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APPLICATION OF THE MULTIDIMENSIONAL STATISTICAL ANALYSIS
IN THE DEVELOPMENT OF AN INTEGRATED SAFETY MANAGEMENT
SYSTEM IN AN AIRCRAFT MAINTENANCE ORGANIZATION

N.V. ASEEV', V.D. SHAROV'
"Moscow State Technical University of Civil Aviation, Moscow, Russia

Modern aviation enterprises are lots of risks-related owners associated with execution of their activities. Nowadays there are
various management systems such as a Quality Management System (QMS), Safety Management System (SMS), etc., which
describe all the potential risks for an organization. The problem of synchronization and unification of these systems in the
framework of a comprehensive analysis of managing changes and fulfilling production operation remains unsolved at this point. To
settle this problem, the article suggests using an integrated safety management system (ISMS). When developing ISMS in an
aircraft maintenance organization that integrates the management systems of flight safety, quality, aviation, information,
environmental safety, etc., the organization encounters the problem of data redundancy and duplication about manifestations of
hazard factors in various aspects of its activities. This can make it difficult to collect and process data and take corrective/preventive
measures. The issue of reasonable reduction of the original list of hazard factors can be considered as the subject of decreasing the
dimension of the entity activity model, which can be solved using the method of the factor analysis principal components.
Furthermore, application of the principal components method provides an expert analyst with supplementary, scientifically-based
data on the quality of work and allows him to predict trends. The article based on real data of the aircraft maintenance organization
shows the applicability of the method with the purpose for optimizing the list of hazard factors manifestations regarding a single
aspect of organization activity.

Key words: integrated management system, flight safety, hazard factor, method of principal components, decreasing the model
dimension, system integration.

INTRODUCTION

The general approach to ensure techno genic safety proposes a hazard analysis and considera-
tion in various aspects of the entity activity [1]. A modern concept of aviation-transport system safety
management as a conventional complex “socio-technical system” [2] is based on the integration of var-
ious management systems.

In terms of an aircraft enterprise it is primarily the system of flight safety management (SMS),
quality management system (QMS), aviation safety system (SAS) and the systems of labor health pro-
tection. These systems are developed, implemented and function in enterprises — aviation services sup-
pliers in compliance with the regulatory requirements.

The significance of the information security system is increasing.

The conceptual provisions to assess risks associated with this aspect of activity are specified in
the Russian National Standard'. Due to rapid aircraft computerization, its security vulnerability to acts

' National Standard R 57240-2016. Aviation Activity Safety Management in Civil Aviation. Main Provisions. M.: Stand-
ard-inform, 2020. 20 p.
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of unlawful interference is increasing, which can have the most far-reaching repercussions for a flight
safety. Meanwhile, in Russian civil aviation, as the report “The Concept to Ensure Information Securi-
ty of Aircraft Hardware. FSUE AS Research™ states, the requirements to provide information security
are not yet available.

Other actively developing systems to manage safety have been of vital importance lately. First and
foremost, it is Enterprise Resource Planning (ERP) that is interpreted as “planning of enterprise resources”.
This program is becoming a specific enterprise strategy that will take into account management of different
spheres: finance, human resources, assets, collaboration with partners, recording the detailed history of op-
erations with customers [3]. It is significant to solve “dilemma of two P” — “Production-Protection”™ —
more reasonable allocation of resources between safety and production development.

The systems Customer Relationship Management (CRM) of management of mutual relations with
customers, that allow the enterprise to optimize business processes, are simultaneously implemented. The
key component of the given approach is the special software to manage work, monitor customers’ actions
and communication automation [4]. Partners and customers of the aircraft maintenance enterprise are, es-
sentially, aircraft operators, relationships with which are of importance for flight safety.

The concept of the integrated system is not new. As far back as in 2007 the International Air
Transport Association (IATA) introduced IASM abbreviation (Integrated Airline Management Sys-
tem) in its Guidance®. It is suggested to use ISMS abbreviation (Integrated Safety Management Sys-
tem) for the integrated system of aircraft enterprise safety management. Such a system must conceptu-
ally incorporate 8 constituents (fig. 1).

CcYBn

ynpasneHume

CAB ! BesonacHocTeO 4 CMHK
ynpasnenue Lo datinl MEHELMMEHT
ABMALMOHHOR e
GesonacHoCT Lo
ISMS )
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| ynpasneHue
pecypcamu
ABWMANPEANPUATHA

ynpasneHue
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Fig. 1. Integrated Safety Management System

It is obvious that processing of miscellaneous data array will be required for this system func-
tioning. Optimization of the procedures for collecting and first-time data processing is a crucial task
and may be provided by means of multidimensional statistical methods, in particular, the method of
the factor analysis principal components. The utilization of the method is shown on the example of
implementing the integrated system of safety management in the aircraft maintenance enterprise.

* Conference "Information Cyber Security". Moscow, 2018.
* Guidance about Flight Safety Management, 4" Edition // ICAQ, 2018. 150 p.
* Integrated Airline Management System for Air Transport Operation // IATA, Ed. 2007. 7 p.
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RESEARCH METHODS AND METHODOLOGY

Approach to the formation of the safety level objectives and indexes in ISMS of aircraft
maintenance enterprise

Among the listed above safety systems, the flight safety management system (SMS) have been
comprehensively adopted by airlines and aerodrome operators, therefore, while developing ISMS it is
advisable to rely on this experience. Various approaches, the principles of systems design and opera-
tion within the framework of ICAO ISMS, are given in a variety of works, for instance [5—8].

Relying on this experience, it is expedient to outline objectives primarily targeted at flight safe-
ty and quality on the first stage of ISMS development. For example, the following goals were declared
in one of the aircraft maintenance enterprises:

¢ to reduce the number of all the types of aviation events through the personnel’s fault by 50%
at least, compared with the last year’s indexes;

e to reduce the number of irregularities while conducting maintenance and components repair
by 20%, compared with the last year’s indexes;

e to reduce the number of claims from customers by 15%,compared with the last year’s indexes;

e to reduce the number of detected discrepancies in the course of external audits by 10%,
compared with the last year’s indexes;

e to monitor ISMS effectiveness by means of audits and monthly control of the indexes as
well as by risks assessments- implementation of the program for safety guarantee;

e to guarantee conformance of the company’s activity in line with the Russian and Interna-
tional Standards in the field of flight safety-implementation of the program for safety guar-
antee;

e to cultivate the culture of safety and develop the system of voluntary messages.

Further on, it is supposed to add the objectives referring to other ISMS constituents to the list.

On the basis of the objectives, the enterprise constructs indexes — Safety Performance Indicator
(SPI), appropriate for SMART principles (Specific-Measurable-Achievable-Relevant Time bound) i.e.
particular, measurable, achievable, reliable and time bound. It is relevant to the implementation of con-
stituent 3 of ICAO ISMS conceptual framework “flight safety guarantee” (more correct term “confir-
mation of flight safety level” [9]).

Relative quantitative indexes are suggested as the top level SPI in the organization: Qae — avia-
tion events; Qde — defects list; Qcl — claims from customers; Qaud — shortcomings during external au-
dits. All the characteristics are calculated according to a single formula:

K =2-1000, (1)

where N — number of aviation events, defects list, claims or discrepancies:
n — volume of conducted jobs in man-hours.

Asymptotic values of these indexes for the current year are defined.

The root of the problem while implementing ISMS in the aircraft maintenance enterprise is objec-
tivity of the original information. It is difficult to reveal accurately various contraventions on the every pro-
cess step, since capabilities of using means of objective supervision are limited. There is also an issue of
incomplete coverage of production supervision. Another difficulty is associated with their classification
and bringing into conformity with uniform standards and wordings for further processing.

The given technique is used in this enterprise. In order to achieve the goals to be sought, low
level SPI (these SPI are called “factors of conditional risk™) for 11 aspects of activity are constantly
calculated:

10



Tom 24, Ne 05, 2021 Hayunblii Becthuk MI'TY T'A
Vol. 24, No. 05, 2021 Civil Aviation High Technologies

LEG-legal coverage;
SAL-planning and sales;
ORG-organization of production;
FIN-finance, accountancy;
DOC-technical and working documentation;
REC- records keeping and storage;
SCH- logistics support and warehousing;
STF-staff;
TLE-tools and equipment;
10. FAC-facilities;
11. ENV-environment.
Source data for calculations of these SPI comes from the following items:
e a defects list;
e representation of coupons;
e notes for reports of internal and external audits;
¢ results of conducted events investigations;
e compulsory and voluntary messages of employees.
The one-year monitoring diagram of such a “conditional risk” for the line of activity “DOC-
technical and working documentation” is presented in Figure 2.
Targeted K, and threshold levels Kp-;23 are calculated on the basis of observations over the
previous years in accordance with ICAO SMM recommended guideline, 4™ ed., 2018.

WX R WD —

— ?=1KR. _095
Kep = =53 Ku = 095K,
KH—IZKLI-}_O-;KH—Z:K]_I+20-;KH—3:K]_I+30-;

S (Kep—K;)?
n-1 ’

o =

Within the analysis of each aspect of activity a list of factors contributing to hazard, such as
characteristics of response or lack of response, circumstances, conditions or their combination, that
have an effect on flight safety, work efficiency and quality, conditions of employment, was drawn up.
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Fig. 2. Level 2 SPI monitoring (“conditional risk™) for DOC activity aspect
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The lists of factors contributing to hazard were itemized on the basis of the expert survey on
the appropriate branches of activity. The number of factors contributing to hazard concerning the
aspects in the formed lists varies from 5 to 48. An actual task to optimize these lists exists.

Optimization of the hazard factors list

In order to solve this problem it is proposed to employ the method of the factor analysis
principal components.

The purpose of the principal components method [10] is to reduce the number of components
for the random vector of the organisation state (in terms of reducing its space dimension), that can be
possible without substantial data loss about the system under study contained in the given
observations.

The problem is formulated as follows: using materials of n observations one should replace a
set of m hazard factors of Z source data for a smaller number k < m of standardized orthogonal factors
or constituents presenting themselves the most essential latent factors.

The matrixing model of the component analysis is suggested as:

Z=W-F,

where Z = (Z,,Z, ... Z,,) — random standardized vector of original source data;
F = (Fq,F, ... F,)) —vector of factors;
W — matrix of factor loads.
W matrix is calculated from the matrix eigenvalues and eigenvectors of correlation matrix of
R source data from the relation:

R=W-WT,

Based on research to employ this method in the aviation sphere let us note the paper [11],
which considers the issues of prognostics and prevention of aviation occurrences, using an array of da-
ta. The factor analysis is utilized in conjunction with the method of Bayesian network of credit. More
than 60 types of aviation occurrences are considered. The step prognostics detailed methodology on
the different stages of flight is given. The approach is distinctly notable from prognostics by means of
trends related with “background data®. It allows us to take into account the system deficiencies. How-
ever, an attempt to solve such a global task can be faced with a problem of a sufficient amount of
source data.

The paper [12] gives a practical illustration of using the factor analysis to process the results of
the safety and quality audit in the aircraft maintenance enterprise. The given approach can be utilized
for solving the assigned task as well.

The practical implementation of the method is proposed using the example of actual data of the
same aircraft maintenance enterprise. A software package “STATISTICA-7”, its description in the
Guidance [13] as well as the methodology of the practical application of the factor analysis from the
electronic book [14] is used.

Source data are monthly — recorded of 16 hazard factors manifestations with respect to the ac-
tivity aspect of STF-Staff and volume of work in man-hours over the period of January 2018 — March
2021 (39 values). Thereupon, relative indexes for each hazard factor per each month are calculated as:

X =-2 (2
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where:

N;j; — the number of factors contributing to hazard manifestations;

n— volume of work in man-hours per month, i = 1,16; j = 1, 39.
Table 1 illustrates the source data fragment.

Civil Aviation High Technologies

Table 1
Source data table fragment
2018
Ne Variable January February March
- Hazard factors designation in . . . . . .
n/m STATISTICA Nij Xjj Njj Xjj Njj Xjj
j=1 j=2 j=3
Violation of the tech-
nology when conducting
1 STF08.13 | work, failure to comply S-13 1 1,9E-05 | 2 | 4,3E-05 | 0 | 0,0E+00
with operational and
technical documentation
2 | STFo08.03 | ErTors when conducting $-03 0 | 0,0E+00 | 1 | 2,IE-05 | 2 | 3,8E-05
maintenance work
3 | sTFos.15 | Erroneous use of MEL S-15 0 | 0,0E+00 | 0 | 0,0E+00 | 0 | 0,0E+00
category
4 | STF08.30 | Loss of tools/equipment S-30 0 | 0,0E+00 | 0 | 0,0E+00 | 0 | 0,0E+00
during maintenance
Absence of or incom-
5 | STF08.47 | pletely conducted S-47 0 | 0,0E+00 | 2 | 4,3E-05 | 1 | 1,9E-05
check/inspection
Breakage or damage to
6 | STF08.31 | tools/equipment during S-31 0 | 0,0E+00 | O | 0,0E+00 | O | 0,0E+00
maintenance
Violation of the tech-
7 | STF08.17 | nology of components S-17 1 | 1,9E-05 | 0 | 0,0E+00 | O | 0,0E+00
replacement
8 | STRog.2g | Damage to the compo- 5-28 0 | 0,0E+00 | 0 | 0,0E+00 | 0 | 0,0E+00
nent during maintenance
Use of unauthorized
9 | STF08.25 | tools/equipment during S-25 0 | 0,0E+00 | O | 0,0E+00 | O | 0,0E+00
maintenance
Lack of personnel of the
10 | STF08.08 | appropriate category to S-08 0 | 0,0E+00 | O | 0,0E+00 | O | 0,0E+00
accomplish a task
Authorization of not
11 | STF08.05 | certified personnel to S-05 0 | 0,0E+00 | O | 0,0E+00 | O | 0,0E+00
conduct work
Use of faulty
12 | STF08.24 | tools/equipment during S-24 0 | 0,0E+00 | O | 0,0E+00 | O | 0,0E+00
maintenance
Notes to isolate a fault
13 | STF08.38 | in case of repeated fail- S-38 0 | 0,0E+00 | O | 0,0E+00 | O | 0,0E+00
ure
14 | sTF08.12 | Flight delay/cancellation S-12 0 | 0,0E+00 | 0 | 0,0E+00 | 0 | 0,0E+00
through personnel's fault
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Continuation of Table 1

15 | STF08.16 | Improper fault isolation S-16 0 | 0,0E+00 | O | 0,0E+00 | O | 0,0E+00
16 | STF08.26 dD"“.nage o an aircraft $-26 0 | 0,0B+00 | 0 | 0,0E+00 | O | 0,0E+00
uring maintenance
Tj Volume of conducted works (man-hours) | 52163 46829 53070

its dimension without a substantial loss of variability.

You can see that the big number of zero values for variables is the feature of data array. It led
to the exclusion of two variables of S-24 and S-38 while building “STATISTICA” correlation matrix
(the first stage of the analysis).
The stated below analysis is fulfilled for the 14"™-dimensional vector. The problem is to reduce

The plot of eigenvalues of the principal components is shown in Figure 3.
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Fig. 3. Plot of eigenvalues factors

In order to define how many factors to leave for the further analysis, let us use the most general
recommendation from [14]: to retain those whose eigenvalues exceed 1. Such factors are 7. It means
that if the factor does not separate out variance equivalent, at least, to the single variable variance, in
this case it is omitted. As indicated in Figure 4, almost 77,5% of total variance of the original 140
dimensional vector is concentrated in 7 principal components.
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Eigenvalues (Mcx. JaHHble. sta)

Extraction: Principal components

Eigenvalue | % Total |Cumulative |Cumulative
Value variance | Eigenvalue %
2,920118| 20,85798 2,92012 2085793
1,958175 13,98697 4.87829 3484495
1,433330) 10,23807 6,31162 4508302
1,325039, 9.46456 7,63666 54,54758
1,151486  8,22490 8,78815 62,77248
1,041816, 7.44154 9,82996 70,21403
1,015643  7.,25460 10,8456 77 468621

= | O e || P =

Fig. 4. Eigenvalues and total variances of 7 principal components

For the further analysis let us select the method of the coordinate system rotation providing the
highest level of consistency of the source factors and principal components. As is known, the principal
components method allows us to execute the “selection” of the orthogonal coordinates systems in
space of any dimension. It is recommended to select a particular position of the axes-coefficients under
which the biggest number of source vectors projections close to zero or one unit (“simple” structure of
loads) [14] is achieved.

In this case the method, maximizing variance of source “raw” data Varimax Raw”, is selected
from 8 variants of rotation specified in the program “STATISTICA”. The obtained distribution of fac-
tor loads on the principal components is shown in Figure 5.

Factor Loadings (Varimax raw) (1cx. [JanHeie sta)

Extraction: Principal components

(Marked loadings are > 700000)

Factor Factor Factor Factor Factor Factor Factor

Wariable 1 2 3 4 5 6 T
513 [ 0.1096050 0.887940 0,047610) -0,211458) -0,138353 -0,058971, 0,036501
5-03 -0,235159] 0,523950 0138399 0179342 0354844 0,368195 -0,131168
5-15 0,693259 0,003808 0,058886 0,032772 -0,029996 0,042145 0,007321
5-30 0457584 0,029991 0701571 -0,219675 -0,065543 -0,019569 -0,114114
SAT7 -0,127636 0,080004 -0,156928  -0,756652 -0,020604 -0,012230 0,252893
S-3 -0,067700 -0,098872 0793415 0250920 0,084698 0,069656 0193334
517 0522664 0,296415 0,298743 -0,048896 -0,526527 -0,129953 -0,051541
S5-28 0,963303 0,030204 0,107269 0,000539 -0,095618 -0,011438 0.009592
5-25 -0,002915 -0,094367 -0,068198 0,091227 -0,826097 0,153985 0027559
5-08 0,667438 -0,209596 -0,387997 0201760 0,287683 0,097965 0133379
S-05 -0,038868 -0,023545 -0,057451 0065036 0,013155 0,007237 -0.932741
512 -0,050111 -0,027518 -0,016102 0,039740 0,080540 -0,934909 0,000347
5-16 0,000622 -0,119594 0,107228 -0,654015 0184577 0122079 -0,156354
5-26 -0.075844  0.822957 0145146 0222641 0164351 0.087663 0022567
Expl.War | 2,751868 1,9148615| 1,463300 1,296227 1,277161 1,093227| 1,049209
Prp.Totl 0196562 0136758 0104521 0.092588 0091226 0,078088 0.074943

Fig. 5. Distribution of factor loads on the principal components

Factor loads are the values of the correlation coefficients for each of the variables with each of
the identified principal factors. Accordingly, if factor load exceeds 0.7, it illustrates that this variable is
closely related with the factor under consideration. The plot in Figure 6 shows aggregation of source
variables with regard to two first components what makes the analysis easier [15].
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Projection of the variables on the factor-plane ( 1 x 2}
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Fig. 6. Projection of the source variables on F,-F, factor plane
RESULTS AND DISCUSSION

The interpretation of the obtained results for application of the principal components method
under actual data can be the following.

The principal factor F; accounts for 20% of all the loads. Source variables correlate with it to
the greatest extent:

S-15 Erroneous use of MEL category;

S-28 Damage to a component when conducting maintenance;

S-08 Lack of personnel of the appropriate category to carry out the mission.

So, factor F; can be interpreted as “Erroneous decisions and damage to components due to
shortage of qualified specialists”.

Factor F, takes over loads of the variables:

S-13 Violation of the technology when conducting work, failure to comply with operational
and technical documentation;

S-26 Damage to an aircraft when conducting maintenance.

Accordingly, factor F, can be characterized as “Deviations from the technology and operational
and technical documentation requirements causing aircraft damage”.

The variables are linked with Factor Fs:

S-30 Loss of instruments/equipment during maintenance (including leaving the instrument in
aircraft, engine operation area);

S-31 Breakage or damage to tools/equipment during maintenance.

Factor F; can be reasonably called “ Lack of skills to use tools and equipment”.

Factor F4has substantial variables loads:

S-47 Absence of or incompletely conducted check/inspection;

S-16 The poor-quality troubleshooting.

Accordingly, the name “Deficiencies while arranging and conducting the supervision of work”
is assigned to factor F4[16, 17].
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New factors Fs, Fg and F; have critical loads merely from one variable (single factor contrib-
uting to hazard), so their names will conform to these variables as follows:

Fs —“ Usage of not authorized tools/equipment during maintenance”;

F¢ — “Flight delay/cancellation through the fault of personnel”;

F7;—“Authorization of not certified personnel to work”.

Thus, the obtained result can be used by ISMS developers to make grounded decisions in order
to minimize the original list of factors contributing to hazard concerning the given aspect of activity. It
will allow us to considerably facilitate data collection and processing with insignificant loss of their
informational value.

Furthermore, revealed amplified factors illustrate availability of hidden causes of hazard factor
manifestations what will contribute to development of effective measures to mitigate the risk.

CONCLUSION

Development of the integrated system of safety management (ISMS) for the aircraft mainte-
nance enterprise is a crucial task. In conjunction with the customary constituents (SMS, QMS, SAS,
management systems of environment, information, manufacture safety), the management systems that
have been developed further lately, such as CRM and ERP, should be integrated into ISMS.

On the first stage it is expedient to take advantage of the SMS, QMS development experience.
In order to attain objectives to be sought in the safety sphere, data collection about hazard factor mani-
festations in the responsive and proactive modes with respect to every aspect of activity, assessment of
related risks and development of corrective actions must be arranged in the enterprise.

As the experience showed, the list of such factors contributing to hazard may be redundant,
what hinders data collection, processing and analysis.

On the basis of the stated above data of the aircraft maintenance enterprise it is shown that the
method of the factor analysis principal components can be employed to optimize the mentioned lists.

Application of the principal components method reveals more general factors contributing to
hazard, providing an expert analyst with supplementary, scientifically-grounded data about enterprise
safety. Reduction of model dimension enables us to concentrate every effort on prevention of principal
and hidden factors impact. It facilitates to distribute more efficiently resources allocated to maintain
aircraft airworthiness within the framework of enterprise ISMS.

It should be noted that application of the factor analysis and other innovative data analysis
methods does nor replace but adds routine work to ensure aircraft maintenance quality and safety.
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INPUMEHEHUME MHOI'OMEPHOI'O CTATUCTHYECKOI'O AHAJIM3A
ITPU PASPABOTKE UHTETPUPOBAHHOM CUCTEMBI YIIPABJIEHUS
BE3OITACHOCTBIO B OPTAHU3AIIMM 11O TEXHUYECKOMY
OBCJIIY KUBAHUIO BO3YIIHbBIX CYJ1OB

1 1
H.B. ACEEB', B./I. LIAPOB
1 o o« « o
Mockoeckuii 2ocyoapcmeenHblll meXHU4eCKull YHUgepcumem epaxcoanckol asuayuu,
2. Mockea, Poccus

COBpeMeHHI)Ie ABHUAIIMOHHBIC TPEANPUATHA ABJIAIOTCA BJIaJCIbIaMHM MHOXKECTBa PUCKOB, CBA3aHHBIX C OCYHICCTBIICHUEM HX
JCATCIIBHOCTH. Ha HaHHbIﬁ MOMEHT CYHICCTBYIOT Pa3/IMYHbIC CUCTEMbI YIIPABJICHUS, TAKUE KaK CUCTEMAa MCHEIPDKMCHTA Ka4eCTBa
(CMK), cuctema ympasnenus 6e3onacHocThio mojietoB (CYBII) u momo0HbIe, B KOTOPBIX OMUCHIBAIOTCS BCE BOBMOYKHBIC PHCKH
st pempustyas. [IpobnemMa CHHXpOHM3ALMM M €AMHCTBA ITHUX CHUCTEM B paMKaX KOMIUIEKCHOTO aHain3a YIpPaBJICHUS
M3MEHEHMSMU U OCYIIECTBICHUS IPON3BOJICTBEHHOM JIEATEILHOCTH SIBJISICTCS HEpEIIeHHOW 1o cuX Top. st pelneHust 3Toi
3a/@a4d B CTarbe IPEJIIONaraeTcs HCIONb30BaTh MHTETPUPOBAHHYIO CHCTeMy ynpasiieHus: OeszomacHocthio (ISMS). Ilpu
pazpabotke ISMS B opraHm3aimy o TEXHHYECKOMY OOCTyxuBaHHIO BO3MyIHBX cynoB (TO BC), oOpemuHstonmeil cucteMsl
yIIpaBJieHuUs OE30MACHOCTBIO MOJIETOB, KAYECTBOM, aBHAIIMOHHOW, HH(POPMALIMOHHOM, SKOJIOTHYECKON 0E30MacHOCTHIO U IPYTUe
CHCTEMBI, 3Ta OPraHM3aIMs CTATKABACTCS C TPOOIIEMO M30BITOYHOCTH U TyOIHpOBaHMs HHPOPMAITIH O TIPOSBICHIAX (JaKTOPOB
OMACHOCTH B PA3IMYHBIX AaCMeKTaX ee¢ MAESITeNIbHOCTH. JTO MOXKET 3aTpyIOHHTh cOOp W 00paOOTKy MJAHHBIX W TPHHSITHE
KOPPEKTHPYIOLHX/IPeAYIPEKIAIOMINX MEPOIIPUATHIA. 3a/1a4a TI0 000CHOBAHHOMY COKPAIIIEHHUIO MCXOIHOTO TepedHs (haKkTopoB
OIACHOCTH MOYKET PacCMaTpHUBAThCs KaK 3ajiaua CHIKEHHUs Pa3MEPHOCTH MOJIENH JIEATENIbHOCTH MPEIIPUSTHS, KOTOpas MOXKET
6I)ITb peiicHa € MOMOLIBI0 METOAA TIJIaBHBIX KOMIIOHCHT q)aKTOpHOFO aHaJIn3a. KpOMe TOro, NMpUMCHCHHUE METOAA IIaBHBIX
KOMIIOHCHT 06ecneqMBaeT OKCIICpTa-aHAJIMTUKA JOMNOJIHUTCIIbHBIMU, HAYYHO O6OCHOBaHHI)IMl/l JAaHHBIMU O Ka4ECTBEC pa6OTbI )44
TMO3BOJIACT MPOrHO3UPOBAThL TECHACHIUU. B cratbe nHa PCAIbHBIX JaHHBIX OpraHu3alMi IO TEXHUYCCKOMY O6Cﬂy)KI/IBaHI/IIO
BO3/YIIHBIX CYJIOB [TOKa3aHa MPUMEHNMOCTh METO/Ia JUTsl ONTHUMH3AIMH NIEPEUHs NPOSIBIICHUH (haKTOPOB OMACHOCTH MO OHOMY
13 aCIEKTOB JIESTENIFHOCTH OpraHN3aLHH.

KnoueBble cj10Ba: MHTErpHpOBaHHAs CHCTEMa YIPaBJIEHWs, OE30MACHOCTh MOJETOB, (PAKTOP OMACHOCTH, METOJ IVIABHBIX
KOMITOHEHT, CHI)KEHHE Pa3MEPHOCTH MOJIEITH, OOBEANHEHHE CHCTEM.
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TEXHOJIOT WS BJIOKYENH B CMAPT-KOHTPAKTAX HA 3AIIPABKY
BO3AYIIHBIX CYAOB I'PA’KJAHCKOU ABUAITNUN

B.B. TOPJIEEB', O.B. TPOMOB?, B.K. TPOMOB?, I'.. JUTUHCKMUIA?,
B.M. CAMOIJIEHKO’
'000 «T ynones Cepeucy, 2. ’Kykoseckuii, Poccus
’Mockosckuii 20cydapcmeentbiii mexHu4ecKuil yHUSepCUmen SpaicOancKoll asuayu,
2. Mockea, Poccus

B mporiecce ocyIecTBICHUS BO3MYIIHBIX IEPEBO30K MPOUCXOIUT OOMEH OOJIBIIMM KOJIMYECTBOM HH(OpPMAIIMK, Hrparorieit
BOXHYIO POJIb B CBOCBPEMEHHOW OPraHU3allMd M OOCSCIICYCHUH TIOJICTOB BO3YIIHBEIX Cyn0B. Pabora nmr000i aBHaKOMITAHHU U
a3poropTa COCTOMT U3 MHOXKECTBA MPOIICCCOB, B KOTOPBIX 33JICHCTBOBAHO OOJNBINOE KOJHMYECTBO YYACTHUKOB. OIHUM M3 TAKHX
BOIIPOCOB SIBJISIETCSI CBOCBPEMEHHOE OOCCIICUCHHE 3alpaBKH BO3YIIHOTO CyJHA aBHATOIUIMBOM. [IpHMEHEHHE TEXHOJIOTUH
OIOKYEIH TI03BOJIIET CBOEBPEMEHHO 00paboTaTh 3asBKY aBUAKOMITAHWH HA 3alPAaBKy BO3IYILHOTO CY/HA, POU3BECTH OILIATY U
OOMEH OTYETHBIMH JIOKYMEHTAMU MEXy aBHAaKOMIIAHMEH M TOIUIMBO3AIPABOYHBIM KOMILIEKCOM. B paboTe JaHbI OCHOBHbBIC
OIpe/ICNICHHs] AJIEMEHTOB CMApT-KOHTPAKTOB M MX B3aMMOCBS3M Ha 0a3e TEXHOJNOTHU OJIOKYEWH MPU BBINOJHEHUH YYETHO-
pacyUeTHBIX OIEpalMii 3a 3alpaBKy BO3AYIIHBIX Cym0B. CTaThsl IMOCBSIICHA KOMIDICKCHOMY HCC/ICIOBAHUIO MPUMEHEHHS
TEXHOJIOTUH CMaPT-KOHTPAKTOB B CHCTEME 3aITPABKK BO3IYIIIHBIX CYIOB, B YaCTHOCTH OOMEHA YUeTHO-PACYCTHOM JOKYMEHTALEH
MEKIy aBHAKOMITAaHUEH, TOILIMBO3AIPABOYHBIMU KOMILIEKCAMH a3pPOIOPTOB IPAKIAHCKON aBuanun 1 Oankamu. L{epro HaydHO-
HCCIICIOBATENILCKON paOOThI  SIBJISICTCSl  MCCJICAOBAHUE TNPUMEHCHHS TEXHOJIOTMH OJIOKYCHH B 3alpaBOYHBIX  OMEPALUSIX
BO3IYIIHBIX CynoB. Ha ocHOBe aHamm3a pa3paboTaTh CXeMy MPHUMCHEHHS TEXHOJIOTMM CMapT-KOHTPAKTa TPU 3arpaBKe
BO3IYIIHBIX CYJOB, IO3BOJIIIOIIEH COKPAaTHTh OOBEM YUETHO-PACUETHBIX OMNEPalii W IMOBBICUTH S((HEKTUBHOCTH PAOOTHI
00BEKTOB M CYOBEKTOB 3allpaBOYHOrO Ipolecca. B pabote mpeacTaBieHa 1ierb MPOXO0XkKICHNS HH(MOPMAIIMK U TpaHchopMariu
OJIOKYeliHa OT BBITMIOJIHEHHUS 3alpaBOYHBIX OIEpaldi O KCIONHEHUS OAHKOBCKHMX OIEpalii W OIUIaThl aBHATOIUIMBA U
COIYTCTBYIOIIMX YCIyr MO 3arpaBKe BO3MYIIHBIX CyaoB. Oco00e BHHUMaHHME YACIEHO POJIM W MECTy CPEICTB 3alpaBKH
BO3/IYIIHBIX CY/IOB KaK KIIFOYEBOTO AJIEMEHTA MOJTYJISl aBTOMATHYECKOW CBEPKH YUETHO-PACUCTHBIX IOKYMEHTOB B ()OPMUPOBAHUM
CMapT-KOHTpakTa. Ha OCHOBaHMHM TPOBEJCHHOIO aHAIW3a MPUMEHECHHS TEXHOJOTMH OJIOKYCHH MpeiokeHa cxema
B3aUMOJICHCTBUS MEX/y aBUAKOMIIAHKEH, TOIUIMBO3AIPABOYHBIM KOMIUIEKCOM U OaHKOM. [IprMeHeHHe TPeIio:KEeHHOM CXEMBbI
TMO3BOJISIET ABUAKOMITAHUM OCYILECTBIISITh PacyeT 3a 3arpaBKy B MOMEHT 3alpaBKH 0€3 TPYJOeMKUX OyXTaITepCKUX Ofepaiyil 1
MPEIOIUIATH 33 ABHATOILIMBO, TEM CAMbIM COKPATUTh BPEMsI paCUeTOB.

KnroueBble ciioBa: cMapT-KOHTPAKT, OJIOKYEHH, TOIIMBO3AIPABOYHBIA KOMIUIEKC a3poIopTa, aBHAKOMIIaHMs, SKUMAXK, OaHK,
TpaH3aKIMH, TPAHCIPAaHWYHOCTh, CPEACTBA 3alpPaBKU BO3MYIIHBIX CYJOB, OpaKyJ, BUPTyaIU3alMs JaHHBIX, HHTEPHET BeIleH,
BaJIM/IATOP, KPUITOr paduyecKast 3aiyTa HHPOpMaLN, MeTaJaHHbIe, KBOPYMUPOBAHHBIH CUTHAJ.

BBEJIEHUE

B nanHO# paboTe mMpeaMETOM HCCIICIOBAHMM SBISCTCS cXxeMa o0eclieueHUs aBHATOILUIMBOM B
MpoIEecce 3alpaBKy BO3AYIIHBIX CyA0B [1].

Lens wiccnenoBanus — pa3padoTaTh OCHOBBI MOJENH MPUMEHEHUSI CMapT-KOHTPAKTOB Ha 0ase
TEXHOJIOTMH OJOKUYEHH B CHCTEME 3alpaBKU BO3IYIIHBIX CYyJIOB.

B yTtBepxkaennoii B Poccuiickoit @enepannn «CTpaTeruu pa3BUTUs HHPOPMAIIMOHHOTO 00I11e-
ctBa P® ma 2017-2030 FOI[BI»I [2] maHo cnemytomiee onpeaenenne nudpoBoi 3xkoHOMHUKHU: «Iludpo-
Basi DKOHOMHUKA — ATO XO3SICTBEHHASI JESATEIILHOCTh, B KOTOPOU KITIOYEBBIM (haKTOPOM TPOU3BOACTBA
SIBJISIFOTCSL JTaHHBIE B MUGPOBOM BHE, 00paboTKa OOJBIINX 00BEMOB U HCIIOJIL30BAHKUE PE3YJIbTATOB
aHallM3a KOTOPBIX 10 CPABHEHHUIO C TPATUIIMOHHBIMH (pOopMamMu XO3SHCTBOBAHMS MO3BOJISIIOT CYIIE-
CTBEHHO MOBBICUTH 3((HEKTUBHOCTH PA3IWYHBIX BHIOB IMPOU3BOJICTBA, TEXHOJOTUH, 000pYyI0BaHMS,

' Vkas3 [pesunenra Poccuiickoit ®eneparmu ot 09.05.2017 Ne 203 «CTpareruu pa3BuTHs HHMOPMALHOHHOTO 00IIECTBa
B Poccuiickoit @enepanuu Ha 2017-2030 rogs». M.: Kpemns, 2017. 27 c.
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XpaHeHHUs1, IPOJIAaXKH, JOCTABKH TOBApOB U yciIyr». TakuM oOpa3oMm, OCHOBOHM HU(POBOI SKOHOMUKHU
sBisitoTcst «bonbime ganHbie» (aHria. Big Data) n ux mocnenyromuid aHaau3 AJIs MOTydeHus: HHPOp-
Malluy JUIsl IPUHATHS pelIeHus, Ha3bIBaeMOM « Y MHBIMU JAHHBIMU» (aHTJI. Smart Data)2 [2]. [Tpume-
HEHHUE JYYIIMX MPAKTUK MO WX cOOpYy, MHTEPIpPETALUU U UCIOJIb30BAHUIO SIBJISETCS HAIllpaBICHUEM
pa3BUTHUA aBUALIMOHHOM oTpaciu B XXI Beke.

Crneuunduka BO3AYIIHBIX MEPEBO30K €KEMHUHYTHO CO3JA€T OTPOMHBIN MacCHB HH(OpMAaIH,
paboTa ¢ KOTOpO# yKe BeAeTCS B paMKax TaKUX KOHIEMINH, KaK BUPTyaau3anus JaHHBIX (aHra. data
virtualization), uatepHeTt Bemen (anri. internet of things, [oT) n muorux npyrux [3]. OmgHako BEIOOP
BHEJIPSIEMbIX MHHOBAIIMI 3aBUCHUT OT CTOSIIIMX 3a/1a4 U TOTO, HACKOJIBKO apXaWyHbIM SIBJISIETCS TEKY-
IIMA MOAXOJ MPU OCYLIECTBICHUU XO3SIMCTBEHHOM NEATEIbHOCTH. B 3TOM cBeTe MHTEpecC MmpencTaB-
JSIFOT BO3MOYKHOCTH TE€XHOJIOTUH OJIOKUYEiH Kak oHOU u3 popM 1eneit MapkoBa, HOTEHIMAT KOTOPOM
0003Ha4aroT B Takux cdepax, Kak OTCIeKUBaHHUE Oaraka v rpysa, MOATBEPKACHUE JTUUHOCTH COTPYI-
HUKOB ¥ MOCETHUTENICH a’dpornopra, OpOHUpOBaHUE OUJIETOB, MPOTPAMM JIOSUITLHOCTH, YUET U KOHTPOJIb
TEXHUYECKOTO 0OCITY>KUBAHUS M 3aIPaBOK BO3MYIIHBIX CYJ0B M MallMH Ha3eMHBIX cyk0 [4]. Kak oT-
medaer [ATA (anrn. International Air Transport Association) B CBOEM HCCIEIOBaHHH B 001acTd
omokueitna 3a 2018 rox [5], HaHOOIBIIUM MMOTEHIIMATIOM JaHHAs TEXHOJIOTHS OoO0JafgacT Il TaKuX
MPOIIECCOB, KaK BHICTABIICHUE CUETOB, CBEPKA, pacUeT U OyXTalnTepCKHd yUerT.

AHAJIN3 TEXHOJIOT WU BJIOKYEWH Y BO3MOKHOI'O EE IPUMEHEHU A
ITPU 3AITPABKE BO31YIIHBIX CYAOB

Texaudecku oaoxuetin (anri. blockchain) — 3To 6a3a maHHBIX, KOTOpas MPEACTaBIsACT COOOM
pacripesielIeHHbIH peecTp C BO3MOXXHOCTBIO OTKPBHITOM mpoBepku. C TOUKHM 3peHus OmzHeca OJOK-
YyeilH — 3T0 oOMEeHHasi CeTh AJIs MEepEeMELIeHUs TPaH3aKIMil, CTOMMOCTH, aKTUBOB MEX]y pPaBHBIMHU
napTHepamu, 6e3 MOMOIIX MOCpeHUKOB. C IOpUANYECKON TOUKH 3peHHs OJIOKUEHH MpoBEpseT TpaH-
3aKIIMHU, 3aMEHsIs (2 TOUHee, Jiejas HeHY>KHBIMH) MPEXHUE KOHTpoIHUpytomue opransl [6]. Takum 00-
pa3oM, JaHHAsl TEXHOJIOTHUS MO3BOJISIET OpraHU3alysIM ONTUMU3UPOBATh OM3HEC-TIPOLIECCHI, HCKITIOUNB
MOCPEHUKOB, B TAKUX OIEpalusIX KakK, Hal[puMep, BHICTABJICHUE CUETOB NMPU (PUHAHCOBBIX OMEpaIUsiX.
BaxxHbIM 35eMeHTOM paboThl OJIOKYEHHA SBISETCS alTOPUTM B3aMMOACUCTBUS CTOPOH, BBIPAXKEHHBIN
B IPUMEHEHUU TEXHOJIOTUH CMapT-KOHTPAKTOB.

Cmapm-konmpaxm (aHri. smart contract) — 3To mporpamma, KOTopasi BBIIIOJIHAETCS UCKIFOUH-
TEJIbHO KaK 3allporpaMMHUPOBAHHOE, 0€3 KaKoi-TuO0 BO3ZMOXKHOCTH MPOCTOs, LIEH3YpPbl, MOIIIEHHUYE-
CTBa M BMEIIATENILCTBA TPEThEH CTOPOHBI. Pe3ybTar BBIMOMHEHHS CMApT-KOHTPAKTA OTPaXKaeT OJUH
U3 BO3MOXXHBIX BapHaHTOB 3aJ0KEHHOW B OJOKYEWH JIOTMKH B3aUMOJICHCTBUS MEXIY CTOPOHAMH
npotiecca [7].

brok4eliHbl 1 cMapT-KOHTPAKThl HE MOTYT MOJy4aTh JOCTYI K JaHHBIM H3BHE CBOEH CETH.
CMmapT-KOHTpAKTaM ISl BHITIOJIHEHHS 3aJI0’)KEHHON B HUX OWM3HEC-JIOTUKH, KOHEYHO, TPeOyIoTCs JdaH-
HbI€ W3 BHEUIHETO MHpA, HO OHU CIOCOOHBI MOJYYUTh UX TOJIBKO B (hOpME AJIEKTPOHHBIX JTaHHBIX,
Ha3bIBaEMBIX opakyiamu. Opakyn (aHT. oracle) — 3TO MepBUYHBII HCTOUYHUK AAHHBIX, KOTOPBIN MOJY-
YaeT, MOATBEPKAAET pealbHbIe COOBITUS U OTIPABIISET 3TY UH(OPMALIUIO B CMapT-KOHTPAKT, BbI3bIBAs
M3MEHEHUS COCTOSIHUA B Oiiokyeiine. OpakyJiibl CHaOXaroT CMapT-KOHTPAKThl BHEIIHEH HH(popMaruei,
KOTOpasi MOKET 3aIyCcKaTh 3apaHee ONpeie/ieHHbIE AEHCTBUS CMapT-KOHTPAaKTa. DTU BHELITHUE JJaHHBIE
MOCTYNAlOT JIM0O M3 MPOTrpaMMHOr0 olecrieueHus (MpuiokeHuil 6a3 TaHHBIX), TUO0 U3 aBTOMATU3H-
POBAaHHBIX CPEJACTB 3alpaBKU BO3IYIIHBIX CYJOB WJIH TE€XHOJIOIMUECKOro O00OpyaOBaHUS (MHTEPHET
Berieil). TakuM yciaoBreM MOTYT OBITh JIOOBIEC TaHHBIC, HAIPUMEpP 00bEM U BpeMs 3alpaBoOK, UICHTH-
(¢uKalMOHHBIE JaHHbIE WU TeKyllas IieHa Torunsa [8]. IlpumepoM 00opyaoBaHMsI, CHOCOOHOTO BbI-

? Smart Data [dnexTpoHHsIii pecypc] / OneRetarget cripasounnk. URL: https://oneretarget.com/ru/wiki/smart-data (zata
obpamenus: 23.06.2021).
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CTYIaTh OPaKyJIOM JUIsl IepeAadd JAHHBIX B OJOKYEWH, MOKET OBITh a’dPOJAPOMHBIN TOIITMBO3AIPAB-
MK C KpUnTorpapuueckuM OJIOKOM MEPBUYHBIX YUETHBIX ONEpalUii, BHIIOJIHEHHBIM B CBETE TPeOO-
BaHui HammonansHOTO CTaHz[apTa3 [9, 10].

BaxknelmmmM y4acTHUKOM ceTH OJIOKueiiHa SIBISIETCA 8a1udamop — 3TO y3Jbl, KOTOpbIE OepyT
Ha ce0s BCe OCHOBHBIC 3aa4H IS MTOAIepKaHUsA paO0OTOCIIOCOOHOCTH OJIOKYCHH-CceTH: 0€30IMacHOCTb,
pacnpenenenre AaHHbIX U Ap. [loa BanumaTopom Takke MOHUMAeTCsl CTOpOHa, MPUHUMAIOIIAst Ha ce0st
00s13aTenbCTBA TI0 00ECTICYCHHUIO 0TKAa30yCTOWYMBOCTH U TIOJICPIKKH Y3JIOB CETH U UX CEPBUCOB [9].

JIis paBUIIBHOTO MCIOJIB30BAaHHS TEXHOJOTMU OJIOKYEHH B Ipolecce oOecredeHus 3anpaBKu
BO3/IYIIHBIX CYJIOB PACCMOTPUM, YTO COOOM MPEACTABIISET JaHHAS TEXHOJOTHS U KaK MPABUILHO e TpH-
MEHUTH B HacTosIeM mpoiecce. [1o Tumam 6510K4eHOB X MOYKHO pa3AeiuTh Ha fBa Buaa [10].

Ilyonuynvni (omxpoimetii) O10K4eltin — 3TH OJOKYEHHBI HE UMEIOT HUKAKUX OTPaHUYCHUHN s
YYaCTHUKOB CETH M BalujaTopa. [ J1aBHBIM MperMyIIeCTBOM JAHHOTO THIMA OJOKYEHHa SBISETCS €ro
HEKOHTPOJIUPYEMOCTh, YTO 03HAYAET, YTO HUKTO HE OyAeT UMETh TOJTHOTO KOHTPOJISI HaJl CEThIO.

OTtkpeITOCTh OJOKUYeiiHA oOecrieurnBaeT 0€30MacHOCTh JaHHBIX U MOMOTAaeT B HEM3MEHHOCTH
3amucedd. Bee y3inbl, MOAKIIOYEHHBIE K 3TOMY OOIIEJOCTYITHOMY OJOK4YelHy, OyIyT MMETh paBHBIC
MOJIHOMOYHSI, U, KaK CJIeICTBHE, OOIIEIOCTYITHBIN OJIOKYEIH CTaHET MOJHOCTHIO paclpeesIeHHBIM.

Yacmmuwii (3axpuimulii) 610K4etiH — JaHHBIA OJ0KYeHH TpeOyeT, YTOObl yYaCTHUKH ObUTH MPH-
IJIAIIeHbI, MPEeX/Ie YeM OHHM CMOTYT CTaTh 4acThio OJOKueiHa. 37ech BCe TPaH3aKIMKU BHIIHBI TOJBKO
JUIaM, KOTOPBIE SIBIISIOTCS YacThiO OJOKYEHHA. DTH TUIBI OJOKYEHHOB IIEHTPAIN30BAHBI U HAMHOTO
Jy4Ilie KOHTPOJIUPYIOTCS, 4UeM OOIIeIOCTYITHbIE OIOKUYEITHBI.

[TockonbKy 3T ONOKUYEHHBI OOJiee IEHTPATM30BaHbI, YIPABISAT, UMH U PETYIUPOBATH UX MO-
KET ¥ OJJHA CTOPOHA, W TPYIa CTOpOH. Takoi OJ0KYeHH MOKHO HCITOJIB30BaTh B IpoIiecce odecre-
YCHHSI TTOJICTOB BO3AYIIHBIX CYJOB aBUATOTNIMBOM M B3aUMHOTO pacueTa MEeX]y ero y9aCTHUKAMHU.

B yacTHBIX OJIOKUeliHax, Kak MPaBUJIO, UMEETCS OQUIIMAIBHBIN MOCTABIIUK YCIYT, KOTOPBII
MOJKET T03a00TUTHCS O TIPaBax MOJB30BATENS B CIydyae, €ClIM KaKOH-TMOO0 CTOpoHe TpeOyeTcs h3Me-
HUTH NOJTHOMOYHS Ha XOAY. 3aKpbIThle OJOKUEHHBI UCTIONb3YIOTCS B YACTHBIX OpPraHU3alUAX Ui Xpa-
HEHMs KOH(HIEHIMAIbHON nHpopManuu 00 opraHum3anu. BaHoil 0COOEHHOCTHIO YAaCTHBIX OJIOK-
YEITHOB SIBJISIETCS MPOCTOTA MOCIEAYIOINX BHOCUMBIX B paboTy ceTH n3mMeHeHuil. OcobeHHOCTH pac-
CMOTPEHHBIX TUIIOB OJIOKYEHHOB MPHUBEICHBI B Ta0II. 1.

Tadauua 1
Table 1
CpaBHuTenbHas TabIMIIa OCOOCHHOCTEH THIIOB OJOKYEHHOB
Comparative table of the features of the blockchains types
IIy0auuHblil (OTKPBITHIIT) 0JI0KYeiiH YacTHbli (3aKPHITHII) 0JI0KYeHH
o JI060ii TOJIb30BATEIh MOXKET YHTATh, BHOCUTD 3aricH, | ® CyIlecTByeT CTOPOHA, OTBEUAIOIIAs
a TaKkXKe OBITh €0 YUYACTHUKOM. 3a MPEIOCTABICHHE JIOCTYIIA K CETH HOBOTO
o JlelleHTpaIn30BaHbl, HU OJ[HA U3 CTOPOH HE UMEET IOJI- y4YacTHHKa OoKYelHa.
HOT'O KOHTPOJISI HaJ[ CETBIO. o IMeroT 0(HIIHATBEHOTO TIOCTABIINKA YCIIYT.
e JlaHHbIC HE MOTYT OBITh H3MEHEHBI TIOCIIE TPOBEPKU o ['uOkue B pa3paboOTKe U HCIIOIb30BAHUH
B OJIOK4YeiiHe

Jns neneit npuMeHeHns OJIOKYEiHAa B HA3eMHBIX CITy’KOaxX 3alpaBKH CaAMOJICTOB MOXOSIINIM
BBIOOPOM SIBIISIETCS MCIOJIB30BAHUE YACTHOTO OJOKueiiHa. BriOop ocHOBaH Ha ydere ABYX crerudu-
4eCKUX TpeOOBaHUI a’pOIIOPTOB:

> TOCT P 34.13-2015 Kpunrorpaduueckas 3amura uadopmarmu. M.: Crangaprundopm, 2015. 38 c.
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1) TpeGoBaHMs K KOHPHUICHIMATHHOCTH U 3alIUTE WHPOPMAIINU, KOTOPOl 0OMEHHUBAIOTCS CTO-
ponbl. Takum oOpazoM, mH(poOpManus, 3amucaHHas B OJIOKUEHHE, MOXET OBITh JTOCTYIHA TOJBKO
YTBEPKJICHHBIM YYaCTHHKAM CETH;

2) BBUAY TOTO YTO MOCTABIIMKOM OJOKYEHAa MOXKET OBITh TOJBKO KOMMEpUYECKasi KOMITaHUS, B
ee 00s13aHHOCTH OyJeT BXOJIWUTh BaJIUAAIMSA U JIPYTHUE CTOCOOBI MOIJIEPKKH CETH, UTO JAeaeT OJIOK-
YeiH HEeHTPaTU30BaHHBIM, HO MIPOCTHIM B pa3paboTke.

Br160p yacTHOTO IIEHTPATM30BAaHHOTO OJIOKYEHHA MO3BOJIUT BHEAPUTH €r0 B IMPAKTUKY TOIUIH-
BO3aIlPaBOYHBIX KOMIAHUNA M aBUAKOMIAHUM C COOJIIOICHHEM IOPUAWYECKUX IMPaBUI U CTaHIAPTOB
nH(GOPMaLIMOHHON OE€30MaCHOCTH.

Haubonee nepcniektuBHOU chepoit mpuMeHeHHs OJoKuyeiiHa B 0003HAUYCHHON TeMe SIBIISETCS
NOBBIIIEHUE YPPEKTHBHOCTH (PHHAHCOBHIX B3aMMOPACYETOB MEXYy BCEMH CTOPOHAMH, Y4aCTBYIOIIH-
MU B IpOIIECCE 3alpaBKH BO3IYIIHOTO CyIHA.

0O0603HaYNM CTOPOHBI, B3aUMOJICHCTBYIOIINE B TIPOIIECCE:

e aBUMAKOMIAHUS — 3aKa34yMK 3allpaBKU BO3AYIIHOTO CYyAHA, UMEET 00S3aTeNbCTBa 3aKaszaTh

Y TIPOM3BECTH OILIaTy OKa3aHHOW yCIIyTH;
e TormnuBo3anpaBodyHas kommanus (T3K) — oTBeuaeT 3a ucmoiHEHUE 00s3aTENBCTBA MO 3a-
IIPaBKe BO3AYLIHOIO Cy/IHA;

e 0aHK — OTBETCTBEHHAs CTOpPOHA 3a IMPOBEJCHHE (PUHAHCOBBIX TPAH3AKIMHA MEXIy aBHa-

koMmanueit u T3K.

Jlnst uMrmiieMeHTanuu OJI0K4YeiiHa B3aUMOICHCTBYIOIINE CTOPOHBI TOJDKHBI pa3padoTarh mpa-
BOBBIC paMKHM, BKJIIOYAIOIIKE B ceOs OOIMU [UIsi BCEX YYAaCTHMKOB HaOOp IOPUIMYECKHX COTJIalle-
HUH, 0003HAYAIOIIHIA POJIH B TIOPSIOK B3aUMOJICHCTBUS APYT C APYTOM B paMmKax OyiokueiiHa. Takxke
CTOPOHBI JOJKHBI BEIOPATh BaIHI0pa — OPraHU3AIINIO, TPEAOCTABIAIONIYI0 TEXHUUECKYIO TOAIePK-
Ky IO mporieccy paboThl ¢ 6iok4eiHoM. PazpaboTka mpaBoOBBIX paMOK MEXKy YYaCTHHKAMH J0JDKHA
yUnTEIBaTH TPeGOBAaHHS (eIepaTbHBIX 3aKOHOB™°, a TakKe OCOBEHHOCTH OPraHM3aIlMH CMapT-
KOHTpaKTOB7 [11].

ABTopamu mpoBefieH aHanu3 [12-20] BO3MOXHOTO MPUMEHEHHS TEXHOJIOTUU ONOKYEHH
IIpY aBHATOIUIMBOOOECTIEUEHNU BO3IYLIHBIX CYJ0B M MpEAiaraeTcsi HoBasi CXeMa B3auMOJEHCTBUS
YYaCTHUKOB € OJIOKYEHHOM C yUYETOM YK€ UMEIOIMMXCS MUPPOBBIX mIaThopM ydacTHUKOB (puc. 1),
YTO SABJSETCS HOBBIM MOJIXOJOM K MPUMEHEHUIO TEXHOJOTHHU OJOKYEHH MpH 3ampaBKe BO3AYII-
HbIX cynoB (BC). IIpennoxennas «I"azsnpoMHEdDTh-A3p0» MOJICNIb B3aUMOJICHCTBHS YUaCTHHUKOB
ABJISIETCS BHOBb CO3J]JaBa€MOM, XOTSl OHA W MPOIIJIA HCIBITAHMS, HO HE MOJIyYuJa AajlbHEHIIero
pa3BUTHS.

PaccmoTpuM 1maru yyacTHHUKOB Ipoliecca 00ecreueHusl MoJIeTOB BO3AYIIHBIX CY/I0B aBHATOII-
JIMBOM.

1. Asuaxomnanus pe3epBUPYET JIEHEKHbIE CPEICTBA HA CUETY OaHKa — yYaCTHHMKA IPaBOBBIX
otHomeHuil. [Togaer mpeaBapUTEIbHYIO 3a4BKY Ha 00eCledeHe TOIITMBOM JJIsi BHITTOJIHEHUSI PEHCOB.
Jlist oGecrieueHus mocleayolel MOBBIIIEHHOW cKkopocTH nepeBoa cpencts T3K nomkHa uMeTh pac-
YEeTHBII CUeT B TOM K€ OaHKe-y4yaCTHHKE HWJIM PE3epBUPOBATH JIEHEKHbBIE CPEJCTBA HA KOPPECIOH-
JEHTCKOM CYETE ISl OTUIAThI YCIIYT IO 3alpaBKe BO3AYIIHBIX CYAOB.

2. Dxunaxc TPUHAAJIEKAILETO0 ABUAKOMIIAHUM BO3YIIHOIO CyJHa IMEpel OCYIIECTBICHHEM
peiica BBINONHIET OKOHYATENbHBIN pacyeT NOTPeOHOT0 KOJIMUYECTBA TOIUINBA, JIEAET 3asBKY Ha OKOH-

®enepanbusblii 3akoH o1 27 utonsg 2006 roga Ne 149-D3 «O6 nHpopMarym, THPOPMALIMOHHBIX TEXHOJIOTHSIX M O 3alUTe
napopmammm». M.: Kpemib, 2006. 59 c.

®denepanbusbiii 3akoH 0T 31 mromst 2020 1. Ne 259-03 «O umdpoBbIX GUHAHCOBBIX aKTHUBAX, HU(POBOIl BAJIIOTE U O BHE-
CEHUU M3MEHEHHH B OTAENbHBIC 3aKOHOAaTebHBIC akThl Poccutickoit denepamumy». M.: Kpemib, 2020. 37 c.
®enepanbublif 3akoH 0T 18.03.2019 Ne 34-03 «O BHeceHUM U3MEHEHUH B 4aCTH MEPBYIO, BTOPYIO U cTaThio 1124 yactu
tpetheit ['K PO». M.: Kpemis, 2020. 7 c.

Brnokuelin: onpeznenenue, OIOKM TpaH3aKLIWil U MpuMeHeHHE BHE cdepsl kpunroairoT // hr-portal.ru. URL: hr-ortal.ru/
vaprticle/blokcheynopredelenie-bloki-tranzakciy-i-primenenie-vne-sfery-kriptovalyut (zara obpamenus: 23.06.2021).
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YyaTeJIbHYIO0 3alpaBKy HEOOXOAUMBIM 00BEMOM TOILJIMBA JUISl BHIMOJIHEHUS pelica, JaHHbIE Yepe3 a’po-
MOPT OTHPABJISIIOTCSA B ¢Ty’k0y 3anpaBku T3K.

3. Okunadxc BHICTyHAaeT B KauecTBE OpaKyJsia CO CTOPOHBI aBUAKOMIIAHWUHU U TyOIUpyeT mepe-
nmauHbie 11 T3K maHHbIe M0 OKOHYATETBHOW 3aMpaBKe B OJIOKUYCHH.

4. T3K, nonay4yuB OT aBUAKOMIIAHUHU M SKHUIAXA 3asIBKY Ha 3alpaBKy BO3QYIIHOIO Cy/JHA, IPO-
M3BOJUT TUIAHUPOBAHUE BbIACIICHUS TOIJIMBA HA 3allpaBKy M Ha3HA4yaeT CPEACTBO 3alpaBKH IS BbI-
MOJTHEHUS 3aMIPABOYHBIX OTEPAIIHIA.

5. Cpeocmeo 3anpasku BBHINIOIHAET 3aIPaBOYHYIO ONEPALNIO, U TOCPEICTBOM CUCTEM H3MeEpe-
HUs (PUKCHpyeT 00beM 3ampaBiIeHHOTO TOIUTNBA, U, COOpaB HEOOXOAUMBII MacCHB IaHHBIX MO 3aIPaB-
K€ BO3JyIIHOTO CyJIHA C YYETOM BO3MOXHOW KOPPEKLHH CO CTOPOHBI 3KHIakKa B KaueCTBE OpaKyia,
oTnpaniseT UHGOpPMALIHIO B OJOKUEHH /ISl BBIMOJTHEHHUS CMapPT-KOHTPAKTA.

CxeMma BBITIOJHEHUS! CMapT-KOHTPAKTa yYaCTHUKAMU Mpollecca aBUaTOIUIMBOOOECTICUEHNUS BO3-
IYIIHBIX CYJIOB MpecTaBieHa Ha puc. 1.
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Puc. 1. Cxema ucnosp3oBanus OnokueitHa B GUHAHCOBOM B3aMMOJICHCTBUN MEXILy CTOPOHAMH —
y4aCTHUKAaMH 3aIlpaBKU BO3YIIHBIX CYZI0B
Fig. 1. The scheme of using the blockchain in financial interaction between the parties involved
in aircraft refueling

1. Baruoamop npon3BOAUT TEXHUUYECKYIO TOJAEPKKY padOThl Ol0KUEHHA.

2. Cmapm-konmpakm — pe3yJlbTaTOM BBIIOJHEHUS CMapT-KOHTpaKTa sBISETCS MH(pOpMaLUs
00 00BeMe 3aIpaBIIEHHOr0 TOIUIMBA, KOTOPasi CTAHOBUTCS AOCTYNHA OaHKy U3 OJOKuYelHa.

3. bauk B paMKax MPaBOBBIX PAMOK aBTOMAaTHYECKH PACCUMTHIBAET CYMMY, KOTOPYIO HE00XO-
JUMO CIHCATh CO cUeTa aBUAKOMIIAHUM B CUET OIJIAThl YCIYTH IO 3aIPaBKE CaMOJIETa U NMEPEUUCTUTD
Ha cueT T3K.

4. Banx yBeJOMIISIET aBHaKOMIIAHUIO O MPOM3BEJCHHON OIEpaluy U OTIPABISIET OyXrairep-
CKHUE IOKYMEHTBHI.

5. banx yBenommsier T3K o mpou3BeneHHON omnepanyy U OTIpaBIAeT OyXraaTepcKue TOKY-
MEHTBI.

6. Asuakomnanus nepenaet MHGOPMAIMIO O COBEPIIMBILEHCS OIIaTe MO 3alpaBKe BO3TYIITHO-
ro cynHa 13K v sxkunaorcy.
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Paccmorpum co cropons! T3K, Ha 6aze kakux miaropM MOKHO peain30BaTh JaHHYIO CXEMY.
Nmerommiicst cepBep coopa u nepenaun gaHHbx (CC u [1]]) B3auMoaeicTByeT ¢ aBTOMaTH3HPOBAH-
HeiMu cuctemamu T3K mytem oOmena xml-¢aitiamu ¢ nmomorpio BeO-cepBUCOB. BzanmoneiicTBue
OCYILECTBIISIETCA CO CIEYIOIMMHA aBTOMAaTU3UPOBAHHBIMY CHCTEMAaMHU.

1. ABToMarusupoBaHHasi cuctema yudeTHbIx omnepanuii (ACYO), pazpaborannas Ha 6aze 1C,
MPUHUMAET PacXOJHbIC opjepa OoT TorumBo3amnpasiuka (T3A) o mpousBeneHHbIX 3ampaBkax BC, a
Takke co ckiaana T3K o konnyecTBe NPUHATOTO U BBIJAHHOIO HA 3alIpaBKy aBUATOILIMBA. JTO MO3BO-
JSIeT CBOJUTH OajaHC aBUATOIUIMBA B PEKHUME PEATbHOTO BPEMEHHU.

2. B cuctemy «AspoapomHas JIOrucTuka» oT T3A B pexuMe peaqbHOrO BPEMEHU MOCTYINA0T
JaHHBIE O TEKYILIEM COCTOSHUU 3ampaBlinKa (Bce sTanbl 3anpaBku BC oT mosydeHus 3a1aHus 10 OTh-
e3nga ot BC, HanuB, BbI1aya Ha CTOPOHY, IPOMBIBKA (DMIIBTPOIIIEMEHTOB, HEUCTpaBHOCTh T3A 1 T. 11.).
Ot noructuku T3A monyuaer 3aganue Ha 3anpaBky BC ¢ ykazanuem Bcex gaHHbIX 0 BC u konuue-
CTBa 3aKa3aHHOTO TOILIMBA.

Jloructuka cBsizaHa ¢ aBToMaTH3UpoBaHHOU cucTemoi (AC) aspornopTa, OTKyZa OHA MOTy4YaeT
CBEJICHUS O BO3/YLIHOM CYyJHE B PEKHME PEaTbHOr0 BpeMeHH, ¢ cucteMoit «CkayT» (MHpopmanus o
MecronosioxkeHuu T3A). B noructuke orcnexuBaercs, kakue BC Hy>KHO 3ampaBiisiTh MO J0JITOCPOU-
HBIM JIOTOBOpaM.

JlorucTtrka npou3BOAUT WH(OPMALIMOHHBIA OOMEH C aBUAaKOMIAHHUSIMH. ABHAKOMITAHUS 3aKa-
3bIBAET TOIUIMBO, a JJAJIe€ B pEajJbHOM BPEMEHU MOKET OTCIIECKUBATh cOCcTOsiHUE T3A, Ha3HAYEHHOTO
nst 3anpaBku BC. Jloructuka mmeer MOOMIBHBIM HHTEp(dEiic, ¢ moMompio KoToporo komanaup BC
TaK)K€ MOKET OTCIIEKUBATh COCTOSIHUE Ha3HAUeHHOTro emy T3A.

3. U3 AC «Kanper» T3A monydaer cnuCKH IOMYIICHHBIX K padoTe ¢ T3A monb3oBarenei u
COOTBETCTBYIOLIUX UM IPaB.

Kax utor komanaup Bo3zaymHoro cynna (KBC) ¢ mnanmeTa, moakiIt0ueHHOTO K «A3pOapOM-
HOW JIOTUCTUKEY, 3aKa3biBaeT 3anpaBky BC. 3aka3 npoBepsercs ¢ ydactueM OaHka, OaHK OJIOKUPYET y
aBUaKOMIIAaHUU CpencTBa, HeoOoxoaumble s 3anpaBku BC. Tlocnme mpoBepku u OmokupoBku Ha T3A
MOCTYyMaeT 3afaHue Ha 3anpaBky. [locne 3anpaBku KBC noj kKpbuioM NOANUCHIBAET PACXOAHBIA Oplep
(v moATBEepkKAAET ONEpalMIO C IUJIAHIIETa), PACXOJHBIA OpJep OTIpaBiseTcs B A3POJIPOMHYIO JOTH-
CTHKY, Ta TAaK)X€ MOATBEPKIACT ONEpanuio O0aHKy, U JEHBIU 32 OTTPYKCHHOE TOILTUBO HEMEAJIEHHO
nepeBoasTcs Ha cuet T3K.

[Ipennaraemast aBTopamMu cxeMa B3aUMOJEHCTBUSA YYACTHUKOB BBIIIOJIHEHUS] CMapT-KOHTPAKTa
ONMUPAETCS. HA UMEIOIINECS Y YYACTHUKOB aBTOMAaTHU3UPOBAHHBIE CUCTEMBI, YTO MO3BOJISET MTOBBICUTh
3G (HEeKTUBHOCTh TAaKOTO B3aUMOJICHCTBUS M SBJSICTCS HOBBIM IOAXOJOM K pealu3allid CMapT-
KOHTpPAKTa.

Taxum o0pa3om, aHATU3 TEXHOJIOTUU OJIOKYEHH MOKA3bIBAET, YTO €€ UCIOJIb30BAHUE MO3BOJIS-
€T clenaTh IENoYKy onepanuii 1o 3amnpaBke BC u mpoBeneHne pacyeTa 3a €€ BBIIIOJIHEHHE OBICTPOH,
JOCTYITHOW IS IPOBEPKH C TOJMHOW MH(OpManmel 0 TpaH3aKIHIX BCEX YYACTHUKOB U TIPO3PAYHOM.
Ha sT0ii ocHOBe aBTOpamu mpejjaraeTcsi cxema HUPPOBOro cMapT-KOHTPAKTa, MO3BOJISIONIETO MPO-
BOJIMTH OIUIATY 33 aBHATOIUIMBO HEMOCPEACTBEHHO B MOMEHT 3allpaBKU U MOMEHTAIILHO ()OPMUPOBATH
BCIO OTYETHOCTH B DJIEKTPOHHOM BHJIE.

CXEMA B3AUMOJIEHCTBUS YYACTHUKOB IPOIIECCA 3AIIPABKHA BC

[Tpumenenne TeXHOIOTHH OJOKYEHH MO3BOJIIET MOJICPHU3NPOBATH TEXHOJIOTHUYECKUI TIPOIIeCC 3a-
npaBkd BC. OqHUM 13 KITIOYEBBIX AJIEMEHTOB 10 COBEPIIIEHCTBOBAHUIO Tporiecca 3amnpaBki BC sBisieTcst
CMapT-KOHTPAKT. OJJHAKO HAJ0 UMETh B BUILY, YTO IS BHITIOJHEHUSI CMapT-KOHTPaKTa HEOOXOIUMBI JTaH-
HbIE MUHMMYM OT TpeX MCTOYHHKOB, BBICTYMAIOUIMX B cTaryce opakyinamu. [lomydeHHBIE OT OpakKyJioB
JTAaHHBIE MCTIONIB3YIOTCS JJIsl OTIPENIEICHUs YCIIEUTHOCTH BBITOJHEHUS 3a/IaHUs HA 3alpaBKy BO3IYIIHOTO
CyJHa MyTEM BBIPAOOTKH KBOPYMHPOBAHHOTO CHUTHAJIAa METOJIOM CPaBHEHHUS TEKYIIUX 3HAYECHHUi, MOCTY-

26



Tom 24, Ne 05, 2021 Hayunblii Becthuk MI'TY T'A
Vol. 24, No. 05, 2021 Civil Aviation High Technologies

MAaIIMX OT aBUAaKOMIIAHWU — cpecTBa 3anpaBku — cepBepa T3K [14, 15]. Ecau nanHble coBmaaaror,
CMapT-KOHTPAKT TepenaeT B 6aHk uHbopMaIuio 00 OKa3zaHUH YCIYTH IO 3anpaBKe BO3AYIITHOTO CY/IHA.
Ecnu nannble He coBnagarot, uHdopmarus nepenaercs T3K miis mo3anpaBku camorera.

OCHOBHBIM THIIOM JaHHBIX, IIEPEAABAEMBIX CTOPOHAMM JUIS BBIIOJIHEHUS CMapT-KOHTPAKTa,
ABIsieTca 00beM TpeOyeMoro TOIUIMBA Ha 3ampaBKy W (paKTHUECKH 3arpaBieHHBIA o0beM [16, 17].
BMmecTe ¢ OCHOBHBIMM JJaHHBIMH TE€pelaeTcsl BCoMorareiabHas MH(OpMaIHs, HEe UCTONb3yeMas AJs
BBITIOJIHEHHUSI B CMAPT-KOHTPAKTE, HO HEOOXoauMast Uil BCEX YYAaCTHHKOB IPAaBOBBIX PAMOK: BpeMs
3alpoca 3alpaBKU U €ro (PakTUYEeCKOro BBIMOJIHEHUS, CTOMMOCTh 3alpaBI€HHOIO TOIIMBA, HOMEP
peiica, Ha3Banue aBuakommnanuu U T3K, a Taxke nmpoune HEOOXOJUMbIE CTOPOHAM METaJaHHbIC WM
JTaHHbIE, OTHOCAIIMECS K JOMOJHUTEIbHON MH(OPMAIMK O COAEPKUMOM MM 00beKTe. MeTanaHHble
PaCKpBIBAIOT CBEIEHUS O MPU3HAKAX U CBOMCTBAX, XapaKTEPHU3YIOLNX KaKUe-T1M00 CYITHOCTH, IT03BO-
JISTFOIIIME aBTOMATUYECKH UCKATh WX M YIIPABISATh MU B OONBIINX WHOOPMAITMOHHBIX TTOTOKaX [15].

CxeMy paboOTBI cCMapT-KOHTPAKTa OTHOCUTEIBHO JAHHBIX (pHC. 2), TOTYYaeMbIX OT OPaKyJIOB U
nocienyroei 00paboTKH, MOKHO MIPEJCTaBUTh B CIEAYIOIIEM BUJIE.

1. Dxunax camosiera, BBICTYNAIOIINMNA B KaueCTBE OpaKyJya, ¢ MOMOUIbI IPEIHA3HAYEHHOIO
JUIs OTIPaBKU JAHHBIX IIPOrPaMMHOTO oOecredeHus nepegaer B OJ0KUYEeHH MH(pOpMAIHIo, C Y4ETOM
coxpaHeHus uHpopmarmu [ 18], A BBIMOTHEHNUS CMApT-KOHTPAKTA C YKa3aHUEM OXKHJIAaeMOTro o0beMa
TOIJIMBa K 3ampaske [16, 17].

6
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Puc. 2. Cxema B3auMOJICHCTBUS CMapT-KOHTPAKTa B OJIOKUEiTHE
Fig. 2. The scheme of the smart contract interaction in the blockchain

2. OTHOBPEMEHHO C OTMPABKOM JTaHHBIX B OJIOKUYCHH HAYMHACTCS IMOCTOSHHBIN OOMEH JaHHBI-
MU MEXJy dKUIaXXeM BO3IyIIHOro cyaHa u cepsepoM T3K o craryce 3anpaBku.

3. JlaHHBIC TIO CTAaTyCy 3alpaBKH MOCTYHAIOT C MEPENAOIINX YCTPOUCTB (OpaKysoB) U COOH-
patorcs Ha neHTpasibHoM cepeepe T3K. [Tocie okoHUaHMs 3anpaBKu caMOJIeTa TaHHbIE OTIPABIISIIOTCS
B OJIOKYEITH JIJ1s1 BBITIOJIHEHUSI CMapT-KOHTPAKTA.

4. CMapT-KOHTPAKT CBEPSIET JaHHBIC, MOMyUYEHHBIC OT dKUTAXKa caMoJieTa, C JaHHBIMU (aKTH-
YeCKOU 3ampaBku, nojrydyeHHbIMH 0T T3K.

5. Eciu B pe3ynbTare CBEpKHM JaHHbIE B CMapT-KOHTPAKTE HE COBMAAalOT, MH(opMarwms oo
sTOoM nepenaercs Ha cepBep T3K a1 ycTpaHeHUs! IPUYUH HECOOTBETCTBUSI.

6. Ecnm pe3ynbTaT CBEpKM JNaHHBIX B CMapT-KOHTPAKTE MPOU3OIIEN YCIEUIHO, UH(pOpMaIHs
nepeaaeTcs B 0aHk aiis mpousBeaeHus omnaTel T3K, 00 ycnemnHoi 3anpaBKe yBETOMISIIOTCS BCE CTO-
POHBI ITPABOBBIX PAMOK U SKUIIAK CAMOJIETA.
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N3menenne moaxona Kk (GUHAHCOBOMY B3aMMOJICHCTBUIO MEXKAY CTOPOHAMHU, YYaCTBYIOIIMMU B
3arpaBKe BO3AYLIHBIX CYIOB IO TEXHOJOTHH OJIOKYEIH, MMEET psJl MPEUMYIIECTB [0 CPaBHEHHIO C
TPAAUIIMOHHBIM MTOAXOIO0M.

[ToBbilIeHNE CKOPOCTH (PUHAHCOBBIX ONEPALUN — CKOPOCTH BBIIIATHI JOCTUTAETCS 3a CYET UC-
KITFOYEHHUS] He0OXOIMMOCTH BBICTABIISITH CUETA HA OTUIATY, KOTOPBIE 3aMEHSIET Pe3yIbTaT BHIMOTHCHUS
CMapT-KOHTPAKTOB. baHk MOXeET oCyIecTBUTh nepeBo cpeacTB Ha cueT T3K cpa3y mociie BbIoaHe-
HUS CMapT-KOHTPAKTOB.

[IpocTora MacmTaOUpOBaHHS HOBOTO MPUHIUNA (PUHAHCOBOIO B3aMMOCHCTBHUS — YHCIIO
YY4aCTHUKOB MPABOBBIX paMOK pabOThI ¢ OJIOKYEHHOM MOKHO yBEIIMYUBATH 33 CUET 3aKIIOUYCHHS JI0-
MOJTHUTENbHBIX IOPUANYECKUX COTIalIeHUH. biok4yeliH B CBOIO o4epeib ABISETCS €IUHON apXUTEKTY-
POIi ISl HKHTETPALlUY YYaCTHUKOB MIPABOBOTO PEXKHUMA, YTO N30aBISET OT HEOOXOUMOCTH UHTETPAITUN
C MHO>KECTBOM CTOPOHHHUX IPOTPAMMHBIX POAYKTOB.

Enunas 6aza xpaneHus uHpOpMamuu — KK U3 YYACTHHKOB TPABOBBIX PaMOK UMEET JI0-
CTyH K LHEHTPAIM30BAHHOMY MECTY XpaHEHUsl UCTOPUU 3alPaBKU caMoieToB. [IoCKONbKy 71 TaHHON
3aJja4il PEKOMEHIOBAHO HCIOIh30BaTh 3aKPBIThIA OIOKYEHH, 3TO J1e1aeT MHPOPMAIUIO CKPBITOH OT
YYaCTHUKOB, HE BKIIFOUEHHBIX B IPABOBBIE PAMKHU.

3AK/IFOYEHUE

OCHOBBIBasICh Ha pe3yJIbTaTax MCCIEIOBAHNUS, C/IEAaeM BbIBOJ, YTO IPUMEHEHUE OI0KYEHaA He
ABIISICTCS TEXHOJIOTHEH, ClIocOOHOM cenarh peBomtonuio B padbore T3K, HO OH MO3BONIAET UCIIOIB30-
BaTh HOBBIM NOJXOJ K YX€ CYIIECTBYIOIIMM IIpOIECCaM M MOJIEpHM3UpoBaTh ux. Kak ciencrsue,
IIpeJIOKEHHAs] aBTOpaMM CXeMa B3aMMOJEHCTBUS MEKIY ydacTHUKaMu mporecca 3anpaBku BC nHa
OCHOBE CMAapT-KOHTPAKTa IO3BOJISIET CHU3UTh ONEPALMOHHBIE PACXOJbl U MOBBICUTH 3()(PEKTUBHOCTh
UX B3aUMOJICHCTBHS, UTO SBISETCS BaXKHBIM IIArOM K IMOCTPOEHUIO U(PPOBOIT SKOHOMUKH.
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BLOCKCHAIN TECHNOLOGY IN SMART CONTRACTS
FOR REFUELING CIVIL AVIATION AIRCRAFT

V.V. Gordeevl, 0.V. Gromovl, V.K. Gromovl, G.I Litinskyl, V.M. Samoylenko2
'LLC "Tupolev Service", Zhukovskiy, Russia,
’Moscow State Technical University of Civil Aviation, Moscow, Russia

ABSTRACT

In the process of air transportation, a large amount of information exchange plays an important role in the timely management of
aircraft flights. The work of any airline and airport consists of many processes that involve a big number of participants. One of
these issues is timely aircraft refueling. The use of the blockchain technology makes it possible to process an airline request for
aircraft refueling in a timely manner, make payment and exchange of accounting documents between the airline and the refueling
complex. The paper gives the main definitions for the elements of the smart contracts and their interrelationships based on the
blockchain technology when performing accounting operations and payment transactions for aircraft refueling. The article is
devoted to a comprehensive study of the smart contract technology application in the aircraft refueling system, in particular, the
exchange of accounting and payment documentation between the airline, the refueling complexes of civil aviation airports and
banks. The aim of the research work is to study the application of the blockchain technology in the aircraft refueling operations.
Based on the analysis it is necessary to develop a scheme for the use of the smart contract technology when aircraft refueling, which
allows the parties concerned to reduce the volume of accounting and payment operations and increase the operating efficiency of
the objects and subjects of the refueling process. The paper presents the chain of information passing and blockchain transformation
varying from the execution of refueling operations to the execution of banking operations, payment for jet fuel and related services
for aircraft refueling. Special attention is paid to the role and location of aircraft refueling facilities as a key element of the module
for automatic reconciliation of accounting and payment documents in the formation of a smart contract. Based on the analysis of
the blockchain technology application, a scheme of interaction among an airline, a refueling complex and a bank is proposed. The
application of the proposed scheme allows the airline to pay for refueling at the time of refueling without time-consuming
accounting operations and prepayment for jet fuel, thereby reducing the accounting time.

Key words: smart contract, blockchain, airport refueling complex, airline, crew, bank, transactions, trans-boundary, aircraft refueling
facilities, oracle, data virtualization, Internet of Things, validator, cryptographic information protection, metadata, quorum signal.
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AHAJIN3 YYBCTBUTEJIBHOCTHU HETAPAMETPUYECKOI'O KPUTEPUSA
OBHAPYKEHUA U JTIOKAJIM3AIIUUN OTKA30OB JATYUKOB CUCTEMbI
YIIPABJIEHHMSA BO3YIIHOI'O CYJIHA

10.B. BOHJAPEHKO', E.IO. 3bIBUH*
"Mockoeckuii 20Cy0apcmeeHHbllL MeXHUYeCKUll YHUgepcumem paxicoancKoll asuayu,
2. Mocksa, Poccus
’r 0Cy0apCmMeeHHblll HAYYHO-UCCe008AMENbCKULL UHCTMUMYM A8UAYUOHHBIX CUCTIEM,
2. Mocksa, Poccus

HccnenoBanue BHIMOIHEHO IpU (PUHAHCOBOU moziep:kke PODU
B paMKax HayuyHoro npoekta Ne 20-08-01215

OTKa3bl JaTYMKOB CHCTEMBI YIPABJICHUS BO3IYIIHBIX CYA0OB MOTYT BBI3BAaTh KAaK YXYAIICHHE XapaKTEPUCTHK YCTOHUMBOCTU U
YIPaBIIEMOCTH, TaK W HEBO3MOXKHOCTH 0OE30IIaCHOTO aBTOMATHUYECKOro ympapieHus. OOHapyKeHHE W JIOKaIM3alus TaKuX
OTKa30B H606XOILI/lel UL ONIpeACTICHUSA BpEMEHU U MECTa MX BOZHUKHOBCHMS C LEJIbIO OTKIIFOUYCHHMA OTKAa3aBIIMX JaTYUKOB WA
MOCIICYFOIIETO MX JUArHOCTUPOBAHMUS IS OCYIIECTBIICHUS PeKOH(UTyparu Bo BpeMsi nojieta. HermocpecTBeHHOE pUMEHEHHe
TPAJUIMOHHBIX MAPAMETPHUYCCKHX METOJOB KOHTPOJS TEXHHYECKOTO COCTOSIHHS JAaTYMKOB C HCIIONB30BAaHUEM UX
MaTeMaTHYECKUX MOJICIICH HEBO3MOXKHO BBHY OTCYTCTBHUS MH(OPMALK 00 HCTUHHBIX BXOJHBIX CUTHAJIAX, IIOCTYTIAOIIMX Ha HX
YyBCTBHUTEJBHBIC HJIEMEHTHL. DTO MPUBOIHUT K HEOOXOIMMOCTH PEIICHHS 3aa9i MOJCITMPOBAHNS JUHAMHIKH TI0JIETa BO3IYIITHOTO
CyAHa C BBICOKAM YPOBHEM HEONPEHEICHHOCTEH, UTO 3aTpyJHSCT HCIIOIb30BaHHE (PYHKIMOHAJBHBIX METOJOB KOHTPOJS H
00ycaBmMBaeT HEOOXOAUMOCTD HICHONB30BaHMS M30BITOYHOTO aNMapaTHOTO Pe3epBHPOBaHMS MAaTIMKoB. [1Inpoko m3BecTHBIC
HerapaMeTpUUIeCKIe METOIBI JIH00 TPeOYIOT HAJIMYKS alpruOpHOK 0as3bl 3HAHHMI, MPEIBAPUTEINHFHOTO O0YUSHHS WIN JIHTEIbHOMN
HACTPOMKHU Ha OONBIIIOM 00BEME PeabHBIX MOJIETHBIX JAHHBIX, OO 001a/1af0T HU3KOI H30MPaTEeIbHON 1yBCTBUTENIBHOCTHIO TS
JIOCTOBEPHOM JIOKATM3AIMK OTKA3aBIIMX JATYMKOB. B paboTe ocyImecTBiIseTcs BBIBOJA OPUTHHAIBHOIO HEMapaMETPHIECKOTO
KpuTepus 06Hapy>1<eﬂy1;1 " JIOKaJIM3allMU OTKAa30B JATYMKOB M MNPOBOJUTCA aHAIM3 €ro YYBCTBHUTCIIBHOCTU C HCIIOJIb30BAHUEM
TIOJTHOM HEJTMHEHHOW MaTeMaTHYeCKON MOJIENHY JAMHAMUKH TI0JIeTa caMoJieTa CO IITaTHON cucTeMol yrnpasieHust. OnpenessitoTcst
TEOPETUYECKOE 3HaYEeHNE U KOI((HULIMEHTHI YyBCTBUTENBHOCTH KpuTeprsi. [IpuBoauTest opMyra it aBTOMaTHUECKOH OLIEHKH
TUIABAIOIIETO TIOPOTOBOTO 3HAYCHUS KpuTepus. [lokaspiBaeTCs BBICOKAS CXOIMMOCTh PE3YJBTATOB C TCOPCTHUYCCKHMHE, YTO
MO3BOJIICT WCIOJIB30BAaTh IMONYYCHHBIA KPUTCPHH HE TOJNBKO JUIT MOMEHTAJIBHOTO OOHApPYXKEHHS M JIOKAIW3AlMH OTKA30B
JTATIMKOB, HO ¥ TIPEABAPUTEIHFHOTO THATHOCTUPOBAHIS X KOJIMTYECTBEHHBIX XapaKTEPUCTHK.

KnroueBble c10Ba: BO3IYIIHOE CyIHO, CHCTEMa YIPABICHHS, JATYMKH, KOHTPOJIb TEXHHYECKOTO COCTOSHIS, OOHApYKCHHUE H
JIOKJIM3allUsl OTKA30B, HEMapaMeTPUIECKU KPUTEPHIL, 1yBCTBUTENIBHOCTD, TOPOTOBOE 3HAYCHUE.

BBEJIEHUE
Otka3bl gaTyukoB cuctembl ympasieHus (CY) BozmymHoro cyaHa (BC) moryT BbI3BaTh Kak

yXyAUICHHE XapaKTepUCTUK YCTOWYMBOCTH M YIPABISIEMOCTH, TaK U HEBO3MOXKHOCTb O€3011acHOTO
aBTOMATUYECKOIO YIPABJICHUS, YTO B UTOrE MOXKET NPUBECTH K aBUALMOHHOMY IPOMCILIECTBUIO MU
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karactpode. OOHapyKEHUE U JIOKATU3aIMs TAKUX OTKa30B HEOOXOAUMEI JIJIsl OTIPECIICHUS] BPEMEHH U
MeCTa UX BOSHHUKHOBEHHS C LEJbIO OTKIIOYEHHSI OTKA3aBIINX JATYUKOB WM MOCIEAYIONIEro UX Aua-
THOCTUPOBAHUS JUIsl OCyIIeCcTBICHUs pekoHpuryparuu CY Bo Bpems mosneta [1].

Bce Meronpl oOHapykeHUs W JoKaau3anuu oTkazoB aatdukoB CY BC MOXHO yCIOBHO pas-
OuTh Ha ABe rpynmsl [2—17]: mapaMeTpruyeckre U HerapaMeTpuIecKue.

[TapameTpuueckre MeTo bl [2—7], CYMTAIOIIMECS KITACCUIECKUMU, CTIONIB3YIOT TapaMeTphbl MaTeMa-
TUYECKUX MOJIeNield 00hEKTOB KOHTPOJISI, 3HAUCHUSI KOTOPBIX 33/Ial0TCS alpHOPHO M3 M3BECTHBIX (hU3HMUE-
CKHUX TPUHIMIIOB (PyHKIIMOHMPOBAHMUS WM OLIEHUBAIOTCS B Ipoliecce uaeHTugukanu. HermocpeactsenHoe
MCIMOJIb30BaHUE TTApaMETPUIECKUX METOJIOB Il KOHTPOJISI TEXHUYECKOTO COCTOSIHUS AaTYUKOB CY 0CIoxk-
HSIETCSI OTCYTCTBHEM HH(pOpPMAIMK 00 MCTUHHBIX BXOJAHBIX CHUTHalaX, MOCTYMAIOIIMX HA UX YyBCTBUTEINb-
HBIE DJIEMEHTBL. JTO MPUBOJHT K HEOOXOMMOCTH aIllapaTHOTO PE3ePBUPOBAHMS JATYUKOB WM HUCTIONB30-
BaHMsI MaTeMaTUYECKUX Mojenell TuHaMuku nosiera BC ¢ BBICOKMM YpPOBHEM HEONPENEIEHHOCTEH, BbI-
3BaHHBIX WX HEIMHEHHOCTHIO, HECTAIMOHAPHOCTHIO, HETOUHOCTBIO U HEHJICHTH(DUITPYEMOCTBIO.

Hemnapamerpuueckue metonsl [7—17] He MOABEPIKEHBI BIUSHUIO MOJEIBHBIX OIMOOK, TaK Kak
He TpeOyrT nHpopMaIHK 0 TapaMeTpax MOJIeIe KOHTPOIUPYEMBIX OOBEKTOB M OCHOBAHBI TOJIBKO HA
aHaJIM3e U3MEPEHUI MX BXOJHBIX M BBIXOJHBIX CUTHAJNOB. Takue METOAbI OTHOCATCS K MHTEIJICKTY-
QJIbHBIM UMHUTAIIMOHHOTO THIIA, TOCKOJBKY PACCMATPUBAIOT KOHTPOIHPYEMbI 0OBEKT B BUJIE «YEPHO-
ro SIIMKa» W MO3BOJSIOT peliaTh 3aJauu JUIsl HECTAIIMOHAPHBIX M HEJIMHEWHBIX CHCTEM B YCIOBHSIX
MOJIHOW MapaMeTPUYECKON HeomnpeaeneHHOCTU. [Ipu 3TOM IIMPOKO M3BECTHHIE HEMapaMeTpPUUECKUe
METOJIbl TPEOYIOT MPEeABAPUTENBHOIO O0YUYEHHUS WM JUIMTEIbHOW HACTPOMKH Kak JJIsl ONpeleIeHUS
3aBUCUMOCTEN MEXy BXOJHBIMHU U BBIXOJIHBIMU CUTHAJaMU, TaK U JJI1 HACTPOMKH MOPOTOBBIX 3HAUE-
HUU KPUTEPUEB, UCTIONb3YEMbIX ISl OOHAPY KEHHUS U JIOKAJIU3aIlUU OTKA30B.

Hacrosimast paboTa mocBsiliieHa pa3BUTHIO0 OPUTHHABHOTO HETapaMeTPHUECKOro MeTosia 00Hapy-
KEHHS U JIOKaIM3auuK 0TKa3zoB aaT4ukoB CY BC, moCTpOEHHOro TONBKO HA OCHOBE AHAIM3a IITATHBIX
BXOJHBIX U BbIxoaHbIX CY BC [16, 17]. OcyuiecTBisieTcs BbIBOJ HEMAPAMETPUUECKOTO KPUTEPUS U TIPO-
BOJIUTCS aHAJIM3 €r0 YyBCTBUTEIBHOCTU K KOJMUYECTBEHHBIM XapaKTepHCTHKaM OTKa30B JaTdukoB. [Ipu-
BOJUTCsL (hOpMYyJIa JJisi aBTOMATHUYECKOM OIEHKHU TUIABAOIIETO IMOPOTOBOTO 3HAUEHHS KPUTEpUsi OOHApPY-
KEHHUS M JIOKAJIM3allMU OTKa3a KaKIO0ro JaT4nKa, 3aBUCAIIAsk TOJIBKO OT U3MEPSAEMbIX MapaMeTpOB MOJIeTa
Y YOPAaBJISIONIMX BO3JAEHCTBUNA. DTO MO3BOJISIET MOJHOCTHIO Pa3Bs3aTh KaHAJIbI KOHTPOJIS U CYIIECTBEHHO
MOBBICUTh YyBCTBUTEIBHOCTh KPUTEPUS NPU OJHOBPEMEHHOM O0ECHEYeHWH HEOOXOAMMBIX CBOMCTB pO-
6actHOCTH. [ToKa3bIBACTCS BHICOKASI CXOAMMOCTh PE3YIHTATOB C TECOPETUUECKUMH, YTO TIO3BOJISET UCTIONb-
30BaTh IMOJyYEHHBIH KPUTEPH HE TOJIBKO JJIi MOMEHTAJIBHOTO OOHAPYKEHUsI U JIOKATU3alUH OTKA30B
JIATYUKOB, HO U MPEABAPUTEIHHOIO TMATHOCTUPOBAHUS UX KOJMUYECTBEHHBIX XapaKTEPUCTHUK.

ITIOCTAHOBKA 3AJIAYA

[Tycte nunamuka nosnera BC ¢ paGorocnoco6noit CY omnMchiBaeTcsl JIMHEHHON TUCKPETHON
MOJIEJIBIO B IPOCTPAHCTBE COCTOSIHUM B BEKTOPHO-MAaTPUYHOM BHUJIE «BXOJ — COCTOSIHHE — BBIXO»

x,,, = Ax, + Bu,, (1)
Y =Cx,, )

IJIE X, U, Y — BEKTOPBI COCTOSIHUM, yIIPaBICHUI U U3MEPCHUI Pa3MEPHOCTEH iy, 1y, U ny; A, B, C — mar-
pHILIBI COOCTBEHHOM TMHAMHKH, 3(PPEKTUBHOCTH YIPABICHUS U U3MEPEHUS; | — JUCKPETHOE BPEMSL.

HI)GI[HOJIO)KI/IM, 4TO B MOMCHT BPECMCHU i= lf IMPOMN30ICIT MHO>KECTBCHHBIHN OI[HOBpeMeHHBIﬁ

otkas gatunkoB CY BC Buna

v, =FCx,, (3)
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rae F'— maTtpuna oTkasa
F=diag([f1 TR ARTT fny])’ (4)

fi — K03bduImeHT oTKa3a k-ro AaTdnka, XapakTepHU3yOIInii HapylIeHne ero Kaanoposku mpu f, # 1.

Heobxomumo 6e3 Hanuuust nHpopmaluu o napamerpax moaenu A, B, C, TOIBKO 1O pe3yJsbTa-
TaM M3MEPEHHUI BEKTOPOB YNPABICHUHN u U U3MEPEHUH ) ONPENENINTh (PAKT U BpeMs iy BOSHUKHOBEHHS
0TKa3a, a TAK)Ke JIOKAJIM30BaTh KaHAJIbl U3MEPEHUH &, B KOTOPBIX OTKa3aJlu JATYUKU.

PEIHIEHUE 3ATAYN

PemuMm 3amauy HaOMIOIEHUS BEKTOpAa COCTOSHUM IO CHTHAJaM M3MEPEHUN MapaMeTpoB IoJe-
ta. J{7s 3TOrO 3/1eCh IS MPOCTOTH BBIBOAA (DOPMYII, HO HE OTpaHUYCHHS OOIIHOCTH KOHEYHOTO pe-

3ynbTarta, Kak mokasano B [16, 17], paccMoTpum ciyyaii oO6paTumbix Matpuil usmepenuit CC™' =1 u

oTkaza FF~' =1. 3anumem Toraa ¢ yueToM (2) BbIpaKeHHs [ BEKTOPOB cocTosuuit BC ams Teky-
IIEr0 U NMPEebIIyIero MOMEHTOB BpEMEHH

X = C_lyi > X = C_lyifl ) (5)
KOTOpbIE B COOTBETCTBUU C (1) Tak:ke CBS3aHbI 3aBUCUMOCTBIO
X, = Ax,_, +Bu,,. (6)
[ToacraBum nanee (5) B (6):
Cy,=AC 'y, +Bu,,, (7
YMHOHUM TIOJTy4€HHOE BBIPAKCHHE CJIEBA HA MATPUILY U3MEPEHUM

y,=CAC'y, +CBu,, (8)

1 3anuiieM SkBuBalieHTHYIO (1)—(2) moaens nunamuku nosiera BC Tumna «BXo — BBIXO»
~ A yi—l
yi:|:A B}{ =Qz,,, ©)
U,
~ 51 4 -1 B T T "
me Q=4 B], A=CAC™, B=CB, z,, =]y, u,
[Tocnie BO3HUKHOBEHUS OTKa3a BEKTOP U3MEPEHUI B COOTBETCTBUH ¢ (3) OyAeT UMETh BUA
yi=Cpx;, (10)
rae C, = FC — 5KBUBQJICHTHAs Marpuua u3MepeHus. IIpn 5TOM SKBUBAJICHTHAs MOJCIb AMHAMHUKH

nosnera BC o ananoruu ¢ (9) Oyzner onuchBaTbCs BEIpaXKEHUEM

Yi :[‘af é(f}{yil}zgfzi—lv (11)

Uy

34



Tom 24, Ne 05, 2021 Hayunblii Becthuk MI'TY T'A
Vol. 24, No. 05, 2021 Civil Aviation High Technologies

[Ipenmnonoxum Teneppb, 4TO B MOMEHT BPEMEHH i HAM TaKKe W3BECTHHI /1 IPEIBIIYIINUX 3HAYe-
HUM ynpaBieHU W u3MepeHui. Torga Mbpl MOKEM 3amucaTh B MATPUYHOM BHJAE MOJEIU THUHAMUKHU
nonera BC 1o (9) u nocse (11) BO3HUKHOBEHMs OTKa3a AaTYUKOB TIPH i <i, ¥ i>i, +h—1 coorBer-

CTBCHHO:
Y'=Qz!, (12)
v -0,z 13
rae Yih :[yi—hﬂ Vi yi]’ Zi}il :[Zifh Tt Zin Zi—l]'

HpI/I 9TOM HCEIMOCPCACTBCHHO B MOMCHT BO3HUKHOBCHUS OTKa3a IIPpU i= if OKBHBAJICHTHAsA MO-

nenb qmuHamuky nojeta BC otnuaaercs kak ot (12), Tak u ot (13), Tak Kak ©UMeeT BUJI

Y, = FQZ,./_l . (14)

[losTomMy B riepuos BpeMenu i, <i<i, +h—1 BbIpaXXeHHE JUIs MATPHULBI U3MEPEHHUI, cornacHo (12),

(14) u (13), umeeT Tpu pa3IUYHBIX IPEACTABICHUS:

Yih :[QZ:."—z FQZ;,.—l QfZih—fl:|7 (15)

h h, hy
rae Z;., = [Z[Fz Z;, ZH}, Kak I0Ka3aHo Ha puc. 1.

Yih = [infiz FQZiffl szﬁl}
- , >
i Khil = sznfz Y.hf =QfZ.h_f1
f f : 1 i
Vi, =FQZ.if71§ o
if—h—l if—l if if+h i

Puc. 1. Mogenu nunamuku noieta BC 10, B MOMEHT U ITOCJI€ BOSHMKHOBEHHUS OTKAa3a JaTYNKOB
Fig. 1. Aircraft flight dynamics models before, during and after sensors failure occurrence

Ecnn usBecTHb! mapameTpsl Monenu A, B u C, MOXHO pelIuTh 3aja4y OJHOIIArOBOTO IPOTHO-
3upoBaHMsl BekTopa usmepeHuid BC B COOTBETCTBHM € BbIpaXKEHUEM

V=07 =0z}, o

h,
o Q7) | (16)
U OIIPEZIEIUTH PACCOTIIACOBAHUS MEX Ty PpOorHo3upyeMbeiMu (16) u peanbHbiMu (15) n3mepeHusMu:

AY = ﬁh Y = [O (I—F)inf—l (Q—Qf)zihfl] . (17)

1

OueBuHO, UYTO €CIHu AYih =(, TO peanbHbIe U IPOTHO3UPYEMBIE U3MEPEHUS COBIALAIOT, YTO

TOBOPHT 00 OTCYTCTBUM OTKa3a npu i < i, . Clie0BaTeNbHO, HAPYIIEHUE DTOTO YCIIOBUS AY" #0 npn
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[ > i, MOXET ObITh HCIOJB30BAHO JUIsl OOHApYKEeHHUsI (paKkTa ¥ BPeMEHH €ro BO3HUKHOBEHHs. [Ipu aTOM

3aMeTHM, 4TO B BhIpakeHUU (17) oO1uit MHOXKUTENb B BUJE AUArOHAJIHLHOW MaTpPHIIBI (I-F), non-
HOCTBIO Pa3Bs3BIBAIONIEH KaHAJIbl KOHTPOJIS, BEIHECEH 32 CKOOKY TOJIBKO TIPH I =i PE OTO 1O3BOJISIET

UCIOJIb30BaTh ycnoBue (17) mis pemieHus 3aJauu JOCTOBEPHOM JIOKAIM3alMU OTKA3aBIIUX KaHAJIOB
M3MEPEHUM TOIBKO HEMOCPEICTBEHHO B MOMEHT BOBHUKHOBEHHUS OTKa3a, KOT1a

Vi -
Ay, =5, -y, =I-Pcac’ cB]|"" | =0, (18)

U

TaK KaK B 3TOM, ¥ TOJIBKO B 3TOM CIIy4ae pPacCOIVIACOBAHMS PEAIIBHBIX U MPOTHO3UPYEMBIX U3MEPEHUN
OyIyT BO3HMKATh TOJBKO B KaHAJaX ¢ OTKa3aBIIUMHU naTyukamu mpu f, —1# 0. TlosBienue Tpetbeit

COCT&BJIHIOH.[GFI IpUu NPOXOXKACHUNU OKHA KOHTPOJIA MOMCHTAa BOSHUKHOBCHHUS OTKAa3a IMPUBOAUT K HC-

BO3MOKHOCTH [IOCTOBEPHO JIOKAIM30BaTh OTKA3aBLIMA KaHAIl H3MEPEHUH) NPU i > i, , TAaK KaK OLIMOKH

MIPOTHO3MPOBAHUS B OOIIEM CIlyd4ae MOTYT OTJIMYAThCS OT HYJS M JJIsi pabOTOCIIOCOOHBIX JaTYNKOB
BBUJY HaIU4Ms BhIpakeHust Q—Q  #0.

[TokaxkeM nanee, KaKUM 0Opa3oM MOXKHO HMCIIONB30BaTh BhIpakeHHe (17) mis hopMyIupoBKH
HenapaMeTpHUuecKoro MeToja oOHapyKeHHs U JoKaau3auun oTtka3zoB aatuukoB B CY BC, He TpeOy-
IOIIEr0 HUKAaKOM MHpOpMaLuu o napaMmerpax mozaenu A, B, C 1 0CHOBaHHOT'O TOJIKO Ha aHanu3e h+1
MOCJIE0BATEIbHBIX U3MEPEHUI MapaMeTPOB TOJIETA Y U YIIPABICHUM U.

[IpencraBum anst storo BeipaxkeHus (12) m (13) B Buae JUHEWHBIX MAaTPUYHBIX ypaBHEHUM
uaeHTuduKanuu Moaenen auHamMuky nojera BC 10 u mociie BOSHUKHOBEHUS OTKAa3a:

Qz!'=Yy", Q7' =Y"

i—

Y 3aMETHUM, YTO OHU UMEIOT €IMHOE YCIOBHE pa3pemiuMocTy [16—18]

R
Y'z' =0, (19)

i i-1

rae Z!', — NpaBblif IeMATENb HyJis MOMHOTO PAaHTa TAKOMH, 4TO BHIMOMHAETCS ToxkAecTBO Z, Z! =0,

Beinonnenue ycnosus (19) rapantupyeT cylecTBOBaHUE JIMHEWHBIX MATPUYHBIX MOJIEIEN BU-
ma (12) u (13) Kak 10, Tak ¥ MOC/IE BOSHUKHOBEHHUs OTKA3a PH i <i, W i >i, +h—1 COOTBETCTBEHHO.
OnHako «BO BpeMs» BO3HUKHOBEHHS OTKa3a MpH i FSISE+ h—1 3T0 ycrnoBue HapyIIAeTCs:

Y'z"

tzZ', #0, (20)
YTO TI03BOJISIET €r0 MUCIOJIB30BaTh JJIsl 0OHapykeHus oTkasza gatunkoB CY BC. YcnoBue paBHO HYIIO
A0 U IMOCJIC BO3HUKHOBCHUSA OTKa3a, KOIJa MaTpUIbl KOHTPOJIbHBIX HAHHBIX COACPKAT TOJIBKO HCHUC-
Ka)KEHHbIE WU TOJBKO MCKAKEHHBIE U3MEPEHHUS, U OTJINYACTCS OT HYJISI, KOTAa OKHO KOHTPOJISI BKIIIO-
qaeT B ce0s KaK HEUCKaXCHHbBIE, TaK U UCKAKEHHBIC U3MEPEHUSI.

[Toxaxxem gasiee, 4To HemapameTpuueckuii kpurepuit (20), kak u nmapamerpudeckuit (17), mos-
BOJISIET HE TOJIBKO 06Hapy)KI/IBaTL OTKa3 JaTYUKOB, HO U PCIIATh 3a/jav1y JIOKAJIU3alluil KaHAJIOB U3MC-
pEeHUH, B KOTOPBIX OTKa3ajau AaTduku. /[ aToro Beipazum u3 (17) MaTpuily peabHBIX U3MEpPEHUN
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h o h h o h hy
v =Yl -Ay =¥ -[0 U-F)Qz  (0-9,)2) ], 21)
nojictaBuM B (21) BeIpaykeHUE 7151 IPOTHO3UPYEMBIX 3HaueHui (16)
Y" = Q[zhu z .z ]—[o (I-F)Qz, , (Q-Q,)Z) } (22)
i =2 il i1 il 1)

ip—

¥ YMHOXUM (22) cripaBa Ha IpaBblil 1eIUTENb Hy s OJI0YHOM MaTpuIbl Z

R

i ir=2

Z_'h—lR = |:Zh Zi Zih—ji]

JUTSL OTIPE/ICNICHNUS] B aHAIMTUYECKOM BHUJIE 3HaueHuUst kputepus (20) npu i, <i<i, +h-1

R

YhZR:O_[O (I-F)Qz, (Q—Qf)zl.’yl][zijn_z Z. 24 (23)

1

B BoIpaskenuu (23), kak u B BelpaxkeHUH (17), kaHaJIbl KOHTPOJIS pa3BsA3aHbl B OOIIEM Clyyae
TOJIKO B MOMEHT BO3HUKHOBEHHUS OTKa3a NpH [ =i, , KOrjaa

R

vz =y =[0 (F-DQz [z}, =z .]. (24)

! lp iy

Torna HeHyneBble 3HaUeHUs ycloBUs (24) OyayT BO3HUKATh TOJBKO B OTKA3aBIIMX KaHajaX U3Mepe-
Huii mpu f, —1# 0, cnenoBarenbHO, HEOOXOJUMBIM U JOCTATOYHBIM YCJIOBHUEM JIOKAIU3ALMU OTKa3a

k-ro natumka, aHaJOTru4HbIM (18), SBIsETCS BBINIOJIHEHNE HEPABEHCTBA

R

vzl =[0 (f-neWz, [zk, =] #o. (25)

rae Y (k) — k-s1 ctpoka matpuusl Y, Q(k) — k-5 cTpoka MaTpuIbl Q.
JUist paboTOCIIOCOOHBIX KaHAJIOB W3MEPEHHH BhIMONHsETCs yciaosue f, —1=0, moaromy coot-
BETCTBYIOLIME UM CTPOKU MaTpullbl (24) OynyT UMeTh HyJieBble 3HaueHus. CienoBareiabHO, KpUTEpUl

oOHapykeHus oTkasa (20), eciii ero pacCMOTPETh IOCTPOYHO, MOKET OBITh MCIIOIH30BaH M B KAUEeCTBE
HEMapaMeTPUUECKOT0 KPUTEPHUs JIOKAIM3AIUK OTKa3a k-ro KaHajia M3MEpPEHHH HENOCPEICTBCHHO B

MOMCHT €10 BO3HUKHOBCHU I HpI/I = lf , KOraga
R
hopngh R h Y::
Y'(k)z', =Y'(k) - #0, (26)
i1
rae Yzfl =[yi—h Vi yi—l]’ Uih—l =[ui—h U, ui—l]'

BekropHoe B o0miem ciyyae ycioBue (26) MOXKET OBITh HCIIONB30BAHO JJISI TEOPETHUYECKUX
pacyeToB MpU YCJIOBUHU JIMHEHHOCTH MOJIEIH, OTCYTCTBHUHM OIIMOOK M3MEPCHHMH W BhIYHMCICHHMU. Ha
IIPAKTHKE JJIs [TOJIyYEHHS CKaJIIPHOTO KpUTEpHs OOHApY KEHUS U JIOKAIM3alMM O0TKa3a k-ro JaTdyvKa U
KOJINYECTBEHHOM OIEHKHU CTEIICHHU OJIM30CTH HYIIIO YCIOBHS (26) HCIOIB3YETCs €ro eBKIUI0BA HOpMa
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Y/z
s =[rwf |- @7)

i-1 2

ITpu 3TOM ycnoBueM OOHapy’>KEHHs M JIOKAJIU3alMKU OTKa3a SIBJISETCS MPEBBbIICHUE 3HAYEHUsI KpUTe-
pust (27) HEKOTOPOTrO MOPOTOBOT0 (KPUTUYECKOTO) 3HAYCHUS

&,(k)> &, (k), (28)

OLIEHKY KOTOPOT'O NPOU3BEEM Ha OCHOBE Pe3yJIbTaTOB aHAIM3a YyBCTBUTEILHOCTU KpuTepus (27) ot
K03 uIeHTa 0TKa3a f Ui KaXXI0TO KaHajla N3MEPEHUN TIPU Pa3IMYHBIX YCIOBHX TOJIETA.

AHAJIN3 YYBCTBUTEJIBHOCTH

AHanu3 4yBCTBHTEIHHOCTH IMPOBOAMIICA Ha IOJHON KOMIBIOTEPHON MOJEIH CpeJHeMaru-
CTPAJIBHOTO MAaCCa)KUPCKOT0 CaMoJIeTa, BHIIOJTHEHHOTO 10 HOPMAJIBHOM CXeMe, C OJJHOKUJIEBBIM Bep-
TUKAJIBHBIM M XBOCTOBBIM TOPU30HTAIBHBIM ONepeHUsIMU. OCHOBHBIMU KOMITOHEHTAMH MOJTHOW MO-
JIeNU SIBJISIOTCS: MOJIENIb AMHAMHKH T10JIETa CaMoJieTa KaK aOCOJIOTHO JKECTKOTO Tella, HCIOJIb3YIo-
11ast TIOJHYIO0 CHCTEMY HEIMHEHHBIX TU(depeHInaIbHbIX YPaBHEHUH ABIKEHUS, OaHK adpOAHMHAMHU-
YECKHX U MAaCCOBO-WHEPLMOHHBIX XapaKTEPUCTHK; MOJIENb IBUTATEIBHON YCTAHOBKU; MOJIEb CTaH-
JapTHOM aTMocdepbl; MOJIEIb CHCTEMbI AUCTAaHIIMOHHOTO YNPAaBJICHHUS B PE3EPBHOM pEKUME pado-
TBI, MOJETH MPHUBOAOB OPraHOB YIIPABICHHUS M MOJEIHM AATYMKOB. Mojenb pa3padarbiBaiach IS
MCIIOJIb30BaHUsl B COCTAaBE IMPOLEIYPHOTO TPEHakepa M OTIMYACTCS BHICOKOH CTENEHbIO MOA00US
C peaJIbHBIM CaMOJIETOM.

Jnis pemieHus 3a1ad4 KOHTPOJisE B paboTe ObUIM BHIOpaHbBI CIEAYIONIME BEKTOPHI M3MEPEHUN

y=lV a 0 o, p o o, y|' u ynpaeiennii u=[5, o6 & 6 6, 6,1, rne V -
CKOpOCTh mosieTa; &, ®,y, f — yIJibl aTakH, HAKIOHA TPACKTOPHH, KPEHA H CKONBKCHHS; @, ,0, —

YIJIOBBIE CKOPOCTH KPE€HA, PBICKAHMA M TaHTaxa; o, ,d, — YIJIbl OTKIOHEHHS JIEBOTO M MPABOIo PyJis

B

BBICOTBI; J.,0, — YIJIbl OTKJIOHEHHS JICBOI'O U IIPABOrO 3JIEPOHA; O,,0, — yIJIbl OTKIOHEHHUS CTaOMIIH-

3aTopa U pyJisd HalpaBJICHUs.

[Ipu MozenupoBaHUM ITWHAMMKH TIOJE€Ta CaMOJIETa HMCIIOJIB30BAJICA METO Mu(depeHIpoBa-
Hus Dunepa 1-ro mopsiaka ¢ pukcupoBaHHbBIM Iarom auckperuzanuu 0,01 c, yacToToit m3MepeHui
100 I'y u Bpemenem monenupoBanus 1 ¢ win 1000 n3mepenuil. HauanbHble ycinoBus cOOTBETCTBOBAJIN
NPSMOJIMHEHOMY TOPHU30HTAIEHOMY PaBHOMEPHOMY IOJIETy Ha BbicoTe 450 M 1 ckopoctr 250 Km/4.
Jis perieHust 3a1a4 0OHapy>KEHHsI M JIOKAJTU3alMi OTKA30B UCIOJIb30BAJIOCh OKHO KOHTPOJIS € HIMPH-
HOM A = 17, yTO rapaHTUpPyET BpeMs HaCTPONKHU alnroputMma, He npessimatoniee 0,17 c.

B nanHHOI cTaThe mpuBEAEHBI pPe3yibTaThl UCCIEAOBAaHUNA AJISI BCEX BO3MOXKHBIX CIIEHApHUEB,
OTpeeIeMbIX Pa3IUYHbIM COYETAHHEM COOBITUH OJMHOYHBIX OTKA30B Ka)KJOro JaT4yvKa ¢ nepedo-
poM Koa(dunmenTa otkasa fr =1, 0,8, ..., 0 mpu OTCYTCTBUM YIIPaBICHUS U NPH YIPABICHUU 110 TaH-
raxxy B BUJI€ OTKJIOHEHUS IUTypBajia Ha TPETh X0Jla OT MAaKCHMaJbHO BO3MOXKHOI'O B HaudaJbHBIA MO-
MEHT BPEMEHU MOJIeMpoBaHus. TakuM o0pa3oM, ObIJIO pacCCMOTPEHO IIECTh BHJIOB OTKA30B BOCHMHU
JATUYMKOB JUISl ABYX BUJIOB YIIPABJIEHUS, TO €CTh pacCMaTPUBAIOCh 96 pa3InyHBIX CIIEHAPUEB MOJEIH-
pOBaHusl.

Ha puc. 2 ans npuMmepa npuBeeHbI XapaKTepHbIe rpaduku KpUTepusi OOHAPYIKEHHS U JIOKAJIH-
3aluy O0TKa3a (27) naTuuka ®, Ha BCEM MHTEpBaje BPEMEHH MOJECINPOBAHMS IPU OTCYTCTBUU YIIPaB-
JICHUSI U [IPU YIIPABJIEHUU 110 TAHTAXYy.
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Fig. 2. Criiterion values (27) in case of ®, sensor failure
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W3 rpadhmkoB BUAHO, YTO YyBCTBHTEIBHOCTD KpUTEpHs (27) OTIMYaeTCs sl pa3InIHbIX KaHa-
JIOB U3MEPECHUM U 3aBUCUT KaK OT U3MEPSIEMBIX 3HAYCHUM IIapaMEeTpOB II0JIETa, TaK U OT CLEHApPHUEB
ynpasieHus. [Ipu 3ToM B cilydae OTCYTCTBHUS yNpaBJICHUS B MOMEHT BO3HHKHOBEHHS OTKa3a BUICH
YEeTKUN UMITYJIbC IIUPUHON /1 B OTKA3aBILEM KaHAJIe U3MEPEHUS Oy. A 3HAUEHUSI KPUTEPHS 10 U MOCIIe
MPOXOXKJICHHUS OKHA U3MEPEHUH MOMEHTA OTKa3a B KaHAJE (), a TAK)KE 3HAUYCHHSI KPUTEPUS B pabOTO-
CHOCOOHBIX KaHajlaX OJIM3KM K HYJIO C YUYETOM BBIUYHCIUTENBHBIX MorpemHocteil. Bee rpaduku npu
OTKa3ax APYruX JATYUKOB UMEIOT aHAIOTUYHYIO IPUBEICHHON Ha pHC. 3, a (hOpMy C YETKO BBIpaKEH-
HBIMHU HUMITYJIbCAMH B OTKA3dBHIMX KaHAJIAX KaK Ha BCCM HUHTCPBAJIC I/I3Mep€HHI>'I, TaK U HCIOCPCI-
CTBEHHO B MOMEHT BO3SHHKHOBEHHSI OTKa3a. ITO OOBSACHICTCS TEM, YTO CaMOJIET JIO OTKa3a MpOoJI0JhKa-
€T HpHMOHHHeﬁHBIﬁ T OpPISOHTEUII:HBIfI IIOJICT, €0 MOACIIb JUHAMUKH ITIOJICTA MAKCHMAJIbHO HpI/I6JII/I-
KCHa K JINHEHHOM, T0TOMY OIIMOKH JIMHEAPU3AIMH TPAKTUIECKH OTCYTCTBYIOT.

OpHaKo eciy MOCMOTPETh Ha aHAIOTUYHbIE TpaUKU KPUTEPHUS MIPU YIIPABICHUU 110 TAaHTAXKY,
TO MOXHO CHETaTh BBIBOJ O HEBO3MOXXKHOCTH JIOCTOBEPHO KaKk OOHApyKUTh BO3HHMKHOBEHHE OTKa3a,
TaKk M JIOKAJIM30BAaTh OTKA3aBIIUK KaHA W3MEpPEHW. DTO Hambojee OYEBUIHO, €CIIM Bce rpaduku
0TOOpa3UTh COBMECTHO OJMHAKOBBIM MacIITabOM, KaK TTOKa3aHoO Ha puc. 3, 0.
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Puc. 3. 3nauenns kpurepus (27) Ipu OTKa3e JaTIHKA O,
a — IpU OTCYTCTBHH YIPABIICHHUS; 6 — P YIIPABICHUHU 110 TAHTAXKY
Fig. 3. Criterion values (27) in case of o, sensor failure in the absence
of control (a), in case of pitch control (6)

[IpuHATE NpaBUIBHOE pPEUIEHUE B 3TOM CIy4ae HEBO3MOXKHO KaK B MOMEHT BO3HMKHOBEHUS
0TKAa3a, TaK U Ha BCEM MHTEPBAJIE BPEMEHU U3MEPEHUN. bojiee TOro, MOKHO ClIeNIaTh JIOKHBIN BBIBOJ
00 OTKa3e KaHajla U3MEpPEHUH (., TaK KaK 3HAUCHHWE KPUTEPHs ISl ATOro KaHaua mpeobiagaer Han
3HaYEHUEM KPHUTEPHUs I )y, KOTOPOE MPAKTUYECKH HEPa3NTUIMMO Ha o0iieM rpaduke Hemocpen-
CTBEHHO B MOMEHT BO3HMKHOBEHHMSI OTKa3a JaT4yMKa M. DTO OOBSICHSAETCS TE€M, UYTO MPHU YNPaBICHUU
pOsBISIIOTCSA A((HEKThl HEMMHEHHOCTH U OIMOKKM TUHEeapu3aluu, KOTOpble B BUAY Pa3HOM UYBCTBH-
TEJIBHOCTH KPUTEPHS ISl Pa3IUYHBIX KAHAJIOB U3MEPEHUN yKE HE MOTYT HE YUYUTHIBAThCSI.

Ha puc. 4 B pa3HbIX KoOpAMHATaX AJisi HATJSAHOCTH aHAIM3a YyBCTBUTEIBLHOCTH MPUBEICHBI
rpaduKy 3aBUCUMOCTEH 3HAYCHUM KPUTEPUS OTKA30B BCEX JATYMKOB (27) B MOMEHTHI MX BO3HUKHO-
BEHUs OT Kod((UIMeHTa 0TKa3a f; Py OTCYTCTBUH YIIPABICHUS U YIIPABICHUU IO TAHTAXKY.
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Puc. 4. 3nauenns kpurepus (27): a — Ipu OTCYTCTBUH YIPABICHUS, 6 — IPH YIPABICHUH 110 TAHTAXKY
Fig. 4. Criterion values (27) in the absence of control (a), in case of pitch control (6)
Bunna deTkas JIMHEWHAsl 3aBUCUMOCTh &, (k)ot fi nnsa Kaxporo kaHana m3MepeHuid. OmHaKo
JUISL Pa3HBIX KQHAJIOB U3MEPEHHUN U CLICHAPHUEB YIIPABJICHNS 3HAYCHHUS &, (k) mpu OIHHX U TEX XKe 3Ha-

YEHUSAX f; CYIECTBEHHO OTIMYaroTCs. [l aHanu3a BBISIBIEHHON 3aBUCHUMOCTH BBEIEM B BBIPAKEHUU
JUIL TEOPETHYECKOro 3HAa4YeHUsl Kputepus (25) obo3HaueHHe IJisi MPaBOro JAEIUTENS HYJS MaTpPUIIbI
JaHHBIX

[Zil;”—z Zi,—l]R: Ri/b_z (29)

ip=1

Y TIOJICTaBUM B (25) BeIpaxkeHue yist Q

R R A Vi R,-f;_z R A Vi
Yzl =0 (f,-)[Ak Bk] " Tl=(h-ylAk) Bw )T |k L. G0

il il il

3ametuM, yTo 3HaueHue HOpMbI (30) B kputepuu (27) ¢ yueToM BBIPAXKEHUS IJIS1 IPOrHO3UPYEMOIO
3HA4YeHUs U3MepseMoro napamerpa nosiera (16) B MOMEHT BO3HUKHOBEHMS OTKa3a
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A A yi/—l
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fi=l=sk)|f, -1], (32)

, ()=| =] -0)3, o, =17

5 0l ], =5, 00,

rae s, (k)=

Iz

f/if (k)‘ — K03(ppULMEHT YyBCTBUTEIBHOCTU KpHUTepHs (27) Mo mapamerpy, s ZHF"F‘Hz —

KO3(PULUMCHT YyBCTBUTEIBHOCTH Kputepust (27) mo penutento Hyis, s(k)=s,(k)s, — oOwuit Ko3¢-

(UIUEHT YyBCTBUTEIBLHOCTH KpUTEepHs (27) K 0TKa3y k-ro KaHaja U3MEpPEHUH.

Bripaxenue (32) nokas3siBaeT NpsAMYIO JHHEHHYIO 3aBUCUMOCTb KpuTepHs (27) oT Koapdumm-
€HTOB YYBCTBUTEJIBHOCTU U MOKET OBITh MCIOJB30BAHO ISl ONPENETICHHs] €ro KPUTUYECKOTO 3Haye-
HUs B ycinoBud (28). 3aMeTuM, 4TO €Ccliu pa3AenuTh 3HaueHue kpurepus (32) Ha oOumit ko3 puireHTt
YYBCTBUTEIBLHOCTHU

5, ()
T s 2

& (k)

i

—1|, (33)

TO 3HaYEHUE HOPMHUPOBAaHHOTO Kputepus (33) coBnagaer ¢ aOCOMIOTHBIM OTKJIOHEHHEM K03 (uIreH-
Ta OTKa3a f; OT €IWHUIIBI.

ITycTh OTKa30M CYMTAETCs MpeBbIlIcHHE KOAQGHUIMEHTa f, HEKOTOPOro KPUTHYECKOTO 3Have-
Hus f,. Torma u3 (33) MOKHO 3amucaTh B SIBHOM BMJE BBIPAKCHUE U KPUTUYECKOIO 3HAUCHMs

, U3 KOTOPOTO CJIEIyeT

HOPMHPOBAHHOTO KpUTEpHs &, (k) = | -1

PRGERITARS (34)

Bripaxenue (34) MoxeT ObITh HCIIOJIB30BAaHO MPH YCIOBUU JOCTYITHOCTH MAapaMeTPOB MOJIEIN
BC, a cnenoBaTenbHO W IPOrHO3UpYEMOro BekTopa n3mepenuit (31). OgHako Mo mMoCTaHOBKE 3a/1auu
naHHas nHpopMaNUs CYUTaeTCst HeqoCcTynHOW. [ToaToMy mokaxem Janee, 4To BMECTO TOUHOTO 3HAYe-
HUS K03(pPUIMEeHTa UyBCTBUTEIBHOCTH KPUTEPHSI TIO MTAPAMETPY s, (k)= ‘ ¥, (k)‘ Ha IPaKTUKE MOXXHO

MCTIONB30BaTh €ro NpUoIMkeHHoe 3HadeHune (k) :HY";CI (k)” / h, olleHHBaeMOe Ha MHTEPBaJIC OKHA
2

KOHTpPOJIA Kak cpenHekBaaparuyeckoe 3HaueHune (CK3) uamepsemoro mapamerpa nosera. CK3 sBisi-
€TCsl YaCTHBIM cliydyaeM 0000IIEHHOT0 CPEAHET0, XapaKTepru3yeT U3MEHEHHUE [ICHTPAIbHON TeHACHIIUN
psiia ¥ MOXET OBITh UCTIOIB30BAHO B KAYECTBE MPHOIMKEHHON OIIEHKH a0COJIOTHOTO 3HAYEHHS TPO-
THO3UPYEMOT0 TapaMeTpa.

Ha puc. 5 npuBenensl 3Ha4enus Kpurepus (27), B3BEEHHOro 1o (k) :

e,k
b 0=~ (35)
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Buano, 4to y4er koa(uiureHTa 4yBCTBUTEIBHOCTHU MO MapaMeTpy BbIPAaBHUBACT 3HAYCHUS KPUTEPUS
JUISl BCEX KaHajoB m3MepeHuil. Ha puc. 6 npuBeneHsl 3HaueHUsT Kputepus (35), B3BEMIEHHOTO 10 KO-

3 PUIUEHTY UyBCTBUTEIBHOCTH S, , ONPEAEIIEMOMY HOPMOI! OCIEAHEN CTPOKH JEIUTENs Hy s Z:

e (k (K
;o b® _ 8,

i s, §,(k)s,

(36)

r

Bunno, uro Bce 16 rpadmkoB MpakTUYECKH COBMANU, — MOCIEAYIOMUHN yueT koddduiinenta 4yBCTBH-
TEJIbHOCTH O NapaMETpPy BBIPABHUBAECT 3HAUYCHUSI KPUTEPHUS U1 BCEX KAHAJIOB U3MEPEHUN M CLECHA-
pueB ynpasneHus. [Ipu sTom 3HaueHus Kputepusi, aHanoruyHo (33), mpakKTHYECKU COBMAAAIOT ¢ abco-
JIOTHBIM OTKJIOHEHHEM Kod((HIIMEeHTa 0TKa3a f; OT eAUHMIBI. B pe3ybraTte Mbl MOXKEM C JOCTATOY-
HOW CTETICHBIO TOYHOCTH ONPEISIUTh 00N Kod()(PHUIIMEHT 4yBCTBUTEILHOCTH B BHJIE s(k) = §y (k)s,

U TIOJIYYUTh CIIEAYIOIIee BhIpaKeHHE Il KPUTUUECKOTo 3HauUeHus: Kputepus (34):
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Puc. 5. 3naucnHus kpurepus (35): a — Ipu OTCYTCTBUM YIIPABICHUS; 6 — IIPU YIPABICHUU 110 TAHTAXY
Fig. 5. Criterion values (35) in the absence of control (a), in case of pitch control ()

43



Hayunblii Becruuk MI'TY T'A Tom 24, Ne 05, 2021

Civil Aviation High Technologies Vol. 24, No. 05, 2021
g (k £k
EJ’( ) —\ zf( )

} sesnane ] 1 — ]
038 - ) 08 sessss (5
0.5 wz 0.6 - 5

e — 0,4

o I
wx 0,2

OJ2 LR T

oy 0,2 trssssssnanen i
0
08 06 04 02 O f ¥ 0
B k V. o a 8 wz P owx wy vy

a) 0)

Puc. 6. 3naucHus kpurepus (36): a — Ipu OTCYTCTBUM YIIPABICHUS; 6 — IIPU YIPABICHUU 110 TAHTAXY
Fig. 6. Criterion values (36) in the absence of control (a), in case of pitch control ()

[Ipu 5TOM HUTOTOBOE yCIIOBHME OOHAPYKCHHS W JIOKATH3AIUM OTKa3a k-TO JaTYWKa C y4eTOM
(28) OyneT umMeTh BU

R

Yh
ORI I | e VTGN TRV (38)

i-1] |,

C IUJIABAIOIIUM MOPOTOBBIM (KPUTUYECKUM) 3HAYEHHEM, BBIUUCISIEMBIM B PEXKUME OHJIAMH TOJBKO IO
nH(OpMaIK 0 BXOJHBIX U BBIXOJHBIX curHanmax ynpasienus CY BC.

3AK/IFOYEHUE

B pesynbpTaTe NMpOBENECHHBIX HCCICIOBAHMN HA MPUMEPE NECTEPMHUHUPOBAHHOW THUCKPETHOMH
CTAl[MOHAPHOM JIMHEWHOM MaTeMaTU4eCKOW MoJeau JuHaMuky nojera BC ¢ mOIHOCTBIO U3MEPUMBI-
MU COCTOSTHUSIMH TIOJIYYSH OPUTHHATIBHBIN HEMapaMeTPUIECKUN KpUTEpU OOHAPYKEHUS U JIOKaIN3a-
MU 0TKa30B M00bIX naTaukoB CY BC, mocTpoeHHBIN TOMLKO Ha OCHOBE aHAJIM3a MITATHBIX BXOJIHBIX
Y BBIXOJHBIX CUTHAJIOB BBIYMCIUTEIBHON MOACUCTEMBI CUCTEMBI yrpaBieHus BC.

[IpoBeneH aHanu3 ero 4YyBCTBUTENLHOCTU K KOJIMYECTBEHHBIM XapaKTEPUCTUKAM OTKA30B JaT4U-
KOB C MCMOJb30BAHUEM IMOJTHOW HETMHEHHON MaTeMaTHYE€CKOW MOJIENIA IUHAMUKH TI0JIETa CpEeIHEMAaru-
CTPaJILHOTO CaMOJIeTa CO IITaTHOM cucTeMoi yripaBieHus. OnpeneaeHo BhIpaKEHUE AJIs1 TEOPETUIECKO-
ro 3HAYEHUs] KPUTEpHs, onpeaesieHbl QPYHKIHS ¥ KOI(PPHUIMEHTH 4yBCTBUTEIBHOCTH KpuTepus. s
KaXJIOT0 KaHajla U3MEPEeHUH BBISBICHA JIMHEHHAS 3aBUCUMOCTh 3HAUCHHS KPUTEpHs OT KoddummeHTa
OTKa3a B MOMEHT €ro BO3HUKHOBEeHMS. [loka3zaHo, 4TO KpUTEPUN UMEET Pa3HYI0 YyBCTBUTEIBLHOCTD IS
pa3UYHBIX KaHAIOB m3MepeHuid. Eciii He yuuThIiBaTh 3TOT 3(pPEKT, MOKHO CIIeNaTh JOKHBIN BBIBOZ 00
OTKa3e paboTOCIOCOOHOTO JaTUMKA WM O pa00OTOCTIOCOOHOCTH OTKA3aBIIETO JAaTYHUKA.

[IpuBenena popmymna A aBTOMATUYECKOW OIEHKU MOPOTOBOTO 3HAYCHHS KPUTEPHsl OOHapYy-
YKEHHS Y JIOKAJIM3AIMU 0TKa3a KKIO0ro JaTYMKa, 3aBUCSIIAs TOJIBKO OT U3MEPSEMBIX IMapaMeTPOB IO-
JIeTa W YIPABJISIOMIUX BO3JAeCTBHA. Vcmonp30Banme miaBaomero KodguimeHTa 4yBCTBUTEIIBHOCTH
MPU OTNPENIETICHUHN JOMYCTUMBIX 3HAYEHUU KPUTEPHS MO3BOJISIET MOJHOCTHIO Pa3BsA3aTh KaHAIbI KOH-
TPOJS U CYIIECTBEHHO MOBBICUTH €T0 YYBCTBUTEIHLHOCTH MPU OJJHOBPEMEHHOM 00ECIIEYCHUH CBOWCTB
pobactHocTu. [lokazaHa BBICOKAas CXOAMMOCTH IOJYYEHHBIX PE3YyJIbTATOB C TEOPETHYECKUMHU, UTO
MO3BOJISIET UCIIOJIb30BATh KPUTEPHIA HE TOJBKO IS MOMEHTAIBHOTO OOHAPYKEHHUS U JTOKAU3alUN OT-
Ka30B JIaTYUKOB, HO U MIPEJBAPUTEIIBHOTO JUATHOCTUPOBAHMS UX KOJTUYECTBEHHBIX XapaKTEPUCTHUK.
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JanbHeiimme uccienoBanus OyIyT HalpaBieHbl Ha aaNTalyio pa3padOTaHHbBIX AITOPUTMOB JUIS
obecnieueHust ux 3PpPeKTUBHON paOOTHI IPU HATWMIHH OIMMOOK U3MEPEHHUI U ICHCTBUH BO3MYIIICHHUH, aHa-
JIN3 YYBCTBUTCIILHOCTU KPUTCPUA Ha PA3JIMYHBIX PCKHUMAX IIOJICTAa CaMOJICTAa, B TOM YHCJIC B YCJIOBHUAX
TypOyJIEHTHOCTH, pacIiupeHre o0acTell NeTEeKTUPYEMOCTH U JIOKAIU3yEMOCTH OTKAa30B 3a CUET OHJIaiH
aJlanTalnyy IUPUHBI OKHA KOHTPOJIA K pe3ysbTaTtaM BelumcieHui. Ha 6a3e pa3pabaTbiBaeMbIX METOJIOB
TUIAaHUPYETCS peain3alysl NePCIeKTUBHBIX BHEUIHUX CUCTEM KOHTPOJIS TEXHUYECKOTO COCTOSIHUS JaT4yu-
KOB BC, KOTOPBIC JOMNOJHAT CYIICCTBYIOIIUC BCTPOCHHBIC CUCTCMbI KOHTPOJIA W MO3BOJIAT CYIIECCTBECHHO
CHU3UTH CTETICHD amnmnapaTHON W30bITOYHOCTH M3MepuTennbHOM noacuctembl CY BC.
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ABSTRACT

Failures of the aircraft control system sensors can cause both deterioration of stability and controllability characteristics and the
inability of safe automatic control. It is necessary to detect and isolate such failures to determine the time and place of their
occurrence in order to disable failed sensors or to diagnose them subsequently for reconfiguration during the flight. The direct use
of traditional parametric approaches for sensors health monitoring by using their mathematical models is impossible due to the lack
of data about the true information input signals received by their sensitive elements. This leads to the necessity of solving the
problem of modeling the aircraft flight dynamics with a high level of uncertainties, which makes it difficult to utilize the functional
control methods and necessitate the use of excessive sensor hardware redundancy. Well-known nonparametric methods either
require a priori knowledge base, preliminary training or long-term tuning on a large volume of real flight data or have low selective
sensitivity for reliable detection of failed sensors. In this work, the original nonparametric criterion for detecting and isolating
sensors failures is derived. Its sensitivity is analyzed by using a complete nonlinear mathematical model of aircraft flight dynamics
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with a regular flight control system. The theoretical value and the criterion sensitivity coefficients are determined. The formula for
the automatic evaluation of the float criterion threshold value is given. A high convergence of the results with theoretical ones is
shown. This makes it possible to use the obtained criterion not only for the instant detection and isolation of sensors failures, but
also for preliminary diagnostics of their quantitative characteristics.

Key words: aircraft, control system, sensors, health monitoring, failures detection and isolation, nonparametric criterion,
sensitivity, threshold value.
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The design process of a new aircraft (AC) is always associated with the issue of choosing its basic technical parameters, or, in other
words, the formation of its conceptual design. In case of a civil aircraft, the choice of these parameters is defined by the
requirements for operational safety, market conditions, norms that specify the tolerable harmful impact of the aircraft on the
environment, etc. In case of a military aircraft, its outlay mostly depends on the concept of potential military threats, ways of using
the military aircraft in military conflicts. Some of these requirements are formulated in regulatory documents — the Aviation
Requirements for Civil Aircraft and the General Tactical and Technical Requirements of the Air Force for Military Aircraft. For
example, Part 25 of the Aviation Requirements for Civil Aircraft defines the Airworthiness Standards for transport aircraft. It
should be noted that the stated above requirements are often a tool of competition, for example, when tightening the aircraft noise
abatement procedures provides advantages for particular manufacturers, not admitting other manufacturers to enter the market,
whose aircraft do not conform to the new standards. Thus, complying with the requirements virtually involves additional costs both
in the aircraft development and during its operation. In addition, the implementation of the requirements stated above can lead to
the deterioration of the aircraft’s performance, and hence, to the decrease of its competiveness and combat effectiveness. Therefore,
each requirement of the regulatory documents should have a profound scientific rationale. This article analyzes one of the
regulatory documents requirements referring to the necessity of anti-g system on board aircraft. The authors propose the approach
to specify the existing criterion to provide the scientific basis for the anti-g system on board aircraft by assessing the actual level of
pilot load when maneuvering. The subject under study is of particular importance for the Yak-152 trainer aircraft. The actual level
of loads during pilotage of the Yak-152 trainer aircraft does not require the use of the anti-g system but if to be based on a formal
criterion, namely, in terms of the maximum operational overload value, the aircraft should be fitted out with such a system.

Key words: g-load, anti-g system, trainer aircraft.
INTRODUCTION

According to the adopted classification, aircraft, depending on the maneuverability parameters,
are subdivided into highly maneuverable, maneuverable, limitedly maneuverable and non-
maneuverable. The aircraft belong to the class of highly maneuverable if they sustain the maximum
available g-load of ny’max >7 and perform the entire list of complex and aerobatic maneuvers.

To ensure the effective working pilot capacity, it is prescribed to equip this class aircraft with a
special anti-g system that increases the tolerable g-level. Simultaneously, no distinction is made be-
tween a high-speed and low-speed aircraft, although the tolerable g-level directly depends on the time
of its action, which is specified by a maneuvering airspeed envelope.

It is proposed to introduce a pilot load level assessment criterion, which is calculated on the ba-
sis of mathematical modeling of complex aerobatics typical maneuvers to determine the actual pilot
load and to establish the scientific basis for the practicability of the use of anti-g equipment for various
aircraft types.

RESEARCH METHODS AND METHODOLOGY
The impact of g-load on a human body has been well studied [1-5]. It can be asserted that there

is some kind of the upper threshold of g-load, which even an untrained person can suffer without any
health problems.
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The integral load on the pilot under g-load, exceeding the threshold value during the time of At,
can be defined using the following formula:

At
N, = [ An,dt
0

— nop
where An, =n —n ’;

ny; — current g-load affecting the pilot in the direction “head-pelvis”;
ny, ¢ — the g-load threshold value impacting the pilot without time limit.
G-load, impacting the pilot in the direction of “head-pelvis”, differs from the normal speed
g-load that is characteristic for a maneuvering aircraft and rated by the following formula [6]:

n 2 2
n, =cos[¢, +arctg(nx )]\, +05,

y

where ny, n, — the normal and longitudinal g-load constituents in the projections on the coordinate
system axis;
Ny, Ny, — the normal and tangential g-load constituents in the projections on the velocity coordi-
nate system axis;
@« — an angle of the pilot's seat inclination to the corresponding coordinate system Oy axis.
In order to facilitate the evaluation, it is reasonable to use a dimensionless criterion or a nor-
malized pilot load level when maneuvering the aircraft during t,, time:

The maximum normalized pilot load level is achieved if the aircraft instantly imposes and sus-
tains g-load of ny,, which is equal to aircraft maximum operational g-load of ny’max , during the whole
time of maneuver ty, .

The regulatory requirements for maneuverable aircraft calculate the g-load threshold value,
which makes it possible to operate the aircraft without using pilot anti-g equipment. It equals

"P — 3 Hence, at n,’may = 8 the maximum possible normalized pilot level equals N =5 units.

JI Makc.

Ny

Let us assess the pilot’s capabilities under physical load on two aircraft: a high-speed jet com-
bat training Yak-130 [7] and a low-speed light training Yak-152 [8]. Both aircraft have the equal max-
imum available g-loads of ny’max = 8, therefore, they are subjected to the requirement to be equipped
with an anti-g system as a part of aircraft hardware.

For comparison, the actual normalized pilot load level N, is used as a criterion when perform-

ing complex aerobatics maneuvers with the highest level of g-loads. All the maneuvers start at the
maximum instrumental speed for this aircraft using the maximum operating engine mode (EOM).

RESEARCH RESULTS

Figures 1-5 show the actual laws of g-loads variations acting on the pilot in the direction of
"head-pelvis". The corresponding normalized pilot load levels of Nn are shown in Table 1.
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17°, but for the

Yak-152 aircraft an angle of seat inclination is increased and equal to @, = 25° in order to reduce the

impact of g-load on the pilot.

While calculating ny, it was considered that for the Yak-130 aircraft ¢
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Table 1
Summary indexes of complex aerobatics typical maneuvers
Type of Yak-130 Yak-152
maneuver T, sec N, , units T, sec N., units
Complete loop (The Nesterov 20.0 2.19 17.5 0.066
loop)
Combat turn at n = +60° 10.0 1.89 10.0 0.013
Accelerated turn 19.5 4.10 16.0 0.158
A half roll at n =-60° 13.5 3.59 8.0 1.47
A full roll 14.5 3.32 9.0 1.29

The obtained results show that the summary integral indexes of pilot load for the Yak-152 are
many times lower than those ones for the Yak-130, despite their maximum available g-loads equality.
In order to make a decision about the reasonable installation of the anti-g system on board air-

craft, it is necessary to compare the achieved load level N, on the given aircraft with N__which the

pilot experiences without any special equipment.

G-load capability is considered to be overloaded that do not cause noticeable disorders or cause
minor and transient health problems. The capability to withstand acceleration stresses under an as-
signed level of training is specified as: the g-load magnitude, rate of its increase, direction and dura-

tion.

The pilot in the sitting position withstands g-load quite satisfactorily in the "head — pelvis" di-
rection up to 6 units during At = 1...2 seconds without any trouble to sight, maintaining working capac-
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ity. Physically well-trained, experienced pilots satisfactorily withstand g-loads of 7...8 units, but in
some cases they do 9...9.5 units with the duration of up to At = 1 second. The shorter the time of the
g-load effect is, the easier a human body can withstand. A man can tolerate g-load of 20 units during
the time of At =0.1...0.2 seconds without any discernible visual and central nervous system disorders.
Sportsmen-pilots can reach ny, of > 12 units without any signs of physiological disorders [9].

Trained pilots withstand g-loads of ny, = 4 quite satisfactorily for three minutes on centrifuges.
An untrained person starts suffering visual disorders in the form of peripheral vision loss (gray veil) in
At = 10...15 seconds of being subjected to g-load equal to ny, = 3...4 units.

If we present this data in the form of a diagram of possible tolerance g-load based on the time
of g-effect, it will be possible to make a boundary of tolerance ny;, over the maneuvering time (fig. 6 —
red line). Taking into account the fact that due to the loss of airspeed, the time of powerful training air-
craft maneuvering does not exceed tm = 10...15seconds, so, the tolerable and normalized load level of

the pilotis N =14..2,1.

Having compared Njmin With the data given in Table 1, we have concluded that the pilot load
level on the Yak-130 aircraft exceeds significantly the pilot’s physiological abilities

JI MUH.

(N, =2,19...4,10), and this fact makes it necessary to equip the aircraft with an anti-g system.
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Fig. 6. The boundary of tolerable g-load

While flying the Yak-152 aircraft, the load pilot level does not virtually exceed the pilot’s
physiological abilities (N, <1,47 ) even while extremely powerful maneuvering, which does not make
it reasonable to complicate a trainer aircraft, also to increase costs and weight by mounting a redundant
amount of equipment.

An adequate ability to withstand short-term overloads by a trained pilot makes the installation
of anti-g systems on low-speed aircraft impractical. Thus, neither a single trainer nor an aerobatic air-
craft with a piston engine has such a system, despite the high level of available g-loads:
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SU-26  —ny’max. =—10...+12; YAK-55 —ny’max. =—6...19;
SU-29  —nymax. = —10...+12; YAK-52 —ny'max. =—5...17;
YAK-54 —1n,’max. = —6...19; YAK-152 — 0 max, = —6...+8.

In order to assess the actual g-loads level on pilots of the Yak-152 aircraft, a simulation of
complex aerobatic maneuvers, stipulated by the corresponding exercise of the Flight Training Course
for a training aircraft and performed in compliance with the requirements of the Aircraft Flight Manu-
al, was carried out.

When flying into the zone for complex aerobatics, the successive maneuvers are prescribed: the
complete loop (the Nesterov loop), full roll, dive at a flight-path angle of —45° (entering by two half
rolls), pitch-up maneuver at a flight-path angle of +45 (exiting by two half rolls), a combat maneuver
by the type of a skewed loop at a flight-path angle of 1 = +45°, a steady orbit with the ultimate engine
thrust overload (y = 60°).

The summary results of the complex aerobatic maneuvers modeling with the stated pilot load
are shown in Table 2.

Table 2
Complex aerobatics maneuvers summary indexes in accordance
with the Aircraft Flight Manual
Type of maneuver YAK-152 maneuvering indexes
At, sec ty, SEC Ny; max, UNItS N, , units
Complete loop (The Nesterov 4.2 17.5 3.42 0.066
loop)
Combat maneuver at 2.2 10.9 3.35 0.044
n = +45°
Orbit with y = 60° 0 29.0 1.77 0
Pitch-up maneuver at v = +45° 0 14.0 2.8 0
A dive at v =—45° 2.2 14.0 4.2 0.098
Full roll 3.2 14.0 3.65 0.093

The research results show that in training flights according to the program of initial and basic
training on a Yak-152 trainer aircraft with the engine-propeller power plant, the maximum g-load on

the pilot (ny, max) barely reaches four units, and the load level is significantly lower (NH <<N ) than

that one an untrained person can tolerate.

The Yak-152 aircraft technical capability to impose and sustain high g-loads is clearly illustrat-
ed by the g-load polar in Figure 7. It can be seen that under a normal g-load, which is above the
threshold value of ny, " = 3, significant negative values of tangential g-load occur in the entire speed
range. This leads to a rapid loss of speed, and, accordingly, to the available normal aircraft g-load.
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DISCUSSION OF THE RESULTS OBTAINED

The research results presented above have shown that an untrained person on a Yak-152 air-
craft can only exceed the boundary of g-load tolerance by maneuvering with the amount of g-load
equal to ny; = 4 at the speed almost equal to the maximum when descending with the vertical speed of
about 30 m/s (for example, performing a steep spiral down). Besides, the Yak-152 aircraft is designed
for the initial training and selecting cadets capable to master the profession of a highly maneuverable
aircraft pilot in the future, which means to withstand continuous maneuvering with the normal over-
load of 9 units without loss of working capacity. The problem of resistance of the pilot to the heavy g-
loads effects is relevant today [10, 11] since it is directly related to flight safety [12, 13]. Therefore, as
early as on the stage of initial training, the future pilot must master effective respiratory and muscular
protection techniques that increase resistance to g-loads by 3...3.5 units [4, 14]. Consequently, on the
basis of the results stated above, it can be concluded that there is no scientific basis to install the anti-g
protective system on the Yak-152 aircraft.

CONCLUSION

When forming a list of hardware equipment for a trainer aircraft, it is unacceptable to adopt a
formal directive approach that can turn excessive equipment into ballast, deteriorating aircraft perfor-
mance. Availability of any additional system should be substantiated by the requirements of operation-
al safety, improvement of flight-technical, operational, training or other aircraft performance that are
essential in terms of the aircraft characteristics tasks being solved. On the aircraft with the pilot load
level of NH <2, the installation of anti-g equipment is not merely impractical, but also adverse, since

it impairs the future pilot training quality. Weight increase, associated with the installation of addition-
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al equipment, affects a trainer aircraft. It can significantly worsen maneuverability, takeoff, landing
and piloting performance, and consequently, deteriorate operation safety. So, requirements validation
for the trainer aircraft anti-g equipment must be necessarily based on the results of comparing the

achieved pilot load level of NH on this aircraft with that of NH wm. Which the pilot tolerates well with-
out any special equipment. The article presented the results of comparing the achieved pilot load level
of NH , on the Yak-152 trainer aircraft with load level of N, .. which the pilot tolerates well without

any special equipment. The given results convincingly indicate the inexpediency of equipping the
Yak-152 with anti-g system.
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OBOCHOBAHUE TPEBOBAHUI K MPOTUBOIIEPETPY30UHOMY
OBOPYJIOBAHUIO YYEBHO-TPEHUPOBOYHOI'O CAMOJIETA

1 ) 2
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Ilybnuunoe axyuoneproe obwecmso «Hayuno-npouzsoocmeennas kopnopayus "Upxym'y,
2. Mockea, Poccus

Coznanre HoBOro Bo3yiHOro cyaHa (BC) Bcerma conpsbkeHO ¢ mpo0iieMo BhIOOpa €ro OCHOBHBIX TEXHHMYECKHX IapaMETPOB
WIH, IPYTHMHU CJIOBaMH, ()OPMHUPOBAHHEM €ro BHEUIHero oonmka. B ciydae rpaxnanckoro BC BbIOOp yKa3aHHBIX MapamerpoB
ompezensieTcs: TpeOOBaHMAMH OE30ITaCHOCTH AKCILTyaTalliy, KOHBIOHKTYPBI PBIHKA, HOPMaMH, OIPEIENISIOMME JOITyCTHMOE
BpPEIHOE BO3/ICHCTBHE CaMoOJIeTa Ha OKPY)KaoLIylo cpely U T. 1. B ciydae BoeHHoro BC ero o0imk Bo MHOTOM Ompesensercs
NPEZICTABIIEHMSIME O XapakTepe OyIyIMX BOEHHBIX yrpo3, criocodax npumeHeHnst BC B BoeHHbIX koH(mKTax. YacTh yKazaHHBIX
TpeboBaHMi popMyIHpyeTcss B HOPMAaTUBHBIX TOKyMEHTaX — aBHAIMOHHBIX TPAaBIIIaX LI TpakaaHckux BC 1 0OMmMX TakTHKO-
Texanaecknx TpedboBanmsix BBC mms BC BoeHHOro HasHadeHHA. Tak, HampuMmep, YacTh 25 aBHAIIMOHHBIX MPABUII ONPEIEIseT
HOpMBI JieTHOH rogaocTr BC TpancnopTHO# Kateropruu. Ciemyer OTMETHTb, YTO 3a4acTyl0 YKa3aHHBIC TPeOOBaHMS SBISIOTCS
HMHCTPYMEHTOM KOHKYPEHTHOM OOpBOBI, KOT/Ia Y KeCTOUeHHe, Harpumep, TpeboBanwii o mymy BC obecnieunBaeT mpeumMyIiecTsa
JUIST KOHKPETHBIX MPOM3BOIUTENIEH, HE JOIMYCKas Ha PBIHOK MHBIX mpom3BoauTeneil, BC KOTOPBIX HE yIOBIETBOPSIOT HOBBIM
HopMaMm. Takum 00pazom, peanu3ariys TpeOOBaHMIT MOYTH BCer/ia CBsI3aHa C JOMOIHUTENIBHBIMY 3aTpaTaMy Kak MPH pa3padoTKe
BC, Tax u npu ero skcrutyaraimi. Kpome Toro, peaim3aiys yka3aHHbIX TPEOOBAHUH MOXKET MPHUBOJUTH K YXYALICHHIO JIETHO-
TEXHMYECKUX XapakTepucTuk BC, a 3HauuT, K CHIDKEHHIO €r0 KOMMEPUYECKOH IMPUBJIEKATEILHOCTH, 00€BOH 3((EKTUBHOCTH.
[Moatomy kaxI0e TpeOOBaHHE HOPMATHBHBIX IOKYMEHTOB JOJDKHO UMETH T10]] COO0M ITy00OKOe HaydHOe 000CHOBaHUE. B naHHOM
CTaThe aHAIM3UPYETCS OAHO W3 TpeOOBaHMII HOPMATHBHBIX JIOKYMEHTOB, Kacarolleecs HeoOXomuMmocTH Haiamums Ha BC
MIPOTUBOIIEPETPY304HONM CHCTEMBI. ABTOPHI NPEWIAraloT ITOAXO0J, OOECIIeUMBAIOIIMK yTOUYHEHHE CYIIECTBYIOIETO KPHTEPHS
HAJIMYHs IPOTHBONIEperpy304Hoi ciucteMbl Ha BC 3a cuer oreHkH (pakTHaeckoro ypoBHS (PU3MIECKOTO HArPY KEHHS JISTIHKA TIPH
MaHeBpupoBaHUH. OcoOyr0 BaKHOCTh HCCleqyeMas MpoOiaeMa UMeeT Uil y4eOHO-TPEHHpOBOYHOro camoiera Sk-152,
(hbakTHYECKNH YPOBEHb HAIPY30K TP MIJIOTHPOBAHUH KOTOPOTO HE TpeOyeT MCIOIb30BaHUs MPOTHBOIIEPETPY30UHON CUCTEMBI,
HO 10 ()OpMaJEHOMY IPU3HAKY, @ UMEHHO 10 BEJIMYMHE MaKCHMAIbHOM SKCIUIyaTallIOHHOM Heperpys3Kd, Takas CHCTeMa Ha
camoJieTe JOIDKHA OBITh.

KaroueBrble ciioBa: ieperpyska, IpOTHBOIEPETPY30YHAS CHCTEMA, YIeOHO-TPEHUPOBOYHBII CAMOJIET.
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PACYHETHBIE UCCJIEJOBAHUA ADPOANHAMMNYECKHUX
XAPAKTEPUCTHUK BUHTOB MYJbTUKOIITEPOB

K.I. KOCYUIKHUH', b.C. KPULIKUIT', P.M. MUPT'A30B!
IlleHmpaﬂbeld aspo2udpoounamudeckuti uncmumym um. npog. H.E. JKykosckoeo,
2. Kykoeckuii, Poccus

B cratbe mnpencTaBneHBl pe3yNbTaThl PACUETHBIX HCCIENOBAHMM a3pOJMHAMUYECKUX XapaKTEPUCTHK HECYLIUX CHCTEM
OECIIMIIOTHBIX MYJIBTUKONTEPOB Pa3IMYHbIX KOMIIOHOBOK, BBISIBJIEHBI OCOOCHHOCTH OOTEKaHWs BHHTOB, IPOBE/ICHA OLCHKA
B3aUMOBIIMSIHMSL BUHTOB JApYT Ha npyra. PacyeTbl OCHOBBIBAIMCH HA HEIMHEWHOM JIONMACTHOM BHMXPEBOM TEOpPUM BHUHTA B
HECTAIIMOHAPHON TIOCTAHOBKE. PacCMOTpeHBI KOMOWHAIIMM W3 YETHIPEX, BOCBMH (UETHIPE COOCHBIX) M YCTHIPHAIIATH
JIBYXJIOTIACTHBIX BUHTOB TIpU ckopocTsix nosiera V = 100, 150, 200 km/u. st ka0 KOMOMHAIIMM BUHTOB M CKOPOCTH TOJIETA
TOTYIMITHPHICCKAMH METOIaMH BBIOMPAIOTCS: YINIBI aTakd BHUHTOB, YACTOTAa BpAIICHUS, YIJBl YCTAHOBKU JIOMAcTed M
TEOMETPUUECKHE MapaMeTphl MO 33JaHHYI0 B3JIETHYIO MaccCy ammapara. PacueTsl mokasaji, 4To JJIsl HECYLUEW CHCTEMBI U3
YeThIPeX BHHTOB (KBAJPOKONTEp) IBa BHHTA, DACIONOXKEHHBIE HIDKE [0 IIOTOKY, B 3aBHCHMOCTH OT CKOPOCTH W3-32
B3aMMOBJIMSIHHSL UMEIOT 3HaueHus: Kod(duumeHtoB Tsru Metbine ~10-20 %, yem BUHTbI, HAXOMSIIKECS BBIIIE 110 TOTOKY. st
COOCHOM YETBIPEXBUHTOBOM CHUCTEMBI BIIMSHHE BEPXHETO NEPEIHEI0 BUHTA HAa BEPXHUM 3aJHUNA BUHT AHAJIOTMYHO BIMSHMIO
MEepEeJHUX BUHTOB Ha 3a/IHUE B YETHIPEXBUHTOBOM HECyIleH cucTeMe. BiusiHue BepXHEro nepeiHero BUHTa Ha HWKHUM 3aHUAN
BUHT M0 CpefHell BeIMYMHE TSITH HE MEHSETCs, a W3MEHEHMS HMMEIOT TOJBKO JIOKAIBHBINA XapakTep. B3anMoBmmsHHE APYrHX
BUHTOB Jpyr Ha Jpyra HMEET aHAJOTMYHBIA C YETHIPEXBUHTOBBIM BapUAaHTOM Xapakrtep. Y MYJbTHKONTEpa C
YeTHIPHA/IIATHBUHTOBOM HECYIe CUCTEMOI (hOpMHpPYETCs CIIOXKHASI KapTUHA TCUCHHS, KOTOpas TIOPOXKAACT HEPETYISIPHOCTh B
M3MEHEHHH KO3()(HIMEHTOB TSATH IO BPEMCHH. B 3aBHCHMOCTH OT peXMMa W PACIOJOKCHUS BHHTA 3HAYCHHUC CPEITHETO
KO3 UIMEHTa TATH BHHTA MOXET HM3MCHATHCS NPHONMBUTEIFHO B JIBA pasza. PacyeThl MOKa3aM, YTO TPH OJMHAKOBBIX
TEOMETPUIECKUX M KAHEMATHYECKHX IMapaMeTpax TAra BUHTOB MOXKET CYIIECTBEHHO OTIMYATHCS, YTO O€3 IOTMONHHUTETHHBIX
VIIPABISIONX BO3ACHCTBUI BBI3BIBACT 3HAYHUTENHHBIC ECTAOMIM3UPYIONIHE MOMEHTHI. [lylbcanmy TATM W, COOTBETCTBEHHO,
BHOpAIH BO3PACTAIOT C YBEJIMICHHEM CKOPOCTH T0JIeTa. BeposTHO, YTo Mpy MpaBWIIFHO BRIOPAHHON KOH(PHUTYpAIN BUHTOB 1
CHCTEME aBTOMATHYECKOTO YIIPABJICHHS MOXKHO NApHPOBATh BCIUIECKH TSI TaK HA3bIBAEMOHM MOAOOPKOH «(asHpOBKI» —
BBIOOPOM HAYAIBLHOTO yIJIa TI0 a3UMYTY IS KOKIOTO BUHTA.

KiioueBnie ciioBa: MYJBTUKOINTED, Hecyumﬁ BUHT, MHOI'OBHHTOBBLIC CHCTCMbI, B3aWMOBJIUIHHC BHWHTOB, OECIMIOTHEIE
JICTATCJIbHBIC aIllapaThbl, ASpOANHAMUYCCKUEC XapaKTCPUCTUKH, BUXPEBbLIC METObI.

BBEJEHUE

MynbsTHKONTEpHI (pHUC. 1—4) HaxomAT Bce OoJiee MMPOKOE PACIIPOCTPAHEHHUE B PA3IUIHBIX 00-
JacTAX, TAKUX KaK CelIbCKOEe XO3iHCTBO, JlecoOXpaHa, kapTorpadus, BuaeoHadmoaenue u ap. [1-6].
Hecymue BunTel (HB) MynbTuKONTEpPOB, B OT/IMUME OT BUHTOB JPYIMX BUHTOKPBLIBIX JIETATEIbHBIX
annaparoB, Kak MpaBWIO, (UKCUPOBAHHOIO OOILEro Iiara U MPUBOAATCSA BO BpallleHHE C MOMOIIbIO
anektpoasurateneit [7]. s MyJapTHKONTEpOB — OeCMIIOTHBIX JeTarenbHbIX anmnapaTtos (BITJIA) xa-
paKTepHO OOJBIIOE KOJIMYECTBO HECYIIMX BHUHTOB, OT YEThIpEX, KOTOPbIE MOTI'YT 3aHHMATh CJIOXKHBIE
IIPOCTPAHCTBEHHBIE MOJIOKEHUS U, COOTBETCTBEHHO, OKA3bIBATh CHJIBHOE UHIYKTHUBHOE BIMSIHUE APYT
Ha JIpyra, 0coOeHHO Ipu OOJIBLIMX MOCTYNATEIbHBIX CKOPOCTAX MoJieTa. B3anMoBnusHue He0OX0MMO
YUUTBHIBATh MU pa3pabOTKe cUCTEM aBTOMaTH4yecKoro ynpasienus BIUIA.

B crarbe npHBOAUTCS PacUETHOE UCCIEAOBAHUE a3POJINHAMUYECKUX XapaKTEPUCTUK HECYIUX
CUCTEM OECHMJIOTHBIX MYJIBTUKONTEPOB PA3IMYHBIX KOMIIOHOBOK, BBISIBIIEHHE OCOOCHHOCTEH 0OTeKa-
HUSI BUHTOB, OLICHKA B3aMMOBJIMSHUS BUHTOB JIpyr Ha japyra. PaccmarpuBaroTcs KOMOMHAIMK U3 Ye-
TBIPEX, BOCbMU (UETBIPE COOCHBIX) U YETHIPHAALATH JBYXJIONACTHBIX BUHTOB.
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Puc. 1. Yersipexsunronoii BITJITA Puc. 2. lllectuBunaToBO# BITJIA
Fig. 1. Quadcopter Fig. 2. Hexacopter

Puc. 3. BocemuBunrosoit BITVIA Puc. 4. BoceMHaqlaTUBUHTOBON MYJIbTUKONTEP
Fig. 3. Octocopter Fig. 4. Eighteen-rotor multi-rotor design

Cy1iecTByIOT pa3iMuHble METO/ABl pacuyeTa BUHTOB BUHTOKPBUIBIX JETATEIbHBIX alllapaToB: C
MCIIOJIb30BAaHUEM MHTETPAIBHBIX (POPMYJI, TUCKOBBIX U JIOTIACTHBIX BUXPEBBIX TEOPUI U CETOUYHBIE Me-
Tonbl [8—14]. JlaHHBIE pacueTHbIC HCCIIEeIOBaHUS MPOBOIMWINCH C UCIOIb30BAaHUEM pa3pabOTaHHON B
AT «IIporpammbl pacyeTa MHOTOBHHTOBBIX CHUCTEM BHUHTOKPBUIBIX JIETATEIbHBIX almapaToB pa3-
muaHol koH(urypamum» (MultiRotor VTOL [15]). [IporpamMma mpegHa3HavyeHa s ONEPAaTUBHOM
OLICHKH KaK MHTErpajbHbIX, TaK M PACHpPEEICHHBIX a3pOJMHAMHUECKUX XapaKTepPUCTUK U OCHOBAaHA
Ha arpoOMPOBAHHBIX U HA/ICKHBIX BUXPEBBIX METOIaX.

O METOJE PACYETA

B pabote uncneHHOE UCClie0BaHNE POBOJMIIOCH HA OCHOBE HEJIMHEHHOM J1ONacTHOM Teopun
BHHTA B HECTAllMOHAPHOM MOCTAaHOBKE Ha 0a3e TOHKOW HECyIel MOBEpXHOCTH. MeTooIoTHsI pacuera
HECTallMOHAPHOTO a’pOAMHAMUYECKOro Harpyskenus jonacteit HB uznoxena B [8, 9]. Kunemaruue-
CKHE MapaMeTpbl ABM)KCHUS CUUTAIOTCA M3BECTHHIMU. OrpaHnyeHuil Ha ¢opMy JomacTeil BUHTA, UX
KOJIMYECTBO, a TAKXKE HA XapaKTep MX IBWKEHUSA HE HaKJIaAbIBaeTcs. JIomacTu BUHTA 3aMEHSIOTCS
O0EeCKOHEYHO TOHKUMHU 0a30BBIMU MOBEPXHOCTAMHU. PaccmarpuBaeTcs naeaibHas HEC)KMMaeMas cpesia.
TedeHue BHE JIoMacTel BUHTA M MX CIEI0B CUUTACTCS O€3BUXPEBBIM. BBIMONTHSIOTCS CIIEIyIOIINE rpa-
HUYHBIE YCJIOBHS: Ha HECYIUX MOBEPXHOCTAX YCJIOBHE HEMPOTEKAHUS; MPU MEpexoJie Yepe3 MoBepX-
HOCTh BHXPEBOTO cJie/la COOMIOAAI0TCS YCIOBUS HEIIPEPHIBHOCTU JIaBJICHUS M HOPMAJIbHOM COCTaBIISA-
IOIIEH CKOPOCTH; Ha 3aJIHUX KPOMKax HECYIIHUX MOBEPXHOCTEW, C KOTOPBIX CTEKAIOT BUXPEBBIE MO-
BEPXHOCTH, BBITIONHSETCS TUnoTe3a Yarubirnaa — JKyKOBCKOTO 0 KOHEYHOCTH CKOPOCTEi; Ha OecKo-
HEYHOM y/JaJICHUH OT BUHTA, & TAKXKE €ro cjela Bo3MYyIIeHHs 3aTyxatoT. [Ipu uncneHHon peanuzanuu
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METO/JIa pacueTa HEMPEPHIBHBIE MPOLIECCH] M PACIIPEIEICHHSI 3aMEHSIOTCS AUCKPETHBIMU 110 BPEMEHU U
npocTpaHcTBy. HenpepblBHbIE BUXpEBBIE CIIOU, KOTOPBIMU MOJIEIHUPYIOTCS O0a30BbI€ MOBEPXHOCTH JIO-
[IaCTeM BUHTA M MX BUXPEBBIE CJIEbI, 3aMEHSIIOTCS CUCTEMAMM JHUCKPETHBIX BUXPEBBIX paMOK, a He-
IIPEPBIBHBIN 110 BPEMEHHU IIPOLECC U3MEHEHUS TPAHUYHBIX YCIOBUHI U NTapaMETPOB TCUCHHUS 3aMEHSET-
Csl CTYyNEHYaThIM. 3HAUYEHUSI KUHEMATUYECKUX MTapaMETPOB OCTAIOTCSI HEU3MEHHBIMU B pPaMKaX OJHOIO
BpEMEHHOro mara. B kauectBe 6e3pa3MepHOro BpEMEHU NMPUHUMAETCS YroJl a3UMYTaJIbHOTO TOJI0XKe-
Hus jonacty. Ha kakaoM BpeMEHHOM Ilare, Ha4uHasi ¢ MEPBOro, MOCIE PEIICHNUs CUCTEMBI ypaBHE-
HUH IS ONIPENEICHUS IUPKYJISILMA HaXOAATCS HANPSHKCHHOCTH BCEX BUXPEBBIX PAMOK CHCTEMBI JIO-
nacteil u ciena 3a HUMH. JlomacTu BUHTA pa30MBAIOTCA HAa HEKOTOPOE YHMCIIO MaHeIeH Mo paguycy u
10 xopze. B nenTpe nanenen pasmMeIaroTcs KOHTPOIbHBIE TOYKH, B KOTOPBIX BBIIIOJIHAETCS YCIOBHE
HENPOTEKaHUs, U BBIYUCIAIOTCA adpOAMHAMHUYECKHUE HArpy3ku. CyMMHpPOBaHUEM a’pOJANHAMUYECKON
Harpy3KH I10 IaHEJSIM ONPEIEIAIOTCS pacpeleICHHbIE U CYMMapHbIe XapaKTepuCTUKU BuHTa. Dopma
clella BBICTpaMBAaeTCsl B pe3yJbTaTe pacuera. PaccMarpuBaeMblii YMCIEHHBIH METOJ ONpPEIEICHUS
a’poMHAMUYECKUX XapakTepucTuk HB Beprosera mporien mupokyro ampoOanuio, TpH KOTOPOM
000CHOBaHa JOCTOBEPHOCTH MOy4yaeMbIX pe3ynbraTos [8—10, 13].

PE3YJIbTATBI PACYETHBIX UCCJIEJJOBAHUI

PaccmaTtpuBanuch pas3iuyHble BapuaHThl MHOTOBUHTOBOM HECYINEW CHUCTEMBI Ul JIETKOTO
MHOroBUHTOBOTO BKJIA THma «a’porakcu» [16]. HauanbHble NaHHBIE, UCIIOIB30BAaHHBIE B pacyeTe:
YIJIBI aTaKU BUHTA U YTJIbI YCTAHOBKH (0OLIETro miara) jonacteid BBIOMpaIuCh U3 YCIOBUS 00eCTIeYeHUs
TOPU30HTAJIBLHOTO TIOJIeTa Ha 3aJaHHOM pexkume mojeta [17]. I'eomerpudeckas KpyTka BeIOMpaiach
JU1s peskuma BuceHust [18].

Ha puc. 5 npencraBieHa cxeMaTHYHO HECYIlasi CUCTEMa, COCTOSAIIAs U3 YEThIpeX ABYXJIONACT-
HbIX HB, reoMerpudeckue napameTpbsl KOTOPBIX XapaKTEPU3YIOTCs CIAEAYIOIUMY BEIMYUHAMU: PaIU-
yc BuHTa R = 2,15 M; xopaa monactu b = 0,2 M; reomeTprueckasi KpyTKa JOMacTH MpUBEIeHA B Ta0I.
1, KoopAMHATHI OCEl BpaIlleHNs] BUHTOB — B Ta0JI. 2, KHHEMATUYECKHE MapaMeTphl IBUKCHUS HeCyIIen
CUCTEMbI IPUBENICHBI B Ta0II. 3.

BBI/I,Z[y CUMMCTPUYIHOCTH PACIIOJIOKCHHUA BUHTOB, KaK B HpOI[OJIBHOfI IIJIOCKOCTHU, TaK M B IIOIIC-
pedHoi, Haberamuil TOTOK MOKET ObITh OPUEHTUPOBAH MTPOU3BOJIBHO.

Taoauna 1
Table 1
I'eomeTpuueckast KpyTka JonacTu
Geometric twist of the blade
/R 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1
b, m 0,2 0,2 0,2 0,2 0,2 0,2 0,2 0,2 0,2
@, Tpaj 9,06 9,77 9,51 9,48 9,16 8,97 8,22 6,99 3,98
Taoauma 2
Table 2
Koopannatsl BUHTOB
Rotor coordinates
Howmep BuHTa X, M Z,M Y,m
1 0 -2.251 0
2 0 2,251 0
3 4,501 -2,251 0
4 4,501 2,251 0
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Taoauma 3
Table 3
Kunematuueckue napaMeTpsl
Kinematics characteristics

V, km/4 100 150 200
o, rpan —2,07 —4,85 —8,23
OR, M/c 200,86 200 199,42
(00,7, Tpax 7,2 7,8 9,1

Jnst paccmarprBaemMoil Hecyel cuctemsl st ckopoctu V= 100 km/4 Ha puc. 6 pUBEICHO
U3MeHeHne KOA((UIIMEHTOB TITH ¢ BHHTOB YETHIPEXBUHTOBOM CHCTEMBI 110 PACUETHBIM IiaraM. BuH-
Thl 3—4, pacnoyioKeHHBIE 033 BUHTOB 1—2, pabOTalOT B CKOIIEHHOM IOTOKE OT BHHTOB 1-2, T0-
ATOMY OCpEJIHEHHBIE 32 JIBa OCIETHIX 000pOoTa 3HaUEHHs KOA((UIIMEHTOB TATH BUHTOB 3—4 npuliu-
3utenabHO Ha 20 % MeHbIIe KO3 PUIMEHTOB TATH BUHTOB 1—2. B 3TOM riaBHBIM 00pa3oM MpOSBISET-
Csl B3aMMOBJIMSIHIE BUHTOB Y€THIPEXBUHTOBOW HECYIIEH CHCTEMBI.

0.03
0.025
0.02

0.015 1

0.01

—CT1 —CT2
S ¥ R——_ ¥
0.005
1] u T T u T T T T T J
v X 4] 18 36 34 2 20 08 126 134 162 180
Puc. 5. YUeTslpexBUHTOBAs HeCyIlasi CUCTEMA. Puc. 6. VIamenenne koah(hUIMEHTOB TATH ¢ BAHTOB
Hywmepauus BuHTOB YEeTHIPEXBUHTOBOW CHCTEMBI 110 pacyeTHbIM maraMm (V= 100 km/4)
Fig. 5. Four-rotor lift-generating design. Fig. 6. Variation of rotor cr thrust coefficients
Enumeration of rotors for the four-rotor design under estimates (V= 100 km/h)

AHaJIOTHYHBIE PacyeThl BRIMOJTHEHBI A1 ckopoctu V' = 150 xm/4. CoxpaHsieTcs oOuuii xapak-
Tep U3MEHEHUs a3pOAMHAMUYECKUX XapaKTEPUCTUK BUHTOB Hecyllel cuctembl. Ha puc. 7 npuBeaeHo
U3MeHeHne Ko (UIIUEHTOB TITU ¢y BUHTOB YETHIPEXBUHTOBOM CUCTEMBI 110 pacueTHBIM IaraMm. Bun-
Thl 3—4, pacmoNI0’KEHHBIC 1M033I1 BUHTOB 1—2, paboTal0T TaKkke B CKOIICHHOM MOTOKE OT BUHTOB 1-2,
HO TIOCKOJIbKY MHJYKTHBHAsi CKOPOCTh OT HHUX MEHbIIE, TO 3HAUCHUSA KOI(PPHUIMEHTOB TSITW BUHTOB
3—4 npubnuzurensHo Ha 15 % Menbiie K03 UIIMEHTOB TATH BUHTOB 1-2.

Ha ckopoctu V' = 200 km/4 Takke COXpaHsIeTCss OO XapaKTep WU3MEHEHHUs adpoMHaAMHUYe-
CKHUX XapaKTEepPHCTUK BUHTOB HecyIlel cucrteMbl. Ha puc. 8 mpuBeneHo n3MeHeHUe KOIPPUITNCHTOB
TATH C7 BUHTOB YETHIPEXBUHTOBOM CHCTEMBI IO pacyeTHHIM miaraM. J1jisg 3Toil CKOpOCTH 3HaYEHHsI KO-
3¢ dunmeHToB TArd BUHTOB 3—4 mpubnusutenbHo Ha 10 % MeHbine KodQGUITUEHTOB TATH BUHTOB 1—2.
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Puc. 7. 3menenne k03pPUIHNCHTOB TATH €7 BUHTOB Puc. 8. Usmenenne k03 PpUIINCHTOB TATH ¢ BAHTOB
YeTHIPEXBUHTOBOM CHCTEMBI IO PACUETHBIM IIaram YeTHIPEXBUHTOBOH CHCTEMBI 10 PACUYETHBIM IIaram
(V=150 xm/4) (V=200 xm/9)
Fig. 7. Variation of rotor ¢z thrust coefficients Fig. 8. Variation of rotor ¢z thrust coefficients

for the four-rotor design under estimates (V= 150 km/h)  for the four-rotor design under estimates (¥ = 200 km/h)

Ha puc. 9 npencrasiena cxeMaTH4HO HECyIlasi CUCTEMa, COCTOSAMIAs U3 YEThIpeX ABYXJIONACT-
HbIXx HB, reoMerpudeckue napameTpbl KOTOPBIX XapaKTEPU3YIOTCs CIACAYIOIUMY BEIMYUHAMU: PaIU-
yc BuHTa R = 1,49 M; xopma monactu b = 0,1 M; reomeTpuyeckas KpyTKa JIOTACTH MPHUBEICHA B
Tabi1. 4, KOOPAWHATHI OCEH BpAIICHUS BHHTOB — B TaOJl. 5, KHHEMaTHYECKUE MapaMeTphl JABHKCHHS
HECYyIIeH CHCTEMBI IPUBEICHBI B Ta0JI. 6.

Taoauma 4
Table 4
I'eoMeTpuyeckas KpyTKa JIOacTh
Geometric twist of the blade
/R 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1
b, m 0,1 0,1 0,1 0,1 0,1 0,1 0,1 0,1 0,1
¢, Tpan 9,08 9,79 9,53 9,50 9,18 8,98 8,23 6,99 3,99
Taoauna 5
Table 5

Koopaunatsl BUHTOB
Rotor coordinates

Homep BuHTa X Z Y
1 0 —1,591 0
2 0 1,591 0
3 3,183 —1,591 0
4 3,183 1,591 0
5 0 —1,591 0,318
6 0 1,5915 0,318
7 3,183 —1,591 0,318
8 3,183 1,591 0,318
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Taoauma 6
Table 6
Kunematuueckue napaMeTpsl
Kinematics characteristics

V, kM/9 100 150 200
o, rpan -1,97 —4.43 —7,84
®R, M/c 200,86 200 199,42
(007, TPa 7,6 8,0 9,3

BEPXHHE BITHTBI HILKHIIE BIIHTEI

Puc. 9. BocbMuBrHTOBas Hecymias cucteMa. Hymepariusi BHHTOB
Fig. 9. Eight-rotor lift-generating design. Enumeration of rotors

[ToTok HaberaeT Ha HECYIIyI0 CHCTEMY COOCHBIX BHHTOB CJIEBa HAlpaBO B COOTBETCTBUU CO
cxemoil Ha puc. 10. B nanpHeiilieM aHanUM3upyeTCsl BIUSHUE BEPXHUX BUHTOB Ha HUKHUE U BIEpeIn
PAacIONOKEHHBIX BUHTOB Ha 33 JHUE BUHTHI.

Puc. 10. Cxema 00TeKaHHUs HECYIICH CUCTEMbI COOCHBIX BUHTOB
Fig. 10. The flow scheme of coaxial rotors lift-generating design

Ha puc. 11-13 B xauectBe nmpumepa uist ckopoctd V= 100 Km/4 oKka3aHO B3aUMHOE BIIHSTHHAE
BUHTOB B KOMOMHAIIMK COOCHBIX BUHTOB. BinsiHue BepxHero nepenHero BUHTA (3) Ha BepXHUHN 3aAHUN
BUHT (1) (puc. 11) aHaJOrM4YHO BIUSHUIO NIEPEIHUX BUHTOB Ha 33JIHUE B YETHIPEXBUHTOBON HECyIIeH
cucteme (puc. 6-8).

Bnusinue BepxHero 3agHero BuHTa (1) Ha HIKHUN 3aaHUN BUHT (5) moka3zaHo Ha puc. 12, a Ha
puc. 13 — BIusiHUE BEpXHEro MepeHero BUHTA (3) Ha HUKHUNA 3aHUNA BUHT (5).
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AHanu3 pacueToB MOKa3ad, YTO MPHU OJIMHAKOBBIX F€OMETPUYECKUX U KMHEMATUYECKHUX Iapa-
METpax TAra BUHTOB MOXET CYIECTBEHHO OTJIMYATHCS, YTO BBI3OBET 0€3 yNpaBISIOUINX BO3ACHCTBUIA
3HAYUTENbHBIC IECTAOUTN3UPYIOIINE MOMEHTHI.

Ha puc. 14—15 nmoka3zaHo B3auMHOE BIMSHHE BUHTOB Ha CKopocTH V' = 150 kM/4 B KOMOMHAIIHN
COOCHBIX BUHTOB. BnusiHre BepxHero mnepeaHero BUHTA (3) Ha BepxHHH 3agHuil BUHT (1) U BiIusiHUE

BEpPXHETO MEPEeHET0 BUHTA (3) HA HUKHUHN 3aHUN BUHT (5).

o018
0014

o012

0.008

—CT-1
0.006 |

—CT-3
0.004 b

0.002

Puc. 11. l3menenne ko3 PUIMEHTOB TATH ¢ BUHTOB.
BrnusiHue BepxHero nepeaHero BUHTA (3) Ha BEPXHUH 3a(HUN
BuHT (1) (V=100 x™m/9)

Fig. 11. Variation of rotor cr thrust coefficients.

Effect of the upper front rotor (3) on the upper rear rotor (1) —
(V=100 km/h)
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Puc. 13. N3menenune k03¢ GUIMEHTOB TATH C7 BUHTOB.
Brwusinne BepxHero nepenHero BUHTa (3) Ha HYDKHUN 3aTHUN
BuHT (5) (V=100 xm/4)

Fig. 13. Variation of rotor cr thrust coefficients.

Effect of the upper front rotor (3) on the lower rear rotor (5) —
(V=100 km/h)
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Puc. 12. l3menenne kodpPpUIMEHTOB TATH ¢ BUHTOB.
Bnusinue BepxHero 3agHero BuHTa (1) Ha HIKHUHA
3agauit BUHT (5) (V=100 xm/4)

Fig. 12. Variation of rotor cr thrust coefficients.
Effect of the upper rear rotor (1) on the lower rear
rotor (5) — (V=100 km/h)
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Puc. 14. N3menenne k03¢ GUIMEHTOB TATH C7 BUHTOB.
BnusHue BepxHero nepeaHero BUHTA (3) Ha BepXHUM
3aguuit BUHT (1) (V=150 km/4)

Fig. 14. Variation of rotor cr thrust coefficients.
Effect of the upper front rotor (3) on the upper rear
rotor (1) — (V=150 km/h)

Ha cxopoctu V' = 200 km/u oOmuii XapakTep B3aUMHOI'O BIMSHUS BUHTOB Ha 3TOW CKOPOCTH
COXpaHseTCs, HO Pa3HOCTh KO3(D(PHUIIMEHTOB TATH BEPXHETO MepeaHero BUHTA (3) ¥ BEPXHETO 3a/HEr0

BHUHTA (1), a TAKXKC APpYIuX BUHTOB MCHBIIC IO CPABHCHUIO CO CIIydassMU MCHBIINX CKOpOCTef/’I IIOTOKAa
(puc. 16-18).
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Puc. 15. l3menenne ko3 QUIMEHTOB TATH ¢ BUHTOB.
BrusHue BepxHero nepeanero BUHTA (3) Ha HIKHAN
3aguauii BUHT (5) (V=150 km/q)

Fig. 15. Variation of rotor ¢y thrust coefficients.
Effect of the upper front rotor (3) on the lower rear
rotor (5) — (V=150 km/h)
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Puc. 17. l3menenne kodpPpUIHEHTOB TATH C7 BUHTOB.
Bnusaue BepxHero 3agHero BuHTa (1) Ha HIDKHUNA 3aHUN
BuHT (5) (V=200 xm/9)

Fig. 17. Variation of rotor cr thrust coefficients.
Effect of the upper rear rotor (1) on the lower rear
rotor (5) — (V=200 km/h)

Civil Aviation High Technologies
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Puc. 16. l3menenne kodQPpUIIMEHTOB TATH ¢ BUHTOB.
BrusiHue BepxHero nepeqHero BUHTA (3) Ha BEpXHUAN
3aaauid BUHT (1) (V=200 km/4)

Fig. 16. Variation of rotor cr thrust coefficients.
Effect of the upper front rotor (3) on the upper rear
rotor (1) — (V=200 km/h)
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Puc. 18. 3menenne kodpPpUIHEHTOB TATH ¢ BUHTOB.
BnusiHue BepxHero nepeaHero BUHTA (3) Ha HUOKHUN
3agauit BUHT (5) (V=200 xm/4a)

Fig. 18. Variation of rotor c7 thrust coefficients.
Effect of the upper front rotor (3) on the lower rear
rotor (5) — (V=200 km/h)

Ha puc. 19 npencraBnena cxemaTHUHO Hecyllas CUCTEMaA, cocToslas U3 14-tu AByXjomacrt-
HbeIx HB, reomerpuueckue napameTpbl KOTOPBIX XapaKTEPU3YIOTCs CIEAYIOIIMMU BEITUUYNHAMM: Paay-
yc BuHTa R = 1,12 M; xopaa nonmactu b = 0,1 M; reomeTpuyeckass KpyTka JONAcTH NMpPUBEICHA B
TabJ1. 7, KOOPAMHATBI OCEH BpalleHUs BHUHTOB — B TaO1. 8, KMHEMaTHYECKUE MapaMeTphl JABHKCHHS

HeCyIlIel CCTeMbl IPUBEACHBI B Ta0. 9.

Taoauma 7
Table 7
I'eomeTpuueckas KpyTKa JIOmacTu
Geometric twist of the blade
/R 0,2 0,3 04 0,5 0,6 0,7 0,8 0,9 1
b, m 0,1 0,1 0,1 0,1 0,1 0,1 0,1 0,1 0,1
¢, Tpan 8,95 9,65 9,40 9,38 9,07 8,88 8,13 6,91 393
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Tadauua 8
Table 8
Koopaunatsl BUHTOB
Rotor coordinates
Homep BuHTA X, m Z,M Y,m
1 0 -1,22 0
2 0 1,22 0
3 1,22 —3,333 0
4 1,22 3,333 0
5 2,44 -1,22 0
6 2,44 1,22 0
7 3,66 —3,333 0
8 3,66 3,333 0
9 4,88 -1,22 0
10 4,88 1,22 0
11 6,1 —3,333 0
12 6,1 3,333 0
13 7,32 -1,22 0
14 7,32 1,22 0
Puc. 19. YetplpHaAIATHBUHTOBASA HeCcyIas cucreMa. HyMmepanus BUHTOB
Fig. 19. Fourteen-rotor lift-generating design. Enumeration of rotors
Ta6anna 9
Table 9
Kunematnueckue napaMerpsl
Kinematics characteristics
V, km/4 100 150 200
o, rpaj —2,96 —6,63 —11,67
oR, M/c 200,86 200 199,42
o7, Tpan 7,8 8,7 10,8
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Oco0eHHOCTBIO paccMaTpUBaeMOW HECYIICH CHCTEMBI, COCTOsIIeld w3 14 BUHTOB, SIBISICTCS
MIPOJOJIBLHOE PACIIOIOKEHHUE YEThIPEX BUHTOB U TPEX BUHTOB cOOKY. BUHTHI Bcell KOMOMHALINU BIIMSI-
10T Ha O0TEKaHUEe JIPYT pyra.

ITo cpaBHEHMIO ¢ pacCMOTPEHHBIMU paHee Hecymumu cucremamu BITJIA Ha 14-BUHTOBOM He-
cymeit cucteme GOpMUPYETCS CIIOKHASI KAPTHHA TEYCHHsI B OKPECTHOCTH HECYIIEH CHCTEMBI, KOTOpas
MOPOKJIAET HEPETYISIPHOCTh B 3aBUCUMOCTSIX KOA(PGUIIMEHTOB TATH OT BpeMEHH (IO pacueTHBIM Ila-
ram). Ha puc. 20 u 21 gnsa ckopoctu 100 km/4 mpeacTaBieHsl rpaguku n3MEHEHH KO3 PHUIIUEHTOB
TATU Cr PsiAa BUHTOB 14-BUHTOBOM CUCTEMBI IO PACUETHBIM LIAram.

0.03 T T 0.03
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Puc. 20. M3menenns ko3¢ ¢ummeHTo Taru BuHTOB 13-9-5-1  Puc. 21. 3menenus ko3¢ GUIEHTOB TATH BUHTOB 1 1-7-3

o pacyeTHbIM mraram (V= 100 km/a) o pacyeTHbIM mIaram (V= 100 xm/a)
Fig. 20. Variations of rotor thrust coefficients 13-9-5-1 Fig. 21. Variations of rotor thrust coefficients 11-7-3
under estimates (V= 100 km/h) under estimates (V= 100 km/h)

OcpenHeHHbIE 32 OUH 000POT 3HAaYCHUSI KOI(D(MUIIMEHTOB TATH C7 YKa3aHHBIX BUHTOB IpUBeE-
JICHbI Ha puC. 22. BuaHo, 4TO BUHTHI, PAaCIOJIOKEHHBIE B TI0JIE MHIYKTUBHBIX CKOPOCTEN OT MEPEIHUX
BUHTOB MMEIOT MEHBIIUE 3HAYEHUS Cr NPU OJMHAKOBBIX I€OMETPUYECKMX M KMHEMATHYECKHUX Iapa-
MeTpax.
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Puc. 22. OcpenHennble 3HaueHNsT KOAPPUIMEHTOB TATH ¢ BUHTOB:
a) 13-9-5-1; 6) 11-7-3 (¥ =100 km/u)
Fig. 22. The average values of rotor cy thrust coefficients
a) 13-9-5-1; 6) 11-7-3 (V=100 km/h)

69



Hayunblii Becruuk MI'TY T'A Tom 24, Ne 05, 2021
Civil Aviation High Technologies Vol. 24, No. 05, 2021

s ckopoctu noToka V' = 150 KM/4 OCHOBHBIE XapaKTEPUCTUKH MOTOKA U KOI(PUIIESHTHI TH-
T BUHTOB HECYIIEH CUCTEMBI TPUBENICHBI HA puc. 23-25.

0.03 o 0.03
0.025 o 0.025
—
s \ _\\f\’_‘\h//\ B
= 0.02
\\_‘ \,‘__.\__.—./—
] 0.015
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]
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144 1485 153 157.5 162 166.5 1711 175.5 180
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Puc. 25. Ocpennennble 3HaueHNs! KOAPPUIMEHTOB TATH C7 BUHTOB:
a) 13-9-5-1; 6) 11-7-3 (¥ =150 km/a)
Fig. 25. The average values of rotor ¢z thrust coefficients
a) 13-9-5-1; 6) 11-7-3 (V=150 km/h)

Hwxke mnpuBenaeHbl pacyeTsl HM3MEHEHUS KOX(PQUIMEHTOB TATW BUHTOB HAa CKOPOCTH
V=200 km/u. Kak BuaHO U3 puc. 26 u 27, 3aBUCUMOCTH KOA(P(DUIIMEHTOB TSITM BUHTOB OT BPEMEHU
(pacueTHBIX MIaroB) UMEIOT OoJiee peryisipHbld xapaktep. KodhduumeHTsl TAru nepegHux BHHTOB
cr;3 ¥ Cri4 IPAKTUYECKH COBMAJIAIOT, TaK KaK OHU OOTEKAarOTCS MPAKTUYECKH HEBO3MYIIEHHBIM IOTO-
KOM, a KO3(h(DUIIMEHTHI TATH 33 JHUX BUHTOB C7; M €72 HE3HAYUTEIHLHO OTIIMYAIOTCS (pHC. 26).

B cBoto ouepenp, 3HauUE€HUS KOAXPPHUIMEHTOB TSITH BUHTOB, PACIHOJIOXEHHBIX BIOJb JHMHUU
13-9-5-1 (puc. 27, 28) u 11-7-3 (puc. 28), yMeHbIIaIOTCS U3-3a BO3AECUCTBUS UHIYKTUBHOTO IIOTOKA
OT BIIEPEJM PaClOIOKEHHBIX BUHTOB. ECii He mapupoBaTh 3TO YMEHbIIEHHE TATH 03311 PACIOJIO-
JKCHHBIX BUHTOB, TO BOSHUKHYT 3HAYUTEIBHBIC JECTAOMIN3UPYIOIINE MOMEHTEI.
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Puc. 28. Ocpennennbie 3HaueHUs1 KOOPPUIHEHTOB TATU C7 BUHTOB:
a) 13-9-5-1; 6) 11-7-3 (V=200 xm/u)
Fig. 28. The average values of rotor cr thrust coefficients
a) 13-9-5-1; 6) 11-7-3 (V=200 km/h)

PacueTHBIM IyTeM KOJTUYECTBEHHO, IS ckopocteid V= 100, 150, 200 kxM/4 u AJist pa3HBIX KOM-
OMHALM{ BUHTOB MOJIYY€HO, YTO B MOCTYNATEIbHOM IMOJETe YMEHbIIEHUE TATH BUHTOB, PACIIONOKEH-
HBIX HUXKE TI0 MOTOKY, TpeOyeT KOMIIEHCAIINH, KOTOPasi MOXKET ObITh TOCTUTHYTA JINOO 3a CUET YBEIH-
YEHHUs YaCTOTHI BpAICHUS BUHTOB, JIMOO 3a CUET YBEJIMUYEHUS yTJia YCTAaHOBKHU (0OIIEro Imara) jora-
creil. [To Mepe yBenuueHus: pa3MepoB U B3JIETHOM MacChl MyJIbTHKONITEPOB M, COOTBETCTBEHHO, XapaK-
TEPUCTUK BUHTOB yNpaBlieHUE M3MEHEHHWEM YacTOThl BpAllleHWs BUHTOB MOKET BbI3BATh TPYAHOCTH
W3-32 YMCHBIIICHUSI YyBCTBUTEIIPHOCTH W 3alla3/IbIBAHUS B YIIpaBieHUU. [lymbcaruu TATH U, COOTBET-
CTBEHHO, BUOpALIMK BO3PACTAIOT C yBEJIMYEHUEM CKOPOCTH MOJIETa.

3AK/IFOYEHUE

1. I'maBHO# 0COOEHHOCTHIO OOTEKaHUS MHOTOBHHTOBBIX HECYIIUX CHCTEM MYJIbTHKOITEPOB
ABIACTCS 3HAYUTCIIBbHOC B3AUMHOC BIIMAHNUEC BUHTOB.

2. B mocTymaresbHOM TOJIETE YMEHBIIEHHE TATH 1033 PACIOI0KECHHBIX BUHTOB TpeOyeT
KOMIICHCAlluU, KOTOpast MOXKET 6BITI> AOCTUTHYTa JII/I6O 3a CYCT YBCIIMYUCHUA YaCTOThI BPAILICHWUA BUH-
TOB, JTMOO 32 CYET YBEIIMUCHHUS yIJIa yCTAaHOBKH (I11ara) JOMacTe.
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3. Ilo mepe yBenuueHUs B3JIETHOW MacChl MYJbTHUKONTEpPA U, COOTBETCTBEHHO, Pa3MEpoOB U
MacChl BUHTOB yIIPABJICHUE U3MEHEHHEM YaCTOThI BPAILICHHUS] BUHTOB MOXKET BBI3BATh TPYAHOCTH M3-32
YMEHBIIEHNSI YyBCTBUTEIBHOCTH U 3alla3/blBaHUs B yIIPABICHUH.

4. Ilynbcauuu TSITU U, COOTBETCTBEHHO, BUOPALIMK BO3PACTAIOT C YBEJIMYEHUEM CKOPOCTH IO-
JeTa.
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COMPUTATIONAL STUDIES OF THE ROTORS AERODYNAMIC
CHARACTERISTICS OF MULTIROTOR DRONES

Konstantin G. Kosushkin', Boris S. Kritskyl, Ruslan M. Mirgazov1
! Central Aerohydrodynamic Institute (TsAGI), Zhukovsky, Russia

ABSTRACT

The article presents the results of computational studies of aerodynamic characteristics for unmanned lift-generating multi-rotor
drones of various configurations. The distinctive features of rotors flow were characterized. The rotor interaction was evaluated.
The computations were based on the nonlinear rotor blade vortex theory in a non-stationary arrangement. The combinations of four,
eight (four coaxial) and fourteen two-bladed rotors at velocity V = 100, 150, 200 km/h were considered. Semi-empirical methods
were employed to select the rotor angles of attack, rotation speed, blade installation angles and geometric parameters at the given
take-off weight for each combination of rotors and flight airspeed. The computations showed that for a four-rotor lift-generating
design (quad-rotor), two rotors installed downstream, depending on the velocity due to the mutual effect, have values of the thrust
coefficients ~10...20% less than those of the rotors located upstream. For a coaxial quad-copter, the effect of the upper front rotor
on the upper rear rotor is similar to the effect of the front rotors on the rear ones in a four-rotor lift-generating design. The effect of
the upper front rotor on the lower rear rotor does not vary in terms of the average thrust value, and variations are only local in
nature. The interaction of other rotors is identical to that of the four-rotor version. A fourteen-rotor lift-generating multi-rotor drone
has a complex flow pattern, which generates deviance in the thrust coefficients variation with respect to time. Depending on the
mode and rotors location, the average rotor thrust coefficient can vary approximately twice. The computations showed that with the
similar geometric parameters and kinematics characteristics, rotors thrust is substantially subject to variation, which causes
destabilizing moments to a significant degree without additional control input. Thrust pulsations and, respectively, vibrations grow
in intensity as the flight airspeed increases. Probably, the right choice of the rotor configuration and the automatic control system
can counterbalance thrust surge by so-called "phasing", i.e. selecting an initial azimuth angle for each rotor.

Key words: multi-rotor copter, main rotor, multi-rotor designs, mutual influence of rotors, unmanned aerial vehicles (UAV),
aerodynamic characteristics, vortex methods.
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AHAJIN3 B3AUMOJEVCTBUS BO3AYIIHBIX BHHTOB C INIAHEPOM
JIEI'KOT'O TPAHCITIOPTHOI'O CAMOJIETA

10.C. MUXANJIOB'
! Llenmpanvhwiti aspoeudpoouHamuyeckui uncmumym umenu npogheccopa H.E. JKyroeckozo,
2. Kykoeckuu, Poccus

B mpoexTrpoBaHWN MHOTOIIBHTATEIFHBIX CaMOJICTOB OJHOW W3 BaKHBIX TEM SBIIICTCS B3aMMOICHCTBHIE MEXITY BO3IYIIHBIMU
BUHTAMU U DJIEMEHTAaMH KOMIIOHOBKM IUIAHEpa, OCOOEHHO HA PEXHMMax B3JieTa M yxoJa Ha BTopoi Kpyr. CoBpeMeHHbIE
KOHIIETIIIMY BUHTOBBIX CAMOJICTOB B TSHYIIEH KOHPHUTYPAIINN XapaKTePH3YIOTCS BBICOKOH JIFICKOBOIM HATPY3KOH M TIOBBIIIICHHBIM
YHCJIOM JIONIACTEW BHMHTA, UCMOJb3YEMBIX UL YBEIWYEHMs KPEHCEpCKOM CKOPOCTU M CHIDKEHUs dpe3MepHoro uryma. Ilepsoit
poOJIEMOH, BO3HUKAIOIICH H3-32 BRICOKOW JTCKOBON HATPY3KH, SBICTCS MPSIMOC BIUSHIE CHII Ha pabOTAIOIINX BUHTAX (Tsra,
HOpMaJbHas CHJIa) Ha yCTOWYMBOCTH CaMojieTa, OCOOCHHO Ha yIflaX aTakd, OTIMYHBIX OT HYJIEBOTO 3HaueHWs. Bropoir —
BBICOKODHEPIECTHUYECCKII YPOBEHB CITyTHOW CTPYH BHHTOB, OKa3bIBAIOIINIA CYIIECTBEHHOE KOCBEHHOE BIIMSTHUC HAa adPOIMHAMUKY,
YCTOHYHMBOCTB M YIIPABIIIEMOCTh CaMOJIeTa. ITO BIMSIHUE CBS3aHO MPEKIE BCETO C B3aMMOJECHCTBHEM CITyTHOM CTPYH C IPYTUMH
ANIEMEHTaMH KOMITOHOBKH caMosieTa. CIOXKHOCTh ydeTa B3aUMHOM HHTEp(EpPEHINH CTPYH ¢ KPBUIOM H JAPYTUMH 3JIEMEHTaMU
IUTaHepa 00YCIIOBHIIO IPIMEHEHHE SKCIIEPUMEHTATIBHBIX METOJOB HCCIIEIOBAHMS MPOOIeM B3aMOACIHCTBYS BUHTOB W IIaHEpa
IpU  pa3pabd0OTKe KOMIIOHOBOK BHHTOBBIX CaMOJICTOB. JTa CTaThsl NPEACTABIICT aHAM3 PE3YJIBTATOB SKCIICPHMCHTATHHBIX
HCCIICIOBAHMI B3aUMOJCHCTBHS MEXTy pabOTafONMMH BO3IYIIHBIMHA BHHTAMHM W IUIAHEPOM JIETKOTO JBYXIBHUTATELHOTO
TPAHCIIOPTHOTO ~ caMojieTa. AJpOIMHAMUYCCKAs KOMIIOHOBKA CaMOJIeTa BBIIOJIHEHA TI0 KIACCHYECKOW CXeMe ¢
BBICOKOPACTIONIOKEHHBIM KPBUIOM M MATyOHBIM BapHaHTOM XBOCTOBOTO ONepeHus. MexaHn3amust Kpbuta TPeAcTaBisieT coOoi
JIBYXIIENICBOW OTKJIOHSEMBIA 3aKPhUIOK C (PUKCHPOBAaHHBIM Je(ieKTopoM. TpyOHBIC WCIBITAHHMS MOJICIH B KPEHCEPCKOM,
B3JIETHOM M MOCAJ0YHON KOH(MUIypamysx HpoBeAeHbl B ManockopocTHOH TpyOe T-102 LIAI'M. M3mepenue cum 1 MOMEHTOB,
JICUCTBYIOIMX HA MOJEIb, BBITONHEHO IIECTUKOMIIOHCHTHRIMHA BHCITHUMH BECaMH, W3MEPEHHE CHIBI W MOMCHTOB,
JICUCTBYIOIIMX Ha BO3IYLIHBIA BUHT, — TEH30BECAMH, YCTAHOBICHHBIMH BHYTPH MOTOT'OHJIOJI IMHTATOPOB CHJIOBON YCTaHOBKL
OnHOBpEMEHHOE HUCIOJIb30BaHHE KOMOWHAIMK BHEIIHUX M BHYTPEHHHMX BECOB MO3BOJIMIO ONPEACNHUTH MPSIMON M KOCBEHHBIH
BKJIAJ Pa0OTarOmIMX BO3AYIIHBIX BHHTOB B TIPONOJBHBIC a’POJMHAMUYCCKHE XApPAKTEPUCTHUKA MOJENIN TIPH W3MEHEHHWH
ko3 rmenTa Harpy3ku B B nquanazone ot 0 1o 2.

KaroueBble cJI0Ba: a>poiiHAMHUYECKas TPyOa, MOJIENb BUHTOBOTO CAMOJIETa, B3AUMO/IEHCTBIE BUHTOB C [UIAHEPOM.
BBEJIEHUME

B 80-x rogax mpomoro ctojeTtusi OOJBIION MHTEpeC BbI3Baja pa3paboTKa yCOBEPIIEHCTBO-
BaHHBIX BO3/YIIHBIX BUHTOB (BUHTOBEHTUJISITOPOB C YBEJIUUYEHHBIM YHMCIOM LIMPOKUX JIOTACTEN) JUIsS
CaMOJIETOB TpaHCHOPTHOW aBuanuu [ 1-3]. DT paboThl MOKa3aIH MOTEHIMAIBLHbIE TPEUMYIIEeCTBA HO-
BbIX BUHTOB B CHIDKEHUHU Pacxo/a TOIUIMBA, IOCTH)KEHUHU BBICOKMX 3HAUEHUH B3JIETHOM TSrW U coxpa-
HeHUM 3(PpPeKTUBHOCTH 710 Kpercepckux yucen Maxa, paBHbix M = 0,75. HecMoTpst Ha TO UTO UHTEpeC
K BUHTOBEHTWJIATOPAM OTPaHUYMIICS B OCHOBHOM MX IPUMEHEHUEM B KOMIIOHOBKAX HECKOJBKHX BO-
eHHO-TpaHcnopTHhIX camoieToB KBII An-70 [3] u A400M [4], B HacTosdilee BpeMsl COXpaHSAETCS
O0JIbIION MHTEPEC K UCIIOIb30BaHUIO BO3IyIIHBIX BUHTOB B KOMIIOHOBKaX J03BYKOBBIX CaMOJIETOB [5],
a TaKKe JJ1s OSCIUIIOTHBIX JIETATEeIbHBIX almapaToB [6].

Bosznyuiaeie BUHTHI B TSHYIIEH KOH(MUTYpaluH, padoTaroIue ¢ MOBBIIICHHOW TATOW Ha PexH-
M€ B3JI€Ta, OKa3bIBAIOT CYIIECTBEHHOE BJIMSHUE HA A3POJAMHAMHYECKUE XapPAKTEPUCTUKH, YCTONYH-
BOCTh M yIpaBIsieMOCTh camoiiera [7]. B pabore [8] moka3aHo, 4TO yBeIMYEeHHE MHTEHCUBHOCTH 00-
IyBa KpbUla CTpyel OT BUHTOB IPUBOJUT K 3aMETHOMY YJyULICHHIO HECYLIMX CIIOCOOHOCTEH Kphblia
(AC¥max = 1,05; B, = 2,8; 0, = 25°) ¥ CHUKEHHIO MPOJIOJILHON CTaTUYECKOM yCTOWYMBOCTH CamoJjeTa
BO B3JICTHOM KOH(UTYpaLuu Ha | Amz® | = 0,2. Bbu10 OTMEYEHO IBYKPAaTHOE MOBBIIICHUE YPPEKTHB-
HOCTHU pyJiell HallpaBJIeHUs, 00yBa€MbIX CTpyeil OT BUHTOB Ha B3JIETHOM pEXHME pabOThl CHUIIOBOI
yCTaHOBKH. Takke 0TMEYEHO 3aMETHOE M3MEHEHUE XapaKTEPUCTUK MyTEBOM YCTOMYMBOCTH U3-3a B3a-
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MMOJICHCTBUS 3aKPYUYEHHBIX CTPYH OT BUHTOB OJMHAKOBOI'O HAIPABJIECHUS BPALIEHUS C ABYXKHUJIEBBIM
BEPTUKAIBHBIM OIIEPEHHUEM.

Cn0XHOCTh y4eTa B3aMMHOI'O BIIMSIHMS MEXKIY BO3IYIIHBIMHU BHHTAMHU U IUIAHEPOM CamoJieTa
orpenenuia HeoOX0AUMOCTh BbIOOpa AKCHEPUMEHTAIBHBIX MOIAXOI0B K MOJIEIUPOBAHUIO MX B3aHMO-
JeWCTBHA B adpoiMHaMU4ecKuXx Tpyoax [9]. MccnenoBanusi, BBIOIHIEMbIE C UCTIONB30BAHUEM MOJIEIb-
HBIX CHJIOBBIX YCTAHOBOK, ITO3BOJISIOT M3y4aTh cymMmMapHbie AJlX Moneneit ¢ paboTaromyMyl BUHTaMH, B
TOM YHCJIE IIPU OTKa3€ OJHOTO U3 ABHUraTeieil. YCTaHOBKAa BHYTPUMOJEJIBHBIX TEH30BECOB, U3MEPSIO-
IIMX Harpy3kKd Ha BO3AYIUHBIX BUHTAX, CYLIECTBEHHO PACIIUPSET BO3MOKHOCTH M3YUEHUS B3aUMOCH-
CTBHSI BUHTOB C IUIAHEPOM 3a CUET Pa3JEJIEHUs] CyMMApHOIO BKJIaJja HA KOMIIOHEHTHI IIPSIMOTO (CHJIBI U
MOMEHTHI Ha BUHTE) U KOCBEHHOTO BJIMSIHUS (BO3JIEHCTBUS CTPYH HA SJIEMEHTHI TIaHEpa).

B cratee mpencraBieH aHaiM3 pe3ysIbTaTOB SKCHEPUMEHTAIBHOIO MOJEIMPOBAHUS B3aUMOJIEH-
CTBHS MEXIy PabOTaIOIMMH BO3IYIIHBIMA BUHTAMH OJJTHAKOBOT'O HaMpaBlIeHUs BpallleHHs (IPOTHUB 4a-
COBOM CTpENKM Ha BHJE C3a]1) U IUIAHEPOM JIETKOTO JIByXJABUIATEILHOIO TPAHCIIOPTHOIO camosieTa. Mc-
MIBITAHUS IPOBEJICHBI IPU U3MEHEHUH KOA(pPHIIMEHTa HArpy3KH Ha IUIOIIA/lb, OMETaeMyI0 BUHTOM, B JHa-
nasoHe B = 0...2. AspoauHamuueckas KOMIOHOBKA CaMOJIETa BBIIIOJHEHA O KJIACCUYECKOW CXEME C BbI-
COKOPACTOJIOKEHHBIM KPBUIOM TpanenueBUAHON (OpMbI B IJIaHE W MaITyOHBIM BapUaHTOM XBOCTOBOI'O
orepeHus. MexaHuzalys KpbUia MPpeACTaBisieT co00i BYXIENeBOM MOBOPOTHBIN 3aKPBUIOK ¢ (PUKCHPO-
BaHHBIM Jie(ieKTOpoM. TpyOHBIE UCTIBITAHUS MOJICIH B KPEUCEPCKOM, B3JIETHOM U MTOCAIOYHON KOH(PUTY-
paLMsIX MIPOBEACHBI B MAJIOCKOPOCTHOM asponunamuyeckot Tpyoe (AJIT) T-102 LIAT'U.

KPATKOE OITMCAHUE MOJIEJIA IBYX/IBUT'ATEJIBHOI'O JIET'KOI'O
TPAHCIIOPTHOI'O CAMOJIETA U UMHUTATOPOB CHJIOBOM YCTAHOBKH

Jlerkuii TpancnoptHbiii camonet (JITC) nmpegHazHaueH sl TACCaXUPCKUX M TPY30BBIX Tepe-
BO30K C Kpercepckoil ckopocThio V =~ 350—420 xm/4 Ha BeicoTe H = 3 kM. AdpoamHaMuyeckas KOM-
MIOHOBKa camosiera (TaaBHbId KOHCTpykTop B.M. YepHOycOB) BBINOJIHEHA [0 HOPMaJbHOM cXeMme C
BBICOKOPACIIOJIOKEHHBIM KpPBUIOM, (DIO3€IsKEM C yBEIMUYEHHOW Iomanbio mumens (S, = 0,16),
MMEIOLIUM MOTPY30YHYIO pamIly B XBOCTOBOI 4acTH, ¥ NaIyOHBIM BapUaHTOM XBOCTOBOTO OIIEPEHUS.
CunoBas ycraHoBka coctouT u3 1Byx TBJ[ tuma BK-800 ¢ BoszmymneimMu BuHTamu AB 410
(DB = 2,35 M), ycTaHOBJIEHHBIX 11O/ KpbUIOM (pHC. 1, a).

a) 0)

Puc. 1. Cxema u portorpadust Mozesn caMmoseTa co CHATHIMH KarloTaMi HMHUTATOpPa CUIIOBOM yCTaHOBKH
B paboueii wactu AT T-102
Fig. 1. The scheme and the photo of the aircraft model with the power plant simulator removed cowls
in the working section of T-102 wind-tunnel facility
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Kpspiio tpaneuneBuaHoil GopMbl B IIaHE YCTAHOBICHO IO/ HYJIEBBIM YIJIOM OTHOCHUTEIHHO
cTpoutenbHOM Topu3oHTanu (rozermspka (CI'®). OcHOBHBIE TEOMETPUUYECKHE TTapaMeTPhl KpbLia Clie-
Oyrolue: yauuHenue — A = 8,76, cyxxenue — 1 = 2,56. KoMnoHOBKa KpbUTa BBITIOJIHEHA C UCTIOIh30Ba-
HHEM BBICOKOHECYIero mpodust [14-15M ¢ OTHOCHTENbHOI TommuHON ¢ = 15 %. JI1s yBeamdeHus
MOBEMHON CHJIBI KpblJIa HA PEKHUMax B3JIeTa U MOCAJKU HCIOJIb3YETCSl IBYXILENeBass MEXaHU3aIHs
3a7Hel KpoMKku (puc. 1, a), cocTosiimas 13 MOBOPOTHOIO 3aKpbUIKa ¢ (PUKCUPOBAHHBIM J1€(IEKTOPOM.
Pabouwmii nuama3oH yriioB OTKJIOHEHHS 3aKpbUIKa Ha PEXKHME B3JIeTa COCTAaBIsIeT O; = 20—25°, Ha mo-
cagke — 0,= 40-50°.
OmnepeHrie 0THOKHIIEBOE C «IATyOHBIM» PAaCIIOIOKEHUEM CTabMIM3aTopa.
Jlns monenrpoBaHusi pabOThl CHIIOBOM YCTaHOBKU M3TOTOBJIEHBI HOBbIE MOTOTOHJIOJIBI C CHJIO-
BbIM KPEIUIEHHEM TEH30BECOB C JJIEKTPOABUIATEISIMU K CEpACUHUKY KpbUIa. Y CTpOICTBA MMUTALMU
cusoBoit yctaHoBKH (MCY) cocTosT U3 CAeAyIOMMX 3IeMEHTOB:
® MOJIEIBHOIO BO3AYIIHOTO BHHTa (BB), BBITONIHEHHOrO T€OMETPUYECKH MOJOOHBIM OJHO-
psanHoMy 6-nonactHoMy HatypHomy BB CB-34 (M = 1:6,5);

® JJIEKTPOIIPHUBOJA — BBICOKOYACTOTHOTO acCHHXpOHHOTO Aekrpoasuratens (J/]) ATB 003 4.1
MOIIHOCTBIO 5 KBT;

® BHYTPHUMOJICIBHBIX TEH30BECOB; M3MEPUTEINI YMClIa 000POTOB; TEPMOMap ¢ TEPMOHHIUKA-
TOpaMU KOHTPOJI TEMIEPATYPbl OOMOTKH 3JIEKTPOABUTATES.

®otorpadus mogenu camoneta ¢ ICY B paboueit yactu TpyOs! T-102 nokazana Ha puc. 1, 6.

BriBo kabeneil 3eKTponuTaHus ABUraTeNnel, JaHHbIX TE€JIEMETPUU U TEH30BECOB M3 MOJEIU
OCYUIECTBIICH C HCIOJb30BAaHUEM CIIEHUATBHOTO MPOGUIUPOBAHHOTO 00TEKaTelNsl, 3aKPEIUICHHOTO Ha
y3JIe OJBECKU KOHTprpy3a (puc. 2). 'eomeTpust MONEepeuHOro ceUeHusi 00TEKATENsI ¢ OTHOCUTEIHHOM
tommuuHou (¢ = 33,3 %) nmoka3zaHa Ha pHC. 2 BMECTE C pacUe€THBIMHU a3pOJANHAMHUYECKUMH XapaKTepH-
CTUKAaMH CEYEHHsI, MOJYyUYEHHBIMU C UCToNIb3oBaHueM nporpammbel XFOIL6.9 [10].

M=0.1; Re=290 000

b

" OTeKaTens
y i F 4 xabemeit

Cy

o Cx
0.0 T T T 1 0.0 T 1
0 5 10 15 20 000 002 004 006 008 0.10

Puc. 2. T'eomeTpus 1 a9pOIMHAMHUYECKUE XapaKTEPUCTHKU CeUeHHUs o0TeKaresns kaberneit
Fig. 2. Geometry and the aerodynamic characteristics of the cable fairing cross-section

MeTtoauueckue uccieoBaHus BIUSHUE OOTEeKaTeNsl Ha NMPOJOJIbHBIE XapaKTEPUCTUKH MOJIEIH
B Kpelcepckoil u B3neTHoU kKoHpurypauusax (8 = 0 u 20°) nokaszanu yMepeHHOE yBEJIUYEHUE COMPO-
tuBneHus moaenu (ACx, = 7 % ot Cx, moxenu nipu O; = 0 u oo = (), CHI)KCHHE HECYIIHX CBOHCTB
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ACy,~=—0,011...-0,018 wu wmamoe mnpupalieHMe MOMEHTa TaHra)ka Ha KaOpuUpoBaHHE
(Amz, = 0,006...0,020). C yBenu4eHHEM yTia OTKJIOHEHHUs 3aKpbuika 10 50° HECKOJIBKO BO3POCIIO
npUpalieHne 3Ha4eHUs! Ko (HUIIMEHTa CONPOTUBIICHHUS MOJIENIN OT YCTAaHOBKH OOTEKATEIIsI.

METOJIUKA ITPOBEJEHUS UCTIBITAHUIA
N OBPABOTKMU PE3YJIBTATOB

MonenupoBanue ctpyd Bo3aymHsix BUHTOB (BB) B AJIT npu mocTOSHHOW CKOPOCTH Bpalle-
HUS TpeOyeT COOTBETCTBUS OTHOIIECHUN OCEBOW M BpallaTeJIbHOW CKOPOCTEH K CKOPOCTH Haberaroie-
ro TIOTOKa B TPYOHBIX W HATYpHBIX YCIOBUsX moieTa [9]. OnHoBpeMeHHOE oOecneueHre 3TUX OTHO-
IIeHUI B TPYOHBIX YCJIOBUSAX BO BCEM JMAara3oHe JIETHBIX 3HaueHui koad¢unuenta Cy camorera 1mo-
TpeGoBao Obl MPUMEHEHHSI BUHTOB M3MEHSEMOTO 11ara, 4yTo sIBJISIeTCs CI0XKHOM 3a/1a4eii B ciaydae uc-
neiTanuii B AJ/[T. OgHako yIoBIETBOPUTEIIBHOE MOJCIHPOBAHUE CTPYH B TPYOHBIX YCJIOBHUSX B 3Ha-
YUTEIBHOM Juana3oHe 3HaueHui Cy MOKeT OBITh BBIIIOJHEHO C OJHMM YIJIOM YCTAaHOBKH JIOTIACTEH
BUHTa. HeoOX0IMMbIM yCIOBHEM 3TOrO MOJEIMPOBAHUS SIBJISETCS COONIOACHNE MOI00UN IO TeoMeT-
pHUH BO3YIIHOIO BUHTA U OCEBOM CKOPOCTH MOTOKA B CTPYE.

B ucnerranusx monenu JITC ¢ pabortatomumu BB B AJIT T-102 peanuzanust mogo0ust mo oce-
BOM CKOpOCTH (TSIre BUHTA) BBINOJIHEHA B pe3yJbTaTe oOecreueHus: ONM3KuX 3HauYeHUH K03 duiinen-
TOB Harpy3Kku B B TpyOHBIX U HATYpHBIX YCIOBHSX MOJIETA.

B=T/q-S;,

rae T — Tsra BUHTA;  — CKOPOCTHOM Hamop; Sy — IJI0IIA (b, OMETaeMasi BUHTOM.

Puc. 3. Bxiag cuit, IefCTBYIOIINX HAa BUHTE, B TOABEMHYIO CHITY
U CONIPOTHUBIIEHUE MOJIEIIN CaMOJIeTa
Fig. 3. Contribution of the forces acting on the propeller
to the lift and drag of the aircraft model

Taomauna 1

Table 1
Bo |Voowm/c| Reg/10° Ay
0,3 32 0,67 1,05
1,0 24,2 0,50 0,79
2,0 19,2 0,40 0,63
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3HaueHUs] CKOPOCTEH MOTOKA, 0OECTICUNBAIOIINX MOJICTUPOBAHUE TPEOyeMBbIX 3HAUCHUHN KO-
¢dunrenTta Bo' or Kpericepckoro 3HadeHus 0,3 10 B3JIETHOTO 2, ONPEICTICHBI U3 YCIOBHS 00€CTICUCHUS
MaKCUMaJIbHO BO3MOXKHBIX 4Mcell PeliHoNb/ica MOJIENTH B YCIIOBUSIX OTPAaHUYEHHOW MOILIHOCTH 3JIEK-
TpoaBuraresnia. Peann3yeMble B UCHIBITAHUSIX 3HaueHUs yucen Re, onpenenennsie mo CAX kpeuia u

OTHOCUTENLHOM noctynu BUHTa A, =60-V /n_- D, , rane V — ckopocTh HaOEraromero noToxa, M/c, n. —
c B c

YHCII0 000POTOB BUHTA B MUHYTY, [), — mTaMeTp BUHTA, M, IpUBEIEHBI B Ta0I. 1.

MaxkcumanpHOoe 3HaueHHne Kod(pUIMeHTa Harpy3ku, odecreunBaemoe nsurareinem BK-800 c
BuHTamMmu AB-410 amamerpom 2,35 Ha B3J€THOM pexuMe paOOThl ABHraTeneld NpU CKOPOCTH
V=160 xm/4 u Tare T = 900 kr, coctaBisieT Bonax ~ 1,7 ipu AB = 0,54.

Bxnag BB B nogpemuyto cuny (1) u conporuBiienne (2) Moaeny caMmojeTa onpe/eiacH BeKTop-
HBIM CyMMHPOBAaHUEM 3HAUEHHUH TATH U HOPMAJIBHON CHJIBI, N3MEPEHHBIX BHYTPHUMOAEIHHBIMH TEHCO-
BecamH (puc. 3):

Y =rT, -cos(a + @y )+ 1T, -sin(a + @), ke,

Cy,=Y,/(q-S,), M

rae 7T -n T, — TAra ¥ HOpMANbHAs CUIA, ICHCTBYIONIME HA BUHT; O — YTOJl ATAKH, U3MEPSEMBIH OT-

HOCUTENIHO CTpOUTENbHOM ropuzoHTanu ¢rozensxa (CI'P); @y — yroa 3akiIvHEHHs MOTOTOHJIOJBI
(MT') ornocurensho CI'®; Cy, u Cx, — Bknan cun Ha BunTe B Cy 1 CX MOZENH; ¢ — CKOPOCTHOM

Hanop; S, — MIoIma s Kpblia.

X, =rT, -cos(a+@y)+71T, -sin(a +gy;), ke,

Cx, =X /(q-S @
xp - P (q : W )'
C yuerom nonoxenuit ocu MI' no Beicote (YB) u mnockoctu BpamieHusi BB o ocu X (XB) ot-

HOCHUTEJIBHO yclIOoBHOTO IieHTpa Macc (LIM) mozenu, onpeneneH cyMMapHbIi BKJIaJ TSATH U HOpMailb-
HOM CHJIBI B CO3/IaHKE JOTMOIHUTEIHPHOIO MOMEHTA TaHTaxa Mojenu (3)

Mz, =—rT Yy +rT, - Xy +Mzy, kem,

=Mz_/(q-S, -B ®)
mzp_ Zp (q w a)’

rae Mz, — MoMeHT TaHraxa BB, usmepennsiii TeH30Becamu; m, — BKiaja cuil Ha BB B koadduiient
P

MOMeHTa TaHraxa mojenu, B, — CAX kpblia.

[Tocnenyromee BelUMTaHUE BKIIAJa CUJI U MOMEHTA TaHraxa, co3aaBaeMsIix BB, n3 cymmapHsIx
XapaKTEePUCTHK MOJENIU ¢ pabOTaIOUMMHU BUHTaMM M1O3BOJISIET ONPENEIUTh BIUSHUE CTPYH HA MOIb-
€MHYI0 CUILY, COIIPOTUBIICHUE U XapaKTEPUCTUKHU IIPOJIOJIBHON CTATUYECKON YCTOUYUBOCTH MOJICIIN.

B cBsI31 ¢ 3aMETHBIM OTVIMYMEM TPYOHBIX PEKUMOB OOTEKAHUS MOJIEIH CaMOJIETa C BUHTAMH B
A/IT oT HaTypHBIX yCIIOBUH I10JIETA, BBIIIOJHEHA KOPPEKLINS 3HAUEHUM CONPOTUBIIEHUS U MOAbEMHOMN
CWIbl Ha ydeT MacmTaOHoro s¢dekra. Koppekius conpoTHUBIECHUs NPOMU3BEAEHA IyTEM SKBUIM-
CTAaHTHOT'O CMEILEHUS IKCIEPUMEHTANIbHBIX MOJIAP HAa Pa3HOCTb BEIMUYMH conpotuieHus (ACX,) Mo-
Jeny U camolieTa 06e3 paboTaroluX BUHTOB, BBIUMCIICHHBIX TPU HYJIEBOM 3HaueHUHM Kod(duumeHTa
noabeMHOM cuibl. Bennunna Cx, camoinera B Kpelcepckoil KoH(urypauuu onpeneneHa Ha OCHOBa-

1
B, — ko3 dunmeHT Harpy3Ku U30JIMPOBAHHOIO BHHTA.
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HUU €r0 OMBIBAeMOM IUIOMIAIN U CTATUCTHYECKUX 3HAUYCHUI HKBUBAIIEHTHOTO COMPOTUBICHUS TPCHHUS
ISl pa3nuuHbIX TUTIOB camoiieToB (Cr), TpuBeaeHHbIX B padote [11]. Beruucnennas mompaska k Cx,
Moaenu cocrasiset 0,011,

Brnusane macmtabHoro spdexkra Ha Hecymme CBONCTBAa KpblUIa C YOPaHHOW M OTKJIIOHEHHOM
MEXaHU3alKMe IpHu MaJIbIX CKOPOCTSX MOJIETa ONMPEAEIICHO B YCIOBUIX MPUHATOTO (MMOATBEPKIEHHOTO
B psJi€ UCIIBITAHUN) TPEANOI0KEHUS 0 coxpaHeHUH NMpUpaAEeHUS] ACYmax OT OTKIOHEHUSI MEXaHU3a-
[IUU KpbLjia MPU U3MEHEHUH uncia PeliHonbaca oT TpyOHOTO 0 MOBBIMIEHHBIX 3HAUCHUHN. J[J1s1 IpSaMBbIX
KpPBUTLEB C yIUIMHCHHEM A =~ 9 BenmunHa kodddummenta Cym,, KpbUta OOBIYHO OMPEACIIIeTCS KaK
cpenHee pacyeTHoe 3Ha4eHUE Cy max 0A30BBIX CEUEHMH, MOTYYEHHBIX P COOTBETCTBYIOIIUX YUCIAX
Peiinonbaca B kOMIOHOBKE Kpbuia. [IpoBeneHHbIE pacdeThl MOKa3adld BO3MOXKHOE MPUPAILCHUE 3HA-
4eHUN Cymax KpbUTa Ha ACyax = 0,2 B HATYPHBIX YCJIOBHSIX OOTEKAHUS.

PE3YJIBTATBI 1 OBCYXJIEHHUE

Ananu3 BnusHus BB Ha AJIX (a’poaMHaMuyecKue XapaKTEPUCTHKH) MOJEIH BBINOJIHEH B
Kpeiicepckol, B3neTHOi (8, = 20°) u mocanounoit (0, = 50°) koHpurypauusax. McnelTaHus IpoBeIeHbI
B JIMANa30He YIJIOB aTaku oo = —6...24° npu ckopoctsax nmotoka V = 32...19,2 M/c, COOTBETCTBYIOIIUX
guciiaM Regp = (0,67...0,40)-106 Y HOMUHAQJIBHBIM 3HAYCHHSIM BO3/YIIHBIX BUHTOB C YCTAHOBJICHHBIM
oOrekarenem kabeneil. Bce ucnbpiTaHus BBIMOJMHEHBI C HYJIEBBIMU YIJIaMH OTKJIOHEHHSI OpPraHOB
yIpaBJICHUSs, IACCH MPUCYTCTBOBAJIO BO B3JIETHOM M MMOCAJOYHON KOHMUTYPALIUSIX.

Jnst kaxmoit KoH(puryparuu onpenesaeH npsMoi (CUIbl © MOMEHTBI Ha BUHTE) U KOCBEHHBIN
BKJIa/1 (BO3/ICHCTBHE CTPYH Ha 3JIEMEHTHI IIaHepa) BUHTOB B AJ[X Mojenu, BKiIIouasi XapakTepUCTUKU
MPOJIOJIBHOM CTaTUYECKOW yCTOMYMBOCTU. lcmosib3oBaHHBIE Ha rpadukax KpaTKue 00O03HAYEHUS
«CTPYS» U «HATYpa» COOTBETCTBYIOT pe3yJIbTaTaM MCIIBITAHUI MOJEIH 3a BIYeTOM BKiIaga BB u kop-
pekun kKodpdurmeHToB Cym. 1 Cx Monenu ¢ padboratomumu BB Ha HaTypHBIE yCIIOBUS TOJIETA CO-
OTBETCTBEHHO. 3HaueHus pou3BOAHBIX Cy” BBIYHUCICHBI HA TMHEHHOM ydacTke 3aBucumocteii Cy(a),
a mz" — B muanasone Cy = 0,4...0,6 w1 8,= 0, u Cy ~ 1,2...2 B KOHOUrypaLHSIX MOIEIH C OTKIIO-
HEHHOM MEXaHU3alue.

Kpeiicepckasi koH(purypanus

Biusiane BB npuBoAMT K THIIMIHOMY U3MEHEHUIO adPOAMHAMHYECKUAX XaPAKTEPUCTUK MOICIH
camoJieTa HOpMaJibHOM cxembl (puc. 4).

IMpoucxoauT yBeandyenue 3naueHuit mpoussoaHoit Cy* u koosdpuuuenta Cypax, CMELIEHHE CO-
IIPOTUBJICHHS B 00JIaCTh OTPULIATENBHBIX BEJIMYUH 32 cueT TAru BB, a Takke Manoe npupaiieHue Mo-
MEHTa TaHra)ka Ha MUKUPOBAHHUE C HE3HAUMTEIHHBIM W3MEHEHHEM 3araca MpoJIOJIbHON CTaTHYECKOM
ycTounBocTr Monenu. Habmrogaemsbrii Ha puc. 4 poct 3HadueHH kKodddumuenTa B (Taru) cBsizaH ¢
YBEIMUEHUEM TOPMOXKEHHSI IIOTOKA B INIOCKOCTHU BpaieHus BB, mpoucxoasmmm ¢ pocToM yriia aTaku.

Brruntanue BKi1aja CHJI OT BUHTOB M3 XapaKTEPUCTHK Mojieiu ¢ padortatouumu BB onpenenu-
JI0 TOMUHHUPYIONINI BKIAJ CTPYHU Jake MPU MajoM 3HadeHuu kodpdunmenrta Harpysku Bo = 0,3 B
HEeCyIIre CBOWCTBAa MOJENH B 00JacTH yrioB ataku o > 10°. B pesynbsrate koppeknun AJIX momenu
Ha HATYpHBIC YCIOBUS MoyieTa BeMUIUHA Cypyax C pabOTAIONIMMK BUHTAMH BO3pOCIa co 3HaueHus 1,68
1o 2,08, BenmnunHa Ky,ax yBemuumiach Ha 2,3 equHUb (K = 135 Cygmax = 0,64).

VYBenmuuenue koddurmenta Harpy3ku B (tsru BunToB) ¢ Bo = 0,3 10 2 (puc. 5) mpuseno k
JIOTIOTHUTEIFHOMY TIOBBIIICHHUIO HECYIIUX CBOWCTB KpbUIAa B OOJACTH KPUTHYECKHUX YTJIOB aTaKw,
00JbIlIEMY CMEUICHHIO MOJISPHI B 001aCTh OTPUIATENBHBIX 3HAUeHUNH CX U HEKOTOPOMY YBEIHUYEHUIO
3amaca cTaTM4eCcKoM ycrounBoctu (puc. 5).
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Brnan ci1 H MOMeHTAa TaHTaxka Ha BB
B AIX ModenHa
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Puc. 4. [IpsiMoe 1 KOCBEHHOE BIMSHHE BUHTOB Ha a9POJMHAMHYECKUE XapaKTEPUCTHKU MOJICITH
B Kpeiicepckoit konpuryparmu (Bo = 0,3)
Fig. 4. Direct and indirect propellers effect on the aerodynamic characteristics of the model
in the cruise configuration (B, = 0.3)
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Puc. 5. Biusiaue koaddunnenTa Harpy3ku B Ha OCHOBHBIE a3pOMHAMIYECKHE XapaKTePUCTHKU Mojienu (83 = 0)
Fig. 5. Effect of loading factor B on the basic aerodynamic characteristics of the model (5; = 0)

B3aerHast koHpuUrypanus
YBenuueHne koddduimenTa Harpy3ku B g0 3HaueHus B, = 2 BO B3yieTHOW KoH(pHTyparuu

(0;=20°) mpuBeno k 6osee cyuecTBeHHOMY u3MeHeHnto AJ1X mozenu (puc. 6) Mo CpaBHEHHIO C aHa-
JIOTHYHBIM BJIMSHUEM Ha XapaKTEPUCTUKU MOJENU B KpeHCepCKoil KOH(pUTYpalum.
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Bymag cHI H MOMeHTa TaHTaska Ha BB
B AJTX mopenn
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Puc. 6. BrusHre BUHTOB Ha a’poTUHAMUYIECKHIE XapaKTePUCTUKU MOZIEIH BO B3IeTHOU KoH(purypauuu (Bo = 2)
Fig. 6. Propellers effect on the model aerodynamic characteristics in the take-off configuration (B, = 2)

[ToMrMO 3HAYMTENBHOTO MpHpAIIEHUs] HecyluX cBOUCTB MojaeH (ACyma = 0,88), umeer me-
CTO TAKXE 3aMETHOE CHIIKEHUE 3a11aca POAO0JIbHOM CTATUYECKON YCTOMYMBOCTH HA | Amz® | = 0,125.
OTH U3MEHEHUs CBA3aHbI C POCTOM KaK MPsSMOTo BKJIaaa cuil Ha BB, Tak 1 KOCBEHHOTO BIMSHUS CTPYH
Ha AJ[X Mozenu, BbI3BaHHBIX MPEX/E BCErO 3HAYMTEIbHBIM YBEIMUEHUEM CPEIHETO 3HAUYEHUs KO-
¢urmenTa B ¢ 2,1 10 2,8, HabIr01a8MBIM ¢ POCTOM YTJIa aTaku (CM. puc. 6).

Taxoke, Kak OBIJIO OTMEUEHO paHee B aHAIM3€ XapaKTePUCTUK MOJENU Kpeiicepckoil KoHpuUry-
paruu, OCHOBHOM BKJiaa B u3MeHeHue AJIX Moneny BHOCUT B3aUMOJICHCTBUE CITyTHOM CTPYU OT BUH-
TOB C KPbUIOM M TOPU30HTAJIEHBIM OIIEPEHUEM.

B ycnoBusix HyneBoro yria ckonbxeHus (B = 0) 3akpyTka MOTOKa OT BHHTOB OJMHAKOBOTO
HalpaBJICHUs BpallleHus (IPOTUB 4aCOBOW CTPEJIKU) MHAYLHUPYET OTPULATENbHBIH MOMEHT PhICKaHUS
(puc. 7), Bemu4rMHA KOTOPOTO BO3PACTAET C YBEIMUCHUEM YTIJIa aTaku (3HaueHus kordduirenta B).

mx 666 Bo=2.0 my.

Puc. 7. Bxiag 01HOCTOPOHHEHN 3aKPYTKU IIOTOKA CTPYU B CO31aHUE MOMEHTA PBICKAHUS
Fig. 7. Contribution of one-sided flow swirl to the creation of the yawing moment
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Bxnag ropuzontanbaoro onepenus (I'0) B8 AJIIX monenu onpeesieH U3 CpaBHEHUs pe3yJibTa-
TOB UCHBITAHUH B3JI€THOW KOH(pHUTyparuu ¢ onepennemM (puc. 6) u 6e3 onepeHus (puc. 8) mpu OJHOM
3Ha4YeHUU K03 puirenTa Harpy3ku B, = 2.

Binan cuia H MOMeHTa TaHraka Ha BB
B ATX Momenn

35T
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W W W Cymax (natypa)

Puc. 8. Bxiiai BUHTOB B XapaKTepPUCTHKH MOJENHN BO B3JIETHOW KOH(MUTypaLuu
0e3 ropusoHTabHOTO onepenus (Bo = 2)
Fig. 8. Contribution of the propellers effect to the model characteristics in the takeoff configuration
without horizontal tail (B, = 2)

Tabauua 2
Table 2
ro B, Cxo Cy, mz, Cy* C¥max Olcps” mz"”
+ 0 0,108 0,46 0,14 0,11 2,05 17,3 —0,265
+ 2 —0,451 0,59 0,30 0,137 2,93 18,1 —0,140
— 0 0,098 0,57 —0,13 0,099 1,95 17,4 0,091
- 2 —0,462 0,81 —0,37 0,132 3,08 17,8 0,042

CpaBHeHue ocHOBHBIX AJ[X Mojaenu ¢ onmepeHueM U 0e3 Hero, mpuBeJeHHOe B TabI. 2, To-
Kazajo:

e HEKOTOpOE CHIDKEHHUE 3HaueHus npoussoauoii Cy” (ACy” =—0,005),
e npupainieHre Kod3ppuueHToB Cy, (ACy, = 0,22) #t C¥max (AC¥max = 0,15),

® JIOTIOJHUTEIBHOE CMEIICHUE TOJISIPhl B 001acTh OoTpunaredbHbiX 3HaueHud Cx (|[ACxq| =
0,011),

® CyIIECTBEHHOE U3MEHEHHE 3HaYCHUsI KOdPPHUIHEeHTa Mz, (|Amz,| = 0,67), cBI3aHHOE C BIIU-
SHHEM CTPYH (CKOca IMOTOKAa U CKOPOCTHOTO HAIIOpa) Ha HECYIIHe CBOMCTBA ONEPEHNSI.
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IHocanouynasi KoHpUrypanus

YBenuueHue yria OTKIOHEHUS 3aKkpblika 10 50° MpUBENO K JAONOJHUTEIBHOMY MPUPALICHUIO
Hecymmx CBOMCTB Kpbuia (ACymax = 0,12) mo cpaBHeHHIO ¢ B3NEeTHOH KoH(purypamueit (63 = 20°;
B,=2; puc. 6). OgHako OTCYyTCTBHME M30BITKA TITH W 3HAYUTEIHHOE CHUKEHHUE 3araca MpoJ0JIbHON
CTaTUYECKON yCTOMUMBOCTU B pabouyem auamnazone 3HaueHuit Cy (puc. 9) MoxeT oka3zaTh Hebiaro-
NPUATHOE BIMSHUE HAa XapaKTEPUCTUKU yX0Jla CaMOJIETa Ha BTOPOM KpYT.

Bxnag cuin H MOMeHTa TaHTaxka Ha BB . s
B AJX Moaemu
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Puc. 9. Brusiare BUHTOB Ha XapakTepUCTUKU MOZEIH B MocaqodHol koHpuryparmm (Bo = 1)
Fig. 9. Propellers effect on the model characteristics in the landing configuration (B, = 1)

VYBenmuuenue ko3¢ dunmenta Harpy3ku B ¢ Bo = 1 10 2 npuBOauT K JOMOTHUTEIHFHOMY TOBBI-
IICHUIO HECYIIUX CBOWCTB KpbLJa B OOJIACTH KPUTUYECKHX YIJIOB aTaKH, CMELICHUIO TOJISPHI B 00-
JACTh OTPULIATENBHBIX 3HaUeHUN CX W JOMOJHUTEIIBHOMY CHUKEHMIO 3allaca CTaTUYECKON yCTONYH-
BoctH (puc. 10).
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Puc. 10. Bimsiaue xoadduienta B Ha asponuHaMiueckne XapaKTepUCTHKHA MOJENH B IOCaI0YHOI KOH(uUTypaunu
Fig. 10. B factor effect on the model aerodynamic characteristics in the landing configuration
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3AK/IIOYEHUE

AHanu3 BIHMSHUS BO3AYIIHBIX BUHTOB Ha MPOJOJIEHBIE XapaKTEPUCTHUKU MOJEIU JIETKOTO
TPAHCIOPTHOTO CaMoJIETa, TIOKa3all:

e paboTa BUHTOB NPUBOJIUT K TUIHYHOMY H3MCHEHHUIO a’pPOJMHAMHYCCKHX XapPaKTEPUCTHK
MOJIEIH CaMOJIETa HOPMAJIBHOM CXEMBI, 3aKITIOUAIONIEMYCS B yBEINUEHUH TIpou3BogHoN Cy*
u kodpurmenta Cyyax, CMEIIEHUH TOJSPBI B 00JACTh OTPUIIATEIILHBIX 3HAYEHUN 3a CUET
TSATH BUHTOB, & TAKXKE K MPUPAMICHUI0 MOMEHTA TaHTa)ka Ha MUKUPOBAHKUE M CHIDKCHUIO 3a-
naca MpoJ0JIbHON CTaTHYECKOW yCcTOMUMBOCTH. HambompIuii BKIaJ B N3MEHEHHE XapaKTe-
PHUCTHK MOJICITH OKa3bIBA€T BHICOKODHEPTETHUYECKASI CTPYSI OT BUHTOB;

¢ MUHUMAIbHOE BJIVSHHEC BUHTOB HAa XapaKTEPUCTUKHA MOJCIU MOJIYYCHO B KpeHhCepcKoi
koupurypamus ¢ By = 0,3 (ACymax = 0,39; Amz® ~ 0);

® OTKJIOHEHME 3aKpbUIKa BO B3JIeTHOE MojioxkeHue (03 = 20°) u yBenudeHue KodrppuiueHTa
Harpy3ku B, 10 MakCHMabHOTO 3HAYEHHUS 2 MPUBEJIO K CYIIECTBEHHOMY IPUPAIICHUIO He-
cymmx CBOUCTB (ACymax = 1,1) W CHIDKEHHMIO 3amaca MpOAOJIbHON yCTOMYHMBOCTH Ha
| Amz® ‘ = 0,125 10 3uauenus mzY = —0,14;

e mocamouHas KoHurypamus monenu (63 = 50°) xapakrtepusyeTcs HanOOJNbIIUM HebIaro-
MPHUSTHBIM BIIMSSHIEM BUHTOB Ha M3MCHEHHE TTPOJIOIBHBIX XaPAKTEPUCTUK MOJICITH.
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ANALYSIS OF THE PROPELLERS-AIRFRAME INTERACTION
OF THE LIGHT TRANSPORT AIRCRAFT

Yuriy S. Mikhailov'
Y Central Aerohydrodynamic Institute (TsAGI), Zhukovsky, Russia

ABSTRACT

In the design of multi-engine aircraft, one of the important issues is the interaction between the propellers and airframe
configuration components, especially in take-off and go-around procedure modes. Modern propeller-driven aircraft concepts in the
pulling configuration are characterized by a high disk loading and an increased number of propeller blades used to increase cruising
speed and reduce excessive noise. The first problem arising due to high disk loading is the direct impact of forces by operating
propellers (thrust, normal force) on fixed-wing stability, especially at angles of attack different from a zero value. The second one
involves a high-energy level of the propeller slipstream, having a significant indirect impact on the aircraft’s aerodynamics, stability
and controllability. This impact is primarily associated with the interaction of propellers slipstream with other aircraft’s
configuration elements. The complexity of taking into account the slipstream-wing interaction and other airframe components
stipulated the application of experimental methods to study the problems of propellers — airframe interaction while designing
propeller-driven aircraft configurations. This article presents an analysis of the experimental studies results of the operating
propellers- airframe interaction for a light twin-engine transport aircraft. The aerodynamic aircraft’s configuration is executed using
the conventional pattern of a high-wing and the carrier-on deck type empennage. The high-lift wing device is a fixed-vane double-
slotted flap. The wind-tunnel tests of the model in the cruising, takeoff and landing configurations were carried out in TSAGI low-
speed wind-tunnel T-102. Measurement of forces and moments, acting on the model, was performed by means of an external six-
component wind-tunnel balance. Measurement of forces and moments, acting on the propeller, was conducted using strain gauge
weighers installed inside the engine nacelles of power plant simulators. The simultaneous combined use of external and internal
balances allowed researchers to determine the direct and indirect contribution of operating propellers to the model longitudinal
aerodynamic characteristics under variation of loading factor B ranging from 0 to 2.

Key words: wind tunnel, propeller-driven aircraft model, propeller-airframe interaction.
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