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JOINT PROCESSING OF MEASUREMENTS
IN A RANGEFINDER-DOPPLER MULTISTATIC RADAR SYSTEM

E.G. BORISOV'
"The Bonch-Bruevich Saint-Petersburg State University of Telecommunications,
Ist. Petersburg, Russia

The article considers the option of organizing joint processing of radar information in a multistatic rangefinder - doppler radar
system. The least-squares method is used to obtain analytical expressions for oblique ranges and radial velocities of targets during
joint processing of range-finding measurements of various types. The obtained expressions for inclined ranges have some
similarities with the secondary processing of radar information, with the only difference being that the weighting coefficients for the
evaluated parameters are updated in the case of successive measurements as data are received, and in the case of joint processing,
they depend on the number of positions and the number of measurements. It is shown that the joint processing of measurements of
the inclined range, the sum of the distances, the radial velocity and the rate of change of the total range allows to increase the
accuracy of measuring the location of an air object and the projections of its velocity vector on the axis of a rectangular coordinate
system. The physical basis for increasing the accuracy of positioning is to use redundant measurements by processing the total
ranges. The considered option of processing redundant measurements in a multistatic radar system does not require time to
accumulate data, and the task of increasing accuracy is solved in one measurement cycle. The potential accuracy of determining the
location of an air object for different values of the standard errors of the determination of rangefinding parameters in a multistatic
radar system at various distances between positions has been calculated. For an arbitrary trajectory of an air object, simulation-
statistical modeling was performed, which allows to obtain the mean square errors of determining the location and velocity vector
of the air object. A gain is shown in the accuracy of determining the location and velocity vector of an air object in comparison with
traditional algorithms for determining coordinates in long-range multistatic radar systems.

Key words: multistatic radar, rangefinding, sum of distances, radial speed, location, velocity vector, standard error.
INTRODUCTION

The topic of the coordinate measurement in the multistatic radar system (MRS) is covered in
the remarkable amount of the Russian and foreign academic works. There are different variants of ra-
dar data (RD) processing in the radar and radionavigation systems described in them. The problem of
the air-break object coordinates high-precision measurement is usually solved by increasing the radar
system power potential (by increasing of the pilot signal power, high-speed aerial jet effect coefficient,
radio set response, etc.), expanding of the pilot signal spectrum, using of the coherent integration.
Nevertheless, the given approaches have a certain number of disadvantages. Increasing of the radar
system power potential is problematic in certain cases for grounds of the structural system and opera-
tion. Involving the complex and spread spectrum signals allows to increase the range measuring accu-
racy, but while using of antenna systems with the measuring accuracy not high enough to measure the
angular point the accuracy benefit is not considerable in some cases.

In the radio navigation tasks the required accuracy is achieved by the choice of the navigation
space module algorithms advanced development and the best ground flight radio support facilities lo-
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cation; the location of the test station aboard the air-break object at the land-based distance from the
devices of the user, which allows us to compute the differentional corrections by the precisely known
base between the receiver units. The article [10] covers the procedure of signal acquisition and meas-
urement in case of interference in the bistatic radar systems. The paper [11] considers in detail the var-
iants of locating the radar and connection systems in the MRS which allow to maximize the connection
between the signal and noise of every single channel; the geometric accuracy factor is contemporarily
reduced to the minimum. The article [12] grounds the location accuracy tests increasing approaches in
multilaterality systems; the works [13] and [14] cover the data reduction procedures in certain bistatic
position couples of the radar system, [15] covers the location accuracy estimation in the conditions of
the destabilizing factors, exposures, multiple-beam radiowave distribution, etc. The aircraft location
accuracy involving differentially range-measurement and azimuthal measurements is researched in the
work [16]. These approaches allow to increase the aircraft coordinates recognition accuracy in some
cases, but the procedures of collaborative range and Doppler measurement reduction for coordinate
measurement and object moving items are not covered in these works.

While the secondary radar information proceeding (SRIP) the optimum filtration procedures
based on Kalman filter modifications, a, B filtration algorithms [19], spline procedures [20], etc. Tra-
jectory data filtration procedures are limited by the object motion hypothesis and the considerable ob-
servation interval is required for measurement accumulation in the aim of the appropriate accuracy
achievement while SRIP. The aircraft maneuver cycle performing cuts the filtration algorithms quality
ratings down and requires some extra procedures in the aim of its sighting and filter beefing-up coeffi-
cients change.

While the ternary radar information proceeding (TRIP) arrangement the slope estimation accu-
racy is increased by blending of the different RS incentive index marks for one certain object with ac-
count for weight factors which are in inverse proportion to the relevant inadvertency dispersions [21].

The radar information complexation while TRIP by the incentive index marks blending based
on the different RS measurement results requires a-priori knowledge of the object coordinates recogni-
tion inadvertency dispersions or undertaking of the reckoning procedure in the aim of their estimation.

The purpose of this article is to develop the cooperative measurement proceeding methods and
algorithms in the range measurement doppler MRS in the aim of the aircraft location investigation and
the definition of its speed vector projection to the rectangular coordinate system centreline.

THE AIRCRAFT POSITION FINDING INVOLVING THE RANGE MEASUREMENT

The works [1, 2] show that cooperative radar information processing in the MRS is the most
valuable one as it allows to derive the potentially larger information content from the current aware-
ness. The feature of such a data proceeding approach is that all the positions are able to receive the
fended signals in the area of responsibility while being irradiated by any relaying position. The coop-
erative data proceeding allows to make the redundant measurements in the system; this is the physical
basis of the coordinate recognition accuracy increasing. If the quantity of the range measurement items
(inclined ranges and distance amounts) being estimated is more than the number of required values,
there will be changes in the MRS which might be used for the line-of sight range recognition accuracy
increasing as relating to every single coordinate.

The synergy of spacely spread-out RS with circularly disposed antenna arrays or multiple-beam
active phased array antennas scanning the defined area in the azimuthal and elevation plane is the vari-
ant of MRS for the cooperative data proceeding. Involving the low directional antennas is also possible
in case of non-requiring the considerable range according to the mission requirements.

Let us consider the summarily- range measurement radar system consisting of the send-receive
positions N. The measurements of slant Ry, R, ... Ry and summarized rangesRy;,, Ry21, Ryyv-1) are
conducted in this system.
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There are N range measurements and N(N — 1) distance amounts measurements possible in
such a system, which provides us with n = N” measurements of the estimated parameter. Let us write
the scalar algebraic coupled equations, according to the considered range measurements.

‘Ry+...+0-R,,
N uzmepeHui

R,=0-R+0-R,+0-R,+...+1-R

N(N-1)°
v =R 1R, +0-Ro+..+0- Ry,
. ~ - ~ ~ (1)
s =1 R +1-R, +0-R, +...+0- Ry oy
R, =1-R+0-R,+1-R+...+0-R . .,
Am ~1 ~2 ~3 ~N(N71) N (N - 1) U3MEpPEHUM
sy =1'R+0-R, +1-R, + +O-RN(N_1),
RZN(N%) =0-R+0-R,+0-R, +...+1-RN(N71),
where f?i i = 1, N are the slant ranges to the aircraft resp in relation to the i position, and Ry; j
ati,j = 1,N, i # j are the summarized ranges to the aircraft in relation to the i and j positions.
In the matrix form the coupled equations will take the form of
2= AZ, 2)

where 27 = ||§1,§2 . Ry, Rs12, Ry21, Ry13, ---'ﬁN(N—l)ijll is the matrix (row-vector) of the fundamen-

tal measurements; their size is 1xn;

A is the coefficient matrix of the indeterminates; their size is Nx n;

7T = ||ﬁ1, R, ..Ry || is the matrix (row-vector) of the required range estimations; their size is 1 x V.
The results of the certain measurements might not be used in the real setting, for instance, due

to the air object dropping. To take the factor into account, let us interpolate the scalar matrix; its size is

nxn A=diag[i, A, .., A,], = 1,7 this matrix takes into account the presence or absence of the

relevant measurements. If the measurement i is used while handling the problem, then A; = 1, if it is
not used, then A4; = 0. Involving the least squares method in (2), we will obtain [22, 23]

7 = (ATAWA) AT AWz, (3)

where W is the dispersion matrix of the relevant range-measurement items; its size is n X n.
We shall obtain the covariance inadvertency matrix for the case of dispersion range measure-
ment uniformly precise measurements 65 = o and distance amounts o35y = o&. The matrix diagonal

element are the range measurement standard error dispersions while the cooperative data proceeding
in MRS

W2 = o2(ATWA)™. (4)

10
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The solution (3) corresponds to Hauss-Markoff theorem of the effective scalar estimations, be-
cause the estimation for the certain system of the scalar argument function relation has the minimal
dispersions among the multitude of the scalar bias-free estimations for any error equations and in case
of the scalar correspondence to the required items. This solution is reasonable in case of fulfilling the
Hauss-Markoff conditions: the observation model is scalar by the coefficients, is rated in a correct way
and envelops the additive component, the changes are not correlated, expectation function of the eval-
uated process is zero.

In case of the four-position system, the conjugated coefficient matrix for indeterminate items
will take the form of:

1 00011 T11T1T1HO0O0O0O0O0O0
AT0100110000111100
001 00O0T1T1TUO0O0OT1T1TQO0O0OT1'1
000100O0O0OT1TT1TUO0O0OT1T1T1:1

()

With regard to (3) and (5) we shall obtain the range amounts while the joint processing of
measurement:

| . . . . . . . .
1 :g(l 1R —2R,—2R,—2R, +9R,, +9R,,, +9R , +9R,,, +

+ 9R214 + 9Rz41 - 4R223 - 4R232 - 4R224 - 4Rz42 - 4R234 - 4R243 ) ’

~ 1 A A - 5 D D > R
Rz =E(1 1R2 —2R1 _2R3 _2R4 +9R212 +9R221 _4R213 _4R231 a

A

- 4R214 - 4Rz41 + 9R223 + 9R232 + 9R224 + 9Rz42 - 4R234 - 4Rz43 ) >

(6)
R L 5 5 Lop
.= E(] IR, 2R, =2R —2R, —4R;, —4R., +9R, s + IR, —

A

- 4Rz14 - 4R241 + 9R223 + 9R232 - 4R224 - 4Rz42 + 9R234 + 9R243 ) ’

R, =é(1 IR, —2R,—2R, —2R —4R.,, —4R,, — 4R, , 4R, +

+9 R214 + 9Rz41 - 4R223 - 4Rz32 + 9R224 + 9Rz42 + 9Rz34 + 9Rz43 )

While measuring the doppler frequency shifts as regard to every F,. position and the doppler

frequency drift, derived by the rate of change of the total range Fjy; we might obtain the radial speed
amounts in analogy with (6), where it is necessary to use R; = 0.51;F; and R):ij =R, + Rj = AiFpsi
instead of the ranges and distance amounts.

The covariance range measurement inadvertency matrix in case of uniformly precise measure-
ments and in case of 6% = 0%y =03 and at 64y = 465, 045 = 160¢ according to (4) and (5) accord-
ingly will take a form of

11
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11 2 2 2 7 -1 -1 -1 26 2 -2 2
-2 11 =2 =2 , 1\-r 7 -1 -1 1|2 26 -2 2

| — oty W.. =— Gro W, . =— o2 (7)
R esl—2 =2 11 =2 ° 2 q6l-1 =1 7 =1 *¢ 3502 2 26 -2 °

-2 =2 =2 11 -1 -1 -1 7 -2 -2 -2 26

In the aim of orthogonal coordinates recognition let us consider N non-linear equations which
link the aircraft required coordinates,

Ry =y (X —x)?+ (Y —y)? + (H — h)2, 3

where x;, y;, h; are the RS location coordinates.
The orthogonal coordinates might be recognized by using either numerical methods or least
squares

Zp = (ARTAR)—lARTZRa ©)
in this case
Ax, Ay, Ay, R12 - Rz2 - d12 + d22
Axy Ay Ay, R12 _R32 _d12 "'d32
Ay =|Axy, Ay, Ahy|> z, =05||R* =R —d?+d?| > (10)
Axy,  Ayy,  Ahy, Rl2 - Rz%/ - d12 + dz?/

where Ax;; = x; — xj, Ay;; =y; —yj, Ahjj =h;—hj, ad; = /xlz + y? + h? is the distance from

the origin of coordinates to the i-position.

THE POSITIONING OF THE AIRCRAFT SPEED VECTOR PROJECTION
ON THE CARTESIAN-COORDINATE SYSTEM AXIS

Let us perform a differentiation of (9) in time in the aim of aircraft speed vector amount recog-
nition on the cartesian-coordinate system axis

Zo=[ (A5 A0) (A2 A720) = (A A) (A A+ 4 ) (47 4) 47z, | (D
where
Mg A Al RR —R.R, —dd+dd,
_ Axy, Apy, Nsz R,R, —R,R, —d,d, +d,d,
A =|| Ay Ay, Ahyy |, Zp = R,R, —R,R, —d3d3 +deN )
A).CN(Nfl) A)'}N(N—l) AhN(Nfl) RN—IRN—] - RNRN - dN—]dN—l + deN

12
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Ax;; = % — X5, Ay = Vi — V), Ahij =h; — hj is the distance change speed between the posi-
tions by the relevant orthogonal coordinates x;, y;, h; are the RS location change speeds,
g, = itetywithih)

;=

i

is the RS moving-off speed from the origin of coordinates.

In case of the stationary position, X; = 0, ¥; = 0, i; = 0, (11) will take a simpler form:

Zr = (4" Ax ™) AR" 2, (12)
R R —R,R,
Rsz _RNRN
Lo=| RER -R.E, |, (13)
RN—IRN—I _RNRN

Based on (9), (10), (12), (13), the aircraft speed vector coordinate and projection recognition on
the cartesian-coordinate system axis is possible in a single data proceeding cycle without considering
the limits on the motion hypothesis of the object location. We might recognize the whole aircraft speed

vector V =+ X2 + Y2 + H2 basing on (12) and (13).
THE OBJECT POSITION AND ITS SPEED VECTOR ACCURACY ESTIMATION

Figures 1 and 2 demonstrate the results of calculating the potential aircraft location recognition
accuracy in the fourposition RS. The distance from the origin of coordinates to every RS is d = 25. The
resulting error of the aircraft spatial variable location recognition is expressed by the complete correla-
tion matrix [24]

o =+/tr[(DTW-1D)"1],

where tr is the matrix trace (the amount of the diagonal elements), and D is the matrix of the partial
differential coefficient in the form of

oR, OR, OR,
|%x o o
dR, OR, OR,
p=|x o
ORy ORy ORy
% or o

Range measurement quadratic mean errors were thought to be equal to o, = 50 m. The numeri-
cal calculations were conducted while the aircraft moving in a circumferential direction relating to the
origin of coordinates on the constant altitude and range Ry. The amounts of location recognition quad-
ratic mean errors (QME), derived for the different measurement accuracy, are denoted by some num-
bers in Figures 1 and 2: 1 - the range - measurement system in case of uniformly precise measurement
without their cooperative proceeding;2, 3, 4 - the cooperative measurement proceeding resp in case of
02 =0f u ofs=1602,0% =0l u ofs=40f, 0f =0¢ u oh5x=0¢.

13



Hayunblii Becruuk MI'TY T'A Tom 23, Ne 02, 2020
Civil Aviation High Technologies Vol. 23, No. 02, 2020

There are the results obtained from the aircraft position and the speed vector modeling for the
considered MRS recognition in Figures 3 and 4. The primary data measurement inadvertencies are
subordinated to the normal statistical law with the zero mean and are tied functionally to the ratio of
signal -to- noise. The aircraft reference coordinates are chosen as X =0, Y = 1.5d, H = 0.2d. While
changing the aircraft path the fundamental measurement recognition QME reached the range of

og= 5+60 m, ogs =5+60 m at the radial speed of o = 2+6 m/s, the summarized range change speed
of oy =2+10 m m/s.

.
>

120

15

(i)

180 >
o, M
21 330 330
240 300 240 300
270 270
Fig. 1. The potential accuracy of determining Fig. 2. The potential accuracy of determining
the location of an air object at Ro=4d the location of an air object at Ry=0.5d
o | o, . M/C &
15 1H
100 100
\\:- \\ IJ-
’ t ’ > : + : - "
T Aot (i T Aot
= &0 - 210 0 2x107 <107 y pq — 4x10% _ 220" o 2:10% &0t Y. om
Fig. 3. The standard error of determining Fig. 4. The standard error of determining the projection
the location of an air object of the velocity vector of an air object

That is what denoted by the numbers in Figure. 3:

1 — the aircraft position QME;

2 — the aircraft position QME in case of cooperative measurement proceeding;
and Figure 4:

1 — the aircraft speed vector QME;

2 — the aircraft speed vector QME in case of cooperative measurement proceeding.

CONCLUSION
The formulas for line-of-sight ranges and radial speeds of the items in case of the cooperative
measurement proceeding in range-measurement doppler multilocational radar system are derived. The

recognition of the object location orthogonal coordinates and its movement parameters is possible due
to these formulas.

14
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The principal feature of the data redundancy in MRS is that the considerable amount of time for
data accumulation is not required, and the problem of increasing the accuracy is handled for the single
measurement cycle.

The formulas for line-of-sight ranges are similar to the secondary radar data proceeding proce-
dures. The only contrast is that the weight coefficient of the estimated parameters are brought up to
date as soon as the data is available in case of QME, and depend on the number of positions and the
measurements quantity in case of the cooperative data proceeding.

In the context of the considered instance the potential accuracy of the location recognition is
1.12 — 2. 25 times for the small-based system and 2.3 — 4.1 for the large-based one. The benefit from
the location estimation accuracy and the aircraft speed vector on the cartesian-coordinate system axis
is 1.2 — 2.8 times in the context of the considered instance for the aircraft certain path.
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COBMECTHASI OBPABOTKA U3MEPEHUI
B TAJJBHOMEPHO-JIOIIIEPOBCKOM MHOT' OITIO3UIIMOHHOM
PAJIMOJIOKAIITMOHHOM CUCTEME

E.T. ]30p1/1c01a1
1 . .
Canxm-Ilemepbypeckuii 20cyoapcmeeHublll YHUgepcumem
menexommyHuxayuii um. npod. M.A. bonu-bpyesuua, 2. Cankm-Ilemepoype, Poccus

B craree paccmarpuBaeTrcs BapuaHT OpraHM3alMM COBMECTHOM 00pabOTKM  paauoNioKalioHHOHW HH(opMmarmu B
MHOT'OIIO3ULIMOHHON JaIbHOMEPHO — AOIJIEPOBCKOM PaJlioJIOKallMIOHHON chcTeMe. MeTo0M HauMEHBLIMX KBaJApaToB MOTyYEHbI
AHAMTUYECKUE BBIPAKCHMS [UI HAKIOHHBIX JAJbHOCTEW W paJUabHBIX CKOPOCTEH MeNield NpU COBMECTHOH 00paboTke
JTATTEHOMEPHBIX M3MEPEHUI pa3fIHBIX TUTIOB. [loMydeHHBIe BRIpaKEHUS I HAKJIOHHBIX NAJFHOCTEH MMEIOT OIpeei¢HHOS
CXOZICTBO C TIPOLIEAYpaMH BTOPHUYHOW OOpabOTKH PaAMOIIOKAIMOHHONW WH(OpPMAIMH C TOM JIMIIb Pa3HHLEH, YTO BECOBBIC
KO3 (UIMEHTHI TIPX OIEHIBAEMBIX MTApaMeTpax B CITydae IPOBEACHHUS IOCIEIOBATEIHHBIX N3MEPEHNH OOHOBIIAIOTCS TI0 Mepe
MOCTYIUICHUS JJAHHBIX, & B CI[y4ae COBMECTHOH 00paOOTKM 3aBHUCST OT YHCIIa MO3UINK 1 KonpdecTsa mMepenni. [lokasano, uro
coBMecTHasi 00paboTKa M3MEPEeHHH HAKIIOHHOW JAIBHOCTH, CYMM PacCTOSIHHH, PaJHalibHOM CKOPOCTH M CKOPOCTH HW3MEHEHUs
CyMMapHOﬂ JAJIBHOCTU MO3BOJIICT MOBBICUTH TOYHOCTH M3MEPCHUSA MECTOIIOJIOKEHUSA BO3QYITHOTO 06’])CKT8. )41 HpOGKLII/Il‘/II €ro
BEKTOpPa CKOPOCTH Ha OCH MPSIMOYTOJNBHOW CHCTeMbl KoopiauHar. dPu3ndeckass OCHOBA IOBBIEHHS TOYHOCTH OMNPEAEICHUS
MECTOIOJIO’KEHHS 3aKIIIOYaeTCsl B MCIIOJIb30BAaHMM HM30BITOUHBIX HM3MEpEeHHi 3a cuéT OOpabOTKM CyMMapHBIX IaJIbHOCTEH.
PaccmarprBaemslii BappaHT 00paOOTKH M30BITOYHBIX H3MEPEHMH B MHOTOIIO3UIIMOHHON PaMOJIOKalMOHHOI CHCTeMe He Tpedyer
BPEMEHH JUISl HAKOIUICHUsS JAHHBIX, @ 3aJaya IOBBIIIEHHS TOYHOCTH PEIIAeTCs 3a OAWH LMK IMPOBEACHUS H3MEPEHUIL
[IpoBeneHsI pacyeTs MOTEHIMAIBHON TOYHOCTH ONPE/IEIICHNS MECTOTIONOKEHHS BO3AYIITHOTO OOBEKTA IS PA3IMYHOTO 3HAUCHUS
CpEeITHEKBAIPATIHYECKIX OMMOOK OIpEeNeNieHIs TaTbHOMEPHBIX MMapaMeTpOB B MHOTOMO3UIIMOHHOM paFioJIOKAllOHHON cUcTeMe
MPU  PA3NIMYHBIX PACCTOSHMSX MEXITY MOZUIMSIMA. [T TIPOM3BONIBHOM TPAeKTOPHH BO3MYIIHOTO OOBEKTA IIPOBEICHO
MMUTAIMOHHO CTAaTUCTHYECKOE MOJIEIMPOBAHNE, IIO3BOJLIIONICE MONYYWTh  3HAYEHWS CPEIHEKBAIPAaTHUECKHX OIIHOOK
OTIpeNIeNIeHHsI MECTOIOJIOKEHNSI M BEKTOpPa CKOPOCTH BO3AYIIHOTO 0O0BekTa. 1Ioka3aH BBIMIPHII B TOYHOCTH OMNPEHCICHUS
MECTOIIOJIOKEHUS M BEKTOpPAa CKOPOCTH BO3AYIITHOTO OOBEKTa MO CPABHEHHIO C TPAIMLIMOHHBIMU AITOPHTMaMH ONPEICICHUS
KOOPAHHAT B JAJIbBHOMCPHBIX MHOT'OITO3UITUOHHBIX PAUOJIOKAIITMOHHBIX CUCTEMAX.

KiioueBnle ci1oBa: MHOT OIO3UIMOHHASA PAaArUOJIOKAUs, AAJIbHOMEPHbBIC, CYMMAPHO — HJAJIbHOMCPHLIC, paJdaibHass CKOPOCTb,
MECTOIOJIOKEHUE, BEKTOP CKOPOCTH, CPCAHCKBAAPATHICCKAA OIIMOKa.
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UCCJEJTOBAHUE MPO®WUJIS YA3BUMOCTEN ABUAIIMOHHOTI' O
INEPCOHAJIA K COHMONH’KEHEPHBIM ATAKAM

AnK. BOJIKOB', An.K. BOJIKOB', JI.U. ®POJIOBA'
'Yivsanoscruii uHcmumym epasicoanckou asuayuu um. I nagnozo mapwana asuayuu b.11. byeaesa,
2. Vavanoeck, Poccus

B ycrnoBusix ycuneHuss MH(GOPMAIMOHHOM COCTABILIIOIICH aBHAIIMOHHOW JIESTENILHOCTH 3ajadya OOecriedYeHUs aBUAllMOHHOM
KnOepOe30IacHOCTH CTAHOBUTCSI YPE3BBIYAIHO aKkTyalnbHOW. B HacTosiee BpeMs popabaThiBaeTCsi HOpMaTUBHO-TIPaBoOBas Oasa,
PperaMeHTHPYIOLIasl IeITEILHOCT B IAHHON 00JIacTH, Kak CO CTOPOHBI MeXTyHapOIHOH OpraHH3aliy TPaXkIaHCKOM aBHaliH,
Tak ¥ Ha ypoBHe Poccuiickoit ®enepaumn. B xomruiekce yrpo3 aBHarMOHHOM KHOEpOE30macHOCTH, K KOTOPOMY OTHOCSITCS
YMBIIUICHHBIE aTaKH, OMIMOKNW CTOPOHHHMX KOMIIAaHWH, CHCTEMHBIE OLIMOKH, NPUPOJHbIC SIBJICHHUS, BOXHOE MECTO 3aHHUMAaeT
yenoBeyecknii Qakrop. B pabore naHHOE HEraTMBHOE SIBICHHE PACCMOTPEHO C TOYKHM 3PEHHS YS3BHMOCTH aBHALIOHHOTO
MIEPCOHAIA K COLMONHKEHEPHBIM aTtakaM. [1o00HbIH THIT BO3AEHCTBHI 3TOyMBIIUIEHHIKOB TIPE/IIONaraeT Habop MpPHKIAIHBIX
TICUXOJIOTHIECKNX W AHAIMTUYECKHX TIPUEMOB, CIIOCOOCTBYIOIIMX MOJMYYECHHIO KOH(MICHIMAIBHONH HMH(GOPMANN WX
HapyIICHNIO TPaBWI MH()OPMAIMOHHON 0€30MacHOCTH JIETHTUMHBIMU COTPYAHHMKaMH KommaHuil. CyliecTByOIMiA MoAxos K
HOCTPOSHHIO PO yA3BUMOCTEH IOJB30BaTeled K COLMOMH)KEHEPHBIM aTakaM IIpedriojiaraeT IIpOBEACHHE psla
MICUXOJIOTHYECKHUX TECTOB, TI0 Pe3yNbTaTaM KOTOPBIX C MCIOIb30BaHUEM PETPECCHOHHON MOJENN MPOTHO3UPYIOTCS YS3BUMOCTH
TIOJIE30BATENs Yepe3 ero MCUXOJIOTHYecKie 0COOCHHOCTH. B TaHHOM paboTe CTaBUTCA HECKOJIBKO MHAs 3a[auya — BOCCTAHOBUTD
npoQHIIb YA3BUMOCTEH aBHAIIMOHHOTO MEPCOHANIA 110 IAHHBIM aKTHBHOCTH B COLMANIBHOM CETH. DTO CBA3aHO C TEM, UTO M3ydYeHHE
npoQuiIs TOJB30BATENsl COLMAIBHON CETH TO3BOJIMT OoOJiee ONEepaTHBHO pEIIMTh 3a7ady BblOOpa HamOoliee YsI3BUMOIO
COTPY/IHHKA K KOHKPETHOMY THITy COLIHIOMHKEHEPHOH aTaku U BHEAPSTH NPOQUIIaKTHIECKHE MeporprsiThst. B pabote npoBeeHb!
nccnenoBanus Ha 6aze AO «MexayHaponuslii asporopt Cyprym». B kadecTBe pecrioHeHTOB ObUTH BBIOpaHb! 36 MHCIIEKTOPOB
M0 JOCMOTpPY CIyXOBbl aBHAIMOHHON Oe3omacHocTH. llomydeHbl SMIMpHYEcKHe aHHBIC, BKIIIOYAIOIINE AHKETHI MpO(IIIeH
TI0JIb30BATENs COLMATIGHOW CETH M Psf IICHXOJIOrnYecKuX TecToB. C MCHONb30BaHMEM (DAKTOPHOTO —aHaIN3a peleHa 3aj1ada
CHIDKCHHSI Pa3MEpPHOCTH W BbIOOpa HanbOonee MH(OPMATHBHBIX IOKA3aTeleH, XapaKTepH3YIOIMX aKTUBHOCTH I0JI30BATENS
conmanpHOM ceTH. Pa3paboTana IUCKpUMHHAHTHAS MOJENb, O3BOJIAIONIAs IPOTHO3UPOBATh NMPOQIIb ySI3BUMOCTEN HepcCoHama
IO JJAHHBIM COLIMAIBHOMN ceTH. I[IpenicTaBieHs! BO3MOXKHBIE THITHI COLMOMHXEHEPHBIX aTaK HAa aBUALMOHHBIHN TIEPCOHAIL.

KitioueBrble ciioBa: kuOepOe30macHOCTb, aBHALMOHHAS 0E30I1aCHOCTh, COLMOMHKEHEpHAs aTaka, aBHALMOHHBIA IEPCOHA,
COLIMANBHASL CETh, YSI3BUMOCTb [OJIb30BATEIIS.

BBEJIEHUE

B coBpeMeHHBIX YCIOBUSX HH()OPMAIMOHHBIA PECypC CTAHOBUTCS BaXXHOH COCTaBIISIOMICH
HKOHOMHMUYECKOTO ¥ TEXHOJIOTUYECKOTO pa3BUTHsI aBUAIIMOHHOM oTpaciu. Bmecre ¢ 3TUM Bo3pacTaroT
yrpo3bl B 00JIaCTH aBUAIMOHHOM KHOEpOE30macHOCTH, BO3MOXKHOCTH Pealiu3allii KOTOPBIX BO MHO-
IOM CIIOCOOCTBYET Takoil (akTop, KaKk yBeIMYEHHE MaciiTaba ¢ OJHOBPEMEHHBIM YCIIOKHEHHUEM afl-
apaTypHOl M TPOrPaMMHON COCTaBISIOLIEH HH(OPMALMOHHO-TEIEKOMMYHHUKAIIMOHHBIX CHCTEM
aBuanpennpuatuil. K Tomy jxe coBpeMeHHbIe BO3IyIIHbIE CyJ1a IPECTABISIOT COO0I OYEHb CIIOXKHbBIE
TEXHUYECKHE CHCTEMBI, KOTOPBIE BO MHOTOM TIOJAraloTcsi Ha WHGOPMAIMOHHO-BHIYHCIUTEIBHbIC
komruiekcsl [1]. C ydeToMm pocTa CIO0XKHOCTH NMPOrpaMMHOro obecreueHus B OOPTOBBIX cHCTEMax
yIpaBJICHUS! BO3IYIIHBIX CyIOB (COBpEMEHHAsl (PYHKIIHSI CAMOJICTOBOXKIICHHSI BKIIIOYaeT mopsiaka 850
TBIC. CTPOK MPOTPAMMHOTO Koj1a) HH(pOpMaIlMoHHas 6€301acHOCTh OOPTOBOTO 00OPYAOBaHUS HE MO-
KeT OBITh MOJIHOCTBIO rapaHTHpoBaHa. [Ipobnema ycinoxXHAeTCsl TeM, YTO BaKHON COCTaBJISIOIIEH MH-
(bopMaLMOHHOM apXUTEKTYpbl COBPEMEHHBIX BO3AYIIHBIX Cy/l0B SABISAETCA MH()OPMAIMOHHAs cUCTEMa
IIPEIOCTABIICHUS YCIYT Ul accakupos. I1o Mepe nmoBbIIEHNS TPONU3BOAUTEIIBHOCTH IEPCOHAIBHBIX
KOMIIBIOTEPOB U TaPKETOB Y 3JI0YMBIIIUIEHHUKOB MOSBIISIOTCS pealbHble BO3MOXKHOCTU K pealu3alun
KkuOepaTak 1o OECIpPOBOAHBIM KaHallaM MepeAayd AaHHBIX BO3AYIIHBIX CyJIOB, OOecrieunBas UM J0-
CTYIl K OOPTOBOM BBIYMCIMTENBHOM CeTH. PsJl aBUAIIMOHHBIX HKCIEPTOB OTMEYAET, JOBOJIBHO CIOKHO
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B3JIOMAaTh BCE CUCTEMBI Cpa3y, BKIIto4Yast O0OPTOBbIE PaMONIPHEMHUKN U OOPTOBYIO CUCTEMY aJ[pecariuu
u nepenayu coodmenunii (Aircraft Communications Addressing and Reporting System, ACARS). Tem
HE MEHee, 3JI0YMBIIUICHHUK ¢ TTyOOKMMHU 3HAHUAMU O (PYHKIIMOHUPOBAHUU OOPTOBOM BBHIYHUCIUTENb-
HOM cHCTEMbI BO3AYLIHOTO CyAHA MOXET MpeJHAMEPEHHO BBI3BaTh CEPbE3HbIE MPOOJIEMBI OTHOCH-
TENBHO €€ HOpMallbHO# paborocmocobnocTH [2]. B 2013 romy uccnenoBarens 6e30MacHOCTH XbIOTO
Teco (Hugo Teso) Ha koH(pepeHnn mo kubepOoe30nacHOCTH MPOIEMOHCTPUPOBAJI, YTO OH MOXKET Ma-
nunyiupoBate ACARS, ucnons3yst cBoit cmaptrdon Ha muatdpopme Android [3], TemM cambiM moa-
TBEp:KJasl ySA3BUMOCTh OOPTOBBIX CETEHl mepesaun TaHHBIX B KOMILIEKce 0opToBOro odopyaoBanus. B
utonie 2013 roga B pesynbTare KuOeparaku ObUIM OTKIIOUEHBI CHUCTEMBI MMAaCOPTHOTO KOHTPOJIS Ha
TepMHHAJIaX OTHpaBlieHus B aspornopty CramOysa, 4To MPUBEJIO K 3aJep’KKe MHOTHX peiicoB. B uione
2019 roxa Obina 3aduKcupoBana kubeparaka Ha komrnanuio ASCO Industries, sBIsIOImIENHCS KPYITHBIM
MIPOM3BOIUTENIEM aBHALIMOHHBIX JAeTajeil. B pe3ynbraTe aTaku Obljia MPUOCTAHOBIEHA AESTEILHOCTD
HECKOJIbKMX 3aBOJIOB KOMIIAHHM. DTO JIMIIb HECKOJIBKO NMPUMEPOB U3 MHOXKECTBA JIPYTHX, OTPaXKEeH-
HBIX B paboTax [4—6], HO OHHM ONPABABIBAIOT AKTYAJIBHOCTh 3aJa4l OOCCTICUCHHsI aBHAIIMOHHOW KH-
6ep0e30nacHOCTH KPUTHYECKUX MH(DOPMAIIMOHHBIX CUCTEM Ha BO3IYITHOM TPAHCIIOPTE.

[To sToit mpuunHe MexxayHapoaHasi opranuzaius rpaxaanckor aBuarmu (MKAQO) BakHOe BHU-
MaHHue CTaja yJeNsaTh BOIPOCaM HOPMATHBHO-TIPABOBOTO PETYJIMPOBAaHMS BOIIPOCOB OOECTICUCHHUS aBHa-
IMOHHOW KuOepoOe3omacHocTH. [lo pesynbratram 39-ii Accam6Giien omyOimkoBaH qokymMeHT A39-WP/17
«Pemenne npobiem knbepOe30MacHOCTH B TPAXKIAHCKOW aBHAIIMKY, 3aTParkBaloIIMil BONPOCH POTHBO-
JeicTBusa KuOepyrpozaM Ha aBuanpennpusatusx. Ha 40-it ceccun Accam6Onen MKAO Obuta yTBepkaeHa
Crparerust B 00JacTH aBHALMOHHOW KHOEpOE30MacHOCTH, MpeACTaBiIeHHas B JokymeHnTe A40-WP/28.
Buecénnbie namenenus B [Ipunoxenue 17 k KoHBeHIIMHU 0 MEXITyHaApOAHON TPa)XAAHCKOW aBHALUU 3a-
KPEIUIIOT HEOOXOAUMOCTh Pa3pabOTKU KayKAbIM T'OCYapCTBOM MEp 3alIUThl KPUTUYECKHX BAXKHBIX CH-
cTeM HH(OPMALHOHHBIX U CBS3HBIX TEXHOJOTHIT . Mepbl 110 00ECIICUCHHIO aBUALIMOHHOM KHbepbesomac-
HOCTH HAIIUTM HOPMATHUBHO-TIPABOBOE 3aKPEIUICHNE B YTBEP)KIACHHON DenepaibHOl cucteMe 00ecredeH st
ABHALMOHHOI Ge3011aCHOCTH (HALMOHATBHOI [IPOrpaMMe aBUALOHHOM 6e30macHoCTH) .

B xommiekce yrpo3 aBHallmoHHONW KuOepOe30nacHOCTH, K KOTOPOMY OTHOCSITCSI YMBIIUICHHBIE
aTaky, OIMOKU CTOPOHHUX KOMIIAaHUH, CUCTEMHBIE OLIMOKH, MPUPOJHBIE SBJICHUS, BA)KHOE MECTO 3a-
HUMaeT yenoBedeckuil (akrop. M3HayanpHO mpoOieMbl yenoBedeckoro (akropa B obiactu kubep-
0e30MacHOCTH OBLIM CBSI3aHBI C HEIOCTATOYHOM MOJTrOTOBIEHHOCTHIO MEpPCOHAa MO BOIpOcaM HH-
dbopMaImoOHHON 0E30MacHOCTH U OCBEIOMIICHHOCTBHIO B oOsactu kubepyrpo3. OmHako B mpoiiecce
pPa3BUTHS TEXHUYECKHX U TEXHOJOTHYECKMX BO3MOYKHOCTEH CPEACTB BUPTYAIbHONH KOMMYHHKAIIUU
JaHHas MpobsieMa Bce OOJIbIIE CBSI3BIBACTCS C JICATEIIBHOCTHIO 3JI0YMBIIUICHHUKOB 110 IPUMEHEHHUIO
METOJIOB collMaabHON mHkeHepuu. ConuanbHas WHxKeHepHs (social engineering) — 3To MpakTHUKa TO-
Jy4eHUs: KOHQUACHIMATbHOW HMH(POpPMAIMU MyTeM ICHUXOJIOTHYECKOTO BO3ACUCTBUS Ha JIETaJbHBIX
mosp30BaTeneii . Bee GONMBIIAs BOBICUCHHOCTh ABHAIMOHHOTO TIEPCOHANA B BUPTYAIBHYIO KOMMYHH-
KaIlI0 TIOCPEJCTBOM COLMANIBHBIX CeTeH ABNsAETCA (DAaKTOPOM, CIIOCOOCTBYIOLIMM JESTEIBHOCTH 3J10-
YMBILUICHHUKOB 10 YCTAaHOBJIEHUIO MCUXOJIOTHYECKOr0 MPOPHIL U YA3BUMOCTAX KOHKPETHOIO CO-
TpyaHuka. M3yuenue nmpoduiis moiabp30BaTeNs COLUANBHOM CETH MO3BOJIUT 3JI0YMBIIUICHHUKAM BbI-
OpaTh Haunbosiee ysI3BUMOIO COTPYJHUKA K KOHKPETHOMY THUITy COLIMOMH)KEHEpHOW aTaku. J{ns opra-
HU3AIMM [IEJIeBBIX aTaKk Ha KOHKPETHOTO COTPYJHHMKA 3J0YMBIIIJICHHUKN HUCHOJB3YIOT (PUILIMHTOBBIC

Ipunoxenne 17 x KoHBeHIMH 0 MeXAyHapOAHON TpakAaHCKOM aBManuu. be3omacHOCTh. 3amura MeXIyHapOAHOH
TpaXIaHCKOW aBHALMU OT aKTOB HE3aKOHHOTO BMemaTenbcTBa. 10-e m3manue. UKAO. 2017. 64 c.

OenepanpHas cucTeMa oOecIieYeH!sT aBHAIMOHHON 0€30MacHOCTH (HAIIMOHATBHAS MIPOrpaMMa aBHAIIMOHHOM 0e30macHo-
cTH): 0100peHo MeXBeTOMCTBEHHON KOMHUCCHEH 10 aBHAITMOHHOW 0€30MacHOCTH, 0€30MACHOCTH TIOJIETOB TPaXKIaHCKON
aBHAIMK U yrpolneHuto popmansHoctei. 2019. 110 c.

I'OCT P MDK 62443-2-1-2015. Cetn KOMMYHHUKAIIHOHHBIE MMPOMBIIUICHHBIE. 3alUIEHHOCTh (KHOepOe30macHOCTh)
cetu u cuctembl. Yacth 2 — 1. CocraBieHne nMporpaMMbl 00eCTICUeHHs 3aUIIEHHOCTH (KHOepOe30macHOCTH) CUCTEMBI
yIpaBJIeHUS U POMBIIIIIEHHOI aBToMatuku. M.: Cranmaprundopm, 2015. 158 c.
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CalThl, (GUIIMHTOBBIE PACCHUIKH, MOACIBIBAIOT BEO-CANTHI U 3aTE€M C IMOMOIIBIO AJIEKTPOHHBIX MTHCEM
JIOCTaBJIAIOT Ha KOMIIBIOTEP JKEPTB BPEJOHOCHOE NMPOrpaMMHOE 00ecrieueHue, 3Has ICUX0I0THIeCKHe
0COOEHHOCTH JIMYHOCTH, YOSIKIAIOT MEPEUTH 10 CChUIKE HA (PUIIMHTOBBIN PECYpC MU COOOIINUTH CBOU
y4YeTHbIE JAHHBIE Pa3IMYHbIX OHJIAH-CEPBUCOB U IEKTPOHHON MOYTHI. DKCIUTyaTalys 3JI0yMBbIIICH-
HUKaMH YE€JIOBEUYECKOro (PakTOpa MOXKET MPUBECTH K TAKHM ITOCIEACTBUAM, KaK Kpayka epCOHAIbHBIX
JIAHHBIX TIACCaXUPOB, pasrialieHue KoH(uIeHInaIbHOH nHpopManuu, cOoOu B paboTe MacOPTHOTO
KOHTPOJISl U APYTOi KPUTUIECKOH MHPACTPYKTYPHI.

Taxum 00pa3zoMm, ysS3BUMOCTb aBUALMOHHOTO NIEPCOHANA K COLIMOMHKEHEPHBIM aTakaM SIBJISIET-
Csl BXKHOM COCTaBISIOIICH YeloBeyecKoro (pakropa B 00JacTH aBUAIIMOHHON KHOEpOe30macHOCTH U
TpeOyeT CBOEro Hay4HOrO U3y4EHHUs.

OB30P PEJIEBAHTHBIX PABOT

B HacTos1ee BpeMsi JOCTUTHYT sl 3HAYUTENbHBIX YCIIEXOB B UCCJIEIOBAaHUU MpOoduieh ysi3-
BUMOCTH TOJIb30BaTeNIe K COMOMHKEHEPHBIM atakam. [lepBoHadanbHO MPO(HIIs YI3BUMOCTH MOJTb-
30BaTeNel CTPOUJICS Ha pe3yJibTaTaX aHKETHUPOBAHUS, T. €. 10 OTBETaM Ha OJIOK cIieluanbHO pa3pabdo-
TaHHBIX BOIMPOCOB, XapaKTEPHU3YIOIMUX OCOOCHHOCTH MPOIECCa HMCIONB30BAHMS U PACIPOCTPAHEHUS
pECTIOHICHTaMH HICHTU(UKAITMOHHBIX JaHHBIX [7, 8, 9]. BnocneacTBuu MOMOJHUTETHRHO OBLIA MPO-
BeJICHA TPyIIa MCUXOJIOTHYECKUX HCCIEIOBAaHUH, BKIIIOUAsl TAKUE TECThI, KaK MHOTO()AKTOPHBIN JTNY-
HocTHBIA onpocHUK (P. Keremn); moTpeObHOCTh B moucke HOBBIX omymieHui (M. IlykepmaHn); CKIOH-
HocTh K pucky (I'. HlyGept); uHAEKC KU3HEHHOTO CTWIS — ncuxodoruueckas 3ammurta (JI. M. Baccep-
MaH) ¥ Ap. B pe3ynbTare Oblia ycTaHOBIEHA 3aBUCUMOCTh MEXy IpoduiIeM yI3BUMOCTEN MOIb30Ba-
TeJsl, OCHOBAHHOM Ha MPOBEICHHOM aHKETHUPOBAHUU, M TICUXOJIOTHUYECKUMU OCOOCHHOCTSMHU JTUYHO-
CTH, TTO3BOJIAIOIIAs aBTOMAaTU3UPOBATh MPOLECC MOCTPOCHUS MPOMUIIS ICUXOJIOTUYECKH 00YCIOBIICH-
HBIX YSI3BUMOCTEH Mosb30BaTenieil. B ocHOBe mporecca mocTpoeHus: npoduiast JIEKUT perpecCuoHHas
MOJI€JIb, KOTOpasi U MO3BOJIAET MPOrHO3UPOBATH YSI3BUMOCTH MOJIB30BATEI YEpPE3 €ro MCUXO0JIOTHYe-
CKHE OCOOCHHOCTH. BBISBIEHHOE MPOCTPAHCTBO YSI3BUMOCTEH IMOJIB30BATENs BKIIOUACT B ce0sl Takue
¢dakTopbl, Kak UH(OOPMALIMOHHAST HEOCMOTPUTENBHOCTD; CJIAa0bIi Mapojb; TEXHUYECKAs! XaJlaTHOCTh U
YCTaHOBKA HA MOJYYCHHE JTUYHOMN BBITOJIbI; TEXHUYECKAs HEOMBITHOCTh; TEXHUYECKasi OE3rpaMOTHOCTh
[10]. ITo pe3ynpTataMm HMCClIeIOBAaHUN pa3padOTaH KOMIUIEKC MPOrpaMM IS aHaIW3a 3allUIeHHOCTH
MOJIb30BaTeNe MHHOPMAIIMOHHBIX CHCTEM OT COIIMOMHKEHEPHBIX aTak [11].

ITIOCTAHOBKA 3AJIAYA

Kak BuAHO M3 MPOBEIECHHOTO aHAJM3a JUIsl OCTPOCHUS MPO(UII ySI3BUMOCTEH HEOOXOIMMO
IPOBECTU LEJBIA psAJl MCUXOJIOTMYECKUX TECTOB, YTO B YCIOBHSX pPEaJbHOr0 (yHKIIMOHMPOBAHUS
aBHANPENNPUATUS KpailHe 3aTpyJHUTEIBHO BBUIY OOJBIINX BPEMEHHBIX M PECYpCHBIX 3arpar. Bosz-
HUKaeT MOTPEeOHOCTh B pa3paboTke Oojee THOKOM M OnmepaTUBHON METOAMKH, MO3BOJIAIONICH orepa-
TUBHO TNPOBOJUTH AMATHOCTHKY NMpoduiel ysS3BUMOCTH aBUAIIMOHHOTO IMEPCOHAa, OCHOBBIBASICH HA
OTKPBITBIX UCTOYHHMKAX, B YACTHOCTH Ha JAHHBIX U3 cOLMalbHBIX ceTel. Kak cienctBue HE0OX01uMo
IPOBECTU HMCCIIEIOBAHNE, HAPABICHHOE HA MIOMCK B3aMMOCBSI3M MEXy IPOQHIEM MOIb30BaTENsl CO-
[IUAJTFHOW CeTH aBUAIIMOHHOTO MEePCOHAJA M ICUXOJIOTHIECKUMHU OCOOCHHOCTSIMH UX JTMYHOCTH.

HccnenoBanue nposoauiock B 2019 rony Ha 6aze AO «MexayHapoanslii asponopt CypryT».
B kadecTBe pecrnoHACHTOB OBUIM BHIOPAHBI 36 MHCIIEKTOPOB IO JOCMOTPY. DTOT BBIOOpP 00YCIIOBICH
TEM, YTO JIaHHAasi KaTeropHsl aBUAllMOHHOTO IEepCOHaIa HEMOCPEICTBEHHO paboTaeT ¢ MH(opMaruei
110 BOIIPOCAM aBHALMOHHOW 0€301aCHOCTH, SBISIOMIEIHCS CTPOro KOHGUACHINATBEHON ¢ Tpudom «lims
CIIy>ke0HOT0 MOJIb30BaHMA», @ B HEKOTOPBIX ClIydasx UMeIolei 1 0osiee BBICOKUI TpH] CEKPETHOCTH.
Bo3spact pecionienToB coctaBmit ot 21 10 51 rona, BKIItouas JIMIl xKEHCKOro mosia 60 % 1 My»XCKOTO
nona 40 %. Cpeanuii crax paboThl COTPYIHUKOB COCTaBUA 3,5 rona.
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BBuy TOrO, 4TO BCE PECTIOHJICHTHI SIBISIOTCS MOJIB30BATEISAMU colManbHOM cetn BKoHTakTe,
JlaHHas ceTh OblIa BhIOpaHa Kak OCHOBHas. beina pa3paborana aHkera mpoduis Moabp30BaTENs COILH-
allbHOM ceTH, BKItouaronas 20 BONpOCOB U HAINpaBJIeHHAast HAa OLIEHKY CTENICHU WHTEHCUBHOCTH BUPTY-
aTbHON KOMMYHUKAIUH.

PecrionieHTHI IpoLILIIH ClEAYIOUINE ICUXO0JI0THYECKHE TeCTUpoBanus [12]:

— tun TemnepamenTa (I'. Aiizenku u C. Ali3eHKN);

— ankera-onpocHuK «llennoctueie opuentaum» (M. Pokud). OnpocHUK MpenoiaraeT OlueH-
Ky TEPMUHAJIbHBIX U HHCTPYMEHTAJIbHBIX IEHHOCTEM, KOTOPBIE U3MEPSAIOTCSA B paHrax oT 1 go 18. Uem
MEHBIIIC BHICTABJICHHBIN paHT, TeM 00Jiee 3HAYUMOM SIBIISICTCS Ta UM MHAS [EHHOCTb.

BaxxapIM MexaHU3MOM OOeCIIeYeHUsT aBUAITMOHHOW KHOEepOE30MacHOCTH ¢ TOYKH 3PEHHUS opra-
HU3AI[MOHHON COCTABIIAIONICH SBISETCS CO3/aHUE M TOAJEp’KaHHE BBICOKOTO YPOBHSI OpraHH3allu-
OHHOM JIOSJIPHOCTH aBHALIMOHHOTO TEpPCOHaja. DTO CBSI3aHO C TE€M, YTO BBICOKHI YPOBEHb JIOSIIb-
HOCTH TIepCOHaNa sIBIseTCs (DaKTOpOM, CHOCOOCTBYIOIIMM YMEHBIIECHHIO YCIeXa peaju3alud Co-
[IMOMH)KEHEPHBIX aTaK 3JI0yMbIIUIEHHUKOB. [IpenanHbpie COTPYAHUKH pa3AessioT HEHHOCTU U LeNH
aBHANpPEANPUATHUS, HE pa3TialaT KOMMEPUYECKUX CEKPETOB U CBEACHUHN Ui CIY>KEOHOTO MOJIbh30Ba-
Hus. B cBsizu ¢ 3TUM ObLIO POBEEHO TECTUPOBAHUE C MCIIONIB30BAaHUEM aHKeThI-onpocHuKa «lllkana
OpraHu3alMOHHOMN JosuTbHOCTHY («Organizational commitment scale»), npeanoxennoit /x. Meitepom
u H. Annenom [13]. AHKeTa MO3BOJISIET ONMKMCATh TPEXKOMIIOHEHTHYIO MOJENb JOSIbHOCTU. [lepBbIit
KOMITIOHEHT XapaktepusyeT addexruBHyto npussizaHHOCTh (affective commitment scale, ACS), koTo-
pasi OMKMCHIBAET CTENEHb HIMOLIMOHAIBHOM MPUBI3aHHOCTH MEPCOHAa K oprann3zauuu. Bropoit kommo-
HEHT XapaKTepu3yeT MPOJIOJHKEHHYIO JOSUIBHOCTD (continuous commitment scale, CCS), koTopast oT-
pa)kaeT CTeneHb 0CO3HAHUSI PAOOTHUKOM TOTO, KaK 3aTpaThl, aCCOLMUPYIOIINECS C YXOA0M U3 OpraHu-
3allu¥, CBS3BIBAIOT €ro ¢ opraHuzanueld. TpeTuit KOMIIOHEHT XapaKTepu3yeT HOPMATHUBHYIO JIOSIIb-
HOCTh (normative commitment scale, NCS), koTopasi OIUCBHIBAaET CTEMEHb ONIYIICHUS PaOOTHUKOM
00513aTeNIbCTB TIepel OpraHnu3auei.

s 06paboTKM MOMyUYEHHOTO AMIMPUYECKOT0 MaTepuaa MCIOJIb30BaJICsS MPOTrpaMMHBIN Ma-
keT STATISTICA. beuin 3aneiicTBOBaHbI CAEAYIOIIME METObI MATEMAaTHUYECKOM CTaTUCTUKHU: KOppe-
JSIUAOHHBIN, (PaKTOPHBINA U AUCKPUMUHAHTHBIN aHAIU3BI.

PE3YJbTATBI HCCIEJOBAHUSI 11O BBISIBJIEHHAIO
IMPOPUJIA YA3BUMOCTEN ABUALTMOHHOTI'O IIEPCOHAJIA

Ha nepBoM sTarne 06paboTKK TaHHBIX OBLIT MPOBECH KOPPENSIUOHHBIA aHAJN3 JIJIs BHISIBJICHUS
Hau0oJiee HE3aBUCUMBIX IOKa3aTesed, XapaKTepU3yIOLIMX aKTUBHOCTh aBHALIMOHHOIO IMEpCcoHala B
counanbHoi cetu BKonTakTe. @parMeHT MaTpuIlbl KOppersuil npeacTaBieH B Tadu. | (Mcnosin3o-
Basics kputepuit [Tupcona npu ypoBue 3Haunmoctu p < 0,01).

Taoauna 1
Table 1
@parMeHT MaTPHULIbI KOPPEIALMI UCXOAHBIX JAHHBIX
Fragment of the correlation matrix of the source data
Hoka g g i 0, | M, | My | O, | Oy | I o
3aTclIn
1 2 3 4 5 6 7 8 9 10 11
;s 1 -0,012 | 0,926 0,030 0,100 0,059 0,040 0,061 0,952 -0,093
103 -0,012 1 -0,084 | 0,871 0,057 | -0,031 | 0,346 | -0,028 | -0,028 -0,072
Ilg 0,926 | -0,084 1 0,058 0,193 0,146 0,148 0,196 0,939 -0,140
I, 0,030 | -0,871 0,058 1 0,422 0,375 0,694 0,412 0,051 -0,066
Iy, 0,100 0,057 0,193 0,422 1 0,844 0,864 0,921 0,114 -0,680
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Iponoskenne Tadauubl 1
Continuance of Table 1

1 2 3 4 5 6 7 8 9 10 11
Iy, 0,059 | -0,031 | 0,146 0,375 0,844 1 0,798 0,877 0,052 0,054
I, 0,040 0,346 0,148 0,694 0,864 0,798 1 0,919 0,068 -0,064
I3 0,061 | -0,002 | 0,196 0,412 0,921 0,877 0,919 1 0,085 -0,002
6 0,952 | -0,028 | 0,939 0,051 0,114 0,052 0,068 0,085 1 -0,143
T -0,093 | -0,072 | -0,140 | -0,066 | -0,680 | 0,054 | -0,064 | -0,002 | -0,143 1

B pesynbrare ananu3za 0puTH UCKITIOUEHBI 6 mokazateneit: I1s, Iy, [0, 1}, I1;3, ITje.

Crenyromum 3TaroM o0pabOTKU JaHHBIX OBLIO MpoBeAeHHE (PaKTOPHOI'O aHAIM3a MO OCTaB-
muMcst 14 mokasarensM B IETSX BBIIBICHHS HanOoJiee 3HaYNMBIX napaMmeTpoB. COrllacHO KPHTEPHUIO
Kaiizepa ObuIM ocTaBieHb! 5 (haKTOpOB, COOCTBEHHbIE 3HAYCHHMsS KOTOPBIX INpeBbickin 1. Marpuma
(aKTOPHBIX HArpPy30K (MCIOIB30BAJICS METO] BApUMAKC) MpeACTaBiIcHa B Ta0I. 2.

Tao6auna 2
Table 2
Martpuna ¢hakTOpHBIX HArpy30K
Factor load matrix
[TepemeHHBIC ®Paxkrop 1 ®daxkrop 2 ®daxkrop 3 ®daxktop 4 dakrtop 5

IT; -0,178 -0,052 -0,299 0,109 -0,160
I, 0,679 -0,023 0,486 0,033 -0,022
13 0,804 0,112 -0,202 0,037 0,261
Il 0,878 -0,036 0,080 0,084 -0,107
I1e -0,015 0,870 0,156 0,048 -0,056
I, -0,001 0,879 -0,096 -0,040 0,209
I1g 0,882 -0,061 0,092 0,007 -0,028
1, 0,038 0,267 0,869 0,015 -0,035
114 -0,024 0,582 0,054 -0,086 0,586
I1;s 0,077 0,115 -0,004 0,127 0,830
I}, 0,055 -0,154 0,905 0,075 0,056
I35 -0,077 0,053 0,042 -0,141 0,653
I} -0,113 -0,036 -0,051 -0,867 0,145
Iy 0,005 0,060 -0,051 -0,819 -0,211

CornacHo Tabi. 2 npeactaBuM onucanue GpakTopoB (npoduient ysa3BumoctH). Kaxasiit paktop
OIIpENIENSIeTCsl CYMMOM XapaKTEPU3YIOIUX €ro IEPEMEHHBIX ¢ YYETOM OIPEEICHHOIO BEca U 3HAKA.

1. B mepBbiii dakTop BOILIM Takue mokaszarenu, kak [I; «KomudectBo apyseit», 114 «Konuyge-
CTBO HEAaKTHBHBIX aKKayHTOB npy3ei», Ilg «KommuecTBo exeHenenbHO J00aBISIEMBIX HOBBIX PEKO-
MEHIyeMbIX Jipy3eit». COOTBETCTBEHHO JIaHHbIN (DaKTOp XapaKTepusyeT MOTPEOHOCTh B COLMATBHBIX

OTHOILIEHUSX U OOIIEHUH.

2. Bropoii ¢axrop BkiarodaeT nokazatenu Ilg «KonanuecTBo exeHenenbHo 100aBIsieMbIX HO-
BeIX Tpynm» U I1; «KomndecTBo moanmcok Ha rpymibl»y. JJaHHBIN (akTOp MOKHO OXapaKTepH30BaTh
KaK ITOMCK COLIMAIILHOM MOAEPIKKH.
3. Tpernii ¢akrop BrIto4yaeT mokazatenu 11, «KoamuecTBO OCTaBICHHBIX OT3HIBOB KOMMEH-
TapueB Ha 3amucu nosb3oBaressa» U I1j7 «OO0mee konudectBo oTorpaduili Ha «CTEHE» CTPaHMLBI
nosab3oBaress». MakTop XxapakrepusyeT (EHOMEH COLUAIBHON KeIaTeIbHOCTH.
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4. YetBepTtsiii (hakTop BKIOUaeT nokazatenu Il «Obmee konmudyecTBo ayauo3anucein» u [y
«OO01ee KOIUYECTBO BUAco3anucein». MakTop oTpakaeT MOUCK HOBOW MHGOPMAIMHM ayIuO- U BHU-
neodopmara.

5. Ilareiit daktop BKItouaeT mokasarenb Il;s «OOmee KoaudecTBO JUYHBIX (GoTorpaduiiny.
dakTop XapakTepuszyeT IAEMOHCTPATUBHOE IOBEJECHUE, HAMpPaBICHHOE HA TMPUBJICYECHUE BHUMAHMS
BUPTYaJIbHON ayIUTOPUH.

Ilcuxonoruveckne 0COOEHHOCTH JIJUYHOCTH ABHAIIMOHHOI0 MEPCOHAJIA,
00ycJI0BJIEHHbIE crie(PUKOA AKTUBHOCTH B COLUAJIBLHOM CeTH

Jlns onpeneneHrs yCTOWYUBBIX TPYIIN MOJb30BaTeNei ObLT MPOBEACH KJIACTEPHBIN aHAIU3 MO
HamOoJIee 3HAYMMBIM IMMOKaszarensM B KaxaoM Qaxrope: I1;, g, I1;s, 117, I1j9. B kauecTBe mpasmia
o0BeAMHEHNS UCTIONIb30BaIcS MeTo] Bapaa, a B kauecTBe Mephbl OJM30CTH — MAaHXATTEHCKOE PacCTOsI-
Hue. /leHaporpamma KiacTepoB IpEeACTaBICHa Ha pUC. 1.
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Puc. 1. [leaaporpamMmMa HaGIIOASHAN AJIS1 HCCIIEAYEMON TPYIIIBI PECIIOHACHTOB
Fig. 1. Dendrogram of observations for the group of respondents under study

B nanHOM ciydae ObUTO MPEAIOKEHO pacCMaTpHUBATh TPHU KiacTepa pecnoHaeHToB. [Ipencra-
BHM OIMCAHUE KAXKIO0r0 KIIacTepa.

Krnacrep 1 — nonp3oBaTenu conuanbHON CETH, 17151 KOTOPBIX UCIOJb30BAaHNE HHTEPHET KOMMY-
HUKAIMM HAMPaBJICHO MPEX/E BCET0 Ha MOUCK COLMAIBbHON MOAJEPKKH, YTO CBSI3aHO C OOJIBLIMM KO-
JIMYECTBOM TOAIMCOK Ha pa3InyHble rpynibl. bosbiroe konndecTBo TMYHBIX GoTorpaduii XapakTepu-
3yeT JEMOHCTPATUBHOE MOBEJCHNE, HAIPABICHHOE HA NPUBJICYEHNE BHUMAHNS BUPTYaJIbHON ayINUTO-
pun. [Ipu 5TOM OHM WMEIOT HaMMEHbIEE KOJMYECTBO ayAHO- M BHAeo3amucei n (otorpaduii Ha
«CTEHE» CTPaHUIIBL.

Knacrep 2 — monp30Bateny COMUAIBHONW CETH, KOTOPBIE UMEIOT camoe OOJIbIIOe KOJTHMYECTBO
BUPTYaJIbHBIX KOHTAKTOB U MPEANOYUTAIOT WHTepHeT-oOmeHue. [IpennounTaror Gonblie BBIKIAIbI-
BaTh QoTorpaduii Ha «CTEHE», KOTOPbIE MOHPABSATCS IPYTHMM IMOJIH30BATEISIM, YeM ITyOIMKOBATh MH-
dopmanuio o cedbe. ITO TOBOPUT O MOTPEOHOCTH B COLMATIBHOM JKENAaTEIIbHOCTU CO CTOPOHBI IPYTHX
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MOJIb30BATENEH, KOTOPask 3aKJII0YAETCS B CTPEMIICHUH MPEJICTABUTH ce0sl B HAWIYYIIEM CBeTe, M30upa-
TETLHOMY BBIOOPY paszMemniaeMoi HHGOpMaIliu.

Krnacrep 3 — s nmonp3oBareneil COUUaIbHON CETU TJIaBHOM LIENIbI0 HAXOKIEHHUS B BUPTYallb-
HOM MHpe SIBJISIETCSl TIOMCK HOBOM ayauo- u BuaeoumHpopmanuu. MmeroT Hambosnbliee KOIUYECTBO
ayqmo- M BHjeo3anuceil. Micnomp3yIoT rpymibl U cOOOMIECTBa, MIPEXKIE BCETO, AJIs TIOUCKA HOBOW MH-
dbopmaruu.

Ha ocHoBe npoBeneHHOT0 aHanau3a, ONIPEIEINB OCHOBHBIE XapaKTEPUCTUKN aKTUBHOCTH aBUA-
[IMOHHOTO TEpPCOHAJIa B COLMAIBHOM CETH, MPEICTaBUM OIMCAHUE NCHUXOJOTHYECKMX OCOOCHHOCTEM
JMYHOCTH PECIIOHJEHTOB B HAalJICHHBIX KJIACTEPAX.

AHanu3 pe3yJsibTaToB, MOJYYEHHBIX C MOMOIIBI0 METOAUKH «Tum TtemnepamenTta» I'. Au-
3eHku U C. AN3eHKH, [M0Ka3al, 4TO B MEPBOM KJacTepe MpeodsiafaloT TUIB: CaHTBUHUKH (35 %) u
xosiepuku (35 %), B MeHbIIEM KOJUYECTBE MPUCYTCTBYIOT ¢uiermMaTuku (22 %) u MelaHXOJIHKU
(8 %). OcHoBy BTOpOTO KjacTepa cocTaBisitoT caHrBUHUKHU (50 %) u guermatuku (33 %). B co-
CTaBe TPEThEro Kjactepa JOMUHUPYIOT (uiermatuku (57 %), a OCTaBIIYyIOCS YacTh COCTaBIISIIOT
xonepuk (43 %)

[To pesynpTaTam aHanuza coriacHo Metoanke M. Poknda «lleHHOCTHBIE OpueHTAIMU» 00-
mjas CTPyKTypa KU3HEHHBIX LIEHHOCTEH B IIEPBOM U BTOPOM IPYIIE UMEET CXOXKHUHU Xapakrep. Jlo-
MUHHPYIOIUMH TE€PMHUHAIbHBIMU LEHHOCTSIMHU PECIOHAEHTOB B MEPBOM KiacTepe SIBISIOTCS aK-
TUBHAs JAesATeNbHas Xu3Hb (cp. = 3,9), cuacTnuBas ceMmeitHas xu3Hb (cp. = 5,4) u MHO0OBB
(cp. =5.5). Bo BTOpOM Ki1acTepe akTUBHAs JeATeIbHAs XKU3Hb (Cp. = 3), HAJTUYHE XOPOIIUX U BEP-
HBIX Apy3ei (cp. = 3,5) u unrepecHas padora (cp. = 4,5). [IpeobragaronMMu HHCTPYMEHTATbHBI-
MU IIEHHOCTSMHM B 0O€HX Tpymmax sBISIOTCS >KU3HEPAJOCTHOCTH (cp. = 5,7 mns kmactepa 1 u
cp. = 6 s Kiactepa 2), BOCOUTAHHOCTH (cp. = 5,8 mis kinacrepa 1 u cp.= 6,4 ais kinacrepa 2).
CtpyKTypa LEHHOCTEH TpeTheil rpymnibl BO MHOTOM OTJIWYAETCS OT PACCMOTPEHHBIX MEPBbIX JBYX.
JIOMUHUPYIOIMMH TEPMUHAIBHBIMU LEHHOCTAMH SIBISIOTCA 340poBbe (Cp. = 4,1), yBEPEHHOCTh B
cebe (cp. = 5,4) m xku3HeHHass MyapocTh (cp.=5,8). B kauecTBe riIaBHBIX MHCTPYMEHTATbHBIX
LIEHHOCTEH MOXHO BBIJEIUTh OTBETCTBEHHOCTH (Cp. = 5), 4eCTHOCTh (Ccp. = 5,6) U aKKypaTHOCTh
(cp. =5.,6).

PesynbraThl, IONy4YeHHBIE ¢ IOMOIIBIO aHKETBI-ONPOCcHUKA «llIkana opraHU3allMOHHON JI0-
subHOCTHY JIk. Metiepa u H. Anena, mo3Boiuiau caeiaTh BBIBOJ, UTO 00IIast CTPYKTypa OpraHu-
3aIIMOHHOM JIOSJIBHOCTH B pacCMaTpHUBAEMBIX I'PYIIIax UMEET UACHTHYHBIN XapakTep. Hanbonpbmee
3HaYeHUE MMeEeT Moka3zaTenb ap(eKTUBHON MPUBEPKEHHOCTH, KOTOPBIM ISl MEPBOM I'PyMIbI CO-
craBm ACS, =4.,3, nnsa Bropoii rpynnsl ACS, =4,4 u qns tpetseit ACS, =4,5. Bricokas addex-
THBHas (AMOLMOHAJbHAS) MPUBEPKEHHOCTh O3HAYAET, UTO aBHANPEANPUSITUE JJIs1 BCETO paccMar-
pUBAEMOTO aBUAIIMOHHOTO MEpCoHajIa UMEET O0bIIOE 3HAYCHUE, OHU MEPEKUBAIOT CBOIO MPUHA/I-
JIeKHOCTh K OpraHU3aluu KaK MPUHAJJIEHKHOCTh K CEMbE U KeJNaloT B JaJIbHEHIIEM NPUHAAIEKATD
K Hel (OTHOIIEHUE XapakTepusyercs kKak «S mo0mro...»). 3HaueHne MPOJIOHKEHHON MPUBEPKEH-
HOCTH B TEPBOI ¥ BO BTOPOH TpyIIle UMEET OMUHAKOBYIO BenuuuHy u cocrasimsier CCS,, =3,4.
[Ipu 3TOM B TpeThell IpyIllie PECIOHJEHTOB MPOAOKEHHAsI MPUBEPKEHHOCTh UMEET OoJiee BhIpa-
KEHHBII XapakTep ¥ OnM3Ka 1o 3HaueHHo K apdextuBHoi (CCS, =4,3). Jansblil QaxkT xapaxte-
pU3YET TO, UYTO BOCIPUHHUMAEMBbIE COTPYAHUKOM HU3JIEPKKH U IMOTEpPH, CBI3aHHBIE C YXOAOM C
aBUANpPENNpUITHS, OYIyT BBICOKMMH, I[O3TOMY TaKHE JIIOAM OCTAlOTCS C OpraHu3alue.
Haunmensiiee 3HaueHHEe B CTPYKTYpE OPTaHH3AIMOHHOW JOSUIBHOCTH MMEeT KOMIIOHEHTa HOpMa-
THUBHOM TIPUBEPKEHHOCTH, KOTOpas Uil paccMarpuBaeMbIX rpynn cocrtasiasger NCS, =34,

NCS,,=3,1.
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JIMCKPUMUHAHTHAS MO/leJIb POTHO3UPOBaHUS NPOGWIIs YA3BUMOCTEH ABUALIMOHHOI 0
NMEePCOHAJIA HA OCHOBE JAHHBIX COUMAJIbHOM CeTH

CremyronmuM 3TarioM pas3padaThIBAEMON JTHAarHOCTHYECKOW METOIUKH SIBISIETCS pa3paboTka
o0yyaeMOil MOJIeNH, B KauecTBe KOTOPOil OyAeT MCIoJb30BaHA TUCKPUMUHAHTHAs MoOjelb. B kade-
CTBE IPyNNUPYIOLIEH NEpPEeMEHHON B AUCKPUMHHAHTHOM aHaJIM3€ BbIOpAHbI 3HAYEHUs TpeX MOIy4YeH-
HBIX KJIaCTEpPOB PECIOHJEHTOB. B KauecTBe HE3aBUCHUMBIX MEPEMEHHBIX HCIIOIb30BAIINCH NOKA3aTENN
aKTHBHOCTH TIOJb30BaTels B conmanbHoM cetu: 117, Ilg, Ilis, I1;7, I1i9. Iloka3aTeneM kadecTBa ImiC-
KPUMMHAIUH SIBJISIETCS] 3HAUEHUE CTAaTUCTUKU JsIMOa YUiIKca, KoTopasi u3mepsieTcst B Auamna3one ot 0
1o 1 (A, =[0; 1]). Uem MmeHblIe 3HAUeHHUE JIAMOABI YWIIKCA, TEM JIydllle KaueCTBO AMCKPUMUHALIMU.

B nannom CJIy4ac 3HAUCHUC XW =0,046 , 4yTO TOBOPUT O AOCTATOYHO XOPOLIEM Ka4CCTBC JUCKPUMHUHA-

nuu. F-kpurepuii pasen 21,007 Ha ypoBHe 3HaunMocty Menbie 0,05. CormacHo kiraccupuKanmoHHON
MaTpulle MPOIEHT MPaBWIbHON JauckpuMuHanuu coctasisier 100 %, T.e. nmaHHas pa3pabarbiBacMast
JTUCKPUMHHAHTHAS MOJIETIb MOXET OBbITh MCIIOJIb30BaHA B KaYECTBE 00yYarouiei.

JIMCKpUMHHAHTHAsT MOJIENb TIPEJCTABISCTCA B BU/I€ CUCTEMBbI JIMHEHHBIX KJIaCCH(PHUKAIIMOHHBIX
ypaBHeHU# corsiacHo ¢opmyie (1)

£, =2,521-T1, —0,127 -TIg +2,500-T1,5 — 1,544 -1, +9,378 -TT, — 9,773,
£, =4,146-T1, —0,532-TI + 4,423 -T1,5 — 1,560 - T1,, +1,058-T1, — 8,708, (1)
£y =-1,778-T1, +0,159-TTg —1,833-T1,5 + 0,876 - TT;; — 3,492 -1, — 2,030.

B 1ab6i1. 3 npencraBieHsl pe3yabTaThl aHAIH3a XapaKTEPUCTUK HE3aBUCUMBIX MIEPEMEHHBIX MO-
nenu. JIOmoNMHUTENbHBIA aHaIN3 MO3BOJIUT BBISIBUTH HambOosee MHPOpPMATUBHBIE NEPEMEHHBIE, TEM
CaMbIM IIOBBICUB Ka4€CTBO JUCKPUMUHAHTHOIO aHAJIU3A.

Tabauna 3
Table 3
XapakTepuCTUKH MTEPEMEHHBIX, BKIIFOUEHHBIX B MO/IENb
Characteristics of variables included in the model
[Tepemennas JLamona Hacrnas F- p-ypoBeHb | TosepaHTHOCTH R
Yukca JIamOna HUCKJITIOUYNUTH (1-Tonep.)
11, 0,094 0,493 14,888 0,000036 0,814 0,186
Ilg 0,047 0,984 0,221 0,802663 0,981 0,019
115 0,101 0,463 16,798 0,000014 0,724 0,276
I1;; 0,057 0,819 3,201 0,055419 0,849 0,151
Iy 0,260 0,179 66,161 0,000000 0,810 0,189

Ha ocHoBe ananm3a xapaktepucTuk (Tabin. 3) Obul caenaH BbIBOA, 4TO nepemenssie 117, I1s,
[Ty maroT HanOONBIIHI BKJIAA B OOIIYIO TUCKpUMHUHAIMIO. JIaHHBIM BBIBOJ] CIEJIaH UCXOJS U3 CICHY-
IOIIMX peKOMeHJanui: 1) yem OoJplie 3HaueHHE JAMOABI YWIIKCA, TEM JKeNlaTesbHee MPHUCYTCTBUE
NEPEMEHHOH B Ipolelype AUCKPUMHUHALIMY; 2) YeEM MEHbIlIEe 3HaYeHNEe YaCTHOU JIMObI, TEM OOJIbIle
BKJIa/I TIPEMEHHOM B OOIIYI0 AUCKPUMMHAIMIO; 3) YeM MEHBIIE TOJIEPAHTHOCTh, TEM JKeJaTeIbHen
nepeMeHHas B mozenu. Ilpu stom xapakrepuctuka F-uckimouuTs onuceiBacT 3HaueHus F-kpurepus,
CBSI3aHHBIE C COOTBETCTBYIOIEH 4acTHOW JsIMOA0N Yuikca. 3HaUeHUE P-ypOBEHb OTPAKaeT YPOBHHU
3HauuMocTu F-kputepues.
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OnpeneneHne MPUHAIICKHOCTH HOBOTO PECTIOHCHTA K BBISBIICHHBIM TPEM KJIacCHU(UKAIIHMOH-
HBIM TPYMIaM ONpeAessieTcs M0 MaKCUMaJIbHOMY 3Hau€HUI0 GYHKIMHU AUcKpuMHuHauuu. [lonydyennas
JUCKpUMHHAHTHas Mojesb (1) MO3BONMT B AalibHEHIIEM aBTOMATHU3WPOBATh IMPOLIECC AMATHOCTUKU
npoduis ya3BUMOCTEN aBUAIMOHHOTO MIEpCOHAa.

AHAJIN3 BO3MOKHBIX COMHOUHKCHECPHBIX aTaK 3JI0YMBINIJICHHUKOB

Ha ocHoBe dakTopHOro aHaim3a ObUTN BBISABICHBI IEPEMEHHBIE, XapaKTEPU3YIOITHE OCOOCHHO-
CTH aKTUBHOCTH TIOJIb30BATENICH COIMATBHON CETH U CBSI3aHHBIC C TIOTEHIIMAIBHBIMU ySI3BHUMOCTSIMU K
COLIMOMH)KCHEPHBIM aTakaM. bbl1o mpeyiokKeHO paccMaTpuBaTh UX ClenyonuM odpa3om: 1) notpeb-
HOCTH B COLIMATBHBIX OTHOIICHUSX M OOIICHNUH; 2) TIOUCK COIMAIBHON NOIICPKKU; 3) GEHOMEH COIH-
ABHOM JKEJATENBHOCTH; 4) TIOMCK HOBOM MH(pOPMAINK ayIno- U BUaeodopmara; 5) 1eMOHCTPATUBHOE
noBeJicHre. B cBOIO odepenp, Ha OCHOBE KJIACTEPHOTO aHAIM3a OBLIN BBISBICHBI TPU MPOGUIS MMOJb-
30BaTeNIeH COIMALHOM CETH, B KOTOPBIX JJOMHHHUPYET OTpEcIICHHAs TIepeMEHHasl.

PaznuynHble BapuaHThI aTaKyOIMIUX COLIMOMH)XEHEPHBIX BO3JICHCTBUI U PEAKIIUU MOJIb30BATENS
CETH Ha HUX 3aBUCAT OT KOHKPETHON TPYTITHI IEPCOHANIA U BRIPAYKCHHOCTH TOH MIJIM UHOW yS3BHMOCTH,
CBSI3aHHOM C MICUXOJIOTUYECKUMHU OCOOCHHOCTSIMH TUYHOCTH.

K mpumepy, 11 mons30BaTeNei U3 IepBO TPYIIILI, OPUCHTHPOBAHHBIX HA JIEMOHCTPATHBHOE
MOBE/ICHNE, HAPYIIUTENb MPEANPUMET JACHCTBHS, CIOCOOCTBYIONINE YCUICHUIO HAPIIUCCHUECKHUX Ka-
YECTB JINYHOCTH, YTOOBI 3aTEM HCIIOJIB30BAaTh 3TO B CBOWX IIEJIAX. B cilydae opueHTAIMK Ha pa3jind-
HBIE CETEBBIC TPYIIHI HAPYIIUTETh MOXKET CO3/IaTh OMPEEICHHYIO TPYIIY, J00aBUTh HHTEPECYIOIIe-
IO MOJIB30BATENS U 0] BUJIOM T'OJIOCOBAHMS, OTPOca Wi (popyMa y3HATh HHTEPECYIONIYI0 HHPOpMa-
IUIO.

B cuiy Toro, 4to mosib30BaTeNy BO BTOPOU TPYIIIE SBISIOTCS aKTUBHBIMU YYaCTHUKAMH BHP-
TyaJIbHOTO OOIIEHUSI U JOCTATOYHO JIETKO MPHOOPETAIOT HOBBIE COIMANIBHBIE CBSA3H, 37I0YMBIIITICHHUK
MOJKET IMO3HAKOMHUTKLCS ¢ HUIMU B BUPTYQJIBHON Cpelie U TEM WJIM WHBIM CIIOCOOOM, HCIIOJIB3YS CBOE
obasiHUe WIH JpyTHe KauyecTBa, MOMBITATHCS BBISICHUTh HHTEPECYIOIINE €r0 CBECHUSI.

OTHOCHUTENBHO TPEThEH TPYIIIBI IOJB30BATENIEH MOXHO CKa3aTh, YTO 3TO IOTCHIIMAIBHO
HauMeEHee ys3BHMas TpyINa MOJb30BaTele K COLMOMH)KEHEPHBIM aTakaM Ha OCHOBE COIMAIbHBIX
CeTen.

B 1abn. 4 mpencTaBieHbl HEKOTOPbIE MPUMEPHI BO3MOXKHBIX BO3ACHCTBUI HapylIUTeNled Ha
BBIJICTICHHBIC TPYIIITHI IIEPCOHATIA.

Taoauna 4
Table 4
[TpuMepbI COIMOMHKEHEPHBIX aTaK
Examples of social engineering attacks

['pynna nosib3oBaresnei ATakyroniee BO3JeHCTBUE

[IpennoxeHne BOMTH B KaKylO-TO NPHUBJICKATECIBHYIO Ul NOJIb30Ba-
TeJsl TPyIITy

[TpenioskeHne MOMOIIM B PELICHUH pa3IM4YHBIX MpoOsIeM B Ipeaenax
KAKOM-TO CETEBOM IPYIIIBI

BupTtyaibHOE 3HAKOMCTBO C MOJ30BATENIEM B COI[UATBLHON CETH

OTtnpaBka nucbMa sIKOOBI OT APYTa C IIOJIE3HBIMY» JIJIsl TTOJIb30BATENSA
IIPWIOKEHHUEM, C YCTAHOBKOM KOTOPOTO TAK)XKE BHEAPSETCS IpOorpaMma-
LINHOH

[TonbITKa B3JIOMaTh aKKayHT ITOJIB30BATEISA

[TonbITKa MOAKYTIA I10JIB30BATENS

1 rpynna

2 rpynna

3 rpynna
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C npakTu4ecKol TOYKHM 3PEHHMs, MOJIyYEHHBIE PE3yJbTaThl MOTYT CTaTh MHCTPYMEHTOM IS
BBICTpanBaHus Oosiee YPPEKTUBHON MOJUTHUKH MPABIIHBHOTO BBIOOpA CPEJICTB MO MPOQPUITAKTUKE CO-
LIUOUHKCHEPHBIX aTaK 3JI0YMBIIUICHHUKOB HAa aBUALIMOHHBIN IIEPCOHAI aBUAIIPEAIIPUATHH.

JAK/IIOYEHUE

Ha ocHoBanu# poBeJIeHHOTO aHanu3a ObLI clieJaH BBIBOJI, YTO BaXKHON COCTABIISAIOINICH Yeio-
Beueckoro ¢aktopa B 00JIaCTH aBUAIMOHHON KOEepOEe30IacHOCTH SBISETCS YA3BUMOCTh aBHAIITMOHHO-
ro IepCcoHala K COLMOMHKEHEPHBIM aTakaM. Pa3BuTHE COLMANIBHBIX CETEH MPUBENIO K PACCMOTPEHUIO
MX KaK Ba)KHOTO AJIEMEHTAa COLMOMHKEHEPHBIX aTaKk Ha EPCOHA aBUATIPEANIPUSATHMA.

B cratbe mpuBOnATCS pe3ynbTaThl HCCIENOBAHUSA, MOCBSIMICHHOTO M3YYEHHUIO B3aUMOCBS3EH
MeXxay MpoduieM Mmoyib30BaTess COIHaIbHOM ceTH (0COOEHHOCTSIMU aKTUBHOCTH aBUAI[MOHHOTO Iep-
COHAJIa B COI[MAIIBHON CETH) C UX TMCUXOJIOTUIECKUMU OCOOCHHOCTSMU TUYHOCTH. Ha ocHOBe (hakTop-
HOTO U KJIACTEPHOI'O aHajn3a BBIABIECHBI NPO(QUIHN MOJIb30BaTENeH COLMAIbHON CETH, KOTOpPbIE CBA3a-
HBI C YS3BUMOCTSIMU K COIMOMH)KEHEPHBIM aTakaMm. Pa3zpaboTaHa MUCKpUMHHAHTHAS MOJEIb, TO3BO-
JsIonas MPOTHO3UPOBATh MPO(UIL YSI3BUMOCTEH MEpcoHana Mo JaHHBIM coluanbHoil cetu. Ilpen-
CTaBJICHbI IPUMEPHI COLIMOMHKEHEPHBIX aTaK Ha aBUAIIMOHHBIN NIEPCOHAIL.

B nanpHelinem miaHUpyeTcsl yBEIUYUTH BHIOOPKY MCIIBITYEMBIX M NPOBECTU Oojiee MaclTad-
HBIC WCCIICIOBAHUS JJIs YTOYHEHHUsS MOJNYyYECHHBIX PE3yJhTaTOB M TMOWCKA JPYTUX, BO3MOXKHO Ooiee
IITyOMHHBIX, CBS3eH Mexay MpoduiaeM JUYHOCTH B COLUAIBHON CETH W MCUXOJIOTMYECKUMU OCOOEH-
HOCTSIMU.
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RESEARCH OF THE AVIATION PERSONNEL VULNERABILITY PROFILE
TO SOCIAL ENGINEERING ATTACKS

Alexander K. Volkovl, Andrei K. Volkovl, Lidia L Frolova'
"Ulyanovsk Institute of Civil Aviation named after Air Chief Marshal B.P.Bugaev,
Ulyanovsk, Russia

ABSTRACT

In conditions of strengthening the informational component of aviation activity, the task of ensuring aviation cybersecurity becomes
extremely urgent. Currently, a regulatory framework is being developed that regulates activities in this area, both on the part of the
International Civil Aviation Organization and at the Russian Federation level. In the complex of aviation cybersecurity threats,
which include deliberate attacks, errors of third-party companies, system errors, natural phenomena, the human factor occupies an
important place. In this work, this negative phenomenon is considered from the point of view of the aviation personnel vulnerability
to social engineering attacks. Such type of attack by an attacker involves a set of applied psychological and analytical techniques
that facilitate the receipt of confidential information or the violation of information security rules by legitimate company employees.
The existing approach to building a profile of user vulnerabilities to social engineering attacks involves a series of psychological
tests, the results of which are used to predict the user vulnerability through its psychological characteristics. In this work a slightly
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different task is posed, the main idea is to restore the vulnerability profile of aviation personnel from activity data in a social
network. This is due to the fact that studying the user profile of a social network will more quickly solve the problem of choosing
the most vulnerable employee for a particular type of social engineering attack and introduce preventive measures. The research
was conducted on the basis of JSC «Surgut International Airport». 36 aviation security inspectors were selected as the respondents.
Empirical data have been obtained including profiles of social network user profiles and a number of psychological tests. Using
factor analysis the problem of reducing dimensionality and choosing the most informative indicators characterizing the activity of a
social network user has been solved. A discriminant model that allows predicting the vulnerability profile of personnel according to
the social network has been developed. Possible types of social engineering attacks on aviation personnel are presented.

Key words: cybersecurity, aviation security, social engineering attack, aviation personnel, social network, user vulnerability.
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EXPERIMENTAL RESEARCH OF SINGLE - ROTOR HELICOPTER
UNINTENTIONAL YAW ROTATION

V.V. EFIMOV', V.A. IVCHIN?| O.E. CHERNIGIN'|, K.O. CHERNIGIN'
"Moscow State Technical University of Civil Aviation, Moscow, Russia
’Moscow Mil Helicopter Plant, Moscow, Russia

Aviation accidents related to unintentional rotation may periodically occur while flying single-rotor helicopters. On-time and
correct actions may help the pilot to find the way out of this hazardous situation. But it is also important to understand the situation
which contributes to the unanticipated yaw occurrence, and whether there are any factors which can stop the pilot from preventing
such unintentional rotation, in order to avoid these conditions. Literature analysis shows that researchers studying this phenomenon
don’t have the shared vision on unanticipated yaw occurrence conditions. In regards to this fact the decision to carry out a series of
wind tunnel experiments using helicopter model and propeller was taken. The main object of research was a radio-controlled model
of the Blade 130 x helicopter, mounted on a platform rotating around a vertical axis, which was installed on a vertical strut.
Research-laboratory aerodynamic complex belonging to the Aerodynamics, Design and Aircraft Strength Chair of Moscow State
Technical University of Civil Aviation was used to generate airflow. A set of dynamic experiments was carried out to determine the
conditions contributing to unanticipated yaw occurrence. The analysis of the experiments has shown that there is a range of sliding
angles at a certain speed of the incoming air flow which makes the helicopter yaw balancing impossible, and if the helicopter
occasionally gets into this range, it inevitably leads to the unintended rotation of the helicopter on the yaw occurrence. Helicopter
yaw trim inability occurs at negative sideslip angles because of tail rotor thrust decrease due to the incoming airflow blowing which
decreases the blades angles of attack and worsens helicopter airframe aecrodynamic moment that coincides in direction with main
rotor torque if helicopter airframe possesses directional stability. In these conditions the required tail rotor pitch is greater than the
available pitch so the pilot is not able to counteract the initiated unanticipated yaw rotation of the helicopter that has begun. The
possibility of helicopter unanticipated yaw rotation caused by the impact of the main rotor on the tail rotor was not experimentally
confirmed. It was impossible to create the conditions of unanticipated yaw occurrence during the experiments because of the tail
rotor vortex ring state.

Key words: helicopter, flight dynamics, unintentional rotation of the helicopter, tail rotor, efficiency loss, vortex ring.
INTRODUCTION

Aviation accidents related to unintentional rotation may periodically occur while flying single-
rotor helicopters. Most often, these accidents occur when the wind affects the take-off and landing
modes, and the distance to the ground is small so there is not enough time to parry the dangerous situa-
tion that has occurred. However, unintended rotation may also happen while flying at relatively high
altitudes, for example, in mountainous areas where high-intensity atmospheric turbulence exists. On-
time and correct actions may help the pilot to find the way out of this hazardous situation. It is also
important to realize the conditions that lead to the unintentional rotation emerging in order to avoid
such a dangerous situation. Unfortunately the researchers studying this phenomenon don’t have the
shared vision on this problem. In this regards it was confirmed to carry out a set of experiments with
helicopter models and propeller in the wind-tunnel which created the air flow modeling the impact of
wind. The results of these experiments are reflected in this article.

ANALYSIS OF THE PROBLEM

The vast majority of works devoted to this problem'*”* indicates that among the reasons for

the helicopter unintended rotation is the loss of the tail rotor efficiency, which function is to balance

' Loss of Tail Rotor Effectiveness in Helicopters. (2017). National Transportation Safety Board. Safety Alert SA-062,
March, 3 p.
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the main rotor reactive moment acting on the helicopter and to ensure the directional control of the hel-
icopter [1-9]. The foreign literature has a fixed phrase and a corresponding abbreviation to the Loss of
Tail Rotor Efficiency (LTE). While analyzing this problem we face a question of what effectiveness of
the tail rotor is. The authors of the article consider that the effectiveness of the tail rotor is identified by
the amount of maximum tail rotor power in specific flight conditions. As a rule, the maximum value of
the tail rotor thrust depends primarily on the pitch of the propeller, so it must be clearly understood
that changes in the flight conditions (wind speed and direction, roll and pitch of the helicopter) with a
constant pitch of the propeller is not a loss of the tail rotor efficiency. It is enough to increase the pitch
of the tail rotor and its thrust will also increase, provided that the pitch value was not the maximum.
Aviation accidents causes analysis with Mi-8 helicopters which have the modern system of helicopter
movement parameters registration (onboard registration device), presented by one of the authors in his
report [10], shows that in all cases of helicopter unintentional left rotation which were studied, the
maximum tail rotor pitch was not reached. Thus, it is incorrect to talk about the loss of efficiency of
the tail rotor in these cases, it is more appropriate to talk about a decrease of the tail rotor thrust due to
the changes of flight conditions.

According to the authors’ of the mentioned above works opinion the decrease of the tail rotor
thrust may occur on different reasons.

Firstly, a decrease in the tail rotor thrust is possible when it enters the vortex bundle that comes
from the main rotor, in the direction of the tail rotor rotation, when its blade, located in the upper posi-
tion, moves forward (upward-forward) [4]. When the upper position blade moves rearwards (upwards -
rearwards), the tail rotor thrust, when it hits the vortex bundle, increases. Modern helicopters have
mostly upward - rearward tail rotor rotation scheme, so the interference of the main rotor and the tail
rotor, in this case, does not lead to a decrease in the tail rotor thrust, but is unfavorable, since it chang-
es the yaw control of the helicopter, and the pilot must be prepared for it".

Secondly, the authors of the above mentioned works associate the tail rotor thrust decrease with
side wind blowing on it. Left and right winds affect the tail rotor in different ways. It is important to
take into account the tail rotor thrust direction which depends on the direction of the main rotor rota-
tion and consequently, on the direction of the jet moment which comes from the main rotor and affects
the helicopter. Domestic helicopters have the clockwise main rotor rotation if you look at the helicop-
ter from above. On foreign-made helicopters, for example, on the US-made ones, the tail rotor can ro-
tate in the opposite direction. In order to compensate the main rotor jet moment looking along the
flight path, the main rotor should rotate clockwise and the thrust of the tail rotor should be directed to
the left and in the opposite case, it should be directed to the right.

According to the classical rotor theory, tail rotor thrust, as well as the main rotor thrust, is
created mostly due to the blades rotational motion set at the angle of attack to the velocity vector of
air flow. At the same time, some aerodynamic forces which sum up on the bushing and produce the
actual thrust are created on the blades. When the wind blows at the tail rotor in the opposite direction
to the tail rotor thrust vector its blades’ angles of attack decrease which leads to a decrease in thrust.
When being blown in the opposite direction, the blades’ angles of attack increase and the thrust in-
creases accordingly. But, as it is known, the aerodynamic lift dependence on the angle of attack
stops to be linear at the beginning of the profile flow separation. When the angle of attack continues
to grow the aerodynamic lift reaches its maximum (at a critical angle of attack), which follows with

2 FAA-H-8083-21B. Helicopter Flying Handbook. (2019). U.S. Department of Transportation. Federal Aviation Admin-
istration. Flight Standards Service. Chapter 11: Helicopter Emergencies and Hazards, pp. 11-18 - 11-21.

> RAAF Aircraft Research and Development Unit. Bell 206B-1 Directional Control in Low Airspeed Flight. (1981).
ARDU-TI-721, May, 57 p.

* How to crash by the book. (1977). US Army Aviation Digest. September, pp. 43—45.

Unanticipated Right Yaw in Helicopters. (1995). U.S. Department of Transportation. Federal Aviation Administration.

Adpvisory Circular AC 90-95, December, 8 p.
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its decrease. That means that when the wind direction is opposite to the thrust vector, and when the
wind direction coincides with the thrust vector direction the tail rotor thrust decreases under certain
conditions.

In the literature, which studies the helicopter unintended yaw rotation, special attention is paid
to the tail rotor wind blowing that coincides with the direction of the thrust vector. This is due to the
fact that at such direction of the wind, the main rotor thrust allegedly decreases more [6]. This can be
explained by the fact that according to the airscrew pulse theory at a certain speed of axial screw air-
flow which has the direction coinciding with the direction of the thrust vector, which means against
the direction of air flow thrown by the screw, the screw works in the mode of so called “vortex ring”.
In this mode, the screw sucks back all the air thrown from the screw and vortex movement appears —
the air circulates in the closed area around the screw without being thrown from it. Thus, the momen-
tum is not created, the thrust is lost. But this phenomenon is actually much more complex, and accord-
ing to its author B. N. Yuriev the impulse theory is just arbitrary applied [11].

The tail rotor side blowing with regards to the main rotor interference has been recently studied
in many works [12—16]. These works are devoted to computational experiments with the use of a
software package [18] based on a nonlinear blade vortex model of a screw with a free diffusing trace
[18]. The results of the computational experiments have shown that tail rotor thrust decrease and in-
crease can occur depending on the sliding angles and the speeds of the side blowing at the main rotor
and tail rotor interference.

The title of the work [19], written by a specialist of Airbus Helicopters, can be translated as
“Tail rotor efficiency loss myth”. It states that the Bell 206-B1 helicopter, having the tail rotor being
blown by the wind coinciding in the direction with the main rotor thrust vector, which means the
blades angles of attack increase and the “vortex ring” mode occurrence, does not lose the tail rotor ef-
ficiency. The helicopter is balanced at wind speeds of up to 40 knots (20.6 m/s) with a significant mar-
gin of directional control. In addition, the author notes that according to the recommendations for the
helicopter unintentional rotation avoidance, which are included into different documents there is a re-
quirement to push the pedal, which increases the pitch of the tail rotor, forward as quickly as possible
until it stops. At the same time, if the tail rotor were not effective due to the “vortex ring” mode, such
a recommendation would be meaningless or even harmful, since it would only make the situation
worse. We can face the apparent contradiction.

It was decided to initiate this phenomenon study in order to ensure flight safety and understand
whether there are conditions for the helicopter unintentional yaw rotation occurrence which are unaf-
fected by the pilot even with timely and correct intervention in the helicopter control. Some results of
this study are given below.

RESEARCH METHODS AND METHODOLOGY
While carrying out this research experimental laboratory research methods were used. The re-

search object was a radio controlled model of the Blade 130 X helicopter with the following character-
1stics:

e airframe length.............. 305mm;
e airframe height.............. 122 mm;
e main rotor diameter....... 325 mm;
e tail rotor diameter........... 76 mm;
o weight......oooooiiiinninnn. 107 g

This model’s main rotor rotation direction coincides with the rotation direction used on domes-
tic helicopters, i.e. the screw rotates clockwise if you look at the helicopter from above. So, under cer-
tain conditions, this helicopter must have left side unintentional rotation.
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The amount of this model tail rotor thrust can be controlled by changing its pitch, as it usually
happens on full- sized helicopters.

In order to expand the speed range at which the helicopter model side-blown balancing is avail-
able its directional (weathercock) stability was reduced by removing the fin.

The helicopter model was mounted on a special holder in the form of a vertical rod with the
lower end fixed on a massive base, and at its upper end with a platform that could freely rotate on a
ball-bearing around the vertical axis of the rod. The model of the helicopter was firmly fixed to the
platform. So, the model together with the platform could easily rotate around the vertical axis whereby
it was possible to change the model slip angle relatively to the incoming flow speed vector, which was
created by the wind tunnel. The general views of the helicopter model on the holder and in the working
section of the wind tunnel are shown in Figure 1 and Figure 2 respectively.

Fig. 2. Helicopter model in the wind tunnel test chamber

In order to generate the airflow research-laboratory

Fig. 1. Helicopter model on vertical strut aerodynamic complex belonging to the Aerodynamics, De-

support sign and Aircraft Strength Chair of Moscow State Tech-

nical University of Civil Aviation was used. The helicopter

model was controlled remotely using a remote control. A series of dynamic experiments was car-

ried out in order to identify the conditions when even timely helicopter control intervention is una-
ble to prevent the occurrence of its unintended rotation.

The wind tunnel flow speed varied from 2 to 22 m/s with 1 m/s. pitch. The operator made a

360° low angular speed yaw turn of the helicopter model at each mode of the flow speed. It was made

from the initial position (sliding angle isp=0) as it is shown in Figure 3, counterclockwise when

looking at the helicopter from above. The gliding angle and its sign were determined in accordance
with the State Standards 20058-80 “Dynamics of aircraft in the atmosphere. Terms, definitions and
designations”.

Video recording was also produced.
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Fig. 3. The model initial position

THE RESEARCH RESULTS

At the rate of air flow speed from 2 to 5 m/s inclusively, the model was balanced at all sliding
angles, it retained yaw control with sufficient control margin to allow both reducing and increasing the

sliding angle. However, when the sliding angles were equal to B~ 90°and B =—-90° the helicopter

slight yaw oscillation was observed, which was obviously associated with the tail rotor “vortex ring”

mode and the tail rotor and the tail boom stall.

It should be noted that according to [11], the “vortex ring” mode occurs when the speed of the
incoming air flow is equal in magnitude and is opposite in the direction to the double inductive speed

of the propeller, it is equal in magnitude and is
opposite in the direction to the ejection speed.
The helicopter model under study had the tail
rotor rate of ejection measured by an anemome-
ter and it was approximately equal to 5 m/s. So,
when the model was in the position shown in
Figure 4 (B =90°), and the speed of the incom-

ing flow was equal to 5 m/s, the “vortex ring”
mode is to be implemented on its tail rotor.
However, as it is pointed above, the model's bal-
ancing under these conditions was not disrupted
and unintentional rotation did not occur.

At the flow rate in the range of 6 m/s
to 11 m/s inclusively, there was a number of
sliding angles blowing the helicopter model on
the left, where the model balancing is impossible
(Table 1, Figure 5). The higher is the flow speed,
the wider is this range. The minimum flow ve-
locity which has a range of sliding angles and
where the yaw balancing is impossible is called
critical.
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Table 1
Airflow velocity and corresponding ranges of side blowing sliding angles
which make the helicopter model yaw balancing impossible

Air flow velocity, m/s Sliding angles range, degrees
6 -122...-60
7 —129...-62
8 —136... =55
9 —143 ... -54
10 —148 ... =59
11 -169... -39

The helicopter model makes a controlled rotation from its initial position to the left, which means
counterclockwise, and it is viewed from above (Figure 3). Reaching the angle of the range start, with the
impossible balancing (in Figure 5 this angle equals to3 = —148°), the model makes a sharp uncontrolled
left turn up to the opposite border of the range (Figure 5 this angle isp = —59°) and it turns by inertia af-
terwards. The higher the flow rate is, the greater is the inertia throw, which the model experiences.

It was possible to rotate the helicopter model to the right from the initial position only up to the
edge of the sliding angles range, where balancing was impossible (Figure 5 this corner equals to3 = —59°).

It should be noted that in the area of the
slip angle B =90° (Figure 4) at the flow speeds
ranging from 6 to 11 m/s, which exceeds the
speed of the tail rotor vortex ring” formation, the
helicopter model was balanced with a yaw control
margin, which allowed both to increase and de-
crease this position model sliding angle.

At the flow rates ranging from 12 m/s to
22 m/s inclusively, with the controlled helicopter
model left rotation from its initial position, it was
only possible to balance the helicopter model in
the following range of sliding angles: 0 < <90°.

. It was only possible to increase the sliding angle
I O O A for more than P =90° in dynamics by reducing

airflow direction, W =10 m/s

sharply the pitch of the tail rotor that was fol-
) ) . . lowed by the throw to negative sliding angles with
Fig.5. Boundaries of helicopter model yaw trim an unintentional left turn, which forces the model
range being blowing from the left with airflow K | finished d th s of
speed of 10 m/s to make several finishe turns around the axis o
rotation.

THE OBTAINED RESULTS DISCUSSION

Having based on the analysis of literary sources we expected the mode of unintentional rotation
should have begun at a certain speed of the incoming airflow in the area of the sliding angles equal to

B ~ 90° when the “vortex ring” mode is possible (Figure 4). For example, as it is noted® that the most
likely “trigger” of the helicopter yaw unintentional rotation is the hit of the tail rotor in the “vortex

% RAAF Aircraft Research and Development Unit. Bell 206B-1 Directional Control in Low Airspeed Flight, ARDU-TI-721,
May 1981. 57 p.
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ring” mode. However, it was not possible to achieve the unintentional helicopter-model rotation mode
from this position at any flow rate in the experiment described above. In the area of sliding angles of

B =~90° the model was always balanced; it did not tend to demonstrate unintentional left-side rotation.
This means that at sliding angles of f = 90° the tail rotor does not lose efficiency, and the “vortex ring”

mode does not lead to a noticeable drop in thrust. We can find confirmation of this in [11], which gives
the air screw experiments results with the axially blown by the incoming air flow (Figure 6, where cr

. . = _V . . . = o e
is the propeller thrust coefficient; V, =—2 — relative axial wind-stream velocity, V, > 0 if it coincides

oR
with inductive speed direction; ® the angular velocity of the screw rotation; R — the screw radius;
¢ — pitch). o
The graph analysis in Figure 6 shows when 10,020
the propeller is blown against the direction of the \\
inductive speed (V, <0 ), which increases the an- \N
0,015

ring” mode is implemented, the drop in the thrust
coefficient ¢ at a fixed screw step is not observed.

0,010 P
In addition, you can see when the pitch of the screw \ \ \\/00

¢ at a fixed blowing speed increases the thrust co-

0,005 ~ -
efficient ¢ also slightly increases. Thus, we can \ 37 -
conclude that the screw efficiency is not completely

lost at the occurrence of the ”vortex ring”, but the 018 012 006 0 0.0b \ﬂl\ 0.18

gles of attack of the tail rotor blades and the "vortex ‘\\\

yaw control can still deteriorate. But the curves in
Figure 6 were probably the approximations of ex-
. -0,00
perimental results and could be unduly smoothed. \ \ \
In order to test this, the authors of this research car-
ried out a similar experiment with a constant-pitch -0,010

propeller for a cord model aircraft and Figure 7

demonstrates the obtained results Fig. 6. Propeller thrust coefficient on the incoming flow

axial speed and propeller pitch dependence

0,2 0,15 0,1 20,05 "0 0,05 0.1 0,15 ¥

Fig. 7. The propeller thrust coefficient on the axial speed incoming flow dependence based
on the results of the experiments
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The experimental points that are connected with straight lines are pointed out with markers, and
the approximating curve is shown by a smooth line in Figure 7. It is clear that the approximating curve
has the same nature as the curves shown in Figure 6. Meanwhile, the graph connecting the experi-

mental points has a vivid local minimum at V, ~ —0,11, corresponding to the “vortex ring” mode. By

the absolute value, this axial velocity of the incoming flow is equal to V; = 6 m/s, which corre-
sponds to the rejection rate measured by the anemometer.

In general, it should be noted that at the growing speed of the screw axial blow-off by increas-
ing the angles of attack of its blades, there is a moment when the thrust stops growing and even de-
creases slightly (in the ”vortex ring” mode), and then begins to grow again. At increasing the rotor axi-
al blowing speed to reduce its blades angles of attack, the thrust coefficient monotonously decreases. If

we compare the thrust value coefficients at V, <0and atV, >0, the equal flow speed in the second

case will show a significantly reduced value of the thrust coefficient. Moreover, even the ’vortex ring”
mode does not lead to such a drop in the thrust coefficient relatively to its value at V, =0, as the
blowing to reduce the blades angles of attack.

Taking into consideration the experimental data obtained, we will try to give a theoretical justi-
fication for the helicopter dynamics during side blowing, and in particular the conditions for the heli-

copter unintentional yaw rotation occurrence. Let us write the helicopter yaw balancing general equa-
tion in the vector form:

M =M +M +M =0, (1)

y p main rotor y tail rotor y airframe

where M

M y tail rotor

ated coordinate system;
M i ame 18 the helicopter airframe aerodynamic moment relatively to the normal axis of the associated
helicopter coordinate system.

Let us study the characteristic ranges of sliding angles.
1. B =0 (is the initial position, Figure 3)

is the reactive torque of the main rotor;

p main rotor

is the moment created by the tail rotor relatively to the normal axis of the helicopter associ-

In this case M y airframe — 0 and the balancing equation in scalar form will look like

My = Mp main rotor MyO tail rotor — 0. (2)

That means that the moment created by the tail rotor thrust is only balanced by the reactive
moment of the main rotor
2. 0<B<90°

The pilot, pushing forward the left pedal, starts making a left turn from the initial position by
means of reducing the tail rotor thrust, i.e. reducing the tail rotor torque by the amount of

AM

As a result, in order to make a yaw turn to increase the sliding angle with a constant angular yaw rate,
you need to meet the requirement:

. But at the same time, the helicopter airframe My ,irframe a€rodynamic moment appears.

y tailrotor

My = Mp main rotor (MyO tail rotor AMy tail rotor) - My airframe O’ (3)

where AM

y tail rotor = My airframe *
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With the growth of the sliding angle, M

compensate the main rotor reactive moment. Therefore, in order to provide a left turn in this range of
sliding angles there should be constant reduction of the tail rotor thrust (increase of AM ), reduc-

will also increase, helping” the tail rotor to

y airframe

v tail rotor
ing its pitch in an expedited manner, because due to the tail rotor blowing its blades angles of attack
will grow, which will lead to the unnecessary tail rotor thrust growth.

3. B=90°

The balancing condition in this case is described by the equation (3). Thus, the aerodynamic
moment of the airframe M, ,irframe Will be maximal and the tail rotor pitch will be minimal. At a cer-

tain speed of blowing Vy = Vy yortex ring> the  tail rotor “vortex ring” mode is possible. At the same
time if the helicopter was balanced at the speed of Vy < Vj yortex ring the unintentional increase of Vo
up to Vo vortex ring Will cause the loss of the tail rotor thrust and as a result to the accelerated helicopter

left turn. However, as the experiments with the constant pitch propeller carried out by the authors of
this research revealed, the “vortex ring” thrust loss, if there is one, is very small. It coordinates with the
results of the experiments performed by the other researchers, described in [11] which affirms, that
they are typical for all researches of this type. The experiments which were performed by the authors
of this work with the helicopter model in the wind tunnel prove the tail rotor continued effectiveness at
the mode of “vortex ring” and as it was mentioned above, revealed that the helicopter model at the
sliding angles equal to B = 90° was balanced at all wind stream speed modes which were set in the ex-

periments.
4. 90° < B <180°

In the given sliding angles range, when the helicopter rotates to the left, the airframe aerody-
namic moment M decreases, i.e. its role in the main rotor jet moment compensation decreases.

y airframe

So in order to provide the constant angular yaw speed balancing, it is necessary to reduce AM

y tail rotor
(equation (3)), by means of increasing the tail rotor thrust increasing its pitch.

5. B=180° (-180°)

In this position, as well as at B =0 the helicopter balancing is described by equation (2).

6. —180° < B < -90°

In the given sliding angles range balancing is described by the following equation:

My = Mp main rotor (MyO tail rotor + A‘]\/[y tail rotor) + My airframe — 0. (4)

In this case, the helicopter airframe aerodynamic moment M changes its mathematical

y airframe >
character into opposite compared to equation (3) and now it doesn’t oppose the main rotor jet moment
M but assists it. As a result of this in order to balance the helicopter it is necessary to increase

the tail rotor moment by the amount of AM

p main rotor

at the expense of tail rotor thrust increase, having

v tail rotor
improved its pitch (by pushing forward the right pedal).

It should be taken into account that the tail rotor is blown up by the airstream at its blades an-
gles attack decrease, in this connection the required tail rotor balancing pitch at a certain sliding angle
and certain speed can exceed the maximum possible. The right pedal will be positioned up to the stop.
The continued left turn will lead to the further airframe aerodynamic moment increase M and it

y airframe

means that

M =M M +M >0. %)

y p main rotor £ y tail rotor y airframe
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In other words there is an unbalanced yaw moment which leads to the accelerated helicopter
left turning, which can’t be aborted by pilot as far as the right pedal is on the stop. In this case we can
speak about tail rotor efficiency loss. Even considering the fact, that performing the left turn the tail
rotor blades angles of attack increase because of its blowing due to the turning increasing the tail rotor
thrust, the helicopter can reach high angular speed and perform several complete rotations around the
normal axis.

7. B=-90°

If the balancing is possible at the given sliding angle it is described by equation (4). If the in-
coming flow speed is high enough and balancing is impossible, the helicopter will be effected by the
maximum yaw moment M >0, which causes the accelerated helicopter left rotation around its nor-

mal axis.

8. —90°<B<0

In the given range of sliding angles, similar to the previous case, balancing if possible is de-
scribed by equation (4). If the speed of the incoming airflow is high enough and balancing is impossi-
ble, the yaw moment will be defined in accordance with mathematical expression (5). In this case the
helicopter rotation is accelerated and as a rule mechanically passes the second verge of the angles
range where balancing is impossible (in Figure 5 this verge corresponds to3 = —59°). As it was point-

ed out, the helicopter, at the same time, can make several complete rotations around normal axis.
CONCLUSION

This paper presents the results of the helicopter models and propeller models experiments in a
wind tunnel aiming to study the conditions for the helicopter unintentional yaw rotation occurrence.
The impact of crosswind and the axial blowing of the isolated air rotor on the helicopter was simulated
in the wind tunnel.

The experimental analysis revealed the range of sliding angles which makes the helicopter yaw
balancing at a certain speed of incoming flow impossible. The helicopter unintentional yaw rotation
inevitably occurs when the helicopter falls into this range.

The helicopter yaw balancing is impossible at the negative sliding angles because of the tail ro-
tor reduced thrust due to the blades angles of attack incoming flow reduction. It also happens because
of the helicopter airframe aerodynamic moment impact aimed in the main rotor jet moment direction
in case the helicopter airframe is directionally stable. In these conditions, the tail rotor required pitch is
greater than the available one, so the pilot is not able to parry the helicopter unintentional yaw rotation
that has begun. In this case we can speak about the tail rotor efficiency loss.

It should also be noted that non-compensated yaw moment will continue the helicopter rotation
within the whole range of sliding angles where the helicopter yaw balancing is impossible. The in-
creased incoming flow speed leads to the increase of both the yaw moment and the angle range where
balancing is impossible, if summed up it leads to the yaw moment effect increase. As a result the heli-
copter obtains a greater energy of rotation, the angular acceleration increases as well as the total heli-
copter yaw angular rate.

However it can’t be rejected that the helicopter unintentional rotation can start as a result of the
tail rotor “vortex ring” occurrence, if the tail rotor thrust moment reduction will not be compensated by
the helicopter airframe aerodynamic moment and if the pilot doesn’t push the pedal forward to in-
crease the tail rotor pitch. In this case the possible tail rotor thrust loss, as the experiments proved, un-
der equal conditions will be much less than at the tail rotor angles of attack reduction blowing. It
should also be noted that the helicopter airframe aerodynamic moment, in this case, is directed against
the main rotor jet moment effect which contributes to its compensation. Generally the helicopter rota-
tion yaw moment effect will be comparatively small what means that the angular acceleration, in this
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case, will also be small. It enables the pilot to make a timely response to the unintentional rotation. It
should be noted that during the helicopter model dynamic experiments in the wind tunnel performed
by the authors of this research, it was impossible to trigger the model’s unintentional rotation at the tail
rotor blades blowing aimed to increase the angles of attack so to say it was impossible to reach the tail
rotor effectiveness loss at the “vortex ring” mode.

It is also possible that main rotor and tail rotor interference may cause unintended rotation. But
the authors don’t have at their disposal any experimental evidence of the negative effect produced by
the main rotor on the tail rotor thrust. In the course of the experiments they didn’t manage to detect any
noticeable main rotor to tail rotor impact. Perhaps this is due to the small- scale of the helicopter which
participated in the experiment.

Thus, it can be assumed that if a given wind speed has a range of sliding angles where helicop-
ter yaw balancing is impossible in case the helicopter falls into this range, unintended rotation will in-
evitably begin due to the tail rotor efficiency loss. But as soon as the helicopter leaves this range this
rotation can be stopped as the tail rotor will restore its efficiency, in case the helicopter doesn’t fall in-
to this range at the following cycle. The unintentional rotation which happened because of the tail rotor
“vortex ring” mode can easily be stopped if there is no such range and the tail rotor doesn’t lose its ef-
ficiency at any sliding angle.

It should be understood that the results presented in this paper are obtained for a smaller-scale
helicopter model. The further investigation of the single-rotor helicopter unintentional yaw rotation
requires the full- scale flight tests or experiments with large-scale helicopter models. The results pre-
sented in this research should also be taken into account. It is also possible to implement computation-
al experiments, provided that a sufficiently adequate mathematical model of the phenomenon under
consideration and appropriate software are developed.
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IKCIIEPUMEHTAJIBHBIE NCCJIEJOBAHUSA HEITPEJHAMEPEHHOTI' O
BPAIIEHUA OJHOBHUHTOBBIX BEPTOJIETOB 110 PBICKAHHUIO

B.B. E(l)I/IMOBl, B.A. HBan2,|O.E. ‘IepﬂnrnHIL K.O. ‘Iepﬂnrnﬂl

'Mockosckuii 2ocydapemeennblii mexnueckuti yHusepcumen epaxcoanckoii aguayui,
2. Mockea, Poccus

’Mocxkosckuii eéepmonemuuwlil 3a600 um. M.JI. Muns, e. Mockea, Poccus

ITpy BBIOTHEHNH TIOJIETOB HA OTHOBUHTOBBIX BEPTOJIETAX NMEPUOANYECKH TIPOUCXOIAT aBUAIIMOHHBIE IPOHCIIIECTBHSI, CBSI3aHHbBIC
C BO3HMKHOBEHHEM HETIPEJHAMEPEHHOTO BPAILIEHHS BEPTOJIETA 1O PHICKAaHUI0. CBOEBPEMEHHBIE U IIPABHIIBHBIC ACHCTBHS JIETUHKA
MOTYT TIPHBECTH K BBIXOAY W3 JIAHHOM OMAacHOM curyarmu. HO BaKHO Takke MOHMMATh, NPU KAKHX YCIOBHSAX BO3ZHUKACT
HENpEIHAMEPEHHOE BpAllEHHWE, M CYLIECTBYIOT JIM TAaKHE YCIOBHS, IPHU KOTOPHIX JIETYMK HE MOXKET IOBIHATH Ha
HenpeHaMepeHHOe BpallleHHe, 4TOObl MO0 BO3MOXKHOCTH M30erarh IIONajaHus B 3TH ycioBus. Kak moOkaspIBaeT aHai3
JMTEpaTypbl, y HCCIenoBaresell, M3y4arouMxX JaHHOE SIBJICHHWE, HET EIMHOTO0 MHEHHs 00 YCIIOBHSX BO3HHUKHOBEHUS
HENpeHaMEePEHHOT0 BpalleHus. B cBs3u ¢ 9TuM OBUIO pElIeHO IIPOBECTH Psi/i SKCHEPUMEHTOB C MOJIEISMU BEpTONeTa U
BO3/YIIHOTO BHMHTa B a’poJIMHAMHYecKoil TpyOe. B KadecTBe OCHOBHOIO O0OBEKTa HCCIEHOBAaHHUS HCIOJIB30BAIACH
paxuoytpasiseMas Mojens Beproiera Blade 130 X, 3akperuieHHas Ha BpallaroIelicss BOKPYT BEPTUKAIBHOM ocH IuiaTdopme,
KoTopasi ObUla YCTAaHOBJIEHa Ha BEPTHKAJILHOW JeprkaBKe. JIisi co3maHMsi BO3IYIIHOTO IOTOKA HCHOJB30BAJICS Y4eOHO-
71a00paTOPHBINA a3POANHAMIYECKNH KOMIDIEKC Kadenpsl «A3poAHaMIKa, KOHCTPYKLHS M MPOYHOCTD JIETATEIbHBIX allllapaToB)
MOCKOBCKOTO TOCYIapCTBEHHOT'O TEXHHUYECKOTO YHUBEpCcHTeTa TpaxnaHckoi asuarmu (MITY T'A). bruta mpowsBeneHa cepust
JIMHAMHYECKHUX SKCIIEPUMEHTOB C IIENIBIO OIPEEIICHHS YCIOBUH, TP KOTOPBIX MOXKET BO3HUKHYTH PEKHM HENPEIHAMEPEHHOTO
BpalieHus. AHAIN3 SKCHEPUMEHTOB IOKa3al, YTO CYIIECTBYET HUANa30H YITIOB CKOJBXCHHS, B KOTOPOM IPH OINpEIEICHHOH
CKOpPOCTH Ha0EraroIIero MoToKa BO3LyXa OaJaHCHPOBKA BEPTOJIETA 110 PHICKAHHUIO HEBO3MOXHA, U TIPU TMONAJaHUHN BEPTOJIETA B
JIAHHBIM JWana3oH 3T0 HEMHUHYEMO MHPHUBOAUT K BO3HMKHOBEHHIO HENPEIHAMEPEHHOTO BPAILIECHMSI BEPTOJIETA IO PHICKAHHIO.
HeBo3MoXHOCTh OalTaHCUPOBKM BEPTOJIETA MO PHICKAHHMIO BO3HHMKAET TPU OTPHULIATENBHBIX YIJIaX CKOJIBKEHHUS U3-3a CHIDKEHHS
TSTH PYJIEBOTO BHHTA BCIIEJCTBHE OOIYBKM €r0 HaOEraroliMM MOTOKOM BO3AyXa Ha YMEHBILEHHE YIJIOB aTakd JIONacTei, 4To
ycyryOisieTcss BO3JEHCTBHEM a’pOJAMHAMMYECKOTO MOMEHTA IUIaHepa BEpTOJIeTa, HAMpaBlICHHOIO B CTOPOHY JeHCTBHA
PEaKTHMBHOTO MOMEHTa HECYILIErO0 BHHTA, €CIIM IUIAHep BepTojiera oOsiajaeT ITyTeBOM YCTOWYMBOCTBIO. B 3TmX ycioBusx
NOTpeOHBIH 1Iar pyJIeBOro BUHTA OOJIbIIE, YEM paciioyiaracMblii, B CBS3H C YEM JIETYHMK HE B COCTOSIHMM I1apHUpOBaTh HauaBIIIeecs
HelpeHaMEPEHHOE BPAIllEHUE BEPTOJIETa M0 PHICKAHUIO. BO3MOXKHOCTh Hadana HENpeAHAMEPEHHOTO BpAIIEHUs BEPTOJETa 110
PBICKaHHIO M3-32 BIIMSHMS HECYILETO BUHTA Ha PYJICBOM BHHT B SKCIIEPUMEHTAX HE MOATBEPAMIIACH. B sKcIiepuMeHTax Taroke He
YIAI0Ch CO37aTh YCIOBUS, IIPU KOTOPHIX BO3HHKIO OBl HEMpEeIHAMEPEHHOE BPAIICHHE M3-3a MOSBICHHUS PEXHMa «BUXPEBOTO
KOJIbIIa» Ha PyJIEBOM BUHTE.

KuroueBble ciioBa: BepToJieT, JUHAMUKA T10JIeTa, HellpeJHAMEPEHHOE BpallleHHe BepTosiera, notepst 3QQEeKTUBHOCTH PYIIEBOTO
BHUHTA, BUXPEBOE KOJIBLIO.
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IDENTIFICATION OF SYSTEM MODELS FROM
POTENTIAL-STREAM EQUATIONS ON THE BASIS OF DEEP LEARNING
ON EXPERIMENTAL DATA

LE. STAROSTIN', S.P. KHALYUTIN'
"Moscow State Technical University of Civil Aviation, Moscow, Russia

The functioning of various systems (in particular technical objects, living cells, the atmosphere and the ocean, etc.) is determined by
the course of physical and physico-chemical processes in them. In order to model physicochemical processes in the general case,
the authors previously developed a potential-flow method based on an experimental study (on the results of system tests) of the
properties of substances and processes. In the general case, from these experimental data, many possible values of these properties
are obtained. Knowing these properties of substances and processes, the initial state of the system, external influences on it (or the
set of possible values of these quantities), we can analyze the dynamics of physicochemical processes in this system, and from it the
dynamics of the characteristics of this system that have practical meaning. Thus, from the system of equations of this method, a
relationship is obtained between the unobservable characteristics of these systems with the observed characteristics of the systems
and laboratory systems under consideration (in which the properties of substances and processes in the system under study are
experimentally studied). As the potential flow equations describing the physicochemical processes are generally quite complicated
for analytical transformations, the aforementioned relationship must be obtained by numerical methods. The present work is
devoted to the use of deep learning as a universal approximator for obtaining the described connection between the characteristics
of arbitrary systems. These models are trained on the dynamics of the characteristics of the systems under consideration, obtained
from potential-flow equations of physicochemical processes in them for different values of the parameters that determine the
properties of substances and processes in these systems, their initial states, and external influences.

Key words: physical and chemical processes, mathematical modeling, potential-streaming method, deep learning.
INTRODUCTION

Potential -stream method is the consistent approach to the physico-chemical processes model-
ling. It was developed in previous years in the general case in the context of modern non-equilibrium
thermodynamics [1, 2]. The method coopts particular cases of physico-chemical process model [3].
A flow chart outlining the approach is shown in Figure 1 [3, 4].
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Fig. 1. Potential-streaming method
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The purpose of the present article is development of unobservable and observable data of the
certain system and laboratory systems connection formula by reference to potential-stream equations
of physico-chemical processes in these systems. Basically, the observed system data at the following
timepoints might be its unobservable data (providing that we cannot wait for the future coming in the
aim of, the data measurement in it, for instance, in forecasting problems [5, 6]; nevertheless thereafter
these data will be called observed) and basically non-measurable data (basically unobservable, thereaf-
ter unobservable; is seen in diagnostic tasks [5, 6]).

DIAGNOSTIC AND PROGNOSTIC SYSTEM MODELS

Observable data amounts of the certain systemz(¢) at the following timepoints connection with
these data z(r)at the present and the previous timepoints and with the acquainted input actions on this
object s(¢) [5]:

v, (0)=F(x, (1), x,(¢).a) +e, (1), (1)

where v (r)are observable z(r)data highest derivatives; z(r); x,(r) are observable data and their

lowest derivatives; X (f ) are the acquainted input actions s (¢ )and their derivatives; q are the data de-
rived from the considered system and laboratory systems test results. Physical and chemical processes
in the considered system are researched experimentally in laboratory systems; e, (s)are the noise com-
ponents (thereafter will be called prognostic mathematic model of the considered system [5]).

Unobservable data amounts of the considered technical object y(s) at the present timepoints
with the data amounts at the previous timepoints and observable data of the system z(¢)at the present
and previous timepoints (and in the general case with the acquainted input actions on it s(¢) [5]) :

vy (1) =g(x, (1).x, (1), (), 9) +ey (), x, () =&(x, (1) %, () -q) +e5, 2)

where v,,(t) are the unobservable data y(t) of the considered system highest derivatives; x,,(t) are the
unobservable outcoming data y(t) and their lowest derivatives; e, (t) are the noise components
(thereafter will be called the diagnostic model [5]).

WAYS OF DERIVING THE DIAGNOSTIC AND PROGNOSTIC MODELS FROM
THE EQUATIONS OF PHYSICO-CHEMICAL PROCESSES

As noted above, it is necessary to suppress motional states from the potential - flow equations
system in the aim of diagnostic and prognostic models derivation (1) and (2). Motional states label the
system state at every timepoint apart from its pre-history [1-4], coefficients which obtain the features
of substances and processes [1-5] and indeterminate input actions [5].

The suppression may be realized in two ways [6]:

e analytical approach (by potential -stream equations of physico-chemical processes analytic

transformation)

e numerical approach (by using Monte-Carlo methods: statistically distributed potential-
stream equations value assignment, reckoning of the relevant system characteristics from the
coupled equations and generating the connection between these data based on their reckoned
multitude).
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In the general case analytic transitions mentioned above are quite complicated [6] due to the
compilation of potential-driven coupled equations of physical and chemical processes [1, 3, 4] (even
involving simplification, which only cumulates the complexity [6]). Thus, it is necessary to generate
the connection between the relevant technical object common sense data numerically, by using Monte-
Carlo methods [6].

There are either classical machine learning methods [7, 8] or deep learning approaches [8, 10-22]
which might be used in the aim of diagnostic and prognostic model approximation (1) and (2) by us-
ing the numerical-analytic methods. The classical methods are heading from the recognition theory
methods [9] (seen from [7-9]).

CHOOSING MACHINE LEARNING METHODS WITH THE AIM OF MODEL
GENERATING FROM THE DOUBLED PROCESS EQUATIONS

Traditional machine learning methods [7, 8] accept preprocessed data at the entry [7, 8], as
the recognition methods do [9]. That means that it is necessary to normalize the data multitudes
generated by Monte-Carlo methods to the state which traditional machine learning algorithms
work with [7, 8] in purpose of generating the correspondences between common sense data charac-
teristics mentioned above. The posterior data on connection between these characteristics is neces-
sary in the aim of normalizing these data to this state. Nevertheless, in the general case (due to the
complexity of physico-chemical process behavior [1-4]) it is also necessary to simplify these cou-
pled equations in the aim of the posterior data receiving, which tangibly enlarges the analysis
complexity.

Deep learning methods (particularly, based on neural networks), unlike the traditional
ones, do not require the preparatory data handling (in that case there are system data amounts,
generated by means of the approach mentioned above, involving Monte-Carlo methods). These
deep machine learning methods extract all the necessary features for modelling by themselves
[8, 10-22].

Nevertheless, the large training data amount is required for using the deep learning methods
[8, 10—14], but in this case the required amount of training data is derived by numerical potential-
stream coupled equations integrating for different statistically assigned amounts (according to Monte-
Carlo methods), which obtain the process dynamics in the system [5, 6, 11, 12, 14]. Consequently,
deep machine learning methods are the most appropriate ones for solving the problems of diagnostic
and prognostic models generation (1) and (2) mentioned above.

It should also be noted that the models (1) and (2) which are realized particularly by neural
networks are trained by not experimental data, but by doubled equations of physico-chemical process-
es in the system. The model coopts physical and chemical process features of the system due to this.
The model accepts experimental data at the entry after the training by doubled potential-stream equa-
tions of physical and chemical processes [6, 11, 12, 14].

Symbolic regression methods are also universal approximators [23-26]. It is seen from [23-26]
that these models are of neural network configuration. Symbolic regression models generation and
training is analogous to the one of neural networks [16-26]. Moreover, both symbolic regression and
neural network approximation is based on the approximation generalized theorem [15, 16, 18, 20]. Us-
ing of neural networks structure automatic design methods along with genetic algorithms, also robotiz-
es neural network (approximation model) structure establishment [19-22], by analogy with symbolic
regression methods [23-26].

It should also be noted that it is enough to take one nonlinear element and to build approxima-
tion models [12, 15, 16, 18, 20] involving it in the aim of solving the approximation problems (along
with the problems covered in the present article) by using neural networks or symbolic regression
methods. Nevertheless, in this case approximation is becoming tedious [20], consequently, it is neces-
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sary to use different nonlinear functional relations in the aim of making the model as simple as possi-
ble. That is what symbolic regression and neural network methods coopt along with the neural network
automatic design [20].

Moreover, involving methods of representation and rendering the information from the neu-
ral networks [17, 27] along with the block-oriented synthesis and neural network training [12, 17]
makes using of the neural networks intuitive (along with involving the symbolic regression
methods).

The analytic simplification of the potential - data driven equations mentioned above is also
reduced to the symbolic regression and, consequently, to the neural networks, analogical to it.

Consequently, choosing the method of diagnostic and prognostic modelling (1) and (2) from
the potential-data driven physical and chemical equations, using either the neural networks, involving
the neural network automatic design and representation and rendering the information or the symbolic
regression, is matched. Thus, thereafter the matter will concern the neural networks representing these
models (1) and (2).

THE DESIGN OF NEURAL NETWORKS REPRESENTING
THE DIAGNOSTIC AND PROGNOSTIC SYSTEM MODELS

The main neural network function in the context of the current task is the data approximation
(that was mentioned in the works [10-13, 15, 16, 18, 20]). The data is received from the potential-
stream equations of physico-chemical processes. The neural networks offer the multilayer perceptron,
the feedforward neural networks.

There is the algorithm of making such an approximation multilayer perceptron, as simple as
possible (at the cost of choosing the approximation functional relations) [20]. It is based on the
network building-up, training and reduction (extra neuron and synaptic links removal [20]) combi-
nation. It is seen from [20] that simplification of neural network structure is analogous to the one
for the analytical formulas, along with the neural network building-up which is analogous to the
one for the clarification of the analytic formulas (by the methods, mentioned in the works [23-26],
seen from [20]).

It is seen in the Figure 1 that the dynamics of the certain technical object are obtained by [5, 6]:

o the coefficients of the functional substance features development (which do not change from

one given model system item to another one, do not depend on its mode of operation, are ob-
tained by laboratory system set tests);

¢ the individual system characteristics (which do not depend on the given model system mode

of operation but change from one its item to another one, are obtained from its control mode
of operation);

o the reference state, system external actions (which depend on the given model system mode

of operation and change from one its item to another one).

Thus, in the first place it is necessary to suppress the dynamic state coordinates and indetermi-
nate certain system external actions [6] from the doubled potential-data driven equations; the diagnos-
tic and prognostic models (1) and (2) will be generated up to the individual characteristics p and the
coefficients of functional substance and process features ¢ [6] development (formal diagnostic and
prognostic models [6]):

Vz(t):f(xz(t),xs(t),p,c)+ez(t), 3)
Vy (t) =§<Xy (t)’xz (l‘),xs (t),p,c)+ey (t)’ Xy (tO) :é(xz (Zo)axs (l‘o),p,c)+ey, 4)
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In the general case the equations might be noted down this way:

v, (6) =T (x,(£),%,(1).p".¢ ) +e, (1), 5)
v, (1) :g(xy (1).x,(¢),x, (t),p*,c*)+ey (1), x,(%) :é(xz (1), (to),p*,c*)+ey, (6)
where

p"=b,(p,c), ¢ =b./c), (N

at
dim(p*) < dim(p), dim(c*) < dim(c). (8)

Thereafter the coefficients ¢* are “the general coefficients of the certain system model”, and
the coefficients p* are “the presented individual characteristics of the technical object”. In the fulfill-
ment of the condition (8) general case it is appropriate to obtain the ¢* and p* characteristics, but not
the ¢ and p (from the results of laboratory system set tests and control tests).

In the aim of formal prognostic and diagnostic models (3) and (4) generation according to the
given methods we shall assign the multitude of the amounts at the entry (in the Figure 2a), according
to the Monte-Carlo methods, and train the multilayer perceptron mentioned above, which represents
the formal diagnostic and prognostic models (3) and (4) of the object (Figure 2). Thereafter, involving
the approach mentioned above we shall receive extra (test) data, then check the trained multilayer per-
ceptron (Figure 2) basing on them, and update the perceptron whether it is necessary.

Then we shall simplify the multilayer perceptron using the approaches mentioned above
(and in [20]). It is appropriate to represent the perceptron in the block configuration (Figure 2b) after
such a simplification. Such a simplified perceptron represents formal diagnostic and prognostic models
(5) —(7), from (3) and (4).

In order to generate the model (by the methods [11, 14]), which links the results of laboratory
system set tests with the ¢ coefficients of the substance and process functional development (or with
the general ¢* coefficients of the certain system model in case of the condition (8) fulfillment) the
amounts at the entry are statistically assigned according to the Monte-Carlo methods (in the Figure 3);
the model of the multilayer perceptron mentioned above is trained basing on this multitude (Figure3).
The compressibility of these dynamics is in operation during the training (we shall get the appropriate
coefficients which will be the results of the laboratory system set tests; rated). There after we shall
generate the test data for testing the multilayer perceptron which represents the connection between the
c coefficients (or the general ¢* coefficients in case of the condition (8) fulfillment) and the appropri-
ate results of the laboratory system set tests, then test the perceptron (Figure 3) and update it whether
it is necessary.

In the aim of obtaining the individual p characteristics (or the presented individual characteris-
tics p*of the technical object in case of the condition (8) fulfillment) using the methods [11,14] it is
necessary to train the multilayer perceptron, which represents the connection between the p character-
istics (or the presented individual p* characteristics of the technical object in case of the condition (8)
fulfillment), the ¢ coefficients (or the ¢* coefficients in case of condition (8) fulfillment) and the re-
sults of the technical object tests (Figure 4), analogically to the mentioned above. Then the data are
received using the given approach, the perceptron is being tested (Figure 4) basing on them and is be-
ing updated whether it is necessary.
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Fig. 2. Formal diagnostic and prognostic model: a) construction of a formal model, b) structure of a formal
mathematical model (diagnostic and prognostic model)

Thus, the mathematical model of the considered technical object (up to this object and laborato-
ry system test activity) generated by the described approach from the physico-chemical process equa-
tions in this object and in the laboratory systems has three components:

e formal diagnostic and prognostic models (3) and (4) (or (5) — (7) in case of condition (8) ful-

fillment);

¢ model for linking the ¢ coefficients (or the ¢* characteristics coefficients in case of the con-
dition 8 fulfillment) with the laboratory system test activity results;

e model for linking the individual p characteristics (or the presented individual p* character-
istics in case of condition (8) fulfillment with this object test activity results).

Such generated mathematical models ought to be checked basing on the results of the extra

technical object tests.
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Such mathematical models ought to be generated in the same way for the laboratory system
sets in the aim of checking the models basing on the laboratory system set tests results and, conse-
quently, for checking the reasonability of the reference information.

CONCLUSION

The present work covers numerical-analytic methods of generating diagnostic and prognostic
models of the certain system from the coupled potential-stream equations of the physical and chemical
processes in the objects up to the object and laboratory system test results, based on the deep learning
methods. Moreover, it is seen that the given numerical - analytic methods might be suitable for build-
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ing the model of any coupled equations of physical and chemical processes (not only the potential-
stream equations). The neural network model for the angular velocity of the electric motor is synthe-
sized basing on the approach described in the article [14].

Involving the block representation of the physical methods (along with the potential- stream
approach [4]) and robotizing the mathematic model generating approaches from the coupled equations
of physico-chemical processes, described in the present work, we shall receive the robotized system of
generating the certain system mathematical model by analyzing the physical and chemical processes in
the system and the test results.
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UJIEHTUOUKAIIUS MOJEJIEA CUCTEM
U3 MMOTEHIHUAJBHO-TOTOKOBBIX YPABHEHU HA OCHOBE
I'IYBOKOI'O OBYYEHMUA 11O DOKCIIEPUMEHTAJIBHBIM TIAHHBIM

1 1
NL.E. Crapoctun , C.I1. XamoTuH
1 . . . .
Mocxosckuii 20cyoapcmeenHblil meXHU4eCKUll YHUsepCumem eparicOaHcKoll asguayuu,
2. Mockea, Poccus

OyHKIMOHMPOBAHNE PA3NIMYHBIX CUCTEM (B YAaCTHOCTH, TEXHHUYECKHX OOBEKTOB, KMBBIX KIIETOK, aTMOC(ephl M OKeaHa W T.I.)
OIIpeIeNsieTCs] IPOTEKAaHNEM B HUX (DM3MYECKNX U (DUBMKO-XMMHYECKUX IPOIeccoB. [l MOIETMPOBaHUS (PU3NKO-XUMUYECKHX
MPOIIECCOB B OOIIEM Cllydae paHee aBTOpaMH ObUI pa3paboTaH MOTEHIMAIBHO-TIOTOKOBBI METOJ, OCHOBaHHBIA Ha
SKCIEPHMEHTAJIbHOM HCCIIEZIOBAaHNH (Ha pe3yJIbTaTax MCHbITAHWI CHCTEM) CBOWCTB BEILECTB M MpoIeccoB. B obmiem ciaydae u3
3THX JKCHEPUMEHTAIBHBIX JAHHBIX TOTy4YacTCs MHOXKECTBO BO3MOXKHBIX 3HAUCHUIT 9TUX CBOMCTB. 3Hasl 3TU CBOICTBA BEIIECTB U
MPOLIECCOB, HAYAIBHOE COCTOSHUE CHCTEMBbl, BHEIHHE BO3ACHCTBHS HAa Hee (WM MHOXKECTBO BO3MOXKHBIX 3HAUEHHMH 3THX
BEJIMYMH), Mbl MOJKEM aHAIN3MPOBATh IUHAMUKY (DM3UKO-XHMMHYECKHX IIPOLIECCOB B 3TOH CHCTEME, a W3 HEe — IHMHAMHKY
MMEIOLIMX TPAKTHYECKUH CMBICIT XapaKTePUCTHK 3TOW cUcTeMbl. TakuM o0pa3oM, M3 CHUCTEMbl YPaBHEHHMI 3TOr0 MeToja
TOJTy4aeTcsl CBSI3b HEHAOJFOJAEMBIX XapaKTEpPUCTHK STHUX CHUCTEM C HaOMIOIaeMbIMHM XapaKTEPUCTHKAMH paccMaTpHBAEMBbIX
CHCTEM U JIaDOpaTOpHBIX CUCTEM (B KOTOPOM OKCIEPUMEHTAIBHO HCCIEAYIOTCSI CBOKMCTBA BELIECTB M MPOLIECCOB B
paccmarpuBaeMoii cucreme). T.K. ITOTEHIMAIBHO-TIOTOKOBBIE YpaBHEHHS, OIHCHIBAIONIME (PH3HKO-XMMHYECKHE IPOLIECCH, B
o011eM citydae JIOCTaTOYHO CIIOXKHBIE I aHAIMTUYECKHX IPe0Opa3oBaHuid, TO BBIICYTIOMSHYTYIO CBSI3b HEOOXOAMMO TIOJTy4aTh
YHCIIEHHBIMH MeTojaMHu. Hacrosimas pabora IOCBSIIEHA HWCIHONB30BAaHHIO TUTyOOKOTO OOy4eHMs KaK YHHUBEPCAIBLHOTO
aIpOKCUMAaTopa ISt MOJIyUEeHHs OIMCAHHOM CBS3M MEXIY XapaKTepUCTHKAMH MPOM3BOJIBHBIX CHCTEM. JTH MOZAEIH 00y4aroTCs
Ha JWHAMUKaX XapaKTEPHUCTHK PAacCMATPUBAEMBIX CHCTEM, MOJIyYEHHBIX W3 MOTCHIMATIGHO-TIOTOKOBBIX YpaBHEHMH (hu3nKo-
XMMHYECKHX TPOIIECCOB B HHUX IPH PA3HBIX 3HAYCHHSX MapaMeTpPOB, ONPEAEIIOIINX CBOMCTBA BELIECTB M IPOLECCOB B 3THX
CHCTEMaX, MX Ha4YaJIbHBIX COCTOSHMSX, BHEITHMX BO3ICHCTBHSIX.

KitioueBble c10Ba: (U3MKO-XUMHUYECKHE IMPOLECCHI, MATEMATHYECKOS MOJICIMPOBAHKE, MOTCHIMATIBHO-TIOTOKOBBIA METO,
IiTy0oKOoe 00yUeHHE.
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05.07.01 — A3poounamura u npoyeccvl meni00dMena iemameabHbIX Aannapamos;
05.07.02 — Ilpoekmupoeanue, KOHCMPYKYUA U RPOU3BO0CHIEO TEMAMENbHBIX ANNAPANOB;
05.07.03 — Ilpounocms u menjiogvle pexcumul 1emameibHblX annapamos;
05.07.05 — Tennoewte rnekmpopakenmusle 0guzamenu u IHEP2OYCMAHOEKU 1€MAMETbHBIX ANNAPAM OGS
05.07.07 — Konmpons u ucnstmanue 1emamenbHylX AnNApamos u ux cucmem;
05.07.09 — /lunamuka, 6annucmuxa, ynpasjieHue 08UMHCCHUEM 1M AMEIbHBIX ANNAPAmMOos6;
05.07.10 — HunosayuonHvle mexHo102UuU 6 AIPOKOCMUUECKOI OeAmeTbHOCHU
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METOJUKA KOMILUIEKCHOM PACUETHOM OLIEHKH
YCTAJOCTHOM JOJITOBEYHOCTH
3JIEMEHTOB KOMIIO3UTHBIX ABUAKOHCTPYKIINI

1
B.E. CTPUKNNYC
1 . . . .
Mockosckuii aguayuoHHblil uHCmMumym (HayuoOHAIbHLIU UCCIe008amMeNbCKULL YHUGEpCUmMent),
2. Mockea, Poccus

IpencraBneHbl OCHOBHBIE OCOOCHHOCTHM HOPMATHBHBIX TPEOOBaHHMN IO OLEHKE YCTAIOCTHOM JIOJTOBEYHOCTH CIIOMCTBIX
koMmro3uToB. C y4eroM 3THX TpeOOBaHHMH M C WCHOJIb30BAaHHEM HM3BECTHBIX MOJEEH Aerpajaliii OCTATOYHOH IMPOYHOCTH H
JIETpasiallii JKECTKOCTH CJIOMCTBIX KOMIIO3WTOB B IPOIIECCE HAKOIUIEHWS YCTAJIOCTH C(HOPMHUPOBAHBI OCHOBHBIE ITOJIOKEHUS
METOJIKH KOMIUIEKCHOH PAacueTHOH OLEHKH YCTAIOCTHOW JIOJITOBEYHOCTH, KOTOPBIE MOTIYT OBITh HCIIOJIb30BaHbI, B YACTHOCTH,
JUISL JTAMHHATOB HIDKHMX M BEPXHHX MaHENCH KpbUIa camoleTa TPAHCHOPTHOW Kareropuu. OTMEYEHO, YTO KOMIUIEKCHYIO
PacUYETHYIO OLIEHKY 1IeJIECOO0OPA3HO BBINOJIHATh Ha 3TAIe 3CKU3HOTO MPOSKTUPOBAHNUSI CaMOJIETa, KOTIa OIPENEIIIOTCS KIIFOUEBbIE
napamMeTpsl JIAMMHATOB: THIT CIIOMCTOrO KOMIIO3HMTA, NMapaMeTpbl YKJIAAKH, BHIOOP YPOBHS pPAaCUETHBIX HAINPSHKEHHH W T.IL.
IIpeacraBneH ycinoOBHBI NpUMEP KOMIUIEKCHOW PacyeTHOM OLEHKH YCTAIOCTHOM JOJITOBEYHOCTH JIAMHMHATa U3 YITICIUIACTUKA
AS4-PW 10/80/10 Tommumuoi 8,84 MM juisi ciydyasi UCHOJIB30BaHMS 3TOTO JaMHUHATa B Ka4yecTBE OOLIMBKU BEPXHHX IaHeseit
KpbUIa CaMoJieTa TPAHCIOPTHOH KaTeropuu. BhINOIHEHBI YeThlpe BHIA PAacUETHBIX OLEHOK: pacueTHas OLEHKA YCTAIOCTHOM
JIOJITOBEYHOCTH OOpasLOB CO CBOOOIHBIMU OTBEPCTHSIMH; pacueTHasl OLEHKAa YCTaJOCTHOH JOJITOBEYHOCTH OOpasloB C €/1Ba
BUMMBIMH yJapPHBIMH TIOBPEXKACHUSAMH; pacueTHas OLEHKA YCTAIOCTHOW JIOJTOBEYHOCTH OOpasloB C €1Ba BHIWMBIMH
yIapHBIMHU TOBPEXKICHUAMH 10 JOCTHKEHHS HOPMUPOBAHHOTO YPOBHS JErPafialiii OCTATOYHON MPOYHOCTH; pacuyeTHas OLICHKA
YCTJIOCTHOH JOJITOBEYHOCTH 00PA3IIOB C €/[Ba BUIMMBIMH YIapHBIMHU MOBPEXACHUAMH [0 OCTHKEHNS! HOPMHPOBAHHOTO YPOBHS
Jierpafanyy JkecTkocTr. ChenaH BBIBOZ O 3HAUUTENHHOM OTIMYHM B NONYYAEMbIX 3HAUSHMSX YCTAIOCTHBIX JOJTOBEYHOCTEH
paccMaTpuBacMbIX 00pa3LoB B 3aBUCUMOCTH OT MeToza pacueTa. Ha ocHOBe aHamM3a MOMyYEeHHBIX PE3yIbTaTOB CAENAH BBIBOJ O
HEO0OXOIMMOCTH BBINONHEHMSI MOJOOHBIX KOMIUIEKCHBIX OLEHOK JUISL ONpENETCHUs PECYpPCHBIX XapaKTEPUCTUK 3JI€MEHTOB
KOMITO3UTHBIX aBUAKOHCTPYKLUH C IPUEMIIEMOM TOUHOCTBIO.

KnrodeBble cjioBa: CIOUCTBIE KOMIIO3UTBI, 3JIEMEHTHl KOMIIO3UTHBIX ABHAKOHCTPYKLMM, pacuyeTHbE OLIEHKH YCTAIOCTHOMN
JIOJITOBEYHOCTH, JIErpaJaliisi OCTaTOYHOI MPOYHOCTH, AErpajaliys )KeCTKOCTH, 00pa3ibl CO CBOOOIHBIMU OTBEPCTUSMHU, 00pa3Lbl
C yapHBIMU MOBPEXKICHUSIMU.

BBEJIEHUE

I/I3BGCTHO, qTO BakKHelIlee 3HAYCHHUC IIpHU HUCIOJB30BAHUU TMOJIUMCPHBIX KOMIIO3MIITUOHHBIX
MarepuanoB (ITKM) B ciiioBBIX dyieMeHTaX aBUAKOHCTPYKIIMHA TPHOOPETACT BO3MOXKHOCTh OIEHKH X
($U3NKO-MEXaHNYECKUX XapaKTEPUCTUK, B TOM YHCIIE XapaKTEPUCTHUK COMPOTUBIICHHUS yCTAIOCTH.

BrinonHsiemasi B HacTosilee BpeMsi pacueTHO-IKCIIEpUMEHTANIbHAS OLIEHKA XapaKTEPUCTHK CO-
MPOTHUBJICHUSA YCTAJIOCTU 3JICMCHTOB KOMITO3HUTHBIX aBI/IaKOHCprKHI/Iﬁ Ha 9Tare¢ 3CKU3HOIO MPOCKTHU-
pOBaHMsI caMoJieTa TPAHCIIOPTHOM KaTerOpuu MO CBOEH CYyTH MPAaKTHYECKU HE OTJIMYAETCS OT OLICHKH
COOTBCTCTBYIOIIUX XAPAKTCPUCTUK MCTAJUIMYCCKUX 3JSJICMCHTOB aBI/IaKOHCprKHI/Iﬁ H 3aKJII4YacTCHd,
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IPEXJIe BCEro, B OLIEHKE XapaKTEPUCTUK yCTAJIOCTH KOHCTPYKTHUBHBIX 3JIEMEHTOB B 30HE CBOOOIHBIX
otBepctuil. [Ipennonaraercs, 4ro o0pasibl cO CBOOOTHBIMU OTBEPCTUSAMHU, KOTOPBhIE OOBIYHO UCIIBITHI-
BalOTCS Ha yCTAJIOCTh HA ATAlle 3CKU3HOI'O MPOEKTUPOBAHMS CAMOJIETA, SIBISIOTCS TUIMYHBIMH Mpea-
CTAaBUTEIISIMH JOCTATOYHO IIMPOKOr0 Kpyra KOHLEHTPATOpPOB HANPSDKEHWM B JJEMEHTax AaBUAKOH-
CTPYKLUH.

OnmHako U3BECTHO, YTO MOJ00HBIE OIIEHKH, BhIMOTHsIeMbIe 11 [IKM, HemocTaToOuHbI U HE Y4H-
TBIBAIOT PAJ BXKHBIX (DAKTOPOB, BIMSIOMIMX Ha YCTAJIOCTh TOJMbKO ciaoucThix IIKM. K Takum ¢akro-
paM cieayeT OTHECTH CIIETYIOLIHE.

1. derpanauus ocrarouHoil mpouHocTH ciaoucTeix IIKM B nponiecce HaKoIMIeH!s! yCTaJIOCTH.

2. Jlerpamanus sxectkocTH cioucThix [IKM B mpoliecce HaKOIIeHUsI yCTalO0CTH.

3. Ocobast uyBcTBUTENBHOCTE CIOUCTHIX [IKM (mpex e Bcero JaMMHATOB HIKHUX U BEPXHUX
naHesiel Kpbljia) K MPOU3BOICTBEHHBIM JIe(heKTaM U yJIapHBIM MOBPEKICHUSM.

[IpuBeneHb! OCHOBHBIE 0COOEHHOCTH HOPMATUBHBIX TPEOOBAHMIA 110 OLIEHKE YCTAJIOCTHOMN J0JI-
roBeyHocTH cioucthix [IKM, mpencraBieHHbIX B ABHAIMOHHBIX npaBI/max1 n PexoMeHnaTeIbHOM
I_[I/IpKYJISIpCZ.

[To pe3ynbraTam 0030pa psa OTEYECTBEHHBIX U 3apyOEKHBIX HCCIEIOBAHUN AJISI CIIOMCTHIX
[TKM npencraBieHbl OCHOBHBIE TIOJIOKEHUS CIIEIYIONIUX MOJIETIEH:

® MOJENH JIeTpalallid HOPMAIM30BAaHHOM npovyHocTH [1-6];

® MOJIENH Jerpajaliii HOpMaIUu30BaHHOM KECTKOCTH [5—8].

C y4eToM HOpMATHBHBIX TPEOOBAHUN W C UCIOJIH30BAaHUEM MPEICTABICHHBIX Mojeneil cdop-
MHUPOBaHbl OCHOBHBIE TOJIOKEHUS MemOOUKY KOMNIEKCHOU paciemuol OyeHKy YCTaJOCTHOM J0Jro-
BeyHocTH cinoucThix [IKM, koTopyro 1enecoodpa3Ho MPUMEHSTh Ha 3Tare 3CKU3HOTO MPOEKTUPOBa-
HUs camoJieTa, Korjaa onpenerstorces kinrodeBble napameTrpsl [IKM: tun [TIKM, napameTps! ykiaaku,
BBIOOD YPOBHS PACUETHBIX HAMPSKEHUH U T.II.

[IpuBeneH npumep Mog0OHON KOMIUIEKCHOH OLIEHKH JUIs JaMHHATA U3 yriemactuka AS4-PW
[9] ms ciy4dast ycioeHo2o MPUMEHEHUs STOTO JaMUHATa B Ka4yeCTBE OOIIMBKY BEpXHEH MaHeTu Kpblia
camoJieTa TPaHCIIOPTHON KaTerOpHH.

HEKOTOPBIE OCOBEHHOCTH HOPMATHUBHBIX TPEEOBAHUI
O OBECHEYEHHUIO YCTAJTOCTHOM MPOYHOCTH CJIOUCTHBIX IIKM

N3BecTtHO, uTo § 25.571 AII-25 B cBOE BpeMs ObLT pa3pabOTaH MJisi OIEHKH JOIYCTUMOCTH T10-
Bpe)I(,Z[CHI/Iﬁ n yCTaHOCTHOﬁ MMPOYHOCTU MemaiiudecKux 3JICMCHTOB aBHaKOHCprKHHﬁ, TEM HC MCHCEC,
B HacTosllllee BpeMsi OCHOBHbIE HOpMaTHBHbIE TpeOOBaHUS, U3JI0KEHHBIE B 3TOM Maparpade, mpume-
HAKOTCA U K 3JICMCHTAM KOMNO3UNMHbIX aBI/IaKOHCprKI_[I/If/'I.

B PexomenparensHoM 1upkyisipe AC 20-107B° MpEACTaBICHBI HAauOOJIee BaXKHBIC OONOJIHU-
meiibHble HOPMATUBHBIC TPEOOBAaHUS U PEKOMEHIAIMU K OOECIEUEHHIO YCTaJOCTHOW MPOYHOCTH U
KUBYUYECTH AJIEMEHTOB KOMIIO3UTHBIX aBUAKOHCTPYKIMH. B yacTHOCTH, pencTaBieHbl TpeOOBaHUS K
00€eCIeYeHHI0 YCTATOCTHONW MPOYHOCTH AJIEMEHTOB KOMITIO3UTHBIX aBHAKOHCTPYKIIHHA C MOBPEKICHH-
smu kateropun 1. Cornacno AC 20-107B «Karteropusi 1: JlonmycTuMoe MOBPEKICHUE, KOTOPOE MO-
KET pa3BUBaThcs, Oyaydn He 0OHApY>KEHHBIM BO BpeMs IUIAHOBOTO HJIM I1I€JIEBOIO OCMOTpa, WU JI0-
MyCTUMBIE MPOU3BOACTBEHHbIE NedekThl. OOocHOBaHME MOMycTUMOCTH ToBpexaeHus Kareropum 1
BKITIOYAET OeMOHCMPAYUIO HAOEHCHO20 Pecypcd Npu COXPAHEHUU CMAmuiecKou npoyHOCmuU Om pac-

' ABHAIHOHHbIE npaBwia. Yacte 25. HopMbl J1eTHO# rOIHOCTH caMoOJIeTOB TpaHcmopTHoi kateropun. MAK. Mocksa,
2004.

? PII-AII25.571-1A "OreHKka JOMYCTMMOCTH HOBPEKICHHI M YCTATOCTHOM nmpounoctd koHCTpyKimu'". LA, YKykos-
ckuii, 2015.

? Advisory Circular 20-107B, U.S. Department of Transportation Federal Aviation Administration, 2009.
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yemHol HazpysKu... TUIMYHBIMU IpUMepaMu NnoBpexaeHui Kareropuu 1 ABIsIOTCS MOBPEXIECHUS
tunia BVID (Barely Visible Impact Damage - Edsa suoumvle yoapuvie nogpexcoensi) U 10MyCTUMbIC
MIPOM3BOJICTBEHHBIE Ie(EKThl U HKCIUTyaTallMOHHBIE MOBPEXACHUS (HalpuMep, HeOOIbIINE pacciioe-
HUSl, TOPUCTOCTh, HEOOIBIIINE APAUHBI M BMSATUHBI, 8 TAK)K€ HE3HAYUTENbHbIE TIOBPEXKICHHUS OT BO3-
NeHCTBUS Cpefibl), C KOTOPHIMU B TEUEHHE BCErO CPOKA CIIY:KOBI KOHCTPYKIIUS CaMoJIeTa JOJKHA BbI-
JIEp>KUBATh PACUETHYIO HArPY3Ky».

Takum 00pa3oM, OYEBHIHO, YTO KPOME OIEHOK YCTAJIOCTHOM JIOJITOBEYHOCTH «HETIOBPEXkKICH-
HBIX)» 3JIEMEHTOB KOMITO3UTHBIX aBUAKOHCTPYKIMNA KaK MUHUMYM JTOJIKHA OBITh IPOBEJCHA aHAJIOTHY-
Hasl OLIEHKA JJIEMEHTOB C YJIapHBbIMU NOBpexAeHusAMHU tura BVID.

Urto kacaetcs mpoiiecca aerpaganuu Mexannueckux cBorcts [IKM, To ciienyer oTMeTUTh, 4TO
3TOT npouecc B cioucTbix [IKM nporekaer 3HaUNTENbHO NHTEHCUBHEE, YEM aHAJIOTUYHBIN IIPOLIECC B
METAINIMYECKUX MaTepuanax. TakuM oOpa3oM, Mbl MOKEM TOBOPUTH O HOBOM (IO CPaBHEHHIO C Me-
TaJVINYECKUMU MaTepUalaMi) U IOCTATOYHO HENPUATHOM CBOMCTBE ciIoUCThIX [TKM.

Jl1st 571eMEHTOB KOMITO3UTHBIX aBHAKOHCTPYKIIUHA 3TO CBOMCTBO TpeOyeT BCECTOPOHHEIrO HC-
CJIEJIOBaHUS U y4eTa, TaK KaK COIJIACHO COBPEMEHHBIM TPeOOBaHMSAM OCTATOYHAS MPOYHOCTH TAKHX
KOHCTPYKUHMH B IPOIECCE IKCIUTyaTalluu HE JOJDKHA OMYCKAaThbCS HUXKE YPOBHS, COOTBETCTBYIOIIETO
MpeAeNIbHBIM PacUE€THBIM Harpy3kaM (C y4eTOM BIIMSHUS BJIArOHACHIMICHUS U Temneparypsbl). DakTu-
YECKH 3TO 03HAYAET, YTO YCTAJIOCTHAS JIOJITOBEYHOCTh, IO KOTOPOH ONPENEISIOTCS PECYPCHBIE Xapak-
TEPUCTUKHU paccMarpuBaemoro 3iementa u3 [IKM, nomxHa cOOTBETCTBOBATh TAKOMY YPOBHIO OCTa-
TOYHOI npoyHocTU. OUEBUIHO, YTO UTHOPUPOBAHUE ITOrO TPEOOBAHUS U OIpe/IeJIeHHE yCTaTOCTHOM
JOJITOBEYHOCTH 0e3 00ecreueHusl TaKOro COOTBETCTBUSL MOKET MPUBECTU K CEPHE3HBIM OIIMOKaM (He
B 3amac MPOYHOCTH) TIPH OTPEIEICHUHN PECYPCHBIX XapaKTePUCTUK dJIeMeHTOB u3 [IKM.

CHmxenue (nerpaaainusi) >kecTKOCTH 3eMeHToB u3 [IKM Takke TECHO CBs3aHO C HAKOIUICH-
HbIM YCTQJIOCTHBIM NOBpEk)JIeHUEM. M3BECTHO, YTO JUIsl aBUAKOHCTPYKLIHMW JTOIYCTUMBIM YPOBEHBb
CHW)KCHHUS )KECTKOCTHU pPerJaMeHTHpYyeTcs crenuanbHbiM § 25.629(b)(2) AIl-25 u B HacTosIIee BpeMs
MIPUHUMAETCS, KaK IPaBuiIo, paBHbIM 5+10% OT Ha4YanpHOM )KECTKOCTH pacCMaTPUBAEMOI0 3JIEMEHTA.

O4eBUIHO, YTO UCCIIEJOBAHUE CHI)KEHUA MexaHuueckux cBodcTB IIKM Ha ocHOBe mpsMBIX
YCTAJIOCTHBIX UCIIBITAHUN TpeOyeT 3HAaUUTEIbHBIX 3aTpaT. BBUy 3TOro HE0OXOAMMOCTh Pa3pabOTKH 1
HCTIOJIb30BAaHUS CIIEHUAIBHBIX MOJIEIICH, MO3BOJISIOMINX BBHIOIHATh OOBEKTUBHBIE pacuemible OLEHKN
YPOBHS Jierpajaliy (CHU>KEHUS) OCTaTOUYHOM MPOYHOCTH U KECTKOCTU B MPOLIECCE HAKOIUICHHUS yCTa-
JIOCTHU B DJIEMEHTaX aBUaKOHCTpyKUMH u3 cioucteix IIKM, npencrasisercs oueBUIHOM.

[Ipenmonaraercs, 4To Takue MOJAETH JOJKHBI OBITh pa3paboTaHbl, MPEXKAE BCEro, ISl KOMIIO-
3UTHBIX JIJAMUHATOB - OOIIMBOK BEPXHUX U HIDKHUX TMaHENIeH KOMIO3UTHBIX KPBUIbEB, OOITMBOK KOM-
MO3UTHOTO OMEpPEHUs, KOMIIO3UTHBIX OOLIMBOK arperaroB MeXaHMW3alluy Kpbljla 1 OPraHOB YIIPaBJICHUS
camoJieTa.

MOJIEJIA TETPATAIIMHA OCTATOYHOM ITPOYHOCTHU U ’KECTKOCTH
CJOUCTBIX IIKM

Kak oTMeuanoch BblllIe, B HACTOSIIEN CTaThe C LENbi0 (POPMUPOBAHUS METOIUKN KOMITJIEKCHON
OLICHKHM YCTaJOCTHOM 10iroBedHOCTH cIoUCThIX IIKM paccMOTpeHbl OCHOBHBIE MOJIOKEHHSI MOJEIH
Jierpajalii HOpMaau30BaHHON IPOYHOCTH U MOJEIH JAE€TPaJallii HOPMaJIN30BaHHOM KECTKOCTH.

I[To pe3ynbTaTam 0630pa U aHaJIM3a JaHHBIX, NIPEJICTaBIEHHBIX B padorax [1-6], moxHO cdop-
MHUPOBATh CIEAYIOIIAE OCHOBHBIC MOJIOKEHUS M IOMYLICHUS MoOenu 0ecpaoayui HopMaiu306aHHOU
NPOYHOCMU.

1. YpoBeHb CHM)KEHHSI OCTATOYHOM MPOYHOCTH B MPOIECCE HAKOIUIEHUS YCTaJOCTU B CIIOU-
ctoM [IKM 3aBUCUT OT KOHCTPYKTHBHO-TEXHOJOTHUECKUX ocoOeHHocTel namuHata (tuna [TIKM, na-
pamMeTpOB YKJIAAKH, TOJILIUHBI U T.J.), MEXaHUYECKUX M YCTAJIOCTHBIX XapaKTEPUCTHK JaMuHaTa. B

61



Hayunblii Becruuk MI'TY T'A Tom 23, Ne 02, 2020
Civil Aviation High Technologies Vol. 23, No. 02, 2020

pabotax [1-3] menaercs HOmyLIeHHE, YTO MEXaHUYECKUE M YCTAJOCTHBIE XapaKTEPUCTUKU JIaMUHATa
CBsI3aHbl 3aBUCUMOCTBIO:

t“+s" =1, (1)

rie
o t=(gn—-a)/(IgN —a) — pyHKUMS HarpyKEHHUS,
® 7 — KOJIMYECTBO LIMKJIOB HArpy KeHUs IIPU YPOBHE MAKCUMAJIbHBIX HANPSDKEHUH LIUKIA O ;
e N — KOJIMYECTBO LIUKJIOB HArPYKEHUs 10 Pa3pyllIeHHs IPU YPOBHE HANPSKEHUR o, ;
® (' — KOHCTaHTa, Il CHMMETPUYHOTO IHKJIa HarpyxeHus « =1g(0,25)=-0,6021; nns ot-

HYJIEBOTO IIMKJIA Harpy>keHus - o = 1g(0,5) =-0,3010;

o 5=(0ks =0 ) (Oyrs — Oy ) - OTHOCUTENIBHAS OCTATOYHAS IPOYHOCTD JIAMUHATA;
® O, — OCTaTOYHAs IPOYHOCTH JIJAMUHATA;

Oy — TIPEJIe IPOYHOCTH JJAMUHATA TP PACTSHKEHHH;

® g u b — KOHCTaHTHI, 3aBucsIue oT cBoiicTB [IKM u okpy»karorieii cpespl, 3HaYeHUsS KOTO-
PBIX OMpPENENSIIOTCS MO pe3yJibTaTaM alMpOKCHUMAlMU 3KCIEPUMEHTAIbHBIX JaHHBIX C HC-
noJib30BaHueM 3aBucumMoctd (1).
2. Ha ocHoBe 3aBucumoctu (1) B padortax [1-3] mosydeHO COOTHOIICHHUE ISl OIEHKH OCTa-
TOYHOH npouHocTH cinoucTsix IIKM B mporiecce HaKOIUIEHHS yCTAIOCTH:

!
Ors = (Oprs = O A —19)" + 0

Ui

lgn)—a

(gN)=a) | 77 ®

Ops =(Oyrs = O )| 1=

[To manubM pabotsl [3] koHCcTaHTHl @ U b ans mnactukoB Thna CFRP (rumactuk, apmupoBan-
HBI yraepoaabiM BostokHOM), KFRP (mmactuk, apMupoBaHHbIi KeB1apoBbIM BosiokHOM) 1 GRP (ma-
CTHK, apMUPOBAHHBII CTEKJIOBOJIOKHOM) MPHUHUMAIOT 3HAYEHUs, OJIM3KHUE K 3HAUCHUSAM, NIPECTABIICH-
HBIM B Ta0u. 1.

Taoauna 1
Table 1
3nauenusa koHcTauT a U b gna nnactukos tuna CFRP, KFRP u GRP
(o maHHBIM padoTs [3])
Values of constants @ and b for plastics CFRP, KFRP and GRP
(according to [3])

Tun ractuka a b
CFRP 1,8 23,1
KFRP 1,8 52

GRP 1,5 4,8
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OueBHIHO, YTO 3HAUECHUSI KOHCTAHT @ M b OyIyT OKa3bIBaTh 3HAUMTENbHOE BIUSHUE HA (popMmy
KPUBOW CHMKEHHMS OCTaTOYHOM IPOYHOCTH «O g —N» M IOJTy4aeMbI€ C UCIIOJIB30BaHUEM JTOM KPH-

BOM KOHEYHBIE Pe3yJIbTaThl OLIEHOK OCTaTOYHOM MpouHOCTH. [I03TOMY € Lienblo MOTy4YeHus JOCTaTou-
HO JJOCTOBEPHBIX PE3YJIbTATOB TAKUX OLICHOK JJISl KaXIOT0 JJAMHHATA 3HAYEHUSI KOHCTAHT a U b TOIDK-
Hbl YTOUHSATHCS 110 PE3YJIbTATAM CIIELUAILHO IPOBEAECHHBIX UCIIBITAHUM.

ITo pe3ynbraTam 0030pa M aHANM3a JaHHBIX, IPEACTABICHHBIX B paboTax [5—8], MoxkHO chop-
MHUPOBATh CIEIYIOLINE OCHOBHBIE MOI0XKEHUS MoOenu 0ecpaoayuu HOpMAaau308aHHOU HCeCmMKOCMU.

1. OcraToyHast *KE€CTKOCTh KOMITO3UIIMOHHOTO MaTepHaia Tak e Kak U OCTaTOYHasi IPOYHOCTh
ABJsieTcsa (yHKIMEN YPOBHS U YUCIIA LIUKIIOB NTPUIIOKEHHBIX HAMPSHKEHUI.

2. Mogenu aerpaaanuu )KeCTKOCTH HHTEPECHBI MHOTMM HCCIIEIOBATEINSAM, TaK KaK OCTaTOYHAast
’KECTKOCTh MOKET OBITh MCII0JIb30BaHa KaK «Hepa3pylLIaoas» Mepa oleHKH nospexaeHus [IKM.

3. JIns mpezncTaBieHHsT OCTaTOYHOM JKECTKOCTHM KakK (DYHKIMM 4YWCla LUKIOB B pabote [8]
IPEUIOKEHO CIIEAYIOLIEee YpaBHEHHUE:!

g -1g025) | | &
E(n)=(E,-Z)x|1-| =& “, 3
= E = e ) —1g02) | | 7, ©)

rac
e [(n) —ocTaTo4Hasi KECTKOCTb;

e [F_ — HauanbHas (CTaTHYECKas) KECTKOCTh;

S
® o0 — BEeNMYMHA MPUKIAIBIBAEMbBIX HAMPSHKCHU;
* &, —cpeaHss nedopManus Ipyu CTaTHUECKOM pa3pylIeHUH;

® 7 — YHUCIIO MPUJIOKEHHBIX IIUKJIOB;

e Ny — ycTanocTHasl JOJITOBEYHOCTb (YMUCIIO LMKIOB JIO pa3pylleHHs) IPU YPOBHE HAIps-
KEHUH O ;

e 1 W y —d3KCIEpUMEHTAIbHbBIEC TApaMETPBI.

OCHOBHBIE TOJIOKEHUS METOJJUKY KOMILJIEKCHOM OIIEHKH
YCTAJOCTHOM JOJTOBEYHOCTHU JIAMUHATOB U3 CJTOUCTBIX ITIKM

B kauecTBe OCHOBHBIX ITOJIOKEHUN METOJUKH KOMIUIEKCHOM OLEHKHM YCTAJIOCTHOM JOJTrOBEY-
HOCTH JaMUHATOB U3 ciaoucThiX [IKM Ha 3Tane 3CKM3HOTO NPOEKTUPOBAHUS CaMOJIETA MPENIIOKEHBI
CJIEAYIOIIHE MTOJOKEHHUS.

1. JIast paccMaTpuBaeMbIX JAMMHATOB BBIMOJIHSAIOTCS YCTaJIOCTHBIE MCIBITaHUS OOpasLoB €O
CBOOOJHBIM OTBEPCTHEM M OOpPA3LOB C yAapHbIMU MOBpexaeHusMu tuna BVID, crposrcs cooTseT-
CTBYIOIIME KpUBbIEe ycTanocTu. [10100HbBIE UCTIBITAHUS PEKOMEHYETCsl IPOBOAUTH ¢ KO3 duuneHTa-
MU aCHMMETPHUH IIUKJINIECKOTO HarpyKeHuUs1, OJM3KUMU TI0 BEJTHYUHE K MPEBATUPYIOIHM KO3 PHUIIH-
€HTaM aCUMMETPUHU LUKINYECKOTO HArpy’>KE€HUs pacCMaTPUBAEMBIX 3JIEMEHTOB B COOTBETCTBYIOIIMX
arperaTtax camoJeTa.

2. OueHuBaeTcsl ypoBEHb HANPsKEHUM, SKBUBAJICHTHBIX T10 IIOBPEXAAEMOCTH ITPOIrPAMMHOMY
Harpy »KeHUI0 paccMaTpUBaceMoOro JI€MEHTa B TUIIOBOM nosiere. Ha 3Tane 3CKM3HOro MpOEeKTUPOBAHUS
OLIEHKA YKBUBAJICHTHBIX HAIPSKEHUH MOXKET BBIIMOJIHATHCS ¢ UCIOIb30BaHUEM JaHHbIX paboTh! [10].

3. C ucnonb3oBaHueM 3aBucuMocTel (2) u (3) cTposiTCsl pacdeTHbIE KPUBBIE Jerpajaluy ocTa-
TOYHOM IIPOYHOCTH U KECTKOCTHU B MPOLIECCE HAKOIIEHUS YCTAIOCTU. B 3anac npounocmu yKa3anHvle
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Kpugvle CMposimcs ¢ UCHONb308AHUEM NAPAMEMPOE8 KPUBol ycmanocmu 071 o6pasyos ¢ yOapHuiMu
nospescoenusmu muna BVID.

4. C ucnoap30BaHUEM SKBUBAJICHTHBIX HAIPSDKEHUH THUIIOBOTO IOJIETA BBIMOJIHSIOTCS CIEAY-
IOIUE OLEHKHU:

® YCTaJIOCTHOW JOJTOBEYHOCTH 00Opa3I0B CO CBOOOIHBIM OTBEPCTUEM;

® YCTaJOCTHOW JOJTOBEYHOCTH 00pa3IoB ¢ yapHBIMU MOBpexkaAeHusIMHU Tunia BVID;

® YCTaJOCTHOW JONTOBEYHOCTH OOpa3IoB C yAapHBIMH MOBpexaeHusMu tuna BVID mo mo-

CTH)KCHHUS YPOBHS JETPajlallid OCTATOYHOM IPOYHOCTH 10 3HAYCHMs, PaBHOIO O, — Ha-

MPSOKEHUSIM B pACCMaTPUBAEMOM JIEMEHTE MPU PACUCTHBIX Harpy3Kax;
® YCTaJOCTHOHM JOJITOBEYHOCTH OOpa3lloB C yAapHBIMU moBpexaeHusMu THna BVID mo mo-
CTHIKEHMsI YPOBHS JE€Tpajaliy KeCTKOCcTH A0 3HadeHus 0,95F , rne £, — HavanbHas (cTa-

TI/I‘-IGCKB_SI) JKCCTKOCTh paCcCMaTpUBaACMOro 3JICMCHTA.

MMPUMEP KOMILIEKCHOM OIIEHKH YCTAJOCTHOM JOJTIOBEYHOCTH
JAMMHATA BEPXHEN ITAHEJIU KPBLIA

B HacrosiieM paszene NpUBEAEH VCI06HbIU TIPUMEP KOMIUIEKCHOW OLIEHKH YCTaJIOCTHOM JOJIrO-
BEYHOCTH JlamMHHaTa 13 yraemiactiuka AS4-PW 10/80/10 Tomumnoit 8,84 MM 1St CiTy4asi HCTIONB30BaAHUS
ATOTO JJAMWHATA B KAYECTBE OOIIMBKY BEPXHUX ITaHEJIeH KPbUIa CaMoJIeTa TPAHCIIOPTHOM KaTETOPHHL.

B kauecTBe MCXOIHBIX TaHHBIX Ul pacyeTa MCIOJIb30BaHbl CIEAYIOIIHE.

1. KpuBas ycranoctu o0pa3LoB cO CBOOOJHBIM OTBEPCTUEM M3 PACCMATPUBAEMOTO JIaMUHATa
IpU LUKIMYECKOM HArpyKeHUH ¢ KOo3((UIIMEHTOM aCUMMETpPUM HarpykeHuss R = 5, mosydyeHHas B
pe3yabpTaTe 00pabOTKH TaHHBIX padoTHI [9]:

|G x| = 279,56 -17,990-1g N, 4)

rae o, - MaKCUMaJlbHbIE LIMKIMYECKHE HAaNpshKeHus coxatusa B MlIla.

2. KpuBas ycranoctu o0pa3lioB U3 paccCMaTpUBAEMOro JJAMHHATA C YJapHBIMU TTOBPEXKACHUS-
mu tuna BVID npu nukimueckoM HarpyKeHuu ¢ KO3(PGUIIMEHTOM aCUMMETPUU HarpyKeHus R=5,
MOJIyYeHHas B pe3yJsibTaTe 00paboTKM JaHHBIX paboThl [9]:

243,17-14,619-1g N, (5)

|Gmax| -

A€ O . -~ MAKCUMAJIbHBIC HUKINYCCKUC HAIIPSIKCHHUS CI)KATHUA B MlIIa.

3. 3HaueHUs MapaMeTpoB, MPUHATHIC AJIS OLEHKH AEeTpajallid OCTaTOYHOM MPOYHOCTH 00pa3-
LIOB C yJapHbIMU NOBpekaeHUsAMH THa BVID:

o |(7UCS| = 243,17 MlIla — npezaen npouyHOCTH 0OPA3LOB HA CHKATHE;
o |0'ULT| =233 Mlla — HampspKeHHs CXaTHsl B pacCMaTpPUBAEMOM DJIEMEHTE IPU PACUETHBIX

Harpyskax;

. ‘O‘max eqv| =150 MIla — MakcuMalbHbIC IUKINYECKHE HATIPSDKCHUS CHKATUS, SKBHBAJICHTHBIC
[0 MOBPEXKIAEMOCTH NIPOTPAMMHOMY HArpy»KCHHMIO PAacCMaTpUBAcMOIrO 3JEMEHTA B THIIO-
BOM I10JIeTe (OIpeIesIeHbl C YYeTOM JaHHBIX M pekoMeHaanui padotst [10]);

o o =1g(0,25)=-0,6021;

e a=1,8; b=23,1 — 3HaueHUsI MapaMEeTPOB COOTHOIIEHHU (2), OMpeeeHBI MO JTaHHBIM pado-
1ol [3]. IIpunumaemcsa donywenue, 4TO 3TU 3HAYEHUS MOTYT OBITh MCIIOJIb30BaHbI AJIS Ja-
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MuHata u3 yriuemnactuka AS4-PW 10/80/10 B paccmaTpiuBaeMoOM yCIOBHOM IpUMEpPE KOM-
IUIEKCHOW OLIEHKH YCTaJIOCTHOU JOJITOBEYHOCTH.
4. 3HayeHus MapaMeTpoB, MPHUHATHIC ISl OLIEHKU JIerpasialliyl )KeCTKOCTH 00pa3IoB C ynap-
HBIMHU NOBpexaAeHusIMU TUna BVID:
o |0'UCS| = 243,17 MIla — npeaen npoyHOCTH 00pa3IoB Ha CXKAaTHE;

* &,=0,004 —cpenusia negopmanus Ipu CTATHYECKOM pa3pyIIeHNUH;
o F = |0ch | /&, =243,17/0,004 = 60790 Mlla — HayasbHas (CTATHYECKAsT) )KECTKOCTb 0OPa3LOB;

e 0,95E =57750 MlIla — HOpMUPOBaHHBIN YPOBEHb JIErpalalluy KECTKOCTH;

o ‘Gmax | =150 MIla — MakcumanbHble IUKINYECKUE HATIPSIKEHHUS CIKATUS, SKBUBAJICHTHBIC
[0 MOBPEKIAEMOCTU MPOrPAaMMHOMY HArpy>XEHHUIO paccCMaTpUBAEMOIO JIEMEHTA B THUIIO-
BOM I10JIETE;

e 1g(0,25)=-0,6021;

e 1=1457; y=0,30 — 3HaueHuUs MapaMeTPOB COOTHOIIEHUs (3), ONpeneeHbl N0 JaHHBIM

pabortsl [8]. Ilpunumaemcs donyuenue, 9T0 3TH 3HAYCHHUS MOTYT OBITh MCTIOIB30BAHbBI IS
JamuHaTa u3 yriaemtactuka AS4-PW 10/80/10 B paccmaTpuBaeMOM YCIOBHOM IpuMepe
KOMIUIEKCHOMN OLIEHKH YCTaJIOCTHOM J0JITOBEYHOCTH.

=150 MIla

ABIISICTCS MPUOIMIKEHHBIM U IPUTOJHO TOJIBKO JUISl PACYETHBIX OLICHOK Ha 3Tare 3CKU3HOTO MPOEKTH-
pOBaHMsI CaMOJIETA.

OcHOBHBIE 10]133]Ja4, KOTOPBIE JJOJKHBI OBITh PELIEHBI IIPU TOYHBIX OLIEHKAX YPOBHS YKBUBA-
JICHTHBIX HaINPSDKEHHUM, MOXKHO MPEACTABUTH CIEIYIOIUM 00pa3oM.

1. Co3maHue HUKIOTpaMMbl IPOrPAMMHOIO HArpy>K€HUs! OOIIMBKYM BEPXHUX MaHeeH Kpblia B
TUIIOBOM I10JIETE pacCMaTPUBAEMOI'0 CaMoJIeTa.

2. O6paboTka MOITYYEHHOM IUKIOrPaMMbl MPOTPAMMHOTO HAarpyXEeHHsT METOJOM «IIOJHBIX
LIUKJIOB), BBIJIEJICHUE MTOJIHBIX LIUKJIOB.

3. Bb1bop nuarpamMmbl HOCTOSSHHOW yCTaJoCTHOM qonroBeyHoctu. [lpu pemenun sToi nmojaza-
Jlaul BO3MOKHO UCIIOJB30BaHUE pe3yabTaToB padot [11-14].

4. Pewenue Bonpoca 0 MOJENN HAaKOIUIEHUS YCTaJIOCTHOrO noBpexaeHus. [Ipu pemenun 3toit
M0/13a/1a41 BO3MOXHO MCIIONIb30BaHUE Pe3yabTaToB pabdoT [15, 16].

Ha puc. 1 npeacranens! kpusbie yctanoctu (4) u (5).

Ha puc. 2 npeacraBineHa kpupas Aerpafialiid OCTATOUYHON NMPOYHOCTH "o —N" 00pa3suos ¢

CJIGIIYGT OTMCTUTD, YTO NPUHATOC 3HAUCHUC 3KBUBAJICHTHBIX HaHpH)KCHI/Iﬁ ‘G

max_eqv

yAapHbIMH NoBpexaeHusIMU THIa BVID, nocTpoeHHas ¢ Ucrnob30BaHUEM COOTHOILEHUS (2).
Ha puc. 3 npexacraBiena kpuBas aerpaganuu xectkoctu "E(n)— N" o0pa3LoB ¢ yJapHbIMU
nospexaeHusaMu Tina BVID, noctpoeHHas ¢ ucnob30BaHUEM COOTHOLIEHHS (3).
B tabn. 2 npeacTaBiaeHbl pe3yabTaThl PACYCTHOM OIEHKH:
® YCTaJIOCTHOHN JOJITOBEYHOCTH N, 00pa3loB co CBOOOJHBIM OTBEPCTUEM U3 JIAMUHATA U3
yraemnactuka AS4-PW 10/80/10 npu nuKIMYECKOM Harpy>KeHUH ¢ Ko3dduuueHrom acum-
METpPUH HarpyxeHust R = 5;
® YCTaJIOCTHOW JOJITOBEYHOCTH N, 00pa3sLOB U3 paccCMaTpUBAEMOrO JIaMUHATA C yAAPHbI-
MU ToBpexIeHusiMHA THia BVID npu nukimyeckoM Harpy>XeHUH ¢ KOA(PGUITMEHTOM acHM-
METPUU HArpyKeHus R = 35;
® YCTaJOCTHOM JOJTOBEYHOCTH Ny, ¢ OOPasLoB U3 pacCMaTpHBAEMOro JIAMUHATA C yaap-

HBIMU TOBpexaeHusMH THna BVID npu nuMKIn4eckoM HarpyXeHuu ¢ KoddduuueHTom
ACUMMETpUU HarpyxeHust R = 5 0 JOCTH)KEHHS OCTaTOYHOM IMPOYHOCTH 00pa3LioB YPOBHS
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|0'ULT| =233 MIla - HampspKEHHH cXaTus B paccMaTpUBAEMbIX 00pas3lax Ipu PacyeTHBIX
HarpysKax;
® yCTaJIOCTHOH JIONTOBEYHOCTH N ,. 00pa3LloB U3 PacCMaTPUBAEMOIO JIAMUHATA C YAAPHBIMU

nospexaeHusMu tuna BVID 1o noctvkenust ypoBHs Jerpajaliy KECTKOCTH 10 3HAYCHUS
0,95E = 66395 MIla - HOpMHPOBAHHOIO YPOBHS I€TPaJalluy )KECTKOCTH.
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]
= — K p1Ban ycranoctu 4na 0B6pasyos co cBobogHbIM OTBEPCTHEM

50 = = KpHBan ycTanocTi 4nA oBpa3yoe ¢ yaapHeIM I EHUEM TUNA
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0
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Puc. 1. Kpussie ycramoctu 11t 00pa3IoB co CBOOOTHBIM OTBEPCTHEM M 00pa3IoB ¢ YAAPHBIM MOBpexkIeHHeM Tiia BVID
Julsl TamuHata u3 yriemnacriuka AS4-PW 10/80/10
Fig. 1. S-N curves for specimens with open hole and with BVID impact damage
for a GFRP AS4-PW 10/80/10 laminate
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Puc. 2. Kpuas ycTajnocTu U KpuBasi JerpaJjallii OCTaTOYHOM IIPOUHOCTH «O g — N» 111 00pa3LoB
¢ ynapHbIM nioBpexaenueM tuna BVID u3 namunata yriermractuka AS4-PW 10/80/10
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Fig. 2. S-N curve and "o, — N" curve for specimens with BVID impact damage
for a GFRP AS4-PW 10/80/10 laminate
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n3 namuHara yriermacruka AS4-PW 10/80/10
Fig. 3. "E(n)— N" curve for specimens with BVID impact damage for a GFRP AS4-PW 10/80/10 laminate

Tadauna 2
Table 2
Pe3ynpTaThl KOMIUIEKCHON OLEHKM YCTaJIOCTHOM JOJITOBEYHOCTH JIAMUHATA
u3 yraemiactuka AS4-PW
Results of a comprehensive estimation of the fatigue life of GFRP AS4-PW laminate

Ny , TAKITBL Nyyip> kit | Ny pg, WAKIBI N 4 » TAKITBI

1,59+10’ 2,36°10° 330 000 100 000

OBCYKXKIAEHME PE3YJIbTATOB U 3AK/IIOYEHUE

[To pe3ynbraTram aHain3a JaHHBIX Ta0Jl. 2 MOXKHO CAENAaTh CAEAYIOIINE BbIBOIbI:

1. 3nayenns nonrosedynocre N, U Ny, TOIYYUIHCH OKUIAEMO 3HAUYNUTEIBHBIMHU, YTO CO-
OTBETCTBYET MPAKTUKE MOAOOHBIX OIEHOK JIJIsl APYTUX TUTIOB cOUCThIX [TKM.

2. Hammenpimas pacdeTHas IOJITOBEYHOCTb N, , MOJYy4YEHHAs II0 pPe3yibTaTaM pacuyeTHOU
OIICHKM 00pa3loB ¢ yaapHbIMH ToOBpexaeHusMu Tuna BVID no moctmkeHust ypoBHsS Aerpajaiiuu
KECTKOCTH 10 3HadeHus 0,95E , nmpumepHo B 160 pa3 MeHbIIE NOJTOBEYHOCTH, ONPEACICHHON IO
yCTaoCTH 00pa3loB CO CBOOOIHBIM OTBEPCTUEM.

3. PacuerHast 1ONTOBEYHOCTb Ny, g, HOJNYYEHHAS 1O PE3YNIBTATAM PACYETHOH OLEHKH 00-
pa3loB ¢ yaapHbIMH ToBpexaeHussMu tTuna BVID 1o noctukennss HOpMUPOBAHHOTO YPOBHS Jerpajia-

LIMM OCTAaTOYHOM MPOYHOCTH, IpUMepHO B 50 pa3 MEHbIIE JOJITOBEYHOCTH, ONPEAEIEHHON MO yCTallo-
cTH 00pasIoB cO CBOOOTHBIM OTBEPCTHEM.
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4. OueBUOHO, YTO KOIUYeCmBeHHble PE3YIIbTaThl KOMIIJIEKCHOM pacueTHOM OLEHKHU, IOJIy4YeH-
HBIE B MPEACTABICHHOM VCI08HOM NpUMepe NpU NPUHAMbIX OONYUWeHUsX, HOCAT OIICHOYHBIN XapakKTep,
TEM HE MEHEe, MOXKHO YTBEPXAaTh 00 ONpeeNCHHON TOCTOBEPHOCTH KA4eCmEeHHOU pa3sHUuybl B T0-
JyYeHHBIX pe3yJbTaTax IpPHU Pa3IMYHbIX METO/ax OLEHKH. JTa JOCTOBEPHOCTh B MEPBYIO OYepeib
MOJTBEPKIACTCS aHAIM30M JITAaHHBIX, MPEICTaBICHHBIX B padoTtax [1—9].

5. Jli yTOYHEHHS KouuecmeenHsix Pe3yJbTaTOB KOMIUIEKCHOM pacyeTHON OLEHKH, MOTy4eH-
HBIX B NPEJCTABICHHOM YCI06HOM npumepe, HEOOXOAUMO HAa OCHOBAaHUH CIEIMAJILHOIO aHAIHM3a U
JIOTIOJTHUTEHHBIX AKCIIEPUMEHTAIBHBIX JaHHBIX YTOYHHUTH 3HAUCHUS MapaMeTpoB a, b, 4 u y cooT-
HoueHuit (2) — (3).

Ha ocHoBe aHanmu3a moiy4eHHBIX pPe3yJbTaTOB MOXKET OBITh ClIeJaH BBIBOA O HEOOXOAMMOCTH
BBITIOJTHEHUSI TIOJJOOHBIX KOMIIJIEKCHBIX OLIEHOK JUIsl OTIPEAETICHUS] PECYPCHBIX XapaKTEPUCTUK dJIEMEH-
TOB KOMIIO3UTHBIX aBUAKOHCTPYKIIHIA C IPUEMIIEMON TOYHOCTBIO.
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METHODOLOGY OF SUBSTANTIVE FATIGUE LIFE VALUATION OF
COMPOSITE COMPONENTS OF AERO STRUCTURE

Vitaly E. Strizhius’
National Research University "Moscow Aviation Institute"”
Moscow, Russia

ABSTRACT

The key features of the regulatory requirements for the fatigue life valuation of composite laminates were presented. With
allowance for those requirements and through the use of the well-known patterns of residual strength degradation and stiffness
degradation of layered composite materials over the course of fatigue cumulation, the fundamental principles of the methodology of
substantive fatigue life valuation were created. They, in particular, can be used for the lower and upper wing paneling of the
transport category of aircraft. It was indicated that it’s worth making the substantive valuation at the project definition stage of an
aircraft, when the key parameters of the laminates are being determined: the type of layered composite materials, parameters of
their placement, selection of analytical stresses, etc. As a conditional sample of the substantive fatigue life valuation of carbon fiber
laminate, was presented to use as the AS4-PW 10/80/10 (8,84 mm thick) used in the capacity of the upper wing paneling of the
transport aviation planes. The types of valuations were performed as follows: fatigue life prediction for the samples with free holes;
fatigue life prediction for the samples with scarcely visible shock damages; fatigue life prediction for the samples with scarcely
visible shock damages prior to reaching the standard residual strength degradation level; fatigue life prediction for the samples with
scarcely visible shock damages prior to reaching the standard residual stiffness degradation level. The above valuations exposed
significant distinctions between the received values for the different samples depending on the used prediction method. The
analysis of the received values revealed the necessity of making the same substantive estimates for determination of the fatigue life
valuation of composite components of aero structures with acceptable accuracy.

Key words: layered composites, composite components of aero structures, fatigue life prediction, residual strength degradation,
stiffness degradation, samples with free holes, samples with shock damages.
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TEXHOJIOI'USA BLOCKCHAIN KAK HHCTPYMEHT YIIPABJIEHUSA
HOEIISAMUA ITIOCTABOK C YYHACTHEM BO3YIIHOI'O TPAHCITIOPTA

M.0. MOJIEIKUAHA', H.B. BACUJIBEBA'
"Mockosckuil 20Cy0apcmeeHHbIl MeXHUYeCKUll YHUgepcumem paxdcoancKoll asuayu,
2. Mockea, Poccus

B craTpe mccnenyercst TEXHONOTHS OJIOKYEIH B KOHTEKCTE €€ HWCITIONb30BAHMS IS TOBBIIICHNS! CKOPOCTH MH(OPMAIFIOHHOTO
oOMeHa MEeXJy yYaCTHHKAMH MEXIyHAapOJHBIX Leriell/ceTell MOCTaBOK € Y4acTHeM BO3/YLIHOIO TpaHCmopTa. Paccmorpen
MEKTyHAPOHBIHN OITBIT UCIIOIB30BaHMS JAHHOM TEXHOIOTHY pa3andHbiMu kKommanusmu (Maersk, Lufthansa, Walmart, Unilever,
Nestle, Samsung, British Airways) B JOTHCTHKE ¥ YIPABICHHH IIETISIMU ITOCTABOK. BBIIEICHBI OCOOCHHOCTH MEXKITYHAPOIHBIX
IETIeH C UCTIOJIb30BAHMUEM BO3IYIIIHOTO TPAHCIIOPTA, KOTOPHIC 3aKIIFOYAIOTCS B MPEOOIaaHuy IBYX KaTEropuii rpy30B: TOBAPOB
C BBICOKOH J00ABJICHHOW CTOMMOCTBIO (SJICKTPOHHEIC YCTPOMCTBA M MX KOMIIOHEHTHI, TOBAPhl MHIYCTPUH MOIBI, FOBSIIHPHBIC
VKpalieHus) ¥ TOBapOB, MMCIOIIUX JKECTKHE TpeOOBaHWSA K CPOKaM JOCTaBKU ((hapMalleBTHYECKas MPOMYKIHS, XHBBIC
JKHBOTHBIC, CKOPOIOPTSIIASACS TPOIYKIWS, TOBaphl 3JICKTPOHHOW KOMMEpIMHM W T0uTa). VcciemoBaHWe ITOKa3ao, YTO
CKOPOTIOPTSIINECS TPY3bI UMEIOT OONBIION TIOTEHIINAN TS HApaliBaHus TPy30000poTa aBuakoMIianuii. OJJHAKO B HACTOSIIIEE
BpeMsI He CYIIECTBYeT €IMHOTO YHHBEPCAIFHOTO MHCTpyMeHTa yrpasieHus ux LI[1, Tak Kak HCIONb3yeMble MHCTPYMEHTHI
(ERP, SRM, TMS, WMS) He 00ecriednBaroT MOJIHYIO IPO3pPavHOCTh HHYOPMAIIMOHHOTO 00MEHa MEXIY BCEMH YIACTHHKAMU.
B TexHOIOTMM OCTaBKM CKOPOMOPTSIIMXCS TPY30B BO3AYIIHBIM TPAHCHOPTOM HanOoJiee MPOOIEMHBIM STAIllOM SIBISETCS
Ha3eMHasi 00pabOTKa IPy30B B a’pONOPTY OTIPABICHHS M a’pONOpTy HasHaueHWs. CIIOKHOCTH BO3ZHHKAIOT TPH IMPOBEpKE
KOPPEKTHOCTH O(OPMIICHHsT JOKYMEHTOB, MapKHPOBKM U TIOJJIMHHOCTH HWH(GOPMAIMM O MPOMCXOXKICHHH TPOIYKIHH.
[pemioxkeH MexaHM3M HCIOJIB30BAHMS TEXHOJOTHM OJIOKYECHH B codyeTaHuu ¢ TexHoyorusiMud IoT W cMapT-KOHTpaKT uist
YIPaBJICHUsI LETISIMU TTOCTABOK CKOPOMOPTSAIICHCS MPOAYKIIMKA C KCIOIb30BAHHEM BO3IYIIHOIO TpaHCHopTa. Mcronib3oBaHue
JTAHHOW TEXHOJIOTMH TIO3BOJIUT: COKPATUTh BpEMs IPOICAYP IPOBEPKH JOKYMEHTOB, TaMOXXCHHOTO O(GOPMIICHUS U
(hbUTOCAHUTAPHOTO KOHTPOJISI 32 CUET TOJHOTO OTCIICKUBAHUS MPOIYKIIMA C MOMEHTA €ro IMPOU3BOICTBA, YIIPOCTHTH BEISBICHUC
KOHTpa(aKTHOH IPOTYKIHH, TIOBBICHTH KQ4eCTBO KOHTPOJIS ITUILICBOM OS30MACHOCTH, KOHTPOJIUPOBATh JIOTUCTHYCCKUAC OTICPAITHI
U ONpeAeNsTh OTBETCTBEHHOCTh MPH HApPYIICHWH YCIOBHHA JOCTABKH, ONTUMHU3UPOBATH JIOTHCTUYECKHE IIPOIICCCHI,
aBTOMATH3HUPOBATh HCIIOJHEHNE (DHHAHCOBHIX OIepamnyii. VIcrionb30BaHNe JaHHBIX TEXHOJIOTHHA B COYETAHUN C HHHOBAIIHOHHBIME
TEXHOJIOTUSIME KOHTPOJIS KAYECTBA MHIIIEBOH MPOIYKIMH JaCT BOZMOXKHOCTD CYIIIECTBEHHO COKPATUTH JIOTUCTHYECKHE 3aTPaThl B
IEIsIX MOCTAaBOK CKOPOTIOPTAIIIEHCS POy KIIIH.

KnroueBble cioBa: TexHONOrHs ONOKYEHH, BO3MYIIHBIA TPAHCIIOPT, CKOPOIOPTSIIMECS TPY3bl, HH(POPMAIMOHHBIA OOMEH,
TEXHOJIOTUSI JIOCTABKH, MEXyHAPO/IHBIE 1IEITH TIOCTABOK, HA3eMHOE 00CITy)KUBaHUE, HHTEPHET BELlCi, yMHBII KOHTPAKT.

BBEJEHUE

Vnpasnenue uensamu mnoctaBok (YLIII) siBasercss o0si3aTeIbHBIM MEXaHHU3MOM TOBBIIICHUS
KOHKYPEHTOCTIOCOOHOCTH KOMIIAaHU B COBPEMEHHOM MHpe. B pa3BUTHIX CTpaHaX CUYHMTAETCS, YTO B
HACTOSIIEe BpeMsi KOHKYPEHIIUS Ha PHIHKE OCYIIECTBIISETCS HE MEXIY OTIEIBHO B3STHIMU KOMITAHU-
SAMH, a MEXAY LEMsIMU U JaKe CETAMHU MOCTaBOK. [Ipu 3TOM ofHa KOMMAaHHUS MOXET OJHOBPEMEHHO
SIBIIATHCS. 3B€HOM HECKOJIBKUX KOHKYPHPYIOIIHX Iernei/ceTeil mocraBok. OHAKO TOJIBKO HAa OCHOBE
CTPaTEruuecKoro J0JTOCPOYHOTO B3aUMOJCHCTBUS KOMIIAHUHM CIOCOOHBI TOOUTHCS CEHEPTHYECKOTrO
addekra oT cBoero corpyaHuuectsa. [lpumenenue crparerun Y11 mo3BoiIsieT CHU3UTHh TpaH3aKIIH-
OHHBIE M3/ICPKKHU 32 CUET MOBBIIICHUS CTENEHU B3aUMHOTO JOBEPHUS MEXIY YYAaCTHUKAMU LIETIH Ha
OCHOBE TOBTOPSIIONIETOCS B3auMoiecTBUs. KpoMe Toro, HOMONHHUTENbHBIE KOHKYPEHTHBIC TPEUMY-
[IeCTBa CO3JAIOTCS 3a CYET COTJACOBAHHOM ONTUMHU3ALMU MPOU3BOACTBEHHBIX IMPOILIECCOB KaXKIOTO
y4JacTHUKa 1enu. VCcrmoap30BaHue TakOTo MOAXO0JAa MO3BOJISIET TaK OPraHW30BaTh MPOW3BOJCTBO Ha
KaKIOW CTaJMM LIEMU MOCTAaBOK, YTOOBI MoNydyaeMasi MPOAYKIIHs MOJTHOCTHIO OTBedaaa TPeOOBAHUAM
MOCJICIYIOIIEH CTAUU C YUYETOM JIOCTHKEHUSI MUHUMH3AIIMKA COBOKYITHBIX U3/IepKeK Bce menu [1].

OcnoBoii npumenenus crpateruu Y LI sBisiercs Hanmuure cucteMbl OBICTPOTO (MIHOBEHHOTO)
WH(POPMAITMOHHOTO 00MEHA MEXKy BCEMH YYAaCTHUKAMU IICTICH/ceTell TIOCTaBOK, a TAaK)KE BO3MOIKHO-
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CTH BCEX €€ YYaCTHHUKOB OBICTPO pearupoBaTh HA U3MEHEHHs YCIOBUH pbIHKa. TpeboBaHus ObICTPOro
pearupoBaHMsl MOTYT KacaThCsl YBEJIMYEHHS] WM COKpAIIeHHs O00BEMOB MPOM3BOACTBA, U3MEHEHHS
CBOICTB ITPOU3BOJMMON NPOAYKIMH C YUETOM IPEANOUYTEHUIN KIMEHTOB, N3MEHEHUEM INIPEAOCTABIIsIE-
MBIX YCIIyT WIH YCIIOBUW JIOCTAaBKU U T.I. J[aHHBIE M3MEHEHHsI HEBO3MOKHO ONEPATHUBHO PEAIN30BaTh
0e3 HaIMuus OTIAKEHHON cUcTeMbl HH(popMalmoHHOro ooMeHa. Hegoctarok nunpopmanuu npu YIIL]
BEJIET K YBEIWYEHHUIO PACX0JI0OB, KOTOPBIE MOTYT cOCTaBIATh 10 20% omnepamnuonHoro Oromkera. Bo
MHOTMX KOMIAHMAX JJISl yIpaBICHUS WH(POPMAIMOHHBIM OOMEHOM MPUMEHSIOTCSI COBPEMEHHBIE aB-
ToMatu3upoBaHHbie SAP-cuctembl Ha ocHoBe cucteM ERP-knacca. OnHako 3TU CUCTEMbI OPUEHTHPO-
BaHbI TJIaBHBIM 00pa3oM Ha (yHKIMOHHpoBaHue B B2B cexTope m He mpeaHa3HadyeHbl i paboOTh B
MHOTOCTOPOHHEH/MHOTOCIONHHO# 11enu/cetn (Multi-party Network) moctaBox [2].

I'maBHOM nenbro npuMeHenus crpareruu Y1 sBisercs uckmounts u3 LI nocpennukos, He 10-
0aBJISIIOIIMX LIEHHOCTH TOBapy B IU1a3axX MOTPEOUTENsl, U ONTUMHU3UPOBATh BCE MPOLIECCHI, T00aBIIAIONIHIE
IIEHHOCTb TOBapy. JIIs1 TOCTIKEHUs! 3TON e HeoOX0AMMO oOecTieueHne CKBO3HOM MPO3PAYHOCTH BCEX
onepauui, peamusyembix B L1 3a cyer mosHOro KOHTPOJMPOBaHMS M TpociexkuBaHud. COBpeMEHHbIE
MH(POPMALIMOHHBIE TEXHOJIOTHH, KOTOPBIE Pa3BUBAIUCH M MPUMEHSUIUCH B IOCIEAHEE ACCATUIICTHE, HE
obecrneunBaroT MOIHOM rpo3padynocty LI, Tem cambiM 3aTpyaHss IPOIIECC YITPABICHUS HMHU.

VYnpasienue MexXIyHapoAHbIMH LensiMu moctaBok (YMIII) ycnoxHsercs B pe3yibraTe Heoo-
XOJMMOCTH COTJIaCOBaHMS (PYHKIIMOHMPOBAHHUS €€ YYACTHHKOB B Pa3HBIX CTpaHaX MHpa ¢ OTJINYAro-
IIMMCSl 3aKOHOJATEILCTBOM M YCJIOBUSMHU BeieHUs1 On3Heca. CIOKHOCTh YNpaBJICHUS MEXIYHAPO/I-
HBIMH LIETISIMU TIOCTABOK 00YCIJIOBJIEHA CIEAYIOUIMMH ACTIEKTAMU:

1) HeoOxoauMocTh oopMIIeHHsT OONBIIOTO KOTUYECTBA MEXKIyHAPOJAHON TPAHCIIOPTHOM [0-

KyMEHTALNH;

2) yuyactue B MLIT Gosbiioro uncia NocpeJHUKOB Ha pa3HBIX Talax JBWKEHUS TOBApa;

3) paznu4HBIC YCIOBHS OCYIIECTBICHUS TUIATSKEH U BAFOTHBIX OTICPAIIHIA,

4) oTiinyaromyecs TOProBbIE YCIOBHUS;

5) HEOOXOAMMOCTh MHOTOSI3BIYHOTO COMPOBOXKJIECHUS CaMOW CAENKU U MPOAYKIHU (MapKu-

pOBKa);

6) UCTIOJB30BAaHUE B PA3HBIX CTPAHAX Pa3HBIX MH(POPMAILIMOHHBIX CHCTEM;

7) HEe OIMHAKOBBIM YPOBEHb Pa3BUTHS TPAHCIOPTHOM MHPPACTPYKTYPHI B PA3HBIX CTPAHAX.

B atux ycioBusix emie 0osiblie BO3HUKAET MOTPEOHOCTh B BHICOKOM YPOBHE KOOpPAMHAIIMU OIle-
pauuii B MLIII o cpencrBam CUCTEMHOM MHTETPALUH, T.€. CO3AAHUE BO3MOXKHOCTH YIIPABJICHHUS JIOTH-
CTHYECKHMH OTEpaIisIMHU U3 JIF000H TOUKH C MOMOIIBIO 3JIEKTPOHHOTO 0OMeHa AaHHbIMU. JlJis perie-
HUS JTAHHOU MPOOIEMBI MOKET OBITH UCTIOJIB30BAaHA TEXHOJIOTHS OJIOKYCHH.

broxueliH — 3T0 MHOrOyHKIMOHAIbHASE U MHOTOYpOBHEBas MH(GOpPMaIlMOHHASI TEXHOJIOTHS,
MMeEIOINasl paclpeie]ICeHHOEe XpaHEHUE U UCIIOJIb3yeMast JUIsl OOJIETUYeHHs yueTa pa3uuHbIX aKTUBOB U
TpaH3akUui B OM3HEC-CEeTH. AKTUBBI MOTYT OBbITh KaK MaTepHalIbHbIM (MalIMHA, JI0M, JE€HbIH, 3eMJIH,
TOBAp), TaK ¥ HEMATEPHAJIbHBIM B BHUJIC MHTEIICKTYAIbHOW COOCTBEHHOCTHU. JlaHHAS TEXHOJOTHUS W3-
HavyabHO ObuTa co3mana B 2008 r. /uisi OIIEPKKH KPUINITOBATIOTHI BUTKOMH ¢ cucTteMoit pacmpene-
JICHHOTO PETUCTPa, KOTOPBI MOXKET ObITh aHOHMMHBIM. Kaxk1asi cienka WM TpaH3aKLus 3alUChIBaCT-
cs W A00aBiseTCS B LIETOYKY pacnpeneneHHoi BJ] kak HOBBIA (parMeHT, KOTOPOMY BPYUYHYIO MPH-
CBAMBAETCsl YHUKAJIbHBI MHOTO3HAYHBIN YMCIOBON MIH(p. DTOT hparMeHT MOKET XPaHUTh JaHHBIE O
BpPEMEHHU, JaTe, YIYacTHUKAX, CyMMe CIeNKH M nHpopmanuio o Beeil nenu/cetu [2]. Kpunrorpagpuue-
CKas yBsi3ka OJIOKOB MeXIy c0o00 MpernonaraeT NoJAepKKy ONpeAeICHHBIX MPaBUJI BKIIOYCHHS HO-
BbIX OJIOKOB B PEECTp U OTCIJICKUBAHUS MOMNBITOK U3MEHEHMSI CYIIECTBYIOMINUX. DTO J€JIaeT NpaKkTuye-
CKH HEBO3MOXKHBIM HapyIlleHHe OJIOKOB, TaK Kak Ka)/J1as TPaH3aKIUs B IIETH CChUTACTCS HA MPEIbITy-
IIYIO ¥ B CJIy4yae B3JIOMa MOCJIeI0BATEILHOCTh Orepanuii 0yner 3admokupoBana [3].

Pacmmmpenue pa3mepoB rio0aibHbBIX IENei MOCTaBOK MPUBOJIUT K YBEITHUYCHHUIO 00beMa mepe-
naBaeMoit mHpopMaru Mexny ux ydactHukamu. [1o onenkam skcrieproB B 2020 r. tunmanas L1 Oy-
JeT YNpaBJAThCS MO CpeAcTBaM reHepanuu 35 n3era-6aiitoB mHpopManuu [4], B TO BpeMs Kak B
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2008 r. cpeanuii 00beM reHepupyeMoit HHPOPMALIUU B LIENOYKE MOCTABOK PO3HUYHONM TOPrOBOM KOM-
naHuy cocTaBisul B cpeareM 100 ['6'. Biokueiin m03BoJsIeT pelnTh IpoGieMy COKpaeH s HHpOp-
MAaIMOHHOTO OOMEHA 3a CUeT paclpe/ie]ICHHOr0 XpaHeHH JaHHBIX.

IMPUMEHEHHME TEXHOJIOI'MX BLOCKCHAIN
B JIOTUCTHUKE U YIIPABJIEHUH LHEITAMHA IIOCTABOK

TexHomnorus GJI0KUYEHH yke Hallula yCTIEIIHOE IPUMEHEHUE B Pa3HbIX chepax JIOrMCTUIECKON Jes-
tenbHOCTH [5]. Hampumep, kommanus Maersk peannsyer coBmecTHbIH npoekt ¢ IBM 1o co3nanuio eau-
HOM 11aT(HOPMBI TSI 00CTY)KUBAHHUSI LIETIEH MTOCTABOK C y4acTHEM MOPCKOTo TpaHcnopTa. Ha mepBom sta-
nie ObIT BHEPEH KOHOCAMEHT, ()OPMUPYEMBII Ha OCHOBE OJIOKYEHH, YTO MO3BOJIMIO COKPATUTh aIMHHU-
CTpaTUBHBIE pacxo/bl Ha 15% OT CTOMMOCTH OTTPYy>KaeMBbIX TOBapOB2 . Jlanee cucrema ObU1a HHTETPUPO-
BaHA C CUCTEMOMW paJiMOYacTOTHON MICHTU(HKALWY IO cpeacTBaM TexHonoruu loT ¢ menpio renepaim
enHOW MH(POPMAIMOHHON 0a3bl JAaHHBIX JIOTUCTUYECKOW ceTH. Kpome Toro KoMmaHus HCIOJIB3YET CH-
creMbl GPS MapkupoBKY KOHTEMHEPOB JUIsI MOHUTOPHHTA U YIIPaBJIEHHUS UX NEPEMELIEHUEM YEPE3 TPaHC-
IIOPTHBIE y3JIbl HA MPOTSHKEHUM BCETO MapipyTa AocTaBkd. GPS maTumky aBTOMaTMYECKH PETUCTPUPYIOT
OOHOBJICHHE MECTOIOJIOKEHUS TPy3a U MEPeIaloT JaHHbIE MTHOBEHHO B CHCTEMY.

Hcnonb3oBanue nudpoBbIX TEXHOJIOIMH Ha 0a3e OJ0KuYeiiHa HAIJIO NPUMEHEHHE U B TIOPTOBOM
nesitenbHOCTH [6]. Tak, 'amOyprekuii mopt 06s13yeT Bce KOMIAHUU MOAKIIOYUTHCS K €MHON HH(OP-
MaIMOHHOHN CHCTEME C UCMOJIb30BaHUEM OJoKueliH. Mopckoe u nmoproBoe ynpasieHue CUHramypa B
2017 r. 3amyctuiio cucreMbl Smart Port Challenge ¢ nenpio noBbimenus 3pQpeKTUBHOCTH MOPCKOM
JIOTUCTHUKY TpU AOCTaBKE TOBapoB B opT Porrepnama [7].

TexHoorus OJIOKYCHH MMeeT OONBIION MOTESHIUAN JIJIsl KOHTPOJIS TPOJOBOJILCTBEHHOM Oe3omac-
HoctH B Joructuke u YLII [8]. ITo onenkam BcemupHO# opraHuzaivivi 31paBOOXPAHEHUS B PE3yJIbTaTe
3apa)XeHMsl MUILIEBBIX MPOIYKTOB €XKEroJHO B MHUpe 3a00JeBaeT KaXKIbli JECATHIA YEIOBEK U OKOJIO
420 000 uenoBex morubaroT. Takue kpymHble pereitnepsl kak Walmart, Unilever, Nestle coBmecTHO ¢
IBM pa3pabaTsiBarOT TEXHOJIOTHIO OTCIICKUBAHUS TIPOUCXOMKICHUS TIPOTYKITUH 110 BCEH 1IEMU TIOCTABOK U
KOHTPOJIsI O0JIe3HEN MUILEBBIX MPOAYKTOB. DTa TEXHOJOIUS MO3BOJIUT HE TOJIBKO TOYHO ONpENesTh 3a-
pa’KE€HHbIE NIPOAYKTHI, HO M UCKJIOYATh U3 LIEMH ITOCTABOK ITOCTABIIMKOB TaKUX pecypcoB. [Ipu Bemblike
0oJ1e3HeH, TIepe1aBaeMbIX MUILEBON MPOAYKIMEH, y KOMIIAHUHN YXOAST JHH, @ HHOTJAa U HEACTH JJIsl OTpe-
JIEJICHHs] UICTOYHMKA ITOCTABOK 3TOM NPOIYKIIMHU U €€ yCTpaHeHus U3 1enu. Korga He ynaercst TOUHO orpe-
JIETIUTH TIPOU3BOUTEIIS 3aPAXKEHHOM MPOIYKIMHU, IPABUTEILCTBO COBETYET HE MOTPEOIISATh BCIO MPOJYK-
MO, TIPOW3BENICHHYIO Ha ONPENEICHHON TEPPUTOPHUH. DTO MPUBOJHUT K OTPOMHBIM YOBITKAM BCEX ydacT-
HukoB [I1. BHeapenue npo3payHoil TEXHOJIOTUN OTCIICKUBAHUS MTPOUCXO0KIeHUs ToBapa B L1 mo3Bonut
YIPOCTUTBb U COKPATUTH CPOKH U3bsTUS 13 LI TONbKO 3apaskeHHOM POLyKLNN.

Bwmecte ¢ Unilever, Nestle 1 Walmart k npoekTy NpHcOeIMHIINCH €I11e CEMb KOMIaHUH: Mpo-
u3Boutens Msaca Tyson Foods, cets cynepmapkeroB Kroger Co, mpou3BoauTens PpyKTOB U OBOMICH
Dole, npousBogutens npunpaB McCormick & Company, nocraBmuk npoaykToB nutanus Golden
State Foods, nponaser cBexxux sirox Driscoll’s u oneparop rpy3onepeBo3ok McLane Co. Walmart te-
ctupyeT 6mokueiH-argopmy ot IBM ¢ okTsa6psa 2016 rona. MccnenoBanusi mpoBOIWINCH HA MPH-
Mepe npociexxuBaHus neneit moctaBok manro B CIIA u neneit moctaBok cBUHUHBI B Kutaii. Pe3ynb-
TaThl UCCIIENOBaHMS MOKA3aJld, YTO TEXHOJOIHS I03BOJIMJIA COKPATUTh BPEMsI OTCIIEKUBAHUS Iepe-
JBUKEHMSI Tpy3a C MAHTO ¢ ceMu AHeH 1o 2,2 cekyHa. MccnenoBanus, IpoBOAUMBIE B LIETSIX TOCTABOK
CBUHMHBI, [T03BOJIMIIN 3arpy’KaTh CepTU(UKATHI COOTBETCTBUS MPOIYKIMH B CUCTEMY JUIsI IPOBEPKH €€
npoucxoxaenus. Ilo cioam npencrasuteneid Walmart, o1MH OT3bIB IPOJYKTOB MOXKET CTOUTH KOM-

' The data deluge [Dnexrponmsiii pecypc] // The Economist. 2010. URL: https://www.economist.com/node/15579717 (na-
Ta obOpammenus 25.02 2020).

> Maersk and IBM target one of trade’s biggest barriers [Dmextponnsii pecypc] // Maersk. 2017. URL:
https://www.maersk.com/stories/maersk-and-ibm-target-one-of-trades-biggest-barriers (mara obpamenus 6.10.2019).

74



Tom 23, Ne 02, 2020 Hayunblii Becthuk MI'TY T'A
Vol. 23, No. 02, 2020 Civil Aviation High Technologies

MaHWU OT JACCATKOB THICSY 0 MHJUIMOHOB JI0JIJIAPOB MOTEPSHHBIX Poax. B pe3yibraTe mpoBOAMMBIX
uccaeaoBaHuii kommnanus Walmart momyuuiaa BO3MOXKHOCTb OTCIICKHUBATh MPOUCXOXKIEHUE 25 Tpo-
IYKTOB (MaHro, KIIyOHHMKa, CBEXas 3€JeHb, MsICO, NTHIIA, MOJIOYHBIE MPOJAYKTHI U JJa)ke MHOTOKOMIIO-
HEHTHbIE MPOJIYKThI), OCTABISIEMbIX MATHIO MOCTaBUIMKAaMU. B OCHOBY JaHHON TEXHOJOTUU IOJIOXKe-
Ha KopnopartuHas cucrema Hyperledger Fabric ¢ oTkpeIThiM KOZ0M. [{71s1 ee co3aanust ObU10 HEOOXO-
JUMO OTPEJEIUTh aTpUOYTHI CTAHJAPTHBIX IITPUX-KOJOB U MAPKUPOBKH VIS 3aTPy3KU B CUCTEMY.

Komnanus Walmart mnanupyer pacmmpsats Habop MPOAYKTOB, OTHOCUTEIBHO LIENel mocTa-
BOK, IJie OyJIeT UCIOIb30BaHA JTaHHAsI TEXHOJOTHA. YKe OOBSIBICHO 00 00s3aTE€ILHOM MPOCIIEKUBA-
HUM IIeTel TOCTaBOK CBEXEH 3€JIeHM (caaT, MIMUHAT U T.11.) [9].

Hcrnonp30BaHWe TEXHOJOTHH OJOKYCHH HAILIO MIMPOKOE MPUMEHEHHE B aBHAIIMOHHOM OTpac-
mu [10-12]. TTo ouenkam xommnanuu Lufthansa mepcrekTHBHBIM HaNpaBICHUEM HCIIOJIb30BAaHUS TEX-
HOJIOTUHU OJIOKYEIH B aBUAIMOHHON OTPAC/U SBIISETCS OTCIEKHBaHHE MOCTABOK aBUALIMOHHBIX KOM-
wiekTyomux. KoMnanus Samsung Takke HaMepeHa MCIOJIb30BaTh JaHHYIO TEXHOJIOTHIO AJIs OTCe-
’KUBaHUS aBUAIIMOHHBIX LIeTIel MMOCTaBOK CBOEH MPOIYKIUH, UYTO, 110 UX OLIEHKaM, IMO3BOJIUT J0OAaBUTH
HSKOHOMHUH 3aTpaT Ha JIOTMCTUKY B AOJTrOCpo4Hoi mepcnektuse. 1lo onenkam xommanuu B 2018 1.
00beM ee aBranepeBo3ok coctaBui 448 000 ToHH.

B 2017 r. British Airways mpoBena UCCIIEJOBAHHE BO3MOXHOCTH MPUMEHEHUS TEXHOJOTHUH
OJIOKUEHH COBMECTHO C a’pomnopramu Xutpoy, Maitamu u JXXenesbl. [lanHOE MccienoBaHUE TEMOH-
cTpupyeT 3(pPEeKTUBHOCTD MCIONB30BAHMUSA TEXHOJIOTUU B aBHAIMHM JJIS OPTaHM3alUU OE30M1acHOTO
obmena uHpopmarmeit [13]. Kommanus Cathay Pacific 3amyckaer mmargopmy OJIOKYEHH N1l KOH-
TPOJIsl KOHTEMHEPHBIX IPY30BbIX EPEBO3OK [14].

B 2018 r. kommanus SITA 3anyctuna mmatdopmy Aviation Blockchain Sandbox, moompsiro-
IIYI0 COTPYAHUYECTBO MEXIYy aBHAKOMIAHMAMU JJIS TIOMCKA MPUIIOKEHUH pacrpeieleHHol Oyxrai-
tepckoit TexHosoruu (Distributed Ledger Technology — DLT) [15].

IIo cnoBam JIunawl YUKIAHI, TUPEKTOpa IO KOPIOPATUBHOM APXUTEKType M MHHOBALUAM
UPS, Gn0K4eitH UIMEET MHOKECTBO MPUMEHEHHUI B JIOTUCTUKE, OCOOEHHO B OTHOIIICHHUH IIETIeH ToCTa-
BOK, CTPaXxOBaHMUsI, OIUIATHI, ayJAUTOB U TAMOXXEHHOTO O(pOPMIICHHS, TEXHOJIOTUS 00J1alaeT MOTEHIIHA-
JIOM YBEJIUYUTH MPO3PAYHOCTh U MOBBICUTH 3(PPEKTUBHOCTH OMNEpalMii MEXIY Tpy30BiajeiblamMHu,
NepeBO3YUKAMU, IPOU3BOAUTEISIMUA U IPYTUMHU YYaCTHUKAMH LIETICH MOCTAaBOK.

broxueiin nMeeT 60JIbIION MOTEHIIMAT UCIIOIB30BAaHUS ISl OTCIACKUBAHUS MYJIbTUMOJAIBHBIX
nepeBo3ok [ 16].

Cy1ecTByeT Tpu TUIA OJI0KYeHH-TIaTHOpM:

e nyOnuuHas (OUTKOIH), HE MMEIOIIAasl OTPaHUYEHUHN IO JOCTYyNMy U TpeOOBaHUSAM K IPO-

rpaMMHOMY 00€CTIeUeHHIO;

e xopnoparuBHas (Maersk u IBM; Walmart u IBM), ¢ 70CTymmoM TOJBKO ISl pa3perieHHbIX
MOJIb30BaTENe C MCIOJB30BaHUEM KIIIOYa JIOCTYIA U CIEeNUaIbHBIM MPOTrpaMMHBIM 0Oec-
NIEYEHUEM;

e vyacTHas (BHYTpPEHHSS), aHAJOTUYHA OObEIUHEHHON, HO HUCIIOJIb3yeMasl TOJIbKO BHYTPU OJ-
HOM OTJENBbHO B3STOW KOMIIAHWM CO CIELHUAIbHBIM MPOTPaAaMMHBIM OOECTIIEUeHUEM U KITIO-
YOM JI0CTyTIA.

Jns paboTel ¢ 00beqUHEHHON ONOKYeHH-IIaTgopmoii Oblia pa3paboTaHa CUCTEMa «yMHBIX
KOHTpPaKkTOB» (Smart contract), KoTopas IpeanojaracT KOAUPOBaHUE TPaH3aKLUUU TOJIBKO B Ciydyae,
€ClIi OHA 0/I00peHa BCEMU €€ YYaCTHHKAMHU MyTeM HCIOJIb30BAHUS «IONH moamucuy. [Ipu stom ams
JOCTyTa K OJIOKY He0OXOAMMa PErucTpanus BceX 0003HAUEHHBIX KITIOUYEH, NMEIOIINX «IOJH TOJIH-
cw» AaHHOM TpaH3akuuu [17,18]. YMHBIN KOHTPAKT — 3TO KOMITBIOTEPHBIA MPOTOKOJI, MIPEIHA3HAYEH-
HBIN JJIs1 YTIPOIICHUS TPOBEPKH, MIPOBEACHUS TIEPErOBOPOB MIIM MCIIOJHEHHUS KOHTPAKTOB B IIM(PPOBOM
BHJIe 0€3 yuacTusi TPEThUX JIMII, HalpuMep, HoTapuyca, opokepa u T.11. [19]. Kpome Toro, yMHBIN KOH-
TPAaKT aBTOMATUYECKH O0ECIEeYMBAET BBIMOJHEHUE 00513aTeNbCTB 1o noroopy [20]. Hampuwmep, ym-
HBI KOHTPAKT MOXET aBTOMaTHYECKH OTIPABUTH IUIATEX MOCTABIIMKY cpa3y MOCiIe JOCTaBKH Irpys3a.
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Ipeumywecmeamu ucnonvsosanus o1okueun-mexronoutl ¢ Y111 aenaemcs:

® aBTOHOMUS — HE3aBUCUMOCTb OT TPETHUX JIMIL IIPH 3aKJIIOYEHUH KOHTPAKTa U BEJACHUHU Iepe-
TOBOPOB;

® JIOCTOBEPHOCTH JIJAHHBIX — BCE TPaH3aKIUU 3alU(POBAHBI KPUMNTOrpahUIECKUM KOJOM B
o0miei pacripenesieHHON 0a3e MaHHBIX, JOKYMEHTHl HE MOTYT OBITh MOTEPSHBI U B HUX HE
MOTYT OBITh BHECEHBI MIPABKU;

e (e30MacHOCTh — OTCYTCTBHE BO3MOXKHOCTH B3JI0Ma 0a3bl JaHHBIX;

® CKOpOCTbH Me€pefjaun JaHHbIX — IIepeiada JaHHbIX OCYLIECTBIISAETCS MITHOBEHHO IPU BO3MOX-
HOCTH aBTOMAaTH3AIMH Ipoliecca 00pabOTKHU 3JIEKTPOHHBIX JOKYMEHTOB;

e cokpamieHue o0bema rnepenaBaeMol MH(OPMALUK — 32 CYET COKPAIIEHHUS WCIMOJB30BaHUS
EDI (amekTpoHHOr0 0OMeHa JaHHBIMHU) ITyTeM 3aMEHBI Ha 3aKOJAMPOBAHHYI0 WHPOPMAIUIO
B OJIOKaX;

® BO3MOKHOCTh MHOTOCTOPOHHETO HCIIOJb30BaHMS JaHHBIX B IIETIH/CETH MOCTABOK — YMEHb-
IIaeT KOJIMYECTBO OUIMOOK M MO3BOJSET CHHXPOHU3UPOBATh N3MEHEHHUS.

MEXIAYHAPOJIHBIE LHEIIN IIOCTABOK
C YYHACTHUEM BO3JYIIHOI'O TPAHCIIOPTA

Bozaymasiii Tpancniopt (BT) siBisieTcss caMbIM TOPOTHM B IETISIX MTOCTaBOK, TTO3TOMY aBHare-
PEBO3YMKH BBIHYKJICHBl KOHKYPUPOBATh HE TOJBKO MEXIY 000, HO U C IEPEeBO3UUKAMU IPYTUX BH-
JIOB TPaHCIOPTa, 0COOEHHO MOPCKUMH. KOHKYpEHIIHs OCTIOKHSAETCS B CBSI3U C y)KECTOUEHUEM Tpebo-
BaHUI MexayHapoIHOH acconanuy Bo3aymHoro Tpascnopra (IATA).

['maBHBIM KOHKYPEHTHBIM MPEUMYIIECTBOM BO3AYLIHOI'O TPAHCHOPTa SBISETCS CKOPOCThH J10-
CTaBKH, Ha TIOBBIIIEHHE KOTOPOM M JOJKHBI OBITh HANPaBJICHBI BCE COBPEMEHHBIE TEXHOJIOTUH, BHE/I-
psAeMbI€ B yIIPaBJICHUE aBUATPAHCIIOPTHOM JIOTUCTUKOM.

B mupe oxono 35% ToBapoB B MIIII B cTOMMOCTHOM BBIpQ)KEHMH JOCTABISAETCS C yUYAaCTUEM
BO3YIIHOTO TpaHcnopTa. Haubomnpimumii cripoc Ha nmepeBo3Ky BO3AYIIHBIM TPAHCIIOPTOM MPEABSABISAIOT
JIBE KaTETOPUH TOBAPOB: TOBAPHI C BHICOKOI 100aBICHHOM CTOMMOCTBIO U TOBAPHI, HMEIOIINE KECTKHUE
TpeOoBaHUSI K CpokaM JocTaBkU. K mepBoi KaTeropuu OTHOCATCS TaKWe Ipy3bl, KaK 3JIEKTPOHHBIE
YCTPOICTBA U MX KOMIIOHEHTBI, TOBAPHl MHAYCTPUHM MOJIbI, FOBEJIMPHBIE YKPAIIEHUS, 30JI0TO, aBTOMO-
Ounu Ki1acca JIIOKC, SKCKITIO3MBHBIE BUHA U T.1. Ko BTOpOil kareropuu oTHOCATCS (apMalieBTUYECKast
IPOAYKIMS, KUBBIE )KUBOTHBIE, CKOPOIIOPTALLASCS MPOIYKLUsSA, TOBAPhl IEKTPOHHOW KOMMEPLUHU U
1oyTa. DJIEKTPOHHBIE YCTPONUCTBA U BHICOKOTEXHOJIOTUYHASI IPOAYKIIHSI COCTABISIOT MPUMEPHO MOJIO-
BUHY I'py30000pOTa BO3AYIIHOTO TpaHcmopTa. Ilo omeHkaM cnenuaincToB B MOCIEIHEE BPEMs pOCT
CIpoca Ha MEPEBO3KY 3TOI KaTeropuu rpy30B OCTAHOBHIICS MU3-3a IEPEOPUEHTAIMH JTOCTaBKU HOYTOY-
KOB Ha MOPCKOW TpaHcCIopT. Bmecte ¢ Tem Habmomaercss pocT crpoca Ha JOCTaBKY BO3IYIIHBIM
TPAHCIIOPTOM TOBApOB, UMEIOIINX JKECTKHE TpeOOBaHUS K cpokaM joctaBku. B 2016 r. cipoc Ha me-
PEBO3KY CKOPOMOPTSIIUXCS IPY30B BO3IYIIHBIM TpaHcniopToM yBenuuwica Ha 140 000 ToHH 3a cyer
yBennueHus: noctaBok B Kutail. [1o oneHkaM crienuaiicTOB CKOPOMOPTAIIMECS TOBaphl CTAHYT JApaid-
BEPOM B yBETHUYCHHH TPy30000pOTa aBHAKOMIAHHMII. Tak KAk CKOPONOPTAIIAECS TPY3bI SBISIOTCS
HaMHOTO 0oJiee TpeOOBATEIbHBIMU K CKOPOCTH M MPO3pavyHOCTH HH(pOopManroHHoro oomena B YIIII,
JTAHHOE MCCIIEZIOBAaHHE COCPETOTOUCHO HAa BHEAPCHUM TEXHOJIOTUU OJOKYEHH MMEHHO I 3TOW KaTe-
TOpHUH TPy30B, HocTaBisieMbix BT.

[ToToMy Kak onpezeneHHas 4acTh MPOAYKTOB MUTAHUSI UMEET HENPOAOKUTEIbHBIN CPOK Xpa-
HEHUS, TO 3a4acCTyI0 CKOPOCTh U YCJIOBHS JJOCTABKH SIBIISIIOTCS ONPEACISIONUMEU (pakTOopamMu MpH BbI-

3 Perishables are the commodity to watch for air cargo over the coming years [Dnexrponnsiii pecypc] // Air Cargo News.
27.10.2016. URL: https://www.aircargonews.net/airlines/perishables-are-the-commodity-to-watch-for-air-cargo-over-
the-coming-years/ (nata oopamenus 12.11.2019).
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6ope croco6oB TpaHCTOPTHPOBKU. COXPAaHHOCTH CKOPOTIOPTSIIUXCS MPOIYKTOB BIHSIET HE TOJIBKO Ha
JIOXOJIbl BCEX YYACTHHKOB II€Tel MOCTaBOK, HO M Ha 3/I0POBBE JIOACH, OATOMY MPO3PAYHOCTh MTPOUC-
XOXJICHUS CKOPOIOPTAIINXCS MPOIYKTOB MHUTAHUS SBISETCS 00sS3aTeIbHBIM YCIOBHUEM YIIPABICHUS
HensMu noctaBok. OT peanu3aluu CKOPOMOPTSIIUXCS MPOIYKTOB MUTAHUS peTeiliepbl MPOAOBOIIb-
CTBEHHBIX TOBapOB Moy4aroT 10 40 % mpuObLTH, OJHAKO MOTEPU ITON KATETOPUH TOBAPOB, BHI3BAH-
Hble COOSIMU B IIETSAX MOCTaBOK, AocThUTatoT Oojee 65 % [21]. CHU3UTH AOJI0 TOTEPh CKOPOMOPTS-
mieiicss MPOAyKIMH BO3MOXKHO 3a CUET COKpAIIeHUs CPOKOB JIOCTABKU MPOIYKIWU U MPOJJICHUS €€
’KU3HEHHOTO IMKJIAa Ha MOJIKE MarasuHa. B 3THUX yCIOBHAX MCIOJB30BaHUE BO3IYIIHOTO TPAHCIIOPTA B
MIIT siBnsieTcss Hanbosee MPeAMOYTUTEIHHBIM, OCOOCHHO €CIIH PeYb HJIET O TPAHCTIOPTHPOBKE IPYy30B
B MEXKOHTHHEHTAJIbHOM COOOILIEHUH.

CkoponopTsmasicst IpoAyKIHs cocTaBiseT B cpeaHeM okoio 10 % rpy3o0060poTa aBuakomra-
Huii [22]. [To olleHKaM BeAyIIUX aBUAKOMITAHUN CETMEHT CKOPOMOPTSIIMXCS IPY30B SBIISIETCS OCHOB-
HBIM, TIPEIBSABISIFONIAM MMOCTOSHHBIA CIIPOC ¥ UMEIONUM OTPOMHBIA TOTEHITUAN I POCTa HA TPY30-
Bble aBuanepeBo3ku. CoxpaHeHHE KOHKYPEHTOCHIOCOOHOCTH aBMAaKOMIIAHHMH B 3TOM CETMEHTE IJis
MHOTUX W3 HUX SBIISETCS OJHOHM M3 cTparermueckux 3amad. [lo manHeiM aspomopra Jloc-AHmxkeneca
TOJIBKO CBEXHe (PPYKThI, OBOIIU M OPEXH COCTABISIIOT 15 % 1o Becy B oOuiemM o0beMe Ipy30mnepeBo-
30K. [IpuObLIh, MONMyYaeMasi aBUAKOMIIAHHSIME OT MEPEBO3KU ATOW TPYIITBI TOBAPOB HE3HAUMTEIHHA,
TaKk Kak 3TH TOBapbl HE HMEIOT BBICOKOW [100aBIEHHOM CTOMMOCTH, MO JAHHBIM aBUAKOMIAHUU
Lufthansa oHa cocTaBisieT Bcero HECKOJIbKO IIEHTOB B pacdere Ha $1 mepeBeseHHoro rpysa. OmaHako
3Ta TpyIIa TOBAapOB MO3BOJSET aBUAKOMIAHUSIM MOJIy4YaTh JOMOJHUTENIBbHYIO MPUObUIL OT JEIIEBhIX
MaCCaKUPCKUX PEMCOB 3a CUET 3al0JHEHUS TPY30BOr0 OTCEKA MOJHOTO MACCAXKUPCKOTO aBuapeica.

Jlns yopaBieHus UEnsMH TOCTaBOK MHOTHX BHJIOB TOBApOB IOBCEIHEBHOTO MOTPEOICHUS
(OmexIbI, SMEKTPOHUKH, OBITOBOM TEXHUKHU M T.JI.) YCIEIIHO UCTIOIB3YIOTCS COBPEMEHHbBIE MU(PPOBBIC
TEXHOJIOTH, HO 3TH TEXHOJIOTMH HE MO3BOJISIIOT CTOJIb K€ A(P(EKTUBHO YIPABIATH LEMSIMHU IMOCTaBOK
ckopomnopTsuieiics npoaykuuu. [1o ouenkam komnanuu A.T. Kearney ans 93 % onpolileHHbBIX MOKY-
naTesiel CBEXXECTh SBJSETCS TJIaBHBIM (PAKTOPOM MpPU BHIOOPE CKOPOMOPTAIIUXCS MpoayKToB. He me-
Hee BaXHBIM ()aKTOPOM TIPH BBIOOPE MPOAYKIIUHU IS TOKyHaTeNeii CTAHOBUTCS HAIMYUE TOCTOBEPHOM
nH(GOpPMaLlMU O MPOUCXOKIACHUH MPOAYKTa, YTO MOBBIIIAET TPEOOBAHUS K CUCTEME MPO3PAaYHOCTH OT-
CIIe)KMBAHUs JIBIDKEHUS TOBapa B IEMSAX MOCTAaBOK. Ha cerogHsIHMIA IeHb HE CYIIECTBYET €IUHOTO
TOTOBOTO YHUBEPCAJIBHOTO PEIHICHMs ISl YIPaBJICHUS LEMOYKOM MOCTAaBOK CKOPOIOPTALIEHcs mpo-
TYKITUHU, OJHAKO ITOT MEXaHU3M BOCTPEOOBAH PHIHKOM M BCEMHU yYaCTHUKAMU IIETICH MOCTaBOK.

Kommepueckre KoMIaHuM MpeiaraioT psjl TEXHOJIOTHYECKUX MHCTPYMEHTOB, HAIIPaBICHHbIX
Ha yIpaBJICHUE OTACIbHBIMU TAllAMHU LIETIEH MOCTABOK CKOPOMOPTALLEHCS MPOAYKIUH (puc. 1).
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Puc. 1. UHCTpYMEHTHI, IpUMEHSEMBIE [T YIIPaBICHUS HETSIMUA OCTaBOK [23]

Fig. 1. Perishable supply chain management tools [23]
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JlaHHBIE MHCTPYMEHTHI HE 00OECTICUMBAIOT MOJHYIO MTPO3PAYHOCTH H(POPMAIIMOHHOTO 0OOMEHa JaH-
HBIMH MEXJTy BCEMH YYaCTHUKAMU LIETeH MOCTaBOK M HE MO3BOJIIOT PEMINTh IaBHylo 3aqady YL - uc-
kounTh 13 L{I1 mocpeaHukoB, He JOOABISIONIMX IIEHHOCTH TOBApy B IVIa3ax MOTPEOUTENs, ONTUMU3HPO-
BaTh BCE MPOLIECCHI, JOOABIISIONINE LIEHHOCTh TOBAPY, 0OECIIEUNTh CKBO3HYIO MPOCIIEKUBAEMOCTh BCEX JIO-
ructuueckux omnepaiuii B LI1. CrnoxHOCTh opraHu3aimy Lenel MmocTaBoK CKOPOTOPTSILEHCS MPOAYKIUH
00ycJIoBJIeHa, C OTHOM CTOPOHBI, — Y4aCTHEM OOJIBIIIOTO KOJMYECTBA 3BEHBEB B LIENH (PHUC. 2), a C IPyrou
CTOPOHBI, — OCOOEHHOCTSIMU CKOPOTIOPTSILUXCS TPY30B, IPEIbABISIONMX jKecTKHe TpeOoBanust K L{I1:
® DACIBUIEHHOCTb ITyHKTOB 3apOXKIECHUS CKOPOMOPTSAIIEHCS MPOIyKIUY;
® CE30HHOCTh BO3HMKHOBEHMSI I'PY30INOTOKOB, B TOM YHCIJIE€ CTPATEIMYECKUX MPOJOBOJIBCT-
BEHHBIX TPY30B;
® CJI0)KHOCTB COIJIACOBAHUS IIPOLIECCOB MOIPY3KHU-BBIIPY3KH HAa B3aUMOJEHCTBYIOIIMX BHUIAX
TPaHCIIOPTA;
® HeJeTepMUHHPOBAHHOE MpeObIBaHUE MOJBMKHOIO COCTaBa K IyHKTaM MepeBajiku (TpaHc-
MOPTHBIM y3J1aM);
® HEACTCPMUHHMPOBAHHBIN PEXKUM I0JBO3a CKOPOIOPTSIIIMXCS TPY30B K ONITOBBIM TOUYKaM cO0pa;
® BBIHY)KICHHAS HEOOXOTUMOCTh OOPAaTHOTO TMOPOKHETO Mpodera MCHoIb3yeMOTo IOABHIK-
HOT'O COCTaBa;
® HEOOXOAMMOCTh MPOXOXKICHUS (PUTOCAHUTAPHOTO U BETEPUHAPHOTO KOHTPOIIS TMPH IMepeceye-
HUM TOCYJApCTBEHHBIX TIpaHUL, 4YTO 33/JEPKUBAECT TIpPy3bl B TEPMHMHANAX OTIPABICHUS
Y Ha3HAUEHMS, 3a4acTYIO HE MPUCTIOCOOICHHBIX [T XPaHEHHS CKOPOIOPTSAIIEHCS TPOTYKIHH.
OCOOEHHOCTBIO CKOPOMOPTALICHCS MPOAYKLUUH SIBISETCS MOTPEOHOCTh €XKECEKyHIHOT0 KOH-
TpOJs mapaMmeTpoB coaepkanus npoxaykiuu B LI1 moctaBok, Tak Kak Jake KpaTKOBPEMEHHOE HX
HapylLIEHHE MOXKET IPUBECTHU K [TOpYE TOBApA.
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2 s 4
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Origin Ground Handlers | Ground Handlers / !
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Physical flow=freight Frelght Forwarders

I'pysomoTor TpaHcmopTHBE KOMIAHHHE

+32°C -

Puc. 2. Yuactauxku MIII ckoponopTamuxcs rpy3os
Fig. 2. Participants in international perishable goods supply chains

Ha coxpanenmne noTpeOUTEIHCKUX CBOMCTB MPH JTOCTaBKE CKOPOMOPTSIIUXCS TPY30B OKa3bIBa-
€T BIMSIHUE OOJIBIIOE KOJMYECTBO MapaMeTpoB, KOTOPHIE HEOOXOIUMO KOHTPOJIMPOBATH Ha KaXKIOU
CTaJIUM IIETH TTOCTaBOK [22]:

® KaueCTBEHHOE COCTOSTHUE TPy3a B MOMEHT OTIPABKH;

® T[IOATOTOBKA I'Py3a K XpaHCHHUIO M TPAHCIIOPTHUPOBKE;
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® YCIIOBHS COJIEp)KaHHUA Tpy3a MpH MepeBalike MEXIY pa3HbIMH BUJAaMH TPAHCIIOPTa B TPaHC-
MOPTHBIX y3JIaxX;

UCIIOJIb3yeMasi Tapa U YIaKOBKa,

TEMIIEPATYPHBII PeKUM XPAaHEHUS U TPAHCIIOPTUPOBKH;

BJIQXKHOCTHON PEKUM XpaHEHHs U TPAHCTIOPTUPOBKHU;

MUPKYJISAIUS ¥ BEHTUISIUS BO3AyXa B MECTE XpaHEHUS M TPAHCTIOPTHUPOBKHU TPy3a;

YUCTOTa BO3JlyXa M CAaHUTApHOE COCTOSHHE KaMep U TPY30BOr0 00bEMa TPaHCIOPTHOTO
CpeICTBa;

® CroCOOBI pa3MEIICHUS B HUX MPOYKTOB;

® CpOK XpaHEHUS U TPaAaHCIOPTHPOBKHU.

Haub6onee npobnemusiM nporieccoM B LI1 ckoponopTsAImuxcs Tpy30B € y4acTHEM BO3TYIIHOTO
TPAHCIIOPTA SIBIIIETCSI Ha3eMHOE OOCIY)KMBAaHHE TPYy30B B a’pOIMOPTy OTIPABICHUS U a’3pPOIOPTY
Ha3HAYCHUS U3-32 HEOOXOAUMOCTH MPOXO0XKACHUS TAMOXEHHOTO, (DUTOCAHUTAPHOTO M BETEPUHAPHOTO
KOHTpOJs. CIIO)KHOCTH BO3HMKAIOT TIPU MPOBEPKE KOPPEKTHOCTH MAPKHUPOBKH M TMOJUTMHHOCTH HH-
dbopMaIuu 0 TPOUCXOKACHUN TTPOTYKIIHH.

JnutenpHasi mpoueaypa odOpMIICHHSI B OTIPABKU T'PY30B BO3IYIIHBIM TPAaHCIIOPTOM B a’3po-
HOPTY NPUBOJAUT K TOMY, UTO B caMoJieTe Irpy3 HaxoauTcs He 6osee 30% oT o01iero BpeMeH! 10CTaB-
K{, OCTABILIEECS] BPEMSI 3aTpauuBaeTcs Ha 00pabOTKy Tpy30B B TEPMHHAIAX adpornopTa, ohopmieHne
JIOKYMEHTOB, MPOXOKJCHUE TaMOXKEHHOI'O KOHTPOJIS. JTO Te 3aTpaThl BPEMEHU, KOTOPbIE MOTEHIH-
aJIbHO MOTYT M JIOJDKHBI OBITH COKPAIICHBI JJIsl TOBBIIICHUS ITPUBIICKATEIIFHOCTH UCTIOIH30BAHUS BO3-
JymHoro tpancnopra B MIII.

[lo nanHBIM HcceIOBaHUS BCEMHPHOM HekoMMepueckoi rpymnmbl Oceana, 20% Mopenpoayk-
TOB B MUPE UMEIOT HEMPABUIbHYIO MAPKUPOBKY. B OTIENBHBIX CTpaHax 3TOT MPOLEHTHBIN MOKa3aTeNb
npessicn 80%°. [IPUUHHOI 9TOMY MOTYT OBITH MOLICHHHYECKHE ICHCTBHS CO CTOPOHBI MOCTABIIH-
KOB, MBITAIOIINXCS BBIIATH JICHIEBYIO PBIOY 3a Oojiee JOpOrylo, a TakKe 4eIoBeuecKuid GakTop MosB-
JICHUSI OIIUOKH TIPH 3aIlOJIHEHUH HaKIagHbIX. OMMOKY B MAPKUPOBKE CYIIECTBEHHO yIJTHHSIIOT BPeMs
TaMOKEHHOM OYHCTKH Tpy3a, YTO MPUBOJUT K 3a/€PKKE CKOPOMOPTSIIUXCS TPY30B HA CKIIagax Bpe-
MEHHOTO XPaHEHWHsI, TIOBBIIICHHUIO 3aTpaT Ha WX OOCITYy)KMBaHUE W CHIDKCHHIO UX KadecTBa. 3a/iepiKKa
Ha TaMOKHE MOXET JOCTUTaTh TPEX CYTOK, B TO BpeMs Kak B MUPOBOU MpakTUKe dPPEKTUBHBIM CUH-
TaeTcs MPOXOXKICHUE TAMOXKEHHOTO KOHTpPOJIA 3a 2 4yaca. Ecnm mpouenypa mpesbimaer 6 4acoB, TO
OHa cumuTaercs HeaddeKTUBHOM [24].

Buenpenne cucremsr Blockchain mst orcnesxxuBanust Bcex onepanuid B MIIT ¢ ucnons3oBanu-
€M BO3JIyIIHOTO TPaHCIOPTa MO3BOJIUT (PUKCUPOBATH HHPOPMAIMIO O KaXKJIOM MEepPEeMEILEHUH TPpy3a B
00JTaYyHOM CHUCTEME ITyTeM CO3/IaHUsl COOTBETCTBYIOMIEH 3anmucH. [laHHas cucTeMa ynpocTUT HpOLeTy-
Py NPOBEPKH JOKYMEHTOB U BBISIBICHHUS OIIMOOK B HUX, INIABHBIM 00pa3oM MpU NMPOBEPKE MapKUPOB-
K{, TAMOKEHHOTO 0(hopMIIeHHUs, PUTOCAHUTAPHOTO U BETEPHUHAPHOT'O KOHTPOJISL.

INPUMEHEHME TEXHOJIOI'MX BLOCKCHAIN JUUIA YIIPABJIEHUSA LI
CKOPOIIOPTAIIUXCA I'PY30B C YHACTHEM BO3YIIIHOI'O TPAHCIIOPTA

[Iprnmenenne GIOKYEH B KOMOWHAIIMN C COBPEMEHHBIMHI TEXHOJIOTHSIMHU TIO3BOJIUT CYIIECTBEHHO
MOBBICUTH MPO3PAYHOCTh M KOHTPOJIHPYEMOCTh YCIOBH JOCTABKH CKOPOMOPTAIIMXCS TPY30B U PEIIUThH
1pOOJIEMBI, CBS3aHHBIE CO CBEKECTHIO MIEPEBO3MMBIX MPOYKTOB B [UTMHHBIX IETISX TOCTABOK.

Komnanus Linux Foundation peann3oBana mpoekT Ajsl aHalIM3a KauecTBa MEPEBO3UMBIX CKO-
ponopTAMUXCS TPY30B. [ 3TOro OHM CO31aMH CeTh JaTYMKOB, KOTOPBIE MPHUCOCTUHSINCEH K MTPOTYK-

* Deceptive Dishes: Seafood Swaps Found Worldwide [DnekrponHsiii pecype] / MekayHapoaHas HeKOMMepUecKas Opra-
mHusanust Oceana. URL: https://usa.oceana.org/publications/reports/deceptive-dishes-seafood-swaps-found-worldwide (nata
obpamenns 21.03.2019).
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TaM ¥ (UKCUPOBAIIM MIMPOKHUNA CIIEKTpP TEIEMETPUUYECKHX MAapaMEeTPOB, TAKUX, KaK BPEMsl, MECTO, TEM-
nepaTypa, BIaXHOCTb, yAapbl U HakJIOHBI [25]. JlanHble qaTuuku 1mo3BoJsiioT co 100%-i TOYHOCTBIO
ONPEAEIINTh BpEMs HapyIlIEHUs YCIOBUM JOCTaBKU M BBIIBUTH areHTa B LIENU [IOCTABKU, HA KOTOPOI'O
BO3JIaraeTcsi OTBETCTBEHHOCTh 3a 3TO HapylueHue. CBs3bIBask MEXIy COOOH 3TH JBE TEXHOJOTHH,
aBUAIIMOHHAS JIOTHCTUKA IMOJyYUT aOCOJIOTHO MPO3pPAayHyIO0 JTOCTABKY CKOPOIOPTAIIMXCS TPY30B C
HAaUMEHBIIMM PHUCKOM MOIICHHUYECTBA IIPH 3aII0JHEHUHM JOKYMEHTOB M HAaHECEHUMM MapKHUPOBKH HA
OTIIpaBIIsieMble MAPTHH, a TAKXKE YCTPAaHUT OOJBIIMHCTBO YEJIOBEUECKUX OIIMOOK Ha BCEM Mpoliecce
nocraBku. ['maBHoe, He OyzeT OoblIe Y3KMX MECT, U3-32 KOTOPBIX BO3HUKAIOT CIIOPbI 00 OTBETCTBEH-
HOCTH M€y YYaCTHHKaMU LIeNH NOCTaBOK. [0 ciioBaM KpymHEHIIEH TEXHOIOTHYECKOW KOpIopauuu
IBM, nocne Toro, kak JaHHas TEXHOJOIHs OyAeT MPHUHATAa OOJBIIMHCTBOM YYaCTHUKOB PbIHKA, IPY-
300TIPABUTENIN MOTYT YCTPaHUTh 0K0JI0 20% (hakTrdeckux 3aTpaT Ha (PU3NYECKYIO TPAHCIOPTUPOBKY
IIyTEM OTCEUBAHUS HEHANEKHBIX I'PY30IEPEBO3YMKOB U YCTPAHEHHEM PHUCKOB IOPYM I'py3a Ha BCEH
LIENU TIOCTaBOK.

Cxema peanuzaruu TexHosioruu 6ioxdeits B MLII ¢ ucrnonszoBannemM nHGOPMAIMOHHBIX Me-
TOK IIPEJCTaBJIEHA Ha puc. 3.
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Puc. 3. Peanuzanus TeXHOIOTHU OJIOKYEHH B LU IIOCTABOK [26]
Fig. 3. Blockchain technology implementation in the supply chain [26]

JlaHHBIE TEXHOJIOTMU MOTYT OBITh 3((EKTUBHO MCIIOIB30BAHbI Ul YIIPABICHHUS MEXKIYHAPOI-
HBIMU IICTISIMU TTOCTABOK CKOPOMOPTSIIIEHCS MPOAYKIIMU B COYSTAHUU C TEXHOJIOTHsAMHU MIHTEepHET Be-
meit (Internet of Things — [0T) u ymHBIX KOHTpakTOB. B 3TOM citydae texnonorust Blockchain Oyzner
SIBIISITHCSI HE TOJIBKO CPEACTBOM OTCIIC)KMBAHUS M KOHTPOJIS IIETIeH TMOCTaBOK, HO M ITOJIHOIIEHHOTO
ynpasieHust umMu [27]. @yHKIHoHaT paboThl COUETaHHUS TEXHOJIOTUH TPU YNIPaBICHUH LIETISIMHU TOCTa-
BOK C MCIIOJIb30BAHNEM BO3YITHOTO TPAHCIIOPTA MPEICTABICH Ha pHC. 4.

PaccmoTpuM Hcnonp30BaHME KOMOMHALIMH MIPEUIOKEHHBIX TEXHOJIOTHI Ha TIpUMepe yIpaBJe-
HUS [IEThI0 TTOCTABOK TIOJNBITIAHOB M3 JKBazopa B Poccuro. Dta gocTaBka OyJIeT OCYIIECTBISATHCS de-
pe3 HECKOJIBKO CKJIAJ0B C HCIOJIb30BAHMEM HECKOJIBKUX BHJOB TPAHCIOPTA: aBTOMOOWIIbHBIN-
BO3JIYIITHBIM-aBTOMOOMIBHBINA. Vcnonb3oBanne texHonoruu Blockchain mo3BomuT BceM ydacTHHKaM
npoliecca OTTPy3KH U TIOCTaBKU MPOCMATPUBATh BCE TPAH3AKIMHU B IIETIH MOCTABOK. TEeXHOIOTHUS «yM-
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HBI KOHTPAKT» MPOU3BENET aBTOMATUYECKYIO OIJIaTy MEPEeBO3KH MOCIe OOHOBJICHUS JAaHHBIX B pac-
IIPEJIEIICHHON KHUTE 3aIlliCcel, MOATBEPKAAIONINX MTOCTYIICHUE ITAPTUHU L[BETOB HA TPY30BOW TEPMHU-
HaJl a3ponopra. Jlanee B a3ponopTy oTHpaBiieHHus OyJeT poBeleHO o(opMiIeHHE JOKYMEHTOB, TAMO-
’KEHHas IpoBepKa U (pUuTocaHUTApHBIA KOHTPOJb. Hamuume npo3payHoil MHPOPMALMU O MPOUCXOXK-
JCHUH TOBapa MO3BOJMT CYIIECTBEHHO COKPAaTHTh BpeMs 3THX omneparuii. [lorom maptus usetroB Oy-
JIET NOrpy’KE€Ha Ha BO3JYyIIHOE CyAHO. Tak Kak TIoJbIaHbl TPeOYIOT COOJIIOJICHHE TEMIIEPATYpHOIO
pexuMa, KOHTPAKT Ha MepeBO3Ky OyleT BKIOYATh MTpadbl 3a HApYIICHUE TEMIEPaTypPHOTO PEeXUMA,
KOTOPBII OyJ1eT KOHTPOJIMPOBATHCS C TOMOIIBIO MHTEPHET-JaTYUKOB U NepeaBaTh 3a(pUKCUPOBaHHbIE
JAHHbIE B paclpeleIeHHy0 cucteMy. [Ipu HapyIIeHuu yCIOBUI TPaHCIIOPTHUPOBKHU IITpadbl U NEHU
OyAyT aBTOMAaTHYECKH CIIMCaHbl CO CYETa IPy30IEPEeBO3YMKA, & CTPAXOBas KOMIIAHUS yBEJIOMJICHA O
HapyIlIeHusX. Bpemst onepanuii mo TaMOK€HHOM MpOBEpKe M (PUTOCAHUTAPHOMY KOHTPOJIIO B a’3po-
NOPTY Ha3Ha4YeHUs OyleT TakkKe COKPAIEHO 3a CUeT JOCTyIa K JOCTOBEpHON MH(OpMAIMK O IpOHC-
XO0KJICHUH LIBETOB M UX JBWKCHHS B IIETIM OCTaBOK. TakuM 00pa3oM, KOMOMHUPOBAHHAS peann3anus
3TUX TEXHOJIOTHH IO3BOJIUT MOBBICUTH NIPUBJICKATEIIBHOCTh UCIIOJIB30BAHMS BO3LYIIHOTO TPAaHCIIOPTA
B MEKyHapOJHBIX LEISAX IIOCTABOK CKOPOIIOPTALICHCS IPOLYKIUU.

aTuvk1 CEEMECTH:

MOHWTODWHT ¥ KOHTDONL" TEMNEPaTYDE, LABNSHWA, ENEHHOCTH
NPOCNEXMEASMOCTE NDONCXOHIAEHUS; Eresh sensors:
KOHTDOME NOTMCTHMEC KWK ONepaLLmit temperature, pressure, humidity
(OMCTAHLMOKHOES YNPABMEHNE YCNOBMAMM
OKDY¥EHLWEA CPedE B NYTH NPH 4OCTaBKe _ [laTumky MECTONONGHKEHUA:
CODCTBEHHBIM TPAHCNOPTOM, AMHAMWIECKOS WcnonHeHue $pUHAHCOBLIX ONEepaLyii PACNOMNO¥EHUA, COCTOAHNA, BREMEHM
lyNpaBneHmue NOTPEBHOCTLI0 B KONMYECTES LOKOE) Execution of financial transactions Location sensors:
Monitoring and control: position, status, timing
traceability of origin, logistics operations control
(remote management of environmental
conditions in transit, dynamic management and
optimization dock door scheduling)

MHKpOMPOLIECCOPEI, MHKPOKOHTPOMNEPEI,
ONEPaLIMOHHGIE CHCTEMBI, LaNTUPOBaHHLIE K
YPOEHIO YCTROHCTES
Enbedded processors:

microprocessors, microcontrollers, operating
IOT, I nternet- &! systems customized to the unit level
Cepamce enabled sensors, R
Services H i
Blockchain, Acsaiich

Sensors and
Smart-contracts Divices

ONTUMWZALMA NOTMETUYECKHX NPOLIECCOR
Optimization of logistics processes

-&. MocTyN B MHTEPHET W MHGDACTRYETYDA
e NOAKNHUERNA
Communication: i = R
connectivity to network, NpuMeHeHne WHdpacTpykTypa Internet access and connectivity infrastruciure

connectivity between fieet vehicles Application v nargopmbl o
ﬁ Infrastructure ArDETMNOBAHNE 3HHEIX W XDAHEHWE

XpaHeHue W MoUCK: and platform Data agregation and storege

DELRC IDLMS FETHEDS, DO MpOEtec lNpoBepKa AOKYMEHTOB MporpaMMHoe ofecneyenme [oCTyNa K

Storage and retrieval: st e
data logaing, agaregation verification of documents Blockchain nnatdopme

Canab:
NOAKMHUEHNE K CETH,
CER3L MEXY TDAHCMOPTHEIMM CPEACTEAMY

AHANN3 AAHHBIX W NPMHATHE DELUEHIWA
Bata analysis and decision

Puc. 4. KomOMHNpOBaHHOE HCIIOJIb30BaHUE TEXHOJIOTHIA OJ0K4elH, IHTepHeT Bellel 1 UHTEPHET- JaTYNKOB
JUISL yIPaBJICHUs LIETISIMU TIOCTaBOK CKOPOIOPTSILUXCS IPY30B
Fig. 4. Combined use of Blockchain technology, the Internet of things and Internet sensors to manage
perishable goods supply chains

Peanm3zanust TaHHBIX TEXHOJIOTHUN JIJISi ONTUMHU3AINHN JIOTHCTUKHA B PoccH 0COOCHHO aKTyallhb-
Ha, TaK KaK MO3BOJIUT HE TOJHKO COKPATUTh OOIIME TOTUCTUYECKHE 3aTpaThl HA YPOBHE TOCYAapCTBa,
HO U TIOBBICUTH NPUBIIEKATEILHOCT JOCTABKH TPAH3UTHBIX TPY30B Yepe3 TEPPUTOPHUIO CTPAHBI.

[To nanaeiM Beemupaoro 6anka B 2018 1. Poccust Haxoautcst Ha 75 mecte cpean 160 uccneno-
BaHHBIX CTpPaH MO Ka4eCTBY JOTHUCTHYECKOTO cepBuca. CymmapHas onieHka Muaekca s exTuBHOCTH
noructuku (Logistics Performance Indicator — LPI) cocraBuna 2,76. M3 miectn MHIUKATOPOB, UCTIOJIb-
3yeMbIx ansi popmupoBanusi LPI, Ha camom Hu3koMm ypoBHe B Poccuu B 2018 r. HaXOaUTCs KaueCTBO
TaMOXXEHHOTO cepBuca — 2,42 (97 mecTo), najiee Ka4eCTBO MEXKIYHAPOIHBIX TTOCTaBOK — 2,64 (96 me-
CTO) U OTCIIe)KMBAHHUE Tpy3a B LEnH moctaBok — 2,65 (97 mecto). CpeqHee BpeMs TOCTaBKH UMIIOPT-
HBIX TOBAPOB B IIEMAX MOCTaBOK C YYaCTHEM BO3yIIHOTO TPAHCIOpPTA Ha paccTosiHue 2 646 km co-
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ctaBisieT 5 cyTok. CpeHee BpeMsi TAMOXEHHOTO O(hOpMIICHHUS ¢ y4eTOM (U3UUECKOM MHCIIEKLIUHU CO-
craBisieT 4 nHs. Baenpenue texnonoruu Blockchain B ympaBieHue 1ensMu mocTaBOK MO3BOJUT CY-
IIIECTBEHHO TOBBICUTH Ka4E€CTBO JIOTUCTUYECKOTO CEPBUCA IPHU JOCTaBKE BO3AYIIHBIM TPAaHCIIOPTOM.

Peanuzanus JaHHBIX TEXHOJOTHUI MPHU YIPaBIEHUU LIEMSMU MOCTaBOK CKOPOMOPTSIIEHCs Tpo-
OYKIMY C Y4aCTHEM BO3AYIIHOTO TPAHCHOPTA OYJET UMETh CIEAYIOLINE Pe3yIbTaTh:

1. Ympomenue npoueaypbl MPOBEPKH TOKYMEHTOB M COKpAIlleHHE BPEMEHU Ha3eMHOW o0pa-
OOTKU TPY30B B TEPMHHAJIC a3pPOMOPTa OTIPABJICHHS U adpONOpTa Ha3HaueHus. Hampumep, moctaBka
OXJIQXACHHBIX TPy30B U3 BocTounoit Adpuku B EBpony TpeOyeT meuareld U pa3perieHuii mpuMepHO
or 30 4yenoBeK M OpraHM3alui, KOTOPhIE B3aUMOJEHCTBYIOT APYT C JAPYIOM B 3TOM Iporiecce Ooisee
200 pa3. CroumocTb ohopMIIEHHUS BCEX TOKYMEHTOB onieHuBaeTcs B 15-50% OT cTOMMOCTH 1epeBO3KH
rpy3a. [Ipu ucnons3zoBanuu TexHonoruu Blockchain puck ommOoK mpu 3amoiHeHNH JOKYMEHTOB CBO-
JUTCS K HYJIIO ¥ CYIIECTBEHHO COKpAIIaeTcs BpeMs UX MIPOBEPKHU.

2. IlpocroTa B uaAeHTHU(PHUKAIMN KOHTPA(PaKTHOMN MPOAYKIUH.

3. [Ipo3paunHoe OTCIIC)KUBAHUE TIPOUCXOKICHUS TOBApa M KOHTPOJIb MUIIEBON 0€30MMacHOCTH.

4. KoHTpOJb JOTUCTHUYECKUX ONEPALMN M ONPEIEIIEHUE OTBETCTBEHHOCTU IPU HApYLIEHUHU
yCcioBHUH J10CTaBKU. [10CTOSHHBI MOHUTOPUHT COOJIIO/ICHUS] TPEOOBAaHUHN K YCIOBHUSAM JOCTABKH I103-
BOJIUT OTCJICKUBATh MOMEHT BPEMECHH HApPYyIICHUs JIOOBIX YCIOBUU TOCTABKU U OMPENCISATh OTBET-
CTBEHHBIX JIULI.

5. OnTumu3anus JJOTUCTUYECKUX MTPOLIECCOB U MIPUHATHE yIIpaBlieHYecKuX pemeHui B L1

6. ABTOMAaTH3aIlWs UCIIOTHEHUST (DUHAHCOBBIX OIEpaIni.

7. ®opMHUpOBaHUE UCTOYHUKA CTATUCTHUYECKON MH(POPMAIUU ISl TOCYAapCTBEHHBIX OPraHOB
yIOpaBieHUs M0 Ipy30000pOTYy AJIsi IPOrHO3UPOBAHMSI U TUTAHUPOBAHMS TPAHCTIOPTHOM AESITETLHOCTH.

Hcnonp3oBanue JaHHBIX TEXHOJOTUN B COYETAHWU C MHHOBALMOHHBIMU TEXHOJIOTHSIMU KOH-
TPOJIsl KaYyecTBa MUILEBON MPOAYKIIMH MO3BOJIAT CYLIECTBEHHO COKPATUTh 3aTpaThl HAa yIIpaBIICHUE 1ie-
IIIMU TIOCTABOK CKOPONOPTSALIEHCS TPOTYKIUH.
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USE OF BLOCKCHAIN TECHNOLOGY AS SUPPLY CHAIN MANAGEMENT
SYSTEM INVOLVING AIR TRANSPORT

Irina O. Poleshkina', N atalya V. Vasilyeva1
"Moscow State Technical University of Civil Aviation, Moscow, Russia

ABSTRACT

This article explores Blockchain Technology, and how it can be used in the context of information exchange between stakeholders
in international supply chains and networks involving air transport. The article reviews the global experience with this technology
of iconic companies (Maersk, Lufthansa, Walmart, Unilever, Nestle, Samsung, British Airways) in logistics and supply chain
management. It highlights the features of international chains using air transport, which predominantly consist of two categories of
goods: goods with high added value (electronic devices and their components, fashion industry products, jewelry) and goods with
strict delivery time requirements (pharmaceuticals, live animals, perishable products, e-commerce products and mail). The study
shows that perishable goods have great potential for increasing airline cargo turnover. However, at present, there is no single
universal tool for managing their supply chains since the tools used (ERP, SRM, TMS, WMS) do not provide complete
transparency of information exchange between all stakeholders. The most problematic stage in the delivery to control steps in the
delivery of perishable goods by air occur on the ground, while goods are being handled at the airport of departure and the airport of
destination. Difficulties arise while checking the correctness of paperwork, labeling and information authenticity about the product
origin. The article suggests using block chain blockchain technology in combination with [oT and smart-contract technologies for
SCM of perishable products using air transport. The use of this technology allows to reduce the time of document verification
procedures. Customs clearance and phytosanitary control could be vastly improved. Overall tracking and monitoring of a product
from the moment of its production to the destination simplifies the identification of any counterfeits, improves the quality of food
safety control. A greater level of control becomes possible in logistics operations, to determine liability in possible delivery
conditions’ violations cases. Overall optimization of the logistic processes, automatization of the execution of verified financial
transactions can be achieved. The use of these technologies in combination with innovative technologies for food quality control
will significantly reduce logistics costs in the supply chains of perishable products.

Key words: blockchain technology, air transport, perishable goods, information exchange, delivery technology, international
supply chains, ground handling, Internet of things, smart contract.
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PACUYET DKBUBAJIEHTHBIX HANIPSI)KEHUI U DKBUBAJIEHTOB
IMPOT'PAMM YCTAJIOCTHBIX UCTIBITAHUM DJIEMEHTOB
KOMIIO3UTHBIX ABUAKOHCTPYKIIUU

1
B.E. CTPHKNIYC
] o o« o« o
Mockosckuil a8uayuoOHHbIL UHCMUMYM (HAYUOHATbHBIU UCCIe008AMENbCKULL YHUBEPCUMENT),
2. Mockea, Poccus

I/ISBCCTHO, 41O 1 MCTAUIMYCCKHUX J3JICMCHTOB aBI/laKOHCprKLII/lﬁ «OKBUBAJICHTHOC HAIIPAKCHUE» SABJICTCA OJHHUM U3
B)XHEMIIMX IIApAMETPOB, UCIIOIb3YEMBIX Ul OLIEHKM YCTAJIOCTHOM IOBPEXIAEMOCTH JIEMEHTA KOHCTPYKLUM IIPU 33JaHHOU
MporpaMMe €ro YCTATOCTHBIX HcHbITaHuil. [IpencTraBneH MeTonq M INpolenypa OIEHKM 3HA4eHWI 3TOro mapamerpa Uit
METAJUIMYECKUX 3JEMEHTOB aBUAKOHCTPYKIMH. OTMEUYEHO, 4YTO JUIS DJIEMEHTOB aBHAKOHCTPYKLMHM M3 IOJHMMEPHBIX
KOMITO3UIIMOHHBIX MaTepHajIoB B HACTOSIIEE BPEMsI B OTEUECTBEHHBIX M 3apyOEKHBIX HCCIIEIOBAHMSIX YCTAJIOCTHOM IPOYHOCTH
MO/IOOHBIX 3JIEMEHTOB HE ONpE/CIEHbl HU CaMO IIOHSTHE NapaMeTpa «3KBHBAJIEHTHOE HANPSHKCHHE», HU METOIbl PacueTHBIX
OLIEHOK 3HAa4eHHH 3Toro napameTpa. C HEnbio JOCTIKEHNS! OIPEAEIIEHHOTO TIPOrpecca B paccMaTpHBaeMOon 00J1acTH IPEUIOKEHO
OIIpEJIeNIeHNEe TapamMeTpa «IKBUBAJICHTHOE HANPSDKEHHE» MPOTPaMM YCTAJIOCTHBIX WCHBITAHWN UIS 3JIEMEHTOB KOMITO3HTHBIX
ABUAKOHCTPYKIMH. Jljist cilydas HarpykeHHs OJHOOCHBIM pPAaCTSDKEHHEM-CKATUEM JIAMUHATOB M3 CIIOUCTBIX KOMIIO3HTOB,
MPEIICTABIAOIIMX BEPXHUE U HIDKHUE MAaHEIN KOMIIO3UTHBIX KPBUIbEB CAMOJIETOB TPAHCIIOPTHOM KaTEropyy, MPEIoKeH METO
pacyeTHOH OLIEHKM 3HauYeHMil 3Toro mapamerpa. [loka3aHo, YTO ¢ MCIIONB30BaHUEM MApaMeETPa «3IKBUBAJICHTHOE HAIPSDKECHUE)
BO3MOJKHO PELIEHUE CIEAYIOIIMX OCHOBHBIX 3a/1au: OLICHKA OBPEXKIAEMOCTH JIEMEHTa KOHCTPYKLIUH TP 331aHHON TIporpamMme
€ro YCTAJIOCTHBIX MCIIBITAHUH; CpaBHEHHE TOBPEXIAEMOCTEN Pa3INYHBIX MPOrpaMM, pacdeTHas OLEHKAa SKBUBAJIEHTOB MEXITY
MpOrpaMMaMy; pacueT YCTaJOCTHOM JOJITOBEYHOCTH OOpAa3LoB M 3JIEMEHTOB M3 CJIOUCTBIX KOMIIO3UTOB C HCIOJIb30BAHHEM
KPHUBOM YCTaJIOCTH NPHU PEryaspHOM HarpykeHud. OTMEUEHO, 4TO NPHHIMIHAIBHBIM MOJ0KEHUEM MNpejIaraéMoro MeToja
PacyeTHOI OLIEHKU SKBHBAJICHTHBIX HAIPSDKEHHUH U SKBUBAICHTOB IPOIPaMM YCTAIOCTHBIX UCIBITAHUI SBIISCTCS HCIIONB30BAHNE
CMELUATbHOM THIOTE3bl CYMMHUPOBAHUSI YCTAIOCTHBIX MHOBpexkaeHWl. IIpeacTaBneH mpuMmep pacuera SKBUBAICHTHBIX
HAIPsDKESHNH 1 SKBUBATICHTOB PA3TMYHBIX MOAN(PHUKAINA KBa3UCTyJalHOH IPOTrpaMMBI TSl 00Pa3IoB CO CBOOOTHBIM OTBEPCTHEM
3 yriemnactuka 1300/5208 [45/0/-45/90],. I[lpoBemeH pacyeT YCTaJOCTHOHW JOJNTOBEYHOCTH YKA3aHHBIX OOpasloB MpH
HarpyXeHnH PacCMOTPEHHBIMH MOJU(HKALSAMU C WCHOJIB30BAHHEM IIOTyUYEHHBIX 3HAYCHWH SKBUBAJICHTHBIX HANPSDKCHUH W
9KBUBAJICHTOB. [I0Ka3aHO XOpOIIIEe COBNAICHUE PACUETHBIX PE3YNIBTATOB U 3KCIIEPUMEHTAIBHBIX JAHHBIX.

KimoueBble cj10Ba: CIIOMCTBIC YITICIIIACTUKH, DJIEMEHTBI KOMITIO3UTHBIX aBHaKOHCprKHHﬁ, KBa3PICJ'Iy‘IaI\/'IHBIC TIporpaMmbl
YCTaJIOCTHBIX MCHblTaHHﬁ, OKBUBAJICHTHOC HAITPSIXKCHUEC, DKBUBAJICHT, PACUCTHLIC OLICHKU yCTaJ'lOCTHOﬁ JOJITOBEYHOCTH.

BBEJEHUE

W3BecTHO, 4TO ISl METALIMYECKHUX JIEMEHTOB ABUAKOHCTPYKLUN «IKBUBAJICHTHOE HAIPSIKE-
HUE» SBISAETCA OJHUM U3 BAXKHEUIIMX IIapaMETPOB, UCIOJIb3YEMBIX I OLCHKU yCTAJIOCTHOM IOBpeE-
JKJAEMOCTH KOHCTPYKTUBHBIX JIEMEHTOB IIPH 3aJaHHBIX IIPOrpaMMax UX yCTAIOCTHBIX UCIIBITAHUH.

C ucnonp30BaHUEM ATOTO MAapaMeTpa BBIIOJIHAIOTCS KaK pacueThl YCTATIOCTHOW JIOJIFOBEYHOCTH
METAJUIMYECKUX AJIEMEHTOB aBUAKOHCTPYKIUI, TaK U OLIEHKU HKBUBAJIECHTOB (CpPaBHEHHE YCTAJIOCTHBIX
MOBPEKIAEMOCTEN) Pa3IMUHBIX IIPOrPAaMM YCTAJIOCTHBIX MCIBITAHUN TAKUX JIEMEHTOB, B TOM UHUCIIE U
OLICHKH 3KBUBAJICHTOB MEXy IIPOTPAMMHBIM U PETYJIIPHBIM HUKINYECKUM HATPYKECHUEM.

Yro kacaercs 371€MEHTOB aBUAKOHCTPYKLUHUN U3 MOJHMMEPHBIX KOMIIO3UIMOHHBIX MAaTEpUAIOB
(ITIKM), cnenyeT OTMETUTh, UTO B HACTOSIIEE BPEMS B OTEUECTBEHHBIX U 3apyOeKHBIX UCCIIEOBAHUSIX
YCTaJOCTHON MPOYHOCTH MOAOOHBIX 3JIEMEHTOB HE ONpEAEIeHbl HU caMO MOHATHE MapaMeTpa «3KBH-
BaJICHTHOE HAIIPSHKEHHME», HU METOJbl PAaCUETHBIX OLIEHOK 3HaueHUU 3Toro mapamerpa. Kakue-nmu6o
METObI PACUETHBIX OLEHOK YKBUBAJICHTOB IIPOTPaMM yCTAJIOCTHBIX UCIBITAHUM [JIs JIEMEHTOB KOM-
ITO3UTHBIX ABUAKOHCTPYKIMI TaKKE OTCYTCTBYIOT.

B nacrosieit cratee 014 ciyuas nazpysrcenuss 0OHOOCHbIM PACHANCCHUEM-CIHCATNUEM TAMUHA-
mosg u3z cnoucmuix IIKM, npedcmasnsaiowux éepxuue u HUMCHUE NAHeaU KOMIOZUMHBIX KPbLIbEE CaMO-
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J1emoe mpancnopmHou Kame2opuu, TPEATI0KEHb METObI PACYETHBIX OIICHOK SKBUBAJICHTHBIX Harmpsi-
’KEHUH M SKBUBAJIICHTOB ITPOTPAMM YCTAJIOCTHBIX UCTIBITAHUH TAKUX JIEMEHTOB.

[IpennoxxeH MeTon pacyeTra yCTaJOCTHOW JOJTOBEYHOCTH PACCMATPUBAEMBIX JIEMEHTOB IpHU
Harpy>KeHUH MIPOTpaMMaMH yCTAIIOCTHBIX MCIBITAHUH C MCIOIb30BAaHHEM KPHBOM YCTAJIOCTH 3JIEMEH-
TOB IIPH PETYJISIPHOM LUKIMYECKOM HarpyKEeHHUU.

[IpuBenen mpumep pacueTa SKBUBAJCHTHBIX HANpPSDKCHUH M SKBUBAJICHTOB PAa3JIMYHBIX MOJIH-
¢ukanmii nporpammbl TWIST [1] mnst oOpas3noB co CBOOOTHBIM OTBEPCTHEM U3 YIJICIUIACTHKA
T300/5208 [45/0/-45/90],s, npeacTaBneHHbix B padote [2]. IlpuBenen mpumep pacuera ycTaioCTHOM
JIOJITOBEYHOCTH PACCMATPUBAEMBIX 00pa3IOB C MCIOJIb30BAHUEM MOIyYEHHBIX 3HAUCHUH KBUBAJICHT-
HBIX HaNpsDKeHWH M 9KBHBAJICHTOB. [Toka3aHo Xopomiee COBIaJeHHE PACUETHBIX M SKCIEPHMEHTANb-
HBIX JTAaHHBIX.

METOIUKA PACUETA SKBUBAJIEHTHBIX HANIPSI)KEHUM 1 SKBUBAJIEHTOB
JJIAA METAJVIMMECKUX 2JIEMEHTOB ABUAKOHCTPYKIIUU

OueBuHO, YTO TIPU GOPMHUPOBAHUU METOJOB U MPOLIETYP pacdyeTa SKBUBAJCHTHBIX HaIpsiKe-
HUM U 9KBHUBaJEHTOB uig >neMeHToB u3 IIKM nenecoobpa3zHo paccMOTPETh OCHOBHBIEC MOJIOXKEHUS
METOJIMKM pacyeTa SKBUBAJICHTHBIX HANPSKEHUM W HKBUBAJICHTOB I METAIIMYECKUX SJIEMEHTOB
ABUAKOHCTPYKIIMM.

JlelicTBy1o111ast B HACTOSIIIIEE BpEMS OTpaciieBas MeToxuKa' pacyeToB Ha yCTaJOCTh METaJNINye-
CKHX DJIEMEHTOB aBHAKOHCTPYKIIMHA JJIs CITydas OJJHOOCHOTO ITMKIMYECKOTO HArpyKEeHHs MOI0OHBIX
AJIEMEHTOB PACTSKEHHEM-CKATHEM OCHOBAaHA HA PacyeTe YCIOBHOW BEJIMYMHBI YCTAIOCTHOTO MOBpE-
JKJICHHUS] IPOrpaMMbl HArpy> >KEHUs, MPEICTABICHHON B BUJIE MOCIEIOBATEIBHOCTH «IOJHBIX LUKIOBY.
Kaxxnprit e IMHUYHBINA UKII, XapaKTEePUIYIOMIUNACS aMIUIUTYAOU O, ; U CPEAHUM 3HAYEHUEM Oy, ; (UIU
MaKCUMAJIbHBIM Oy ; 1 MUHUMAIBHBIM Oy ; 3HAYCHUSIMU ), IPUBOJUTCS K SKBUBAJICHTHOMY OTHYJIC-
BOMY LIMKJIy C MAKCUMAJIBHBIM 3HAUYECHUEM LIUKIIA Oy, ONPEAEIIEMBIM 10 COOTHOLLIECHUSM:

\[ani X cSmax i npu Gm i = 0’

G, = \/Ex(oai+0.20mi)npu ,;<0 u o

ol

> 0;

max i

Onpu o <0.

max i

Hcnone3yst rTunoTe3y TUHEHHOTO0 CYMMUPOBAHHUS YCTAIOCTHBIX TTOBPEXKACHUN JIJIsI KaKOU-TH00
IIPOrpaMMbl Harpy>keHusi, MPeACTaBIAIoIE cO00N COBOKYNTHOCTh SKBHBAJIEHTHBIX OTHYJIEBBIX LIHK-
JIOB, MOTYT OBITH ONIPEAENCHBI IKBUBALIEHMHDIL TI0 BHOCUMOMY TOBPEXKACHUIO 00UH OTHYJIEBOU ITHKI
HaANpPSDKEHUS, MaKCUMaJIbHOE 3HaYEHHE KOTOPOT0 MOXKET OBITh BHIYHUCIIEHO 1O (hopmy:ie:

_ m
Gal)%n =X Z(nz XGoi)

Y BeJIMYMHA YCTAJIOCTHON MOBPEXKAAEMOCTH NMPOTrPaMMbl B BUJIE:

D=Yn,IN,=(1/ H)x Y (nxc0, ).

' Merozuka onpe/eneHns pecypca IIaHepa caMolleTa Ha CTaIuM dKcIyaTanun. IIpoekt Boimycka 8 kuuru 4 PJIK. XKy-
koBckul, HATH. 1976.
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rae
® 71; — YUCJIO OTHYJICBBIX ITUKJIOB C MAaKCUMAJIbHBIM 3HAYCHHUEM Oy,
e N, — YuCJO OTHYJEBBIX IIUKJIOB C MAaKCUMaJIbHbIM 3HAYEHUEM O, 1O MOMEHTA MOSBICHUS
TPELINHBI WU 10 Pa3pyILICHUS;
® M — TOKa3aTeNib CTENEHU ()11 OTEYECTBEHHBIX AJIOMUHHUEBBIX CIUIABOB MPUHUMAETCS, Kak
npaBuiio, paBHEIM 4,0);
e A4 — HEKOTOPbIN HapaMeTp.
MakcumanabHOE 3HAUCHUE IKBUBANECHMHO20 TI0O BHOCUMOMY TMOBPEKIECHUIO OJTHOTO OTHYJIEBOTO
[UKJIa HATPSOKEHUS U MPUHITO HA3BIBATH 9KGUBANECHMHbIM HANPAdCEeHUeM TIPOTPaMMbl yCTATOCTHBIX
WCIIBITAaHUH WM CIIEKTPA YCTAJOCTHBIX HArPYy30K JUIsl METATHYECKUX JIEMEHTOB aBUAKOHCTPYKITUH.
[Ton pacueTHBIM PKBUBAJIEHTOM MEXIY IporpamMmmMamMu «1» u «2» MOHUMAaeTcs BEeTUYMHA:

KBKB:DI /D2:N2 /NIZ(GBKB 1/G3KB 2)m-

IIpu u3BecTHOM SKBUBANEHTE K, MEXKITY TTpOrpaMMaMu «1» U «2» U W3BECTHOM yCTaIOCTHOM
JIOJITOBEYHOCTH | paccMaTpUBAEMOTO 3JIEMEHTAa KOHCTPYKUMU MPHU HArpy>KEHUU Mporpammoit «1»,
YCTaJIOCTHAS JOJTOBEYHOCTh TOTO JK€ DJIEMEHTa MPH HArpy>KeHWU MPOrpaMMoi «2» MOKET ObITh
omnpejiesieHa Kak:

N2=N1 XKaKB .

PACUYET SKBUBAJIEHTHBIX HANIPSIXKEHUI 1 SKBUBAJEHTOB ITPOTPAMM
YCTAJOCTHBIX UCITBITAHUN IAMUHATOB U3 CJIOUCTBIX IIKM

s popmupoBaHus MpoLEeAyphl pacueTa SKBUBAJICHTHBIX HANPSKEHUN U HIKBHUBAJIEHTOB IpO-
rpaMM YCTaJIOCTHBIX HCIIBITAaHHI JaMUHATOB U3 ciaoucThix [IKM nenecoobpa3Ho paccMOTpeTh OCHOBHBIE
MIOJIO’KEHUSI METO/Ia pacyeTa Ha yCTaJOCTh TaKUX JIEMEHTOB.

[To pesynbpraram 0030pa W aHanM3a JAHHBIX, MPEJICTaBICHHBIX B padorax [3—14], MoxHO
c(hOopMHPOBATH CIIEAYIONINE OCHOBHBIE ITOJIOKEHUS TAKOTO METO/1A.

1. B kayecTBe pacueTHOrO ypaBHEHHUsS KPUBOW YCTaJOCTH JaMMHATOB M3 cioucthix ITKM
MpeJiaraeTcsl UCIoJb30BaTh ypaBHeHue Mennemna (Mandell) [3, 4] nns ciydas OJTHOOCHOTO peEry-
JSIPHOTO LIUKIMYECKOTO HArpyKEeHUsl pacCMaTPUBAEMBIX 3JIEMEHTOB CUMMEMPUUHBIM YUKTOM PACHIS-
JICEHUS-CHCAUSL

o =a+b-1gN, (1)

a

rac

e o' —ammmMTyIa CHMMETPUYHBIX IMKIMYECKHUX HAIPSKEHHH pacTskeHHs-cxkaTus (¢ Ko-

a
3 purmeHTOM aCUMMETPUH HaNPsDKEHUH R=—1);

® au b— mapameTpsl ypaBHEHHS.

2. TlpenmonaraeTcsi, 4TO C HCIOJB30BAaHHEM METOJA <«JI0KIEBOI'O IOTOKa» IHMKINYECKOEe
Harpy>keHHEe pacCMaTPUBAEMBIX MIPOrPaMM MOXKET ObITh MPECTABICHO B BUJE HEKOTOPOU MOCIIeI0Ba-
TEIHHOCTU MOJIHBIX IHKIIOB C PA3MUYHBIMU aMIUTHTYJAaMH HANPsOKEHUH U Pa3IuuHBIMH YPOBHIMHU
aCUMMETPHUU IIUKIMYECKOTO Harpy>KeHusl.

3. B kauecTBe muarpamMMbl IOCTOSIHHOW yCTaJOCTHOM JOJTOBEYHOCTH I10 pe3ysbTaTaMm 0030pa
W aHaJM3a JaHHBIX paboT [5—11] MoxkeT OBITh UCTIOIB30BAHO MOOUpuUYUPOBaHHOe YpaBHEHNUE XappH-
ca (Harris) [11]:
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u A%
R=—1 _ G.i Surs '|GUCS| )
GCui = u v ? ( )
(Curs =Om:) '(|GUCS| +0,,;)
riae
® 0, —aMIUIUTYJA i-T0 IUKJIA PACCMATPUBAEMOT0 IUKIMIECKOTO HAT Py KECHHS;

® 0, , —CpelHee 3HaUCHHUE i-T0 IIMKJIa pAaCCMAaTPUBAEMOT0 IUKINYECKOTO Har Py KEeHHUS;
® 0, — IIPeaeT NPOYHOCTH PACCMAaTPUBAEMOTO AIIEMEHTA MIPU PACTSIKCHUH;
® 0, — IIpenen NIPOYHOCTH PACCMaTPUBAEMOTO HJIEMEHTA IIPU CXKATHH;

® U U V — IapaMeTpbl, 3aBUCAIINE OT YCTAJIOCTHOW TOJTOBEYHOCTH PACCMATPHUBAEMOIO dJIe-
MEHTa;
o oF _

. aMIUTUTY/1a SKBUBAJIEHTHOTO IO MOBPEXKIaEMOCTH CUMMETPUYHOTO IIUKJIA HArpyKe-
HUSI, COOTBETCTBYIOWIASl onpedeneHHol (PukcuposanHol) yCTaJOCTHON IOJITOBEYHOCTH
JJIEMEHTA.

ITo nanHbIM paOoOTHI [5] 3HAUEHUS MAPAMETPOB U U V MOTYT OBITh ONPEEICHBI KaK:

>

u=0,0331gN+2,032; v=0,0681gN +2,089.

C uenbro MpakTUYECKOTO HCIIONb30BAHMS COOTHOIICHUS (2) ATl npubaudxiceHHvlx OLIEHOK ove-
BUJIHA HEOOXOJUMOCTH MONYUCHUS CPeOHUX 3HA4eHuli TTapaMeTpoB ¥ U V , €AUHBIX ISl BCETO auarna-
30HAa «pabOYMX» JONTOBEYHOCTEH paccMaTphBaeMbIX >1eMeHToB N =107 +10°. B kauecTBe Takmx
CpEIHUX 3HAYEHUM MOIydeHbl crenyromue: u = 2,18; v =2,40.

5. B kauecTBe runoTte3bl CyMMHPOBAHUS yCTAJIOCTHBIX MOBPEKIEHUI IO pe3yiabTaTaM 0030pa
W aHanM3a JaHHbBIX padoT [12—14] nns paccMaTpuBaeMBbIX JIEMEHTOB IIPU MPOTPAMMHOM HarpyKeHUH
MOKET OBbITh UCTIOJIb30BaHa runote3a Xay u Oysna (Howe and Owen) [14]:

2
Dblocki Al L4 B 2| |, 3)
i=1 N; N;

1

rae
®  Djjock — HAKOTUIEHHOE YCTAJIOCTHOE TTOBPEXKICHUE 32 OJIOK Harpy30K pacCMaTpUBaeMOM Mpo-
IpaMMBbL;
® 71; — KOJIMYECTBO IUKJIOB HArPy>KEHUS NIPH yPOBHE HAPSHKEHUH O, ;

e N; — KOJIMYECTBO IIMKJIOB HATPYKEHMS 10 pa3pylLICHUs pacCMAaTPUBAEMOIO 3JIEMEHTA MpPH
YPOBHE HaNpsHKCHUN O ;

® k- KONMYECTBO LIUKIIOB HArpy>keHusi B OJIOKE Harpy30K MPOTrPaMMBbI;

e A u B - napameTpsl COOTHOLIEHUS, He 3a8UCAUUe OM YPOBHS HANPANCEHUs U ONIPeIeIieMble

€ UCNOL308AHUEM PESPECCUOHHO20 AHAIU3A U38ECTNHBIX IKCNEPUMEHMATbHBIX OAHHDBIX.

B pabote [15] mpeacraBneHsl TaHHbIE 00 YIOBICTBOPUTEIBHBIX Pe3yJIbTaTax MPaKTUYECKOTO
MCIIOJIb30BaHUsl COOTHOLIEHHs TUNoTe3bl Xay U OysHa IPHU pacUETHBIX OLIEHKAaX YCTaJOCTHOW J0JIro-
BEYHOCTU 00pa3LioB cO CBOOOJHBIM OTBEPCTHEM U3 YIJICIUIACTHKA TMPHU KBA3UCIy4yailHOM HarpyXeHUH
nporpammoit TWIST. Takum o6pa3om, MOKHO TOBOPUTH 00 ONPEIEICHHBIX NEPCHEKTHBAX UCIOIb30-
BaHus runote3bl Xay u OysHa Ipy IpOrpaMMHOM Harpy>keHuH ciouctbix [TKM.
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6. HpI/IHI/IMaeTCﬂ AONYHICHUEC, YTO HAKOIUICHHOC MOBPCKACHUC B MOMCHT YCTAJIOCTHOTO pa3s-
pyLIeHHS (TIOBPEXKIACHUS):

D = Nyt X Dyjoer, =1,

rae Ny, — ycranocTHas noiaropedHocTs ciouctoro IIKM B kommdecTBe OJ0KOB paccMaTpUBAaEMbIX

porpamm.
Orcrona:

Nblock =1 / Dblock'

7. W3BecTHO, YTO JUIS 3JIEMEHTOB ABHMAKOHCTPYKUUI OJOKM HPOrpaMMHOTO HAarpy>KeHHsS
0OBIYHO COOTBETCTBYIOT OIpEIEICHHOMY KOJIMYECTBY THUIIOBBIX MOJIETOB. B 3TOM ciydae ycranocTHas
noaroeyHocTs cinouctoro [IKM B konudecTBe M0JIETOB ONPENESAETCS Kak:

ot = Nptock X BL,
rne BL — pasmep (B mosetax) Onoka mporpaMMHbIX Harpy3ok. Hampumep, mis nporpammsr TWIST
BL=4000 nonteton [1].

O4eBHIHO, YTO CIPABEIITUBBI TAKKE CIIEIYIONINE COOTHOIICHUS:

D flight = Dy / BL; N Jlight =1/ D light*

I/ICHO.HB3y51 OCHOBHBIC TTOJIOKCHHUA U COOTHOIICHUA MPCACTABJICHHOTO BBIIIC METOAA, AJId CIICK-
TPOB MPOTPAaMMHOTO HarpykeHus cIoucThix [IKM moskeT OBITH ompeneneH sKkeusaieHmHblii 10 BHO-
CUMOMY IMOBPEKICHUIO 00UH CUMMETPUUHBIM LIMKJI HANPSOKEHMSI, aMILIUTYJa KOTOPOTO C MCIOJIb30-
BaHHEM ypaBHEHHs (1) MokeT OBITh BBIUKCIICHA TIO (hopmyIie:

Coeqn = a+D-18(1/ D ). )

aeqv

AMmmryny o

aeqv
LMKJIa HAmpsDKEHUS W TMpeAJiaraeTcsi MPUHUMATh KaK JIK6UBANEHMHOe HANpsdiceHue TPOorpamm s
caouctbix [IKM.

B ciydae cnoxHbIX OporpamMm HarpykeHusi (K KOTOPBIM OTHOCHUTCS, HalpuUMmep, Iporpamma
TWIST) skBuBajieHTHOE HANPSHKEHHE OTPAXKAET TOBPEKIAEMOCTh CPEOHECMAMUCMUYECK020 (N0 No-
8pedcoaemMocmu) munoso2o noiema npocpammol.

[Ipennaraercs cnegyromnas mpoueaypa pacuyera SKBUBAJICHTHBIX HANPSKEHWM, 5KBUBAJICHTOB U
YCTaJIOCTHBIX JToJroBeyHOCTeH croucThix [TKM.

1. Ompenenenue mapaMeTpoB KpuBo# ycramocTH (1).

2. ®opMHpOBaHUE CIIEKTPOB HOPMAILHBIX HOMHUHAJIBHBIX HAMPSHKCHUN (B CEUCHUU «OPYTTO»
paccMaTpuBaeMoOro 3JeMeHTa), COOTBETCTBYIOIIMX CIIEKTpaM Harpy30K paccMaTpHUBaEMbIX IPOrPaMM.

3. OO6paboTKa CIIEKTPOB HAMPSKEHUI METOJAOM IIOJTHBIX ITUKJIOB» WM METOAOM «I0XKIECBOTO
IIOTOKa» M MPEACTaBICHUE CIEKTPOB HAIPSHKEHUI B BUJIE NTOCIIEOBATEIBLHOCTEN MOTHBIX LIUKIIOB.

4. llpuBeneHue KaxAoro BBIIECIEHHOTO €IWHUYHOTO i-IO LMKJIA, XapaKTepPU3YIOIIETOoCs aM-
IUIMTYAON O, ; U CPETHUM 3HAUYEHUEM Oy, ;, K DKBUBAJIEHTHOMY CUMMEMPUUHOMY YUKTY C UCTIONb30Ba-
HUEM COOTHOIIEHUS (2).

IKeUedieHmHo20 110 BHOCUMOMY ITOBPCIKACHHUIO 00H020 CUMMEMPUUHO2O
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5. OmpexneneHue BeTUYHUHBI V; sl KQXKIOTO BBIICIEHHOTO ITUKJIA C UCMOJIB30BAHUEM YpaBHE-
Hus (1) B BuzE:

_(R=1 _ PN G/
IgN, =(c,; a)/b wma N, =10 .

6. OmnpezneneHue BeJMYMHBI HAKOTJIEHHOTO YCTAJIOCTHOTO MOBPEXACHUS B PacCMaTpUBacMOM
AJIEMEHTE 3a OJIOK Harpy30K paccMaTpUBaeMOU MPOrpaMMbl C UCIIOIH30BaHUEM COOTHOIIEHUS (3).

7. OmnpeneyieHHE YCTAIOCTHOW IMOBPEXKIAEMOCTH PACCMAaTPUBAEMOIO 3JIEMEHTa 3a THUIIOBOM
MOJIET pacCCMaTPUBAEMOM MTPOTPaAMMBI:

D pign = Dyjocr / BL.

8. Pacuer sksusanenmuvix HanpsiceHull pacCMaTPUBAEMON MPOrPAMMBI C HCIOJIb30BAHUEM
cooTHouIeHus (4).

9. Pacyer ycTamoCTHOM [OJITOBEYHOCTH PACCMATPUBAEMBIX 3JIEMEHTOB C HCIOJIb30BAHUEM
KpuBoi1 yctanoctu (1) B BUzE:

—a)/b

N gy =107 (%)

10. Pacuer sk6usanenmog CieKTpoOB MPOrpaMMHOI0 HArpy>KEHUS MEXIY cOOO0M U pacueT 3KBU-
BAJICHTOB MOJU(UKALMI paccMaTpUBAEMbIX CHEKTPOB BBINOIHIETCS C MCIOJIb30BAHUEM COOTHOIIE-
HUS:

ight

(Gae v(2) " Oa eqv )/b
Keqv = Dﬂight(l) /Dﬂight(Z) = Nﬂight(Z) /Nﬂight(l) =107 @ e (6)

11. Ilpu u3BeCTHOM dKBHBaneHTe K, MEKLYy IporpaMmamMu «1» u «2» W U3BECTHOM oKcnepu-

MEHMANbHOU YCTAIOCTHOW TONTOBEYHOCTH N, )

Harpy»eHuu nporpamMmoil «1» (KoTtopasi yCIOBHO MPUHATA 3a «3TAJOHHYIO»), pacuemHas yCTanocT-
Hasl JTOJITOBEYHOCTh TOTO YK€ AJIEMEHTA MPU HArpyXEHHUU MPOTPAMMON «2» MOXKET OBITh OmpeescHa
KakK:

paccMaTprUBaeMOro 3JIEMEHTa KOHCTPYKIMH MpU

X l O(Gu eqv(2) —O4 eqv(l) )/b

Npred(Z) :Ne ><1<eqv =N,

exp(1)

xp(1) (7

CnengyeT OTMETHUTH, YTO pacyeT SKBUBAJICHTHBIX HAINPSHDKEHUW M 3KBUBAJICHTOB IPOrPaMM
YCTaJIOCTHBIX UCHBITAaHUM CiIoUCThIX IIKM B mpuHIHIE BO3MOXKEH M MPU HCIOIB30BAHUM TMIIOTE3BI
JUHEMHOTO0 CYMMHUPOBaHHUS YCTAJIOCTHBIX MOBpexAeHuil (mpaBuia [lanemrpena-Maitnepa). B atom
Ciy4ae MpeJCTaBICHHAs BBIIIE MPOIEAYypa PacyeTa SIKBUBAJICHTHBIX HAIIPSIKEHUN U SKBUBAJIEHTOB CO-
XpaHseTcs, HO BMECTO COOTHOLIEHMS (3) HAKOIJICHHOE yCTaJOCTHOE MOBPEXIeHHE 3a OJOK Harpy3ok
paccMaTpuBaeMol IIPOrpaMMBbl ONPEAEIISIETCS KaK:

Dyjoer = Zﬂ, ()

rie
®  Djjock — HAKOIICHHOE YCTAJIOCTHOE IMOBPEXKACHHUE 3a OJIOK HArPy30K MPOTPAMMBIL;
® 7, — KOJIMYECTBO LIUKJIOB HA i-M YPOBHE Harpy>KeHHUS;
e N, — KOJIMYECTBO LMKIOB /10 pa3pylIEHUs pPacCMaTpUBAEMOIO 3JIEMEHTa Ha i-M YPOBHE
HarpyXeHHUs;
e f — KOJIMYECTBO YPOBHEH HarpyskeHust 6JI0Ka Harpy30K MPOrpaMMmBbl.
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ITPUMEP PACYETA

Hwxe npuBeneH npuMep pacdyeTa SKBUBAJICHTHBIX HAINIPSIKEHUH U SKBUBAJIEHTOB CPEIHECTATU-
CTHUYECKUX THIIOBBIX MOJIETOB pazauuHbIXx Moaudukamuii mporpammbl TWIST [1] mist oOpa3moB co
cBOOOIHBIM oTBepcTHeM U3 yriemactika T300/5208 [45/0/-45/90],s, ipeacTaBieHHBIX B padbote [2].
[TpoBeneHa pacueTHasi OICHKA SKBHBAJCHTHBIX HANpPSHKCHUH M SKBHBAJICHTOB, a TAKXKE pacueT ycTa-
JIOCTHOW JIOJITOBEYHOCTH PacCMaTpUBAEMbIX 00pa3IOB C HUCIOJIb30BAHUEM ypaBHEHHS (5) U COOTHO-
menust (7).

B Tab6n. 1 npencraBieHa mOBTOPSIEMOCTh THIIOB TMOJIETOB M IIMKJIOB HATPY30K B Mpejeax Kax-
noro mosieta nporpammbl TWIST. B Ta0. 2 B ynpouieHHOM BUjIE MPEICTABICHBI YPOBHU U MTOBTOPSI-
€MOCTb [IUKJINYECKUX HArpy30K 3TOM MPOrpaMMBl.

Tabanna 1
Table 1
[Tonernslii 6110k Harpy3ok nmporpamMmmbel TWIST [1]
Flight TWIST program block of loads [1]
Yucio mose- HomMep m BenmMuMHA YpOBHS aMIUIMTYIbI Ga/com
Tun TOB B OJIOKE I IT 11T v A% VI VIl VI IX X
nonera | n34000 moxr. | 1,60 | 1,50 | 1,30 | 1,15 [ 0,995 | 0,84 | 0,685 | 0,53 | 0,375 | 0,222
A 1 1 1 1 4 8 18 64 112 391 900
B 1 1 1 2 5 11 39 76 366 899
C 3 1 1 2 7 22 61 277 879
D 9 1 1 2 14 44 208 680
E 24 1 1 6 24 165 603
F 60 1 3 19 115 512
G 181 1 70 412
H 420 1 16 233
I 1090 1 69
J 2211 25
ITosnHOE "YMCITO
LIMKJIOB B OJIOKe 1 2 5 18 52 152 | 800 | 4170 | 34800 | 358665
CyMMapHoOe 91cio
IIMKJIOB B OJIOKe 1 3 8 26 78 230 | 1030 | 5200 | 40000 | 398665

ITo pe3ynbratam 06pabOTKM JaHHBIX PaObOTHI [2] 1Sl paccMaTpUBaeMBbIX 00pa3IOB MOJYUYECHBI:
1. YpaBHeHue kpuBoi ycranoctu (1) npu peryisspHOM Harpy>K€HUU CUMMETPUYHBIM LIUKIIOM:

o1'=320,56-27,41721gN .

2. 3HaueHwe TpeAena IMPOYHOCTH PACCMATPUBAEMBbIX OOpa3LOB MpPHU  PACTSHKEHUU:
Oyrs = 346,06 MIla.

3. 3HaueHwe Impenesa  MPOYHOCTH  pacCMaTpUBAaeMbIX  O0pasloB  MpPU  CHKATHH:
Opes = —324,72 Mlla.

B 1a6x1. 3 mo nanHeiM paboTHI [2] MpUBEACHBI CpPEeIHUE 3HAYCHHS YCTATOCTHBIX JOJTOBEYHO-
creii (N, ), NOJyYCHHbIE IIPH YCTAIOCTHBIX MCTIBITAHKUAX PACCMATPUBAEMbIX 00PA3LOB € UCIIONb30BA~
HueM 0a3oBoro crnektpa TWIST u cnexkTpoB ¢ pa3inyHBIMU YPOBHSIMH YCEUEHUN OONBIINX U MaJbIX
Harpy3ok. Bce ucnplTaHus OBLIM MPOBEJCHBI TPU CPEAHEM HampspDKeHUH criektpa o, =—111 MIla.

m
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[To nanubIM paboThl [2] Ha3eMHBIE HAarpy3KU Ui Beex nosietoB nporpamMMel TWIST Obutn mpencras-
JICHBI €IMHUYHOI Harpy3Kkoi, pasHoit o =-0,5x o, =55,5 Mlla.

[To pe3ynpraTam perpecCMOHHOTO aHajM3a YKCIEPUMEHTAIBHBIX TaHHBIX Ta0d. 3 ompeeneHbl
3HaueHus napameTpoB A u B cootHomenus (3): 4 = 0,846; B = 914,949.

Tabauna 2
Table 2
YPOBHHU M aMIUINTY Ibl HIUKJIMYECKUX HArpy30K mporpaMMsl TWIST
Levels and amplitudes of cyclic loads of TWIST program
AmmunTyna KomnuecTBo MUKIOB
ypOBeHL HarpyxCHUs HElI‘py}KeHI/ISI>l< Harpy>xXCcHus
I L6xo, 1
I LSxo, 2
I 13x0o, 5
v LISxo, 18
\Y 0990, 52
VI 0,84x 0, 152
Vil 0,68x0, 800
VI 0,53x 0, 4170
IX 037x0, 34800
X 0,22x0, 358665
* o, — cpeHee HapsHKEHUE BO3LyIIHOTO ATama
Tabauua 3
Table 3

Pe3ynbTaThl YCTaIOCTHBIX HCIIBITAHUH 00Pa3ioB CO CBOOOAHBIM OTBEPCTHEM U3 YTIICTIIACTHUKA
T300/5208 [45/0/-45/90] 2s npu Harpysxenun nporpammoir TWIST
C Pa3IMYHBIMH YPOBHSMH yCEUCHUS CIIEKTpa
Results of fatigue tests for CFRP T300/5208 [45/0/-45/90] 2s samples of fiber-carbon composite with
the open hole under load with TWIST program with different levels of spectrum truncation

YceueHus cnekTpa Nexp , TIOJICTHI
BazoBerii criektp (6e3 yceueHuit) 88655
OmymieH ypoBeHb HarpyxeHus Ne X 75955
Omymiens! ypoBHHU HarpykeHns NeNe [X-X 106555
Omnymiens! ypoBHHU HarpyskeHus NeNe VII-X 111555
Onymens! yposHH HarpyskeHus NeNe [-11 189962
Onymens! ypoBHH HarpysxkeHus NeNe [-IV; X 759374

PesysbraThl pacueTHON OLCHKH 3HAYCHUN SKBHBAJICHTHBIX HANPSUKECHUH o, ,,, THIIOBBIX I10JIC-

TOB paccMOTpeHHbIX Moauukaruii nporpammel TWIST ¢ ucnosnb3oBanuem cootHomenus (4) u ycra-

JOCTHBIX J0AroBeuHocTedl N, paccMaTpHBaeMbIX OOpa3lOB C HUCIOJIb30BaHUEM YypaBHeHHA (5)

p
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npezcTasieHbl B Ta0d. 4. Tam ke npencTaBieHbl 3HAYEHUSI OTHOCUTEIBHOM OMIMOKM PacyeTHON OIeH-

ku (REP):

N ,—N_.
REP(%) = —224 1 «100.

expi

B pabote [2] Obl1r mpoBeIeHBl aHAIOTUYHBIE pacueThl IPU UCIIOIB30BAHUH MIPH OIICHKAX Ipa-
Bwia [laneMrpena-Maitnepa (8). Pe3ynbraThl pacueToB Takyke MpUBEIACHBI B Ta0. 4.

Taoauna 4
Table 4
Pe3ynbTaThl pacueTHBIX OIIEHOK YCTaJIOCTHOW JOJITOBEYHOCTH 00Pa3IOB CO CBOOOIHBIM OTBEPCTUEM
u3 yraemiactuka tuna T300/5208 [45/0/-45/90] »s mpu Harpykenun nporpammond TWIST
C pa3IMYHBIMH YPOBHIMH YCCUCHHS CIICKTPa
Fatigue life estimates for CFRP T300/5208 [45/0/-45/90] »s samples of fiber-carbon composite with the
open hole under load with TWIST program with different levels of spectrum truncation

Pacuer ¢ ucnonp3oba-
HueMm npasuia [lanbpm-
Pacuer ¢ nucnonp3oBanneM runotessl Xay u Oysna (3) rpena-Maiinepa (8)*
O, eqv N pred > 0 N.Ured ’ 0
VYceuenus crekrpa D, . Dﬂight MiIa HOeTH REP, % HOeTH REP, %
bazoBsrii ciekTp (6e3
yCeueHHi) 0,045263 | 1,1316E-05 184,95 88372 -0,3 1533 730 1630
Omny1ieH ypoBeHb
Harpyxenns Ne X 0,04435 1,1088E-05 184,70 90189 18,7 1503910 1880
OnymieHsl ypoBHH
Harpyxxenust Ne [X-X 0,04286 1,0714E-05 184,30 93334 -124 1 140 140 970
OnyuieHsl ypoBHU
Harpysxenust Ne VII-X 0,03857 | 9,6424E-06 183,04 103708 -7,0 903 600 710
OmnyuieHsl ypoBHU
Harpysxerus Ne [-11 0,01908 | 4,7708E-06 174,66 209608 10,3 2 374 530 1150
OnyuieHsl ypoBHU
Harpyxkenus Ne I-IV; X | 0,01121 2,8029E-06 168,33 356777 -53,0 5011 870 560

* 10 JaHHBIM PaboTHI [2]

Ha puc. 1 npeacraBneHo cpaBHeHHE TOTYUYEHHBIX 3HAUEHUH PACUETHBIX OLIEHOK YCTATOCTHBIX
JIOJITOBEYHOCTEW paccMaTpUBAEMBIX 0OpaA3IOB M CPABHEHUE ITUX 3HAYEHUN C IKCIIEPUMEHTAIbHBIMU
JAHHBIMHU.

B Tabn. 5 npencrasieHsl pe3ynbTaThl PACYETHON OLEHKU YCTAIOCTHBIX OITOBEYHOCTER N,

paccMaTpuBaeMbIX 00pa3IOB C MCIOJIb30BAHUEM HSKBHBAJIEHTOB MEXAY MOBPEKIAEMOCTSIMU TUIIOBBIX
nojnetoB moaudukanuiit mporpammsl TWIST. 3a «aTanmonnyro» nporpamMmy «1» mpu pacdere SKBHBa-
JIEHTOB MPUHAT 0a30BbIN criekTp mporpammbel TWIST (6e3 ycedenwuit). Tam ke mpeacTaBieHbl 3HaYE-
HUSI OTHOCUTENFHOU OMMOKU pacueTHOU oneHkH (REP).

OBCYXIEHUE PE3YJIBbTATOB

[To pe3ynbpratam aHanu3a AaHHBIX, IPEJCTABICHHBIX B Ta0l. 4 — 5 u Ha puc. 1, MOXXHO OTMe-
TUTBH CIICAYIOLIEE.

1. C ucnonp3oBaHHEM JaHHBIX Ta0J. 4 U TUMIOBBIX MOJIETOB PACCMOTPEHHBIX MOAU(DUKAIUI
nporpammbl TWIST Moryt ObiTh onpeneneHbl 3HaUCHUs OTHOWICHUS T, /| Oycg |, KOTOPBIE HAaXO-
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nates B quanaszoHe 0,52 +0,57 . OTu pe3yabTaThl XOPOIIO COrIACYIOTCS ¢ JaHHBIMH paboThl [16], ko-

TOpble (PaKTHUECKU PEKOMEHIYIOT MPUHUMATD I KOMIO3UTHBIX 00pa3lioB BEpXHUX MaHesel KpblLia

TPAHCIIOPTHOI'O CaMOJIETa 3HAYCHUA O

6000000

5000000

4000000

3000000

2000000

Ycranocthan AONTOBEYHOCTL, Nonetbl

1000000

a eqv

/| Gyes |= 0,40 +0,60 .

mNexp

Mpred, runotesa Xay u OyaHa

B Npred, runotesa ManbmrpeHs-
MaiiHepa

. |

Basosan Be; pona Onywer yposers Ne 10 Onywers yposmia Ne 8-10  Onywess yposmm Ne 7-10  Onywers yposma Ne 1-2 Omywens: yposmn Ne 1-4;

10

Puc. 1. CpaBHeHHE pacYETHBIX OLICHOK YCTAJIOCTHBIX JOJITOBEYHOCTEH 00pasiioB co CBOOOJHBIM OTBEPCTHEM H3
yrieruiactuka tuna T300/5208 [45/0/-45/90] 2s npu Harpysxenuu nporpammoit TWIST ¢ paznn4HbIMU ypOBHSIMH

yCCUCHUs CIIEKTpa

Fig. 1. Comparison of the fatigue life estimates for CFRP T300/5208 [45/0/-45/90] 2s samples of carbon-fiber composite
with the open hole under load with TWIST program with different levels of spectrum truncation

Taoauua 5
Table 5

Pe3ynbTaThl pacdeTHBIX OIICHOK YCTAIOCTHOMN JOJITOBEYHOCTH 00PA3IIOB CO CBOOOTHBIM OTBEPCTHEM
u3 yraemactuka tuna T300/5208 [45/0/-45/90] 25 ¢ ucnonb30BaHNEM YKBUBAIEHTOB MOAU(HUKAIUI
nporpammbl TWIST
Fatigue life estimates for CFRP T300/5208 [45/0/-45/90] »s samples of carbon-fiber composite with
open hole using the equivalents of TWIST program modifications

PacueT 5KBHBAJICHTOB C UCITOIb30BAaHHUEM
runore3sl Xay u OysHa (3)
N pred ° o0
VYceueHus cnekTpa Keqv N REP, %
Ony1ieH ypoBeHb Harpy-
sxeHus Ne X 1,02 90480 19,1
OrmyIieHs! YpOBHU Harpy-
skeHus Ne [X-X 1,06 93630 -12,1
Ony1ieHsl ypOBHU Harpy-
skernst Ne VII-X 1,17 104040 -6,7
OrmyIieHs! YpOBHU Harpy-
sxernst Ne [-11 2,37 210280 10,7
Ony1ieHsl YpOBHU Harpy-
skernst Ne [-1V; X 4,04 357920 -52,9
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2. MoXHO mpuU3HATh NPUEMIIEMBIMH TPYIOEMKOCTb U TOYHOCTb PACUETHBIX OLEHOK YCTa-
JIOCTHOM JOJTOBEYHOCTH PacCMaTpUBaeMbIX OOPA3IOB, BHIMOJIHEHHBIX C HCHOJIb30BAHUEM I10JIyYE€H-
HBIX 3HAYCHUI DKBUBAJICHTHBIX HAIPSHKCHUN M DKBUBAJICHTOB M IPEUIOKEHHOIO METOJA pacuera Ha
YCTaJIOCTb.

3. PacuerHble OIIEHKH YCTaJIOCTHOM JOJTOBEYHOCTH PAacCMaTPHUBAEMbIX OOpa3IOB, MOIyYEH-
HbI€ C MCIIOJIb30BaHUEM T'MIIOTE3bl JINHEHHOIO CyMMHPOBAHUS yCTAJIOCTHBIX NOBPEXICHUN (TpaBuiia
[Tansmrpena-Maiinepa), HoKa3aiau HEMPUEMIIEMYIO TOUHOCTh PACYETHBIX OLEHOK yCTaJIOCTHOM J0JIro-
BEYHOCTH.

3AK/IFOYEHUE

[IpensioxkeHo ompeneneHne U METOJl PACUETHOM OLICHKH IapameTpa «3KBHBAJIEHTHOE Hamps-
JKEHUE» NPOrpaMM YCTAJIOCTHBIX WCIBITAHUA U CIIEKTPOB YCTAJIOCTHBIX HArpy30K AJIs 3JIEMEHTOB
aBHAKOHCTPYKIMH 13 ciouctsix [TKM.

IIpemioxken MeToA pacyeTHOM OLICHKM SKBUBAJICHTOB IIPOIPAMM YCTAJIOCTHBIX HCIBITAHUMI
paccMaTpuBaEMbIX 3JIEMEHTOB.

[Toka3zaHo, 4TO ¢ MCNOJNB30BAHUEM MAapaMETPa «IKBHBAJIEHTHOE HANPSKEHHE» BO3MOXKHO pe-
LIEHUE CIIEYIOIINX 3a1a4.

1. OueHka NOBPEXAAEMOCTH IEMEHTAa KOHCTPYKLMHU IPHU 3aJaHHOM NIporpamme €ro ycra-
JIOCTHBIX UCIIBITAHUM.

2. CpaBHEHHME MOBPEKIAEMOCTEN PA3IUYHBIX IPOrpaMM, pacdeTHas OLIEHKAa SKBHBAJIEHTOB
MEXIy MPOrpaMMaMH.

3. Pacuer ycranoctHoi gonarosedHoctu ciouctbix [IKM ¢ ncnonp3oBaHneM KpuBOM ycTaio-
CTH IIPU PETYJIIPHOM Harpy>KeHHUH.

4. Pacuer ycraimoctHoM nonroBedyHocTH clOUMCThIX [IKM ¢ ucnoib30BaHMEM SKBUBAJICHTOB
MEXIy MPOrpaMMaMH.

OTMmedeHo, YTO NMPUHIUIHAIBHBIM IOJIOKEHUEM IPEAJAraéMoOro METOJa PacyeTHON OLIEHKH
SKBUBAJICHTHBIX HAIpPSKEHUI M SKBUBAJIEHTOB MPOrpPaMM YCTAJIIOCTHBIX MCMBITAHUN ciIouCcThiX [TIKM
ABJIIETCS MCIIOJIB30BAHKUE CIEIMATIBHOM ITMIIOTE3bl CYMMHUPOBAHUS YCTAJIOCTHBIX NOBPEXACHUN Xay U
OynHa, npeIcTaBIEHHON COOTHOIICHHEM (3).

[IpencraBneH npumep pacuera 3KBUBAJICHTHBIX HANPSKEHUN M SKBUBAJIECHTOB THUIIOBBIX IOJIE-
TOB pa3nu4HbIX Moaupukauii mporpammbl TWIST st 06pas3iioB co cBOOOIHBIM OTBEPCTUEM U3 YT-
nemmactuka T300/5208 [45/0/-45/90],s. IlpoBeneH pacueT yCTaqOCTHOW JOJNTOBEYHOCTH yKa3aHHBIX
00pa31oB MpH HATPYKEHUH PACCMOTPEHHBIMU MOAU(PHUKALUSIMYU C UCIOIB30BaHUEM IOJTyYEHHBIX 3Ha-
YEeHUH SKBUBAJICHTHBIX HANpPsDKEHUM M 3KBHBaleHTOB. [loka3aHo Xopoliee COBNAJEHUE PAaCUETHBIX
PE3yIABTAaTOB U SKCIIEPUMEHTAIbHBIX JaHHBIX.
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ESTIMATION OF EQUIVALENT STRESSES AND EQUIVALENTS
OF THE FATIGUE TEST PROGRAMS
OF AIRFRAME COMPOSITE ELEMENTS

Vitaly E. Strizhius'
'Moscow Aviation Institute (National Research University)
Moscow, Russia

ABSTRACT

It is known that for metal components of aircraft structures, "equivalent stress" is one of the most important parameters used to
assess the fatigue damage resistance of a structural element for a given program of its fatigue tests. The method and the procedure
for estimating the values of this parameter for metal elements of aircraft structures are presented. It is noted that for aircraft
structural elements made of polymer composite materials, neither the concept of the "equivalent stress" parameter nor the methods
for calculating estimates of the values of this parameter are currently defined in domestic and foreign studies of the fatigue strength
of such elements. In order to achieve particular progress in the considered area, the definition of the "equivalent stress" parameter of
fatigue test programs for composite aircraft structural elements is proposed. For the case of uniaxial tension-compression load of
laminates from layered composites representing the upper and lower panels of composite wings of transport category aircraft, a
method for calculating the estimation of this parameter is proposed. It is shown that using the "equivalent stress" parameter, the
following main tasks can be solved: assessment of the damage resistance of a structural element with a given program of its fatigue
tests; comparison of damages resistance of various programs, calculation of equivalents between the programs; calculation of
fatigue life of layered composites samples and elements using the fatigue curve under regular load. It is noted that the fundamental
meaning of the proposed method for calculating the equivalent stresses and equivalents of fatigue test programs is the use of a
special hypothesis of a fatigue damage accumulation rule. An example of calculating the equivalent stresses and equivalents of
various modifications of the quasi-random program for CFRP T300/5208 [45/0/-45/90] 2s samples of fiber-carbon composite with
the open hole is presented. The fatigue life of these samples under load with the considered modifications was calculated using the
obtained values of equivalent stresses and equivalents. Good agreement between the calculated results and experimental data is
shown.

Key words: layered composites, elements of composite aircraft structures, quasi-random fatigue test programs, equivalent stress,
equivalent, calculated estimates of fatigue life.
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