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Determination of the most dangerous flight modes of aircraft in icing
conditions

S.R. Bokov', V.V. Efimov'

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

Abstract: In this paper, the object of research is the icing of aircraft surfaces during flight in the atmosphere. On many light
aircraft, as well as on unmanned aircraft weighing less than 30 kg, there are no on-board de-icing systems. Nevertheless, aviation
events occur with these aircraft, which are a consequence of their icing. Therefore, determining the most dangerous flight modes of
aircraft in icing conditions is an urgent task. In view of the high cost of conducting flight tests and the impossibility of covering all
possible events due to their potential danger, the complexity of creating flight conditions for aircraft in icing conditions on the
ground, the mathematical modeling method was used in this study. To solve this problem, the analysis of the airworthiness
standards of civil light aircraft, transport category aircraft, rotorcraft of normal and transport category was carried out within the
framework of the work, the influence of various parameters on the thickness of ice build-up was investigated using a computational
experiment conducted on the software developed by the authors of the article. On the basis of the results of the computational
experiment, the dependences of the ice thickness on various icing parameters were obtained, a method was developed for
determining the combination of heights and flight speeds of an aircraft, at which ice of the greatest thickness is formed on the
surface of aircraft, other things being equal. Possession of this information will allow the aircraft crew and air traffic control
specialists to avoid the most dangerous flight modes in terms of icing.

Key words: icing, mathematical model, computational experiment, flight operation.

For citation: Bokov, S.R., Efimov, V.V. (2023). Determination of the most dangerous flight modes of aircraft in icing conditions.
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Onpenenenue HauboJIee OMACHBIX PEKMMOB I0JIETA JIETATEIbHBIX
anmaparoB B YCJIOBUAX 00J1eIeHEHUSI

C.P. bokos', B.B. E¢pumos'

1 o« o« o o«
Mockosckuii 20cy0apcmeer blil meXHU4eCKULl YHU8epCumem epajicoOaHCcKoll asuayull,
2. Mockea, Poccus

AnHoTammst: B nanHO# pabote 00BHEKTOM HCCIeI0BaHs SBISIETCS 00JI€/ICHEHHE MTOBEPXHOCTEH BO3LYIIHBIX Cy/IOB IIPH IOJIETE B
arMocgepe. Ha MHOIMX JIerKuX JeTaTeNbHBIX ammaparax, a Takke Ha OSCHMIOTHBIX BO3IYIIHBIX cyaax maccoid meHee 30 kr
OTCYTCTBYIOT OOPTOBBIE IPOTHBOOOJIE/ICHUTENBHBIE CHCTEMBL. TeM He MeHee C JaHHBIMH JIeTaTe/IbHBIMH allapaTamMy IPOUCXOIST
ABHALIIOHHBIC COOBITHS, KOTOPBIE SIBIIIFOTCS CIIEACTBHEM MX obneneHenus. [lostoMy omnpenenenre Hanboree OMacHbIX PEKUMOB
MOJIeTa JIETATEIBHBIX AalllapaToB B YCIOBUAX OOJICICHEHHUS SIBISIETCS aKTyalbHOW 3amadell. BBy BBICOKOH CTOMMOCTH
MIPOBEACHUS JICTHBIX WCTIBITAHUA M HEBO3MO)KHOCTH OXBaTa BCEX BO3MOXKHBIX COOBITHH HM3-332 MX IOTEHLIHAIBHOM OMAacHOCTH,
CIIO)KHOCTHU CO3/IaHUsI YCJIOBHH TI0JI€Ta BO3IYIIHBIX CYZIOB B YCIOBHSAX OOJIEICHEHNS HA 3eMJIC B HACTOSIIIEM HUCCIIEJOBAaHUM ObLT

8
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WCIIOJIb30BaH METOJI MAaTEMAaTHIECKOTrO MO/IENIMpoBanusl. JIJist peliieHus TOCTaBIeHHOM 33/1a4M B paMKax padoThI IIPOBEICH aHAIIN3
HOPM JIETHOM TOJHOCTH TIPaKNAHCKHMX JIETKUX CAMOJIETOB, CAMOJIETOB TPAHCHOPTHOM KATEroOpHH, BUHTOKPBUIBIX alapaToB
HOPMAJIBHOHM U TPaHCIIOPTHOM KaTeropyy, NPOBEJECHO UCCIEJ0BAHKIE BIUSHUS PA3INYHBIX MapaMETPOB HA TOJIIMHY HapacTaHUs
JbZa C TIOMOIIBIO BBIYMCIIMTENIBHOTO SKCHEPUMEHTA, IMPOBEICHHOIO Ha pa3pabOTaHHOM aBTOpPAMH CTaTbd HPOrPaMMHOM
obecriedernn. Ha ocHOBe pe3ysbTaToOB BBIYKMCIMTENHHOTO SKCHEPUMEHTA OBUIM TOJYYeHBI 3aBUCHMOCTH TOJIWMHBI JbAA OT
Pa3NMMYHBIX ITAPaMETpOB OOJNEACHEH!s, ObUIa pa3paboTaHa METONMKA ONPEACNCHHS COUYECTAHWS BBICOT M CKOPOCTEH Ionera
BO3YIIHOTO CY[HA, NPH KOTOPBIX HA MOBEPXHOCTH JIETATEIbHBIX ANNapaToB IMpH NMPOYMX PaBHBIX YCIOBMSIX 0Opasyercs jex
HanOosbmel Tonumasl. O0nagaHue JaHHOM MH(pOpPMAIMEN ITO3BOJIMT JKHUMAXKY JICTATEIbHOIO aapara ¥ CHENHaINCTaM I10
YIIPaBJICHUIO BO3AYILHBIM JIBIKEHHUEM M30eraTh HanOOIIee ONacHbIX PEXKMUMOB TOJIETA C TOUKH 3PEHNSI OONIEICHEHNSL.

KiroueBnle ciioBa: OOJCICHCHHE BO3AYIIHBIX CYIOB, MaTeMaTHYeCKas MOJIC/b, BBHIYHCIUTEIBHBIA SKCIICPHUMEHT, JICTHAS
9KCILTyaTalys.

[ murupoBanusi: bokos C.P., Edumos B.B. Onpenencnre HanOosee ornacHbIX PeXUMOB TI0JIETa JIETATENBHBIX alllapaToB
B ycnoBusix oonenenenst / Hayunsiii Bectank MI'TY T'A. 2023. T. 26, Ne 4. C. 8-20. DOI: 10.26467/2079-0619-2023-26-4-8-20

Introduction

Icing of the aircraft is still one of the most
dangerous factors [1-8] throughout the whole his-
tory of their operation. Icing of the aircraft sur-
faces may lead to different adverse consequences.
Icing of the aircraft lifting systems leads to the
flow lead change and, consequently, to the change
of aircraft aerodynamic performance, its steadi-
ness and controllability, flying range and endur-
ance, along with fuel flow increase. Icing of the
aircraft gas turbine engines may lead to the gas-
dynamic parameter change in all the engine com-
ponents and damage of the engine structure due to
ice fragments entering the flow channel. Icing of
aircraft probers and sensors gives the erroneous
flight parameters to the crew.

The on-board de-icing systems are developed
to prevent the aircraft parts from icing during the
flight. The on-board de-icing system consumes
either electrical or mechanical energy depending
on its type. It is necessary to increase fuel flow
for system reliable performance in both cases,
which decreases the operational efficiency. That
is why they try to refuse from on-board de-icing
system use on civil aircraft for aerodynamic
characteristics enhancement sake nowadays, for
instance, on Tupolev TU-204 [9], which does
not contradict the requirements of the aircraft
and rotary aircraft'” airworthiness standards
in transport category.

' Federal Aviation Rules, part 25 (2015). Airworthiness
standards for airplanes in the transport category. St. Pe-
tersburg: SZ RTSALI 292 p.

There are also the aircraft without the on-
board® de-icing systems”, which can inadvertent-
ly perform flights in icing circumstances, for in-
stance, light aircraft and rotary aircraft, most of
the unmanned aircraft types.

Thus, forecasting of icing providing the giv-
en weather forecasting, in other words determi-
nation of the flight mode during which icing is
most intensive, in order to avoid flight perfor-
mance on this mode whether it is possible, is the
urgent task.

One can use theoretical and empirical ap-
proach to gain data on flight parameter influence
on icing in forecasted weather conditions.

The high cost of flight testing and coverage
of all the probable events being impossible due
to their hazard are the drawbacks of the first
approach. Thus, the reasonable combination of
theoretical and empirical approach appears to
be the most efficient. The mathematical mod-
eling is what is meant by theoretical approach.
The purpose of the following work is to deter-
mine the most dangerous aircraft flight modes
using the mathematical modelling methods.

Federal Aviation Rules, part 29 (2003). Airworthiness
standards for rotorcraft in the transport category. Mos-
cow: Aviaizdat. 130 p.

Federal Aviation Rules, part 23 (2014). Airworthiness
standards for civil light aircraft. Moscow: Aviaizdat.
195 p.

Federal Aviation Rules, part 27 (2014). Airworthiness
standards for rotor aircraft in the normal category. Mos-
cow: Aviaizdat. 125 p.
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Research methods and methodology

Icing of an aircraft is caused by liquid spray
of water (a cloud) in the atmosphere and sub-
zero air temperature.

The basic meteorogical parameters, influenc-
ing the icing, are [10-17]:

e temperature;

e air liquid water content (mass of water drop
content in air unit volume);

e size of drops;

e size of a cloud (icing zone).

Let us consider heat transfers at surface being
iced, without taking the work of on-board de-
icing systems and other measures into account.

There is a multitude of icing mathematical
models, which are described, for instance, in
works [10-12, 15-18]. Myers model, described
in work [19], is used in the following paper.

Heat transfers will be estimated with their O
mass density, in other words, heat transfers as
surface unit square, having, respectively, W/m®.
There is scheme of heat transfers, being consid-
ered in above-mentioned Myers model, in Fig-
ure 1.

Heat additive to surface is provided due to:

e conversion of drop velocity energy into heat —
0%

e coming out of water crystallization latent
heat — Q;;

e air friction heating (due to frictional boundary
layer) — Q.

Heat transfer from the surface is provided
due to:

e heat convective flux from surface into air —
Qc;

e cvaporation of water (or ice sublimation, if
there is ice on the surface without layer if wa-
ter on it) — Q,;

e cooling due to drops of water — Q.

Thus, equation of heat capacity can be writ-
ten this way:

Qe+ Qi+ 0Qy—Qc—Qc— Qg =0. ()

Icing on the surface provided drops of water
on it with the given temperature remaining un-

10
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Fig. 1. Heat transfer scheme next to surface in icing
conditions

changed is the only thing being considered
monodimensionally according to Myers model
in the following work. Myers model allows us to
represent icing in time depending on the multi-
tude of parameters (liquid water content, incom-
ing air speed, temperature at surface, etc.). At the
same time, it is considered that particles of water
set immediately on the surface, creating porously
structured layer of ice. Let us call such an ice
basically porous. Some time after the ingoing
drops of water cannot pass to solid phase at once
due to limited ice thermal conduction and remain
on ice surface for some time in the form of water
which turns gradually into glassy ice.

It is necessary to take into account in the cal-
culation that ice does not accumulate at all in
case the following condition is fulfilled:

T, — T, <0, @)

where Ty, Ts — is the temperature of phasal shift
and surface, respectively, [K].

Only the cases of non-fulfilling the following
condition (2) are considered below.

Then, as mentioned above, during the first
stage porous ice appears, which depth can be
distinguished by formula

wae
B = p t,
Pi

3)
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where g = W::;ax — is a wash-out rate; Qx = BSW® _ yeat flow mass density due to
m, — mass of water penetrating the unit water drops kinetic energy shift into heat,
length (for instance, wing spread) per second, [W/m’];
[kg/(sm)]; q. = H,, — relative mass density of heat
W — incoming air speed, [m/s]; convective flux from surface into air,
G — air liquid water content, [kg/m’]; [W/(m*-K)];
Cmax — Maximum vertical body depth (for in- qqa = PWGc,, — relative mass density of heat
stance, airfoil depth), [m]; flux due to cooling by drops of water,
p; — porous ice density, [kg/m’]; [W/(m*-K)];
t — exposure time, [s]. cy — water heat flow mass density,
Then, it is necessary to doublecheck the fol- [J/(kg-K)];
lowing condition: qe. = xeo — relative heat flux mass density
due to water perspiration [W/(m*-K)];
BWGLy + [Qu+Qrc = (4c+da+qe) X - perspiration rate, [m/s]; |
(T; = T)] <0, 4) eo — rate of perspiration functional relation,
[Pa/K];
T, — temperature, [K].
where Ly — latent crystallization heat, [J/kg]; Only porous ice without water on its surface,
Q, = % _ heat transfer rate due to aero- which could have turned into glassy ice will ap-

pear if condition (4) is met. Depth of ice can be
determined, respectively, by formula (3), de-
pending on exposure time.

Whether condition (4) is not met, at some
point the water, which will then freeze and turn
into glassy ice, will appear on porous ice surface.

Porous ice depth at first water appearance on
its surface can be determined by formula

dynamic heating, [W/m’];

r — recovery factor, which reflects distortion
of aerodynamic streamline surface heating (r
<1)

H,,, — heat flux rate between air and water
surface, [W/(m*K)];

¢, — air thermal mass, [J/(kg K)];

B — k(T —Ts)
g IgWGLF + [Qa + Qk - (QC +gq + Qe)(Tf - Ta)]'

©)

where k; — ice heat flow mass density, [W/(m-K)].
The following formula can be used for general ice depth (porous and glassy one, appeared on it)
calculation, depending on exposure time:

(6)

f <k (T =Ty Qu + Qi — (e + a + 3) (Tp — o) ) N
ngFO v Wkwpw+[.BWG(t_tg)_pg(B_Bg)](qc+CId+qe) ’

where pg, p,, — glassy ice and water mass density, respectively, [kg/m’];

iBg .. o .
ty = le/vg — time from the beginning of exposure to first water appearance on porous ice, [s];
k., — water thermal conductivity, [W/(m-K)].

11
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Fig. 3. Determination of the dangerous flight speeds range

Sufficiency of the following mathematical
model is confirmed in Myers paper [19].

The respective software ice 1D, which al-
lows to shape icing process depending on given
starting conditions, along with distinguishing
dangerous velocities and altitudes of flight was
created for comfortable calculations by authors
of the following work. Let us consider such a
velocity, with which ice depth will be the biggest

12

one in other equal conditions, the dangerous one,
that is why the biggest ice depth, which appears
on the surface in given conditions and time of
being in icing zone (exposure time ¢) is calculat-
ed in separate cycles with given step from zero
for every speed of flight. Thus, there is a dan-
gerous velocity correspondence with flight alti-
tude (fig. 2) as a result of computational experi-
ment.
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Fig. 4. Dependence of ice thickness on exposure time

Ice 1D application also allows to distinguish
range of most dangerous flight velocities on the
given altitude with the given variable of velocity
deviation from dangerous one (fig. 3).

Besides that, the following software allows to
get a graphical correspondence of ice depth to
exposure time with given starting conditions

(fig. 4).
Discussion of research results

The initial data, presented below in Tables 1
and 2, was taken with ice 1D application for
numerical modelling. Data for Table 1 was taken
from work [19], for Table 2 — from areological
diagram, published on internet-resource’, as on
the 1% of January 2020. Sounding was conducted
in Moscow, 12:00 Moscow time.

The following investigations were run using
ice_1D application:

e dangerous velocities range determination for
given altitudes;

> Areological diagrams. flymeteo. org. Available at:
www.flymeteo.org (accessed: 03.11.2022). (in Russian).

13

e determination of flight altitude influence on
ice depth in the other equal conditions;

e determination of surface temperature influence
on ice depth correspondence with flight veloc-
ity;

e determination of surface temperature influence
on dangerous velocities distribution by flight
altitudes;

e determination of surface temperature influence
on flight dangerous velocity and biggest ice
depth;

e determination of cloud liquid water content
influence on ice depth and flight dangerous
velocities;

e determination of cloud liquid water content
influence on dangerous velocities distribution
by flight altitudes;

e determination of time being in icing zone on
ice depth correspondence with flight velocity
in other equal conditions.

Results of numerical modelling are presented
in Figures 5-9.

As previously mentioned, flight velocity is
one of crucial factors, influencing the ice depth.
There is data on repeating of different tempera-
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Table 1
Initial data
Ne Value Labeling Size Dimension
1 Air thermal mass Ca J/(kg-K) 1014
2 Water thermal mass Cw J/(kg-K) 4218
3 f;resplratlon functional relation eo P/K 2703
Heat flux rate between air and 7 2.
4 water surface Haw W/(m™K) >00
5 Ice heat conductivity ; W/(m-K) 2.18
6 Water heat conductivity W W/(m-K) 0.571
Latent heat of ice melting
7 (crystallization) Lr Vke 334400
Water captivation rate by in-
8 vestigated surface ﬁ B 0.55
9 Glassy ice mass density Pg kg/m’ 917
10 | Porous ice mass density Di kg/m’ 880
11 | Water mass density Pw kg/m’ 1000
12 | Perspiration rate X m/s 11
13 | Phase shift temperature Ty K 273.15
14 | Recovery rate r — 0.5

tures while icing [13, 14], basing on which we
can conclude, that in range from —6 to —10 °C the
probability of icing is higher than in case of oth-
er temperatures in some works. Let us take the
average temperature for the given range on alti-
tude of 700 m above sea level. Ice depths were
calculated on the given flight altitude with veloc-
ity change from 0 to 300 m/s. The dangerous
flight velocity (209 m/s) with which ice depth
will be the maximum one (6.4 mm) can be
gained by the following distribution (fig. 3).

It can be seen from dangerous velocities dis-
tribution by altitude (fig. 1), that correspondence
is non-linear and has an extremum. Nonlinearity
is directly connected to temperature distribution
by altitude. Presence of extremum (temperature
increase higher than 9300 m was noticed in the
investigated moment (tab. 2)) can be explained
the same way.

14

Decrease in iced surface shifts extremum of
ice depth correspondence to flight velocity right
up (fig. 5), at the same time extremum becomes
less significant. Let us notice, that the following
factor is most significant until the altitude reach-
es 5000 m. It can be seen in Figure 6, that speed

. dB . .
of ice appearance 5 \ncreases with temperature

decrease.

There is the influence of surface temperature
on dangerous velocity distribution by flight alti-
tudes presented in Figure 7. On flight altitudes
from 0 to 4000 m surface temperature mostly
influences on dangerous velocity value (the
higher surface temperature is, the lower is dan-
gerous velocity value).

There is a correspondence of maximum ice
depth and dangerous velocity from surface tem-
perature in Figure 8. It can be seen from the fol-
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Initial data from aerologic diagram from 01.01.2020 noon

Table 2

Ne Altitude of sounding, m Temperature, °C
1 0 -5
2 156 2.1
3 696 -7.9
4 1349 -9.5
5 2825 -17.7
6 5260 =347
7 6780 —45.1
8 8660 —54.1
9 9300 -57.9
10 9820 =56.7
11 11200 -56.1
12 12000 —61.1
13 15510 —63.5

PacnpegeneHue onacHLIX CKOPOCTER No BHCOTE | Onpefienenye auanaiona onNACHEIX cKOpoCTed | HapacTauue Nbaa no spemedn
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6.93445
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TonwmuHa, MM

W+ [mfs] = 227 TemnepaTypa, rpag. C
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| GIxrm~3] [0.0001 | texplcl [S00

-7.9098
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fao 237 [mys]
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Fig. 5. Surface temperature influence on dependence of ice thickness on high speed at 700 m altitude

lowing graph that the dangerous flight velocity
and maximum ice depth decrease whether sur-
face temperature increases. The reason is that the
drops freeze faster at lower temperatures while
touching the surface, so that ice accumulates

more intensively.

15

There is correspondence of maximum ice
depth and dangerous velocity from cloud liquid
water content shown in Figure 9. The decrease
of dangerous velocity value and maximum ice
depth with cloud liquid water content increase
can be seen from this correspondence.
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Fig. 6. Surface temperature influence on ice growth rate
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Fig. 7. Surface temperature influence on distribution of dangerous speeds by flight altitude

Conclusion

Software, allowing to determine the ice depth
on aircraft surfaces, being iced in different con-
ditions was developed basing on the given math-
ematical model. Graphs of ice depth correspond-
ence with air flow speed were gained in the pro-
cess of research. There are flight velocities, at
which ice depth is the biggest, which was ob-
tained at graph analysis. It was decided to call

16

such velocities the dangerous ones. Furthermore,
the research on dangerous velocities determina-
tion at different flight altitudes was conducted
and their distribution by altitudes within the
frame of troposphere was gained. Correspond-
ences of ice depth, flight dangerous velocity and
altitude with liquid water content of cloud in
which flight is performed, flight duration in icing
zone, surface temperature and flight velocity
were also gained. It is recommended to generate
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Fig. 8. Dependence of the maximum ice thickness and dangerous speed on the surface temperature
300 A
W* m/c Bmax, Mm
250 28
200 8
150
135
100
50
G, xr/m3
0 >
0 0,00005 0,0001 0,00015 0,0002 0,00025 0,00(
Fig. 9. Dependence of the maximum ice thickness and dangerous speed on cloud water content
the following dependencies prior each flight for 2. Bragg, M.B., Perkins, W.R., Sar-

dangerous flight velocities determination and
their further avoidance.
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Moaesab npeaynpeaureabHbIX 3aMeH 3JIEMEHTOB CJI0KHBIX CHCTEM
B 3ABUCHUMOCTH OT HAPA0OTKH M KOJIMYECTBA 0TKA30B

1 1
B.E. EmeabsinoB , C.I1I. MaTbIlOK
"Mockoscruii 20CY0apCmeeHHblll MeXHUYeCKULl YHUBEPCUMem 2paicOaHCcKoll asuayul,
2. Mockea, Poccus

Annoranusi: CoBpeMEHHBIC YCIIOBHSI XO3SHCTBEHHOHN NIEATENFHOCTH AKCIUTYaTallMOHHBIX TPENPUATHIA TPaKIaHCKONH aBHAITH
AKTYaJIM3UPYIOT MPOOJIeMy SKOHOMHYECKH IIEJIECOOOPA3HBIX MEPONPHUATHH 1O OpraHM3aliK TEXHHYECKOW SKCIUTyaTalud U
00CITy>KMBaHHUsI OTPACIIEBOrO 000PYIOBAHN, B YACTHOCTU CPEACTB PAAMOTEXHUUECKOIO OOECIICUEHHS TOJIETOB U AIIEKTPOCBSI3H.
Ilpu 3TOM oOueBMAHA HEOOXOAMMOCTh IIEPEBOAA YKA3aHHBIX CPEACTB HA TEXHUYECKOE OOCTYXMBAHHE IO COCTOSHHIO,
BBI3BIBAIOIIETO B CBOIO OUepelb HEOOXOAMMOCTh PEIICHHS 3aiad, CBA3AHHBIX C OMNpPEECIICHUEM BPEMEHH MPEIyIPEIUTEIbHOMN
3aMCHbI JJIECMCHTOB, JAWArHOCTUPYEMBLIC IMApaMETPbl KOTOPBIX MOIYT JOCTUTHYTH IIPEACIIbHBIX 3HadyeHuil. B HACTOALIEM
WCCIIEZIOBAaHUN Pa3padoTaH ajrOpUTM OLEHKH ONTUMAIIBHOM 3aMEHBI JJIEMEHTOB C TIOMOIIIBIO METO/A YCJIOBHOM BEPOSITHOCTHOM
XapaKTePUCTHUKH JUIsI CUCTEM JUITUTENIBHOTO NEPHO/A SKCILTyaTallud M MMEIoIMX (DMKCHPOBAaHHOE YMCIIO OTKa3oB. [IpoBeneHa
OLIEHKA TOYHOCTU OINpPEAECNICHUsT UCKOMOTO IMapaMerpa IMpU YCIOBHU, YTO €r0 M3MEHEHHsS HMEIOT ACTEPMHHHPOBAHHYIO U
citydaiiHyro coctapistoiiue. HaliieHsl MaTeMaTHUecKoe OXKUJAaHUE U TUCTIEpPCHs MOTy4YeHHON oLeHKU. [Ipy ycnoBuu uTto Bpemst
(hYHKIIMOHMPOBAHHUS CPEJICTB MEXKTy BOCCTAHOBJICHHSIMU (PEMOHTaMH) MMEET TeHACHIMIO K YMEHBILEHHIO C YBEIMYEHHEM YHCIIa
OTKAa30B, TTOJTy4EHO CPEIHEE YNCIIO KOHEUHBIX OTKAa30B, Y/IOBJIETBOPSIOIIEE HHTErPaJIbHOMY ypaBHEHHIO BombTeppsl. [t aHami3a
CTOMMOCTHBIX 3aTpaT Ha BOCCTAHOBJICHHE B paMKax MPEIIOKEHHOM MOIENN HAWJEHO BBIPKEHHE I yIENbHONH CTOMMOCTH
paboT B 3aBUCUMOCTH OT NPHHATOTO HPaBHMIIA 3aMEHBI M JUTMHBI OXKUJAeMBIX IUKIOB. C y4eToM MaTeMaTHYeCKOTO OXKHIAHUS
TMOCTIETHEH M COITYTCTBYIOIIMX 3aTpaTr c(hOPMHUPOBAHO ABYMEPHOE ONTHMAIBHOE MPABUIIO 3aMEHBI U TTOKA3aHa LIEJIeCO00pa3HOCTh
WCIIONB30BaHUA TaKOIO IIEPHOZAA 3aMEH, KOTOPBI MHHMMH3MPOBAJ MAaKCHMyM CPEAHHMX 3arpar. [lomydeHHblE pe3ybTaThl
NPEACTABIIOTCS MOJIESHBIMA IIPH  OPTaHM3alMM  MEPOIPHATHH MO0  NPOQUIAKTHYECKOMY OOCIY)KHBAHHIO — CPEICTB
PaAMOTEXHUYECKOTO 00ECTICUEHHS MOJIETOB M AJEKTPOCBS3H Ha Pa3INyHbIX dTallax UxX )KU3HEHHOTO LIUKJIA.

KunroueBblie ciioBa: npeaynpeauTenbHas 3aMeHa, OOCITy)KMBAHHME 10 COCTOSHHIO, YCIIOBHAs BEPOSTHOCTHAs XapaKTEpHCTHKA,
TOYHOCTb OLIEHKH, yJIeJIbHAsI CTOMMOCTb, IBYMEPHOE NPABUJIO 3aMEHBIL.

Jns nurupoBanusa: EmenssHoB B.E., Marsrox CII. Mogens npenynpenuTebHbIX 3aMEH JIEMEHTOB CIOXKHBIX CHUCTEM
B 3aBUCHMOCTH OT HapaboTKu W KoimdectBa oTka3zoB // Hayuwmeni BectHmk MITY TA. 2023. T. 26, Ne 4. C. 21-30.
DOI: 10.26467/2079-0619-2023-26-4-21-30

Model of preventive replacements of complex systems elements
depending on the operation time and the number of failures

V.E. Emelyanov', S.P. Matiuk'

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

Abstract: Modern conditions of economic activity of civil aviation operators make actual the problem of economically feasible
measures for the organization of technical operation and maintenance of industry equipment, in particular, means of radio technical
support for flights and aeronautical telecommunications. At the same time, it is obvious that these means need to be transferred to
maintenance on a condition, which, in turn, causes the need to solve the problems related to determining the time for the preventive
replacement of elements which diagnosable parameters can reach limit values. This paper presents an algorithm for estimating the
optimal replacement of elements using the conditional probabilistic characteristic method for systems with a long period of
operation and having a fixed number of failures. An assessment of the accuracy of determining the desired parameter is carried out,
provided that its changes have deterministic and random components. The mathematical expectation and variance of the obtained
estimate are found. Provided that the time of means operation between restorations (repairs) tends to decrease with an increase in
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the number of failures, the average number of final failures is obtained that satisfies the Volterra integral equation. To analyze the
cost of restoration within the framework of the proposed model, an expression was found for the unit cost of work, depending on
the accepted replacement rule and the duration of the expected cycles. Taking into account the mathematical expectation of the
latter and associated costs, a two-dimensional optimal replacement rule is formed, and the expediency of using such a replacement
period that minimizes the maximum average costs is shown. The obtained results are useful in organizing activities for preventive
maintenance of radio technical support for flights and aeronautical telecommunications at various stages of their life cycle.

Key words: preventive replacement, condition maintenance, conditional probabilistic characteristic, estimation accuracy, unit cost,
two-dimensional replacement rule.

For citation: Emelyanov, V.E., Matyyuk, S.P. (2023). Model of preventive replacements of complex systems elements depending
on the operation time and the number of failures. Civil Aviation High Technologies, vol. 26, no. 4, pp. 21-30.
DOLI: 10.26467/2079-0619-2023-26-4-21-30

BBenenue TakKUM 00pa3oM, YTO K BEKTOpy V OyIyT OTHO-
CUTbCA BCE 3HAUYEHUS BO3JCHCTBUH, JUI1 KOTO-
PBIX BO3MOXKHO aHAJIMTUYECKOE OIpEIeICHHUE
BEpOATHOCTHBIX XapakTtepuctuk [10, 11]. Torna
YCIIOBHOE 3HaUY€HUE BEPOATHOCTHOM XapaKTepH-
CTHKH &y, OyneT 3aBuceth oT Bekropa W:

DOKOHOMHMYECKH IIeJIeCO00pa3Hble  METOIbI
OpraHu3aly  TEXHUYECKOM  3KCIUTyaTaluu
CPEIICTB PAaTUOTEXHUYECKOro oOecredyeHus Io-
netoB u 3nekTpocss3u (PTOIT u 3C) npeanona-
raroT HUCMOJb30BAaHUE TEXHUYECKOTO OOCITYXkH-

Banus (TO) no cocrosiuio [1—4]. I[Ipu 3TOM ak- $yen. = Syen (W), (2)
TyaJIu3upyeTcs 3ajiada BbIOOpa BPEMEHHU Ipey-
MPEAUTEIIbHON 3aMEHbI 3JIEMEHTOB, HAXOSAIUX- Jlns onpeneneHust anpuopHOW OLIEHKH ONTH-
csl B IIPEIOTKA30BOM cocTosiHuu. He ocTanaBiu- MaJbHOM 3aMEHbI JIEMEHTOB MOKHO B COOTBET-
BasICh HA MPUHUMUIIAX JTUATHOCTUKUA U KOHTPOJI, ctBum ¢ [12, 13] ucronap3oBaTh METO CTATUCTH-
KOTOpPBIE JOCTAaTOYHO IIMPOKO TMPOAHATH3IUPO- yeckuxX ucnbiTanuid. [lpu Hammumm BeIOOpKH K
BaHbI M MPEACTaBIEHBI B padorax [5—7], mepeii- omerka & Gyner paBHa
JIeM K BOIpocy o mianupoanuu TO.
K

F_ -1
MeToabl H METOX0JI0THSI §=K nycn. (W), 3)
nccie0BaHusA J=1

rae W — cinydaiiHoe 3Ha4ueHne Bekropa W B j-M
CoOBOKYIIHOCTB JIerpaJallMOHHBIX MTPOLIECCOB,
DKCIIEPUMEHTE.

B Ka4ieCTBC KOTOPBIX MOKHO pacCMaTpuBaATb ~
CHIDKCHHE ITOKa3aTelIel 0e30TKa3HOCTU DJICMCH- I[HH OLICHKH TOYHOCTH ONPCACICHIA E BBC-

TOB, BBI3BAHHOE MX «CTApPEHUEM», BIMSHUEM He- AeM QYHKUMIO 1);, KOTOpas ONpEieIeT 3aBH-
NpeaAHaMCPCHHBIX JJICKTPOMAIrHUTHBIX IMOMEX, CHUMOCTB BCKTOpA YorWuV:
HECTA0MIILHOCTBI0 MCTOYHHKOB TMHTAaHUS U TIO-
I[06HBIM, BO3I[€I\/'ICTBYIOIIII/IX Ha DJIEMCHTHI
CPEICTB, MPEICTABUM B BUIC MAaTEMaTHYECKOTO
oxxunanus pyHkiuu P; sexkropa Y [8, 9]:

Y = ¢,(W,V).

dakTu4ecKku cooTHoIIeHue (3) ompenenser-

Csl THIIOM TIPOIIECCOB, OIMMCHIBAIONINX (HYHKIINO-

= M [ (Y1, 1 HainbHOEe coctosiHue cpencte PTOII u OC
£ = M (V)] () e

Bektop Y sBusieTcss aHaiorom 3akoHa pac- C yueToM Cka3aHHOro HMeeM

npeseneHust BpeMeHn 0e30TKa3zHoi paboThl. by- _
JIEM €ro paccMaTpuBaTh Kak Ba Bektopa W u V ¢ =M. (W,V)}]
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U Jajuee COOTBETCTBEHHO, COOTHOIIICHUE JIJIsi OLIEHKU
& npumer Bux
VB
faW) = [ WG, @ v
7 §= K1 f f (W, V)f(w,w) dv.  (5)
j=1 v,
rae f(v/w) — ycnoBHas IUIOTHOCTH pacrpee-
nenusi Bekropa (IIPB) V; V, u V, — rpanuis Marematuueckoe OXHUAAHUE U JUCIIEPCUs
3HAYEHUH CITy4alHbIX BO3/ICUCTBUM. OIICHKH g PaBHEI
Vs W2
M8 = [ [ wWV)re wewmdudw =¢, ©
Vi Wi
Ve W, 2 Vs Wy 2
D =K f f YW,V f(v/ w)dv| e(w)dw — j f YW,V f(w/ w)ew)dvdw| (
Vy Wy Va Wi
rae @(w) — IIPB W; W; u W, — rpaHu4sbie B npeanonoxenun, uro 1 > 1, Mbl UMeeM
3HaueHus BekTopa W. CUETHYIO mocienaoBareabHocTh {&(t),t = 0} u
Hanee umeem MOCJIEIOBATEILHOCTh HEKOTOPBIX HE3aBUCUMBIX
CIy4aliHbIX TepeMeHHbx {6, > 0,n =1,2,..}.
k ®PB 0,, 0603HaunM Kkak F (™1 1), a> 0.
= K_lz gb(Wj,Vi). Ecniu  Bpemst Hapabotku T, = Y-, 0,
=1 {&(t) = n}={6, < t}, ro mpouecc &(t) MOKHO
cuuTarh reomerpuueckuM [16, 19]. T, aBnsercs
HanpHeiilee pelicHHe 3a1a4d  HIICM B BpeMeHeM n-i 3aMeHbl, a 6, — n-M HHTEepBAJIOM
HAaXOXACHUHU HCKOTOPOIO OINTUMAJIBHOI'O IIpa- BPEMCHU MEXY 3aMCHAMMU.
Buia 3amensl Q = Q (T, N)oyr, rae T — Hapa- bynem cuurarh, YTO BOCCTAaHOBJICHHUE
00Tka, N — KOJIM4ECTBO OTKA30B. cpeactB PTOII u 3C nmpousBogutcs cpasy mo-
OtmeTtnM, 9TO B COOTBETCTBUH ¢ [16—18] cie otkaza u Q, — BpeMs BOCCTaHOBJIEHUS IO-
cpemHee 4ncio oTka3zoB R(t) HapaboTku mMmeer cie n-ro orkasza. 3armumem OPB B Bume
KOHEYHOE 4YHUCII0O U YJOBJICTBOPSICT HHTETpalb- F(ocn—l,t) u G(ﬁ”‘{ t) COOTBETCTBEHHO.
HOMY ypaBHeHHIO Bosbreppsr: [Ipuaumaem, uyto 0a>1 — mnocTOsIHHAA,
0<B<1 - mnocrosumas u M[0;]=1>0,
: M[Hj] = u > 0. Taxxe NpeaAmnoyioxKumM, 4To ¢ —
R(t) = F(t) + f H(t —7)F (1), (7 CTOMMOCTh BOCCTAHOBIICHHS B €IWHHILy Bpe-
0 MEHH, C; — CTOUMOCTb 3aMEHHBI.
[Iponiecc BOCCTaHOBIIEHHS MOXHO 3alHCATh
rae F(t) — IIPB Bpemenu k-ro orkasa; H(t) — B Bune {T, Ta, ..., Ti, ...}, tne T; — Bpems i-ii
()yHKIHsT BOCCTAaHOBIICHHSL. _ 3aMeHbl. CpeHssl CTOMMOCTh PaOOoThl B €AMHUILY
BBIATpHITT B TOYHOCTH OIEHKH ¢ IO CpaBHE- BpEMEHU C[A(T, N)] [P TpaBHIIE 3aMEHBI A Oy-
HHAI0O CO CTaTMCTUYCCKUMH  ONPCACICHUAMA JET ONPEACNATHCSA OTHOLIEHUEM OXKHUJIAEMOU
é’ = K1 Z?zl ljJ(W]-,Vi) ONpeAENsieTcsa COOT- CTOMMOCTH IIHMKJa paboT K OXXHUIAEMOH JIMHE
HOIIICHUEM COOTBETCTBYIOIIINX JUCTEpCUi 1uKia L, onpenensaeMoi ciaenyronmum 06p330M2

n=D/D.
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R N-1
L:(T+z )A(X >T) + ZG+ZQi AX, <T), )
i=1 i
rae X, = Z?’zl 6; — Bpems Oe30TKa3HOU paboThl; X, = N . Q; — Bpems BOCCTaHOBJICHHUS amapary-

pbl; N > 1, R — yncno oTka3oB 0 MOMEHTa BpemeHu 7
R=0,1,2,...,N—1; A — dyHkuus oToOpakeHus,

.
1, ecnnL—T—i—ZQ],

OeCJmL— ZH + Zel

i=1

[Tocite psiia HECIOKHBIX MMPEOOPA3OBAHMIA OTIPEICITUM MAaTEMATHIECKOE OXKUIAHUE BETUIHHEI L:

N N-—
0.l 2x, >T) + Z Z AKX, =T =
= N =

z :(T) +;;l+ z [A(X: < T < X;)].

Ilycte Lyyq = Z?':Hl Q; — nnuHa nMKIa GyHKIMOHMPOBaHus ¢ j 10 N otkasa; Xy = X; + Ly_1 —
BpeMs 6e30Tka3Hoil pabotsl cpenctBa PTOIT u OC.
Torna Gy_4,(&) = foo Gy_1- l[a(e —¢)]dG(q) — pacnpenenenue Ly_q;

Gy-1yila(e — ] - TP T, Q; B Momen (2 — q);

G(q) = F(B',q) - ®IIP Ql+1-

Tockombky G(v) = F(a,v), 10 Gy_1(€) = Fy_1(a’, &), To BhIpakenne mis BeposTHOCTH TOTO,
4TO BpeMsi HapaOOTKH IOCJIE i-T0 0TKa3a MpeB30oiaAeT 7, 3alHIIeTCs B BUE

R
M[L] =

i=1

)

O\ﬂ

M[A(Xi <T< X)|= P (X;<T< Xj+ Ly_,) =

f f dGy-1(£)Afi(x) = f Fy-ala(T = )dF (). (o)
T—-x 0
C yuetowm (10) Beipaskenue (9) npuMeT BUI
T N— T
Ml = | z N<T)+Zﬁl ¢ [ Fvale - 0drGol (an
0 i=1 0

I[aﬂee C YYCTOM HNPUHATHIX MPEAITOCHIIOK MOJTYYHUM

C, YNt Bf‘l Fy(T) + 2N [ Fyoa [@H(T — 0] dFi(x) + €5 = €, [ Fy(x)dx
C[A(T, N)] = . (12)
f Fy()dx + XNt ,31 - Fy(T) + X0 B 1f Fy_1[ai(T — x)]dx
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Bripaxkenue (12) nerxko mpoaHalIu3HpOBaTh
npu (pUKcanuu OJHOTO U3 aprymeHToB. [Ipemmno-
aoxum, uyro N = r, torma C[A(T,N)]=
C,.(T),r =1,2,.. Uccnenys (12) Ha sKkcTpeMyM
npu pazauuablx N = 1, 2, ..., r, ..., MOXHO
HauT! Tiopt, Toopts --v5 Tropts ... TAKHE, TIPU KO-
TopbIX Ci(T1.opt), Co(T20pt)s --vs Ce(Tropt), ... OY-
JIyT MUHUMaJIbHBIMH.

Pe3y.m,TaT1>1 HCCIeJ0BaHUA

Torma AByMepHOE ONTUMAIbHOE TPABUIIO
3aMEHBI, aHAJOTMYHOE HUCCIEAyeMOMYy B pabo-
Te [6], 3anuiIeTcs B BUE
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{A(Tr N)}opt. = min N[Cn (Tn.opt)]. (13)

OILHaKO MBI IOTIBITACMCA ITPOAHATIU3UPOBATH
nporiecc (13) B pacIIMpeHHOM BHJIE:

{A(T, N)} = min C(Tnope). (14)

B mpennonoxeHnn, 4TO WHTEPBA BPEMEHH
MCKIOY [AByMdA TMOCICAOBATCIIBHBIMHA 3aMCHAMU
SIBJISICTCS ITUKJIOM BoccTaHoBjeHus [20], 3amuiem

C(Ty,N) = Cy/L,

rae €, — oxugaemMas CTOMMOCTb LUKIA pador,
HMMEIOLLETO JUINHY L;

k N N
L=|T+ ) C|x( 2T)+< x; + Cl-))((QnST), N >1, (15)
(e Qereezne (e

i=1

rzie k — 4mMciI0 0TKa30B 10 MOMeHTa Bpemenu T B ciyuae, korna Oy > T,k =0,N — 1

katop cobwitus A, y(A) = 1, y(A) = 0.

i=1

1; y(A) — unau-

Torz[a IIOCJIE€ HECJIIOXHBIX npe06pa3OBaHH171 MOXXHO 3alliCaTb BBIPAXKCHHUE IJId MATCMATHUYCCKOI'O

OXHUAaHHUA AJIUHBI IUKJIA:

T N—-1 -1
_ Ofﬁn(v)dv+;ﬁ’f_l Fyy (T) +;ﬁf_1 M{x(0; <T < 0y)). (16)
IIpu sTOM
Gy-1(t) = J; Gyar [a(1 = y)dGC()], (17)

rae Gy_y [a(1 = y)] = ®PBX);,, %, Q G(y)

= F(B'y) — ®PB Yy,

Toraa BeposTHOCTH TOTO, YTO BpeMsl HapabOTKH MOCIIe i-T'0 0TKa3a MPeBbICUT 3HaUeHue 7, onpese-

JIUTCS U3 YPaBHEHUs

M[x(6; <T < 0y)]=

=P[O, <T < (0; +Lyy)] = f Fy_i [@/(T — v)dF;(v)]. (13)

C yuerom (18) monygaem

M(L) —f Fy()dv + %15

f Fyn_ l[a (T — v)dF; (v)]
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OxonuatenbsHo U3 (14) u (16) ans cpeaHelt cTOMMOCTH pabOT UMEEM JABYMEPHYIO (YHKLUIO Clie-

AYIOICTro BUA:

(19)

I G I 5 [ Ryl (T = v)] dF(v) + C, — €, [} Fy(w)dv
M T Ry w)dv + Z{L?I% Fy(T) + z&?%f{ Fylai(T — v)]dF,(v)

[Tpu PuKCHPOBaHHOM 3HAUCHUM YHCIIA OTKA-
30B N ="h, h=1,2, ... HECJIOXKHO ONpPEACIUTH

Cn(Crn)-

O0cyx1eHue MOJTydYeHHbIX
pe3yJIbTaTOB

BBugy TOro 4to >KM3HEHHBIH LMK JIFOOOTO
CpEeICTBa OTPaHUYCH, CYIIECTBYET MHUHUMAJbHAS
CPEIHSISI CTOMMOCTH paOOTHI B SMHHUILY BPEMCHH,
KOTOPYIO MOKHO OIPENENUTh C MOMOIIBIO psifia
{C.(CH1), C.(Chp), v, Cr(Chp)}, OTKyma momy-
YUTh TPABUIIO MPEAYIPEAUTEIHHOM 3aMEHBI

CIA(Ty, N)'] = min yCo(Ti)- (20)

CootHomienne (20) MOXHO TOSICHUTH Clie-
nyrommM oOpaszoM: Beipakenue (19), mpeacras-
Jso1IIee co00M TBYMEpHYIO (hYHKIIMIO, HECIOXK-
HO MPOAHATU3UPOBATH MPHU (HUKCALUN OJHOTO U3
aprymenToB. Ilycts N = r, torna C (Ty, N) =
C:(Tn), r =1, 2, ...; uccnenys (19) na skcrpe-
Mym npu N = 1, 2, ..., r, ..., MOXXHO HalTH
T1opts Taopts «--» Tropts --. COOTBETCTBEHHO TAKMMH,
9100BI Ci(T10pt,)s Co(Ta0pt)s ---5 CTropt), ... OBI-
T MHUHHMAJIbHBIMH, YTO B CBOIO OYepeIb MO3-
BOJISIET 3aMKMCATh ONTUMAJIbHOE MPAaBUIIO 3aMEHBI
B Buje (20). ABTOpPHI CUHTAIOT HEOOXOIMMBIM
OTMETHUTH TOT ¢akT, uTo B padore [21] yka3aHa
MPEIMOYTUTEIFHOCTh HUCIOIB30BAaHUSI COOTHO-
menns (20), yem cootHomenuil Buma C(Top)
i C(Ngpy).

BrIiensnokeHHOe M03BOJISIET aBTOpaM BbI-
CKa3aTh NPEANOJI0KEHHE O KOPPEKTHOCTH HC-
MOJIb3YEMOT0 METOJa YCJIOBHOH BEpOSITHOCTU
XapaKTepUCTHKHU, TaK KaK OH MPHUBOJUM K pe-
3yJIbTaTaM, aHAJOTWYHBIM pe3yibTaram B [16,
22, 23], npeacTaBisieMbIM Kak MpaBWIIO HCUep-
MaHUs pecypca U aHAIOTMYHBIM pe3yJjbTary, Mo-
TydyeHHOMY B pabore [24, 25] npu BeIOOpE Tpa-
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BUJI Hpeﬂynpez[I/ITeanoﬁ 3aMCHBI OJJICMCHTOB
CJIOKHBIX CUCTCM.

3akioyeHue

Takum 00pa3zoMm, TOTyUYEHHBIC PE3YJIBTATHI
MOTYT OBITh HUCIIOJIb30BaHbI B CJICIYIONMINX MPaK-
TUYECKHUX CUTYyalUsX:

e pu pa3pabOTKe THOKHUX AITOPUTMOB IPOBE-
JIeHUs TMPOPUIAKTHUECKUX MEPOIPHUSATHH 10
MPOBEJCHUIO TEXHUYECKOTO OOCITyKHBaHU
10 COCTOSTHHIO;

® MPOTHO3UPOBAHUS YPOBHSA HSKCIUTyaTallMOH-
HBIX PacX0JI0B;

® OIICHKH TOKa3areneld 0e30TKa3HOCTH CPEACTB
PTOII u OC nnsa paznudHbix (Ha3oBBIX COCTO-
SIHUM UX JKU3HEHHOTO IIMKIIA.

[IpaBma, mpu 3TOM HEOOXOIWMO OTMETHTH
TOT (PaKT, YTO pelIeHUE YKa3aHHOW 3aJa4d Tpe-
OyeT ampuOpHOTO 3HAHUS 3aKOHOB pacrpesiesie-
HUsSI BpeMEHHM O€30TKa3HOH padoThl U B Jajb-
HEUIIIEM CTaTHCTHYECKUX IaHHBIX C BBIOOPKOMU
HEO00XO0IMMOro 00beMa.
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HNcnosib30BaHNe HHTEPAKTHBHOIO MAKeTa KAOMHBI IKMIIAKA CAMOJIETA
JTA-42T B yueOHOM mpouecce

A.C. Kusizes', A.10. 1'[0110131, E.A. Pomannos'

1
Kpacnooapcroe svicuiee 6oennoe aguayuonnoe yuunuye 1emyuxos,
2. Kpacnooap, Poccusa

AnHotammsi: Ilpy mnpoBeneHMH Y4YeOHBIX 3aHATHH B aBHALIOHHOM BYy3€ IIEJIECOOOPa3sHO JEMOHCTPHPOBATH OOPa3LIbI
ABHALIOHHON TEXHUKH, OTAEBbHBIC 3IEMEHTBI CHCTEM U arperaToB WM HCTIONB30BaTh CHEMATN3UPOBAHHbIC CTEHABI U IIaKaThL.
OnHaKo Npyu M3y4IeHUH COBPEMEHHBIX TUIIOB YUEOHBIX BO3MYIIHBIX CYI0B, KAOMHBI KOTOPBIX COAEP)KaT MHOTO(YHKIMOHAIBHBIC
WHAWKATOPBIL, NPU TAKOM IMOJXOAE BO3HMKAIOT TPYJHOCTH B YCBOGHHM y4eOHOro Marepuarna. lIpm u3ydeHun kaOWH c
MHOTO(YHKIMOHAJIGHBIMHA MHAMKaTOpaMH HEOOXOAMMO HCIONB30BaTh HMHTEPAKTHBHBIE CpEICTBa OOydeHHs, B KOTOPBIX
MHUKATOPBI JIOJDKHBI pad0TaTh O/ MUTAHHEM M UMETh HeoOX0uMbIi (yHKImoHan. O0y4eHHe Ha peabHON TEXHUKE B OTHHUX
ClTy4asix sABJIIETCS HEBO3MOXKHBIM, a B APYTHX HellernecooOpasHbIM. Mcronb3oBanue Uit 00y4eHus: KOMIUIEKCHOTO TpeHaKepa Ha
yqe6H1>1x 3aHATHAX 1O Pa3JIMYHbIM JUCHUIIIIMHAM OI'PpaHUYCHO B CHUJTY TOI'O, YTO TPEHAXKED NPCAHA3HAYCH B IIEPBYIO OUCPEC/b I
NPUBUTHSL TIEPBUYHBIX HABHIKOB YIPABJICHHS BO3IYIUIHBIM CYIAHOM, a HE IUI1 Teoperudeckoro oOydeHws. B cratse
paccMmaTpuBaeTcsl BOIPOC MOBBILICHUS KadyecTBa O0YUCHHs KypCaHTOB-JIETYMKOB NPH M3YYEHHH HOpsiKa paboThI ¢ apMaTypon
KaOMHBI ITyTeM MCIIOJIb30BaHMs B y4eOHOM IpOLecce By3a MHTEPAKTUBHOIO MaKeTa KaOWHBI Skumaxa camonera JJA-42T co Bcemu
OpraHamy yIIpaBJIeHUs M MHIMKamuy (3a uckmodeHneM PYC u mepameid), BKmodas B2 OCHOBHBIX MHOTO()YHKIIMOHATBHBIX
WHAWKATOpA M OMH pe3epBHbIA. PaboTa MHOro(yHKIMOHATEHEIX MHANKATOPOB PEAIM30BaHA B BHUIE CIEIHAIBHBIX YCTPOWCTB,
UMCIOIINX JUCIUIC W KHOIOYHOE OOpaMIICHHE, TONKIIOYCHHBIX K CHEIMATbHO pa3paboraHHoi mporpamme Ha [IK,
UMUTHpYIOLIEH padoTy MH(POPMAIIMOHHOM CUCTeMbl camosieta. [ljist 3Toro Ha ocHoBe MH(GOPMAIMK M3 PYKOBOJCTBA IO JIETHOM
9KCILTyaTalldd BOCHPOW3BENEHbI WH(OPMALMOHHBIE KAJpBl, OTOOpaKaeMble HAa MHOTO(QYHKIMOHAJIBHBIX WHAMKATOpax B
camorete J{A-42T. Conepxanue pa3paboTaHHBIX KaJIpOB MOJHOCTHIO MOBTOPSIET MHIMKAIMIO B camoniete JIA-42T, ciocoOcTByst
TIOBBILICHUIO Ka4ecTBa OOYUECHHS! U BbIPAOOTKE TPAKTUYECKUX HABBIKOB MO pabOTe Ha KOMIUIEKCHOM TPEHAKEPE U B PealbHOM
camojiete. Pu3NYECKUe Oopradbl yHnpaBJICHUS B MaKETC Ka6l/IHl)I TaKKEC COOTBECTCTBYIOT IO BHCIIHEMY BUAY U PACIOJIOKCHUIO
opraHam ymnpaelieHuss B KaOuHe Hacrosimero camonera JIA-42T. Onmcan TOpSAOK pa3pabOTKM  MMHTaTOPOB
MHOTO()YHKIIOHAIBHBIX MHUKATOPOB M MakeTa KaOMHbI skunaxa camoiiera JIA-42T. Onucanbl BO3MOXHOCTH HCTIOJIb30BAHUS
MMHUTaTOPOB MHOTO(YHKIIMOHAIBHBIX MHANKATOPOB M MakeTa kabuHa camorera JIA-42T B yueOHOM mporecce Jisl HOBBIICHHUS
KayecTBa 0Oy4eHns. OnmcaHbl pe3yJbTaTbl MPOBEACHHBIX HCCIIEOBAHMH, MPEICTABIEHbl NMPEUMYINECTBA HCIIONB30BAHUS
WHTEPaKTHBHOIO MaKeTa KaOMHBI B y4eOHOM Iporecce.

KnaroueBble cioBa: MakerT KaOwHBI, KabuHa skwmaxa, JIA-42T, meHTpampHas WHPOpPMAIMOHHAS CHCTEMa, MHOTO(YHK-
IHOHAITBHBIN HHAKKaTop, SimInTech.

Jna uutupoBanus: Kumes A.C., Ilormos AO., PomanmioB E.A. Vcronp30BaHne HHTEPAKTUBHOTO MakKeTa KaOMHBI SKHTaXa
camorera JIA-42T B yueOnom npouecce // Hayunsiii Bectaik MI'TY T'A. 2023. T. 26, Ne 4. C. 31-49. DOI: 10.26467/2079-0619-
2023-26-4-31-49

The use of the interactive DA-42T aircraft cockpit mockup in the
process-oriented training

A.S. Kn azevl, AJu. Po ovl, E.A. Romantsov'
y p

1 . . . .
Krasnodar Air Force Institute for Pilots, Krasnodar, Russia
Abstract: When conducting training sessions at an aviation university, it is advisable to demonstrate samples of aeronautical

equipment, individual elements of systems and accessories, or use specialized stands and posters. However, when studying modern
types of training aircraft, the cockpits of which contain multifunction displays, complications arise when absorbing training
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resources. When studying multi-function display cockpits, it is necessary to use interactive training devices in which displays must
operate under power and possess the required capabilities. Training on hardware is impracticable in some cases, and unadvisable in
others. The use of the integrated simulator for training in various disciplines is limited as the simulator is primarily designed to
impart primary aircraft control skills rather than for classroom training. The article deals with the issue of upgrading pilot-trainees
training skills during the familiarization with the cockpit equipment using an interactive DA-42T aircraft cockpit mockup with all
the controls and indications (except for the control stick and pedals), including two primary multi-function displays and one backup,
during the process-oriented training of the university. The operation of multi-function indicators is implemented in the form of
special devices with a display and a push-button frame connected to a specially developed program on a PC that simulates the
aircraft data system operation. For this purpose, to be based on information from the Aircraft Flight Manual, the information
frames, shown on multi-function displays in the DA-42T aircraft, are reproduced. The content of the developed frames duplicates
completely the DA-42T aircraft indication, contributing to improving academic study and acquiring practical skills to work on the
integrated simulator as well as in a real aircraft. The physical cockpit mockup controls also correspond, in terms of the appearance
and location, to the controls in the real DA-42T aircraft cockpit. The procedure to develop simulators of multi-function displays and
the DA-42T aircraft cockpit mockup is described. The capabilities to use simulators of multi-function displays and the DA-42T
cockpit mockup in the process-oriented training to upgrade skills are described. The conducted research results are described; the
advantages of using the interactive cockpit mockup in the process-oriented training are presented.

Key words: cockpit mockup, cockpit, DA-42T, central data system, multi-function display, SimInTech.

For citation: Knyazev, A.S., Popov, A.Ju., Romantsov, E.A. (2023). The use of the interactive DA-42T aircraft cockpit mockup
in the process-oriented training. Civil Aviation High Technologies, vol. 26, no. 4, pp. 31-49. DOI: 10.26467/2079-0619-2023-26-
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BBenenue HHUE JEHCTBHAM B KaOHMHE Iepel IMOJETOM U B
II0JIETE BO3MOKHO TOJBKO HA MCIIPABHBIX CaMoO-
JeTaxX, HAaXOJAIIMXCSA B IITAaTHOM YUCIIEHHOCTH
AaBHALMOHHBIX MOJIPA3ACICHUN, a TAK)KE Ha KOM-
IUIEKCHBIX TPEHaXKEpax.

[IpoBeneHue y4eOHBIX 3aHATHN Ha aBHAIM-
OHHOM TEXHUKE, HAXOIAIIECHCS B dKCIUTyaTalllH,
ABJIIETCSL HEILeJIeCO00pa3HbIM B CHILy HEpaLUo-
HAJIbHOTO HCIOJb30BaHUS pecypca OOpPTOBBIX
arperaToB 1 cucrteM. Kpome T0ro, HerpaMmoTHbIE
JecTBusl 00ydaromerocss MOryT HpPUBECTH K
BBIXOJy M3 CTPOsi 0OOpYyJOBaHHS, YTO MOXKET
IIPUBECTH K CHIJKEHUIO NOKA3aTeJel HCIPaBHO-
CTH U O0ETOTOBHOCTH.

B cBs3u ¢ 3TUM 1Enecoo0pa3Ho NMPOBOAUTH
NepBUYHOE OOyYEHUE C HCIOJIb30BAHHUEM Tpe-
HaxxepoB. CormacHo 'OCT P 57259-2016 «Tpe-
Ha)kepbl aBUAIlMOHHBbIE. TepMUHBI U Ompeene-
HUS» I 00Y4YEeHUsI MOTYT MCIIOJIb30BaThCs Clie-
NyIOIINE BUABI TPEHAXKEPOB: KOMIUIEKCHBIN Tpe-
Ha)Xep, KOMIUIEKCHBI CHEIUaIN3UPOBAaHHBIN
TpEeHaXKep, TPEHAKEp HABUTALIMOHHOW CHCTEMBI
U CHUCTEMBl BOOPYKEHUS, MWJIOTAKHBIM TpeHa-
Kep, NHIOTA)KHO-HABUTAllMOHHBIN TpeHaxep,
HpOLETypHBIN TpeHaXkep KaOWHBI HKUIaxa, Oa-
30BBbII TpeHaxep ISl MUJIOTHUPOBAHUS MO MpH-
O6opaM, Jpyroe YCTpOMCTBO A IMOJITOTOBKH,
KOMIIBIOTEPHBIE CHCTEMbI O0Yy4eHMsI, PEKOH(pHU-
TypUPYEMBIM aBUHALMOHHBIA TpeHaxep. Hau-
00JbIIMEe BO3MOXKHOCTH JUISl TIOCTHXKEHUS 1iesei

Kak moka3piBaeT MUPOBOI OTBIT OOYUYEHUS B
aBUAIIMOHHBIX Y4YE€OHBIX 3aBEICHUSX, JJIS1 TIOHU-
MaHUs MPUHIIUIIOB PabOTHI arperaTtoB U CHCTEM
Bo3aymHoro cyaHa (BC) neobxoaum Hemocpe-
CTBEHHBI KOHTAKT C aBUALIMOHHOW TEXHUKOU —
(GU3MYEeCKU WM BU3yalbHBIM. B HEKOTOPBIX
ciIyJasix oOyueHHe CTaHOBUTCS KpaiiHe 3aTpy-
HUTEJIbHBIM WIN HEe3((EKTUBHBIM, ITOKA OIMHUCHI-
BaeMbIe arperathl U CUCTEMBI HEe OyIyT MOKa3a-
HBI B pabore, B AciicTBuU. U3noxeHnne yueOHOTO
MaTepuasa TOJBKO C UCIOJIBF30BAHNEM IUTAKATOB
WIH CIaiiIoB cO cxeMaMu, TpaduKkaMy U CTaTH-
YECKUMHU U300paXCHUSIMU HE TIO3BOJISIET B IOJ-
HOMl Mepe chopMHUPOBaTh y OOYYAIOITUXCS TIO-
HUMaHUE W 00ECIeUuTh TITy00KOE YCBOCHHE W3-
naraemoro matepuana. Han6onee a3 pexTuBHBIM
crocoboM o0ydeHHs paboTe B KaOMHE dKHUMaKa
ABIIeTCS OOyueHUE Ha PeabHOM TeXHHKE, IS
4ero, Kak MpaBHIIO, MCTOIB3YIOTCS CIMCAHHBIC
BC nnu aBuannoHnHbie TpeHaxepsl [ 1-8].

OpnuMm u3 coBpeMeHHbIX TUNoB BC, ncnons-
3yeMBbIX B HACTOSILEE BpeMs JJsl MepBOHAYAb-
HOW JIETHOM TMOATOTOBKH, SIBISIETCS Y4eOHO-
TpeHupoBouHbI camoiier J[A-42T. B cBs3u ¢
OTCYTCTBHEM Ha TEKYIIMH MOMEHT CIHCAaHHBIX
sk3eMIusipoB Takux BC wu3ydenwe coctaBa u
pasmenieHuss o0opynoBaHuS B KaOuHE, o0yue-
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o0ydeHus 00ecreynBarOT KOMILJIEKCHBIE U TPO-
[EeypHBbIE TPEHAXEPhl, UMEIOIINE B CBOEM CO-
CTaBe MOJHOpa3MepHbIe KaOMHBI HKUTIAXKA.

B cnywae wcmonb30BaHHS KOMIUIEKCHBIX
aBUAIIMOHHBIX TPEHAXKEPOB MPOMBIIUICHHOTO
M3TOTOBJIICHHUS ¢ (YHKIMEH BU3yalU3aIlH 3aKa-
OMHHOI OOCTAaHOBKHM JUIsl MX pa3MELIeHHUsS Tpe-
OyeTcs 3HAUMUTENBHAS 110 IJIOMIATH TEPPUTOPHS,
a TaKKe CIelUaTbHO 000pYIOBaHHbBIE MMOMEIIIEe-
HUSl C YCTaHOBKaMH JJIEKTPONMUTAHUS U (WJIH)
THJIPOTIUTAHUS M IPYTUM HEOOXOAMMBIM 000py-
noBaHueM. B cBs3u ¢ OOMIBIION CTOMMOCTBIO Ta-
KM€ TPEHAKEphbl MOCTaBISAIOTCA MITYYHO, H3-32
Yero MOJroTOBKa OOJBIIOTO KOJUYECTBA 00Y-
YAIOIIMXCS MOXET CHUJIBHO 3aTSHYTHCS WIH MPH-
BECTH K HEOOXOJAMMOCTH COKpAIIEHUS YacoB
HajeTa Ha KaXJOoro KypcaHTta. B Takoii cutya-
UM JIOPOTOCTOSIIIMI U TOCTOSIHHO 3arpy’keH-
HBI TpPEeHa)KEp HE MOXKET HCMOJIb30BaThCS MpHU
MPOBEJICHUH YYEOHBIX 3aHATHI MO HECKOIHKUM
y4eOHBIM JTUCUUIUIMHAM, MO3TOMY BO3HHMKAeT
aKTyaJIbHBIA BOIIPOC O TIOMCKE aTbTEPHATUBHBIX
croco00OB HM3y4eHHS] COCTaBa KaOWHBI U OTpa-
OOTKM MOpsiKa NEHCTBHIA B HEH.

JlaHHBII TTPOOIEMHBIN BOTIPOC MOXKET OBITH
peleH myTeM pa3paboTKU M U3TOTOBICHHS OJ-
HOpa3MEpPHBIX MaKeTOB KaOwHBI dkumnaxa BC
cBoumu cuiamu. OJTHAKO B CBSI3H C TEM, YTO Ka-
Oounbsl coBpemeHHbIX BC ocHameHbl MHO-
roQpyHKIIMOHATBHBIMU UHAMKaTOpamu (MOU),
co3/laHMe MakeTa KaOWHBI ¢ HepaOOTaIoIUMH
M®MU nenenecoodpasHo. B ¢Bs3H ¢ 3TUM 11eNBIO
MPE/ICTaBICHHON pabOThl SABISETCS MOBBIIICHHE
KauecTBa OOy4YEHHS KYPCAHTOB-JICTYMKOB 32
CYeT pa3pabOTKH M BHEAPECHHUS B YUCOHBIN IMPO-
[[ECC UHTEPAKTUBHBIX CPEICTB O0yUCHUS — UMH-
tatopoB M®U u makera KaOWMHBI dKUTIaXa ca-
mouiera JIA-42T, KoTopble MOTYT MCIIOIb30BaTh-
Cs Ha y4eOHBIX 3aHATHUAX B JIO00W y4deOHOM
ay TUTOPUH.

3a/aya 1o MOBBIIIEHUIO KauyecTBa MOJATrOTOB-
KM BOCHHBIX JIETYUKOB SIBISIETCS OYCHb BAKHOU
U UMEeT CBOM OCOOEHHOCTH IMPHU OCBOCHHU CO-
BpEeMEHHBIX TUIOB YyueOHbix BC, nmns dero
HEO0OXOJMMO HCIIOJIb30BaTh COBPEMEHHBIE Tpe-
Haxepsl [9]. B KpacHomapckom BbICIIEM BOEH-
HOM  aBHUAllMOHHOM  YYWIHIIE  JIETUYUKOB
(KBBAVJI) Ha ceromHsIHUA JEHb YK€ €CTh
IpUMEp CO3JaHMSI COBPEMEHHBIX aBUAIIMOHHBIX
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TPEHAXXEPOB CBOMMU CUJIaMU. DTO BUPTyalbHBIN
TpeHaXKep TpexMepHoU kaOuHbl camonera JI-39,
paboTa ¢ KOTOPHIM BO3MOKHA C HCIOJIb30BaHH-
€M TEXHOJOTUM BHUPTYyaJIbHON pEaNbHOCTH C
3D-oukamu [1-3]. OnHako, HECMOTpPsI HA HOBU3-
HYy JI€ATEIbHOCTH ¥ MHHOBALIMOHHOCTH, JaHHAas
pa3paboTka aOcTparupyeT oOydaromerocs Ot
JNEHCTBUTENBHOCTH, OOYy4YaloIUNCs YIpaBisieT
MEePeKIIoYaTesIMU B BUPTYallbHOM KaOWHE My-
TEM MaHUNYJSALIUN pyKamMH B BO3JyXe, HE OILy-
masl TaKTHWJIBHBIX BO3JXeMCcTBUN. TakoW moaxon
HE MOXET 00eCle4YuTh BHIPAOOTKY MBIIICYHON
MaMsTH, YTO TaK BaXHO MPHU 00y4eHUu padbote ¢
OpraHaMM YTNpaBJIEHUS B pealbHOM KaOuHE BO
BpeMsi OTPabOTKU MPEANONETHBIX MPOLEAyp U
JEUCTBUM B OCOOBIX ClIy4asiX, B CBSI3U C UYeM
NPUBMBAEMbIE HA BUPTYAJIbHOM TpEeHaXXepe
HaBBbIKU HE SIBISIIOTCS YCTOMUYMBBIMU U KayeCTBO
Takoro oOydeHHs HUXKE, YeM IpPH HCIOJIb30Ba-
HUU Qusndeckoro TpeHaxepa [10].

MeToabl 1 METO10JIOTUSA
HCCJIeI0BAHUSA

HeGonpmioe  KOMMYECTBO  KOMIUIEKCHBIX
ABUAIMOHHBIX TPEHAXKEPOB MpPU MOJITOTOBKE
OOJIBIIOTO KOJIMYECTBA CHEIUAINCTOB MPUBOIUT
K HEOOXOIMMOCTH OTpaHWYEHHs] BPEMEHHU IOJ-
TOTOBKH sl (hOpMUpPOBaHHUS HEOOXOIUMBIX
3HaHUW W ymeHuid. Ha mpakTuke pesyibTaT Ta-
KOTro O0y4YeHUS BBIPAKACTCS B HEYBEPEHHOCTH B
JNEUCTBUAX B pa3nuuHbIX cuTyauusx. [Ipencras-
neHHass paboTa TMOCBSIIEHA MOBBIIMICHUIO Kade-
CTBa MOATOTOBKH CIEIUAINCTOB IO JIETHON JKC-
TUTyaTalliy aBUAIMOHHBIX KOMIUIEKCOB ITyTeM
UCTIOJIB30BaHUs B MpoLeccCe 0Oy4YeHUs] MHTEPAK-
TUBHOTO MakeTa KaOWHBI DSKHUMaxa Yy4eOHO-
TpeHupoBoyHoro camonera J{A-42T c¢ pocro-
BEPHBIM PACIIOJIOKEHUEM OPTraHOB YIPaBIICHUS
Y MHIUKAIIHH.

[ToBeIeHNsT KauecTBa 00y4EHUS MOXKHO JI0-
CTHYb IPH COOTBETCTBYIOLIEM OOECIEUYEHUU
HaTTSAHBIMU CpelcTBaMu oOydeHus. Maker Ka-
OWHBI B YCIOBHSIX ayIUTOPHOTO OOYUECHHS TIPE/I-
cTaBisieT co00il TOCTaTOYHO MPOCTOE U Haubo-
nee (QyHKIIMOHAIBHOE CPEICTBO OOyUYESHHS, O3~
BOJIAIONIEE BO BpeMs Y4YEOHBIX 3aHATUH U BO
BpEMSI CaMOCTOSITENIbHOM padOThl YIENIUTh [0-
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CTaTOYHOE KOJMYECTBO BPEMEHU MJSl M3y4YeHUs
OpPraHOB YTIPaBIICHUS M HWHIUKAIMH B KaOHWHE
skumnaxa ydeOnoro BC, 3amoMHUTH MOPSAOK U
MOCJIE0BATEIBHOCTh PAa0OTHl C HUMH, a TaKXKe
oTpaboTaTh HEOOXOAUMBIE NEHCTBUS B CIIOKOM-
HOI 00cTaHOBKE, 0€3 CITEIIKH.

B nacrosimee Bpemsi MakeT KaOMHBI camolie-
ta JIA-42T OoTAENBbHO OT KOMIUIEKCHOTO TpEHa-
JKepa, BKIIOYAIOIIETO B ceOsl CHCTeMYy BHU3YasH-
3alUy 3aKaOMHHON OOCTaHOBKHU C IHUPOKOdOp-
MaTHBIM [UJIHHIPUYECKUM SKPAaHOM U MPOEKTO-
paMu, TPOW3BOAMTEISIMU aBHAITMOHHBIX TpEHa-
JKEPOB HE TMOCTABISIETCSA, MOSTOMY MJsl JOCTH-
JKEHUSI LeIH ObUI CaMOCTOSITENIbHO pa3paldoTaH
Y U3TOTOBJICH MaKeT KaOWHBI SKUMaKa camojeTa
JIA-42T. B OTKpBITBIX HCTOYHUKAX MOXHO
HalTH TpUMEPBl CAMOCTOATEIHHOTO CO3JaHUs
kabua BC B kauecTBe cpenacrBa oOyue-
Hus [11, 12], omHako B HUX pacCMOTPEHBI KaOu-
HBl C aHAJOrOBBIMHU INprOOpamu. 3aaaya MO Co-
3MaHUI0 Makera KaOudel s>kunaxa BC ¢ nen-
ctByromumun M®OUW Obuta perieHa caMocTos-
TEJIBHO.

WuTepakTuBHBIN MakeT KaOUHBI dkunaxa BC
MO3BOJIAET O0ydYaroleMmycsi 3a/eliCTBOBaTh BCE
OpraHbl 4yBCTB JJIsl BOCHPUATHS OOCTAaHOBKH B
KaOuHe, IPUBBIKHYThH K PACIIOJIIOKEHUIO OPraHOB
VIOpaBIEHUSI U BBIPA0OTATh MBIIICUYHYIO MMaMSTh
npu paboTe ¢ opraHamH yIpaBieHus. B cBs3u
C 3TUM HCIIOJIb30BaHHE MHTEPAKTHBHOI'O MaKeTa
MO3BOJIAET O0Y4YaIOIUMCSl TIPEOAOJIETh YYBCTBO
«00s13HM KaOMHBD) MyTEM NMPUMEHEHUS HX TEO-
pPETHYECKHUX 3HAHUM Ha MPAKTHKE, YTO MOMOTraeT
CHHU3UTH BOJHEHUE U HAIPSDKEHHOCTH NpU pado-
T€ Ha TpEHakepe 3aBOJICKOrO HCIOJIHEHHUS,
a TaK)Ke TMOBBICHTH YBEPEHHOCTh B CBOMX JICii-
CTBUSIX TPHU TEpexojie K paboTe B KaOWHE HACTO-
siero BC.

JlocTmkeHne TOCTaBIICHHOM MEIXW  CTajo
BO3MOXKHBIM OJiarofiapsi pemeHuio CiIeayIonmx
3ajad.

1. Pa3paboTka dyepTexkell KaOMHBI B Mac-
mrade 1 : 1.

2. Pa3zpaboTka mMHTaTOpa MHOTO(YHKIHO-
HajgbHOTO MHANMKaTopa (MDU).

3. Pa3Mmemienne Ha puOOPHON MaHETH Op-
raHOB YIIPaBJIEHUS — BBIKJIIOYATENCH, KHOIOK,
aBTOMAaTOB 3alIUTHl KHOIOYHBIX, 3HKOJEPOB,
pyuYeK yIpaBlIeHHUs, a TaKXKe MepeKiIovarene
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U TyMOJIEpOB, KHOTIOK Ha 0OpamMIIEHUH UMHUTATO-
poB M®U, u ux noakmouenue k [1K.

4. Pa3melieHue M TOJKIIOYEHHE OpPTaHOB
uHaUKauu — umutatopoB MOU (3 mr.) u cBe-
TOJIMO/IHBIX CUTHAITU3aTOPOB.

B pesynbraTe oOyuaromuecss MOTYT HE TOJIb-
KO TEOPEeTHYECKH H3YYUTh COCTaB U pa3Mellle-
HUE OpPraHOB YMpAaBJICHUS B KaOWHE, HO W 3Ha-
KOMUTBCS C HHIMKAIIUEH, a TaK)Ke 0TpadaThIBaTh
MpoLEeAyphl TMPEANOIETHON TMOATOTOBKH TMpH
B3aMMOJICHICTBUHM ¢ OOPTOBBIM KOMIUIEKCOM 4e-
pe3 umutatopel MOU.

OCHOBHBIM CPEJICTBOM WHIMKAIUU B KaOWHE
pa3paboTaHHOTO TPEHAXKEPA SBISACTCS UMUTATOP
M®U, KOTOpPBIN U3rOTOBJIEH C UCIIOIB30BAaHUEM
monutopa IBM 4820 (puc. 1, a). Kopnyc storo
MOHHTOPA TO3BOJISET YAOOHO pa3MEeCTUTh KHOTI-
KM Ha OOpaMJIeHUHM OHCIUIes TaK K€, KaKk B
Hactosmem M®U, a pa3mepsl ero auciuiest To4-
HO COOTBETCTBYIOT pa3MmepaM pauctuies M®OU
B camosete JIA-42T (mmaronans 10 mroiimMoB).
Jns cozmanus mumuraropa pesepHoro MOU
Ob1  ucmonb3oBaH ~ MoHuTOop  INNOLUX
ATO56TNS53 (nuaronains 5,6 qroiima).

B kadectBe ycTpoiicTBa Il MOIKIIOYECHUS
kHornok k IIK BbeiOpana mmara Arduino Nano
(puc.2) Ha  OCHOBE  MHUKPOKOHTpOJUIEpA
ATmega328. [lnata Arduino Nano umeer Joru-
YECKYI0 MUKPOCXEMY JJii 00paOOTKH JaHHBIX C
TakTOBOH dYactoro 16 MI1, 8 aHaJOroBBIX
KOHTakTOB (Analog Pins) u 14 mudpoBbIXx KOH-
takToB (Digital Pins) oOmero Ha3zHayeHws,
a TakKe pasnuyHbie WHTEepdeics mHpOopMaIu-
onnoro oomena: I12C, SPI u UART.

B paspa6orannom mmuratrope M®PU mara
Arduino Nano wucmonp3oBaHa aisi 00pabOTKU
Ha)XaTUA KHOMOK Ha OOpamJIeHMH MOHHTOpA
u nepeaun 3toi mHPopmanuu Ha [IK B mpo-
rpaMMy, UMHUTHPYIOIIYIO pabOTy LEHTpaIbHOU
uHpopmarnmonnoit cucremsl (LIUC), orobpaxka-
fomeil  MHPOpMAIMOHHbBIE KaJpbl Ha DJKpaHe
M®U. Dnexrpuyeckas cxema MOIKIIOUYEHUS
KHOTIOK K Tuiate Arduino Nano mpeacraBieHa Ha
puc. 3.

Ha oOpamnenun MoOHHTOpa pa3MEIIEHbI
28 xHOMOK: 8 cBepXy, 8 cHU3Y, 6 ciieBa u 6 crpa-
Ba. Pacrono)xeHne KHOMOK TOYHO COOTBETCTBY-
eT ux pasmeniennto Ha MOU camonera JJA-42T,
JUIsL 4ero Obljia M3roTOBJICHA MJIACTHKOBAsl paMKa
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Puc. 1. MoruTops! st umutatropoB MOU: a — morutop IBM 4820, 6 — morurop INNOLUX AT0S6TNS3
Fig. 1. Monitors for the MFI simulators: a — IBM 4820 monitor, 6 — INNOLUX AT056TN53 monitor

¢ Tekctypoi kopnyca M®PH, nHaHeceHHOHN IO-
CPEICTBOM MOJUTpadHON MeJaTH Ha CaMOKJIes-
HIyrocs mieHKy (puc. 4, a).

[Ipu HaxkaTuM KaXx0M KHOMKHU (HOpMHUpPYETCS
CUTHAJI PAa3HOTO YPOBHS HAIPSKEHUS MEXAY
koHTakToM GND u xonTaktom A0 (aHaIOTOBBIMA
BxoJ) Ha minate Arduino Nano (puc. 3). [Quana-
30H BO3MOYKHBIX 3HAUEHUH HANpsKEHHs HA aHa-
J0roBoM Bxoje cocrtasisger ot 0 g0 5 B mocro-
STHHOTO TOKa. AHajoro-nupoBoii nmpeodpa3oBa-
Tenb B Arduino Nano u3MepsieT 3To HanpsiKeHHe
¥ TpeoOpa3yeT B IEJ0€ YHCIO B JHANa3oHe
0...1024, T. e. IUCKPETHOCTh H3MEPEHHUI CO-
crasisier 5 / 1024 = 0,0049 B, ipu 3ToM Hampsi-
s)kenuto 0 B cootBerctByer uncino 0, a Hampsixe-
Huto 5 B coorBerctByer umcino 1024. Ilpu
HAOKaTUU KaXIOW KHOMKU (POPMUPYETCS CBOE
3HaYEHHUE KO0J1a, COOTBETCTBYIOIIEE HAIPSKEHUIO
B TOM TOYKE ACIUTENS HANPSIKEHUS, K KOTOPOM
MOAKIIIOYEHA 3Ta KHomka. IIpum Takoil cxeme
MOAKIIOYEHUSI OJHOBPEMEHHOE Ha)KaThe JBYX U
OoJiee KHOTIOK HE JIOIYyCKAaeTCs, YTO HE SABISAECTCS
KPUTUYHBIM U COOTBETCTBYET HOPMAJIBHOW pa-
oore c MOU [4, 5].

Jlns mpeoOpa3oBaHus TOJYyYEHHOTO 3Haye-
HUS KOZa B HOMEp KHOIIKM B MUKPOKOHTPOJLIIEPE

35

Reset Button
RX4TX LEDs ICSP Header |
\ |/ Pin 13 (L) LED
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Microcontroller |
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Puc. 2. [Tnara Arduino Nano
Fig. 2. Arduino Nano Board

wiatel Arduino Nano wucmonb3yercs pas3pado-
TaHHBIM IPOTPAMMHBIN KOJ, KOTOPBIA JEIIUT
muana3on yucen ot 0 go 1024, dpopmupyembix
Ha aHajoroBoM Bxojae A0, nHa 28 moaauamnaso-
HOB. [Ipy HaxkaTMm OJHOM M3 KHOIIOK Ha BXOJIE
A0 gopmupyeTcst HanpsiKeHHE, KOTOpoe Mpeod-
pasyercs B 4MCIIO, BXOJSIIEE B OJUH U3 28 Moj-
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Puc. 3. DnekTpuyeckas cxema MOAKIIOYCHUS KHOITOK Ha 00paMJICHUH MOHHUTOpA
Fig. 3. Electrical wiring diagram of the buttons on the monitor frame

Puc. 4. Imutatopsl ocHOBHOTO () ¥ pe3epsHoro (6) MOU
Fig. 4. Simulators of the primary (a) and backup (6) MFI

nuara3oHoB. Homep HakaTON KHOIKH OIpene-
JsieTcs 10 HOMepy MOAuana3oHa, B KOTOPBIH
MOTIAIAET 3TO YHUCIIO.

Homep Ha)xaTOl KHOIKM OTHpaBIIIeTCS 4Ye-
pe3 COM-nopT, MO3BOJIAIONINI OCYIIECTBIIATH
nHpopManmoHHbIH 00MeH Tuatel Arduino Nano
u 1IK. IIporpammel, 3anymennsie Ha IIK, moryr

36

oOpamarecss kK COM-nopTy U CUMTBHIBAThH IeEpe-
JlaBaeMble JJaHHbIE JUI AajbHele o0paboTKH.

B umwuratope pesepsHoro MOU (puc. 4, 0)
K tuiate Arduino Nano HOJK/IIOYEHbl TPU KHOI-
KU M J[Ba dHKOJiepa. /laHHbIe 0 Ha)KaTUU KHOIOK
U IIOBOPOTE OHHKOJAEPOB TaKXkKe IepeaaroTcs
Ha [IK uepe3 COM-nopT.
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Puc. 5. CBoiicTBa 311€eMeHTa «CTpeTKa MpudopHON ckopocTi» B mporpamme SimInTech
Fig. 5. Properties of the “indicated airspeed arrow” element in the SimInTech application

B paMkax mpoekTa 1o CO3IaHUIO MMOJTHOpPa3-
MEpHOTO TpeHakepa kabunbl camonera JIA-42T
OBUTO M3TOTOBJIEHO JIBa MMHUTATOPa OCHOBHBIX
¥ OIMH UMHTATOP pe3epBHOro MDU (puc. 4).

Jnist peanm3anyiv MHIMKAIMY HA JUCTIICE UMH-
tatopoB M®U pazpaborana crenuagbHas Mpo-
rpamMMa, pearu3yromas UMUTAIMI0 Pa0OThl IIEH-
TpasbHOM  MHpOpManmonHoi  cuctemsl (LIUC),
a Taroke Onoka opuenrarmu u uHAUKanuu (bON)
camonetra JIA-42T. Kanper [IUC pa3zpaboTaHsb
B COOTBETCTBUHM C pEAJIbHOM HWHIMKALHMEH Ha
M®U B xabune camoinera JIA-42T. B kauecTBe
UCXOIHBIX JTAaHHBIX OBUTH B3SITHI IMPEIICTABJICH-
Hbl€ B PYKOBOJCTBE IO JIETHOH SKCILTyaTaluu
(PJID) camonera HA-42T wundopmanmoHHbIe
KaJIpbl, KOTOpble ObUIM BOCIPOHU3BEICHBI C HC-
MOJIb30BaHUEM TIpapUuecKoro penakropa u cpe-
n6t SimInTech [6-8, 13]'.

' SimInTech [dnexrponnsiii pecypc] // OduruansHprii
caiit. URL: https://simintech.ru/ (nara obpamenns:
01.11.2022).
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B HacTosmee Bpemsi CyIIecTByeT MHOYKECTBO
cpel pa3pabOTKu, B KOTOPBIX CO3AAIOTCS pas-
JUYHBIE O0ydYarolue MpOorpaMMBbl sl KypcaH-
TOB-JIETYUKOB [14—16]. OgHako Ha mNpaKTUKE
WHOCTpPAHHBIE TMPOW3BOAUTEIN WHOTJA MOTYT
OTO3BaTh JIMIEH3UIO U 3a0JIOKUPOBATh CBOU
mporpaMMbl HM3-3a HEAPYKECTBEHHOH ToCynap-
CTBEHHOW MOJUTHUKH, TOSTOMY HCIIOJIb30BAHUE
oreuecTBeHHOTO [1O siBIsieTCs 6onee HaleKHBIM
1 06€30IaCHbIM.

[Ipu pazpaboTke MHOOPMALMOHHBIX KAAPOB
rpauyeckuil pelakTop HCIHOJIb30BaH A OT-
PUCOBKH TOMJIOKKHA KaapoB: (oHA, MIKAN MpU-
00poB, paMoOK, T. €. TOH MHIUKALHMH, KOTOpas
HE MEHSETCS MpU OTOOpaKECHUU NapaMeTpOB
paboThl OOPTOBBIX cHCTeM. Bce moaBuXKHBIE U
U3MCHSIONIUECS IEeMEHTBHl UHIUKAIIMH OTPHUCO-
BaHbI C UCIOJIb30BAHUEM BCTPOEHHBIX HHCTPY-
MEHTOB mnporpamMmMmHoit cpeasl SimInTech. Ha
puc. 5 Ui mpuUMepa MPEACTaBICHO OKHO
CBOMCTB CTpenku mpuOOpHOH ckopocTu (3I1e-
MeHT Vpt strelka), B KoTopoM MOXHO HacCTpoO-
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Puc. 6. ®parmenT nporpaMMHOro Kojia B CKpHIITE CTPaHUIbI IpoekTa B mporpamme SimInTech
Fig. 6. Fragment of the software code in the script of the project page in the SimInTech application

UTh HAYaJbHBIN yroj IOBOPOTa, IBET, pa3Mep,
MOJIOKEHUE CTPEJIKH, a TaKKe MPUCBOUTH CBOMA-
cTBy Value yuciioBoe 3Hau€HUE UM UM TEpe-
MEHHOM, BEJIMYMHA KOTOPOH OyIeT ompeaensiTh
YIoJ IIOBOpPOTa CTPEIKH.

Opnako 3agadya OTPUCOBKU  IOJIOXKEHUS
CTPEJIKA YCIOXKHAJACh HEIMHEMHBIM XOAOM
CTPEJIKA MPU M3MEHEHHUU CKOPOCTH, MO3TOMY B
pa3HBIX JMana3oHax 3HAYEHUH YBEJIMYEHHUE CKO-
pOCTH HAa OJIHY U Ty JK€ BEJIUYUHY COOTBET-
CTBYET pa3HbIM yIjaM IIOBOPOTa CTPEIKU. JTa
3ajJjaya pellieHa IyTeM HalKUCaHUs B CKpPUIITE
CTPAaHHULBl TMPOTPAMMHOIO KOZA, ONPEIEIIsIo-
IIeT0 HEJIMHEWHOE W3MEHEHHME YIiia MOBOpOTa
CTpEJIKH MpPUOOPHON CKOPOCTH MpPH JHMHEHHOM
W3MEHEHUU 3HAYEHHUs 3TOH CKOPOCTH, MPHUHU-
MaeMoro OoT aBuacumyJisTopa (puc. 6). Anaio-
ruvHas pabora ObUTa MpoEIaHa s BCEX NPH-
O0pOB, UMEIOIINX HEIUHEHHYIO IKaily (Bapuo-
METp, yKa3aTeib eperpys3Kku u Jp.).

B pesynbTare pazpaboTana nporpamMma, UMH-
Thpytomas Bce ocHOBHBIe (yHKimu [HUC —

oToOpaxeHne WHGOPMAIIMK, BBOJ JIaHHBIX

B OOPTOBOI KOMILIIEKC, a TAK)XKE OTKA3bI.

Jnst yaeOHOro mporecca HaubOoIbIINHA Tpak-
TUYECKUII WHTEpeC MPEeACTaBISET MCIOJIb30Ba-
HUE pa3pabOTaHHON MPOTPAMMBI:

e ISl W3Y4YEHMs] COCTaBa HMHIUKALMU Ka)JIOTO
nH(POPMAIMOHHOTO KaJpa Ha TPYNIOBBIX 3a-
HATUSX MO Pa3jIMYHbIM YYEOHBIM IUCIMILIU-
HaM;

e U3y4YCHHE TOpAJKA TMEPEKIIOYCHHUSI MEXIy
WH(GOPMAIIMOHHBIMU KaJIpaMU TMPHU MOJATOTOB-
K€ K TOJIETY, a TaKXKe B MOJIeTE JJIsl KOHTPOJIS
BEJIMYMHBI MAapaMeTPOB MOJIETa U HCIPABHO-
CTH OOPTOBBIX CHCTEM;

e OTpabOTKH JCUCTBUN B OCOOBIX CITydasx, JJIs
yero ObLT pa3paboTaH MOAYJb UMHUTAIUU OT-
Ka30B (puc. 7), paboTa KOTOPOro CBOIUTCS K
CO3JIaHMI0 COCTaBa MHJMKAIIUM B COOTBET-
ctBuu ¢ pasaenom 5 PJID «JleiictBus B oco-
OBbIX CIy4asiX B IOJIETE.

[Ipu sTOM mpemoaaBaTeNb-UHCTPYKTOP BHI-
OupaeT TUIl OTKa3a M HaXXMMaeT KHOIKY, B pe-
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3yJlbTaTe 4Yero Ha WHGOPMALMOHHBIX Kajapax
MEHSIETCSl COCTaB MHAMKAIUH, MOSIBISIOTCS CO-
OTBETCTBYIOILIME TEKCTOBHIE COOOILEHUS, 3Bydar
peueBble  COOOMmIEHHUA. TEKCTOBbIE KOMAaHJIbI
IIOJIHOCTBIO COOTBETCTBYIOT IIPU3HAKaM COOT-
BETCTBYIOIIMX 0TKa30B B PJID u otobpaxkarorcs
COOTBETCTBYIOIIUM LIBETOM (KPaCHBIM, JKEJIThIM
WK 3eJeHbIM). PedyeBble cOOOIIEHUsT TOYHO CO-
OTBETCTBYIOT TEKCTY PEUYEBBIX COOOLIEHUH, 000-
3HaueHHbIX B PJID B mpu3Hakax BBOAMMOIO OT-
Ka3a, ¥ 3alyucaHbl Ha JUKTO(OH ¢ IPUBJICYCHUEM
KypCAaHTOB >KEHCKOI'O I10Jla, MPOILIEAIINX JIET-
HYIO MIPaKTUKY Ha camodnete tuna JA-42T.

Takum o6pa3oM, Npu UCHOIB30BAaHUH pa3pa-
0oTaHHOI mporpammbl umMuTanuu padotsr LIUC
Ha IPAKTHUYECKUX 3aHATHUAX OOydaroluecs Mo-
I'yT HE TOJIBKO BHJETh, HO U CIBIIIATh IPU3HAKU
Pa3NUYHBIX COOBITHH, MO KOTOPHIM OHU CaMo-
CTOATEIBHO YYaTCsl ONPENENATh CUTYalHUI0 M
oTpabaThiBaTh JanbHemue aencTsus. Paspabo-
TaHHas MPOrpaMMa UMeEeT JIOCTaTOYHO OOJIbIIOM
¢dbyHKIMOHAN TMpU M3y4yeHuu camosera JA-42T
10 pa3IMYHbIM YUEOHBIM TUCLMIUIMHAM, TaK KakK
IIpU €€ CO3JaHUM CTaBWJIACh LIEJIb BOCCO3/aHUs
HeoOXxoauMbIX ¢GyHKIMA 1o padore ¢ MOU B
cooTBeTcTBUU ¢ PJID 0e3 mpuBs3KHM K KOHKpET-
HOM yueOHOW MUCIUTIINHE.

Pazpaborannsie kanpel LIUC mo3Bommim ¢
JE€TAIBHOM TOYHOCTBIO BOCIIPOM3BECTH MHIMKA-
nuo B camoiiere JIA-42T, yTto majio BO3MOX-
HOCTh HCIOJIB30BaTh €ro B y4eOHOM IIpolecce
KpacHomapckoro BBICIIETO BOEHHOTO aBHAllM-
OHHOI'O YYWJINIIA JETYUKOB, B YACTHOCTH Ha Ka-
denpe aBHAIMOHHOTO U  PAIHOAIEKTPOHHOTO
0o0OpyJIOBaHUS TpPU U3YyYEHUM JUCLHUIUIMH
«ABHALMOHHOE 000py/NOBaHHE Y4eOHOTO BO3-
nymHoro cyaHa JIA-42T», «PagnosnekTpoHHoe
o0opynoBaHHe Y4YeOHOTO BO3IYIIHOTO Cy/AHA
JA-42T». VYmupapienue oToOpakeHHEM Tapa-
METpOB Ha HH(OPMAIMOHHBIX Kajapax dYepes
nporpammy SimInTech Bo3MOXXHO oOCyIIeCTB-
JATh KaK BPYYHYIO (TI0 KeJTaHHIO U3MEHsIs 3Ha-
YEHHE KaXKA0T0 IapaMeTpa) Uil aBTOMaTHYECKH
IIPU MOAKIIOUYEHNU NPOrpaMMBbl K aBHACUMYJISI-
Topy. B 3TOM ciydae Bce 3HaueHMs oToOpakae-
MBIX TTapaMeTpoB OepyTCsl U3 aBUACHMYJIATOpA B
COOTBETCTBUU C PEKMMOM BHPTYaJIBHOTO I10JIETA
U aJITOPUTMaMH pabOThl COOTBETCTBYIOIIUX MO-
JnenupyembIx B HeM cucteM. Ilpu HeoOxoaumo-
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Puc. 7. Monynb »MUTalMU OTKA30B B CaMOJIETE
JA-42T

Fig. 7. Failure simulation module in the DA-42T
aircraft

CTH TpUHUMAaeMble OT aBHACUMYJISITOpa Mapa-
METpPbl MOTYT OBITh OTKOPPEKTHPOBAHBI, 3aMe-
HEHBI Ha JIOKHBIC WM OJIOKMPOBAHBI (U1 UMU-
Tallid OTKa30B), YTO MO3BOJSET MMUTHPOBATH
MHAMKAIUIO HE TOJIBKO NPU HOPMAJIBHOM 3KC-
IUTyaTallud, HO U MHIMKALMIO B OCOOBIX CIIydasix
B nojere. Harmsnnoe oToOpakeHue Takod HWH-
JTUKAIMK JTaeT OOyYaroIIMMCsi HaMHOTO Oosee
riybokoe monumanue pabotsl LIUC, yem mpu
MCITOJIb30BAaHUU N300pakeHui kaapoB u3 PJID.
®opmupoBaHue HEOOXOAMMBIX 3PHUTENbHBIX,
3BYKOBBIX M TaKTHUJIBbHBIX OILLYIIECHUMN, BOCIPHS-
THE M 3allOMHUHAHUE pACIOJIOKEHUS OpraHOB
YIOpPaBIEHUS M WHIUKALWW, 3allOMHMHAHHE IIO-
psaaka nedcTBUi M TepBUYHOE (POpPMHUpOBaHUE
MBIIIECYHON NaMATH IPOUCXOAMUT TOJIBKO IIOCIIE
nocaaku B kaOuHy. Bo Bpemsi TpeHakHOU mof-
TOTOBKM OOy4arolMecss BBINOJIHAIOT CTaTHYe-
CKYIO TIOJTOTOBKY (OCMOTpPBI U IIPOBEPKU) U AM-
HAaMHUYECKYI0 TOATOTOBKY (1moseTsl). Bo Bpems
CTaTUYECKON MOATOTOBKU OOYyYaroIuecs: OCBau-
BAIOTCS B KaOWHE, BIIEPBbIC OKA3aBIIUCH B HEH, U
[0Jl PYKOBOJCTBOM HHCTPYKTOpa IIOCIIE€OBa-
TEIBHO BBIMOJIHIIOT BECh KOMIUIEKC INPOLEIYP
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MO0 TMOATOTOBKE KAaOWHBI K TOJIETy, BKIIIOYas

BHEIIHUH OCMOTp, BBICTABKY HCXOJIHOTO IIOJIO-

JKEHUS TIepeKIIoYaTesiei, MpOBEpKY MOJ TOKOM,

BKITIOYCHHE M TIPOBEPKY Pa3IMYHBIX CHUCTEM, 3a-

MyCK JABUTATeNs, MPOBEPKHU TOCTe 3amycka 000-

UX JIBUTATENICH, a TaKkKe OTPabOTKy IMOCIeI0Ba-

TEIHHOCTU HEKOTOPBIX ACWCTBUI B mojere 0e3

BBITIOJIHEHUS camoro mosneta. [Ipu sTom Bpewms,

OTBOJUMOE JJIsl 3aHATHS Ha KaKI0ro o0ydaro-

IETOCsl, CTPOTO OTPAHWYCHO, B CBSI3U C YEM Y

oOyuaromierocss (OpPMUPYIOTCS HEYCTOHYHBBIC

YMEHHUs, KOTOpPbIE HEOOXOAMMO 3aKpEIUIATh ITy-

TE€M MHOTOKPATHBIX MOBTOPEHUN HEOOXOAMMBIX

nerictBuil. OOydJaronuecs: Ha 3Tarne CTaTUIeCKOu

MOJATOTOBKU BBITIONHAIOT CIEAYIONIUE yTpa)KHe-

HUS:

e IpoBepKa paboTOCIIOCOOHOCTH 000pYyAOBaAHUS
U CHCTEM TIepe]l TI0JIETOM;

e 3amycK, OnmpoOOBaHWE JIBUTATENS, MPOBEpKa
paboTOCTIOCOOHOCTH  CHUCTEM, BBIKIFOUCHUE
JIBUTATEJIEH.

OTH yNpaKHEHUs BBIMOIHIIOTCS KYypCaHTOM

Ha TIEPBOM 3aHATHUU B KaOWHE TpeHa)xepa caMo-

neta [IA-42T. Ha BTopoM 3aHATHM OT KypcaHTa

TpeOyeTcs y’Ke CaMOCTOATENbHO BBIIIOJIHUTh BCE

JNeMCTBUS TO TMOJATOTOBKE KAaOWMHBI, OAHAKO Ha

MPaKTHUKE BUAHO, YTO oOydaromiuecs: 3aTpyaHs-

I0TCSl 0€3 MOJCKAa30K WHCTPYKTOPA MOBTOPHUTH

BCE HEOOXOJUMbIE JCHCTBUS, a BpeMs, 3aTpayu-

BAaE€MOE Ha BBINIOJHEHUE 3TUX MPOLEAYp, CTAHO-

BUTCSl OOJIbIIIE TPEAYCMOTPEHHOTO TJIAHOM TIPO-

BEJICHUS 3aHSATUS M OTHHUMAET BpPEMs, OTBEICH-

HOC Ha JMHAMHYECKYIO TOATOTOBKY (TIOJIET).

Habmnronaercst HEyBEpeHHOCTh B ICHCTBHSIX 00Y-

YaIOIIUXCS, COMHEHHUS B IOCIIEIOBATEIbHOCTU

BBHITIOJTHEHHSI TIPOIIEAYP, B HEKOTOPBIX CIIydasix

MPOSIBIISIETCS. HECIIOCOOHOCTh MPAKTUYECKH BbI-

NOJHUTh JCUCTBUS, KOTOpbIe OOydaronmiics

MPaBUJIBHO HA3bIBAET, HO HE MOXET MEPEeUTH OT

TEOPHH K IpakTuKe. B pesynpraTe mocne mpose-

JICHUS] HECKOJIbKUX 3aHATHI M0 TPEHAXKHOM MO~

TOTOBKE Y HEKOTOPHIX 0O0ydarommxcsi chopmu-

pPOBaHHbIE YMEHHS B CWIY HWHAUBHUAYaJIbHbBIX

CHOCOOHOCTEH MOTYT OKa3aThCsl HEJOCTATOUYHbI-

MU U1 OBICTPOTO ¥ TOYHOTO BBINOJHEHUS HEOO-

XOJUMBIX JIEMCTBUM, BKIIOYas JIEHUCTBUS B OCO-

ObIX clyyasix B MOJETe, YTO B JaJbHEWUIIEM MO-

JKET HEraTUBHO OTPa3uUThCsl Ha OE30MAaCHOCTH

MOJIETOB. DTU HEJOCTAaTKU MOTYT OBITh yCTpaHe-
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HBI TIyTE€M MPOBEACHUS C TAKUMHU O0YYarOIINMH-
Csl IOTIOJIHUTEJbHBIX 3aHATUN B KaOMHE, OJHAKO,
KaK y>K€ YKa3bIBaJOCh PaHEE, TAKON BO3MOXKHO-
CTH y HHUX HET M3-3a IOCTOSIHHOM 3arpy>KeHHO-
CTH TpeHaxepa U HEeoOXOTUMOCTU TMPOBEICHUS
3aHSTUN C IPYTUMHU 00yYarOLIUMUCS.

Hcnonb3oBanue pa3pabOTaHHOTO WHTEPAK-
TUBHOTO MakeTa KaOWHbl J3KUIaXa I03BOJISIET
3aKpeNUTh TEOPETHUECKUEe 3HAHUS U cHhopMHpo-
BaTh HEOOXOJMMBIE MPAKTUYECKUE YMEHHS BO
BpeMsl ayJIMTOPHBIX 3aHATHUH eule 0 Haydajia
TPEHAXHOW TMOATOTOBKH. JIJis1 BBISBICHUS (-
(EeKTUBHOCTH HCIONB30BaHUS Pa3padOTaHHBIX
umutatopoB MOU n makera kaOMHBI 3KHMaKa
camoneta JIA-42T ObulM MPOBENEHBI TOMOIHH-
TEIbHbIE 3aHATHS C OKCIEPUMEHTAIBLHBIMU
y4aeOHbIMU TpymnmaMu. [1is cpaBHeHUs ObUIH HC-
NOJIb30BAHBI  PE3yJbTaThl O00ydeHUs Yy4eOHBIX
IPYIII, C KOTOPBIMU JIONIOJIHUTEIIBHBIE 3aHATHUS C
UCTIOJIb30BaHUEM pa3padOTaHHBIX CPEACTB 00y-
YEHUS1 HE IPOBOUIIHCH.

B xauecTtBe mokazarenei, OTpaKarOIUX Ka-
YECTBO YCBOEHHUSI ydyeOHOro maTepuana U ypo-
BEHb BIAQJICHHUS NPAKTUYECKUMH JIECUCTBUSIMU,
BbIOpaHO BpeMSI BBIIIOJIHEHUS TPOLIEAYD.

Jnst cpaBHEHHsI OBUIM BBIOpaHbI CIeIyIoIIne
3a/1aHMUs.

1. leficTBUA SKMIaKa Nepes MOoCcaaKol B Ka-
Ouny.

2. JIeHcTBUS DKHIIAXa II0CIIe IMOCaAKu B Ka-
Ouny.

3. 3amyck 1 IporpeB ABUTaTENEH.

4. TlpoBepka cuCTeM TIpH pabOTAIOUTUX JIBH-
raTensx.

B Tabn. 1 u 2, a Takke Ha puc. 8§ u 9 npen-
CTaBJIEHBl PE3YJIbTaThl MPOBEIEHHBIX HCCIENO-
BaHUN Uil JABYX KOHTPOJIBHBIX TpYMI (Bpems
BBITIOJIHEHUS 33JJaHUI yKa3aHO B cekyHaax). Jus
KKIOro 3aJaHus 3a 3aHATHE oOydaromuecs
BBITOJIHSUIA IO TP IOBTOPEHUS.

Kak BuaHO U3 pe3ynbpTaToB, B 00eux rpymnmnax
HaOJr0/1aeTCsl yIy4lleHue B CKOPOCTH BBIMIOJTHE-
HUS 3aJaHus C KaXXIbIM HOBBIM ITOBTOPEHHEM.
[Iprunna pa3nuumii pe3yabTaToB COCTOUT B TOM,
YTO Ipynna, KOTopas UMeNa BO3MOXKHOCTb Ipe.-
BapUTEIbHON OTPaOOTKH JEWUCTBHI B KaOHHE C
UCMOJIb30BaHUEM pPa3padOTaHHBIX HHTEPAKTHB-
HBIX CPEICTB OOyuYeHMs, IPU BBIOJHEHUH 3a]1a-
HUI Ha KOMIUIEKCHOM TpPEHAaKEpe MPOU3BOAMIIA
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Tadauna 1
Table 1
Pe3ynbrarel BeIOMHEHUS 3aaHUi yueOHOM rpymmoi 1
The results of tasks performed by study group No 1
Ne 3apanus 1 2 3 4
Ne mopTopeHust 1 3 1 2 3 1 2 3 1 2 3

KypcanT 1 53 | 52 | 51 | 663 | 639 | 615 320 | 308 | 297 | 424 | 409 | 394
Kypcanr 2 58 | 56 | 53 | 672 | 636 | 607 | 349 | 330 | 315 | 504 | 477 | 455
Kypcanr 3 55| 53 | 49 | 583 | 560 | 529 | 330 | 317 | 299 | 437 | 420 | 397
Kypcanr 4 53 | 49 | 47 | 644 | 621 | 618 | 335 | 322 | 321 | 527 | 507 | 505
Kypcant 5 68 | 62 | 58 | 695 | 666 | 646 | 307 | 294 | 286 | 496 | 475 | 461
Kypcanr 6 57 | 54 | 52 | 676 | 658 | 627 | 354 | 345 | 329 | 513 | 499 | 476
Kypcanr 7 52 | 50 | 47 | 697 | 668 | 649 | 336 | 322 | 313 | 446 | 427 | 415
Kypcanr 8 60 | 57 | 54 | 621 | 609 | 583 | 347 | 340 | 326 | 546 | 536 | 513
Kypcant 9 55 | 54 | 51 | 661 628 | 605 343 | 326 | 314 | 472 | 448 | 432
KypcanT 10 64 | 60 | 55 | 673 | 653 | 626 | 386 | 374 | 359 | 481 | 467 | 447

Bpemn, ¢
800
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400

200

Jananme 1

JagaHwe 2

JagaHme 3

7

Jagawue 4

Puc. 8. Pe3ynbTars! BeINOIHEHNS 3a0aHni yueOHOM rpynmoi 1
Fig. 8. Results of tasks performed by study group No 1

HEOOXOIUMBbIE JIEUCTBUS HE B TMEPBBIM pa3s
(Ha MakeTe KaOWHBI KypCaHTHI MpeABAPUTEITHHO
orpabaThiBali  HEOOXOJWMBIC JCHCTBUS  TIO
5-6 pa3), HOATOMY YXKe /10 Hauaya 3aHATUS Y HUX
Obuta chopMUpOBaHA TIEPBUYHAS MBIIICYHAS T1a-
MSITh, YTO MPOSBUIIOCH B OBICTPOTE M YBEPEHHO-
CTH JCUCTBUI. DTO MO3BOJIMIO OBICTpEE BBITION-
HUTh HEOOXOIMMBbIE NEHCTBHS HAa KOMILIEKCHOM
TPEHAXEPE, U MOCIIE BHIMOJHEHUS MPEITOJIETHBIX
MpOUEAYp KypCaHTbl 3TOW TPYMIIbI, YCIEUIHO
C/aB 3a4eT WHCTPYKTOPY Ha BBITOJHCHHE HEOO-
XOJUMBIX JIeHCTBUM, OBUIM TOTOBBI K AUHAMHU-
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YECKOM MOATrOTOBKE (TIOJIETY) yKE Ha TIEPBOM 3a-
HATHH, XOTS 10 y4eOHOMY IIJIaHy 3TO Mpeanosa-
raJoch TOJBKO Ha CIEIYIONIEM 3aHSITHH, B CBSI3H
C 4eM OHHU CMOIJIH OOJIbIlIe BPEMEHHU yIENUTh OT-
paboTtke meiicTBwmii o yrpasieHuio BC B mosere.
CpaBHeHME pe3yJIbTaTOB MPOBEICHHBIX UCCIIEN0-
BaHMI mpeacTasieHo Ha puc. 10.

[Tony4yeHHble pe3ynbTaThl CBUAETEIHCTBYIOT
0 TOM, 4YTO NPOBCACHUC IMPEABAPUTCIILHBIX 3aHs-
TUH, (HOPMUPYIOMINUX MEPBUYHBIC MPAKTHUECKHE
YMEHUS, 3aKPETUISIONINE TEOPETHIECKYIO TIOTO0-
TOBKY, MOJOXHUTEIBHO OTPaXKAIOTCS KaK Ha Ka-
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Taoaumna 2
Table 2

Pe3ynbpTathl BHINOIHEHUS 3a/IaHUI TPYIINON 2, KOTOpas 3aHUMAaJIach C UCIOJIb30BAHUEM UMUTATOPOB
M®U u MmakeTa KaOWHBI SKUTIAKA
The results of tasks performed by study group No 2, that held classes using the MFI simulators and the
cockpit mockup

Ne 3apanus 1 2 3 4
Ne moBTopeHus 1 2 3 1 2 3 1 2 3 1 2 3
Kypcanr 1 54 | 52 | 51 | 390 | 376 | 362 195 | 188 181 | 293 | 282 | 272
Kypcanr 2 56 | 55 | 53 | 410 | 388 | 370 | 205 | 194 185 | 308 | 291 | 278
Kypcanr 3 52 | 51 | 49 | 402 | 386 | 365 | 201 193 183 | 302 | 290 | 274
KypcanT 4 55 | 53 | 49 | 413 | 398 | 396 | 207 | 199 198 | 310 | 299 | 297
Kypcanr 5 68 | 62 | 58 | 424 | 406 | 394 | 212 | 203 197 | 318 | 305 | 296
Kypcanr 6 57 | 54 | 52 | 417 | 406 | 387 | 209 | 203 194 | 313 | 305 | 290
Kypcanr 7 53 | 49 | 47 | 410 | 393 | 382 | 205 | 197 191 308 | 295 | 287
Kypcanr 8 64 | 60 | 55 | 428 | 420 | 402 | 214 | 210 | 201 321 | 315 | 302
Kypcanr 9 55 | 54 | 51 | 403 | 383 | 369 | 202 | 192 185 | 302 | 287 | 277
Kypcant 10 60 | 57 | 54 | 396 | 384 | 368 198 | 192 184 | 297 | 288 | 276

Bpems, ¢
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Jananme 1

JagaHue 2

JagaHue 3

JagaHue 4

Puc. 9. Pe3ynbraTsl BEITOTHEHUS 33aHAH TPYIIIOHN 2, KOTOpasi 3aHUMAIach
C UCIIONTb30BaHneM HMUTATOpoB M®DU 1 MakeTa KaOMHBI SKUTIAKa
Fig. 9. Results of tasks performed by study group No 2, that held classes
using the MFI simulators and the cockpit mockup

yecTBe 00y4eHHs], TaKk U Ha 3(HHEeKTUBHOCTH HC-
MOJIb30BAHUS JIOPOTOCTOSIIIIMX CPEACTB OO0yde-
HUSl — KOMILJIEKCHBIX TPEHAXKEPOB MPOMBIIILICH-
HOT'O U3TOTOBJICHMS.

[IpenocTaBienre BO3MOKHOCTH 1O OTPaboT-
K€ HEOOXOIUMBIX ACHCTBUH B KaOWHE COBpE-
MEHHOTO BO3JYIIHOTO CyJHAa SIBIISETCS OYEHBb
BKHOM COCTaBJISIFOILEH B MPOLIECCE MOATOTOBKH

42

JETHBIX KaJpoB. Vcronb30BaHNE B SKCIIEPUMEH-
TaJbHOM TpYIIe pa3pabOoTaHHBIX CPENCTB O0Y-
yeHus B Bujae umuraropa M®U u nHTEpakTUB-
HOIO MakeTa KaOMHbl DJKUIaXa I03BOJISIET
yTBEpKJaTh, YTO KadecTBO OOYUCHHSI MOMKET
ObITh TOBBIIIEHO 3a CYET MCIOJb30BaHMUSA Ha
YUeOHBIX 3aHATUSAX OMOJHUTEIbHBIX HarJs-
HBIX CPEICTB OOyYCHHS.
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3agaHve 3 3apauue 4

M pynna 2

Puc. 10. CpaBHeHHEe pe3yIbTaTOB BHITIOHEHN KOHTPOJIBHBIX 3aJaHUH KOHTPOJIBHBIMHE TpyImamu 1 u 2
(rpymma 1 He 3aHMMAaach C TOMOIHUTEIFHBIMHI CPEICTBAMU OOYUYECHHS, TPyIIIa 2 JOMOTHUTEIHHO 3aHIMAIACh
Ha umuTatopax MO®U n MakeTe KaOWHBI SKUTIAXKA)

Fig. 10. Comparison of the test results performed by control groups No 1 and No 2
(group No 1 did not use additional training devices, group No 2 held additional classes
using the MFI simulators and the cockpit mockup)

Pe3y.]1bTaTbl HCCJIeJ0BAHUA

[ToBbimenne kadecTBa OOY4YEHHUS JIETHOTO
cocTaBa BO3MOJKHO 32 CYET BHEJIPEHHUS B yuel-
HBI TPOIIECC CaMOCTOSITENILHO Pa3pabOTaHHBIX
¥ U3TOTOBJICHHBIX HATJISIIHBIX CPENICTB 00yde-
HUS, OJHAKO AJIi ATOr0 HEOOXOIUMO YIENUTh
OosblIIOe BHUMaHUE WX JAETAIbHOM mpopaboTke
U COOTBETCTBHIO peajbHOMY OOBEKTY B YacTH,
Kacaromieicss GOpMUPOBaHUSA y OOYYArOMIMXCS
HEOOXOAMMBIX 3PUTEIBHBIX U 3BYKOBBIX 00pa-
30B, a TaKXe TaKTUJIBHBIX oImymieHuid. JroGoe
HECOOTBETCTBHE MOXET cjeflaTh oOydeHue
Heo(PPEeKTUBHBIM WM Jaxe BpeaHbIM. biaro-
Japst UCTIOJIb30BAaHUIO BHIIIECTIEPEUHUCICHHBIX MH-
CTPYMEHTOB aBTOpaM yJAaJOCh BOCIHPOHM3BECTU
MHAMKAIUIO KaXI0r0 UHJIMKATOpa Ha uH(opma-
IIUOHHBIX KaJpax C JAETaIbHOW TOYHOCTBIO B CO-
OTBETCTBUM C WH(pOpMaIueH, MpeacTaBICHHON
B PJID [6, 7], a Takke HabOmIOqaeMOl HA KOMII-
JIEKCHOM TpEeHa)kepe MPOMBIIIJIEHHOTO H3TOTOB-
TICHWSL.

Pazpaborannbsie umuraropet MOU cramm oc-
HOBOH 7151 CO3/1aHusI HH(POPMALIMOHHO-YIPaBJIs-
IOIEr0 IMOJs KaOWHBI B pa3pabOTaHHOM TpEHa-
xepe kabunbel camonera JA-42T (puc. 11),

43

B KOTOPOM pPacCIOJIOKEHUE BCEX OPraHOB HHJM-
Kalliy W YNPaBJICHUs, a TAK)KE€ UX BHELIHUM BUJ
BBITIOJIHEHBI B TOYHOM COOTBETCTBUU C PEAIbHOU
kabunoit camoiera JIA-42T, 94T0o mamo BO3MOX-
HOCTh HCIIOJNB30BaTh €ro IS MEPBUYHOTO (hop-
MHUPOBAHUSI WHIUKATOPOB KOMIIETEHIIUA IyTEM
3aKpeIUIeHUs] TEOPETUUECKUX 3HAHWW U TMPUBH-
TUSI TPABUJIBHBIX TMEPBUYHBIX MPAKTUYECKUX
YMEHUH MpH OTpabOTKe NeHCTBUH BO BpeMs
MOJITOTOBKH K TIOJIETY, a TAaKXKE B OCOOBIX CITyda-
SIX B TIOJIETE.

OTtpaboTka JAEUCTBHI OOydYarOmIMXCS Ha
nmuratope MOU kak Ha CaMOCTOSATEIBHOM
cpenctBe obydenwus (puc. 12, a) mo3Boiser 6e3
3aTpyIHEHUH mepeiT K paboTe ¢ UMUTATOPaMHU
M®MH Ha noJIHOPa3MEPHOM MHTEPAKTUBHOM Ma-
KeTe KaOuHBI OSkumaxka camoiera JIA-42T
(puc. 12, 6).

Pa3paboTaHHblii MHTEPAKTUBHBIH MakKeT Ka-
OWHBI JKHITAXKa U TIPOTpaMMa UMHUTAITIH PabOTHI
HUC camonera JIA-42T MoryT OBITH HCIONB30-
BaHbl B paMKax Y4eOHBIX MPOrPaMM Pa3THIHBIX
y4eOHBIX AMCLUMUIUIMH MPU U3YYCHHUH MPU3HAKOB
0COOBIX CJIy4aeB B IOJIETE W Ha 3eMJIC ITPH OTKa-
3aX HMCTOYHHMKOB SJIEKTPOIHEPrHH, cpabdaThiBa-
HUUW JaTYMKa CBAJIMBAHMS, OTKAa3e JaTYMKA yTiia



HayuyHbiit BectHuk MITY TA Tom 26, Ne 04, 2023
Civil Aviation High Technologies Vol. 26, No. 04, 2023

Puc. 11. Pa3paboraHHbIlf HHTEPaKTUBHBIN MaKkeT KaOMHBI SKUIaxa camonera JJA-42T
Fig. 11. Developed interactive DA-42T aircraft cockpit mockup

0)

Puc. 12. Pabora oOyu4atomierocst ¢ umuratopom MOU: a — B aynutopun; 6 — Ha UHTEPaKTHBHOM MaKeTe
KaOWHEI 3Kumaxa camonera JJA-42T
Fig. 12. Trainee work with the MFI simulator in the classroom (a) and in the interactive DA-42T aircraft

cockpit mockup (6)
aTaku, OTKa3€ KYypCOBEPTUKAJIECH W Jp. U HEKO- ® WHIUKATOPOB CHCTEMBI dJICKTPOCHAOKEHUS;
TOpbIX cucTeM camoiiera JIA-42T, B TOM yucne: ® UHIUKATOPOB MIPOTUBOOOIEIEHUTENLHOM
e ICHTPATHLHOW HH()OPMAIIMOHHOW CUCTEMBI; U IPYTUX CUCTEM;
e CHUCTEM U OPraHOB YIIPABIICHHS CaMOJIETOM; [Tomumo OTpabOTKM MITATHBIX MPOLEAYD,
® NUJIOTa)XKHO-HABUTALIMOHHBIX WHIUKATOPOB; MPEIYCMOTPEHHBIX PYKOBOJACTBOM IO JIETHOM

44
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sKkcruTyatanuu camonera JIA-42T, paszpaboran-
HbI MHTEPAKTUBHBIM MakeT KaOWHBI SKHUIaKa
camosieTa MOXET CIyXHTb IUIaThopMon Juis
paznuyHOro pojaa uccienoBanuii [17] B obnactu
SPrOHOMHUKH, pa3pabOTKM HOBBIX HHJUKATOPOB
Ha MH(OPMALIMOHHBIX KaJpaxX, CO3JaHHsl CUCTe-
MBIl BBIJJaYM TOJCKA30K 3KHUIAXy, MOCTPOEHUS
MOZEJIeH JEUCTBUN JIETUYMKA B PA3JINYHBIX CUTY-
arusix [18], pa3paboTKu MHTEIUIEKTYaIbHBIX CH-
crem ympasinenuss BC u npyrux OOpTOBBIX CH-
crem [19-23].

3akioueHnue

1. TlocraBneHHass B JaHHOW paboTe IEib
JIOCTUTHYTa, OJIHAKO MOXET HMETh pPa3BUTHE
Y IPOJIOJKEHHUE.

2. Pa3paboTaHHBI MHTEPAKTUBHBI MaKeT
KaOMHBI HKUITAKa CaMoOJeTa MOXET OBITh HC-
MOJIb30BaH B Y4eOHOM TMpoIlecce pa3InuHbIX
CHEeNHANTBHBIX YYEOHBIX AWUCHUIUINH, ydeOHas
porpamMma KOTOPBIX IpEeayCMaTpUBAEeT H3yde-
Hue camosneta JIA-42T.

3. Hcnonb3oBaHue Oosiee MPOCTHIX U JiElIe-
BBIX MHTEPAKTUBHBIX MAaKETOB KaOWHBI HKUIIAaXKa
BC, undopmaiimonHoe nojae KOTOPBIX COJNEPIKUT
M®H, noaHOCThIO BOCHPOU3BOIAIINX COCTaB U
pa3MellleHHe OPraHoB YNPABJICHUS W HHJMKa-
LIUU, MOKET PEIINTh NPOOJIEeMy HEAOCTATOYHOIO
KOJIMYECTBA HAIISAIHBIX CPEACTB OOydYeHHUs MpHU
M3y4eHUH KaOuH coBpeMeHHBIX BC.

4. Hcnonp3oBaHHE MOJHOPA3MEPHOIO MHTEP-
aKTUBHOTO MakeTa KaOuHbI dkumnaxa BC B yue0-
HOM IIPOLIECCE aKTyalbHO B PA3IMYHBIX BBICIINX
yueOHBIX 3aBEJCHUIX C aBUAI[MIOHHOM HaIlpaBJeH-
Hocteio (KBBAVJI, BYHI] BBC «BBA», MAU,
MI'TY I'A u np.).

Co3nanHoe B pe3yJibTaTe BBINOJHEHUS MPe-
CTaBJIEHHON pabOThl MHTEPAKTUBHOE CPEICTBO
0o0y4eHus SBISETCS MHCTPYMEHTOM, MpeaHa3Ha-
YEHHBIM JJIS TIOBBIIIEHUSI KA4eCTBA MOATOTOBKU
aBHALIMOHHBIX crienuanuctoB. KypcaHTbl-neTuun-
KM, WCIIOJIb30BABILINE TPEHAKEPHBIE UMUTATOPBI
M®U u uHTEpaKTUBHBII MakKeT KaOWHBI SKHIIA-
ka camonera JIA-42T B kauecTBe JOMOJTHUTEIb-
HOTO CpeACTBa OOy4YeHHs Tepes 3aHATHSAMH IO
TPEHA)KHOM MOATOTOBKE, OTMEYAIOT IOJIOXKH-
TEJIBHBII OIBIT, COCTOSILIUN B COKpAIICHUU Bpe-
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MeHu o0yueHus pabore ¢ M®U Ha KomIUIEeKC-
HOM TpEHaXepe, a TakKe B YBEPEHHOCTH U
ObICTpOTE ACWCTBUI NPHU BBINOJHEHUM IpOLE-
Iyp, OTpabOTaHHBIX Ha TPEHA)KEPHOM MMMTATO-
pe MOU.

OyHKIMOHAN pa3pabOTaHHOTO HWHTEPAKTHB-
HOIO MakeTa KaOWHBI caMmoJyieTa OTKpbIBAaeT
00JbIINE MEPCHIEKTUBbBI IO €r0 UCIOJIb30BAHUIO
B y4eOHOM Ipolecce, OJHAKO Ul MOJTy4eHHUs
oy TEMOro 3 deKra B By3e IernecooOpas3Ho n3-
TOTOBUThH TOAOOHBIE TPEHaXXephl [UId BCEX Ka-
denp, Ha KOTOphIX oOydaroluecss U3ydarT ca-
MOJIET ONPEJEIEHHOIO THIA, HEOONbIINM THpa-
KOM, YTO BO3MOXKHO M II€JIECOO0PA3HO peaIn3o-
BaTb C BBICOKMM Kaue€CTBOM Ha MOILHOCTSX OJ-
HOTO U3 NPOU3BOJUTENEH aBUALIMOHHBIX TPEHA-
*epoB. HaKkoIJIEHHBIN ONBIT 110 UCIIOJIB30BAHUIO
MOJIHOPAa3MEPHOTO0 MHTEPAKTUBHOTO MakeTa Ka-
ounbl camoiieta JIA-42T Taxke 1menecoodpa3Ho
NPUMEHUTH JJI U3TOTOBJICHUS M BHEIPEHUS B
y4eOHBIH Mpolecc NHTEPAaKTUBHBIX MAaKETOB Ka-
6unsl ¢ MOU mis BC npyrux THUIIOB M paciiu-
PUTh TOJOXUTEIBHBIM ONBIT JJIS IOBBILICHUS
KayecTBa IOATOTOBKM OOJBIIEr0 KOJIUYECTBA
ABHALMOHHBIX CIIELUAINCTOB.
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ADS-B data gating technique and its probabilistic models

E.A. Rubtsov', S.A. Kudryakov', M. Dalinger’, A.S. Kalintsev’
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Abstract: The article developed a gating technique that allows us to validate ADS-B data without the necessity to verify using the
secondary surveillance radar or multilateration. Probabilistic models of the ADS-B data gating technique, as well as the algorithm
for applying these models were proposed. Benchmark cases that occur when aircraft (A/C) positioning by ADS-B systems,
determined by threshold values of navigation and pilot’s errors, were analyzed. The first benchmark case assumes not exceeding of
navigation and pilot’s errors the bounds of the tolerance limits, which allows us to draw up a conclusion concerning the ADS-B
data validation. The second one assumes exceeding of a pilot’s error the bounds of the tolerance limits under an allowable
navigational error. Herewith, the air traffic controller (ATC) obtains a message about the proper ADS-B operation and the necessity
to issue instructions to the pilot to correct a flight. The third benchmark case assumes exceeding of a navigation error the bounds of
the tolerance limits under an allowable or not allowable pilot’s error. In this case, the ATC obtains a message about not valid ADS-
B data and the incapability to use these systems. The simulation of the given benchmark cases was performed. In addition, the
Rayleigh and Rice distributions were applied to implement the ADS-B data gating technique. The simulation results allow us to
assess the required amount of accumulated ADS-B data for the evaluation. Thus, it was found that during the estimate based on the
Rayleigh distribution, it is sufficient to accumulate 15-20 measurements, which, when transmitting 2 messages per second and
under the condition of the normal ADS-B equipment operation, will take 810 s. During the estimate, using the Rice distribution,
an accumulation of 25-30 measurements is sufficient, which will take 1320 s. The developed method will allow the use of ADS-B
systems at regional aerodromes with the low intensity of air traffic as the primary or sole surveillance means.

Key words: flight safety, ADS-B, gate, Rayleigh distribution, Rice distribution, distribution parameter estimate, error of
navigational measurements, pilot’s errors.
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Meton crpodoupoBanus nanHbIX A3H-B 1 ero BeposiTHOCTHBIE MO/IeJTH

E.A. Py6uos', C.A. Kyapsikos', .M. Jaaunrep', A.C. Kaannnes’
1 « «
Poccutickuii ynusepcumem mpancnopma (MUHT),
2. Mockea, Poccus
‘@ryIl «I 0CKOPNOpayus N0 OP2aHu3ayuL 8030YUHO20 OBUNCEHUSY,
Apxaneenvcxuu yenmp OB/, 2. Mezenw, Poccus

AnHoTtammsi: B crarbe pazpaboran MeTon cTpoOMpOBaHMsI, KOTOPBIK TO3BOJISIET OLICHUTH JIOCTOBEpHOCTH NaHHBIX A3H-B 0e3
HeO6XO[ll/IMOCTl/l MPOBEPKMU € MOMOUIBIO BTOPUYHOI'O paavoOJIOKaTopa WJIW MHOTY OHOSHHHOHHOﬁ CHUCTEMBI HaGJ'l}O[leHI/lﬂ.
[MpensioxkeHbl BEpPOSTHOCTHBIE MOJENM MeTona crpoOupoBanust naHHbIX A3H-B, a Tawke anroputM NpUMEHEHUs JaHHBIX
Mojened. [IpoaHanM3upoBaHbl TUTIOBBIE CUTYAllMW, BOHUKAIOLIME MPHU ONPENCIIEHUH MECTOIOJIOKEHUST BO3ILYIIHOIO CyJIHA C
noMoupto cucreM A3H-B, ompezaensemble MOpOroBbIMUA 3HAYEHUSIMM TIOTPEIIHOCTEN HaBUTallid W MUIoTHpoBaHus. [lepBast
TUIOBAs CUTyalMsl NPEANONAracT HEBBIXO/ NOIPELIHOCTEN MUIOTUPOBAaHKS U HABUTALMU 33 MPeJesibl I0IyCKa, YTO MO3BOJISIET
crenath BBIBOA O TMOATBEPXKICHHM HOcTOBepHOCTH MaHHBIX A3H-B. Bropas TwmoBas curyamms mpezronaraeT BBIXOI
MOrPELTHOCTH MWJIOTUPOBAHMS 32 IPENIEIIbI JOMYCKa MPY AOMYyCTUMOM MOIPEITHOCTH HAaBUTaLlMK, IPU 3TOM AWCIETYEP NOITy4YaeT
coobmieHne o KoppekTHoi pabote A3H-B n 0 HEoOX0OMMOCTH BBIIa4M KOMAH/BI IHJIOTY Ha KOPPEKTHPOBKY IoJeTa. TpeThs
TUIOBAsl CUTYaLMsl IPEIIOJIAracT BbIXO/ MOIPEIIHOCTH HABUTallMK 32 IPelesbl JIOIyCKa MPU AOIyCTUMONW WM HEOITyCTUMOM
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MOTPELIHOCTH MHJIOTHPOBAHKS; B 3TOM ClIy4ae JHCIIETYep IMOTydaeT COOOIIEHHE O TOM, YTO JIOCTOBEpHOCTh AaHHbIX A3H-B
HE MOATBEP)KAACTCS U NMPUMEHSITh 3TH CUCTEMBI HENb3sl. BBIMOIHEHO MOJENMPOBAHNE 3THX TUIIOBBIX CHUTYallWH, IIPY 9TOM IS
peanm3anmy MeTosia crpodupoBanus AaHHbpX A3H-B npumensimics pacnipenenenust Panest n Paica. Pesynbrarsl MoaenipoBanus
TIO3BOJIIIOT OLIEHUTh TpeOyeMoe KOIMYECTBO HAaKOIUIeHHbIX AaHHbIX A3H-B st npoBenenust nocroBepHoii orieHku. Tak, Obu1o
YCTaHOBJICHO, YTO TP BHITIOJTHEHNH OLIEHKH C IPUMEHEHHEM pacnpenerneHns Pasest noctarouHo HakomteHus 15-20 m3mepenui,
YTO TIPH TIepeIade ABYX COOOIIEHHI B CEKyHIy U IPH YCIOBHH IITAaTHOM paboTsl o0opynosarms A3H-B norpedyer 810 c. [Ipu
BBITIOJTHEHNY OIICHKH C TIPUMEHEHHEM pactiperneseHns Paiica mocrarogno HakorwieHns 25-30 mMepenuii, uro norpedyer 13-20 c.
PazpabotanHblli METON TO3BOJMT NpUMEHTh cucteMbl A3H-B Ha permoHaibHBIX a’dpompoMax ¢ HHU3KOH WHTEHCHBHOCTHIO
TIOJIETOB KaK OCHOBHOE MJTY €ZIMHCTBEHHOE CPECTBO HAOMIOCHHS.

KaroueBnle ciioBa: 6e3omacHocth nonieroB, A3SH-B, c¢tpo0, pacnipenenenue Panes, pacnpenenerue Paiica, olieHKa mapamMeTpoB
pacnpeaeiicHs, NorperHOCTb HABUTalITMOHHBIX 1/13Mepeﬂm71, TOrp€HIHOCTH MUJIOTUPOBAHMA.

Jnsi nurupoBanusi: PyounoB E.A. Merox crpobupoBanust nanneix A3H-B u ero BepositHoctHble mozenu / E.A. PyOuos,
C.A. KynpsikoB, M. [lamunrep, A.C. Kammuues // Hayuneni Becrmmk MITY T'A. 2023. T. 26, Ne 4. C. 50-63.
DOLI: 10.26467/2079-0619-2023-26-4-50-63

Introduction The task of the ADS-B data validation with-
out applying additional surveillance facilities can
be accomplished by the techniques of the algo-
rithmic data validation. The paper [4] dealt with
the techniques of the algorithmic ADS-B data
validation to ensure ground maneuvers at an aer-
odrome. The techniques, presented in the arti-
cle [4], are based on the accumulation of aircraft
coordinates measurements with the subsequent

tions, compared to costs to deploy secondary statistical analysis of derived data. The given
surveillance radars (SSR) and multilaterations ~ PaPer proposes to modify the methods, described

(ML), is attributed to the ADS-B benefits. The 10 [4], and employ the gating technique, which
operation cost is also considerably below. If has already found practical use in radar surveil-

high-precision navigation sensors are installed lance [5, 6], when processing ADS-B data. .
on board aircraft (as a rule, receivers of the When processing ADS-B data, the gating
Global Navigation ~Satellite  Systems — technique will make it possible to evaluate the

GLONASS), ADS-B provides surveillance accu- data validity about the aircraft position and use
racy not wor’se than radar aids [1-3]. reasonably priced ADS-B ground stations as the

However, the Aeronautical Surveillance sole or primary surveillance means, which is per-
Manual® points to the relevance for the data tinent for regional airports with the low intensity

validation derived from ADS-B with the aid of  ©f air traffic.

SSR and ML. It is associated with the possibil- In conformity ,With the analysis of ADS_B
ity of an increase in the navigation error (when data [7], most of aircraft operate normally in the

using self-contained inertial systems and dlregtlon of a 'rectlihnear trajectory WlthOUt
range/azimuth positioning systems of naviga- tending toward violating boundaries of airways.

tion). Thus, the relevance for the data validation Notably, the proportion of such aircraft

: % i
levels out the economic ADS-B technology at-  amounts to 76% in general traffic. _
tractiveness A maneuver in horizontal or vertical planes is

inherent in 9% of aircraft. It is worth noting that
a maneuver can be carried out with the deviation
from the route (Flight Planed Route — FPR) due
Auvailable at: https://www4.icao.int/ganpportal (ac- FO flight CTOW CITorS (.:oncerned.wn.h the incorrect
cessed: 17.03.2023). interpretation of reliable navigation data. The

g -3
* Doc. 9924 AN/474: Aeronautical Surveillance Manual. probability of such an event can reach 10 ~ [8].
3rd ed. ICAO 2020, 432 p.

An automatic dependent broadcasting-type
surveillance (ADS-B) is referred by the Interna-
tional Civil Aviation Organization to the cutting-
edge surveillance technologies which is reflected
in the provisions of the Global air navigation
plan',

The reduced cost to implement ground sta-

' The Global Air Navigation Plan. [CAO GANP Portal.
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For approximately 6% of aircraft, the tenden-
cy toward violating boundaries of airways or
separation regulations is displayed, or the viola-
tion of airway boundaries is revealed. It can re-
sult from significant errors of navigation sys-
tems. The situation can be affected by pilot’s
errors which will cause a greater deviation from
a nominal aircraft path [7].

Subsequently, while determining the position
of an aircraft using ADS-B, the described possi-
ble situations during the aircraft flight operation
can be displayed in the form of the following
benchmark cases:

1. A flight operation according to the FPR,
in this event, pilot’s and navigation errors are
within the tolerance limits.

2. A flight deviates from the FPR (due to
significant pilot’s errors) under allowable navi-
gation errors.

3. Not tolerated significant pilot’s and nav-
igation errors.

The first scenario can be considered routine,
at the same time, navigation error values of the
board navigation complex are minor, and a flight
crew operates a flight in full compliance with the
FPR with insignificant pilot’s errors. The pat-
terns of conducting maneuvers as well as the air
traffic management (ATM) requirements in the
vicinity of the airport are regulated and con-
tained in the Aeronautical Information Publica-
tions (AIP).

Scenarios 2 and 3 can be considered non-
routine, while in scenario 2, ADS-B data meets
the requirements in terms of accuracy, and it is
valid. In scenario 3, allowable values are ex-
ceeded, and data is not valid. In practice, it is
necessary to identify all the listed variants and
provide an ATC with information concerning the
ADS-B data validity.

When solving the ADS-B data validation
problem, the paper [9] illustrates the features of
employing the gating technique to process
ADS-B data. In radar surveillance, this technique
is employed to reveal false coordinates, when
developing a motion trajectory [5]. Applicably to
the assigned problem, let us take a gate as an ar-
ea of space around the extrapolation point of the
aircraft path with the center at the point of ex-
trapolated aircraft coordinates within which the
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estimate of aircraft coordinates will be consid-
ered reliable.

For aircraft with the maximum take-off mass
exceeding 5700 kg, or with a maximum cruising
true airspeed capability greater than 250 knots,
the European Commission Implementing Regu-
lation (EU) No 1207/2011° and its first amend-
ment 1028/2014" lays down the mandatory car-
riage and operation of the ADS-B mode S (EHS)
and mode 1090 ES Enhanced Surveillance in-
stallations. Mode S (EHS) enhanced surveillance
represents a set of advanced features of mode S
and comprises reports about a chosen intention
in the vertical plane (BDS 4.0), a report about a
track and a turn (BDS 4.0), as well as a report
about a track and a turn (BDS 5.0). The listed
types of reports contain information about values
of velocity, track variations, heading, indicated
airspeed (IAS) and a chosen intention in the ver-
tical plane.

In the Russian Federation, mode S (EHS) and
ADS-B mode 1090 ES enhanced surveillance
applications are installed in different aircraft
(DA-42, L-410, An-148, etc.) and helicopter
(Mi-8, etc.) models.

The use of mode S transponder allows for
current and planned aircraft coordinates (inten-
tions) to be derived from the ADS-B ground sta-
tion. However, a nautical data error remains un-
known. In order to solve this problem, the use of
the gating technique [9] is proposed, for which,
it is necessary to accumulate the sufficient num-
ber of measured values of aircraft coordinates to
determine a center of gate by the extrapolation
method. Afterwards, in conformity with the ob-
tained sampling of accumulated measurements,
the interval parameter estimate for the distribu-
tion of aircraft positioning error is made, and the
probability of entering aircraft an area of gate is
computed. A key point is to ensure the conformi-
ty of the distribution parameter estimate for the
sampling of accumulated values with the entire

3 Regulation 1207/2011. Requirements for the perfor-

mance and the interoperability of surveillance for the
SES. Official Journal of the European Union, pp. 35-52
Regulation 1028/2014. Requirements for the perfor-
mance and the interoperability of surveillance for the
SES. Official Journal of the European Union,

pp. 7-8.
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assembly parameters. The interval estimate is
made with the assigned level of reliability. Sizes
of gate are assigned based upon the requirements
for allowable errors of surveillance systems. The
probability of aircraft entering an area of gate
can be found based on the Rayleigh and Rice
distributions.

Methods of research

According to the Aviation Regulations of the
Interstate Aviation Committee “Certification
Requirements for Aerodrome and Airway Facili-
ties” (AR-170, volume 2), allowable values of
the mean square error (MSE) of an airport sur-
veillance radar amount to 150 m at a maximum
range of 100 km.

The requirements for MSE accuracy of the
aerodrome radar facility, stated in the Certifica-
tion requirements (Basis), amount to 120 m for
the primary channel and 70 m for the secondary
one (under the probability of coordinate and
supplemental information integration not less
than 0.95).

The specifications of surveillance systems
“Eurocontrol” provide the recommended MSE
value to determine aircraft coordinates horizon-
tally equal to 300 m with the minimum separa-
tion of 3 nautical miles.

As far as we can see, the requirements of na-
tional and international standards for tracking an
aircraft in the aerodrome zone slightly differ and
vary from 70 to 300 m. In order to assign sizes
of a gate area and solve a problem of the ADS-B
data validation, it is feasible to choose some av-
eraged value. It is supposed to assume a radius
of a gate area equal to the allowable MSE value
of 150 m (which complies with the Interstate
Aviation Committee Requirements published in
AR-170, volume 2).

The condition of the ADS-B data validity is
met if the parameter estimate in conjunction with
the confidence intervals, with the assigned relia-
bility, does not exceed assigned gate sizes. Thus,
when confidence interval values of the random

> Euro control Specification for ATM Surveillance Sys-
tem Performance (Volume 1). (2021). 92 p.
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variable estimate do not exceed the value for a
radius of a gate area, assumed data is considered
valid. If the interval estimate exceeds a radius of
a gate area, the condition of data validity is not
met.

Since the time for the ADS-B data validation
is an important factor, it is feasible to identify
such a level of reliability which will ensure the
data validation within the acceptable time. In
conformity with [9], for the level of reliability
0.95, data about aircraft entering or not entering
an area of gate will be valid.

Errors of aircraft deviation from the assigned
trajectory (FPR) can be described in the normal
distribution law [3]. For the Cartesian coordi-
nates, the distribution density of the bivariate
normal law with parameters m,, m,, o\, c, 1s de-
fined as [10, 11]:

1 |7(x—mx)2 zp(x’%wm}r)‘wm}r)z
1 b ocy, &2
fry)=——"—€ ! Y (1)

ZTCGX(S}, 1- p2

where m,, m, — the mathematical expectation of a
random variable along the Ox - and Oy -axis
accordingly,

G, 6, — MSE of a random variable along the

Ox - and Oy -axis accordingly,

p — coefficient of correlation.

A solution to define the probability of aircraft
position in the gate can be formulated as a com-
putation problem of the probability of a random
variable entering a circle of radius R (defined
with the requirements for errors of surveillance
systems) with the center at the point of extrapo-
lation, which coordinates belong to a maneuver
pattern.

Depending on values of random variable pa-
rameters inherent in various benchmark cases,
errors of aircraft positioning can be characterized
by different distribution laws.

Let us consider a problem solution for
benchmark cases to determine the aircraft posi-
tion using ADS-B. In the simplest case, let us
assume that errors of determining the aircraft
position along the Ox - and Oy -axis of the Car-
tesian coordinates are equal.
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The first benchmark case is indicative of an
insignificant pilot’s error, for the problem for-
malization, let us assume it as zero. Thus, the
mathematical expectation (ME) of aircraft posi-
tioning error equals zero, MSE along the Ox -
and Oy -axis equal each other: m =0,
6y =6, = . In this case, an ADS-B error de-
pends merely on a board navigation complex
error. Such a situation is inherent in the aircraft
rectilinear motion case.

When meeting the condition o, = 6, = G, the
random variable distribution is referred to as the
circular normal distribution [10—12].

Thereafter, a random variable 7=V X 24+Y? ,

where X, Y — independent Gaussian distributed
random variables, under the condition of the cir-
cular normal distribution of a random variable
and the lack of a fixed error, follows the Ray-
leigh law. Thereupon, the probability of aircraft
exiting an area of gate for R radius can be found
as the miss probability [13—15]:

2

F(r)=P(R<r)={1-€2". r=0. o
0,

r<o0

2

_r
I e w?

f(r) B2

, r>0,

€)

where b — a scale parameter.

The second benchmark case is indicative of a
flight technical error and a navigation error. A
similar scenario can occur when an aircraft devi-
ates from the trajectory of motion. In this con-
text, the ADS-B system can operate properly un-
der the condition of non-exceedance of a naviga-
tion error the bounds of the tolerance limits. If
errors of the board navigation complex exceed
the bounds of the tolerance limits, we have the
third benchmark case under which it is impossi-
ble to apply ASD-B.

In this case, a problem of the fixed and navi-
gation errors evaluation arises. A fixed error,
that is ME is not equal to zero, is the distinctive
feature of the situation under consideration from
the previous one. For the simplest case under
consideration, MSE are equal to each other:
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m+0, oy =
r=VX*+Y*>, where X, Y — independent

Gaussian distributed random variables, has the
Rice distribution with the density of distribution
[13, 16]:

o,. Thereafter, a random variable

XS

2,2
f(x|5.0) = ?eXP(%]IO [G—J @

where Iy — the modified zero-order Bessel func-
tion of the first kind;

s — bias equal to s=+/g +45 , where 2,
u? —Ox and Oy ME;

o — the scale parameter.
The distribution function is presented as:

T x —(x* +5%) (xsj
Flo)=|— — | = |
(o) !GZ exp( 5o ) o\ f 6

The probability of entering aircraft an area of
gate (P;,) can be found as the probability of non-
exceedance of a random variable r of the as-
signed radius of gate and can be computed using
(5). In this case, the probability of deviation
from the trajectory can be found as

P

out

=1-F,, ©)
where P,,, — the probability of aircraft deviation
from the assigned trajectory,

P;, — the aircraft position probability in an ar-

ea of gate.

A two-phase algorithm of applying probabil-
istic models of the ADS-B data gating technique
is proposed for the practical implementation.
The estimate of the Rayleigh distribution param-
eters is calculated in the first phase of the analy-
sis. If the upper confidence interval of the b pa-
rameter estimate does not exceed an allowable
value, a conclusion about the ADS-B data vali-
dation is drawn up (the first benchmark case). In
case of exceedance of the b parameter estimate,
the estimate of the Rice distribution parameters
is calculated. If during the analysis, a significant
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pilot’s error is revealed with the allowable navi-
gation error, the ATC obtains a message about
the proper ASD-B operation and the necessity to
issue instructions to the aircraft flight crew (the
second benchmark case). If during the analysis,
significant pilot’s and navigation errors, exceed-
ing allowable values, are revealed, the ATC ob-
tains a message that ADS-B data validation is
not ensured, and other ATC methods are re-
quired (the third benchmark case). The Rayleigh
distribution b parameter as well as the Rice dis-
tribution s and o parameters are estimable pa-
rameters in these simplest cases.

It is essential to note that the A/C airspeed
and the frequency of position reporting impose
limitations for the surveillance number. Taking
into consideration the limited surveillance num-
ber, the parameter estimate is calculated based
on the sampling of the entire assembly. The in-
terval parameter estimate is calculated with the
assigned level of reliability.

The benchmark cases were considered while
assuming the equality of errors of determining
the position along the Ox- and Oy -axis of the
Cartesian coordinates. The stated simplification
allowed for the Rice and Rayleigh distributions
to be used as an example.

In practice, error values along the Ox - and
Oy -axis will be distinguished from each other.
Therefore, for the data validation, we should use
more complicated distributions: the Hoyt distri-
bution [17, 18] and the Beckmann distribution
[19-22].

Research results

For simulating benchmark cases, MATLAB
and Wolfram software packages were applied.
The simulation modelling of the aircraft posi-
tioning error was conducted. The error of aircraft
positioning was assigned as a random variable
distributed in accordance with the Rayleigh and
Rice laws. Based on the sampling from the entire
assembly, the Interval estimate of distribution
parameters with the level of accuracy 0.95 was
obtained. The parameter estimate was calculated
by means of the maximum likelihood method.
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As a result of the simulation, the dependen-
cies of distribution parameter estimate on the
number of measurements N, i.e., data derived
from the ADS-B ground station, were obtained.
Figure 1 illustrates the results of the b parameter
estimate of the Rayleigh distribution (corre-
sponds to the error of aircraft positioning). Fig-
ure 1 and the subsequent ones, using a dotted
line, illustrate simulated parameter values of dis-
tribution (input data). The red line illustrates the
input data parameter estimate, the light blue and
blue lines illustrate the upper and lower 95%
confidence intervals as applicable.

In Figure 1, b parameter values of the Ray-
leigh distribution amount to 50 and 100, which
conforms with MSE values 50 and 100 m.
In Figure 2, input b value parameters of the Ray-
leigh distribution amount to 50 and 100, which
conforms with MSE values 50 and 100 m. In the
Figures, the following designations are assumed:
PCI b Up and PCI b Low — the upper and lower
95% confidence interval of the b parameter es-
timate of the Rayleigh distribution; Param b —
the assigned source of the b parameter value; Est
param b — the b parameter estimate; Rline — the
gate area boundary (the condition of the ADS-B
data validity).

Figure 3 illustrates the results of the Rayleigh
distribution parameter estimate when the input
distribution parameters: s = 100, ¢ = 50, which
conforms with ME 100 m, MSE 50 m. Figure 4
illustrates the results of the Rice distribution pa-
rameter estimate based on the sampling from the
entire assembly for a random value distributed in
accordance with the Rice law when input distri-
bution parameters: s = 200, ¢ = 100, which con-
forms with ME 200 m, MSE 100 m. Figure 5
illustrates the results of the Rice distribution pa-
rameter estimate when input distribution pa-
rameters: s = 300, ¢ = 150, which conforms with
ME 300 m, MSE 150 m. The input data parame-
ter estimate by accumulated values commences
after 5 measurements. The Figures have the fol-
lowing designations: PCI Sigma Up and PCI
Sigma Low — upper and lower 95% confidence
interval of the parameter estimate ; PCI S Up
and PCI S Low — upper and lower 95% confi-
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Fig. 1. Graphs for the estimate of the Rayleigh distribution parameters for the input values: » = 50 and 5 = 100
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Fig. 2. Graphs for the estimate of the Rayleigh distribution parameters for the input values: » = 120 and 5 = 150

dence interval of the parameter estimate s; Est
param Sigma and Est param S — the parameter
estimate ¢ and s; SigmalLine and Sline — as-
signed values of parameters ¢ and s; Rline — the
gate area boundary (condition of ADS-B data
validity).

The results of simulation established that for
meeting validity conditions, the estimate of ran-
dom variable parameters distributed in conformi-
ty with the Rayleigh law can be obtained during
15-20 measurements, which, provided that two
messages per second are transmitted by ADS-B
installations, takes 8-10 s. In order to meet the
validity conditions, the estimate of random vari-
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able parameters distributed in accordance with
the Rice distribution law — 25-30 measurements,
which, provided that two messages per second
are transmitted by ADS-B installations, takes
13-15s.

The obtained results allow us to draw up a
conclusion about the capability to utilize ADS-B
ground stations at regional airports with the low
intensity of air traffic as the primary surveillance
means. For example, at aerodromes Ust-Kuiga,
Chokurdakh, Cherskiy and other G and D-class
aerodromes, it is feasible to replace exhausted
life-span radars (generally DRL-7 SM) for ADS-
B stations, upgrading software (ADS-B data
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Fig. 3. Graphs for the estimate of the Rice distribution parameters for the input values s = 100, 6 = 50
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Fig. 4. Graphs for the estimate of the Rice distribution parameters for the input values s = 200, 6 = 100

processor), to ensure ADS-B data validation.
Compared to implementing up-to-date surveil-
lance radars (for example, AORL-1 AS), it will
yield savings of approximately 120—150 million
rubles for each aerodrome.

Discussion of the obtained results

The position determination error is computed
relatively a point of extrapolation of aircraft co-
ordinates, i.e., relatively the center of the gate
area. For the given benchmark cases, under the
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assumption concerning the equality of errors
along the axes of the Cartesian coordinates, it is
feasible to apply the Rayleigh and Rice distribu-
tions. However, in practice, there are more plau-
sible situations going beyond the scope of the
considered. Errors along the Ox- and Oy -axis
can be distinguished, notably substantially. Thus,
in case of an insignificant pilot’s error, a sub-
stantial navigational error can occur, i.e., ME
equals zero, navigation MSE do not equal each
other: m =0, o, # c,. In that event, the error of
aircraft positioning has the Hoyt distribution
(Nakagami-Q) [17, 23, 24]:
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Fig. 5. Graphs for the estimate of the Rice distribution parameters for the input values s = 300, c = 150

Another scenario is possible in-flight when
there is a significant deviation from the FPR
(ME does not equal zero) and the navigation
MSE inequality o, # o,. In this case, an error of
aircraft positioning has the Beckmann distribu-
tion [20].

The distribution laws of Rayleigh, Rice and
Hoyt are the specific cases of the Beckmann dis-
tribution. Thus, the probability of the aircraft
position in an area of gate can be computed us-
ing the Beckmann distribution as the given dis-
tribution comprises all the plausible benchmark
cases for the distribution of aircraft positioning
error. The development of models for the param-
eter estimate of the Hoyt and Beckmann distri-
butions for the ADS-B data validation by the
gating technique is the subject for further re-
search.

Conclusion

The paper considers the algorithmic tech-
nique of the ADS-B data validation based on
gating. Errors of determining coordinates were
found relatively the point of extrapolation which
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(7

is the center of gate. Three simplest benchmark
cases, which might occur when determining the
aircraft position by ADS-B, were considered.
The algorithm of the derived data validation was
proposed. The estimate based on the Rayleigh
distribution is obtained in the first phase. If the
parameter b does not exceed the bounds of the
tolerance limits, a conclusion concerning ADS-B
data validity (the first benchmark case) is drawn
up. If an error exceeds the bounds of the toler-
ance limits, the estimate is obtained via the use
of the Rice distribution. If not tolerated signifi-
cant pilot’s errors with allowable navigation er-
rors (the second benchmark case) are detected, a
conclusion concerning ADS-B data validity is
drawn up, the ATC obtains a message about the
aircraft deviation from the FPR. If not tolerated
significant pilot’s and navigation errors are de-
tected, the ATC obtains the ADS-B data-not-
valid message and the necessity to use other
ATC procedures. The results of simulation es-
tablished that during the estimate based on the
Rayleigh distribution, it is sufficient to accumu-
late 15-20 measurements, which, under the
transmission of 2 messages per second and pro-
vided that ADS-B equipment operates normally,
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will take 8-10 s. During the estimate based on
the Rice distribution, the accumulation of
25-30 measurements is sufficient, which will
take 13-20 s.

The practical research importance is that it is
possible to employ the gating technique for
ADS-B data validation without the necessity to
validate with the aid of SSR or ML. It will ena-
ble regional airports with the low intensity of air
traffic to replace exhausted life-span radars for
ADS-B ground stations (with upgraded soft-
ware), which will yield considerable savings.
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AHaJIN3 aIeKBATHOCTH Pe3YJbTATOB KOHEYHO-3JIEMEHTHOT 0
MojieTupoBaHus (pro3esisizka B 30He 00J1bIIOT0 BbIpe3a

1 1
A.B. boaabipes ', M.B. I1aBesbuyk
ICafwapCKuL? HAYUOHATILHBIU UCCIe008AMENbCKULL YHUBEPCUMEM
umenu akaoemuka C.I1. Koponesa, . Camapa, Poccus

AnHOTammsi: PaccMaTpuBarOTCsT BOMIPOCHI 00CCIIEUCHHUS JOCTOBEPHOCTH KOHEUYHO-3JIeMeHTHbIX Moxened (KOM) drosesoka B
30HE BbIpE3a MOJ JIFOK Ha pPaHHUX CTa[MsX IPOSKTHPOBAHHS JietaTensHoro armapara. ChopMysMpoBaHbI LENb U 33j1aud
uccienoBanyst. J{Jist OleHKH JOCTOBEPHOCTH MaTeMaTHYECKUX MOJIENIEH 10/100paHbl 00BEKThI, UMEoLIMe 3TalIoHbL. O0CyKIatoTcs
METOJIbl OKCIEPHMEHTAIBHBIX HCCIENOBaHUN M CpeicTBa M3MepeHHid. [IpHBOAATCS pe3ysbTaThl CPaBHHUTENBHOTO aHAIN3a
YHCJIEHHOTO 3KCIIEPUMEHTa C aHAIUTHYECKUMH PEIICHUSAMHM M JTaHHBIMHM HaTypHBIX 3KcriepuMeHToB. [ Bammmarmu KOM
KOHCTPYKLMH OIIpeIeIeHbl TIPOBEpsieMble XapaKTEPUCTUKM M THIBI WX IPOBEPKH. Pe3ynbraTbl HCCIEZOBaHUS COJEp)Kar
00CY>KIIeHIE BIFSTHHS TTOAPOOHOCTH KOHEYHO-3JIEMEHTHON CETKH Ha KO3((HIMEHT KOHIEHTPAIMN HANPsDKCHHUH, aleKBATHOCTH
MOJIETIMPOBAHMS TIOJIST HANPSHKCHNH M JeopManuii B OKPECTHOCTH BBIPE3a, ydeTa HEIMHEHHOCTH B pacderax Ha IPOYHOCTb
KOHCTPYKIIMIA C KOHIICHTpaImel HanpspkeHnid. Ocoboe BHIMaHNE B paboTe yIeIeHo aHAIN3y MOJIETIMPOBAaHUS KapKacHPOBAaHHOM
IIMHAPUYECKOH O00O0JIOUKH C OOJBIIMM MPSIMOYTOJBHBIM BBIPE30M, JUII KOTOPOH BBINONHEHbI HATYpHBIE WCIIBITAHUS
cotpymaukamu LIAI'M. Anammsupyrorcst medopMaril CHIOBBIX IIIIAHTOYTOB, OIPAaHWYMBAOIINX BBIPE3 B INMIIMHIPUYECKOI
000510uKe, KacaTelbHbIE U SKBUBAICHTHBIC HANPSHKEHHUS B OOIIMBKE, HOPMaJIbHbIC HANPSDKEHHS B CTPUHIEPAX Ha MEPECEUeHHH C
CWJIOBBIM IIIIAHTOYTOM, CMCHICHUA CEUCHMI IIIIaHTY OYTOB B KOHTPOJIbHBIX TOYKaX. Ilo pe3yjibTaTaM  HCCJICA0OBaAHUA
copMyITMPOBaHbl PEKOMEHAALMH I MOJEIMPOBAHMS TOHKOCTEHHBIX KOHCTPYKLMH (ro3eshka B 30HE OOJNBILIOIO BBIpE3a,
00€CIIeYHBAIOIIHE BBINOIHEHNE PACUETOB C MHXKEHEPHOW TOUHOCTBIO.
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Analysis of the results adequacy of the fuselage finite-element modeling
in the vicinity of a large cutout
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Abstract: The issues of ensuring the reliability of the finite element models (FEM) of the fuselage in the hatch cutout zone are

considered at the early aircraft design stages. The purpose and tasks of research are formulated. To assess the reliability of
mathematical models, the objects with standards were selected. The methods of experimental research and measuring instruments
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are discussed. The results of a comparative analysis of the numerical experiment with analytical solutions and full-size experiments
data are presented. For the validation of FEM structures, the checkable characteristics and types of their verification are determined.
The results of this research contain a discussion of the impact of finite element mesh details on a stress concentration factor, an
adequacy of modeling the stress and strain field in the vicinity of the cutout and taking into account a nonlinearity in strength
calculations of structures with stress concentration. This paper focuses on the analysis of modeling a framed cylindrical shell with a
large rectangular cutout, for which full-size tests were conducted by TSAGI researchers. Strains of strong frames, limiting the
cutout in a cylindrical shell, shearing and equivalent stress in the skin, normal stresses in stringers at the intersection with the strong
frame, displacements of strong frames cross-sections at test points are analyzed. Based on the results of this research, the
recommendations for modeling thin-walled fuselage structures in the vicinity of a large cutout, ensuring the performance of
calculations with engineering accuracy were formulated.

Key words: validity estimation, edge former of cutout, hatch, stress concentration, numerical experiment, analytical solution, full-
size experiment.

For citation: Boldyrev, A.V., Pavelchuk, M.V. (2023). Analysis of the results adequacy of the fuselage finite-element modeling in
the vicinity of a large cutout. Civil Aviation High Technologies, vol. 26, no. 4, pp. 64-76. DOI: 10.26467/2079-0619-2023-26-4-
64-76

BBenenue B HacTosiel ctathbe paccMaTpUBAKOTCS BO-
mpoChl O00ecIeYeHus: JOCTOBEPHOCTH KOHEYHO-
aneMeHTHBIX Mogmenei (KOM)  ¢drozemspxeit
B 30Hax OOJBIIMX BbIpe30B. UHCIEHHBIE pac-
YeTbl TPOBEIECHbI B IMPOrpaMMHOM  cpene
NASTRAN [6].

@ro3e/sKM  JIETaTEIbHBIX aIlapaToOB OCHA-
LIAIOTCS JIIOKAMM Pa3IMYHBIX pa3MepoB. boib-
M€ BBIpE3bl B KOHCTPYKIMH (ro3emnsixka Hapy-
LIAI0T PETYJSIPHOCTh KapKaca, NMPUBOAAT K IIO-
SBJICHUIO JICTIJIaHAIMU CEYEHUM, CYIIECTBEHHBIX
U3rHOAIONIMX MOMEHTOB BJIOJIb KOHTYPOB BBIpE- MeToabl 1 METOA0JI0THSI
30B U KOHLOCHTPATOpPOB HaHp$I>KeHI/II71 B DJICMCH- HCCJIed0BaHUA
TaX KOHCTpyKUuuH. HeoOXxomumocTs I0CTOBEp-
HOTO MCCJIEIOBaHUS dTUX d(DPEKTOB MpeIbsBIIS-
er crneunpuyeckue TpeOOBaHMUSA K IMapaMeTpam
(GYHKIIMOHATBHBIX MaTeMAaTUYECKUX MOJeIeH,
pa3pabaThiBaeMbIX YK€ Ha pPaHHUX CTaTUAX
MIPOEKTUPOBAHMS JIETATEIbHBIX ANIAPATOB.

B npoekTupoBaHUM aBHALMOHHON TEXHUKH
BOXHOM 3a7ayeil SBISAETCS OTBICKAHUE paIuo-
HAJIbHOW OKAHTOBKHU (hI03eJsKa B 30HE BbIpe3a
mox mok'. Ha BecoByro sddexTHBHOCTS yIpy-
rOi CHCTEMBI B 3TOW 30HE BIHUSET BHIOOP CHIIO-
BOM cxeMbl KoHCTpykumu [1, 2], dpopmupyemoii
Ha OCHOBE TOIOJOTMYECKOM ONTUMHU3ALUU C
y4eTOM TpeOOBaHUNW MPOYHOCTH, >KECTKOCTH,
ycToiunBocTy U pecypca [3—5]. IlogpobHOE mc-
cienoBaHue OOJACTH MOMCKA B UTEPALMOHHOM
IIPOLIECCE ONTHUMU3ALMU BO3MOXXHO Ha OCHOBE
JIOCTH>KEHHS] KOMIIPOMHUCCA MEXKIYy TOYHOCTBIO U
3P PEKTUBHOCTHIO PACUYETOB MEPEMEHHBIX CO-
CTOSIHUSI KOHCTPYKIIMH, BBIITOJIHAEMBIX HAa Marte-
MaTHUYECKUX MOJIEISX.

Lenp uccrnenoBanus — MPOBEPUTH aJCKBaT-
HOCTh MAaTEMAaTHYECKOTO MOJICITHPOBAHUS IIH-
JUHAPUYECKUX OOO0JI0UEK THMa «(PIO3eNsK» B
30H€ OO0JBIIOro BBIpe3a, CHOPMYJIHUPOBATH pe-
KoMeHAanuu 1no pazpadborke KOM momoOHBIX
KOHCTpYKIUH. CyIIHOCTh MPOBOIUMOIO 3KCIIC-
pUMEHTa 3aKJII0YaeTCsi B CPaBHEHHM pPe3yJIbTa-
TOB, MOJTYYCHHBIX Ha MaTEMaTUYCCKHX MOJEISIX
CIIENIMAJILHO TOJA00paHHBIX OOBEKTOB, C ATAJIO-
HaMU.

3amayn aHanM3a JOCTOBEPHOCTH MaTeMaTH-
YeCcKHX MOJEJIeH, penraeMble B pabore:

1) uccnenoBaTh BIAMSHUE MOAPOOHOCTH CET-
KU MOJAENU Ha KOIPPUIMEHT KOHIEHTPALUU
HanpsokeHud Ko [7, 8] Ha kOHType BbIpe3a B
K3M wu onpenenuTs TOYHOCTH MOJYYEHHBIX pe-
3yJbTATOB,;

2) OLEHUTh aJEKBATHOCTb MOJCIMPOBAHUSA
MOJISI HamnpsDKEHUH U eopManuii B OKPECTHO-
CTH BBIPE3a;

3) TpoBepHUTH 11eIecCO00Pa3HOCTh yUeTa He-

JIMHEHHOTO MNOBCACHUA KOHCTPYKOHWHU B 30HC

' MC-21 — mepe/ioBbIe TEXHONOTHH, BOTUIONIEHHBIE B Ca- OOJIBIIIOTO BHIPE3a.
moreT // Kpsuibst Pommasr. 2016. Ne 6. C. 10—-23.
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Puc. 1. Vccnenyemble 00BEKTHI ISl OLIEHKH JOCTOBEPHOCTH MaTeMaTHUECKHX MoJieliel (hro3ensika B 30He BhIpe3a
Fig. 1. Objects under study to assess the reliability of the mathematical fuselage models in the vicinity of a cutout

OOBeKThl HCCIEOBAHUS, MUMEIOIUE 3Tajo-
HbI, BEIOpAHbI C UCTOJIb30BAHUEM HMPUHIUIA «OT
IIPOCTOTO K CJIOKHOMY»:

A — GeckoHeuHas 1oJsioca ¢ KpyribIM OTBEp-
crtuem [7, 8];

b — GeckoHeuHas r1acTUHA C OOJBIIUM M-
MOYTOJIbHBIM OTBEPCTUEM C 3aKPYTJICHHBIMU YT-
namu [9], pa3mepbl OTBepCTHS TOI00paHBI C
yuetom pexkomennanuii C.M. Erepa [10] mnsa
INPOEKTHUPOBAHUS aBapUMHOTO BBIXOJA Maru-
CTPAJIBHOTO TMacCaXupckoro camonera [11].
[TnactuHa cunTaercs «OECKOHEUHOM», €Clu IIH-
pUHA pACTSHYTOH IOJIOCHI MpPEBBILIAET MSATHU-
KpaTHBIN pazMep AuaMeTpa oTBepcTus [8];

B KapKacUpOBaHHAs LMJIMHApPUYECKast
o0osouka Tumna «(pro3esik» ¢ OONBIINM MPSMO-
YTOJIbHBIM BbIpe3oM [12].

66

XapaKkTepUCTUKU HUCCIEAYEMBIX OOBEKTOB
npejcTaBiIeHbl Ha puc. 1.

B HacTofIieM wHcCIENOBaHUU PE3YNbTATHI
YHCICHHOTO MOJIEIMPOBaHUs 00BeKTa A cpas-
HUBAIOTCS C JJaHHBIMM HATYpPHOTO SKCIIEPUMEH-
Ta [7], a Takke C H3BECTHBIM TEOPETUYECKHM
peteHueM [8].

OranoHoM Uit o0bekTa b sBIsieTcs TouHOE
aHaJUTUYECKOE pemieHue [9].

OO0mwexT B uccnenyercs Ha ciydail Harpyske-
HUS KpYyTSAIIMM MOMEHTOM. Pe3ynbrarhl umc-
JICHHBIX PAaCyYeTOB CPAaBHUBAIOTCS C JaHHBIMU
HaTYpHOTO SKCIIEPUMEHTA, BBIIOJHEHHOIO B
LAI'U [12]. Beibop pacueTHOTO ciiy4asi Harpy-
KEHUs KOHCTPYKLUHUU OOBSCHSETCS TEM, 4YTO
KapKacupoBaHHas 00o0yl0uKka, HMeMoIas Ha
y4acTKe BbIpe3a HE3aMKHYTOE€ IONEpPEYHOE ce-
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YEHUEe, XAPAKTEPU3YETCS HU3KOM KECTKOCTBIO
Ha KpydeHHe, OOJBIIUMH TpagrueHTaMu 1edop-
MalUi U BHYTPEHHUX YCHUIIMM.

MeToabl HCCJI€10BaAHUA

1. MeToabl HATYPHOI'0 3KCIIEPHMEHTA

1.1. Memoo ¢omoynpyeocmu. Jlanusiii me-
TOJ O0JIafiaeT JOCTaTOYHOW TOYHOCTHIO, IPO-
croroii u HarmsagHocThio [13]. Merton doro-
yrnpyroctd 3G (EKTUBHO HCMOIB3YETCS TpH
ONpEEIICHNN KOHLIEHTPALlUU HaNpsyKEHUN Ha
NPO3paYHBIX MOJENIAX B 30HE OTBEPCTUH s
TOHKMX IUIACTUH, W3TOTOBJIEHHBIX W3 H30TPOII-
HBIX MATE€pHaJIOB C BBICOKOW ONTHUYECKOW HyB-
CTBUTENBHOCTHIO [14]. MeTon npuMeHsieTcst AJis
HCCIIENOBAHUA O0BEKTa A.

1.2. Memoo menszomempuu. TeH30MeTpUYe-
CKUH MeToI M3MepeHus aedopMannii ToapoOHO
paccmotrper B [13]. On nmpumensierca A uc-
ciegoBannst oobekta B. CormacHo METOIHMKE
HaTypHOIo 3KcnepuMeHTa [12] npu uccienosa-
HUU OIBITHOW KapKACUPOBAHHOW LIWJIMHIPUYEC-
KOl 000JIOYKM HPOBOJIUTCA HU3MEpeHHe aedop-
Maluil CTPUHIEpOB U OOIIMBKU C MCIIOJIb30Ba-
HUEM T[POBOJIOYHBIX TEH30MeTpoB. OrmnbITHAs
o0oJsiouka ¢ BeIpe30M coaepkHUT 630 TeH30MeT-
poB. Iy aHanu3a MOBEACHUS CTPUHIEPOB HCIIO-
ne3yroTCs Tenzonatyuku JAK-25, nis o6mmBky ¢
00eux CTOPOH MPHUMEHSIOTCS TEeH30JaTYUKU TH-
na JIK-10. Ilpu HarpyxeHun OMBITHOH 000JI0Y-
KA pEerucTpanusi IOKa3aHUH TEH30JaTYMKOB
OCYUIECTBIIIETCS C HCHOJIb30BAHUEM 3JIEKTPOH-
HBIX U3Mepurenei negopmanuit SUJI-1, SU/-3.
B pesynbrare npoBeneHUs HCHBITAHUNA H3Me-
PEHHBIE B ONpPEAETICHHBIX 3JIEMEHTaX KOHCTPYK-
LMY HOpMaJbHbl€ M KacaTeJIbHbIE HANpPSKEHUs
YCPEAHSINCh.

2. MeToabl MOJeIbHOI0 KCIIePUMEHTa

2.1. Ananumuuecxkuii memoo. B pabore [9]
HAa OCHOBE CTaTHUCTUYECKOM OOpabOTKH JaHHBIX
U3 JIUTEPATYypPHBIX UCTOYHHUKOB IMOJYyYEHB! ypaB-
HeHusa s onpenenenns Ko. Ilorpemnocts an-
MPOKCUMALMA YypaBHEHU [9] He NpeBbIIIAET
5 %. Meron mpumeHsieTcss AJIS UCCIEIOBaHUS
oOnekTa b.

2.2. Yucnennoui memoo. YnciaeHHbIN aHAIN3
paccMaTpuBaeMbIX OOBEKTOB OCYILIECTBISAETCS
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METOJIOM KOHEYHBIX JJIEMEHTOB B CpPEIE CUCTE-
Mbl NASTRAN [6]. MoaenupoBaHue TOHKO-
CTEHHBIX 00BEKTOB A u b, a Tarke 00omoukn
U CTEHOK ULIMaHroyToB B o0BbekTe B ocyiiecTs-
nserca snemeHtamu PLATE. Mogaenuposanue
MOSICOB IIIMAHIOYTOB BBIMOJIHAETCS IEMEHTaMU
ROD, crpunrepos — anemenramu BEAM. s
u3MepeHust Ko Ha KOHType BbIpe3a B YMCIIEHHBIX
MOJENAX MNpuMeHsercss npuem [15], koropsiid
3aKJII0YAETCsl B pa3MEILEHUH BAOJIb JUIMHBI KOH-
Typa BbIpPE3a MOCIEI0BATEIbHOCTU CTEP/KHEBBIX
WHIUKATOPHBIX 3yeMeHToB ROD mamoit xect-
KocTU. J[1s1 000JI04€UHBIX 3JIEMEHTOB OIpee-
JIEHHE SKBMBAJICHTHBIX HAIPSKEHUH OCYIIECTB-
asieTcst o Teopuu npoyHocTH 'enku — ['yOepa —
Museca.

PesyabTaThl Hcciie10BaHUS

Ouenka BJAMAHUSA MOAPOOHOCTH CETKH
Ha KO3(PPuIHEeHT KOHIEeHTpaluu
HaNPsKeHU

Ob6vekm A. PaccmaTtpuBaeTcs paBHOMEPHOE
pacTsbkeHue BAONIb OCH Y € yCWIHSIMHU
P=403 H/mMm Oeckoneunoir mojocel [7, 8],
Ha3bIBaeMoW Janee riactTuHoi. [lmactuHa nMeer
TONIMHY 6,05 MM M U3roTOBJIEHA U3 MaTepHaia
Oakemut BT-61-893 co crnemyroumimMu xapakre-
pUCTHKaMu: MOAyJb yrpyroctu E = 4246,3 Mlla,
k03¢ purment [Tyaccona u = 0,365.

Hccnenyetcst BOmpoc O BIMSHUU CTYIIEHUS
cetku KOM Ha pacuernbie 3HaueHus Ko. Cre-
HEeHb MOAPOOHOCTH CETKH OLIEHUBAETCs Ha OC-
HOBE 4YHCJIa 3JIEMEHTOB BJOJb KOHTYpa OTBEpC-
tus N,. Taxke oljeHMBaeTCs] MUHMMAIbHO HEOO-
XOJUMO€ KOJMYECTBO PSAJOB KOHEUHBIX 3JIEMEH-
TOB NPaBUWJIbHOM (OPMBI B 30HE KOHLEHTpAIUU
HanpspkeHui. [lox npaBuIbHON GOpMOIt B I1ane
B CJIyyae JIByMEpPHBIX KOHEUHBIX 3JIEMEHTOB I10-
HUMAaeTCsl KBaJpar, NMPSMOYTOJbHUK WU OJIn3-
ke Kk HuM ¢urypsl [15]. Ha puc. 2 mokazansl
pe3yibTaThl YUCIEHHBIX PAaCYETOB, TEOPETHYEC-
KHe 1 SKCIIepUMeHTasbHbIe 3HaueHus Ko.

VYcTaHOBIEHO, YTO [ MONY4YEeHHsI JOCTO-
BepHbIX pe3yiabraroB B KOM Heobxonumo
obecrieunTh XOTA Obl OJMH PsiFi KOHEUHBIX dJIe-
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Puc. 2. 3aBucumocth ko3¢ GuIMeHTa KOHIICHTPAKU HanpshkeHuid Ko Ha KOHType BbIpe3a
oT uyncna aeMeHToB NB st KOM c¢ pa3nu4Hoil ryCTOTON CeTKH
Fig. 2. The dependence of the stress concentration factor Ko on a cutout contour
on the number of elements Nv for FEM with different mesh density

MEHTOB MPaBWJIBHON (POPMBI B 30HE KOHIICHTpA-
uuM HanpsbkeHui. [Ipuemnemas TOYHOCTH pac-
4EeTOB JOCTUIaeTCs NpU UCHoab30BaHuu B KOM
6onee 100 KOHEUYHBIX JJIEMEHTOB Ha KOHTYpE
OTBEPCTHS IMJIACTUHBI. [Ipy BBIMOJIHEHHH 3THX
yCIIOBUM HamOOoIbIlas MOTPEIIHOCTh OIpeee-
HUS HOPMaJbHBIX HANPSHKEHUW B 3JIEMEHTaXx
IJIaCTUHBI cocTaBisgeT 3,7 %, a MaKCUMalbHBIX
KacaTeJIbHBIX HAaNpsHKeHU! — He Oomee 5%.

Oovexkm b. PaccmaTpuBaercsi pacTsiKEHHE
OCCKOHEUYHOM IIACTHHBLI TOJIINMHON 0 = 1 MM,
coAeprKallel MpsMOyrojIbHOE OTBEPCTHE C 3a-
KPYIJIEHHBIMU yTJIaMH. XapaKTEePUCTUKU HCIIO-
JBb3YyE€MOIr0 KOHCTPYKLIIMOHHOTO MaTepuaia Iua-
ctuHbl: Moayib FOura E = 70 000 MIla, koad-
¢unuent [lyaccona u = 0,3.

3nauenue Ko misg 3amaHHol I1aCTUHEL, Hal-
JIEHHOE Ha OCHOBE AHAJINTUYECKOI'O PELICHUS 110
dopmynam [9], cocraBuser 3,543. YucneHnoe
3HaueHne Ko Ha KOHType OTBEpCTHs Ha OCHOBE
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JIMHEHHOro cTaTthdeckoro axHamm3a KOM koHc-
TPYKIMU paBHO 3,799.

Jlanee uccreayercss BOMPOC O BBIOOpE Uucia
PAIOB DJIEMEHTOB MPAaBHJIBHONW (HOPMBI BOKpPYT
orBepctus. Pasnuna snadyennii Ko, mosmyyeHHbIx
Ha KOM ¢ onHuM U AByMs psijaMy 3JI€MEHTOB
MPaBUILHON (POpPMBI B 30HE KOHIICHTpAIMU Ha-
npsbkeHul, cocrapiset He 6onee 0,1 %.

OneHka aqeKBAaTHOCTH MO/AeJTUPOBAHUS T0JIs1
HANPs)KeHU u Jepopmanmii B OKPEeCTHOCTH
BbIpe3a

Obvekm A. CpaBHMBAETCS Ka4eCTBEHHBINA Xa-
paKkTep BU3YyaJIU3aLUM JaHHBIX HATypHOTO 3KCIIe-
puMeHTa [7] ¢ pe3yabTaTaMy YMCIEHHOTO perie-
HuA. Ha puc. 3 mokaszaHbl KapTHHBI pacripeerne-
HUSI HauOOJIBIINX KacaTeJbHbIX HANpsLKEHUH Ui
UHTEPPEPEHIIMOHHBIX T0JIOC, TIOJyYEHHBIX METO-
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Puc. 3. Pacnpenenenne HanOOIBIINX KacaTeIbHBIX HAPSDKEHUH B 00BEKTE A
a — HaTypHBIN SKCIIepuMeHT — MeToa (otoymnpyrocta; 6 — KOM ¢ N =216
Fig. 3. Distribution of the maximum shear stresses in object A:

a — full-size experiment — photoelasticity method; 6 — FEM with Nv =216

oM (OTOYNPYrocT Ha GakeauToBOM Mozaenu [7,
8] u uncnennoro pacuera KOM ¢ Ny=216.

AHanM3 KapTHHBI PE3yJbTaTOB YHCICHHOTO
pellIeHus] IeMOHCTPUPYET CYLIECTBEHHOE BH3ya-
JIbHOE CXOJCTBO C KapTUHOM, IMOJIYYEHHOU IO
JAaHHBIM HATYPHOTO SJKCIIEPUMEHTa Ha OCHOBE
MeToaa GOoTOyIpyrocTH.

Obvexm B. PaccmarpuBaeTcsi HMIMHApPUYE-
CKasl KapKacupoBaHHas 000JI0YKa, conaeprKalas
00JIBILION MPSAMOYTOJIBHBINA BbIpE3, HArpyKEHHAs
KpyTsammM MoMeHToM M,= 9,8 kH-M. OnbiTHas
000JI04YKa HUCHBITHIBAETCS Ha 3KCHEPHUMEHTaNb-
Hoit ycranoBke LIAT'U [12]. Harypssrii o6pazen
000JIOUKHU COJIEP’KUT OOLIMBKY, 27 IIMAHTOyTOB
1 32 CTpUHIepa, pacloI0KEHHBIX PABHOMEPHO C
BHEITHEW CTOpOHBI 00004Kku. Uepes3 TopieBoit
HIMaHroyT () OCyIECTBISIETCA KPEIUIEHUE KapKa-
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CHUPOBAHHOM 000JIOUKH K CHJIOBOI KOJOHHE, KO-
Topas siBisieTcs 3ajenkoi. Harpyxkenue oGomo-
YK Ha JPYTrOM TOPIIEBOM HIMaHTOyTe 28 mpous-
BOAUTCA 4epe3 (¢uiaHel KPYTALUUM MOMEHTOM
M., TPUIIOKEHHBIM B BUJIE TIAPHI CHJI.

B KOM KOHCTpyKIMH XapaKTEepUCTUKH Mate-
pHAJIOB U CBOICTBA AJIEMEHTOB 3aJal0TCs B COOT-
BETCTBHH C IaHHBIMHU, [TPEJICTABICHHBIMU B [12].

B HacTosmem uccrienoBaHMM paccMaTpUBa-
I0TCSl CJIEYIOUIUE BOIIPOCHI.

® Buibop noopoonocmu cemxu KOM

Pazpabotanbl Bapuantel KOM ¢ pasnudHoit
TYCTOTOM CETKH, XapaKTEpU3YIOUIHECS YHUCIOM
KOHEYHBIX 3JIEMEHTOB OOIIUBKH N, BIOJIb OJHON
HITAIUY [MIMaHT0yTOB, KaK MOKa3aHo Ha puc. 4.

HaubGonee Tto4HBIE pe3ynbTaThl MOIYyYEHBI
st KOM ¢ cetkoii N, = 12, koTopasi mokazaHa
Ha puc. 5. IlorpemHOCTh MakCUMaIbHBIX 3KBH-
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Ni=1 N=2 N=4

Puc. 4. ®parmentsl KOM ¢rozenska B 30He 6osblioro Beipesa npu N, = 1, 2, 4, 12
Fig. 4. Fuselage FEM fragments in the large cutout zone at N, = 1, 2, 4, 12

Puc. 5. KOM ¢rozenska B 30He 00IBIIOTO BBIpe3a ¢ ceTKoi N, = 12
Fig. 5. Fuselage FEM in the large cutout zone with mesh N, = 12

BaJICHTHBIX HAMPSDKCHUN B DJIEMEHTAaX OOIIMBKHU CEYCHHUU C CHJIOBBIM IIMaHroyToM /() coCTaBis-
9TOHM MOJENN coCTaBiIsIeT MeHee S5 %. et 12,36 MlIla. [Ins KOM c cetkoit N, = 12 pac-

® Ananuz xacameibHbIX HANPSANCEHUl 8 00- YETHOE 3HAYEHHUE B 3TOM 3JIEMEHTE COCTAaBIISIET
wueKe 13,12 MI]a.

PaccMarpuBaroTcst 3eMeHTBI OOIIMBKH, pac- ® Oyenka cmeweHus cedeHull Wnaneoymos
MOJIO’KEHHBIE BJIOJIb MPOJIOJIBHOTO Kpasi BbIpesa, npuU U3MepeHul 8 IKCHEPUMEHMATILHOU MOoYKe
OTPAaHHYEHHOTO MEXKY CTPHHTEPOM-OUMCOM 4 1 PaccmarpuBaroTcs 3HaueHus oOumx aedop-
crpuarepom . Jlnsgs KOM ¢ N, = 12 B Haubosnee Manuii O00OJIOYKH TIO CEYCHHUSIM IIMTAHTOYTOB.
HArpy>KEHHOM DJIEMEHTE OOIIMBKU YHCICHHOE B skcniepumente [IAT'U ¢ ucnons3oBaHueM WH-
3HaYEHHE KacaTEeJbHOIO HAIpPSDKEHUS COCTaBIIs- TUKAaTOPOB M yriioMepoB mo mmaHroytam 0, 5,
er 21,1 Mlla. DkcnepuMeHTaIbHOE 3HAYEHUE 10, 11, 14, 18, 20, 24 u 27 uzMepsAr0TCs CMellle-
IS JAHHOTO dJIeMeHTa cocrasiriet 23,34 MIla. HUS CEUCHUI 00O0JIOUKU a B HANPABJIEHUU OCHU Z,

® Auanuz  HOPMANbHLIX  HANPANCEHUL nokKa3aHHble Ha puc. 6. Iy u3MepeHus cmelie-
8 cmpuHeepax HUI a B OKCIEPUMEHTAIBHBIX TOYKAX A, pacmo-

DKCTepUMEHTAIbHOE 3HAUYE€HHUE HOPMAJIbHO- JIOKEHHBIX BIOJb JUIMHBI O0OJIOYKH C OpIMHA-
ro HampsDKEHUs B CTpUHTEpe-OuMce 4 Ha mepe- Toit b = 440 MM, MpUMEHSIETCSI MecCypa.
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Puc. 6. Cxema onpeneneHus: CMEIICHUS a CedeHHs 000JI0YKH B TOUKE A
Fig. 6. The scheme for determining the displacement of a shell section at point A
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Puc. 7. Cmemenus a (MM) B 9KCIIEpUMEHTAIBHBIX TOYKaX A
Fig. 7. Displacements of a (mm) at experimental points A

B npoBeaeHHOM BBIYMCIUTEIBHOM 3KCIEpH-
MEHTE ONPENEISIOTCS BEIUYMHBI CMELIEHUS aj,
U ay,, U3MEpsieMble B BEPXHEH M HUKHEU TOUKE
ceuenuss KOM. Otu cMeleHnss 000I04YKH, OIH-
paromiriecss Ha yribl MOBOpOTa O cedeHui, mpu-
MEHSIOTCSL JUIsl BBIYMCICHUS BEJIIMYMHBI CMeEIlle-
HUs ceueHuM a. BenmumHa Y, XapakTepusyer
OpJIMHATy LIEHTPa MOBOPOTA PacCMaTPUBAEMOIO
CEYCHUS 000IOUKH.
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Ha puc. 7 npencraBiieHbl CMELIEHUS @ B DKC-
NEPUMEHTAJIbHBIX TOYKaX A, OIpE/EICHHbIE B
pe3ynbTare HaTypHOIO JKCIEPUMEHTAa U YHC-
JIEHHOT0 pacueTa. AHanu3 pe3yibTaToOB IOKa-
3BIBAET, YTO MAKCUMAaJbHBIN pa30poc 3HAUCHUN
a TIpU CPaBHEHHM PACUETHBIX M IKCIEPUMEH-
TaJbHBIX 3HAYEHMH B pacCMaTPUBAEMBIX CEye-
HUSAX 000JIOYKU He MpeBbImaet 6,3 %.
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OTBEPCTUEM C 3aKpyIVIEHHbIMU yriamu, MIla
Fig. 8. Pictures of the equivalent stress distribution in the infinite plate with a large rectangular rounded-corner hole, MPa

Y4yer HeJIMHEHHOCTH B pacyeTax
Ha MPOYHOCTh KOHCTPYKIUIA
¢ KOHLEHTpauMel HanpsizKeHu i

Oovexm b. 3anarorcs XapaKTEpUCTHKU KOH-
CTPYKLMOHHOrO Marepuana: moxayis IOnra E =
70 000 MIla, xoadpdunuent Ilyaccona u = 0,3,
npezaen Tekydectu or = 294,2 MlIla [16].

Ha puc. 8 npexncraBineHsl KapTUHBI paclpe-
JIEJIEHNs] SKBUBAJICHTHBIX HANPSOKEHUN A JIH-
HEMHOTO U HEJIMHEWHOI0 CTATUYECKOI0 aHAIU3a
o0bekTa b.

KauecTBeHHBIN aHAaIN3 KapTUH Ha puC. 8 1e-
MOHCTPUpPYET B HEJIMHEHHOM aHalIMu3e Cylle-
CTBEHHO Ooulblliee BKJIIOUEHHE MaTepuaja B CH-
JIOBYI0 pabOTy KOHCTPYKLMH B OTHAJIEHUU OT
KOHIEHTPAaTOpa HaNpsKEHUs.

B xome HenMHEHMHOTO CTaTHYECKOI0 aHaIn3a
o0wekTa b momyueno 3Hauenue Ko paBnoe 3,34.

Henuneitapiii pacuer odwekra B, mis xorto-
pOro OTHOLIEHWE [UIMHBI BBIp€3a K BHEIIHEMY
auameTpy OOOJIOUKH COCTaBiseT 2,5, paccMmart-
puBaetcs B pabote [17].

[lonpoOHble HccnenoBaHusi, IEMOHCTPUPYIO-
e HEOOXOAMMOCTh TMPOBEJICHUSI CTATUYECKOIO
aHaJIM3a HEperyJspHbIX KOHCTPYKLHUM ¢ y4eToM
bu3nuecKkol U TEOMETPUUECKON HEIWHEHHOCTH,
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npezacrasieHsl B [ 18]. OcoOeHHOCTH HENMHEWHOTO
CTaTUYECKOTO pacueTa KOHCTPYKIUA Ha OCHOBE
BUAOB aHaimm3a Nonlinear Static m Advanced
Nonlinear Static paccMoTpeHsI B padorax [6, 19].

O0cy:x1eHue NMOJyYeHHBIX
pe3yJIbTaTOB

B tabn. 1 nmpencraBieHsl pe3ynbTaThl UCCIIE-
JOBaHMsI OOBEKTOB MMl OLEHKU JOCTOBEPHOCTH
MaTeMaTUYeCKuX mojelnel ToHkocteHHo KOM
¢ro3zenska B 30HE OONBIINMX BbIpe30B. Mcmomnb-
3YIOTCSl CIEAYIOIINE YCIOBHBIE 0003HAYCHUS TIO
tunaMm npoepok: CA — cpaBHEHHE MpoBepsie-
MOU XapaKTEPUCTUKU C TOYHBIM aHATUTHYCCKUM
pemienueM, CH — cpaBHEeHHE C JaHHBIMU HATYp-
HOTO KCIIEPUMEHTA.

[IpoBeneHHbIE UCCIEAOBAHUS TO3BOJISIOT
chopMynUpOBaTh CIEAYIONINE PEKOMEHIAIUN
IUIsL MoJlenTupoBaHus (ro3erskeil B 30HaX BbI-
pPE30B MO/ JIIOK.

1. lnst MoaenupoBaHus OOMUBKHU (Pro3esiKa
BJIOJIb KOHTYpPa BbIpe3a HEOOXOAMMO HCIIONH30-
BaTh XOTs Obl OJIUH PsJ] AJIEMEHTOB NMPaBUIbHON
bopMmBI.

2. B KOM Bnosip KOHTYypa BhIpe3a Ie1eco00-
pa3HO HUCIONB30BaTh He MeHee 150 KOHEeUHbIX
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Taoanua 1
Table 1
Martpuua Banunanuu KOM KOHCTpyKIHU € BBIPE30M
Validation matrix for FEM of the structure with the cutout
Oo0BexT IIpoBepsieMble XapaKTePUCTUKHI Tun IMorpemHocrs,
NMPOBEPKH g, %
A. Ilnactuna ¢ kpyrisM | Ko CH 2,0
OTBCPCTHCM HopMainsHoe HanpshKeHHE B 2JIEMEHTAX MOJIOCHI CH 3,7
MakcumanbHOe KacaTelbHOE HAIPSDKCHUE B 3JIEMEH- CH 5,0
Tax MOJIOCHI
b. [Inactuna c npsimo- | Ko (JIuHEHHBIN aHaTU3) CA 6,7
TOJIbHBIM OTBEPCTHEM o
y P Ko (nenmuneiinsiii ananus) CA 5,7
B. KapkacupoBaHnas DOKBHBaJIEHTHOE HaNpshKeHUE B OOIIMBKE B Hanboee CH 0,7
UIMHAPHYEcKas 000- | Harpy)KEHHOM DJICMEHTE
JIOUKA ¢ BOMBIINM TIPS~ | MakcHMalbHOE KacaTeNbHOE HATPSIKEHHE B OGIIHB- CH 7,5
MOYTOJIBHBIM BBIPE3OM | ke g Hanboliee HAPYIKEHHOM DIIEMEHTE
HopwmanbHOe HanpspkeHHne B CTpUHTEpe-OnMce Ha CH 6,1
MePECEUCHHUH C CHIIOBBIM IINAHTOYTOM
CMeleHre CeYCHHUI IaHTOyTOB CH 6,3

AJIEMEHTOB, YTO MO3BOJISICT MOITYYUTh HpUEMIIe-
MYyI0 TOYHOCTh PACUETOB INPH BBICOKON BBIYHC-
TUTENbHOM 3D PeKTUBHOCTH.

3. JIns pa3OueHus CETKOW KOHEUHBIX 3Jie-
MEHTOB OOIIMBKH U CTPUHTEPOB BAOJIb OIHOMN
MIMAIMA TIITAHTOYTOB (DrO3eisbka CIIeAyeT WC-
MOJIb30BaTh HE MeHee 12 KOHEUHBIX AJIEMEHTOB.

4. B pacuerax Ha MPOYHOCTh KOHCTPYKITUU
¢bro3enska B 30HE OOIBIIOTO BhIpe3a HEOOXOAU-
MO YYUTBIBATh BO3HHUKAIONIHE dPPEKTHI Pusnde-
CKOM Y T€OMETPUYECKON HEJIMHENHOCTH.

3ak/oueHue

HccnenoBanue BOMpOCOB oOecreueHus: 1o-
CTOBEPHOCTH MaTE€MaTUYECKHX MOJieJel B
HACTOSIIIEN CTaThe MO3BOJIAET BBIACIUTH CIIETY-
IOILI€ OCHOBHBIE PE3YJIbTAThI.

1. Pa3paborana wmeTomMKa HCCIEIOBAHUS
JIOCTOBEPHOCTH MOJCIIUPOBAHUS KOHCTPYKLUU
¢ro3enska B 30He Oonbiioro Beipe3a. Ompene-
JIEHbI TIPOBEPSAEMbIC XAPAKTEPUCTUKU U THIIBI
MIPOBEPKH I oOecniedeHus afaekpaTHoctn KOM
KOHCTPYKUHM. MeToauka OCHOBBIBAETCSA Ha aHa-
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Ju3e CIeNUaNbHO MOJO0O0PAaHHBIX MOAEIHHBIX
3a/1a4 ¥ pe3yibTaTax CPaBHEHUs YMCIICHHBIX pa-
CYETOB C AQHAIMTUYECKUMHU DPELICHUSMU U JaH-
HBIMH HaTYPHBIX UCIIBITAHUN KOHCTPYKIU.

2. OneHka JOCTOBEPHOCTH IOKazaja XOpo-
LIy COTJIAaCOBAaHHOCTh JKCIIEPUMEHTAJIbHBIX H
pacueTHBIX [JaHHBIX BO BCEX PAacCMOTPEHHBIX
ciydasix. ChopMyarpoBaHbl peKOMEHIAITUH IS
a/IeKBaTHOr0 ()YHKIIMOHAJIBHOI'O MOJEIUpOBa-
HUS KOHCTPYKIUH (ro3eiisika B 30HE BbIpE3a MO
JIOK. BBIABIEHBI HM)KHUE TIpaHULBI U1l 3Hade-
HUl mapamerpoB cetku KOM, mno3Bosstomue
o0ecrneunTh JOCTOBEPHOE MOJICIUPOBAHUE pac-
CMOTPEHHBIX OOBEKTOB NP MUHUMAIILHBIX BbI-
YHUCJINTENBHBIX 3aTpaTax. 3HAHUE JTUX OTPaHH-
YeHUH OCOOCHHO BaXXKHO NPH Pa3pabOTKe MaTe-
MAaTHUYECKUX MOJEJIEW KOHCTPYKLMH IS LIeJIer
ONTUMAJIBHOTO MPOEKTUPOBAHHS.
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AHAJIMTHKO-UMHUTAIIMOHHASI MOJIeJIb TMHAMMKH 10JIeTa
HCTPeOUTEJIs ¢ OTPAHUYMTESIEM NMpelebHbIX PEeKNMOB
npu BbINoJTHeHUN MaHeBpa «IlepeBopor»

I1.C. Kocrun', K.A. Kypasckuii'

1 . y
Boennvui yueono-nayunsiii yenmp BBC «Boenno-6030ywnasn akademus
um. npogh. H.E. JKykoeckozo u FO.A. I'acapunay, 2. Boponeoic, Poccus

AuHotammsi: B crathe 000CHOBaHA HEOOXOAMMOCTH CO3JAHUS AHAIUTHKO-MMUTALMOHHOW MOZENM [UHAMHKH IIOJeTa
UCTPEOUTENs C OTrpaHMYUTENIeM IpelebHbIX PEKUMOB IpU BbiNoiHeHnH MaHeBpa «IlepeBopor». IlpencraBneHa crpykrypa
AQHAJIMTHKO-MMHUTALMOHHON MOJIEITN UCTPEOUTEIIS1, COCTOSILAS U3 COBOKYITHOCTH IMHJIOTaXKHOTO CTEH/Ia, MOJIEIH IMHAMUKH TI0JIeTa
UCTPEOUTENsl, MOJIENIM ACTaTUYECKOTO OTPaHMYMTENs MPEAETbHBIX PEKUMOB M MOJENHM YNPABISIONIMX JICHCTBUH JIETUHKA,
OCHOBaHHOW Ha TEOpPUM HEYETKMX MHOXKECTB. [IpencraBieHa CTpyKTypa MOAENM [WHAMUKH IIOJIETa WCTPEOMTENsl C
OrpaHNYMTENEM NPEACIBHBIX PEXHUMOB, B COCTaB KOTOPOH BXOAAT cucTeMa AuddepeHIMABHBIX U areOpandeckux ypaBHEHHH;
MOJIeb KOMIUIEKCHOM CHCTEMBI yIpaBJICHUs; OJIOKa TeOMETPHH, MAcChl M LIEHTPOBKH; OJIOKa pacuera adpOAMHAMHYECKUX CHIL;
OJIOKa CHIIOBOM YCTAHOBKM; OaHKa a’pOIMHAMHYECCKHX XapaKTEpPUCTHK, OJIOKa pacdeTa OOpaTHBIX CBS3CH MO YCHIHSAM C
KOMaHIHBIX PBIYAroB yIpaBlicHHs. Mopeib OTIMYaeTcsi OT M3BECTHBIX HAIMYHMEM OJIOKa WMHTALMH NEpeBOPOTa, KOTOPBIH
NpeIHA3HAYeH I IPOBEICHHS WMHTAIMOHHOTO MOJCIMPOBAHUS IEPEBOPOTa M MHOIOUTEPALHOHHOTO MOICITHPOBAHHUS
HIEPEBOPOTOB C Pa3IMYHBIMK Ha4YaJbHBIMU YCIOBHSAMH UL ONpPEIENICHNs] OCHOBHBIX IIapaMeTpOB IIepeBOPOTA, KHHEMATHYECKHX
XapaKTePUCTHUK II0JIETa CaMOJIeTa U IIOCTPOSHHS! 00JIACTH BBITOJIHUMOCTH HIepeBOpPOTa. BIIOK MMHTAIMK 1IepeBOpOTa COCTOMT M3
(YHKIMI 3alaHHBIX 3HAYEHMH; MOJAENM YIPaBIIIOIMX ASHCTBHH JIeTd4nKa; Ojoka oOpabOTKH pe3ysbTaToB MMHTALMOHHOTO
MOJIETIMPOBaHMsI; OJIOKa ONpE/IeNIeHHs] OCHOBHBIX IapaMeTpoB IIepeBOpOTa; 0as3bl JAHHBIX AKCILTyaTAlMOHHBIX PEXKHMOB.
CDyHKIlI/ll/I 3aIaHHbIX 3HAYCHUI onpeACAOT 3aJaHHbIC 3HAYCHUA KHUHCMATUYCCKHX IMapaMETpOB ABWXCHHA CaMoOJI€Ta, I10
KOTOPBIM PEaIM30BaHO YIPABJICHHE B PA3IMUHbBIX (ha30BbIX KOOpAMHATAX MaHEBpa. Moyienb MO3BOJISIET MOTyYaTh JOCTOBEPHBIC
3HAYEHUs KMHEMATHYECKHUX TapaMETPOB ABIDKEHUS UCTPEOUTENS MPH MOJYHATYPHOM C YYacTHUEM JIeTYMKA M MMHUTALIMOHHOM C
TIOMOLIBIO MOJIENH YIIPABIISIIOIIHX IeHCTBUH JIETUMKA MOJIEIIMPOBAaHMAX MaHeBpa «IlepeBopoT».

KnroueBble c¢J10Ba: aHAIMTHKO-MMHUTAIMOHHAS MOJENb, OTIPAaHHUYMTENb TIPENENbHBIX PpEXNMOB, MaHeBp «llepeBopoT»,
UCTpeOUTENb, 001aCTh BBIIOTHUMOCTH MAHEBPA, MOZEIb YIIPABIIIOIIMX ISHCTBUN JIeTIHKa.

Jna murupoBanmsi: Kocrun [1.C., XKypasckuit K.A. AHaIUTHKO-UMHTAIIMOHHAS MOJENb JWHAMUKH TIOJIeTa HCTpeOHTens
C OrpaHMuMTENEM TIPEebHBIX PEXUMOB IpH BbinoiHeHHH MaHeBpa «llepeBopor» / Hayunbli Becrnuk MI'TY T'A. 2023.
T.26,Ne 4. C. 77-92. DOI: 10.26467/2079-0619-2023-26-4-77-92

Analytical and simulation model of fighter flight dynamics with a limiter
for the permissible flight envelope when performing the split-S
maneuver

P.S. Kostin', K.A. Zhuravskiy'
! Air Force Education and Research Center “The Zhukovsky and Gagarin Air Force
Academy”, Voronezh, Russia

Abstract: The article substantiates the relevance to develop an analytical-simulation model of fighter flight dynamics with a limiter
for the permissible flight envelope during the split-S maneuver. The structure of the analytical and simulation model of a fighter,
consisting of a combination of a flight test bench, a model of fighter flight dynamics, a model of an astatic limiter for the
permissible flight envelope and a model of pilot control actions based on the theory of fuzzy sets, is presented. The structure of the
model of fighter flight dynamics with a limiter for the permissible flight envelope, consisting of a system of differential and
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algebraic equations, a model of an integrated control system, a geometry, mass and balance unit, a unit for calculating acrodynamic
forces, a power plant unit, a bank of aerodynamic performance, a unit for calculating feedback on efforts from flight controls, is
presented. The model differs from the known ones by the availability of the split-S simulation unit, which is designed for the split-S
simulation and the multi-iteration split-S simulation with different initial conditions to determine the basic split-S parameters, the
kinematic flight operation performance and to construct the split-S implementation area. The split-S simulation unit comprises the
specified value functions, a pilot control actions model, a unit for processing simulation results, a unit for determining the basic
split-S parameters, and a database of operating modes. The specified value functions determine the specified values of the
kinematic aircraft movement parameters, which are used to implement control in various phase coordinates of the maneuver. The
model makes it possible to obtain reliable values of the kinematic fighter movement parameters under the semi-natural simulation
with the participation of the pilot and the simulation split-S maneuver modeling using the pilot control actions model.

Key words: analytical-simulation model, limiter for the permissible flight envelope, split-S maneuver, fighter, maneuver
implementation area, model of pilot control actions.

For citation: Kostin, P.S., Zhuravskiy, K.A. (2023). Analytical and simulation model of fighter flight dynamics with a limiter for
the permissible flight envelope when performing the split-S maneuver. Civil Aviation High Technologies, vol. 26, no. 4,
pp. 77-92. DOL: 10.26467/2079-0619-2023-26-4-77-92

BBenenue PEBOPOTOB BO BCEX BO3MOXKHBIX IKCILTyaTaI[OH-
HBIX peKMMax Onarojaapsi UCHOIb30BAHUIO MOJIE-
Y YHOPAaBIAIOIUX JACUCTBHM JieTunka. Mogenb
YOPABISIIOIIMX JIEUCTBUM JIETYMKA YUWUTHIBAET
0COOCHHOCTH YITPABIICHHS JICTYMKA 32 CUET (op-
MHUPOBAaHUA U HACTPOMKH €€ MO pe3yibTaraM Io-
JYHaTYypHOTO MOJIEIMPOBAHUS HA MWJIOTAKHOM
CTEHJIE.

Ananu3 pa3pabOTaHHOCTH HCCIEIOBaHUN 10
MpeJCTaBIeHHON Tpobieme Mmokasai, 4yTo B Ha-
CTOsIIIIEE BPEMsI HE CYIIECTBYET OIMCAHHOM BbIIIE
AQHAIUTUKO-UMUTALIMOHHON MOJENN JIMHAMUKU
M0JIETa UCTPEOUTEINIS C OTPAaHUYUUTENIEM MpPEAEIb-
HBIX PEKHUMOB IPHU BBINOJIHEHUH MaHeBpa «lle-
peBopoT». CylIecTBYIOIINE MMHUTALMOHHBIE MO-
JeNi TUHAMUKH TI0JIeTa UCTpeOuTeNnel ¢ orpaHu-
YUTESIMU TIPEJENIbHBIX PeXUMOB [3—0] He 1mo3-
BOJISIIOT 0€3 MCMOIb30BaHUSI MUJIOTAXKHOTO CTEH-
JIa y4eCTh OCOOCHHOCTH YIIPABJISIFOIINX ACHCTBHIA
JIETUMKA, BBINOJIHAOIIEr0 MaHeBp «llepeBopor».
Taxum 00pa3zom, LeNbl0 HCCIEI0BAHUS SBISETCS
CO3JAaHHE AHAIMTUKO-UMUTAIIMOHHON MOJENH
JUHAMUKU TOJIETa UCTpeOUTeNs ¢ OrpaHUuMTe-
JIeM TMpeAeNbHbIX PEKUMOB MPU BBINOIHEHUH
ManeBpa «IlepeBopor».

OCHOBHBIM CHIOCOOOM OTpeeNeHs] KUHEMa-
TUYECKHUX TapaMeTPOB JBWKEHHSI HCTpeOUTENs
NpU BBITOTTHEHUH MaHeBpa «llepeBopoT» B neT-
HBIX WCIBITAaHUSX SIBJISIETCS HATYypHBIA SKCIEpH-
MEHT, TMPOBEJICHNE KOTOPOTO CBS3aHO CO 3HAYM-
TEJbHBIMU BPEMEHHBIMH U MaTEpUAIbHBIMU 3a-
Tpatamu. K ToMy >ke HaTypHbIE JETHBIE SKCIIe-
PHMEHTBI SIBISIOTCSI HEOE30MacHBIMU U HECTIO-
COOHBIMH OXBaTHTh BCE pa3zHOOOpa3ue SKCIUTya-
TAIlMOHHBIX PEXKHUMOB UCTPEOHUTEINS, KOTOPhIE Xa-
pPaKTepU3yIOTCS HauaIbHBIMH YCIIOBUSIMUA BBOJIA B
MaHEeBp: MPUOOPHON CKOPOCTHIO U BHICOTOH BBO-
Jla, MacCOM UCTPEOUTENIs, PEKMUMOM pabOTHI JBU-
raressi, a3poAMHaMU4YecKoil KoHpurypamuei (Ba-
pUAHTOM BHEITHMX TOJBECOK). PemmuTs mpobie-
My ONpeIeNeHUs] KMHEMaTU4ECKUX I1apaMeTpoB
JIBUOKEHUSI MCTPEOUTENs] MpPHU BBINOJHEHUH Ma-
HeBpa «llepeBopoT» BO BceM pa3sHOOOpa3UH IKC-
TUTyaTallMOHHBIX PEKUMOB TO3BOJIIET MpPUMEHE-
HUE UMHUTALIMOHHOTO MojenupoBanus [1, 2], mis
KOTOpPOro HeoOXOoAMMa AaHaJIUTUKO-UMUTAIIMOH-
Hast MOZIeTIb JJMHAMMKHM TioseTa ucrpeourens. Ta-
Kasi MOZIETIb COCTOUT U3 COBOKYIHOCTH MHJIOTaX-
HOTO CTEHJa, MOJIeIeH JUHAMUKHU I0JIETa UCTpeE-
ouTens, acTaTUYECKOro OTPAHUYUTENS Tpeeib-
HBIX PEKMMOB, YIPABISIONINX NeicTBuii tetunka ~ MOACJIH TMHAMHMKH 110J1€Ta

Onucanue aHaJIHTHKO-HMHTaHHOHHOﬁ

U ITOPUTMOB pacyeTa 3HA4YECHUH KHHEMaTude- HCcTpeduTe st

CKUX MapaMeTpOB IBMKEHUS HUCTPEOUTENs IS

BCEX (1)33 BBITIOJTHCHHS MaHEBpPa «HepeBOpOT». AHaHI/ITI/IKO-I/IMI/ITaL{I/IOHHaH MOJEIb TUHAMU-
AHaJH/ITI/IKO-I/IMI/ITaI_[I/IOHHaSI MOACIb TIIO3BOJISICT KU IIOJIETA I/ICTpe6I/ITeHﬂ C OrpaHUYHUTEIIEM IIpe-
HPOBOJANTE MUMHWTALIMOHHOE MOJCIMPOBAHUE IIC- JIeIIbHBIX PEKMMOB IIPU BBINIOJHEHUH MaHEBpPaA
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Puc. 1. CTpykTypa aHaINTHKO-UIMHUTAIIMOHHON MOJIEJIN TMHAMHKH TI0JIETa UCTPEOUTENs
C OrpaHUYMUTEIIEM TIPEIETBEHBIX PEXKUMOB IIPU BHINIOJHEHUH MaHeBpa «IlepeBopor»
Fig. 1. The structure of the analytical-simulation model of fighter flight dynamics
with a limiter for the permissible flight envelope during the split-S maneuver

«ITepeBOpOT» MOCTpOEHA HA OCHOBE COBOKYITHO-
CTH MOJETH IWHAMHKH II0JIeTa, aCTaTHYECKOTO
OTPaHUYMTENS MPECNIbHBIX PEXHUMOB, MHIIO-
TQKHOTO CTEHAA M OTIUYAETCS OT HW3BECTHBIX
OpUMEHeHHeM (yHKUUM, ONpeaessommx 3a-
JTAaHHbIC 3HAUYCHUS] KWHEMATUYECKUX MapaMeTpOB
JIBIDKEHUSI CaMoJIeTa, 10 KOTOPBIM PEaTn30BaHO
yIpaBJIeHUE B Pa3IMYHBIX (Pa30BBIX KOOPAWHA-
TaX MaHEeBpa, U HAJMYUEM aJrOPUTMOB pacueTa
3HAYCHWH KHHEMAaTHYECKUX NapaMeTpOB IBH-
XKEHUs UCTpeOuTeNst Ul BceX (a3 BBITOJTHEHHS
ManeBpa «llepeBopor». Moaens Mo3BoJseT 1no-
Jdy4yaThb JIOCTOBEpHBbIC 3HA4YECHHs KHHEMaTHye-
CKUX TIapaMeTpOB IBIKEHUS HCTPEOUTENs MpU
MMHUTALMOHHOM MoJenupoBaHu MaHeBpa «lle-
pEBOPOTY.

CrpykTypa aHaJIUTHUKO-UMHUTALMOHHOW MO-
JIeNTi TMHAMHKH TI0JIeTa UCTPEOUTENsI ¢ OTrpaHu-
YUTEIEeM MPEJeNIbHBIX PEXUMOB TPHU BBINOJIHE-
Huu maHeBpa «llepeBopor» (puc. 1) cocTout u3
NWIOTAXXHOTO CTeHAa, 0J0Ka ceTeBoro oOMeHa,
MaTeMaTHIeCKON MOJIEN TUHAMHKH TOJIeTa UC-
TpeOUTENsT C OrpaHUYUTENEM MpeAeTbHBIX pe-
J)KUMOB, OJIOKa WMHTAIMM TIEPEBOpPOTa, OJIOKA
00paboTKH pe3yJbTaTOB MOJIYHAaTYpPHOI'O Mo/e-
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JUpOBaHUs, OJIOKa BBIBOJA PE3YJIbTaTOB MOJE-
JMPOBAHUSI.

[MunoTtaxkxno-moaenupyroumii ~ cresg 7]
IpEJCTaBIsET CO0OM KOMIUIEKC YCTpOMWCTB, ar-
peraToB, BBIUMCIUTENEH W KOMMYHHKAalLUH,
NpeHAa3HAYCHHBIX I TOJYHAaTYpPHOTO MOJe-
JUPOBAHUS JAWHAMHUKHU TI0JIeTa HUCTPEOUTENS ¢
OTPaHUYUTENIEM TPENENbHBIX PEXUMOB TIpU
y4YacTHH JIeT4uuKa. B cocTaB mMUIIOTaXXHOTO CTEH-
na (puc. 2) BxomsatT: (parmMeHT KaOWHBI C KO-
MaHJIHBIMU pelyaramu ynpasienus (KPVY), gop-
MUPYIOIIMMHU 3HAYEHUS OTKJIOHCHHWH B KaHaie

TaHTaxka X, g ¥ KpCHa X 5, W JJICKTPOMCXaHHUYC-

ckoil cucremont ux 3arpysku MOOG-FOKKER,
peam3yroIeldl o0paTHBIC CBSA3H 1O YCHIIUSM B
kaHanax kpeHa FP,(X,;) n Tanmraxa Fy(Xy);

3JIEMEHTHI MH()OPMAIIMOHHO-YTIPABIISIOLIETO IM0-
Js; cUCTeMa BU3yalM3aluM 3aKaOMHHOM o0cTa-
HOBKH. HMHdopManmoHHo-ympaBistoniee mosie
KaOMHBI COCTOMT M3 HWHAWKaTopa Ha JI0OOBOM
crexsie (MJIC) u MHOrOpyHKIMOHAIBHOTO IH(]-
poBoro unaukaropa (M®LUN). B pamkax nanb-
HEMIIMX HCccleloBaHui NpezronaraeTcs paspa-
0otka crnocoba HH(DOPMHpPOBAHUS JIETYUKA
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Puc. 2. [TniioraxHslil CTEH
Fig. 2. Flight test bench

0 BBICOTE BBIBOJIA MCTPEOUTENISI C OTpaHHYUTE-
JeM TpeleibHbIX peKuMoB u3 MaHeBpa «Ilepe-
BOPOT» B WMH(OPMALMOHHO-YMPABISIONIEE MMOJIe
KaOWHBI, CYyTh KOTOPOT'O 3aKJII0YaeTCsl B UCIOMb-
30BaHHUU CIIENHATIBLHOTO YycTpoiicTBa anst (op-
MHUpPOBAaHUS  pEKOMEHAAuh  skunaxy JIA
¥ (MJTM) JOTIOJTHUTEIHHOW WHIWKAIIMA B JICBOM
HIDKHEM YTy TWJIoTaxHoro kaapa MOIIA.
YCTpoHWCTBO M JONOJIHUTENbHAS WHIWKALHS B
MepPCIEKTUBE OYIyT OMPOOOBaHBI HA AHAIUTHUKO-
MMHUTALUMOHHOW MOJIEIIH.

bnok cereBoro oomena obecreynBaeT B3au-
MOJICHCTBUE 3JIEMEHTOB aHATUTUKO-UMHUTAIIMOH-
HOM MOJenu ¢ NWIOTaKHO-MOIEIUPYIOIIUM
CTEHJIOM, UMEIOIIUM CHUCTEMY 3JIEKTPOMEXAHH-
yeckoit 3arpy3ku KPY TaHraxom u KpeHOM.

Mopenb TUHAMUKH TOJE€Ta COCTOUT U3 CJe-
JTYIOMUX OJIOKOB:
e cuctemsbl nuddepeHuanbHbIX U anredbpande-

CKHUX ypaBHCHUH;
® MOJIEJIM KOMIUIEKCHON CHUCTEMBI YIpaBJICHUS

(KCY);

e (JI0Ka TEOMETPHH, MACCHI U IICHTPOBKU;
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OJI0Ka pacyeTa adpOAMHAMUYECKUX CHJT;
0710Ka CHIIOBON YCTaHOBKH;

0aHKa a>pOIMHAMUYECKHX XapaKTEPUCTHUK;
OJ0Ka pacdera OOpaTHBIX CBS3CH IO YCHIIHSIM
c KPY.

B Gnoke cucrembl quddepeHmaIbHbIX U al-
reOpaNuecKnx YpaBHEHHH pelaercsi cucreMa
mudQepeHManbHbIX  YPaBHEHUH  JIBHKCHHUS
IIEHTpa Macc UCTPEeOHUTENs B MPOEKIUSIX HA OCH
cBs3aHHOW cucteMbl koopauHaT (1). Bee o6o-
3HAUCHHMS, MCIIOIb3yeMble B (POPMYJIBHBIX 3aBH-
cuMocTsX, peacrasiens B TOCTe'.

' TOCT 20058-80. JIuHaMuKa JeTaTENBHBIX AIIApaToB B
atMocdepe. TepMUHBL, onpesiesieHnst 1 0003HAYEHHSI.
M.: Crannaptundopm, 1981. 52 c.
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dv . . .
m a’tx toV. —oV, |=Pcosg,—X, cosacos f+7, sina—Z, cosasin f—mgsing;
4 : . L :
m dy tolV, -0V, |=Psing,+ X sinacos f+Y, cosa+Z, sinasin f—mgcosIsiny;
t
m —=+oV, -0V, |=-X, sinf+Z, cos f+mgcosIsiny;
(1)
dx, . . o
=V, cosJcosy +V (sinysiny —cosysindcosy)+V_ (cosysiny +siny sin cosy);
dH . :
7: V.sin3+V cosdcosy)—V, cosIsiny);
t
dzZ , : o e
dg =-V, cosdsiny +V (sinycosy +cosysindsiny)+V_(cosy cosy —sinysin Jsiny).
t
CocraBHbIE KOMIIOHEHTBI YIJIOBOH CKOPOCTH
ONPEAEISAIOTCS PEIICHUEM CHUCTEMbl YPABHECHHI —arcsin| —2— |, ecim V. z0;
MOMEHTOB (2): i+
o=
v (4)
do, @, - —7r +arcsin ‘—} sgn(V, ) ecm V, <0
I 7—1@, 7+ U -1)oo +] oo =M; W ( ) x
do do
bl Y _ .2
1=l (= Lo, - 1,00, =M, -(2) 5 arcsin(%}
do
1. dtz +(I,-1)oo,~1 (o] - a)f) =M.

Cuctema pauddepeHInaIbHbIX YpaBHCHUM
OTHOCHUTENIBHO YIJIOB Oinepa (3) momydaercs,
€CJIM PElINTh KMHEMAaTUYEeCKUE ypaBHEHUS OWi-
Jepa OTHOCUTEIBHO KOMIIOHEHTOB YIJIOBOH CKO-
pocTu.

ﬁ—a) sin ¥ + @, cos y;

dt y 7/ z 7/’

dy .

PR o, —(w,cosy — o, siny)igd, 3)
dy .

— = @, COsSy —@._siny).

dt cosS( oSy~ sin)

@opmynbl (4) ompeaensloT Yroia arakd M
YTOJ1 CKOJIB)KEHUS.
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rue V=,/VXZ+V;+V22.

Jns pemenusi ypaBHenuit (1)—(4) neobxo-
JMMO 3a/1aTh HavanbHble yenosus: V. (0), 7, (0),

V.(0), X,(0), H(0), Z,(0), ®,0), ,(0),

@.(0), 8(0), 7(0), w(0), m(0), a(0), 5(0).

B 6noke monenu KCVY omnpenensercs xapax-
Tep OTKJIOHEHMs PYJIEBBIX IOBEPXHOCTEH HCTpe-
ourens. B cocraB monenu KCY Bxoxdar anroput-
Mbl CHUCTEMBbl TUCTAHLIMOHHOTO YIpaBJICHUS U
MaTeMaTu4ecKasi MOJIENIb aCTaTUYECKOIO OIpaHU-
yureds mnpenenbHeix pexkumoB (OITP) [8-10].
Mogens OIIP cocTouT U3 aaropuTMOB CpaBHE-
HUsI, (OPMHUPYIOIUX CHUTHAJIBI pa3HOCTEH Ipe-
JEeNBHBIX M TEeKYIUX 3HAYCHWH OTKIOHEHHS
KPY no ranraxxy AXjy, yrna ataku A H HOp-

MaJIBHOW TIeperpy3ku An, , ¥ HHTEIPAIBHOIO

KOHTYpa, (POPMHPYIOIIET0 CUTHAJl Ha OTKJIOHE-
HH IEIbHOIIOBOPOTHOIO cTabunusaropa Ag,, .
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Puc. 3. Dtansl BBITOJIIHEHNUS IEPEBOPOTA: @ — OCHOBHBIE, O — IIPH YIIPABJICHUH B KaHAJIE KPEHA, 6 — IIPH yIIPABICHUH
B KaHaJIe TaHTaxa
Fig. 3. Split-S stages: @ — main, 6 — during roll control, ¢ — during pitch control

Pacuer aspoauHamMMuecKuX CHJI 1 MOMEHTOB
OCYULIECTBJIIETCS B OJHOMMEHHOM OJIOKE C IO-
MOIIbI0 OaHKa a’pOJMHAMHYECKHX XapaKTepH-
CTUK HMCTpeOUTENs, MOJyYEHHOTO IMPH MPOIYB-
Kax MOJENH HCTPeOUTeNs B a’dpOJANHAMHUYECKUX
TpyOax M YTOUHEHHOTO MpU NPOBEIACHHUH JIET-
HBIX UCTIBITAHUN.

B Gioke reomerpumu, Macchl U LIEHTPOBKHU
CoJlep)KaTcs COOTBETCTBYIOIIME CBEIEHUS MC-
CJIEIyeMOro HCTpeOuTens, a B OJIOKEe CHIIOBOM
YCTAaHOBKHM peajn30oBaHa MaTeMaTH4ecKas Mo-
JIeJIb aBUALIMOHHBIX JIBUTaTeNIel UCTPEeOUTEs.

OTnuuUTeNIbHOM 0COOEHHOCTHIO aHATUTUKO-
MMUTAIMOHHOM MOJeNu SBJseTCs] Hajaudue OJ10-
Ka UMUTALMM [IEPEBOPOTA, KOTOPHII NpeaHa3Ha-
YeH 7S MPOBEACHHUS UMUTAMOHHOTO MOJIEIH-
pOBaHMsI TEPEBOPOTA U MHOIOUTEPALUOHHOIO
MOJIETTMPOBAaHUSl TEPEBOPOTOB C Pa3IUYHBIMU
HAYaJIbHBIMM YCJIOBUSIMU Ul ONPEIEIICHUS OC-
HOBHBIX NapaMeTpPOB MEPEBOPOTa, KMHEMaTHYe-
CKHMX XapaKTEpUCTUK II0JIeTa caMoJIeTa M IIO-
CTpOEHHUSI 00JACTH BBIMOJIHUMOCTH IEPEBOPOTA
[11]. ok uMuTaLMK TIEPEBOPOTA COCTOUT:

e u3 QYHKIMIA 3aJJaHHBIX 3HAUYCHUIA;

® MOJIEIH YNPABISIOMINX JAEHCTBUN JIETYMKA;

e Oioka 00pabOTKM PE3yJIbTATOB WMHUTAIIUOH-
HOTO MOJICJINPOBAHUS;
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e OyoKa OmpeseNeHUss OCHOBHBIX IapaMeTpoB
[IEPEBOPOTA;

e (0a3bl JaHHBIX SKCIUTYaTAlIMOHHBIX PEKHMOB.

OyHKUUY 33/aHHBIX 3HAUYEHUH ONpeAesstoT
3a/laHHble 3HAYEHMsI KNHEMaTUYECKUX IapameT-
POB JIBUXKEHMS CaMoJIeTa, 110 KOTOPBIM peain3o-
BaHO YIpaBJICHUE B Pa3IMYHBIX (DA30BBIX KOOP-
JMHATaX MaHeBpa.

B kauecTBe aprymeHTOB (DyHKIHIA OBLIH B3S-
Tl CKOPOCTB M3MEHEHHs TaHraxa 9(f) u yrom

lM
oBOpoTa camoyiera no Kpeny ¥'(¢)= Ia)xdt.
0

OTH KOOPJAMHATHI MO3BOJISIOT ONHUCATh IIPO-
CTPAHCTBEHHOE IIOJIOXKEHME HUCTpeOuTeNs Ha
JTanax BBIIOJHEHUS NepeBopoTa (puc. 3, a): no-
Ty0oYKa, epBasi U BTOpasi MOJIOBUHBI TOTYIIET-
mu. Ha puc. 3, a 0603HaueHs! (a3zoBble KOOPIU-
HaThl: @/ — Havyasio MaHeBpa, @2 — MOMEHT Iie-
peBepuyToro mnonera (y =180°), @3 — MOMeHT
JOCTHKEHHUSI CaMOJIETOM MHHHMAaJIbHOIO yIija
TaHraxa, crpemsmerocs k 4, =90°, @4 — ko-

Hell MaHeBpa. B ckoOkax ykazaHbl (pa3oBbIe KO-
opmuHathl B popmate (9, 7') .

BeimonHeHnue nepeBopoTa MOJENBIO yIpPaB-
JAIOUMX JEUCTBUU JIETYMKA B KaHAJIE KpeHa
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Puc. 4. I'paduku GyHKIMH, ONPENeNIONUX 3aJaHHbIE 3HAYSHUs] KHHEMAaTHYECKUX T1apaMeTpOB
JIBIDKEHUS] ICTPEOUTEINS: a — B KaHAJIE KpeHa, 6 — B KaHaJle TaHTraxa
Fig. 4. Function graphs that determine the specified values of the kinematic fighter movement
parameters: a — in the roll channel, 6 — in the pitch channel

ocymiecTBiseTcs B JaBa odrama (puc. 3, 0):
®1-O03 — BeaepkuBanue Kpena y, =180° u
O3-P4 - Viax = 0.
B sTOoM ciyuae 3aiaHHBIM KpeH 3aBUCUT OT CKO-
pocTH H3MeHeHus TaHraxa y. = f(9). Ory

BBIICPKMBAHUC Kpc€Ha

(YHKIHIO MOXKHO NPEACTaBUTh TPEMsl criocoba-
Mmu: 1) cucremoii (5), 2) kBapaTHBIM yYpaBHEHH-
em (6), rpaduyecku (puc. 4, a).

0,9>0;
}/3311 = . (5)
180°, $<0.
Vin = 90°(1—sgn(9))(sgn(9) +2). (6)

Jlist  BBITIONTHEHUS TIEPEBOPOTa MOJIEIBIO
YIPAaBJSIIOMIUX JIEUCTBUM JIETYMKA B KaHAJE J10-
MOJIHUTENIBHO BBeJeHa (pa3oBas KOOpAMHATA
®2'(<0, 170). Ota KOOpAMHATa OOOCHOBBIBACTCS
aHAJIM30M pEe3yJIbTaTOB JICTHBIX HCHBITAHUH U
MOJIYHAaTypPHOTO  HCCIIEIOBAaHUSI  BBITIOJHCHUN
MEPEeBOPOTOB. YTpaBJICHWE B KaHalle TaHTaxKa
OCyIIeCTBIIsACTCS B JBa JdTama (puc.3, 8):
O1-D2' — BbIAEpPKUBAHUE 33JaHHOM HOpPMaJIb-
HOU neperpy3ku n, . =1 u ®2'-®4 — BeiIEp-

KuBaHue n, . =8. B aToM ciydae 3ajgaHHas

v 3an

HOpMaJibHasl NEPETrpy3Ka 3aBUCUT OT yIJa MOBO-
_ !
poTta camonera mo Kpeny n, .. = f(y"). Oty

(YHKIHIO MOXHO TPEACTAaBUTh TPEMs CIIOCO-
6amu: 1) cucremoit (7), 2) NMHEWHBIM ypaBHE-
HueM (8), rpaduuecku (puc. 4, 6).
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L,y <170°;
Ny an = (7)
y 8, 7' >170°,
N, =8+3,5(gn(y) —[sgn(¥)). (8

@OyHKIMKM 3aJaHHBIX 3HAYEHUH COOTBET-
CTBYIOT JIOTMKE YIPABJICHUS JIETYMKA B MPOLIEC-
Ce€ BBINOJHEHUs MEPEBOPOTA U MO3BOJISIKOT CBS-
3aTh MOJIENb JMHAMUKHN UCTPEOUTENS] C MOACIBIO
YIPaBJISIONMUX TeUCTBU JieTunka [ 12—14].

Mopens ynpaBiSIIOIIMX JACUCTBUM JIETYMKA,
OCHOBaHHAs Ha TEOpPUM HEYETKUX MHOMKECTB
[15—18], mo3BOJISIET MOJyYUTh JOCTOBEPHBIEC pe-
3yJIbTaThl MOJICIIMPOBAHUS YIPABIIOMINX JICHCT-
BHI JICTYMKA B KaHAJIaX TaHTaka ¥ KpeHa X', X'

NpY BBITIOTHEHNH MaHeBpa «IlepeBopoT».

broku 00paboTKu pe3yJbTaTOB MOMyHATYP-
HOTO U HUMUTAITUOHHOI'O MOI[GHI/IPOBaHI/Iﬁ npea-
Ha3HadyeHbl A1 ¢ukcauuu ¢ marom Az, =0,1c¢

KMHEMaTHUYECKUX IapaMeTpoB IOJIeTa UCTpeOu-
TCJIA IPHU MOACIIMPOBAHUM U ITPCACTABICHUN 3TUX
NapamMeTpoB B BUIAE MATPUUBL A =(q,;),.095

CTOJIOLIBI KOTOPOM COOTBETCTBYIOT (PMKCHPYEMO-
My KMHEMaTHYECKOMY IapameTpy, a CTPOKUm —
(duUKcausIM KHHEMAaTHYECKUX MapaMeTpoB C Iia-
rom 0,1 c. K ¢ukcupyeMblM KHHEMATHUYECKUM
napaMeTpaM OTHOCSTCS: 1) MOJIeNbHOE BpeMs —
t,c; 2)BenuuuHa oTkioHeHusi KPY mo kpeny —

X, MM; 3) yroi OTKJIOHEHHs JIEBOTO JIEPOHA —

0., 1en» TPAN; 4) YIOIl OTKIOHEHHS IIPABOIO HJle-

2.
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5. Mpouenypa onpeageneHuns
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mMaHespa (b, ),..,. k

BbiBoa:
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‘ Pacuert BpemMeHn maHespa:

‘ Pacuer npupocTa ckopocTu:
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Pacuet cpeaHero
yrna aTaku:

" fen+1
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Puc. 5. brok-cxema anropuTMoB pacueTa 3HaYCHUH KHHEMAaTHYECKUX TIapaMeTPOB JIBU)KEHHST HCTPEONTEIS
1utst Beex (a3 BeimostHeHus: MaHeBpa «IlepeBopoT»
Fig. 5. Block diagram of the algorithms for calculating the values of the kinematic fighter movement parameters
for all the split-S maneuver phases

poHa — o, .,Tpan; 5)yroa KpeHa — y,Tpan,

6) yriaoBasi CKOpPOCTH KpeHa ®_,Tpag/c;
7) yron xypca — ¥, rpan; 8) BenuunMHaA OTKIIOHE-
Hus KPY no tanraxy — X, MM; 9) yrosn oTkio-

HEHHUSl JICBOTO IEJILHONOBOPOTHOTO CTaOMIIN3a-
Topa — @, .., rpan; 10) yroa oTKIOHEHUs NpaBo-

ro  IENbHOMOBOPOTHOrO  crabmwinm3aropa —
Permp>TPaN;  11)yronm rtamraxa — 9, rpax;
12) yrnoBass CKOpOCTb TaHTaxa — @,,Tpaj/c;

13) BoicoTa mosieta — H, m; 14) HOpMasnbHas Tie-
perpyska — n,; 15) BepTuKaibHask CKOPOCTH I10-
nera — V,,m/c;  16) BO3yIIHAs CKOPOCTH I10JIE-

Ta— V,xm/g; 17) mpoponbHas KOOpJAMHATA
B TpaeKTOpHOH cucteme — X, M; 18) momepeu-
Has KOOpJIWHATa B TPAaCKTOPHOW CHCTEME —

Z,,M; 19)yron araxu a,rpax; 20) yron
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CKOJIbKEeHMsI — [, Tpan; 21) yrom OTKIOHEHHS

pluara ympasienusi asurarensmu  (PY])

a,,.»Tpan; 22) npubopHas CKOPOCTH mojeTa —
Vip» KM/4; 23)gucno M; 24) macca uctpedure-

ast — m, KT; 25) pomyctumasi HopMajibHas repe-

1a

rpy3ka — n, .5 26) JOMyCTHMBIA YroJi aTtaku —

a,..,Tpan; 27)yroa peiCKaHbs — W/, Tpaj;

28) yriioBasi CKOPOCTb DBICKaHbs — @, , 'paj/c;

29) macca ToruBa — m_, K.

B 0Onoke ompeneneHuss OCHOBHBIX Iapamer-
POB IIEPEBOPOTA COJICPIKATCS ATOPUTMBI pacde-
Ta 3HAYEHUH KUHEMATUYECKUX I1apaMeTPOB
JIBIDKCHUS UCTpeOUTENs i BCex (pa3 BBIMMOIHE-
Husi maHeBpa «IlepeBopor». K ocHOBHBIM mapa-
METpaM MePeBOPOTa OTHOCSATCS:

1) moTepst BBICOTHI Ha TiepeBopoTe — AH, M;

2) mpupocT ckopoctu — AV, kM/u;
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Puc. 6. brnok-cxema npouexypsr 3
Fig. 6. Block diagram of procedure 3

3) BpeMs BBINOJIHEHHS] MAHEBpaA — 1, , C; MaKCHMAJBHOTO YTJIa aTaku;, 5) MOMEHT 3aBepIlie-
HUS MaHeBpa. PaboTy mporiemyp MOXKHO Tpe/icTa-
BUTHh B BUJIe OJOK-CXeM (Hampumep, OJIOK-cxema
nporeaypsl 3 Ha puc. 6).

Pa3paboranHass aHAIUTUKO-UMHUTALIMOHHAS

4) MakcuMaiibHas HOpPMaJlbHas Ieperpyska
Ha MaHeBpe — n

y Makc ?

5) cpenusiss HOpMasbHas Heperpys3ka Ha Ma-

HEBPC — 71,55 MOJIeNTb MCTPEOUTENs TMOCTPOEHa B MOJETHHO
6) MakCUMaJIbHBIM yrojl aTaku Ha MaHEBpPE — opueHTUpoBaHHOU cpene Simulink, Bxosiiei B
A, > TPAL; coCTaB MaTpu4HOU Jabopatopun MatLab, ¢ mo-

MoIpl0 Habopa Oubnuotek 61okoB [19]. Bepu-
(uKaIys TPOrpaMMHOTO KOAAa MOJENN JTOCTUTA-
€TCS C TOMOIIBI0 BCTPOEHHBIX aJNTOPUTMOB
MATLAB, BBINOJHSIOMMX HPOBEPKY CKOMIIH-
ANTOPUTMEBI pacyeTa 3HaueHU KHHEMaTH4e- JMPOBAHHOTO KOJA Ha OIIMOKHU.
CKHUX IapaMeTpOB IBMKCHHS WUCTPEOUTENs AJs
Bcex (a3 BwImonHeHuss MaHeBpa «llepeBopoT»
MOXKHO TpEACTaBUTh B BUIE OJOK-CXEMbI

7) cpeqHUil yronm aTakd Ha MaHEBpe —
Q> TPAL;

8) MMUHMMAJIBHBIN yTroJ TaHraxa — 3, , rpas.

M

IoaTBep:xaeHue JOCTOBEPHOCTH
KOMOMHHUPOBAHHOM aHAJIUTHKO-

(puc. 5). .
OCHOBY alIrOPUTMOB COCTABIISIOT IIATH IPOLIE- UMHUTAIIMOHHOU MOJE/TN THHAMUKH
JIyp OIpEeNeTeHUs] OCHOBHBIX MOMEHTOB BBIIIOJIHE- IoJIeTa I/ICTpeGHTeﬂﬂ
HMSl IIepeBOpOTa: 1) MOMEHT Hayanaa MaHEBpa;
2) MOMEHT JOCTM>KEHHSI MUHUMAJIBHOTO yIJla TaH- [TonTBepxIeHNUE TOCTOBEPHOCTH KOMOWHH-

raka; 3)MOMEHT JOCTIKCHHS MaKCUMAaJIbHOM POBaHHOW aHAJUTHKO-UMHUTAIHOHHONW MOCIH
HOPMAJIBHOM Meperpy3ku; 4) MOMEHT TOCTHKECHUS JUHAMUKHA TI0JIETa HCTPEOUTENs pealbHOMY
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Taoauma 2
Table 2
Pesyinbrarsl pacuera U CpaBHEHUs KPUTEPUEB
CrpronenTa u ®uirepa
Calculation and comparison results of Student’s
and Fisher’s criteria

results at the moment of reaching the minimum t mo kpure- | fmo kpure-
pitch angle during the split-S maneuver Cratucruieckue puio Ctpio- | puio ®umre-
XapaKTepUCTHKHA
JIEHTA pa
JAunnamMmuyeckue TlomycTimoe dakTuye- AH, M 0,48 0,55
XapaKTePUCTH- CKoe pac-
o PacCXoKIeHHe XOIKTeHHE AV, xkM/4a 1,70 0,74
Vo> KM/4 70 65 Lhep> © 0,12 0,63
H,m 150 101 nyep» € 0,83 0,46
n,,en 1,5 0,3 ep» TPAA 0,30 0,50
a,rpan 3 1,3 Sue> TP 0,94 0,10
9, rpan 5 4,5 PesynbTaTh! cpas- t<1,96 £<1,52
HCHUS

00BEKTY OCYIIECTBISUIOCH C TIOMOIIBIO METOJIUK
JIUHAMUYECKOTO W  CTATHUCTHUYECKOrO0  IOJI0-
ous [20].

Mertoauka IUHAMHAYECKOIO I10J00MS OCHO-
BaHa HAa CPaBHCHHH JWHAMHYECKUX KUHEMATH-
YECKUX MapaMeTPOB, TOJTYUYSHHBIX B JICTHBIX HC-
TBITAHUSIX W WUMHUTAIMOHHOM MOJICIIMPOBAHUH,
P MaKCHMAaJIbHO TOYHOM BOCITPOM3BEICHUU
YCIIOBHI pEaJIbHOTO 3KCIepuMeHTa. J[nHammue-
CKOE TOJI00ME CUUTACTCS YCTAaHOBJICHHBIM, €CIIU
PacXOXKJICHUSI B XapaKTEPHBIX TOYKAX IMEPEXO/I-
HBIX MPOIIECCOB, IMOJYICHHBIX TIPU MOJICITUPOBa-
HUM U B JICTHOM DKCIICPUMEHTE, HE MPEBHIIIAIOT
JOIYCTUMBIX BEJMYUH. J[OMyCTUMBIE pacXoxK-
JICHHUS TI0 OCHOBHBIM IMapaMeTpaM M COIOCTaB-
JICHUE Pe3yJbTaTOB MOJCITUPOBAHUS M JICTHBIX
UCTIBITAHUN BBITIOJIHEHHSI TIEPEBOPOTA HA UCTpPE-
outene npuBeACHHI B Ta0. 1.

Jns Banuoanuu KOMOWHUPOBAHHOM aHaIH-
THKO-UMUTAI[MOHHON MOJENHM TUHAMHUKHU I0JIeTa
UCTPEOUTENISI MO0 KPUTEPUSAM CTATUCTHUECKOTO
oI00MsT MOJISITMPOBAHKE TIPOBOIUIIOCH C TaKH-
MU K€ HaYaJIbHBIMU YCJIOBUSIMH, KaK ¥ B JICTHBIX
HCIIBITAHUSX.

[TpuHATO cUMTATh, YTO MaTeMaTHUECKash MO-
JIeTb COOTBETCTBYET pEalbHOMY OOBEKTY, TO
€CTb SIBIISICTCS JOCTOBEPHOM, B TOM CITydae, eClIu
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B aJICKBAaTHBIX YCIOBUAX JKCIUIyaTallUU CPEIHUE
MaHEBPEHHbBIC XapaKTEPUCTUKU OCHOBHBIX Ma-
pPaMEeTpOB MEPEBOPOTA MO pe3yJibTaTaM JIETHBIX
WCTIBITAHUN M CTAaTUCTUYECKOTO MOAEIUPOBAHUS
COIIOCTaBUMBI IO KPUTEPHUSAM CTATUCTUYECKOIO
nonobus. [lpu 3TOM cyMTaNOCh, YTO 3aJaHHAs

JIOBEPHUTENILHASA BEPOATHOCTL paBHa P, =0,95
(xputepuii Ctetonenta — T =1,96, kpurepuit
Oumepa — F =1,52).

B cootBerctBUM ¢ Ta0n. 2 pe3yibTaThl, MO-
Jy4YeHHbIE IPU UMUTALIMOHHOM MOJEJIMPOBAHUU
MOJIEJIN IMHAMHKH T10JIeTa, COOTBETCTBYIOT pe-
3yJbTaTaM JIETHBIX HCIBITAHUNH B CTaTHCTUYe-
CKOM CMBICJIE U MOTYT OBbITh MCIOJb30BAHBI IS
UCCJIEIOBaHUsI KMHEMAaTUYECKUX IapaMeTpoB
1oJieTa Ipu MepeBopoTe.

Pe3yabTaThl NOJYHATYPHOT O
U HMUTAIHOHHOTO MO/JeJIMPOBAHM I

bnaronapst pa3paOoTaHHBIM B paMKax aHaIH-
TUKO-UMHUTALIMOHHONW MOJIEIM aJrOpUTMaM pac-
YyeTa 3HAYEHUN KUHEMAaTHYECKHX IIapaMeTpoB
JIBYDKEHUS UCTpeOuTeNs UTst BceX (pa3 BBITOITHE-
Hus MaHeBpa «llepeBopoT» BO3MOXHO mpen-
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Konrponsnsie Toukn: HM - navano manespa, Mun'T - munnMansusiii yron tanraxka, Makell - makeHManbnas BepTHRaILHAA neperpyska, MakeY A - MakcHMAaIBHEL yTo:1 aTaky,

KM - Konen manespa.

Puc. 7. I'padoanammTHIECKUI OTYET PE3yIBTATOB MOIYHATYPHOTO M UMHTAITHOHHOTO MOICITUPOBAHHUN
Fig. 7. Graph-analytical report on the results of semi-natural and simulation modeling

CTaBJIEHHE PE3yJIbTaTOB MMHUTALMOHHOTO U IIO-
JYHAaTYpHOTO MOJEIMPOBaHUN B BHAe Tpado-
aHaJUTUIECKOTO oTueTa (puc. 7).

Ha puc. 7 cneBa n300pa)keHbl HIKalbl KUHE-
MaTUYECKUX IapaMeTpoB IOJ€Ta U YINPABIISIO-
nmx QaxktopoB, a umenHo: PYJl — monoxenue

phlYara ynpasJIeHUs JBUTaTelsMu, X, — IOJIO-
xenne PYC no Tanraxy, ¢, — yroi OTKIOHEHHS
1IeJIbHOTIIOBOPOTHOTO  CTaOMIIN3aTOpa, « — Yroil
aTaKW, «,, — JONYCTUMBIH Yroi arak, n, —

HOpMaJIbHasl Teperpyska, n — JIOIyCTUMAast

v mont

HOpMasbHas neperpyska, X, — nonoxenue PYC

10 KpeHy, ¢ — yroi TaHraxa, y — yroil KpeHa,
v

|, — BEpTHKabHas CKOPOCTh, M — umcio Maxa,
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4

» — IpHOOpHast ckopocTs mosera, H — BbicoTa
nonera. HwkHsAsS 1mIkana — BpeMs MOJEIHpOBa-
HUA ¢. BepTukanbHble JMHMM CO CTpEIOYKaMH
XapaKTepU3ylOT MOMEHTBI BpPEMEHM sl KOH-
TPOJILHBIX TOYEK MEPEBOPOTA, TAKMX KaK Hayaso
maneBpa (HM), MOMEHT BpeMEHH OTBECHOIO IIO-
JIO>KEHMs caMmoJieTa WM MUHMMAJIBHOTO yTJia TaH-
raxka (MunT), MOMEHTBI BPEMEHU C MaKCHMallb-
HBIMM HOpPMAJIbHOM (BEpTUKAIBHOI) Heperpy3Koii
(MakclIl) u yrnom araku (MakcYA), koHel Mma-
HeBpa (KM). Boszne touek mnepecedeHus BEepTH-
KaJIbHBIX JIMHUN KOHTPOJBHBIX TOYEK MaHEBpa U
KMHEMAaTUYECKUX XapaKTepUCTHUK IoJieTa B Mps-
MOYTOJIbHUKAX yKa3aHbl TEKYILIHE 3HAYCHUS KU-
HEMaTUYECKHX XapakTepuCTUK. B mpaBoMm Bepx-
HEM YIIIy yKa3aHbl HayaJlbHbIE YCJIOBUS BBOJAA
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Puc. 8. Pe3ynbraThl MosyHaTypHOIr0 U MMUTAIIHOHHOTO MOJIEIINPOBAHUIH
Fig. 8. Results of semi-natural and simulation modeling

Y OCHOBHBIE IApaMeTpbl MEPEBOPOTA, TAKUE KaK
PPJI — pexxum paboTs! nBuratenei, /1, — BbicoTa

y

mp BB

BBOJIa B MAaHEBD, — TIpuOOpHasi CKOPOCTh

BBOJIa B MaHeBp, AH,  — MOTEPs BHICOTHI 3a Ie-

peBopoT, AV — mpuUpOCT CKOPOCTH 3a MaHEBD,
t... — BPEMs BBINOJIHEHUS MAHEBPa, MaKCHUMalb-

nep
HBIC U CPEJHUE 3HAUCHUs HOPMAJIBbHOMU Meperpys-
KU 1n n,_ W YIJa aTaku o Ayp> Oy —

ymakc? Uy cp
CcpenHee 3HaYeHHE YTJI0BOM CKOPOCTH TaHTa)ka Ha
MaHeBpe, ¢, — MHUHUMAJIBHBINA yroJ TaHraxa Ha

¥ Makxc 2

MaHEeBpeE.

Pe3ynabpTaTroM mpuMeHEHUs aHAIUTUKO-UMHU-
TAI[MOHHON MOJIENM JIWHAMHKH T0JIeTa HCTPeOu-
TeNsl SBJSIETCSl TOJY4YeHHE JOCTOBEPHBIX pe-
3yJbTATOB MOJICIUPOBAHUS YIPABISIONINX JCH-
CTBMH JIETYMKA MPHU BBINOJHEHUU MaHeBpa «lle-
peBopoT». Pe3ynbrarhl MOIMyHaTYpHOro C yd4a-
ctueM JeTtuuka («JleTunk») M MMHUTAMOHHOIO
C MCMOJIb30BAaHUEM HEYETKOW MOJIENM JIETYUKA
(«Mogenb») MOJETUPOBAHUKA  TPEIACTABICHBI
Ha puc. 8.

Ha puc. 4 npencraBnensl GyHKIMH OT BpeMe-
HU MOJCTTUpOBaHusl ¢ : GyHKIMH OTKIOHeHUs KPY
no kpeny X, = f(t) u tanraxy X; = f(t), us-
MEHEHUH KpeHa ¥ = f(f) u HOpMaJbHOU Tepe-
Tpy3ku  n, = f(1). r=r,
Xy=f(@), n,=f(¢t) Habmopmaercs BbICOKAsA

YV  byskumii

CXOAUMOCTD, YTO CBUACTCIILCTBYCT 00 aJCKBaT-
HOCTH U AOOCTOBCPHOCTU HOJ'Iy‘ICHHOﬁ MOICIIN.

A dysxkmyn X, = f(f) oTpakaroT CXOXHUH Xa-

pakrep otkionenuss KPY y mozaenu u neruuka.

Ha puc. 9 npexncraBieHbl pe3yiabTaThl IO-
JYHAaTYpPHOTO M MMUTAIMOHHOT'O MOJEIHPOBA-
HUW U1 UCCIEOBAaHUs SKCILTyaTal[MOHHOTO
nuarna3oHa MPUOOPHBIX CKOPOCTEW B YacTH
ONpeaeNeHNs] OTEPU BBICOTHI HA MEPEBOPOTE.
Pacxoxxaenue pe3ynbTaTOB MOJYHATYypPHOTO
Y UMUTAIIMOHHOTO (C MOMOIIBIO HEYETKONH MO-
JeNu JIETYUKA) MOJCIUPOBAHUN HE MpPEBBIIIA-
er 5 %.

3akiroueHue

KoMOuHMpoBaHHAas aHAIUTUKO-UMHUTAIIMOH-
Hasi MOJENb MO3BOJISIET CMOJIEIUPOBATh MEPEBO-
pOTBl TpPHU PA3IUYHBIX HAYAIbHBIX YCIOBHUSIX
C YYETOM YIPABJISIOMUX JCHCTBUH JIETUMKA
u ocobennocreit pynkunonuposanust OIP ¢ mo-
MOIIBIO:

— MOJIYHATYPHOT'O MOJICJIMPOBAHUS C y4acTH-
€M JIETYMKA Ha MWJIOTAaXXHOM CTEHJE IS Kade-
CTBEHHOT'O M JETAJIBHOTO HUCCIIEIOBAHUS PEKU-
MOB, HHTEPECHBIX C TOUKH 3peHHs 0€30MaCHOCTH
1 60eBoi 3 PeKTUBHOCTH, TTOTYUIESHUS UTOTOBOU
BBIOOPKH, TIO3BOJISIFOIIEH HACTPOUTh MOJEIb
YIIPABIAKOLIMX AEHCTBUM JIETUHKA;
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Puc. 9. Pe3ynbpTaThl 0JyHaTypHOT'O ¥ MMUTALIOHHOTO MOAEIMPOBAHUI JUIsl HCCIIEOBAHUSI AKCIITYaTal[HOHHOTO
Jrara3oHa MpuOOPHBIX CKOPOCTEH B YaCTH ONpPEJIeNICHUs TIOTEPU BBICOTHI Ha IIEPEBOPOTE
Fig. 9. Results of semi-natural and simulation modeling for the study of the indicated airspeeds flight envelope in terms of
determining the height loss during the split-S maneuver

— MHOTOUTEPALIMOHHOTO MMUTAIMOHHOTO
MOJEIIUPOBAHUSA C MCIOJb30BAaHUEM MOJEIH
YIPaBISIIOIIUX JEUCTBUN JIETYMKA ISl TIOJIyYe-
HUsl 0a3bl JAHHBIX BBICOTHI BBIBOJA W3 IMEPEBO-
pOTa MO BCEM BO3MOXHBIM 3KCIUTyaTallMOHHBIM
pexxumMaM U (HOpMUPOBaHHUS OOJIACTH BBIMOJIHU-
Moctu MaHeBpa «IlepeBopor».

Takum obOpa3zom, paspaboTaHHasE KOMOWHU-
pOBaHHAs AHAIMTHUKO-UMHUTALIMOHHAS MOJEJb
TUHAMHUKHU TIOJIETa UCTPEOUTENST C OTpaHUYUTE-
JIeM TpelleibHBIX PEKUMOB MO3BOJIAET MOIyYaTh
JIOCTOBEPHbIEC 3HAYEHUsI KUHEMAaTHYECKUX Mapa-
METPOB JBUKEHHSI MUCTpeOUTENs] MpPU UMUTAIH-
OHHOM MojienpoBaHuu MaHeBpa «llepeBopoT»
Oyaromapsi HaJIMYUIO AJITOPUTMOB (HOPMHPOBA-
HUSI 1 HACTPOMKH MOJENW YIPABISIOIINUX JIEH-
CTBHM JIETUMKA, a TAK)KE pacyeTa 3HAYCHUI KH-
HEMATHUYECKHUX MapaMeTPOB JBMKECHUS UCTPEOU-
Tenst Juis Beex (a3 BbimoiaHeHus MaHeBpa «lle-
pPEBOPOTY.
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MaremMaTu4eckasi MOJeJb JAJISl pacueTra JIETHO-TEXHUYECKUX
XAPAKTEPUCTHUK IJIEKTPUIECKHUX BUHTOKPBLIBIX JIeTATEJIbHbIX
anmaparos JJIs 1eJieil TOpPoOACKOH a3poMOOHIBLHOCTH

M.N. MﬂCHnKOBl, U.P. Wibun'

1 .
Hayuonanvnwviii yenmp eepmonemocmpoenus umenu M.JI. Muns u H.U. Kamosa,
Tomunurno, Poccus

AnHoTanmsi: B Hactosmiedi paboTe MPHUBOIUTCS ONMMCAHWE MaTeMaTHYeCKOW MOJENH, pa3pabOTaHHOW I pacdeTa JIETHO-
TexHHM4YecKux XxapaktepucTuk (JITX) HauOonee MHOMyNSpHBIX B HACTOSIIEE BPEMsl adpOAMHAMHYECKUX CXEM BHHTOKPBUIBIX
neratenbHbIX ammaparoB (BKJIA) ¢ anexrpuueckoid (ruOpHIHOIT) CHITOBOI YCTAHOBKOM VISl LENel rOpOICKOH a3pOMOOUIIBHOCTH.
OcCHOBHOE BHHMaHHE B paboTe YAENEHO pPacCMOTPeHHI0 aspoauHamudeckux cxeM BKJIA Tuma «kBazpokonTep» C
UCIIOB30BaHUEM BO3YIHBIX BUHTOB OTKPBITOTO TUTIA MIIM BUHTOB B KOJIBLIE, IPUBOAMMBIX BO BPALIEHHE OT MIEKTPOIBUIaTENIEH.
Iposenen anamu3 JITX and a’poJuHAMHYECKMX CXEM KBaJpPOKONTEpa M KOHBEPTOIUIAHOB-KBAJPOKONTEPOB C MOBOPOTHBIMU
BUHTAMH H TOBOPOTHBIM KPHUIOM C TOJHOCTBIO aMekTpudeckoit (ACY) wm rudpumnoit (I'CY) cumoBoit ycranoBkon. [l
cparerust JITX npuBOAATCS pe3yabTaThl PacueToB U KIIACCHIECKOro omHOBHHTOBOrO Beproiera ¢ ICY u ['CY. Ha ocHoBe
YHCIICHHOTO PEIICHUsI YpaBHEHWs CYIIECTBOBAHMS JICTATEJHHOTO Aammapara IOMyYeHbl BO3MOXKHBIC PACHpEHCICHUs] Macc
ANIEMEHTOB KOHCTPYKIMH [UI1 PAa3IMYHBIX CcXeM JiekTpudeckux (TuOpumabix) BKJIA. Paccumrassl neTHO-TeXHHYECKHE
xapakreprctiku BKJIA, BKito4ast pacdeT pacnoyiaraeMoi v oTpeOHOM MOIITHOCTH JUTS Taria3oHa CKOPOCTEH MmojieTa OT BUCEHUSI
JI0 MaKCHUMAJIbHOM CKOPOCTH W IUISI TIEPEXOJHBIX PEXUMOB (11 KOHBEPTOIDIAHOB-KBAPOKONTEPOB). PaccunTanbl qanbHOCTD U
MpOAOILKUTENBHOCTE Toera BKJIA ¢ MOJMHOCTBIO 3NEKTpUYECKOM W THOPHUAHON CHIIOBOM YCTAHOBKOM Ha peXuMe
TOPU30HTAIBHOTO TONeTa. BbIOpaHbl ynenbHbIE MacCOBbIE XapaKTEPUCTHUKH 3JIEMEHTOB (aKKyMYJSITOPOB, T'€HEpaToOpoOB,
AIIEKTPOJBUTATENICH U JIP.) TIOJIHOCTBIO SJIEKTPUYECKON M THOPHIHOM CHUIIOBOH YCTaHOBKH JUIsl 00ECTICUEHHS TIPUEMIIEMBIX JIETHO-
TexHnueckux xapakrepuctik BKIIA. IIpoBenena cpaBHUTENbHAs OlieHKa paccMaTrpruBaeMbix cxeM BKJIA ¢ nenbio aHanmmsa ux
s dekTrBHOCTH. ASpOAMHAMIYECKUE PAcyeThl MPOU3BOVIIICH HA OCHOBE HCIIONIb30BAaHHS N3BECTHBIX aHATMTHYECKUX METOZIOB
HMITYJIbCHON TEOPUH HECYIIEr0 BUHTA C BO3MOXKHOCTBEO KOPPEKTUPOBKY JAHHBIX 1O Pe3yJbTaTaM 3KCIepuMeHToB. [lomydyeHnas
B HacTosIIell paboTe MaTeMaTHyecKasl MOJIENb MOXET PacCMaTpUBaThCs Kak MepBoe NMPUOIDKEHIE Ha 3Tale NPeaBapUTEIIbHOTO
BBIOOpa KOHCTPYKTUBHBIX ITapaMETPOB M a’POAMHAMUYECKHAX CXEM TIIEpPCIEKTHBHBIX AJeKTpudecknx (rudpumapix) BKIIA,
MPOEKTUPYEMBIX IS HCTIOJF30BaHMS B KAYECTBE TOPOJICKOTO a3POTAKCH.

KmioueBbie cioBa: BKJIA, kBampokonrep, JIETHO-TEXHHYECKHE XapaKTEPUCTHKH, 3JICKTPUYECKas CUIIOBas YCTaHOBKA,
ruOpU/IHAs CHJIOBasl YCTAHOBKA.

s murupoBanust: Mscaukos M., Mibun 1.P. Maremarudeckast MOJEb AJ1sl pPacyera JISTHO-TEXHUYECKUX XapaKTEPUCTUK
SJIEKTPUYECKUX BHHTOKDBUIBIX JIETATENBHBIX allapaToB il Liejedl ropoickod aspomoOwnbHoctn // Hayunbiii BecTHuk
MI'TY T'A.2023.T. 26, Ne 4. C. 93-111. DOL: 10.26467/2079-0619-2023-26-4-93-111

A simulation model for the electrical rotary-wing aircraft (eVTOL)
performance estimation for the urban air mobility purposes

M.I. Myasnikov', L.R. Ilyin'

! Mil and Kamov National Center of Helicopter Engineering, Tomilino, Russia

Abstract: The present paper presents a simulation model description developed for the aircraft performance estimation of the most
popular electric vertical takeoff and landing aircraft (¢éVTOL) aerodynamic configurations with the electric (hybrid) power plant for
the urban air mobility purposes. It focuses on the quadcopter-type eVTOL aircraft aerodynamic configurations using the
unshrouded-propellers or ducted fans driven by electric motors. The aircraft performance analysis for aerodynamic configurations
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of the quadcopter and tilt rotor-quadcopters with the tilt rotors and wing with the all-electric (EP) or hybrid power plant (HP) is
given. To compare aircraft performance, the estimation results for a conventional single-rotor helicopter with EP or HP are given.
Based on the numerical solution equation of the aircraft existence, feasible structural components mass distributions for various
types of eVTOL configurations were obtained. eVTOL aircraft performance, including the estimation of apparent and drag power
for the airspeed range, from hovering to the maximum airspeed, as well as for the transition modes (tilt rotor aircraft and
quadcopters) were estimated. The eVTOL aircraft flight range and duration with EP and HP at the straight and level flight mode
were calculated. Specific mass characteristics of EP and HP components (batteries, generators, electric motors, etc.) to ensure
acceptable eVTOL aircraft performance were identified. A comparative evaluation of considered eVTOL configurations for the
purpose of their efficiency was performed. Aerodynamic calculations were carried out based on the known analytical techniques of
the lifting propeller momentum theory with the data correction capability according to test results. The simulation model, obtained
in this paper, can be considered in the phase of the preliminary choice as the first approach of structural parameters and
aerodynamic configurations of prospective electric (hybrid) eVTOLSs designed for the use as an urban air taxi.

Key words: eVTOL, quadcopter, aircraft performance, electric power plant, hybrid power plant.

For citation: Myasnikov, M.L, Ilyin, L.R. (2023). A simulation model for the electrical rotary-wing aircraft (¢VTOL) performance
estimation for the urban air mobility purposes. Civil Aviation High Technologies, vol. 26, no. 4, pp. 93—111. DOI: 10.26467/2079-
0619-2023-26-4-93-111

BBenenue TpeOyeT 3HAYUTEIBHOTO TMEepecMOoTpa MPHUHIIHU-
MOB MPOEKTUPOBAHUS OCHOBHBIX CHCTEM BHUHTO-
KPBUIBIX MAIIIHH.

[IporHo3nble HccneAoBaHUs IMOKa3bIBAIOT, DTO HaNpaBlCHHE CTHMYINPYETCS, C OIHOI
4yTo B OMKafIlMe HECKOJIbKO JIET JO0POXKHas CTOPOHBI, OYPHBIM Pa3BHUTHEM TEXHHKH IIPHMe-
CUTyalus B METAloucax CTaHeT eme Oosee HEHMS DJIEKTPUYECKUX CHUJIOBBIX YCTAaHOBOK B
HaHpH)KeHHOﬁ, a KOJIMYECTBO TOpPOAOB-MUJIIIIN- aBTOMOOWIE- U ABHACTPOCHUH, a C I[pyrof/'l CTO-
OHHMKOB yBenunuutcs. llpu 3tom oxupaercs, POHBI — BO3PACTAIOUIUMHU TPYIHOCTSAMH BHYTpH-
YTO KAa4YCCTBO KXHM3HH B TAKHX paﬁOHaX 3HaA4YUu- TOPOACKOTO HA3EMHOTO COO6HICHI/I$I B Meraro-
TEJIBHO CHMU3MTCS, BCIEJCTBHE YEro HEoOXOIu- NMCaX W3-332 BCE YBEIMUHMBAIOLIETOCS KOJMYE-
MBI KapAHHAJIbHbIE PEIIEHUs, CIIOCOOHBIE COKpa- CTBa aBTOMOOUJIEIA.

TATH IIEPCIPYKCHHOCTE A0POr M yMCHBIIHWTH CunpHpiM cTuUMyJIOM K passutuio 3BKIIA
BBIOPOCHI IAPHUKOBBIX Ta30B. BosHukaer co- SBUJIOCH IOSIBJIEHHE U COBEPILEHCTBOBaHUE Oec-
BEPIICHHO HOBAs KOHLEMLMS TOPOJCKOH Mo- NWIOTHBIX HEOOJIBIIMX JIeTaTeIbHBIX allapaToB
OMIIBHOCTH, TOJpa3yMeBaolias TIio0ajabHbIE (JIA) pasiHYHBIX CXEM, MPEUMYIIECTBEHHO C
M3MCHCHNUSI B TPaHCIOPTHOH HH(PACTPyKType JIEKTPUUECKUMH CUIIOBBIMU ycTaHOBKaMu (CY).
Y BKJIIOYAIONIasl IIHPOKOE HCIIOJIB30BAHUE BO3- CyILIeCTBEHHOE pa3inyde B Mapamerpax
AYHIHOro TpaHCIopTa It BHYTPHUIOPOJICKHX YACIBHOU YHEPTOEMKOCTH TPAAULMOHHBIX YIJe-
NaCCAXKUPCKUX U TPAHCIIOPTHBIX IIEPCBO3OK. BOJIOPOJHBIX TOIUIMB M JJIEKTPUYECKUX aKKY-

OnuuM U3 Hambonee  MEPCICKTHBHBIX MyJSATOpHbIX Oatapeit (12 kBt-u/kr mnportus
HAlpaBlICHUH B Pa3sBUTHH BO3YIIHOrO TpaHC- 0,15-0,2 kBt'9/Kkr) BBIHYXITaeT pa3paOOTUMKOB
[IOpTa B HAIM JAHU SBJISAETCSA KOHLETLMS «3JIEK- 5BKJIA paccMaTpBaTh pasiHuHbIC a3POJMHA-
TPUYECKOI0» BHHTOKPBIJIOIO JIETATENBHOIO arl- MHYECKHEe CXeMbl JIA M CHJIOBBIX YCTAHOBOK
napata (BKJIA) ¢ moiHOCTBIO 37ICKTPHIECKOH B CTPEMIIECHUM MHUHHMMHU3HUPOBATL PACXOJ JHEP-
HIIM THOPHIHOM CHIIOBOH yCTaHOBKOH. Mcmois- TUU. DTUM OOBSICHSETCS UCKIIOUUTEIBHO HMIMPO-

30BaHUC DJJICKTPUYCCKOU OHCPrur I1O3BOJIUT KOE pa3Hoo6pa3He a3pOAMHAMHUUYECKUX CXEM
ynyumuTh 3¢ dexkruBHOCTh BKJIA, mOBBICHTH ¥ KOHCTpyKImii 3BKJTA.

Cro JSKOJIOTHYCCKYHO GGSOHaCHOCTB, CHU3UTH B HaCTOfIH_[eﬁ pa60Te MPUBOJIUTCS OMMUCAHUE
SKCIUTyaTalMoOHHbIe pacxoisl. Co3naHue «dJeK- pa3paboTaHHOW MAaTeMaTUYeCKOM MOJENU IS
Tpudeckoro» BKJIA (manee Oynaem HMCIONB30-  pacuera  JIETHO-TEXHHYECKMX — XapaKTEPHCTHK
BaTh cokpauieHue 3BKJIA, B aHrIOSI3bIYHON JIH- Hanbojee MOMYJAPHBIX B HACTOAINIEE BPEMS
Teparype mpuMensiercst cokpamenne eVITOL —  aspopmmammueckux cxem »BKJIA Ha srame
electrical Vertical Take-Off and Landing) mo- TIPeIBAPUTEILHOTO  MPOSKTHPOBaHUs.  Hamu

94



Tom 26, Ne 04, 2023

HayuyHbiit BectHuk MITY TA

Vol. 26, No. 04, 2023

pPacCMOTpPEHbl MYJIBTUPOTOPHBIE CXEMBI C HC-

M10JIb30BAHUEM HECKOJIbKUX BO3AYIIHBIX BUHTOB

(OTKPBITOTO THIIA WM BUHTOB B KOJbBIIE) C TIPU-

BOJIOM OT JIEKTPO/IBUTaTENEH.

Pa3zpaboranbl MaTeMaTHUeCKHE MOJEIU pac-
YyeTa JICTHO-TEXHUYECKUX XapaKTEPUCTHK s
cnenyrommx KoHpurypauuii 5BKJIIA:

e KJIACCUYECKHUI BEPTOJIET OAHOBUHTOBOW CXe€-
MBI C 3JIEKTPUYECKHM MPUBOJIOM HECYILETO
BUHTa M C MEXaHWYECKON TpaHCMHCCHUEH py-
neBoro BUHTA (puc. 1);

e KkBajsipokonTep — JIA ¢ 4ETBIpbMSI OTKPBITHIMU
BUHTAMH, pACIOJIOKEHHBIMU M0 X-CXeMe
(puc. 2, a);

e kBajgpokontep — JIA c yeThlpbMs BUHTaMU
B KOJIbIIE, PACIOJIOKEHHBIMU 1O X-CXeMe
(prc. 2, 6);

e KOHBEPTOILJIAH-KBAJPOKONTEP C HECYIIUMU
MMOBEPXHOCTAMH M MOBOPOTHBIMH OTKPBITBIMHU
BUHTaMH (puc. 3, a);

e KOHBEPTOIUIAH-KBAJAPOKOITEP C HECYLIUMU
MOBEPXHOCTSAMH M TOBOPOTHBIMU BHHTAMH
B KOJIBLIE;

e KOHBEPTOIJIAH-KBAJPOKONTEP C JIBYyMs IOBO-
POTHBIMH KPBUIbSIMU U OTKPBITBIMA BUHTAMU;

e KOHBEPTOILJIAH-KBAJPOKONTEP C JIBYyMs IOBO-
POTHBIMH KpBUIbSIMM W BUHTaMU B KOJBLE
(puc. 3, 0).

B pe3ynbpTaTe NpoBEIEHHBIX PACYETOB MOJY-
YEeHbl BO3MOXKHBIE PACIPEEICHUS MacC IIEMEH-
TOB KOHCTPYKIMU sl pa3inuHbix cxeM BKIIA.
Paccunrtanbl JanbHOCTh U MPOAOIIKUTEIBHOCTD
nosnera BKJIA ¢ MOJHOCTBIO 3JEKTPUYECKOW U
rubpugHoit CY Ha pexume TOpPH30HTAIBHOTO
nosjera. BeimonHeH pacder pacnojaraeMod u
noTpeOHONW MOIIHOCTU Ui JTMarna3oHa CKOpO-
CTeH IMojeTa OT BUCEHHs A0 MAaKCUMAJIBHON CKO-
pOCTH, BKJIIOYAsh NEPEXOAHbIE PEXKUMBI (AJIs
KOHBEPTOIUIAHOB-KBAIPOKOIITEPOB).

HekoTtopele pe3ynabTaTbl IO HCCIIEJOBAHUIO
Pa3IMYHBIX a’pOJMHAMUYECKUX KOHQUTYparuii
BKJIA Obutn nonydensl Hamu B pabotax [1, 2].
HeoOxonumo Takke OTMETUTH Psifi OT€YECTBEH-
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HBIX U 3apyOEXHBIX pabOT M KJIACCHUECKUX MO-
Horpa(uii, TOCBAUICHHBIX pacueTy JIETHO-TEX-
HUYECKUX M OalaHCUPOBOYHBIX XapaKTEPUCTUK
BUHTOKPBUIBIX JIETATEIbHBIX aIlllapaToB Ha 3Ta-
e KOHLENTYalbHOr0 NpoeKTupoBaHus [3—17].

B Hacrosiuel paboTe BBIIIOJIHEHA pacyETHAsI
OLIEHKA  JIETHO-TEXHMYECKUX  XapaKTEPHCTHUK
paccMaTpUBaEMbIX CXEM C LIEJIbI0 CPABHEHMSI UX
3¢ (PEeKTUBHOCTH. ASPOAMHAMHYECKUE PACUEThI
MPOU3BOJWINCH Ha OCHOBE HCIOJb30BAaHUS U3-
BECTHBIX METOJIOB UMITYJIbCHON TEOPUU HECyIIe-
ro BuHTa [13-16, 18] ¢ BO3MOXHOI KOppEKTH-
POBKOH [aHHBIX MO pe3yJbTaTaM 3KCIEpUMEH-
ToB. IIpenmonaranocs, 4To mMosie3Has Harpyska
BCEX paccMmarpuBaeMblXx TuUmoB JIA sBisercs
OIMHAKOBOM. YJENbHBIE MacChl OTIEIBHBIX
3JIEMEHTOB KOHCTPYKLMU U CHJIOBOI YCTaHOBKHU
JIA 3apmaBanuch Ha OCHOBE 3KCIEPTHBIX OLIEHOK
U 10 MH(OPMALUU M3 OTKPHITHIX HCTOYHHKOB
[19-21]. Caexyer OTMETHTb, YTO BBHAY KOH-
CTPYKTHBHBIX OCOOCHHOCTEH MYJBTUPOTOPHBIX
nunotupyemelx BKJIA, npuHOMNUaIbHO OTIM-
YalOIIUX X OT BEPTOJETOB KJIACCHUECKUX CXEM,
U OTCYTCTBUSI CTAaTUCTUYECKUX JAHHBIX IO Ce-
pUHHBIM 00pa3iaM, HHpOpMaUs MO YIETbHBIM
MaccaM cucreM u arperatroB Takux BKIJIA
B HACTOsIILIEE BpEMsI ellle KpaliHe HeloJIHa.

[losyueHHble pe3ysIbTaThl MOTYT paccMaTpu-
BaThCsl KakK IepBOE TNPHUOIIKEHUE Ha JTare
NpeBapUTENFHOIO BBIOOpPAa KOHCTPYKTHBHBIX
napaMeTpoB U a’pOJUHAMUYECKHX CXEM Iep-
cnexktuBHbIX 3BKIJIA, mpoektupyemsIx uisl Hc-
N0JIb30BAHUS B KAYECTBE FOPOJICKOTO a9POTAKCH.

MarteMmaTuueckasi MojaeJb
dpopmupoBanus odiuka BKJIIA

¢ THOPUAHOI WIH MOJTHOCTHIO
3JIEKTPUYECKOM CHII0BOH YCTAHOBKOM

B ocnoBe maremaTudeckoit Mmoaenu hopmu-
poBanust obnuka 3BKJIA nexur ypaBHeHue cy-
IIECTBOBAHUS JIETATEIBHOIO arnapara B BUIE

— 1 1 1 — —
mO(l - Z?:l mi) = NnHBkaﬂkp (_ t—o—+t=—+ mm—lB) + Z?=1 m; + maKNnHBkaataK’

l\_laﬂ

n —
=1 =

NI‘eH
n o= _ = gl b _ _ _
Zi=1 m; = My + My + Mg o611, + My + mnp + mrp,

m; + My + mey + mp. +my+my +my, +my; +mpg + Myp,
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Puc. 1. OcHoBHbIe s51eMeHTh CY 0THOBHHTOBOTO BEPTOJIETA ¢ THOPUIHOM (a) U MOJHOCTHIO JJIEKTPUIECKOH (0)
CUJIOBOM YCTaHOBKOM
Fig. 1. Primary power plant elements of a single-rotor helicopter with the hybrid (a) and all-electric (6) power plant

Puc. 2. OcHoBHBIE d1eMeHTH CY KBaJpOKOITepa: d — C OTKPBITHIMA BUHTAMU C THOPHIHON CHIIOBOH YCTaHOBKOM;
6 — c BUHTaMH B KOJIBIIE C TIOJTHOCTBIO AJIEKTPHYECKON CHIIOBOM YCTaHOBKON
Fig. 2. Primary power plant elements of the unshrouded-propeller quadcopter with the hybrid power plant (a) and the
ducted-fan quadcopter with the all-electric power plant ()

a) 6)

Puc. 3. OcHOBHbIE AJIEMEHTBI KOHBEPTOILIAHA-KBAIPOKONTEPA: d — C OTKPBITHIMU BUHTAMHU C TIOJIHOCTBIO 3JIEKTPHYECKOM
CHJIOBO# YCTaHOBKOI1; 6 — C BAHTaMH B KOJIbII€ C THOPUIHOM CHIIOBOIl yCTaHOBKOM
Fig. 3. Primary elements of the unshrouded propeller and ducted fan tiltrotor-quadcopter with the all-electric (a)
and hybrid power plant (0)

udpamu Ha puc. 1-3 obo3HaueHsl: / — TpaHCMHUCCHS; 2 — HHBEPTOP; 3 — AIEKTPOABUIATENb (1); 4 — TEIUIOBOI ABUTaTElb;
5 — akKyMyJIsiTopHast 6arapest; 6 — reHepaTrop
Numbers are designated in Figures 1-3: / — transmission; 2 — invertor; 3 — electric engine (s); 4 — thermal engine;
5 — electrical battery; 6 — generator
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rZie My — B3JIETHAsI Macca JIETaTeJIbHOTO anmapa-
Ta, N — noTpebHas MOIIHOCTh MApIIEBOrO 3JIEK-
TPOABHUTATENS HA PEKUME BUCEHHS, Nyg — KOIH-
uecTBO Hecymux BuHTOB (HB), k,; — xomuue-
CTBO MapIIEBBIX AJIEKTPOABHUraTeNe, padoraro-
IUX Ha TMPUBOJ OJHOTO BHHTA, kp > 1 — koa-
¢buIUeHT 3amaca MOIIHOCTUA CHUJIOBOW yCTaHOB-
KU, IVM — yAenbHAas MOIIHOCTh MAapIlieBOro
371eKTpoABHUraTes, Ny, — yaelbHas MOIIHOCTh
re’eparopa, IVTA — yIenbHas MOIIHOCTb TEIUIO-
Boro asurarens (ABC wnmu I'TM), My, — yaenb-
Hasi Macca MHBEPTOpPA, My, — yAelIbHas Macca
aKKyMYJIATOPOB, t,, — MPOJIOJKUTEIBHOCTh BU-
CEHHUS Ha BJIEKTPOTAre 3a CUET DHEPrUH, My —
OTHOCHUTEINIbHAs Macca HeCyIIeil CHCTEeMBI, M, —
OTHOCHUTEIbHAS MAcCa MIIAHEPA, Mg o6y, — OTHO-
cuTelapHas Macca OOpToBOro 000PYIOBaHUS
o0LIero Ha3HA4Y€HHUs, M,z — OTHOCUTENbHAsS
Macca CTaHJIapTHOTO OOPTOBOTO 0OOPYIOBaHUS,
Myp — OTHOCHTENbHAST Macca JJICKTPUICCKOM
IPOBOJKHM, Ty — OTHOCHUTENIbHAsS Macca JBUra-
TeJIs BHYTPEHHETO CrOpaHus, M, — Macca TOILUIH-
Ba st teroBoro asurarens (JABC wmu I'TJ),
Mp— Macca MEXaHUYECKON TPAHCMHUCCUH, My —
Macca CHUCTeMbI YTNpaBJIEHUs, M. — Macca TOI-
JIUBHOM CHCTEMBI, M,. — Macca MacCJsHOU CH-
CTEMBI, M,; — Macca IaccH, My, — Macca IMoJie3-
HOM Harpys3ku, m, — Macca YICHOB JKHUIIaXKa,
Mmpp — Macca pyJIeBOro BUHTA, M, — Macca He-
CYILIUX TTOBEPXHOCTEN (KPBLIBLEB).

VYpaBuenue (1) siBrsieTcss yHUBEpPCATIbHBIM IS
Bcex  TunoB  3BKJIA,  paccmarpuBaeMbIxX
B HAcTOsIIEH paboTe, Kak C MOJTHOCTBIO AIIEKTPU-
YECKOM, TaK ¥ C THOPHUIHOM CHJIOBOM YCTaHOBKOIA.
B obmem crnyuyae ypaBHeHue (1) siBsieTcsl Henu-
HEWHBIM OTHOCHUTENBHO N, U €ro pelieHue BO3-
MOYKHO TOJIbKO YHCJIEHHBIMH METO/IaMHU.

Kp

AspoauHAMHYECKHH pacyeT

NJis1 MmyJbTHpOoTOpHOro BKJIA

C OTKPBITHIMH BUHTAMM

U KJIACCHYEeCKOr0 0O JTHOBUHTOBOI'0
BepToJIeTa

CornacHo nmiynbcHO# Teopuu [ 13-16] cumy
TATH OTKPBITOIO HECYILEr0 BHHTAa Ha PEXHUME
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BUCEHMS MOXHO OLIEHHTb C JOCTAaTOYHOW MJIs
IpeBapUTEIFHBIX OIIEHOK TOYHOCTBIO 1O (op-
MyJIe

T = (ZpFHBNZ)l/Sa (2)

rjae p — IIOTHOCTh Bosayxa, K, = 0,25mD2, —
IJI0IIAAb, OMETAEMAasi HECYLUUM BUHTOM, D, —
JIMaMeTp HEeCyllero BUHTa, N — MOIIHOCTh Map-
IIIEBOT'O 3JICKTPOIBUTATEIS.

[Ipeobpasys BeipakeHue (2) ¢ yueToM K03 (-
(GuIHMEeHTOB 7, § U Y, YUUTHIBAIOUINX XapaKTepH-
CTHKH PEaTbHOTO BUHTA, TIOTYYHM

T = (NényZpFox) . 3)

rae & — ko PUIMEHT, XapaKTepUu3yroIi Me-
XaHUYECKHE MOTEPU MOLIHOCTU B TPAHCMHUCCHH,
Ha OXJIaXJEHUE U ypaBHOBEIIMBAHHE PEAKTHUB-
Horo momeHTa, 1 — KIIJI Hecymero BuHTa,
NPEJICTaBISIIOIMI cO00I OTHOLIEHUE IOJIE3HON
MOIITHOCTH, HEOOXOAUMOM Ha MoJJepKaHue am-
napara B BO3JlyX€ Ha peXMM€ BUCEHUs, K 3aTpa-
YEHHOU, N — MOIIIHOCTh CUJIOBOW YCTaHOBKH, ) —
OTHoOIIeHHE 3(PPEKTUBHON omeTaeMoil IuIomIa-
I, HETMOCPEICTBEHHO YYacTBYIOIIEH B cO37a-
HUU CWIBl TATH, KO BCEH OMeTaeMo# Iulonia-
o Fp.

[IpupaBuuBas cuiny tsru (3), YMHOKEHHYIO
Ha KOJIMYECTBO HECYLIMX BUHTOB, K BECy JI€Ta-
TeJbHOro anmnapara G = myg = Tnyg, NOTYy4YUM
BBIPAXEHHE ISl MACCHI JIETATEJILHOTO armapara

2/3
mg = =18 (N§n\2pFx) . @)

r7ie g — YCKOpeHHe CBOOOHOTO MaIeHHsI.
[oncraBnsass Belpaxkenue (4) B ypaBHe-

Hue (1), mosyyaeM HeIWHEHHOE YpaBHEHHE OT-

HOCUTENBHO N ISl peXKHMa BUCCHHUS:
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2
n 2
% (Nfﬂv zpFHBX)3(1 - TTlHC —m

_NnHBk:-),qkp <T _—_ __[[

= My — My

AHaTUTHYECKOE BHIPAKCHHUE PEIICHHS YpaB-
HEHUS (5) CIUIIKOM TPOMO3JIKO, TI0O3TOMY peIlie-
HUe ObUIO HAWIEHO YUCIICHHO.

Jns pacdera MHAYKTUBHOM MOIIHOCTH OT-
KPBITOTO BHHTA Ha PEXHME KOCOTO OOTEKaHHUs
IpU TOJEeTe BIEpe] MCIONIb30BAIACh TEOpUs
I'mayspra [13, 14]. [Ipeanonaranock, 4TO Hecy-
U BUHT 00TEKAETCSI TOTOKOM CO CKOPOCTBIO V'
MOl yTJIOM aTaku o. BBempem Oe3pazMepHbIe CO-
CTaBJISIIOIIME CKOPOCTH — MapajliebHYIO0 JAUCKY
BUHTA U HOPMAJIbHYIO K HEMY. DTH COCTaBJISIO-
[IM€ CKOPOCTH HAa3bIBAIOTCS COOTBETCTBEHHO
XapaKTePUCTHKOW peXuMa pabOThl BHHTA |L U
KOd((UIIMEHTOM MPOTEeKaHUs A U OMPEeNsIoT-
cs popMysiaMu

__Vcosa
QR

__Vsina+v

1=
QR

=putana + 4;, (6)

rae {1 — yrioBasl 4acTOTa BpALIEHMsI HECYILEro
BUHTA, R — pajuyc HECyIllero BUHTA, A; — WH-
AYKTHBHAasA CKOpPOCTb, IMPCACTABJIICHHASA B BHUIC
WHIYKTUBHOTO KO3 PHUIIMeHTa mpoTeKaHUs

Cr

1= —<r
t 2./ pu2+22’

(7)

rae Cr — K03 GUIUEHT TATH HECYIIEeTO BUHTA.

Koaddumuent nporexkanust A MOXKET OBITH
HaWJICH U3 PEIICHNS YPaBHCHUS

A—,utana—CT/(Z ,112+Az)=0. (8)
Kospuumenr TArm Kaxkaoro HECYLIEro
BUHTA C; PACCUUTHIBAETCS 10 (hOpMyIIe

T
Cr=———.
T PFus(QR)?

)

_mm
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M6 06m,. — Mos — ﬁlnp - mTﬂ) -

1 — —
- ml/IHB) - maKNnHBk:-),qtaK -

()

— My — —Mpg —M, — My, = 0.

Cuna Tsru Hecymiero BuHTa B ¢opmyie (9)

MOKET OBITh OTpe/eieHa CIeTYIONUM 00pa3oM:

T = G/(nyg cos a). (10)
®opmyna (10) crpaBeanuBa 1 1000T0 TH-
na BKJIA ¢ OTKpBITBIMH BUHTaMHU.

Takxke BBOAMIOCH MPEIANONIOKEHHUE O TOM,
YTO adpOoAMHAMHUECKass UHTEPPEPEHLUS MEXKIY
JIOCTaTOYHO Pa3HECEHHBIMH JAPYT OT Jpyra He-
CyIIMMHU BUHTaMH MyJibTupoTopHOro BKIJIA sB-
JSIeTCSl He3HAYUTENbHOM U MOXKET OBITh Y4TEeHa
BBOJIOM JIOTIOJIHUTEJIbHBIX TMOMPAaBOK K HHAYK-
TUBHOW MoiHOCcTH [14]. Jlna ciydast jnerkoro
BKJIA ¢ nocTato4yHO pa3HECEHHBIMU OTKPBITHI-
MU BHUHTaMH O€3 TMEpPEeKpHITUS WM BUHTAMH B
KOJIBIIE TaKoe IMPEIINOJIOKEeHHE OyAeT BIIOJHE
JOMYCTUMBIM JJI1 TIPOBEICHHS TMPEABAPUTENb-
HBIX PacyeTOB.

B HacTosmeit cratee moTpeOHBbIE 3HAYCHUS
CWJIBI TSTW HECYLIMX BUHTOB JUISl BCEX PacCMOT-
pennbix TunoB BKJIA Ha Bcex pexumax moniera
OBLTN MOTYYEHBI U3 pelIeHUsT 0aTaHCUPOBOYHBIX
ypaBHEHUH JIeTaTeIbHBIX aIlapaToB.

MouHOCTh, TOTPEOHYIO A7l TOPHU3OHTANIb-
Horo nojiera BKJIA, M0oXHO npeACcTaBUTh B BU-
JI€ CYMMBbI UHAYKTUBHON MOIIIHOCTH, MOIIIHOCTH,
NoTpeOHON Ha TpeoNoIeHHEe MPOPUIBLHOTO H
BOJIHOBOT'O COIIPOTHUBJIEHUS JIONACTEW BUHTOB, a
TaK)K€ BPEJHOIO COIMPOTUBJICHHUS HEHECYLIUX
sanemeHnToB BKJIA:

N, = N; + Ny + N,, + N,,. (11)

Wnu, nepexoast k ko3dduumeHraMm MoOIIHO-
CTH:

Cy = Cy; + Cy, + Cy,, + Cy,. (12)

Koaddumnmentst B popmye (12) MOKHO BbI-
YHUCIIUTH CJIEAYIOIUM 00pa3oMm:
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CNi = Ni/pFHB(QR)3 = Tv/pFHB(QR)’3 (13)

Cy, = 0Cq, (1 + 4,642 /8, (14)

~ 2
CNW ~ KC(MO - 0;4‘) s (15)
rne K. — KoapPUIHMEHT C)KMMaeMOCTH, 3aBUCS-
IMHA OT a’pOJIMHAMUYECKON KOMIIOHOBKH, I'€O-
METPUYECKON KPYTKH M Ka4eCTBa OTAEJIKH JIoMa-
cteit, koaddurmenta cwibl Tsaru HB, ckopoctn
nosneta BKJIA.
— 3
Cn, = XV /pFyy(QR)?. (16)
Torma mnorpebHass momtHOCTH N, Oynaer
ompeaensaTbes mo Gpopmymne
— 3
Nr[ - CNpFHB(QR) : (17)
[ToTpeOHBIIT MOMEHT Ha BaJly HECYIIErO BHH-
Ta MOHO OIEHUTH 110 hopMyJie

M =N,/Q. (18)

A3poaMHAMHMYECKHA pacyeT IJisl
MyJabTHPOTOPHOro BKJIA ¢ BMHTAMHK B
KOJIbLIe

Jns pacuera CcuiIbl TATM BUHTA B KOJIBIE
TAaK)K€  HCIIOJIb30BAJACh  UMIIYJIbCHAsl  TE€O-
pus [18]. CormacHo 3TOH TEOpPUU CHUITYy TITH
BUHTa B KOJIbLIE MOXXHO IPEICTaBUTH B BHJE
CYMMBI CHJIbI TATH BUHTA U KOJIbIIA:

T=T,+T,. (19)

Bripaxenue (19) ymoGHO ucmonb3oBaTh B
0e3pa3MepHOM BUJIE, OTHECEHHOE K CyMMapHOU
CHWJIE TATH BUHTA B KOJble 7"

T, +T, =1 (20)
CyMMapHyI0 CHIIy TSTW BUHTA B KOJIbLIE IS

pexkuMa paboThl HA MECTE MOXHO PacCUUTATh
o ¢popmyIie

T = K(w/anRznON)z/?),

21)
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rae K — KOS(i)CI)I/II_[I/IeHT Ka4y€CTBa CUCTEMbI «BHHT

B KOJBIICY,
3 —2
K == kV/ZTKOJ

(22)
_kV =V, /Vy =1/n, (23)
Teo = 5 (kf + &) (24)

n — crenens pacumpenus auddysopa, V; =V +
+v; — CKOPOCTb MIPOTEKAHUsI B IUNIOCKOCTH Bpallle-
Hus BUHTA, V, =V + v, — cymmapHas CKOpPOCTb
B YXOJs1lIeH cTpye, V — CKOpOCTh HEBO3MYIICHHO-
TO TMOTOKA, &} — CyMMapHbIi KOA(PHUIUEHT MecT-
HBIX CONPOTHUBJIECHHH, P — moTpeOHas MOIIHOCTb
BUHTA B KOJIbLIE HA peKUME pabOThl HA MecCTe,

Ek = EKOJ‘I + E,q + €Oa (25)
&von — TOTEPHU Ha BXOJle B KaHai (KOJUIEKTOD),
¢, — norepu B 1uddysope, &, — Npoure MOTEPH
OT BHYTPEHHHUX YCTPOMCTB.

JUia pacuera cuibl TATM BHUHTA B KOJIBLIE B
pexuMe OoceBOW OOAYBKH MOXHO MPEIIOO0-
XKHUTb, YTO HEBO3MYILEHHBIH MOTOK Haberaer B
HAIpPaBJIEHUU OCH CUCTEMBI «BUHT B KOJIBIE» CO
CKOpOCThIO V.

BeIpaxkenue 1 OTHOCUTENBHOW CHIIBI TSTH
BUHTA, pabOTaloIlero B KOJIbLE, MOKHO Npea-
CTaBUTH B BUJE

— v ~ ~
TBO _m[f}con (2 _V) +k12/V]

1-V i

T, = (26)

Irac TBO — OTHOCHUTCJIbHAA TAT'a BUHTA B PCIKUMC

BHUCCHUA,
5 4Tky
V= 2/(1 + /1 + pFHsz).

MouHocTh, moTpebasiemass BUHTOM, pabo-
TalOIIUM B KOJIbLIE, ONPEACTUTCS KaK BEHTUIIS-
TOpPHAsi MOIIIHOCTb:

(27)

N =TpV1, (28)

Irac Vl — CKOpPOCTH IIPOTCKAHUA B IINIOCKOCTHU
BpalICHUA BUHTA.
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Beenem 0e3pazMepHy1o CKOpPOCTh

V, = Vi /v, e V19 = /T /pkyFE,;; — CKOPOCTH
MPOTEKaHUs Yepe3 AUCK BUHTA B PEXKHME BHUCE-
HuA. B ciydae oceBod OOAyBKHM BBIpaKEHUE

Vol. 26, No. 04, 2023

Ui Vi MOKHO IOJTy4UTb, IPUMEHSS ypaBHEHHE
UMITyJIbCOB K BO3JYIIHOW CTpye, HaOeraromien
BJIOJIb OCH CUCTEMBI «BHHT B KOJIBIIEY.

T =mV, —=V) =m(ky,Vy = V); m = pE,V; = pEV,/ky. (29)

Beoipakas V; u3 (29) u otHOCS Bce CKOPOCTH
K Uy, IOJy4YaeMm

7, =7+ /172+4k5 [2ky. (30

Kak 6su10 TIOKa3aHO0 B padore [18], Bce dop-
MyJIbl, TIPUBEJCHHBIE HAMM BBIIIE, MOTYT OBITh
NPUMEHEHbI M Ui paboThl CHCTEMBbl «BHHT B
KOJIBIIE» B PEKHUME KOCOTO0 OOTeKaHWs. Takou
pexxuM xapakrepeH ains BKIIA, umeronux B ka-
4ecTBE HECyIIeH CUCTEMbI 3a(pUKCHUPOBAHHBIE
OTHOCUTENBHO (hro3ernsika JIA yCTaHOBKH «BHHT
B KOJIBLIE», B TOPU30OHTAJIBHOM IIOJIETE U IpHU
Habope BBICOTHI 110 HAKIIOHHOM TpaekTopuu. s
KOHBEPTOILIAHOB KOCO€ OOTEKaHHE XapaKTEPHO
Ha TMEPEeXOJHOM pPEeKUME KOHBepTaluu. Takum
o0pa3oM, pacdeT a’poJMHAMMUYECKUX XapaKTe-
PUCTUK CHCTEMBI «BHHT B KOJBLE» B PEKUME
KOCOI'0 OOTEKaHHsA BEACTCI TEM K& CIIOCOOOM,
YTO U B PEXKHME OCEBOr0 OOTEKaHMs MPH 3a]aH-
HOU 0CceBOW KOMIIOHEHTE ckopocTH V), = V sina.
OpHako HEOOXOIUMO OTMETUTh, YTO MpPUMEHe-
HUE TAaKOTO Crocoba i pekrMa KOCoro o0Te-
KaHUs JOMyCTUMO, €CJIM JJMHA KaHaja J0CTa-
TOYHA AJs TOro, YTOOBI NMPOTEKAIOIIMN uepes
BUHT MOTOK TIIOJIHOCTBIO TOTEpsI Ha CTEHKax
KaHajla TOPU30HTAJIBHYIO COCTaBISIOIIYIO CKO-
POCTH U OCEBOI MOTOK Ha BbIXOJe U3 auddyszo-
pa cTal MOJHOCTHIO PACHIMPEHHBIM C JaBICHUEM
B CTpY€, paBHBIM aTMOC(EPHOMY.

AdpoaMHAMHYECKUI pacyeT KpbLia
JJIs1 KOHBEPTHPYEMOIo
MyJabTHpPOTOpPHOro BKJIA

AdpoMHAMHYECKUI pacueT Hecylux Io-
BEPXHOCTEH /JI1 KOHBEPTUPYEMBIX aIlllapaToB C
YeThIpbMSI IOBOPOTHBIMM BUHTaMH (pHc. 3) BbI-

MOJIHSJICST QHAJIMTUYECKH MO METOIMKE, IpUBe-
JneHHol B pabore [8]. 1 KOHBEpTHPYEMBIX
nerkux BKJIA nanbosee onmpaBaaHHBIM C TOYKH
3peHUsi MPOCTOTHI pacdyeTa U TEXHOJIOTHYHOCTH
SBJISIETCSl IPUMEHEHHE MPSIMOYTOJIbHBIX B IUIaHE
KPBLILEB.

Koaddurnment noxpseMHON CHIIBI KpblJia KO-
HEYHOTO pa3Maxa Ha JIMHEHHOM YYacTKe 3aBH-
CUMOCTHU OT yTJia aTaKh @& MOXET OBITh BBIYHC-
JeH 1o hopmyie

Cya = Cyao + CyaQ, (31)

THE Cyqo — KOODDUIMEHT MONBEMHOW CHUIIbI
kpbuta pu a = 0, ¢y, — npousBoaHas ko3ddu-
IIMEeHTa NOABEMHOM CHIIBI KPbLIa IO YTITy aTaKH.

¢y = c&o/[1+ (57.3c%0/emd)].  (32)

C yuerom ¢opmyinsl (32) Belpaxkenue (31)
MOYKHO 3aIicaTh B BUJIE

1
1+(57,3c§‘a0/em1)

Cya = (CyaO + C)C/Zaoa), (33)

TJIE Cygo M Cygog — COOTBETCTBEHHO KO>(PHUIHM-
€HT MOJBEMHOM CHIIBI U MpOou3BoJHAs K03(Pu-
[IMCHTA TIOABEMHON CHJIBI TIO YTIIIy aTakdh s
aByMepHoro npoduisi, e < 1 — ko3dduuuent
OcBanpaa, YYUTHIBAIOIIUM OTJIMYUE pacmpene-
JeHUS LUPKYJSIIMUA 10 KPbUTy KOHEYHOTO pas-
Maxa OT AJIUNTHYECKOTro, A — YIIMHEHUE KpbI-
7a. B kauecTBe OCHOBHOI'O a’pOJMHAMHYECKOTO
npodwiIsi Kphlsla B HACTOSIIIEH pabOTe MCIOJIb-
3oBasics npoduins NACA 2412, mupoko npume-
HSIEMBI 711 KPbUIbEB JIETKOMOTOPHBIX CaMmoJie-
TOB.

Koaddumnment aspommHamMuueckoro cormpo-
TUBJICHUS KpbUIa KOHEYHOTO pa3Maxa MOKHO
MPEJICTaBUTh B BUJIE
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Ocb BpaLeHWA Kpsina
CTpowuTtensHaa
ropu3oHTansb drosenaa

Kpbino

MotoroHgona

3aKpbIIoK

6)

Puc. 4. Cxema 00/1yBKH KpbLIa KOHBEPTOIUIAHA: ¢ — C TIOBOPOTHBIMH MOTOTOH/IOIAMH;
6 — ¢ IOBOPOTHBIM KPBLIOM
Fig. 4. Diagram of tilt-rotor wing slipstream with the tilt nacelles (a) and wing (0)

Cxa = Cxap T Cxai T Cxas> (34)
TIE Cxgp — KOIPOHUIMEHT BPEIHOTO CONPOTHB-
JCHUSA, Cyg; — KOIPOUIMEHT WHAYKTUBHOIO CO-
MIPOTUBJICHHUS], Cyuy — KOIDPHUITUEHT BOIHOBOTO
COIIPOTHBIICHUS.

JU1st MaJIbIX CKOpOCTEH 1moseTa, XapakTepHBIX
s nerkux BKIIA, ko3(UIMEHT Cy,; MOKHO
He y4uThBaTh. KOdh(HUIMEHT WHIYKTUBHOTO
COMPOTHUBIICHUS MOKHO PACCUUTATh MO (hopmyIie

— 2
Cxai = Cya/emA. (35)

Koaddurmuent BpeaHoro compoTHUBIICHUE

KpbUJIa MOXXHO TPHOIM3UTEIEHO PACCUUTATH IO

dbopmyne

Cxap = Cxao T kcjzla: (36)
TIE Cygo — KOIPOPHUIMEHT BPEIHOTO COMPOTHB-
JIEHUs. KpbUIA NPH Cyq = 0; kK — Ge3pasmepHbIi
KO3 PHIIHEHT.

C yuerom Beipaxenuit (31) u (34) aspoau-
HAMHYECKUE CHJIBI, JCHUCTBYIOIIME HA KpBLUIO,
MOJKHO TIPEJICTaBUTh B CKOPOCTHOW CHCTEME KO-
OpAMHAT B CJIEIYIOIIEM BH/IE:

— noABbeMHAs CHIIA: Yy, = CyaSkpds (37)
— cuIa CONPOTHBIEHUS: Xy = CxqSipq> (38)

rae SKp — Iom@aab Kpbuia, q = sz /2 — cKko-
POCTHOM Harop.
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Pacyer 0a1aHCHPOBOYHBIX YIJIOB
II0BOPOTAa BUHTOB MYJIbTHPOTOPHOIO
BKJIA Ha pesknMe KOHBepTaUUH

Jlnst pacyeTa mMOTpPeOHBIX OaTaHCHPOBOYHBIX
YTJIOB TIOBOPOTa BUHTOB § (pHc. 4, @) KOHBEPTO-
TUTaHa KBAaJPOKONTEPHOTO TUIA HA PEKUME KOH-
BEpPTAIIMM 3alWIIeM YypaBHEHUS CTAaTHYCCKON
0aaHCUPOBKH 1O CHJIaM B CKOPOCTHOW cHCTEME
KOOpJMHAT:

nygTcos(a + 6) — X (a, ) —

—Gsiny =0, (39)

nyeTsin(a + 6) — Y, (a,6) —
(40)
—Gcosy =0,
rae T — cuna taru BUHTA, G — IIOJICTHBIN Bec
KOHBEPTOIUIaHA, @ — YTOJl aTaKu KOHBEPTOILIa-
Ha, ¥ — yron HakioHa tpaekropuu, X,(a,d),
Y,(a, ) — cuna compoTHBIEHHS W TOIbEMHAs
cuita BKJIA cooTBETCTBEHHO.

Pacuyer 0a;1aHCMPOBOYHBIX YIJIOB
IOBOPOTA KPbLIa MYJIbTHPOTOPHOIO
BKJIA Ha pe:kuMe KOHBepTALUU

Jnst ciydasi KOHBEpPTOIUTaHA KBaJPOKOIITEP-
HOTO THIA C MOBOPOTHBIM KPBUIOM YpaBHEHUS
CTaTUYECKON OaJaHCHPOBKH IO CHJIAM HMEIOT
BUJI, aHaJOTUYHBIN ypaBHeHUsM (39) u (40).
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KoHBepTonnaH-KBagpoKonTep
C NOBOPOTHBLIMW BUHTaMH
KoHBepTonnaH-KBagpoKonTep

60 -
C NOBOPOTHLIMW BUHTaMM B
KonbLue o
KoHBepTOnnaH-kBagpoKonTep 40

C NOBOPOTHLIM KPLINOM
KoHBepTOnnaH-KkBagpoKonTep
C NOBOPOTHLIM KPLINIOM U
BMHTaMM B KonbLe

Puc. 5. 3aBucumMocTh 6alaHCUPOBOYHBIX OTKIOHEHHI BUHTOB OT CKOPOCTH TIOJIETa
JUIs KOHBEPTOIUIaHA-KBaJIPOKONTEPA C TOBOPOTHBIMU MOTOTOHA0JIaMH (1) ¥ TOBOPOTHBIMH KPBUTBSIMH (2)
Ha pexxuMe koHBepTanuu. Crnomnsle tuHu — H = 0 M, mynktupasie nuaun — H = 2000 M.
Cayudait rubpunnoi CY
Fig. 5. Dependence of rotor trim deflections on the airspeed for the tilt rotor-quadcopter
with the tilt nacelles (1) and wing (2) at the conversion mode.
Solid lines — H = 0 m, dashed lines — H = 2000 m. Hybrid power plant

Opnnako pacueT a’poJuHAMHYECKHX CHJI Ha pe-
KMUME KOHBEPTAlMM B 3TOM CIIydyae HECKOJIBKO
ycnoxnserca. Kpputo Takux ammapaTtoB Ha pe-
KM€ KOHBepTaluu paboTaerT Ha OOJBIIMX YT-
nax ataku (puc. 4, 6) u TpeOyeT NMPUMEHEHHUS
MEXaHU3alNKU KpbUla U (WJIK) CUCTEM aKTUBHOIO
yIpaBlIeHUS TOTPAHUYHBIM CIIOEM.

CkopocTh 00AyBKHM IOBOPOTHOTO KphLia
MOKHO TPEJICTaBUTh KaK BEKTOPHYIO CyMMY
CKOpPOCTH Haberaromiero moToKa U CKOPOCTH
BO3/IYIIHOM CTPYH OT BUHTOB:

Vs = \/vog + I/;dzmL + 2V Vyup cos(a + 8 + ap); (41)

VYron araku Kpbuia ¢ y4eTOM OOJyBKH CTpY-
el OT BO3AYIIHOTO BUHTAa MOXXET OBITh Paccuu-
TaH CJIEAYIOIIUM 00pa3oMm:

21 (Veo
Ay, = Sin (V_z sin(a + 6§ + ao)). (42)

B wactHom caydae, korma Vi, KV, u
Vo /Vz = 1, yron @, ABISETCS NPOCTO CyMMOH
yria aTakd KOHBEPTOIUIaHA, YIJia IOBOPOTa

KpblJla M yrjla YCTAaHOBKM OCH BHWHTAa OTHOCH-
TCJIbHO XOpAbI KpbLJia:

102

A = @+ 6+ . (43)

[IporpamMma BbIllyCKa MEXaHM3allMd Ha TIO-
BOPOTHOM KPBIJIE MOXET UMETh, HAIIPUMED, CJIe-
YOI BU:

— B JAuMana3zoHe ckopoctu noisiera ot 0 1o
50 KM/4 3aKpBUTKU BBITYCKAIOTCS MO JTUHEHHOMY
3akoHy ot 0 10 40°:

— B JMarna3oHe cKopoctd mojera oT 50 mo
75 KM/9 3aKpBUIKH BBIMYIIEHB HAa MaKCHUMallb-
HbIi yron 40°;

— Ha cKopocTH mojeta oT 75 mo 200 km/4 3a-
KPBUTKA YOUPAIOTCSI MO JIMHEWHOMY 3aKOHY OT
40 10 0°.

[IpuBeneHHbIE BbINIE MUAMA30HbI CKOPOCTEU
1 3HAUYCHUA YFJIOB OTKJIOHCHUSA 3aKpI>IHKOB MO-
TYT CYIIECTBEHHO U3MEHSTHCS B 3aBUCUMOCTH OT
BBIOpAaHHOW CKOPOCTH Hayayia KOHBEPTAIIUU, HC-
MOJIB3YEMBIX  a’pOJMHAMUYECKUX  Tpoduien
KpI:IJIa 1 HaAJIU4YUSd CUCTEM AKTHUBHOI'O ynpaBne-
HUS TTIOTPAaHUYHBIM CJIOEM.

[TonmyuyeHHbIE 3aBUCUMOCTH OalaHCUPOBOY-
HOTO yIJIa OTKJIOHCHHSI BHHTOB Ha TIEPEXOJTHOM
peXuMe KOHBEpTaLUU [IPUBEJEHBI HA PUC. S.
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Taoanua 1
Table 1

Ucxonnsie nanusie 1y pacuera >BKIIA ¢ rubpuanoit CY
Bench-mark data for the eVTOL aircraft estimation with the hybrid power plant

= 2 = e T ex T e xS =z |zef
= = o ) = @ = & 92 = S = 9 =
2 25| E3:z | EE¢ |ZE3s|SEfg|EcZEisfE2fie
5 g = SEZ S=%a2 |8SEz|E5csz2|5cEREZESERGR2
: cZ| Z3F| ZE5 |EEZE EEE:|sizfzi|gEigzics
s Sa| 22 | 25 | SagE|SaEg |0 ZCESaSEE2
2 Sg | x£E Sz % | EFES| A2 f|BFQAfERB g AR
s S a S = S R | ER|zae,R|lzcs 8 FERAZesS =or
= 5 Ao g2 < s a?° Il S &8z %3 s &z %=
= = = 222 |z 2o = o BEg
NuB 1 4 4 4 4 4 4
DHB,M 10 3 3 3 3 3 3
mn 0,7 0,86 0,91 0,79 0,91 0,79 0,91
X 0,95 0,95 0,95 0,95 0,95 0,95 0,95
3 0,85 1 1 1 1 1 1
C,, xr/xkBr'u 0,3 0,3 0,3 0,3 0,3 0,3 0,3
N3, kBt /kr 5 5 5 5 5 5 5
Nyey, KBT /KT 5
My, KI/KBT9 4 4 4 4 4 4 4
Miypyss KI/KBT 0,1 0,1 0,1 0,1 0,1 0,1 0,1
Nzj, kB /xr 13 13 13 13 13 13 13
My, KT 210 210 210 210 210 210 210
A - - - 6 5,6 6 5,6

PesyabTaThl pacuera JieTHO-
TEXHHYECKUX XaAPAKTEPUCTHK
Pa3JIMYHBIX A3POAMHAMUYECKHX CXeM
3BKJIA

Hcxoanble naHHble AJ pacyeTa mapaMeTpoB
a’poJMHaMUYecKux KoHdurypammii 3BKIIA
C THOPUTHOW CHUJIOBOM YCTAHOBKOW TPHUBEICHBI
B Ta0m. 1.

VY aenbHble MaccoBbl€ MapaMeTphl, TOCTHKHU-
MbI€ Ha CETOJHSIIHUN JIeHb /I MapIIeBbIX
AIIEKTPOJBUraTeNIe, TE€HEpaTOpOB, AKKYMYJIs-
TOpPHBIX OaTapeil, ”THBEPTOPOB, MU3EIbHBIX H Ta-
30TypOunnbix CVY, 3amaBanuch Ha OCHOBE HH-
dbopMaluu, MPenCcTaBICHHOW B OTKPBITBIX HC-
TOYHHKAxX U padoTax [19-21].

PacueT ObUT BBITIONHEH I IBYX BapUaHTOB
cunoBoil ycranoBku: 1) rubpumnas CY ¢ JIBC

103

Y BO3MOXXHOCTBIO BBIIIOJTHEHUS! BUCCHHSI Ha aK-
KyMYJIITOPHBIX Oarapesix B TEUYE€HHE S5 MUH;
2) nonHocThio 3nekrpuyeckas CVY. [Ipumenenue
JIM3EIIBHOTO JIBUTATENsi B THOPUIHOW CHIIOBOU
ycranoBke ¢ JIBC Hanbosee npeanoYTuTeNIbHO B
CUJTy €r0 HaWIy4llIed TOIJIMBHOW 3KOHOMHUYHO-
CTU CpeIu JIPYTUX THUIIOB JBUTaTejieil BHYTPEH-
Hero cropanus. [lomydeHHoe B pe3ynbTare pac-
yeTa paclpesiesieHHe Macc JJIEMEHTOB KOH-
CTPYKUMHM [UJIi BCEX PACCMOTPEHHBIX THUIIOB
3BKJIA, oTHeCEHHBIX K B3JIETHOM Macce (my),
JUIs THOPUIHOM CHIIOBOM YCTaHOBKH TIPE/ICTaB-
neHo B Tabn. 2. PacnpeneneHue Macc B OTHOCH-
TEJIBHOM BBIPAKEHUHM [UII pPaccMaTpHBAEMBbIX
»BKJIA nokazano Ha puc. 6.

W3 nosy4eHHbIX 3aBUCUMOCTEN CIEAYET, YTO
OCHOBHOI BKJIaJ B MaccCy ammaparoB ¢ THOPU-
HOM CHJIOBOM YCTaHOBKOH BHOCSIT COCTaBJISIO-
[IME MacC KOHCTPYKIUH (IO3EIIsHKa U TBUTATEIIS
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Taoauma 2
Table 2
Pesynbrath pacuera gyt 5BKIIA ¢ rubpugnoit CY
Estimation results for eVTOL aircraft with the hybrid power plant
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My 0,1466 0,1830 0,1933 0,1921 0,1586 0,1907 0,1580
my 0,1566 0,1253 0,1253 0,1253 0,1253 0,1253 0,1253
my,/mg | 0,1058 0,0946 0,0872 0,0859 0,0933 0,0870 0,0941
My 0,0688 0,0739 0,0788 0,0670 0,0842 0,0679 0,0850
m, 0,0806 0,0721 0,0665 0,0654 0,0711 0,0663 0,0717
My, 0,0573 0,0715 0,0756 0,0693 0,0653 0,0689 0,0650
Mg 0,0172 0,0215 0,0227 0,0208 0,0196 0,0207 0,0195
M, 0,0660 0,0590 0,0544 0,0536 0,0582 0,0543 0,0587
Mg 0,0615 0,0550 0,0507 0,0499 0,0542 0,0506 0,0547
My 0,0344 0,0859 0,0907 0,0832 0,0783 0,0826 0,0780
Myey 0,0344 0,0429 0,0454 0,0416 0,0392 0,0413 0,0390
Mcy 0,0309 0,0277 0,0255 0,0251 0,0273 0,0254 0,0275
My 0,0400 0,0400 0,0400 0,0400 0,0400 0,0400 0,0400
igs o, | 0-0160 | 0,0143 0,0131 0,0129 0,0141 0,0131 0,0142
Mye 0,0147 0,0132 0,0121 0,0119 0,0130 0,0121 0,0131
my 0,0130 0,0116 0,0107 0,0105 0,0114 0,0107 0,0115
Mye 0,0096 0,0086 0,0079 0,0078 0,0085 0,0079 0,0085
My, 0,0438 0,0000 0,0000 0,0000 0,0000 0,0000 0,0000
Mpg 0,0027 0,0000 0,0000 0,0000 0,0000 0,0000 0,0000
My 0,0000 0,0000 0,0000 0,0377 0,0385 0,0351 0,0360
M, kT 1984 2219 2407 2446 2251 2413 2231
BHYTpeHHero cropanus. [Ipudyem ans OJHOBHH- Maccel  ammapara.  MakcUManbHBI — BKJIaJ
TOBOT'O BEPTOJIETa BKJIAJ MacChl KOHCTPYKIIMH B39,5% akkymynsaTopHble Oarapen BHOCAT

¢rozemnspka npeodinagaeT. IT0 MOKHO OOBSICHUTH
HauMEHbIIEH MOTPEOHONW MOIIHOCTHIO CHUIIOBOM
YCTaHOBKH BEpPTOJIETA MO CPAaBHEHHUIO C KBAJpO-
KON TEPAMHU.

B ciydyae moiaHOCTBIO JIEKTPUYECKOW CHIIO-
BOI YCTaHOBKM OCHOBHOM BKJIaJl B Maccy ammnapa-
TOB BCEX THUIIOB BHOCAT aKKyMYJISATOpHble Oara-
peu. Jlns OJHOBHHTOBOTO BEPTOJETa MX Macca
nmocturaetr 28,5 % OT MakCUMaJIbHOM B3JICTHOM
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B MacCy KBaJpOKONTEpa C BUHTAMHM B KOJIBIIC.
Jliis kBagpokonTepa ¢ OTKPBITBIMA BUHTaMHM OHA
nocturaer 38,4 %. Ilo ko3ddunmenty BecoBoii
ormaun (10,6—11,7 %) mpeuMyIIecTBO OCTaeTcs
3a OZIHOBUHTOBBIM BEPTOJIETOM JJIsi OOOUX THUIIOB
CWJIOBOM yCTaHOBKM. HaumeHbllleMy 3HA4Y€HUIO
BECOBOM OT/aul COOTBETCTBYET CXEMa KBaJpo-
KOMTepa ¢ BUHTaMH B KoJbIle (8,6-8,7 %).
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Puc. 6. PactipenencHue Macc 31eMEHTOB KOHCTPYKIHU. [10JTHOCTEIO 3nekTpudeckas (a) u rudpuHast (0)
CHJIOBAsi YCTaHOBKA
Fig. 6. Structural components mass distribution for eVTOL aircraft with the all-electric (a)
and hybrid (6) power plant

JanbHOCTh W MPOJOJKUTEIBHOCTH IOJIETa
armapaToB C THOPHIHOW CHUJIOBOM YCTaHOBKOM
OTIpe/IeNIIeTCS 3aIIacoM TOIUIMBA Ha OOPTY U MO-
XKET OBITh BBIYHMCIICHA TI0 (hOpMYyJIaM, PUMEHSIE-
MbIM 111 pacyeTa JITX seraTenpHbIX anmapaTros
C TPAIULIMOHHOW CHJIOBOM YCTaHOBKOM.

modm

L= (42)
mod_m
= Jon (43)

roe my u my; — macca >BKJIA cooTBeTcTBEHHO
B Hayaje M B KOHIIE y4acTKa TOPU30HTAIBLHOIO
noJieTa, JJisi KOTOpOro BhINoNHseTcs pacueT. Ec-
7 B MoJieTe He cOpachiBaeTcs Tpy3, TO U3MEHe-
Hue maccel 3BKJIA paBHO pacxoay TOIIMBa
Ha y4acTKe TOPU30HTAIBHOTO MOJIeTa!

mT == mO _ml.

YacoBoil M KWJIOMETPOBBIM pacxoJ TOILUIMBA
qn ¥ q, 1 5BKJIA MoryT ObITh BBIpaXKEHBI Ye-
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pe3 yIenbHBIA pacxoj TOIIuBa asuratenem C,
U IOTPEeOHYI0 MOIITHOCTh ABUTATENS N:

CoN
3,6V

qn = CN, q, = (44)

[TpubmmxeHHBId pacdyeT NadbHOCTH W IIPO-
nomkurensHoctu nonera mia YBKJIA ¢ momHOo-
CTBIO DJICKTPUYECKON CHJIOBOM YCTaHOBKOM
MO>KHO BBITIOJIHUTH TI0 (hopMynam

t=21 =36Vt (45)

PesynbraT, nomaydeHHslid o ¢popmynam (45),
OyIeT SBISATHCS OLICHKOW CBEpPXY, TaK KaK €M-
KOCTb pEaJbHBIX AaKKyMYJATOPOB B COOTBET-
ctBuu ¢ 3akoHOM [lukepra (Peukert) Huxe ume-
albHOM B CWIIy €€ 3aBUCHMOCTH OT CHJIbI TOKa
paspsiga W, COOTBETCTBEHHO, OT THOTPeOHOIt
MOIIHOCTH CUJIOBOI YCTaHOBKH.

[TonmyueHHbIE 3aBUCUMOCTH MTOTPEOHON MOTII-
HOCTH CHJIOBbIX ycTaHOBOK 3BKIJIA, nanbHOCTH,
MPOAOKUTEILHOCTH U BEPTUKAIBHON CKOPOCTH
OT UCTUHHOHN BO3JYLIHOM CKOPOCTHU IPUBEICHBI
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1100

N,kBT

250 300 350

Puc. 7. 3aBucumoctu nmotpedHoit MomHOocTH 3BKJIA 0T ckopocty monera s BeicoTel H = 0 M. [lyHKTHpHBIC THHAN —
pacnionaraemasi MmomHocTh eBKIIA. Crygait rubpunsoit CY
Fig. 7. Dependence of eVTOL drag power on airspeed for the height H =0 m. The dashed lines are eVTOL apparent
power. Hybrid power plant
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Puc. 8. 3aBucumocts nanpHOCTH TosteTa eBKJIA ot ckopocTr st Beicotsl moneta H = 2000 m:
a — noHOCTEIo AnekTpudeckas CY; 6 — rudpugnas CY
Fig. 8. Dependence of the eVTOL flying range on airspeed for the height H = 2000 m:
a — all-electric power plant; 6 — hybrid power plant

Ha puc. 7-10. B auamasone ckopocrtell monera
1o 220 KM/4 cpeau BceX THIOB, PACCMOTPEHHBIX
Hamu 3BKJIA, HanOompmmMu penMyecTBaMu
[0 JTAIBHOCTU U MPOAOJKUTENBHOCTH TOJETa B
Clly4a€ UCIOJb30BaHUS THOPUAHOM CHUIIOBOM
YCTaHOBKHM 00J1a/1a€T OAHOBUHTOBOW BEPTOJIET.
HauGompireld MakCHMaTbHOM CKOPOCTBIO TTOJIeTa
(okono 270 kM/4) obnamaeT KBaAPOKONTEP C OT-
KpBITBIMU BUHTaMU. B 1uana3zoHe mMasbIx cKoOpo-
creit moznera ot 0 go 60 kM/u HambonbIIeH Bep-
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TUKAJIBHOM CKOPOCTBIO 00JIalaeT KBaJpPOKOITED
C BUHTAMH B KOJIbLIE, IPUYEM KaK Il BapHaHTa
C TUOPUIHOMN, TaK M MOJHOCTBIO 3JIEKTPUUECKON
CHJIOBOM YCTaHOBKOM. DTO 0OBsCHsAETCS 00ib-
muM KIIJ] BUHTOB B KOJIBLE Ha PEKUMAX BHCE-
HUS ¥ MAJIBIX CKOPOCTEM.

Cpenu annapaToB C MOJHOCTBIO JJIEKTpHYE-
CKOM CHJIOBOM YCTaHOBKOM HauOOJBIIMMU IIpe-
MMYILECTBAMU IO AAJBHOCTU U MPOJOJIKUTENb-
HOCTU TIOJieTa Ha ckopocTu Oonbiie 120 km/4
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Puc. 9. 3aBucumocts npogomxutensHocty nojera 3BKJIA ot ckopoctu 11st BeicoTs nonera H = 2000 m:
a — oHOCTEIo AnekTpudeckas CY; 6 — rudpugnas CY
Fig. 9. Dependence of the eVTOL flight duration on airspeed, for the height H=2000 m:
a — all-electric power plant; 6 — hybrid power plant
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Puc. 10. 3aBucumocts BepTuKanpHoit ckopoctu 3BKJIIA oT nmoctynarenbHOM CKOpOCTH A BHICOTHI TOJETA!
a—H=0wm; 6 —H=2000 m. [TomHoCcThIO 3neKTpUIecKas CY
Fig. 10. Dependence of the eVTOL vertical speed on the forward speed for the height:
a—H=0m; 6—-H=2000m. All-electric power plant

o0nasaer KBaJPOKONTEP C OTKPHITHIMU BHHTAMU
Omaromapsi OOJIBIIEH OTHOCUTEIBHOW EMKOCTH
akKyMyJsITopHbIX Oartapeit (38,4 % wmaccer JIA
poTtuB 28,5 % y OJJHOBUHTOBOT'O BEPTOJIETA).

Takxe HE0OOXOIUMO OTMETHTbh, YTO arapa-
ThI, BBITIOJIHEHHBIE IO CXEME€ KBaJpOKOITEepa,
OynyT obnangath mpuMepHo Ha 50 km/49 OombIei
KpeMCcepCKo CKOPOCTHIO MOJIETA 10 CPABHEHUIO
C OJTHOBHHTOBBIM BEPTOJIETOM.

Cpenu BCeX KOHBEPTHUPYEMBIX aIlllapaTtoB C
KpPBUIOM HaWOONBUIMMH TMPEUMYIIECTBAMHU TIO
JATBHOCTH M TPOAODKUTEIIBHOCTH TOJIeTa 00-
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magaror BKJIA ¢ BHHTAaMH B KOJbBIE. JTO
YTBEPKACHUE CHPABEUIUBO ISl KOHBEPTHpYe-
MbIX BKJIA Kak C MONHOCTBIO AJIEKTPUYECKOM,
TaK ¥ ¢ THOPUTHOM CHIIOBOM yCTaHOBKOM.

C TOUYKM 3pEeHUSI MAKCUMAIBHO JOCTHKUMBIX
JITX ¢ cymecTBYOIMMH Ha CETOIHSIIHUN I€Hb
yAEIbHBIMH TapaMeTpaMH 3JCKTPUYECKUX Ma-
IIMH ¥ aKKyMYJISITOPHBIX OaTtapeld HanOOJbIIH-
MH npeumyliecTBamu Oynyt obnanats 3BKIIA
c ruOpugHOM CHIIOBOM  ycTaHoBKOM. Takue
eBKJIA 6ynyt obnagats B 2-2,5 pa3a Oombluei
JAIBbHOCTBIO M TPOJOJDKUTENIBHOCTBIO TOJIETa
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10 CPAaBHEHUIO C MOJHOCTHIO 3JIEKTPUYECKUMH
anmaparamu.

3akioueHue

Ha ocHOBaHuM pe3ysnbTaTOB MPOBEAECHHBIX
UCCIIeI0BaHUM a’poauHamuueckux cxem »BKJIA
MOJKHO 3aKJIIOYMTh, YTO IPHU CYLIECTBYIOIIEM
Ha CETOJHSIIHUMA JIeHb U JIOCTH)XKMMOM B OJH-
JKaWIlel MepCIeKTUBE YPOBHE Pa3BUTHSA TEXHO-
JIOTHH BO3MOXHO CO3[aHHE KOHKYPEHTOCIIOCO0-
HBIX aNlapaToB ¢ MacCCAKUPOBMECTUMOCTBIO 110
YeThIPEX YEJIOBEK JUISl MCIIOJIb30BAHMS B Ka-
4ecTBE TOPOJCKOro a’poTakcu. [losHOCTBIO
AIIEKTPUYECKasi CUJIOBasl yCTAaHOBKA C NpUMEHE-
HUEM AaKKyMYJIATOpHBIX OaTapell B KadyecTBe
€IMHCTBEHHOT0 HCTOYHHMKA JHEPIUU MOXKET
OLITh HCIIONIB30BaHa it co3ganus 5SBKIIA
C MPOJOJDKUTENIBHOCTBIO TI0JIETa Ha Kpeiicep-
ckoM pexuMme 0kosio 30—40 MHH U TaTbHOCTBIO
noiieta 10 100130 kM.

Ucnonb3oBanne koHBeptupyembix BKIIA
C KPbUIOM MO3BOJHUT YBEJIWYUTh JAIbHOCTb
U IIPOJIOJKUTENBHOCT mosieTa Ha S50 kM
u 20 MuH cooTBeTcTBeHHO. Takoil ypoBenb JITX
BITOJTHE TIPUEMJIEM ISl UCIIOJIB30BaHUS TO00-
HBIX alllapaToB B KayeCcTBE TOPOJICKOTO a’3po-
Takcu. Ammaparbl 0e3 HeCcymuX TOBEPXHOCTEH
C TUOPHUIIHOM CHUIIOBOW YCTaHOBKOW, C JallbHO-
cTbto nosieta 170-330 kM BO3MOXKHO L1€1€C000-
pasHee UCHOJNb30BaTh JUIsl MEPEIETOB MEXIY
OnmKalIIuMU TOPOJaMH.

Kouseprupyembie BKJIA ¢ panbHOCTBIO TIO-
neta 340—-450 kM dydie NOJOWIYT AJs ajdbHe-
ro MEKAYTOpPOJHEr0 aBHAaCOOOILEHHS.

Hcnonszoanne BKJIA Tuma KOHBEpTOIUIaH
TaKXe MO3BOJHUT YBEIUUUTh KpEHCEepCKylo CKO-
poCTh TONIeTa MPUOIM3HTETbHO Ha S50 KM/4.
MakcumanbHass CKOpPOCTh TaKuUX alnapaToB
B ClIy4ya€ HCIOJIb30BaHUS MaKCHUMalbHOM MOII-
HOCTH  3JEKTPOMOTOPOB  MOJXKET JIOCTUIaTh
350—400 xm/4.

Hns >BKJIA Tunma koHBepTOILIaH-KBaApO-
KONTEP C MOBOPOTHBIMU HECYIIMMHU ITOBEPXHO-
CTSIMU TIOTPEOYETCSl CUCTEMA 3aKPBUIKOB U (WJIH)
CUCTEMa aKTMBHOI'O YMPAaBJIEHHUS MOIPaHUYHBIM
cJl0eM, Tak Kak Kpblbs Takoro JIA B auama3oHe
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MaJIbIX CKOpOCTeH mojera paboTaroT Ha 00jb-
HIMX YTJ1ax aTaky.

Cpenu 3BKJIA kak ¢ NOJHOCTBIO JIEKTpUYE-
CKOM, TaK W ¢ THOPUIHON CHIIOBOW yCTaHOBKOMU
HauOOJIBIIMMHU TPEUMYLIECTBAMU B JMaNa3oHe
MaJbIX CKOpOCTeH moisiera OyayT o0JianaTh ar-
napaThl C BUHTAaMHU B KOJIBLIEBBIX OOTEKaTENsX.
Takue BKJIA Tarkke OymyT oOimagath Heco-
MHEHHBIMH IPEMMYLIECTBAMM IIPU  IOJETaX
B LIEHTPAJIbHBIX YAaCTAX METrarojlcOB C BBICOKON
3aCTPOMKON BCIEACTBUE CBOEU BBICOKOM CKOPO-
MOJJbEMHOCTH, a TaKXke O0e30macHOCTH It 00-
CIIy’KMBAIOLIETO IIEPCOHAJIA U [1aCCAXUPOB.
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