BeTpa. YKa3aHHOMY BOIIPOCY MOCBSILEHO MHOXKECTBO UCCIIEN10-
BaHuil [1-12]. B To ke Bpems BompocaM, Kacarommmces nuiotupoBanust BC Ha nocagke B ycinoBHsX
BETpa IpHU OTKa3e Bcex MapuieBbix Asurateneii BC, He yaensercs 10JKHOrO BHUMaHMUSL.

B paGore [13] aBTOpBI IpUBENIM ONKCAaHHE METOAMKH pacyeTa 3axo0/ia Ha MOCaAKy caMoJieTa ¢
HepabOoTaroIIeH CUIIOBOM YCTAHOBKOM IO METOAY KOHTPOJBHON BBICOTHI B CTAHJAPTHBIX aTMOC(HEPHBIX
ycnoBusx. O4eBUIHO, UTO B YCIOBHSX peajlbHON dKCILTyaTallud 3aMETHOE BJIMSHHUE HA TOYHOCTh pac-
yeTa 3aX0/a Ha Mocajky OyJneT okasbiBaTh BeTep. [lnd yuera naHHoro axropa mpu onpenesieHUH
KOHTPOJIbHOH BBICOTHI (Hyourp) HEOOXOIUMO OLIEHUTH U3MEHEHHUE CIIEAYIOIUX TapaMeTPOB:

e KOHTPOJIbHOH BbICOTHI Iposieta Haa JATIPM (Hpmpwm);

e CHOCa caMoJieTa IPH BBINOJIHEHUN CIIUPAIIH;

e CHOCa camMoJieTa Ha MPSIMOJMHENHBIX ydacTKaX CHUKECHHUS.

' ABnanmonnbie npasuia. Yacte 25. HopMbl IeTHOM FOJHOCTH IPa)IaHCKUX CaMOJIETOB TPAHCIIOPTHOW Kateropuu. Mex-
rocy1apCTBEHHBII aBUAlMOHHBIN koMuTeT. M.: ABuansnat, 2013 r. 266 c.
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METO/JbI U METOJOJOI'USI UCCJIIEAOBAHUS
YTo4HeHHe KOHTPOJIbHOM BbIcOTHI Hax {ITPM

[Ipy HanuumMm BeTpa TOYKA KAaCaHUS 3€MJIA B MOMEHT IIOCAJKH CMECTUTCS OTHOCUTEIIBHO pac-
yeTHOW Ha BennuuHy ALw (puc. 1). s yTouHeHus pacuera HE0OXOAUMO W3MEHUTh BEIMYUHY KOH-
TposibHOM BbICOTHI HaA JAIIPM: yBenmnunte Hjppm Ha Benmmuuny AHw nipu BCTpe4HOM BETpe U YMEHb-
LIUTH [P IOy THOM.

]
VnnPwi = 250km/q

Puc. 1. K ouienke BIusiHUS BeTpa
Fig. 1. To assess the effect of wind

Benmnunna cHoca ALw onpenensercs COCTaBISIIOLIEN CKOpOCTH BeTpa Brosib ocu BIIIT Wy u
BPEMEHEM CHUKEHUS tey
ALy, =t_ -W_.
Bpemst cHuxeHus: onpenensiercss pac4eTHOW BBICOTON M BEPTHKAJIBHOW CKOPOCTBIO CHM)KEHUS

Vy, KOTOpas 3aBUCHT OT a9POJMHAMUYECKOrO KayecTBa CaMoJjieTa B II0CAJ0YHOM KOH(QHUIYpaluu Mpu
pac4yeTHOM UCTUHHOU ckopocTH nposietra JIIPM V prpwm:

t = H}ll'[PM _ HI[]'IPM - Hz[an K
CH. . .
Vy V):[HPM *Sin QCH VIIHPM

Ortcrona Beicoty nposera JJ[TPM HeoOX0a1MMO CKOPPEKTUPOBATh HA BETMIHHY

H
AH,, =AL,, -tgf, =21 W

CH X *
JIIIPM

Htorosas pacuerHas popmyia yrounenus Hympm 101 camonera MC-21 umeer Bua

AH.. ~+W_ -k

W X v

r7ie BennanHa kKoddduimenta ky = 6,6...7,9 onpenenseTcs yriioM OTKJIOHSHHUS 3aKPBUTKOB.
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Tak, Hanpumep, B KoH(purypauuu o6, = 10...18° npu BctpeuHom Betpe Wy = +10 M/c BbIcOTY
nposiera JIITPM HeoO6xoaumo yBenTUIUTh TpuMepHO Ha 70 M.

CHoc caMoJieTa P BBINOJIHEHUHU CIIMPAJIH

[Tpu BBITOTHEHUU Pa3BOPOTOB HA Kypc Yo + 180° m o6paTHO Ha mocamounbiit Wy HaKarm-
BaeTCs CMeEIIeHre camolieta oTHocuTeabHo JITIPM Ha Bemmumny AL w (puc. 2 u 3). JlanHoe cMelne-
HUE OINPEETAECTCS CKOPOCTHIO BETPA U BPEMEHEM BBINIOJIHEHUS CIIUPAH ey

Ha puc. 2 u 3 npuBeeHbl pe3yIbTaThl MOACIUPOBAHUS CIIUPAJIEH, BHIITOJIHEHHBIX B CIOKOWHOM
atMocdepe u npu Haauauu Betpa Wy = 10 M/c.

== = 10m/c

-t =0
]

-1600 -1200 -800 -400 0 400 800 1200 1600
Xg, M

Puc. 2. [Ipoexknus Tpa€KTOPHH CIUPAIN HA BEPTHKAIIBHYIO IIOCKOCTE Y ,OX,
Fig. 2. The projection of the spiral path on the vertical plane Y,OX,

CornacHO ONMUCAaHMIO TUIIOBBIX MAaHEBPOB [14] BpeMs ciupaiu OnpenenseTcs: yrioBol CKOpo-
CTBIO Pa3BOPOTA, KOTOPAsi 3aBUCUT OT UCTUHHON CKOPOCTH U KPEHa:

_z Vv

g tgy

CH

rae g =9,81 M/c? — YCKOpEHHUE CBOOOIHOTO MaICHUSI.
[Ipu y = 30° urorosas opmyna Jyist pacuera BpeMEHH [C| criupalii UMEET BU]L

t =111-V.
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[
'S
-]

I
|| == = 108/c

|| ——t=0

-1600 -1200 -800 -400 0 400 800 1200 1600
Xg, M

Puc. 3. IIpoexiys TpaeKTOpUH CIMPAIN HA FOPU30HTaNIbHYIO II0CKOCTh Z,0X,
Fig. 3. The projection of the spiral path onto the horizontal plane Z,0X,

CMelieHre camolieTa 3a BpeMst CIIUpaJId B HAlPaBJIEHUHU [TOCa0uHOro Kypca ALy cocraBut
CIL. __ X X
ALy =1,11-V-W._.

s mapupoBaHUs CMEIICHUSI CaMOJIeTa 3a BPpEMsI BBINIOJIHEHUS CIUpAIM U Bhixoaa Ha [ITPM
Ha pacYeTHOMN BBICOTE HEOOXOJAMMO BBECTH JIOMOTHUTEIBbHYIO KOPPEKTUPOBKY:

A cII _ALC\;I].lzl’ll.X-W,
K K

KOHTp X

Takum oOpazoM, MUHMMaJIbHAsI BBICOTA H,uy, MPU KOTOPOW BO3MOXKHA peav3aiiis MeToia
KOHTPOJIbHOM BBICOTHI B YCIIOBUSIX BETPA, TOJKHA OMPENEISATHCS C yI€TOM BBICOTHBIX MOMPABOK:

H,,,, =Hypyy +h, +(AH,, +AHZ, ).

KOHTp

CHoc camoJieTa Ha NPSAMOJIMHEHHBIX YYACTKAX CHUKEHU S

Ecnu HawanpHas BeICOTA MPEANOCATOYHOTO MaHEBpa OO0JIbIIIe MUHUMAIILHOM, MOSBIISIOTCS 1B
y4acTKa MPsIMOJIMHEHHOT0 CHIKEHHS ¢ iepena oM BICOT 2AHy = Hyuaw — Hygriem — hen.
CwmenieHue camosieTa 3a Bpems CHbkeHusa Ha 2AH.,; cocTaBisier:

s =28 pow,

cp

rae Vep = 0,5(Vuer + Viun)/3,6 — cpeniHee 3HaueHHe MEXIy MCTUHHOW M MHAMKATOPHOM CKOPOCTSIMU
Ha Hy,q, BEIpOKEHHOE B M/C.
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Jlnis mapupoBaHUs CMELICHHUS caMmoJieTa 3a BpeMsl MPSIMOJIMHEHHOTO CHM)XEHUS HEOOXOIMMO
BBECTH JOINOJIHUTENBHYIO KOPPEKTUPOBKY I10 BBICOTE:

AH;EHT = ALC\:/ ) l = 2A—H ' Wx'
P K V

cp.

B urtore npu pacuere KOHTPOIBHOM BBICOTHI Hayala pa3BoOpOTa HA MOCAIOYHBIA KypC HEO0XO-
JUMO y4€eCTh MOJyUYEHHBIE BHICOTHBIE MOMPABKU HA BIUSHUE BETpa!

_ cn CH
H,pumpy = Ho £ (AH, + AHL -+ AHE ),
+H
TTPM —
rmeH = % — KOHTPOJIbHAS BBICOTA IpU OTCYTCTBHH BeTpa (Wy=0).

PE3YJIBTATBI HCCJIEJOBAHUA

[IponmmrocTpupyeM HMCHIOIB30BAaHUE METOAMKHM Ha IPUMEPE pacuera 3axofa Ha IOCaIKy B
YCIOBHSIX BETpa C OTKa3aBIIMMU JIBUraTEIsIMHU MEPCIEKTUBHOIO OTEYECTBEHHOIO OJMKHE-cpeHeMa-
ructpanbHoro camonera MC-21.

PacueTHble 3HaUYeHMs a’pOJMHAMUYECKOro KauecTBa camosiera Thna MC-21 mpu pasnudHoM
MOJIOKEHUN 3aKpbUTKOB M mmaccu (LY — maccu yOpano; IIIB — mraccu BeIMyIIeHO) ¢ yKa3aHHEM
HaUBBITOJHENIINX CKOPOCTEN NPUBEACHBI HA pUC. 4.

12

255km/q

ZSOKM.ﬁlL R e
e || Vee.aEn. = 295KM/1

Kauectso B I'IT

/|

:. .:2'}21\“:1\1/'1: ‘:

220 240 260 280 300 320 340 360 380 400

CKopocTh HHAHKATOPHAH, KM/9

Puc. 4. 3aBucUMOCTb a9pOIMHAMHYECKOTO KA4eCTBa OT CKOPOCTH II0JIeTa
Fig. 4. The dependence of aerodynamic quality on flight speed

Hwxe npusesneH npumep pacueTa BETPOBBIX MONPABOK Ui caMmolieTa B KOH(QUIypaluu, cooT-
BETCTBYIOULICH MOJOKEHUIO 3aKPBLIKOB 0, = 10°, I1IB. OntumansHas MHAUKATOPHAs CKOPOCTh Ha ATare
3axoja Ha mocaaky 255...260 km/4. MakcumaiabHOE a3poMHaMuIeckoe kadecTBo K =9,8.
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KonTponbsHble mapameTpsl CHUKEHUS Mpu OTCyTcTBHM BeTpa: Hpumpm = 470 M; hey = 770 m;
Hyao= 2000 M; Vyer = 287 KM/4 — Ha HaYaJILHOM BEICOTE.
KoHTponbHast BeIcOTa IPU OTCYTCTBUU BETPA:

H H
_ Heo t Hppwr _ 2000+470 _1235 .
KOHTp 2 2

BricoTHble monpaBku pu BcTpedHoM BeTpe Wy = +10 m/c:
e Bpicota Haja J(ITPM:

AHy, =+7-W_=7-10~+70 m;
e BBICOTHAs MTONPaBKa Ha BHIMOJIHEHUE Pa3BOPOTOB:

AH =1,11-%-WX =1,11-L76-10z+90 M;

KOHTp
509,

® BLICOTHAsA IIOIIPpaBKa HAa Y4aCTKU HpHMOHHHeP’IHOFO CHMKCHUA:

e _28H o (2000-470-770)-3,6
TV (2874255)-0,5

cp.

10~ +100 m.

Takum 00pa3oM, CyMMapHasi BBICOTHAs TTOTIPAaBKa Ha BCTpeuHbIi BeTep WX = +10 M cocTaBUT
260 M u, COOTBETCTBEHHO, KOHTpOJIbHas BbicoTa HkoHTp. W = 1235 + 260 = 1495 M.

OBCYXIEHMUE ITOJTYYEHHbBIX PE3YJIbTATOB U 3AK/IIOYEHHUE

Kak crnemyer u3 mpencTaBieHHBIX MaTE€pHUaIoB, PACCMOTPEHHAsE METOJIMKA yueTa BIIMSHUS BETpa
IpY pacyeTe 3axojia Ha MOCaJKy CO BCEMHU OTKA3aBIIMMH JBUTATENSIMH TMpeiaraeT MPOCTON allrOpUTM
JCHCTBUIA JKUTIaKa, 00CCTICUMBAIONINI BBIBOJI CaMOJIETa ¢ HEPAOOTAOIICH CHIIOBOW yCTAaHOBKOW B 0e3-
OTacHbIe YCIOBUS MOCAIKU Ha JIt000i aspoapom ¢ [IITPM, B ToM uuclie B yCIOBHUAX BeTpa 6e3 HeoOXoau-
MOCTH TIPUBSI3KH MTApaMETPOB JIBUKECHUS CaMOJIETa K 3apaHee 3aJaHHbIM Ha3eMHBIM OPUEHTHUPAM.

VYyer BnIMsSHHUS BeTpa MPUBOAUT K HEOOXOJUMOCTH YBEIMUYEHHUS KOHTPOJHHOW BBICOTHI MPHU
HaJUYUH BCTPEUYHOTO BETPA M YMEHBIICHHS KOHTPOIHHOM BBICOTHI MPY HAJTUYHH MOITyTHOTO BETpa.

Tak, HampuMep, HATMYKE BCTPEYHOTO BETpa MPH 3aX0JI€ Ha MOCAJAKY C OTKA3aBIIMMHU JBHUraTe-
JISIMU TIEPCTICKTUBHOTO OTEYECTBEHHOTO OJIMKHE-CpeHeMarucTpaipHoro camoisiera MC-21 mpuBoauT
K HEOOXOIMMOCTH YBEJIMUEHHUSI KOHTPOJIbHON BBICOTHI HAa 260 M ¢ 1235 1o 1495 M, To ecth Ha 21 % oT
yCII0BUM O€3BeTpHS.
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SAFE ENGINE-OUT LANDING OF A PASSENGER PLANE
UNDER THE WIND CONDITIONS

Mikhail A. Kiselev', Sergey V. Levitsky?, Vladimir A. Podobedov’
"Moscow State Technical University of Civil Aviation, Moscow, Russia
2 JSC Irkut Corporation, Moscow, Russia

ABSTRACT

The engine failure, according to the flight safety inspection of the Federal Air Transport Agency, caused 4 of 6 aviation accidents in
2017, including 2 air disasters. In general, from 2001 to 2017, events related to the engine failure became the second most frequent
cause of aviation accidents (13% of aviation accidents and 12% of air disasters). The worst consequences are associated with the
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engine failure at the most difficult and crucial stage of the flight - landing. For example, it was the engine failure on the final
approach that caused the crash of the L-410UVP-E20 RA-67047 aircraft near the Nelkan airfield on November 15, 2017. The
article discusses a limiting situation in some sense — the landing of an aircraft with all failed engines under the wind conditions. The
authors have proposed for this situation a methodology of calculating the landing approach of an aircraft under the wind conditions
in case of failure of all engines of its power plant to an aerodrome equipped with an outer marker. The key features of such
methodology are, firstly, the absence of necessity to link the path to the landmarks in the landing aerodrome area, and, secondly, the
simplicity of the synthesis and the implementation of the aircraft control based on the proposed methodology during landing in both
manual and director or automatic modes. To calculate the approach using the proposed methodology, the crew only needs to know
the following values: the minimum drag airspeed on final approach, the height of the flight over an outer marker before landing and
spiral approach leg. The content of the methodology in the article is illustrated by the results of the approach calculation when all of
the main engines of the Russian short-medium-range MS-21 aircraft fail under the wind conditions.

Key words: flight dynamics, aircraft engine failure, modeling, piloting, abnormal situations in flight, wind effect.
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OIEHKA BOSMOXHOCTHU ITPUMEHEHUSA
I'EHETHYECKOTI'O AJITOPUTMA
JIJISI OITUMU3AILIMHI OIEPAIIAM B ADPOIIOPTAX
HA OCHOBE ITPUHITUIIOB COBMECTHOTI'O IIPUHATHS PEIIEHA
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PaGoTa BeimosHeHa ipu MaTepuanbHoi noaaepxke PODOU, rpant Ne 19-08-00010

B cratbe mpemaractcs Meroquka (opMaiu3anui 0a30BbIX XApPAKTEPUCTHK IPOM3BOJCTBEHHBIX IPOLECCOB JCSTEIBHOCTH
OCHOBHBIX TIPE/ICTABUTEIICH aBUAIIMOHHOW OTpacid — aBHAKOMIIAHWM, a3pOIOPTOB W OpPraHOB YIPABJICHUS BO3MYIIHBIM
nBrokeHreM. JlaHHAs MeToiMKa He SIBJISCTCS WCYEPIBIBAIOIICH, HO BIIOJHE MOIXOJMT B KAa4eCTBE OCHOBBI (DOPMHPOBAHHS
WCXOMHBIX JTAHHBIX YIS ONTHMU3AIMU MIPUHATHS PEIICHUI B YCIOBHSX BBIIONHEHHS a3pONIOPTOBBIX ONEpAllidA ¥ OPTraHU3aIil
BO3/IYIITHOTO JIBY)KCHUS HAa OCHOBE IIPHHIIMIIOB COBMECTHOM pPabOTHI SKCIUTYaTalMOHHBIX ITOApa3[cicHuil B ajporoprax. B
KauecTBe MHCTPYMECHTA ONTHUMU3AIMK COBMECTHOTO MPUHSTHUS PEIICHUN TPEIIaracTcs UCHONb30BaTh TCHETHYCCKUI allrOPUTM,
MO3BOJSIFOIIMI 32 MEHBIICC YUCIO WTEPAlMii B PEaJbHOM MACIITa0e BPEMEHH MOJNYYHTh CYOONTHUMAIBHOE, OTBEYAOIIEe
TpeOOBaHMSIM YYaCTHHKOB Mporiecca, perieHue. [Ipu  OIeHKE BO3MOXXHOCTH TNPUMEHEHHsT TeHETHYECKOro ajaropuTMa
Npe/CTaBiIeHa MaTeMaTH4ecKass MOJEIb B MYJbTHILUIMKATHBHOW (DOpMe, YYMTBIBAIOIAS WHTEPEChl TPEX 3aMHTEPECOBAHHBIX
CTOpOH. B KadecTBe HCXOIHOTO MPOIYKTa IIPUHAMACTCSI TNIAHMPOBAHKE MCTIONB30BaHMSI aBUALIMIOHHON TEXHUKH O] PACIIMCAHNE
peiicoB a’poriopra, OCHOBaHHOE Ha (HOPMAITM30BAHHBIX JAHHBIX CAMOJIETHOTO IApKa aBUAKOMIIAHHMH, BO3MOXKHOCTEH MeppoHa
0a30BOro a’poropra, a TakkKe C YYETOM OrpaHUuYCHHI IOCTOSHHOTO M BPEMEHHOro Xapakrepa. B crarbe HarisiiHO MoKa3aHo
MOTEHIMAJIFHOE MPEUMYIIIECTBO TEHETHYECKOTrO AITOPHTMA, COCTOSIIEeE B TOM, YTO BHYTPH KaXKIOTO Iara CyOONTHMAIBHOTO
BBIOOpa COCTaBa IEPBOOYEPEIHBIX 3a7ady BMECTO IMOJHOrO Iepedopa BapHaHTOB OCYLIECTBISETCS OrPAaHUYEHHBIH, HO
3¢ GeKTUBHBIN «HAMPABICHHBII TepeOOp U3 COKPAIIICHHOTO YKCIa TEX BAPUAHTOB, KOTOPHIC ObLTH BBIOPAHBI B KAYECTBE «ITUTHDY
C TIOMOIIBIO MYJIBTHUIDTUKATHBHOMN (hOPMBEL.

KunioueBnble ciioBa: coBmMecTHOe npunsitie petennii (CDM), 6ezonacHocts noseros (BIT), renerndeckuii anropurm (I'A).
BBEJIEHUE

B cootBercTBUU ¢ riao0anbHbIM aspoHaBuranuoHHeiM TuianoMm (I"AHIT) npexycmaTtpuBaroTcs
COBEPIIICHHO HOBBIE (POPMBI YIIPaBICHHS MTPOU3BOJACTBOM [1—4], coderaromuM B ceOe pa3TUIHbBIC BH-
Ibl ESTENILHOCTH, HO MMEIOIINE MPSIMYI0 3aBUCUMOCTh ApPYr OT apyra. [IpegycMoTpeHo Tpu Buaa
MIPOM3BOJICTBEHHOH JESTETLHOCTH:

1) mpou3BOACTBEHHAS IEATEIHHOCTH aBUAKOMIIAHHI;

2) aspornopToBasi IPOU3BOACTBEHHAS IEATEILHOCTH;

3) AeATeNbHOCTD CIIyK0O OpraHU3aIluy BO3AYIITHOTO JBUKCHHUS.

OO1m1eif 1eNbl0 JAHHBIX BHJIOB JIESATEIBLHOCTH SBISETCA YPPEKTHBHOE U KaYeCTBEHHOE HCIIONI-
HEHHUE PACIUCAaHUs JBUKCHHS BO3AYIIHBIX CYJOB, COCTaBICHHOE Ha 0003pHMBbIH mepuoj. B HacTos-
1Iee BpeMs M3BECTHO JIETHEE W 3UMHEE pacmnucaHue. Takke BO3MOYKHA KOPPEKTHPOBKA IIEHTPATIHLHOTO
pacmiucaHus U UCTIOTHEHHE YapTEePHBIX PEICOB.

T'oBOpst O TPATUIIMOHHOM «PETPOIOIXOAE» K PeaTn3aluy YIOMSIHYTON IIeNTH, KOT/ia PecypChl
aBHAKOMIIAaHUH IO CAMOJIETHOMY MapKy U a’dpornopTa Mo MECTaM CTOSIHOK ObUTH OoJiee 4eM J0CTaTod-
HBI U pealu3allii paclHCaHus, oTMedanach ciadas 3()(eKTHBHOCTh COBMECTHOW IESITEIHHOCTH.
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3HaynTeNbHAS YAaCTh CAMOJIETHOTO IMapKa MpOCTaWBaia, MOKUAAACH 3aKpEIUIEHHOTO peiica, Bcerna
MUMEJIOCh OTpE/IeICHHOE KOJIMYECTBO CBOOOJHBIX MECT CTOSIHOK B a’pOIOPTY, CIYXKObl YNpaBiIeHUS
JBUKEHHEM OOJIbIle 3a00THIMCH O OE30MACHOCTH IMOJIETOB M Majl0 BHUMaHUS yIemsuid dPGEeKTUBHO-
CTH COBMECTHOI'O B3aUMOJEHMCTBUS C a’3pOINOPTOBBIMU CITy>kO0aMu U aBHakoMmmaHusiMu. Ha coBmecT-
HBIX paz0opax, KOHPEepeHIHAX Ha 00CYXkKIEHHE BHIHOCHIINCH YacTHBIE MTPoOIeMbl U peTeH3un. Heob-
XOJIMMOCTH B COBMECTHOM YTIPABJICHUH HE BO3HUKAJIO.

Cutyanus craja CyIeCTBeHHO MEHATHCS C YBEIMYCHHUEM CIIPOca Ha aBHAINIEPEBO3KHU, a TAKXKE C
MEepEeX0J0M Ha HOBBIE METOJbI XO3MCTBOBAHUS [5, 6]. ABHAaKOMMIAHWUU CTaJIM AaKTUBHO MCKAaTh CBOIO
«HHUIILY» 110 aBHalepeBO3KaM, COOTBETCTBEHHO, CTalH 3((eKTrBHEe UCTIONb30BaTh CAMOJIETHBIN TapK.
CBou pecypchl a’pomnopThl CTaIM PAaCCUUTHIBATH MCXOMASI TOJIBKO M3 TOM YacTH CaMOJIETHOTO Mapka,
KOTOPBII HE HAaXOJHUTCS B IOJIETE HAa MapHIpyTe, a OOCIy>KMBAeTCS Ha MEPPOHE, YTO CYIIECTBEHHO
pacIIMpuiIo BO3MOXKHOCTU a’ponopTa. Opranuzanus JBUKEHHs HapsAy ¢ oOecreueHreM Oe30MacHo-
CTH IOJIETOB IpruoOpesia XxapakTep IUIaHUPYEeMOH 1O/ pacliucaHue 1 pecypebl asponopra [9, 10].

Bo3Hukaer 3ajaya moucKa ONTUMAIBHOTO KOJIMYECTBA M KayecTBa CaMOJIETHOIO MapKa IJis
oOecrieyeHHs pacluCaHMs TMOJIETOB C YYETOM PECYpPCOB a’poropTa M BO3MOXHOCTEH OpraHM3aluu
IBrKeHHs. Takke 3a7ada MOMCKa ONTUMAJILHOTO PEIleHUsl B Cllydae BIMSHHS BHEIIHUX HEraTHBHBIX
(bakTOpOB, TAKMX KaK MOTr0J[a, TEXHUUYECKNUE OTKA3bl TEXHUKU U T. TI.

IMOCTAHOBKA 3ATAUYN
Pacnimcanue moneToB MOKHO MPEACTaBUTh B BUE Ta0I. 1.
Taoauna 1
Table 1
Pacnucanue moineToB
Flight schedule
Bpewms\nara 01.01.2019 02.01.2019 XX XX XXXX
perica
t) d', k|2
t d,’, k22|Z
t ', ko' |z s ko'lz N e

3nech d;' — MATBHOCTH 10 A9POPOMA HA3HAUCHIS;

k;' — xonmmuecTBO [IaCCa’kKUPOB, MO/l KOTOPOE MJIAHUPYETCSI BHIIIOJHEHUE pEica;

Z — OTPaHUYCHHUS 10 PEICy.

3navenue d B Tabn. 1 O6epercs U3 nepedHs a3poJpOMOB Ha3HAYECHHUs, Ky/a BBIOJIHIIOTCS peil-
cbl. Takoii mepeyeHs UMeeTCs B IITYPMAHCKOH CITy)0e a’pornopra.

OrpaHudeHus 10 peicy z KaCaroTCs pa3IMn4YHbIX OTPAaHUYEHUN IOCTOSTHHOTO XapakTepa.

TpamuIMOHHO NEPHOJ IUTAHUPOBAHKS ABUALIMOHHOW TEXHUKH HE MPEBBIIIAET OJTHOTO MECALA.

B T1abn. 2 mpexncraBieHbl XapaKTEPUCTHUKU CaMOJIETHOI'O IMapkKa aBHAKOMIAHMHA C pacyeToM
BO3MOKHOTO YYaCTHsI BO3AYIIHBIX CyJIOB OJHOW aBHaKOMIIAHUW B OOECIIEYCHHUH peiica, 3aKperuieHHO-
ro 3a JpYromu.

XapakTepHucTuKa NpenebHon aanpHocTH nonera BC akryanmbHa aist 3(G(EKTUBHOTO €ro HC-
nonb3oBaHus. Haubonee 3¢hhekTUBHBIM cumTaeTcsi BHINOJIHEHHUE peiica B ToM ciyyae, ecau BC 3a-
IIpaBJIAETCS TOIIMBOM OJIMH pa3 B 0a30BOM a3poIopTy, T. €. IpelenbHas faibHocTh nosieta BC paBHa
YABOCHHOMY PAaCCTOSIHUIO JI0 a3poJipoMa Ha3HAYeHMs, KOTJa CyJHO cllieyeT TyAa u oOpatHo. JlaHHOe
NPaBUJIO MOXXHO CUHTATh OJHUM M3 KpHTepueB 3((EKTUBHOCTH BBIIIOJHEHUS pelica, TakKe HEoOXo-
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JTUMO OTMETHTh, YTO B MPOU3BOJACTBEHHOHN NEATEIHHOCTH CYIIECTBYET MHOXECTBO MOJOOHBIX KpUTE-
pHEB, CKPBITBHIX OT MPSIMOT0 YIPaBICHHUS.

2d"< D (1)
[TpaBumo (1) melcTByeT B TOM CiIy4ae, €CJIM HET aKMOTa)Ka Ha MEPEBO3KY.
Taoauna 2
Table 2
XapaKTepUCTUKH MapKa BO3AYIIHBIX CYI0B
Characteristics of the aircraft park
Boznymnsle cyna BC1 BC2 BCM
XapakTepUCTUKH D, L, Ky, Q1, Vs Dy, L, Ky, Q2, V2 Dw, L, Km, Qu, Y

3neck D — mpenenbHas 1anbHOCTB HojeTa A JaHHoro tuna BC;
L — pa3zmepsr BC mis obecrieueHnst MECTOM CTOSIHKH;
K — mMakcumanbHOE KOJMYECTBO MACCAXUPOB [T EPEBO3KU AaHHBIM THIIoM BC;
Q — xapakTepUCTHKH pacxojia ToIuMBa it JaHHoro tuna BC;
V — cumBoin goctynHoctu BC ans nnanupoBaHus obecriedeHus peiica.

JpyruM KpuTepueM TOIUTMBHOW >(PPEKTUBHOCTH CUMTAETCS MHHMMM3AIMS 3amaca TOIUIMBa
IS TIoJieTa B ouepean Ha mpudbitue. Jlumane 100 Kr TormuBa — 3TO TOTEPSIHHBIN JIJ11 aBHAKOMIIAHUN
OueT IS maccaxupa.

B Tabn. 3 npencraBieHbl XapaKTEPUCTUKH TIEppOHa 0a30BOT0 a3poIpoma.

Tabaunna 3
Table 3
XapaKTepUCTUKU IIeppoHa 6a30BOro a3poapoma
Characteristics of the base airfield apron
Ne crosiHKH 1 2 K
XapaKTEPUCTHKH ALt ho,th Mot

31ech A — pa3Mepsl CTOSHKH (OCHOBHOW XapaKTEPUCTUKOW sABISIETCS pa3Max KpbuibeB BC, koTopoe
MO3KHO YCJIOBHO PacCIOJIOKUTh Ha CTOSHKE);

- BpEMSsI 3aHATOCTH CTOSHKHU C YUETOM pe3epBHpOBaHUS Ha JieHb d. BenmndauHa T cOCTOUT U3
BPEMEHH Hayajia HCIOJIb30BaHUS CTOSHKU t, HOPMAaTUBHOTO BPEMEHH 3aHATOCTH Ty U «IITPAdHOTOH»
BPEMEHH 3aICPKKH Ty

[IpoGnema BO3HUKAET MPH YCIOBUHU, €CIIA YHCIO MECT CTOSHOK B a’ponopTy (K) MeHbIe Ko-
JUYECTBA BO3AYIIHBIX CyA0B (M), HCTIONIB3YIOMMUX 3TOT a3pOMOPT B KadecTBe O6a3oBoro. Yem Oosibiie
pasauna (M — K), TeM BakHEe TUIAHMPOBAHHUE HWCIOJB30BAaHUS ABUAIMOHHON TEXHUKH, a TaKXKe
«mTpadHOro» BpeMeHHU 3aJepkKKU oOciyxuBaHus. OCOOCHHOCTHIO TAKOTO IIAHUPOBAHUS SIBIISAETCS
cmabasi mpencKa3yeMOCTh 3arpy3KH pelCcOB MacCaKUPaMH, XOTS, UMes JJOCTATOUYHYIO CTAaTHCTHUKY 3a-
TPY3KH U XOPOIIYIO aHAIUTHKY, MOKHO C OOJIBIIION J0JIeH BEPOSTHOCTH MpENCKa3aTh 3arpy3Ky peu-
coB (k). Tem He MeHee TUTAHUPOBAHUE pPacTpe/IC/ICHUs] aBUAIMOHHON TEXHUKU Ha BBHITIOJTHEHHUE PaCIIH-
CaHUs TMPOU3BOJUTCS OT OJHOW HeAeNnu 10 Mecsma. B tabn. 4 mpenctaBieH MPUMEPHBIA 4-THEBHBIN
TUTAH BBITIOJIHEHUS PACIUCaHUs OJHUM BO3IYIIHBIM cyaHOM (BCy, — A320) ¢ cOOTBETCTBYIOIIUMU Xa-
paktepuctukaMu: D= 6150 km, L, = 34,1 M, K;;, = 180 yen.

Heob6xommMo 0TMETUTh, UTO XapaKTepUCTHKA AalbHOCTH mosieTra BC, mis rapMoHU3anuu ¢ u3-
MEpEeHHUSIMH paclUCcaHus, JODKHA OBbITh MEpeBeieHa U3 KUJIOMETPOBOTO HM3MEpPEHHUsI BO BPEMEHHOE.
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Jis 3TOr0 HEOOXOIUMO YUUTHIBATH (DAKTOPHI OPraHU3AIMK BO3AYIIHOTO JABIKEHHA. Tak, MOJET MO
MapuIpyTy Ha 3allJIAaHUPOBAaHHOM 31IeNOHe Maio 3aBUcUT oT OpB/l B ToM citydae, eciau He TPUMEHS-
eTcs OXHMJIaHHEe Ha MapuipyTe. DTy 4acTb MOXHO HIACHTU(UIMPOBATH KaK JaJIbHOCTh IOJETa IO
Mapipyty D", neneHHyIo Ha ImyTeByr0 cKopocTh moiera W'y, B cBoro ouepenb, myTeBasi CKOPOCTh
HUMEET NPSAMYIO 3aBUCUMOCTb OT «Kpencepckoi» ckopoct Thna BC (ka) U XapaKTEPUCTUK BETPA 110
Mapiipyty (A). B TAHII npuBoasTcs XapaKTepUCTUKH TOIUTUBHOM 3()PEKTUBHOCTH TIPH HCITOIH30Ba-
HUU 3IIEJIIOHOB T0JIETA, T/I€ PACCYUTAaHbl TOIUIMBHBIEC MIOTEPH MPHU MOJETE HA HEBBITOJAHOM SUIEIOHE.

Taoauna 4
Table 4
HpI/IMepHLII\/'I IIJIaH BBITMIOJIHCHUS paCIIUCAHUA BO3AYyUIHBIM CYIHOM
Outline schedule of the aircraft
UTara \ Bpems 01020304 05 0do708  [09 IEIEEEEE 16 (71419 po  pm2  p3 D4
w | D*; D™CG; w | D™; DCG; D" " D%; D*CG;
01.01.2019 | D - S D i~ D D Ty
CH, T)3P- - THBP-.
02.01.2019 D*;:D*CG; D*; D"** D" b ’DDSQ’D ’ D" D D*CG;
_ CH, T33D- . CH, T3D-, . TYBDP-. CH. TY)3P-, .
03.01.2019 |CG; D™; D" DV DD,;pPDS?’ pr | D ’DDH%?’D ’ D" DDgpPDgg :
CH.TY3D- . TyBP-. CH.T3P- . CH. T)3P- . T)yBP-.
04.01.2019 D" b ’DDSE’D ’ D" DDB;,]? D.%g’ D" D™D D,SS’D ’

Haunnas ¢ sTana npuObITHS, BIUSHIE OPTraHU3alMU BO3IYIITHOTO JIBMKEHUS] CTAHOBHUTCS OoItee
CYILIECTBEHHBIM. B TOM cilydae ecii ouepe/b BO3LYIIHBIX CyI0B Ha Mocaaky ((2°n) OTCYTCTBYET, OT
Havaya CHUKEHUSI C SIIEIOHa 0 mocaaku D™y, MpoXoauT, Kak mpaBuiio, 30 MUHYT.

B kpynHbIX a’ponoprax B NEpHOABI MOBBIIIEHHOW MHTEHCUBHOCTH BO3JYIIHOTO JBUKECHMS
BpEMsI HAXOXKJICHUSI B TaKo oyepeau Q°y, MOXKET TOXOAUTh 10 | yaca u Goniee. B 9TOM cityuae MOK-
HO CYIIECTBEHHO OTOWTH OT IUIaHA PACIpEeNIeHUsI MECT CTOSHOK IO/ KOHKpETHbIe mpuiieTHeie BC,
a TakKke HapyLUTh IUIaH BblUIeTa. Ilepepacnpenenenne MecT CTOSHOK HEOOXOIUMO OCYIIECTBISATh
JIOCTaTOYHO OINEPAaTUBHO, YTO HE BCErJa IMOJ CHJIy ONepaTopy. 3adacTylo JaHHOE OOCTOSITENbCTBO
ABIIIETCS MPUYMHOM cOOS B OpPraHM3alUy a3pOJPOMHOrO JBHMIKEHHS, MOCIEACTBHUS KOTOPOI'O He-
MPEICKA3yEMBbI.

[Tocie mOCagKK BO3AYLIHOE CYIHO JABUTAETCS K MECTY CTOSIHKM D' M BBIKIIFOYAET JBUIaTENH
nocie octaHoBku. [Ipumem HOpmatuBHOE Bpems pyienus 10 muuyt. Kak mpaBuino, 3TOT HOpMaTHUB
3aBUCUT OT OCOOCHHOCTEH IeppoHa a3pornopTa. Jlanee HaunHaeTcs a3ponopToBoe 0OCITyKUBaHUE, pe-
aIM3yeTCsl CETEBOM TpaduK 0O0CITy>KUBAHHS pa3THUHBIMU ciry:kO0amu asporiopra (CGy,). 3amgaya muanu-
poBaHus — cBeCTH K MUHUMYMY BpeMs CGy, 6e3 yiep6a i kayectsa. [o cytu, 3Ta 3agaua cBoguTcs
K MHHUMH3AIMA BPEMEHH MEXAy BbIkmoueHueM nsuraresneii BC um 3amyckom. Cremyromuii peric
HAYMHAETCS C 3aIlyCKa JBUraTeNlel U «BBIPYJIMBaHUs Ha B3neT D™ . JIaHHBIA MpoIiece OTHOCHUTCS K
OpraHu3alliy JBIKEHUS HA MEPPOHE M 3aBHCUT OT MHOXecTBa (akTopoB. HopMaTHBHOE BpeMs «BbI-
PYJMBaHUSA», KaK MPABUJIO, JOJDKHO COOTBETCTBOBATH BPEMEHH «3apyJIMBAaHUSM», HO Ha MPAKTHKE 3TO
Bpemst Gonbie. Baser 1 HAGOP JIIEIOHA ¢ BEIXOOM Ha MapiupyT 06o3Hauny D™ .

U3 tabi. 4 MoxxHO BbIBeCTH KO3 duitieHT ucnons3oBanus BC k" = 0,6041, KOTOpbIii MOKa3bI-
BaeT COOTHOILIEHME MOJIeTa 110 MAapUIpyTy K obmeMy BpeMenu 4-x cytok. g BC takoro tuna uae-
aIbHBIM OyJIeT pexnM ucnonb3oBanmst DY = 6 a; D™ + D™ + CG + D™ + D*® =2 4, 1. e. k" = 0,75.
Pa3zHuna 3HayeHWH WACaTBHOTO U MPAKTHYECKOTo K03()(PHUIMEHTOB TOBOPUT O HAIWYHH PE3EPBOB B
COCTaBJICHUHU pacnucaHus peico. Taxke BUIHO, 4To 3araruBaHue npouenypsl CG, Kak NpaBuioO,
MPOUCXOAUT B 6a30BOM a3pOTOPTY.
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IHEPEYEHbD PA3JIMYHbLIX ®AKTOPOB, BJIUAIOIIUX
HA UBMEHEHUE PACIIMCAHUA ITIOJIETOB

Kak yxe oTrmedanoch, Ha IPaKTHUECKYIO Pean3alliio JaHHOTO IJIaHa MOXET MOBJIHUITh MHO-
KecTBO (akTopoB. Tak, MOJIOMKA M BBIXOA U3 cTposi XOTs Okl omHoro BC u3 mapka aBUakOMIaHUHN
MOXKET CYIIECTBEHHO TOBJIMATH Ha BBIMIOJHEHUE pacmucaHus [7]. B aTom ciydae TpeGyeTcs: cpodyHas
paboTa o nepepacnpeeICHUI0 aBUAIIMOHHONW TeXHUKU. Kak mpaBuiio, Takas 3aja4a pemaercs onepa-
TOPOM BpPYUYHYIO U He Bcerna 3g¢extuBHO. bbIBaloT ciiydyan, Korja Ha BbIPY4KY aBUAKOMIAHUH MPH-
XOAMUT JIpyras aBUAKOMIIAHUs, UMEIOIIasi cBOOOAHbIE BO3AYyIIHbIe cyda. Crieayrommii BaxHbIi (ak-
TOp — 9TO0 Toroja [8]. 3amepkku mpUOBITHS pericoB, oTnpaBka BC Ha 3amacHON a’poapoM Takke Tpe-
OYyIOT CpOYHOM KOPPEKIMHU TJIaHA MCIONIH30BAHMS aBUAIMOHHON TEXHUKH. BO3HUKHOBEHHE ouepenn
Ha MPUOBITUE U BBUIET TaKXKe SBIISETCS CYLIECTBEHHBIM (PaKTOPOM, BIUSIOLUIMM Ha BBHIMIOJHEHHE IIa-
Ha. JaHHBIE (haKTOPBI MOKHO OTHECTH K OpraHU3allMM BO3AYIIHOTO JBMKeHUs. HeoOxomumo oTme-
TUTh, YTO C YUYETOM IEPEUNCICHHBIX (PaKTOPOB KOPPEKTUPOBATH IJIaH MPUXOAUTCA JBa pa3a: MepBbIii

B MOMEHT «moTepu» (akropa (F-), BTopoii pa3 B MOMEHT ero «Bocctanosienus» (F+). To xe kaca-
€TCsl U PeMOHTa MeCT CTOSTHOK. OTMEHa pelCOB B CBSI3U C HEJAOCTATOYHBIM CIPOCOM WIIH UX OOBEIH-
HEHUE, a TAK)KE MCIIOJb30BaHNE aBHAIMOHHON TEXHHKH ¢ MEHBIIIUM HWJIH OOJIBIIUM KOJUYECTBOM IIO-
CaJI0YHBIX MeCT TpeOyeT OAHOKPATHOM KOPPEKTUPOBKY TUIAHA UCIIOJIb30BAHUS aBUAIMOHHON TEXHUKH.
B xoHEYHOM UTOI'€ BOSHHUKAIOT IBE OCHOBHEIE 3aJa4H:

1) co3nanue 3pPeKTUBHOTO pacmucaHUs PEWCOB C yUETOM Ka4eCTBa U KOJUYECTBA CAMOJIETHO-
ro TapKa 1Mo KPUTEPUsM ONTUMHU3ANNH KOA(DPHUITUEHTA UCTIOIB30BaHMS aBHAIITMOHHONW TEXHUKH U TOTI-
TuBHOH 3¢ heKkTuBHOCTH;

2) KOpPEKTHPOBKA TUIAHA MCTIOJIB30BaHMS aBUAIIMOHHON TEXHUKU WJIM MECT CTOSHOK IO MHO-
JKECTBY KPUTEPHEB BO BHEIITATHBIX CUTYAIIUSX.

['panuiipl, paccMaTpuBaeMbie B 00€UX 3a7a4ax, MOTYT HOCUTh KaK TJIOOATbHBINA, TaK U CUTYa-
IIMOHHBIN Xapakrep. Kak mpaBuio, mepBas 3agadya MPUMEHSETCS KaK JJIsi OJHOTO adpoIopTra, Tak U
JUIST HECKOJIBKUX, BTOpasl KacaeTcsl KOHKPETHOW HEIITATHOW CHUTYalluH, BIHSIONIEH HAa pabOTy OJHOTO
WJIH HECKOJIBKUX a3POJPOMOB, a TaKKe aBHAKOMITAHUH.

Takum oOpa3zoM, B 00enx 3amadax BO3HHUKAET HEOOXOIUMOCTh KOOPJAMHAIIMH JACHCTBUN aBHa-
KOMIIAaHUH, a’pOMOPTOB U CITY>KOBI YIIPABICHUS IBUKEHUEM C yI€TOM MPOTUBOPEUNBOCTH HHTEPECOB:

e IS aBHAKOMIIAHUK CTOUT 3a/a4a IMOMCKA ONTHMAJIBHOTO KOJHWYECTBA M KayecTBa caMoJIeT-

HOTO TapKa u o0ecreueHns TOIUTMBHOMN 3P ()EeKTHBHOCTH;
® I a3PONOPTOB Ba)kKHA 3a/1aya o0ecrieueHus 6e30nacHoro u 3¢(HEeKTUBHOTO UCTIOIB30BaHUS
JIETHOTO TOJISI K MECT CTOSHOK;

o s ciyx0b1 YBJ[ obecrieuenre 0e€30MacHOCTH TOJIETOB 1 MUHUMH3AIIMS BPEMEHH 3a7ep-

xek BC B Bo3ayxe U Ha 3emiie.

PesynpTaToM perieHus SBISETCS OOBEKTHBHO OOOCHOBAHHOE 3aKIIFOUYCHHE, KOTOpOe H00po-
BOJIbHO MPUHHUMAETCS 32 OCHOBY KOJIJIEKTUBHOTO PELICHUS PA3TMYHBIX IOPUAMYECKUX JIMIl B PaMKax
JeHCTBYIOIIEH HOPMAaTUBHOW Oa3bl.

OIEHKA BO3MO’KHOCTH UCITIOJIb30BAHUA
IF'EHETUYECKOI'O AJITOPUTMA

[TpoTHBOpPEUMBOCTH MHTEPECOB TPEX «3aMHTEPECOBAHHBIX YYACTHUKOB» IpoIiecca 0COOEHHO
SApPKO BO3HUKAET B CJIy4yae BIMSHMS HEraTHUBHBIX (PAKTOPOB, TAKUX KaK YXYAIIEHUE METEOYCIOBHH,
OTKa3bl TEXHUKH, MAJEHUE CIPOCca MACCAKUPOB U T. 1. ITO OOBACHAETCS TE€M, UTO caMa 3ajaya oIl-
THUMH3ALUU KOAUPOBAHHBIX JEHCTBUH SIBISAETCS MHOTOKPUTEPHAIBHOM, YTO U ONpENEseT IPUMEHE-
HHUE C yYETOM 3TOro reHeTuyeckoro anroputma (I'A) kak HanOoJiee yCIEeHOro YUCIECHHOTO MeTo1a
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pacueToB Majol TPYJIOEMKOCTH 10 CPAaBHEHUIO C IPYTUMH aIroOpuTMaMu nepedopa BapuaHTOB IUIa-
HUPOBAHMUS.
Bonee kOHKpeTHO MpeaIaraeMplii CoCTaB UCMOIb3yeMOro I'A cOCTOUT B CIIEAYIOILEM.
1. Hns xaxmoro aspomnopra (i = 1, ..., N) BHauaje oOnpeaessieTcsl COCTaB MEePBOOYECPETHBIX
pEeNCcoB Ha OJHOM LIare IJIAaHUPOBAHUS B TEYEHHE KOPOTKOI'O NMPOMEKYTKa BPEMEHHU C ITOMO-
b0 HA3HAYCHUS JUHAMMYECKHUX IPUOPUTETOB [/, KaKIOTO peiica B BUIE CIEAYIOIIEH MyJIb-
TUIUTMKaTUBHON (POPMBIL:

11, = max| 1" +my || 1 +m, [ 10 +m, |, )

[’ .‘ / % o .
rae I — xpurepuit 3¢ dexTHBHOCTH BEIGPAHHOTO pelica [ B MHTEpecax aspoIopTa BbLIETA i 1
a’poriopTa MpHUJIETa j C Y4eTOM YKciia CBOOOIHBIX M 3aHATBIX MECT Ha UX JICTHOM TIOJIC;

J@D kputepuit 3¢ (HEKTHBHOCTH BRIOOpA B MHTEPECAX aBUAKOMITAHUH C YUYETOM 3aBHUCSIIETO

OT CIIpoca YucIa MacCaXXUpoB Z, M 3aTpaT TOIUIMBA U APYTUX IITpa(HBIX yHKUUI B JIETHYIO

WIH HEJIETHYIO IOTONY;

1(l, At,) — xputepuit 23¢(HEeKTUBHOCTH B MHTEpECaX OPTaHU3AlMU BO3IYIIHOTO ABMKCHUS C yde-

TOM YK€ CYyLIECTBYIOLIEH BPEMEHHOM 3a1€PKKU Af BBIIIOJIHEHUS penca;

my, my, mz — MaclTabHble KOA(GUIMEHTHI, pa3IMYHbIE 110 BEIUYMHE MPU HEOJUHAKOBOI 3Ha-

YUMOCTU COMHOXMUTENEH B mpuopurere /1, 1 Ha3HauYaeMble dKCIepTaMH /10 Haydaja IUIaHUpO-

BaHMSL.

Hns onmcanust ['A nmpumensiercst oOmenpursaTas Gopma, BKIOUaronas GOopMHPOBAHAE MHO-
JKECTBA IUIAHOB HCIOJIB30BAHUS CAMOJIETHOIO MapKa B KAUECTBE «IPEIKOBY», KOTOPBIE MOJBEPraroTCs
«CKpEUIMBAaHUIO» U «MyTalum». [IOUCK «3IUTBD» MPOU3BOIUTCS MPHU MOMOIIK MYJIbTUIUIMKATUBHON
dbopmel (2).

HyXHO no4epkHyTh, 4TO MyJbTUIUIMKaTHUBHAs (opMa (2) yke MOoATBEpAUIIA CBOE MPEUMyIile-
CTBO I10 CPAaBHEHUIO C AJANTUBHON [6], MOCKOIBKY HEyUYeT XOTs Obl OJTHOTO U3 UHTEPECOB «3aUHTEpE-
COBaHHBIX CTOPOH» COOTBETCTBYET MAJIOMy 3HAUEHMIO OJIHOTO U3 COMHOXKMTEJEH U, KaK CIEICTBUE, —
HU3KOMY 0011eMy npuoputery /1.

[Ipu Takom crnoco0e B CIUCKax MEPBOOYEPEIHBIX PEMCOB OTCYTCTBYIOT MPEACTaBUTENN C He-
ya4HBIMH MOKa3aTeIsIMH 3()(PEKTUBHOCTH XOTs ObI 110 OHOMY U3 KPUTEPUEB.

2. O6mmii GpopmMupyemMbIil TJIaH MPUIIETAa-BBUIETA adpOIOPTa C YUETOM HCITOJIB30BAHHS CaMO-

JIETHOTO MapKa aBUAKOMIIAHUH COCTOMT U3 HECKOJBKHUX IIAroB Mo BpeMeHU Af CYTOK, BHYTpH

KOTOPOTO IJIAHUPYETCSI OTPAaHUYEHHOE YNCIIO PEHCOB WIN BBUIETOB.

3. Ha xaxioM 1iare coctaB IUIAHUPYEMBIX PEHCOB BBIOMPAETCS HECKOJIBKO pa3 M0 HECKOJIbKUM

JIByXIapaMeTPUUECKUM KPUTEPUSM B Yroay ABYX M3 TPEX 3aMHTEPECOBAHHBIX CTOPOH (BCEro

TPU BapHaHTa BEIOOPA, ONPEACIAIONINX «IIIUTY»).

4. Tlony4eHHOE MHOKECTBO BapUAHTOB MCIIOJIB30BAHMSI CAMOJIETHOTO NapKa JUIsl TPEX CIIydacB

IUTAHUPOBAHMSI TIOJIBEPTAETCsl ONEPALNAM CKPEIIMBAHUS U MYyTallld, YTOOBI IOTOM COBEPLINTH

0TOOP HOBOM «3JIMTHI» BApUAHTOB, TOBTOPSIS 3TOT MPOLECC 3a HY>KHOE YHCIIO HOIBITOK.

5. YKa3aHHBIE JEWCTBUS NMOBTOPSAIOTCS UIsI BCEX a’dpPONOPTOB, YUACTBYIOIIMX B pacyeTax Ha

OJIHOM IlIare.

6. IlomydeHHBIN pe3yabpTaT IUIAHUPOBAHMS HUCIIOJIB3YETCS JJIsi YTOUHEHUS HOBOTO COCTOSIHUSA

a’pOIOPTOB MPH 0XKUAEMOM BBIIIOJIHEHUHU BBIOPAHHBIX PEHCOB. DTO COCTOSTHUE TpeOyeTcs s

IUTAHUPOBAaHMsI HA HOBOM LIIare.

7. 1o 3aBeplIEHUU MEPEUUCIICHHBIX IEHCTBUN HAa HOBOM ILIare OHU IOBTOPSAIOTCS BIUIOTH O

KOHIIA CYTOK.

['maBHOE MOTEHIMAIBHOE IPEUMYIIIECTBO TEHETUYECKOTO AJITOPUTMa COCTOUT B TOM, YTO BHYT-
PH KaXKI0ro 1ara cyOonTUMaabHOTO BIOOpa cOCTaBa MEPBOOUYEPEIHBIX PEWCOB B KaXJA0M a3pOIopTy
BMECTO INOJHOI0 nepedopa BapHaHTOB OCYLIECTBISETCS OTPaHUYECHHBINH, HO 3((EKTUBHBIN «HAIpPaB-
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JICHHBII» TIepedop M3 COKPAIICHHOTO YHClia T€X BapHAHTOB, KOTOPBIC ObUTH BHIOpAHBI B KaueCTBE
«OIUTHD) C TIOMOIIBIO MYJIBTUILTUKATUBHON (HOpMBI (2).

KonuaectBenusie omneHku [;, I, I3 KaXIOro W3 COMHOXHUTENEH MYJIbTUIUIMKATHUBHON Qop-
MbI (1) TpeOyIOT JOMOTHUTEIHPHOTO PACCMOTPECHHUS.

3AK/IFOYEHUE

[IpoBeneHHbIE UCCIIETOBAHUS MTO3BOJISIOT CAETIATh CIEAYIOIIUE BBIBOIBI.

1. YcraHoBineHa NpOTUBOPEYMBOCTh MHTEPECOB aBUAKOMIAHUM M a3pONOPTOB MPU KOOPAUHA-
IIUU BO3AYILIHOTO IBHXEHHUS M MPOU3BOJACTBEHHOM JEATEILHOCTH Ha 3eMJIe, YTO MO3BOJIMIIO OTHECTH
MponeccC MmIaHNuPOBAHUSA K YUCTTY MHOTOKPUTCPHUAJIBHBIX 3a/1a4 OIITUMU3AllUHU.

2. Tlpu BeIOOpE MIEPBOHAYAIBHOTO COCTABA BBHITIOTHIEMBIX PEHCOB B KAXKJIOM a’pOIOPTY Mpe/-
JI0XKeHa BBICOKOA((EKTUBHASI MYJIbTUILIMKATUBHAS (pOpMa Ha3HAYCHUS TWHAMHUYCCKUX IPHOPHUTETOB,
COCTOSIIIASI UX TPEX COMHOXKUTENEH, YUUTHIBAIOIINX BaXXHOCTh Ka)/I0T0 peica sl TpeX 3auHTepeco-
BAHHBIX JIUIl — aBUAKOMIIAHW, a3pOIIOPTOB U MACCAKUPOB.

[IpemyioxkeH reHeTHYECKUd aNrOPUTM YUCICHHOTO Tepedopa BapHaHTOB COCTaBa PEMCOB IS
Ka)KJIOT0 a3poIiopTa Ha OJHOM IIare IIaHUPOBAHUS, 00 A0 MaJION TPYA0EMKOCTBIO U MIPUHITH-
MAaJILHON BO3MOKHOCTBIO JOCTHXKEHHUS TI100aIbHOTO MaKCUMyMa d(PPEeKTUBHOCTH.
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ABSTRACT

The article proposes a formalization methodology of the basic characteristics of the production processes of the aviation industry
major components, such as airlines, airports and air traffic control authorities. This technique is not exhaustive, but it is quite
suitable as the basis for the formation of the initial data for decision-making optimization under the conditions of airport operations
performance and air traffic management, based on the principles of work coordination of the airports operational units. It is
proposed to use a genetic algorithm as a tool for optimizing collaborative decision-making, which allows for a smaller number of
iterations in real time to obtain a suboptimal solution that meets the requirements of the process participants. The mathematical
model in multiplicative form is presented in making an assessment of the application feasibility of the genetic algorithm, taking into
account the interests of three stakeholders. Planning the use of aircraft for the airport flight schedule based on the formalized data of
the airline fleet, the capabilities of the base airport apron, as well as the restrictions of permanent and temporary nature is accepted
as the original product. The article demonstrates the potential advantage of the genetic algorithm, the point of which is that within
each step of a suboptimal choice of priorities instead of brute-force options limited but effective direct search of a reduced number
of those options that have been chosen as the "elite" by using multiplicative form is carried out.

Key words: collaborative decision making (CDM), flight safety, genetic algorithm (GA).
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METO/IUKA PACYETA BEPOATHOCTHU CBOEBPEMEHHOTI O BBIJIETA
JIETATEJBHOI'O AIIIIAPATA

1
C.B. HUKOJIAEB
1 o « « o
Mockoeckuii aguayuonHlll UHCMUmMym (HAYUOHAIbHBIN UCCIe008AMENbCKULL YHUGepCUmen),
Gunuan «Bznemy, e. Axmybunck, Poccus

B craTbe npemioxkeHa METoIMKa OIpe/ieIeHNs BEPOSTHOCTH CBOEBPEMEHHOT'O BBIJIETA JIETaTeIbHOTO alapara, B OCHOBE KOTOPOi
JI©KUT METOJT MATEMAaTHYECKOTO MOZICITMPOBaHHsl. B kauecTBe nokasaTeist IIpeuiaraeTcst HCIoJb30BaTh BEPOSTHOCTh CBOEBPEMEH-
HOT'O BBUIETA, PACYET KOTOPOTO OTIAMYACTCS OT U3BECTHBIX METOAMK Y4eTOM (DYHKIIMOHUPOBAHHUS CHCTEMBI TEXHIHIECKOM 3KCILTya-
TalliK ¥ PEMOHTA JIETATEIIFHOTO ammapara. MeToarKa UCHOIb3yeT COBPEMEHHBIC HH()OPMALOHHBIC TEXHOJIOTUH, IPUHSATHIN MO~
XOJI JIOTOJHACT MPOTrpaMMHas peaii3aliisl MaTeMaTHIeCKOW Moziei. MeTo/IMKa pacuera BEpOSITHOCTH CBOCBPEMEHHOTO BbUIETA
JIETATENIHHOTO aMapaTra OCHOBaHa Ha MOJENH (DYHKIIMOHUPOBAHKS CHCTEMbI TEXHUYECKOW IKCILTYaTAIIMHM M PEMOHTA C UCIIOJB30-
BaHHEM MATEMAaTHYECKOIO ariapara TEOpHU MacCOBOro oOCTykuBaHus. MeTouKa T03BOJISIET JOCTUTATh MPAKTHYECKUX LETeH
JICTHBIX WCIIBITAHUN TIPU BBIIOJIHEHHH OLICHKHM JKCILUTYyaTAlMIOHHOW TEXHOJIOTMYHOCTH JICTATEeIbHBIX AllapaTtoB U JIOTOJHSET
CYIIECTBYIOIIIEE METOANIECKOe oOecriedeHre UCTIBITaHNH. 3a cdeT pa3paboTaHHOH mporpammel it OBM obecnieunBaercs pacyer
MCKOMBIX TIOKa3aTeeil Uil pa3iMyHbIX 3HAYCHHUI M COUETAHHH, BIMSIOIINX HA Pe3ybTaT (PakTopoB. BhINonHeHO MoenpoBaHue
1 MPpEACTABJICHBI PE3YJILTAThI I/ICCHCHOBaHI/lﬁ BJIMSIHMA HA BEPOSATHOCTH CBOCBPEMCHHOI'O BbUICTA OCHOBHBIX q)aKTOpOB. B PE3YIib-
Tare pabOThI YCTAHOBJICHbI OCHOBHBIC 3aKOHOMEPHOCTH TP PEIICHUH 33149/ CBOCBPEMEHHOI'O BBUICTA JICTATEIILHOTO arlapara,
B TOM YHCJIC Ha MIEPEXBAT BO3MYIIIHOTO OOBEKTA.

KuioueBble ciioBa: jieTHEIE HCIIbITaHWUA, BEPOATHOCTD BbUICTA, CBOGBpeMeHHLIﬁ BBUICT, JICTATCIIbHBIC allllapaThbl.

Jl1s OLIeHKM BO3MOYKHOCTH BBINOJHEHMSI JeTaTeapHbIM annaparoMm (JIA) mmpoxoro crekrpa
LEJIEBBIX 33/1a4 UCIOJIb3yeTCs TaKOM MOoKa3aTellb, Kak BEPOSITHOCTh CBOEBPEMEHHOTO BbUIETA JI pe-
meHus ueneBoi 3agauu [1]. [Ipu onpenenenun qaHHOTO nokaszatens B [1] caenan psii HEKOTOPBIX J0-
MYIIEHUH, B YACTHOCTH HE YUUTHIBACTCA (PYHKIIMOHUPOBAHUE CUCTEMbI TEXHUUECKOT'O PEMOHTA U JKC-
TUTyaTaluH.

B T0 xe Bpems a1 MoJHO#M OmeHKH KadyecTB JIA B JIETHBIX MCTBITAHUAX HEOOXOIUMO TOJTY-
YUTh NOKA3aTellb TOTOBHOCTU JIA K NPUMEHEHMIO M PELICHUIO 3a/ay [0 CBOEMY HaszHaueHuto. Jlid
pelieHus 3TOM 3afauu TpeOyeTcs YUYMThIBaThb BO3MOXKHOCTH, 3aJI0KEHHbIE B KOHCTpyKuuio JIA wu
o0ecrieunBaeMble CUCTEMOM TEXHUYECKOH SKCIUTyaTallid U PEMOHTA, OLIEHUBAEMbIE IO MPHUCIIOCO0-
JICHHOCTHU K OBICTPOMY MPHUBEACHHUIO B MOJHYIO TOTOBHOCTh U K HEMPOJIOJKUTEILHOMY U HETPYA0EM-
KOMY TOJJICPKAHUIO UCTIPAaBHOTO cocTosiHUA JIA, a B cilydae HapyIHIEHUS STOTO COCTOSHHS — K ObICT-
POMY €r0 BOCCTAHOBJICHUIO.

B kauecTBe mokasarens mMpu 3TOM I1eJIeCO00pa3HO HCIOIb30BaTh BEPOITHOCTH CBOEBPEMEHHO-
ro BeuieTa Pgs. [{nst monydyeHus yka3zaHHOro mokasarensi HauOojee palMOHANIbHO MPUMEHSATh METOJ
MaTEMaTHYECKOT0 MOJICIHPOBAHUS, KOTOPBII XOPOIIO MOKa3al ceOsl B MPAKTUKE JICTHBIX HUCIIBITAHUN
npu otieHKe 3(pPEeKTUBHOCTHBIX MOKazaTenel pyHkunonnposanus JIA [2].

B pabote st onpeneneHust BEpOSTHOCTH CBOEBPEMEHHOTO BbLIETA MPEIaraeTcsi pUHATh MO-
JIellb, KOTOpasi OCHOBaHA Ha MOJIENH (PYHKIMOHUPOBAHUS CHCTEMBI TEXHHUYECKON SKCIUTyaTalllu U pe-
MoHTa JIA ¢ Hucmonb30BaHMEM MaTeMaTHYECKOro amnmapara TEOPUH MacCcOBOTO oOcmyxuBaHus [3—8].
Ha si3p1ke mporpammupoBanus C# [9—10] peanuzoBana mporpamma aisi 9BM, BeInonHsIOmAs pacuer
MCKOMOTO MOKa3aTens Mo 3alaHHbIM UCXOHBIM JaHHBIM, TIOTYYEHHBIM MPH SKCILTyaTallud, PEMOHTE U
ucneltanuu JIA. Hannuue Takoil mporpaMMmsbl MO3BOJISIET HE TOJBKO BBIINOJHATH pacdeT MoKa3aTelis
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Pcs, HO M IPOBOUTH MCCIIENOBAaHMS BIMSHHUSA HAa MCKOMBIM MOKa3aTeNlb Pa3IUYHBIX (aKTOPOB, B TOM
quCclie IPU UX COUYETaHUU.

HpGIIHO)KCHHa}I MCTOAWKA U MOJCJIb paCdCTa HOBOI'O ITOKA3aTCJIA SABJISACTCA aKTyaHLHOﬁ 3aja-
Yeil B PaKTUKE JICTHBIX UCTIBITaHui JIA, HampaBiIeHHOW HA pa3pabOTKy HOBOTO, COBPEMEHHOTO ajro-
PUTMHUYCCKOT'O, MPOrpaMMHOTO U MCTOAUYCCKOI'O O6CCH€‘-I€HI/I$I mpomnecca HUCIBITAaHUH.

ITIOCTAHOBKA 3AJTAYU

UToOBl pemuTh MOCTABICHHYIO 3aady 10 MOJCIHPOBAHUIO BEPOSTHOCTH CBOEBPEMEHHOTO
BbuleTa JIA, moTpeboBaack pa3paboTka HOBOM METOJIWKH, BKJIFOYAIONIEH MAaTEeMaTHYECKYI0 MOJEIhb
pacdera UCKOMOTO TOKa3zaTels U nporpammy it OBM, o01aiaroilyo COBpeMEHHBIM TpaduIecKuM
uHTepdencom.

Pa3zpaboranHas maTemMaTnyeckas MOJCIb UMEET CIIEeIyIONIIe OCOOCHHOCTH:

— OpHEHTHpOBaHAa Ha eAMHUYHBINA JIA, QyHKIMOHUPYIONIUI B COCTaBE CaMOCTOSITCIIBHON TH-
MMOBOW OPraHU3ALMOHHOMN €UHHULIBL;

— OTpakaeT OCHOBHBIE AKCIUTyaTallMOHHO-TEXHUYECKUE cBOMCTBA JIA, T. €. Bce BHYTPEHHHE U
0CcOOCHHO BHENIHKUE (AaKTOPHI, HOCSIINE U3HAYAILHO HEONPEICIICHHBIN XapakTep (B MEPBYIO OYepeb
OpPraHU3aI[MOHHOTO U YIIPABIEHYECKOTO XapaKTepa), MO3BOJISISI COXPAHUTh a/IeKBAaTHOCTb.

[Tox BEpOATHOCTHIO CBOEBPEMEHHOI'O BBUIETA Oy/eM MOHUMATh BEPOSTHOCTH TOTO, YTO MPO-
JOJKATENBHOCTh nepexoaa JIA u3 cocrosHus «llpumenenne» B cocrosiHue «OXuaaHWe NpPHUMEHe-
HUS» HE IPEBBICUT HEKOTOPYIO BETUUYHHY, ONPEIETIAEMYIO U3 TOMYyIICHHI:

— Kaxaple CyTKM npuMmeHeHue JIA mpoucxXoIuT B IpaHULaX BPEMEHHOIO MHTEpBajia, TaK
Ha3bIBAEMOT0 <JIETHOTO JIHS», OTPAHMUYEHHOI'O CTAPTOBBIM BPEMEHEM JIETHOTO HKUIIAKa MPU MPOBEJIE-
HUU TIOJIETOB B OJIHY CMEHY;

— KaXzable CyTKH paboThl 1Mo TexHuueckoil skcruryaramuu (TD) u pemonty JIA mpoBoasrTcs
B IpPaHUIIaX BPEMEHHOTO WHTEpBaJia, Ha3bIBAEMOI'0 «pabOYUM JHEM», OTPAaHUUYEHHOTO BPEMEHEM, He-
00XOIMMBIM Ha OTJIBIX TIEPCOHAJIA TIPU MTPOBEICHUH padOT B OJIHY CMEHY;

— B TeueHue pabodero nHS Ha JIA BBINONHAIOTCS TOJBKO MOJATOTOBKU K MOBTOPHOMY TOJIETY
¥ pabOTHI IO BOCCTAHOBJICHHUIO HCIIPABHOTO COCTOSIHUS (PEMOHT) B CIIy4ae MOTYUYSHUS OBPEXKICHUH.

KPATKOE OITMCAHUE UCIOJb3YEMOM MATEMATHYECKOM MOJIEJH
N AJITOPUTM PACUYETA

Matemaruueckas MOJeJb, UCIIONIb3yeMasi B JaHHOW METOAMKeE, Oa3upyeTcs Ha U3BECTHBIX MO-
X0JlaX K MOJIEJIMPOBAHUIO BEPOATHOCTHBIX Xapakrepuctuk JIA [1, 5, 11-12] u umeer caenyrommue oc-
HOBHBIE JIOMYIIEHUSI.

[IpuMeHNUTENBHO K IEPBOMY BBUIETY I10JaraeTcs, 4To MOATrOTOBKA MpOIIa HakaHyHe. Eciu B
pesynbrare npuMmeHeHus JIA otomren B moTepH (T. €. B KalUTaJIbHbBIN, CPETHUI PEMOHT U B OE3B03-
BpaTHBIE NIOTEPH), TO B JaJbHEHIINX IOJIETaX OH He ydacTByeT. Eciu JIA He oTomien B morepu, TO
MOCJIe TI0JIeTa OH MPUBOJUTCS B TOTOBOE K MPUMEHEHHUI0 cocTostHue. To ecTh ecnu JIA He monydu
MOBPEXIECHNUH, TO HA HEM CHJIAMM pacyeTa BBIIOJHAETCS MOArOTOBKA K MOBTOPHOMY BBUIETY, €CIIU
OKa3aJicsl IOBPEKJIEHHBIM, TO CHJIaMH PEMOHTHOTO pacuera Ha JIA BbINOJHAIOTCS pabOThI O BOC-
CTAHOBJICHUIO MCIPABHOTO cocTosiHuA. [locne okoHYaHHs peMOHTHBIX paboT JIA HampaBiseTcs Ha
BBIIIOJIHEHHUE TOJrOTOBKH K IOBTOPHOMY BbUIETY. [IpONOIKUTENBHOCTD BBIIIOJIHEHHS 3THX padoT
ABJISIETCS CIy4yaHON BENMWYMHOM M OrpaHUYeHa MPOJOJDKUTEIBHOCTBhIO padouero nHs. Ecnu k Mo-
MEHTY OKOHYaHHs pabouero JHs paboThl MO MpuBeAeHHIO JIA B TOTOBOE COCTOSIHUE HE 3aBEPILICHBI,
TO OHHU MPOJOJDKAIOTCS Ha cienyromue cyTku. [IpogomKUTenbHOCTh BBITIOJHEHUS OJIETOB OTpaHu-
YeHa IPOJ0JKUTEIbHOCTBIO JeTHOro AHs. Eciu JIA npuBeeH B TOTOBOE K MPUMEHEHHUIO COCTOSIHUE
U pacroliaraeMoe BpeMs 10 OKOHYAHHMSI JIETHOTO JIHS TO3BOJISIET BBIMOIHUTH MOJET, Toraa JIA BHOBb
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NpUMEHSETCS 10 Ha3HaueHuio. Eciu TpebyeMoe eTHOe HanpsKeHUe, onpeaesieMoe 3aJJaHHbIM KO-
JIMYECTBOM BBUIETOB OJHOrO JIA B JIETHYIO CMEHY, BblAepxkaHo, TO JIA B TeyeHHE JIETHOTO IHS
OoJbIlIe HE TPUMEHSIETCS.

JlanHas cxema, Kak rpoiiecc QyHKIUOHUpOBaHUs JIA, B HensX ynpouieHUs! IpeacTaBiIseTcs
HEIIPEPBIBHOM I10CIIEI0BATEILHON YCTAHOBUBLICHCA BO BPEMEHU CMEHOM COCTOSIHUN: IIPUMEHEHUS,
pabot no TD u peMOHTY B 00beMe MOJATOTOBKH K TOBTOPHOMY TOJIETY U pabOT MO BOCCTAHOBIICHHUIO
MCIPAaBHOCTH — MPHU HAJIWYUHM BHEIIHEr0 MCTOYHHUKA, KOMIEHCUpylomero orxoq JIA B 06e3Bo3Bpar-
HBIE MTOTEPHU.

[Ipu pacuere BEpOSATHOCTHBIX IMOKa3zaTesleld HEOOXOAMMO YUYUTHIBATh, YTO B MPOU3BOJILHBIN
MOMEHT BPEMEHH MOTYT TpeOOoBaTh MPOBEAEHUS padoT Kak oAMHOYHBIN JIA, Tak M rpymnmna, pa3mMepsl
KOTOpPOM MOT'YT IIPEBBICUTH KOJIMYECTBO PacYETOB IITATHOU cucteMsl TO u pemonTta. Kpome Toro, mo-
cie olecrieyeHHs MEPBOTO BbUIETa cucTeMa 1D M PEeMOHTa BBIHYXKJEHA IMepepaclpeeuTb CUIIbl U
CpelCTBa JUIsl OTHOBPEMEHHOT'O BBIIIOJHEHUS MOJATOTOBKU K IPUMEHEHHMIO U BOCCTAHOBJIEHUS UCIIPAB-
HoctH JIA, u torma JIA OyayT HEKOTOpOE BpeMs MPOCTaMBaTh B OKUJAHWU BBHITIOJHEHUS paboTr. B
ATHUX YCIOBHSX JUIS PELICHUS 33/1a4H IPUMEHIETCS MaTeMaTHYeCKUH amnmapar TEOpUHU MacCoOBOTO 00-
CIIyKUBaHUSI.

dopmanusanus mporecca BoImonHeHus padoT no TO u pemonty JIA npencrasisiercs B BUIE
OJIHOBPEMEHHOTO ()YHKIMOHMPOBAHUS JBYX B3aUMOCBSI3aHHBIX CHCTEM MAacCOBOIO OOCIY>KHBAaHHUSA
(CMO): cucteMbl TOATOTOBKH K TMOJIETAM U CUCTEMBI BOCCTAHOBIIEHUs UcTipaBHOCTU. OCHOBHBIE (pop-
MYJIbl UCIIOJIB3YEMOM MaTEMATUYECKOU MOJIEIIN:
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rae P, — BeposATHOCTb TOro, 4to JIA OyzneT ucnpaseH; P, — YCIIOBHAs BEPOSTHOCTb CBOEBPEMEHHOM
NOArOTOBKM McnpaBHoro JIA; N, — cpennee uncio JIA, 0)XUIAIOIUX B OYEPEAH HAa BOCCTAHOBIICHHUE,
N, — cpeHee 4UCIIO0 BOCCTaHABIMBAaeMbIX JIA (3aHATBHIX KaHAIOB CUCTEMBI); N, — CpelHEE YHUCIIO HC-
npaBHeIX JIA; N, — cpenHee umcno HeucnpaBHbiX JIA; 7, ~— cpenHee BpeMsi BOCCTaHOBJICHHS,

Ko — K03 duuuent orxona JIA B Tekyuwmii peMoHT; T, — CpeAHss MPOAOIDKUTENLHOCTD TEKYIIETo

pemonTa; T, — cpeanui Hanet JIA Ha oTka3 B nonuere; Tnox — Bpems nosera; 1, — CpeHee BpeMs

BOCCTAHOBIICHUS UCIPaBHOCTH JIA (ycTpaHeHHs NOBPEXAEHUN); Tpas — MPOAOIKUTENILHOCT Pabo4ero
IHs1; Thosp — CPEAHEE BPEMS BOCCTaHOBJIEHUs noBpexeHuil JIA ot BHemHUX GakTopoB; Ty, — Bpems
BOCCTaHOBJICHHUs SKCILTyaTAllMOHHBIX MOBPEKACHUH; [ — BEPOATHOCTH HaxoxaeHus k, JIA B cu-

creme; k, =0,n, — uncno JIA HaXONSIMXCS B CHCTEME Ha BOCCTAHOBICHWH; F, ., — BEPOSTHOCTH

Haxoxnaenusa (n, +r,) JIA B cucreme; r, =1,n,, —n, — uncio JIA, 0XKUJAIOIUX BOCCTAHOBJICHUS;
N,(¢), N,(t) n N,(t) — MaTeMaTH4ECKHE OKHMIaHUA ducia JIA, HaXOQAIUXCSA B COCTOSAHUAX «OKH-

JaHUC BOCCTAHOBJICHUSA», «BOCCTAHOBJICHUC») W «HUCIPABCH» COOTBCTCTBCHHO, P

., — BEPOATHOCTb

HaxoxeHus (n + ) JIA B cucteme; » — uncio JIA oXuaaroumx o0cayxuBanus (r = 1,m). B, — Bepo-
ATHOCTh HaxoxaeHus k JIA B cucreme; k — uncno JIA, HaXOQAIUXCSl B CHCTEME Ha OOCITYKUBAaHUU
(k=0,n); T
oOcmy>xuBanus 3asBku kaHaaoM CMO; ny,; — ob1iee konruecTBO JIA; Ny, — 3a1aHHAS HAPSHXKEHHOCTD
BBIJICTOB; N2 — KOJMYECTBO KaHAJIIOB PEMOHTA; |I — HHTEHCHBHOCTH MOTOKA OOCIY)KUBAHHS, L2 — WH-
TEHCUBHOCTH MOTOKA OCBOOOKIEHHS OJTHOTO KaHana BoccTaHOBIeHUs JIA; A2 — MHTEHCUBHOCTh MOTO-
ka JIA, TpeOyrommx BoCCTaHOBIEHHS, Pe; — BEPOSITHOCTH CBOEBpeMeHHoro Bbuteta JIA; Ty, — mpo-
TOJKUTENLHOCTD JIETHOTO JHS; M — IJMHA odepeau; 1yn — oOliee Bpems nmpeObIBaHUs 3asiBKU B CH-
CTEME; 1| — MHTEHCUBHOCTb yXO/Jia U3 MOJ 00CIYKMBaHUS; Nep — CPEAHEE YHUCIIO 3aHATHIX KaHAJIOB.

Kpome Toro, peannzoBana Mojelb, O3BOJISIONIAS OJIYYUTh 3HAUYEHUE BEPOATHOCTU CBOEBpE-
MEHHOTO BBUIETA HA MIEPEXBAT BO3AYIIHOTO 00BEKTA, MOAPOOHO onricanHas B [1]:

— Cp€AHCC BPEM: BBIIIOJIHCHUA HA JIA HpCHHOHCTHOﬁ MNOATOTOBKH WJIK CPEAHEC BPECMSI

11T

Rnﬁn - RH B I/u tebt)c B I/u ts min

P =1-e VT ,

rie R, —ynanenue 3agaHHOro pyoexa nepexsara oT a3poapoma O6asuposanus JIA;
R

06 — MAKCHUMAJIIBHO BO3MOXKHOC YAAJICHUC BO3AYIIHOI'O 00BEKTa OT aspoapomMa 633HpOBaHI/Iﬂ

B MOMeEHT ee ooHapyxxenus PJIC;
V', — CKOPOCTBH BO3IYIIHOTO OOBEKTA,;
te — BpEMs BbIxoza JIA Ha pyOesx nepexsara 1ocie B3JeTa;

t,, . — PaBHIETCSI MUHUMAJIbHOMY BPEMEHH, KOTOpOe 0053aTeIbHO 3aTpayuBaETCs Ha MPHUHS-

3min

THE pelleHus U Ha MoAroToBky JIA K B3nery;

T, — cpenHee BpeMs 3a€pKKH BbLIETA.
BnusiHue pa3nuuHbIX (GakTOPOB Ha 3HAYCHHE UCKOMOM BEpOATHOCTH IMOKA3aHO Ha puc. 7-9.

98



Tom 22, Ne 05, 2019 Hayunblii Becthuk MI'TY T'A
Vol. 22, No. 05, 2019 Civil Aviation High Technologies

ITPOI'PAMMHAS PEAJIM3 AU

B pamkax mpennmaraeMoil METOIUKHA MOJENb pacuera mokazatens 3PQPEeKTUBHOCTH CBOEBpe-
MEHHOTo BbUIeTa JIA peann3zoBana B nporpamme s OBM, mo3BoJsIOmIEld BBIMOJHITh PAaCUEThl U
MPEJICTABIATh UX B YIOOHOM JIJIsl ICCIIEAOBATENS BUJIC.

[Iporpamma obnagaeT coBpeMeHHBIM HHTepdetricoM (puc. 1), ynoOHBIM IS CCIenoBaTeNs, U
MO3BOJISIET BHINIOJIHATH OMEPATUBHBIN pacueT CIEAYIOIMINX OKa3aTeNen:

— BEPOATHOCTH UCIIPaBHOCTH JIA;

— BEPOSITHOCTb CBOEBPEMEHHOM MOATOTOBKH JIA K BBUIETY;

— BEpPOATHOCTH CBOEBPEMEHHOT0 BhlIeTa JIA;

— BEPOSITHOCTh CBOCBPEMEHHOTO BBIJIETA HA MIEPEXBAT BO3AYLITHOTO O0BEKTA.

8 PacueT EEPOSATHOCTV CEOEEPEMEHHOTO BhIAETa = | [E] [
UexoaHbie panmbie
o 30 nk 20
e =
4
FEELL Thnn 1.25
Tron 1 0
Tha Pu 0.658191
n2 10
Tesn 25 Pen 0.68957
Tnospcp 215 s = Pee 0.453869
Psps =
Tond 5
Krox 00519
McxopHbie AaHHbIe
acuer
Rp 200
tup: 807 wip 01420833333
vz 500
i o.12 tzmin 012
tnab 100
tap 01 tzmax 02579166666
trazg 50
tr e Pcen  0.266186228601447
Tz 50

Puc. 1. UnTtepdeiic pazpaboTaHHOH MpOTrpaMMBbI
Fig. 1. The program's interface

[Iporpamma peanu3oBaHa Ha s3bIke mporpammupoBanus C#, Ha ee TI1aBHOM OKHE MPUCYTCTBY-
IOT JIBa KOHTEWHEpa UCXOAHBIX TaHHBIX GroupBoX, B KOTOPBIX pa3MeIeHbI MOJI AJIsl BBOJIA 3HAYCHUH
HUCXOOHBIX JaHHBIX. Knonkamu «Pacuer» 3aITyCKacTCs BBIIIOJIHCHUC ABYX 3a/lad: pacd€T CBOCBPCMCH-
Horo BeuIeTa JIA  pacuer cBoeBpeMeHHOro BbuieTa JIA Ha nmepexsatr no monenu [1]. Kpome ocHOB-
HBIX HMCKOMBIX BCpOﬂTHOCTGﬁ BBIITIOJIHACTCA pacdCT AONOJHHUTCIBbHBIX IIOKa3aTelici. HpI/I HaBCACHNU
Kypcopa MBIIIN Ha Jr000e 0003HaUCHHE IMapaMeTpa Ha IJIaBHOUW (opMe, psAIOM ¢ HUM BCIUTBIBAET TOI-
ckazka (puc. 2).

5 2 Pacuet

Tnnn 125
Tnn 10 P
MpoAoAXKWUTENBHOCTE NETHOIO AHA
Pcn
£y Pce
i

Psps 6

Puc. 2. JleMoHCTpalys BCIUIBIBAIOIIEH OJICKA3KU
Fig. 2. The tool tip demonstration
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[Iporpamma nnst OBM, paspaboraHHas MO BbIIEYKa3aHHON MOJIENH, UCHOIB3YETCS B TPO-
IrPaMMHO-ANIAPaTHOM KOMIUIEKCE AJI MCCIEAOBAHUN M OLICHMBAHMS B MCIBITAHUAX XAPAKTEPUCTHK
ABUALIMOHHBIX KOMIUIEKCOB.

PE3YJIbTATBI MOJAEJIMPOBAHUSA

Pe3ynbrarsl uccienoBaHWil BIMSIHUS Ha BEPOSITHOCTb CBOEBPEMEHHOIO BBLJIETA PA3TUUHBIX
(haKkTOpOB M MX COYETAaHUH MPEICTABIICHBI HA pHUC. 3—6. DTH PUCYHKH MOKA3BIBAIOT 3aBUCHMOCTD HC-
KOMOW BEpOSTHOCTH OT HamOOJee BaXKHBIX MAapaMeTPOB, XapaKTEPU3YIOUINX yCIIOBUS PEIICHUS 3aja-
YH: 33/1aHHasl HaNpsHKEHHOCTh BBUIETOB, YUCIIO KaHAJIOB OOCTY>KMBaHUS, MPOJOJIKUTEILHOCTD JIETHO-
ro U pabouero AHEH, BpeMEHH MOATOTOBKH K TTOBTOPHOMY BBUIETY H T. .

Ha puc. 7-9 nokasansl pe3yJbTaThl MOJECIUPOBAHUS BEPOSTHOCTH CBOEBPEMEHHOI'O BbIJIETA HA
MepexBaT BO3AYITHOTO 00BEKTA.

[Tpu MoaenupOBaHNHU UCTIOIB30BAHBI CIEIYIONINE UCXOAHbIC JaHHBIE:

o0111ee KOJIMYECTBO JIeTaTeNbHBIX anmnapaToB — 30 MTyK;

MPOJIOJDKUTEITLHOCTE paboyuero aHs — 14 4acos;

3a/laHHOE HaIIpsHKEHHUE BBUIETOB — 4;

BpeMms nosieta — 1 yac;

KOJIMYECTBO KaHaJIOB peMoHTa — 10;

cpeaHee BpeMsi BOCCTAaHOBJIEHHUS SKCILTyaTallMOHHBIX MoBpexaeHuit JIA — 2,5 vaca;

cpeHee BpeMs BOCCTaHOBIICHMS NoBpexaeHui JIA ot BHemHuUX (akTopos — 21,5 gaca;

CpEJIHUI HAJIET Ha OTKa3 B MOJIETE — 5 4acoB;

MPOJIOJKUTENBHOCTh OJITOTOBKHU K MOBTOPHOMY BbLIETY — 1,25 yaca;

MPOAOJIKUTEIBHOCTH JIETHOTO AHS — 10 yacos;

KOJIMYECTBO KaHAIIOB 00CTy)uBaHUS — 20;

koa(durment orxona JIA B Tekyutuit pemont — 0,05.

HcxonHble TaHHBIE NPHU MOAENUPOBAHMHU 3agaun mnepexsarta: R, — 200 km; R ;, — 400 xM;
Vi — 500 xm/g; T,— 50 muH.

Bce HCIIOJIB3YEMBIC UCXOJHBIC JaHHBIC HOCAT THITOTETUYECKUM XapakTep, OAHAKO OHU BIIOJIHE
pCaIbHbI C TOYKHU 3PpCHUA TCXHUYCCKOI'O CYIIECCTBOBAHU.

s 3ABMCUMOCTb BEPOATHOCTU CBOEBPEMEHHOrO BblsieTa JIA
. OT HanNpAMKEeHHOCTH

0,9

0,8 LN
0,7

AN
N\
04 N

0,2

01

0

0 2 4 6 8 10 12

n3ag

Puc. 3. 3aBucUMOCTb BEpOSITHOCTH CBOEBPEMEHHOTO BbUIETa JIA OT 331aHHOM HANPSHKEHHOCTH
Fig. 3. A/C timely departure probability dependence on the given intensity
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3aBUCMMOCTb BEPOATHOCTU CBOEBPEMEHHOrO Bbl/1eTa OT
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e HanpAXeHHOCTb BblJ1ETOB = ] emmmm== HanpAXeHHOCTb BblNETOB = 4

s HaNPAXEHHOCTb BbI/1ETOB = 5 emmsmms HanpaKeHHOCTb BblneTos = 10

6 8 10 12

14 16 18 20
N KaHanos

Puc. 4. 3aBHCEMOCTb BEPOSTHOCTH CBOCBPEMEHHOTO BbUTeTa JIA OT 3a/1aHHON HAMPSDKCHHOCTH U YHCIIa KAHAIOB
Fig. 4. A/C timely departure probability dependence on the given intensity and number of channels
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3aBUCMMOCTb BEPOATHOCTU CBOEBPEMEHHOrO Bbl/1eTa OT
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® ot npog. netHoro aHs M oT npoa. paboyero AHA

Puc. 5. 3aBHCHMOCTB BEpOSTHOCTH CBOEBPEMEHHOTO BbUIETA JIA OT MPOJOIKUTEIFHOCTH JIETHOTO ¥ pab0Yero JHs
Fig. 5. A/C timely departure probability dependence on the duration of the flight and working day
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3aBMCUMMOCTb BEPOATHOCTU CBOEBPEMEHHOrO BblsIeTa OT
BpemeHu noarotosku J1IA K NOBTOPHOMY BblNieTy

0,6
0,5 \
\\

0,4 —

0,3

0,2

0,1

Tnn, 4

Puc. 6. 3aBrcuMOCTb BEpOSTHOCTH CBOEBPEMEHHOTO BbUIETa JIA OT BpeMEHHM IMOATOTOBKH K TOBTOPHOMY BBIIIETY
Fig. 6. A/C timely departure probability dependence on the time of preparation for re-departure

P 3asucumoctb P, OT cKOpoCTU Lenn

0,45 \\
0,4

v \

0,15

0,1

0 100 200 300 400 500 600 700 800
Vu, KM/

Puc. 7. 3aBHCHMOCTB BEpOSITHOCTH CBOEBPEMEHHOTO BhUIETa JIA Ha mepexBaT OT CKOPOCTH IeTTH
Fig. 7. A/C timely departure probability dependence on the interception of the target speed
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3aBMCUMOCTb P, OT py6exka o6HapyKeHun
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0,8 /
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0[4 //
0,3 7/
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Puc. 8. 3aBucHMOCT BEpOSITHOCTH CBOEBPEMEHHOTO BhUTeTa JIA Ha mepexBaT oT pyOeka OOHapYKEeHHUS
Fig. 8. A/C timely departure probability dependence on the interception of detection line

Pes 3aBMcUMOCTb P, OT BpemeHU 3a4epKKU
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T3, MUH

Puc. 9. 3aBHCUMOCTH BEPOSTHOCTH CBOEBPEMEHHOTO BhUTETa JIA Ha rmepexBaT OT BPEMEHH 3aIePIKKH
Fig. 9. A/C timely departure probability dependence on the interception of delay time

B pesynbraTe nccnenoBaHuid YCTAaHOBJIEHBI CIECIYIOIIME OCHOBHBIE 3aKOHOMEPHOCTH IIPU pe-
LICHUU 33]1a4¥ CBOEBPEMEHHOTO BbUIETA.

3amaHHas HANPSHKEHHOCTh CYIECTBEHHO BIIMSET HAa BEPOSITHOCTh CBOEBPEMEHHOTO BBHUICTA,
CHU)Kasl €€ C YBEIMYCHHEM 4YHclia HEOOXOTUMBIX BbUIETOB. MOJeNb MO3BONHIA MOMYyYUTh 3aBHCH-
MOCTh P OT 3aaHHO# HANPSHKEHHOCTH, BEIMYMHA KOTOpOW cocTtaBmia 0 10 BeuieToB. OnHAKO MpU
HEOOXOJUMOCTH ATOT MapameTp JIErKo BapbHpyeTcs B JII0OOM HeoOxonuMmMoMm Auamazone. M3 puc. 2
BHUJIHO, YTO NPHU MPUHATHIX HAYAJbHBIX YCIOBUAX MOAECIUPOBAHUA MCKOMAs BEPOSTHOCTHb JOCTUTAET
HEJOMyCTUMO Masioro yposHs (MeHee 0,1).

Puc. 3 nemoHcTpUpyeT 3aBHCHMOCTb HMCKOMOW BEPOSTHOCTH OJHOBPEMEHHO OT 3a/JaHHOM
HANPSDKEHHOCTH U YMCia KaHAIoB 00cmyxkuBanus. CyIleCTBEHHOE BIMSHUE Ha BEPOSITHOCTH CBOEBpE-
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MEHHOTO BBLIETa OKa3bIBACT MPOIOJDKUTEIBHOCTH JIETHOTO U padouero aHs (puc. 4). Ha puc. 5 npen-
CTaBJieHa 3aBUCUMOCTh Pz OT BpeMenu moarotoBku JIA k MOBTOpHOMY BbUIETY. YETKO BUIHO, YTO
npu co3nanuu JIA KOHCTPYKTOPHI JOJDKHBI OOECIIEUYUBATH MPUEMIIEMYIO SKCILTyaTallHOHHYIO TEXHO-
JIOTUYHOCTh, TaK KaK BpeMsi MOJArOTOBKHU Oosiee 2,5 4acoB CHMKAET UCKOMYIO BEPOSITHOCTh JI0 3Haue-
Huit meree 0,3, 4To Jemaer FKCIuTyaTanuio Takux JIA HemenecooObpazHOi.

Pe3ynbpTaThl MOIETUPOBAHUS BEPOSITHOCTH CBOEBPEMEHHOTO BhlleTa JIA Ha mepexBaT MOKasbl-
BAaIOT, YTO MIPU MPUHATHIX UCXOJIHBIX JTaHHBIX HAa BEPOSTHOCTH P, CYIIECTBEHHOE BIHMSIHHE OKA3bIBACT
CKOPOCTh TIEPEXBATHIBAEMOT'0 BO3YIIHOTO 00BEKTa (pUcC. 6): MPU yBEIUYCHUH CKOPOCTH MPHUOJIMIKA-
IOIIETOCS. BO3AYIIHOTO O0BEKTa BEPOSTHOCTh CBOEBPEMEHHOT'O BBIJIETA, OOECIICUNBAOIIIETO TIepeXBar,
yMeHblaercs. B To ke BpeMs yBenunyeHHe pyOexka oOHapy>KeHHUsl BO3AYLIHOIO 00BEKTa MPUBOIUT K
MOBBILIEHUIO BEPOSTHOCTH CBOEBPEMEHHOTI'O BblIIETA (pUC. 7).

OueBugHo (puc. 8), 4TO BpeMsl 3aIepKKHU BbUIETa HEOOXOJAMMO COKpAIaTh, JJIs TOTO YTOOBI
POCTIO 3HAUEHUE BEPOSTHOCTH CBOEBPEMEHHOTO BhIIeTa JIA Ha mepexBar BO3AYIIHOTO 0OBEKTA.

Monenupysi UCKOMbIE BEpOSITHOCTH, MOKHO BBITIOJHATH CPaBHUTENbHYIO OlleHKY JIA Ha ocHO-
BE€ METO/I0B MHOTOKPUTEPUATBHOTO BEIOOPA U YHOPSI0YMBaHUS 0OBEKTOB, KaK 3TO cenaHo B [13].

SAK/IIOYEHUE

[Ipennaraemast meTonuka, MOJAEIb U MPOTPAMMHAS peajid3allisi pacueTa BEPOATHOCTU CBOE-
BpeMEHHOT0 BbljieTa JIA MO3BOJIAET BBINOJIHITH UCCIEAOBAHUS BEPOSITHOCTHBIX XapakTepucTuk JIA u
OIICHUBATL BJIMAHUC HAa HUX PA3JIUYHBIX q)aKTOpOB, MOXKET GBITB HUCITIOJIb30BaHa B JICTHBIX HUCIIBITAHU-
X, B TOM YHCIIE ISl TTOJIy4eHUs HOBBIX JaHHBIX 00 OOBEKTE MCIBITAHWM M HUCCIEIOBAaHUM 3a CUET
MPUMCHCHUA MOJACIINPOBAHUS.

[IpencraBieHsl pe3yIbTaThl UCCIEAOBAHUN 110 OMPEIEIICHNIO 3aBUCUMOCTH BEPOSITHOCTH CBOE-
BPEMEHHOTO BBUIETA JIETATEIBHOIO amapara OT Hanbosee BaXKHBIX MMapaMeTpOB, XapaKTEPHU3YIOLINX
YCIIOBUS PELLIEHUs 3TOM 3aauu.

MCTOI[I/IKa OLCHKU PCB MOXKET 6I>ITB HCIIOJIb30BaHa Ha 3TallC roCyAapCTBCHHLIX JICTHBIX HCIIbI-
TaHUN B MHTEpECax OLIEHKH BO3MOKHOCTEH JIA, a mporpammHas peanu3anusi Ipu MOACIUPOBAHUU
Pa3INYHBIX chyauHﬁ 10 CBOCBPCMCHHOMY BBUICTY JIA B MHAPOKOM JHUAMNA30HC U3MCHCHUS BHCUIHUX
YCIIOBHU.
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AIRCRAFT TIMELY DEPARTURE PROBABILITY TECHNIQUE
CALCULATION

Sergey V. Nikolaev'
"Moscow Aviation Institute (National Research University) "Vzlet" Branch,
Akhtubinsk, Russia

ABSTRACT

The article proposes the probability determination technique of timely aircraft departure, which is based on mathematical modeling
method. It is proposed to use the indicator of timely departure probability, a calculation method of which is different from the
known methods by taking into account the aircraft maintenance and repair system. This technique applies modern information
technologies and the adopted approach is also supplemented with the mathematical model software implementation. The method of
aircraft timely departure probability calculation is based on the model of the aircraft maintenance and repair system, utilizing the
theory of mass service mathematical apparatus. The technique allows us to achieve the practical objectives of flight tests
implementing aircraft maintainability evaluation and also complements the existing methodological support of the tests. The
developed computer program provides the calculation of the required indicators for various values and combinations of factors
which influence the result. Modeling was performed, and the study results of the main factors of probability effect, influencing
timely departure are presented. Eventually the basic laws in solving the problem of aircraft timely departure, including interception
of flying object are established.

Key words: flight tests, departure probability, timely departure, aircraft.
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ELECTROOPTICAL COMPLEX FOR
TERRAIN ON-TIME SURVEY

S.B. STUKALOV', D.S. STUKALOV', V.I. KONDRIKOV', R.S. GAVRYUSHIN'
"Moscow State Technical University of Civil Aviation, Moscow, Russia

The article deals with a number of approaches to the use of electrooptical systems and unmanned aerial vehicles (UAV) to solve the
tasks of live terrain surface screening, air incident spots and objects survey. The paper provides the grounds for the UAV airframe
chosen structure and the design of the electrooptical complex. The light weight, high -wing monoplane airframe structure is
suggested. Using the CNC production center, a UAV with high aerodynamic performance was developed. The UAV was fitted
with the optoelectronic system. Structural design for the airborne and ground equipment of the survey complex was developed. The
structural design comprises the forward-looking and side airborne surveillance cameras and also downward-looking cameras of
visible and infrared bands to provide the day and night vision. The downward-looking cameras of visible and infrared bands,
integrated into the UAV fuselage belly are used for the surface monitoring and survey. The flight test on the use of electrooptic
system comprised the flight on the route and automatic return using the satellite system navigation. The test showed that navigation
data correction was required. The positioning accumulative error elimination is suggested to be done via automated image
registration with the contour extraction and landmark reference. The image processing results using Canny algorithm were
presented. The recommendations on the algorithm practical application and speed of response are given. To solve the problem of
terrain on-time surveillance and monitoring the flight routes were subjected to research. Based on the experiments performed, the
recommendations were given on the electrooptic complex application and flight route plotting for the tasks of on-time search and
rescue.

Key words: electrooptical complex, unmanned aerial vehicles (UAVs), flight experiment, correction of navigation parameters,
image processing.

INTRODUCTION

At present, Unmanned Aerial Vehicles (UAVs) which are able to fly automatically on route
with precise navigation, are increasingly used for the purpose of ground and terrain monitoring [1, 2]
One of the main tasks of UAV flight is the ground monitoring and terrain survey aimed at on-time
search of the air incident spots and objects. For such cases the UAVs possess the advantage of quick
position and coordinate finding, and also of the opportunity to fly and perform tasks both in daytime
and at night.

THE CHOICE AND DESIGN OF UAV AIRFRAME AND ELECROOPTIC ON-TIME
SURVEY COMLEX STRUCTURE

For the tasks mentioned above, the performance required may be provided by the high-wing
low-weight airframe structure. The high wing airframe provides a wide range of operational
alignments, the enhanced downward-looking visibility, better terrain observation and landing
characteristics. A wide wing-span choice provides better aerodynamic performance.

The authors applied AutoCAD software to design and draft the UAV airframe. It enabled to
adjust the optimal fuselage design with the cowl compartment for video equipment and transmitters
(figure 1).
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Fig. 1. The result of the UAV airframe design with the use of AutoCAD

The light-weight structure of the wings, fuselage and tail unit was obtained using the foam
plastic cutting and CNC production center lamination. The UAV powerplant consisted of the electrical
engine AX2814 980kv with brushless speed controller Turnigy Plush 604 ¢ BEC 3A.

The flow charts were designed for the electrooptic system cameras switching sequence, and
devices for airborne (figure 2) and ground equipment were developed (figure 3).

sencor
antenna GPS | camera
T ¢ Ne1
video flight .
: < 9 -<—| camera switch | camera
transmitter controller Ne2
_| camera
control
) IR
receiver
T antenna camera
_ VR

Fig. 2. Flow chart of airborne equipment of the complex
The airborne equipment comprises the video data transmitter, flight controller, camera selector

switch, GPS sensor, antennae, electrooptical cameras Ne 1 and Ne 2 for flight management and
surveillance cameras of visible and infrared bands.
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Fig. 3. Flow chart of control devices of the ground equipment of the complex

The complex ground equipment comprises the video data receiver, monitor, remote control,
Head Tracker (the cameraman head turn control) with the output from video receiver to the FPV (First
Person View) goggles. For navigation and precise UAV positioning the GPS sensor is installed to
monitor the surveillance complex position. The developed electrooptic complex (figure 4 a) features
video cameras with enhanced vision spectral bandwidth (figure 4 b):

Camera 1 — forward looking, connected to the flight controller system and providing the
forward visibility

Camera 2 — side looking with the turn system and Head Tracker

Such system allows to find position day and night and adjust the UAV flight en route according
to the reference set.

The surveillance equipment of the UAV are the two downward-looking cameras of infrared and
visible bands mounted at the fuselage belly (figure 4 a).

These cameras tackle the task of the surface monitoring in the infrared and visible bands.

IR camera VB camera Camera 1 Camera 2
a b

Fig. 4. Unmanned aerial vehicle with airborne and ground equipment (a) and on-board cameras
No. I and No. 2 (b)
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THE RESULTS OF ELECTROOPTIC COMPLEX FLIGHT TESTS

The experiments were performed to solve the problems of on-time terrain and surface
surveillance using the electrooptical complex at UAV flight. The flight test on the use of electrooptic
system comprised the flight on the route and automatic return using the satellite system navigation
(figure 5).

‘ B AXRT x The initial point of \
4 :Bmm TOUKA entering the route

~
S neop "Village Shabanova"

Bosspar s rouxy 3 W | reference landmark
[Mabaxosa”

The return to GPS:

the point of GPS:

[lxpora: 55:89 | Latitude: 55.89
Hoarora: 36.57 Longitude: 36.57 /

!

"Lake
Alekseevskoye"
reference landmark

GPS:
Latitude: 55.88
Longitude: 36.57

The terminal
point of the

route The intermediate

point of the route j

Fig. 5. The flight path of the complex with the return to the starting point

The shots from the forward-looking camera, which fixed the landmarks were obtained within
the flight test (figure 6). The images of the terrain allow to distinguish the visible landmarks and to
carry out the surveillance tasks in near-real time.

Fig. 6. The results of the registration of images of the terrain by an optical-electronic system
when approaching the first landmark (a) and upon approaching the second landmark (b)
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Along with this, as the images obtained show, there is a deviation from the plotted route
when the GPS sensor data are being used. The UAV was supposed to fly precisely above the
landmark number 1. However, this landmark was passed with the left deviation of 10-20 m
(figure 6 a). During a flight with numerous landmarks the navigational error becomes significant and
may result in task failure.

In order to eliminate the positioning accumulative error, it is suggested to make amendments on
the electrooptical complex flight route. This problem can be solved applying automation to the results
of the terrain images registration [4].

The technology assisting in the data processing automation may be the set of algorithm
applying methods for image processing, analyses, contour extraction'” [3-5, 7-10]. The possible
variant of practical application may be Canny algorithm, which is a multi-stage algorithm of image
boundary processing and forming [6]. The basic algorithm stages are: image smoothing, search of
gradients, non-maximum suppression, threshold filtration, hysteresis tracking. For the purpose of
contour extraction for further automatic coupling to the navigational parameters, the real vision images
of terrain in flight were processed using Mathcad software environment (figure 7, 8).

Svert(X,K) = |2« rows(X)
b + cols(X)
HISES!
. ﬂ:ﬂ:».s[:I )

-

Xl « stack(submatm{X_0.R - 1,0.b - 1), X)
Al + stack(X], submatm(X a-R.a-1,0,b - 1))
for jel0.b-1
for ieR.a-1+R
Z « submatmx(X1,1-E.1+ R j.j)

N, g < ZK

N

Fig. 7. Processing of the received images by MathCad operators at the stage of smoothing
the image according to the Canny algorithm

' Premium avionics for general aviation airplanes. Official website Avidyne. Available at: http://www.avidyne.com/
(accessed 15.05.2019).
% Universal avionic systems. Official website Avidyne. Available at: http://www.avidyne.com/ (accessed 15.05.2019).
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ImgFiltred = |down < d-233

high « h-233

for isl.n-1
for jel.m-1

I.mgl-"iltredi j «— 233 ff Ki j =zh

othersise
Imgl:'iltredij — 0 1ff I’{ijﬂd

Imgl’iltredij «— 177 otherwise

refurn ImgFiltred

ImgFiltredRotated = rotatel70(ImgFiltred)

Fig. 8. Processing of the received images by MathCad operators at the Canny algorithm’s
double-threshold filtering stage

The results of image processing, following the given laws are shown in Figure 9.

Fig. 9. The results of filtering and selection of contours of images of the terrain by an optical-electronic system when
approaching the first landmark (a) and when approaching the second landmark (b)
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The results obtained:

1. Demonstrate the need to correct and back-up the navigational data obtained from satellite
systems for UAV flights.

2. Determine the approaches for automatic extraction of the most probable position of
reference points, certain objects and contour extraction using Canny algorithm.

3. Help to extract contours and specific points for the particular terrain by changing the
filtration threshold for automatic coupling to the navigational parameters and their correction.

4. Eliminate a number of Caddy algorithm stages. For example, for the computer system
increased efficiency there is no need in gradient calculation and edge soothing. Noise, non-essential
details removal and coupling the image boundaries to form contours is sufficient. The tests proved that
such actions increase the processing speed in MathCad more than two times.

5. Such image registration results obtained by the surveillance electrooptical cameras with
infrared and visible bands allow to distinguish objects, typical for search situations, and to make the
right decisions.

ELECTROOPTICAL COMPLEX PRACTICAL APPLICATION AND CONCLUSIONS

The experiments conducted result in recommendations on the electrooptical complex use and
flight route plotting for search and surveillance tasks:

1. For surveillance and search operations at daytime and at night the electrooptical complex should
contain the on-board flight management cameras and surveillance cameras of multispectral bands.

2. The optimal fuselage design to house the electrooptical complex is the high-wing low
weight airframe.

3. The route turning points should be clearly distinguishable in flight (river knees, road
intersections, elaborate buildings etc.).

4. The first turning point (the initial point en route) should be placed next to the flight origin point.

5. The desired flight track, if possible, must avoid powerlines and other facilities with high
electromagnetic field (position-radar stations, transmit/receive antennae etc.)

To monitor the terrain in near-real time for the purpose of flight incident surveillance the flight
must follow the checklist of special maneuvers (figure 10).

Turn point
Airborne
electrooptical
camera Track
field of view injection
point

Fig. 10. Typical variant of the flight route of the complex

1. Leg — the surveillance of linear objects (bridges, straight parts of the roads, rivers);
2. Circuit path — patrolling in the given area, aerial inspection;
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3. Circle — patrolling in the given area, aerial inspection;

4. Figure eight pattern — patrolling in the given area, aerial inspection;

5. Bank-to-bank reversal — non-linear objects surveillance (non-linear parts of the road, river, etc.);

6. Area — the surveillance of the given area.

The terrain image processing and analyses, colour inversion and image upgrade may be
performed applying Canny algorithm. The results of software processing show that such processing
should be done using the ground equipment, and it should take significantly more time compared to
the current flight image capture time. Based on the image processing results it is possible to make
timely decisions on the search tasks on the ground.
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OIITHUKO-3JIEKTPOHHBIN KOMILJIEKC OIIEPATUBHOI'O
NCCIUIEIJOBAHUA ITOBEPXHOCTHU MECTHOCTH

1 1 1 1
C.Bb. Crykanos ', JI.C. Crykanos', B.1. Konapuxos', P.C.'appromnn
"Mockoscrui 20CY0apCmeEeHHblll MeXHUYECKULL YHUBEPCUMeEM PANCOAHCKOU aguayull,
2. Mocxea, Poccus

B crartbe paccMaTpuBaroTCs IOAXOBI MO UCTIONB30BAHUIO OIITHKO-AIIEKTPOHHBIX CHCTEM B OECITIIIOTHBIX JIETATEIbHBIX amaparax
JUISL 3a71a9 OTIePAaTHBHOTO OOCIIEIOBAaHUS MOBEPXHOCTH MECTHOCTH, MECT W OOBEKTOB JICTHBIX mpowuciiecTBuid. [IpencraBieHo
000CHOBaHHME BHIOOPA CXEMBI TUIaHEpa OECITMIIOTHOTO JICTATENIFHOTO alapara ¥ KOHCTPYKIIH ONTHKO-3JIEKTPOHHOTO KOMILIEKCA.
[pemmoxeHo UCTIONB30BaHNE CXEMBI IDTAHEpa THITA BEICOKOIUIAH ¢ 00JIErYeHHON KOHCTPYKIMeH. 11 IpoBeeHHs HCCIIeI0BaHMI
pa3paboTaH M CO3IaH NPH MOMOIIM CTaHKA C YHUCIIOBBIM IPOTPAMMHBIM YIPaBICHHEM OECTIMIOTHBIN JICTAaTENBHBIN ammapar ¢
BBICOKMMH TI0KA3aTe/SIMU  ad9POJAMHAMHYIECKOTO KaueCcTBa, OOOPYIOBAHHBIA OINTHUKO-3JICKTPOHHOW CHCTeMOW. Pa3paboTaHb
KOHCTPYKLIMKM OOpTOBOrO M HAa3eMHOTo OOOpYyJOBaHMs HCCJIEIOBATEILCKOrO O000pYIOBaHMSl KOMILIEKca. [IpemnoxkeHo
HCIIOJIb30BaHUE TIOJICTHBIX KypCOBOW M 0030pHON OOKOBOM ONTHKO-3JICKTPOHHBIX KaMep, a TAKKE HUCCIICOBATEIBCKUX ONTHKO-
ANICKTPOHHBIX KaMep HIDKHEH ToNycdepsl BUIMMOTo U HH(PPAKPACHOTO HAMA30HOB, YTO OOSCIICYNBACT BUIICHUE B THEBHOE U
HOYHOE Bpems. [IJisi BBIIONHEHHS MPOCMOTPa M UCCICHOBAHKS TIOBEPXHOCTH MECTHOCTH HCIIONB3YIOTCS JIBE Kamephl 0030pa
HIDKHEH monychepsl nHPPaKpaCHOro ¥ BHAMMOTO JIHAa30HOB, BCTPOCHHEBIC CHH3Y B (DIO3EISDK OCCITHIIOTHOTO JICTaTENTHBHOTO
ammapara. [IpoBeieHp! JIeTHbIE SKCIIEPUMEHTHI TI0 IPIMEHEHHIO ONTHKO-3JIEKTPOHHOTO KOMIDIEKCa ¢ TIOJIETOM TI0 MapHIpyTy IO
CHCTEME CIyTHHKOBOW HABUTALMA M aBTOMATHYECKMM BO3BPaTOM. YCTaHOBJIEHO, YTO JUISI TOYHOTO BBIXOA HA OPHEHTHPHI
MapupyTa TpeOyeTcss KOPPEeKIMs HABHTAIMOHHBIX TAHHBIX. YCTpaHEeHHE HAKAIUTMBAEMOW MOTPEITHOCTH IMO3HIIMOHUPOBAHMUS
MpeyIaraeTcs BRIIOIHUTH ABTOMATH3UPOBAHHO, ITyTEM PETUCTPaH H300paKeHHI MECTHOCTH OIITHKO-3JICKTPOHHOM CHCTEMOH C
BBIZICTICHHEM HX KOHTYpPOB M OpueHTHpoB. [IperncraBneHpl pe3yibTaTel 00paboTKu n3o0paxkeHuii mo amroput™my Canny,
MOTyYEHHBIX B XOZI€ JIETHBIX SKCIIEPHMEHTOB. J[aHbI peKOMEHIAIMHN TI0 TIPAKTHIECKOMY HICTIOIB30BaHHIO AJITOPUTMa 00PabOTKI
n300paxkeHnit ¢ y4deroM Tpedyemoro ObicTponedcTBust. Jlysi peleHusi 3a7ad ONEpaTHMBHOIO IPOCMOTpa M HCCIIEOBaHUS
MECTHOCTH MPOBENICHO KCCIICMOBAHUE PA3IMYHBIX MapIIPyTOB Moyiera. Ha OCHOBaHWM TPOBEICHHBIX JKCIICPHMEHTOB JaHBI
PEKOMEHIAIUY 10 MPUMEHEHUIO KOMILIEKCa M MOCTPOSHHIO MapIIpyTa IOJieTa B HUCCIEOBATeNbCKUX 3aadax ONEepaTUBHOIO
TTOMCKOBOT'O XapaKTepa.

KnioueBble ciioBa: ONTHKO-3IEKTPOHHBINA KOMILIEKC, OeciioTHbIe JerarenbHble ammaparsl (BIIJIA), neTHslil skcrepuMeHT,
KOPPEKLIS HABUTAIIMOHHBIX TIapaMeTPOB, 00paboTKa N300paKeHHIH.
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